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TUFF MARKER BEDS AT MICO & GFM 

 

ABSTRACT  

World-class resources of Cu, Pb and Zn are deposited at Mount Isa Mines and George 

Fisher Mine, North West Queensland, hosted within the Urquhart Shale unit (1655 Ma) 

of the Proterozoic Mount Isa Inlier. Numerous beds of tuffaceous metasediments are 

also intercalated within the carbonaceous units, and have been relied on for constraining 

sequence stratigraphy. Tuff Marker Beds (TMBs) are described as cherty beds with 

cross-fractures at high angle to bedding, and having a highly potassic composition 

(Croxford, 1964). They provide the only indication of proximal volcanism associated 

with sedimentation; a line of evidence used to support a syngenetic sedimentary 

exhalative model of ore formation. The origin of potassic enrichment has previously 

been interpreted to be related to the composition of the original detrital sediments 

(including possible ash-fall tephra) and an unconstrained hydrothermal or diagenetic 

component.  

 

TMB samples for this study, collected from Mount Isa Copper Operations (MICO) and 

George Fisher Mine (GFM), indicate potassic enrichment is not confined to TMBs. 

Additionally, characteristic fining-upwards sequences were not observed, which is 

consistent with the interpretation that some of the potassic enrichment is a hydrothermal 

alteration product, formed either as part of the diagenesis or from later mineralisation-

related fluid events. TMB mineralogical and geochemical compositions are closely 

related to base metal sulphide mineralisation with textural evidence of several episodes 

of fluid migration, including potassic enrichment. Results indicate that the K-feldspar 

rich beds identified at MICO are not genuine air-fall tuffs.  

 

Textural investigations of mineralised TMBs support a post-sedimentation and 

deformation paragenesis of ore emplacement of the Urquhart Shale. Providing further 

evidence for an epigenetic Cu and Pb-Zn mode of ore formation at Mount Isa and 

George Fisher. It is proposed that TMBs record volcanigenic sedimentation and provide 

a record of potassic and mineralisation-related alteration events, but are unrelated to ore 

genesis.  
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INTRODUCTION 

Mount Isa Mines, a world-class sediment-hosted Cu and Pb-Zn-Ag deposit, and George 

Fisher Mine, one of the world’s largest Pb-Zn-Ag deposits are both hosted within the 

Urquhart Shale unit of the Proterozoic Mount Isa Inlier in northwest Queensland. The 

Urquhart Shale is the only ore-bearing member of the Mount Isa Group (Bennett, 1965; 

Mathias & Clark, 1975), and contains numerous thin beds of tuffaceous metasediments, 

intercalated with both mineralised and barren pyritic shale (Farquharson & Richards, 

1975). These Tuffaceous Marker Beds (TMBs) have been widely used as 

chronostratigraphic marker horizons (Bell, 1983; Neudert, 1984). 

TMBs have been interpreted to have been hydrothermally altered to a potassic rich 

assemblage (Croxford, 1964). However, the nature and origin of potassic enrichment 

remains unconstrained. Croxford (1964), was the first to describe these layers as felsic 

pyroclastics, based on textures interpreted to represent volcanic glass shards. These 

shard textures were accentuated by petrographically observed rutile crystals along grain 

boundaries of the dominantly fine-grained K-feldspar groundmass.  

There are several possibilities for the source of potassium enrichment, all of which have 

influenced theories of ore formation at Mount Isa and George Fisher. TMBs provide the 

only evidence of proximal volcanism associated with sedimentation, an argument that 

has been used to support a syngenetic, volcanic-exhalative (SEDEX) mode of ore 

formation (Croxford, 1964; Mathias & Clark, 1975; Stanton, 1962, 1963). Perkins 

(1997) supported a hydrothermal origin of TMB potassic enrichment as part of an 

alteration halo associated with the hydrothermal emplacement of epigenetic 

mineralisation. This theory is supported by other studies of the Mount Isa ore system 

(Gregory, Wilde, Schaefer, & Keays, 2005; Grondijs & Schouten, 1937; Lilly, 2017; 
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Perkins, 1984) whom interpret the origin of the deposit as hydrothermal replacement 

and brecciation in a zoned epigenetic Cu-Pb and Zn system.  

However, Croxford (1964) favoured the interpretation that volcanic debris was water-

lain, and inherited its potassium rich composition from connate water circulating during 

a relatively low temperature diagenesis. The observation that potassium was not 

exclusive to the TMBs and that other layers were also composed of potash-enriched 

material was used to substantiate the interpretation that connate water was responsible 

for potassic enrichment throughout the mineralised stratigraphic sequence. 

Following Croxford (1964), it became core-logging standard at Mount Isa Mines, to 

stain suspected TMBs (STMBs) with hydrofluoric acid (HF), with the intensity of the 

resulting yellow stain indicating the relative proportion of potassium present. Cherty 

layers that stained strongly, contained obvious cross-fractures at a high angle to bedding 

and which terminated sharply at the layer boundaries, were logged as TMBs in the mine 

records. Advances in technology have created the opportunity to re-evaluate the 

historical petrographic observations of Croxford (1964), the continued relevance of 

current practices, as well as the opportunity to use new technology to provide new 

insight into the origin and the nature of the TMBs and their potassic enrichment.  

Analysis of TMBs collected from Mount Isa Mines Copper Operation (MICO) and 

George Fisher mine (GFM) will be presented in this thesis using optical and SEM 

petrography and Mineral Liberation Analysis (MLA), Minalyze (XRF) data, Laser 

Ablation ICP-MS dating and geochemical bulk-rock approximation using SEM/MLA 

software. This thesis attempts to answer the following hypotheses:  

1) Are ‘tuff marker beds’ actually tuff marker beds? 

2) Potassium enrichment is not confined to tuff marker beds. 

3) The origin of potassium enrichment is dominantly hydrothermal. 
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1. BACKGROUND GEOLOGY 

1.1. Geological Setting of Mount Isa and George Fisher Deposits 

The Mount Isa Inlier is considered to be the result of several phases of intracontinental 

rifting developed through the Paleoproterozoic to Mesoproterozoic (Bell, Perkins, & 

Swager, 1988). Mount Isa and George Fisher ore bodies are located in the Western Fold 

Belt (WFB) of the intracontinental basin. The basin experienced several major tectonic 

events, including the Barramundi Orogeny which terminated sedimentation, deformed 

and metamorphosed the WFB basement rocks (1900 – 1870 Ma) (Blake, 1987; Ethridge 

& Wall, 1994; Page & Williams, 1988; Scott et al., 2000).  

Sedimentation recommenced in the WFB ca. 1870 – 1625Ma, and led to the deposition 

of the Mount Isa Group; a succession of carbonaceous siltstones and shales, which host 

all economic mineralisation. Sedimentation terminated in response to the Isan Orogeny 

ca. 1600 Ma (Betts et al., 2006) and was deformed in a series of compressional events 

(D1 –D4). The Paroo Fault; D1 (1610 ± 13 Ma), is the contact between the basement 

rocks of the Eastern Creek Volcanics, and the overlying mineralised Urquhart Shale 

(Figure 1, inset). The fault has subsequently been overprinted by D2 (1544±12Ma) and 

D3 (1510±13Ma) regional folding, which is responsible for the sigmoidal basement 

contact (Figure 1, inset). D3 is also associated with ‘silica-dolomite’ alteration and 

brecciation, both closely related with copper mineralisation (Mathias & Clark, 1975). 

D4 is considered to have produced the Buck Quartz Fault (BQF), a major low-angle 

structure present within the MICO operations (Bell et al., 1988; Gessner, Jones, Wilde, 

& Kuhn, 2006; Miller, 2007) 
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Figure 1. Location of Mount Isa and George Fisher Mine in relation to Australia and the Mount Isa 

Inlier. Regional geology of the Leichardt River Fault Trough, including the three main basin super 

sequences; Leichardt Suberbasin, Calvert Superbasin and the Isa Superbasin (including the Mount Isa 

Group). Cross-sectional view of Mount Isa Mines showing the sigmoidal basin faulted contact where Cu 

orebodies are adjacent. After Betts et al., (2006) and Lilly (2017). 
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1.2. The Mount Isa Group 

The Mount Isa Group is divided into the Lower Mount Isa Subgroup; Moondarra Siltstone 

and Breakaway Shale, and the Upper Mount Isa Subgroup; Native Bee Siltstone, Urquhart 

Shale, Spear Siltstone, Kennedy Siltstone and Magazine Shale. The Lower Subgroup consists 

of dolomitic and siliceous pyritic siltstones and shales, with some minor dolomite and 

quartzite, while the upper subgroup is more tuffaceous with dolomitic siltstones and shales 

(Mathias & Clark, 1975). 

