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1 Thesis Introduction 

 

1.1 Introduction to Chapter 1 

 

The beginning of this thesis introduces the common characteristics of the iron-oxide-

copper-gold (IOCG) class of mineral deposits with a focus on genetic issues. The debated 

and less certain aspects of IOCG genesis are discussed in particular, including fluid 

sources and the role of intrusions in IOCG formation. The Wernecke Mountains IOCG 

terrane is then introduced as a suitable study ground for further investigation of some of 

these key issues, and this will lead into presentation of the aims of this study. These aims 

are directed towards gaining a further understanding of the genesis of IOCG prospects in 

the Wernecke Mountains, and of IOCGs in general. 

 

1.2 Iron oxide-copper-gold deposits 

 

IOCG-deposits are a broad class of deposits that are grouped by their abundance of iron 

oxide minerals despite significant diversity in age, size, tectonic setting, morphology, and 

host-rock composition (see Table 1.1). The major economic components of the deposits 

are copper and gold, while uranium is commonly enriched but not usually present in 

economic levels (Hitzman and Valenta, 2005). They also commonly contain significant 

amounts of carbonate, Ba, P, F, and a suite of minor metals including Ag, Mo, Co, Ni, As 

and Zn. Additionally almost all contain anomalous concentrations of REEs (Hitzman, 

2000; Williams et al., 2005). 
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Deposit/Location Age (Ma) Host rocks Main alteration types Commodities

Spatial and/or 

temporal relation 

to intrusions

Fluid source/s References

Ernest Henry, 

Cloncurry district

1510 Metamorphosed 

volcanics (dacite, 

andesite and 

diorite)

Early regional Na-Ca +K-Fe 

(biotite-magnetite). Later K-

feldspar alteration + 

mineralisation

Cu-Au Yes Magmatic fluids formed 

regional alteration. 

Mixing with another fluid 

formed mineralisation

Mark et al. 2000, 2006; 

Williams et al. 2005

Osborne, 

Cloncurry district

1595 Metasedimentary 

rocks and 

metamorphosed 

mafic igneous 

rocks

Magnetite-quartz-apatite 

ironstone

Cu-Au Yes but 

mineralisation 

predates nearby 

granites

Magmatic ± retrograde 

metamorphic influence
1 

or basinal + metamorphic 

fluids
2

Adshead, 1995; 

Adshead et al. 1998
1
; 

Gauthier et al. 2001; 

Fisher & Kendrick, 

2008
2

Eloise, Cloncurry 

district

1536-1512 Metaarkose, 

quartz–biotite 

schist and 

amphibolite

Early pervasive albite; 

overprinted by hornblende-

biotite-quartz; followed by 

mineralisation

Cu-Au-Ag Yes Early high temp, 

ultrasaline magmatic 

fluid. Later mixed with a 

cooler, lower salinity 

fluid

Baker, 1998; Baker & 

Laing, 1998; Baker et al. 

2001.

Lightning Creek, 

Cloncurry district

Porphyritic quartz 

monzodiorite

Magnetite mineralization is 

superimposed on sodic-calcic 

alteration

Fe (minor Cu-

Au)

Yes Magmatic, with a 

possible minor late stage 

meteoric input

Perring et al. 2000

Starra, Cloncurry 

district

1502 

(1568)

Metasediments Magnetite + hematite 

ironstone lenses in intensely 

deformed albite-biotite-

chlorite-magnetite-hematite-

altered host rocks

Cu-Au Yes Magmatic fluid formed 

early ironstone, cooler 

fluid with different 

chemistry formed later 

mineralisation

Davidson et al 1989; 

Rotherham et al, 1998; 

Williams et al. 2001 

(Duncan et al, 2009)

Great Australia, 

Cloncurry district

<1550 Metabasalt, 

metadolerite

Sodic-calcic followed by 

potassic alteration. Abundant 

magnetite. Abundant 

carbonate accompanies 

mineralisation.

Cu-Co-Au Yes Probable magmatic 

source. Alternatively,  

proximal intrusios may 

have just circulated 

another brine type

Canell & Davidson, 

1998

Olympic Dam, 

Gawler Craton

1590 Granite Sericite-hematite + 

mineralisation. Magnetite at 

greater depths.

Cu-Au-Ag-U Yes Early magmatic fluids. 

Ore stage fluids meteoric. 

Ore deposited due to 

mixing of the two fluids

Oreskes & Einaudi, 

1992; Haynes et al. 

1995; Bastrakov et al. 

2007; Skirrow et al. 2007

Oak Dam East, 

Gawler Craton

1595-1575 Granite Early albite-calc-silicate ± 

magnetite, later hematite and 

magnetite, and chalcopyrite-

pitchblende mineralisation

Cu-Au-U Yes Early high temperature 

fluid, mineralisation 

precipitated via mixing 

with later cooler meteoric 

fluid

Davidson et al. 2007
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Salobo, Carajas 

district, Brazil

~2500 Metagreywacke, 

quartzite, banded 

iron formations and 

amphibolite.

Early sodic, followed by 

extensive K-metasomatism. 

Ore associated w/ K-spar 

altered rocks and dominated by 

magnetite (mag-bornite-

cpy/chalcocite)

Cu-Au Yes Two main fluid types: 

magmatic ± connate and a 

more oxidised fluid

Requia & Fontbote, 2000

Candelaria, Chile 116-110 Andesitic-basaltic 

lava and 

volcaniclastic rocks

Pervasive albite at upper levels, 

grades downwards into K-

feldspar + magnetite±hematite. 

Calcic±amphibole at depth

Cu-Au-Ag Yes Dominantly magmatic 

fluids that mixed w/ later 

external non-magmatic 

fluids to precipitate ore 

minerals

Ullrich and Clark, 1999; 

Ulrich et al. 2001; 

Marschik et al. 2000; 

Sillitoe, 2003

Aitik, Norbotten 

Ore Province, 

Sweden

1870 Metamorphosed 

volcanic and clastic 

sedimentary rocks

Pervasive scapolite-albite Cu-Au Yes Magmatic fluids with a 

contribution from 

evaporitic sources

Freitsch et al. 1997

Tennant Creek, 

Northern Territory

1830 Turbidite 

sedimentary rocks

Magnetite ± hematite 

ironstones. Lacks the large 

scale Na-Ca alteration of other 

deposits

Cu-Au-Ag-Bi Yes but no 

causative link with 

mineralisation

Evolved surficial or 

formation water (basinal 

brines) + possible 

magmatic input

Khin Zaw et al. 1994; 

Skirrow, 2000

Redbank, 

McArthur Basin, 

Northern Territory

- Sedimentary and 

volcanic rocks

K-feldspar, hematite, and 

chlorite

Cu Yes Formation water ± sea 

water. Circulation driven 

by intrusions

Knutsen et al. (1979)

Bayan Obo, 

Mongolia

440-420 Sedimentary rocks, 

mostly dolomite 

marble

Magnetite and hematite 

associated w/ monazite (+minor 

sulphide) mineralisation. Early 

albite and replacement by K-

spar only occur locally in shale 

& slate units

REE-Nb Yes but no direct 

spatial or temporal 

association with 

any specific 

intrusions

Early magmatic (possibly 

carbonatite-derived) fluids 

+ mixing with later cooler 

meteoric fluids

Smith & Chengyu, 2000; 

Fan et al. 2006

Pea Ridge, 

Missouri

1480 Rhyolites Silicic-K-feldspar alteration, 

magnetite dominated ore. 

Hydrolytic/sericitic (+hematite) 

alteration at surface deposit 

(Pilot Knob)

Fe-REE-Au Yes Magmatic Sidder et al. 1993; 

Seeger, 2000; Day, 2001

Wernecke 

prospects, Yukon, 

Canada

1595 Metasediments Sodic at depth, potassic 

shallower, magnetite-hematite 

widespread at all levels

Cu-Au-U No Basinal ± basement 

derived (possibly 

magmatic) fluid

Hunt, 2005; Thorkelson, 

2001; Kendrick et al. 

2008  

Table 1.1: Overview of characteristics of  IOCG deposits illustrating the diversity of this class of deposits and highlighting some of their common features. Ages 

and host-rocks vary widely; most but not all deposits have a clear spatial and temporal link to magmatism; and most were formed by fluids from more than one 
fluid source. 
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Age and tectonic setting 

The deposits of this type vary in age (Table 1.1), and occur in a range of tectonic settings. 

Hitzman et al., (1992) proposed a class of Proterozoic Fe-oxide deposits, which was 

spatially and temporally associated with rift related extensional tectonics, based upon some 

of the world’s major Fe-oxide deposits. More recent discoveries have revealed IOCG 

deposits that formed in the Archaean (e.g. Salobo) and the Phanerozoic (e.g. Candelaria), 

as well as the Proterozoic, and also in a wider range of tectonic environments (Barton and 

Johnson, 1996). Hitzman (2000) has identified three end-member tectonic environments 

that host the vast majority of IOCGs: 1) intra-continental orogenic collapse (e.g. Cloncurry 

District); 2) intra-continental anorogenic magmatism (e.g. districts hosting Olympic Dam 

and Pea Ridge); and 3) extensional environments along a subduction-related continental 

margin (e.g. IOCG districts of northern Chile). Understanding of the tectonic settings of 

IOCG districts however is continually being revised with further study. Recent studies for 

example in the Gawler craton (Direen and Lyons, 2007; Hand et al., 2007) have suggested 

that magmatism and mineralisation at Olympic Dam occurred in an overall compressional 

(orogenic) regime. Recent studies in the Cloncurry district further support an intra-

continental orogenic formation in association with syn-orogenic magmatism (Betts et al., 

2006). The common features of these settings are significant igneous activity (including 

commonly abundant mafics), high heat flow, and oxidised source rocks. 

 

Host-rock composition  

Host-rock composition is another aspect of IOCG deposits that is highly variable. IOCG 

mineralisation is hosted by a wide array of rock types, including igneous rocks (e.g. 

Olympic Dam, Candelaria, and the Lightning Creek prospect) and sedimentary rocks (e.g. 

Bayan Obo, Wernecke Mountains). Igneous host rocks range from mafic to felsic 

composition (including volcanics), and sedimentary host rock compositions include 

silicate, carbonate, ironstone, and evaporite-hosting sequences (see Table 1.1). Host rocks 

are also commonly metamorphosed, with greenschist to granulite facies represented 

(Hitzman, 2000). The wide range of host rocks suggests that the type or composition of 

host rock is not a critical factor in the formation of the deposits; though differences in host 

rock are responsible for some of the differences in mineralogy between deposits. 
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Style, morphology and structure 

IOCG deposits also vary considerably in terms of style or deposit morphology. Some exist 

as concordant stratabound deposits (e.g. Bayan Obo and Greenmount), while more often 

they are strongly discordant breccias and veins (Hitzman, 2000). The brecciated bodies are 

formed by several stages of vigorous hydrothermal circulation (e.g. Olympic Dam, Ernest 

Henry, Wernecke breccias). All of the districts occur along major structural zones, and 

local structural controls account for the variations in deposit morphology. The morphology 

and extent of brecciation, alteration and mineralisation are largely controlled by 

permeability along faults, shear zones, intrusive contacts, and permeable horizons 

(Hitzman et al., 1992). 

 

Alteration  

A characteristic feature of IOCG deposits is the presence of large-scale metasomatism, and 

in particular, voluminous regional sodic alteration. The large volumes of alteration imply 

that the localised ore occurrences are products of very large hydrothermal systems (Barton 

and Johnson, 1996). The hydrothermal alteration is commonly intense, and suggestive of 

high fluid/rock ratios and complex, highly saline fluids (Partington and Williams, 2000). 

 

Alteration follows a general trend of: sodic alteration (typically albite-dominated but also 

containing clinopyroxene, amphibole, scapolite and titanite) (Pollard, 2000) accompanied 

by magnetite at deeper levels; to potassic alteration (dominantly K-feldspar and/or biotite) 

with hematite at shallower levels; and sericitic alteration and silicification at very shallow 

levels. The deposits in the Kiruna district have some key differences to IOCG deposits 

(discussed below), but clearly display this pattern of alteration zoning with depth, 

exhibiting a complete transition from sericitic/silicic (<1 km) to potassic (1-3 km) to sodic 

alteration (3-6 km) with increasing depths (Hitzman et al., 1992). Similar alteration zoning 

is also observed at the Pea Ridge and Olympic Dam deposits and in the Wernecke IOCG 

district. At other deposits such as Ernest Henry (Mark et al., 2006), Eloise (Baker, 1998), 

and Salobo (Requia and Fontbote, 2000), these different alteration types formed at 
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common depths but at different times, with early sodic alteration commonly superimposed 

by later potassic alteration.  

 

The relationship between alteration type and depth has been attributed primarily to the 

temperature increases that are associated with greater depths. Specifically because 

Na/(Na+K) in a hydrothermal fluid decreases with increasing temperature. A fluid being 

heated therefore (e.g. at depth and/or interacting with heat sources) will tend to cause sodic 

alteration since its Na/(Na+K) ratio decreases by transfer of Na to the wall-rock, whereas a 

cooling fluid promotes potassic alteration along with Na/(Na+K) increase. Such cooling 

may occur simply by interaction with cooler country rock, or by interaction with a lower 

temperature fluid. Orville (1963), Dilles and Einaudi (1992), Hitzman et al., (1992), 

DeJong and Williams (1995), Barton and Johnson (1996) and Pollard (2001) have all used 

this temperature model to explain differences in alteration composition with depth. One 

variation on this convection-reliant model has initial Na-Ca alteration giving way to K-Fe 

alteration with time (rather than distinct spatial zonation). The change in alteration type is 

attributed to temperature decrease and/or changes in fluid chemistry (such as K-Fe 

enrichment) that can occur as Na and Ca are lost to the wall-rock during the initial stages 

of alteration (e.g. Oliver et al., 2004; Mark et al., 2006). Pollard (2001) argues that 

unmixing of CO2 from a H2O-CO2-NaCl fluid at high temperatures allows sufficiently high 

Na/K ratios to favour the initial sodic alteration. This model can help to explain temporally 

distinct alteration types.  

 

Host lithology and fluid composition are further controls on alteration mineralogy in 

addition to the strong temperature control described above, since they are responsible for 

the provision of elements available for the fluid-rock exchange (Hitzman et al., 1992). 

These two factors, when combined with differing thermal gradients between districts, can 

explain why alteration patterns commonly differ from the classic depth dependent model 

described above, and why mineralisation depths are so variable. Mineralisation is 

interpreted to have occurred over a wide range of depths from around 10-15 km, which are 

common for deposits in the Cloncurry District, to near-surface environments such as 

Olympic Dam (Pollard, 2000; Williams et al., 2005). 
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Mineralisation 

IOCG mineralisation occurs in a variety of vein and stockwork styles and a range of 

breccia types, and is controlled by structural features such as fault bends or intersections, 

shear zones and lithological contacts (Williams et al., 2005). Abundant magnetite and 

hematite form the dominant iron-oxide minerals, with magnetite commonly forming earlier 

than hematite and associated with greater depths as discussed above. Generally, Cu-

sulphides (e.g. chalcopyrite ± bornite) represent the major Cu ore minerals, and together 

with pyrite and gold overprint earlier oxides. Iron sulphides are generally a minor 

component in comparison with iron oxides (Porter, 2000). Uranium mineralisation 

generally occurs as uraninite or brannerite within Cu-enriched zones, in association with 

Cu-Fe-sulphides (Hitzman and Valenta, 2005). Geochemistry has revealed that many 

deposits (e.g. Ernest Henry) appear to have a broad halo of weakly anomalous uranium in 

the alteration zone surrounding the deposit (Hitzman and Valenta, 2005). 

