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Executive Summary 
The epigenetic Cu, Au and U deposits of the eastern Mount Isa Inlier show varying enrichments in a wide 
range of secondary elements including F, Ba, Co and the Rare Earth Elements (REE). There are two distinct 
styles of mineralisation within the eastern Mount Isa Inlier that show significant REE-enrichment in 
addition to Cu, Au and U resources: F-Ba rich IOCGs, and U-Cu-Au skarns.  
 
The first is characterised by late fluorite-barite mineralisation with bulk rock compositions displaying 
positive correlations between light REEs and Cu, and REE patterns with distinct positive Eu anomalies, and 
flat to concave light REEs. This second is typified by early REE- (and likely U-) rich skarn formation 
followed by Cu-Au mineralisation with bulk rock geochemistry displaying no correlation between REE and 
Cu, and REE patterns with distinct negative Eu anomalies, cnd onvex-upward light REEs. In addition to 
these two styles, two deposits (SWAN and Milo) show characteristics of both styles, suggested to be 
intermediate deposits, between these two end members. 
 
LA-ICP-MS mineral trace element analyses of allanite, apatite and REE carbonates highlight a number of 
features seen in bulk rock geochemistry including persistent positive Eu anomalies in late-stage minerals 
from the F-Ba rich IOCGs. The skarn systems were found to have minerals with consistent REE patterns, 
showing consistently negative Eu anomalies and conspicuously low heavy REE.  
 
Allanite from the F-Ba rich IOCGs was found to be affected by lead loss and common lead incorporation 
and thus unsuitable for first pass dating However, allanite from the skarns was found  (via LA-ICP-MS and 
SHRIMP-RG U-Pb-Th geochronology) to have a number of defined populations including a ~Wonga-
Burstall age 1729 ± 6 Ma (Koppany generation 1), an early Isan age close to accepted peak metamorphism of 
1611 ± 14 Ma (Mary Kathleen generation 1), mid-Isan ages of 1568 ± 9 Ma (Elaine Dorothy) and 1545 ± 20 Ma 
(Mary Kathleen generation 2) and late Isan ages at 1524 
± 8 Ma (Koppany generation 2). This, alongside textural 
interpretation provide the first in-situ geochronological 
evidence to validate the proto-ore model of Maas (1987), 
with small scale remobilisation of ~1730 Ma REE 
mineralisation occuring during the Isan Orogeny. Mount 
Elliot-SWAN allanite was dated at 1505 ± 12 Ma, in good 
agreement with and indicating a genetic relationship of 
the REE mineralisation to the emplacement of the 
adjacent intrusions of the Squirrel Hills Granite 
(1514±4Ma - Pollard and McNaughton (1997)). In both 
the skarn mineralisation style and in Mount Elliot-
SWAN, the initial REE mineralisation appears to be 
temporally related to proximal magmatism.  
 
Preliminary O isotope work has determined an EISIE-
corrected δ18O of 6.7 ± 1.2 ‰ for allanite from Mount 
Elliot-SWAN and 11.1 ± 1.2 ‰ for allanite from Koppany. 
This difference, which is well beyond analytical 
uncertainty, reflects extreme differences between 
fluid sources.  
 
In addition to further constraining hydrothermal 
REE mineralisation within the Inlier, this report 
documents the process of RE release from allanite 
to form secondary REE carbonates during a fluid 
oxidation event.  

Figure 1: QEMSCAN image of a clinopyroxene (grey) 
and magnetite (dark blue) dominated assemblage with 
euhedral pyrite (yellow), allanite-epidote (light and 
dark pink) with minor chalcopyrite (orange). This 
sample is from the SWAN deposit and runs 0.5% Cu 
and >1% Total Rare Earth Oxide (TREO). 
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Introduction 
The Proterozoic Mount Isa Inlier within the greater North West Minerals Province of Queensland 
hosts a diverse array of epigenetic Cu, Au and U deposits. Although known (and exploited) for Cu, 
Au and U, some deposits in the Eastern Fold Belt of the Inlier also contain significant enrichments in 
a wide variety of other elements including the Rare Earth Elements (REE), Co, Mo, Th, P, F and Ba. 
These multi-element enrichments are not ubiquitous across all deposits – some are enriched in only 
one or a few of these elements with largely unknown factors controlling local trace element 
enrichments at each deposit. Of these listed elements, REE and Co have recently been designated 
by the Queensland Government as New Economy Minerals (NEM), defined as minerals used in 
emerging technologies of economic importance to the state and the country as a whole. 
 
An understanding of the REE enrichments in the Cu-Au-U systems of the EFB is crucial to their 
exploration and economic exploitation. This project aims to examine the deposits and prospects 
within the eastern Mount Isa Inlier that have been identified to contain anomalous enrichments in 
REE with the intention of using the critical metal geochemistry of each deposit to gain insight into 
deposit formation and critical metal endowment. This will be done by first conducting a literature 
review of all REE-enriched deposits within the Eastern Fold Belt followed by characterising the 
minerals hosting these elements in each of the studied occurrences. The second stage will entail 
detailed geochronological and isotopic system studies to place the timing of the REE-hosting 
minerals within the paragenetic sequences of their respective deposits as well positioning the REE 
mineralisation within the geological and hydrothermal evolution of the eastern Mount Isa Inlier as a 
whole. The results gained from this study will facilitate exploration for, and exploitation of, critical 
metal-enriched Cu-Au-U systems in the eastern Mount Isa Inlier, nationally and globally.  
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Geological background 

Geology of the Mount Isa Inlier 
The Mount Isa Inlier is a major exposure of 
sub-greenschist to upper amphibolite 
facies, late Palaeoproterozoic to early 
Meso-proterozoic metamorphosed crust in 
the far north west of Queensland (Blake 
(1987), Rubenach et al. (2008)). Part of the 
North Australia Craton, the Inlier represents 
one of the largest areas of outcropping 
Proterozoic crust in Australia with an 
estimated outcrop of ~24,000 km2. The 
surface exposure is estimated to be ~50% 
of the total terrane, which extends under 
younger cover in all directions (Betts et al., 
2006). Major, inlier-scale ~NS striking faults 
and fault zones allow the division of the 
Inlier into tectonic units, with the most 
common division following on from the work 
of Day et al. (1983) (Figure 2). This divides 
the inlier into three major tectonic units: The 
Western Fold Belt (WFB – broadly 
correlative to the Western Succession of 
previous workers), the central Kalkadoon-
Leichhardt Belt (KLB) and the Eastern Fold 
Belt (EFB – broadly correlative to the 
Eastern Succession of previous workers) 
(Blake (1987), Foster and Austin (2008)).  

The formation of the Inlier is generally attributed to two major tectonostratigraphic cycles. The first 
cycle includes the deposition and formation of the basement units to the Inlier before deformation 
and metamorphism during the Barramundi Orogeny at ~1870-1850 Ma (O’Dea et al. (1997), Betts et 
al. (2006). This was followed by the second cycle which involved the deposition of a diverse 
sedimentary and volcanic units before deformation and metamorphism during the regional Isan 
Orogeny at ~1600-1500 Ma (Blake (1987), Foster and Austin (2008). The rocks from the first cycle 
outcrop predominantly within the KLB with minor occurrences in the far west of the WFB. The 
outcropping pre-Barramundi basement in the central KLB effectively serves as a separation 
between the younger, dominantly marine basinal sediments of the WFB and EFB (Tang et al., 2020). 

The second cycle of volcanosedimentary deposition has been suggested as three overlapping 
superbasins, identified by sequence stratigraphy and detailed geochronological and structural 
studies. These are detailed in Scott et al. (2000) and summarised as the Leichhardt (1800-1750 Ma), 
Calvert (1750-1690 Ma) and Isa (1690-1575 Ma) superbasins (Scott et al. (2000), Foster and Austin 
(2008).  

 

Figure 2: Road division of the Mount Isa Inlier after Day et al. 
(1983), Blake (1987) and Blenkinsop (2008).  LHP – Lawn Hill 
Platform, LRFT – Leichhardt River Fault Trough, EB – Ewen 
Batholith, MS – Myally Shelf, KLB – Kalkaldoon-Leichhardt 
Belt, MKZ – Mary Kathleen Zone (also known as Wonga Belt), 
QMZ – Quamby-Malbon Zone, CSZ – Cloncurry-Selwyn Zone 
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A more commonly used method of classification is that of distinct Cover Sequences, which are 
widely used in the exploration industry. This method is based on early classification by Blake (1987), 
who divided the second tectonostratigraphic cycle into three cover sequences: Cover Sequence 1 
(CS1 – ca. 1875-1855 Ma), Cover Sequence 2 (CS2 – ca. 1800-1740 Ma) and Cover Sequence 3 (CS3 
– ca. 1710-1660 Ma).  

In addition to the aforementioned volcanosedimentary units, the Inlier preserves evidence of 
widespread, long-lived magmatic activity, including batholiths and isolated intrusive rocks 
emplaced throughout the history of the Inlier. The batholiths largely formed in discrete periods of 
magmatism during hiatuses in volcanosedimentary deposition, with the oldest examples of 
magmatism, the Kalkadoon and Ewen Batholiths, emplaced after the oldest units of CS1 and before 
the youngest units of CS2 in the KLB. Likewise, the Sybella Batholith in the WFB intruded between 
CS2 and CS3. The Wonga (and Burstall) Batholith intruded after deposition of CS2 within the KLB 
and EFB had terminated, but while CS2 sedimentation was still occurring in the WFB. The youngest 
Williams and Naraku Batholith (ca. 1550-1490 Ma) formed during a late to immediately post-Isan 
period and is restricted to the EFB (Blake (1987), Foster and Austin (2008).  

 

The geology of the Kalkadoon-Leichhardt and Eastern Fold Belt  
Within the central and eastern parts of the Mount Isa Inlier, the KLB and EFB display a loose 
younging trend from west to east in both the distribution of volcanosedimentary sequences and 
intrusive rocks (Figures 2 and 3). The EFB is further divided into three separate zones (from west to 
east): the Mary Kathleen Zone (or Wonga Zone), the Quamby-Malbon Zones and the Cloncurry-
Selwyn Zone (Figure 1) (Blenkinsop, 2008). 

The oldest known units are the outcropping pre-Barramundi units of the Kurbayia Migmatite/Black 
Angel Gneiss and the Plum Mountain Gneiss in the southwestern KLB (McDonald et al., 1997). These 
basement units are overlain by CS1 Leichhardt Volcanics and intruded by the coeval intrusive 
members of the Kalkadoon Batholith which emplaced ca. 1860-1840 Ma (Etheridge et al. (1987), 
McDonald et al. (1997), Betts et al. (2006), Page and Williams (1988).  

Following the intrusion of the Kalkadoon Batholith granites and resumption of supracrustal rock 
deposition, the volcanosedimentary package of CS2 formed in two periods. The first between ca. 
1800 – 1760 Ma saw the deposition of the volcanic dominated Argylla Formation and Marraba 
Volcanics. This was directly followed by a period of sag basin development and shallow-marine 
sedimentation following a marine transgression between ca. 1750-1735 Ma (Blake, 1982). The 
beginning of this transgression is marked by a widespread quartzite layer (the Ballara and 
Mittakoodi Quartzites) which is capped with the regional calcareous sediments of the Corella and 
Doherty Formations which are interfingered with the Mount Fort Constantine Volcanics in the east 
(Page and Sun (1998), Case et al. (2014).  The Corella Formation is predominantly composed of 
contact and regionally metamorphosed evaporite-rich marbles, metapelites and metapsammites 
with subordinate metavolcanic rocks (Oliver et al., 1999). The CS2 units are regionally important, 
making up a large proportion of the outcropping crust in the EFB, and hosting a number of metallic 
mineral deposits including Ernest Henry and E1 in the Mount Fort Constantine Volcanics, and Mary 
Kathleen and Elaine Dorothy in the Corella Formation.  

The period between the Barramundi and Isan orogenies has only recently been recognised as one of 
deformation within the EFB (e.g. Spence et al. (2021), however multiple basin inversion events are 
recorded within the WFB (Jackson et al. (2000), Blaikie et al. (2017). At ca. 1750 – 1710 Ma, this 
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deformational event was contemporaneous with the intrusion of the Wonga-Burstall intrusives in 
the eastern KLB and Mary Kathleen Zone, with accompanying skarnification of the carbonate-
bearing Corella formation (Oliver (1995), Davis et al. (2001), Foster and Austin (2008), Neumann et al. 
(2009)). Isolated granites of Wonga age were emplaced in the EFB including the Gin Creek Granite 
in the south EFB (1741±7 Ma) and the Levian (or Jessie) Granite (1746±8 Ma) near Cloncurry in the 
northern EFB (Page and Sun, 1998). 

Following these thermal events, CS3 units (ca. 1710-1660 Ma) were deposited in the EFB during a 
transgressive event with a regional basal quartzite layer (the Knapdale/Deighton/Roxemere 
Quartzites) followed by the rift-related turbidite/quartzite and mafic volcanics of the Kuridala 
Formation and Soldiers Cap Group (of the deep-marine Maronan Supergroup (Betts et al., 2006). 
Metadolerites and metabasalts of high Fe tholeiite affinity are common throughout the group and 
are likely of back-arc origin (Hatton and Davidson (2004), Blenkinsop (2005)). Synsedimentary Zn-
Pb-Ag mineralisation was widespread during this period,with the formation of the Cannington and 
Pegmont deposits within the Gandry Dam Gneiss in the southeastern EFB. Likewise, the Dugald 
River deposit formed within the northern Mary Kathleen Zone in the Dugald River Shale within the 
broadly coeval (to the Maronan Supergroup) marine sediments of the Mount Albert Group. The 
depositional basin architecture of the EFB for both CS2 and 3 is believed controlled by N-S 
trending, crustal-scale structures that accommodated E-W extension (Blenkinsop et al., 2008). 

Sedimentation post ca. 1660 is restricted to the Tommy Creek Block, a complex fault-bounded 
domain directly to the east of the Mary Kathleen Zone, which also experienced limited magmatism 
with the intrusion of the Tommy Creek Microgranite at 1625±4 (Hill et al. (1992), Foster and Austin 
(2008)). 

The Isan Orogeny and related magmatism  

Volcanosedimentary deposition in the Mount Isa Inlier was terminated by the Isan Orogeny, a 
complex, mulita-stage, regional tectonic event between ~1650 – 1500 Ma (O’Dea et al. (1997), Sharib 
and Sanislav (2013), Hinman (2017). The Isan Orogeny can be broadly subdivided into an initial, 
shorter, period of N-S shortening followed by a dominant period of E-W shortening, with the second 
period largely responsible for the general N-S structural grain of the inlier (MacCready et al. (2006), 
Foster and Austin (2008). 

Discrete events termed D1-4 are observable over large areas of the inlier, however sporadic local 
EW compression likely occurred periodically throughout the entire 100 Myr period (Blenkinsop, 
2005). The N-S crustal scale structures important to the basin architecture of CS2 and CS3 were 
likely reactivated during this orogenic period as thrust faults, which triggered positive inversion 
(Blenkinsop et al., 2008). These deformation events are summarised (after Hinman (2017) and Tang 
et al. (2020) as: 

- D1 - ca. 1650-1640 Ma ductile thin-skinned deformation with shallowly dipping and bedding 
parallel foliation, later E-W upright foliation. 

- D2 - ca. 1600-1580 Ma ductile thick-skinned deformation with upright N-S to NE/SW trending 
folds, steeply dipping axial planes. 

- D3 - ca. 1550-1540 Ma ductile thick-skinned deformation with NNW-SSE trending folds and 
steeply E dipping crenulation cleavages. 

