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Figure 2.3. Sample locations. Three-dimensional image identifying the location of samples analysed 
for carbonate clumped isotope thermometry (CCIT) and carbonate ! 18O samples used in spatial 
interpolation, with respect to the Paroo Fault surface and copper orebodies. 

exploration drill holes collected over 5 m intervals every 25 to 50 m downhole. Assay pulps 

composited over variable lengths from two production drill holes within the Enterprise Mine 

were also analysed. The use of composited assay pulps instead of hand samples has been 

demonstrated to reduce the effects of hydrodynamic dispersion by providing an average 

isotopic composition across the sampled interval (Waring, 1991; Barker et al., 2013; Vaughan, 

2013). Hydrodynamic dispersion is the process of mixing due to the heterogeneity of fluid 

velocity on several scales and results in differing degrees of fluid/rock interaction (Bowman et 

al., 1994). The process of generating an assay pulp is essentially the same as collecting many 

samples and laterally averaging the results, which Bowman et al. (1994) call a representative 

elemental volume (REV) (Vaughan, 2013). This REV gives the most representative 

understanding of permeability, flow velocity, and fluid conditions associated with the 

hydrothermal system. Detailed drill logs and drill core photos were examined to quantify the 
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degree of ore-stage carbonate veining and identify overprinting carbonate mineral cements 

potentially unrelated to Cu mineralisation. 

2.3.2 Carbonate Clumped Isotope Thermometry 

The application of carbonate clumped isotope thermometry provides independent constraints 

on the thermal structure of the Mount Isa Cu system. The technique measures the degree of 

‘clumping’ of heavy isotopes of carbon and oxygen (13C and 18O) in carbonate minerals (Ghosh 

et al., 2006), reported as ∆47 in ‰, which depends on the temperature at which the carbonate 

mineral forms, where lower temperatures are associated with greater abundances of 13C-18O 

bonds. Though application of this techniques has primarily been applied to paleoclimate studies 

(reviewed by Eiler (2011)), recent studies have demonstrated its usefulness in a range of high 

temperatures settings to investigate processes related to diagenesis (e.g., Dennis & Schrag, 

2010; Huntington et al., 2011; Lawson et al., 2017), contact metamorphism (e. g. Lloyd et al., 

2017), geobarometry (e. g. Honlet et al.), as well as describing the movement of fluid through 

fault zones (e. g. Bergman et al., 2013; Luetkemeyer et al., 2016; Dennis et al., 2018) and 

elucidating temperatures in hydrothermal environments (e. g. Bristow et al., 2011; Lu et al., 

2017; Mering et al., 2018).  

Carbonate was extracted from veins using a micro drill, operated at low speed, and clumped 

isotope analysis (Δ47, δ18O, δ13C) was carried out at the University of Washington Isolab using 

the analytical methods of Burgener et al. (2016) and Kelson et al. (2017), and data processing 

scripts of Schauer et al. (2016). Samples containing 6-8 mg carbonate were reacted in a 90 °C 

phosphoric acid bath system and cryogenically purified on a custom-built vacuum line 

following the methodology described in Huntington et al. (2009) and Passey et al. (2010).  

Purified sample gases were stored in flame sealed Pyrex tubes and introduced into a Thermo 

MAT 253 isotope ratio mass spectrometer (IRMS) for analysis of m/z 44-49, using a multiport 

tube cracker system. Carbonate and CO2 gas standards were prepared and analysed every four 
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samples. Samples were analysed against reference CO2 gas for 90 acquisition cycles. Pressure 

baseline was measured (He et al., 2012), 17O correction parameters of Brand et al. (2010) were 

used, and clumped isotope values (Δ47) were normalised to the absolute reference frame (ARF) 

(Dennis et al., 2011). δ18O and δ13C were referenced to the Vienna Pee Dee Belemnite (VPDB) 

scale using three bracketing internal reference carbonates calibrated to NBS19, LSVEC, and 

NBS18. δ18O values were converted to Vienna Mean Sea Water (VSMOW) using the 

relationship of Coplen et al. (1983) to compare with other results from Mount Isa. The 

instrumental precisions (± 1 s.e.) for Δ47, δ18O, and δ13C, were 0.007 ‰ ARF, 0.007 ‰, and 

0.004 ‰, respectively. Δ47 results were screened for organic and sulfur contamination by 

rejecting outliers that deviated >2‰ from the δ48-Δ48 linear model for heated gases at the 