 

Association with intrusions 

The majority of IOCG deposits form in broad spatial and temporal association with 

magmatism (Hitzman, 2000; Partington and Williams, 2000; Pollard, 2006). Examples 

include deposits in the Cloncurry district, Queensland; the Pea Ridge deposit, Missouri; 

Salobo, Brazil; Candelaria, Chile; and the Olympic Dam deposit, South Australia. At some 

deposits geochronology has allowed mineralisation to be related to specific intrusive 

events. For example the Ernest Henry and Eloise deposits in the Cloncurry district (1510 

and 1536-1512 Ma respectively) formed coeval with the Williams and Naraku batholiths 

(Williams et al., 2005), and Olympic Dam formed coeval with the Hiltaba Suite of granites 

(Skirrow et al., 2007). This association has led researchers to suggest a genetic link 

between IOCGs and magmatism. Other deposits have a general inferred association with 

intrusions but links to a specific magma body or event are not clear, for example the 

Osborne deposit is spatially related to the Williams and Naraku batholiths but at 

approximately 1595 Ma it predates intrusion of the batholiths (Gauthier et al., 2001). 

Similarly, recently determined mineralisation ages at Starra are incompatible with a 

temporal association with magmatism (Duncan et al., 2009). Links to magmatism are also 
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uncertain for the Tennant Creek district (Skirrow, 2000), the Bayan Obo deposit (Smith 

and Chengyu, 2000), the Redbank district (Knutson et al., 1979), and the Wernecke 

Mountains, Canada (e.g. Hunt et al., 2007) as outlined in Table 1.1. The weaker link to 

magmatism in these districts questions the importance of magmas in IOCG formation and 

suggests that IOCG deposits can potentially be formed with or without major intrusions. 

The genesis of IOCG deposits is further discussed below (Section 1.3). 

 

Comparison with Kiruna-type deposits 

Magnetite-apatite (Kiruna type) deposits were originally grouped into the IOCG class of 

deposits by Hitzman et al., (1992), but are now considered distinct from IOCGs. These 

deposits are characterised by similarly abundant iron oxides, association with large-scale 

sodic alteration systems, and overlapping minor element associations (Cu, Au, P, F, REE, 

U) (Williams et al., 2005), but lack the Cu and Au enrichments common to IOCGs. Kiruna 

type deposits feature markedly similar styles of mineralisation and alteration from district 

to district, and are generally closely related (spatially and temporally) to specific intrusive 

bodies (Hitzman, 2000). The character of IOCGs is much more variable, as is their 

association with intrusive rocks as discussed further below. Kiruna type deposits co-exist 

with IOCGs in some metallogenic provinces where other types of deposit are rare 

(Williams et al., 2005), and Hitzman (2000) suggests that these two deposit types may be 

genetically related, although even where spatially proximal there is commonly a lack of 

temporal association. 

 

 

1.3 Genesis of IOCG deposits 

 

The genesis of IOCG deposits has been the focus of much discussion in recent years. A 

number of genetic models have been proposed, yet a definitive model has been elusive. 

Initial thoughts on IOCGs indicated they may have been magmatic deposits. It was 

suggested that liquid immiscibility of an alkaline magma produced an iron-rich fraction, 

which differentiated to form the iron oxide-rich ore deposits (e.g. Frietsch, 1978; Kolker, 

1982). While there are instances of anorthosite-related Fe-Ti oxide deposits (Hauck, 1990), 
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where geological and experimental data appears to support an immiscible melt origin, 

these are not a focus of this study, nor are they examined further in this discussion of 

IOCG deposits. More recent studies have brought agreement that the vast majority of 

IOCG deposits are of hydrothermal origin. Williams (1998) for example cited the 

particularly large scale, intense metasomatism observed in the Cloncurry IOCG district as 

evidence of the circulation of large volumes of high salinity fluid. 

 

While the involvement of hydrothermal fluids is widely accepted, there are some key 

genetic questions which remain unanswered. Major uncertainties include the source/s of 

the hydrothermal fluids, and sources of salinity and ore minerals. The major theories on 

fluid and salinity sources centre on either a magma-derived fluid (Hitzman et al., 1992; 

Baker, 1998; Williams et al., 2001) or fluid derived from a basinal/evaporitic source (Zaw 

et al., 1994; Barton and Johnson, 1996, 2000), while a combination of magmatic and non-

magmatic fluids forms the basis for most fluid-mixing models. Other fluid types such as 

meteoric and metamorphic fluids have also been proposed as possible contributors to fluid 

mixing (Oreskes and Einaudi, 1992). The main theories regarding fluid sources are 

discussed in further detail below. 

 

Magmatic Source 

Magmatic source theories have been popular because, as discussed above, many IOCG 

deposits have a spatial and temporal association with intrusive igneous bodies and because 

several fluid studies have reported fluid compositions that are consistent with having been 

exsolved from a crystallising magma (e.g. Baker, 1998; Perring et al., 2000; Williams et 

al., 2001; Baker et al., 2008) (see Chapter 2 for discussion of the character of magma-

derived fluids). 

 

The typical magmatic source theory suggests that hot, saline, metal- and sulphur-bearing 

fluids are exsolved from a cooling, crystallising magma. Fluid circulation is driven by the 

heat of the intrusion and is able to cause extensive Na-Ca alteration with the help of CO2 

unmixing as outlined by Pollard (2001), who suggests that further sources of Na-Ca such 

as external fluids or evaporites are unnecessary. Potassic alteration is potentially formed by 
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this same fluid system as the fluid cools and evolves in composition (Oliver et al., 2004; 

Mark et al., 2006).  

 

The high temperature and salinity of magmatic fluids provide them with considerable 

metal-carrying capacity.  High metal contents combined with the potential for focussed 

flow of exsolved fluids are key factors in their ore-forming potential, while subsequent 

cooling, phase separation and fluid-rock interactions are the main precipitation 

mechanisms invoked in this model (Barton and Johnson, 2000).  

 

Non-magmatic source 

The theories focussing on alternative (non-magmatic) fluid sources for IOCG formation 

have arisen because of the lack of association of IOCGs with specific intrusive events in 

several districts as noted above, as well as emerging fluid inclusion evidence for the 

involvement of multiple fluid types, many of which have non-magmatic origins. 

 

In the evaporitic source model described by Barton and Johnson (1996; 2000), highly 

saline, sulphur-poor fluids, are generated through interaction with evaporitic sources. 

These basinal brines and/or evaporites provide the chloride necessary for metal transport, 

and the sodium observed in wall rock alteration, while magmatism provides the necessary 

heat for circulation of fluids. This heat causes thermal convection, with sodic alteration 

forming along inflow zones, and potassic alteration upon rising and cooling. Barton and 

Johnson (1996) argue that the enormous volumes of intense sodic alteration observed 

(>100km3), would require a far greater volume of saline fluid than could plausibly be 

generated by an associated magma body. They compare the much smaller volumes of 

similar alteration seen in other types of magmatic-hydrothermal systems such as porphyry 

copper systems in which pervasive alkali exchange is generally in the order of 10km3. The 

high chloride/sulphur ratios typical of evaporitic brines ensure an excess of metals in 

relation to sulphur, which is consistent with only the least soluble chalcophile elements 

such as Cu forming sulphides, while lead and zinc are removed from the system and 

transported elsewhere. While the presence of suitable evaporite sequences is observed or 

inferred in association with many deposits, Barton and Johnson (1996) acknowledge that 
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others, particularly the Proterozoic examples have no known association with evaporites. 

Doubt therefore remains over the applicability of this theory to the majority of deposits.  

 

Evidence from the Redbank, Tennant Creek, and Wernecke districts suggests that these 

best represent non-magmatic endmember IOCG districts that have formed with no (or 

minimal) input of magmatic fluids (Hunt et al., 2007). Such studies supporting a solely 

non-magmatic source for IOCG-forming fluids are rare. 

 

Fluid mixing 

The discovery of multiple fluid types within IOCG systems, and the advancement of 

analytical technologies, have instigated more detailed investigations of fluid types, their 

sources and their respective roles in IOCG formation. These investigations have led to the 

development of theories that involve the interaction of two different fluids in the formation 

of ore deposits. Fluid mixing models commonly involve cooler, oxidised fluids interacting 

with hot, highly saline (basinal brine or more commonly magmatic) fluids to create 

conditions suitable for precipitation of ore minerals (Oreskes and Einaudi, 1992). This type 

of model is gaining increasing popularity, and has been proposed for Ernest Henry (Mark 

et al., 2006), Eloise (Baker, 1998), Olympic Dam (Oreskes and Einaudi, 1992; Haynes et 

al., 1995), the Oak Dam East prospect (Davidson et al., 2007), Salobo (Requia and 

Fontbote, 2000), and Candelaria (Marschik and Fontbote, 2001; Ullrich et al., 2001) 

suggesting that fluid mixing is a key feature in the formation of major IOCGs. The key 

evidence in support of fluid mixing has been the detection of two or more co-existing fluid 

types with differing character (e.g, temperature, salinity, sulphur content, redox state) (e.g. 

Oreskes and Einaudi, 1992; Baker, 1998; Williams et al., 2001), and alteration chemistries 

that cannot be explained by the effects of a single fluid (e.g. Mark et al., 2006). Additional 

evidence has come from: 1) stable isotope (S, O) analyses, which have been used to 

determine the origin of mineral-forming fluids (for example determining a magmatic or 

non-magmatic origin for sulphur) (e.g. Perring et al., 2000; Requia and Fontbote, 2000; 

Marschik and Fontbote, 2001; Chiaradia et al., 2006); and 2) halogen and noble-gas 

analyses, which have been able to identify fluid mixing using an understanding of the 

halogen and noble gas signatures of fluids from various sources (Kendrick et al., 2006; 
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Fisher and Kendrick, 2008; Kendrick et al., 2008). Fluid mixing is an attractive theory 

because of its effectiveness as a precipitation mechanism. Key factors controlling metal 

solubility in fluids are temperature, redox, and availability of sulphur (see Yardley, 2005 

for a review); and fluid mixing provides the mechanism for a rapid change in these 

conditions. Mixing a hot, reduced, highly saline magmatic fluid for example with a cooler, 

oxidised, sulphate-bearing fluid would rapidly reduce metal solubility, causing 

precipitation of ore minerals.  Meteoric fluids sometimes play the role of the cooler fluid in 

this precipitation process (e.g. at Olympic Dam and Bayan Obo). This is invariably the role 

meteoric fluids play in IOCG formation due to their cooler temperatures, and because their 

low salinities and metal content ensure they are unable to form IOCGs on their own (see 

Chapter 2 for discussion of meteoric and other fluid types). Hitzman (2000) describes the 

influx of non-magmatic, oxidised, saline, and relatively Cu-rich solutions as the critical 

factor in forming IOCG systems (as opposed to porphyry copper systems) in magmatic 

terranes. 

 

Metal Sources 

Because of the range of proposed fluid sources, questions are raised over the sources of ore 

metals (e.g. Cu, Au, U) carried by IOCG-related fluids. Magma-derived fluids contain high 

metal concentrations from the time they are exsolved (see Chapter 2) and the metal content 

of deposits is commonly attributed to these fluids. Where non-magmatic fluids are 

invoked, an alternative source of metals is needed. Such models suggest hot, saline fluids 

are capable of leaching metals from country rock during alteration (e.g. exchange of Na for 

other metals). This process is more effective in rocks with higher metal contents, such as 

pre-existing igneous rocks (e.g. Barton and Johnson, 2000). The sources of metals in these 

two models are not mutually exclusive, because leaching of metals from wall-rock by 

magmatic fluids also occurs. Pollard (2001), Oliver et al., (2004), and Mark et al., (2006) 

discussed mechanisms for mobilisation of large amounts of metals from some rock types 

(via albitisation) into the fluid phase, where they are available for subsequent stages of 

alteration and mineralisation. These insights reveal the potential for multiple sources of 

metals and the difficulty in resolving metal sources. Discussion of U sources by Hitzman 

and Valenta (2005) typifies the uncertainty over metal sources. They propose that U-rich 
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magmatic fluids can be evolved from granites, but also suggest that the majority of U in 

some cases is leached from the host-rocks, as shown by a relation between the U content of 

some IOCG deposits and the amount of U in the unaltered host-rock sequence. The matter 

is complicated further by fluid mixing (due to uncertainty over which fluid provided which 

components), and also because concentrations of the major ore metals are difficult to 

measure in fluid inclusions (e.g. Cu, Au, U). 

 

Overview 

While there is still debate over the genesis of IOCG deposits, the current evidence implies 

large hydrothermal systems are associated with some form of underlying magmatism, with 

fluids derived from possible combinations of magmatic, evaporitic, and meteoric sources. 

The interaction of these different fluids, for example a hot, reduced magmatic-derived 

fluid with a cooler more oxidised fluid of differing origin may be the key step in the ore 

forming process.  

 

Further research is needed to resolve the sources of IOCG-forming fluids and metals, so 

that a more definitive genetic model can be formed. The ability of magmatic fluids to carry 

significant concentrations of metals is clear, however the occurrence of IOCGs with 

limited magmatic influence suggest that there must be other important crustal metal 

sources. A greater understanding of fluid compositions and characteristics in different 

IOCG terranes could prove to be a key step in answering some of the questions posed. 

 

1.4 IOCGs in the Wernecke Mountains 

The Wernecke region was first linked with the IOCG class of deposits by Hitzman et al., 

(1992), who classified the prospects in this region as IOCGs because of their large volumes 

of metasomatism, iron-oxide alteration, and distinct suite of element enrichments (Cu-Au-

U-Co-REE). More recently Hitzman (2000) questioned their classification as true IOCGs 

because of their lack of association with significant igneous or intrusive rocks, which are a 

key feature of each of the tectonic environments that he proposed were necessary for IOCG 

formation. Based on their alteration, mineralisation, and chemical signature, the Wernecke 

prospects have in recent years been classified as IOCGs by Hunt et al., (2005; 2007), with 
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the view that models for IOCG deposits should be expanded to accommodate IOCG 

systems formed in environments unrelated to magmatism. A detailed description of 

Wernecke geology is presented in Chapter 3. 

 

The value in studying the Wernecke Mountains IOCG terrane lies in the opportunity to 

study a potentially non-magmatic end-member district. Hunt et al., (2007) cites the absence 

of major (and coeval) intrusives, stable isotope evidence, minor fluid inclusion evidence, 

and presence of meta-evaporites as evidence that the Wernecke IOCGs may represent non-

magmatic endmember deposits, lying at the opposite end of the spectrum from those 

formed from magma-derived fluids (see Chapter 3 for further discussion of Wernecke 

IOCG genesis). As discussed above, IOCG deposits without a significant magmatic 

association are rare, and this study offers the chance to 1) gain further insight into whether 

or not the system is truly amagmatic, and 2) gain rare insight into IOCG genesis in a region 

with minimal magmatic influence. 

 

Uncertainty over the sources of IOCG-forming fluids in the Wernecke Mountains exists 

because no substantial fluid study has been performed in this region. This thesis documents 

such a study, which uses direct analysis of IOCG-forming fluids as the primary route to 

investigating the source of these fluids. A collaborative study was also conducted in 

parallel with this thesis to provide an extra avenue for investigation of fluid sources 

(Kendrick et al., 2008). The well constrained stratigraphy and alteration patterns in the 

region (see Chapter 3) additionally provide an opportunity to explore fluid-rock interaction 

and its role in fluid and deposit evolution. 
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1.5 Summary of thesis objectives 

1) Determine the character and composition of IOCG-forming hydrothermal fluids in the 

Wernecke Mountains. 

2) Resolve fluid sources and influences based on fluid properties and chemistry. 

3) Explore fluid-rock interaction using fluid data and whole-rock geochemical data. 

4) Utilise these findings to better understand the formation of Wernecke IOCG prospects 

and gain insights into the genesis of IOCGs in general. 

 

1.6 Summary of materials and methods 

 

Field campaign 

Fieldwork was undertaken at the beginning of this project during a 3 ½ month period spent 

in the Yukon Territory, Canada (May to August 2002). The Wernecke Mountains lie in a 

remote region of the Yukon Terrritory, 150 km northeast of the nearest town of Mayo, with 

no road access. Transport to the study area was only possible by helicopter, which was also 

used for periodic camp relocations and food/equipment drops. Familiarisation with the 

geology of the Wernecke breccias, and collection of samples for fluid inclusion analysis 

were primary objectives in the field. With these same objectives in mind, time was also 

spent in Whitehorse, where access to diamond drillcore from the Wernecke region was 

available, and six exploration drill holes dating from 1979-1980 were logged and sampled. 

