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ABSTRACT 

Iron-oxide-copper-gold (IOCG) mineralization is expressed in various forms across some 

700 km of the eastern Gawler Craton throughout the N-S striking Olympic Cu-Au Province. 

In all instances, IOCG mineralisation and the rocks that host it contain variable concentrations 

of apatite with varying morphological and chemical characteristics. A large body of work has 

demonstrated apatite's ability to chemically reflect the physiochemical conditions under 

which it formed and act as tracers of magmatic and hydrothermal processes. This is confirmed 

throughout the IOCG deposits and prospects studies as part of this work.  

Magmatic apatite hosted within the Roxby Downs Granite, the dominant host to the 

Olympic Dam deposit displays characteristics indicative of a complex magmatic history. 

Namely, nano-scale, oriented inclusions of pyrrhotite and fluorite within the cores of apatite 

closely associated with mafic enclaves are indicative of the granites protracted interaction 

with mafic melts. Their chondrite-normalized rare earth element (REE) fractionation trends 

are light REE (LREE) enriched and vary when altered by hydrothermal fluids along with the 

concentrations of several other elements. Magmatic apatite hosted in other intrusives displays 

similar behaviour when altered, but contains higher concentrations of Cl, Sr, and lower Mn 

which vary systematically with regards to bulk rock basicity. 

Many of the deposits and prospects within the Olympic Cu-Au Province exhibit a chemical 

and mineralogical zoning grading from early, reduced and later, oxidized hydrothermal 

assemblages as evidenced by changes in the dominant Fe-oxide, Cu-Fe-sulphide species and 

as we report herein, changes in apatite. Within the early, reduced, high-temperature 

expressions of IOCG mineralisation throughout the Province, apatite is abundant, making up, 

alongside magnetite, the bulk of the mineralisation. Such apatite is dominantly near end-



 

xi 

member fluorapatite characterized by LREE-enriched chondrite-normalized signatures and 

variable but measurable concentrations of S and Cl.  

Overprinting of the magnetite-dominant reduced assemblages by later oxidised hematite-

sericite altering fluids results in LREE-loss within the early, hydrothermal and magmatic 

apatite. Such hematite-sericite altered zones along with newly formed apatite display middle 

REE (MREE) enriched signatures and are devoid of many of the other trace elements present 

in magmatic and early hydrothermal apatite, such as S and Cl. This behaviour is observed 

within the Olympic Dam deposit, as well as the Wirrda Well and Acropolis prospects. 

Late apatite hosted within the high-grade massive bornite mineralisation of Olympic Dam 

and within chalcopyrite-barite-rich zones of the Acropolis prospects displays extreme MREE-

enriched REE-signatures with positive Eu-anomalies. The latter characteristic is unique 

amongst all other apatite examined as part of this study and highly anomalous globally. 

Numerical modeling shows that the evolution in apatite trace elements, and in particular REE 

signatures is the direct result of fluid evolution within IOCG systems. Given this association, 

the various assemblages within IOCG systems are classified according to REE-signature and 

the use of apatite in mineral exploration and as a petrogenetic tool is discussed in detail. 

The modeling of REE behaviour in hydrothermal fluids typical of IOCG mineralised 

systems has offered important insights into the transport and deposition of REE within 

Olympic Dam and possibly other IOCG systems. Specifically, REE are transported primarily 

as REE-Cl species and deposited under conditions of suppressed REE-Cl activity. The 

propensity of the LREE to occur as Cl-complexes explains both their significantly greater 

enrichment in IOCG systems when compared to the HREE, as well as their preferential 

depletion in apatite during hematite-sericite alteration. 
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CHAPTER 1: INTRODUCTION 

Apatite is the Earth's most abundant phosphate, and 10
th

 most abundant mineral overall 

(Hughes and Rakovan, 2002). Perhaps like that of no other mineral, its study spans a wide 

breadth of disciplines including material sciences, dentistry, medicine, agriculture, 

astrophysics and various sub disciplines of geology (Chew and Spikings, 2015, Harlov, 2015, 

Hughes and Rakovan, 2015, Jungck and Niederer, 2017). Notwithstanding the importance of 

apatite to modern civilisation as a fertiliser and a crucial component of the global chemical 

industry, its impact on geological processes can be profound due to its significant capacity to 

incorporate a wide range of trace elements (Hughes, 2014, Hughes and Rakovan, 2015, 

Harlov, 2015, Webster and Piccoli, 2015). As such apatite has seen extensive use in the study 

of geological processes and in particular the study of hydrothermal mineral deposits and the 

various rocks associated with their formation (e.g., Belousova et al., 2001, 2002, Cao et al., 

2012, Mao et al., 2016). 

The morphology, mineral associations and chemistry of magmatic apatite are extremely 

variable (Piccoli and Candela, 2002) and extensively studied due to the insights they provide 

into processes, such as magma mixing, cooling history, volatile concentrations, magmatic 

differentiation, degassing and the fugacity of O2 and SO4 (e.g., Streck and Dilles, 1998, Cao et 

al., 2012, Barkov and Nikiforov, 2016, Takashima et al., 2017). Equally, hydrothermal apatite 

has proven just as useful in the study of metasomatic processes, particularly in instances 

where repeated interaction with evolving fluids is expressed within it as distinct 

compositional domains (Harlov, 2015, Harlov et al., 2002, Bonyadi et al., 2011, Krause et al., 

2013, Krneta et al., 2016, 2017b, Xing and Wang, 2017). As such, apatite is able to 

effectively create a chemical fingerprint of its environment, and act as a tracer of petrogenesis 
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and provenance (Belousova et al., 2002, Brauand et al., 2017). It is no surprise that apatite has 

received so much attention as a potential mineral pathfinder (Kelley et al., 2011, Bouzari et 

al., 2016).  

Iron-Oxide-Copper-Gold (IOCG) deposit is a broad term which encompasses an expansive 

group of mineralised systems spanning a variety of tectonic settings and geologic time 

(Hitzman et al., 1992, Barton, 2014). Deposits classified as IOCGs do, however, display 

much variation, with respect to parameters, such as Cu and Au concentrations, dominant Fe-

oxide species and style of alteration (Williams et al., 2005, Groves et al., 2010, Kontonikas-

Charos et al., 2017a). Nevertheless, they all commonly contain apatite as a significant 

component, particularly those classified within the high-temperature, magnetite-dominant 

Iron-Oxide-Apatite (IOA) and IOCG skarn sub-groups (Cross, 1993, Harlov et al., 2002, 

Ismail et al., 2014). Although the mechanisms of IOCG-formation remain much debated 

(Hitzman et al., 1992, Haynes et al., 1995, Williams et al., 2005, Skirrow et al., 2007, Barton, 

2014), study of apatite within these deposits has given significant insights into the fluid 

responsible for their formation and the behaviour of numerous trace elements, particularly 

rare earth elements and yttrium (REY) (Harlov et al., 2002, Bonyadi et al., 2011). Within the 

Olympic Cu-Au province, on the eastern margin of the Gawler Craton, South Australia, one 

of the world's largest IOCG-mineralised belts, such studies have defined clear associations 

between apatite chemistry and specific hydrothermal assemblages, effectively tracking the 

evolution of these systems (Ismail et al., 2014, Kontonikas-Charos et al., 2014). 

The abundance of apatite within IOCG-mineralisation and its capacity to offer insights into 

parameters of metallogenic interest presents a unique opportunity for the study of processes 

associated with the formation of the world's largest and one of the most strongly mineralised 
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IOCG deposits, Olympic Dam, as well as other prospects within the Olympic Cu-Au 

province, along with assessing the role of apatite in their formation. 

This chapter provides a summary of background information on apatite chemistry and crystal 

structure as well an account of the controls on elemental uptake. Geochemical trends in both 

magmatic and hydrothermal apatite are discussed in the context of magmatic and 

hydrothermal processes. Summary background information regarding IOCG-type deposits, 

regional geology of the Olympic Cu-Au province and descriptions of the Olympic Dam 

deposit as well as other study cases are provided along with a list and descriptions of the 

samples used in the preceding studies. Finally, the last part of this chapter describes the key 

objectives of the research undertaken within this thesis along with a chapter-by-chapter 

explanation of the thesis structure. 

1.1 Apatite chemistry and crystal structure 

The apatite supergroup (Pasero et al., 2010) constitutes a large group of unique minerals the 

existence of which is primarily owed to the high flexibility of the apatite structure (e.g., White 

and Dong, 2002) which gives it the capacity to integrate a wide variety of elements (Figure 

1.1 after Hughes and Rakovan, 2015). This element incorporating capacity coupled with the 

ubiquitous presence of apatite in almost all geological environments has resulted in the huge 

variability in the chemistry of natural apatite (e.g., Belousova et al., 2002, Mao et al., 2016).  

The general formula of the apatite supergroup is given as A5(XO4)3Z (Pasero et al., 2010) 

where the A position is most commonly occupied by Ca
2+

, but can be substituted by a variety 

of other divalent, trivalent, and tetravalent cations, such as Na
+
, Sr

2+
, Pb

2+
, Ba

2+
, Mn

2+
, Fe

2+
, 

Mg
2+

, Ni
2+

, Co
2+

, Cu
2+

, Zn
2+

, Sn
2+

, Cd
2+

, Eu
2+

, REE
3+

, Y
3+

, Zr
4+

, Ti
4+

, Th
4+

, U
4+

, S
4+

, as well 

as U
6+

. The X position is dominantly occupied by P, as PO4
3-

, but can also host SO4
2-

, AsO4
3-

, 
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VO4
3-

, SiO4
4-

, CO3
2- 

, CrO4
2-

 , CrO4
3-

, GeO4
4-

, SeO4
4-

,
 
and WO4

3-
. Finally, the Z position is 

most often occupied by F in most natural apatite but also readily hosts Cl, OH
-
 and defines the 

three end-members fluorapatite, chlorapatite, and hydroxyapatite (defined as apatite sensu 

stricto by Hughes and Rakovan, 2002), although most natural apatite are binary or ternary 

(Hughes and Rakovan, 2015). Other halogens such as Br
- 
and I

-
, as well as S

2-
, CO3

2-
, and a 

variety of O and N complexes, have been identified in this position in natural or synthetic 

apatite (Pan and Fleet, 2002). 

 

Figure 1.1: Periodic table with elements measured in apatite supergroup minerals in 

concentrations from several ppm to weight percent shown in pink (Pan and Fleet, 2002, 

Cao et al., 2012, Chew and Spikings, 2015, Mao et al., 2016). 

The apatite supergroup exhibits a number of structural variants (e.g., Pasero et al., 2010, 

Kampf and Housley, 2011, Demartin et al., 2010) largely owing to the slight structural 

distortions caused by chemical substitutions of Ca and P and variations in Z position 

geometry. Nevertheless, these variants are all sub-symmetries of the apatite sensu stricto 
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which are hexagonal minerals with a holosymmetric structure in space group P63/m, made up 

of 3 cation polyhedra; a rigid XO4 tetrahedron and two polyhedrons Ca1O9, a nine-fold 

coordinated tri-capped trigonal prism (Mercier et al., 2005) and Ca2O6Z, a seven-fold 

coordinated distorted pentagonal bipyramid (Dolivo-Dobrovolsky, 2006), which constitute 

the two Ca positions, Ca1 and Ca2, respectively (Figure 1.2, Hughes and Rakovan, 2002, 

2015). The second of these, (Ca2), preferentially accommodates many of the elements that 

substitute for Ca and is connected to the Z position hosting F, Cl, and OH
- 

(Figure 1.2). 

 

Figure 1.2: The three apatite cation polyhedra.  

Elemental preferences for the two Ca positions are summarised in Table 1.1 after Mao et al., 

(2016) with references therein. However, Ca position occupancy can be significantly 

impacted by changes in the dominant occupant of the Z position (F, Cl, and OH
-
). For 

example, elements such as U
4+

 and Th
4+

 preferentially occupy the Ca2 position in fluorapatite 

(Luo et al., 2011), whereas in chlorapatite they occupy both the Ca1 and Ca2 positions (Luo 

et al., 2009). This stems from the tendency for Cl
-
 and OH

- 
to distort the size of the Ca2 

position by creating a Markovian offset sequence, whereby the position of one anion is 

affected by the position of the one preceding, and will affect the position of the following 

anion. This is due to the larger atomic radius of Cl and OH
-
 compared to F (Figure 1.2, 

Hughes et al., 1989, Hughes and Rakovan, 2002). Such distortions are a topic of extensive 

study given the structure of binary and ternary apatite is generally poorly understood (Hughes 
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et al., 2014, Kelly et al., 2017). However, distortions to the apatite structure are not limited to 

substitutions in the Z position as evidenced by the slight structural variability in all apatite 

supergroup minerals (e.g., Demartin et al., 2010, Yi et al., 2013, Gianfagna and Mazziotti, 

2014).  

Elements other than Ca and P substitute into apatite either directly in which case the 

substituting element and the element it displaces share the same valance, or by coupled charge 

compensated substitution where the substitution of one element is accompanied by the 

substitution of another, maintaining overall charge balance (Pan and Fleet, 2002, Rønsbo, 

1989). 

Table 1.1: Radius and site occupancy of common cations substituting for Ca in apatite (Mao 

et al., 2016, and references therein) 

This can also be achieved by means of a vacancy, such as in the case of U
4+

 and Th
4+

. Below 

is a comprehensive list of proposed substitutions in apatite after Pan and Fleet (2002) and 

references therein.  

A
2+ 

= Ca
2+ 

□+2□ = Ca
2+ 

+ 2 F
- 

Cation Ca1 site: IXCa2+ (Å) Ca2 site: VIICa2+ (Å) Site preference 

Ca2+ 1.18 1.06 Stoichiometric 

Sr2+ 1.31 1.21 Ca2 (almost exclusively) 

Ba2+ 1.47 1.38 Ca2   

Mg2+ 0.89 (VIII) 0.72 (VI) 
Possibly Ca1 in REE-rich 

environment 

Mn2+ 0.96 (VIII) 0.9 Ca1 

Fe2+ 0.92 (VIII) 0.78 (VI, HS) Ca1 

Eu2+ 1.3 1.2 Ca2 

Pb2+ 1.35 1.23 Ca2 

Na+ 1.24 1.12 Ca1 

Y3+ 1.075 0.96 Ca2 

REE3+ (La-Lu) 1.042-1.216 0.925-1.10 Dominantly Ca2  

Th4+ 1.09 0.94 Ca2 (both in Cl-rich) 

U4+ 1.05 0.95 Ca2 (both in Cl-rich) 

Zr4+ 0.89 0.78 Incompatible 
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□+ 2 XO4
2-

 = Ca
2+ 

+ 2 PO4
3- 

A
+ 

+ □ = Ca
2+ 

+ F
- 

2 A
+ 

= Ca
2+ 

+ □ 

A
+ 

+ A
3+ 

= 2 Ca
2+ 

A
+ 

+ XO4
2- 

= Ca
2+ 

+ 2 PO4
3- 

A
3+ 

+ XO4
4- 

= Ca
2+ 

+ PO4
3- 

2 A
3+ 

+ □ = 3Ca
2+ 

2 A
3+ 

+ XO4
5- 

= Ca
2+ 

+ PO4
3- 

A
4+ 

+ □ = 2 Ca
2+ 

XO4
2- 

= PO4
3- 

2 XO4
2- 

+ □ = PO4
3- 

+ Ca
2+ 

XO4
2- 

+ A
+ 

= PO4
3- 

+ Ca
2+ 

XO4
2-

+ XO4
4- 

= 2 PO4
3- 

XO4
4- 

+ □ = PO4
3-

 + F
- 

XO4
4- 

+ A
3+ 

= PO4
3-

 + Ca
2+ 

XO4
5- 

+ 2 A
3+ 

= PO4
3-

 + Ca
2+ 

XO4
2- 

+ XO3
2- 

= 2 PO4
3- 

Z
- 
= F

- 

□ + X
2-

 = 2F
- 

□ + A
+ 

= F
-
 + Ca

2+ 

2□ + □ = 2F
-
 + Ca

2+ 

□ + XO4
4-

 = F
-
 + PO4

3- 

X
2- 

+ A
3+ 

= F
- 
+ Ca

2+
 

1.1.1 Controls on elemental uptake 

The controls which govern apatite chemistry can be largely divided into those intrinsic to the 

apatite crystal structure and external controls (Pan and Fleet, 2002). Although the sheer 

number of parameters which interplay to ultimately result in the chemical signature of a 

particular apatite can be highly convoluted, numerous studies have shown that they are 

usually resolvable and their interpretation can provide valuable information about the host 

intrusive or hydrothermal assemblage (e.g., Belousova et al., 2002, Harlov, 2015, Harlov et 

al., 2002, Bonyadi et al., 2011, Cao et al., 2012, Mao et al., 2016, Bouzari et al., 2016).  

Substitution in apatite is primarily controlled by Goldschmidt’s Rules (Goldschmidt, 1937), 

whereby elements with atomic radii most closely resembling that of the substituting position 

are most easily substituted. This is most easily observed with respect the REE, which display 

a systematic decrease in atomic radius with increasing atomic number (Table 1.1), resulting in 

apatite incorporating REE in the range of Nd-Gd most strongly with decreasing rates of 
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incorporation in REE above and below this range (Pan and Fleet, 2002). However, significant 

distortions to normal crystal controlled partitioning can be brought about by external 

physiochemical controls and the presence of co-crystallising trace element scavenging 

species. Multiple external controls may exert an effect on apatite chemistry in any particular 

environment and their interplay is often complex. However, in essence, these controls will 

either result in the lack of REE within the melt or fluid, or their presence in a form 

incompatible with incorporation into apatite. The controls include physical-chemical 

parameters such as fO2, pH, and temperature, as well as the composition of the melt or fluid.  

Although a single parameter can affect apatite composition in both magmatic and 

hydrothermal environments, its importance can vary significantly between the two. For 

instance, apatite preferentially incorporates Eu
3+

 over Eu
2+

 making its incorporation very 

sensitive to fO2 in the magmatic environment (e.g., Cao et al., 2012). In hydrothermal fluids, 

however, the dominance of one Eu species over the other is largely controlled by pH (Brugger 

et al., 2008). Notwithstanding this particular example, fO2 affects apatite chemistry in both 

environments due to its ability to alter the oxidation state of many commonly substituting 

elements and apatite's ability to incorporate one form and not others. Although evidence 

contrary to this has emerged recently with respect to As and S and their incorporation into 

apatite (albeit in small concentrations, and under laboratory conditions) in forms other than 

As
5+

, S
6+

 (Konecke et al., 2017, Liu et al., 2017), it has not discredited earlier studies, which 

have interpreted changes in the concentration of these elements in apatite as evidence of fO2 

variability (Streck and Dilles, 1998).  

In spite of the examples provided above where the concentration of a particular element in 

apatite can be attributed to a single external parameter in a specific melt or fluid, 

generalisation of such associations to environments beyond a particular study case are 
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oversimplified and prone to misinterpretation. This was pointed out by Marks et al. (2014) 

with respect to the proposed use of Mn-in-apatite as a fO2 proxy in felsic magmas (Miles et 

al., 2014). As such the various controls on apatite chemistry are discussed below in the 

context of well-defined and well-constrained trends in apatite chemistry in magmatic and 

hydrothermal environments. 

1.1.2 Geochemical trends in magmatic apatite 

Apatite is a very common magmatic accessory and readily found in igneous phases spanning 

the entire range of whole rock compositions, where it hosts the majority of whole rock P 

(Piccoli and Candela, 2002). Given its ability to incorporate so many elements, its presence 

can significantly impact trace element behaviour within magmatic rocks along with recording 

magmatic processes (Hughes and Rakovan, 2015, Brauand et al., 2017). This is often 

expressed as core to rim variations in the concentration of a multitude of magmatic process 

sensitive elements (e.g., Streck and Dilles, 1998, Cawthorn, 2013). 

The relative ease with which trace elements are incorporated into apatite are evident in its 

suitability as a host for U, Th, and Pb, and, as a result, the widespread use of apatite in 

geochronology and thermochronology (e.g., Chew and Spikings, 2015). For the same reason, 

apatite has been touted as a storage medium for radioactive waste (Oelkers and Montel, 

2008). 

Until recently, the chemistry of apatite has been used to gain extensive insights into the 

magmatic environment, of which perhaps the most complex, but widely studied area has been 

the relationships between apatite F, Cl, and OH
- 
concentrations and the volatile contents of 

magmas and their degassing processes (e.g., Boudreau and McCallum, 1990, Webster et al., 

2009, Barkov and Nikiforov, 2016). Ternary apatite spaning all possible concentrations of F, 
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Cl and OH are observed in nature and exhibit the greatest variability in layered mafic 

intrusions (Figure 1.3; Boudreau and Krugger, 1990, Barkov and Nikiforov, 2016).  

The controls on apatite composition in the F-Cl-OH
- 

space were outlined by Zhu and 

Sverjensky (1991) as 1) the melt or fluid composition, 2) the presence of other phases 

competing for these elements (such as biotite), and 3) P-T conditions, allowing Piccoli and 

Candela (1994) to develop a method for the estimation of initial F-Cl concentrations in a melt 

at the time of apatite crystallisation (given as the apatite saturation temperature, unique to a 

melt of a particular composition (Harrison and Watson, 1984, Bea et al., 1992). However, 

more recent work has brought these methods into questions due to the non-ideal mixing 

exhibited by F, Cl and OH, further emphasising the complex relationship between apatite 

composition and volatile concentrations in host melt/fluid (Li and Hermann, 2017). 

In general, apatite hosted in mafic rocks contains higher concentrations of Cl and OH
- 
than 

intermediate and felsic rocks (Figure 1.3; Belousova et al., 2002, Mao et al., 2016).  
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Figure 1.3: Plots of halogen content in apatite (in molar proportions) after Webster and 

Piccoli (2015). a) Host environment, where hotter colours indicate more analyses. b) Host 

rock composition. c) Mafic layered intrusions. d) Felsic ore systems. 

Although systematic relationships between Cl-concentrations in apatite and the level of 

magmatic differentiation are noted on a terrain scale (Marks et al., 2012, Ladenburger et al., 

2016), a large body of work has attributed these elevated Cl and OH concentrations to late 

stage movement of Cl- and H2O-rich vapours through a solidifying magma, possibly as part 

of degassing processes (e.g., Ustunisik et al., 2011, Barkov and Nikiforov, 2016). Evidence in 

support of this can be observed in the preferential uptake of F over Cl, Cl over OH
-
, and the 

ability of fluids or melts with low F activity to produce F-rich apatite (Zhu and Sverjensky, 

1991). This suggests that generation of a Cl- or OH
-
-rich apatite requires conditions where 
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these elements have a very high activity. Therefore, the higher Cl concentrations seen in 

hydrothermal apatite and in some mafic rocks may be reconcilable with the strong affinity 

that Cl and OH
- 
have for the fluid phase in a cooling melt (Piccoli and Candela, 1994).  

