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5 Analysis of fluid inclusions using advanced micro-analytical 

techniques (PIXE and LAICPMS) 

 

5.1 Introduction 

 

This chapter reports the use of the microanalytical techniques Proton Induced X-ray 

Emission (PIXE) and Laser Ablation Inductively Coupled Plasma Mass Spectrometry 

(LAICPMS), with the goal of obtaining detailed fluid inclusion compositions from five 

IOCG prospects in the Wernecke region. The integrity of the results is rigorously tested by 

close examination of the data and by comparison of results from the two techniques. The 

purpose of this process is to produce a reliable combined dataset of fluid compositions that 

can be used for further interpretation in Chapter 7. This dataset represents an important 

step in establishing: 1) the nature of the fluids responsible for brecciation, alteration and 

mineralisation; 2) the source of these fluids; and 3) the factors that influenced fluid 

compositions between their origin and entrapment. 

 

5.2 Proton Induced X-ray Emission (PIXE) 

 

5.2.1 Methodology 

PIXE analyses were performed on the CSIRO-GEMOC nuclear microprobe, North Ryde, 

Australia, with the assistance of Chris Ryan and Tin Tin Win. Fluid inclusions were 

analysed in carbon-coated double polished quartz wafers from the Slab, Igor, Hoover and 

Olympic prospects for Cl, K, Ca, Ti, Mn, Fe, Cu, Zn, As, Rb, Sr, Ge, Sb, Mo, Ba, Ta, Au, 

Pb, Bi and U. During analyses, a high energy beam of protons was focussed on individual 

inclusions within the sample. Upon bombarding the sample, the protons eject inner shell 

electrons, producing X-rays that are emitted at characteristic wavelengths for each element 

present. The high penetration of the protons makes the proton microprobe particularly 

suitable for the in-situ, direct, non-destructive analysis of unopened fluid inclusions (Ryan 
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et al., 1991). Although the microprobe poses a range of challenges it removes the necessity 

of extracting small amounts of fluid and contained solids from minerals (Campbell and 

Czamanske, 1998). The non-destructive nature of the microprobe permits re-analysis, or 

subsequent analysis of the same inclusions by other methods such as Laser Raman and 

LAICPMS. 

 

Greater uncertainties and higher detection limits are associated with analysis of the lighter 

elements, such as Cl.  This occurs as a result of their soft X-rays, which are more 

susceptible to attenuation by the host mineral  and which preclude quantitative analysis of 

elements lighter than Cl (atomic number <17) (Ryan et al., 1991). Accurate determination 

of fluid inclusion depth and geometry is therefore important for accurately measuring 

lighter elements, because even small errors translate into significant inaccuracies in 

concentrations. 

 

Results are returned not only in the form of elemental concentrations, but also colour 

images. These images produced through True Elemental Imaging provide a visual 

representation or map of elemental abundances within each inclusion (Ryan et al., 2001) 

(Figure 5.1). A key feature of these images is that they show the distribution of elements 

within fluid inclusions, which affords the technique a number of useful capabilities. The 

images allow accurate selection of the fluid inclusion area, which is often clearly marked 

by the occurrence of the major components in the liquid phase of the inclusion. In turn this 

allows the exclusion of contaminating solid phases in the host quartz close to the analysed 

inclusions in a process that is outlined below in Section 5.2.3. The images also allow 

identification of mineral phases within inclusions, as has been demonstrated in studies by 

Ryan et al., (2001) and Williams et al., (2001; 2004), where identification of multiple solid 

phases within fluid inclusions was successful. PIXE analyses were complemented by 

proton induced gamma-ray emission (PIGE), which was run simultaneously. In the PIGE 

technique, fast moving protons from the microprobe excite atomic nuclei, inducing nuclear 

reactions. These reactions yield gamma-rays which are detected with Ge(Li) detectors
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Figure 5.1: Representative PIXE images for inclusions in samples from the four Wernecke prospects Igor, Slab, Olympic and Hoover. These images provide a 

general overview of the major fluid characteristics and illustrate some of the variations between samples and prospects. Inclusion labels include the name of the 

prospect from which they were collected (DG=Igor and Oly=Olympic). Green ellipses represent fluid inclusion outlines. 
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(Anderson et al., 1989). Only light elements are suitable for PIGE analysis, rendering it a 

suitable complementary technique, since PIXE is ineffective for analysis of these lighter 

elements. Sodium falls in this category, and is a major element of interest since it is 

commonly the most abundant cation present in fluid inclusions. While the results obtained 

with PIGE are qualitative, it was employed here for its strength in imaging, as a tool for the 

identification of Na-bearing solid phases such as halite. 