The expedition was funded by the Yukon Geology Program, and organised by Julie Hunt 

as part of her own research in the Wernecke Mountains. Only one field season was 

possible due to the logistics and expense of working in such a remote wilderness location.  

 

Sample collection 

Approximately 40 rock and mineral samples were specifically collected from the field for 

studying fluid inclusions. In addition, Julie Hunt collected samples for the purposes of 

dating and stable isotope analyses (Hunt, 2005), and many of these samples (and others 

collected by her in previous years) were also accessible during this study. Approximately 

130 drillcore samples from the Igor prospect were also collected in Whitehorse for 
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characterisation of breccia types, alteration and mineral paragenesis, and for study of fluid 

inclusions. 

 

Laboratory work 

Lab work formed a large proportion of the practical aspect of this project and included the 

following major steps: 

• Double polished fluid inclusion sections made by Vancouver Petrographics, 

Vancouver, Canada using blocks prepared from approximately 40 samples 

• All fluid inclusion sections examined under microscope for the presence of fluid 

inclusions (of suitable size, number and paragenesis) 

• Fluid inclusion types and paragenesis documented and photographed 

• Mineral paragenesis documented in order to place fluid inclusions paragenetically 

• Suitable fluid inclusions identified in 12 samples were analysed by 

microthermometry 

• Fluid inclusions assessed for suitability (e.g. appropriate inclusion size and depth) 

for analysis by further advanced microanalytical techniques 

• Approximately 100 inclusions in 10 samples analysed using laser Raman 

spectroscopy at Geoscience Australia, Canberra, in collaboration with Dr Terry 

Mernagh 

• 47 inclusions in 7 samples analysed using proton induced x-ray emission (PIXE) 

(CSIRO-GEMOC nuclear microprobe, North Ryde) in collaboration with Dr Chris 

Ryan 

• 184 inclusions in 8 samples analysed using laser ablation-inductively coupled 

plasma mass spectrometry (LAICPMS) at the Research School of Earth Sciences 

(RSES), ANU, Canberra, in collaboration with Dr Thomas Ulrich 

• Extensive processing of PIXE and LAICPMS results to acquire reliable 

representations of fluid inclusion contents 

• Wholerock geochemical analyses performed on 17 samples using XRF analysis (x-

ray fluorescence) at the Advanced Analytical Centre (AAC), JCU, Townsville 
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• Mineral separates  from 8 samples were analysed for noble gases and halogens 

using extended Ar-Ar methodology, by Mark Kendrick at the RSES, ANU, 

Canberra (Kendrick et al., 2008) 

 

1.7 Outline of thesis content 

Chapter 1 has outlined the characteristics of the IOCG class of deposits and discussed 

some important issues surrounding their genesis. This chapter has also addressed why 

Wernecke IOCGs are suitable subjects of study in terms of the unknown aspects of their 

genesis and how their study is pertinent to IOCG genetic theories in general. Above is 

listed a summary of the aims of this study, and this section presents an outline of the 

content and goals of each thesis chapter. 

 

Chapter 2 is a literature review of the different types of hydrothermal fluids. This chapter 

compiles published fluid chemistry data, and the properties of the major fluid types are 

investigated with an emphasis on the features that distinguish the fluid types from one 

another. The information gained through analysis of this data will be essential in 

identifying the fluid types encountered in samples from the Wernecke IOCG prospects. 

 

Chapter 3 presents a description of the geology of the Wernecke Mountains, with a focus 

on the Wernecke breccias and their host units. This chapter also discusses the various 

theories and uncertainties concerning IOCG formation in this region, including proposed 

fluid sources.  

 

Chapter 4 describes the prospects chosen for study, as well as fluid inclusion samples and 

their context within these prospects. This chapter also describes fluid inclusion 

petrography (inclusion types and timing) and thermometry experiments. These 

experiments represent the first step in the determination of fluid inclusion character by 

providing trapping temperatures, salinity estimates and basic major element chemistry. 

 

Chapter 5 describes microanalysis of individual fluid inclusions using PIXE and 

LAICPMS. The objectives of this chapter are: 1) to demonstrate the effective use of 
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combined microanalytical techniques on fluid inclusions from the Wernecke region and; 2) 

the acquisition of detailed fluid compositions from several Wernecke prospects. 

 

Chapter 6 examines the whole-rock chemistry of Wernecke Supergroup rocks, with a focus 

on alteration chemistry. A primary goal in this section is to reveal which elements were 

gained and lost from WSG rocks during alteration, with a view to investigating the relation 

of these chemical changes to fluid compositions in Chapter 7. Geochemistry will also be 

used to assess the possible sources for metals enriched in Wernecke prospects. 

 

Chapter 7 is a discussion which draws on fluid properties and compositions presented in 

Chapters 4 and 5, as well as recent halogen and noble gas data (Kendrick et al., 2008) to 

identify the sources of IOCG-related fluids and metals, and investigate further controls on 

fluid compositions. Fluid-rock interaction is investigated using comparisons of fluid 

chemistry with rock and alteration chemistry presented in Chapter 6. These issues are 

central to debates over the genesis of IOCG deposits, and their discussion furthers our 

understanding of the formation of the Wernecke prospects and the IOCG class of deposits 

in general. 

 

Chapter 8 presents the conclusions of this thesis, and the outcomes of this study with 

respect to each of the objectives outlined in this chapter. 
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2 Hydrothermal fluids, a review: sources, character and 

controls on chemistry 

 

2.1 Introduction 

The different types of hydrothermal fluids circulating in the Earth’s crust are classified 

according to their original source. The major types are: 1) magma-derived fluids; 2) basinal 

fluids; 3) metamorphic fluids; and 4) meteoric fluids. This chapter reviews the modes of 

formation and the character of these fluid types. The characteristics of fluids from each 

fluid source are reviewed using a compilation of fluid chemistry data from numerous past 

studies (Appendix A). Analysis of this dataset will illuminate the key differences between 

the major fluid types and facilitate discussion of the key controls on the character of 

hydrothermal fluids in general. Published halogen data from a range of fluid types have 

also been compiled with the aim of demonstrating the use of halogen analysis in 

distinguishing fluid sources (Appendix B). At the end of this chapter, the available data on 

IOCG-related fluids are reviewed and their origins discussed in light of the identified 

characteristics of the different fluid types. 

 

2.2 Fluid data compilation 

Past studies have obtained hydrothermal fluid compositions from a range of geological 

settings using an ever increasing range of analytical techniques. Microthermometry of fluid 

inclusions is used to determine fluid salinities and temperatures (for review see Roedder, 

1984; Shepherd et al., 1985, and for detailed description of methods see Chapter 4), while 

elemental compositions have been obtained using Proton Induced X-ray Emission (PIXE) 

(e.g. Heinrich et al., 1992; Vanko et al., 2001; Kamenetsky et al., 2002; Baker et al., 2006), 

Laser Ablation- Inductively Coupled Plasma- Mass Spectrometry (LAICPMS) (e.g. 

Gunther et al., 1998; Ullrich et al., 2001b), Synchrotron X-Ray Fluorescence (SXRF) (e.g. 

Cline and Vanko, 1995; Vanko et al., 2001), Laser Microprobe Noble Gas Mass 

Spectrometry (LMNGMS) (Bohlke and Irwin, 1992b), and crush-leach/bulk analysis 

(Campbell et al., 1995; Banks et al., 2000). While all the compiled magma-derived fluid 

compositions in Appendix A have been determined through fluid inclusion analysis, many 
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(Giggenbach, 1997) non-magmatic fluid data have been gathered from analyses of 

groundwater samples (e.g. Carpenter et al., 1974; Williams and McKibben, 1989; 

Connolly et al., 1990; Davisson et al., 1994; Martel et al., 2001)  

 

The compiled data for magma-sourced fluids are from a range of magma-related settings, 

including porphyry copper (±gold), intrusion-related gold (IRG), and granite-related Mo, 

W and Sn deposits. The data have been selected to represent compositions of end-member 

magmatic fluids with no or minimal influence from other fluid types. Non-magmatic fluid 

data has been compiled from studies of basinal, metamorphic and meteoric fluids in a 

range of settings. Only fluids without a magmatic component have been selected, however 

where indicated, some of these fluids represent a mixture of non-magmatic fluid types. 

Tables 2.1 and 2.2 present mean data from the compiled datasets, while the complete 

datasets and further detail about the sampled fluids are presented in Appendix A. These 

data have been used for the plots in Figures 2.1-2.5, while halogen plots (Figures 2.6-2.8) 

are based on the data in Appendix B. 

 

2.3 Magmatic fluids 

 

Formation and general characteristics 

 

Formation 

Magma-derived fluids are formed by exsolution of an aqueous phase from a crystallising 

magma. As magma cools and begins to crystallise, water and other components such as 

CO2 become increasingly enriched in the magma melt. The melt gradually becomes 

saturated in these components, and beyond this point they become immiscible with the 

melt and are exsolved (Beane and Bodnar, 1995). These fluids are then commonly driven 

upwards via crustal weaknesses by the heat of their parent magma. Fluids of magmatic 

origin are of significant interest to researchers because of their key role in the formation of 

intrusion-related ore deposits. 
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Location FI types n Temp Salinity* Cl Na K Ca Mn Fe Cu Zn As Br Rb Sr Ba Pb Cl/Br Na/K Ca/K Mn/Fe Reference

Mole granite L+V+H±S±Op 5 420 33.6 242000 na 36600 3220 17600 60200 896 5240 482 419 1700 <50 na 3340 578 0.09 0.29 Heinrich et al. 1992

Mole granite V+L+Op 4 420 5.1 16250 na 6825 2450 530 2500 10950 603 <350 270 <300 na na 810 60 0.36 0.21 Heinrich et al. 1992

Alumbrera L+V+H±Op±nS 23 550* 52.8 na 124261 90056 na 20467 109839 2487 6539 54 na 503 146 203 2344 1.3 0.26 Ulrich et al. 2001

Alumbrera L+V 4 261* 7.3 na 16800 5150 na 1300 2450 200 700 60 na 55 88 25 500 3.9 0.49 Ulrich et al. 2001

Alumbrera V±L±Op 16 500* 3.6 na 10338 7025 na 1075 10873 8919 1255 30 na 31 12 19 185 1.8 0.11 Ulrich et al. 2001

Questa, NM L+V+H±Op±Syl 20 390 18.8 144200 na 18980 1793 4607 15542 2221 1433 na 418 na na na 535 529 0.09 0.29 Cline and Vanko, 1995

Questa, NM V+L±Op 10 390 0.3 3133 na 1800 1700 455 1840 455 447 na na na na na na 0.28 Cline and Vanko, 1995

Bingham L+V+H±Op 13 253908 na 53692 3040 3008 39000 1758 2425 na 703 na na na na 552 0.06 0.11 Vanko et al. 2001

Bingham L+V+H 6 173500 na 62000 11383 5017 50000 2250 3417 na 1240 na na na na 227 0.21 0.10 Vanko et al. 2001

Capitan, NM L+V+H+nS 7 600 76.2 415610 186586 67778 37488 15593 10456 <10 1708 na 177 404 1043 710 623 2545 2.8 0.56 1.63 Campbell et al. 1995

Industrialnoe L+V+H±nS 31 254028 na 54252 12630 10203 53271 244 5648 249 647 833 256 na 1 676 0.64 0.21 Kamanetski et al. 2002

St Austell L+V±H 13 620 17400 13915 5094 4578 1289 4825 na 880 na na 180 na na na 3.0 0.82 0.26 Bottrell & Yardley, 1988

S.W. England L+V 7 284 7.5 33727 20525 5269 5039 889 3886 619 265 na 49 na na 118 na 743 4.1 1.01 0.44 Smith et al. 1996

Emerald Lake L+CO2 19 275* 7.0 37733 na 5911 2033 329 1167 238 574 286 107 na na na 202 2796 0.38 0.33 Baker et al. 2006

Emerald Lake L+V+H±Syl±S 8 250* 35.0 213475 na 66077 16420 3646 7973 201 1654 170 475 na na na 1961 632 0.34 0.45 Baker et al. 2006

Brewery Ck L+V+H±Syl±S 5 530* 37.0 232502 na 33893 10856 3405 23894 136 2632 127 406 na na na 1710 622 0.34 0.18 Baker et al. 2006

Brewery Ck CO2 Vap-rich 4 430* 6.0 37637 na 15151 2713 653 4470 254 479 363 1087 na na na 1769 43 0.17 0.30 Baker et al. 2006

Mike Lake L+V+H±Syl±S 9 320* 50.0 282889 na 27344 14061 4574 46922 730 3116 746 677 na na na 2139 581 0.57 0.11 Baker et al. 2006

Mike Lake CO2 Vap-rich 6 310* 2.5 7560 na 2018 870 225 1822 556 280 82 62 na na na 126 321 0.41 0.15 Baker et al. 2006

Shotgun L+V+H±Syl±S 7 335* 52.0 290528 na 49608 7550 18921 110423 475 5724 111 3182 na na na 1281 101 0.15 0.17 Baker et al. 2006

Mole Granite L+V+H+2S 40 420 47.8 367957 116132 66179 na 22385 85615 384 5423 119 na 2265 na na 4156 1.8 0.27 Gunther et al. 1998  
Table 2.1: Average (mean) temperatures, salinities and element concentrations obtained for fluids representing end-member magmatic brines. They are 

characterised by a range of fluid inclusion types including L+V±H±nS, vapour-rich and CO2 bearing inclusions. Brines are high in temperature and salinitiy, 

NaCl dominant, with high levels of K, Fe and Mn. These characteristics are discussed further in the text. n = number of inclusions in each dataset. Temp = 

Trapping temperature (Ttrap)(˚C). * denotes homogenisation temperatures which represent minimum estimates of Ttrap. na = not analysed, nd = not detected. 

L=liquid, V=vapour, H=halite, Syl=sylvite, S=solid phase, Op=opaque solid phase, nS=two or more solid phases. Salinity is in wt% NaCl equivalent, all other 
concentrations are in ppm. 
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Location Water or FI types Origin of Salinity n Temp Salinity Cl Na K Ca Mn Fe Cu Zn As Br Rb Sr Ba Pb Mg SO4 Cl/Br Na/K Ca/K Mn/Fe   Reference

Salton Sea Saline well fluids SW evap +HD 5 310 23.8 140900 49820 15160 25180 1215 1288 5 436 na 99 na 393 223 89 35 na 1430 3.3 1.68 0.99 Williams & McKibben, 1989

Colombia L+V+H±nS SW evap +HD 22 320 36.8 218820 94682 11483 29233 1225 10575 261 481 162 116 na 681 529 125 2010 3242 4156 13.0 2.03 0.12 Banks et al. 2000

Pic de Port Vieux L+V SW evap ±HD 2 23.0 140000 48915 2732 33867 298 536 na 130 na na 0.01 1928 699 na 648 na 17.5 12.8 0.61 Grant et al. 1990

Phalen mine Water samples Bittern 23 25 15.7 97899 41393 209 13588 na 28 na na na 935 na 1144 766 na 2851 2 105 196 69.8 Martel et al. 2001

Prince Mine Water samples Bittern+MW dilution 8 25 2.5 15617 6881 80 1994 na 3 na na na 140 na 67 15 na 563 4 195 74.8 20.0 Martel et al. 2001

Pyrenees L+V Bittern 30 233 23.0 128736 46043 5038 41611 521 1529 154 241 na 1530 na 2381 470 76 4749 385 231 19.2 16.4 0.52 McCaig et al. 2000

Mississippi Oil well Bittern 81 127 25.3 155667 58362 2265 31283 58 202 na 125 na 1363 na 1585 56 40 2395 140 143 74.5 34.7 0.46 Carpenter et al. 1974

Pyrenees L+V SW evap 8 300 23.0 129229 45279 2975 28448 311 1670 na 152 na 794 20 1375 584 45 846 na 166 17.8 13.5 0.28 Banks et al. 1991

Variscides L+V SW evap 9 15.0 89594 35879 2332 16878 475 474 202 56 139 303 na 606 62 128 442 1265 314 17.3 7.60 2.14 Meere & Banks, 1997

Western Canada Water samples SW evap 43 53 8.0 47257 25556 736 3524 1 15 na 0.3 na 229 na 219 57 na 953 415 236 72.0 4.27 3.96 Connolly et al. 1990