University of Washington (Huntington et al., 2009). Temperature was calculated from ARF-

corrected Δ47 values, using the Bonifacie et al. (2017) relationship for dolomite, which is 

constrained between 25 and 350 °C and is, therefore, most appropriate for our high-temperature 

dolomite samples, even though standardisation methods used for the calibration dataset of 

Bonifacie et al. (2017) are not perfectly comparable to data reported here, which are calculated 

using updated 17O correction methods. There is a possibility that the Δ47 values for some 13C-

depleted high-temperature dolomites used to construct this calibration would change if 

calculated using the updated methods (Schauer et al., 2016), and for reference, we also report 

temperatures calculated using the 0-250 °C carbonate calibration of Kluge et al. (2015) 

(Appendix B). Fluid δ13C values for dolomite were computed using the α factor presented in 

Ohmoto and Rye (1979) and reported relative to VPDB, while δ18O fluid values were 

calculated using the α factor given in Horita (2014) and reported relative to VSMOW. 

2.3.3 Carbonate Stable Isotope Analysis 

Stable isotope analysis was conducted to map isotopic variation within dolomitic host rocks of 

the Mount Isa Group. Approximately 0.5 mg of carbonate was reacted in 4.5 ml borosilicate 
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exetainers® with dehydrated phosphoric acid at 72 °C. After a minimum of two hours, evolved 

CO2 was transferred from exetainers® using a custom-built auto sample robot to an LGR 

CCIA-46 off-axis integrated cavity output spectrometer (OA-ICOS) at the University of 

Waikato and analysed using the method of Barker et al. (2011) and Beinlich et al. (2017). 

Carbonate and CO2 gas standards were run daily. Regular analysis of NBS18 and NBS19 

carbonate standards gave 1SD of 0.39 for δ13C and 0.55‰ for δ18O. Stable isotope results are 

reported in units per mill (‰) relative to Vienna Pee Dee Belemnite (VPDB) and Vienna 

Standard Mean Ocean Water (VSMOW) for δ13C and δ18O, respectively. Due to the mixed 

nature of carbonate mineralogy, no acid fractionation factor was applied to correct each sample 

individually. 

2.3.4 Spatial interpolation of δ13C and δ18O 

For this study, we compiled a database of 1950 carbonate C and O stable isotope analyses from 

the wider Isa valley area. Following the work of Waring (1990), stable isotope analysis of 

samples from drill holes within the Isa valley became routine exploration activity at Mount Isa 

Mines Exploration (now Mount Isa Mines Resource Development, MIMRD). Many samples 

were commercially analysed at the University of Queensland using conventional isotope ratio 

mass spectrometry methods over an ~25-year period. These data, which make up the MIMRD 

stable isotope database, were supplemented with published data of Smith et al. (1978) and 

Heinrich et al. (1989), unpublished data of Hannan (1989) and new analyses from this study. 

The resulting database contains analyses of grab samples collected from underground mine 

workings, micro-drilled vein and wall-rock paired samples from core, small samples of quarter 

core up to 30 cm in length and composite samples of cut half and quarter core up to 20 m in 

length. This database remains the confidential property of Mount Isa Mines. 

To assess spatial patterns of oxygen isotope alteration in carbonate rocks at Mount Isa, we 

carried out 3D spatial interpolation using Seequent Leapfrog Geo™ implicit modelling 
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software. Spatial interpolations were generated from wall-rock samples only, either micro-

drilled samples or pulped core samples, where the effect of carbonate veining could be 

determined from core logging and photography. No analyses of carbonate veins alone were 

included. Once loaded into Leapfrog Geo™, many instances of sample overlaps resulting from 

multiple sampling campaigns were identified. Where this was the case, the samples covering 

the smallest length scale were removed from the data set.  

The area of spatial interpolation is bounded to the west and south by the Paroo and Crystallena 

faults, respectively (Fig. 2.1), defining the basement contact between underlying Eastern Creek 

Volcanics and dolomitic rocks of the Mount Isa Group. Northern and eastern boundaries are 

defined by insufficient sample density. Within these bounds, 960 samples were used to 

generate the spatial interpolation. Using implicit modelling techniques, we could rapidly test a 

range of parameters to determine the best parameters for modelling data. This was achieved by 

dividing the original dataset into a training dataset (n=864) and a test dataset (n=96) to compare 

the spatial interpolation predictions. Following ‘rule of thumb’ guidelines for spatial 

interpolation, the sill value of the interpolant was set equal to the variance of the training data, 

while the base range and nugget were systematically varied in 40 separate linear interpolations. 