Other elements incorporated into magmatic apatite display much clearer trends with regards 

to magmatic differentiation and whole rock chemistry. Strontium concentrations display a 

strong negative correlation with whole rock SiO2 and are highest in carbonatites and alkaline 

rocks (~1.5 wt. %), and lowest in pegmatites and granitoids (~tens of ppm; Belousova et al., 

2002, Teiber et al., 2015, Mao et al., 2016, Ladenburger et al., 2016). Thorium mirrors this 

behaviour, but Mn displays the opposite trend and attains concentrations exceeding ~10,000 

ppm in some pegmatite- and granitoid-hosted apatite. Furthermore, Mn along with a number 

of other elements that can exist in multiple valance states, exhibits significant sensitivity to 

fO2. Miles et al. (2014) demonstrated the potential of Mn-in-apatite concentrations as a fO2 

proxy in silicic magmas. However, Marks et al. (2014) expressed significant doubt with 

regards to this due to the significant interplay between the Mn concentrations in apatite, 

temperature, whole rock compositions, and the co-partitioning of Mn between apatite and 

other minerals, emphasising that the utility of apatite chemistry is often highly localised to a 

specific intrusive or group of intrusives. Moreover, this emphasizes the importance of 

understanding apatite chemistry in the context of the host assemblage.  

Other elements which exhibit a high sensitivity to fO2 include S, As, and V, along with Ce and 

Eu. Both these rare earths will often display anomalies in apatite (calculated as the relative 

concentration of Ce and Eu with reference to the adjacent REE). Such anomalies stem from 

the ability of these two elements (unlike other REE) to exist in oxidation states other than 

REE
3+

 (Eu
2+ 

and Ce
4+

) and the increased partitioning of one species (Eu
3+

 and Ce
4+

) into 

apatite over the other. Negative Eu-anomalies are very common in apatite and highly sensitive 
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to the fO2 conditions of the host melt (Cao et al., 2012). However, this relationship is much 

more complex in hydrothermal apatite (Brugger et al., 2008). 

Sulphur concentrations are particularly instructive in oxidised arc magmas where they have 

been used to correlate between volcanic ignimbrites (Takashima et al., 2017) and in the 

recognition of the onset of anhydrite crystallisation in plutonic rocks (Streck and Dilles, 

1998), although with some limitations (Peng et al., 1997). In contrast, As concentrations are 

commonly very low in magmatic apatite, reaching their highest concentrations in pegmatite 

hosted grains (Teiber et al., 2015). 

Silica and Na in magmatic apatite often exhibit strong correlations with REE and S due to 

their involvement in charge compensated coupled substitutions accommodating the 

incorporation of the latter two elements (Pan and Fleet, 2002, Rønsbo, 1989). Sodium 

performs this role more commonly in mafic rocks and its concentrations are often higher in 

the same (Rønsbo, 1989). The concentrations of REE and Y (REY) are generally higher in 

evolved igneous phases, particularly pegmatites and lower in mafic rocks (Belousova et al., 

2002, Cao et al., 2012, Teiber et al., 2015, Mao et al., 2016). However, the positive 

correlation between ΣREY and magmatic differentiation is not particularly strong given the 

wide range in ΣREY values measured in rocks of all compositions, suggesting that there are 

multiple controls on ΣREY incorporation in magmatic apatite. Despite this variability in 

ΣREY concentrations, the chondrite-normalised REY-signatures of magmatic apatite are 

almost ubiquitously light-REE (LREE)-enriched with negative Eu-anomalies (e.g., Belousova 

et al., 2002, Cao et al., 2012, Mao et al., 2016). 
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1.1.3 Geochemical trends in hydrothermal apatite 

The chemistry of hydrothermal apatite is dictated by much the same controls as magmatic 

apatite (i.e., fluid composition, fO2, and the presence of other trace element consuming 

species). However, deciphering the chemistry of hydrothermal apatite and making inferences 

about the physiochemical conditions at the time of apatite crystallisation can be significantly 

more complicated due to the speciation of elements transported in hydrothermal fluids and the 

effects that parameters such as temperature, pressure, pH, composition, salinity and, in 

particular, the presence or absence of particular complexing ligands can have on the chemistry 

of hydrothermal minerals (van Hinsberg et al., 2010, Brugger et al., 2008).  

Moreover, the capacity of hydrothermal environments to concentrate certain elements (e.g., 

U, Th, REE, S) to levels high enough for the formation of discrete minerals (primarily made 

up of the aforementioned elements) can affect the chemistry of a co-crystallising apatite 

significantly by the creation of complex co-partitioning relationships. This is perhaps best 

demonstrated by the contrasting levels of absolute concentrations of substituted elements in 

magmatic and hydrothermal apatite. Magmatic apatite commonly contains higher 

concentrations of elements other than Ca and P, thus revealing the much greater role apatite 

plays as a host for a variety of trace elements in the magmatic, compared to the hydrothermal 

environment (Mao et al., 2016). 

The evolving nature of many hydrothermal fluids and the presence of multiple overprinting 

events in many hydrothermal systems is often reflected in apatite as grain-scale chemical 

zoning related to fracturing, commonly with inclusions of minerals of the overprinting 

assemblage (e.g., Harlov et al., 2002, Bonyadi et al., 2011, Harlov, 2015, Krneta et al., 2016, 

2017a, b). Similar post-crystallising alteration of magmatic apatite is readily observed in 

hydrothermally altered rocks (e.g., Krause et al., 2013, Bouzari et al., 2016). Such alteration 
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of apatite is achieved via coupled dissolution reprecipitation reactions (CDRR; Wang et al., 

1995, Putnis, 2002, Harlov et al., 2002) and commonly does not affect the apatite grain shape.  

 As in magmatic apatite, the chemistry of hydrothermal grains in F-Cl-OH space is heavily 

dominated by fluorapatite with lesser concentrations of Cl and OH
-
 (e.g., Zhu and Sverjensky, 

1991, Harlov, 2015, Mao et al., 2016). Apatite formed from high-salinity fluids such as those 

associated with IOA systems commonly contains elevated Cl-concentrations along with 

appreciable S and REY (Harlov et al., 2002, Bonyadi et al., 2011, Krneta et al., 2017a). 

However, such early hydrothermal apatite along with magmatic grains exhibits significant 

loss of Cl, S, and REY when overprinted by later fluids of lower salinity, forming inclusions 

of monazite (e.g., Majka et al., 2016) and lesser xenotime via the reaction proposed by Harlov 

et al. (2002): 

(REE-rich) apatite + (Ca
2+ 

+ P
5+

)aq ⟺ (REE-rich) apatite + (REE-rich) monazite + (Si
4+

 + 

Na
+
)aq 

Although such overprinting tends to be associated with increases in F-concentrations in the 

affected apatite, increases in Cl have also been observed (Krause et al., 2013). Such cases 

appear, however, to be significantly rarer and restricted to mafic intrusive rocks. 

Such localised element re-distribution has been proposed in explaining other phenomena, 

such as the crystallisation of apatite with weak-negative to strongly positive Eu-anomalies in 

grains associated with the sericitization of feldspars. Liberation of the significantly Eu-

enriched REY-budget from a feldspar (Alderton et al., 1980, van Dongen et al., 2010) would 

increase the amount of Eu partitioning into apatite over the other REY (Mao et al., 2016). 

However, this explanation may be somewhat oversimplified given how complex REY 

behaviour in hydrothermal fluids can be (e.g., Bau and Dulski, 1995, Haas et al., 1995, 
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Lottermoser et al., 1992, Brugger et al., 2008, Migdisov and Williams-Jones, 2014, Migdisov 

et al., 2016).  

Possibly, due to this complexity, the REY-signatures of hydrothermal apatite display much 

more variability that those of magmatic grains. This is due to the highly varied behaviour of 

the REY collectively with individual complexing ligands, i.e., F, Cl, SO4, and CO2, as well as 

individually, or as groups (LREE vs. HREE; Migdisov et al., 2016). Such contrasts, primarily 

expressed as the variable stability or solubility of REY-complexes, can result, for example, in 

complete spatial disassociation between the LREE from the HREE in selected hydrothermal 

systems (Migdisov et al., 2016). They may feature MREE- (Brugger et al., 2000, Mao et al., 

2016), or heavy-REE (HREE)-enrichment (Ismail et al., 2014, Broom-Fendley et al., 2017), 

suggesting that apatite readily records the complex behaviour of the REY. 

Transport of the REY in hydrothermal fluids has historically been attributed to REE-F species 

(e.g., Smith and Henderson, 2000, Williams-Jones et al., 2000). However, a large body of 

more recent experimental work determining the stabilities and solubilities of various REY 

complexes has shown this to be unlikely due to the extremely low solubilities of REY-F 

species at the hydrothermal conditions measured for many orebodies. Instead, it is suggested 

that they are primarily transported by highly stable and soluble REY-Cl and REY-SO4 

complexes (Migdisov and Williams-Jones, 2006a, b, 2008, 2014, Migdisov et al., 2006, 2008, 

2009, 2016). The solubilities and stabilities of various REY species display significant 

internal heterogeneities as well, whereby the LREE are much more stable as soluble Cl 

complexes than the HREE, making them much more easily transported and allowing for their 

complete spatial disassociation from the HREE in many hydrothermal systems (Migdisov et 

al., 2016). Such a discrepancy could possibly explain the often observed LREE-depletion in 
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apatite during alteration (Harlov et al., 2002, Broom-Fendley et al., 2016, Krneta et al., 2017a, 

b).  

Numerous authors have studied REY behaviour in hydrothermal systems and attempted to 

model fluid-mineral REY partitioning through the use of programs such as the Geochemist's 

Workbench
® 

(Bethke and Yeakel, 2016), in an attempt to reconcile chondrite-normalised 

REY-signatures measured in particular minerals with certain fluid conditions (i.e., Smith et 

al., 2004, Brugger et al., 2008). Recently published thermodynamic data for a large number of 

REY-complexes (Migdisov et al., 2016, with references therein) has enhanced the validity of 

such work, which when paired with robust empirical measurements of hydrothermal fluid 

chemistry (by means of fluid inclusions studies) and/or sound assumptions backed up by the 

host assemblage, can contribute significantly to explaining particular REY-trends in 

hydrothermal apatite. 

1.2 IOCG deposits and the Olympic Cu-Au Province 

1.2.1 IOCG deposits 

The IOCG deposit class was defined following the discovery of the Olympic Dam deposit 

(Hitzman et al., 1992). The identity of IOCG systems within any hierarchical classification of 

ore deposits remains a topic of intense discussion, particularly with respect to which deposits 

are true IOCG's and which are genetically distinct Fe-oxide-rich systems, albeit with some 

shared features. This has resulted in several classification protocols with some including 

individual mineralisation types and deposits, and excluding others (Hitzman et al., 1992, 

Williams et al., 2005, Groves et al., 2010, Porter, 2010, Barton, 2014). Williams et al. (2005) 

limited the classification primarily to hydrothermal deposits with economic concentrations of 

Cu, containing abundant low Ti Fe-oxide minerals (magnetite-hematite) and lacking a clear 
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spatial association with igneous intrusions. This effectively removed a number significant 

deposits from the classification such as the carbonatite-hosted Phalabowra deposit, the 

Vergenoeg Fe-F deposit and the IOA or Kiruna-type mineralisation. The work of Groves et 

al. (2010) restricted the term IOCG to the Olympic Dam deposit and others like it (IOCG 

sensu stricto), whilst grouping them into a wider class of deposits termed as "iron-oxide 

associated", which included the aforementioned IOA and carbonatite-hosted types along with 

Fe-oxide rich porphyry deposits such as Yerington. In the most recent review of IOCG 

deposits, Barton (2014) outlines the significant arguments still surrounding aspects such as 

geodynamic setting, classification, alteration, metal sources and the chemistry and importance 

of intrusive rocks. 

Several different formation mechanisms have been proposed for the IOCG deposit class 

ranging from formation from immiscible Fe-F-P melts in the case of the IOA (Chen et al., 

2010), through mechanisms involving only magmatic fluids (Hitzman et al., 1992, Pollard, 

2006, Groves et al., 2010), to those involving the mixing of magmatic and basinal fluids 

(Haynes et al., 1995). Tectonic setting is dominantly considered as being anorogenic and 

regionally to locally divergent allowing for mantle underplating and melting of the SCLM and 

lower crust (Groves et al., 2010, Barton, 2014). Groves et al. (2010) note that most IOCG 

deposits are confined to within 100 km of cratonic margins, locations which could have 

allowed for the tapping of the deep mantle-derived mamas necessary for IOCG formation. 

Groves et al. (2010) note that major episodes of IOCG formation are coincident with the 

breakup of major supercontinents. IOA-type deposits, on the other hand, appear tied to 

convergent settings preceding supercontinent amalgamation. 

Alteration within IOCG systems can be characterised as high-temperature deep seated Na-Ca-

K-metasomatism associated with deposition of Fe-oxides ± Fe-Cu-sulphides. This is locally 
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manifested via albitization of pre-existing feldspars (Kontonikas-Charos et al., 2014, 2017a, 

b) and the formation of hydrothermal K-feldspar, biotite and calc-silicates along with high-

level, lower temperature, oxidised hydrolytic alteration characterised by sericitization of 

feldspars and chloritization of mafic minerals commonly in concerts with Fe-oxide ± Fe-Cu-

sulphide deposition (Hitzman et al., 1992, Williams et al., 2005, Groves et al., 2010, Porter, 

2010, Barton, 2014). Hydrolytic alteration is much less voluminous and commonly centred 

around high-level deposits, whereas Na-Ca-K metasomatism is regional in many IOCG 

districts (Barton, 2014).  

Metal concentrations can be highly variable, ranging from Fe-only deposits (Salobo, 

Acropolis, Cairn Hill), to those with significant concentrations of Cu and Au (Olympic Dam, 

Prominent Hill, Carrapateena) and others with high to economic concentrations of one or 

more of the following: REE, P, U, Ag, and Co (Barton, 2014). The strength of Cu 

mineralisation has been attributed to variable levels of mantle input into the hydrothermal 

fluids, as determined using Cl and Nd isotopes (Skirrow et al., 2007, Storey and Smith, 2017) 

and to the presence or absence of a suitable precipitation mechanism (Haynes et al., 1995, 

Bastrakov et al., 2007). 

1.2.2 Olympic Cu-Au province geology 

The eastern Gawler Craton, South Australia is host to the world-class Olympic Cu-Au 

province (Skirrow et al., 2007). This is a heavily mineralised IOCG belt, spanning some 700 

km along a roughly N-S-strike (Figure 1.4). The entire province is obscured by tens to 

thousands of meters of modern to Neoproterozoic flat-lying sediments (Skirrow et al., 2002). 

The extent of the Olympic Cu-Au province has been defined through several decades of 

exploration beginning with the discovery of Olympic Dam in 1975 by WMC Resources and 

the recognition of a new deposit type highly suited to geophysically targeted exploration. The 
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discovery of numerous IOCG deposits and prospects followed over the last 40 years. Notably, 

Wirrda Well and Acropolis, which although located only ~25 km SSE and SW of Olympic 

Dam, differ from it significantly, particularly with regards to the concentrations of Cu and Au 

and other characteristics detailed in this thesis (Krneta et al., 2017a). More recently, further 

discoveries (Figure 1.4) have emphasised the variable ways in which IOCG mineralisation is 

expressed throughout the province as classified according to the dominant style of alteration. 

These range from deep-seated magnetite-dominant, Cu-poor mineralization at Cairn Hill 

(Clark et al., 2014), through high-temperature, reduced-Fe, magnetite-(Na/K)-feldspar-calc-

silicate ± biotite ± Fe-Cu sulphide + skarn mineralisation (Hillside, Moonta-Wallaroo; Conor 

et al., 2010, Ismail et al., 2014), and skarn hosted mineralisation within the Moonta-Wallaroo 

group (Punt Hill and SAR9; Reid et al., 2011) to oxidised-Fe, hematite-sericite ± chlorite 

alteration associated with polyphase brecciation and Cu-Fe-sulphides (Olympic Dam, 

Prominent Hill and Carrapateena; Ehrig et al., 2012, Belperio et al., 2007, Vella and Cawood, 

2006, Schlegel and Heinrich, 2015, Bowden et al., 2017, Krneta et al., 2017a, Schlegel et al., 

in press).  
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Figure 1.4: Simplified geological map of the Gawler Craton showing Archaean to 

Mesoproterozoic lithologies and structure, the extent of the Olympic Cu-Au province and 

the locations of prominent IOCG deposits and prospects. The inset is of the Burgoyne 

Batholith. Map sourced from "https://map.sarig.sa.gov.au/". 

Multiple assemblages are often represented within the same system and overprint one another 

(e.g., Krneta et al., 2017a, Ehrig et al., 2017). Notwithstanding this variety, all IOCG 

mineralisation within the Province is related to the same Mesoproterozoic (~1.6 Ga) thermal 

event. This is expressed by emplacement of Hiltaba Suite (HS) intrusive rocks consisting of 

A- and I-type granites and mafic magmas (Creaser, 1989), and coeval voluminous eruption of 
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mafic, intermediate and felsic Gawler Range Volcanics (GRV; Blissett et al., 1993, Allen et 

al., 2008). Affiliation of IOCG mineralization to the ~1.6 Ga event has been determined 

through dating of magmatic and hydrothermal minerals (Johnson and Cross, 1995, Ciobanu et 

al., 2013, Jagodinski, 2005, 2014, Courtney-Davies et al., 2016, Apukhtina et al., 2017). 

These magmas intruded the Archaean crystalline basement consisting of the Sleaford and 

Mulgathing Complexes, intrusive rocks of the ~1850 Ma Donington Suite and metasediments 

of the ~1.76-1.74 Wallaroo Group (Figure 1.4; Fanning et al., 2007). Unlike the 

aforementioned lithologies the HS and GRV are un-deformed, un-metamorphosed and 

dominantly flat-lying in the case of the GRV. Mineralisation in all instances shows a strong 

structural component and is emplaced commonly along E-NE to NE-extensional faults near 

their intersection with major NNE to NW-trending structures, during a hypothetical short-

lived period of NNE-SSE extension (Hayward and Skirrow, 2010). Hiltaba Suite granitoids 

are, however, not exposed in several deposits, notably Moonta, Prominent Hill, and 

Carrapateena. 

1.2.3 Olympic Dam 

Discovered through a targeted exploration campaign based on a sediment-hosted stratabound 

Cu-deposit model and initially classified as such (Roberts and Hudson, 1983), the Olympic 

Dam Cu-U-Au-Ag deposit has since been reclassified as a magmatic-hydrothermal IOCG 

deposit (Oreskes and Einaudi, 1990, 1992, Reeve et al., 1990, Hitzman et al., 1992, Haynes et 

al., 1995, Johnson and Cross, 1995). The deposit possibly formed below and partially within a 

sedimentary basin (McPhie et al., 2011, 2016). Olympic Dam contains a resource of 10,400 

Mt at 0.77% Cu, 0.25 kg/t, 0.32 g/t Au and 1 g/t Ag which continues to expand as new parts 

of the deposit are explored despite mining associated depletion (BHP, 2016). The deposit is 

hosted within one major and a multitude of minor intrusive phases, breccias and bedded 
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clastic facies collectively referred to as the Olympic Dam Breccia Complex (Reeve et al., 

1990; McPhie et al., 2016). This is, in turn, hosted within the Roxby Downs Granite a 

medium- to coarse-grained, pink, two-feldspar, granite of the Hiltaba Suite, which displays 

local rapakivi textures (Creaser, 1989; Kontonikas-Charos et al., 2017a). The RDG contains 

apatite, locally in high concentrations associated with mafic enclaves (Krneta et al., 2016). 

Alteration is most intense near the deposit and weakens away from it, but is still visible 

several km away from the main resource (Krneta et al., 2016, Kontonikas-Charos et al., 

2017a). Albitization precedes hematite-sericite alteration. The latter eventually obliterates all 

magmatic minerals, including apatite (Krneta et al., 2016). Albitization is preserved at depth 

in a few locations within the resource outline (Kontonikas-Charos et al., 2017a). 

The transition from unaltered RDG to the centre of the deposit is gradational forming a 

continuum (observable in whole rock assays as increases in Fe and decreases in Si 

concentrations) from weakly through to pervasively hematite-sericite altered RDG, granite-

rich breccias and finally hematite-rich breccias. Mineralisation is primarily hosted within the 

latter two lithologies as fine-grained disseminations and lesser vein-hosted mineralisation in 

the granite breccias on the edge of the deposit (Ehrig et al., 2012). Massive sulphide 

mineralisation is very rare but m- to dm-sized zones such as those described in Ciobanu et al. 

(2013) are noted. Chalcopyrite, bornite and chalcocite are the main Cu-hosts with the uranium 

primarily hosted in uraninite, brannerite and coffinite as well as hematite (Ehrig et al., 2012). 

Gold and silver occur primarily as electrum and subordinate Ag(±Au) tellurides, acanthite, 

and as trace elements within sulphides. Apatite is present throughout the orebody but most 

abundant in association with magnetite on the margins of the deposit (Krneta et al., 2016). 

The deposit is enriched in a multitude of elements over crustal averages besides those for 

which it is exploited, including F, S, C, As, Ba, Bi, Cd, Co, Cr, Fe, In, Mo, Nb, Ni, P, Pb, Sb, 
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Se, Sn, Te, V, W, Y, Zn and REE, and displays a deposit wide zoning with respect to the 

mineralogy of the dominant Cu-Fe-sulphides and Fe-oxides whereby hematite+sericite 

dominate centrally and high within the deposit whereas on its margins and at depth it is 

subordinate to magnetite (Ehrig et al., 2012, Ciobanu et al., 2017). The deepest and most 

distal parts of the deposit are dominated by pyrite which transitions into chalcopyrite- 

followed by bornite- and finally chalcocite-dominant ore with the centre of the deposit being 

taken up by the barren hematite-quartz-barite breccias (Ehrig et al., 2012). 

