
 

Metasomatic and structural 
controls on petrophysical 
properties of the Cannington 
Pb-Zn-Ag deposit  
 

Pearce, M.A., Austin, J.R., McFarlane, H., Birchall, R., Spinks, S.C., and the Cloncurry 
METAL Team 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Part VII: Cloncurry METAL Final Report 2018/21  

Australia’s National 
Science Agency 



Metasomatic controls on petrophysical zonation in IOCG mineral systems |  i 

 

CSIRO Mineral Resources 

Citation 

Pearce, M.A., Austin, J.R., McFarlane, H., Birchall, R., Spinks, S.C. (2021) Metasomatic and structural 
controls on petrophysical properties of Cannington Pb-Zn-Ag deposit. Part VII: Cloncurry METAL 
Final Report 2018/21. CSIRO, Australia.  

Copyright  

© Commonwealth Scientific and Industrial Research Organisation 2021. The copyright in this 
publication is licensed under a Creative Commons Attribution 4.0 International (CC BY 4.0) Licence. 
Under this licence you are free, without having to seek permission from CSIRO or the Queensland 
Department of Resources, to use this publication in accordance with the licence terms. 

Important disclaimer 

CSIRO advises that the information contained in this publication comprises general statements 
based on scientific research. The reader is advised and needs to be aware that such information may 
be incomplete or unable to be used in any specific situation. No reliance or actions must therefore 
be made on that information without seeking prior expert professional, scientific and technical 
advice. To the extent permitted by law, CSIRO (including its employees and consultants) excludes all 
liability to any person for any consequences, including but not limited to all losses, damages, costs, 
expenses and any other compensation, arising directly or indirectly from using this publication (in 
part or in whole) and any information or material contained in it. 

CSIRO is committed to providing web accessible content wherever possible. If you are having 
difficulties with accessing this document please contact csiroenquiries@csiro.au





 

Metasomatic controls on petrophysical zonation in IOCG mineral systems |  i 

Contents 

1 Cannington Mineralogy and Geochemistry...................................................................... 5 

1.1 Cannington Geology ........................................................................................... 5 

1.2 Major Element Geochemistry ............................................................................. 6 

1.3 Immobile Element Geochemistry........................................................................ 8 

1.4 Rare-earth Element Geochemistry .................................................................... 10 

1.5 Mineralogy ....................................................................................................... 15 

1.6 Petrogenesis of the Cannington Deposit ........................................................... 26 

2 Petrophysics of the Cannington system ......................................................................... 29 

2.1 Magnetic Susceptibility vs Density .................................................................... 29 

2.2 Magnetic Susceptibility vs Remanent Magnetisation ........................................ 30 

2.3 Remanence Directions ...................................................................................... 34 

2.4 Radiometrics .................................................................................................... 37 

3 AMS Data for Cannington .............................................................................................. 38 

3.1 Host Rocks ........................................................................................................ 38 

3.2 Metasomatic assemblages and Mineralised Rocks ............................................ 40 

4 Exploration Implications ................................................................................................ 43 

5 References .................................................................................................................... 44 

Acknowledgements ....................................................................................................... 48 

  



ii  |  CSIRO Australia’s National Science Agency 

Figures 
Figure 1: ACF projection showing compositional variations between and within rock types for 
samples from Cannington. .......................................................................................................... 7 

Figure 2: Immobile element plots for Cannington data. a) Zr vs Ti, b) Al vs Ti, c) Al vs Zr. Data 
arrays along straight lines (constant ratio) can be interpreted as mass loss or gain without 
immobile element mobility (shown on a). ................................................................................... 9 

Figure 3: Geochemical discrimination of the rocks at Cannington. Basalts are distinct from 
sediments. Sediments show evidence for sedimentological variability between pelitic and 
psammitic lithologies. Diagram from McLennan et al. (1993). ................................................... 10 

Figure 4: Clustering results for REE patterns from Cannington. Colours denote clusters made using 
K-means on λ0-3. Eu/Eu* is included to show variations in Eu anomaly but was not used for 
clustering. Colours correspond to patterns shown in Figure 5. .................................................. 11 

Figure 5: Rare-Earth Element groups based on clustering the λ coefficients (ignoring Eu anomaly). 
Data are normalised to the average Post Archean Australian Shale model composition. Cluster 1 
(blue) have PAAS compositions, mostly with no Eu anomaly. Cluster 2 (red) have PASS 
compositions with a positive Eu anomaly and depleted HREEs. Cluster 3 (green) have depleted 
LREEs and a small positive Eu anomaly. Cluster 4 (yellow) have enriched middle-REEs and HREE 
depletion and a strong positive Eu anomaly. Cluster 5 (black) are depleted relative to PAAS and 
have a strong positive Eu anomaly. ........................................................................................... 12 

Figure 6: ACF projection showing rock types from Cannington classified by both lithology (colour) 
and according to their REE cluster (shape). ............................................................................... 13 

Figure 7: REE plots for clusters normalised by Ti content to account for ‘dilution’ effect observed 
in the immobile element plots (Figure 2). Cluster 1 is largely unchanged, Cluster 2 is now enriched 
relative to the protolith showing that the REEs are not as depleted as predicted from the Ti 
content. Cluster 3 are the metabasic rocks where there is no evidence for metasomatism. Cluster 
4 shows extreme enrichment showing that Ti is significantly more depleted than the REEs. 
Samples in cluster 5 have a similar composition to PAAS except for the positive Eu anomaly.... 14 

Figure 8: CNN293B. A gneiss sample containing plagioclase, K-feldspar, biotite, minor garnet 
(almandine) and sillimanite. Retrograde muscovite (pink) partially replaced sillimanite. ........... 15 

Figure 9: CNN229 one of the most Al-depleted gneissic samples with almandine garnet, K-
feldspar, quartz, biotite and retrograde muscovite. .................................................................. 16 

Figure 10: CNN248 Mineralogical image of a banded ore sample from Inveravon. Sample 
preserves gneissic mineralogy and fabrics and shows evidence for incipient Fe-metasomatism as 
well as Zn-Pb mineralisation. ..................................................................................................... 17 

Figure 11: CNN248 close up of sheeted quartz veins cutting apatite from Inveravon. Magnetite 
veinlets (purple-blue) are also present but are partially altered to siderite (fleshy pink). Minerals 
are the same colour scheme as Figure 10. ................................................................................. 18 

Figure 12: CNN248 section of mineralogical map (a) and corresponding core-scale µ-XRF image 
(b) showing Fe (red) – Mn (green) – Ca (blue) concentrations. In the XRF image, a magnetite vein 



 

Metasomatic controls on petrophysical zonation in IOCG mineral systems |  iii 

(bright red) transects the sample surrounded by Mn-bearing fayalite (orange). This is interpreted 
as incipient Fe-metasomatism. .................................................................................................. 19 

Figure 13: CNN251 an example of the Fe-metasomatites. The sample is composed of fayalite with 
bands of apatite and garnet. Fayalite is retrogressed to pyrosmalite producing magnetite. ...... 20 

Figure 14: CNN274 Fe-metasomatite with higher pyrrohitite content and minor fluorite. Late 
magnetite-filled fractures with pyrosmalite alteration halos cross-cut earlier pyrrhotite-
magnetite-fayalite-apatite assemblages. ................................................................................... 20 

Figure 15: CNN275 banded Fe-metasomatite with extensive magnetite veining. The veining could 
have formed during Fe-metasomatism (see Figure 12) or by later stage retrogression of fayalite 
to pyrosmalite. .......................................................................................................................... 21 

Figure 16: CNN273 hedenbergite-garnet rock with coarse magnetite, pyrrhotite, fluorite, quartz 
and chalcopyrite. Later pyrosmalite veins cut across the hedenbergite. .................................... 22 

Figure 17: CNN259 hedenbergite-garnet rock showing banded garnet-apatite fabric................ 22 

Figure 18: Extract from mineralogical map of CNN261 garnet hedenbergite rock with zoned 
garnets – Mn-rich (Almandine_Mn) cores, Ca-rich (Almandine_Ca) rims. Field of view is 10 mm 
across........................................................................................................................................ 23 

Figure 19: CNN288 hedenbergite-garnet rock with later hydrothermal alteration to potassic-
chloro-amphiboles. ................................................................................................................... 23 

Figure 20: CNN277 fluorite bearing ore sample showing preferred orientation of galena veins, 
replacement of fayalite by pyrosmalite and formation of minor magnetite at the margins of relict 
fayalite grains. ........................................................................................................................... 24 

Figure 21: CNN236 metabasite from the Core Amphibolite ....................................................... 25 

Figure 22: CNN138 greenschist facies metabasite from the Core Amphibolite margin .............. 25 

Figure 23: Plot of density vs magnetic susceptibility for samples from the Cannington deposit . 29 