 

5.2.2 Selection criteria 

Three criteria were devised for the selection of target inclusions. Firstly, in order to build 

on the information obtained from previous experiments, and to satisfy the previous 

selection criteria discussed in Chapter 4, inclusions considered for analysis were those 

already analysed by thermometry. Secondly, inclusions had to be shallow, ideally located 

within 10µm of the sample surface to limit the attenuation of X-rays in the host quartz. The 

third criterion for inclusion selection was high visibility, which was crucial for locating 

and targeting the correct inclusions. Suitable inclusion visibility was dependent on both 

size (10µm diameter minimum) and quartz transparency. 

 

5.2.3 Data Processing 

 

Isolation of inclusion signal 

PIXE images from each analysis were used to identify the precise positioning, and 

delineate the boundary, of each fluid inclusion. Element concentrations were then extracted 

from an elliptical zone chosen carefully to represent the fluid inclusion area. The signals of 

the major fluid-hosted elements (Cl, K, Ca and less commonly Mn and Fe) in conjunction 

with fluid inclusion photographs, were useful for marking the size and shape of the 

inclusion (see images in Figure 5.1). The Geopixe II software (Ryan et al., 1990) then 

excluded any element signals detected outside the ellipse from the calculations of element 

abundances. However, included within this ellipse were signals produced by the fluid 

inclusion contents, as well as the host mineral directly above and below the inclusion. To 
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obtain the concentration of elements from within the fluid inclusion only, a subtraction of 

the signal contributed by the host quartz was performed [(Fluid + Host) – Host = Fluid]. 

This process involved manually subtracting the host’s signal (obtained by isolating a blank 

zone beside each inclusion) from the original combined signal. 

 

Chlorine correction 

The first step in handling the initial dataset of concentrations was an assessment to identify 

any inclusions reporting unreasonable concentrations, particularly for Cl but also other 

elements. The initial PIXE data had unreasonably high chlorine values (commonly 40 to 

80 wt% Cl with some inclusions registering >100 wt% Cl) in comparison with salinity 

estimates from thermometry (13 to 27 wt% Cl). These consistently high Cl levels were 

indicative of a possible systematic error in the form of overestimation of depth 

measurements. 

 

The effect of depth uncertainties on Cl concentrations has been well documented by Ryan 

et al., (1991, 1993) and Heinrich et al., (1992), where it is noted that a plausible 2µm error 

in depth (at 10µm) can cause a 70% error in Cl concentration. Chlorine concentrations 

returned by PIXE analysis are plotted against inclusion depth for all analysed inclusions in 

Figure 5.2. A few inclusions reported Cl concentrations that lie below thermometry 

estimates of 13 to 27 wt % Cl, however most inclusions exhibit Cl levels above this range 

over the full range of inclusion depths, indicating that Cl has been consistently 

overestimated. The plot additionally shows that the deeper inclusions (>10µm) provided 

the highest and least valid Cl values (commonly >100 wt %). Inaccurate estimations of 

inclusion depth and thickness are likely to have caused over-correction for the absorption 

of chlorine’s X-rays by quartz, resulting in the elevated Cl levels, an effect that is 

exaggerated in deeper inclusions. 

 

Original inclusion depths were measured using an optical microscope that was capable of 

measuring differences in focal depth with graduated stage movement, while inclusion 

thicknesses (Z) were estimated based on the measured X and Y dimensions, with values set 

at Z=Y. This was noted as a suitable estimation by Ryan et al., (1991), because of the 
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difficulty of measuring Z accurately on an optical microscope. As established above, 

inaccurate inclusion depths were a major source of error, however, a feature of the Geopixe 

II software allows the analyst to adjust the depth and thickness parameters that are used for 

calculation of concentrations. These parameters were adjusted so that Cl concentrations 

(ClPIXE) agreed with those inferred from thermometric salinity estimates (Cltherm). The 

inaccuracy of Cl in some inclusions was too large to be corrected to acceptable levels using 

reasonable depth or thickness adjustments and these data were discarded. The correction 

process also has an effect on concentrations of other elements. Depth adjustments were 

observed to have a greater affect on the lighter elements, particularly Cl, and also K and Ca 

to some extent, but minor effects on the heavier elements, since their X-rays are far less 

susceptible to absorption with depth. However, all elements were reduced or increased 

proportionately with adjustments in inclusion volume. These observations are consistent 

with the principles outlined by Ryan et al., (1991). 
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Figure 5.2: Uncorrected Cl levels versus measured inclusion depth. The high Cl levels relative to 

thermometric estimates of 13 to 27 wt % Cl (marked with dashed lines) over the full range of inclusion 

depths indicates that Cl has been consistently overestimated (see text for further discussion). While these Cl 

concentrations were corrected for the shallower inclusions, the magnitude of error in Cl for depths >10µm 
was too great, and rendered these data unusable. 
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Further assessment 