1.3. Urquhart Shale 

All economic Cu and Pb-Zn-Ag mineralisation of the Mount Isa Group occurs within the 

850-1050m thick Urquhart Shale unit (Bennett, 1965; Painter, 2003). The unit is dominated 

by mudstones and thinly-laminated carbonaceous, pyritic siltstones and alternating dolomitic 

siltstone and mudstone dipping 55º and 75º west (Perkins, 1984). SHRIMP U-Pb dating of 

‘ash-fall’ zircons within TMBs has constrained of deposition of the Urquhart Shale at Mount 

Isa to be 1652±7 Ma and at George Fisher, 1655±4 Ma (Page, Jackson, & Krassay, 2000; 

Page & Sweet, 1998).  

Early sedimentary studies on the fine grained and carbonaceous Urquhart Shale proposed a 

deep water setting (Mathias & Clark, 1975). Later, Neudert (1983), suggested the Urquhart 

Shale to have been formed in the slope to basin facies of a hypersaline and semi-emergent 

laucustrine basin setting based on the presence of nodular carbonates, halite casts and 

stromatolites. However, most recently, Domagala, Southgate, McConachie, & Pidgeon 

(2000) proposed the Urquhart Shale to be the result of turbidite and/or tempestite 

sedimentation related to a deep-water submarine fan.  

Silica-dolomite alteration is present as a halo extending away from the Paroo Fault. Copper 

mineralisation is generally adjacent or directly above the Paroo fault (Figure 1, inset), where 
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TMBs have been obliterated by brecciation (Bell et al., 1988; McLellan, O'Sullivan, Miller, 

& Taylor, 2014). At shallower levels, silica-dolomite occurs as projecting lobes and layer-

replacement  interfingering, but not overprinting, stratabound Pb-Zn orebodies (Perkins, 

1984).  

1.4. Tuff Marker Beds (TMBs) 

Sixty TMBs were identified in the Mount Isa Mines stratigraphy by Croxford (1964) and 

described as ‘grey, hard, brittle and cherty’. TMBs average thickness of 2.5– 6.5cm; 

however, significant variation from 1mm to 1.4m have been recorded (Perkins, 1997). The 

groundmass has been identified as microcrystalline with a dominant potassic feldspar 

mineralogy (Perkins, 1997). Comparatively coarser-grained K-feldspar crystals at the base of 

the beds is evidence of fining-upwards sequences (Croxford, 1964). Croxford also recognised 

feldspars had inverted from low-temperature monoclinic orthoclase to intermediate-triclinic 

microcline. Other notable observations include; rhombus ferroan dolomite was a common 

matrix accessory, rutile crystals formed along particular grain boundaries of the K-feldspar 

groundmass, and the composition of vein-fill of the cross-fractures varies in composition 

from dolomite to quartz, and included sphalerite, galena, chalcopyrite and pyrrhotite in 

mineralised areas. TMB samples used in this study were collected from MICO and GFM, 

locations can be seen in Figure 2.  

1.5. Ore Genesis in relation to Potassic Enrichment 

The interpretations of Croxford (1964) largely reflect the popular syngenetic, sedimentary-

exhalative ore genesis theory of the time. Neudert (1983, 1984) largely ruled out exhalative 

processes because of the depositional environment of the Urquhart Shale was interpreted to 

be too shallow to reach temperature constraints of boiling. Additionally, Neudert (1984) 
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identified detrital K-feldspar in the TMBs, indicating the origin of potassium enrichment was 

from evaporitic brines altering a pre-existing sediment. He advocated for a hydrothermal 

origin of alteration, where fluids introduced from shallow basin margin faults altered the first 

few centimetres of sediment during initial deposition to late diagenesis.  

Perkins (1997) suggested that while TMBs within the mine workings are relatively 

consistent, their highly potassic composition is largely confined to a potassic alteration halo 

(silica-dolomite), and that this characteristic feature is lost within three kilometres of the 

mine. Perkins (1997) also proposed TMB's represented an early stage of hydrothermal 

alteration, zoned around the deformed Paroo Fault contact. These observations led to his 

theory of epigenetic Pb-Zn and Cu formation, occurring co-genetically during the same event. 

This theory has since been supported by Taylor & Lilly (2016) and is the subject of ongoing 

research. Textural investigations in this thesis aim to understand the paragenesis of ore 

formation at MICO and GFM. 

 

Figure 2. Drill core samples collected from Mount Isa Mines (MICO) and George Fisher Mine (GFM) 

that were logged as TMBs, showing cherty layers with cross-fracture veins at high angle to bedding 

which terminate sharply at the boundaries of cherty layers. 
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METHODS 

1.6.  Sampling  

Sampling at Mount Isa Copper Operations and George Fisher Mine was conducted in 

January-February 2018 in conjunction with a vacation placement. The relevance of TMBs at 

MICO has declined since the end of Pb-Zn mining in 2016, as TMBs have been highly 

disturbed within the brecciated Cu ore system. Samples for this study were collected from 

surface drilled exploration holes, where STMBs had been identified by textural qualifiers and 

then HF stained. Nine STMBs were identified in three sections of core samples; A649, A826 

and B175 from drill-holes 201211302, and 201208122 and have been analysed in this thesis 

(Figure 3). Three STMBs were collected from GFM drill-hole 14C_H730_02; GFM-0.29, 

GFM-13 and GFM-29 (Figure 4). Preliminary analysis on additional samples and can be 

found in Appendix B, C, D and E. 

Figure 3. Model of Mount Isa Mines, showing the 3% Copper grade cut-off as blue shells, current surface 

and extent of the Black Star open pit in yellow and the location of drill-holes which sourced TMB samples 

for this thesis.   Image courtesy of S. O’Brien, Mount Isa Mines.  
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1.7. Minalyzer CS - Geolytical Core Scanner 

The Minalyzer is a new-to-market commercial drill core scanner that produces geochemical 

XRF analysis, high resolution photography, structural measurements and specific gravity 

estimation. Analysis was conducted using an Ag X-ray tube at 30 kV and 24mA, scanned at 

1mm/second. Other information regarding signal processing and associated algorithms can be 

found in Sjoqvist et al. (2015) and Appendix A. The ability of the instrument to continually 

scan and provide assay-quality XRF data on designated intervals (down to 1cm) provides a 

step-change from traditional 1m or 2m wet-chemistry composite samples. Minalyze 

instruments were used at GFM and the Tonsely Core Library, Adelaide. For this project a 

continual strip of XRF data along the centre of each drill core sample was selected. This data 

is used to visually illustrate the elemental variation of TMBs and surrounding units alongside 

high resolution core photos. The major oxides including K2O, TiO2, SiO2 and CaO data were 

the focus of geochemical variation analysis in this thesis because their variation is considered 

Figure 4. George Fisher Mine model depicting location of drillhole and sample selections with respect to 

Pb-Zn orebodies (pink surfaces) and faults (red surface, right-hand image). Image courtesy of V. Wai, 

George Fisher Mines.  
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the most appropriate for comparison for this rock type. Zirconium (Zr) was also included in 

the analysis to determine whether it can be a reliable proxy for identifying TMBs. This is the 

first use of Minalyzer data in an Australian honours research project. 

1.8. Hand Sample and Thin Section Analysis 

Initially, visual observations of the STMBs in hand sample (core) were recorded to establish 

a framework of detailed descriptions and to assess the variation between samples. Close 

examination of hand samples aided in selecting thin sections that best represent the STMB 

and immediate geological relationships. Thin sections were made by Ingham Petrographics, 

Qld. Optical and Reflected light Microscopy was performed using the Olympus BX51 

microscope, Olympus TH4-200 light source and Olympus DP21 Camera. 