Sth Norway L+V SW 8 8.5 43025 25848 2592 7264 68 911 15 25 na 238 na 341 484 na 251 380 201 12.0 3.66 0.35 Munz et al. 1995

Salton Sea Low TDS well fluids SW 4 215 5.9 35650 13850 2257 3692 33 44 nd 11 na 16 na 180 16 3 51 na 1098 8.9 1.13 3.28 Williams & McKibben, 1989

Nova Scotia Water samples MW + HD 32 25 2.9 15326 9699 44 815 na 0.03 na na na na na 12 na na 48 1952 375 33.5 Martel et al. 2001

California Spring waters SW + MW 19 21 1.6 na 4948 30 1238 na na na na na na na 43 na na 134 na 172 45.5 Davisson et al. 1994

North Sea Saline well fluids SW+MW+SW evap 11 102 36.4 20564 14091 286 706 na na na na na 91 na 126 93 na 210 188 286 50.5 2.54 Ziegler et al. 2001

Nth Norway L+V+H±Syl±nS FW + RMR 7 350 33.0 199974 97146 24008 30356 1440 8386 31 4112 na na 92 10155 2542 na 367 na 4.2 1.28 0.21 Bennett & Barker, 1992

Average seawater Water sample SW 3.6 19780 11000 408 420 0 0 0 0 0 68 0.12 8 0 na 1320 2770 291 27.0 1.03 Fontes & Matray, 1993

Mackenzie River Water sample MW 0.02 8 7 0.8 36 0 0.04 0.002 0.001 na na na 0.21 na na 7.8 31.4 8.8 45.0 Reeder et al. 1972  
Table 2.2: Average (mean) temperatures, salinities and element concentrations obtained for fluids from a range of non-magmatic sources. Salinities are 

controlled by original source (seawater vs meteoric), evaporation, evaporite dissolution, metamorphic reactions and mixing with other fluids. Fluids are usually 

NaCl dominant, with high Ca and low K, Fe and Mn compared to the magma-sourced brines. n = number of inclusions in each dataset. Temp = temperature at 

time of collection (water samples) or estimates of trapping temperature (fluid inclusions)(˚C). na = not analysed, nd = not detected. L=liquid, V=vapour, 

H=halite, Syl=sylvite, S=solid phase, Op=opaque solid phase, nS=two or more solid phases. Zero is used to denote concentrations less than 1 ppb. Salinity is in 

wt% NaCl equivalent, all other concentrations are in ppm. SW=seawater, SW evap=seawater evaporation, BB=bittern brine, HD=halite dissolution, 
MW=meteoric water, RMR=retrograde metamorphic reactions, FW=formation water. Average seawater and MacKenzie River data represent typical 

concentrations of end-member seawater and meteoric fluids respectively. 



                                                                                                                                  Chapter 2 

_________________________________________________________________________  

  2-5 

Inclusion types 

Trapped magmatic fluids are preserved as multisolid (L+V+H+nS±Op), halite-bearing 

(L+V+H), two phase aqueous (L+V), and vapour-rich (V+L±S) inclusions (see Table 2.1). 

Compositions are less commonly reported for vapour-rich inclusions because only very 

small amounts of analyte are present due to their low density. Aqueous inclusion types are 

targeted most for analysis because metals are carried by aqueous fluids, however CO2 

inclusions are also commonly documented in magmatic hydrothermal systems 

(Giggenbach, 1997; Pollard, 2001; Baker, 2002; Baker et al., 2006; Pollard, 2006). 

 

A wide range of different fluid inclusion types can be formed by magmatic fluids due to 

variations in salinity, conditions of entrapment, and volatiles exsolved by magmas (e.g. 

CO2, H2O) (Bodnar, 1995). Salinity can vary during the process of exsolution because the 

separation of aqueous fluids from a crystallising magma may occur in multiple stages for 

any intrusive event (Beane and Bodnar, 1995). The salinity of separating fluids continually 

changes in response to the changing water and Cl content of the melt, and these salinities 

can further vary where separate intrusions of different compositions are present (Cline and 

Bodnar, 1991; Beane and Bodnar, 1995).  

 

In addition to changing composition in an evolving melt, variations in pressure have a 

large influence on fluid inclusion types. Pressure decreases with depth, but also fluctuates 

with fracturing or brecciation of rock caused by exsolved volatiles (Burnham, 1997). 

Vapour-rich inclusions can form where aqueous fluids are exsolved in shallow systems (at 

low pressures), whereas a similar fluid might be trapped as liquid-rich inclusions at greater 

depths (Bodnar, 1995). Low-salinity, low-density fluid (<5 wt% NaCl equivalent) is also 

generated when primary magmatic fluid separates through immiscibility into vapour and 

high salinity brine (Beane and Bodnar, 1995). This immiscibility (or boiling) is promoted 

by decompression of already exsolved fluids, and is indicated by the co-existence of 

vapour-rich inclusions with L+V, L+V+H or multisolid inclusions. This process also 

serves to concentrate metal-chloride complexes in magmatic fluids, since most are 

partitioned into the liquid phase. This is an effective mechanism for generating highly 

saline and metal-rich brines (Burnham, 1997), and can produce salinities up to and over 50 
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wt% NaCl equivalent (Gunther et al., 1998; Ullrich et al., 2001b). Some metals however, 

such as Cu, Au, Mo, As and W have been shown to be preferentially partitioned into the 

vapour phase (Heinrich et al., 1992; Burnham, 1997; Ullrich et al., 1999, 2001b; Williams-

Jones and Heinrich, 2005). Carbon dioxide is another volatile exsolved from magma, and 

its solubility also decreases with decreasing pressure (Lowenstern, 2001). It is less soluble 

and more volatile than H2O in a melt, and as a consequence CO2 generally exsolves earlier 

than H2O and at greater depths, causing later-exsolved fluids to be relatively H2O-rich and 

CO2-poor (Baker, 2002). 

 

Temperature  

By definition magma-derived fluids are formed at magmatic temperatures. This is reflected 

in the high trapping temperatures (600 °C or more) of some of the fluids in Table 2.1 

(Bottrell and Yardley, 1988; Campbell et al., 1995; Ullrich et al., 2001b). The compiled 

data have a range of trapping temperatures however, down to below 300 °C. The range of 

trapping temperatures in the dataset is indicative of varying levels of cooling between 

exsolution and trapping. Fluid inclusion homogenisation temperatures further range down 

towards 200 °C (Smith et al., 1996; Baker et al., 2006). Such low homogenisation 

temperatures may reflect low trapping temperatures, but are also a function of trapping 

depth (pressure). Since homogenisation temperatures only represent estimates of minimum 

trapping temperature, actual trapping temperatures can be much higher depending on 

trapping pressure. For example homogenisation temperatures of 230 to 300 °C for LV 

inclusions from a granite-hosted Sn-W deposit in SW England were used in combination 

with pressure estimates to estimate trapping temperatures of 350 to 400 °C (Smith et al., 

1996).  

 

2.4 Non-magmatic fluids 

Basinal fluids 

Basinal fluids are naturally occurring fluids within the pores of sedimentary rocks. These 

are commonly called formation waters, which is a general term with no reference to the 

fluid origin (Kyser and Hiatt, 2003). Water occurring in the pores of the sediments in 
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which it was deposited is termed connate, while any fluid with significantly greater salinity 

than seawater is called brine (e.g. defined as >10% total dissolved solids [TDS] by  

Carpenter, 1978). The majority of basinal fluids ultimately originated as seawater, which 

can be preserved relatively unaltered as formation waters or connate brines, particularly in 

oceanic settings (Yardley and Graham, 2002). Evolved forms of seawater (and non-marine 

water) are important basinal fluid types because of their higher salinities. A saline body of 

water can evolve when it is isolated and subaerial evaporation causes a reduction in water 

volume, thereby causing dissolved salts to be concentrated in the remaining brine (Warren, 

1999). The precipitation of salts during the advanced stages of this evaporation process can 

form salt-rich sedimentary layers called evaporites. Commonly precipitated  minerals 

include halite, gypsum, anhydrite and carbonates (Warren, 1999). Subsequent subsidence 

and sedimentation causes burial and therefore preservation of concentrated brines with 

greater salinity than seawater.  

There are three distinct brine types that can be evolved through evaporative processes: 1) 

moderate salinity brines (up to 33 wt% NaCl equivalent) representing concentrated 

seawater; 2) bittern brines resulting from extensive evaporation past the point of halite 

precipitation, which are enriched in Br and other soluble elements relative to Na and Cl 

due to the removal of NaCl as halite; and 3) NaCl-dominated, often high salinity brines, 

forming from re-dissolution of halite that was precipitated during evaporation. While this 

last mechanism is available to any circulating fluid types (including magmatic and 

meteoric fluids), it is most frequently associated with basinal brines due to their co-

occurrence in sedimentary basinal environments. These processes are examined in depth 

by Fontes and Matray (1993), and Worden (1996). They are also widely discussed by other 

authors because the use of halogen analyses to trace fluid origins relies on an 

understanding of these processes and their effect on halogen chemistry (see Section 2.7). 

Subsurface dissolution of halite highlights the fact that brine chemistry can be altered by 

interaction with host-rocks during and after burial. Increased temperatures aid such 

interaction, and when brines attain high salinities they become substantially more reactive 

with host-rocks, due to their increased ability to carry (and exchange) metals (Yardley, 

2005). Heating caused by magma emplacement (which may occur much later) or 
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increasing burial depth can cause circulation of basinal fluids by convection (Barton and 

Johnson, 1996). 

Metamorphic brines 

Metamorphic brines are defined here as pore fluids present pervasively in rocks 

undergoing metamorphism, and whose fluid chemistry is subject to influence from 

metamorphic reactions (Yardley, 1997; Yardley and Graham, 2002). These fluids therefore 

originate as connate or formation waters, but are re-classified as metamorphic brines when 

their host-rocks have undergone metamorphism. Dehydration and rehydration reactions 

associated with prograde and retrograde metamorphism respectively are the main 

mechanisms through which metamorphism is thought to affect fluids. Dehydration of 

minerals can add to fluid volumes and thereby have a dilution effect, while hydration 

reactions may draw water from the pore fluids thereby increasing their salinity (Yardley 

and Graham, 2002). Yardley and Graham (2002) completed an extensive review of 

metamorphic fluids and concluded that their salinity does show some relation with 

metamorphic grade, however they demonstrated that original depositional settings were the 

dominant control on fluid salinities. For example, sedimentary sequences deposited in 

oceanic settings invariably yielded low-salinity metamorphic fluids regardless of 

metamorphic grade. In contrast, sequences deposited on continental crust or in shallow 

water environments (where there was greater likelihood of evaporitic processes) contained 

relatively saline metamorphic fluids. They found that even during high grades of 

metamorphism, the more saline fluids generated in these settings could not be diluted 

enough to significantly reduce fluid salinity, especially where evaporites occurred within 

the sequence. Hydration reactions during metamorphism however have been implicated in 

further increasing the salinity of already saline brines (e.g. Trommsdorf et al., 1985; 

Bennett and Barker, 1992; Scambelluri et al., 1998). 

 

Meteoric waters 

Meteoric waters commonly originate in basinal sedimentary settings and can therefore be 

classed as basinal fluids, but are derived from precipitation (rain, snow or ice) rather than 

seawater. Once buried these waters are known as formation or connate waters, as with 
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seawater-derived waters. Meteoric water is often called fresh water, with characteristically 

low salinity compared with seawater (~0.02 wt% NaCl equivalent vs ~3.5 wt% NaCl 

equivalent; see Table 2.2). This low salinity is explained by their derivation from 

evaporation of the Earth’s surface waters (mostly seawater). During evaporation the salts 

in seawater are preferentially retained in the liquid portion. This is also the key mechanism 

in the concentration of salinity in brines through evaporation as discussed above (e.g. 

Fontes and Matray, 1993; Worden, 1996). The vapour portion which eventually manifests 

as precipitation is therefore relatively free of dissolved salts and metals. 

Due to the dilute nature of meteoric fluids, their major element compositions are very 

sensitive to changes via interaction with rock, and any contributions from other more 

saline fluids. Their original chemical character is therefore overridden more easily than in 

other, more saline fluids (Hanor, 2003). This point is especially relevant since mixing with 

other fluid types is common in ore deposits (e.g. with magmatic fluids in porphyry copper 

deposits) (Bodnar, 1995). Therefore, unless it retains characteristically low salinity, 

meteoric fluid (or component to a fluid) cannot usually be identified by salinity alone and 

is usually inferred by stable isotope evidence. Ratios of stable isotopes (e.g. δ
18

O and δD) 

vary between seawater, evolved seawater, and meteoric water because of the isotopic 

fractionation that occurs through evaporation of waters (Longstaffe, 2003). 
16

O and 
1
H for 

example are preferentially partitioned into the vapour phase during evaporation. Because 

meteoric waters are ultimately derived from such evaporation, they are depleted in the 

heavy isotopic species (
18

O and 
2
H) relative to seawater. Conversely waters in evaporative 

systems are relatively enriched in these heavy species (Hanor, 1988; Gat, 1996). Using 

these principles, stable isotopes can also identify fluids that have evolved via seawater 

evaporation. However the use of halogen concentrations for this purpose in saline fluids is 

also powerful, and is often more convenient since they are commonly obtained in a single 

analysis with other elements (see Section 2.7). Stable isotopes have also been used to 

differentiate between meteoric and magmatic fluids (Holk and Taylor, 2007).  
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General characteristics of non-magmatic fluids 

Salinity 

The salinity of basinal fluids is highly variable, as illustrated in Table 2.2. The lowest 

salinities are reported for fluids derived from seawater (Williams and McKibben, 1989), or 

brines diluted by meteoric waters (Davisson et al., 1994; Martel et al., 2001). The low 

salinities of these fluids directly reflect the low salinities of seawater (~3.5 wt% NaCl) and 

meteoric fluids (0.02 wt% NaCl). Moderate salinities (8 to 15 wt% NaCl) are also reported 

for fluids interpreted to be derived from seawater, but their higher salinities relative to 

seawater reflect concentration by subaerial evaporation (Connolly et al., 1990; Munz et al., 

1995; Meere and Banks, 1997). Higher salinity fluids (25-37 wt% NaCl) are reported from 

L+V+H and multisolid inclusions, and saline well fluids. They have attained their high 

salinities via evaporation past the point of halite dissolution to form bittern brines (e.g. 

Carpenter et al., 1974; McCaig et al., 2000); or by dissolution of evaporitic halite deposits 

by a brine previously formed by seawater evaporation (e.g. Williams and McKibben, 1989; 

Banks et al., 2000). Salinities of up to 42 wt% NaCl have also been attained by formation 

waters that have increased in salinity due to water loss through hydration reactions 

associated with retrograde metamorphism (e.g. Bennett and Barker, 1992).  

While basinal brines are able to attain high salinities by the mechanisms described above, 

they do not generally reach the salinities of the most saline multisolid magmatic inclusions 

(commonly >50 wt% NaCl). Basinal fluids generally produce fewer inclusion types than 

magmatic fluids, and are commonly limited to L+V and L+V+H±S inclusions in 

comparison with the array of inclusion types within individual magmatic settings. Of 

particular note is the lack of opaque solids in basin-derived fluid inclusions, whereas these 

phases are very commonly contained in inclusions of magmatic origin. These solid phases 

are present because of greater metal contents that accompany the higher salinities of these 

fluids. These differences are largely due to the higher temperatures attained by magmatic 

fluids and are discussed further in Section 2.5 below. Carbon dioxide can be generated in 

metamorphic rocks by the breakdown of carbonaceous material and carbonate minerals 

(Yardley, 1997), and CO2 inclusions can be preserved in metamorphic rocks in specific 
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circumstances; but there are differing views on the abundance of these inclusions. They are 

not considered generally widespread by some (e.g. Touret, 2001), while Goldfarb et al., 

(2005) suggests that CO2 is significantly more abundant in gold deposits in metamorphic 

terranes than in epithermal deposits in unmetamorphosed rocks. The exact source of CO2 

in these metamorphic terranes however is not well understood, and it is possible that in 

many cases CO2 may be magma-derived. 