Zones of high-grade Au-mineralisation, characterised by complex geometries and bonanza 

grade zones of coarse native gold dominate in domains surrounding the barren hematite-

quartz-barite breccias and on the margins of the bedded clastic facies (Reeve, 1990, Hodgkin, 

1996, Ehrig et al., 2012). The formation of the high-grade Au-mineralisation has been 

suggested as being the result of hydrothermal overprinting during the ~514-500 Ma 

Delamerian Orogeny (Kamenetsky, pers. comm., 2017). 

Evidence for hydrothermal overprinting is recorded in numerous hydrothermal minerals from 

across the deposit (e.g., Ciobanu et al., 2013; Apukhtina et al., 2017). Kirchenbaur et al. 

(2016) identified significant U-redistribution throughout the deposit accompanying 

recrystallisation of ~1.6 Ga U-minerals, and moreover, evidence to support addition of U to 

the deposit during these subsequent events. Such studies have highlighted the complex effects 

of post-1.6 Ga processes within the deposit. Although the majority of hydrothermal activity 

and metal deposition is easily attributed to the 1.6 Ga event associated with Hiltaba Suite 

emplacement and contemporary with the breakup of the Columbia supercontinent. Similarly, 

overprints associated with regionally significant tectonic events such as the ~1450 Kararan 

and ~1200-1160 Ma Musgravian orogenies are observed. Moreover, the emplacement of the 

volumetrically significant Gairdner dyke swarm associated with the breakup of Rodinia and 
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the aforementioned ~514-500 Ma Delamerian Orogeny, a local expression of Gondwana 

assembly, are recorded (Ehrig et al., 2016). 

Regionally, the Olympic Dam deposit, along with the Wirrda Well and Acropolis prospects, 

is hosted within a prominent ENE-trending fault-bound block on the southern margin of the 

Burgoyne Batholith, a 35 by 50 km basement high consisting of felsic and lesser mafic 

Hiltaba Suite intrusives sub-classified into the Wirrda and White Dam suites (Creaser, 1989), 

~1850 Ma Donington suite intrusives (predominantly granite) and metasediments of the 1790-

1740 Ma Moonta-Wallaroo Formation. Various felsic through to ultramafic dykes belonging 

to the Hiltaba Suite, as well as later mafic dykes associated with the Gairdner Dyke Swarm 

are abundant throughout the Burgoyne Batholith and the deposit itself (Huang et al., 2015, 

2016, Apukhtina et al., 2016). Parts of the area are overlain by the Mesoproterozoic Pandurra 

Formation which may be present within Olympic Dam itself (Cherry, 2017, pers. comm.). 

1.2.4 Wirrda Well 

The Wirrda Well prospect was discovered shortly after Olympic Dam and has a very similar 

geophysical response forming a near circular 4 km-wide gravity anomaly, ~6 mGal above 

background with an overlapping ~1800 nT magnetic anomaly (Vella, 1997). The prospect is 

obscured by a minimum of 330 m of barren Stuart Shelf sediments and hosted within altered 

and locally deformed megacrystic K-feldspar granite and mafic dykes of the ~1850 Ma 

Donington suite (Ehrig, 2013). Mineralisation is developed within a circular steeply-plunging 

pipe, with multiple apophyses defining the main mineralised zones (North and South). 

Brecciation and mineralisation is most strongly developed on the granite-mafic contacts 

(Ehrig et al., 2013). Post-Donington Suite lithologies are represented throughout the prospect 

as various syn- and post mineralisation mafic dykes and felsic GRV contained to a post-

mineralising faulted block in the Northern zone (Ehrig et al., 2013, Huang et al., 2016, Krneta 
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et al., 2017a). Mineralisation within the prospect has been defined from just below the 

unconformity to depths in excess of 1.8 km and consists of breccias and vein networks 

containing magnetite, apatite (±hematite ± carbonate ± quartz ± sulphides) with widespread 

chlorite and sericite alteration (Krneta et al., 2017a). Wirrda Well displays mineralogical 

zoning comparable to that of Olympic Dam with regards to Fe-oxides and Cu-(Fe)-sulphides. 

Deep, high-temperature magnetite-pyrite-apatite assemblages transition with increasing 

hematite dominance into pyrite-chalcopyrite through chalcopyrite-bornite and finally bornite-

chalcocite zones (Ehrig et al., 2013, Krneta et al., 2017a). Apatite is present in both hematite- 

and magnetite-dominant zones and abundant in the former. 

1.2.5 Acropolis 

Of the three examples of IOCG mineralisation discussed in detail in this chapter the Acropolis 

prospect by far has the largest footprint (~50 km
2
) as defined by drilling and its almost co-

incident 15 km-long magnetic and gravity anomalies (Figure 1.4) and the lowest discovered 

concentrations of Cu and Au in association with the prolific Fe-oxide mineralisation (e.g., 

Paterson, 1986). Mineralisation is hosted predominantly within sericite-altered, rhyolitic and 

dacitic lavas and rare localised dacitic ignimbrite and andesitic lavas of the GRV along with 

minor thin clastic bedded facies within them as large tabular masses of coarse-grained 

magnetite (in places replaced by hematite), coarse-grained apatite along with very minor 

sulphides. Other lithologies in the area include Donington Suite Granite, which is believed to 

underlie the GRV in the area as well as numerous mafic and felsic dykes that intrude the 

volcanic pile along with a small Hiltaba Suite Granite (McPhie, pers. comm. 2016). The later 

intrusives along with the broader SW-portion of the prospect hosts the strongest 

mineralisation. The high temperature mineralisation, which dominates the prospect consists of 

a magnetite-apatite-carbonate-K-feldspar-biotite-quartz assemblage that is locally 
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significantly overprinted by hematite-sericite-chlorite and more rarely carbonate alteration 

(Krneta et al., 2017a).  

1.3 Sample Material 

The sample material used in the proceeding studies was sourced from drill core located at the 

Olympic Dam mine. The sampled drillholes were logged and photographed. Sample selection 

was made based on collecting material representative of all of the lithologies and 

hydrothermal assemblages important to the wider hydrothermal environment within Olympic 

Dam and the two prospects. This was greatly aided by the provision of down-hole assays 

along with density and magnetic susceptibility data by the company. Samples were prepared 

as thin sections and polished blocks and examined using optical, scanning electron and 

cathodoluminescence microscopy. 

 Drill 

hole no. 

Depth 

(m) 

Sample 

ID 

Sample Category/Rock type Chapter 

   

O
ly

m
p

ic
 D

am
 

Underground grab 

sample 

OD10.1 
High grade Cu-Au ore- The samples consist of massive bornite with 

abundant hematite inclusions. Apatite occurs as grains and/or 

aggregates within bornite and also as milled fragments along veinlets in 

bornite. No sericite is present but minor chlorite and occasional barite. 

Other accessories are zircon (metamict) with halos of xenotime, 

abundant, fine-grained (few µm) florencite as rims along other mineral 

boundaries, coffinite and brannerite. Trace minerals include U-, REY-

bearing phases as dusty inclusions within altered hematite and 

molybdenite in bornite. 

3, 6 

OD10.2 3, 6 

OD10.3 3, 6 

RD2274 372.5 2274-1 

Horn Ridge Quartz Monzonite-Equigranular, medium-grained K-

feldspar-quartz-plagioclase Quartz Monzonite. Lightly hematite-

sericite-chlorite altered. Abundant biotite and hornblende has been 

altered to chlorite. Some ilmenite remains. Abundant apatite in 

association with accessory magnetite, ilmenite and zircon. 

2, 3  

RD2929 

401.3 RX7913 Dolerite dyke-intensely hematite-sericite-chlorite-carbonate altered 

dolerite. The majority of primary silicates are replaced by secondary 

minerals but accessory apatite and Fe-Ti-oxides (hemoilmenite) are 

largely preserved. 

2, 3 

411.1 RX7914 2, 3 

RD2494 588.2 RX7860 
Roxby Downs Granite- Equigranular, medium to coarse grained K-

feldspar-quartz-plagioclase granite. Fresh to pervasively hematite-

sericite-chlorite altered. Some samples contain spherical mafic enclaves. 

Fresh samples are characterised by the presence of biotite, edenite and 

ilmenite. Locally abundant apatite in association with other accessories 

such as magnetite, ilmenite and zircon. 

2, 3 

RD2492 756 RX7864 2, 3 

RD2495 584 RX7866 2, 3 

RD2280 

413 2280-1 2, 3 

416.5 -2 2, 3 

416.9 -3 2, 3 

440 -4 2, 3 
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466 -5 2, 3, 5 

467.5 -6 2, 3, 6 

475.7 -7 2, 3 

RD2773 

2208.5 2773-1 
Deep Mineralisation- magnetite-chlorite-carbonate to hematite-sericite 

altered Roxby Downs Granite and Felsic Unit. Apatite occurs in a 

number of morphologies ranging from small, unzoned to large, zoned 

and fractured grains, in isolation as well as large aggregates.  

2, 3, 6 

2261 -2 2, 3, 6 

2289.5 -3 2, 3, 6 

2309.5 -4 2, 3, 6 

1998.1 -5 2, 3, 6, 5 

RD2316 

580.2 RX6685 Distal Satellite- magnetite-chlorite-sericite (minor) altered Roxby 

Downs Granite. Red-stained K-feldspar present, no plagioclase is 

present. Apatite occurs in a wide range of sizes. Larger grains are 

commonly zoned and occur in aggregates in close association to 

magnetite. Feldspars replaced by chlorite and by an unusual 

assemblage of molybdenite-bastnäsite. 

2, 3 

588.2 RX6687 2, 3 

645.3 RX6691 2, 3 

W
ir

rd
a 

W
el

l WRD33 

1781.8 WRD33-1 

Wirrda Well deep zone consists of chlorite-sericite altered Donington 

Suite Granite, containing well developed iron-oxide-apatite 

mineralisation with variable concentrations of pyrite-chalcopyrite. The 

mineralisation varies from early (magnetite-apatite-sulphide) veinlets 

through massive (magnetite-hematite-apatite-sulphide) veins and 

breccias. Iron-oxide dominance alternates locally between magnetite 

and hematite although overall the earlier is more abundant. Intense 

chlorite-sericite alteration is texturally destructive. Late apatite-calcite 

veins cross cut the altered granite and iron-oxide veins and breccias. In 

such instances the iron-oxides are commonly altered to siderite. 

4 

1811 -2 4 

1819.8 -3 4 

1852.2 -4 4 

1854.2 -5 4 

1950.9 -6 4 

2009 -7 4 

2046.9 -8 4 

2057 -9 4 

2063.6 -10 4 

WRD50A 

456.1 RX7575 Wirrda Well Shallow zone mineralisation is hosted in sericite-altered 

Donington Granite and coeval mafic dyke. Alteration of the host rock is 

for the most part texturally destructive although some remnant K-

feldspar remains. Chlorite is absent to rare. Fine grained hematite is 

sometimes intergrown with the sericite along with irregular grains of 

rutile. Veins and breccias consist primarily of hematite, both primary 

and lesser martite. Remnant magnetite is observed in some grains. 

Bornite-chalcocite are the dominant sulphides and host the apatite. 

Barite is abundant in some samples. 

4 

461.5 RX7576 4 

468.5 RX7577 4 

472.2 RX7578 4 

476.2 RX7579 4 

A
cr

o
p

o
li

s 

ACD1 

1025.5 ACD1-1 

Magnetite-apatite-quartz-K-feldspar-carbonate-biotite veins  

and breccias hosted in partially to completely sericite altered rhyolitic 

and dacitic lavas along with localised dacitic ignimbrite and andesitic 

lavas all belonging to the GRV and very thin intervals of bedded clastic 

facies. Fe-oxide veins are most strongly developed in the rhyolitic lavas. 

Widespread overprinting of the original hydrothermal assemblage is 

observed as martitization of the magnetite, sericitizations of the 

hydrothermal K-feldspar and chlorite replacement of biotite. Elsewhere 

significant replacement of the martite by siderite occurs. Increased 

copper concentrations are seen in samples where the original 

assemblage is overprinted by significant sericite, chlorite, barite, 

hematite and chalcopyrite. 

4 

1034.3 -2 4 

1046 -3 4 

1058.9 -4 4 

1082.5 -5 4 

1083.5 -6 4 

ACD2 

576.9 ACD2-1 4 

599.5 -2 4 

639.1 -3 4 

647.2 -4 4 

ACD21 675.7  ACD21.2A 4 

Table 1.2: Samples examined in the proceeding studies. 
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1.4 Research objectives and thesis structure 

Apatite has been studied previously as a means of gaining insights into the formation of 

magmatic-hydrothermal deposits. However, such studies have primarily focused on the 

chemistry of magmatic apatite hosted in the intrusives interpreted as the source of the 

mineralising fluids (e.g., Belousova et al., 2001, 2002, Cao et al., 2012). Others, focusing on 

hydrothermal apatite have primarily concentrated their efforts on the study of its role in IOA 

systems (e.g., Harlov et al., 2002, Bonyadi et al., 2011) and in the context of large studies that 

compare and contrast the chemistry of many different magmatic and hydrothermal apatite 

(Mao et al., 2016). In contrast studies which have explored the chemistry and morphology of 

apatite across the magmatic-to-hydrothermal transition and from various overprinting 

hydrothermal assemblages are rare (Ismail et al., 2014, Bouzari et al., 2016). These studies 

have shown that apatite can track the evolution of a hydrothermal system and offer insights 

into the behaviour of numerous elements, particularly the REY. 

Therefore, the study of apatite in the context of the world's largest IOCG deposits presents a 

unique opportunity to gain insights into its formation and the role played therein by apatite. 

Similarly, studying apatite in the nearby Wirrda Well and Acropolis prospects could possibly 

illuminate the key processes and conditions which resulted in the significant differences 

between them and Olympic Dam. Moreover, geochemically fingerprinting particular 

processes, fluid conditions or other characteristics associated with the formation of high-grade 

Cu-Au ore could lead to the development of an important exploration tool.  

The samples were examined using optical and scanning electron microscopy. Mineral 

chemistry was measured using Electron-Probe-Micro-Analysis (EPMA) and Laser-Ablation-

Inductively-Coupled-Plasma-Mass-Spectroscopy (LA-ICP-MS). Each chapter (2-6) contains 

a detailed methodology section outlining the data collection procedures. 
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Chapter 2 provides a detailed account of the minor element chemistry and morphology of 

apatite within the Olympic Dam Cu-U-Au-Ag deposit and its host rocks. Samples of Hiltaba 

Suite intrusive rocks ranging from least-altered through to pervasively altered RDG, HQRM 

and dolerite dyke, as well as hydrothermal apatite from the periphery of the deposit and at 

depth were studied. An account of apatite evolution across the magmatic-to-hydrothermal 

transition is given, together with insights into the magmatic history of the host RDG. 

Chapter 3 provides an account of the behaviour of the REY and other trace elements across 

the same samples, as well as in samples of massive bornite ore containing apatite. This 

chapter demonstrates the transition in REY chemistry in apatite, marked by a transition from 

LREE- to MREE-enrichment, from unaltered granite through to early magnetite-dominant 

hydrothermal assemblages and finally high-grade ore. 

Chapter 4 provides an account of apatite morphology as well as trace and minor element 

chemistry in samples from the Wirrda Well and Acropolis prospects and discusses the 

differences and similarities between these and from Olympic Dam. The chapter goes on to 

discuss the potential changes in hydrothermal conditions which could account for the 

observed changes in apatite REY-signatures along with a discussion of the potential 

applications of apatite as a pathfinder in mineral exploration. 

Following the discovery of minute elongated inclusions of Fe-sulphide minerals within RDG-

hosted apatite associated with mafic enclaves, a nanoscale study of this apatite and the 

contained inclusions was undertaken. Results are described in Chapter 5. 

In Chapter 6, the switch from LREE- to MREE-enriched apatite, which accompanies the 

transition from magnetite- to hematite-dominant assemblages, has been modelled with regards 

to REE speciation and activities. This is achieved through utilisation of new thermodynamic 

data (Migidisov et al., 2016), as well fluid chemistries and parameters derived from published 
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fluid inclusion data along with previous modelling protocols and assumptions grounded in the 

mineralogy and petrography of the wider observed mineral assemblage. 

Chapter 7, summarises the key findings of all the work conducted as part of this project and 

goes on to offer some suggestions as to the potential future study directions. This compilation 

of work has explained some aspects of apatites role in IOCG deposits and the insights it can 

provide into their formation. However, it has also raised a number of questions and opened up 

additional avenues for future research. Additional material, including co-authored 

publications, appendices and conference contributions are given in Chapter 8. All references 

cited within this thesis can be found in Chapter 9.  
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CHAPTER 5: CRYSTAL STRUCTURAL MODIFICATION 

AND MINERAL INCLUSIONS IN APATITE FROM 

OLYMPIC DAM, SOUTH AUSTRALIA. 

 

Abstract 

Apatite, Ca5(PO4)3(F,Cl,OH), incorporates a wide range of trace elements (e.g., REE, Th) 

during processes leading to formation of ore deposits. This study is aimed at understanding 

how apatite from the giant iron oxide-copper-gold (IOCG) deposit at Olympic Dam (South 

Australia) tracks deposit evolution at the nanoscale. Apatite of different origin, both magmatic 

and early hydrothermal, was selected for study. Focused Ion Beam-Scanning Electron 

Microscopy was used to prepare samples for Transmission Electron Microscopy. Results 

show changes in apatite symmetry due to nanometre-scale inclusions. Fluorite (CaF2) is 

associated with pyrrhotite (Fe1-xS; x=0-0.125), and monazite [(Ce,La,Nd,Th)PO4] + thorite 

(ThSiO4) in magmatic and hydrothermal apatite, respectively. The study demonstrates that the 

transition from magmatic to hydrothermal regimes is paramount for setting conditions of 

metal deposition in giant IOCG deposits. 

 

Keywords: Olympic Dam; transmission electron microscopy; apatite; pyrrhotite; fluorite; 

monazite; thorite; magmatic; hydrothermal 

 

5.1. Introduction 

Apatite, with the general formula Ca5(PO4)3(F,Cl,OH) (Pasero et al., 2010) is a minor 

constituent in magmatic rocks of various types and commonly hosts the majority of the P and 
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often most of the rare earth element (REE) budget (e.g., Piccoli and Candela, 2002, Hughes, 

2015). The apatite structure can accommodate roughly half the elements in the periodic table 

(Hughes and Rakovan, 2015), making it a powerful geochemical and petrologic tool for 

unravelling complex evolution trends in magmatic-hydrothermal systems (e.g., Krause et al., 

2013, Harlov, 2015, Bouzari et al., 2016). Apatite can also host inclusions of various types 

(e.g., Gottesman and Wirth, 1997; Harlov, 2015, Xing and Wang et al., 2017). These 

inclusions can be either the result of co-crystallisation together with apatite, or the product of 

hydrothermal alteration of the apatite. Understanding the speciation of these inclusions and 

their relationship with the host apatite is of critical importance for genetic models of rock and 

ore-forming processes. 

 

For example, pyrrhotite inclusions were found in apatite with dark cores from granites in the 

Erzgebirge orefield, Germany (Gottesman and Wirth, 1997). These authors undertook a 

nanoscale study and showed that such dark cores contain an abundance of pyrrhotite 

inclusions which are coherently oriented within the apatite host. Such orientation could only 

result from a primary growth process, inferring that both apatite and pyrrhotite have co-

crystallised from the same granitic magma. However, magmatic pyrrhotite is more commonly 

found in mafic and ultramafic melts such as those of the Hongge layered intrusion, SW China, 

where apatite containing pyrrhotite inclusions almost identical to those described in the 

Erzgebirge study have also been noted (Xing and Wang et al., 2017). The presence of 

pyrrhotite within the dark cores of apatites was cited by Gottesman and Wirth, (1997) as 

strong evidence for the incorporation of foreign material originating from older and/or 

marginal parts of the intrusions or from the country rocks.  

The presence of trace elements or mineral inclusions can also lead to changes in crystal 

symmetry of the host apatite (Hughes and Rakovan, 2015). An interesting topic is the 
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presence of monazite in association with one of the ThSiO4 polymorphs: thorite (tetragonal); 

or huttonite (monoclinic). Identification requires crystal structural investigation (Table 5.1). 

Recent experimental studies have shown that huttonite can crystallise within apatite, 

alongside monazite, during alteration by Th-enriched fluids. In contrast to the aforementioned 

inclusions hosted in magmatic apatite, inclusions of ThSiO4, if formed as a result of 

overprinting, can be considered products of secondary replacement (Harlov et al., 2007). 

Determining the character of such inclusions could potentially offer significant insights into 

the trace element behaviour during the formation of Olympic Dam. 

 

Fig. 5.1: Sample location (a) and Back Scatter Electron (BSE) images showing petrography 

(b, c) of samples used for this study. In (a), the geology of the Olympic Dam area (from 

Krneta et al., 2016, modified after Ehrig et al., 2012). Pink: Roxby Downs Granite. Inset in 

(a) shows location of OD in South Australia. 

Apatite from the Olympic Dam (OD) iron oxide copper gold (IOCG) deposit (South 

Australia; Fig. 5.1a) is a petrogenetic tool for understanding trace element changes during the 

transition from magmatic to hydrothermal stages (Krneta et al., 2016). Olympic Dam is a 
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supergiant Cu-U-Au-Ag deposit (e.g., Ehrig et al., 2012) located 550 km NNW of Adelaide, 

and is not only one of the world’s largest metalliferous deposits, but also the largest single 

uranium deposit on Earth. The OD orebody is hosted by the Olympic Dam Breccia Complex 

(ODBC; Fig. 5.1a), derived by Fe-metasomatism of the Roxby Downs Granite (RDG; Reeve 

et al., 1990) emplaced at ~1.6 Ga (Johnson and Cross, 1995). RDG-hosted apatite from OD 

has been found to host a variety of mineral inclusions (Fig. 5.1b, c; Krneta et al., 2015; 2016). 

Such inclusions, ranging in size from micron- to nanometre-scale, were reported in magmatic, 

i.e., pyrrhotite and fluorite, and hydrothermal apatite, i.e., monazite and a Th-silicate, ThSiO4 

(Fig. 5.1b, c). 

Magmatic apatite from drillhole RD2880 in the SE part of the deposit (Fig. 5.1a) is hosted 

within the RDG, rich in mafic enclaves. Their origin is difficult to interpret since they are 

intensively altered. Calculation of halogen partitioning between melts and fluids using data 

from apatite at OD has shown that the apatite from this location differs significantly from 

apatite from other locations at OD, i.e., the SW location (Fig. 5.1a; Krneta et al., 2016). Such 

differences can be used to interpret magma mixing during emplacement, as well as the 

potential for metal budget evaluation within the hydrothermal fluids released towards the end 

of the magma cooling. 