- D4 - ca. 1530-1500 Ma brittle shallow crustal deformation with N-NE trending faulting, rare 
folding and steep axial planes. 
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Figure 1: The geology of the Kalkadoon-Leichhardt and Eastern Fold Belts with notable Cu/Au (±U/REE) deposits 
and prospects. Modified from Betts et al. (2006), Mark et al. (2006a) and Duncan et al. (2011). Granite and Cover 
Sequence ages from the time-space diagrams of Foster and Austin (2008), Hinman (2017), Neumann et al. (2009) 
and references within. WoS = Wonga Supersuite, WiS = Williams Supersuite. 
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Syndeformational intrusions of tonalite-trondjemite-granodiorite affinity occur within the eastern 
EFB, including the Marramungee Tonalite and Mount Angelay Trondhjemite (Mark et al., 2005). The 
end of the Isan orogeny was marked by the intrusion of the voluminous Williams-Naraku Batholith 
which consists of ~2400 km2 of outcropping, generally potassic granites. While their geochemistry 
indicates an anorogenic origin, these granites have been dated as syn to immediately post-Isan 
(Mark et al., 2005). 

 

Rare Earth Element enriched Cu-Au-U deposits in the 
Eastern Fold Belt  
In addition to forming the dominant N-S fabric of the Inlier, the Isan Orogeny was a period of 
significant epigenetic Cu, Au, Fe, U and REE mineralisation, with a wide variety of broadly coeval 
deposits in all three belts. These range from albitite-hosted U and sediment hosted/structurally 
controlled Cu in the Western Fold Belt to U-REE-Cu-Au skarns and iron oxide (or iron sulfide) Cu-Au 
(±U-REE) deposits in the Eastern Fold Belt. Most deposits and prospects of all four styles have been 
dated towards the end of the Isan, with the sediment hosted/structurally controlled Cu 
mineralisation in particular, linked to brittle deformation during ESE-WNW compression between 
1530 and 1505 Ma (D4 - Keys (2008). The similar ages of mineralisation encountered in 
geochronological studies of Mary Kathleen (Page (1983), Oliver et al. (1999), Ernest Henry (Mark et 
al., 2006b), Elaine Dorothy (Sha et al., 2015) and Valhalla (Polito et al., 2009) suggest that deposits 
of other commodities in the region also formed during the same period of deformation. A minority of 
deposits in the east including Osborne (1595±5 Ma - Gauthier et al. (2001) and Starra (1568±7 Ma - 
Duncan et al. (2011) have returned ages older than typical, potentially indicating an extended period 
of mineralisation in the southern EFB.  

Although each deposit type is (or was) exploited for their namesake commodities, deposits 
frequently show polymetallic enrichments. For example, both the U deposits Valhalla and Mary 
Kathleen contain significant, but sub-economic Cu and REE mineralisation (Oliver (1995), Polito et al. 
(2009) and many Cu-Au deposits such as SWAN and Monakoff host significant, but sub-economic U 
and REE mineralisation (Williams et al., 2015). In addition, many deposits share similar alteration 
assemblages intimately associated with mineralisation such as the sodic-calcic alteration 
associated with the albitite-U, U-REE skarn and IOCG styles of mineralisation (Oliver et al. (1994) 
Mark et al. (2006b) Kendrick et al. (2008), Polito et al. (2009). 

In addition to these examples, numerous epigenetic Cu-Au-U deposits and prospects within the EFB 
have been identified by previous work as displaying significant enrichments in REE. These include 
(in alphabetical order, not order of degree of enrichment): 

1. Canteen 

2. The E1 group of deposits 

3. Elaine Dorothy 

4. Ernest Henry 

5. Koppany 

6. Mary Kathleen 

7. Milo 
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8. Monakoff 

9. Mount Elliot-SWAN 

 

It should be noted that this list likely exceeds the number of Cu-Au occurrences within the EFB that 
don’t have at least minor REE anomalism, with only a few deposits such as Starra, Osborne and 
Eloise regarded as distinctly REE poor. The REE-bearing mineralogy within these deposits remains 
largely unstudied and is only tangentially mentioned in most previous literature on the Cu-Au-U 
mineralisation of the region. 

Based on common features, these deposits can be grouped into two distinct classes of deposits: F-
Ba- rich IOCG deposits, and U-Cu-Au skarn-hosted deposits. Two deposits, SWAN/Mount Elliot and 
Milo, represent mineralisation that shares features with both deposit styles and may lie 
intermediately between the two end-member groups. In this report, the term skarn is not intended 
to imply any genetic process, but merely the occurrence of the deposits within calc-silicate-rich 
rocks displaying a mineralogy dominated by pyroxene and garnet as typified by skarn style 
alteration (e.g. Meinert (1992)). 

This report does not aim to describe these deposits in detail, as this information is available 
elsewhere. Instead, the focus is on those aspects of each deposit specifically relating to the REE 
mineralisation. 

List of samples studied 

Deposit Sample Notes 
E1 Group E1-1  

Elaine Dorothy ELD017  

 ELD023  

 TOE  

Ernest Henry EH144  

 EH196  

 EH202  

 EH204  

 EH207  

 MS_EHM097  

Koppany KOP5161 also named MS_KOP010 

 KOP5190 also named MS_KOP013 

Mary Kathleen CS_MK3  

 MKN007  

 MKN014  

 MKN016  

Monakoff MON1  

Monakoff MON2  

SWAN ALV1 also named MS_SWN181 

 MS_SWN200 A/B subsamples 

 MS_SWN208 A/B/C subsamples 
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F-Ba rich IOCG deposits 

F-Ba rich IOCG breccia- and shear-hosted deposits represent a distinct class of Cu-Au deposits in 
the Eastern Fold Belt (Williams et al., 2015). This style of mineralisation is clearly identified by its 
moderate to extreme enrichment in F and Ba which are commonly accompanied by carbonates and 
anomalous levels of U and REE. The F-Ba enrichment is conspicuously missing from other Cu-Au-U 
deposits within the EFB discussed in this study. The F and Ba enrichments are represented by 
fluorite, barite or barian feldspars (e.g. celsian) that texturally range from dispersed throughout the 
ore body/breccia or as paragenetically late, cross-cutting, veins (Mark et al. (2006b), Williams et al. 
(2015), Case (2016), Harvey (2014a). There are strong parallels between this style of mineralisation 
to other IOCG deposits elsewhere such as Olympic Dam, Carrapateena and Prominent Hill in the 
Gawler Craton, SA (Haynes et al. (1995), Fairclough (2005), Belperio et al. (2007), Ehrig et al. (2012).  

Three occurrences of this style of mineralisation have been recognised in the Cloncurry-Selwyn 
Zone: the E1 deposits, Ernest Henry and Monakoff. All occur on the NE margin (Monakoff) or under 
shallow Mesozoic sedimentary cover close to Proterozoic outcrop. The Milo deposit in the nearby 
Tommy Creek Block shares some similarities with these other deposits and will be discussed in later 
sections. 

 

 

Figure 4: Locations, local geology and magnetic responses of the Cloncurry region F-Ba rich IOCGs (from Williams 
et al. (2015). 
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Ernest Henry Cu-Au deposit 

Ernest Henry is the largest Cu-Au deposit within the Cloncurry district, and lies ~35km to the NE of 
the town of Cloncurry, ~20km from the nearest outcropping Proterozoic inlier. The orebody lies 
under 40-50m of Tertiary and Mesozoic cover and forms a south plunging breccia ore shoot 
primarily hosted within the meta-andesitic volcanic rocks of the Mount Fort Constantine Volcanics 
(Mark et al. (2006b), Lilly and Hannan (2016). Minor marbles and calcsilicates occur locally, which 
tentatively correlate with the Corella Formation (Mark et al., 2006b). 

Copper-Au mineralisation (as chalcopyrite and electrum) occurs within matrix-supported 
hydrothermal breccia within matrix of magnetite, chalcopyrite, carbonates, pyrite, and K-feldspar 
(Kendrick et al., 2007). Barite and fluorite alongside calcite, quartz, chalcopyrite and magnetite also 
occur as paragenetically late veins (Mark et al. (2006b), Mark et al. (2000). Ernest Henry is 
moderately enriched in a wide variety of elements including Mo, U, Sb, Sn and REE (Mark et al., 
2006b).  

 

E1 Group Cu-Au deposits 

The E1 deposits, located approximately 40km NE of Cloncurry, and about 20km NE of the NE extent 
of the outcropping Inlier (Figure 2), are concealed by Mesozoic cover and consist of three discrete 
bodies (E1 North, East and South). The ore is hosted within the calcsilicates and marbles of the 
Corella Formation, intercalated with the (largely intermediate composition) Mount Fort Constantine 
Volcanics (Case, 2016).  

The mineralisation comprises a fine-grained magnetite-barite-fluorite-carbonate-chalcopyrite 
assemblage that occurs in laminated, stratabound and/or shear-replacement textures (Case, 2016). 
Fluorite and barite, in addition to their occurrence during the main mineralisation stage, also occur 
with carbonate-sulphide in late-stage veins (Williams et al., 2015). Bulk rock samples of E1 ore from 
Case (2015) display variable to extreme enrichments in F, Ba, LREE, U, Co, Mo, Sn, Ag and Pb. 

 

Monakoff Cu-Au deposit 

The Monakoff Cu-Au deposit is hosted near the contact of the Mount Norna Quartzite and the Toole 
Creek Volcanics of the Soldiers Cap Group (mid-Cover Sequence 3) on the NE boundary of the 
outcropping Eastern Fold Belt, approximately 20km to the NE of Cloncurry (Figure 2). Locally, the 
host rocks are dominantly metavolcanics with subordinate pelitic metasediments, with an ore-
associated (although not necessarily ore-hosting) banded magnetite ironstone (Williams et al., 
2015).  

The ~15m thick, generally homogenous ore body occurs within an interpreted dilational domain 
within a shear zone and is dominantly composed of a fine-grained barite-fluorite-magnetite-
chalcopyrite assemblage (Williams et al. (2015) Austin et al. (2016). Alongside Cu and Au, Monakoff 
is distinguished by its extreme enrichments in F, Ba, U, LREE, Co, Ag, with anomalous Pb, Zn, Sb, Sn 
and As (Davidson et al. (2002), Williams et al. (2015), Austin et al. (2016).  
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Overview of paragenetic sequences of F-Ba rich IOCGs 

 

 

Figure 5: Mineral paragenesis of Ernest Henry (a), E1 (b) and Monakoff (c) from respective sources with summary 
parageneses of the F-Ba rich IOCG’s of the Eastern Fold Belt. 
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The paragenetic histories of Ernest Henry, the E1 group and Monakoff have been reported by 
various authors with the most recent compilations by Mark et al. (2006b), Williams et al. (2015) and 
Case (2016) displayed in Figure 5. 

Arguably these deposits, and the skarn type Cu-Au mineralisation to be discussed in further 
sections, represent some of the most paragenetically complex ore-forming systems on the planet. 
Nevertheless, certain common themes are apparent in comparison of the paragenetic sequences of 
each deposit. In summary these can be categorised into three stages (displayed in detail in Figure 
5): 

1. Na - Ca alteration stage  

2. K – Fe alteration stage 

3. a) Carbonate + pyrite stage 

b) Main mineralisation stage (Cu – Au – U – REE – Fe) 

These paragenetic stages are also spatially distributed around each ore body, with Stage 1 Na-Ca 
alteration forming broad halos around the orebody, and with Stage 2 K-Fe alteration being 
restricted to locations proximal to Cu-Au ore (Williams et al. (2015), (Mark et al., 2006a) Case et al. 
(2014), Case (2016). In addition, these stages can occur more than once, with multiple periods of Na 
alteration identified during the formation of Ernest Henry (Mark et al., 2006b). 

Across the three deposits, the REE- and U-bearing minerals dominantly form late in the paragenetic 
sequence, at a similar time to the Cu mineralisation. An exception to this is apatite, which also forms 
at an early stage in the paragenetic sequences in Ernest Henry and E1. It should be noted that REE 
are generally only present in apatite in relatively low (<1 wt%) concentrations (as discussed later in 
this report), whereas in other minerals such as allanite, REE-carbonates and monazite the REE form 
a major constituent. Thus, the bulk of the REE mineralisation occurs at a late stage of the 
hydrothermal evolution of the Cu-Au deposits. 

 

Bulk rock REE geochemistry of F-Ba rich IOCG deposits 

Published bulk rock REE concentrations of F-Ba rich IOCG ore from the three deposits display TREE 
concentrations up to ~3600 ppm, with Monakoff displaying the most significant enrichments, and 
Ernest Henry the least (Case (2016) Williams et al. (2015) Patterson et al. (2016), GSQ (2020). All 
deposits show a positive correlation between bulk rock La vs Cu values, indicating that the Cu-Au 
mineralising fluids also carried insignificant amounts of REE (Figure 6), reinforcing the paragenetic 
observations.  

The normalised REE patterns of REE-enriched samples from the deposits all show significant LREE 
enrichment of 1000-10000x chondritic values (Figure 6). Additionally, all slopes show a subtle 
convex curve between La and Lu. A further distinguishing feature in the patterns of these three 
deposits is a moderate to extreme positive Eu anomaly. It should be noted that this is possibly a 
false positive due to the high Ba concentrations and unavoidable oxidation effects during LA-ICP-
MS analysis (Dulski, 1994). The commonly encountered inferences of 135Ba + 16O on 151Eu, and 137Ba + 
16O on 153Eu can lead to a false Eu signal, an issue that needs to be considered during the study of 
Ba-rich minerals and bulk rock. Nevertheless, there is mineral chemical evidence that such Eu 
anomalies are not false positives, as is discussed in later sections. 

 



 

The Australian National University                                      Research School of Earth Sciences 15 

 

 

Figure 6: Bulk rock geochemistry of F-Ba rich IOCGs. Ernest Henry bulk rock Cu vs La (a) and REE spidergram (b). 
E1 Group bulk rock Cu vs La (c) and REE spidergram (d) Monakoff bulk rock Cu vs La (e) and REE spidergram (f). 

Data from Uncover Cloncurry and GSQ 2020. CI normalisation values from McDonough and Sun (1995). 
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U-Cu-Au skarn deposits   

Deposits of U-Cu-Au hosted by skarn represent another style of REE-rich mineralisation within the 
Eastern Fold Belt. Generally, the U-REE enrichments in this class are significantly greater than 
those of the F-Ba rich IOCG deposits, and conversely the U-rich skarns deposits generally have 
lower Cu-Au endowments. Garnet (andradite-grossular) and pyroxene (diopside-augite-
hedenbergite) are essential components, making up most of the gangue material in this 
mineralisation style, whereas they are generally minor or absent in the F-Ba rich IOCGs.  

Three occurrences of this style will be discussed in this report, however there are numerous 
prospects near each of these examples. These all occur in the Mary Kathleen zone and include Mary 
Kathleen, Koppany and Elaine Dorothy, located halfway between Mount Isa and Cloncurry. All occur 
within, along, or close to the Mary Kathleen shear zone, which runs along the western limb of the 
Mary Kathleen Syncline (Figure 7). This shear zone likely terminates into the vertical Fountain 
Range Fault, a major crustal scale fault zone evoked as playing an important role in fluid transport 
and resulting mineralisation (Oliver et al. (1999), MacCready (2006), Sha (2012).  

This style of mineralisation occurs solely in calc-slicate bearing lithologies of Cover Sequence 2, 
specifically the calc-silicate rocks of the Corella Formation. This formerly carbonate-rich unit was 
intruded and contact-metamorphosed by the Wonga-Burstall Suite intrusions between ~1750 and 
1710 Ma (Oliver (1995), Oliver et al. (1999), Spence et al. (2021)). In addition to large amounts of 
plutonism and resulting exoskarns, late dykes interpreted to be the magmatic differentiates of 
related plutons extend from the Burstall Granite (“Burstall Dykes”) which show evidence of 
endoskarn alteration themselves, interpreted as evidence for a long-lived hydrothermal system 
(Oliver et al., 1999). 