1.9. SEM/MLA 

Petrographic analysis of the textures and mineralogy of TMBs was completed using 

backscattered electron (BSE) detector in a FEI Quanta 600 MLA scanning electron 

microscope (SEM). Instrument specifications can be found in Appendix A. Electron 

dispersive x-ray spectrometer (EDS) identified minerals within the sample of the BSE 

detector, and by mineral liberation analysis (MLA) mapping. The BSE response of copper 

was used as a standard to define the searchable grey scale range for MLA mapping. Mapping 

regions of the thin section were set and X-ray spot analysis was taken wherever a mineral 

occurred, and each mineral was matched to a list of collected x-ray spectra and assigned a 

colour for the MLA maps. Mineralogical maps helped distinguish mineral relationships at a 

macro-scale within the very fine groundmass of the samples. MLA was also utilised to 

identify monazite and zircon grains for geochronology using LA-ICP-MS.  
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1.10. LA-ICP-MS 

U-Pb isotopes in monazites were analysed at Adelaide Microscopy, University of Adelaide, 

with an ASI resolution 193nm ArF excimer laser ablation system with a S155 large format 

sample chamber, coupled to an Agilent 7900x ICP-MS. Further instrument specification can 

be found in Appendix A. The raw data was processed using Iotlite and Isoplot R. Because of 

the small grain size of both monazites and zircons, the signals were reduced to remove signal 

from surrounding mineralogy. The datasets were further reduced to obtain best fit for 

geochronology using Isoplot R.  

1.11. Geochemical analysis using SEM software 

MLA maps were used to calculate the major element geochemistry of the STMB layers. 

Representative sections of the full width of sample groundmass with least contamination of 

veins and hydrothermal mineralogy were selected. Sample areas of shale were also included 

to assess whether the STMBs varied significantly from the shale lithology. The chemistry of 

minerals was determined using non-standardised EDS analysis of minerals. The abundance of 

minerals in the TMB layers was obtained using MLA Dataview software. These two data sets 

were combined to generate a representative whole rock geochemistry data set for the MICO 

and GFM samples. The use of EDS for mineral compositions means that the calculated whole 

rock geochemistry is approximate, which is considered to be fit for purpose given the 

inherent mineralogical heterogeneity of shale layers. Data was compared between MICO and 

GFM STMBs with shale units, Croxford’s (1964) original data and published geochemistry 

datasets of modern TMBs; China 1 (Du, Wang, Wang, Deng, & Yang, 2015), China 2 (Zou, 

Tian, & Tian, 2016), New Zealand (Briggs et al., 2010) and India (Saha & Tripathy, 2012). 
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2. RESULTS 

2.1. Sample MICO A649 

2.1.1. PETROLOGY (OPTICAL AND SEM/MLA) 

The three STMBs identified in core sample A649 are light grey in colour with white 

carbonate-filled veins (<3mm) that cross-cut the bed and terminate at the layer boundaries 

which are defined by sharp contacts with darker sedimentary layers (Figure 5a). Grain size is 

too fine to visually identify mineralogy in hand sample but was confirmed to be dolomite 

under microscope and SEM/MLA (Figure 5e). The cross-fractures that terminate at the layer 

boundaries are composed of calcite, dolomite, and some minor infill of coarse-grained pyrite, 

also termed Pyrite-2 (Figure 5) (Connell, 2016; Maguire, 2016). Other accessory minerals 

include K-feldspar and quartz dispersed heterogeneously throughout the layer, intergrown 

with the dolomite. The layers adjacent to the STMB are composed of very fine-grained K-

feldspar, muscovite, quartz and fine-grained pyrite; also termed Pyrite-1, which formed as the 

result of a pre-ore hydrothermal activity (Maguire, 2016 and Connell, 2016). One subhedral, 

detrital, zircon grain of ~80m diameter (Appendix B) was identified within the shale layer 

adjacent to STMB A649-3, however, no zircons were identified within the STMBs. The 

dolomite rich layers are interpreted to be selective bedding replacement by dolomite of 

original carbonaceous shale (silica-dolomite alteration) (Perkins, 1984). Undeformed 

hydrothermal minerals overprinting the dolomite include; K-feldspar, calcite, quartz, fluorite, 

biotite, chlorite, albite, apatite and rutile (Figure 5). Undeformed coarse-grained Pyrite-2 and 

galena, are also present as infill and veins (Figure 5), indicating they are post deposition, and 

of hydrothermal origin. Detailed petrographic notes of all A649 samples are located in 

Appendix B, C and D. 
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Figure 5. Sample A649-2 optical petrology and SEM/MLA results. 

 
5a) Thin-section A649-2 light coloured layers is a STMB, the red box indicates the area mapped by MLA (Figure 5e). (5b) Modal mineralogy plot obtained from the red 

box indicated on the MLA map (e), which serves as a semi- quantitative composition of the STMB groundmass. (5c) Dolomite dominated groundmass, within the ‘TMB’ 

layer with minor dark specks of k-feldspar incorporated (PPL). (5d) The base of the TMB layer is offset/faulted and a vein network is infilled with quartz, calcite and k-

feldspar and mineralisation of coarse-grained Pyrite-2 (PPL). (5e) MLA map of area indicated in Figure 5a, it shows the dominantly dolomitic (yellow) groundmass of 

the STMB with overprinting k-feldspar, quartz and coarse-grained Pyrite-2. The dolomitic composition transitions to fine intergrowths of k-feldspar, muscovite and 

quartz either side of the layer. Vein minerals include calcite, quartz, fluorite, biotite, albite, K-feldspar, coarse-grained Pyrite-2 and galena. (5f) Dolomite groundmass 

overprinted by calcite vein cross-cutting and offsetting the dolomite bed. Vein infill includes largely calcite, with quartz, followed by infill of coarse-grained Pyrite-2, 

then galena and lastly fluorite showing infill textures around aforementioned minerals. (5g) Dolomite groundmass overprinted by vein infill of calcite, with coarser 

grained K-feldspar (compared to groundmass) with precipitation of coarse-grained Pyrite-2 and later stage infill of albite. 
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2.1.2. MINALYZE DATA 

One centimetre split Minalyze XRF data of core sample A649 shows positive correlation 

between oxides K2O, SiO2, TiO2 and Zr, and a negative correlation with CaO. Peak values of 

K2O, SiO2, TiO2 and Zr correlate reasonably with the layers identified as STMBs. However, 

not all peaks are associated or confined to STMBs, and large variation in elements and oxides 

are present along the length of the core sample. The highest K2O value of 11.59% occurs 

within the interval 649.03 – 649.04, and is at the top of the core sample and not associated 

with any STMB layers. The lowest value 0.58% K2O is between 649.33 – 649.34 which 

occurs directly above a STMB layer (A649-2).  Raw data found in Appendix C. 

Figure 6. Minalyze data of oxides and zirconium for sample A649.  The scanned path of the Minalyzer is  

indicated by the white dotted line over the core sample, thin-sections are indicated by the red boxes. 
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2.1.3. MODAL MINERALOGY 

The modal mineralogy of STMBs was obtained by areas selected on MLA maps (Figure 5b). 

These results provide a qualitative to semi-quantitative method of characterising the 

groundmass mineralogy of the STMBs. All three STMBs from core sample A649, were 

dominated by dolomite with a characteristic modal mineralogy of carbonaceous (dolomitic) 

composition (Table 1). 

Minerals Abundance (wt%) 

Apatite 0.03 

Dolomite 85.11 

Galena 0.02 

Fluorite 0.14 

Calcite 1.97 

Quatrz 2.45 

Biotite 0.08 

Pyrite 3.34 

K-Feldspar 5.89 

Chlorite 0.01 

Muscovite 0.95 

Table 1. Modal Mineralogy of sample A649, showing dominant Dolomitic composition. 
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2.2. Sample MICO A826 

2.2.1. PETROLOGY (OPTICAL AND SEM/MLA) 

The cross-fractures are a distinctive feature of this sample, in both hand sample and thin 

section (Figure 7). Two 2mm STMB layers are captured within the same thin section, 

separated by 9mm of external fine-grained dark groundmass and layers of fine grained Pyrite-

1. Both STMBs are composed of fine-grained K-feldspar (~10µm). Both STMB layers have 

no visible difference in K-feldspar grain size (e.g. no fining –upwards sequences). Cross-

fractures display several stages of fluid ingression, where infill of calcite has been injected 

with later-stage dolomite and quartz (Figure 7e and Appendix B). These cross-fractures 

terminate sharply at the lower and upper boundaries, with no indication of infill 

origin/migration pathway. The adjacent layers are composed of fine-grained Pyrite-1 bands 

and mixture of K-feldspar, quartz and dolomite. Quartz and dolomite are accessory minerals 

within the K-feldspar dominated layer. Subhedral (hydrothermal) rutile (<30m) is a 

common accessory throughout the shale and found intergrown within the fine-grained Pyrite-

1 layers and as inclusions within the dolomitic intrusion. Full petrographic analysis of A826 

samples are located in Appendix B, C and D. 
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Figure 7. Sample A826 optical petrology and SEM/MLA results. 