Temperature  

Fluid inclusion homogenisation temperatures in Table 2.2 range from 230 to 350 °C. These 

temperatures overlap with, but are generally lower than those of magmatic brines (260 to 

>600 °C), and indicate that basinal brines do not generally reach the extreme temperatures 

experienced by those fluids exsolved directly from magma. The temperature of water 

samples (oil wells, springs etc) are mostly between 20 and 100 °C as they are collected 

relatively close to (or at) the Earth’s surface (compared to trapping depths up to several 

kilometres for fluid inclusions). 

 

2.5 Comparison of fluid chemistries 

As discussed above, higher temperatures and salinities are attained by magma-derived 

compared with basinal fluids. These differences are evident in Figure 2.1, which plots fluid 

Cl vs trapping temperature for a range of magmatic and non-magmatic datasets. The major 

trend in this figure illustrates a clear dependence of salinity on temperature, suggesting that 

higher temperatures are the major reason for differences in salinity between magmatic and 

non-magmatic fluids. Exceptions to this relationship are the low salinity vapour-rich 

inclusions produced during immiscibility of magmatic fluids (not plotted). Salinities are 

high in magmatic fluids because at magmatic temperatures Cl is partitioned strongly into 

the exsolved aqueous phase. This partitioning occurs because Cl forms highly stable 

neutral chloride complexes with H, alkali metals, alkaline earths and heavy metals 

(Burnham, 1997). In addition magmatic brines can have abundant HCl available for 

leaching further cations from wall-rocks (Yardley et al., 2000).  
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Figure 2.1: Scatter plot of fluid Cl vs temperature, demonstrating the high temperatures and salinities of 
magma-sourced brines (orange and red symbols) relative to non-magmatic fluids (blue and green symbols), 

which have low to moderate temperatures and salinities. The strong dependence of salinity on temperature 

demonstrated in this plot suggests that differences in temperature are chiefly responsible for the salinity 

differences between magmatic and non-magmatic fluids. Vapour-rich inclusions are an exception to this 

trend and are not plotted. The plotted data in Figures 2.1 to 2.5 are presented in Appendix 2.1. 
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Figure 2.2: Plot of fluid K vs Ca concentrations in magmatic and non-magmatic fluids. Ca and K 

concentrations are highly variable, however magmatic and non-magmatic fluids are distinguishable in nearly 

all cases by their Ca/K ratios, which lie either side of Ca/K=1 (see text for explanation; data in Appendix 

2.1). 
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Basinal brines concentrated by seawater evaporation become saturated with NaCl at 

around 33 wt% NaCl equivalent (Fontes and Matray, 1993). Salinities up to 50 wt% can 

theoretically be generated through further evaporation, however a fluid of more than 40 

wt% would be Na-poor and inconsistent with most reported brine compositions (Fontes 

and Matray, 1993). Some of these fluids later have the opportunity to dissolve significant 

amounts of halite at greater burial depths and higher temperatures, but their capacity for 

dissolution of salts is still limited by their temperatures which rarely approach magmatic 

temperatures. As discussed above, retrograde metamorphism can also increase salinity, 

however basin-derived fluids must benefit from a fortuitous series of processes in order to 

attain very high salinities. For example, seawater evaporation followed by halite 

dissolution and/or concentration by metamorphic reactions was required to achieve 

salinities up to 42 wt% NaCl equivalent in fluids associated with Colombian emerald 

deposits (Banks et al., 2000), and thrust zones in Northern Norway (Bennett and Barker, 

1992). 

 

K and Ca concentrations vary widely (by up to four orders of magnitude) for both 

magmatic and non-magmatic fluids (Figure 2.2). The calcium levels of magmatic and non-

magmatic fluids overlap over the full range of values and there is also a degree of overlap 

of K values, however they are clearly distinguished by their Ca/K ratios. Magmatic fluids 

almost exclusively contain K>Ca, with Ca/K between 0.01 and 1, while non-magmatic 

fluids contain Ca>K with Ca/K between 1 and 100. The relative proportions of Na, K and 

Ca in magmatic fluids (high Na, high K, low Ca) are a product of their feldspar-bearing 

source. Fluids are rich in Na and K because they formed in equilibrium with dominantly 

albite-rich plagioclase (NaAlSi3O8) and K-feldspar (KAlSi3O8) in granite, with a lack of a 

Ca-rich phase present (Yardley et al., 2000). 

 

Seawater is clearly Na-dominated compared with K and Ca, however the enrichment of Ca 

to K and Na in basinal fluids compared to seawater is a characteristic feature of basinal 

brines (Fig. 2.2). Such Ca-rich brines are not consistent with brine compositions predicted 

from evaporation of modern seawater, particularly since loss of Ca via precipitation of 

CaCO3 and CaSO4 occur in the early stages of evaporation (Warren, 1999). Some authors 
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have suggested that the composition of the oceans has changed significantly over 

geological time, and attributed Ca enrichment to derivation from ancient CaCl2-rich oceans 

(Hardie et al., 2003; Lowenstein et al., 2003). Opposing views question the changes in 

seawater chemistry over time, and suggest that major element compositions of basinal 

brines are rock-buffered rather than reflecting ancient Ca-rich seawater (Frape et al., 1984; 

Hanor, 1994, 2003; Hanor and McIntosh, 2006). They argue that increases in salinity (e.g. 

with temperature and halite dissolution) and subsequent fluid-rock exchange can produce 

Ca-rich brines since divalent Ca
2+

 rises more with increasing salinity than monovalent Na
+
 

and K
+
. This occurs because at progressively higher salinities, Ca

2+
 activity increases with 

the square of Na
+
 (or K

+
) activity, leading to significant increases in Ca/Na and Ca/K 

(Eugster and Gunter, 1981; Yardley et al., 2000). Initially, meteoric waters generally 

contain Ca ≥ Na > K, but these proportions are rarely relevant since concentrations are so 

low (Table 2.2), and their chemical character is overridden by influences from host-rocks 

and mixing with brines from other sources which are invariably more saline. 

 

The Na and K contents for all hydrothermal fluids are additionally controlled by 

temperature. This temperature effect is illustrated by the inverse relationship between Na/K 

and temperature (Figure 2.3). Na/K or more specifically Na/(Na+K) decreases with 

increasing temperature regardless of fluid type because the Na-K equilibrium constant 

varies with temperature as discussed in detail by Orville (1963), and Fournier and 

Truesdell (1973). 

 

High levels of Fe and Cu above 10000 and 1000 ppm respectively are common in 

magmatic fluids but similar levels are almost never present in non-magmatic fluids (Figure 

2.4). Some overlap in the datasets is observed, however the highest concentrations among 

basinal fluids are equivalent to the lower concentrations among magmatic fluids. There is a 

relative paucity of basinal data points on this plot because Cu is commonly not reported for 

these fluids (Table 2.2). The bulk of this data however would be expected to plot in a 

distinct area at the bottom left of the plot (circled) with Fe less than 500ppm and low Cu 

levels. 
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Figure 2.3: This plot of Na/K vs temperature illustrates the strong effect of temperature on fluid Na/K ratios 

regardless of fluid types or origins. 
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Figure 2.4: Plot showing Cu and Fe levels in a range of magmatic and non-magmatic fluids. Magmatic fluids 

are commonly very high in Fe and Cu, while these metals are usually much less abundant in non-magmatic 

fluids. The circled area represents the expected range for non-magmatic fluids where Cu values were not 

reported. 
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Magmatic fluids are enriched in Mn, Zn, and Pb in addition to Cu and Fe relative to non-

magmatic brines (Tables 2.1 and 2.2). The controls on the concentrations of these five 

transition metals were studied in depth by Yardley (2005), with the results showing that 

concentrations correlate with both fluid temperature and salinity independently. The study 

concluded that these two parameters were the dominant controls on metal concentrations in 

crustal fluids, regardless of origin or fluid type. 

 

The disparity in Ca/K ratios between magmatic and non-magmatic fluids as discussed 

above is illustrated clearly in Figure 2.5. Their respective Mn/Fe ratios however are not 

distinguishable and overlap completely, suggesting that Mn/Fe ratios may be unrelated to 

fluid sources. This lack of differentiation may be due in part to the similar properties of Mn 

and Fe (namely the dependence of both on temperature and salinity), however the spread 

of some of the data (e.g. Connolly et al., 1990) suggests that additional factors may 

influence Mn/Fe ratios. Past studies have suggested that fluid Mn/Fe ratios are strongly 

influenced by redox conditions, with more oxidised fluids having higher Mn/Fe than 

reduced fluids (Boctor, 1985; Bottrell and Yardley, 1991). Some of the Mn/Fe variations 

within the datasets therefore may be explained by the oxidising or reducing influence of 

local rock packages. With this in mind, the greater spread in Mn/Fe values for non-

magmatic fluids may reflect greater variations in oxidation state within sedimentary rock 

packages compared to magmas.  
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Figure 2.5: Magmatic and non-magmatic fluids are clearly distinguished by their Ca/K ratios in most cases, 

however Mn/Fe ratios are non distinct and are likely to be controlled by factors unrelated to fluid source, 

such as redox conditions imposed by local rock packages. 

 

 

 

2.6 Fluid- wallrock reactions 

The effect of redox state on fluid compositions as described above suggests that fluid 

chemistry is not completely controlled by temperature and salinity, and that local rock 

compositions can have a significant effect on fluid compositions. Some important types of 

fluid-rock interaction have been described above, i.e. generation of saline brines via 

halite/evaporite dissolution; control of Fe and other metals by the oxidising/reducing 

effects of some rock types; and evolution of Ca-rich brines via Ca-Na exchange. These 

represent major effects on fluid compositions, and thus rock-buffering must be recognised 

as one of the key controls on fluid chemistry. 

 

Fluid-rock exchange can vary widely between different settings, but also within a single 

hydrothermal system as documented by Banks et al., (1991) for example. They found 

differences in fluid chemistry that reflected local differences in host-rock lithology despite 

evidence suggesting the fluids had their origins in a common reservoir. Evidence for fluid-

rock exchange in the Wernecke Mountains will be discussed in Chapter 7.  
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2.7 Use of halogens in distinguishing fluid sources 

Some of the major characteristics of magmatic and non-magmatic brines have now been 

established; however the temperature, salinity and composition of a fluid from any source 

may be significantly altered by interaction with rock as the fluid moves though the Earth’s 

crust. Some aspects of fluid chemistry can be changed beyond recognition, therefore to 

gain insight into fluid origins it is necessary to focus upon fluid components that are not 

readily exchanged. The value of halogen chemistry for determining fluid sources is widely 

known and has been exploited by many researchers (Appendix B). The abundances of 

different halogens (Cl, Br, I) in fluids are especially useful because they are conservative 

tracers of fluid sources (Irwin, 1998). These components are conservative because they are 

strongly partitioned into fluids and are affected minimally by interaction with rocks 

(Yardley et al., 2000). A few studies have highlighted the possibility of fractionation of Cl, 

Br and I in minerals such as biotite and hornblende which do not preserve the halogen 

ratios of the associated fluid phase (Smith and Yardley, 1999; Mark et al., 2005), however 

the significance of such fractionation is unknown, and without evidence to suggest this 

mechanism is important, it is routinely considered insignificant. Some examples of the use 

of halogen data from a range of different fluids are given below and the topic will be 

discussed further throughout this thesis and applied to the fluids analysed in this study. 

Cl/Br ratios represent the simplest use of halogens in attempting to determine fluid origin. 

Molar Cl/Br ratios from a number of fluids of basinal and magmatic origins are compared 

in a frequency histogram in Figure 2.6. The most prominent feature in this histogram is 

that most of the basinal values fall towards the lower end of the scale, with the majority 

lying between 0 and 1000. Many of these values lie close to the modern seawater value of 

650 (Fontes and Matray, 1993) and therefore are consistent with a derivation from 

seawater. The greatest number of basinal values lies between 200 and 600. These are 

brines that have experienced advanced evaporation past the point of halite precipitation and 

thus developed Cl/Br ratios lower than seawater (down to <100, McCaig et al., 2000) as Cl 

was lost and Br enriched therefore relative to Cl. Conversely, any circulating fluids that  
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Figure 2.6: Frequency histogram displaying molar Cl/Br values for a range of magmatic and non-magmatic 

fluids. The majority of basinal values between 0 and 1000, with many close to seawater values of 650 

(Fontes & Matray, 1993). Magmatic values are most commonly between 700 and 1800, however varied 

magmatic processes can produce a wide array of values, and therefore Cl/Br ratios alone are not diagnostic of 

fluid source. The anomalously high values >3000 represent fluids whose salinities were primarily derived 

from halite dissolution or assimilation. The data represented in Figures 2.6 to 2.8 are presented in Appendix 

B. 

 

dissolve halite during interaction with evaporites will experience a rise in Cl/Br. These 

fluids are represented by brines from Colombia (Banks et al., 2000) and Hansonburg 

(Bohlke and Irwin, 1992a) which have distinctly high Cl/Br values of 3000+ (Fig. 2.6). 

The magmatic data exhibit a wide range of Cl/Br values, but most commonly lie between 

700 and 1800. Values above this are far less common, and uncharacteristically high values 

of 3000+ are mostly from the Capitan Mountains, New Mexico, where high Cl/Br is 

attributed to assimilation of evaporites by magmas prior to exsolution of fluids (Campbell 

et al., 1995). Values lower than seawater are uncommon for magmatic brines, however low 

values are represented in Figure 2.6 by vapour-rich CO2 bearing inclusions from Yukon 

and Alaskan IRG deposits (Baker et al., 2006). Some studies have suggested that phase 

separation may significantly alter Cl/Br ratios due to preferential partitioning of Br to the 

vapour phase (e.g. Berndt and Seyfried Jr, 1990; Oosting and Von Damm, 1996). Other 

studies however have shown this partitioning effect to be too small to cause large changes 

in the Cl/Br ratio of a fluid, even where significant phase separation or boiling of fluids has 
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occurred (e.g. Berndt and Seyfried Jr, 1997). While Cl/Br ratios can give clues to fluid 

sources, the range and overlap of values shown here illustrate the necessity to manipulate 

halogen data in other ways to be able to further elucidate fluid origins and the processes 

that might have formed them. 

Further insight into fluid origins is provided by plotting Log Cl vs Log Br (Figure 2.7). 

The black line on the graph represents the seawater evaporation trend (SET), which 

extends in a straight line that describes increasing salinity with evaporation, from the 

seawater value (solid black triangle) to seawater at the onset of halite precipitation (solid 

black square) (Fontes and Matray, 1993). Here the line makes a departure to the right of 

this linear trend due to the removal of NaCl as halite. A significant feature of this plot is 

the close adherence of many of the basinal values to the SET. This is particularly true of 

the Variscides fluids of southwest Ireland (Meere and Banks, 1997), formation waters from 

Western Canada (Connolly et al., 1990), and sedimentary brines from Southern Norway 

(Munz et al., 1995). These are representative of fluids that have formed through 

evaporation of seawater. The Mississippi oilfield brines of Carpenter (1974) and the 

Pyrenean basinal brines (Banks et al.,1991, McCaig et al.,2000) have evaporated past the 

point of halite precipitation, with the resultant brines termed bittern brines (circled). They 

are depleted in Cl relative to Br, as previously described and as indicated by their location 

at the far right of Figure 2.7. Data from the Salton Sea (Williams and McKibben, 1989) 

and emerald-related fluids in Colombia (Banks et al., 2000) are conspicuously present to 

the far left of the graph, well away from the SET. There is strong evidence that brines 

derived salinity from dissolution of halite in the form of evaporite units at both of these 

locations. This process explains the strong Cl enrichment in these fluids relative to Br. 

Most of the magmatic values plot in the uppermost portion of Figure 2.7. These are mostly 

distinct from the basinal data because of their higher salinities (high Cl). Importantly they 

exhibit no relationship with the SET, indicating that these fluids did not form through the 

process of evaporating seawater. Fluids from the Capitan Mountains, New Mexico plot 

further to the left reflecting lower Br values relative to Cl due to assimilation of halite as 

discussed above (Campbell et al., 1995). Granite-hosted fluids from southwest England 
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Figure 2.7: This Log Cl vs Log Br plot provides insights into the origins and evolution of hydrothermal 
fluids. Most basinal brines show a close relationship with the seawater evaporation trend (SET) except where 

halite dissolution has occurred. Most magmatic brines plot in a separate region due to their high salinities and 

show no adherence to the SET. Seawater A- modern seawater. Seawater B- seawater at the onset of halite 

precipitation (see Legend). 