This procedure was repeated using spheroidal interpolation. We evaluated the results from each 

spatial interpolation against measured stable isotope values from the test dataset by calculating 

the root mean square error (RMSE) and regression between the predicted and measured values. 

The results determined the spatial interpolation of δ13C and δ18O values at Mount Isa was best 

approximated by spheroidal interpolant with base range of 1800, a sill value equal to the 

variance of the data set with low nugget, ~5% of the sill. Once this was complete, the final 

spatial interpolation was completed using the original dataset. Importantly, spatial interpolation 

was isotropic; we applied no structural trend to modelling, allowing identification of trends 

within data without applying pre-existing geological bias. 



 

46 

2.4 Results 

2.4.1 Carbonate clumped isotope thermometry 

In this study, we analysed nine ore stage dolomite veins, seven of which form a ~7 km N-S 

transect through the Mount Isa Cu deposit and three samples forming a 700 m vertical transect 

(Fig. 2.3). A summary of the analytical results is presented in Table 1; full results are presented 

in Appendix 3. ∆47 values from the strike length transect range from 0.295‰ to 0.229‰, 

corresponding to temperatures between 218-26
+32 °C and 347-32

+51 °C. For the vertical sample 

transect, ∆47 values show minor variation, ranging from 0.250‰ to 0.229‰, corresponding to 

temperatures between 296-22
+27 °C and 347-32

+51 °C. Carbon isotope values for veins samples (δ13C) 

range between -5.8 and -3.9‰ VPDB for δ13C, while oxygen isotope values for these samples 

(δ18O) range from 10.7 to 12.8‰ VSMOW. Temperature correction of δ13C and δ18O, based 

on clumped isotope temperatures, show the carbon isotope composition of fluids responsible 

for isotopic alteration at Mount Isa varied between -5.6 ± 0.8‰ and -3.2 ± 0.4‰, while oxygen 

isotope composition of infiltration fluids ranged from 3.6 ± 1.4‰ to 7.1 ± 2.0‰ VSMOW. 

2.4.2 Carbon and oxygen stable isotopes 

Paired carbon and oxygen stable isotope data for carbonate rocks analysed in this study (n = 

535) are presented in Appendix B. δ13C results vary between -7.8 and 0.4‰ VPDB, while δ18O 

values range 8.6 to 17.4‰ VSMOW (Fig. 2.4). While the most 18O-depleted samples 

(δ18O<10‰) have correspondingly low δ13C values, the bulk of analyses show poor correlation 

between δ18O and δ13C. Analyses completed as part of this study show significantly more 

variability than samples previously analysed at Mount Isa, shown by the spread of new analyses 

away from compositional fields previously established for the deposit (Hannan et al., 2018).
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Table 2.1. Summary table of carbonate clumped isotope thermometry results. Full results are presented in Appendix B. 

Sample # of 
analyses 

δ13Cmineral 
(VPDB) 

(‰) 

δ13C error 
(‰) 

δ18Omineral 
(VSMOW) 

(‰) 

δ18O error 
(‰) 

Δ47 (ARF) 
(‰) 

Δ47 std. error 
(‰) 

T Δ47 (°C)‡  
(± 1SE) 

δ13Cfluid 
(VPDB) † 

(‰) 