 
(7a) Thin section A826 captures two suspected TMBs within 1.5cm. Both have very small veins that appear to be ‘cross-fractures’ that terminate at the boundaries of the 

TMB. The red box indicates the area mapped by MLA (Figure 7e). (7b) Modal mineralogy plot obtained from the red box indicated on the MLA map (Figure 7e), which 

indicates groundmass is dominantly K-feldspar rich with accessory dolomite, quartz, muscovite and scatterings of Pyrite-1 and a trace amount of apatite grains. (7c) 

Vein/cross-fracture infill of calcite, which appears to bulge within the middle of the bed and has a distinctive vein of dolomite cross-cutting though the middle. Calcite grains 

appear to fan outwards with a folded, deformed pattern (XPL). (7d) The cross-fractures terminate at the lower and upper boundaries of the STMB, which are somewhat 

marked by Pyrite-1 mineralised bands (reflected light image). (7e) The STMB is k-feldspar enriched (blue), the lower boundary of the TMB appears to terminate with the 

first appearance of fine-grained Pyrite-1. The horizontal dolomite vein is overprinted by the calcite vein transecting the STMB, which has then itself been cross-cut by later 

stage dolomite vein which bears minor accessory coarser-grained K-feldspar. This paragenesis indicates several stages of dolomite dominated hydrothermal activity. (7f) The 

base of the calcite vein with the late stage dolomite stems off a fine-grained Pyrite-1 band, with no clear migration pathway for the resultant calcite and dolomite veins. (7g) 

Quartz is found to rim the calcite vein at the base, and is found speckled throughout the k-feldspar groundmass. Rutile is also found within the Pyrite-1 bands as small grains. 
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2.2.2. MINALYZE DATA 

Sample A826 shows a general trending increase in oxides K2O, SiO2 and TiO2 and slight 

decrease in CaO towards the two layers identified as STMBs in thin section sample A826 

(Figure 6). This trend is more widespread, opposed to being a response to the presence of the 

STMBs, as the peaks of K2O, SiO2 and TiO2 are not confined to the STMB layers. The CaO is 

also increased with respect to the scan tracks along the dolomitic vein in the top half of the 

core sample. The correlation between K2O, TiO2, SiO2 and Zr are positive, and negative 

between CaO. Zirconium has a correlation of 0.6405 to K2O, and therefore follows a similar 

increasing trend around the two thin STMB layers. The highest K2O peak 6.17% occurs 

Figure 8. Minalyze data of oxides and zirconium of sample A826.  The white dotted line shows the scanned 

path of the Minalyzer and the STMB thin-section area indicated by the red box. 
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between 826.54 – 826.55 which is 1cm below the lower STMB layer. The lowest K2O value 

1.43% occurs within the interval 826.39 – 826.40, which has scanned an area including a 

dolomitic vein. Minalyze data of sample A826 and correlation coefficients found in 

Appendix B. Raw data found in Appendix C. 

2.2.3. MODAL MINERALOGY 

Both STMBs in sample A826 are K-feldspar rich as seen from microscope petrology and 

SEM/MLA (Figure 7e), and have a very similar groundmass composition. However, a 

dolomitic vein was included in the sample area for the modal mineralogy of the second 

STMB in sample A826 (Appendix B), and was therefore omitted from the analysis. The 

characteristic modal mineralogy for A826 samples is strongly K-feldspar enriched (Table 2).  

 

 Minerals Abundance (wt%) 

Apatite 0.01 

Dolomite 6.69 

Calcite 0.15 

Quatrz 1.83 

Pyrite 0.81 

K-Feldspar 89.46 

Muscovite 1.05 

Table 2. Modal Mineralogy of sample A826, showing K-feldspar enrichment. 
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2.3. Sample MICO B175 

2.3.1. PETROLOGY (OPTICAL AND SEM/MLA) 

The four thin sections/STMBs from sample B175, have three different compositional 

variations. Thin section B175-A (Figure 9) and B175-B both have a groundmass of K-

feldspar with varying abundance of layer-controlled or disseminated biotite with quartz and 

K-feldspar. B175-C and B175-D, are K-feldspar dominant with relatively high quartz 

included in the groundmass. Chlorite is present as an overprinting alteration texture within a 

K-feldspar rich zone of B175-C. B175-D STMB was deformed in a brittle manner prior to the 

introduction of hydrothermal pyrrhotite, galena and coarse grained Pyrite-2, providing 

evidence that this layer was lithified before hydrothermal ore fluids were introduced (Figure 

9). Two distinct K-feldspar textures were observed; coarse-grained fracture infill of potential 

hydrothermal origin and fine-grained K-feldspar in the STMB groundmass, potentially 

diagenetic in origin. An interesting textural relationship was observed within the fracture 

infill, involving galena infilling around fluorite, chlorite, quartz and K-feldspar, indicating 

that the galena is relatively late stage and undeformed (Figure 9g). Full petrographic analysis 

of all B175 samples are located in Appendix B, C and D. 
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Figure 9. Sample B175-D optical petrology and SEM/MLA results. 

( 9a)Thin section B175-D Map 1 captures a portion of the faulted bed block of the suspected TMB. Pervasive pyrrhotite mineralisation, infilling faults and fractures 

of the STMB in addition to the surrounding layers. The red box indicates the area mapped by MLA (Figure 9e). (9b) Modal mineralogy plot obtained from the area 

indicated by the red box on the MLA map (Figure 9e), shows sample is dominated by both quartz and K-feldspar. (9c) Faulted bed infilled with pyrrhotite which 

comes to an end as the pyrrhotite flows out of the fault and into the layer above gives the appearance of the direction of fluid flow. (9d) Fine grained groundmass of 

K-feldspar with isotropic quartz and fine grains of pyrrhotite distributed throughout the STMB. (9e) MLA map of area indicated in figure 9a. The STMB is 

relatively enriched with K-feldspar and quartz. Post lithification faulting of the STMB has been infilled by pyrrhotite and so too have the horizontal fractures 

through the bed. Coarser-grained K-feldspar is seen as infill within the faults/veins. (9f) Fine grained groundmass of K-feldspar and quartz, with infill of pyrite-2, 

and coarse-grained biotite. Late stage galena and chlorite infill are also present. (9g) Pyrrhotite infilling fracture through STMB, and has inclusions of coarse-

grained K-feldspar, quarts, chlorite and fluorite. Galena is seen to infill around these minerals. 
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2.3.2. MINALYZE DATA 

Core sample B175 was scanned at 1cm resolution to observe the variation along the core and 

the four layers identified as STMBs (Figure 10). There is positive correlation between oxides 

K2O, SiO2 and TiO2, and a negative correlation with CaO. B175-C and B175-D correlate to 

peaks in K2O, SiO2, and TiO2, and decreased CaO. Increase in Zr concentration also 

somewhat correlates to these two STMBs, however, the increase is not sharply defined or 

confined to the STMB layers. The other two STMBs (B175-A and B175-B) do not correlate 

to any spikes in geochemistry, as the increase in K2O, SiO2, and TiO2 begins between B175-

B and B175-C. Zirconium is heterogeneously detected throughout the sample, and is 

identified with the interval of layer B175-A. Sample B175-B does not contain any Zr, 

Figure 10. Minalyze data of oxides and zirconium of core sample B175.          The white dotted line shows the 

 
scanned path of the Minalyzer and the thin-section area indicated by the red boxes. 
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however, several intervals at the top of the core sample have a considerable concentration of 

Zr. The highest K2O value of 7.42% occurs within the interval 175.61 – 175.62 towards the 

bottom of the core sample and just within the area of the B175-D STMB. The lowest value 

1.48% K2O is between 175.42 – 175.43 which occurs in the top third of the core sample 

above thin section B175-A. Raw data found in Appendix C. 