This period has recently been shown to have been a period of significant compressional deformation 
within the Mary Kathleen Domain, which was previously unrecognised (Spence et al., 2021).  

This style of mineralisation shares similarities with the famous “Bastnäs-type” deposits of southern 
Sweden, including their intimate relationship with Fe-rich skarns, their polymetallic (dominantly Fe-
REE-Cu) nature and their occurrence within a Paleoproterozoic mixed meta-calc-silicate and 
volcanic terrain experienced multiple periods of plutonism and of complex hydrothermal history 
(Holtstam et al. (2014), Sahlström et al. (2019). 

 

 

 

 

 

 

 

 

 

 

 



 

The Australian National University                                      Research School of Earth Sciences 17 

Figure 7: Modified from Spence et al. (2021): the location and local geology of the U-Cu-Au skarns of the Mary 
Kathleen area. 

Mary Kathleen U-REE deposit 

The Mary Kathleen U-REE deposit consists of a small allanite-uraninite-garnet orebody hosted 
within a calcic skarn formed during intrusion of the Burstall Granite and related dykes into the calc-
silicates of the Corella Formation, between ~1750 and 1710 Ma (Oliver et al. (1999), Spence et al. 
(2021). This primary skarn is referred to as Phase 1 skarn, with the ore minerals interpreted as 
associated with Phase 2 skarning, veining and replacement textures (Oliver et al., 1999). The ore, 
which dominantly presents as fine disseminations of uraninite within allanite and apatite occurs as 
anastomosing, west-dipping lensoidal ore shoots, become sub-vertical at depth (Maas et al. (1987), 
Oliver et al. (1999). Chalcopyrite formation is associated with the retrograde ore stage, as well as 
post-ore calcite-chalcopyrite-garnet veins that cross-cut mineralisation (Oliver et al., 1999). Limited 
information is available on the extent of Cu mineralisaiton within Mary Kathleen. 

 

Elaine Dorothy Cu-Au (U-REE) deposit 

Elaine Dorothy is a Cu-Au (U-REE) deposit, also hosted within a multistage skarn (Sha, 2012, Sha et 
al., 2015). Phase 1 skarn at Elaine Dorothy, described as banded, fine-grained diopside-andradite 
hornfels, has been linked to the intrusion of the Burstall suite granites before the complex Stage 2 
retrograde skarn assemblage overprint of amphibole, biotite, allanite and fluorite and later sulfides 
(Sha, 2012). As well as occurring within the retrograde skarn, chalcopyrite occurs with magnetite in 
late orange calcite veins that crosscut the skarn assemblage.  
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Koppany Cu-REE prospect 

As opposed to the other skarn deposits, Koppany is an early-stage exploration target, not a defined 
deposit, and has no published literature on it. Limited information is available from Hammer Metal 
press releases where it is described as skarn type mineralisation with a late sulfide overprint 
containing the bulk of the base metal mineralisation. Hosted dominantly within banded 
clinopyroxene and garnet skarn (potentially analogous to the Phase 1 skarn of Oliver et al. (1999) 
and Sha et al. (2015), the copper mineralisation is present as disseminated and fracture fill 
chalcopyrite, particularly related to a second generation of dark coloured garnet (potentially 
analogous to the phase 2 of mentioned sources) (Hawtin and Wynn, 2009).  

 

Figure 8: From Sha (2012) - Paragenetic sequence and spatial distribution of pre-and syn- phase 2 skarn in the 
Elaine Dorothy deposit. 

The paragenetic sequences of the U-Cu-Au skarn style of mineralisation are significantly less well 
studied than the previously discussed F-Ba rich IOCG deposits. The only published paragenetic 
table is displayed in Figure 8 from Sha (2012) for Elaine Dorothy. 

An overarching trend from the limited studies on the deposits indicates a two stage paragenetic 
process summarised as Phases 1 and 2. Phase 1 for both Mary Kathleen and Elaine Dorothy is 
comprised of prograde calc-silicate skarn development in the Corella Formation which is generally 
attributed to the heat and hydrothermal fluids of the intruding Burstall Granite and related dykes at 
~1737 Ma (Page, 1983). This stage is dominated by andradite and diopside formation with minor 
scapolite and feldspar. Phase 2 is more complex and much younger, having been dated at ~1550 – 
1525 Ma (Page (1983), Maas et al. (1987), Sha (2012).  

At Mary Kathleen, Oliver et al. (1999) describes Phase 2 as consisting of three main textural zones 
including recrystallised clinopyroxene – garnet – calcite skarn (interpreted to be altered country 
rock), fractured clinopyroxene – garnet skarn with allanite veins, and ore zone coarse allanite with 
secondary garnet, apatite and uraninite. These three assemblages are cut by a late, retrograde ore 
stage of allanite – calcite – chalcopyrite – hematite, which are in turn cut by late veins of calcite – 
chalcopyrite – garnet – clinopyroxene. 
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Paragenetic work by Sha (2012) shows similar trends in the Elaine Dorothy deposit, with REE bearing 
minerals introduced earlier than the main sulfide mineralisation. How much earlier is often unclear (i.e. 
Phase 1 or early Phase   2), with Sha (2012) invoking an early, phase 1 period of allanite mineralisation.   

Notably, there appears to be no significant potassic alteration in this style of mineralisation – a ubiquitous 
feature associated with the F-Ba rich IOCGs. Indeed, even the typical Na-Ca alteration commonly 
associated with deposits throughout the region is less apparent in this style of mineralisation. 

  

Bulk rock REE geochemistry of U-Cu-Au skarn deposits 

U-Cu-Au skarns display extreme enrichment in bulk rock REE concentrations with wt% values 
commonly encountered. Mary Kathleen displays the strongest enrichments with the tailings 
estimated to run up to 4 wt% TREO. For published bulk rock geochemistry on drillhole samples, no 
correlation between La and Cu is noted for samples from Elaine Dorothy and Koppany (Figure 9). 
This indicates REE and Cu may be transported and introduced to the systems at different 
paragenetic stages and within different mineralising fluids, an observation supported by the 
paragenetic studies.  

REE patterns of high REE samples for the three deposits all show significant LREE enrichment, with 
slightly convex-upwards curves between La and Sm and subtle negative Eu anomalies.  
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Figure 9: Bulk rock geochemistry of U-Cu-Au skarns. Mary Kathleen REE spidergram (a) (data from Maas et al. 
(1987). Elaine Dorothy bulk rock Cu vs La (b) and REE spidergram (c) (data from GSQ), Koppany bulk rock Cu vs La 
(d) and REE spidergram (e) (data from GSQ), Koppany bulk rock Cu vs La (d) and REE spidergram (e) (data from CEI 
grant report 2020 – Hammer Metals). Spidergrams use CI normalisation values from McDonough and Sun (1995). 

Other deposits 
While most REE-enriched deposits within the Inlier can be classified as one of the two described 
deposit types above, a number exist that appear to share characteristics of both. The two examples 
discussed below are Mount Elliot-SWAN and Milo.  
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Mount Elliot-SWAN Cu-Au deposit 

Mount Elliot-SWAN are two closely related but distinct ore bodies separated by a major fault zone 
and are generally regarded as being part of the same mineralised system (Wang and Williams 
(2001), Brown and Porter (2010). The Mount Elliot ore body in the eastern part of the deposit (Figure 
10) is hosted within phyllite, schist and black shale units previously ascribed to the Kuridala 
Formation. This host sequence has more recently been suggested to be Answer Slate-Toole Creek 
Volcanics that has been structurally emplaced (Murphy et al., 2017). In contrast, the SWAN deposit 
in the western part of the deposit (Figure 10) is hosted by a breccia that formed within the banded 
to massive, and calcsilicate skarn altered Staveley Formation (Brown and Porter, 2010). As both ore 
bodies occur within a broader envelope of low Cu grade, it has been suggested that the host rock 
chemistry and rheological contrasts have controlled the two differing styles of mineralisation.  

 

Figure 10: Geological map of Mount Elliot-SWAN mine area modified from NWMPA (2018) 
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The paragenetic sequence consists of a pre-ore silicification and albitisation stage followed by two 
skarn alteration stages comprising of early diopside-magnetite-hematite-calcite-titanite-allanite-
phlogopite and later actinolite-scapolite-magnetite-andradite-calcite-epidote-allanite-chlorite-
biotite-chalcopyrite (Little (1997), Wang and Williams (2001), Duncan et al. (2011). It should be noted 
that both these stages appear to be very similar in mineralogy with only subtle reported differences 
such as sulfide mineralisation being associated with the second skarn stage.  

 

 

Figure 11: Bulk rock geochemistry SWAN. Bulk rock Cu vs La (a) and REE spidergram (b). Spidergrams 
use CI normalisation values from McDonough and Sun (1995). Bulk rock geochemistry from Uncover 
Cloncurry 2016 and GSQ (source this) 

Samples from the SWAN ore body show significant REE enrichments, with steeply inclined, mildly 
convex-upward (between La and Sm) REE patterns and subtle negative Eu anomalies (Figure 11). As 
with the skarn style of mineralisation discussed previously, there is no significant correlation 
between Cu and La grades noted,  

 

Milo REE-Y-Cu-Au deposit 

The Milo deposit is located within the south eastern Tommy Creek Block (Figure 12). The 
polymetallic mineralisation is hosted in a NW-striking altered, brecciated and fault bound package 
along the north eastern limb of a large fold system (Figure 12). The IOCG-style mineralisation itself 
is concentrated within hydrothermal breccias, replacement zones and stockworks developed across 
a wide array of local rock types including calc-silicate, shale and amphibolite (Harvey, 2014a). 
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Figure 12: Geological map of Milo area modified from Harvey (2014). 

 

The Cu-Au resource occurs within a broader REE-U resource, and the two are not necessarily linked, 
with bulk rock Cu vs La showing no apparent correlation (Figure 13 a). The REE are dominantly 
hosted within apatite- and allanite-rich banded calc-silicates. Apatite occurs as coarse-grained (up 
to 2cm), brick red crystals and generally displays REE-enriched cores and depleted rims, whereas 
allanite typically occurs interstitially to the apatite (Harvey, 2014a). The REE patterns of the apatite 
rich calc-silicates show steeply inclined, patterns and distinct negative europium anomalies (Figure 
13b) 

The ‘IOCG mineralisation’ and the bulk of the Cu mineralisation is present in late, fluorite-barite-
carbonate veins that crosscut the calc-silicate units in what Harvey (2014a) suggested may be an 
entirely different mineralising system based on their distinct differences (Figure 13d). The fluorite-
barite-carbonate rock (alongside the namesake minerals) also contains chalcopyrite with minor 
apatite amphibole, biotite, allanite, uraninite and is characterised by steeply inclined, mildly concave 
(from La to Sm) REE patterns with distinctly positive Eu anomalies (Figure 13c). 
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Figure 13: Bulk rock geochemistry of the Milo deposit and cross-section modified from Harvey (2014). Bulk rock Cu 
vs La (a), REE spidergram of the different ore calc-silicates (b), REE spidergram of the ‘IOCG’ mineralisation (c) and 
geological cross-section, showing cross cutting relationship of IOCG mineralisation to the calcsilicates (d). REE 
normalised to McDonough and Sun (1995). 

 

The paragenetic evolution at the Milo deposits shows similar trends to those of the F-Ba rich IOCGs 
to the east, characterised by early albitisation, followed by telescoped potassic alteration proximal 
to Cu mineralisation. However, this mineralisation is interpreted as overprinting early REE 
mineralisation hosted within the calc-silicate units in a similar manner to the skarn style of 
mineralisation (Harvey, 2014a). 
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Analytical methods 
To address the aims of this project, REE-enriched samples from the sampled deposits have been 
characterised and mapped to identify the REE-bearing minerals occurring at each location, followed 
by application of advanced techniques for acquisition of trace element, geochronology and isotopic 
data. Suitable samples of the Milo deposit were unable to be obtained during this study period. The 
REE mineralisation at Milo has been the subject of study during the work undertaken for an honours 
thesis by Harvey (2014a), and this work is discussed later in this work.  

This workflow initially involved a relatively straightforward technique of mineral mapping via 
QEMSCAN before geochemical analysis via LA-ICP-MS. These two methods were performed in 
conjunction with exploratory EDS and WDS analyses.  

Methods are described in detail in Anenburg et al. (2020a) and (Anenburg et al., 2020b) and are 
summarised here. Mineral maps were obtained using an FEI Quanta QEMSCAN field-emission 
scanning electron microscopy equipped with two Bruker 30 mm2 EDS detectors, located at the 
centre for Advanced Microscopy at the Australian National University. Acquisition conditions were 
15-kV accelerating voltage, 10-nA beam current, and 7-10 μm step size, depending on grain size of 
the sample. Image stitching was performed using iDiscover and energy-dispersive spectroscopy 
(EDS) spectrum fitting using NanoMin. Samples from the studied deposits were targeted for 
QEMSCAN map construction based on their bulk rock REE concentrations (where available) to 
ensure samples were chosen that hosted the REE-bearing minerals targeted in this study. 

Scanning electron imaging was conducted using a Hitachi S-4300 SE/N field emission scanning 
electron microscope (FE-SEM) located at the Centre for Advanced Microscopy at the Australian 
National University. Mineral compositions were obtained by energy-dispersive X-ray spectroscopy 
(EDS) using an Oxford Instruments INCA X-MAX system, employing an 80 mm2 silicon drift 
detector. EDS spectra were acquired using an accelerating voltage of 15 kV and a beam current of 
0.6 nA, measured on a Faraday cup. This method provides quantitative data that is accurate for 
major elements and is sufficient for checking the stoichiometric values of major elements. 

Quantitative major and minor element mineral geochemistry was determined via Wavelength 
Dispersive Spectrometry (WDS) using a JEOL 8350F Plus Electron Probe Microanalyser. A 15 kV 
accelerating voltage and 10 nA beam current were used with a beam diameter of 3 µm for allanite 
analyses and 10 µm (to avoid F loss) for apatite. Standards used were sanidine (Si, Al), diospide (Ca, 
Mg), hematite (Fe), rhodonite (Mn), apatite (P), rutile (Ti), fluorite (F), Th metal (Th), celestine (Sr), and 
Y and the REE on synthetically prepared phosphates (as LnP5O14). 

Minor and trace element mineral geochemistry was performed using a 193 nm ArF excimer 
(Coherent CompexPro 110) laser ablation system located at the Research School of Earth Sciences, 
the Australian National University. The laser system feeds into an Agilent 7700 series quadrupole 
ICP-MS with dual-mode discrete dynode electron multiplier detector. Ablation work was 
undertaken under a He-Ar gas mixture within a HelEx two-volume vortex sampling cell with H2 
added to the gas mixture during transport to the ICP-MS (for interference minimisation). The laser 
was run at a frequency of 5 Hz with a pulse energy of 80 mJ. Depending on the grain being 
analysed, the spot size varied between 42-71 µm. Each measurement was conducted with 25 
seconds of background before 35 seconds of ablation. This was followed by 15 seconds of 
background after each sample. 
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Isotopes analysed included 9Be, 23Na, 29Si, 31P, 43Ca, 44Ca, 45Sc, 47Ti, 51V, 52Cr, 55Mn, 63Cu, 71Ga, 72Ge, 
85Rb, 88Sr, 89Y, 90Zr, 93Nb, 115In, 118Sn, 137Ba, 139La, 140Ce, 141Pr, 146Nd, 147Sm, 153Eu, 157Gd, 159Tb, 163Dy, 165Ho, 
166Er, 169Tm, 172Yb, 175Lu, 178Hf, 181Ta, 206Pb, 207Pb, 208Pb, 232Th, and 238U, depending on mineral and 
depending on purpose (i.e. trace element determination or isotopic dating). 