δ18Ofluid 
(VSMOW) § 

(‰) 
EX105638 3 -3.870 0.015 12.748 0.088 0.295 0.020 218-26

+31 -4.1±0.8 2.8±1.5 

EX105621* 1 -5.339 0.007 11.700 0.004 0.257 0.022 280-39
+50 -4.3±0.7 4.5±1.6 

EX096653 3 -5.611 0.028 11.106 0.029 0.240 0.033 318-67
+101 -4.1±1.0 5.2±2.5 

EX096743 3 -4.974 0.027 11.083 0.035 0.229 0.016 347-40
+49 -3.2±0.4 6.0±1.2 

EX096738 3 -5.590 0.005 11.746 0.039 0.250 0.011 296-22
+25 -4.4±0.9 5.1±0.8 

EX096728 3 -4.753 0.004 12.813 0.029 0.243 0.030 311-60
+86 -3.3±2.2 6.7±2.2 

11L 5417 XC2 3 -5.708 0.014 11.398 0.050 0.258 0.029 279-49
+68 -4.7±1.0 4.2±2.1 

29E J71 8871 3 -5.814 0.002 10.703 0.038 0.246 0.017 304-34
+42 -4.5±0.5 4.4±1.2 

EX105586A* 1 -5.491 0.007 12.800 0.004 0.291 0.022 223-29
+35 -5.6±0.8 3.2±1.6	

 
*For samples where only one analysis was completed, instrument error is reported for δ13C and δ18O, for ∆47 we report the average standard error of all Mount Isa samples to 
account for possible sample heterogeneity. 
‡Temperature calculated using the calibration of Bonifacie et al.9  ∆47=0.0482× 106 T2 − 0.1174 
†δ13Cfluid calculated using the isotopic fractionation factor of Ohmoto and Rye (1979) 103lnαdol-CO2=(-0.891/T3)×108+(8.737/T2)×106+( -18.11 T )×103+8.44 

§δ18Ofluid calculated using the isotopic fractionation factor of Horita (2014) 103lnαdol-H2O=3.14× 106 T -3.14  
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Figure 2.4. Plot of δ18O vs. δ18C for samples of altered wall-rock analysed in this study using Off Axis-
Integrated Cavity Output Spectroscopy, and historical exploration results analysed by Isotope Ratio 
Mass Spectrometry. Compositional fields previously defined for Mount Isa carbonates from Hannan et 
al. (2018). 

2.4.3 Three-dimensional carbon and oxygen stable isotope variation 

These results of spatial interpolation are presented as a series of orthogonal surfaces, including 

(1) a plan map at the surface (Fig. 2.5); (2) a vertical longitudinal section through the deposit 

at 11800 m east (Fig. 2.6); and (3) three vertical cross-sections perpendicular to the strike of 

the Mount Isa Group at 38,800, 34,400 and 32,000 m north (Fig. 2.7, Fig. 2.8 & Fig. 2.9). A 

Leapfrog Viewer™ file and .dxf files of contours of δ18O values are presented in Appendix B. 

Additionally, a three-dimensional model of the spatial interpolation of δ18O projected onto the 

Paroo Fault, the contact between the Mount Isa Group and basement rocks of the Eastern Creek 

Volcanics, is presented (Fig. 2.10). Using the Paroo Fault provides a complex, non-planar slice 

through the three-dimensional model at a significant chemical contrast within the Mount Isa 
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mineralising system. Understanding the oxygen isotopic alteration patterns in rocks directly 

adjacent to the fault will assist in interpreting potential fluid flow associated with the 

discontinuity. 

At surface, stable isotope data exhibit regular spatial variation, predominantly oriented north 

to south, paralleling the strike of the Paroo Fault (Fig. 2.5). δ18O values range between 12‰ 

VSMOW (adjacent to the Paroo Fault in the southwest of the modelled area) to greater than 

20‰ VSMOW (northeast of the Cu orebodies). Spatial interpolation results of δ13C values 

show greater variability in the form of small discrete zones controlled by single samples, 

indicative of ‘nuggetty’ data. The lowest δ13C values, less than -7 ‰ VPDB, are associated 

with one sample near-surface, near the Paroo Fault at ~41000 m north (Fig. 2.5). Although 

correspondence exists between broad N-S trends in Figure 2.5, zones of light carbon (δ13C<6‰ 

VPDB) do not spatially correlate with zones of isotopically light oxygen (δ18O<12‰ 

VSMOW). 

In longitudinal section, similar patterns in spatial variation are observed in both δ18O and δ13C 

(Fig. 2.6). Spatial interpolation of δ18O results identifies a broad zone of 18O-depleted carbonate 

rocks, with values less than 12 ‰ mantling the basement contact. High-grade Cu mineralisation 

is almost exclusively contained within this zone. A zone of δ18O values less than 14 ‰ extends 

vertically to surface above Cu mineralisation. At the same time, the southern end of the model 

area, it bends to run parallel with the Crystallena Fault. Whole-rock carbonate δ18O values 

rapidly increase to the north of the mine, reaching >20‰ ~1500 m north of the Black Rock Cu 

orebody, where copper mineralisation comes to surface at ~36,000 mN. As with Figure 2.5, 
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Figure 2.5. Surface contour map of δ18O and δ13C values from drill hole samples at Mount Isa. Zones 
of low δ18O and δ13C values parallel the Paroo Fault. Location of Cu orebodies is projected to surface. 
A-A’ represents the location of longitudinal section at 11,800 mE (Fig. 2.6), B-B’ represents the 
location of cross-section at 38,800 mN (Fig. 2.7), C-C’ represents the location of cross-section at 
34,400 mN (Fig. 2.8), and D-D’ represents the location of cross-section at 32,000 mN (Fig. 2.9). 
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the longitudinal section through the three- dimensional model of δ13C values at Mount Isa 

shows more variability in comparison to δ18O values. Copper mineralisation sits within a broad 

zone of δ13C values less than -4‰, but areas of lighter carbon (δ13C <-5‰) form small discrete 

zones, which are irregularly distributed. 