2.3.3. MODAL MINERALOGY 

There are mineralogical differences between all four B175 samples, large variation in biotite 

and quartz abundance, whilst K-feldspar concentration remains relatively consistent across all 

samples (Table 3). The average modal mineralogy of K-feldspar for samples B175-A, B, C 

and D, is 42.09%. Biotite is higher than quartz in STMB B175-A (38.39% compared to 

8.61%), whereas in samples B175-B and B175-C, biotite was lower than quartz. B175-B had 

20.68% biotite and 33.47% quartz, and B175-C had 10.95% biotite and 29.56% quartz. 

B175-D also has biotite lower than quartz, but there is a greater disparity; biotite 1.26% and 

quartz 43.13%. These results quantify the variation between STMB samples, however, based 

on the K-feldspar composition, they are characterised as moderately K-feldspar enriched 

STMBs with variable quartz and biotite composition.  

Table 3. Modal Mineralogy of samples B175, showing the variation between samples is result of quartz 

and biotite composition, while K-feldspar remains relatively constant.  

Minerals B175-A B175-B B175-C B175-D  

Apatite 0.41 0.25 0.15 0.21 

Dolomite 0.00 1.72 2.12 0.01 

Galena 0.07 0.87 0.83 0.00 

Fluorite 0.00 0.00 0.00 0.00 

Calcite 0.00 0.00 0.00 0.00 

Quatrz 8.61 33.47 29.56 43.13 

Biotite 38.39 20.68 10.95 1.26 

Pyrite 0.18 0.12 0.64 8.22 

K-Feldspar 40.33 38.79 45.11 44.12 

Rutile 0.03 0.02 0.02 0.04 

Thorite 0.00 0.00 0.00 0.00 

Zircon 0.01 0.00 0.00 0.00 

Chlorite 8.14 1.99 6.20 0.21 

Muscovite 3.82 2.09 4.41 2.81 
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2.4. George Fisher Mine Samples 

2.4.1. PETROLOGY (OPTICAL AND SEM/MLA) 

GFM samples are significantly different to MICO samples. The groundmass of all GFM 

samples is K-feldspar dominant, too fine-grained to identify individual grains, appearing as a 

solid band of K-feldspar. The STMBs include minor accessory quartz, rutile, apatite and 

variable carbonate mineralogy. Dolomite is identified within the groundmass, often as 

subhedral – euhedral rhombus crystals (Figure 11c). MLA maps display a striking contrast 

between the STMB groundmass and the surrounding lithologies, which is also reflected in the 

Minalyze data (Figure 12). Calcite and dolomite are dominant vein infill minerals, with minor 

pyrrhotite. All three STMBs have defined layer boundaries, most commonly contrasted by 

mineralisation of pyrrhotite or fine-grained pyrite. The groundmass of all three STMBs is 

relatively homogenous, with no obvious fining upwards sequences.  

109 euhedral zircons have been identified in sample GFM-0.29, 71 in GFM-13 and 109 in 

GFM-29. Textural relationships with zircons show apatite as infill growing around zircon 

grains, however, rutile in one example does appear to have grown contemporaneously with 

the zircon grain (Figure 11g). Soft sediment deformation was observed in GFM-0.29 (Figure 

15) where a deformed STMB has the appearance of a soft-sediment slump (Figure 15). 

Stylolite structures were also observed, and have been infilled with fine-grained Pyrite-1 

(Figure 15). The weakness of the deformed bedding has been later exploited by a vein of 

silica-dolomite, with included anhedral hydrothermal monazite. All of these features were 

overprinted by later sulphide mineralisation (Figure 15). Full petrographic analysis of all 

GFM samples are located in Appendix B, C and D. 
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Figure 11. Sample GFM-13 optical petrology and SEM/MLA results. (11a) Thin section GFM-13 showing area mapped by MLA in red box (figure 11e). GFM-13 is a 2.5cm 

wide STMB with fine cross-fractures transecting the bed and terminating abruptly at the layer boundaries. The groundmass is light grey and contrasted either side by fine-

grained Pyrite-1 layers. (11b) Modal mineralogy of groundmass in the area indicated on figure e. K-feldspar is dominant mineralogy with only minor accessory mineralogy 

which has potentially been introduced with the precipitating vein fluids. (11c) Very fine groundmass of K-feldspar, cannot distinguish grain boundaries. Subhedral rhombus 

dolomite grains within the k-feldspar groundmass. (11d) Base of the STMB marked by fine-grained Pyrite-1 interlayered with dolomite. Dolomite and calcite vein infill with 

several coarse-grained Pyrite-2 (XRF). (11e) MLA map of area indicated by figure 11a. Thin calcite vein transecting whole layer, groundmass is largely K-feldspar, with 

hydrothermally introduced mineralogy to the veins and scattered throughout the layer. (11f) several subhedral zircons were identified within the MLA map and several 

more throughout the entire STMB. K-feldspar is too fine to determine grain boundaries, and has rutile infilling around coarse-grained Pyrite-2 with a subhedral zircon. 

(11g) Euhedral zircon within K-feldspar groundmass, with hydrothermal rutile infill. Apatite infill adjacent to galena, indicates both rutile and apatite are late stage infill 

following galena mineralisation. 
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2.4.2.  MINALYZE DATA 

Core samples GFM-0.29, GFM-23 and GFM-29 were also scanned using the Minalyzer 

(Figure 12), and produced significantly different analysis in comparison to MICO 

samples. Correlation between oxides K2O, SiO2, TiO2 and Zr is positive, and between 

CaO is negative. The correlations between oxides vary significantly between the 

samples and show greater variation than between the MICO samples. Despite this, K2O, 

SiO2 and TiO2 all peak in association to the STMBs (Figure 12). Potassic enrichment is 

stronger than the MICO samples, and maximum values for GFM-0.29, GFM-13 and 

GFM-29 are 8.94, 9.58 and 10.31 respectively, zirconium also peaks in correlation to 

the STMBs, reflecting values of 429, 341 and 366ppm. The zirconium values recorded 

for the STMBs are significantly higher than any produced from MICO samples. Raw 

data found in Appendix C. 
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Figure 12. Minalyze data of oxides and zirconium of GFM core samples.  The white dotted line shows the scanned  

 
path of the Minalyzer and the STMB thin-section area indicated by the red boxes. 
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2.4.3. MODAL MINERALOGY 

MLA maps of all three GFM samples display a K-feldspar dominant groundmass, in 

comparison to all MICO samples (Table 4). Modal mineralogical abundance in weight 

% quantifies the disparity between the K-feldspar enrichment of the GFM samples and 

MICO samples. Average K-feldspar abundance of GFM samples is 95.76% compared 

to B175 sample average of 42.09%, A649 samples 5.89% and A826 89.46%. It is clear 

these STMBs are highly K-feldspar enriched, with only minor accessory minerals 

included or overprinting the groundmass. These samples are characterised as strongly 

potassic-enriched.   

 

Minerals GFM-0.29 GFM-13 GFM-29 Average (wt%) 

Apatite 0.01 0.10 0.03 0.05 

Dolomite 0.00 4.32 3.32 2.55 

Galena 0.02 0.00 0.23 0.09 

Fluorite 0.10 1.39 0.09 0.53 

Calcite 0.10 0.66 0.16 0.31 

Quatrz 0.10 0.00 0.03 0.04 

Biotite 0.44 0.22 1.08 0.58 

Pyrite 0.00 0.01 0.02 0.01 

K-Feldspar 99.02 93.25 95.02 95.76 

Rutile 0.05 0.00 0.00 0.02 

Thorite 0.15 0.04 0.00 0.06 

Zircon 0.01 0.00 0.02 0.01 

Chlorite 0.01 0.10 0.03 0.05 

Muscovite 0.00 4.32 3.32 2.55 
 

Table 4. Modal Mineralogy of GFM samples, showing K-feldspar is significantly enriched within 

the STMB groundmass.  
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2.5. U-Pb Geochronology 

2.5.1. ZIRCONS 

All zircons identified in MICO samples were subhedral and <20µm and therefore 

unable to be ablated. Thirty spots out of the collective 245 GFM samples were >20µm, 

which were ablated using a beam size of 19µm. These samples contained mostly 

euhedral to subhedral zircons, indicating the potential for volcanic ash-fall origin 

(Figure 13). The small size of the GFM zircons, meant the laser only captured a small 

signal of the zircon before passing through the grain and contaminating the signal. 