Data were reduced to commonly used standards including NIST610, GSE-1G, Tara allanite, 91500 
zircon, MKED-1 titanite and Temora Apatite in Iolite V2.5 (on Igor Pro 6.37) and V4. Secondary 
reference materials included NIST612 as well as the previously mentioned standards.  

Internal standards varied between minerals and included both 43Ca and 29Si which were determined 
by WDS by previously mentioned methods. It was found to be necessary to use measured values of 
internal standards as opposed to assumed stoichiometric values due to the unusual and variable 
compositions of minerals examined.  

Additional geochronology was carried out using the Sensitive High Resolution Ion Micro Probe 
Reverse Geometry (SHRIMP-RG) for selected allanite grains using an O2

- beam. The spot size was 
~25 µm and the masses analysed were 198.9(LaSiO2), 204Pb, 204.06background, 206Pb, 207Pb, 208Pb, 232Th, 
238U, 248ThO and 258UO over a set of four scans per point, with Tara allanite (age 417 Ma) used as the 
calibration standard. The data were reduced using SQUID3.5 with a Stacey-Kramers correction 
using the measured 204Pb concentration. 

Use of the combined U-Pb-Th systems provides a range of options for geochronology. The U-Pb 
system can be assessed for concordance, which allows complications such as Pb loss and the 
presence of initial Pb to be identified. The complementary 232Th/208Pb decay system is widely used 
in allanite dating, where it is commonly robust (in contrast to zircon geochronology). The preferred 
ages proposed in the present study were selected by seeking the most internally consistent results 
for each deposit, and as such are derived from varying dating systems. As the LA-ICP-MS allanite 
ages were obtained relative to 91500 zircon rather than an allanite standard there is the possibility 
of a matrix effect causing a bias to the 232Th/208Pb allanite ages; however, the relative ages will be 
unaffected. The 207Pb/206Pb ages are unaffected by matrix effects and thus are considered more 
reliable. Work is underway to chracterise allanite from SWAN using isotope dilution thermal 
ionisation mass spectrometry (ID-TIMS) as an age reference for LA-ICP-MS dating of Isa region 
allanite samples. 

Oxygen isotopic compositions (calculated as δ18O relative to Vienna Standard Mean Ocean Water) of 
allanite were obtained using the SHRIMP-SI at the Australian National University using the 
techniques presented by Avila et al. (2020) for zircon. As this was an exploratory study, only 
material from SWAN and Koppany was included. Measurements of 16O and 18O were collected using 
Faraday cups over the course of six scans of 20 s each and all measurements were normalised to 
allanite from the Tara granodiorite, which has δ18O = 6.6 ± 0.1 (1σ, Boston et al. 2014). 

Results: QEMSCAN maps and mineral chemistry 
Twenty-five QEMSCAN maps of REE-rich samples were collected. The most interesting (and 
relevant to the theme of this report) maps are presented for each deposit below, with the remainder 
given in Appendix 1. Mineral proportions as determined by QEMSCAN are presented in Appendix 2. 
Representative major, minor and trace element mineral chemical data is displayed in tables in the 
appropriate sections, with a dataset of all LA-ICP-MS analyses of minor and trace element 
compositions of studied minerals presented in Appendix 3.  
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F-Ba rich IOCG deposits - QEMSCAN maps 

Ernest Henry Cu-Au deposit 

QEMSCAN maps constructed from samples from Ernest Henry are illustrated in Figures 14 to 18. 
Most samples are composed of intensely potassic-altered breccias, hosting ore minerals within the 
matrix and in overprinting carbonate dominated assemblages. The breccia clasts are composed of 
simple mineral assemblages dominated by orthoclase, quartz and magnetite with fine grained 
biotite and chlorites defining metamorphic fabrics. The breccia matrix contains a wide variety of 
minerals and hosts the bulk of the Cu and REE mineralisation within chalcopyrite and allanite 
alongside apatite, barite, fluorite, pyrite and biotite. Euhedral allanite occurs dominantly within 
carbonate in EH207 and MS_EHM097 alongside magnetite and chalcopyrite (Figures 14 and 16). 
Allanite rarely occurs entirely within the groundmass, where it occurs as anhedral clots (Figure 14). 
This either indicates an earlier allanite crystallisation or a cryptically brecciated groundmass that 
allowed REE rich fluids into cracks to provide the ingredients for allanite crystallisation. All allanite 
occurs in solid solution with epidote, and individual grains show significant compositional variation.  

EH196 (Figure 17) displays a significantly different mineralogy to the other samples, being 
dominated by a quartz-chlorite groundmass with overprinting (?) pyrite, fluorite and barite. REE 
carbonates occur in this sample, where they are present as finely intergrown clusters between 
coarser grained minerals, intergrown with chlorite, calcite and rutile. Notably, there is no Cu 
mineralisation within this sample, with pyrite being the dominant sulfide.  
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Figure 14: QEMSCAN map of sample EH207 from Ernest Henry. Sample is composed of an orthoclase-quartz-
biotite-magnetite groundmass with rare anhedral allanite (Inset A) overprinted by a calcite-magnetite-chalcopyrite 
phase with rare euhedral allanite (Inset B). Green in centre is a clot of clay minerals (montmorillonite and chlorite 
species) that is interpreted as a late weathering or alteration assemblage. 
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Figure 15: QEMSCAN map of sample EH204 from Ernest Henry. Sample is composed of a breccia with clasts of 
orthoclase-quartz-biotite-magnetite groundmass with a magnetite-chalcopyrite-apatite-pyrite-flourite-barite 
matrix.  Insets A and B display apatite in close association with magnetite-chalcopyrite mineralisation, thus 
interpreted to be synchronous with the main stage of Cu mineralisation. 
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Figure 16:  QEMSCAN map of sample MS_EHM097 from Ernest Henry. Sample is composed of an orthoclase-
quartz-biotite-chlorite-magnetite groundmass and rare euhedral pyrite with biotite and chlorite defining a (likely 
metamorphic) fabric. This assemblage is overprinted by late calcite-allanite-magnetite (Inset A). 
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Figure 17: QEMSCAN map of sample EH196 from Ernest Henry. Sample is composed of pyrite-fluorite-barite 
assemblage overprinting (?) a chlorite-quartz groundmass. Fine-grained REE carbonates are present in association 
with the fluorite-pyrite phase where it is inter-grown with chlorite. 
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Figure 18: Back scatter images of Ernest Henry allanite and REE-carbonates. a) Included and patchwork textured 
anhedral allanite from EH207 (Figure 14, Inset A), b) geometrically zoned allanite from EH207 (Figure 14, Inset B), c) 
and d) feathered REE carbonates from EH196 intergrown with calcite, chlorite and rutile. Note smearing of laser 
pits within REE carbonates with surrounding minerals. 

Allanite and apatite are the dominant REE-bearing minerals detected by QEMSCAN mapping in 
most samples relating to the main Cu mineralisation. Where REE carbonates were found, they were 
not associated with chalcopyrite or any other Cu-bearing minerals. Ernest Henry allanite was found 
to have two dominant textures: one with abundant inclusions and patchwork zoning (Figure 18 a) 
and another with more regular geometric zonation (Figure 18 b). These two textures generally 
correspond to the surrounding environment of allanite growth, with anhedral allanite within the 
groundmass (e.g. Figure 14, Inset A) having inclusions and patchwork zoning, whereas euhedral 
allanite within calcite generally displaying the regular geometric zoning (e.g. Figure 14, Inset B). REE 
carbonates were always found in feathery, bladed textures. 

The major, minor and trace element chemistry of the allanite, apatite and a small number of REE- 
carbonates from the ore samples was determined via EPMA and LA-ICP-MS and is presented in 
following sections of this report. The determination of the trace element compositions of the REE-
carbonates was hampered by the small grain size and intergrown nature of the carbonates 
discovered (note relative sizes of laser holes and mineral patches on Figure 18) however a small 
number of clean ablations were performed. 
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E1 Group Cu-Au deposits 

QEMSCAN maps constructed from samples from E1 are shown in Figures 19 and 20.  The mineral 
assemblages of the E1 samples was found to be extremely complex, both in mineralogy and 
paragenetically. Both samples display lensoid structures interpreted as sheared sediments that 
have been variably replaced, mineralised and altered. The only REE-bearing mineral identified in the 
examined samples is apatite, which occurs throughout the assemblage. Notably, no barite was 
found, despite there being abundant Ba, with celsian appearing as the dominant Ba mineral. 

 

 

Figure 19: QEMSCAN map of sample E1-2 from E1 North. E1-2 displays lenses of chalcopyrite-rimmed calcite, 
barium-rich feldspar (celsian) with an overprinting, pervasive fine-grained albite-chlorite assemblage. Magnetite, 
chalcopyrite, fluorite, calcite and biotite occur throughout the sample, and pyrite occurs as discrete lenses 
composed of euhedral distinct grains. 
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Figure 20: QEMSCAN map of sample E1-1 from E1 North. E1-1 displays lenses of contrasting mineralogy, with a unit 
of pyrite-biotite-fluorite-magnetite with rare apatite juxtaposed against a unit of fluorite-calcite-magnetite-albite-
chlorite-chalcopyrite-apatite. Notably, no chalcopyrite mineralisation occurs within the pyrite rich lens. 

Monakoff Cu-Au deposit 
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A QEMSCAN map of a sample from the Monakoff ore zone is displayed in Figure 21. The 
assemblage is dominated by fluorite, barite and magnetite with cubic pyrite and anhedral 
chalcopyrite blebs throughout. The only REE bearing mineral identified by QEMSCAN analysis was 
apatite which occurs as fine grained, anhedral crystals throughout the ore. In particular, the apatite 
was found within poikilitic magnetite grains. Williams et al. (2015) reported the presence of 
euhedral, coarse grained bastnasite up to 500 µm however none was found during this study. 

The assemblage mapped at Monakoff is noted as being very similar to the ore breccia matrix 
assemblage noted at Ernest Henry, comprised of magnetite, fluorite, barite and chalcopyrite. 
However, at Monakoff this assemblage occurs in a massive assemblage as opposed to small, 
interconnected pockets around clasts at Ernest Henry (e.g. as in Figure 15). 
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Figure 21: QEMSCAN map of sample MON1 from Monakoff main lode. Sample is composed of a barite-fluorite-
poikilitic magneite with anhedral chalcopyrite and pyrite and rare apatite. Insets A and B display details of poikilitic 
magnetite and apatite association. Black material at base of Inset A was found to be celestine (SrSO4) in post-
QEMSCAN SEM analysis
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Table 1: Representative allanite and REE carbonate geochemistry from F-Ba rich IOCGs. Majors and minor elements (in wt%) determined by EPMA and trace 
elements (in ppm) by LA-ICP-MS (see analytical methods for details on data acquisition). See Appendix 3 for complete dataset of minor and trace element 
mineral chemistry. Discrepency between EPMA and LA-ICP-MS data for carbonates results from unavoidable contamination of laser analyses with surrounding 
non-REE bearing minerals such as calcite due to the small gain size and intergrown nature of the REE-carbonates analysed. Low totals represent non-analysed 
low atomic mass elements like C (as CO3) and H (as OH). 

 

F-Ba rich IOCG deposits - mineral chemistry 

Allanite and REE carbonates 

Table 1:   

ID 
EH207 
Al2  

EH207 
Al3  

EH207 
Al9  

EH202 
Al2  

EH202 
Al1  

EHM097 
Al2  

EHM097 
Al7  

EPMA 
determined 

REE carbonate 
compositions 

ID 
EH196 
REEC1 EH196 REEC2 EH196 REEC3 EH196 REEC4 EH196 REEC5 

Deposit 
Ernest 
Henry 

Ernest 
Henry 

Ernest 
Henry 

Ernest 
Henry 

Ernest 
Henry 

Ernest 
Henry 

Ernest 
Henry Deposit 

Ernest 
Henry Ernest Henry Ernest Henry Ernest Henry Ernest Henry 

   SiO2   34.12 33.73 31.56 30.93 30.64 32.17 31.77 
 

Al2O3 b.d.l b.d.l b.d.l b.d.l b.d.l 
   Al2O3  19.94 19.68 16.79 13.14 13.16 15.36 13.98 

 
BaO b.d.l b.d.l b.d.l b.d.l b.d.l 

   TiO2   0.05 0.05 0.17 0.59 0.62 0.19 0.60 
 

CaO 12.52 13.94 14.22 14.81 14.89 
   CaO    16.56 16.01 11.16 10.77 10.54 12.11 11.80 

 
FeO (t) 0.26 0.04 0.09 0.28 0.30 

   Fe2O3 (t) 13.03 13.17 14.88 18.34 18.14 14.68 15.25 
 

Y2O3 0.74 0.63 0.67 0.79 0.82 
   MnO    0.95 0.94 1.06 0.15 0.13 0.35 0.87 

 
SrO b.d.l 0.06 0.02 0.08 0.05 

   MgO    0.17 0.18 0.22 0.57 0.46 0.20 0.46 
 

La2O3 29.12 28.58 28.49 28.30 28.00 
   ThO2   0.24 0.21 0.20 0.06 0.01 0.50 0.37 

 
Ce2O3 21.78 20.92 21.35 20.78 20.84 

   Y2O3   0.03 0.14 0.14 0.00 0.07 0.02 0.13 
 

Pr2O3 1.59 1.44 1.35 1.29 1.44 
   La2O3  4.77 5.59 10.56 13.63 11.49 8.52 5.94 

 
Nd2O3 3.66 3.51 3.74 3.97 4.04 

   Ce2O3  4.10 4.71 8.00 9.56 9.81 9.02 9.52 
 

Sm2O3 0.57 0.34 0.68 0.47 0.33 
   Pr2O3  0.32 0.39 0.60 0.64 0.63 0.66 1.00 

 
Gd2O3 0.18 0.33 0.27 0.08 0.38 

   Nd2O3  0.91 1.00 1.74 1.09 2.18 2.26 3.34 
 

F 8.73 8.71 8.98 8.12 8.65 
  Total   95.19 95.80 97.09 99.44 97.89 96.04 95.02   

Laser 
determined 
REE carbonate 
rare earths 

Total 79.14 78.50 79.86 78.97 79.74 
  

             

Ga 144 245 189 338 370 378 320 La NA 256280 227224 231088 245589 
Sr 742 778 299 129 135 659 982 

 
Ce NA 179543 158703 161984 170796 

Y 635 930 792 355 570 322 606 
 

Pr NA 11675 10436 10578 11251 
Ba 714 113 3839 5.6 7.6 174 179 

 
Nd NA 32338 28330 29843 31425 

Sm 808 1238 1374 1383 2047 1057 1496 
 

Sm NA 4205 3844 4081 4285 
Eu 265 377 529 345 543 203 237 

 
Eu NA 1738 1660 1812 1824 

Gd 598 827 984 765 1144 470 744 
 

Gd NA 3412 3116 3399 3480 
Tb 66.3 87.4 101 56 89.6 30.8 56.2 

 
Tb NA 360 360 370 360 

Dy 272 370 380 172 278 98 187 
 

Dy NA 1611 1719 1685 1582 
Ho 31.0 43.5 39.0 17.6 28.2 11.9 23.3 

 
Ho NA 245 265 238 227 

Er 47.2 68.7 56.9 29.0 44.8 21.0 42.3 
 

Er NA 476 529 413 402 
Tm 3.35 5.08 4.19 2.63 4.00 1.78 4.07 

 
Tm NA 41.2 45.5 30.2 31.0 

Yb 14.0 19.7 15.7 13.8 19.7 9.0 19.5 
 

Yb NA 180 191 112 119 
Lu 1.8 2.3 1.5 1.9 2.5 1.2 2.9 

 
Lu NA 19.8 21.0 11.4 12.1 

Hf 0.12 0.76 0.28 14.0 3.04 0.03 0.07 
 

Eu anomaly 
 

1.44 1.40 1.46 1.48 
Th 1911 1839 908 260 384 5821 5225 

       U 585 657 61 12 8.6 39 150 
       Eu 

anomaly 1.16 1.14 1.39 1.02 1.08 0.88 0.69 
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Allanite-epidote from Ernest Henry contains up to 19 wt% TREE, with an average REE content of 11 
wt% (Table 2). In addition to REE, and the expected major elements, it was found to contain 
significant Mn (up to 1 wt%), Sr (up to 2000 ppm), Ba (6000 ppm) and Th (1.3 wt%). Two distinct REE 
patterns were found, one displaying negative and the other positive Eu anomalies (Figure 22). There 
is no strong relationship between the amount of Ba and degree of Eu anomalism (Figure 22c) 
however there is a strong relationship between Th and the degree of Eu anomalism. Samples with 
positive Eu anomalies were found to be higher in U and lower in Th than those with negative Eu 
anomalies. 