Vertical cross sections through the three-dimensional spatial interpolants further confirm that 

results for δ13C and δ18O are broadly correlated, though δ13C shows greater variability. To the 

north of the mine, where the Paroo Fault forms a relatively simple concave up shape, isotope 

surfaces also have a curved path that parallels the fault (Fig. 2.7). Carbonate rocks with δ18O 

values less than 12‰ VSMOW are located directly adjacent to the basement contact. δ18O 

values increase rapidly up-dip, such that whole-rock carbonate δ18O values are greater than 

20‰ within 1600 m of the Paroo Fault. δ13C surfaces show a similar curved shape paralleling 

the basement contact, but more negative values (δ13C <-5‰) are only located within the Spear 

and Kennedy siltstones, adjacent to the vertical section of the Paroo Fault. Vertical cross 

sections through the mine and area to the south show strikingly different patterns (Fig. 2.8 & 

Fig. 2.9). In this area, the shape of the basement contact is folded into a sigmoidal shape, with 

significant structural complexity on the flat area known as ‘the ramp’. Unlike the area north of 

the mine, areas of δ18O values less than 12‰ extend vertically upwards above the ramp, 

forming lobate shapes that transgress across stratigraphy (Fig. 2.9). Figure 2.8 shows that the 

zones of whole-rock carbonate with values less than 14‰ above copper mineralisation extends 

eastward away from the vertical section of the Paroo Fault. South of the mine, the largest area 

of δ18O values less than 10‰ at Mount Isa mine corresponds with light δ13C values less than -

7‰. 
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Figure 2.6. Longitudinal cross-section through Mount Isa Mine at 11,800 mE with contours of δ18O 
and δ13C values from drill hole samples. Zones of low δ18O parallel the Paroo Fault, while δ13C values 
show greater variability. Carbonate clumped isotope thermometry (CCIT) sample locations are 
marked.  
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Figure 2.7. Cross-section at 38,800 mN, north of the 3000 and 3500 copper orebodies at Mount Isa, 
with contours of (A) δ18O and (B) δ13C values from drill hole samples. δ18O and δ13C contours are 
broadly perpendicular to bedding, identified by dashed lines representing formation boundaries. 
Lithological abbreviations, SS = Spear Siltstone, US = Urquhart Shale, NB = Native Bee Siltstone. 
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Figure 2.8. Cross-section at 34,400 mN, through the 1100 copper orebody at Mount Isa, with contours 
of (A) δ18O and (B) δ13C values from drill hole samples. A dotted line marks the outline of the ‘silica-
dolomite’ halo. Lithological abbreviations, SS = Spear Siltstone, US = Urquhart Shale, NB = Native 
Bee Siltstone. 
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Figure 2.9. Cross section at 32,000 mN, south of the 1100 copper orebody at Mount Isa, with contours 
of (A) δ18O and (B) δ13C values (dots) from drill hole samples. δ18O and δ13C contours form lobate 
shapes extending upward from the basement contact. Lithological abbreviations, SS = Spear Siltstone, 
US = Urquhart Shale, NB = Native Bee Siltstone. 
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Figure 2.10. Spatial interpolation of δ18O values at Mount Isa projected on to the Paroo Fault surface. 
Previous studies have inferred that the Paroo Fault to played a critical role in focusing hydrothermal 
fluid flow during the development of the cupper mineralising system (c.f. Perkins, 1984; McGoldrick & 
Keays, 1990; Waring, 1990; Kendrick et al., 2006; Kühn & Gessner, 2009). Mapping δ18O values on 
the Paroo Fault identifies zones of 18O-depletion associated with fluid input zones. Zones of intense 
18O-depletion coincide with the axis of D3 folds in the basement contact and basement lineaments that 
potentially dilated during NW-SE directed, D4 compression, both of which have been proposed to focus 
fluid flow from basement rocks to sites of copper mineralisation in metasediments (Miller, 2007; 
McLellan et al., 2014). 