Because of these samples being a part of a lead ore system, U-Pb is not exclusive to 

zircons and therefore only the initial part of the signal was valid. Iolite processing of the 

zircon data revealed of the 30 spots, only 28 produced a signal. After reducing the 

signal to the initial response, using Isoplot R, the data had no significance and would 

not produce an age constraint, despite efforts to reduce the dataset.  
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Figure 13. SEM images of zircons from GFM samples and MICO samples B175-A and B175-B, obtained 

from the STMB layers. GFM zircons (a-i) are mostly euhedral with some rounded-subhedral grains 

found throughout the layers. The rounded zircons are interpreted to be of detrital origin, and the 

euhedral zircons indicative of igneous/ash fall origin. MICO zircons (j-l) identified in the groundmass 

are mainly rounded, with no obvious euhedral grain boundaries preserved, indicating a detrital source. 
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2.5.2. MONAZITES 

Monazites were observed heterogeneously dispersed throughout groundmass in all 

STMB samples associated with silica-dolomite veins in zones of deformation and 

brecciation as pictured in Figure 15. Both MICO and GFM samples contained anhedral, 

fine-grained monazite, over 90% of which were <13µm. Only 12 spots of the 21 that 

were ablated recorded a signal. The irregularity of the monazite grain boundaries 

increased the difficulty of spot analysis, whilst also indicating a potential hydrothermal 

origin. Upon reducing the signal to the initial recorded response, a discordant age was 

produced. The original age including all 12 analyses yielded a weighted average 

207U/206Pb age of 1514±51.1Ma (Figure 14a). Excluding data points 1, 3, 8 and 9, due to 

outlier analyses, the data set was reduced to 8 spots which produced a discordant weighted 

average 207U/206Pb age of 1571.8±78.6Ma (Figure 14b). The uncertainty increased 

significantly when the 4 data points were excluded (51.1Ma ±78.6Ma), due to the 

lacking number of analyses involved.  
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Figure 14. Monazite Geochronology. (13a) all 12 monazite samples included in analysis, 

producing an age of 1514 ±51.1Ma. (13b) geochronology of 8 monazite samples to obtain 

best fit age average, 4 data points from figure 13a were excluded from analysis, yielding a 

weighted average 207U/206Pb age of 1571.8±78.6Ma. 
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Figure 15. Backscattered SEM image, with MLA mineral map incorporated to highlight location of monazite samples (green) and zircons (red) in sample 

GFM-0.29.  The layer has experienced soft sediment compressional deformation (the bulge/deformed bed), resulting in the formation of a reverse-fault  

 
and stylolite structures prior to fine-grained Pyrite-1 formation. No Pyrite-1 grains have experienced deformation. Post-deformation quartz (nearly black in 

backscattered light) has formed veins and infilled the reverse fault zone (indicated by red box) and has a close spatial association with anhedral monazite 

grains. Sulphide mineralisation (bright coloured in backscattered light) appear to brecciate and infill around quartz and monazite grain (example indicated 

by yellow circle). 
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2.6. GEOCHEMICAL COMPARATIVE ANALYSIS 

The EDS analysis of minerals and abundance of minerals were combined to generate a 

representative whole-rock geochemistry dataset for the analysed samples. While this 

method is noted as only being approximate, it is considered fit-for-purpose for this 

project to display variation of major elements between heterogeneous samples from this 

study. Croxford (1965) and modern TMB studies included in this geochemical analysis 

each used different sampling and analytical methodologies. 

The plot of Al versus Ti weight percent (Figure 16) separates samples into three groups; 

A649 (low Al, low Ti), GFM-0.29, GFM-29 and B175-D (low-moderate Al, and low 

Ti), and A826 and B175-A, B, C (moderate Al, low Ti). Shale samples show large 

variation from moderate – high Al, and low Ti. Croxford’s data is most similar to the 

moderate Al and low Ti group. However, there is no significant relationship between 

the samples and Croxford’s data, likewise with the known tuffs. India data plot in a 

group above two of the GFM data points, whereas, China 1, China 2 and New Zealand 

datasets have significantly higher Ti weight percent compared to the aforementioned 

analyses. The plot Si versus Na+K weight percent (Figure 16) further highlights the 

variability in samples and the lacking correlation with modern tuff samples of China 1, 

China 2, India and New Zealand. Croxford’s (1964) data does show similarities with 

sample A826, as it did in the Al versus Ti plot. However, several shale samples also plot 

within the same area of high Na+K and high Si wt%. MICO samples B175-A-D and 

GFM-13 plot in proximity to Croxford (1964), however, GFM-0.29 and GFM-29 plot in 

moderate Si and Na+K space, whereas A649 differs significantly from all other 

samples, with low Si and low Na+K bulk composition.
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Figure 16. Discrimination plots of geochemical data from MICO and GFM samples in 

comparison to Croxford (1964) and known tuffs from around the world. (15a) Al versus Ti weight 

percent. (15b) Si versus Na+K weight percent. 
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3. DISCUSSION 

3.1. Comparison to Previous Work 

While this study has not been able to fully replicate the observations made by Croxford 

(1964), all samples conform to his simplistic description of being grey in colour, hard, 

brittle and cherty with abundant cross-fractures. Geochemically, the understanding that 

TMBs are the most significantly potassium enriched layers in the Urquhart Shale is 

found to be inaccurate and on-site hydrofluoric acid (HF) staining test is therefore not a 

definitive test for TMBs. Consequently, non-TMBs were logged as TMBs by the author 

and MICO geologists and hence their inclusion in this study; highlighting the difficulty 

in identifying TMBs from hand sample alone.  

Notable correlations between Croxford (1964) and analysed samples include; cross- 

fractures at high angle to bedding which terminated sharply at the boundaries and 

contain variable mineral and textural composition. Thickness of beds remained uniform 

over large distances, except where interpreted sedimentary scouring and the formation 

of stylolites occur (sample GFM-0.29) (Figure 15 and Appendix B); and subhedral-

euhedral rhombus dolomite grains were identified within the very-fine K-feldspar 

groundmass of GFM-13 (Figure 11c) and GFM-29 (Appendix B). Whilst the spectra of 

these grains were not recorded; elemental composition of dolomite was variable among 

samples and could have been ferroan dolomite, as observed by Croxford (1964). 

3.1.1. ORIGIN OF POTASSIUM ENRICHMENT 

Croxford (1964) suggested feldspars originated as low temperature monoclinic 

orthoclase which inverted to triclinic microcline in the ‘potash rich’ beds. However, K-

feldspar groundmass was too fine to see individual grains, and no microcline was 
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recognised despite using the highest magnification available on Olympus BX51 

microscope and FEI Quanta 600 MLA/SEM. If the feldspars have experienced 

structural re-ordering, the degree of triclinicity will provide insight into the 

thermal/isotopic history (Arriens, Brooks, Boffinger, & Compston, 1966; Farquharson 

& Richards, 1975). While further high resolution petrography may concur with 

Croxford’s (1964) observations, discerning whether these compositions are the result of 

interaction with connate water, diagenetic or hydrothermal processes, remains 

unconstrained. 