 

(Smith et al., 1996) are distinct from other magmatic fluids on this plot, exhibiting lower 

Cl and Br levels due to their much lower salinity. Their Cl/Br ratios however are consistent 

with typical magmatic values.   

Iodine concentrations have been routinely utilised in assessing fluid origins by plotting 

Log(Br/Cl) vs Log(I/Cl) (Figure 2.8). Organic-rich sediments are the richest source of I in 

the crust, and sedimentary formation waters become enriched in I relative to seawater (and 

other fluid types) through interaction with these sediments (Worden, 1996). Iodine/Cl 

ratios are used as a measure of this interaction, and therefore assist in distinguishing 

formation waters from other fluid types. The data from the Capitan Mountains, Salton Sea, 

and Colombian emerald fluids lie at the lower left of Figure 2.8, owing to significant 

contributions of halite to their salinities as already discussed. Br/Cl and I/Cl ratios in fluid 

inclusions from the Mississippi Valley type deposits at Hansonburg, New Mexico are 

among the lowest measured in any natural waters according to Bohlke and Irwin (1992a). 
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This is attributed to an initially dilute (meteoric) fluid acquiring its salinity by dissolving 

halite-bearing marine evaporites. The Pyrenean basinal brines lie at the opposite extreme 

of the plotted data. These are bittern brines which have been enriched in both Br and I 

relative to Cl. In comparison, the Variscides fluids plot closer to the seawater value, which 

is consistent with the evidence that it originally underwent less extensive evaporation (see 

Figure 2.7). Magmatic values from Irwin (1998) represent fluids from four locations (see 

Fig. 2.8 caption), and along with values from St Austell and the Bingham porphyry 

deposit, plot within a narrow zone on the graph. These magmatic fluids form an 

intermediate but distinct group with higher chlorine levels relative to bromine and iodine 

than the basinal fluids, but not to the extent seen in those fluids associated with 

halite/evaporite dissolution.  

Figures 2.6 to 2.8 illustrate the use of halogen systematics as a powerful tool for 

determining fluid and salinity origins and illuminating some aspects of fluid evolution. 

These same methods will be applied to fluids analysed during the present study, and in a 

parallel study of halogens in fluid inclusions (Kendrick et al., 2008). The main features of 

magmatic and non-magmatic fluid types described in this chapter are summarised in Table 

2.3. 

Figure 2.8: This Log (Br/Cl) vs Log (I/CL) (molar) plot identifies three distinct groups of fluids. At the two 

extremes are: basinal bittern brines, which have lost halite through precipitation; and brines which have been 

enriched in NaCl through dissolution of evaporites (assimilation of evaporites into magma in the case of 

Capitan fluids). The magmatic fluids form a distinct intermediary group of their own. *Irwin magmatic data 

includes Bingham (Utah), St Austell (Cornwall), Ascension Island (mid Atlantic), Butte (Montana). 
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Magmatic Basinal 

Moderate to high temperature (300-600+ °C ) Low to moderate temperature (<350 °C) 

Range of salinities due to evolution of parent 

magma and differences in depth of exsolution. 

Highest salinity brines can reach >60 wt% NaCl 

equivalent  

Range of salinities due to different levels of 

seawater evaporation and/or halite 

dissolution. Up to 42 wt% NaCl equivalent, 

higher salinities are rare 

Range of inclusion types with variable salinities 

(LV, LVH, multisolid, Vapour-rich, CO2) 

Fewer inclusion types (LV, LVH) 

Major components- Cl > Na > K ≈ Fe >Ca Major components- Cl > Na > Ca > K 

Low Ca/K ratios between 0.01 and 1 High Ca/K ratios between 1 and 100 

High iron content (up to 11%) 

Commonly enriched in Cu, Mn, Pb and Zn 

Low Fe (<1% and usually <0.1%), Cu, Mn, 

Zn, and Pb 

Relatively high Cl/Br ratios (commonly 700-

1800) 

Cl/Br ratios vary from the seawater value of  

650 to lower values for bittern brines, and up 

to 3000+ where halite dissolution has 

occurred. 

Table 2.3: Summary of the main features of magmatic and basinal brines as discussed in this chapter. Other 

major fluid types are meteoric fluids (low temperature ‘fresh’ water with very low salinities and chemistry 

that is easily influenced by rock or other fluids) and metamorphic fluids (connate or formation waters which 

may have experienced dilution or concentration via metamorphic reactions). 
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2.8 Use of noble gases in distinguishing fluid sources 

Noble gas concentrations and ratios in fluid inclusions have also been shown to be useful 

for determining the sources of hydrothermal fluids. Fluids of different origins (meteoric, 

magmatic or sedimentary formation water) have characteristic noble gas isotope 

signatures, and noble gases can be used to quantitatively evaluate the contribution of these 

different components to a hydrothermal fluid (Kendrick et al., 2001). Noble gases can be 

used as conservative tracers of fluid sources because they are unreactive in the Earth’s 

crust and are therefore able to preserve a signature characteristic of their source (Turner 

and Bannon, 1992).  

An extension of Ar-Ar methodology has been used in several studies to determine the 

noble gas composition of fluid inclusions (Kelley et al., 1986; Bohlke and Irwin, 1992b; 

Turner and Bannon, 1992; Turner et al., 1993; Kendrick et al., 2001). The results of these 

studies have been used to identify meteoric and formation waters with noble gas signatures 

close to air-saturated water (ASW 
40

Ar/
36

Ar = 295), as well as magma-derived fluids 

which are marked by much higher 
40

Ar/
36

Ar (up to >40000) and 
3
He/

4
He values. 

Furthermore fluids derived from the mantle have been differentiated from those evolved 

during partial melting of the crust (Kendrick et al., 2001). Other properties of noble gases 

such as their preferential partitioning into the vapour phase (due to their high volatility) 

mean that they can be sensitive indicators of certain fluid processes such as phase 

separation or boiling (Kendrick et al., 2008). 

Neutron irradiation of samples and the subsequent analysis of halogen-derived nucleogenic 

noble gas isotopes (
38

Ar(Cl), 
80

Kr(Br), 
128

Xe(I)) as proxies for halogens, enables 

simultaneous measurement of halogens and noble gases (Ar, Kr, Xe). The combination of 

halogen and noble gas data makes this technique a powerful tool for fluid source 

determination, and a key advantage of the multi-faceted approach is the ability to identify 

mixed fluids with components from more than one source. Noble gas (and halogen) 

analysis has been performed by Kendrick et al., (2008) in a collaborative study conducted 

parallel to this thesis with the aim of further understanding fluid sources and evolution. 

The results are discussed in detail in Chapter 7 along with a discussion of results from the 

other analytical techniques employed in this study. 
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2.9 Fluid types associated with IOCG deposits 

As discussed in Chapter 1 the sources of IOCG-forming fluids are debated. The majority 

have been linked with magmatic fluids but the involvement of non-magmatic fluids is 

becoming increasingly recognised. The types and origins of hydrothermal fluids associated 

with several well studied IOCG deposits are discussed below and summarised in Table 2.4. 

 

The most commonly featured fluid type in Table 2.4 is a high temperature (>400 °C), 

highly saline (33-70 wt% NaCl equivalent) brine which is trapped as multisolid inclusions 

(L+V+nS), and commonly found co-existing with CO2 inclusions. These fluid 

characteristics are common to magmatic fluids as discussed earlier in this chapter and in 

most cases have been attributed to a magmatic origin. These fluids have been further 

characterised by individual micro-analysis of fluid inclusions at Lightning Creek (Perring 

et al., 2000), Starra (Williams et al., 2001), Eloise (Bertelli, 2007), and Osborne (Williams 

et al., 1999; Fisher, 2007) (compositional data included in Appendix A). The high 

temperature fluids from Lightning Creek and Starra were found to be NaCl dominated and 

rich in Fe and K, with lesser amounts of Ca, Ba, Mn and Cu. These brine characteristics 

are typical of magmatic fluids exsolved from crystallising magmas (see Table 2.3) and this 

origin is supported by stable isotope evidence (Rotherham et al., 1998; Perring et al., 

2000). A similar fluid composition is reported for high temperature, high salinity fluids at 

Osborne (Williams et al., 1999; Fisher, 2007) and accordingly a magmatic origin was 

proposed (Adshead et al., 1998), however recent noble gas and halogen analyses 

undertaken by Fisher and Kendrick (2008) have led them to suggest a basinal and 

metamorphic origin for the fluids. The low Ca/K ratios of Osborne fluids (<1) are not 

typical of basinal fluids but are attributed to K-enrichment of fluids via albitisation. Eloise 

fluids are chemically similar, but with a more calcic nature. Although magma-derived 

IOCG-forming fluids are not usually Ca-rich, sulphur isotope evidence suggests a 

magmatic source for sulphur (Baker, 1998), and higher Ca levels may again be related to 

fluid-rock exchange (Bertelli, 2007).  
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Deposit Temp (°C) FI types Salinity Chemistry Origin Reference

Ernest Henry >400
L+V+nS, 

L+V,CO2
26-70 Cl, Na, Mn, K, Fe, Ca

Magmatic plus mixing with fluid 

from another source
Mark et al. 2000, 2006

Osborne >450 L+V+nS 60-70 Cl,Na,Fe,K,Ca,Mn,Ba Adshead et al. 1998

CO2 Williams et al. 1999

300 L+V±H 20-37 Cl,Na,Ca,K,Fe,Mn Fisher & Kendrick, 2008

Eloise 450-600 L+V+nS, CO2 32-68 Cl,Na,Ca,K,Fe,Mn Magmatic Baker, 1998

200-450 L+V+nS 30-47 Cl,Na,Ca,K,Fe,Mn
Magmatic mixing with cooler less 

saline fluid

Williams et al. 1999; 

Bertelli, 2007

Lightning Ck Th >420 L+V+nS, CO2 33-50 Cl>Na>Fe>K>Ca>Cu>Ba>Mn Magmatic

Th 120-180 L+V+H 15-28 H2O-NaCl-CaCl2* Magmatic ± meteoric component

Starra 400-550 L+V+nS, CO2 34-52 Cl>Na>Fe>K>Ca>Ba>Mn>Cu Magmatic

220-360 L+V+nS 29-42 Cl>Na>Ca>Ba>Fe>K>Mn>Cu

100-300 L+V 8-38 H2O-NaCl-CaCl2*

Great Australia 390-490 L+V+nS 35-60 NaCl-KCl-CaCl2-MgCl2-H2O* Magmatic (metals)

130 L+V, V+L 3-7 Phase separation (boiling) Post-ore fluid (source?)

Olympic Dam 400 L+V±S up to 42 Magmatic

200-400 L+V 7 to 24
Magmatic fluid mixing with cooler 

meteoric fluid

Salobo Th 360 L+V+H, CO2 up to 58 Deep magmatic + connate?

Th 130-270 L+V 1-29 * Mix with shallower oxidised fluid

Candelaria Th 400-450 L+V+nS, CO2 Early magmatic Marschik et al. 2000

275-350 L+V
-

*
Later mixing with possibly 

evaporite sourced brine
Ullrich et al 1999

Aitik Th 180-280 L+V+H, CO2 31-37

Th 120-200 L+V 18-27

Pea Ridge 530-680 L+V+H 40-60

300 L+V/V+L *

Bayan Obo Th 420-480 L+V+nS, CO2 33-42 H2O–CO2–NaCl–(F–REE)* Magmatic Fan et al. 2006

150-325 L+V 6-15
Mixing of earlier magmatic with 

later meteoric fluids
Smith and Chengyu, 2000

Tennant Ck Th 150-350 L+V±S 20-30

Th 250-600 L+V+nS 10-50

Redbank 150-300 - - K,Mg,Fe*
Formation water + possible 

seawater contribution
Knutson et al. 1979

Wernecke Mtns Th 185-350 L+V±S 24-42 H2O-NaCl-CaCl2*
Formation/metamorphic                

± basement derived fluid

Hunt, 2005                    

Kendrick et al. 2008

Sidder et al. 1993 

Khin Zaw et al. 1994

Oreskes & Einaudi, 1992

Cl>Na>Ca>K* Basinal brine with possible 

contribution from magmatic fluids

H2O-NaCl-KCl-CaCl2- CaF-

BaCl2-CO2-FeCl2*

Magmatic

Separate magmatic source or 

basinal fluid

Williams et al. 2001

Magmatic vs 

basinal+metamorphic

Perring et al. 2000

Mainly magmatic with possibly 

evaporitic Ca contribution

Na,Ca dominated (+minor 

Mg,K,Fe)*

Cannell & Davidson, 1998

Wanhainen et al. 2003

Requia & Fontbote, 2000

 

Table 2.4: Summary of the fluid properties obtained from analysis of fluid inclusions associated with IOCG deposits. Fluids at many deposits are still not well 

characterised, and stable isotope analysis of hydrothermal minerals has been used to help determine fluid sources. Magmatic fluids are associated with most but 

not all deposits, and involvement of two or more different fluid types is a key feature of most deposits. *denotes where elemental analysis has not been reported, 

and chemistry has been inferred by thermometry experiments. Compositions at Redbank have been inferred by alteration chemistry only. Salinities are in wt% 

NaCl equivalent. Temp=Trapping temperature except where indicated by Th (homogenisation temperature). 
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Thus there is significant variation of Ca/K ratios in IOCG-related fluids as highlighted by 

Baker (2006) in a review of fluid compositions from several IOCGs in the Cloncurry 

region, and these variations are commonly linked to differences in fluid source. However 

the above examples suggest that fluid-rock interaction can affect these ratios 

significantly. 

 

Perhaps the key feature of the summarised fluid data is the consistent occurrence of at 

least one other fluid type at each deposit in addition to the commonly interpreted magma-

derived brines described above. These early hot, saline brines give way to later fluids that 

are cooler (~200-400 °C) and less saline (mostly 15-40 wt% NaCl equivalent) and 

represent either an evolved form of the original magmatic fluid; fluid from a separate 

source; or a mixture of the two. At Starra, these later fluids are chemically distinct from 

the earlier magmatic fluids as determined by PIXE analysis (Williams et al., 2001). 

Because of their distinctly different character (notably lower temperature, lower Fe and 

K, and higher Ca, Mn and Ba) they are deemed to have originated from an alternate 

source possibly representing a basinal brine. This fluid is of particular importance 

because it is considered to be the ore fluid. 

 

Many of the fluid studies in Table 2.4 did not feature multi-element analysis of fluid 

inclusions. In these cases, broad fluid chemistry is inferred by thermometry results and 

stable isotope analyses are increasingly relied upon for evidence of fluid (or S) sources. 

At Olympic Dam, O, H, S, and Nd isotopes have revealed a complex fluid history with 

components derived from a range of sources, including the mantle, and probable 

involvement of surficial meteoric water (Oreskes and Einaudi, 1992; Bastrakov et al., 

2007; Skirrow et al., 2007). At Salobo, early hot hypersaline brines are thought to be 

magma derived because isotopes revealed a magmatic source for sulphur (Requia and 

Fontbote, 2000), and cooler less saline fluids are attributed to mixing with a shallower 

oxidised fluid. At Candelaria, magmatic fluids were prevalent early, but S isotopes 

suggest they were later mixed with a separate (possibly evaporite sourced) brine (Ullrich 

and Clark, 1999). The Aitik fluids are thought to be sourced primarily from magma, 

however the H2O-NaCl-CaCl2 nature of the fluids suggests contribution from an 
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evaporite source (Wanhainen et al., 2003). At Ernest Henry, O and S isotopes indicate a 

predominantly magmatic origin for ore fluids. Contrasting alteration types and mineral 

associations however imply the involvement of more than one fluid with distinctly 

differing compositions, and therefore a mixing model is favoured (Mark et al., 2000; 

Mark et al., 2006). Conclusive evidence for a magmatic fluid origin at Great Australia is 

lacking, however high fluid temperature/salinity, spatial and temporal association with 

intrusions, and O isotope values overlapping the magmatic range, together provide a 

strong argument (Cannell and Davidson, 1998). Building a case for fluid source from a 

combination of geological features and analytical results in this way is necessary in the 

majority of IOCG deposits, since fluid evolution can be complex and clear undisputed 

evidence of fluid source is rare. 