A three-dimensional slice through the spatial interpolation of δ18O values using a surface 

representing the Paroo Fault displays a nested set of isotope surfaces displaying regular spatial 

variation. All rocks adjacent to the Paroo Fault considered within this study have δ18O values 

less than 14‰. However, Figure 2.10 shows discrete, coherent zones of carbonate rocks with 

δ18O values less than 10‰. These zones are oriented along NW-SE and N-S trends that extend 

a maximum length of 1500 m. A zone with δ18O values between 10 and 11‰ confirms these 

trends and highlights a further subtle NE-SW trend. Both NW-SE and NE-SW trends broadly 

transgress the stratigraphy of the Mount Isa Group, which predominantly strikes N-S within 

the Isa valley. 
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2.5 Discussion 

2.5.1 Mechanisms of 18O-depletion and variation 

Fluid flow up a temperature gradient is a mechanism that could cause 18O-depletion of 

dolomite-rich wall rocks; however, the compressional tectonic regime under which alteration 

occurred, along with visible mineral alteration assemblages at Mount Isa, indicates this is 

unlikely. Reactive transport theory dictates that under conditions of thermal and kinetic 

equilibrium exchange between water and rock, fluid migrating up a temperature gradient, i.e., 

downward through a stratigraphic package or along a fault, will drive δ18O values downward 

(Dipple & Ferry, 1992b; Bowman et al., 1994) The magnitude of these shifts is a function of 

the profile of the geothermal gradient and the time-integrated fluid flux. Knoop et al. (2002) 

showed that a hypothetical system with time integrated fluid fluxes of 104 moles H2O/cm2, 

over a path length of 1-5 km, up a geothermal gradient of 30°C km-1 will lower the δ18O of 

wall rocks by 1–3.7‰. The parameters for this model are comparable to those predicted for 

Mount Isa (e.g., Matthäi et al., 2004). However, the resultant shift in δ18O is insufficient to 

account for the variation in oxygen stable isotope values observed. Additionally, this 

mechanism would require the siphoning of large volumes of shallow fluids derived from 

shallow crustal levels either against a lithostatic gradient or a phase of post-peak metamorphic 

extension or extensional reactivation along NW-SE trending faults that drew fluids downward 

(Oliver et al., 2006; Wilde, 2011). Moreover, it would be unlikely to result in the addition of 

~200 Mt of SiO2, which has been documented at Mount Isa (Waring, 1990). Up temperature 

fluid flow would not result in precipitation of SiO2 because quartz solubility increases with 

increasing temperature (Rimstidt, 1997). A more plausible mechanism for promoting 

systematic 18O-depletion in dolomite-rich rocks at Mount Isa is the influx of fluid from an 18O-

depleted source. 
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Infiltration of a hydrothermal fluid of fixed isotopic composition over a range of temperatures 

is another potential mechanism that could explain the variation in δ18O at Mount Isa. However, 

the range of temperatures required to account for the variation makes this process unlikely as 

a standalone mechanism. Heinrich et al. (1989) suggested temperatures ranging from 250 to 

350° C could account for isotopic variation observed in samples collected from within the 

silica-dolomite adjacent to the 1100 and 650 orebodies. However, subsequent isotopic analyses 

of widely spaced samples collected by Waring (1990) and later exploration activities require a 

much greater temperature range to explain the variation in δ18O presented in Figure 2.6, if fluid 

18O/16O composition was constant. Based on the total range of δ18O values within the area 

considered by this study (δ18O = 9.8 to >22‰ VSMOW), temperatures would have to vary by 

~210° C, based on the ∆dolomite-water of Horita (2014). To the north of the mine, variation in δ18O 

values would require a vertical geothermal gradient of 130° C km-1. Moreover, temperature 

variations predicted by assuming a fixed δ18O composition of hydrothermal fluid underestimate 

the longitudinal temperature variations compared with those measured by clumped isotope 

thermometry.  

Although nine clumped isotope thermometry analyses are insufficient to constrain changes in 

fluid isotopic composition across the entire system, they indicate that neither the temperature 

nor the fluid composition was constant between the sample locations. Consequently, we 

suggest that assuming the fixed isotopic composition of hydrothermal fluid across the system 

is an over simplification and does not fully explain 18O-depletion signatures or variation in 

carbonate-rich alteration at Mount Isa. 