3.1.2. ZIRCONS 

Zircons from TMBs define the age of the Urquhart Shale (1652±7 Ma at Mount Isa and 

1655±4 Ma at George Fisher), (Page et al., 2000; Page & Williams, 1988). Scanning 

electron photomicrographs, Page (1981) (Figure 17a and 17b), observed an elongate 

cast of rutile or spinel blade on one of the zircon crystals, suggesting it had crystallised 

from the primary magma adjacent to the zircon. This was used to substantiate Croxford 

(1964) and Croxford & Jephcott, (1972) observation that rutile crystals in the matrix 

outlined and accentuated (what were interpreted to be) volcanic shards, which gave the 

appearance of a vitroclastic texture (Figure 17d). In the GFM samples, examples of 

euhedral rutile in contact with zircon have been observed (Figure 17c). However, 

further work is required to determine whether the rutile is hydrothermal infill or of 

igneous origin. The presence of euhedral rutile crystals in addition to zircons suggest 

they were originally deposited as volcanic debris. However, in the context of the 

surrounding lithologies and the ubiquitous presence of anhedral hydrothermal alteration 

and infill minerals, including rutile, the example from this study has not been 

interpreted to impart a vitroclastic texture. The descriptions of Croxford (1964), 
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Croxford and Jephcott (1972) and Page (1981) cannot be collaborated. Further work on 

the origin of rutile, and why it should be interpreted as devitrified volcanic glass may 

need to be undertaken. Evidence from this study indicates an origin as a hydrothermal 

product as both alteration and infill. 

 

Figure 17. Comparison of Croxford (1964) rutile imparting a vitroclastic texture and examples from Page 

(1981) and sample GFM-13. (17a) Scanning electron photomicrograph of a population of zircon grains from 

the Urquhart Shale tuff marker bed, showing all euhedral grains and notably an elongate cast of a rutile 

blade present on one of the zircon crystals in the far left (circled) (Page 1981). (17b) Perfectly euhedral 

zircon with cast of rutile from tuff maker bed in the H.Y.C Pyritic Shale Member of the McArthur Group 

(Page, 1981). (17c) Euhdral zircon from sample GFM-13, showing euhedral rutile growing on or as infill 

around the zircon, further imaging required to determine. (17d) Tuff Marker Bed from Drill hole S78, No 1 

at 110ft, at Mount Isa Mine, showing the vitroclastic texture. Shard outlines are accentuated by rutile and 

some sericite in the dark matrix. Plane-polarised light (Croxford, 1964). 
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The presence of euhedral zircons has been the key observation in identifying TMBs in 

previous studies (Croxford, 1964; Croxford and Jephcott, 1972; Farqharson, 1975; 

Page, 1981). Based on this criterion, samples that do not contain euhedral zircons have 

not been validated as TMBs in this thesis. Therefore, all GFM samples have been 

classified as TMBs, and all MICO samples have not. The factors contributing to this 

classification, and the framework of determining criteria has been established and is 

discussed below.  

3.2. Classification Framework 

3.2.1. PETROLOGY (OPTICAL AND SEM/MLA) 

Initial optical petrology recognised three categories of variation in groundmass 

composition; carbonaceous (dolomitic), moderately potassium enriched and strongly 

potassium enriched. The carbonaceous group was comprised of samples A649-1, 2 and 

3; dolomitised layers with cross-fractures terminating at the boundaries. The moderately 

potassium enriched group included samples with more compositional variation, 

including samples B175-A, B C and D. Sample B-175-D (Figure 9) exhibited post 

lithification deformation, with late stage, post- D2 deformation timing for 

mineralisation of pyrrhotite. Neither of these TMB groups displayed fining-upwards 

textures and cross-fractures were limited in number. Additionally, the absence of 

euhedral zircons indicated both the carbonaceous and moderately potassium enriched 

samples are not ash-fall derived TMBs.  

Sample A826 is included in the strongly potassic enriched group, however, petrology 

identified key differences from the GFM samples. The groundmass in A826 was very 

fine-grained K-feldspar (~10µm) with distinctive cross-fractures indicating later fluid 
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ingression. The GFM samples however, are K-feldspar dominated, very fine grained 

with hard to identify grain boundaries (giving the appearance of a solid layer of K-

feldspar), resulting in a stark contrast with the adjacent layers in the MLA maps (e.g. 

Figure 11e). The cross-fractures are not as distinct in GFM samples and the 

homogeneity of the groundmass accentuated the inclusions of euhedral zircons 

(<20µm). No zircons were identified in A826 using MLA maps, while a collective 245 

were identified from MLA maps of the GFM samples. The presence of euhedral zircons 

is consistent with the interpretation they are crystalline debris within the tuffs, which 

were volcanically expelled (Page, 1978; Page & Williams, 1988; Perkins, 1996).  

3.2.2. MINALYZE DATA 

Tuff Marker Beds at Mount Isa have previously been described as potassic-rich volcanic 

rocks (Croxford, 1964), therefore Minalyze data should observe a distinct increase in 

potassium across the suspected TMB layers. However, the distribution of potassium and 

the variation in composition of layers above and below the STMBs was greater than 

expected. The peaks in K2O do not strongly correlate to MICO STMBs and most likely 

a response to the variable potassic composition of the Urquhart Shale. GFM samples 

display a substantial increase correlated to the STMB, however, the highest K2O values 

for shale were 11.59% and 10.31%, therefore, high K2O does not equate to a TMB.  

The widespread distribution of K-feldspar rich layers indicates potassium enrichment 

within the Urquhart Shale is not confined to TMBs. Because the K-feldspar enrichment 

is intercalated and spatially associated with base-metal mineralisation, it is very likely 

that the layers have been affected by hydrothermal fluid migration. Therefore it can be 

interpreted that some of these unusually K-feldspar rich beds are not genuine air-fall 

tuffs (Davidson, 1998; Page et al., 2000) and may represent hydrothermal alteration to 
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the measured compositions. Consequently, K2O is not a stand-alone pathfinder for 

TMBs when interpreting Minalyze data. However, K2O abundance in GFM TMBs 

correlates to peaks in zirconium. The potential exists to compose an algorithm for 

Minalyze processing software to automatically identify TMBs based on the combined 

abundance of K2O and Zr. From the limited data analysed, values above 8wt% K2O and 

250ppm Zr are suggested to be a reasonable starting point for discriminating TMBs.  

3.2.3. MONAZITE GEOCHRONOLOGY 

The weighted average 207U/206Pb age of monazite from GFM samples is 1571.8±78.6Ma 

and is within error of all major events related to the Mount Isa Group sediments, 

including the formation of the Urquhart Shale at GFM (1655±4 Ma), D1 (1610±13Ma), 

D2 (1544±12Ma), D3 (1510±13Ma) (Bain, Heinrich, & Henderson, 1992; Bell, 1983; 

Bell et al., 1988; Page & Bell, 1986). The large error limits the ability to speculate as to 

which event these monazites are related, however, paragenetic timing established from 

sample GFM-0.29 (Figure 15) indicates the monazites post-date; deposition of the 

Urquhart Shale, soft sediment deformation, brittle deformation and fine-grained Pyrite-1 

formation. This paragenesis indicates the yielded monazite date of 1571.8±78.6Ma is 

not associated with the formation (and subsequent soft-sediment deformation) of the 

Urquhart Shale. The anhedral nature of all monazites observed and their close 

association with anhedral quartz infill within zones of deformation (Figure 15) provide 

evidence that the genesis of monazites can be related to the silica-dolomite alteration 

event. Silica-dolomite alteration represents the beginning of the extended ore-stage 

(Taylor & Lilly, 2016) and has been associated with early stage D3 (1510±13Ma) (Bain 

et al., 1992; Bell, 1983; Bell et al., 1988; Page & Bell, 1986). Sphalerite can also be 

observed to brecciate and infill around the quartz and monazite, demonstrating that the 
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analysed monazites pre-date mineralisation. These observations indicate that the 

monazite dates generated by this study (despite the large errors) may represent an age of 

the initiation of the main hydrothermal event responsible for mineralisation at George 

Fisher and Mount Isa. 

3.2.4. GEOCHEMISTRY 

In comparison the known tuff samples (which illustrate modern geochemical variation 

in volcanic rocks), Croxford’s (1964) geochemical data of Mount Isa TMBs plot within 

proximity to MICO samples A826, B175-A, B and C, GFM-13 and shale samples. 

Croxford (1964) claimed that TMBs may reflect the parent magma based on the 

assumption that little post-depositional chemical alteration has taken place. However, 

the data display that the geochemistry of Croxford’s (1964) tuffs are not too dissimilar 

of non-tuffs, and therefore whole-rock geochemistry signatures for these TMB samples 

may not be characteristic of the source rocks and possibly providing further evidence of 

post-depositional alteration. The extensive and pervasive hydrothermal alteration 

system preserved at Mount Isa and George Fisher clearly demonstrate that TMBs have 

been hydrothermally altered at some point and that their composition will spatially vary 

between samples. 