Hydrothermal apatite associated with early, magnetite-dominant assemblages is found within 

the mineralised satellite termed ‘Deep Mineralization’ (Fig. 5.1a), where Cu-ores are found at 

levels deeper than 1,500 m (Cu-mineralization is still open at 2,200 m) in drillhole RD2773 

on the same SE side of the deposit (Apukhtina et al., 2017). Samples from deep, altered 

granitoids and breccias at this location show abundant, coarse (up to cm-size) apatite, in 

which trails of various mineral inclusions are associated with domains of variable 

composition in host apatite (Krneta et al., 2016). The present study uses samples from the two 
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locations shown on Fig. 5.1 with the aim of understanding changes in magmatic and 

hydrothermal apatite with respect to: (i) apatite crystal structural modifications due to the 

presence of mineral inclusions and (ii) speciation and associations of these inclusions if 

studied down to the nanoscale. Results are discussed with respect to the magmatic to 

hydrothermal transition regimes at OD, and the relevance of nanoscale studies for 

constraining trace elements distribution in IOCG systems. 

5.2. Methodology 

All equipment used is hosted at Adelaide Microscopy. 

5.2.1 Sample preparation 

Considering the high variability in textures, composition and mineral inclusions found in 

the OD apatite (Krneta et al., 2015; 2016), sample preparation for Transmission Electron 

Microscopy (TEM) study was performed using in-situ extraction of slices from polished 

blocks. The FEI-Helios nanoLab Dual Focused Ion Beam and Scanning Electron Microscope 

(FIB-SEM) instrument under the Australian microscopy and microanalysis research facility 

(AMMRF) flagship was used. Procedures outlined by Ciobanu et al., (2011) were followed in 

extraction and thinning (to <100 nm) of TEM foils by ion beam (Ga
+
) milling. The TEM foils 

were attached to Cu grids. Three foils were prepared from two polished blocks; details of the 

procedures are shown in Fig. 5.2. 

Fig. 5.2: Secondary electron (SE) images showing the sequence of FIB-SEM procedures (as 
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marked) for obtaining TEM foils. The example shown is for hydrothermal apatite – foil K1 

(see below). 

5.2.2 Data acquisition and processing 

A Philips 200CM TEM equipped with a Gatan digital camera was used at 200 kV for 

obtaining electron diffractions (ED) and imaging including high-resolution HR-TEM in bright 

field (BF) mode. The TEM has a double-tilt holder with the “a” and “b” having tilts up to 60º 

and 30º, respectively. A range of electron diffractions representing different zone axes for 

each mineral in a given foil were acquired by specimen tilting. Chemical composition 

assisting with identification of phases present as nanometre-scale inclusions and their host 

minerals was measured from energy-dispersive X-Ray spectra (EDS) acquired on an Oxford 

Instruments X-Max 65T SDD detector, and processed in Aztec Energy TEM SP. 

DigitalMicrograph
TM

 was used for diffraction measurements and image analysis.  

5.2.3 Experimental characterisation and data analysis 

Characterisation and indexation of relevant electron diffraction patterns was undertaken using 

WinWulff™ software and crystallographic information files (cif) obtained from the American 

Mineralogist Crystal Structure Database (Rruff.geo.arizona.edu; Downs and Hall-Wallace, 

2003). Space group conversions were made using International Tables for Crystallography, 

volume A (Hahn, 2005). Table 5.1 gives crystal structural details for each of the minerals 

characterised and indexed. WinWulff™ was also used to calculate angles between hlk 

vectors, where h, k and l are each expressed as integers and denote the family of planes which 

are orthogonal to hb1+kb2+lb3.  
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5.3. Background on crystal structures  

Chemistry and crystal structures of apatite and associated minerals studied here are shown in 

Table 5.1. A brief introduction to the crystal structures, with emphasis on apatite, is given 

below.  

5.3.1 Apatite 

The crystal structure of apatite Ca5(PO4)3(F,Cl,OH), consists of three types of polyhedra for 

Ca and P cations (Fig. 5.3; Hughes, 2015; Luo et al., 2011). There are two sites for Ca: (i) a 

nine-fold coordinated tri-capped trigonal prism: Me1O9 (Mercier et al., 2005); and (ii) a 

seven-fold coordinated distorted pentagonal bipyramid (Dolivo-Dobrovolsky, 2006): 

Me2O6X, where X is host to one of the anions F, Cl, OH; whereas P is placed in the rigid PO4 

tetrahedron. The X anions are placed along the edges of the unit cell. There are three varieties 

of apatite depending upon the dominance of the X anion: fluorapatite (F-dominant); 

chlorapatite (Cl-dominant) and hydroxylapatite (OH-dominant; e.g., Pasero et al., 2010). 

Apatite chemistry in F-Cl-OH
- 
space is very complex with all three components commonly 

present in measurable amounts in natural apatite. However, fluorapatite is by far the most 

common species (Webster and Piccoli, 2015), as is the case here (Krneta et al., 2016). 
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Table 5.1: Chemistry and crystal structures of apatite and associated minerals as discussed. 

Mineral Chemical formula Space group No. a (Å) b (Å) c (Å) α (º) β (º) γ (º) 

Apatite Ca5(PO4)3(OH,F,Cl) 

(1) P11 21/b 13 9.4877 18.9628 6.8224 90 119.9773 

(2) P 63/m 176 

9.3973 6.8782 90 120 

(*) P6/m 175 

Monazite (Ce,La,Nd,Th)PO4 

(3) P1 21/n1 14 

6.792 7.0203 6.4674 90 103.38 90 

(*) P2 3 

Thorite ThSiO4 

(4) I 41/amd 141 

7.142 6.327 90 

(*) I 42/ncm 138 

Huttonite ThSiO4 (5) P1 21/n1 14 6.784 6.974 6.5 90 104.92 90 

Fluorite CaF2 (6) Fm3m 225 5.42695 90 

Pyrrhotite 

(6C Po) 

Fe1-xS; x=0-0.125 

(Fe11S12) 
(7) *Fd 

227-

228 6.8973 11.954 34.521 90 90.003 90 

(1) Monoclinic apatite: Hughes et al. (1990); (2) Hexagonal Apatite: Hughes et al. (1989); (3) 

Monazite: Ni et al. (1995); (4) Thorite: Fuchs and Gebert (1958); (5) Huttonite: Taylor and Ewing 

(1978); (6) Fluorite: Wyckoff (1963); (7) Pyrrhotite 6C: Villiers and Liles (2010); (*) – space groups 

used for indexing in this study. 

 

Fig. 5.3: Crystal structure of apatite. (a) Atomic arrangement projected down to (001) (from Hughes, 

2015). (b, c) Environment of Me1 and Me2 sites, respectively, (from Luo et al., 2011). The different 

grey shadings of the PO4 tetrahedra show their orientation relative to projection planes. 



 CHAPTER 5: CRYSTAL STRUCTURE OFAPATITE FROM OLYMPIC DAM  

 

133 

Apatite has a hexagonal symmetry in space group P63/m but monoclinic varieties are also 

known and may be indicative of low temperature formation (Hughes, 2015; Table 5.1). The 

two Ca and single P cations in apatite can be substituted by a wide variety of other elements 

(including REE, Y and Th) leading to the apatite supergroup (Pasero et al., 2010). Such 

substitutions affect the apatite crystal structure significantly, leading to the wide variety of 

structural variations observed (e.g., Demartin et al., 2010, Yi et al., 2013, Gianfagna and 

Mazziotti, 2014). Hughes and Rakovan (2002) distinguish fluorapatite, chlorapatite and 

hydroxylapatite as " apatite sensu stricto" and define the structure of the other minerals within 

the supergroup as sub-symmetries of the apatite sensu stricto structure. 

Incorporation of Th in apatite crystal structure has been studied using single crystal X-ray 

diffraction and X-ray absorption spectroscopy (Luo et al., 2011) showing this element 

substituted for the Me2 site (Fig. 5.3c). This replacement, studied for natural and synthetic 

samples with ~2,000 ppm and ~20,0000 ppm Th, respectively, was refined using extended X-

ray absorption fine-structure spectroscopy. The results show that Th incorporation in the Me2 

site leads to a ~0.05-0.08 Å decrease in the Me-O bond distances and crystal distortions that 

are not measurable by the single-crystal technique. 

5.3.2 Other phases accompanying apatite  

Among the most common REE-phosphates, generically REE(PO4) present as an accessory in 

rocks of various types is monazite [(Ce,La,Nd,Th)PO4]. The mineral is monoclinic and has a 

dimorph, xenotime, with a tetragonal crystal structure (Table 5.1; Ni et al. 1995). Studies of 

crystal chemistry of the two phases have shown that the structures consist of chains of TO4 

(T=P) with a REE-oxygen polyhedra that preferentially accommodates light (La-Gd) and 

heavy (Tb-Lu) REE in monazite and xenotime, respectively (Ni et al., 1995). 
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Replacement between apatite and monazite is known in a variety of geological environments 

(e.g., Harlov, 2015). Often such replacement results in nucleation of a Th-silicate, ThSiO4. 

The latter is known as two dimorphs: tetragonal thorite and monoclinic huttonite (Table 5.1). 

Both apatite and monazite can accommodate a few and several 10’s of wt. % Th in the crystal 

structure, respectively. Formation of discrete Th-silicate inclusions may be often observed in 

rocks of various origin. Interpretations of their formation rely on two main mechanisms: (i) 

primary, as exsolutions from higher temperature solid solutions and (ii) secondary, as host 

phosphate mineral replacement takes place, e.g., monazite replacing apatite (Harlov et al., 

2007).  

Fluorite (CaF2), a typical ionic structure, has a simple cubic symmetry (Table 5.1; Wyckoff, 

1963) characterised by cubic close packed atoms of Ca, where Ca atoms are found on all 

corners and at the centre of each face of the unit cell cube whereas F is found within 

tetrahedral coordination (surrounded by 4 Ca atoms). 

Pyrrhotite group minerals are non-stoichiometric phases with general formula Fe1–xS (x = 0-

0.125. Non-stoichiometry relates to Fe-vacancies leading to superstructures of various types, 

causing drastic changes in magnetic and surface properties (e.g., Becker et al., 2010). 

Pyrrhotite structures derive from the hexagonal close-packed NiAs structure. Troilite (FeS, 

2C-pyrrhotite) is rare in terrestrial rocks but common in meteorites since sub-solidus re-

equilibration is observed <300 °C. At such conditions, 4C-pyrrhotite (Fe7S8) and NC-

pyrrhotite (between FeS and Fe7S8) dominate. Prefixes indicate the superstructure lattice 

repeats along the axis of layer stacking relative to c-axis periodicity in the NiAs substructure; 

4C- and NC-pyrrhotite correspond to ‘monoclinic’ and ‘hexagonal’ pyrrhotite, respectively. 

NC-type pyrrhotites are a structurally-diverse group with widely variable Nc values, including 

both periodic (Fe9S10 [5C], Fe10S11 [5.5C] and Fe11S12 [6C]) and non-periodic NC-pyrrhotites. 
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Superstructures can be easily recognised from electron diffractions from satellite, weaker 

reflections between two main (Bragg) reflections (Amelinckx et al., 1989). The 6C variety 

(Villiers and Liles, 2010) is listed in Table 5.1, since this was identified in the present study. 

5.4. Results 

The three foils obtained from the OD samples and studied here are: (i) one from the magmatic 

apatite in RD2280, i.e., SK3 and, (ii) two from the hydrothermal apatite in RD2773, i.e., K1 

and K2. The foils were imaged and briefly characterised on the FIB platform prior to TEM 

study. Results are shown in Figures 5.4-5.12. 

5.4.1 Magmatic apatite 

Foil SK3 was obtained from one of the largest apatite (several hundred µm), typical of the 

contact between granite and mafic enclaves, showing parallel, dense trails of inclusions (Fig. 

5.4a). Foil imaging shows this apatite contains nanometre-scale inclusions with two phases 

(Fig. 5.4b) which were identified by EDS-TEM spectra as pyrrhotite and fluorite (Fig. 5.5c, 

d). TEM imaging shows that the inclusions occur as parallel rods (Fig. 5.6a) and pyrrhotite is 

coherently intergrown with host apatite along the c* axis as seen from both (Selected Area of 

Electron Diffraction, SAED, in Fig. 5.6b). 

No pores or crystal defects are present in the apatite but indexing of SAEDs from apatite was 

possible using space group P6/m instead of P63/m (ideal hexagonal symmetry for apatite; 

Hughes et al., 1989; Table 5.1) due to the presence of reflections violating the 3-axis 

symmetry law (see below). Pyrrhotite shows 3 x fold satellite reflections (arrowed on Fig. 

5.6b) along the c* axis typical of 6C variety. 
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Fig. 5.4: Secondary electron (SE) images showing magmatic apatite with sub-micron 

inclusions of pyrrhotite and fluorite (a) grain on the surface of the polished block (b) TEM 

foil. 
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Fig. 5.5: Selected EDS-TEM spectra showing the composition of phases (as marked) in the 

three foils. The smallest inclusions Cu peak is due to the interference from the grid (copper). 

The smallest pyrrhotite inclusions (<50 nm) in c) are difficult to analyse even when 

decreasing the beam size to ~40 nm.  

 

Fig. 5.6: (a) Bright-field TEM image showing nm-scale inclusions of apatite (+ fluorite). (b) 

Selected Area of Electron Diffraction (SAED) showing coherent intergrowths between host 

apatite (Ap) and pyrrhotite inclusion (Po) along the c* axis. Satellite reflections due to the 

long range superstructuring in Po (Villiers and Liles, 2010) are marked by arrows. 

5.4.2 Hydrothermal apatite 

Foils K1 and K2 were obtained from two different grains of large (mm-size) apatite, typical of 

the Deep mineralization (e.g., Fig. 5.1c). Such grains also feature trails of inclusions but these 

are more erratically distributed than in the case of magmatic apatite (Krneta et al., 2016). The 

inclusions are dominantly monazite + ThSiO4 but include other phases such as hematite and a 

variety of sulphides, all of which vary greatly with regards to grain size (from nanometre-

scale up to several µm in size; Krneta et al., 2016). Most typical are the associations between 

monazite and the Th-silicate (Fig. 5.7a, b), which is also the association that was targeted by 

the present study. TEM imaging shows these are present in both foils, albeit in close 

association with one another (Fig. 5.7c). Foil K1 is cut across a boundary between apatite and 
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a larger monazite that contains abundant inclusions of fluorite and also sericite; smaller grains 

of quartz (SiO2) were also found within apatite from foil K2. EDS-TEM spectra obtained for 

all these minerals (except quartz) are shown in Fig. 5.4. 

Relevant SAEDs down to 1
st
 and 2

nd
 order zone axes obtained from apatite in both foils show 

this has a lower symmetry group (P6/m instead of P63/m; Fig. 5.7). Measurements of 

distances ~8.1Å corresponding to c axis in apatite (Table 5.1; SAEDs in Fig. 5.8a, b) indicate 

the presence (00l) reflections where l=n rather than 2n violates symmetry in space group 

P63/m (00l: l=2n).  

 

Fig. 5.7: (a) SE image showing the monazite-Th-silicate inclusions that were sliced for TEM 

sample. (b) SE image showing a detail of the inclusion after the foil was prepared. (c) Low-

resolution TEM images showing the two foils obtained for hydrothermal apatite. 

Identification of inclusion composition was obtained using EDS-TEM spectra in Fig. 5.7. 
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Fig. 5.8: SAEDs on first and second zone axes (as marked in square brackets) in apatite. The 

presence of (00l) reflections in (a) and (b) where l=n rather than 2n violates symmetry in 

space group P63/m. 
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Fig. 5.9: (a-b) TEM images of inclusions of monazite in foil K2. (d-f) SAEDs on zone axes as 

marked obtained from monazite in foil K2. Note violation of symmetry for the ideal space 

group P1 21/n1 (see text) in (c-e). 

Four distinct zone axes were indexed from monazite present as small inclusions in apatite 

from foil K2 (Fig. 5.9a). The SAEDs (Fig. 5.9c-f) could not be indexed using the ideal space 
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group P1 21/n1 but (Table 5.1; Ni et al., 1995) due to violation of symmetry rules (h00=2n; 

0k0; k=2n; 00l; l=2n; h0l; h+l=2n). A space group of lower symmetry P2 could be used 

instead (Fig. 5.9e-f). The [001] zone axis (Fig. 5.9c) was obtained from both inclusions at the 

same tilt, whereas different zone axes were obtained when tilting (Fig. 5.9d-e), albeit 

orthogonal orientation between the c* and a* axes for the two grains. This suggests that the 

small inclusions of monazite, although with random orientation relative to host apatite, share 

partial crystallographic orientation with one another, rather than being random. 

Similar SAEDs as those in Figure 5.9c-f were also obtained for the large monazite in foil K1. 

HR-TEM imaging down to [001] zone axis shows lattice fringes with no defects (Fig. 5.10a). 

At the same tilt, the larger fluorite inclusions are oriented down to [1-10] zone axis (Fig. 

5.10b). Although such fluorite inclusions have commonly euhedral morphology, small 

veinlets and protrusions are also observed along the boundary with monazite. 

 

Fig. 5.10: HR-TEM images and SAEDs (insets) obtained from monazite (a) and fluorite (b) 

in foil K1. The uneven colouring in (a) indicate monazite is beam sensitive. Note protrusions 

and veinlets of fluorite in monazite along their mutual boundary in (b).  
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SAEDs obtained from the Th-silicate occurring as inclusions at the top of foil K2 allow 

identification of thorite rather than huttonite (Fig. 5.11). Measurements on SAEDs down to 

[001] zone axis in thorite (Fig. 5.11a) are compatible with the ideal space group I41/amd 

(Table 5.1). However, violation of reflections conditions for this space group are observed in 

all the other three zone axes (Fig. 5.11b-d) and thus the indexing is done using a lower space 

group such as I42/ncm. The thorite inclusions show coherent intergrowths with apatite (Fig. 

5.12), whereby the a* axis in thorite and apatite are parallel to one another. Surprisingly, there 

is no preferential orientation between the orientation of thorite and monazite despite their 

close associations throughout the samples. 

 

Fig. 5.11: SAEDs down to zone axes in thorite as marked obtained from inclusion at the top 

in foil K2. SAED in (a) can be indexed using the ideal space group for thorite (I41/amd) but 

those in (c-d) contain measurements that violate reflection conditions: hk0; h, k=2n; hhl: 
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2h+l=4n; hkl: h+k+l=2n; 0kl; k+l=2n.One of the lower space groups, e.g., I42/ncm could be 

used instead for indexing. 

 

Fig. 5.12: TEM image (a) and SAED (b) showing coherent crystallographic relationships 

between thorite and apatite.  

5.5. Discussion and conclusions 

The TEM study here confirms the distinct mineral associations previously found in magmatic 

and hydrothermal apatite (Krneta et al., 2016) and show how these extend down to the 

nanoscale. In the case of hydrothermal apatite these associations are more varied than 

previously recognised as they also contain abundant fluorite, sericite and quartz. Identification 

of such inclusions and their association down to the nanoscale are paramount to understand 

petrogenetic models proposed so far (Gottesmann and Wirth, 1997; Krneta et al., 2016).  

The results show coherence between pyrrhotite and magmatic apatite concurrent with the 

results of Gottesman and Wirth (1997) for apatite in granitoids, and that of Xing and Wang 

(2017) for similar assemblages in layered mafic intrusions. However, the presence of fluorite 

in association with pyrrhotite backs up the model of magma mixing suggested by Krneta et al. 
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(2016). In contrast, Broska et al. (2014) suggested that the formation of such pyrrhotite 

inclusions is the result of reduced sulphur infiltration in apatite which binds with pre-existing 

Fe present in the apatite. Although an interesting proposition, such a mechanism in the case of 

RDG magmatic apatite is considered unlikely given the lack of evidence for hydrothermal 

alteration.   

Identification of thorite rather than huttonite as the Th-silicate polymorph supports a model of 

primary exsolution of this mineral from the host apatite rather than replacement as suggested 

by Harlov et al. (2007) based on hydrothermal experiments. Apatite, monazite and thorite, all 

show lower than ideal symmetries, a fact which could be corroborated with lattice distortion 

introduced by formation of inclusions. The present study also underlines the importance of 

slice cutting and extraction from a site of petrogenetic interest using FIB-TEM technique for 

TEM sample preparation (Ciobanu et al., 2011). 

In conclusion, the presence of fluorite in both magmatic and hydrothermal apatite shows that 

F is available from both the granitic melt and early hydrothermal fluid. This is important in 

the context of understanding the unusual enrichment of the Olympic Dam deposit in U and 

LREE since fluoride complexes can be the preferred metal ligands in the deposition of LREE 

(Migdisov et al., 2016). The present study also shows that the transition from magmatic to 

hydrothermal regimes in IOCG deposits can be a fertile stage for trace element enrichment 

and/or metal deposition when felsic magmas (granitoids) are responsible for the onset of the 

mineralising hydrothermal system. 
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CHAPTER 6: NUMERICAL MODELING OF REE TRENDS IN 

FLUORAPATITE: SNAPSHOTS OF FLUID EVOLUTION IN A GIANT 

HYDROTHERMAL SYSTEM 

Abstract 

Trace element signatures in apatite are used to study hydrothermal processes due to the ability 

of this mineral to chemically record and preserve the impact of individual hydrothermal 

events. Interpretation of rare earth element (REE)-signatures in hydrothermal apatite can be 

complex due to not only evolving fO2, fS2 and fluid composition, but also to the broad variety 

of different REE-complexes (Cl-, F-, P-, SO4, CO3, oxide, OH
-
 etc.) in the fluid, and the wide 

variety of solubilities and stabilities that these complexes exhibit. To facilitate interpretation 

of evolving REE-signatures within the giant Olympic Dam iron-oxide-copper-gold deposit, 

South Australia, the REE-signatures of three unique apatite types from hydrothermal 

assemblages crystallized under partially constrained conditions have been numerically 

modeled, and the partitioning coefficients between apatite and fluid calculated. Results of 

these calculations duplicate the measured data showing a transition from early LREE- to later 

MREE-enriched apatite, which can be achieved by an evolution in the proportion of different 

REE-complexes, each with inherent stabilities and solubilities. Modeling also efficiently 

explains the switch from REE-signatures with negative to positive Eu-anomalies. REE 

transport in hydrothermal fluids is attributed to REE-Cl complexes, thus explaining both the 

LREE-enriched character of the deposit and the relatively LREE-depleted nature of later 

generations of apatite. The presence of apatite with positive Eu-anomalies is attributed to 

crystallization from late neutral to alkaline fluids characterized by the presence of Eu
3+

 

species. 