Waring (1990) argued that 18O-depletion patterns at Mount Isa resulted from the isotopic 

exchange between 18O-depleted hydrothermal fluids and 18O-enriched dolomite reservoir 

during hydrothermal fluid infiltration. Reactive transport theory provides a framework with 

which to interpret alteration patterns resulting from fluid flow and reaction. Consequently, to 
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investigate the interpretation that isotopic alteration at Mount Isa results from infiltration of 

18O-depleted hydrothermal fluids and 18O-enriched host rocks, we compared observations from 

Mount Isa to results from one-dimensional reactive flow path models. 

Features of isotopic reaction profiles have been reviewed by Bowman et al. (1994), 

Baumgartner and Valley (2001) and Barker and Dipple (2019). Infiltration of hydrothermal 

fluids that are out of equilibrium with the surrounding rock will lead to the development of an 

isotopic front, like chromatographic fronts, which will propagate in the direction of fluid flow. 

During isotopic exchange, stable isotope ratios will change abruptly at the reaction front as the 

system strives to reach equilibrium. Upstream of the reaction front, the isotopic composition 

of the rock is altered toward equilibrium with the infiltrating fluid. Downstream of the reaction 

front, fluid will be altered toward equilibrium with the isotopic composition of the rock. 

Several physical and chemical processes operate to broaden fronts. In hydrothermal systems 

where large-scale fluid infiltration and isotopic alteration occur, hydrodynamic and kinetic 

dispersion processes dominate (Cathles, 1993; Bowman et al., 1994; Cathles, 1997). While 

hydrodynamic dispersion is the process of mixing due to the heterogeneity of fluid velocity on 

several scales and results in differing degrees of fluid/rock interaction, kinetic dispersion 

results when the sluggish exchange of stable isotopes between fluid and rock does not keep 

pace with the transport of stable isotopes by fluid flow (Bowman et al., 1994). Kinetic isotopic 

exchange occurs when the Damkohler Number of the system is less than 100 (Bowman et al., 

1994). The distance the reaction front travels is proportional to the time-integrated fluid flux, 

such that vigorous hydrothermal systems will generate large isotopic alteration footprints 

(Bickle & McKenzie, 1987).  

2.5.2 Model description and assumptions 

The model of Lassey and Blattner (1988) was implemented using the FORTRAN program of 

Knoop et al. (2002) to generate one-dimensional, δ18O versus distance profiles. This program 
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employs an algorithm from Lassey (1982) for evaluating the K function in equations (5a) and 

(5b) of Lassey and Blattner (1988). The model assumes isothermal fluid flow at 325° C, 

corresponding to a ∆dolomite-water of 5.6% (Horita, 2014); initial δ18O rock and fluid values of 

22.0‰ and 5.1‰ were chosen based on δ18O values for texturally unaltered dolomitic shale 

from areas removed from economic Zn-Pb-Ag and Cu mineralisation (Waring, 1990; 

Chapman, 1999) and δ18O fluid values calculated from oxygen isotope thermometry of quartz-

chlorite pairs in regionally altered Eastern Creek Volcanics (Hannan et al., 1993). Permeable 

porosity was set to 0.05, and a molar H2O volume of 22 cm3 was used (Burnham et al., 1969). 

Model curves were generated for a range of time-integrated fluid fluxes (TIFF) between 4 x 

103 and 5 x 104 mole H2O/cm2, the Damkohler Number (ND), the ratio between the rate constant 

for 18O exchange between fluid and rock, and the flowrate, was set at 5. The modelling 

produces values of rock and fluid during progressive fluid infiltration for a specific ND. 

To compare the results of one-dimensional reactive path models with δ18O values at Mount Isa, 

gridded data was extracted from the three-dimensional spatial interpolation of δ18O values. 

This approach attempts to approximate a representative elemental volume, as described by 

Bowman et al. (1994), by gridding the three-dimensional interpolant and laterally averaging a 

sufficient number of δ18O values over a sufficiently large area. Consequently, it is assumed that 

laterally averaged δ18O values will reflect the most representative permeability, flow velocity 

and fluid flux conditions (Bowman et al., 1994), and allow comparison to reaction path models. 