 

Figure 22: Trace element geochemistry of Ernest Henry allanite determined by LA-ICP-MS. a) REE patterns of 
negative Eu anomaly allanite, b) REE patterns of positive Eu anomaly allanite, c) Ba vs Eu anomalism, d) Th vs Eu 
anomalism, e) REE patterns of REE carbonates. CI normalisation values from McDonough and Sun (1995). Eu 
anomalies calculated as EuN/(SmN*GdN)0.5. 

The Eu behaviour (e.g. degree of anomalism) did not vary systematically between the recognised 
textural groups of allanites, rather varying between samples. Allanites from sample EH207 (Figure 
14) were all found to have positive Eu anomalies, whereas allanites from EHM097 (Figure 16) all had 
negative Eu anomalies. The reason for this is unclear. All samples were analysed during a single 
session using the same method, so the data is believed to be legitimate. 

REE carbonates are intermediate carbonates in the bastnasite-synchysite mineral series, tentatively 
identified as near röntgenite composition Ca2REE3(CO3)5F3. They are La dominant with low Ba and Sr 
concentrations and distinct positive Eu anomalies (Figure 22). 
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Apatite 

 

ID EH207 Ap1  EH207 Ap2 EH204 Ap3  EH204 Ap4  E11 Ap2  E11 Ap4  E11 Ap6  E11 Ap7  MON1 Ap6  MON1 Ap5  MON1 Ap1a  MON1 Ap2a 

Deposit Ernest Henry Ernest Henry Ernest Henry Ernest Henry E1 E1 E1 E1 Monakoff Monakoff Monakoff Monakoff 

   SiO2   0.28 0.03 0.11 0.06 0.19 0.56 0.48 0.00 0.00 0.00 0.00 0.00 

   CaO    55.55 56.24 56.16 56.51 55.41 54.44 54.65 56.53 49.67 47.51 51.60 50.12 

   P2O5   42.28 41.76 43.65 43.84 41.74 42.51 42.61 43.28 41.44 40.92 42.08 41.35 

   SrO    0.03 0.06 0.04 0.05 0.01 0.08 0.13 0.13 7.39 9.77 5.31 6.79 

   MnO    0.08 0.10 0.04 0.03 0.03 0.00 0.03 0.07 0.34 0.45 0.10 0.27 

   F      3.18 3.03 3.41 3.92 4.24 3.59 3.67 3.90 3.55 3.55 3.42 3.61 

  Total   101.41 101.22 102.358 102.873 101.62 101.18 101.57 103.90 102.38 102.21 102.51 102.14 

  
            As 9059 13838 160 228 90.7 48.2 441 1732 369 754 183 224 

Y 199 49.0 340.4 356 1427 892 658 1169 13.9 12.2 8.7 10.4 

Ba NA NA NA NA NA NA NA NA NA NA 41.7 9.0 

La 15.0 7.6 1266 657 7346 2251 2017 3056 1288 1545 749 1049 

Ce 22.2 11.1 1357 820 9883 3873 3188 5107 1771 2237 1259 1706 

Pr 2.9 1.5 98.5 70.3 816 381 280 488 131 156 102 134 

Nd 15.4 7.4 300 243 2643 1424 962 1751 268 320 215 276 

Sm 7.0 3.5 39.7 35.6 381 249 149 300 16.5 21.4 15.5 19.6 

Eu 4.4 2.0 10.7 12.2 34.3 22.5 24.4 47.8 109 121 95.3 115 

Gd 16.5 6.5 46.4 45.7 342 229 144 278 14.9 16.6 12.8 15.8 

Tb 3.8 1.1 6.8 7.2 43.5 28.9 18.8 36.0 1.6 1.7 1.5 1.7 

Dy 31.0 7.6 46.5 53.6 253 162 116 210 7.6 7.6 6.5 7.4 

Ho 7.5 1.6 11.1 12.7 50.0 31.1 23.3 41.6 1.0 1.1 0.9 1.0 

Er 19.0 4.3 32.9 37.3 135.7 80.2 63.6 108 2.3 2.3 1.9 2.1 

Tm 1.9 0.4 4.0 4.2 16.1 9.4 7.5 12.8 0.2 0.3 0.2 0.3 

Yb 9.3 2.6 23.6 24.0 84.8 48.5 38.6 67.8 0.7 1.0 0.7 0.7 

Lu 1.1 0.4 3.3 3.5 9.5 5.3 4.3 7.1 NA NA 0.1 0.1 

Th 0.3 0.1 NA NA 402 99.3 113 128 NA NA 0.0 0.0 

U 1.45 0.39 NA NA 38.9 18.3 16.1 25.7 154 1.17 0.17 0.23 

Eu 
anomaly 

1.26 1.30 0.76 0.92 0.50 0.25 0.51 0.50 21.2 14.5 20.7 19.9 

Table 2: Representative apatite geochemistry from F-Ba rich IOCG deposits. Majors and minor elements (in wt%) determined by EPMA and trace elements (in ppm) 
by LA-ICP-MS (see analytical methods for details on data acquisition).. See Appendix 3 for complete dataset of minor and trace element mineral chemistry. 
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Apatite chemistry was found to vary significantly across the three deposits (Table 2). Apatite from 
Ernest Henry and E1 was found to have variable SiO2 up to 0.75 wt%, whereas Monakoff was 
consistently below detection. Monakoff apatite was found to have up to 9.8 wt% SrO, while the 
other two deposits displayed significantly lower SrO concentrations. The REE patterns of the 
apatites were inconsistent across the deposits. Ernest Henry was found to have two distinct types 
of apatite: one with LREE enrichment and the other with LREE depletion. The LREE depleted 
apatites were found to contain significant As (up to 1.3 wt%). The LREE enriched apatites contained 
up to 2300 ppm TREE. Apatite from E1 was extremely REE-rich, with up to 2.3 wt% TREE, and 
distinct negative Eu anomalies. Monakoff apatite was found to have a significant positive Eu 
anomaly, with TREE concentrations up to 4400ppm. Notably, this was found in apatite with very low 
Ba concentrations (10s of ppm) therefore Ba interference can be ruled out as creating spurious Eu 
anomalies. (La and the other REE) were found to have an antithetic relationship with As 
concentrations across all deposits (Figure 23 d.).  

 

Figure 23: trace element geochemistry of F-Ba deposit apatites determined by LA-ICP-MS. a) REE patterns of 
apatites (blue = LREE depleted, black = LREE enriched) from Ernest Henry, b) apatites from E1, c) apatites from 
Monakoff, d) As vs La for all analysed apatites. CI normalisation values from McDonough and Sun (1995). 
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U-Cu-Au skarns - QEMSCAN maps 

Mary Kathleen U-REE deposit 

QEMSCAN maps constructed from Mary Kathleen samples are displayed in Figures 24 and 25. The 
maps show a variety of mineral assemblages and illustrate the two distinct allanite textures present 
within the deposit. These textures include allanite within paragenetically late allanite-
clinopyroxene-calcite-apatite veins (CS_MK3) as well as massive allanite closely associated with 
apatite overgrowths on clinopyroxene-calcite skarn (MKN016).  

Vein-hosted allanite is generally coarse grained, distinctly zoned and euhedral, which is suggestive 
of open space growth and variable fluid chemistry (Figure 26 a.). Vein allanite is also associated 
with apatite, zoned augite (commonly mantled by amphibole) calcite and sulfides. The cross-cutting 
relationships and calcite-allanite-sulfide assemblages noted within the samples studied indicate 
these veins are the same as those interpreted via structural relationships by Oliver et al. (1999) as 
paragenetically post-dating the main mineralisation stage.  

Mosaic textured allanite (named after Boston (2014), shows no large-scale zonation and occurs as 
clusters of small grains in a patchwork, or mosaic, texture (Figure 26 b.). This is intimately 
associated with apatite, which often forms rims around the patches of mosaic allanite where in 
contact with clinopyroxene and calcite skarn (e.g. MKN007 – Figure 24). This mosaic (massive) 
allanite represents the main ore material at Mary Kathleen, where it is associated with, and 
commonly encloses uraninite (Oliver et al., 1999). 

No other REE bearing minerals were identified via QEMSCAN despite the reported occurrence of 
stillwellite within the deposit. 
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Figure 24: QEMSCAN map of sample MKN007 from Mary Kathleen. Sample is composed of massive allanite 
overprinting an augite-calcite skarn with rare sulphides (pyrite and chalcopyrite) and chlorites. Apatite occurs in 
abundance both disseminated throughout the skarn and along the allanite-skarn contact as fine-grained clusters 
of individual grains. 
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Figure 25: QEMSCAN map of sample CS_MK3 from Mary Kathleen. In this sample, a coarse-grained vein of zoned 
allanite, augite and calcite with minor apatite and amphibole (roughly horizontal) crosscuts garnet. A diagonal 
fracture (?) within the garnet has been altered to allanite and augite with minor apatite and uraninite (in black). 
Inset A displays details of zoning within allanite. 
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Figure 26: Back scatter images of the contrasting textures of allanite at Mary Kathleen deposit. a) shows euhedral, 
growth zoned vein allanite from CS_MK3, whereas b) displays mosaic textured allanite from MKN007. 

 

Elaine Dorothy Cu-Au (U-REE) 

QEMSCAN maps constructed from Elaine Dorothy samples are displayed in Figures 27 and 28. 
These maps show relationships similar to those of Mary Kathleen, with both samples dominated by 
massive, intergrown garnet and patchy clinopyroxene, with interpreted later, mosaic textured 
allanite. The allanite is in close association with clinopyroxene and apatite.  

All allanite present in the QEMSCAN maps of Elaine Dorothy occurs in fine-grained, mosaic 
textures, devoid of euhedral faces or growth zoning indicative of open space growth. They instead 
display textures interpreted to be direct replacement of diopside. Less abundant chlorites, biotite, 
albite and sulfides occur in some samples. 

These textures are interpreted to be analogous to the ore material at Mary Kathleen discussed 
previously. 
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Figure 27: QEMSCAN map of sample ELD023 from Elaine Dorothy. Sample is composed of intergrown garnet and 
clinopyroxene with later allanite and apatite. Allanite and apatite appear to be restricted to diopside zones within 
sample. Rare clays, chlorites and titanite are also hosted within augite. 
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Figure 28: QEMSCAN map of sample ELD017 from Elaine Dorothy. Sample is composed of intergrown garnet and 
diopside with later allanite, apatite, chlorite and biotite with rare pyrite and chalcopyrite. Albite occurs, however its 
paragenetic stage is unclear. 

 

In addition to minerals found via QEMSCAN mapping, very coarse-grained euhedral allanite (up to 7 
cm) from samples taken from the roof zone of the orebody were examined via SEM and further 
EPMA and LA-ICP-MS (Figures 29 and 30). These were found to be too coarse-grained for 
QEMSCAN analysis, and as such were imaged via SEM and analysed via EPMA and LA-ICP-MS. 
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Figure 29: Coarse grained allanite from Elaine Dorothy. In hand sample (A) and in polished pieces set in epoxy (B). 

This allanite occurs within calcite with clinopyroxene and is interpreted to have formed within an open 
space filling vein in a similar manner to the observed assemblage within CS_MK3 (Figure 25). Zonation 
and alteration are visible to the naked eye due to the large size of these crystals (Figure 30).  

 

 

Figure 30: Coarse-grained allanite from Elaine Dorothy (sample TOE) under back scatter. Location of photos is 
indicated on Figure 29.B 
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Back-scattered imaging reveals complex, growth zones relating to fluctuating REE concentrations 
with light bands representing high REE contents of higher allanite end member component, 
whereas darker bands represent lower REE of higher epidote end member component. In addition to 
growth zones, areas of clear alteration occur where zones of high REE cross-cut growth zones, 
indicating post crystallisation alteration. An in-depth study on the micron-scale of trace elements 
and isotope systems of this sample is beyond the scope of this study, however this is strongly 
recommended to enable further interpretation of trace element and geochronological data in these 
mineralising systems.  

Koppany 

QEMSCAN maps constructed from Koppany samples are displayed in Figures 32 and 33. The maps 
show a simple mineralogy in the examined samples of allanite, garnet, clinopyroxene, apatite, 
orthoclase and minor Cu-sulfides, tentatively identified as cubanite. 

Figure 31 depicts allanite from the “allanitite” mapped in sample KOP5161. Two clear generations of 
allanite are visible – an older euhedral and growth zoned high REE allanite (“relict allanite”) 
indicative of open space hydrothermal growth, and a younger, low REE mosaic textured example 
shows replacement of the older relict generation. This later stage allanite is interpreted as forming 
from the breakdown of the older generation of allanite in a dissolution-precipitation reaction with 
loss of REE occurring during this process. The margin between the two generations appears 
resorptional with the younger growth mantling the corroded cores. This is a significant observation 
if the isotopic systems are intact, the direct dating of both the formation of the relict allanite, as 
well as the daughter mosaic allanite is possible. 