Keywords: apatite; numerical modeling; Olympic Dam; rare earth elements. 
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6.1 Introduction 

Trace elements (concentrations <<1 wt.%) and their variation within hydrothermal minerals 

can provide valuable information on fluid parameters and conditions of ore deposition for 

assemblages which are well constrained with respect to paragenetic position. Studies have 

demonstrated the interdependency between hydrothermal conditions and the compositions of 

specific minerals (e.g., Smith et al., 2004, Brugger et al., 2008, van Hinsberg et al., 2010). 

Many of these studies have focused on the rare earth elements (REE), which display a 

coherent behavior to one another due to similar electronic configurations, common trivalent 

oxidation state, and systematic decrease in atomic radius with increased atomic number. This 

typically leads to smooth fractionation across the group (e.g., Haas et al., 1995) but since Eu 

and Ce may also occur as Eu
2+

 and Ce
4+

, redox-sensitive anomalies may result. 

The behavior of the REE in hydrothermal fluids is affected by parameters such as pH, 

temperature, salinity, redox conditions and fluid composition (e.g., Bau, 1991, Haas et al., 

1995, Migdisov and Williams-Jones, 2014, Migdisov et al., 2016), thus allowing REE to be 

used as geochemical tracers in hydrothermal systems. Emphasis has been placed on 

determining the thermodynamic properties of various REE complexes in hydrothermal fluids 

at temperatures typical of ore deposit formation (Migdisov and Williams-Jones, 2014, 

Migdisov et al., 2016), which can support numerical modeling of REE behavior.  

Modeling of REE patterns for zoned calcic garnet (Smith et al., 2004) and scheelite 

(Brugger et al., 2000, 2008) have shown the sensitivity of these minerals to changes in fluid 

parameters. In both cases, modeling addressed compositionally-zoned minerals, in which 

core-to-rim compositional variation was modeled in terms of partitioning between mineral 

and fluid, involving evolving fluid parameters, successfully reproducing the patterns 

measured. The work of Brugger et al. (2008), which focused on high-grade orogenic gold 
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ores, emphasized the sensitivity of REE patterns in scheelite to pH variation, and suggested 

that apatite should behave similarly and display analogous signatures enriched in middle REE 

(MREE). 

Chondrite-normalized REE fractionation patterns of apatite-group minerals are recognized 

as valuable tools for understanding hydrothermal processes (Harlov, 2015). Despite being 

widespread in a wide range of magmatic to metamorphic rocks (Belousova et al., 2001,2002, 

Cao et al., 2012, Teiber et al., 2015, Mao et al., 2016), apatite chemistry has not previously 

been modeled in the same way as scheelite or calc-silicates. Chondrite-normalized REE 

fractionation trends for apatite are widely reported from a variety of rocks but such trends are, 

in general, remarkably consistent with one another, conspicuous by consistent, downward-

sloping trends featuring relative enrichment in light REE (LREE) (Cao et al., 2012, Teiber et 

al., 2015, Mao et al., 2016). Variation in the size and sign of Eu anomalies across rock suites 

from across metallogenic provinces have been used to infer variability or change in redox 

conditions (e.g., Cao et al., 2012). 

Apatite is a conspicuous component of iron-oxide-copper-gold IOCG systems, including 

those within the Olympic Cu-Au Province of South Australia. Apatite is particularly abundant 

within early apatite-magnetite assemblages, which resemble those of the iron-oxide-apatite 

(IOA) subgroup, such as Kiruna, Sweden (Krneta et al., 2016, 2017a, b, Apukhtina et al., 

2017, Ehrig et al., 2017). Recent study of apatite from Olympic Dam (Krneta et al., 2016), 

which is by far the largest deposit in the Olympic Cu-Au Province (Ehrig et al., 2012), has 

demonstrated a systematic compositional variation with regards to F, Cl, S, As, and most 

prominently REE, which correlates with changes in the host intrusive or hydrothermal 

assemblage. Distinct REE-signatures are characteristic of apatite from certain hydrothermal 

assemblages; these vary from LREE-enriched types within early reduced, high-temperature 

magnetite-apatite-chlorite-carbonate±pyrite±chalcopyrite, assemblages preserved on the 
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margins of the deposit and at depth, to MREE-enriched signatures within shallow zones in 

which hematite is dominant. Finally, apatite within late-stage massive bornite mineralization 

is both MREE-enriched and displays marked positive Eu-anomalies (Krneta et al., 2017a). 

The transition from early high-temperature magnetite-dominant to later hematite-dominant 

assemblages in the Olympic Dam area coincided with significant changes in the mineralizing 

fluids as determined by fluid inclusion studies (Oreskes and Einaudi, 1992; Bastrakov et al. 

2007). Given the well documented association between apatite with a specific chemistry and 

hydrothermal assemblages formed under known fluid conditions, numerical modeling of 

apatite/fluid partitioning can offer significant insights into the behavior of REE during 

formation of Olympic Dam. Using empirical mineral compositional data and newly published 

thermodynamic values for REE complexes (Migdisov et al., 2016), along with assumptions 

for other fluid parameters grounded in the stabilities of the host assemblage, REE behavior 

and partitioning coefficients between apatite and fluid are modeled numerically. Using three 

examples of unique apatite REE-signatures, the transition from LREE- to MREE-enriched 

and finally MREE-enriched signatures with positive Eu-anomalies, is shown to be the direct 

result of changes in the character of the hydrothermal fluids during formation of Olympic 

Dam. 

 

6.2 Background and Rationale 

6.2.1 Apatite chemistry and controls on elemental uptake 

The apatite supergroup (Pasero et al., 2010) constitutes a large group of named minerals made 

possible by the extraordinary flexibility of the apatite structure (e.g., White and Dong, 2002), 

which allows for incorporation of approximately half the elements in the periodic table 

(Hughes and Rakovan, 2015). The general formula of apatite supergroup minerals is defined 
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as A5(XO4)3Z, where the A position is most commonly occupied by Ca
2+

 but can be 

substituted by a variety of other di-, tri- and tetravalent cations, such as Na
+
, Sr

2+
, Pb

2+
, Ba

2+
, 

Mn
2+

, Fe
2+

, Mg
2+

, Ni
2+

, Co
2+

, Cu
2+

, Zn
2+

, Sn
2+

, Cd
2+

, Eu
2+

, REE
3+

, Y
3+

, Zr
4+

, Ti
4+

, Th
4+

, U
4+

, 

and S
4+

, as well as U
6+

. The X position is dominantly occupied by P, as PO4
3-

, but can also 

accommodate SO4
2-

, AsO4
3-

, VO4
3-

, SiO4
4-

, CO3
2- 

, CrO4
2-

 , CrO4
3-

, GeO4
4-

, SeO4
4- 

and WO4
3-

. 

Finally, the Z position hosts F, Cl and OH
- 

defining the three end-members fluorapatite, 

chlorapatite and hydroxyapatite, termed apatite "sensu stricto" (Hughes and Rakovan, 2002). 

Three cation polyhedra make up the apatite structure, a single, rigid PO4 tetrahedron and 

two Ca polyhedra Ca1 and Ca2 (Hughes and Rakovan, 2002). Of these, the Ca2 position 

dominantly hosts LREE and the Ca1 position the heavy-REE (HREE), with Nd expressing no 

preference for either position (Hughes and Rakovan, 2015). The size of these positions exerts 

the dominant control on trace element substitution through the proximity principle 

(Goldschmidt, 1937), meaning that elements with atomic radii closest to that of the 

substituting position are most readily substituted. In instances where an elements valance state 

is different to that of the position it is substituting, such as in the case of REE
3+

 substituting 

for Ca
2+

,
 
overall charge balance is maintained through a variety of different coupled charge-

compensated substitutions (Pan and Fleet, 2002, Rønsbo, 1989). 

In the magmatic environment, once the effects of the proximity principle, whole rock 

composition and the co-partitioning of REE between apatite and other minerals are taken into 

account, apatite REE-signatures are largely predictable. In contrast, REE-trends in 

hydrothermal apatite are far more complex since the wide array of fluids capable of 

crystallizing apatite can carry variable concentrations of REE as a range of soluble complexes 

(e.g., Migdisov et al., 2016). These factors, combined with temperature, pH, fO2 and others, 

dictate the dominance or absence of an individual REE at the conditions of apatite 
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crystallization, in turn resulting in a wide variety of REE-signatures among hydrothermal 

apatites. 

For example, redox-sensitive Eu, can be present as Eu
3+

 and Eu
2+ 

giving it the ability to 

partition away from the other trivalent REE. This behavior has been used to infer variability 

or change in redox conditions (e.g., Cao et al., 2012), as well as changes in fluid parameters 

due to the sensitivity of Eu
3+

/Eu
2+

 complexing to pH (Brugger et al., 2008). Similarly, the 

common tendency for the LREE to speciate as stable and soluble LREE-Cl complexes to a 

greater extent than for HREE can lead to spatial disassociation from LREE (Migdisov et al., 

2016). 

6.2.2 Apatite within the Olympic Dam deposit 

Olympic Dam is the largest expression of IOCG mineralization within the Olympic Cu-Au 

Province (10,400 Mt at 0.77% Cu, 0.25 kg/t, 0.32 g/t Au and 1 g/t Ag; BHP, 2016). The 

deposit is hosted within the Olympic Dam Breccia Complex, a collective term used to 

describe a range of breccias, intrusives and other lithologies associated with the Olympic Dam 

ore environment (Reeve et al., 1990, Ehrig et al., 2012). This in turn is hosted within the 

Roxby Downs Granite (RDG), a pink, hydrothermally altered yet undeformed, two-feldspar 

granite belonging to the ~1.6 Ga Hiltaba Suite (Creaser, 1989, Johnson and Cross, 1995, 

Kontonikas-Charos et al., 2017). 

Mineralogical zoning is expressed across the deposit as variations in the dominant Fe-

oxide and Cu-(Fe)-sulfide species (Ehrig et al., 2012) whereby reduced magnetite±pyrite± 

chalcopyrite assemblages grade laterally from the peripheries of the deposit and upwards from 

depth to oxidized, hematite-dominant chalcopyrite+bornite assemblages, and finally to 

chalcocite-dominant assemblages at shallow levels. Similarly, the dominant silicate alteration 

minerals vary from chlorite-dominant in association with reduced magnetite assemblages (in 
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which magmatic feldspars are also often preserved) to sericite-dominant in association with 

hematite (Ehrig et al., 2012, Kontonikas-Charos et al., 2017). 

The work of Krneta et al. (2016, 2017a) defined the morphological and chemical 

characteristics of apatite across the Olympic Dam deposit and showed that apatite associated 

with a specific intrusive rock or hydrothermal assemblage displays chemical characteristics 

unique to that particular assemblage. Moreover, apatite was found to record subsequent 

hydrothermal overprinting events expressed within zoned grains. 

Hydrothermal apatite is abundant within the magnetite-dominant assemblages such as the 

deep mineralization (Krneta et al., 2016, Apukhtina et al., 2017), where it occurs as coarse (> 

several mm) grains, or large aggregates consisting of multiple ~500 µm grains commonly 

interstitial to magnetite. Compositionally, such apatite is LREE-enriched with moderate 

negative Eu-anomalies (Figure 6.1, Table 6.1). 

Although hematite-sericite alteration is best developed in the higher, central portions of the 

deposit, it significantly overprints early magnetite-dominant mineralization throughout the 

deposit (Ehrig et al., 2012). Here, pre-existing apatite is altered along fractures and grain rims 

and depleted in LREE, S, and Cl. In instances where hematite-sericite alteration is pervasive, 

particularly hematite-sericite associated apatite within the RDG, the apatite is strongly 

MREE-enriched with a weak negative Eu-anomaly (Figure 6.1, Table 6.1; Krneta et al., 2016, 

2017a). MREE-enrichment in association with hematite-sericite alteration has also been 

documented from the Wirrda Well and Acropolis IOCG prospects SSE and SSW of Olympic 

Dam as well, suggesting that such a feature may be generic and linked to ore genesis (Krneta 

et al., 2017a, b). 
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Figure 6.1: Chondrite-normalized REE-signatures of three apatite types hosted within the 

Olympic Dam mineralized system (Krneta et al., 2016, 2017a) used in the numerical 

modeling of partitioning between apatite and fluid. 

Within upper levels of the deposit, volumetrically limited, massive, high-grade bornite 

mineralization hosts apatite with extreme MREE-enrichment. Unlike the hematite-sericite 

associated mineralization, such apatite displays a positive Eu-anomaly (high-grade bornite 

ore hosted apatite, Figure. 6.1, Table 6.1; Krneta et al., 2017a). Such a signature is very 

unusual for apatite (e.g., Belousova et al., 2002, Cao et al., 2012, Teiber et al., 2015, Mao et 

al., 2016), however it has been observed within the Acropolis deposit where Krneta et al. 

(2017b) showed it to be the result of crystallization from late-stage neutral to alkaline fluids 

on the basis of mineral stabilities and Eu-speciation. 
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Deep mineralization  

REY-, S- and Cl-rich 

cores 

Hematite-

sericite altered 

RDG hosted 

High-grade 

bornite ore  

hosted 

La 1520 84 7 

Ce 4192 258 49 

Pr 504 47 17 

Nd 1868 280 194 

Sm 298 195 631 

Eu 27 45 391 

Gd 247 290 1217 

Tb 32 32 97 

Dy 187 125 365 

Ho 37 16 49 

Er 104 33 92 

Tm 13 4 9 

Yb 83 24 39 

Lu 11 3 4 

Table 6.1: REE concentrations (in ppm) of three apatite types hosted within the Olympic 

Dam mineralized system (Krneta et al., 2016, 2017a) used as examples in the numerical 

modeling of partitioning between apatite and fluid. 

6.2.3 Fluid evolution within IOCG systems, REE speciation and the controls 

on apatite/fluid partitioning 

Study of fluid inclusions within IOCG mineralization in the Olympic Cu-Au Province 

(Oreskes and Einaudi, 1992, Morales Ruano et al., 2002, Bastrakov et al., 2007, Ismail et al., 

2014, Schlegel, 2015), as well as from IOCG globally (Chiaradia et al., 2006, Baker et al., 

2008, Gleeson and Smith, 2009) has provided crucial insights into the formation of these 

deposits by defining the temperatures and salinities of fluids associated with each 

hydrothermal assemblage in any given deposit. In the case of Olympic Dam, early magnetite-

dominant mineralization was found to have formed at temperatures in excess of 400 °C from 

fluids with salinities between 20 and 45 wt. NaCl equiv. (Oreskes and Einaudi, 1992). Similar 

magnetite-dominant assemblages throughout the Olympic Cu-Au Province formed under 

similar conditions (Bastrakov et al., 2007). However, Olympic Dam hematite-dominant 
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mineralization crystallized from cooler (150-300 °C), low-salinity (1-8 wt.% NaCl) fluids 

(Oreskes and Einaudi, 1992). Numerous authors have speculated that this transition was 

largely responsible for deposition of Cu-Au within many of the IOCG systems given that the 

early magnetite-stage ore fluids were rich in copper (>500 ppm Cu based on PIXE analysis; 

Bastrakov et al., 2007), but lacked a suitable depositional mechanism. Similarly, Haynes et al. 

(1995) modeled this transition and found that changes in fluid salinity, temperature and other 

parameters, such as pH, were sufficient to bring about deposition of Cu-Au-U-Ag 

mineralization. 

None of these authors considered, however, the behavior of the REE during this transition 

despite the presence of REE within the deposit at elevated concentrations compared to crustal 

values, particularly in the case of La and Ce. The work of Migdisov et al. (2016) provides the 

most comprehensive account of REE behavior in hydrothermal fluids along with 

thermodynamic properties for a suite of REE complexes derived from experiments conducted 

at elevated temperatures. The new thermodynamic data disputes the ambient temperature 

extrapolated values of Haas et al. (1995) and defines the roles of the various REE complexes 

within hydrothermal systems formed at elevated temperatures and neutral to acidic conditions. 

The authors emphasize that the low solubility of REE-F, -P, -oxide, -OH and -CO3 complexes 

makes them unlikely to be involved in REE transport. Conversely, the high solubility and 

stability of REE-Cl and SO4 complexes along with their likely high concentration in 

hydrothermal fluids (e.g., highly saline hydrothermal fluids) suggests that they are central to 

REE transport. Significant variability is, however, observed among the REE with regards to 

complexing behavior. LREE are much more stable than HREE as Cl-complexes suggesting 

that they should also be more readily transported and concentrated upon precipitation. Such a 

hypothesis is proven directly by modeling (Migdisov et al., 2016), and indirectly by the 

predominance of LREE-enriched hydrothermal systems as opposed to those enriched in 
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HREE (e.g., Cook et al., 2013, Weng et al., 2015), although the unique geological settings of 

specific hydrothermal systems will facilitate further complexities. 

6.3 Methodology 

6.3.1 Numerical modeling of apatite/fluid partitioning coefficients 

Brugger et al. (2000, 2008), Smith et al. (2004) and Migdisov et al. (2016) have outlined the 

methodology for calculation of fluid partitioning coefficients in minerals where Ca is a major 

component. Substitution mechanisms must be defined as a preliminary requisite step. These 

can either be direct, e.g., Eu
2+ 

for Ca
2+

 substitution, or via charge-compensated coupled 

substitutions involving elements such as Na or Si in the case of REE
3+

. For calculation of 

partitioning coefficients between apatite and fluid, the two substitution mechanisms are 

proposed to be: 

(1) 𝐶𝑎𝐴𝑝
2++𝐸𝑢𝑎𝑞

2+ ↔𝐶𝑎𝑎𝑞
2++𝐸𝑢𝐴𝑝

2+ 

(2) 2𝐶𝑎𝐴𝑝
2++𝑅𝐸𝐸𝑎𝑞

3++𝑁𝑎𝑎𝑞
+  ↔ 2𝐶𝑎𝑎𝑞

2++𝑅𝐸𝐸𝐴𝑝
3++𝑁𝑎𝐴𝑝

+  

Although REE incorporation into the apatite types used here (Figure 6.1, Table 6.1) appears 

to be primarily accommodated by Si
4+

-for-P
5+

 substitution based on EPMA analysis (Krneta 

et al., 2016), the simplifying assumption that the dominant substitution involves charge 

compensation by Na
+
 has been made to eliminate the complications involved in considering 

multiple elements in this role. This is considered prudent and in line with analogous 

approaches (e.g., Smith et al., 2004). 

Using equations (1) and (2) we can define the equilibrium constants (K) expressed in 

equations (3) and (4), respectively, where ‘ai’ is the activity of element ‘i’ in the fluid (aq) or 

in apatite (Ap). 
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(3)  K1(𝑃, 𝑇)= 
𝑎

𝐸𝑢𝐴𝑝 
2+

𝑎
𝐸𝑢𝑎𝑞

2+

𝑎
𝐶𝑎𝑎𝑞

2+

𝑎
𝐶𝑎𝐴𝑝

2+
 

(4)   K2(𝑃, 𝑇)= 
𝑎

𝐶𝑎𝑎𝑞
2+

2

𝑎
𝐶𝑎𝐴𝑝

2+
2

𝑎
𝑅𝐸𝐸𝐴𝑝 

3+

𝑎
𝑅𝐸𝐸𝑎𝑞

3+

𝑎
𝑁𝑎𝐴𝑝

+

𝑎
𝑁𝑎𝑎𝑞

+
 

The apatite/fluid partitioning coefficient (Di) is related to the equilibrium constant Ki by 

equations (5) and (6), where ‘Yi’ denotes the activity coefficient of element ‘i’ and the square 

brackets in (6) define the concentration of the elements in the fluid in molal terms, and as 

mole fraction in the apatite. 

(5)   𝐷
𝐸𝑢2+

𝐴𝑝

𝑓𝑙𝑢𝑖𝑑  = K1(𝑃, 𝑇)
𝑌

𝐸𝑢𝑎𝑞 
2+

𝑌
𝐶𝑎𝑎𝑞

2+

𝑌
𝐶𝑎𝐴𝑝

2+

𝑌
𝐸𝑢𝐴𝑝

2+
 

(6)    𝐷
𝑅𝐸𝐸3+

𝐴𝑝

𝑓𝑙𝑢𝑖𝑑 = K2 (𝑃, 𝑇) 
𝑌

𝑅𝐸𝐸𝑎𝑞 
3+

𝑌
𝐶𝑎𝑎𝑞

2+
2

𝑌
𝑁𝑎𝑎𝑞

+

𝑌
𝑅𝐸𝐸𝐴𝑝

3+

𝑌
𝐶𝑎𝐴𝑝

2+
2

𝑌
𝑁𝑎𝐴𝑝

+

⌊𝑁𝑎𝑎𝑞
+ ⌋

⌊𝐶𝑎𝑎𝑞
2+⌋

⌊𝐶𝑎𝐴𝑝
2+⌋

⌊𝑁𝑎𝐴𝑝
+ ⌋

 

Assuming that the solid solution is dilute and ideal, the activity coefficients for Ca and each 

individual REE can be assumed to be at unity. Moreover, if the fluid is considered dilute and 

ideal, then Ca and each of the other REE are equally at unity allowing (6) to be reduced to (7).  

(7) 𝐷
𝑅𝐸𝐸3+
𝐴𝑝 𝑓𝑙𝑢𝑖𝑑⁄

 = 𝐾2(P, T)
⌊𝑁𝑎𝑎𝑞

+ ⌋

⌊𝐶𝑎𝑎𝑞
2+⌋

⌊𝐶𝑎𝐴𝑝
2+⌋

⌊𝑁𝑎𝐴𝑝
+ ⌋

 

Using values obtained for individual REE from equations (5) and (7) together with equation 

(8) modified from Smith et al. (2004), we can model the crystallization of apatite in an open 

system involving a constantly replenished fluid accounting for the common lack of intra-grain 

zoning observed in the apatite types used as the basis for the preceding models. This 

methodology also largely follows Brugger et al. (2000). 

(8) 𝐶𝐴𝑝 = 𝐷
𝑅𝐸𝐸3+

𝐴𝑝

𝑓𝑙𝑢𝑖𝑑
 x 𝐶𝑎𝑞

(𝐷−1)
 

Activities of REE and other relevant components were calculated using Geochemist’s 

Workbench
® 

11 (Bethke and Yeakel, 2016) after updating the database for REE-Cl and -F 

aqueous species according to thermodynamic values given by Migdisov et al. (2016). In the 
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case of LREE, the activity is most commonly represented by a single chloride complex 

whereas the activity of MREEs and HREEs are distributed among multiple species (chloride, 

fluoride, hydroxide and oxide). As such these were combined and a total value, 𝑎𝑅𝐸𝐸𝑡𝑜𝑡𝑎𝑙
, was 

used in the calculations. Although this method may be a simplification of the natural 

hydrothermal system, it is nevertheless in line with the approach followed elsewhere. 