 

The Tennant Creek and Redbank deposits are notable for their lack of magma-derived 

fluids. Fluids from Tennant Creek are deemed to be basinal brines, based on their 

Na>Ca>K composition and O and H stable isotope evidence (Khin Zaw et al., 1994). An 

input of magmatic S is possible based on S isotope data, although the role of nearby 

intrusive rocks as a source of heat, S, or metals is uncertain because their ages are not 

well constrained. Fluids at Redbank represent heated connate brines and/or marine waters 

(based on isotopic data) rather than magmatic-hydrothermal fluids, however the 

circulation of these fluids was driven by local intrusions (Knutson et al., 1979). 

Preliminary data on fluids from the Wernecke Mountains also indicate that fluids may be 

derived from non-magmatic sources, with stable isotope data (H and S) suggesting a 

formation/metamorphic water source (Hunt et al., 2005, see Chapter 3 for further 

discussion). 

 

Addition of cooler fluids to a system is thought to be a key feature of IOCG formation 

(Haynes et al., 1995; Hitzman, 2000). The importance of this process is indicated by its 

prevalence in current models for IOCG formation (Table 2.4), and its value lies in its 

power as a precipitation mechanism. Precipitation can be induced by the rapid cooling 

and addition of S and/or change in redox conditions caused by addition of a new fluid 

(Hitzman, 2000). This is consistent with the close association of later cooler fluids with 
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the mineralisation stage of IOCG formation, such as reported at the Starra deposit 

(Williams et al., 2001), Ernest Henry (Mark et al., 2006), Candelaria (Ullrich et al., 

2001a) and Olympic Dam (Haynes et al., 1995). Hunt et al., (2007) classified IOCG 

deposits according to their fluid source/s, into end-member magmatic, hybrid 

magmatic/non-magmatic and end-member non-magmatic deposits. Lightning Creek and 

Eloise were classed as magmatic; the Wernecke Breccias, Tennant Ck and Redbank 

deposits as non-magmatic; and Olympic Dam, Aitik, Candelaria, Salobo, and Ernest 

Henry as hybrid deposits. It is interesting and perhaps telling that the endmember 

deposits consist of smaller deposits and prospects. The same is true for Great Australia, 

where the extra fluid type is only present as a post-ore feature (Cannell and Davidson, 

1998). In stark contrast the hybrid deposits represent some of the world’s largest and 

most economically important IOCGs, suggesting multiple fluid sources and fluid mixing 

are crucial for formation of large IOCGs.  
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3 Geology of the Wernecke Supergroup and Wernecke breccia  

 

3.1 Introduction 

This chapter describes the geology of the Wernecke Supergroup (WSG) in the Wernecke 

Mountains, central Yukon Territory, Canada (Figure 3.1). The bedrock geology in this 

region is dominated by thick sedimentary successions, belonging predominantly to the 

WSG (Thorkelson, 2000). There is evidence of evaporite horizons in the stratigraphy, and 

minor igneous intrusions and volcanics are locally observed. The sediments and igneous 

rocks are cut by extensive hydrothermally formed breccia zones which are scattered 

throughout the Wernecke Mountains, and which host the region’s mineral occurrences. 

The zones of Wernecke Breccia and the associated alteration are the key geological 

features of focus in this study, since the breccias are host to the IOCG mineralisation and 

were foci of fluid flow. They thus provide the most suitable locations from which to collect 

fluid inclusion data, and alteration zones represent the best evidence of fluid-rock 

interaction. Following a description of important geological features, this chapter 

concludes with a review of theories on the genesis of the Wernecke Breccia. 

3.2 The Wernecke Supergroup 

The WSG is the oldest exposed stratigraphy in the area (>1.725 Ga, Thorkelson, 2000; 

~1.61Ga, Furlanetto et al., 2009) and is made up of three main sequences: the Fairchild 

Lake Group (FLG); Quartet Group (QG); and Gillespie Lake Group (GLG) (Figure 3.2a). 

Together they form a package of fine grained clastic and carbonate marine sedimentary 

rocks (Delaney, 1981). Sedimentary rocks have locally been metamorphosed into slate, 

phyllite, or fine grained muscovite-chlorite-quartz schist (Thorkelson, 2000). The 

combined thickness of the WSG was estimated at 14km by Delaney et al., (1981) who 

carried out early description of these units and first assigned their present names and 

Thorkelson (2000) later proposed a minimum thickness of 12.9km. 
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Figure 3.1: Map showing the location of the Wernecke region within the Yukon Territory, Canada, and 
occurrences of Wernecke Breccia. Breccia zones are spatially related to the Richardson fault array. 

Numbered yellow stars represent IOCG prospects featured in this study: 1) Igor, 2) Slats-Frosty, 3) Slats-

Wallbanger, 4) Hoover, 5) Slab, 6) Olympic. 

 

 
The FLG represents the oldest sedimentary rock in the succession and forms the base of 

the Wernecke Supergroup. It consists of grey-weathered, thin bedded, laminated siltstone, 

mudstone, claystone and fine grained sandstone with minor intercalated carbonate rocks, 

which were deposited in a shallow marine environment (Hunt et al., 2005) (Figure 3.2b). 

While the base of the FLG has not been observed, the maximum thickness of the exposed 

portion is approximately 4.6km (Thorkelson, 2000). The Upper FLG (defined by Delaney, 

1981) is a 200m section of alternating platy dolostone and black-weathering siltstone.  
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Figure 3.2: a) This schematic illustrates the major stratigraphic units of the WSG and the position of each studied prospect within them. Other important features 
include metaevaporites in the upper FLG, carbonaceous shale in the lower QG, and BPRI intruding mostly into FLG strata; b) Typical laminated siltstone of the 

Fairchild Lake Group; c) Interbedded siltstone and sandstone of the QG; d) Fine grained stromatolitic dolostone abundant in the GLG. Photos c) and d) courtesy 

J.Hunt. 
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Hunt et al., (2005) identified previously unrecognised metaevaporites in the upper FLG. 

Abundant Na- and Cl-rich scapolite is distributed as thin, discrete layers alternating with 

scapolite-free layers of fine grained metasedimentary rocks (Hunt et al., 2005). This 

pattern of scapolite distribution is indicative of evaporites pre-existing at this location as 

opposed to scapolite derived from circulating hydrothermal brines which tend to form 

haloes or replacement fronts associated with fluid conduits (Warren, 1999). Hunt et al., 

(2005) also suggest that extensive sodic alteration haloes adjacent to this location may be 

further indication that evaporite horizons existed, with dissolution of halite causing 

circulating fluids to become enriched in Na and Cl. These evaporite horizons are an 

important feature in the genesis of Wernecke Breccia and associated IOCG prospects 

according to Hunt et al., (2005) as discussed further in Section 3.8. 

 

The QG is the middle unit of the WSG and consists of a continuous succession of dark 

grey-weathering sedimentary rock. A basal black, carbonaceous shale gradationally 

overlies the upper FLG, and overlying this is interlayered shale siltstone and sandstone 

(Delaney, 1978, 1981) (Figure 3.2c). At the top of the QG, sandstone beds are interbedded 

with brown- to orange-weathering silty-dolostone, marking the onset of GLG 

sedimentation. The thickest part of the QG is approximately 3.4km, however a fault lies at 

the base of the QG, which means that a portion of the base of the unit may not be present, 

and it could be 0.5-1km thicker than the 3.4km estimate (Thorkelson, 2000). 

 

The GLG forms the upper part of the WSG. This unit is dominated by orange-weathered 

fine grained dolostone (Figure 3.2d) which alternates with grey-weathering siltstone near 

the base of the unit, and with layers of siltstone and shale near the top of the unit. The GLG 

is approximately 4.7km thick at its thickest, (Thorkelson, 2000). An unconformity lies at 

the base of the overlying Pinguicula group, indicating that extensive erosion of the 

Wernecke Supergroup occurred prior to Pinguicula deposition. 

 

The depositional history of the WSG based on the sedimentary rock units present is 

described by Delaney (1981) and Thorkelson (2000) in terms of two clastic-to-carbonate 

cycles, which have been interpreted as two stages of basin subsidence and sediment filling. 
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In the first cycle, general shallowing and sediment starvation of the basin is marked by 

siltstones in the lower FLG grading upwards into carbonate interbedding, and the 

occurrence of evaporites towards the top of the unit. The black shales of the lower QG 

mark the beginning of the second cycle in a deeper water environment, and increased 

sediment influx is indicated by the coarsening-upward siltstone and shale. These grade into 

the thick shallow-water carbonates of the GLG, which suggest protracted subsidence of the 

basin (Thorkelson, 2000). Thorkelson et al., (2001b) suggest that the WSG was deposited 

in a rift basin that opened along the western margin of Laurentia,  between 1.84 and 1.73 

Ga, perhaps separating North America from another continent (possibly Australia). 

Following WSG deposition but prior to ~1.6 Ga brecciation, the Racklan orogeny 

produced south to south-east directed deformation in the form of folds, schistosity, and 

kink bands within the WSG. The most recent dating study of Furlanetto et al., (2009) 

however (focussing on detrital zircons from sandstone beds), reported a 1.61Ga age for 

WSG sediments, suggesting that the timing of events close to this age may need to be more 

systematically examined. Another period of rifting between 1.59 Ga and 1.27 Ga has been 

used to explain the deposition of the Pinguicula Group, which unconformably overlies the 

WSG (Thorkelson, 2000). 

 

Supporting documentation of unit thicknesses is provided by the more recent work of Hunt 

(2005). Fluid inclusion microthermometry data was used, with independent temperature 

estimates obtained from oxygen and sulfur isotope data to determine fluid pressures. At the 

Slab prospect, fluid pressures translated to depths of 9.1 to 11.3 km, which are similar to 

upper estimates for the combined thickness of Quartet and GLG overlying the prospect 

(7.4 to 9 km, Delaney, 1981; Thorkelson, 2000). Results at Igor corresponded to depths of 

5.7 to 7.2 km, which are in accord with the constraint of >4 km for the GLG (and portion 

of QG) strata overlying this prospect (Figure 3.2a).  

 

3.3 Igneous Intrusions 

Numerous small igneous bodies cross cut sedimentary strata in the WSG and are known as 

the Bonnet Plume River Intrusions (BPRI). Most BPRI are composed of (mostly altered) 



                                                                                                                                  Chapter 3 

_________________________________________________________________________

  3-6 

diorite or gabbro, and less commonly have anorthosite and syenite compositions. These 

igneous rocks are also present as clasts within Wernecke Breccia, measuring up to 10m 

across (Thorkelson, 2000). Nearly all BPRI exposures are found in the Fairchild Lake 

Group, particularly in zones of Wernecke Breccia, and the few exposures outside the FLG 

are within breccia zones at the Slats-Wallbanger and Olympic prospects. The BPRI were 

emplaced after WSG deposition and before 1.6 Ga brecciation. The Racklan orogeny also 

occurred within this period but it is uncertain whether BPRI were emplaced during 

orogeny or after its cessation. Ages of 1705 to 1725 Ma (Early Proterozoic) have been 

determined for BPRI by U-Pb zircon dating (Thorkelson, 2000), however this age (when 

combined with their cross-cutting nature relative to WSG sediments) is incongruous with 

recent dates of 1.61Ma obtained for WSG sediments by Furlanetto et al., (2009). Based on 

the trace element geochemistry of BPRI, Thorkelson et al., (2001) suggest that they were 

generated from mantle melting, and therefore related to mantle plume activity and/or 

extensional tectonism. Laznicka and Edwards (1979) proposed that BPRI may have been a 

source of metals for IOCG mineralisation in the region.  

 

The Bear River dikes are later dioritic intrusions of Mid Proterozoic age and cross-cut the 

Gillespie Lake and Quartet Groups. These have been dated at 1.27 Ga (U-Pb zircon, 

Thorkelson, 2000) and are not found in the overlying Pinguicula group. 

 

3.4 Slab Volcanics 

The Palaeoproterozoic Slab Volcanics occur in three localities in the Wernecke Mountains. 

The largest of these is found at Slab Mountain, and is an isolated 0.6 x 0.2km block of thin, 

steeply dipping, mafic-intermediate lava flows (Laughton et al., 2002). The two smaller 

outcrops of volcanic rock also occur within FLG, and both within 14 km of Slab Mountain. 

The primary igneous mineralogy of the volcanics is uncertain, but they are predominantly 

composed of a groundmass of plagioclase laths, commonly altered to scapolite with 

anhedral biotite and magnetite that formed during the hydrothermal alteration associated 

with Wernecke Breccia emplacement (Laughton et al., 2002). The volcanic block is 

entirely surrounded by intrusive breccia, while fragments of the volcanics also appear in 
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the surrounding breccia. This suggests that the volcanics predate the breccia (>1.6Ma), 

however their exact age is unknown. Thorkelson (2000) reports that their mafic-

intermediate compositions are geochemically similar to quartz-albite syenite BPRIs (1.725 

Ga) and suggests that they may be comagmatic. This idea is consistent with their spatial 

proximity, with occurrences of both concentrated within the FLG. Laughton et al., (2002) 

reports that one of the BPRI dikes is seen to have a chilled margin against a lava flow of 

the Slab Volcanics, indicating the volcanics are ≥ 1.71 Ga.  

 

Laughton et al., (2002; 2005) conclude that these “megaclasts” of volcanics were part of a 

larger volcanic succession that once overlaid the WSG. According to their interpretation, 

large portions of the succession were engulfed by Wernecke Breccia during explosive 

hydrothermal brecciation. Blocks fell into dilatant zones near the top of breccia zones, and 

became surrounded by hydrothermal fluids and WSG clasts. The volcanic succession was 

later eroded completely, prior to deposition of the overlying Pinguicula group, which 

unconformably overlies the WSG and intrusive breccia zones. 

 

3.5 Wernecke Breccia 

A conspicuous feature of the Wernecke Mountains geology is the widespread presence of 

Wernecke Breccia, which occurs as numerous zones within the WSG (Figure 3.3). The 

breccias are huge, laterally extensive bodies (Bell, 1986) individually ranging from 0.1-

10km2 in area and cropping out over an area of about 3500km2 (Thorkelson, 2000). The 

breccia zones are spatially associated with regional scale faults. They lie on the southwest 

edge of the Richardson Fault array (Figure 3.1); a series of deep-seated, long lived 

structures that are traceable for approximately 600km (Hunt, 2005). Breccia emplacement 

also appears to exploit pre-existing crustal weaknesses at a local scale (Hunt, 2005), since 

many breccia bodies are steep to vertical and parallel with faults (Laznicka and Edwards, 

1979), and also with pathways previously utilised by BPRI (Hunt, 2005). Additional post 

breccia faulting has locally produced shear fabrics in some breccia zones. The breccia 

zones occur throughout the WSG, though are most widespread in the upper Fairchild Lake 

Group (Delaney, 1981), and importantly are host to the many mineral prospects in the 

region. 



                                                                                                                                  Chapter 3 

_________________________________________________________________________

  3-8 

 

 

 

Figure 3.3: A simplified geological map showing the locations of the studied IOCG prospects (modified 

after Thorkelson, 2000; and Hunt, 2005). Prospects are hosted within breccia zones, which are closely 
associated with faults.  
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The breccia complexes vary greatly in size (cm to km) and in shape, appearing elliptical, 

elongate, or irregular in plan view, and can be discordant or parallel to sedimentary 

layering. Breccias also vary considerably in terms of degree of brecciation, clast/matrix 

ratios, and clast angularity, even within a single breccia body. A central zone of 

transported, rotated and poorly sorted fragments with a high matrix to clast ratio, 

commonly grades outwards into clast supported breccia, crackle breccia, and eventually 

fractured wallrock (Laznicka and Edwards, 1979). Consequently, the whole transitional 

sequence from fractured protolith to roundstone transported breccia is represented, though 

intermediate zones are most commonly observed (Laznicka and Gaboury, 1988). The style 

of contact also varies from gradational as described above, to sharply defined sheets of 

breccia cutting across the trend of enclosing sedimentary layers (Laznicka and Edwards, 

1979).  