Figure 24: 3-D rendering of the Cannington deposit (purple) major fault surfaces (grey), drill 
holes, and samples colours by remanent magnetisation intensity. The high remanence samples 
occur mostly on the margins of the deposit (NB some sit above and below in this perspective 
view). ........................................................................................................................................ 30 

Figure 25: Mineralogical image of CNN218 a magnetite-pyrosmalite-quartz rock. .................... 31 

Figure 26: CNN232B, a Hedenbergite-pyrrhotite rock ............................................................... 33 

Figure 27: CNN287 Pargasite-quartz-siderite-pyrrhotite resulting from late carbonate alteration 
of a hedenbergite-garnet rock................................................................................................... 33 

Figure 28: Plot of natural remanent magnetisation (NRM). Only data points which recorded a 
mean length of >80% from the vector sum of 3 individual measurements are shown. Samples 
with NRM intensity > 1 A/m are shown in orange, and samples with Koenigsberger ratio (Q) of > 
1. .............................................................................................................................................. 34 

Figure 29: Zijderveld diagrams displaying results of alternating field demagnetisation for 
CNN251B .................................................................................................................................. 35 



iv  |  CSIRO Australia’s National Science Agency 

Figure 30: Examples of drilling induced magnetisations (DIM), Earth’s Magnetic Field (EMF) 
parallel magnetisations and pencil magnet induced magnetisations, which are all common 
manifestations of low coercivity magnetic grains. ..................................................................... 36 

Figure 31: Plot of U Radiometrics vs K Radiometrics for samples from the Cannington deposit. 37 

Figure 32: All the AMS data from the Cannington deposit. ........................................................ 38 

Figure 33: AMS fabrics from the major host rock types from the Cannington deposit. a. 
Stereogram showing the AMS data. b. Plot of the l (lineation factor) vs F (foliation factor) for the 
AMS data. c. Interpretation of the AMS fabrics in a structural context. d. Mineralogical image of 
a typical unaltered (core) amphibolite sample. e-h Show that same data for samples of biotite-
feldspar gneiss. i-l Show the same data for samples of sillimanite schist. .................................. 39 

Figure 34: AMS fabrics from the major metasomatically altered assemblages and mineralised 
lithologies from the Cannington deposit. a. Stereogram showing the AMS data, b. is a plot of L 
(lineation factor) vs F (foliation factor) for the AMS data. c. Interpretation of the AMS fabrics in a 
structural context. d. Mineralogical image of a typical sample of lead-zinc mineralisation. e-h 
Show that same data for samples of hedenburgite-pyrrhotite assemblages. ............................. 41 

Figure 35: AMS fabrics from the major metasomatically altered assemblages and mineralised 
lithologies from the Cannington deposit. a. Stereogram showing the AMS data, b. is a plot of L 
(lineation factor) vs F (foliation factor) for the AMS data. c. Interpretation of the AMS fabrics in a 
structural context. d. Mineralogical image of a typical sample of altered amphibolite sample. e-h 
Show that same data for samples of Fe-metasomatite. i-l Show the same data for samples of 
mineralised Fe-metasomatite. .................................................................................................. 42 

 

  



 

Metasomatic controls on petrophysical zonation in IOCG mineral systems |  5 

1 Cannington Mineralogy and Geochemistry 

Modal mineralogy was measured from 162, 25 mm diameter round core samples and 8 slabs using 
automated mineralogy, see Report 1 (Austin et al., 2021) for details of the methodology and 
automated mineralogy image repository. The major and trace element chemistry of the slabs was 
also mapped using the Maia Mapper µ-X-ray Fluorescence (µ-XRF) mapping instrument. For solid 
solution minerals, principally garnet, olivine and biotite, a number of mineral compositions was used 
to capture variation across the deposit. These are labelled with the closest end member (e.g. 
Almandine for garnet) and a subscript of any significant addition to this end-member (e.g. 
Almandine_Mn has a significant proportion of Mn (spessartine end-member) allowed). Of these 
samples, 118 were sent for whole rock analysis by 4-acid digest ICP-MS. From which a subset of 64 
were analysed by ICP-AES following LiB fusion for their major and minor oxide concentrations. Rare 
earth and trace elements were analysed for using the same subset of 64 of these samples by ICP-
MS following acid digestion. Major and minor oxides were reanalysed for this subset using acid 
digestion of the same fusion samples using ICP-AES. Geochemical analyses were carried out by ALS 
in Brisbane. The mineralogical and geochemical data are summarised and discussed below to 
determine deposit paragenesis and to assess representivity with respect to previous studies. 
Petrophysical results are presented and interpreted with respect to the deposit model. 

1.1 Cannington Geology 

The geological setting, structure and core-scale petrography of Cannington are outlined in Chapter 
5 of the NW Mineral Province Deposit Atlas. Key details of this study are provided here to aid 
interpretation of the datasets collected in this work. 

The base metal Cannington deposit is hosted in a sequence of upper amphibolite facies, semi-pelitic 
to psammitic migmatitic gneisses with minor amphibolite bodies. The main ore lenses, which have 
variable Pb:Zn:Ag ratios, are deformed around a largely unmineralized Core Amphibolite (Walters 
and Bailey, 1998). The whole deposit is cross-cut by late faulting on the N-S striking Brolga Fault 
Zone which is itself cut by a series of ENE-WSW faults. The entire deposit is bissected into the 
Northern and Southern zones by the NW-SE striking Trepell Fault Zone (Walters and Bailey, 1998).  

Chapman & Williams (1998) and Bodon (1998) outlined paragenetic sequences which broadly 
comprise the following stages: 

 Peak metamorphism 

 Hedenbergite-garnet alteration 

 Hydrous retrogression (pyrosmalite after fayalite, amphibole after pyroxene, muscovite 
after biotite/sillimanite) 

 Carbonate / chlorite alteration 

However, the studies disagreed on the timing of metal introduction into the system at Cannington 
and therefore the role of early and late metasomatic events in shaping the deposit. Bodon (1998), 
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following Walters & Bailey (1996) proposed that synsedimentary ore lenses intruded by mafic sills 
were folded and metamorphosed. Later hydrothermal alteration may have led to remobilisation 
and refinement of some of the metal within the deposit (a modified Broken Hill Type model). 
Chapman & Williams (1998) and others suggested a more skarn-like model with post peak 
metamorphic hydrothermal sulphide mineralisation into a reactive but otherwise unrecognised 
stratigraphic layer.  

Superimposed on the metamorphism and subsequent metasomatism was the impact of 
polymetallic sulphide melting (Mavarogenes et al. 2001). The melt compositions produced at 
Cannington likely resulted in enriched Ag concentrations, because Ag2S lowers the sulphide solidus. 
As the sequence cooled, the sulphide melt persisted to relatively low temperatures, compared to 
the associated silicate melts and subsequent metasomatism, and therefore appears to overprint 
these events consistent with established paragenetic sequences.  

1.2 Major Element Geochemistry 

Major element geochemistry shows compositional relationships between sample with different 
mineralogy from the host rocks and ore zones, for example using a conventional ACF project ( 
Figure 1). Although the underlying assumption for this projection of a single potassic phase (usually 
K-feldspar) is not true for a number of the gneissic samples, the simplified system still provides 
insight into elemental variations between the different mineralogical zones at Cannington. Other 
conventions for this projection are followed (all Na is in albite, CaO is corrected for apatite). Each 
sample is coloured by a rock type classification based on mineralogy and microstructure as 
determined from both core-scale features and automated mineralogy maps documented in Section 
1.5. 
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Figure 1: ACF projection showing compositional variations between and within rock types for samples from 
Cannington. 

Felsic gneisses (grey,  

Figure 1) are the most Al-rich lithologies. Gneisses with appreciable muscovite retrogression (yellow,  

Figure 1), termed SHMU (schist-muscovite) by mine-site geologists, overlap in composition with the 
other gneisses showing no bulk compositional changes associated with hydration. The muscovite 
schists are towards the more aluminous end of the gneissic compositional range because the peak 
metamorphic assemblage contained more sillimanite which is more susceptible to retrogression. 
Several of the gneiss samples plot below the garnet compositional line on the ACF diagram. These 
could reflect melt extraction due to partial melting leaving a relatively Al-depleted restite, or 
metasomatism to more Fe-Mn-Ca rich composition.  

Metabasites of the Core Amphibolite and mafic layers from within the gneisses (sometimes biotite 
amphibolites) plot on the hornblende – plagioclase tie-line (± garnet) consistent with the generally 
unaltered character of the metabasic rocks at Cannington. 