Previous studies (e.g., Smith et al., 2004) have resolved the complication of an individual 

REE being present as multiple complexes by not defining the various species, and treating the 

activity of an individual REE as a single parameter. In other published work, notably Brugger 

et al. (2008), the scenario investigated involved the speciation of Eu under two sets of 

conditions, each of which contained Eu exclusively as a single species. 

6.3.2 Study cases and determination of fluid conditions 

Three unique study cases of apatite sub-types from Olympic Dam were selected from the 

work of Krneta et al. (2016, 2017a) based on their well-defined REE-signatures and 

associations with particular hydrothermal assemblages (Figure 6.1, Table 6.1). To perform the 

numerical modeling and determine apatite/fluid REE partitioning, a set of fluid conditions for 

each scenario must be defined along with the concentrations of crucial elements such as the 

REE, complexing ligands, Ca and Na. In the case of the reduced, magnetite-dominant 

mineralization (deep mineralization) and the oxidized, hematite-sericite associated apatite, 

empirical fluid inclusion measurements (Oreskes and Einaudi, 1992) provide temperature and 

salinity data. Other required input parameters, such as pH and fO2 were determined based on 

the stabilities of constituent minerals within the assemblages and incorporating the modeling 

work of Haynes et al. (1995). These are outlined in Table 6.2 and shown in Figure 6.2. 
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Deep min.  

hosted apatite 

hematite-

sericite  

associated 

apatite 

high-grade 

bornite  

ore hosted 

apatite 

 Model 1.1 1.2 2.1 2.2 3.1 3.2 

O2 aq (log g) -36.8 -36.8 -31.7 -31.7 -31.7 -32 

H+ (pH) 5.2 5.2 4.4 4.4 8.5 6.6 

NaCl (wt%) 20 20 10 10 5 5 

Ca (wt%) 0.61 3 0.37 4 1.06 3.5 

HCO3
- (wt%) 0.37 0.37 0.94 0.94 2.40 2.40 

F- (wt%) 0.005 0.005 0.005 0.005 0.005 0.005 

SO4
-- (wt%) 0.15 0.15 0.15 0.15 2.00 2.00 

Temperature 300 300 300 300 300 300 

La (ppm) 100 100 100 100 1200 1200 

Ce (ppm) 200 200 200 200 1700 1700 

Pr (ppm) 21 21 24 24 150 150 

Nd (ppm) 70 70 80 80 393 393 

Sm (ppm) 12.4 12.4 14 14 41.2 41.2 

Eu (ppm) 1.7 1.7 1.9 1.9 12.4 12.4 

Gd (ppm) 10.3 10.3 11.8 11.8 28 28 

Tb (ppm) 1.6 1.6 1.7 1.7 3.4 3.4 

Dy (ppm) 9.5 9.5 10.3 10.3 16.7 16.7 

Ho (ppm) 1.9 1.9 2 2 3 3 

Er (ppm) 5.7 5.7 6.1 6.1 9.1 9.1 

Tm (ppm) 0.5 0.5 0.7 0.7 1.2 1.2 

Yb (ppm) 5.6 5.6 6.3 6.3 8.6 8.6 

Lu (ppm) 0.9 0.9 1.1 1.1 1.3 1.3 

 

Table 6.2: Numerical model fluid parameters and fluid chemistry. 

Given that no empirical measurements of fluid REE, Ca or complexing ligand concentrations 

currently exist, these need to be assumed. Following Smith et al. (2004), the various element 

concentrations are assumed to be equal to the whole rock concentrations of the interpreted 

fluid source (this is unaltered RDG in the case of the deep mineralization), or the whole rock 

concentrations in the rock host in the case of the hematite-sericite associated and the high-

grade bornite ore hosted apatite. Whole rock values given by Ehrig et al. (2012) for the 

unaltered RDG, sericite-altered RDG and mineralized RDG (10-20 wt. % Fe, Cu ≥3000 ppm) 

were used for the deep mineralization, hematite-sericite associated and high-grade bornite 

ore hosted apatite, respectively, as outlined in Table 6.2. 
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Figure 6.2: Diagram showing the relative stabilities of Cu-Fe sulfides, Fe-oxides and K-

feldspar-sericite. The various model scenarios are shown as colored circles demonstrating 

their agreement with the wider mineral assemblage (Krneta et al., 2016, 2017a). 

6.4 Results and Discussion 

6.4.1 Apatite/fluid REE partitioning and the effects of evolving fluid 

conditions 

Using the methods and fluid parameters described and chemistry as outlined in Table 6.2, six 

models were generated, two for each apatite type (deep mineralization, hematite-sericite 



 SASHA KRNETA   Ph.D. DISSERTATION  

168 

associated and massive bornite hosted apatite). Results of the modeling and calculations are 

shown in Appendix A with the model apatite and apatite/fluid partitioning coefficient D 

shown graphically as Figure 6.3. 

 

Figure 6.3: (a) Measured (dashed line) and model (full lines) chondrite-normalized 

concentrations of REE, and (b) the corresponding calculated apatite/fluid partitioning 

coefficients D for each model. 

Within the generated models, by far the best fits to the measured apatite compositions are 

provided by models 1.2 and 2.2. The remaining models significantly understate the observed 

absolute REE concentrations, but nonetheless successfully replicate the shape of the measured 

chondrite-normalized REE fractionation trends. Many of these however are within the 

concentration ranges obtained for the measured apatite. To replicate the absolute mean REE 
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concentrations, models 1.2 and 2.2 required an assumption of high Ca concentrations in the 

fluid (3 and 4 wt.%), respectively which may be excessive for such fluids, even if it is noted 

that Haynes et al. (1995) proposed fluids containing ~2.5 wt.% Ca. As suggested, the primary 

effect of increasing Ca concentrations is an increase in the absolute REE levels within model 

apatite. However, this is not the case in models 3.1 and 3.2, suggesting that at the pH values 

proposed for these models (8.5 and 6.6, respectively) the effects of increasing Ca 

concentration is minor. Similarly, varying Na concentrations within all models, in isolation, 

primarily effects the absolute levels of REE but to a lesser extent than variation in Ca. 

The various model groups are primarily distinguished with respect to changes in 

apatite/fluid partitioning coefficients, D, and the speciation of individual REE. For example, 

models 1.1 and 1.2 display relatively flat fractionation behavior, varying across a single order 

of magnitude, whereas in the case of the models attempting to replicate the MREE-enriched 

apatite varieties, they vary across at least 4 orders of magnitude with very low D values for 

LREE, increasing towards the MREE, and decreases slightly for HREE (Figure 6.3). These 

very low rates of LREE fractionation are, to a certain extent, artefacts of the highly LREE-

enriched nature of the fluids chosen to represent models 2.1, 2.2, 3.1 and 3.2. However, in the 

case of models 2.1 and 2.2, an explanation for this fractionation can be observed in the 

increased proportion of fluid LREE activity being represented by Cl complexes (Table 6.3), a 

change which can be expected to increase the likelihood of these elements remaining mobile 

(Migdisov et al., 2016) and thus inhibit incorporation into apatite. Moreover, this would 

explain the commonly observed LREE depletion associated with hematite-sericite 

overprinting of pre-existing apatite (Krneta et al., 2016, 2017a). An increase in the dominance 

of Cl complexes is primarily caused by a drop in pH from 5.2 to 4.4, and does not exhibit a 

sensitivity to changes in NaCl concentrations since sufficient Cl is available in all the models 

to facilitate formation of REE-Cl species. 
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% of REE activity as Cl complexes 

 

Proportion of REE activity as oxide and OH- 

complexes 

Model 1.1 1.2 2.1 2.2 3.1 3.2   1.1 1.2 2.1 2.2 3.1 3.2 

La 91.9 94.0 97.5 99.1 0 3.5E-03 

 

6.21 4.57 0.20 0.11 100 100 

Ce 63.7 70.8 93.8 97.1 1.2E-10 4.9E-04 

 

31.7 27.0 1.89 1.09 100 100 

Pr 67.0 73.6 96.1 98.2 0 1.6E-04 

 

29.6 25.0 1.67 0.97 100 100 

Nd 30.7 36.9 84.6 92.6 0 2.9E-05 

 

65.3 61.9 6.01 4.39 100 100 

Sm 10.2 13.1 64.5 79.7 0 1.7E-06 

 

85.5 84.8 12.9 10.4 100 100 

Eu 100 100 100 100 0 0 

 

0 0 0 0 100 100 

Gd 13.3 18.3 57.3 77.1 0 1.7E-06 

 

72.4 73.9 7.40 5.32 100 100 

Tb 5.04 7.65 34.4 58.8 0 7.4E-07 

 

79.4 83.8 8.49 8.37 100 100 

Dy 5.96 2.02 30.3 56.0 0 5.1E-07 

 

69.3 83.4 5.36 5.05 100 100 

Ho 7.82 6.79 31.2 56.5 0 4.7E-07 

 

75.2 83.8 7.85 7.24 100 100 

Er 1.06 1.47 16.4 34.7 0 0 

 

89.1 93.3 12.3 13.6 100 100 

Tm 1.30 1.80 3.72 36.0 0 8.4E-08 

 

91.8 95.2 17.8 47.9 100 100 

Yb 0.60 0.82 11.2 26.7 0 0 

 

93.4 97.2 20.5 24.5 100 100 

Lu 0.18 0.25 3.01 6.51 0 0 

 

88.7 94.1 14.0 30.7 100 100 

              

 

% of REE activity as F complexes 

 

Proportion of REE activity as SO4 complexes 

Model 1.1 1.2 2.1 2.2 3.1 3.2   1.1 1.2 2.1 2.2 3.1 3.2 

La 1.85 1.38 1.94 0.74 2.3E-08 0 

 

0 0 0.38 0.10 3.3E-09 1.5E-04 

Ce 4.54 2.21 4.28 1.76 3.1E-09 7.9E-10 

 

0 0 0 0 0 0 

Pr 3.44 1.42 2.19 0.83 4.2E-10 0 

 

0 0 0 0 0 0 

Nd 4.02 1.20 5.76 2.00 1.5E-10 1.2E-10 

 

0 0 3.59 1.04 7.5E-11 1.3E-05 

Sm 4.34 2.09 18.4 8.57 1.9E-11 0 

 

0 0 4.17 1.34 6.5E-12 1.4E-06 

Eu 0 0 0 0 0 0 

 

0 0 0 0 0 0 

Gd 14.3 7.77 35.3 17.5 7.5E-11 2.9E-10 

 

0 0 0 0 0 0 

Tb 15.5 8.60 53.8 32.8 8.5E-11 4.4E-10 

 

0 0 3.38 0 2.9E-12 0 

Dy 24.7 14.6 62.7 38.9 1.1E-10 3.5E-10 

 

0 0 1.73 0 1.7E-12 0 

Ho 17.0 9.41 59.2 36.3 8.6E-11 1.1E-10 

 

0 0 1.76 0 1.5E-12 0 

Er 9.81 5.19 69.7 51.7 2.5E-11 7.2E-11 

 

0 0 1.59 0 3.5E-13 7.7E-08 

Tm 6.89 2.96 74.2 10.7 2.7E-11 8.2E-11 

 

0 0 4.32 5.34 4.0E-13 8.7E-08 

Yb 5.96 1.96 66.6 48.8 1.7E-11 5.5E-10 

 

0 0 1.69 0 3.5E-13 7.7E-08 

Lu 11.1 5.68 82.3 62.8 3.1E-11 1.2E-10 

 

0 0 0.68 0 0 2.8E-08 

Table 6.3: Percentages of REE activity represented within the model fluids as various 

complexes. Chloride complexes dominate LREE speciation in models 1.1 and 1.2. This 

proportion increases within models 2.1 and 2.2, in which Cl complexes increasingly 

represent all REE. Models 3.1 and 3.2 are entirely dominated by oxide and hydroxide 

species. REE-SO4 species are absent in most models and only minor constituents in models 

that assume very high SO4 concentrations (~2 wt.%). 
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Within all models chosen, with the exceptions of 3.1 and 3.2, REE-F species account for a 

portion of each REE's activity. This is particularly true in the case of models 2.1 and 2.2 

where a major proportion of HREE activity is represented by these complexes. In comparison 

to models 1.1 and 1.2 where these species are carried largely by oxide and hydroxide species, 

the transition to lower pH conditions would inhibit the crystallization of F as fluorite and 

increase its availability for REE complexing (Migdisov et al., 2016). 

In all cases, the majority of HREE activity is represented by low-solubility F-, oxide- and 

hydroxide-complexes, all of which are considered highly immobile (Migdisov et al., 2016). 

This may explain the much smaller variability that these elements exhibit compared to LREE 

with respect to both REE-signatures and absolute concentrations. 

The significant variability in REE speciation present in models 1.1, 1.2, 2.1 and 2.2 are 

lacking in models 3.1 and 3.2, in which all REE species are dominated by oxide and 

hydroxide species. This suggests that the unusual MREE-enriched signature of this apatite 

cannot be explained in terms of solubility and stability discrepancies between the REE. Given 

the relative lack of co-crystallizing LREE-enriched species within these samples, except for 

very minor florencite, it could be reasonable to suggest that the fluids from which this apatite 

formed were already slightly MREE-enriched and that the preferential partitioning of REE 

closest to the Sm-Gd range into apatite (Pan and Fleet, 2002) led to further MREE-enrichment 

as was suggested for scheelite under similar conditions (Brugger et al., 2000). Crucially, 

within these models, Eu is present as the trivalent species EuO2
-
, a form much more easily 

incorporated into apatite compared to the EuCl4
2-

 species present within the other models. 

Given that the di- vs. trivalent speciation of Eu is primarily controlled by pH in hydrothermal 

systems (Brugger et al., 2008), the presence of a positive Eu anomaly in the massive bornite 

hosted apatite can be readily attributed to crystallization under pH conditions significantly 
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higher than those proposed for the other apatites, which display negative Eu anomalies. 

Moreover, Brugger et al. (2008) noted that transition of EuCl4
2- 

to EuO2
-
 is very sensitive to 

Cl activity, as shown in Figure 6.2. This suggests that lower salinity, in addition to higher pH, 

was responsible for formations of this apatite. 

6.4.2 REE-mobility in IOCG systems 

Modeling of REE partitioning between apatite and fluid along with the consideration of REE-

speciation in fluid during formation of various hydrothermal assemblages within Olympic 

Dam offers valuable insights into the transport and deposition of REE within the deposit. It is 

apparent that REE transport was primarily facilitated by REE-Cl complexes due to their high 

solubility and dominance (at least for LREE) in both early magnetite-stable and later 

hematite-stable ore-forming fluids. Such a scenario is concordant with the findings of van 

Dongen et al. (2010) in their studies of REE behavior within porphyry Cu-Au mineralization 

and with arguments put forward by Migdisov et al. (2016). The latter authors also emphasized 

the importance of SO4 complexes for REE transport This is, however, found to have been 

negligible at Olympic Dam due to the very low activity of REE-SO4 complexes under all 

conditions considered, even at high SO4 concentrations (e.g., models 3.1 and 3.2). 

Despite the mobility of REE during formation of both magnetite- and hematite-dominant 

mineralization, the latter appears to have made a much more considerable contribution to the 

overall enrichment of the deposit in REE. Specifically, pervasive sericite alteration results in 

the destruction of feldspars and apatite (Krneta et al., 2016, Kontonikas-Charos et al., 2017), 

liberating significant volumes of REE (as these minerals account for most of the REE budget 

within the RDG and other intrusive rocks) under conditions exceptionally well suited for their 

transport. Such a coupled process of REE liberation and transport could account for a portion 

of the elevated REE concentrations within the deposit. Moreover, the significantly higher 
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enrichment in LREE is easily explained through such a model given their dominance as REE-

Cl complexes within fluids causing hematite-sericite alteration. 

Within the deposit, REE are dominantly hosted in the REE-fluorocarbonate mineral bastnäsite 

(REECO3F), in florencite, with subordinate amounts within synchysite, crandallite-group 

phases, xenotime and monazite (Ehrig et al., 2012, Schmandt et al., 2017). All these minerals 

contain P, F and/or CO3, supporting the hypothesis that deposition of REE was achieved via a 

weakening of REE-Cl activity and subsequent REE complexation with the aforementioned 

species. Further modeling is required to precisely determine under which parameters REE 

deposition occurred. 

The modeling outlined here successfully reproduces the measured REE fractionation in 

apatite from Olympic Dam and satellite prospects in the region. This not only highlights that 

the observed trends can be efficiently and plausibly explained in terms of IOCG fluid 

evolution, but also that these trends are rooted in constrainable regional-scale phenomena. 

These in turn carry significance for understanding formation of large IOCG deposits, and may 

assist refinement of genetic models essential for successful mineral exploration. 
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Supplementary materials 

Appendix A- Numerical modeling input values and results (models 1.1-3.2). The a(aq) total 

values represents the sum of activity for a particular element. In the case of Ca and Na these 

are commonly represented by a single species whereas the a(aq) total values in the case of the 

REE are represented by multiple complexes. The fluid REE concentrations used to calculate 

the model apatite are equivalent to the whole rock values for the respective models. 
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CHAPTER 7: CONCLUSIONS AND RECOMENDATIONS 

7.1 Summary of main findings  

Through their major and trace element chemistry, morphology, textures and mineral 

associations, the magmatic and hydrothermal apatite investigated in the course of this 

research have both offered significant insights into the formation and evolution of IOCG 

deposits in the Olympic Cu-Au province. Some broader geochemical trends confirmed here, 

relating to parameters such as whole rock chemistry and fluid characteristics, have been 

observed and reported elsewhere, albeit from contrasting geological settings (e.g., Belousova 

et al., 2001, 2002, Cao et al., 2012, Mao et al., 2016). Others, however, notably the 

association of a characteristically MREE-enriched apatite with the most intense hydrothermal 

activity, and apatite rich in inclusions of pyrrhotite + fluorite are described here for the first 

time from an IOCG deposit setting. 

The hydrothermal assemblages detailed in the preceding chapters, although varying with 

respect to host rock, are marked by apatite with comparable chemistry wherever the host 

hydrothermal assemblage is sufficiently similar. Moreover, the chemistry of apatite alteration 

during overprinting of one particular hydrothermal assemblage by another is characterised by 

similar losses and gains of the same elements, irrespective of deposit/prospect, or host rock. 

When combined with the abundance of apatite throughout each studied ore system, these 

findings demonstrate the utility of apatite for fingerprinting hydrothermal assemblages, 

tracking metasomatic processes, and potentially acting as a spatially resolvable vector in 

mineral exploration. 
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The evolution of apatite within and surrounding the Olympic Dam IOCG deposit and nearby 

Wirrda Well and Acropolis prospects is outlined in the chapters of this thesis, and the role of 

apatite in formation of the ore systems is discussed. Beyond this, however, this research has 

highlighted areas in which our current understanding of both apatite (“a common mineral, yet 

uncommonly versatile”; Hughes and Rakovan, 2015) and its significance within the deposits 

and prospects of the Olympic Cu-Au Province can be further improved. The following sub-

sections provide a short summary of the findings of this work and their implications, and 

provide some suggestions of future research avenues. 

7.1.1 The evolution of apatite within IOCG mineralization 

Results described in the preceding chapters were reached through careful consideration of the 

chemical and morphological characteristics of apatite and its relationships with other 

minerals. These were studied using a combination of petrographic observation, microanalysis 

and investigation at the nanoscale. On the basis of this work, the apatite can be classified 

according to its origin and associations as: 1) magmatic; 2) hydrothermal (magnetite-

dominant assemblage); 3) hydrothermal (hematite-sericite associated); and 4) late 

hydrothermal. The evolution of apatite within the Olympic Dam deposit is graphically 

illustrated in Figure 1, whereas that of apatite from the Wirrda Well and Acropolis prospects 

in shown in Figure 2. 

These four apatite types are expressed within all three study cases with varying abundance, 

and are representative of the distinct spatial and temporal evolution of IOCG-type systems in 

South Australia. Commonly, however, an individual hydrothermal event undergone by one 

part of a deposit may be expressed as a new generation of apatite whereas the same event 

might be recorded elsewhere as distinct chemical domains formed by the overprinting of an 

earlier generation of apatite. Nevertheless, as these mineralised systems evolve, apatite 
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becomes a decreasingly abundant component of the various hydrothermal assemblages, 

primarily through obliteration during hematite-sericite alteration of the host. Moreover, its 

significance as a repository for a range of different trace elements becomes reduced in the 

course of evolution from magmatic to late hydrothermal types. 
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Figure 7.1- Schematic illustrating apatite evolution in different rocks within the Olympic Dam 

ore environment with particular emphasis on the effects of various alteration assemblages. 

Abbreviations: Flo-florencite; Hm-hematite; Qz-quartz; Ser-sericite. 
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Figure 7.2- Schematic illustrating apatite evolution in rocks critical to the ore environment 

within the Acropolis and Wirrda Well prospects. Particular emphasis is given to the effects of 

various alteration assemblages. Abbreviations: Ap-apatite; Bsg-fluorocarbonate minerals of 

the bastnäsite group; Hm-hematite; Py-pyrite. 

Group 1- Magmatic apatite 

The earliest generation of apatite encountered within the study area are magmatic grains 

associated with ~1.6 Ga intrusive rocks such as the Roxby Downs Granite (RDG), Hornridge 

Quartz Monzonite (HRQM) and dolerite dyke (DD; Creaser, 1989, Jagodinski et al., 2005, 

Huang et al., 2016). Wherever these rocks are unaffected by hydrothermal alteration, the 

contained apatite primarily reflects the composition and magmatic history of the host rock. 

All apatites in these rocks are fluorapatite with variable concentrations of Cl and (calculated) 

OH
-
. Chlorine concentrations are highest in the DD, lesser in the HRQM and lowest in the 

RDG apatite, where they are commonly below the minimum limit of detection by electron 

microprobe. Such halogen concentrations are in agreement with apatite from intrusive rocks 

with similar whole rock compositions (Webster and Piccoli, 2015). Similarly, the 

concentrations of other minor and trace elements, including REY, are concordant with well- 

established and documented trends since these relate to, and are controlled by whole rock 

chemistry (Cao et al., 2012, Teiber et al., 2015, Mao et al., 2016). 