 

Typical Wernecke Breccia consists of metasomatised, angular to subangular clasts in a 

hydrothermally precipitated matrix (Thorkelson, 2000) as illustrated in Figure 3.4 which 

shows examples of the main breccia types. Clasts are locally derived, mostly from 

dolostone, siltstone, slate, phyllite, and schist of the WSG. Their colours vary from those 

of the source rocks (black, grey, brown, green) to shades of pink, red and maroon 

reflecting varying degrees of metasomatism. The clasts have been altered by partial to 

complete replacement by albite (Fig. 3.4a) or K-feldspar (Fig. 3.4b) to a pale, often pinkish 

colour, while some have been subjected to further colouration by hematite pigmenting, 

resulting in reddish to maroon clasts (Laznicka and Gaboury, 1988) (Fig. 3.4c).  Clasts 

from igneous intrusions are locally abundant where breccia zones cross cut or engulf dykes 

of the BPRI, and volcanic clasts derived from the Slab Volcanics are locally observed 

(Thorkelson, 2000). Earlier phases of Wernecke Breccia are preserved in some locations as 

clasts within later breccia (Hunt et al., 2005) (Fig. 3.4d). Breccia matrix is made up of rock 
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Figure 3.4: a) Typical grey albite-altered breccia from the FLG-hosted Slab prospect; b) typical K-feldspar 

altered breccia from the QG-hosted Igor prospect with hematite-stained clasts; c) K-feldspar altered breccia 
from the Igor prospect with specular hematite + calcite +quartz + chlorite matrix; d) breccia containing clasts 

of a previous breccia; e) massive carbonate-magnetite that commonly forms breccia matrix; f) chalcopyrite 
mineralisation forming the matrix of a breccia. Photos in d) and f) courtesy of Julie Hunt. 

 

 

fragments and hydrothermal precipitates which can be abundant in carbonate (calcite, 

dolomite/ankerite, siderite), feldspar (albite and/or K-feldspar), hematite, magnetite, 

chlorite, sericite or quartz (Fig. 3.4e). Other locally abundant minerals include 

chalcopyrite, scapolite, barite, fluorite, biotite, and muscovite. 

 

Field relations provide broad constraints on the age of the Wernecke Breccias. The 

breccias cross cut and therefore postdate the (ca. 1.72 Ga) BPRI, but are not seen to extend 

into the overlying Pinguicula Group, indicating that brecciation ended prior to its 
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deposition (1.38 Ga). An isotopic date (U-Pb in titanite) from the breccia zone at the Slab 

prospect gave an age of 1595 ± 5 Ma (Thorkelson, 2000), in keeping with the constraints 

above. Similar ages of 1601 ± 6 and 1609 ± 6 Ma were obtained by Hunt (2005) using Re-

Os analyses of Mo in a vein from the latter stages of brecciation. These ages represents the 

timing of the brecciation event, in which almost all brecciation and metasomatism 

occurred, while later hydrothermal events (ca. 1.38 Ga and <1.27 Ga) are considered to be 

minor and very localised (Thorkelson, 2000). 

 

3.6 Alteration 

Extensive metasomatism occurs within Wernecke Breccia. It represents direct evidence of 

fluid-rock interaction and extends into surrounding rocks for up to tens of metres 

(Thorkelson, 2000; Hunt et al., 2002). The metasomatism is dominated by sodic (albite) or 

potassic (K-feldspar) alteration depending on the stratigraphic level, and iron-oxide 

alteration is abundant in breccias on all stratigraphic levels in the form of magnetite and 

hematite. Alteration is commonly nearly complete near centres or focal points of fluid flow 

such as cores of breccia bodies, whereas further away host-rock lithologies have greater 

influence on alteration assemblages (Laznicka and Edwards, 1979). However as Laznicka 

and Gaboury (1988) observed at the Igor prospect, alteration zoning is commonly 

imperfectly developed, as a result of several superimposed fluid events from different 

centres. Thorkelson (2000) further illuminates the dynamic nature and polyphase origin of 

the Wernecke Breccias by emphasising that widespread metasomatism preceded, 

accompanied, and followed the brecciation. 

 

Sodic and potassic alteration are spatially separate and occur in distinct parts of the WSG 

stratigraphy. Rocks affected by sodic alteration are predominantly grey in colour (Fig. 

3.4a), containing abundant albite and lesser scapolite. This type of alteration appears to be 

confined to breccia occurrences hosted by the lower Wernecke Supergroup, in particular 

the FLG. Hunt et al., (2005) suggests that the sodic alteration at this stratigraphic level may 

be chemically related to the presence of evaporites in this unit. Potassic alteration is 

dominant in breccias hosted by the QG and GLG. The affected rocks are pink to red and 
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contain abundant K-feldspar ± sericite (Fig. 3.4b). The respective sodic or potassic 

feldspars, where observed, have narrow compositional ranges, highlighting the clear 

distinction between alteration types at different locations (Hunt, 2005) (see descriptions of 

prospect geology in Chapter 4). 

 

Iron-oxide mineralisation is widespread and abundant in the Wernecke Breccia zones at all 

stratigraphic levels. While lesser amounts also occur in later paragenetic stages, magnetite 

is dominant in the early stages of brecciation, locally occurring as massive ankerite-

magnetite veins. These are cross-cut by and occur as clasts in later breccia (Hunt, 2005). 

Hematite formed throughout the paragenesis but was most abundant during brecciation 

(Hunt, 2005) where it accompanied chloritisation in breccias, caused martitisation of 

magnetite  and formed breccia matrix and veins (Laznicka and Gaboury, 1988). 

 

At all prospects the feldspar alteration is overprinted by carbonate that forms the dominant 

phase in breccia matrix and cross cutting veins. This carbonate composition also varies, 

with calcite dominant in breccias with sodic alteration, while dolomite and ankerite are 

dominant in potassically altered breccias (Hunt, 2005). Further detail of alteration patterns 

and paragenesis at individual prospects is described in Chapter 4, and Chapter 6 examines 

the chemical changes associated with alteration. 

 

3.7 Mineralisation 

There are 65 Wernecke Breccia-associated prospects in the Wernecke and Ogilvie 

Mountains. All are associated with IOCG mineralisation which is similar at each prospect, 

occuring as veins and disseminations in breccia and surrounding rocks and locally as 

breccia matrix. IOCG minerals include magnetite, hematite, chalcopyrite and lesser 

pitchblende, brannerite and cobaltite. Gold is not observed but is reported with copper in 

assay results (Hunt et al., 2005). Enrichments of Cu, Co, Au, Ag, Mo, and U are localised 

within breccia zones and adjacent metasomatised country rock (Thorkelson, 2000), 

however geochemistry reveals that enrichments are confined to visibly mineralised zones, 

and there is no appreciable background enrichments of these elements in metasomatised 
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country rock (Thorkelson and Wallace, 1993; Thorkelson et al., 2001a). The mineralising 

events occurred chiefly in the main period of breccia formation and metasomatism (ca. 1.6 

Ga), with the enrichments absent in the overlying (and younger) Pinguicula group 

(Thorkelson, 2000). Chalcopyrite and pyrite occur throughout the paragenesis but were 

most abundant during brecciation, occurring mainly as breccia matrix (Fig. 3.4f) and syn-

breccia veins (Hunt, 2005). Despite widespread mineralisation, no economic ore zones 

have so far been identified. Laznicka and Gaboury (1988) suggest that a major deposit is 

unlikely without a major focussing mechanism to channel and locally confine metals to a 

single major structure from the many scattered occurrences. 

 

3.8 Genesis of Wernecke Breccia 

The close association of hydrothermal fluids with the Wernecke Breccias is marked by the 

extensive metasomatism that occurs in and around breccia zones. However, the origin of 

these fluids and their specific role in breccia formation is debated by several authors, and 

thus key aspects of breccia genesis remain uncertain.  

 

3.8.1 Fluid source 

The source of hydrothermal fluids is of primary concern in determining how the Wernecke 

Breccias formed. A discussion of fluid source as an issue in the formation of IOCG 

deposits was presented in Chapter 1, and identified the major theories, which centre on 

either magmatic or basin derived fluids. Past studies have suggested a magmatic origin for 

Wernecke fluids, citing an unexposed pluton emplaced into or below the Wernecke 

Supergroup at around 1.6 Ga (Hitzman et al., 1992; Thorkelson and Wallace, 1993; 

Thorkelson et al., 2001a). The lack of direct observation of any such feature has led others 

to suggest that fluids were primarily basin-derived (Bell, 1989). Preliminary fluid inclusion 

thermometry and stable isotope data presented by Hunt, (2005) and Hunt et al., (2005) 

support a likely basinal origin. Involvement of meteoric fluids was not ruled out by this 

stable isotope evidence, however the moderate to high fluid salinities suggest that 

significant contributions from meteoric fluids are unlikely. Fluid source was investigated 
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in detail in a collaborative study (Kendrick et al., 2008), and the evidence and findings are 

fully discussed in Chapter 7.  

 

3.8.2 Heating mechanism 

Models which include a magmatic fluid source have a ready-made heat source, i.e. the 

magma from which the fluids were exsolved. The convenience of this heat source may 

partly explain the relative abundance of fluid circulation and brecciation theories centred 

on magmatism despite a lack of direct supporting evidence. The absence of any direct 

evidence that a suitable magmatic feature existed, prompted Bell (1989) to propose a 

model whereby salt diapirism facilitated circulation of basinal fluids. Based on their 

evidence that suggested hydrothermal fluids may be basinally derived, Hunt et al., (2005) 

also developed a model requiring neither heat nor fluid contributions from a magma body. 

In this model, temperatures of up to 300°C were produced by simple burial of sediments 

up to 9 kilometres, assuming an average geothermal gradient of 25 to 30°C. Another 

potential source of heat was the contractional deformation caused during the Racklan 

orogeny, which produced peak metamorphic temperatures of 450-550 °C (Brideau et al., 

2002). Although most of this orogeny occurred prior to brecciation (Brideau et al., 2002), 

Hunt et al., (2005) suggest that this event (and the associated elevated temperature 

gradient) may have overlapped with the major brecciation event, allowing temperatures of 

greater than 300 °C to be achieved. These models eliminate the reliance on magmatic 

features, and thus provide a viable alternative to the magmatic theories. 

3.8.3 Brecciation mechanism 

Several mechanisms have been proposed for the brecciation of WSG rocks. These have 

included diatremes, phreatomagmatic explosions, evaporite diapirism and mud diapirism. 

However none of these major theories fit satisfactorily with all the evidence that has 

emerged. Bell and Delaney (1977) and Archer et al., (1977) interpreted cross cutting 

breccias as diatremes. Many features are characteristic of vents explosively filled by 

fluidised material, such as the breccia fabrics, contacts, wall-rock alteration and associated 

mineralisation. However Laznicka and Edwards (1979) observed that breccia clasts are 

locally derived from WSG rocks and intrusions that are cross-cut by the breccias, and do 
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not include deeply sourced clasts characteristically found in diatremes. Laznicka and 

Edwards (1979) proposed an alternative model of phreatomagmatic explosions associated 

with the intrusion of BPRI into unconsolidated sediments of the WSG. This theory 

accounts for the spatial relationship between the breccias and igneous intrusions. 

Thorkelson (2000) however, rejected this theory because more recent dating has revealed 

the intrusions were emplaced around 100Ma prior to breccia formation. He provides the 

additional argument that the WSG was entirely lithified, and also deformed and 

metamorphosed prior to brecciation (based on the observation of previously foliated clasts 

in breccia). These points also discount the mud diapirism theory of Lane (1990). 

Mechanical transportation of sediments upwards as blocks or rafts via salt-driven diapirism 

(Bell, 1989), is also rejected by Thorkelson (2000). Since brecciation occurred after the 

deformation and metamorphism assigned to the Racklan Orogeny, Thorkelson deems the 

likelihood of salt preservation and diapiric uprise after the Racklan Orogeny extremely 

remote. Thorkelson (2000) also joins Laznicka and Edwards in discounting the diatreme 

theory. While a diatreme theory is more consistent with the evidence in terms of 

brecciating fully lithified, deformed and metamorphosed rock units, he emphasises that 

clasts from depth (of lower crustal or mantle character) have not been reported in any of 

the breccias.  

 

Having discounted previous theories, Thorkelson et al., (2001a) proposed that the fluids 

may be volatile-rich residual fluids from fractionating magma chambers beneath the WSG. 

At a late stage of fractionation these fluids escaped towards the surface and boiled 

explosively causing brecciation, with breccia development partially controlled by crustal 

features. Thorkelson (2001a) suggests the co-occurrence of intrusions with breccias may be 

explained by hydrothermal brecciating fluids rising through the crust utilising the same 

pathways previously used by the magmas. Key features of this model, in particular the 

magmatic origin of hydrothermal fluids, remain speculative. Firstly there is a lack of 

evidence for the existence of the large magma chambers that would be required for 

exsolution of large volumes of fluid. The most significant known magmatic event in the 

region was the minor mafic magmatism that predated the brecciation by around 100 Ma 
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and formed the BPRI. Secondly there is a lack of direct evidence that hydrothermal fluids 

in the Wernecke region were magma-derived. 

 

Based on a study of the Slab Volcanics, Laughton et al., (2005) suggested that venting of 

hydrothermal fluids took place at this location. Although hosted by the lowest 

stratigraphical unit (FLG), Laughton et al., (2005) offer a scenario where FLG strata were 

exhumed to the surface during the Racklan orogeny. The Slab prospect was then formed 

very near to the surface during explosive brecciation shortly after Slab volcanism, allowing 

large blocks of volcanic rock to fall into zones of dilation and become engulfed in the 

breccia. Laughton et al., (2005) explain the sodic alteration at this prospect by the 

circulation of fluid that achieved high Na/K ratios as it cooled and approached the surface. 

This however is not consistent with alteration models proposed for most IOCG deposits as 

described in Chapter 1, which commonly describe sodic alteration at greater depths and 

shallower zones of potassic alteration (Pollard, 2001; Oliver et al., 2004; Mark et al., 

2006). In addition, fluid inclusion pressure estimates obtained by Hunt (2005) suggested 

depths of formation were around 9 to 11 km for the Slab prospect, which are not consistent 

with the shallow formation described above. 

 

Building on more recent identification of meta-evaporites, and evidence that fluids may be 

basin derived, Hunt et al., (2005) developed a model in which basinal brines or formation 

waters were circulated independent of a magmatic cycle. A geothermal gradient provided 

heat as explained above, and periodic over-pressuring of the fluids was responsible for 

rapid (though relatively non-explosive) expansion of fluids, causing repeated brecciation. 

Dissolution of evaporite-rich horizons in the FLG caused foundering of large blocks and 

created permeable and/or weak zones for fluid pathways, explaining the widespread 

breccia bodies in the FLG. Brecciation away from the evaporite horizons may be explained 

by fluids travelling along pathways created by evaporite dissolution, and travelling further 

upwards with variable explosiveness via faults and fractures, including those previously 

exploited by BPRI.  
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Many uncertainties remain over the source of IOCG-related fluids and their interaction 

with WSG rocks. Some of the key points in question are summarised in Figure 3.5 and 

include not only the ultimate source of fluids but the exact nature of their interaction with 

host-rocks, which include sedimentary rocks of differing character, evaporites, and igneous 

BPRI rocks. These gaps in understanding exist because a significant study of the 

hydrothermal fluids in this region has yet to be completed. This thesis presents such a 

study, including direct and detailed analysis of fluid inclusions, in order to fill these gaps in 

knowledge and test the validity of the above theories. 
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Figure 3.5: Conceptual diagram illustrating some of the unknown aspects of IOCG genesis in the Wernecke Mountains. Key questions include: What are the 
sources of brecciating/mineralising fluids? Did an unexposed pluton contribute fluids and heat? What is the level of interaction between fluids and WSG 

sedimentary rocks, BPRI and evaporites? Do different P/T conditions influence fluid character at different prospects? What flow paths could fluids have taken to 

form the observed alteration patterns? STF=Slats-Frosty; STW=Slats-Wallbanger. 
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