Two further divisions are identified here: Fe-metasomatites (defined here as containing almost 
exclusively Fe-bearing phases, red,  
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Figure 1) and hedenbergite-garnet-rich rocks (blue,  

Figure 1). The Fe-metasomatites plot close to the Fe-Mn-Mg apex although none of them contain 
any Mg. They form a linear array stretching back towards the compositional cluster of gneissic rocks 
suggesting that they originated as gneisses and have been altered by progressive Fe-Mn enrichment. 
The hedenbergite – garnet rocks, which often also contain pyrrhotite where the compositions are 
more Fe-rich, form a linear array along the base of the ACF projection. 

Ore samples (Gn>Sp, Brown; Sp > Gn, Dark Red; Fluorite-bearing, Purple;  

Figure 1) and are co-incident with the Fe-metasomatites and the hedenbergite-garnet rocks showing 
that the gangue phases within the ores are dominated by Ca and Fe silicates. The most Al-rich ores 
are from the Inveravon ore lense and overlap in composition on the ACF plot with the most Al-
depleted gneisses. All of the fluorite-bearing ores lie within the compositional field containing the 
hedenbergite-garnet-rich rocks.  

 

1.3 Immobile Element Geochemistry 

To test consistency of our data with previous studies and provide a background to understand the 
rare-earth element concentrations and petrophysics, we show how the conventionally immobile 
elements (Ti, Zr, Al) behave (Figure 2). If all rocks are derived from a composition of protolith, they 
should all have the same immobile element compositions. Assuming very low solubility of Ti, Zr and 
Al in crustal fluids, overall mass loss or gain during metasomatism will concentrate or dilute the 
absolute concentrations, respectively, of these elements but the ratio will not change. This will lead 
to arrays of data trending towards the origin (as shown in Figure 2). Igneous processes that co-
fractionation of Al, Ti, and Zr will also result in arrays of data trending towards the origin. Deviation 
of data from the linear arrays passing through the origin results from either protolith heterogeneity 
or fractionation of one element and not the other on a particular plot.  

The host gneisses show a a range of immobile element ratios that deviate from either a single point 
or a linear array (Figure 2). For Al, this could arise due to melt loss or gain because partial melts of 
pelitic rocks contain significant Al but negligible Ti or Zr (see Grant, 2004 for examples). Further 
immobile element ratios (Th/Sc vs Zr/Sc; Figure 3) that reflect maturity of sediment provenance, 
show that the gneisses have a composition consistent with the Post-Archaean Australian Shale 
model composition (Taylor and McLennan, 1985). They exhibit a small degree of zirconium 
enrichment, interpreted as reflecting increased sediment maturity causing an increase in the zircon 
content. As Zr increases, the Al content decreases (size of points, Figure 3) consistent with clay and 
then feldspar destruction in the original sediments. The muscovite schists (yellow) plot at the 
immature end of the array, once again consistent with them being pelitic rather than psammitic in 
composition. All these data are consistent with previous studies showing that the metasedimentary 
protoliths were a sequence of immature mudstones and arkoses (Stanley et al. 2001). Since the 
Th/Sc and Zr/Sc plots show variability in the sediment maturity, and coincident variability in Al 
concentration, it is likely that much of the dispersion of gneiss compositions around the linear arrays 
in the immobile element plots arises from protolith heterogeneity. 
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Figure 2: Immobile 
element plots for 
Cannington data. 
a) Zr vs Ti, b) Al vs 
Ti, c) Al vs Zr. Data 
arrays along 
straight lines 
(constant ratio) 
can be interpreted 
as mass loss or 
gain without 
immobile element 
mobility (shown on 
a). 
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Hedenbergite-garnet-rich rocks and Fe-metasomatites form a linear array between the gneissic 
compositions and the origin. This trend indicates that the rocks all have similar immobile element 
ratios but different absolute values. Such trends result from addition or removal of material that 
effectively concentrate or dilute the immobile elements, respectively. These data are consistent 
with previous immobile element studies of Cannington rocks (Chapman & Williams, 1996; Bodon, 
1998) where the change in immobile element concentration was used to infer a similar, but strongly 
diluted, source to the gneisses for the hedenbergite-garnet rocks and Fe-metasomatites. Chapman 
& Williams (1996) suggested that the magnitude of volume changes required to cause such a 
reduction in Ti, Al and Zr content made it unlikely that metasomatism or alteration was the cause of 
this trend. Instead, they suggested that it resulted from mixing of the pelitic fraction with other 
unobserved components. However, for this model, the inferred components must not have 
disturbed the immobile element ratios. 

Metabasites show an immobile element signature distinct from the gneisses and their 
compositional variations are consistent with igneous fractionation.  

    

Figure 3: Geochemical discrimination of the rocks at Cannington. Basalts are distinct from sediments. Sediments show 
evidence for sedimentological variability between pelitic and psammitic lithologies. Diagram from McLennan et al. 
(1993). 

1.4 Rare-earth Element Geochemistry 
Interpretation of the ore-forming processes at Cannington is made challenging by high grade 
metamorphism. Rare-earth elements (REE) are relatively immobile during metamorphism and 
therefore indicative of processes that have affected the protolith. Data from Broken Hill show that 
there are significant differences between the ore and the surrounding exhalitive rocks (Parr, 1992; 
Lottermoser, 1989), most noticably the generation of a positive Eu anomaly in the ore zone, which 
was interpreted by them as reflecting a primary exhalitive fluid. 
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The rare-earth element patterns for 64 samples from Cannington were analysed using orthogonal 
polynomial decomposition (O’Neill, 2016) which represents each pattern as a series of polynomials 
by fitting normalised abundance against ionic radius. The weights for each polynomial (denoted by 
λi for the ith order polynomial weight) describe the geometry of the REE pattern and can be clustered 
to define different groups. In addition, the Eu anomaly (denoted by Eu/Eu*) can be included in the 
clustering to differentiate between Eu-enriched and Eu-depleted groups of rocks. The Eu anomaly 
is calculated here as the ratio of the observed value and the predicted value obtained from the 
polynomial fit through all the other elements except Eu. This gives a measure of the Eu anomaly 
that is similar to the conventional method using the mean of Sm and Gd but is not dependent on 
the shape of the REE plot (see O’Neill, 2016 for discussion). The orthogonal decomposition was 
carried out in python using the pyrolite library (Williams et al., 2020).   

 

  Figure 4: Clustering results for REE patterns from Cannington. Colours denote clusters made using K-means on λ0-3. 
Eu/Eu* is included to show variations in Eu anomaly but was not used for clustering. Colours correspond to patterns 
shown in Figure 5. 

The clustering results can be most easily understood using Figure 4 and Figure 5 together. Cluster 1 
(blue) have values very close to PAAS with no depletion or enrichment (all λ coefficients close to 0). 
Four samples have positive Eu-anomalies. Cluster 2 (red) have PAAS-like values but are HREE-
depleted shown by the negative curvature values in λ2. With 3 exceptions, this cluster have large 
positive Eu-anomalies. Cluster 3 (green) form a distinct cluster with the steepest negative slope (λ1), 
small positive Eu-anomalies LREE depletion (negative λ1 and λ2 values). Cluster 4 (yellow) have 
curved patterns (large negative λ2 and large λ3 values) leading to middle REE enrichment with a large 
positive Eu anomaly. Cluster 5 (black) are marked by depletion relative to PAAS (negative λ0) and a 
strong positive Eu anomaly, but is otherwise similar to cluster 1.    
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Figure 5: Rare-Earth Element 
groups based on clustering the λ 
coefficients (ignoring Eu 
anomaly). Data are normalised 
to the average Post Archean 
Australian Shale model 
composition. Cluster 1 (blue) 
have PAAS compositions, mostly 
with no Eu anomaly. Cluster 2 
(red) have PASS compositions 
with a positive Eu anomaly and 
depleted HREEs. Cluster 3 
(green) have depleted LREEs and 
a small positive Eu anomaly. 
Cluster 4 (yellow) have enriched 
middle-REEs and HREE depletion 
and a strong positive Eu 
anomaly. Cluster 5 (black) are 
depleted relative to PAAS and 
have a strong positive Eu 
anomaly.  
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The clusters based on REE profile correspond broadly to different compositional (and mineralogical, 
see below) groups (Figure 6). Cluster 1 are dominantly unmineralised gneisses, showing PAAS-like 
REE profiles. Cluster 2 correspond broadly to hedenbergite-garnet rocks. Cluster 3 are metabasic 
rocks. Cluster 4 correspond to the fluorite-bearing ore samples and cluster 5 are mostly the Fe-
metasomatites but with occasional other rock types included (ores, hedenbergite-garnet).  

 
Figure 6: ACF projection showing rock types from Cannington classified by both lithology (colour) and according to 
their REE cluster (shape). 