With a few exceptions, apatite in these intrusive rocks is always equant with low aspect ratios, 

a characteristic indicative of crystallisation within a slowly cooling intrusive (Piccoli and 

Candela, 2002). The highly acicular grains encountered within the DD and the mafic enclaves 

of the RDG stand out however. Such morphology is commonly interpreted as the product of 

rapid crystallisation under conditions of undercooling brought about by the intrusion of hot 

magmas into cool host rocks, or by magma mixing (Reid et al., 1983, Holden et al., 1987, 
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Bargossi et al., 1999, Sha, 1995), supporting an interpretation in which the RDG-hosted mafic 

enclaves represent foreign material (Krneta et al., 2016, Chapters 2 and 5). Further evidence 

supporting this interpretation can be observed in the tendency for mafic enclave hosted apatite 

to contain cores containing abundant, oriented, elongate pyrrhotite + fluorite inclusions 

(Krneta et al., 2016, Chapters 2 and 5), commonly observed in mafic rocks (Xing and Wang, 

2017) but rarer in granites (Gottesman and Wirth, 1997). Given the widespread nature of the 

mafic enclaves and the strong lines of evidence for their external mafic origin, we can 

conclude that the RDG experienced significant interaction with mafic rocks. Such an 

observation supports the assertion of Groves et al. (2010) that magma mixing and metal + 

volatile exchange are critical to the formation of IOCG deposits. 

Group 2- Magnetite-dominant assemblage associated 

This variety of apatite is prolific throughout the magnetite-dominant mineralization confined 

to the lateral and vertical peripheries of the Olympic Dam deposit, the Wirrda Well prospect, 

and throughout the Acropolis mineralization. In cases where the apatite is unaffected by later 

overprinting, grains are inclusion-free and display only weak oscillatory zoning. ΣREY-

concentrations and chondrite-normalized REY-signatures are comparable to those of 

magmatic RDG-hosted apatite, although S- and Cl-concentrations can be significantly higher, 

as is the case in deep and distal satellite mineralization of Olympic Dam (Krneta et al., 2016, 

Chapter 2). This variability most probably reflects slight localized variations in Cl and S 

activity. Moreover, the higher Na and S concentrations observed in some apatite within the 

Distal satellite mineralization are indicative of the effects of albitization which is preserved 

within this mineralization (Kontonikas-Charos et al., 2017a). 

Magnetite-dominant assemblage associated apatite is extremely well represented within the 

vein and breccia mineralization of the Acropolis prospect (Krneta et al., 2017b) where it 
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resembles, both chemically and morphologically, the apatite within Iron Oxide Apatite (IOA) 

type deposits (Harlov et al., 2002, Bonyadi et al., 2011, Day et al., 2016). By way of 

comparison, the hydrothermal conditions which prevailed during formation of this apatite 

more closely resemble those of IOA deposits than the hematite-dominant mineralization 

hosting Cu-U-Au-Ag ore at Olympic Dam. This was recently pointed out by Ehrig et al. 

(2017), who sought to link IOCG- and IOA-style mineralization across the broader region 

surrounding Olympic Dam. 

Group 3- Hematite-sericite associated 

Both Group 1 and 2 apatite display a significant overprint by fluids responsible for hematite-

sericite alteration within the Olympic Dam deposit and Acropolis prosects but this is less 

marked in Wirrda Well. The overprint is expressed by a depletion of a variety of elements 

along grain rims and fractures. REY (most commonly LREE), as well as Cl, S, U and Th, are 

depleted along such zones, which are also characterised by the presence of hematite, sericite 

and monazite inclusions. Unlike the sericite and hematite whose origin is considered external 

to the apatite, the monazite inclusions are formed by incorporation of REY liberated from 

apatite via coupled dissolution reprecipitation reaction, as proposed by Harlov et al. (2002). 

This mechanisms for the formation of monazite inclusions in apatite has been recognised 

elsewhere and this is considered characteristic of IOA mineralization (Bonyadi et al., 2011). 

Synchronous with the depletion of the aforementioned elements are increases in Ca, P, F, and 

locally also of As, within the apatite. Arsenic enrichment is considered particularly instructive 

with regards to the overprinting hematite-sericite assemblage due to the associations of higher 

fO2 conditions and the presence of As in the 5+ valance state, which is most easily and 

directly incorporated into apatite (Perseil et al., 2000, Mao et al., 2016). 
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Elsewhere within the studied mineralization, hematite-sericite alteration is expressed as a new 

generation of apatite grains with significantly weakened negative Eu-anomalies and MREE-

enriched REY-signatures when compared to Group 1 and 2 apatite. In the case of pervasively 

altered RDG these apatite grains are rich with inclusions of hematite and sericite, as well as 

florencite, which eventually replace the apatite entirely. 

Within the shallow zone of the Wirrda Well prospect (Krneta et al., 2017b, Chapter 4) Group 

3 apatite is represented by small unzoned grains hosted in bornite-chalcocite symplectites 

interstitial to coarse hematite. Apatite crystallisation is coeval with that of the symplectites 

and lies temporally between two hematite crystallisation events. The apatite contains 

abundant inclusions of hematite, bornite and chalcocite. REY-signatures are characteristically 

MREE-enriched with weak negative Eu- and Y-anomalies. 

Group 4- Late hydrothermal 

This group of apatite are the expressions of late, volumetrically limited but spatially 

widespread fluid pulses responsible for the formation of (in the case of Olympic Dam) small 

zones of massive high-grade bornite mineralization. This apatite commonly contains abundant 

inclusions of milled fragments of bornite, hematite and very rare florencite. REY-signatures 

stand in stark contrast to those of the LREE-enriched Group 1 and 2 apatite and are extremely 

MREE-enriched with strong positive Eu-anomalies (Krneta et al., 2017a, Chapter 3). 

Similarly, apatite formed as part of carbonate-barite-apatite-chalcopyrite assemblages within 

the Acropolis prospect displays the same distinctive signature with MREE-enrichment and a 

strong positive Eu-anomaly (Krneta et al., 2017b, Chapter 4). 
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7.1.2 Apatite and the evolution of hydrothermal fluids 

The evolving character of hydrothermal fluids within IOCG deposits of the Olympic Cu-Au 

province are best expressed by the transition from early and peripheral magnetite- to later and 

central hematite-dominant mineralization. Empirically, this transition has been shown to 

correspond to radical changes in multiple fluid parameters (temperature, pH, salinity) 

(Oreskes and Einaudi, 1992, Bastrakov et al., 2007). Several authors have speculated as to the 

causes of this transition, invoking various processes such as fluid mixing into the multiple 

proposed formation mechanisms (Hitzman et al., 1992, Haynes et al., 1995, Pollard, 2006, 

Groves et al., 2010). However, regardless of the mechanism involved, the preceding chapters 

show that the changing apatite REY-signatures are the direct result of this transition. In detail, 

the change in fluid characteristics impacts apatite REY-signatures by: 

 An increased proportion of the LREE speciating as stable and soluble REY-Cl 

complexes in hematite-sericite altering fluids. This results in their partitioning away 

from the apatite creating MREE-enriched signatures. This is manifested by the 

liberation of LREE from pre-existing apatite and re-deposition of the REE within 

newly formed grains of monazite. 

 Increasing the proportion of Eu in the fluid with regards to the other REY through the 

alteration of feldspars. This results in the weakening of the negative Eu-anomalies in 

hematite-sericite alteration associated apatite. 

 Changing the dominance of Eu species from Eu
2+

 to Eu
3+ 

in apatite associated with 

late stage alkaline CO2 - HCO3
- 
buffered fluids resulting in the crystallisation of apatite 

with positive Eu-anomalies. 
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7.1.3 Apatite trace element contributions to REY concentrations in IOCG 

mineralization  

In the mineralized systems examined as part of this work, magmatic and paragenetically early 

hydrothermal apatite (Group 1 and 2) contain much higher concentrations of impurity 

elements (REY, U, Th) than later Group 3 and 4 grains. Such a contrast emphasises the 

evolving role of apatite as a host for trace elements within IOCG mineralization. This 

evolution is primarily attributed to the co-partitioning of trace elements between apatite and 

other phases in later Group 3 and 4 types (Krneta et al., 2016, 2017a, b, Chapters 2, 3 and 4), 

and the ability of the hydrothermal fluids responsible for hematite-sericite alteration to alter 

pre-existing apatite. This results in element release and remobilization of trace elements away 

from the apatite to form new species. 

In the case of Olympic Dam, hematite-sericite alteration affects a huge volume of rocks 

hosting Group 1 and 2 apatite, ultimately leading to their obliteration. This process warrants 

consideration in terms of the genetic models of IOCG formation as the destruction of so much 

apatite and feldspar may contribute to the REY budget, which was subsequently incorporated 

within the developing IOCG mineralization (Kontonikas-Charos et al., 2017b, Krneta et al., 

2017a, Chapter 3). 

According to the speculative calculations of Weng et al. (2015), the Olympic Dam deposit 

contains an approximate 53 million tonnes of contained La + Ce at concentrations of 1,705 

and 2,561 ppm, respectively. Comparatively, unaltered RDG contains an average of 

approximately 100 ppm La and 200 ppm Ce (Ehrig et al., 2012). Using these concentrations 

along with the average La and Ce concentrations in apatite given by Krneta et al. (2017a, 

Chapter 3), we can calculate that apatite is host to 5.58 and 5.97 % of whole rock La and Ce, 

respectively in the unaltered RDG (Table 7.1). As such, total destruction of apatite within the 
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RDG would liberate approximately 45,000 tonnes of combined La and Ce per km
3
. This 

amount of metal, although substantial would still require that in excess of 1,100 km
3 

of RDG 

be altered in order to account for the 53 million tonnes of combined La + Ce in the Olympic 

Dam deposit. The calculations thus suggest that the destruction of apatite may have made 

some contribution to the overall REY-budget, but cannot account for all of it. 

Despite the RDG feldspars having much lower REY-concentrations, their very high modal 

abundance make them more substantial carriers of REY within the RDG than apatite. 

Combining the La + Ce liberated through apatite and feldspar destruction during hematite-

sericite alteration, the volume of RDG required to account for the La + Ce budget at Olympic 

Dams is substantially reduced. 

Lithology 

Mean density  

(g/cm
3
) 

Mean P  

(wt. %) 

Mean kg apatite 

/tonne 

Mean kg La in  

apatite/tonne 

Mean kg Ce in  

apatite/tonne 

RDG 2.64 0.03 1.67 0.0055 0.0116 

      

 

% of whole rock  

La in apatite 

% of whole rock  

Ce in apatite 

Tonnes of La in  

apatite/km
3
 

Tonnes of Ce in  

apatite/km
3
 

 

 

5.58 5.97 14592 30708 

 

Table 7.1. Calculated concentrations of Ce and La hosted in apatite within the unaltered RDG. 

7.2 Research gaps and future work  

Although comprehensive in many ways, this body of work has highlighted several avenues in 

which additional research may offer more comprehensive insights into the formation of IOCG 

deposits along with providing an affirmation of the findings presented here. The established 

associations between apatite and particular intrusive rocks, or hydrothermal assemblages can 

be further exploited through the study of stable isotopes (Cl and Sr), and the determination of 

oxidation states of some elements within the apatite (notably Eu). The assessment of various 

types of apatite through methods such as cathodoluminescence responses could (as was 
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shown by Bouzari et al., 2016) offer a practical means of classifying apatite and enable its use 

in exploration as a pathfinder mineral without the need for expensive and time-consuming 

microanalytical work. 

This research has highlighted several geochemical and morphological trends in apatite which 

are intimately associated with distinct processes associated with IOCG mineralization. This 

suggests, in turn, that their occurrence is not restricted to the studied systems but is instead 

widespread throughout the Olympic Cu-Au Province. Testing this hypothesis would require 

the study of other deposits throughout the Province, such as Carrapateena, Prominent Hill and 

Cairn Hill (in which apatite is particularly abundant), as well as the many nearby prospects in 

various stages of exploration. Further study might focus on expressions of IOCG 

mineralization within calc-silicate horizons of the Wallaroo Group, such as Groundhog (Reid 

et al., 2011) and mineralization encountered within drillhole SAR9. 

Although some detailed studies have been done on apatite from IOA deposits of Sweden and 

Iran (Harlov et al., 2002, Bonyadi et al., 2011), there exists considerable opportunity for study 

of apatite from IOCG deposits sensu stricto. Such studies should be considered particularly 

important given that some preliminary results of apatite chemistry from other deposits appear 

contradictory or at odds with the findings of the research presented herein. For example, the 

published compositional data for hydrothermal apatite hosted in the Ernest Henry IOCG 

deposit, Mt. Isa Inlier, Queensland, shows these grains to be extremely As-rich (up to 5 wt. 

%; Rusk et al., 2010, Liu et al., 2017). Such high As-concentrations are extremely anomalous 

not only when compared to apatite hosted within the Olympic Dam, Wirrda Well and 

Acropolis mineralised systems but globally as well, suggesting either significantly different 

hydrothermal conditions or the increased presence of As within the hydrothermal fluids, 
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possibly sourced from the alteration of sedimentary secessions, which commonly concentrate 

As, as suggested by Mao et al. (2016). 

7.2.1 XANES studies of apatite 

The strength of chondrite-normalized Eu anomalies in apatite are critical to the understanding 

of the dominant physiochemical conditions during apatite crystallization. However, due to the 

ability of apatite to incorporate the element in both 2+ and 3+ states unequivocally resolving 

the cause of Eu-anomaly fluctuations requires the determination of Eu
2+

 and Eu
3+

 

concentrations within apatite. The Eu
2+

/Eu
3+

 ratio in apatite has been successfully measured 

using X-ray absorption near-edge structure (XANES) analysis (Rakovan et al., 2001, 

Takahashi et al., 2005), a method which has the capacity to resolve the spectra of the two Eu 

species (Figure 7.3) even when concentrations are only on the order of several tens of ppm, 

making the method suitable for analysis of the apatite presented in this research (Krneta et al., 

2017a, b, Chapter 3, 4). 

 

Figure 7.3- Characteristic XANES spectra for europium species, after Rakovan et al. (2001) 
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Changes in the strength of the Eu-anomaly in apatite can be brought about by either varying 

the proportions of Eu
3+ 

to Eu
2+

 in the fluid (Brugger et al., 2008), or through 

disproportionately large increases of Eu over the remainder of the REE (Mao et al., 2016). 

Given that the modelling of REY-speciation during the transition from magnetite-dominant to 

hematite-sericite alteration did not indicate any changes in the proportion of Eu
2+

 to Eu
3+

 

(Chapter 6), the observed weakening of the negative Eu anomaly was most likely caused by 

the introduction of large amounts of Eu into the fluid through feldspar alteration. 

Therefore, XANES analysis is recommended as a means of testing this hypothesis as the 

implications are wide-reaching. Namely, the sericitization of feldspars is not only found in 

IOCG deposits but others such as Porphyry Cu-Au and Orogenic Au deposits as well. 

7.2.2 Chlorine isotopes in apatite 

Several studies have sought to determine the source(s) of mineralizing fluids in IOCG 

deposits through the use of halogen ratios such as Br/Cl, and I/Cl, as well as the measurement 

of Cl isotopes (Chiaradia et al., 2006, Kendrick et al., 2008, Fisher and Kendrick, 2008, 

Gleeson and Smith, 2009, Williams et al., 2010). These studies have shown that multiple 

signatures, including those of magmatic, metamorphic and basinal fluids may be present in 

IOCG systems globally. The incorporation of Cl, Br and I in apatite is non-ideal and as such 

does not reflect the concentrations of these elements in hydrothermal fluids (Hughes et al., 

2014). However, the isotopic composition of Cl in apatite can be considered as representative 

of the isotopic signature of the hydrothermal fluids (Chiaradia et al., 2006). 

The study of Cl isotopes in the geological environment is very much in its infancy if 

compared to other isotopic systems (Barnes et al., 2017). On the basis of Cl isotopic 

compositions, the World’s Cl-reservoirs can be separated into the crustal (dominated by the 

oceans and evaporites) and the mantle (Gleeson and Smith, 2009). Although both display 
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internal heterogeneities resulting from the localised effects of processes such as kinetic 

fractionation (Sharp et al., 2010, Barnes et al., 2017), crustal values fall, for the most part, 

within the range of δ
37

Cl = 0.0‰ ± +0.9‰. Conversely, the mantle represents a significant 

although highly heterogeneous source of negative Cl isotopic compositions (Gleeson and 

Smith, 2009). The study of fluid provenance in hydrothermal systems exploits this 

discrepancy and assumes the transference of the fluid isotopic signature into the crystallising 

hydrothermal mineral that incorporates Cl. 

Given the ability of apatite to host Cl, often in high concentrations, direct measurement of Cl 

isotopes in apatite is recommended as it can offer insights into the source of fluids responsible 

for the formation of a particular hydrothermal assemblage. The measurement of several 

different apatite from distinct hydrothermal assemblages can be used as a means of gaining 

insights into how the sources of these fluids evolve. Measurement should be performed using 

either thermal ionization mass spectrometry (TIMS) or Laser ablation inductively coupled 

plasma mass spectrometry (LA–ICP–MS). However, with regards to the latter significant 

effort may need to be invested in developing a suitable method as the use of LA–ICP–MS 

with regards to Cl-isotopes is in its infancy (Barnes et al., 2017). 

Similarly, some authors have drawn connections between world class IOCG deposits and 

mantle-derived Cl isotopic signatures (e.g., Chiaradia et al., 2006) suggesting that the 

development of an early stage prospect prioritisation tool could be developed using Cl 

isotopes in apatite. 

7.2.3 Fluid inclusion studies 

The Olympic Dam deposit along with other examples of IOCG mineralization in the Olympic 

Cu-Au province are relatively poorly studied with regards to fluid inclusions (Oreskes and 
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Einaudi, 1992, Morales Ruano et al., 2002, Bastrakov et al., 2007, Ismail et al., 2014, 

Schlegel, 2015). Given the global significance of Olympic Dam as a supergiant orebody 

hosting a huge portion of the worlds defined uranium reserves (BHP, 2016), this may seem 

surprising but needs to be viewed in the context of the brecciation, mineralogical complexity, 

fine grain size and evidence for extensive overprinting since initial formation which may 

hamper interpretation. As such the character of the mineralizing fluids is somewhat poorly 

defined. 

Given that Olympic Dam is a huge and extremely varied orebody which experienced several 

episodes of overprinting (e.g., Ciobanu et al., 2013; Apukhtina et al., 2017), the study of fluid 

inclusions spaning the deposit vertically, laterally and through time could offer a clearer 

picture of fluid evolution during the main ~1.6 Ga event along with characterising the nature 

of subsequent overprints. Very little is known about the later overprinting fluids but given that 

there is strong evidence for their involvement in the redistribution and potentially introduction 

of some of the U in the deposit (Kirchenbaur et al., 2016), further study is warranted. 

As such an exhaustive campaign of fluid inclusion work is recommended, focusing not only 

on inclusions in quartz but other minerals such as feldspars and apatite, and potentially also in 

opaque phases such as Fe-oxides using an infra-red light source. The direct measurement of 

fluid inclusions in apatite in particular could provide the most accurate data (homogenization 

temperatures and salinities) for use in the modelling of REY-behaviour.  

In concert with traditional microthermometry such fluid inclusion studies might take 

advantage of techniques such as Laser Raman spectroscopy as a means of determining the 

composition of vapour and liquid phases (e.g., Zhong et al., 2017). The trace element 

compositions of the fluid inclusions could be determined using the leachate method or by 

proton ion probe (PIXE) microanalysis, both of which have proven very useful in determining 
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the concentrations of elements such as Br and I and in study of Cl-isotopes (e.g., Gleeson and 

Smith, 2009). These elements, and particularly their ratios (Br/Cl, I/Cl), should be studied 

across the various hydrothermal assemblages as they are expected to evolve in response to the 

postulated processes of fluid mixing. 

7.3 Exploration implications 

The use of apatite as a pathfinder mineral is a topic of increasing research due to its: 1) 

abundance, 2) resitate nature and 3) ability to chemically fingerprint a target lithology (Kelley 

et al., 2011, Hashmi et al., 2015). The apatite studied as part of this research has been shown 

to fulfil all three requirements, as is the case with apatite hosted in a range of other deposit 

types (Belusova et al., 2001, 2002, Cao et al., 2012, Mao et al., 2016). 

Globally, research examining the use of apatite as a mineral pathfinder has been most strongly 

focused on Cu-Au-porphyry type deposits in North America (e.g., Averill, 2011, Kelley et al., 

2011, Hashmi et al., 2015, Bouzari et al., 2016). This is largely attributable to the favourable 

combination of a deposit type with extensive alteration haloes coupled with the presence of a 

suitable sampling medium in the form of widespread glacial sediments. Despite this near ideal 

combination, results have been variably successful, particularly in instances where the 

concentrations of apatite have been used in isolation without any characterisation using 

microanalytical analysis (e.g., Kelley et al., 2011). These studies have highlighted the 

shortcomings of such an approach due to the potential for false positives attributable to apatite 

sourced from non-target lithologies.  

The work of Bouzari et al. (2016) showed that cathodoluminescence (CL) was a practical 

means of distinguishing between ore-related and other apatite once the former had been 

characterised with regards to CL response.  
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Unlike the North American Cu-Au porphyry terrains, the Olympic Cu-Au Province poses 

several problems for the use of apatite as a pathfinder. Specifically, the presence of tens but 

more commonly hundreds of metres of barren cover restrict the collection of samples to 

drillcore material which can be prohibitively expensive to obtain. However, the widespread 

presence of suitable basal sediments in the form of Permian glacial diamictites, moraines and 

eskers (Alley, 1995), as well as the Mesoproterozoic fluvial red beds of the Pandurra 

Formation (Preiss, 1993) bode well for its effectiveness, perhaps not in exclusivity but 

alongside geophysically targeted exploration. 

Investigating the dispersion of monazite through the glacial sediments overlying the 

Prominent Hill deposit, Forbes et al. (2015) found that monazite sourced from the deposit was 

detectable in cover several hundred meters in the interpreted down-ice direction. Similar 

studies of apatite would be required in order to assess its dispersion and suitability as a 

pathfinder. 
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ELECTRONIC APPENDIX A FOR CHAPTER 2 

Standards, X-ray lines, count times and typical minimum detection limits (mdl) for electron 

probe microanalysis are summarized in the table below. 