3.2.5. IMPLICATIONS FOR ORE GENESIS 

The paragenesis of samples GFM-0.29 (Figure 15) and MICO B175-D (Figure 9), 

imply economic mineralisation is post-sedimentation and major deformation of the 

Urquhart Shale. The petrography of all MICO and GFM samples observes undeformed 

sulphides as a combination of vein- and breccia-hosted infill and alteration. The 

observations in this thesis concur with epigenetic ore formation, as proposed by 
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Grondijs and Schouten (1937), Blanchard and Hall (1937), Perkins (1997) and Taylor 

and Lilly (2016). 

3.2.6. ECONOMIC SIGNIFICANCE 

TMBs are relied on as chronostratigraphic marker horizons within the mine workings of 

the stratabound Pb-Zn orebodies at GFM. However, the lateral variation of these TMB 

horizons within mine workings has meant that even zircon-bearing TMBs used 

regularly as stratigraphic markers may be defined in the stratagraphic log as ‘not located 

consistently’, ‘difficult to locate’ and ‘not always present’.  

The absence of fining upwards sequences and the homogeneity of the K-feldspar 

dominant composition of GFM TMBs, is also inconsistent with an ash-fall origin. 

However, it is consistent with the interpretation that zircon-bearing GFM TMBs have 

also been affected by hydrothermal processes. Therefore, GFM TMBs most likely 

record cyclicity of sedimentation and episodic volcanism in the palaeo-basin. However 

no other evidence of syn-sedimentary hydrothermal activity has been recorded. The 

observed overprinting replacive and vein infill textures of the economic sulphide 

minerals provide evidence that GFM TMBs are unrelated to the formation of the Mount 

Isa and George Fisher ore system. No further research on Mount Isa or George Fisher 

TMBs with regard to their relationship to the causative hydrothermal ore system is 

proposed.  
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4. CONCLUSIONS 

 Despite visual similarities, TMBs sampled for this project from Mount Isa Mines 

Copper Operation (MICO) did not have dominantly fine-grained K-feldspar 

groundmass, fining-upwards sequences or euhedral zircons, and are not TMBs. 

(Hypothesis 1)  

 TMBs sampled for this project from George Fisher Mine (GFM) have a fine-grained 

K-feldspar groundmass, euhedral zircons and are interpreted as ‘true’ TMBs of air-

fall tephra origin. (Hypothesis 1) 

 GFM ‘true’ TMBs have subsequently been affected by hydrothermal processes 

based on the interpretation of their compositional homogeneity and lack of fining-

upwards sequences. (Hypothesis 1) 

 Euhedral zircons in the GFM TMB samples indicate proximal volcanism has 

occurred during the formation of the Urquhart Shale.  

 Potassium enrichment is not confined to TMBs. (Hypothesis 2)  

 Because of their fine-grained textures and subsequent hydrothermal alteration, 

TMBs are a challenging lithology to investigate, and difficult to recognise from 

mineralogy, texture and geochemical composition alone.  

 Potassic enrichment is more extensive within the Urquhart Shale than expected and 

therefore, hydrofluoric acid staining alone is not a reliable indicator for TMBs.  

 While a high concentration of K2O and Zr has the potential to be representative of a 

TMB, the current use of (Minalyze) XRF data is not a stand-alone tool for 

identifying TMBs.  

 The potential exists to compose an algorithm for Minalyze processing software to 

automatically detect suspected TMBs based on the abundance of K20 and Zr. 
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 The origin of potassium enrichment is related to the composition of the original 

detrital sediments (including possible ash-fall tephra) as well as a currently 

unconstrained hydrothermal component. (Hypothesis 3) 

 The paragenesis observed throughout analysed samples supports epigenetic Pb-Zn-

Ag and Cu formation, with economic mineralisation taking place co-genetically 

during a prolonged hydrothermal event.  

 It is proposed that the strongly potassic composition of GFM TMBs is the result of a 

combination of primary sediment composition and hydrothermal alteration related to 

mineralisation.  

 It is proposed that TMBs are not temporally related to a syn-genetic ore system.  

 

5. RECCOMMENDATIONS FOR FURTHER STUDY 

This thesis recommends the discontinuation of toxic HF staining on site, and suggests a 

multifaceted approach involving Minalyze data and detailed petrology to identify 

TMBs. The inclusion of a greater sample size of ‘true’ TMBs will enable further work 

using Minalyze data to create a discriminatory algorithm. It is suggested that 

confirmation of ‘true’ TMBs will require SEM/MLA as conducted in this thesis.  

Additional samples would also reduce the large error associated with the monazite date 

to further constrain the timing of the silica-dolomite event, including the use of data and 

samples from previous Honours projects (e.g. Lintvelt, 2017). Additionally, there is 

very limited research on discriminating diagenetic from hydrothermal K-feldspar 

(Davidson, 1998). Further work on this topic may assist in the identification of a K-

feldspar ‘halo’ to mineralisation of the Mount Isa and George Fisher ore system. 
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APPENDIX A: INSTRUMENT PARAMETERS  

Minalyze 

 

 

Please find the link to the Minalyze website for further information regarding the new 

innovative technology.  

 

https://minalyze.com/v  

 

 

SEM 

 

Parameter Specification 

Acc 25Kv 

Beam current 40Na 

Spot size 6.5 

Working distance 10mm. 

LA-ICP-MS 

 

 Monazites Zircons 

Brand and Model Aglient 7700x ICP-MS Aglient 7700x ICP-MS 

Spot Size 13 µm 19µm 

Laser Energy 38mJ 38mJ 

Repetition Rate 5Hz 5Hz 

Laser Fluence ~2J/cm2 ~2J/cm2 

Atmosphere He He 

Atmosphere Flow rate 0.35L/min 0.35L/min 

Carrier Gas Ar Ar 

Carrier Gas Flow rate 1.06L/min 1.06L/min 

Laser warm up 

(Background) 

30s 30s 

Data acquisition protocol Time-resolved analysis Time-resolved analysis 

Background collection  30s 30s 

Ablation time 30s 30s 

Standardisation and Data Reduction 

Primary Standard MAdel GJ1 

Secondary Standards Ambat, 222 91500, Plesovice 

Elements Included in 

Analysis 

29Si, 31P, 39K, 139La, 

140Ce, 202Hg, 204Pb, 

206Pb, 207Pb, 208Pb, 

232Th, 238U. 

90Zr, 202Hg, 204Pb, 

206Pb, 207Pb, 208Pb, 

232Th, 238U. 

 

https://minalyze.com/v
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APPENDIX B: OPTICAL AND SEM/MLA PETROLOGY COMPOSITE IMAGES 

 

MLA MAP LEGEND 

 

 

 

MLA Map Legend 
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APPENDIX C: MINALYZE DATA 

 

 

 
Minalyze Data correlation coefficients between Oxides and Zirconium 

 
 K2O 

vs. 

SiO2 

K2O 

vs. 

TiO2 

K2O 

vs. 

CaO 

K2O 

vs. Zr 

SiO2 

vs. 

TiO2 

SiO2 

vs. 

CaO 

SiO2 

vs. Zr 

TiO2 

vs. 

CaO 

TiO2 

vs. Zr 

CaO 

vs. Zr 

A649 0.8399 0.7928 -0.8639 0.8328 0.8381 0.9086 0.5491 0.7828 0.597 0.5997 

A826 0.8794 0.4062 -0.5128 0.6405 0.4062 0.3222 0.4095 0.3955 0.8472 0.366 

B175 0.585 0.7179 -0.7461 0.5969 0.318 0.2517 0.2962 0.5795 0.8335 0.3747 

GFM-0.29 0.9972 0.6497 -0.6703 0.9663 0.6089 0.6356 0.9592 0.9854 0.5622 0.5565 

GFM-13 0.8514 0.6216 -0.1469 0.3916 0.4453 0.1595 0.2151 0.00 0.9064 0.0279 

GFM-29 0.0812 0.9303 -0.1051 0.9558 0.0706 0.0052 0.0564 0.2074 0.8797 0.0889 
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APPENDIX D: HAND SAMPLE PETROLOGY 
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APPENDIX E: THIN SECTION PETROLOGY 
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