Immobile element geochemistry (Figure 2) suggests that the hedenbergite-garnet rocks and Fe-
metasomatites might be ‘diluted’ versions of the unmineralized gneisses. To test this, we can 
investigate the ‘dilution’ effect on the REE patterns by normalising the REE patterns to the ratio of 
Ti in the average gneiss divided by the rock in question: 

REETinorm = REEsample x Tiav_gneiss / Tisample 

This will not change the shape of the REE pattern but it will show if the apparent depletion in all 
REEs is consistent with the depletion in Ti and the other immobile elements. The results (Figure 7) 
show that, Eu anomaly aside, the rocks in Cluster 5 (dominantly the Fe-metasomatites) have the 
same depletion ratios in the REEs as they have for Ti. Therefore, whatever process caused the overall 
immobile element ‘dilution’ could also have accounted for the REE depletion and potentially 
introduce the positive Eu anomaly. 
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 Figure 7: REE plots for clusters 
normalised by Ti content to 
account for ‘dilution’ effect 
observed in the immobile 
element plots (Figure 2). Cluster 
1 is largely unchanged, Cluster 2 
is now enriched relative to the 
protolith showing that the REEs 
are not as depleted as predicted 
from the Ti content. Cluster 3 are 
the metabasic rocks where there 
is no evidence for 
metasomatism. Cluster 4 shows 
extreme enrichment showing 
that Ti is significantly more 
depleted than the REEs. Samples 
in cluster 5 have a similar 
composition to PAAS except for 
the positive Eu anomaly.  
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1.5 Mineralogy 

The bulk rock geochemistry controls the mineralogy, which in turn can have a dramatic effect on 
the REE deportment in the rocks (Ague, 2017). For example, destruction of plagioclase releases Eu, 
which, if no other mineral host is produced in the reaction, can be lost to intragranular fluids or 
melts resulting in a Eu negative anomaly. The following section examines the mineralogy of each 
rock type using automated mineralogy images of 25 mm diameter core samples and 10 mm wide 
strip maps.  

1.5.1 Gneisses 

The host gneisses contain typical semi-pelitic assemblages for calculated peak metamorphic 
temperatures and pressures, previously estimated between 665-690°C, 4-6 kbar based on 
dehydration melting of muscovite and “semiquantitative garnet-biotite geothermometry” (Mark et 
al. 1998) and using garnet-hornblende-plagioclase equilibria (Kim & Bell, 2005). More aluminous 
compositions contain higher proportions of sillimanite (often retrogressed to muscovite).   

 

Figure 8: CNN293B. A gneiss sample containing plagioclase, K-feldspar, biotite, minor garnet (almandine) and 
sillimanite. Retrograde muscovite (pink) partially replaced sillimanite. 
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To understand the cause of the transitions between gneissic host rocks and the other rock types it 
would be useful to examine gradual mineralogical and chemical changes. However, a continuous 
compositional array between the gneisses and either the hedenbergite-garnet rocks or the Fe-
metasomatites is not observed at Cannington because these altered zones often have sharp 
compositional boundaries (Chapman & Williams, 1993). The most Al-depleted gneisses (samples 
CNN224 and CNN229) plot on the ACF diagram (Figure 1) around the model garnet composition so 
these rocks have a relatively simple mineralogy with an assemblages of almandine garnet-quartz- 
K-feldspar±biotite±albite (Figure 9).   

 

Figure 9: CNN229 one of the most Al-depleted gneissic samples with almandine garnet, K-feldspar, quartz, biotite and 
retrograde muscovite.   

The Al-depleted gneisses are typical of those described by Mark et al (1998) as having undergone 
little partial melting suggested by the absence of significant muscovite, and there is no evidence of 
the Fe-Mn metasomatism. However, this rock is of interest because it exhibits a positive Eu anomaly 
within an otherwise PAAS-like REE pattern. The combination of major element composition (Al-
depletion relative to sillimanite-bearing gneisses) and REE pattern, suggest that this may be a 
precursor to the Fe-metasomatites. Therefore, the incipient alteration of still recognisable semi-
pelites with peak metamorphic assemblages suggests the Fe-metasomatism of the pelites was pre-
metamorphic. 
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Figure 10: CNN248 Mineralogical image of a banded ore sample from Inveravon. Sample preserves gneissic 
mineralogy and fabrics and shows evidence for incipient Fe-metasomatism as well as Zn-Pb mineralisation. 
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A further level of alteration (Al-depletion) is present in the Inveravon ore sample CNN248 (Figure 
10). The mineralogy of this sample was mapped over a larger area than the conventional 25 mm 
round sample to image the heterogeneity present in the different layers. CNN248 also has a positive 
Eu anomaly. The sample is mineralised with galena and sphalerite and has bands of quartz, apatite-
garnet and garnet-biotite. It is the only sample that shows mineralogical overlap between the pelitic 
rocks (garnet-biotite) and the Fe-metasomatite (fayalite-magnetite, see 1.5.2 below). The garnet in 
these rocks is richer in Mn (i.e mapped as Almandine_Mn rather than Almandine) than that in the 
gneisses (e.g. CNN229) and does not appear to have significant zoning within grains.  

There are sheeted veins (Figure 11) that cross-cut the apatite-rich layers and cut through the large 
biotite grains. These are variably filled with magnetite and quartz: one vein was observed to change 
composition along its length as it passed through different host mineral assemblages. Although a 
single vein would not add a significant volume to the rock, multiple veins observed in this sample, 
together with quartz and ore-mineral addition, has the potential to increase the rock volume 
significantly resulting in the ‘dilution’ observed in the immobile geochemistry.   

Large-scale µ-XRF major and trace element mapping of 50 cm core samples shows the chemical 
complexity associated with the ore sample from Inveravon (Figure 12). Garnet composition is 
homogenous in Mn content (note, there are no Mn-rich cores often seen in regional metamorphic 
garnets), and clearly shows an Fe-rich halo around the magnetite vein (red in Figure 12) that 
corresponds to the fayalite vein + magnetite alteration seen in the mineralogical images. A transition 
is observed from incipient Fe alteration of Mn-rich rocks, through to complete fayalite-magnetite 
assemblages in strongly Fe-metasomatised rocks. The restricted Fe-metasomatism and widespread 
occurrence of Mn in garnet that the Fe and Mn may not be temporally coincident, although they 
may spatially overlap.  

 

Figure 11: CNN248 close up of sheeted quartz veins cutting apatite from Inveravon. Magnetite veinlets (purple-blue) 
are also present but are partially altered to siderite (fleshy pink). Minerals are the same colour scheme as Figure 10. 
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Figure 12: CNN248 section of mineralogical map (a) and corresponding core-scale µ-XRF image (b) showing Fe (red) – 
Mn (green) – Ca (blue) concentrations. In the XRF image, a magnetite vein (bright red) transects the sample 
surrounded by Mn-bearing fayalite (orange). This is interpreted as incipient Fe-metasomatism. 

1.5.2 Fe-metasomatites 

The extremely Fe-rich rocks that plot at the F-apex of the ACF diagram contain assemblages of 
fayalite-garnet-apatite-magnetite±pyrrhotite. The fayalite and garnet all have significant Mn 
contents, but do not show significant compositional zoning and there is no evidence for 
metamorphic garnets (e.g. more Mg-rich) overgrown by metasomatic Mn-rich garnet.  

There is banding defined by apatite and garnet (Figure 13) which could be interpreted as relict 
structures from the precursor gneissic rocks (compare to Figure 12) although the lack of partially 
metasomatized rocks analysed here means that interpretation remains equivocal. The REE patterns 
for this group of rocks have the same trends as the gneisses although they are uniformly depleted, 
with the exception of Eu, which is anomalously high (consistent with all the altered/mineralised 
rocks).  

Fayalite has retrogressed to pyrosmalite during later hydrothermal alteration consistent with the 
reaction (written to balance Fe as there is no quartz to consumed): 

18(Fe, Mn)2SiO4 + 15H2O + 6O2 -> 3(Fe, Mn)8Si6O15(OH)10 + 4Fe3O4 

This reaction, as written produces a 40% volume increase which would stop the reaction rapidly 
since the reacting fayalite would become passivated by a layer of pyrosmalite. The fractures, filled 
with magnetite (Figure 14), would account for some of this volume change. However, the relative 
solubilities of product and reactant also play an important part in fluid-mediated reaction (Pollok et 
al, 2011) which would mean that no significant volume increase is required if the outflowing fluid is 
Fe-bearing, leading to late stage Fe-redistribution associated with the hydrothermal alteration.  
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Figure 13: CNN251 an example of the Fe-metasomatites. The sample is composed of fayalite with bands of apatite 
and garnet. Fayalite is retrogressed to pyrosmalite producing magnetite. 