 
University of Adelaide University of Tasmania 

Elemen

t 

Standard X-ray 

line 

Count time 

(s) unknown/ 

background 

Average 

mdl 

(ppm) 

Standard X-ray 

line 

Count time 

(s) unknown/ 

background 

Average 

mdl 

(ppm) 

Na Albite Na Kα 15/7.5 245 Albite Na Kα 20/10 143 

K Sanadine K Kα 15/7.5 108 Sanadine K Kα 20/10 79 

Ca Plagioclase Ca Kα 15/7.5 154 Plagioclase Ca Kα 20/3 228 

Mn Rhodonite Mn Kα 15/15 273 Rhodonite Mn Kα 20/10 265 

Mg Almandine Mg Kα 15/7.5 135 Almandine Mg Kα 10/5 140 

Fe Almandine Fe Kα 15/7.5 296 Almandine Fe Kα 20/10 293 

Al Albite Al Kα 15/7.5 107 Albite Al Kα 10/5 132 

Si Albite Si Kα 15/7.5 122 Albite Si Kα 20/10 103 

Ti Rutile Ti Kα 15/7.5 131 Rutile Ti Kα 50/25 79 

F Synthetic 

CaF2 

F Kα 15/15 383 Synthetic 

CaF2 

F Kα 60/50 340 

 

Cl Tugtupite Cl Kα 15/7.5 133 Tugtupite Cl Kα 30/15 74 

P Apatite P Kα 15/7.5 123 Apatite P Kα 20/10 157 

Sr Celestite Sr Lα 15/15 331 Celestite Sr Lα 40/20 205 

Y REE1 Y Lα 15/15 312 REE1 Y Lα 70/35 174 

La La Glass La Lα 30/15 562 La Glass La Lα 60/30 234 

Ce Ce Glass Ce Lα 30/15 529 Ce Glass Ce Lα 50/25 467 

Nd Nd Glass Nd Lß 30/15 479 Nd Glass Nd Lß 60/30 411 

Cr Chromite Cr Kα 15/7.5 274 Chromite - -  

As Gallium 

Arsenide 

As Kα 15/15 240 Gallium 

Arsenide 

As Kα 30/15 210 

S Marcasite S Kα 10/5 123 Marcasite S Kα 30/15 68 
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ELECTRONIC APPENDIX B1-B5 FOR CHAPTER 2
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ELECTRONIC APPENDIX C FOR CHAPTER 2 

Procedure for AST and apatite-fluid-melt partitioning 

 

Whole rock assays from drillhole RD2495 (Fig. 1) were used to calculate AST for the RDG. 

This drillhole was chosen due to the low level of alteration inferred from the preservation of 

mafic minerals, and by the low levels of hydrothermal minerals such as hematite and sericite. 

Individual assays were selected on the basis of K2O/Na2O ratios and Fe concentrations 

(Kontonikas-Charos et al., 2015). The use of whole rock samples with little hydrothermal 

alteration allows for the more accurate AST estimates as the assumption must be made that 

whole rock P2O5 concentrations approximate to those at the time of AST, and that the majority 

of P2O5 in whole rock is hosted by apatite. Both assumptions are considered valid as apatite is 

the only primary phosphate identified, and the phase is present as inclusions in all minerals, 

pointing to its early crystallisation. Whole rock compositions vary from slightly metaluminous 

to slightly peraluminous.  

AST calculations were performed using the formulae of Harrison and Watson (1984) and 

Bea et al. (1992), yielding mean AST temperatures of 857±26 °C (n=10) and 854.5±40.3 °C 

(n=11), respectively. Potential errors are largely dependent on assumptions made with respect 

to the proportion of crystallisation of the host melt prior to apatite saturation. Neither Harrison 

and Watson (1984) nor Bea et al. (1992) provide an approach to their error quantification. 

Piccoli and Candela (1994), however, state that in granitic melts, apatite would, as a general 

rule, crystallise within 30 °C of the AST, and cite the distinct lack of zoning in apatite from 

the Plinian phase of the Mt. Bishop Tuff, Long Valley Caldera, USA, as evidence for rapid 

crystallisation. Zoning in RDG apatite would thus infer a protracted or perhaps discontinuous 

crystallisation history, providing further evidence for contamination of the RDG by exotic, 

potentially mafic material. 
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Calculations were performed using Saturnin (Janoušek, 2006) with formulae presented 

therein. 

Roxby Downs Granite apatite saturation estimates (RD2495) 

Sample 

interval  

depth 

(m) 

Al2O

3 

P2O

5 

SiO

2 

Ca

O 

K2

O 

Na2

O 

 

A/CN

K 

AST 

(Harrison  

and Watson 

1984) 
o
C 

AST (Bea 

et  

al. 1992) 
o
C  

440-445 13.06 0.069 68.46 0.85 5.20 3.79 0.973 851.3 na 

455-460 13.45 0.046 71.03 0.94 5.24 3.76 0.992 840.5 na 

460-465 13.66 0.069 72.10 0.84 5.14 3.80 1.023 na 872.1 

465-470 13.81 0.069 72.74 0.80 5.14 3.90 1.029 na 874.9 

470-475 13.34 0.092 69.96 1.15 4.90 3.79 0.979 894.9 na 

495-500 13.45 0.069 70.39 0.34 5.88 2.76 1.168 na 749 

510-515 13.60 0.069 69.53 0.98 5.23 3.81 0.992 862.5 na 

515-520 13.40 0.092 68.46 1.06 5.17 3.72 0.982 879.4 na 

545-550 13.51 0.092 68.67 1.06 5.14 3.88 0.973 881.7 na 

585-590 13.57 0.069 69.74 1.18 5.30 3.92 0.947 864.7 na 

625-630 12.96 0.069 68.03 0.67 5.97 3.18 1.003 na 844.6 

630-635 12.91 0.092 66.75 0.70 5.88 3.10 1.013 na 851.1 

660-665 12.92 0.069 66.96 0.59 5.99 3.11 1.02 na 820.6 

665-670 12.53 0.069 66.75 0.83 5.73 3.13 0.975 832.9 na 

690-695 12.64 0.069 64.40 0.77 6.16 3.06 0.965 806.5 na 

760-765 12.89 0.069 68.89 1.15 5.24 3.92 0.907 855.8 na 

770-775 13.96 0.069 72.10 1.16 4.95 3.79 1.019 na 875.2 

780-785 14.23 0.069 72.95 0.85 5.06 3.98 1.048 na 863.4 

785-790 13.98 0.069 72.53 0.84 4.96 4.07 1.028 na 873 

790-795 13.96 0.069 72.53 1.01 4.91 4.12 1.002 na 891.2 

795-800 14.19 0.069 72.53 1.11 5.01 4.02 1.011 na 885.3 

       
Average 857.0 854.6 

       
Stdev 26.0 40.3 

       
n 10 11 

Table showing selected whole-rock assays used in the calculation of apatite saturation 

temperatures. AST calculations for whole-rock assays of subaluminous composition were 

performed using formulae of Harrison and Watson (1984), whereas the AST for peraluminous 

samples was calculated using the formula given by Bea et al. (1992). 

 

Cl-concentrations were calculated in melt and coexisting volatile phase at the time of AST 

using the methodology outlined in Piccoli and Candela (1994), specifically formulae 18, 19 
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and 27 therein. Average values of F and Cl, as measured by EPMA, and calculated OH
 
values 

assuming stoichiometric apatite were grouped according to sample and an averaged AST 

temperature of 855.74 
o
C was used in the calculation. A pressure of 2.2 kbar from Al-in 

hornblende geothermobarometry (Creaser (1989); Kontonikas-Charos (unpublished data)) 

was used for all samples. 
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SUPPLEMENTARY MATERIAL TABLE S1 FOR CHAPTER 3 

Supplementary Material Table S1 

Typical minimum detection limits (mdl) for LA-ICP-MS are summarized in the table 

below. 

Element 
mdl 

(ppm) 
Element 

mdl 
(ppm) 

Element 
mdl 

(ppm) 
Na 2.19 Rb 0.34 Gd 0.15 
Mg 0.12 Sr 0.07 Tb 0.02 
Al 0.61 Zr 0.09 Dy 0.12 
Si 63.81 Nb 0.05 Y 0.08 
S 7.23 Mo 0.25 Ho 0.03 
K 3.58 Sn 0.29 Er 0.08 

Sc 0.17 Cs 0.17 Tm 0.03 
Ti 2.43 Ba 0.40 Yb 0.11 
V 0.06 Ta 0.02 Lu 0.03 

Mn 0.71 W 0.09 204Pb 3.98 

Fe 5.48 La 0.10 206Pb 0.12 

Co 0.06 Ce 0.16 208Pb 0.06 

Ni 0.27 Pr 0.07 Th 0.04 
Cu 2.30 Nd 0.37 U 0.02 
Zn 0.56 Sm 0.27 

  
As 1.75 Eu 0.03 

  

 

 

 

 

 

 



 SASHA KRNETA   Ph.D. DISSERTATION  

228 

SUPPLEMENTARY MATERIAL TABLE S2 FOR CHAPTER 3 

Standards, X-ray lines, count times and typical minimum detection limits (mdl) for electron 

probe microanalysis are summarized in the table below. 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

  CAMECA SX-Five 
Element Standard X-ray 

line 

Count time 

(s) 

unknown/ 

Average 

mdl 

background (ppm) 

Na Albite Na Kα 15/7.5 265 

K Sanadine K Kα 15/7.5 141 

Ca Plagioclase Ca Kα 15/7.5 219 

Mn Rhodonite Mn Kα 15/15 465 

Mg Almandine Mg Kα 15/7.5 158 

Fe Almandine Fe Kα 15/7.5 609 

Al Albite Al Kα 15/7.5 132 

Si Albite Si Kα 15/7.5 140 

Ti Rutile Ti Kα 15/7.5 200 

F Synthetic 

CaF2 

F Kα 15/15 428 

Cl Tugtupite Cl Kα 15/7.5 171 

P Apatite P Kα 15/7.5 153 

Sr Celestite Sr Lα 15/15 523 

Y REE1 Y Lα 15/15 552 

La La Glass La Lα 30/15 856 

Ce Ce Glass Ce Lα 30/15 853 

Nd Nd Glass Nd Lß 30/15 827 

Cr Chromite Cr Kα 15/7.5 270 

As Gallium 

Arsenide 

As Kα 15/15 282 

S Marcasite S Kα 10/5 183 
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Typical minimum detection limits (mdl) for LA-ICP-MS  are summarized in the table below. 
 

 

 

 

 

 

 

 

 

 

 

 

 

Element  
mdl 

(ppm) 
Element 

mdl 
(ppm) 

Element 
mdl 

(ppm) 
Na 2.20 Rb 0.49 Gd 0.15 
Mg 0.12 Sr 0.06 Tb 0.02 
Al 0.49 Zr 0.10 Dy 0.09 
Si 59.1 Nb 0.05 Y 0.03 
S 6.50 Mo 0.28 Ho 0.03 
K 3.52 Sn 0.35 Er 0.07 
Sc 0.18 Cs 0.25 Tm 0.02 
Ti 2.51 Ba 0.40 Yb 0.11 
V 0.06 Ta 0.02 Lu 0.02 

Mn 0.77 W 0.09 Pb204 3.67 
Fe 5.09 La 0.05 Pb206 0.12 
Co 0.09 Ce 0.04 Pb208 0.06 
Ni 0.40 Pr 0.04 Th 0.03 
Cu 1.37 Nd 0.22 U 0.02 
Zn 0.57 Sm 0.27 

  
As 1.76 Eu 0.04     
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APPENDIX A FOR CHAPTER 6 
Numerical modeling input values and results (models 1.1-3.2). The a(aq) total values 

represents the sum of activity for a particular element. In the case of Ca and Na these are 

commonly represented by a single species whereas the a(aq) total values in the case of the 

REE are represented by multiple complexes. The fluid REE concentrations used to calculate 

the model apatite are equivalent to the whole rock values for the respective models. 

Model 1.1 
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) 

M
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/c
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o
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Ca 0.141 0.974 0.974 0.195 

     
Na 3.05 0.013 0.013 4.39 

     
La 1.35E-04 2.25E-03 

  

1.51E-03 1.58 98.4 156 658 

Ce 1.82E-04 6.15E-03 

  

3.05E-03 3.20 194 622 

101

4 

Pr 1.80E-05 7.35E-04 

  

3.70E-03 3.89 21.1 81.9 881 

Nd 6.35E-05 2.66E-03 

  

3.79E-03 3.98 72.2 287 629 

Sm 1.57E-05 4.07E-04 

  

2.35E-03 2.47 13.0 32.0 216 

Eu 1.03E-07 3.70E-05 

  

0.032 

0.37

0 1.76 0.65 11.6 

Gd 8.63E-06 3.23E-04 

  

3.39E-03 3.56 10.8 38.3 192 

Tb 1.41E-06 4.20E-05 

  

2.69E-03 2.83 1.65 4.68 130 

Dy 7.59E-06 2.36E-04 

  

2.81E-03 2.95 9.92 29.3 119 

Ho 1.90E-06 4.63E-05 

  

2.21E-03 2.32 2.08 4.82 87.5 

Er 7.62E-06 1.28E-04 

  

1.52E-03 1.59 5.81 9.26 57.9 

Tm 1.70E-06 1.64E-05 

  

8.72E-04 

0.91

6 0.922 0.84 33.8 

Yb 9.21E-06 9.90E-05 

  

9.72E-04 1.02 6.04 6.17 38.3 

Lu 

1.30E-06 1.34E-05     9.38E-04 

0.98

5 0.846 0.83 33.9 

Y Eu++ 

(aq) 
7.22E-03 
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Model 1.2 
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Ca 0.789 0.974 0.974 1.05 

     
Na 3.39 0.013 0.013 4.80 

     

La 
1.59E-04 

2.25E-03 

  

0.036 7.68 98.4 756 

318

9 

Ce 
2.08E-04 

6.15E-03 

  

0.075 16.1 194 3117 

508

4 

Pr 
1.89E-05 

7.35E-04 

  

0.099 21.1 21.1 445 

478

5 

Nd 
6.59E-05 

2.66E-03 

  

0.103 22.0 72.2 1587 

347

3 

Sm 
1.82E-05 

4.07E-04 

  

0.057 12.2 13.0 158 

106

7 

Eu 9.78E-08 3.70E-05 

  

0.965 2.19 1.76 3.85 68.7 

Gd 1.10E-05 3.23E-04 

  

0.075 16.0 10.8 172 864 

Tb 1.78E-06 4.20E-05 

  

0.060 12.8 1.65 21.2 588 

Dy 8.80E-06 2.36E-04 

  

0.068 14.6 9.92 145 589 

Ho 2.31E-06 4.63E-05 

  

0.051 10.9 2.08 22.6 412 

Er 9.50E-06 1.28E-04 

  

0.034 7.32 5.81 42.5 266 

Tm 1.84E-06 1.64E-05 

  

0.023 4.86 0.922 4.48 179 

Yb 1.13E-05 9.90E-05 

  

0.022 4.77 6.04 28.8 179 

Lu 1.61E-06 1.34E-05     0.021 4.54 0.846 3.84 156 

Y Eu++ 

(aq) 
6.25E-03 

        

Model 2.1 

a
(a

q
) 

to
ta

l 

a
(A

p
at

it
e)

 

C
o

n
ce

n
tr

at
io

n
 i

n
 

ap
at

it
e 

 

(m
o

le
 f

ra
ct

io
n

) 

C
o

n
ce

n
tr

at
io

n
 

fl
u

id
  

(m
o

la
l)

 

K
 

D
ap

at
it

e/
fl

u
id

 

C
o

n
ce

n
tr

at
io

n
s 

 

R
E

E
 f

lu
id

 (
p

p
m

) 

M
o

d
el

  

ap
at

it
e 

(p
p

m
) 

M
o

d
el

 a
p

at
it

e 

/c
h

o
n
d

ri
te

 

Ca 0.068 0.996 0.996 0.105 

     

Na 
1.28 

1.96E-03 

1.96E-

03 
1.94 

     

La 
1.42E-04 

9.31E-05 

  

4.73E-06 

4.10E-

03 

100.

0 0.41 1.73 

Ce 1.49E-04 3.27E-04 

  

1.58E-05 0.014 200 2.74 4.47 

Pr 1.62E-05 6.56E-05 

  

2.93E-05 0.025 24.0 0.61 6.54 

Nd 3.74E-05 4.15E-04 

  

8.01E-05 0.069 80.0 5.55 12.1 

Sm 5.63E-06 2.86E-04 

  

3.67E-04 0.318 14.0 4.45 30.0 

Eu 1.60E-07 6.52E-05 

  

27.9 0.199 1.90 0.38 6.76 

Gd 4.26E-06 4.01E-04 

  

6.78E-04 0.587 11.8 6.93 34.8 

Tb 4.50E-07 4.29E-05 

  

6.88E-04 0.596 1.70 1.01 28.2 

Dy 2.89E-06 1.66E-04 

  

4.15E-04 0.359 10.3 3.70 15.0 

Ho 5.46E-07 2.10E-05 

  

2.78E-04 0.241 2.00 0.48 8.75 

Er 1.37E-06 4.14E-05 

  

2.17E-04 0.188 6.10 1.15 7.18 

Tm 
1.79E-07 

4.40E-06 

  

1.78E-04 0.154 

0.70

0 0.11 4.31 

Yb 1.48E-06 2.75E-05 

  

1.34E-04 0.116 6.30 0.73 4.53 

Lu 2.48E-07 3.10E-06     9.03E-05 0.078 1.10 0.086 3.50 

Y Eu++ 

(aq) 
0.012 
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Model 2.2 
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Ca 0.906 0.996 0.996 1.28 

     

Na 
1.48 

1.96E-03 

1.96E-

03 
2.19 

     

La 
1.58E-04 

9.31E-05 

  

6.46E-04 0.052 

100.

0 5.18 21.8 

Ce 1.67E-04 3.27E-04 

  

2.14E-03 0.172 200 34.4 56.0 

Pr 1.70E-05 6.56E-05 

  

4.22E-03 0.338 24.0 8.11 87.2 

Nd 3.85E-05 4.15E-04 

  

0.012 0.946 80.0 75.7 166 

Sm 6.55E-06 2.86E-04 

  

0.048 3.83 14.0 53.6 362 

Eu 1.27E-07 6.52E-05 

  

468 3.79 1.90 7.21 129 

Gd 5.71E-06 4.01E-04 

  

0.077 6.15 11.8 72.6 365 

Tb 5.09E-07 4.29E-05 

  

0.092 7.38 1.70 12.5 349 

Dy 3.19E-06 1.66E-04 

  

0.057 4.56 10.3 47.0 191 

Ho 6.08E-07 2.10E-05 

  

0.038 3.03 2.00 6.06 110 

Er 1.31E-06 4.14E-05 

  

0.035 2.78 6.10 16.9 106 

Tm 
2.30E-07 

4.40E-06 

  

0.021 1.67 

0.70

0 1.17 46.9 

Yb 1.33E-06 2.75E-05 

  

0.023 1.81 6.30 11.4 70.9 

Lu 2.32E-07 3.10E-06     0.015 1.17 1.10 1.29 52.5 

Y Eu++ 

(aq) 
8.10E-03 

         

Model 3.1 
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Ca 0.224 0.992 0.992 0.292 

     

Na 
0.439 

4.10E-03 

4.10E-

03 
0.944 

     

La 
3.47E-03 

1.01E-05 

  

1.39E-06 

2.10E-

04 

120

0 0.252 1.06 

Ce 
4.71E-03 

6.99E-05 

  

7.10E-06 

1.07E-

03 

170

0 1.82 2.98 

Pr 
3.94E-04 

2.42E-05 

  

2.93E-05 

4.44E-

03 150 0.665 7.16 

Nd 1.01E-03 2.69E-04 

  

1.28E-04 0.019 393 7.58 16.6 

Sm 1.01E-04 8.41E-04 

  

3.99E-03 0.603 41.2 24.9 168 

Eu 2.99E-05 5.15E-04 

  

8.22E-03 1.24 12.4 15.4 275 

Gd 6.54E-05 1.55E-03 

  

0.011 1.71 28.0 47.9 241 

Tb 7.87E-06 1.22E-04 

  

7.40E-03 1.12 3.40 3.80 106 

Dy 3.78E-05 4.58E-04 

  

5.80E-03 0.877 16.7 14.6 59.5 

Ho 6.69E-06 6.10E-05 

  

4.36E-03 0.659 3.00 1.98 36.0 

Er 2.00E-05 1.15E-04 

  

2.74E-03 0.415 9.10 3.78 23.6 

Tm 2.61E-06 1.08E-05 

  

1.98E-03 0.299 1.20 0.359 14.4 

Yb 1.83E-05 4.82E-05 

  

1.26E-03 0.191 8.60 1.64 10.2 

Lu 2.73E-06 5.25E-06     9.18E-04 0.139 1.30 0.180 7.34 
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Y Eu++ 
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NA 

         

Model 3.2 
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Ca 0.645 0.992 0.992 1.05 

     

Na 
0.652 

4.10E-03 

4.10E-

03 
1.03 

     

La 
7.37E-03 

1.01E-05 

  

3.63E-06 

1.66E-

04 

120

0 0.199 

0.84

1 

Ce 
9.16E-03 

6.99E-05 

  

2.03E-05 

9.29E-

04 

170

0 1.58 2.58 

Pr 
4.88E-04 

2.42E-05 

  

1.32E-04 

6.03E-

03 150 0.904 9.72 

Nd 1.23E-03 2.69E-04 

  

5.81E-04 0.027 393 10.4 22.9 

Sm 1.10E-04 8.41E-04 

  

0.020 0.933 41.2 38.4 260 

Eu 2.99E-05 5.15E-04 

  

0.046 2.10 12.4 26.0 464 

Gd 7.01E-05 1.55E-03 

  

0.059 2.69 28.0 75.3 378 

Tb 8.49E-06 1.22E-04 

  

0.038 1.75 3.40 5.93 165 

Dy 4.02E-05 4.58E-04 

  

0.030 1.39 16.7 23.2 94.3 

Ho 7.17E-06 6.10E-05 

  

0.023 1.04 3.00 3.11 56.5 

Er 2.11E-05 1.15E-04 

  

0.014 0.661 9.10 6.01 37.6 

Tm 2.77E-06 1.08E-05 

  

0.010 0.475 1.20 0.570 22.8 

Yb 1.95E-05 4.82E-05 

  

6.59E-03 0.301 8.60 2.59 16.1 

Lu 2.89E-06 5.25E-06     4.83E-03 0.221 1.30 0.287 11.7 

Y Eu++ 

(aq) 
NA 
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