 

 

Figure 31: Allanite from Koppany under back scatter. Location of photo is indicated on Figure 32 as labelled a). 
Both the euhedral, growth zoned crystal in the left of the image, and the patch work darker grey mineral in the 
right are allanite – the left is an earlier, relict REE-rich variety, while the right is a later is a younger mosaic low REE 
mineral. Dark patches are clinopyroxene and epidote. 
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Figure 32: QEMSCAN map of sample KOP5161 from Koppany. Sample is termed an allanitite, being a rock 
dominantly composed of allanite. The allanite displays two generations of growth (see Figure 31 for details) and 
overprints a dominantly clinopyroxene groundmass. Rare apatite occurs, generally in association with diopside, and 
there is minor Cu mineralisation present as cubanite. 
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Figure 33: QEMSCAN map of sample KOP5190 from Koppany. Sample displays garnet growing around orthoclase 
within an albite and diopside groundmass. Later epidote intergrown with allanite occurs on the margin of the 
sample. 
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U-Cu-Au skarn deposits - mineral chemistry 

Allanite 

 
CS_MK3 Al1 CS_MK3 Al10 MKN007 Al15 MKN007 Al11 TOE Al15 TOE Al13 ELD023 Al10 ELD023 Al3 KOP ZAl 10 KOP ZAl 3 KOP MAl2 KOP MAl4 

Deposit Mary Kathleen Mary Kathleen Mary Kathleen Mary Kathleen Elaine Dorothy Elaine Dorothy Elaine Dorothy Elaine Dorothy Koppany Koppany Koppany Koppany 
Textural 
association Vein hosted Vein hosted Mosaic Mosaic Vein hosted Vein hosted Mosaic Mosaic Relict Relict Mosaic Mosaic 
   SiO2   34.40 33.81 33.87 34.45 34.13 33.91 33.05 33.81 32.84 32.61 35.81 34.64 

   Al2O3  19.03 18.65 18.68 19.11 18.79 19.13 17.47 18.05 17.98 17.99 21.88 20.64 

   TiO2   0.09 0.12 0.12 0.08 0.17 0.16 0.20 0.19 0.36 0.32 0.06 0.12 

   CaO    16.88 16.67 16.59 17.47 16.91 17.09 14.38 15.88 13.45 13.22 19.13 16.98 

   Fe2O3 (t) 12.19 14.99 14.85 14.76 14.51 14.35 15.21 13.49 13.53 13.33 12.75 12.84 

   MnO    0.11 0.10 0.12 0.13 0.12 0.06 0.10 0.10 0.17 0.19 0.10 0.12 

   MgO    0.19 0.28 0.21 0.22 0.42 0.45 0.40 0.33 0.37 0.40 0.11 0.22 

   ThO2   0.26 0.17 0.12 0.10 0.06 0.02 0.22 0.34 0.01 0.08 0.06 0.04 

   Y2O3   0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.02 0.01 0.00 0.00 0.00 

   La2O3  3.87 3.94 4.57 3.97 4.37 4.56 6.07 4.62 8.14 7.70 3.60 5.22 

   Ce2O3  6.69 7.33 7.46 6.28 6.63 6.92 9.95 8.55 10.88 11.05 4.81 7.00 

   Pr2O3  0.60 0.76 0.54 0.39 0.62 0.64 0.83 0.67 0.77 0.84 0.46 0.56 

   Nd2O3  1.50 1.72 1.05 1.05 1.60 1.77 1.72 1.63 1.34 1.58 0.74 1.08 

  Total   95.80 98.53 98.19 98.01 98.34 99.07 99.59 97.67 99.83 99.33 99.50 99.47 

  
            Sr 313 178 104 102 69.4 391 56.9 403 58.8 54.9 260 403 

Y 14.9 18.0 14.2 11.4 9.16 10.4 9.64 30.7 11.0 6.82 44 41.5 

Ba 17.8 6.59 2.18 1.64 2.17 74.5 2.03 70.2 0.73 0.21 0.46 1.23 

Sm 547 552 370 353 588 610 643 507 288 358 159 122 

Eu 56.1 68.0 39.1 39.1 77.3 77.0 51.5 46.3 16.9 20.9 15.6 12.6 

Gd 99.1 127.8 82.5 78.6 93.0 88.11 117 120 75.3 69.4 42.9 35.0 

Tb 6.83 7.48 6.82 6.41 5.06 5.08 6.12 7.53 4.46 4.51 3.17 2.54 

Dy 8.88 11.18 7.98 7.44 5.94 6.73 8.63 13.96 5.09 4.64 9.27 8.33 

Ho 0.52 0.80 0.64 0.54 0.44 0.36 0.67 1.24 0.55 0.4 1.67 1.54 

Er 0.72 0.81 0.78 0.91 0.31 0.37 0.79 1.28 0.38 0.21 4.03 3.34 

Tm 0.05 0.09 0.03 0.06 0.05 0.03 0.03 0.08 0.05 0.07 0.54 0.48 

Yb 0.27 0.11 0.23 0.18 0.05 0.08 0.25 0.24 0.38 0.25 2.56 2.59 

Lu 0.02 0.01 0.00 0.01 0.01 0.03 0.02 0.01 0.07 0.01 0.30 0.34 

Th 2290 1361 1161 1232 258 304 8729 3760 482 287 120 48 

U 303 314 158 147 222 234 113 167 85.8 67.6 279 259 

Eu anomaly 0.73 0.78 0.68 0.72 1.01 1.01 0.57 0.57 0.35 0.40 0.57 0.59 

Table 3: Representative allanite geochemistry from U-Cu-Au skarns. Majors and minor elements (in wt%) determined by EPMA and trace elements (in ppm) by 
LA-ICP-MS (see analytical methods for details on data acquisition). See Appendix 3 for complete dataset of minor and trace element mineral chemistry. 
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Allanite-epidote from the three occurrences show variable rare earth concentrations between ~5 
and 25wt% TREE (Table 4). The variable REE concentrations is accompanied by variable Eu 
anomalism, which ranges from significantly negatively anomalous examples from Koppany (Eu/Eu* 
= 0.25) to allanite entirely lacking anomaly from allanite veins in Mary Kathleen (Figure 33). Relict 
allanite was found to be both more REE-rich, with a more negative Eu anomaly than mosaic textured 
allanite, as was mosaic textured allanite compared to vein hosted allanite (Figure 34). 

A notable feature of all allanite analyses from this style of mineralisation is the extremely low HREE 
concentrations of all analyses, with values rarely exceeding chondritic values and occasionally 
below detection by the LA-ICP-MS technique. This contrasts with the allanite of Ernest Henry, 
which contains higher HREE, and larger variations in other trace elements such as Ba and Sr.  

 

Figure 34: Trace element geochemistry of U-Cu-Au skarn allanite determined by LA-ICP-MS. a) REE patterns of 
Mary Kathleen mosaic textured allanite, b) REE patterns of Mary Kathleen vein hosted allanite, c) REE patterns of 
Elaine Dorothy mosaic textured allanite, d) REE patterns of Elaine Dorothy vein hosted allanite, e) REE patterns of 
Koppany mosaic textured allanite, f) REE patterns of Koppany relict allanite. CI normalisation values from 
McDonough and Sun (1995). Eu anomalies calculated via EuN/(SmN*GdN)0.5. 
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Figure 35: Trace element geochemistry of U-Cu-Au skarn allanite determined by LA-ICP-MS. a) Koppany relcit and 
mosaic textured allanite La vs Eu/Eu*, b) Elaine Dorothy mosaic textured and vein hosted allanite La vs Eu/Eu*, c) 
Mary Kathleen mosaic textured and vein hosted allanite La vs Eu/Eu*. CI normalisation values from McDonough and 
Sun (1995). Eu anomalies calculated as EuN/(SmN*GdN)0.5. 

Apatite 

 

Sample 
CS_MK3 
Ap1 

CS_MK3 
Ap2 

MKN007 
Ap1 

MKN007 
Ap10 

ELD023 
Ap1 

ELD023 
Ap2 

ELD023 
Ap4 

KOP5161APTE-
21 

KOP5161APTE-
20 

Deposit 
Mary 
Kathleen 

Mary 
Kathleen 

Mary 
Kathleen 

Mary 
Kathleen 

Elaine 
Dorothy 

Elaine 
Dorothy 

Elaine 
Dorothy Koppany Koppany 

   SiO2   0.08 0.11 0.04 0.07 0.28 0.21 0.55 0.36 0.23 

   CaO    54.70 54.94 54.45 54.52 55.10 55.01 53.95 53.87 54.26 

   P2O5   43.06 42.60 42.63 42.34 42.80 42.38 41.73 42.48 42.83 

   SrO    0.00 0.00 0.07 0.01 0.03 0.00 0.05 0.02 0.04 

   MnO    0.00 0.00 0.01 0.00 0.02 0.05 0.03 0.02 0.04 

   F      4.98 5.71 5.49 5.59 5.47 5.37 5.15 5.11 5.55 

  Total   102.81 103.36 102.68 102.53 103.70 103.01 101.46 101.85 102.94 

  
         As 663 367 1388 975 1069 1173 1466 420 479 

Y 15.5 11.8 40.8 97.0 15.0 14.2 15.4 194 138 

Ba 0.74 1.33 1.44 0.21 0.59 1.15 2.57 NA NA 

La 86.6 79.8 897 975 424 411 423 1358 719 

Ce 233 195 1617 2594 1226 1175 1268 3852 1801 

Pr 32.1 26.9 166 346 167 156 177 412 216 

Nd 127 123 563 1285 652 625 719 1383 726 

Sm 19.8 22.1 75.5 170 67.5 62.4 72.4 106 55 

Eu 3.88 3.27 10.4 23.9 7.71 6.48 7.78 12.0 6.43 

Gd 13.4 11.7 45.1 97.1 24.1 23.6 25.6 43.4 22.3 

Tb 1.07 0.82 3.41 7.39 1.47 1.24 1.43 4.49 2.48 

Dy 3.48 2.74 12.6 26.0 4.48 4.13 4.17 26.8 17.3 

Ho 0.43 0.31 1.33 3.01 0.45 0.47 0.50 5.92 3.96 

Er 0.79 0.54 2.65 5.13 0.92 0.69 0.78 13.71 12.06 

Tm 0.06 0.06 0.22 0.47 0.07 0.09 0.07 2.34 1.78 

Yb 0.41 0.15 0.86 2.05 0.38 0.32 0.25 11.35 9.61 

Lu 0.03 0.01 0.07 0.25 0.05 0.05 0.04 1.23 1.13 

Th 1.42 3.49 286 22 131 145 157 62.7 14.4 

U 11.5 13.5 7675 261 34.2 32.0 40.1 127 74.3 
Eu 

anomaly 0.73 0.62 0.54 0.57 0.58 0.51 0.55 0.54 0.56 

Table 4: Representative apatite geochemistry from U-Cu-Au skarns. Majors and minor elements (in wt%) 
determined by EPMA and trace elements (in ppm) by LA-ICP-MS (see analytical methods for details on data 
acquisition). See Appendix 3 for complete dataset of minor and trace element mineral chemistry. 
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Apatite geochemistry varies significantly less across the U-Cu-Au skarns examined in this study, 
compared to those from the F-Ba rich IOCG deposits (Table 5). The maximum REE enrichment was 0.9 wt% 
TREE from Elaine Dorothy. All show LREE enrichment, with slight to moderate convex curvature from La to 
Sm (Figure 35). All analysed apatites show negative Eu anomalies, however the degree of anomalism 
varied between deposits, as well as between apatite within the deposits. In Mary Kathleen for example, 
apatite associated with the mosaic textured allanite (i.e. the apatite from MKN007 – Figure 24) was found 
to have a slightly more significant Eu anomaly (Eu/Eu* ~0.4-0.6) than vein hosted apatite (e.g. CS_MK3 – 
Figure 25) (Eu/Eu* ~0.6-0.7). 

Apatite from the skarn style of mineralisation contains significantly less Sr than those from the F-Ba rich 
IOCG deposits.  

 

Figure 36: Trace element geochemistry of U-Cu-Au skarn apatite determined by LA-ICP-MS. a) REE patterns of 
Mary Kathleen mosaic associated apatite, b) REE patterns of Mary Kathleen vein hosted apatite, c) REE patterns of 
Elaine Dorothy mosaic associated apatite, d) REE patterns of Koppany mosaic associated allanite. CI normalisation 
values from McDonough and Sun (1995). 

Mount Elliot-SWAN Cu-Au deposit- QEMSCAN maps 

Mount Elliot-SWAN Cu-Au deposit 

QEMSCAN maps constructed from SWAN samples are displayed in Figures 37 to 39. Samples of 
SWAN were composed of coarse-grained, euhedral clinopyroxene-magnetite-allanite-pyrite 
assemblages with minor chalcopyrite, apatite, calcite and amphibole. The subhedral to euhedral 
crystals imply open space growth of unclear paragenetic relations between the main rock forming 
minerals. Allanite occurs as large lathes of almost end-member allanite mantled by or grading into 
epidote towards grain edges. While SWAN208a appears to be entirely a skarn assemblage with no 
relict host rock, SWAN208b displays albite-chlorite altered material interpreted to be Na-altered 
protolith wall rock. This albite altered unit is mantled with a thin orthoclase rim where it contacts 
the skarn assemblage, preserving evidence of ore associated potassic alteration. 
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Figure 37: QEMSCAN map of sample SWN208A from SWAN. Sample is composed of a coarse grained 
clinopyroxene-magnetite-allanite-pyrite-chalcopyrite assemblage with minor apatite-chlorite-amphibole. The 
timing of sulphide vs remainder of assemblage is unclear however appears to be late. Near end member allanite is 
mantled with or grades into allanite epidote towards grain edges (Inset A). 
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Figure 38: QEMSCAN map of sample SWN208B from SWAN. Sample is composed of a coarse-grained magnetite-
allanite-albite-clinopyroxene assemblage with minor sulphides-chlorite and apatite. Pervasively albite and chlorite 
altered wallrock is mantled with orthoclase alteration on contact with skarn assemblage.  

 

As well as samples from the SWAN deposit proper, a sample from an allanite vein intercepted in a 
drillhole 300m N of the deposit (check reference) was mapped via QEMSCAN (Figure 38). This 
sample is an “allanitite” dominated by altered euhedral allanite with interstitial albite, chalcopyrite, 
chlorite and REE carbonates. The allanite is pervasively altered, with REE carbonates within cracks 
in the grains (Inset A). Allanite proximal to cracks within the grains is notably lower in REE 
concentrations appearing darker under backscatter imaging.  

This sample displays the most abundant REE carbonate mineralisation encountered within the inlier 
in this study. Interpreted to have resulted entirely from the breakdown of allanite, as well as 
interstitially, bladed REE carbonates form a thick vein cross cutting the allanite (Inset B). 
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Figure 39: QEMSCAN map of sample ALV1 from ~300m north of SWAN deposit. Sample is composed of coarse 
grained, allanite with interstitial albite, sulphides, chlorite and REE carbonates. Allanite is pervasively altered with 
REE-carbonates within cracks in and between grains (Inset A). Bladed REE carbonates form a vein that cross cuts 
the altered allanite (Inset B)
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Mount Elliot-SWAN Cu-Au deposit - mineral chemistry 

Allanite and REE carbonates 

 
 
Sample 
 SWN208C SWN208A SWN208C_g ALV1 Al4 ALV1 Al3 ALV1 Al10 

EPMA determined 
REE ID ALV1 REEC8 ALV1 REEC5 ALV1 REEC9 

Deposit SWAN SWAN SWAN near SWAN near SWAN near SWAN 
carbonate 
compositions Deposit SWAN SWAN SWAN 

   SiO2   31.08 32.15 32.36 31.18 31.09 31.00 
 

Al2O3 b.d.l b.d.l b.d.l 
   Al2O3  10.84 13.73 13.75 13.66 13.85 12.91 

 
BaO b.d.l b.d.l b.d.l 

   TiO2   0.81 0.45 0.33 0.63 0.65 0.65 
 

CaO 18.00 19.27 17.59 
   CaO    10.47 11.13 11.00 10.74 10.86 10.65 

 
FeO (t) 0.00 0.18 0.26 

   Fe2O3 (t) 21.00 17.10 17.26 16.35 16.02 18.03 
 

Y2O3 0.26 0.26 0.21 
   MnO    0.09 0.10 0.04 0.14 0.17 0.21 

 
SrO 0.03 b.d.l b.d.l 

   MgO    0.92 1.30 1.33 0.71 0.72 0.56 
 

La2O3 20.63 19.38 19.81 
   ThO2   0.02 0.00 0.03 0.15 0.14 0.18 

 
Ce2O3 24.89 24.14 25.10 

   Y2O3   0.02 0.00 0.03 0.05 0.04 0.06 
 

Pr2O3 1.55 1.61 1.73 
   La2O3  10.34 9.38 9.87 9.43 9.11 9.37 

 
Nd2O3 3.42 3.55 4.27 

   Ce2O3  12.82 12.43 12.76 12.02 11.07 11.82 
 

Sm2O3 0.18 0.19 0.13 
   Pr2O3  0.79 0.64 0.79 0.80 0.77 0.75 

 
F 7.93 7.78 8.19 

   Nd2O3  1.46 1.55 1.57 1.67 1.66 1.54 
 

Total 68.96 68.58 69.10 
  Total   100.66 99.98 101.11 97.53 96.16 97.72 

       
           