 

Figure 14: CNN274 Fe-metasomatite with higher pyrrohitite content and minor fluorite. Late magnetite-filled 
fractures with pyrosmalite alteration halos cross-cut earlier pyrrhotite-magnetite-fayalite-apatite assemblages. 
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Figure 15: CNN275 banded Fe-metasomatite with extensive magnetite veining. The veining could have formed during 
Fe-metasomatism (see Figure 12) or by later stage retrogression of fayalite to pyrosmalite.  

1.5.3 Hedenbergite-garnet rocks 

The hedenbergite-garnet rocks contain an assemblage of hedenbergite-garnet-pyrrhotite-quartz-
±magnetite±apatite. They can also contain fluorite (Figure 16). Where present, the magnetite forms 
mm-sized grains, different to the vein-hosted and late-stage alteration-related magnetite that 
dominates in the Fe-metasomatites (Figure 13). Garnet is more calcic (Figure 17) than either the 
host gneisses or the Fe-metasomatites and can be zoned, with Mn-rich cores and Ca-rich rims 
(Figure 18). This does not reflect fluid evolution because Mn is preferentially sequestered into 
garnet over biotite and chlorite during prograde metamorphism (Spear et al, 1991). 

The REE patterns of the hedenbergite-garnet rocks show progressive depletion towards the HREEs 
(cluster 2; Figure 5), which is a different signature to both the Fe-metasomatites and the host 
gneisses. It is also unusual for rocks containing garnet, a mineral that preferentially fractionates 
HREEs. This suggests that the precursor lithology was HREE-depleted prior to garnet growth.  

The hedenbergite-garnet rocks also show late-stage hydrothermal alteration to produce both 
potassic and chlorine-rich amphiboles (ferrochloropargasite and potassicferropargasite) and 
pyrosmalite. The amphibole retrogression is most intense around the garnet because the reaction 
requires Al from garnet (Figure 19). Outboard of the pargasitic amphiboles, small amounts of 
actinolite are produced, which lacks Al, consistent with alteration of the hedenbergite. Pyrosmalite 
veins and alteration halos are only a few mm wide in these rocks and lack the magnetite seen in the 
Fe-metasomatites because the hedenbergite does not have excess iron with respect to silica, when 
compared to pyrosmalite. 
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Figure 16: CNN273 hedenbergite-garnet rock with coarse magnetite, pyrrhotite, fluorite, quartz and chalcopyrite. 
Later pyrosmalite veins cut across the hedenbergite. 

 

Figure 17: CNN259 hedenbergite-garnet rock showing banded garnet-apatite fabric. 
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Figure 18: Extract from mineralogical map of CNN261 garnet hedenbergite rock with zoned garnets – Mn-rich 
(Almandine_Mn) cores, Ca-rich (Almandine_Ca) rims. Field of view is 10 mm across. 

 

 

Figure 19: CNN288 hedenbergite-garnet rock with later hydrothermal alteration to potassic-chloro-amphiboles.  
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1.5.4 Fluorite-bearing ores 

There is a strong association in the samples studied between intense fluorite alteration and galena 
mineralisation although, it is important to note that all fluorite-bearing samples come from the 
Cuckadoo lode and a single drill-core (Figure 20). Analytical artifacts are problematic in these 
samples due to the interaction of the electron beam with the fluorite, however there are still key 
mineralogical relationships that can be identified. The fluorite-bearing samples analysed all have Fe-
silicates (either fayalite or pyrosmalite) associated with them. They also contain significant 
magnetite both as coarse (>1 mm diameter grains) and finer (< 1 mm) grains associated with 
pyrosmalite replacing fayalite. Galena occurs in veinlets with preferred orientations and are 
localised within the silicate part of the fluorite-bearing ores. Galena also occurs cutting across and 
brecciating the fluorite and silicate components of the ore.  

The fluorite-bearing ores have a distinctive REE pattern with a strong positive Eu anomaly and 
enrichment in the middle REEs (compared to the host gneisses). This enrichment is characteristic of 
a lot of REE patterns measured directly from fluorite (Schwinn & Markl, 2005) and therefore is likely 
to be controlled by the dominance of fluorite within the rock. The strong overall depletion (Figure 
2) in the fluorite-bearing rocks results from F-bearing fluids being effective in transporting a wide 
range of elements (McPhie et al., 2011). Elements that aren’t sequestered into fluorite are lost to 
the metasomatic fluid as it flows through the rocks.  

 

Figure 20: CNN277 fluorite bearing ore sample showing preferred orientation of galena veins, replacement of fayalite 
by pyrosmalite and formation of minor magnetite at the margins of relict fayalite grains. 

 



 

Metasomatic controls on petrophysical zonation in IOCG mineral systems |  25 

1.5.5 Metabasites  

Metabasites of the Core Amphibolite show typical amphibolite facies hornblende-plagioclase-
quartz±titanite/ilmenite with minor pyrrhotite assemblages (Figure 21) except at the margins of the 
body where they are retrogressed to a greenschist assemblage of actinolite-albite-quartz-
clinozoisite with muscovite overprinting the albite (Figure 22). 

 

Figure 21: CNN236 metabasite from the Core Amphibolite 

 

Figure 22: CNN138 greenschist facies metabasite from the Core Amphibolite margin 



26  |  CSIRO Australia’s National Science Agency 

1.6 Petrogenesis of the Cannington Deposit 

Although the origin and timing of many of the processes affecting the mineral system at Cannington 
is still unclear due to the interaction of metasomatic and metamorphic processes, the data 
presented in this study support the following sequence of events: 

1. Deposition of an immature pelitic-semipelitic sequence with carbonates and mafic 
intrusions/flows 

2. Mn-enrichment within the sequence, development of a positive Eu anomaly with possible 
silicification 

3. Upper amphibolite facies metamorphism with partial melting of muscovite-bearing 
lithologies (Mark et al., 1998) 

4. Fe metasomatism and Al depletion to form Fe-metasomatites 

5. Hydrothermal alteration of fayalite to pyrosmalite and magnetite, hedenbergite to 
pargasite. In the presence of fluorine-bearing fluids, fluorite is produced from hedenbergite. 

6. Carbonate alteration 

The origin of the host rocks for Cannington is widely agreed to be pelitic gneisses and this is further 
supported by REE data showing the gneisses have a PAAS-like signature (Figure 5, cluster 1). It also 
suggests that there is no evidence for metamorphic or hydrothermal mobilisation within the 
gneisses. Here we suggest that the hedenbergite-garnet protolith is likely to be an impure carbonate 
or marl. Unlike the Fe-metasomatites, there are no samples of intermediate composition between 
gneisses and hedenbergite-garnet rocks. Moreover, the textures of the hedenbergite-garnet rocks 
have no relict garnet-apatite banding consistent with them being a different protolith to the 
gneisses. The difference in protolith may explain the different REE patterns, although further work 
is required to understand the interplay of crystal chemical effects on modifying REE patterns in these 
rocks.    

Mn enrichment occurs in the weakly altered gneisses (Figure 12), hedenbergite-garnet rocks and 
Fe-metasomatites. The mineralised gneisses in CNN248 (Figure 10) contain uniformly Mn enriched 
garnet but only incipient Fe-metasomatism (Figure 12b) suggesting that the Fe and Mn enrichment 
are decoupled in time but overlap in space. The Fe-metasomatites experience very little change in 
REEs except for overall depletion which is exhibited by all the other immobile elements (Figure 7). 
This may be explained by addition of silica to the sequence (note the increase in quartz in Figure 10  
relative to Figure 9). Silica is also required to form hedenbergite in carbonates and addition of silica 
would produce, at least partially, the dilution effect observed in the immobile elements. Given that 
all of the rocks (except the host gneisses) have a positive Eu anomaly, this stage of metasomatism 
could also have resulted in Eu enrichment. 

Metamorphic temperatures have been constrained in a number of studies and are not recalculated 
here. However, during prograde metamorphism garnet would form, its composition dictated by the 
composition of the rocks it is forming in. 

Fe-metasomatism in minimally aluminous carbonate-quartz rocks will produce the hedenbergite-
garnet assemblages observed at Cannington. The same event in Mn-altered, silicified pelitic rocks 
will produce the fayalite-garnet rocks where the relict banding of the garnet and apatite formed 
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during metamorphism. Bodon (1998) suggested that the hedenbergite-garnet alteration 
overprinted the Fe-metasomatism stating that hedenbergite occurs as an alteration product of 
fayalite. The data presented here do not support this, but we cannot discount these observations. 
The observed distribution of fluorite grains primarily within the hedenbergite-magnetite-garnet 
rocks (e.g. Figure 16), combined with the high pyrrhotite content and ‘hedenbergite-garnet-like’ REE 
patterns for CNN274 (Figure 14), suggest that in this sample the Fe-metasomatism overprints a 
previously hedenbergite-garnet rock. This is the only example we have observed where the two 
mineralogical styles sit adjacent in the sequence of samples analysed and where the relationships 
between the two styles can be assessed. That is not to suggest that all Fe-metasomatites were once 
hedenbergite-garnet. The model here has different protoliths for each and the Fe-addition to each 
of the different protoliths has different mineralogical effects. With sufficient intensity of alteration 
the hedenbergite breaks down to produce fayalite and the calcium is lost from the rock. Further 
observations at the margins of the alteration are required to assess how generally this model can 
be applied.  