Two-dimensional grids of points were created at three different locations within the Mount Isa 

system to investigate δ18O variations along potential fluid flow paths (Fig. 2.11). Point grids 

were located perpendicular to the bedding, north of known copper mineralisation at 38,800 mN 

and through the centre of the 3500 and 3000 Cu orebodies at 36,750 mN. Another grid was 

located along a modelled surface representing the Bernborough Fault, a potential fluid flow 

pathway in the hanging wall of the 1100 orebody. Points were restricted to only the Urquhart 
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Shale. Each grid was evaluated against the δ18O interpolant, along with the distance function 

in Leapfrog Geo™ to determine the distance of each point from the Paroo Fault. Points were 

grouped by their distance from the Paroo Fault, and summary statistics were calculated for each 

group. 

 

Figure 2.11. Location of Point grids used to generate one-dimension oxygen isotope alteration profiles 

at Mount Isa. 

2.5.3 Model results and comparison with Mount Isa 

Results for one-dimensional reactive transport modelling calculated for TIFFs between 4 x 103 

and 5 x 104 moles H2O/cm2 at a ND of 5 are included in Appendix C. The one-dimensional 

reaction path curves generated by the FORTRAN program of Knoop et al. (2002) for a 

hydrothermal system with similar constraints to those documented at Mount Isa are presented 

in Figure 2.12A. Reaction path curves generated from the three-dimensional spatial 

interpolation of  δ18O values at Mount Isa are shown in Figure 2.12B. 
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Figure 2.12. Comparison of modelled one-dimensional oxygen isotope reaction curves and one-
dimensional δ18O alteration profiles at Mount Isa. (A) Comparison between equilibrium (ND = ∞) 
versus disequilibrium (ND = 5) fluid-rock isotope exchange during the infiltration of low-δ18O fluid 
through a homogenous, isothermal rock volume at time-integrated fluid fluxes between 4 x 103 and 5 x 
104 moles H2O/cm2. (B) One-dimensional oxygen isotope alteration profiles generated from spatially 
interpolated δ18O values as a function of distance from the Paroo Fault. δ18O alteration profiles show 
significant similarities to model reaction curves for disequilibrium isotopic exchange (ND = 5) at TIFF 
of 5 x 104 moles H2O/cm2. 

For a Mount Isa-type hydrothermal system, rock in equilibrium with the infiltrating 

hydrothermal fluids at the fluid input zone has a δ18O value of 10.7% (Fig. 2.12A). Comparable 

zones at Mount Isa, where δ18O values are less than 11‰, occur in metasediments directly 

above the Paroo Fault. Averaged δ18O values across fluid flow paths closely resemble modelled 
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curves when these values are plotted as a function of distance from the basement contact (Fig 

2.12B).  

The reaction fronts apparent in Figure 2.12B are broad and extend over ~2000 m. Unlike the 

sharp reaction front expected during equilibrium isotopic exchange (Fig. 2.12A), the reaction 

fronts at Mount Isa demonstrate evidence of dispersion. Since each point along the flow path 

in Figure 2.12B averages the δ18O values from a representative elemental volume, the effects 

of hydrodynamic dispersion are precluded (c.f. Bowman et al., 1994; Bear, 2013). 

Consequently, the observed dispersion is attributed to kinetic isotopic exchange effects. In 

systems where kinetic effects dominate, decreasing efficiency of isotope exchange between 

fluid and rock with respect to the rate of fluid flow results in restricted zones of rock in 

equilibrium with the infiltrating hydrothermal fluid. Consequently, although the ND of the 

Mount Isa system cannot be well constrained, the limited extent of rocks with δ18O values less 

than 11‰ indicate that isotopic disequilibrium prevailed during the development of the Cu-

forming hydrothermal system. This interpretation is further supported by observing ore-stage 

dolomite veins out of isotopic equilibrium with the metasediments that host them (Waring, 

1990), discussed further in Chapter Six. 

2.5.4 Fluid flow direction and pathways 

Large-scale patterns of oxygen isotope alteration in carbonates at Mount Isa can be explained 

by propagation of an 18O reaction front during the infiltration of isotopically light fluid into 

unaltered metasediments of the Mount Isa Group and progressive isotopic exchange between 

these two oxygen reservoirs. Reactive transport theory dictates that the fluid buffered region 

of the hydrothermal system is located upstream of the reaction front, adjacent to the start of the 

fluid flow pathways. As such, we interpret the fluid flow responsible for 18O-depletion in 

carbonate rocks at Mount Isa to have occurred in a predominantly upward direction from the 

Paroo Fault (Fig. 2.13). Not only do alteration patterns identify upward-directed fluid flow, but 