Ga NA NA NA 422 407 416 

Laser determined 
REE carbonate 
rare earths La 174836 168726 178037 

Sr 84.4 184 88.8 171 192 92.2 
 

Ce 218092 210860 215750 
Y 237 300 281 174 275 182 

 
Pr 15006 14072 14706 

Ba NA NA NA 52.4 98.3 9.62 
 

Nd 35594 31660 34743 
Sm 668 689 726 688 735 683 

 
Sm 1956 1799 1904 

Eu 55.2 59.4 60.6 59.7 74.2 68.7 
 

Eu 238 228 224 
Gd 363 365 390 165 220 255 

 
Gd 900 872 896 

Tb 18.5 21.2 20.9 15.7 23.4 18.5 
 

Tb 65.9 73.4 64.2 
Dy 56.4 69.4 64.0 47.6 84.3 51.8 

 
Dy 263 346 254 

Ho 8.10 10 9.40 6.1 10.9 6.9 
 

Ho 42.6 65.7 42.4 
Er 26.0 34.1 32.1 15.4 23.0 15.7 

 
Er 109 184 109 

Tm 2.70 3.40 3.10 1.81 2.57 1.78 
 

Tm 13.5 23.3 13.9 
Yb 19.2 24.5 22.6 13.3 16.6 12.5 

 
Yb 80.4 133 91.3 

Lu 2.90 3.80 3.40 1.97 2.36 2.09 
 

Lu 11.6 17.8 13.4 
Th 277 262 174 1208 1238 1230 

 
Eu anomaly 0.55 0.56 0.52 

U 46.7 66.5 42.0 7.50 6.25 8.88 
     Eu 

anomaly 0.34 0.36 0.35 0.54 0.56 0.50 
     

Table 5: Representative allanite and REE carbonate geochemistry from SWAN deposit. Majors and minor elements (in wt%) determined by EPMA and trace 
elements (in ppm) by LA-ICP-MS (see analytical methods for details on data acquisition). 
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Allanite from the SWAN deposit and from the nearby vein are among the most REE-rich (and closest 
to end member allanite) examples encountered in this study (Table 5). There is a distinctly bimodal 
REE pattern (Figure 39), with the high REE cluster representing the allanite cores discussed 
previously, and the low REE cluster representing the allanite-epidote rims on the grains in Figures 
36 and 37. Comparatively ALV1 allanite contains more Na and Th, and less U than allanite from the 
deposit.  

REE carbonates from SWAN are near synchysite composition (Ca(REE)2(CO3)3F2) and are Ce 
dominant. The REE patterns of the carbonates directly mirror the patterns of the allanite, indicating 
derivation from the silicates. 

 

Apatite  

Sample apatite1 apatite2 apatite3 apatite5 apatite6 

Deposit SWAN SWAN SWAN SWAN SWAN 

  No majors analysed, assumed close to ideal stoichiometry 

As 147 163 94.3 95.6 139 

Y 219 218 193 191 208 

Ba 890 1284 506 510 931 

La 881 1482 233 222 873 

Ce 2096 3366 582 560 2047 

Pr 247 400 72.7 70.1 241 

Nd 1036 1682 301 292 1026 

Sm 190 307 61.9 58.6 185 

Eu 26.7 42.4 10.4 10.2 27.1 

Gd 207 329 75.0 72.0 206 

Tb 23.3 36.2 10.9 10.3 23.4 

Dy 129 191 69.9 67.8 131 

Ho 25.6 36.1 14.4 15.0 26.6 

Er 67.4 92.1 39.1 40.0 71.5 

Tm 8.19 10.76 4.79 4.94 8.88 

Yb 46.7 63.0 25.7 26.5 51.2 

Lu 6.31 9.02 3.13 3.28 7.34 

Th 9.20 18.85 1.04 1.03 12.73 

U 3.23 4.52 1.86 1.79 3.18 
Eu 

anomaly 0.41 0.41 0.47 0.48 0.42 

 

Table 6: Representative apatite geochemistry from SWAN deposit. Majors and minor elements (in wt%) determined 
by EPMA and trace elements (in ppm) by LA-ICP-MS (see analytical methods for details on data acquisition). 
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Apatite from SWAN has variable REE concentrations between 1000 and 9000 ppm TREE (Table 6) 
with consistent negative Eu anomalies (Eu/Eu* ~0.4-0.45) across all analyses. Apatite from SWAN 
contains Sr values typically at levels between the IOCG and skarn style deposits, with 
comparatively lower As concentrations.  

 

Figure 40: Trace element geochemistry of SWAN deposit REE-bearing minerals determined by LA-ICP-MS. a) REE 
patterns of SWAN deposit allanite (apparent Er anomalism is likely caused by Nd interference), b) REE patterns of 
allanite from allanatite near SWAN, c) REE patterns of SWAN apatite, d) REE patterns of SWAN REE carbonates. CI 
normalisation values from McDonough and Sun (1995).  
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Results: Geochronology 
This chapter outlines preliminary attempts to utilise minerals such as allanite to directly date REE 
mineralisation. LA-ICPMS age estimates were cross referenced to SHRIMP analyses of the same grains. 
All results are preliminary until standard values are better determined by dilution analysis. 

F-Ba rich IOCG deposits 
 
Ernest Henry  
 
The Ernest Henry U-Pb data for allanite are affected by both Pb loss and the presence of common Pb (Fig. 
41a). The lack of a well-defined cluster precludes an assessment of the age using the U-Pb system. The 
Th-Pb system also shows considerable scatter, and after exclusion of two grains at 1240 Ma (which may 
represent a later geological event, as they have correspondingly young U-Pb ages) give a Tukey’s biweight 
robust mean of 1629 ± 50 Ma (Fig. 41b). 
 

U-Cu-Au Skarns  

Mary Kathleen U-REE deposit  
  
Two samples of Mary Kathleen allanite were analysed and the dates within each cluster separately on the 
concordia diagram (Fig. 41c). Sample CS_MK3 yielded a 207Pb/206Pb age of 1453 ± 20 Ma (Fig. 41d), while 
MKN007 had a 207Pb/206Pb age of 1499 ± 15 Ma, after excluding two grains with ages ~1350 Ma (Fig. 41e). 
The age difference between the two samples was also apparent in the 206Pb/238U ages: 1545 ± 20 Ma (Fig. 
41f) for the young generation (CS_MK3) and 1611 ± 14 Ma (Fig. 41g) for the older generation (MKN007); the 
232Th/208Pb ages, 1632 ± 32 Ma and 1682 ± 12 Ma, also show an offset. The three age differences are 
identical within the uncertainty of the measurements, at 46 ± 25 Ma (207Pb/206Pb), 66 ± 24 Ma (206Pb/238U) 
and 50 ± 34 Ma (232Th/208Pb). As discussed below for SWAN, there are differences between the absolute 
dates determined using 206Pb/238U and 232Th/208Pb because of a lack of a suitable allanite standard for 
Proterozoic material; work is underway to resolve this discrepancy. However, the consistent difference in 
ages between the two samples suggests two episodes of allanite mineralisation at Mary Kathleen, ~50 Ma 
apart.   
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Figure 41. Results of allanite dating using the U-Th-Pb systems by LA-ICP-MS (except where noted). Rejected data show in 
pink. a) Concordia for Ernest Henry showing different patterns of discordant behaviour between samples. b) Tukey's 
biweight robust mean 208Pb/232Th age for the scattered data from Ernest Henry. c) Concordia for Mary Kathleen samples 
showing the samples have different ages. d) Weighted mean 207Pb/206Pb age for Mary Kathleen sample CS_MK3. e) 
Weighted mean 207Pb/206Pb age for Mary Kathleen sample MKN007. f) Weighted mean 206Pb/238U age for Mary Kathleen 
sample CS_MK3. g) Weighted mean 206Pb/238U age for Mary Kathleen sample MKN007. h) Weighted mean 207Pb/206Pb age 
for Elaine Dorothy sample TOE. 
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Figure 41 (contd.) i) Weighted mean 207Pb/206Pb age for Elaine Dorothy sample TOE-ALD. j) Weighted 
mean 206Pb/238U age for Elaine Dorothy. k) Concordia diagram for Canteen, coloured by Th concentration.The 
highest Th samples have the most anomalous U-Pb systematics. l) Weighted mean 206Pb/238U age for Canteen. m) 
All 204Pb-corrected 207Pb/206Pb dates for Koppany (determined using SHRIMP-RG), showing the presence of two 
main age populations. n) Weighted mean 207Pb/206Pb age for the older allanite population at Koppany (SHRIMP-RG 
data). o) Weighted mean 207Pb/206Pb age for the younger allanite population at Koppany (SHRIMP-RG data). p) 
Weighted mean 207Pb/206Pb age for the older allanite population at Koppany (LA-ICP-MS data). 
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Figure 41 (contd.) q) Weighted mean 207Pb/206Pb age for the younger allanite population at Koppany (LA-ICP-MS data). r) 
Weighted mean 207Pb/206Pb age for SWAN sample MS_SWN208 (SHRIMP-RG data). s) Weighted mean 207Pb/206Pb age for 
SWAN sample MS_SWN208 (LA-ICP-MS data). t) Concordia diagram of SWAN analyses (LA-ICP-MS data) 

 

Elaine Dorothy Cu-Au (U-REE) deposit  
  
Three samples from Elaine Dorothy were analysed for this study. Allanite in sample ELD023 was 
markedly discordant and will not be considered further. Allanite in sample TOE was determined to 
have a 207Pb/206Pb age of 1476 ± 12 Ma (weighted mean, Fig. 41h) whereas TOE-ALD had a 207Pb/206Pb 
age of 1511 ± 12 Ma (Fig. 41i). However, the 206Pb/238U ages were identical within uncertainty and gave 
a weighted mean age of 1568 ± 7 Ma (Fig. 41j). 
  

Canteen  
  
The U-Pb data for allanite from Canteen are scattered and challenging to interpret, with the higher Th 
grains giving older apparent ages, possibly due to incorporation of common Pb (Fig. 41k). With the 
exception of one discordant grain at 1574 ± 23 Ma, the younger grains define a cluster with a 206Pb/238U 
age of 1711 ± 18 Ma (Tukey’s biweight robust mean, Fig. 41l). The Th-Pb data are also challenging to 
interpret, yielding a mean age of 1601 ± 28 Ma (excluding one analysis of 1478 ± 48 Ma), in contrast to Mary 
Kathleen and SWAN where the Th-Pb age is older. At present it is not possible to assign a confident age to 
allanite formation at Canteen, owing to the large discrepancy between the U-Pb and Th-Pb systems, the 
lack of a 207Pb/206Pb age and a lack of matrix-matched allanite reference material for geochronology. 
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Koppany Cu-REE prospect  
  
Two generations of allanite were present within Koppany, distinguished by their textural and 
compositional characteristics. Euhedral crystals of high-REE allanite were cross-cut by mosaic-
textured allanite with lower REE concentrations, representing primary and secondary allanite, 
respectively. Because of the textural complexity, dating was undertaken using both SHRIMP-RG 
and LA-ICP-MS. The 66 207Pb/206Pb ages determined using SHRIMP-RG are shown in Fig. 41m and 
clearly show a bimodality to the timing of allanite formation at Koppany. Excluding the outlier at 
1884 ± 36 Ma, and the seven intermediate-aged grains from 1599 ± 18 to 1673 ± 43 Ma, which are 
inferred to represent mixed analyses of primary and secondary allanite, two reasonably well-
defined clusters can be defined with weighted mean 207Pb/206Pb ages of 1729 ± 6 Ma and 1524 ± 8 
Ma (Figs 41n and 41o). The older generation shows variable, but greater, Pb loss then the younger 
generation, likely due to the disturbance caused by the later episode of allanite formation. The 
same bimodality of ages is also evident in the LA-ICP-MS data, with clusters at 1508 ± 20 Ma and 
1696 ±14 Ma (Figs 41p and 41q). These ages are both slightly younger than the corresponding 
SHRIMP-RG ages, but are less precisely determined, and hence the preferred ages for allanite 
formation at Koppany are 1524 ± 8 Ma and 1729 ± 6 Ma. 
 

Mount Elliott-SWAN Cu-Au deposit  
  
U-Th-Pb systematics of allanite from SWAN varied depending on the drill core sampling interval. 
Material from MS_SWN208 was measured by LA-ICP-MS and SHRIMP-RG. The latter confirmed the 
extremely low levels of common Pb (measured as 204Pb) and near concordance. The 207Pb/206Pb age 
determined by SHRIMP-RG was 1509 ± 18 Ma (35 analyses, Fig. 41r), in excellent agreement with 
the 207Pb/206Pb age determined by LA-ICP-MS of 1505 ± 12 Ma (73/75 analyses, Fig. 41s). Material 
from MS_SWN181 showed variable amounts of common Pb in the LA-ICP-MS analyses, and hence 
defined a line with a concordia intercept age of 1521 ± 33 Ma (Fig. 41t; the upper concordia intercept 
is not inferred to have any geochronological significance, though the apparent 207Pb/206Pb ratio of 
the common Pb, at 0.411 ± 0.014 (95% confidence interval), suggests a substantial remobilised older 
radiogenic contribution).  
 
This is in good agreement with the more precise LA-ICP-MS 207Pb/206Pb age for MS_SWN208 and 
hence the preferred age for allanite formation at SWAN is 1505 ± 12 Ma.  
 
Notably the LA-ICP-MS 232Th/208Pb age for MS_SWN208 is 1599 ± 6 Ma when calibrated against 
91500 zircon, 94 Ma older than the well-defined and approximately concordant 207Pb/206Pb age. This 
suggests a significant matrix mismatch between the “91500” zircon used for calibration and the 
allanites of the present study. Work is in progress to establish the Pb-Pb, U-Pb and Th-Pb ages of 
the MS_SWN208 allanite independently so that all the geochronology from the present study can 
be directly compared without the risk of systematic offsets between techniques. 
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Results: Stable Isotopic Studies  
 The reconnaissance measurements of δ18O in allanite were complicated by two analytical biases 
known to affect SHRIMP measurements of O isotopes in silicate minerals. 1) Solid solutions change 
the fractionation factor for ejected O- ions and hence the unknown must have the same major 
element composition as the reference material/calibration standard, or a correction factor must be 
applied. Allanite has multiple solid solution effects that have not yet been disentangled, with REE 
and Th for Ca, Fe3+ for Al etc. At present it is known that material with low REE+Th yields artificially 
high δ18O (by up to 3 ‰) but the relative contributions of Th and REE to this effect has not been 
established (Boston, 2014). 2) Electron-induced secondary ion emission (EISIE) must be subtracted 
from the signal of secondary ions emitted due to the primary Cs+ beam. The sample mount 
containing the reference material (Tara allanite, 6.6 ‰) and grains from SWAN displayed very 
different EISIE from the mount containing Koppany allanite. Furthermore, the EISIE effect was not 
consistent on the standard and hence the correction factor may be inaccurate.  
 