The final stages are hydrothermal alteration, effectively K and Cl metasomatism, to produce 
pyrosmalite from the Fe-metasomatites and (potassic)ferrochloropargasite from reaction with 
hedenbergite and garnet. This important step produces magnetite, the significance of which is 
explored below. Late carbonates, form veins and alter some of the magnetite (to siderite and 
rhodochrosite.  

Fluorite mineralisation timing is unclear. It appears without significant reaction halo in some of the 
hedenbergite-garnet rocks and as inclusions in magnetite which Bodon (1998) used to suggest that 
it was premetamorphic. Chapman and Williams (1998) suggested it in synchronous with 
hydrothermal sulphide mineralisation. It accompanies Pb mineralisation at Cuckadoo (Figure 20) 
which contains pyrosmalite after fayalite but the lack of interaction with other phases makes the 
place in the paragenesis difficult to assess. Modelling of metamorphic fluorite development from 
fluorine-bearing fluids at 7kbar and 1000K (Bohlen & Essene, 1978) delineates the following 
reaction:  

Hedenbergite + Magnetite + Fluorine = Fluorite + Fayalite  

And at higher fluorine fugacities: 

Hedenbergite + Fluorine = Fluorite + Fayalite + Quartz  

At oxygen fugacities between the magnetite-wustite buffer and the Fayalite-Magnetite-Quartz 
buffer. 

The presence of large amounts of fluorite with pyrosmalite (after fayalite) in this ore zone at 
Cuckadoo may indicate that the hydrous alteration occurred at the same time as the fluorite 
precipitation. The observed mineral assemblages in fluorite-bearing ores from Cuckadoo (e.g. Figure 
20) can be derived from hedenbergite-garnet rocks by reactions similar to those below: 

Garnet -> Pyrosmalite + Magnetite 

18Fe3Al2Si3O12 + 72HF + 33H2O + 5O2 = 3Fe8Si6O15(OH)10 + 10 Fe3O4 + 36AlF2
+ + 36H3SiO4– 

Hedenbergite -> Fluorite + Pyrosmalite 

8CaFeSi2O6 + 16HF + 7H2O + 10 OH– = 8CaF2 + Fe8Si6O15(OH)10 + 10H3SiO4– 
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These reactions account for volume loss through extreme leaching of silica and alumina and would 
produce fluorite and magnetite at the same time. The aqueous species shown for silicon is 
consistent with experiments with species observed in fluorine-bearing fluids (Xing et al. 2019) 
although less is known about Al transport in F-bearing fluids.  

The timing of Pb-Zn-Ag mineralisation at Cannington is not definitive. Mineralisation is widespread 
across different rock types/alteration styles suggesting that a simple hydrothermal mineralisation 
model is probably not valid. The paragenetic model presented above is consistent with early 
sedimentary base-metal mineralisation and has parallel with diagenetic sediment hosted systems 
where carbonate dissolution controls Zn mineralisation often with a Mn halo (e.g. Spinks et al 2021). 
However, significant mobilisation of massive polymetallic sulphides bodies is likely at upper 
amphibolite facies meaning that later dynamics of the partially molten rocks is likely important in 
understanding ore distribution, especially the Ag content (Mavarogenes et al. 2001).   
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2 Petrophysics of the Cannington system 

From the 194 samples obtained from the Cannington deposit, 162 were analysed for petrophysical 
properties and mineralogy using the automated mineralogy (See Report 1 for full methodology). Of 
the 162 samples 154 were oriented, providing excellent data or remanent magnetisation and 
anisotropy of magnetic susceptibility. 

2.1 Magnetic Susceptibility vs Density 

The petrophysics data from Cannington suggest that it is comprised predominantly of rocks with 
negligible magnetic susceptibility, with the majority of rock types sitting along the X-axis in Figure 
23. This indicates that increases in density are not linked with increases in magnetite content, as is 
generally observed for intermediate redox IOCG deposits (e.g., Ernest Henry).  

 

Figure 23: Plot of density vs magnetic susceptibility for samples from the Cannington deposit 

 

Instead, variability in density is linked with variation in the mineralogy of the predominantly 
metamorphic host rocks. Low density (e.g., 2.6 ± 0.1 g/cm3) specimens are generally quartz and or 
feldspar-rich lithologies. Low to moderate densities (e.g., 2.8 ± 0.1 g/cm3) are commonly associated 
with gneiss and schist, and densities of 3.0 ± 0.2 g/cm3 are typical of amphibolite. Rocks containing 
dense silicate minerals including pyroxene (e.g., hedenbergite), olivine (e.g., fayalite), garnet (e.g., 
almandine) have densities between 3.2 and 4.6 g/cm3. Rocks with densities > 4.6 g/cm3 are in many 
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cases due in part to sulphide minerals in the various ore phases including galena, sphalerite, 
chalcopyrite, pyrite and pyrrhotite.  

Many of the high-density rocks also contain magnetic minerals such as magnetite and monoclinic 
pyrrhotite. Many of these rocks are found on the margins of the deposit, often mapped as SHMU 
(Figure 24). However, these rocks are clearly not sillimanite-muscovite schists, but rather are 
complex fayalite ± hedenbergite ± pargasite ± pyrosmallite rocks, consistent with being strongly 
metasomatized domains.  

 

 

Figure 24: 3-D rendering of the Cannington deposit (purple) major fault surfaces (grey), drill holes, and samples 
colours by remanent magnetisation intensity. The high remanence samples occur mostly on the margins of the 
deposit (NB some sit above and below in this perspective view).  

2.2 Magnetic Susceptibility vs Remanent Magnetisation 

In a few cases magnetisation is clearly related to coarse grained (multidomain) magnetite, e.g., CNN 
218 (Figure 25). This example is comprised predominantly of magnetite, pyrosmalite and quartz. It 
is unlikely that the magnetite formed during pyrosmalite replacement of fayalite (1.5.2 above), 
especially in a silica saturated rock where the reaction may proceed as: 

4(Fe, Mn)2SiO4 + 2SiO2 + 5H2O -> (Fe, Mn)8Si6O15(OH)10 

Instead, the magnetite may have formed by oxidation of fayalite to magnetite and quartz, or, in 
accordance with small amounts of actinolite in the rock, it may have originally contained 
hedenbergite-garnet-quartz similar to CNN273 (Figure 16). Lithologies in which coarse grain 
multidomain magnetite is dominant tend to have high magnetic susceptibility relative to remanent 
magnetisation and Koenigsberger (Q) ratios of <1. CNN218 has a Q of ~1 (Table1), however the 
remanent magnetisation intensity is likely enhanced by up to 300% due to drilling induced 
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magnetisation (see Austin et al., 2017b). The in-situ Q was therefore likely closer to 0.3, which is 
more consistent with MD magnetite.  

 

 

Figure 25: Mineralogical image of CNN218 a magnetite-pyrosmalite-quartz rock. 

 

Table 1: Rock Samples with the highest proportions of remanent magnetisation. 
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CNN251  305.84 0.40 19.17 45.6  17.25 3.69 0.03 55.51 1.76 0.01 0.00 

CNN288  138.26 0.15 23.17 50.5  0.10 0.00 1.54 0.99 28.70 0.15 0.03 

CNN108  92.24 0.06 35.72 74.6  39.73 0.71 0.00 10.18 0.00 0.00 0.00 

CNN232  74.78 0.10 18.66 0.0  0.05 0.02 1.71 0.29 34.36 0.00 0.00 

CNN218  60.37 1.43 1.05 77.2  0.79 30.12 0.00 32.96 0.21 1.87 0.00 

CNN286  59.12 0.06 25.00 65.7  0.02 0.04 0.32 0.17 13.22 0.00 0.08 

CNN287  37.29 0.62 1.51 0.0  0.15 0.01 0.16 4.66 5.48 13.18 0.02 

CNN210  20.09 0.10 5.19 98.4  0.01 0.05 1.79 0.02 0.27 0.00 0.20 

CNN236  17.46 0.01 40.60 59.8  0.00 0.00 0.02 0.00 0.56 0.00 2.96 

CNN273  16.21 0.34 1.17 62.6  0.34 11.34 0.25 8.38 9.46 0.05 0.00 

CNN194  12.46 0.06 5.30 66.2  0.00 0.00 0.32 0.06 4.13 0.00 0.69 
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In most magnetic rocks in Cannington, magnetic susceptibility is sub-ordinate to remanence, i.e., 
Koenigsberger ratios are >1. Table 1 shows the samples with the greatest remanence intensity from 
the database. The most extreme remanence is present in fayalite/pyrosmalite rich rocks (e.g., 
CNN251 and CNN108. CNN251 has remanent magnetisation of over 300 A/m (equivalent to a 
susceptibility of 7.5 SI), and contains 55% pyrosmallite (after fayalite), 5% apatite and small amounts 
of magnetite and pyrrhotite (Figure 13). However, there is not enough magnetic mineral present to 
explain the extreme magnetisation present. Similarly, CNN108 has only 0.71% magnetite, and no 
pyrrhotite which is not enough to explain the high levels of remanent magnetisation. It is possible 
that the 2D surface mineralogy imaging is at odds with the 3D volumetric nature of the petrophysical 
measurements here. However, it is more likely that these cases of extreme remanence are related 
to exsolution or oxidation reactions which have produced lamellar or needle-shaped grains that are 
capable of carrying extreme remanence. The magnetite associated with the reaction for fayalite to 
pyrosmalite produces magnetite which is present either in veins or lamellae consistent with this 
interpretation (Figure 13). Further work is needed to confirm this as the source of the remanence 
and 3D techniques, such as X-ray tomography will aid the extrapolation from 2D mineralogy maps 
to volumetric petrophysical properties.  

In the majority of cases, extreme remanence is clearly linked to monoclinic pyrrhotite which occurs 
predominantly in hedenbergite-garnet and pargasite bearing rocks, commonly with apatite and or 
garnet (Figure 19, Figure 26, Figure 27). Pyrrhotite is in high abundance in these examples (CNN 232, 
CNN 286-288) and the pyrrhotite content is consistent with the remanent magnetisation intensities 
recorded. In general, the samples with very high remanent magnetisation have olivine, pyroxene, 
pargasite, garnet mineralogies which are typical of Fe-Mn-Mg metasomatism.  

Most previous workers, (e.g., Bodon, 1998; Walters and Bailey, 1998; Chapman and Williams, 1998; 
Roache, et al. 2005) associate these assemblages with late low temperature hydrothermal alteration 
and this is consistent with observations made here (see 1.5.2 above; Figure 13). It is therefore 
apparent that late low temperature alteration appears to control the magnetic expression of the 
deposit. This is a major difference between Cannington, and other BHT deposits, e.g., Broken Hill 
which lack a significant magnetic anomaly (Dentith et al., 2003), and the nearby Maronan prospect 
in which the magnetic signature is related to distal stratiform magnetite (Austin et al., 2017).  
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Figure 26: CNN232B, a Hedenbergite-pyrrhotite rock 

 

 
Figure 27: CNN287 Pargasite-quartz-siderite-pyrrhotite resulting from late carbonate alteration of a hedenbergite-
garnet rock  
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2.3 Remanence Directions 

Natural Remanent magnetisation (NRM) vectors have been measured for most samples and are 
plotted in Figure 28. Overall, the NRM vectors are predominantly oriented upward and have 
subvertical to moderate inclinations and mixed declination (azimuth).  

 

Figure 28: Plot of natural remanent magnetisation (NRM). Only data points which recorded a mean length of 
>80% from the vector sum of 3 individual measurements are shown. Samples with NRM intensity > 1 A/m are 
shown in orange, and samples with Koenigsberger ratio (Q) of > 1. 

 

Alternating field demagnetisation studies have been attempted on samples from Cannington. 
However, many of the results are incomplete due to instrument issues and need to be redone. Only 
a few instances of a genuine remanence were obtained thus far, mainly from samples of Fe-
metasomatite (e.g., CNN251B, Figure 13). The remanence direction from CNN251B was oriented 
with inclination 56° (down) and declination (azimuth) 200°, based on a parallel demagnetisation 
trend over 9 steps (Figure 29). This result is approximately opposite to the Earth’s natural field at 
Cannington. Early results, therefore, suggest that stable remanence may not be an issue at 
Cannington (cf, Witherley and Mackee 2015). Sample CNN251 has only 3.69% magnetite and 1.76% 
pyrrhotite mapped in the TIMA imagery, but it is possible that a significant portion of the fine-
grained unclassified material in the TIMA image are needle-like, or lamellar grains of magnetite 
exsolved out of the fayalite. Exsolution-derived grain structures including needle-like and lamellar 
grains have a high surface to volume ratio, and their grain shape typically prevents them from being 
re-magnetised easily. They are therefore more likely to retain remanent magnetisation over long 
geological time scale and are also capable of retaining strong remanence. 
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Figure 29: Zijderveld diagrams displaying results of alternating field demagnetisation for CNN251B 

 

In general, the results obtained are inconclusive, but it is possible that many of the vectors measured 
represent drilling induced magnetisations, as suggested by the sub-parallel nature of the NRM 
direction with the drilling orientation (Figure 30). Several other sub-horizontal magnetisation 
vectors are consistent with post-drilling viscous overprints, consistent with the use of pencil 
magnets on the core by geologists (e.g., Austin et al., 2017). In other cases, the NRM directions are 
sub-parallel to the Earth’s local magnetic field. The magnetisation predominantly occurs in coarse 
multidomain grains rather than reflecting stable ancient magnetisations, and therefore these 
magnetisations are probably not of interest for exploration, i.e., vectors with which to transform 
magnetic data. Coarse grained magnetite typically retains substantial proportions of viscous 
remanence. Viscous remanence cannot be measured by a susceptibility meter, but it typically re-
orients to the local field in a matter of days. It therefore mimics induced magnetisation. Our data 
also suggest that samples rich in monoclinic pyrrhotite also retain substantial soft remanence. The 
contribution from viscous remanence would add substantially to the total magnetisation of the 
source bodies most likely in a direction consistent with the present Earth’s field.   
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Figure 30: Examples of drilling induced magnetisations (DIM), Earth’s Magnetic Field (EMF) parallel magnetisations 
and pencil magnet induced magnetisations, which are all common manifestations of low coercivity magnetic grains. 

 

Witherley and Mackee (2015) tried to match representative petrophysical results from Cannington 
with the geophysical anomaly using constrained magnetic modelling. They found that their 
constrained model had approximately half the amplitude of the measured anomaly. They 
speculated that the apparent disparity between the observed magnetic anomaly and their 
petrophysically-constrained geophysical inversion was due to remanence. The evidence from our 
~250 measured samples, presented briefly here suggests that stable remanence is not the cause of 
the disparity.  

Monoclinic pyrrhotite is present in many samples, and does preserve strong remanence, with 
Koenigsberger ratios typically in the range of 20-40 for coarse grained pyrrhotite and as high as 190 
for fine-grained pyrrhotite. However, very few samples with monoclinic pyrrhotite preserve stable 
remanence directions, and those that do have steep downward oriented remanence vectors 
(opposite to the inducing field).  Magnetite within the deposit is associated with elevated 
Koenigsberger ratios, but where coarse grained the ratios tend to be low, and dominated by viscous 
remanence. We must therefore conclude that the disparity between Witherley and Mackee’s (2015) 
modelling results is due to viscous remanence, in both magnetite and pyrrhotite that is oriented 
approximately parallel to the inducing field. In a pyrrhotite-rich system such as Cannington it is 
entirely plausible that soft remanent magnetisation could effectively double the apparent magnetic 
susceptibility of the source body. 
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2.4 Radiometrics 

The radiometric signature of the Cannington deposit is relatively Uranium-rich in parts that have 
high amounts of apatite (which acts as a trap for radioactive decay products). High uranium is also 
be related to allanite and celestite (Austin, 2021), uranium bearing minerals, but this is not typical 
of Cannington, due to the paucity of these mineral species present. U2/K-radiometric anomalies are 
most commonly associated with pyrrhotite-bearing assemblages, so it is possible that the U-
anomalism results from the presence of reductants (pyrrhotite, possibly graphite in the graphitic 
ores) and reflects a zone of transitional redox (i.e., a gradient), possibly related to interaction of the 
mafic intrusion, or later retrograde fluids, with a reduced protolith.  

One sample from Cannington (CNN288B; Figure 19) contains more than 4 time the average U 
radiometric signature (Figure 31), in association with very high density, high remanence and high 
conductivity. This rock is part of the garnet-hedenbergite suite but contains network-forming 
pyrrhotite which explains the density, remanence and conductivity and substantial apatite, which 
may act as a chemical (redox) trap for U. Further work needs to be completed on Cannington to 
better understand the distribution of U. However, it is clear that the hedenbergite-garnet 
assemblages, often accompanied by pyrrhotite, have highly anomalous petrophysical properties 
across multiple datasets that could make them amenable to multi-technique geophysical 
exploration methodologies. 