SWAN allanite from MS_SWN208 was determined to have δ18O = 6.7 ± 1.2 ‰ (2σ, with EISIE 
correction) or δ18O = 6.5 ± 1.1 ‰ (2σ, without EISIE correction), making no allowance for the matrix 
effect. The major element composition of this allanite is very similar to Tara allanite, except for ~ 1 
wt% less Th, and hence the matrix effect is unlikely to affect the result. Therefore, the reported 
results are considered reliable. Koppany allanite from KOP5161 was determined to have δ18O = 11.1 ± 
1.2 ‰ (2σ, with EISIE correction) or δ18O = 12.8 ± 1.4 ‰ (2σ, without EISIE correction), making no 
allowance for the matrix effect. As there is substantial variation in allanite composition at Koppany, 
including a population of lower-REE allanite, it is likely that the true δ18O values in some grains will 
be lower than in the present dataset. Nevertheless, the differences in O isotopic composition 
between SWAN and Koppany are robust and significant, and the values at Koppany likely reflect a 
substantial contribution from the host rock, the Corella Formation, which has δ18O = 18 - 21 ‰ in 
carbonate-rich layers and contains large calcite pods and veins with δ18O = 10.5 - 12.5 ‰ (Oliver et 
al., 1993). 

Discussion  

F-Ba IOCG deposits  
 
The F-Ba rich IOCG deposits studied in this project show significant diversity in both gangue and 
REE-bearing mineralogy. REE within Ernest Henry were only found in abundance in allanite, where it 
is associated with the carbonate-sulfide-magnetite mineralisation. Rare REE carbonates were 
observed within Ernest Henry, but only in small quantities and not associated with the Cu 
mineralisation, instead being associated with pyrite, quartz, chlorite, fluorite and titanite. This 
assemblage most closely resembles the post-ore veining and alteration assemblages of Mark et al. 
(2006b).   
 
The feathery textured REE carbonates found at Ernest Henry resemble the platy textures of 
bastnasite and other carbonates at Olympic Dam (e.g. Figure 2 in Schmandt et al. (2017) however, 
the stubby/replacement textures reported from Olympic Dam were not observed in this study. The 
scenario put forward by Schmandt et al. (2017) whereby the REE carbonates of Olympic Dam occur 
in macroscopic pockets is a plausible to explian the distribution of REE carbonates within Ernest 
Henry. It should be noted, however, that the whole rock correlation of La and Cu (Figure 6), and the 
lack of correlation between observed Cu minerals and REE carbonates suggests that carbonates 
may not contain the bulk of the REE budget at Ernest Henry, which instead are likely residing in ore-
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associated allanite and apatite. This is not the case in Olympic Dam, where carbonates and 
phosphates (Schamdt et al. (2017). Interestingly, the REE carbonates found in Ernest Henry were 
La-dominant, which is unusual, considering that REE carbonates are usually Ce-dominant (e.g. 
Schmandt et al. (2017). Although the cause of this is not apparent, it likely contributes to the 
distinctive convex LREE observed in REE patterns of whole rock analyses of this mineralisation 
style.   

The lack of REE minerals found within E1 and Monakoff was surprising considering the reports 
within the literature of bastnäsite at Monakoff - Williams et al. (2015) and monazite and bastnasite 
at E1 - Case et al. (2014). This is likely due to the broad scope of this project, and the restricted 
number of samples analysed for each deposit. This is an area of future research, to confirm the 
findings of Case et al. (2014) and Williams et al. (2015) and study the mineral chemistry of the REE 
minerals in greater detail.  

Apatite from E1 and Monakoff are the most REE-enriched (up to 3.15 wt% and 1.26 wt% TREE 
respectively) apatites sampled during this study. This indicates that apatite plays a more important 
role in REE budgets of these two deposits compared to other REE-bearing deposits. Interestingly, 
the apatites from these two deposits show contrasting REE patterns, with Monakoff apatite 
displaying positive anomalies while E1 displays significant negative anomalies (Figure 23). This is 
likely do to the paragenetic stage of each apatite. Apatite from E1 is paragenetically early (Figure 
5), hosting most of the F (and REE) and associated with barian feldspars. These minerals are 
interpretted to be altered and replaced by late fluorite-barite-bastnasite assemblages (Case, 2014). 
Monakoff, on the other hand, is interpreted to be a relatively homogenous body of late-stage F-Ba 
IOCG mineralisation, containing barite and fluorite, thus the apatite reflects paragentically late fluid 
compositions.   

Positive Eu anomalies were found in minerals associated with late-stage assemblages of Ernest 
Henry (e.g. Figure 22 and 23) and Monakoff (this study Figure 23 and in (Williams et al., 2015).  
Anomalies were also noted in the bulk rock REE patterns of this style of REE-rich Cu-Au 
mineralisation and the Milo deposit (Harvey, 2014b). This is a feature that should be treated with 
caution due to the large amount of Ba present in these systems. As discussed earlier, during LA-
ICP-MS analysis the oxidation of 135/137Ba (135/137Ba + 16O) in the plasma can lead to interference on 
151/153Eu, thus producing false Eu anomalies. An important finding of this study is the confirmation of 
the positive Eu anomaly within minerals that have minimal or no Ba. For example, apatite from 
Monakoff contains an average of 110 ppm Eu and an average Ba of only 35 ppm (Table 2). Measured 
ablation oxide production rates were consistently <0.5%, therefore the Ba can be assumed to 
contributed less than 175ppb towards the 153Eu count and have negligible effect on the Eu 
measured. Thus, this is a legitimate feature of the late stage of mineralisation in these systems. This 
has also been noted in minerals from other IOCG deposits (e.g. apatite in Olympic Dam - Krneta et al. 
(2017) however, the reason for this remains unclear.   

The allanite from Ernest Henry deposit was found to be unsuitable for dating due to both high 
common lead and lead loss leading to significant discordance. While unfortunate, this is not 
unexpected, as deposits of this style of mineralisation generally display a wider range of elemental 
anomalism including Pb, which is present as trace to minor galena in all three deposits (e.g. Mark et 
al. (2006b), Case (2014), Williams et al., 2015), and was therefore likely present in the hydrothermal 
fluids to be incorporated into allanite. While there is trace galena noted at Mary Kathleen, it has 
been inferred to be entirely radiogenic (Oliver et al. (1999), implying the mineralising fluids in the 
skarn systems are low in Pb, and thus the allanite formed from them is low in common Pb and 
suitable for geochronology. 
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U-Cu-Au skarns 
 
Allanite is by far the dominant REE-bearing mineral encountered in the studied U-Cu-Au 
skarns, being a major rock forming mineral in all deposits studied. The quantities of allanite in all 
deposits in this relatively restricted area likely represents one of the largest accumulations of 
allanite in the world. Interestingly, the presence of abundant apatite indicates significant 
phosphorous within the systems, yet no monazite was observed in any of the samples analysed.   

 
The geochronological results of this study appear to agree with the ‘proto-ore’ interpretation 
of Maas et al. (1987) whereby U-REE from the ~1730 Ma Burstall-related skarns was remobilised 
essentially in situ during later metamorphism and metasomatism. This age is recorded in the relict 
allanite (1729 ± 6 Ma) from Koppany, which is mantled with mosaic allanite dated as 1524 ± 8 Ma.  
 
This mosaic allanite, found at all three locations, returned older dates at Mary Kathleen 1611 ± 14 
Ma. This same textured allanite at Elaine Dorothy was found to be discordant and did not produce 
suitable ages. These are all close to the 1557±40 Ma Sm-Nd age for the garnet-pyroxene-feldspar 
skarn from Maas et al. (1987). This is broadly consistent with peak Isan metamorphism and 
correlative to regional D2 (Hinman (2017), Tang et al. (2020). The mosaic textures noted at all 
deposits are interpreted as dissolution-precipitation of original allanite that was likely there since 
original Burstal related skarnification, a similar process to that noted by Boston (2014) as occurring 
on Swiss pre-Alpine allanite. The scale of REE (and U) transport during this period is 
unclear, however evidence from Koppany suggests this was essentially a stationary process. The 
slightly lower REE concentrations of mosaic allanite when compared to the neighbouring relict 
allanite indicates a slight REE loss during this process.  
 
Finally, the coarse grained, calcite vein hosted allanite from Mary Kathleen and Elaine Dorothy was 
found to be very well constrained at (respectively) 1545 ± 20 Ma and 1568 ± 9 Ma. This indicates a 
late regional D3 correlative mineralising event. The presence of sulfides within the allanite veins 
suggests this may have been a locally important time for Cu-Au mineralisation. This date coincides 
with the 1550±15 Ma U-Pb age obtained from uraninite from Mary Kathleen by Maas et al. (1987).  
 
The textural, chemical and geochronological information gathered in this study suggests the bulk 
of the REE (-U) mineralisation within the U-Cu-Au skarns is related to skarnification by release of 
fluids from the Wonga-Burstall Event, which is synchronous with a newly identified ca. 1750-1710 
deformation within the Mary Kathleen Domain (Spence et al., 2021). Evidence for the limited mobility 
of REE during subsequent metamorphism and metasomatism points towards the in-situ 
recrystallization and isotopic reset experienced by the Wonga-Burstall aged allanite.   
 
Limited sulfide mineralisation is found at Koppany, associated with the relict and mosaic allanite. 
The date of this sulfide mineralisation (e.g. belonging to the original skarnification or introduced 
during metamorphism) is difficult to interpret. The occurrence of cubanite, which is typically a high 
temperature mineral, has been noted to occur within localised metamorphism of chalcopyrite ores 
around igneous intrusions (e.g. Stevenson (1937) and in the case of Koppany may represent pre-
metamorphic chalcopyrite that has been converted to cubanite during peak-Isan. Sulfides in Mary 
Kathleen are found alongside the vein allanite in CS_MK3, which were dated at 1545 ± 20 
Ma, confirming the observations of Oliver et al. (1999), of paragenetically late sulfides within the 
skarn system.  
 
As previously mentioned, this style of mineralisation shares a number of similarities with 
the bastnäs-type REE deposits of Sweden. Despite being known as the type locality 
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of bastnäsite, the dominant, and primary REE-hosts within both the Riddarhyttan and Norberg area 
subtypes of the Bastnäs-type deposits as described by Andersson (2004) are the silicates allanite 
and cerite. Bastnäsite itself (and other REE carbonate minerals) are usually interpreted as 
secondary alteration products of the primary REE hosts (Sahlström et al., 2019). In 
addition, uraninite and sulfides are commonly found in association with the REE ore, in fact the 
Nya Bastnäs Mine itself was originally worked for copper and iron (Andersson, 2004).   
  
 
 

SWAN and Milo: intermediate or overprinting skarn-IOCG deposits?  

While most of the deposits studied are readily classified as one of the two styles designated, two 
deposits Mount Elliot-SWAN and Milo seem to be examples of deposits that have features of both 
styles, perhaps representing intermediate deposits that sit between the two end members.   

SWAN displays a similar early paragenetic history to the F-Ba rich IOCGs, with early sodic alteration 
and (mild) ore related potassic alteration but lacking the late-stage F-Ba minerals that typify this 
deposit type. It is also notable for its enrichment in REE, which is an order of magnitude greater 
than the other F-Ba rich IOCGs studied. The coeval nature of the SWAN allanites and the nearby 
Squirrel Hills granites (1514±4Ma - Pollard and McNaughton (1997), alongside the magmatic O 
isotope signature suggests a purely magmatic origin of the REE’s in this deposit. SWAN allanites 
show none of the older ages seen in the skarn deposits, likely because there are no older granites 
within the local Mount Elliot-SWAN area.  

Milo, on the other hand, displays REE concentrations consistent with the F-Ba rich deposit style but 
rather than having the REE contained in the F-Ba mineralisation, the majority of REE are hosted 
within banded calc-silicate skarns which are crosscut by F-Ba rich IOCG mineralisation (Harvey, 
2014b). Dating of titanite by Harvey (2014) gives a range of ages with populations between 1750-
1720 Ma, 1640 to 1630 Ma and 1590-1570 Ma. This seems to be telling a similar story to the skarn 
systems studied within this report – REE introduction during skarnification relating to Wonga-
Burstall intrusions at 750-1710 Ma (Spence et al., 2021), skarnification relating to Tommy Creek 
Microgranite at 1625±4 (Hill et al. (1992), Foster and Austin (2008) and then isotopic resetting 
during peak metamorphism of the Isan Orogeny at 1600-1590 Ma. 

  

Formation of REE carbonates from allanite destruction  
  
The structural formula of the epidote-group minerals is A2M3(SiO4)(Si2O7)(O,F)(OH). For most 
common epidote-group minerals, the A site is generally filled with divalent Ca, Sr, Pb, Mn whereas 
the M site contains trivalent Al, Fe, and Mn. For allanite, trivalent REE are incorporated into this 
structure in the A site in a coupled substitution with a divalent cation (such as Fe or Mn) in the M 
site (Gieré and Sorensen, 2004).   

As the incorporation of REE into the epidote structure requires a divalent M cation in a “normally” 
trivalent site, a potential mechanism of this release involves the oxidation of the M cation (i.e. Fe2+ to 
Fe3+) to a trivalent state which results in the destabilisation of the crystal. Upon destabilisation, 
release of REE into the environment would rapidly form secondary minerals. An oxidising alteration 
fluid may accomplish this. Various components within the fluid may contribute to the fluids 
oxidising potential, including alkalis and halogens.  
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In the near SWAN allanite vein, REE carbonates occur within cracks in allanite (Figure 39). These 
cracks are rimmed by low REE allanite, with higher REE allanite occurring towards the centres of 
coherent pieces of allanite. This observation combined with the identical nature of the REE patterns 
of the REE carbonates and the allanite suggest that the REE carbonates may result from the 
breakdown or alteration of allanite and release of REE into the fluids. This is consistent with the 
infiltration of oxidising fluid, the destabilisation of allanite, release of REE and recrystallization of 
secondary REE carbonates. The presence of halogens within these fluids is supported by the 
formation of F-bearing REE carbonates.   

The samples studied herein indicate that oxidation may be an effective method of destabilising the 
allanite structure and releasing REE as a result. The application of strong oxidising agents (such as 
hydrogen peroxide or halogens) to allanite as a pre-processing of REE liberation into readily soluble 
carbonates is to the best of the authors’ knowledge an untested path of metallurgy and may be an 
avenue to pursue the notoriously difficult processing of allanite. 
 

Recommendations for further research  
In order to fully understand the allanite-REE carbonate relationships observed within samples from the 
SWAN deposit, a micro-scale study of the assemblages is required. By analysing the micron-scale REE 
depletion within the altered allanite, and the resulting REE carbonates, a wealth of information on the 
exact mechanism of REE liberation from the allanite lattice can be obtained. This can be used to design 
and perform hydrothermal experiments reacting natural samples of allanite from the Mount Isa Inlier with 
oxidising fluids and studying both the resulting fluid components and altered allanite.  
 
As demonstrated by this report, and the rest of the literature, the Mount Isa Inlier contains among the 
largest reserves of allanite in the world, and thus represents one of the largest accumulations of REEs on 
the planet. Research into novel and new methods of REE extraction from allanite (not just acid leaching) is  
essential to unlock this world class resource, and the observation of this occurring naturally provides a 
clue as to how this can be achieved on an industrial scale.   
 
Relative dating of the F-Ba IOCG mineralisation within Milo compared to the REE-rich skarn (both of which 
contain allanite which can be dated) would allow the distinction of whether or not the two systems are 
temporally independent and reinforce the current interpretation that these deposits represent two 
overprinting systems. 
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Appendices  

Appendix 1: QEMSCAN maps  
 
CS_MK3 
EH144  
EH202  
ELD008  
MON2  
MKN014  
MKN016  
MS_SWN200 
MS_SWN208A  
MS_SWN208B  
MS_SWN208C   

Appendix 2: Mineral proportions of samples as determined by QEMSCAN   

Appendix 3: Mineral chemistry as determined by LA-ICP-MS  
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