 

 

Figure 31: Plot of U Radiometrics vs K Radiometrics for samples from the Cannington deposit. 
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3 AMS Data for Cannington 

3.1 Host Rocks 

The anisotropy of magnetic susceptibility (AMS) data for Cannington are broadly consistent with the 
structural work competed by Roach (2004) and preserve a dominantly SE-plunging lineation (Figure 
32). The SE- lineation is mainly present in the host rocks, including the Core Amphibolite, and host 
gneisses and schists (Figure 33). It was interpreted as D1 (ca 1610 Ma) by Roache (2004) and thought 
to reflect NW-directed thrusting prior to peak metamorphic conditions. Several rock types display 
evidence of D2 (ca 1590 Ma) or later modification of the main D1 fabric. Sillimanite schists are 
constrained by the age dating of Giles and Nutman (2003) to have formed during peak 
metamorphism at approximately 1590-1585 Ma. The data from the sillimanite schist show an overall 
AMS trend similar to that of the dominant D1 fabrics, however there is evidence that the fabric has 
been modified. A portion of the data show a clear rotation into a more N-S orientation, consistent 
with regional D2. This also appear to be consistent with Roache’s (2004) observations. 

 

Figure 32: All the AMS data from the Cannington deposit.  
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Figure 33: AMS fabrics from the major host rock types from the Cannington deposit. a. Stereogram showing the AMS 
data. b. Plot of the l (lineation factor) vs F (foliation factor) for the AMS data. c. Interpretation of the AMS fabrics in 
a structural context. d. Mineralogical image of a typical unaltered (core) amphibolite sample. e-h Show that same 
data for samples of biotite-feldspar gneiss. i-l Show the same data for samples of sillimanite schist. 
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3.2 Metasomatic assemblages and Mineralised Rocks  

Many of the samples from Cannington which show evidence of substantial metasomatic alteration, 
including mineralised samples, have AMS fabrics that are consistent with the post-D1 history of the 
Eastern Succession.  

The AMS fabrics for several lead-zinc mineralised samples exhibiting near peak metamorphic 
assemblages, are consistent with D2 and or D3 deformation (Figure 34 a-d). In these samples the 
upright N-S foliation is consistent with D2, but the shallow N-plunging lineation is indicative of strike-
slip dominant dextral transpression, consistent with D3 (ca 1550 Ma). The data may therefore reflect 
overprinting of a D2 structure by D3. The fabrics appears to be sub-parallel with the Brolga Fault 
which is known to localise high grade mineralisation within the Cannington system. 

Some examples of hedenbergite-pyrrhotite assemblages also provide evidence for possible D3 AMS 
fabrics (Figure 34 e-h),  which differs from the  fabric in the mineralised samples (Figure 34 a-d). The 
AMS data describe a moderately E-dipping foliation and NE-plunging lineation, which is consistent 
with reverse dominant dextral transpression. In general, there are too few samples to be confident 
of this interpretation. However, the evidence from AMS, coupled with the automated mineralogy, 
are consistent with a post-metamorphic, metasomatic origin for mineralisation, but do not preclude 
deposit-scale redistribution of metal already in the host rocks during this intense fluid flow event. 

Whilst the Core Amphibolite assemblages likely formed during D1 - D2 (ca 1610-1585 Ma) altered 
amphibole gneiss on the margins of the Core Amphibolite shows retrograde alteration consistent 
with post-peak metamorphic conditions, either at D3 (ca 1550 Ma) or D4 (1530 Ma). The clinozoisite-
muscovite alteration is typical of substantially post metamorphic conditions. The AMS data for the 
altered amphibolite (Figure 35 a-d) shows a SE-plunging lineation, consistent with that in the host 
rocks. However, in this case the lineation sits within a NNW-trending foliation. This could be 
interpreted in a number of ways. One possibility is that the AMS fabrics represent either E-W or 
ENE-WSW directed shortening, consistent with D2 or D3, overprinting the previous D1 fabric. In this 
case, the K1 lineation is approximately normal to the inferred shortening and is retained but the 
foliation is overprinted. The other possibility is that the fabrics are neo-formed during NW-directed 
shortening and formed via sinistral transpression along an approximately NNW-trending steep shear 
zone (e.g., Austin and Blenkinsop, 2010). The fabrics are sub-parallel to the Hamilton and Treppell 
faults, which are known to displace the northern and southern ore bodies sinistrally during the late 
history of the deposit’s formation.  

Fe-metasomatite (fayalite-magnetite) assemblages show similar fabrics (Figure 35 e-h), again with 
a NNW-trending foliation. However, the Fe-metasomatites in this case preserve a NW-trending, 
moderately plunging lineation, consistent with dextral transpression and NW-directed strain 
consistent with D4 (1530 Ma). Mineralised examples of Fe-metasomatite (Figure 35 i-l) preserve 
moderately NW-dipping AMS foliations with NNW-plunging lineations. These data are also 
consistent with D4 shortening, but represent a different style of deformation, reverse dominant 
shearing.  
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Figure 34: AMS fabrics from the major metasomatically altered assemblages and mineralised lithologies from the 
Cannington deposit. a. Stereogram showing the AMS data, b. is a plot of L (lineation factor) vs F (foliation factor) for 
the AMS data. c. Interpretation of the AMS fabrics in a structural context. d. Mineralogical image of a typical sample 
of lead-zinc mineralisation. e-h Show that same data for samples of hedenburgite-pyrrhotite assemblages. 

 



42  |  CSIRO Australia’s National Science Agency 

 

Figure 35: AMS fabrics from the major metasomatically altered assemblages and mineralised lithologies from the 
Cannington deposit. a. Stereogram showing the AMS data, b. is a plot of L (lineation factor) vs F (foliation factor) for 
the AMS data. c. Interpretation of the AMS fabrics in a structural context. d. Mineralogical image of a typical sample 
of altered amphibolite sample. e-h Show that same data for samples of Fe-metasomatite. i-l Show the same data for 
samples of mineralised Fe-metasomatite. 
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4 Exploration Implications 

The data presented in this report build on previous workers’ conclusions about the genesis of 
Cannington by integrating understanding of the petrophysics with the underlying mineralogical and 
geochemical controls. The geochemistry demonstrates that the petrophysical sampling is 
representative of the known lithological diversity at Cannington and give an accurate picture of the 
mineral deposit.  

Whole rock geochemical results show that strongly metasomatized rocks around the ore zone have 
a positive Eu anomaly. While mineralogical changes between the Fe-metasomatites, hedenbergite-
garnet rocks and the host gneisses are sharp, there are samples of partially Al-depleted gneisses 
with a garnet-quartz±biotite±apatite assemblage that show positive Eu-anomalies characteristic of 
the proximal halo and ore zones suggesting that at least the Fe-metasomatites were originally part 
of the pelitic host sequence. While REE geochemistry is not routinely conducted throughout 
exploration, systematic analysis of REE patterns aids understanding of the changes in mineralogy 
and chemistry that accompany this alteration. Moreover, reaction fronts controlled by fluid-
mediated replacement (as opposed to solid-state diffusion) are often sharp (e.g. Jamtveit et al., 
1990), consistent with the major changes in bulk chemistry being caused pre-metamorphism by 
fluid-rock reactions. Stanley et al. (2001) showed that there is a systematic variation in the K/Al ratio 
with distance from the deposit into the hangingwall, interpreted as premetamorphic potassic 
alteration. This is consistent with assemblages seen in proximal gneisses in this study (Figure 9) 
outside the Mn-alteration halo. 

Unlike many of the IOCG deposits in Cloncurry, the magnetic anomaly at Cannington does not 
coincide with a density increase that results from increased magnetite in the mineralised zones. 
While some ore types are magnetic (Figure 20), and rocks within the proximal hedenbergite-garnet 
halo are magnetite-bearing (Figure 16), magnetite is also produced during late-stage alteration of 
fayalite. This magnetic signature is made complex by the presence of high magnetic remanence with 
multiple sources: coarse grained magnetite, lamellar magnetite (formed from fayalite) and 
pyrrhotite. This must be taken into account when modelling magnetic data in these high 
metamorphic grade systems. 

Retrogression, causing the high remanent magnetism, is also documented by the AMS signal where 
the ore zones and metasomatites display late D3-D4 orientations related to faulting that crosscuts 
the orebody. It is possible that similar orebodies exist where there is no later faulting and 
retrogression and therefore will not have such a strong magnetic anomaly. This example highlights 
the need to consider what the key processes are in forming and refining the orebody, and what has 
influenced the geophysical expression of that orebody. In many hydrothermal systems these 
processes are coeval, but in a complex hydrothermal-metamorphic system like Cannington, 
processes controlling the petrophysical properties are not necessarily linked to mineralisation.    
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