In addition to corrections made for the host mineral and chlorine inaccuracies, a final 

round of rigorous assessment of the inclusion data was undertaken with the aim of 

identifying the more subtle interferences or inaccuracies in the results, and finalising a 

reliable dataset that could be used with confidence. In this process, the PIXE images and 

concentrations were scrutinised, along with photos of the inclusions. Images such as those 

displaying weak signals for major elements (indicating potentially marginal inclusion 

depth) or those with differential zoning of the major elements (due to possible 

contamination from a mineral phase close to the analysed inclusion), were inspected more 

closely to ensure their validity, and removed from the dataset where necessary. Out of the 

44 PIXE analyses performed, 26 were deemed to provide valid fluid inclusion 

concentrations. Most of the 18 analyses discarded were removed due to large errors 

brought about by: 1) depths greater than 10 µm; 2) small inclusion sizes <<10µm; and 3) 

external mineral contamination. 

 

5.2.4 Precision, Accuracy and Sensitivity 

 

Precision 

The precision of PIXE measurements has been quoted at 10-15% (Ryan et al., 1995). 

Perring et al., (2000) and Williams et al., (2001) also found duplicate analyses to be 

reproducible to about 10%. Precision estimates for analyses within fluid inclusion 

populations from the Wernecke samples are presented in Appendix G. Precision averaged 

27% for the major elements K and Ca, and 35% for heavier elements (Mn, Fe, Cu, Zn, As 

Br, Rb, Sr, Ba, Pb). These values are higher than the estimates of precision given above, 

however a component of the observed variations are likely to be due to natural 

compositional variations between individual inclusions rather than variances introduced by 

the analytical method. The precision values, which are based on standard deviations of the 

data, are closer to those in the range of 20 to 40% obtained by Ryan et al., (1993) in natural 

fluid inclusions. The main difference between the two studies lies in the fact that the 

Wernecke data commonly showed higher levels of precision for the lighter elements (e.g. 

K, Ca) whereas the opposite was true in the abovementioned study. The most likely cause 
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is that the heavier elements were often present in trace amounts close to detection limits 

and so larger relative variations are observed. Note that while Cl concentrations gave the 

best precision (mean ~8%), these values are artificial, since Cl values have been 

standardised to thermometry-determined Cl levels. 

 

Accuracy 

Accuracies of 10-15% were achieved in synthetic fluid inclusions by Ryan et al., (1995), 

with an increase to 30% for lighter elements such as Cl and for inclusions with daughter 

minerals. In natural fluid inclusions, Ryan et al., (1993) estimated uncertainties (1σ) of 

approximately 40% for Cl, and 20-30% for heavier elements which are affected less by 

inclusion depth and geometry. Their study employed stringent selection criteria on 

inclusion shape, geometry and especially depth, and used the standard deviations in the 

dataset as an indication of the probable error in the analyses. 

 

The analytical uncertainties for the Wernecke analyses are presented in Appendix H, and 

encompass statistical and spectra fitting errors, and filter absorption uncertainties (Ryan et 

al., 1995). Relative errors for major elements (Cl, K, Ca, Mn and Fe) were low (mostly 

between 1 and 7%), because of the high concentrations relative to absolute errors, 

comparing favourably with errors of 5% quoted by Ryan et al., (1993). Absolute error 

values were significantly lower for the trace elements (Cu, Zn, As, Br, Rb, Sr, Ba and Pb) 

(commonly 30 to 80ppm), however they translated to higher relative errors (often tens of 

percent) due to their low abundances, often lying close to detection limits. Absolute error 

values were similar for inclusions from each prospect except Hoover, which returned error 

values approximately double those of the other prospects. Slab inclusions had the lowest 

relative errors. This was partly because element concentrations were generally higher than 

for other prospects, but also because Slab inclusions contained the highest amounts of 

analyte of all the prospects, owing both to the higher fluid salinities and the much larger 

inclusion sizes (20 to 50µm). Conversely, the inclusions measured by PIXE in the Hoover 

sample were the smallest inclusions attempted (~5µm). This difference in inclusion size 

translates to a dramatic difference in the amount of analyte available, for example, an 

inclusion even half the diameter of another contains only 1/8
th

 the amount of fluid. 
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The error estimations above however, do not take into account some of the major sources 

of error in the experiment. A major source of error in the overall PIXE methodology is the 

deviation of inclusion geometry from modelled geometry, and errors in the measurement 

of inclusion depth and thickness (Heinrich et al., 1992; Ryan et al., 1993). Heinrich et al., 

(1992) suggested that geometry-related errors may exceed 20%, and in this study 

geometry-related errors of similar magnitudes were commonly observed. A critical part of 

the methodology used however, was the correction of these errors where possible by fixing 

chlorine values to those calculated from thermometry, as outlined in Section 5.2.3. This 

process ensured that geometry-related errors were drastically reduced to below 5%, 

however this also meant that the accuracy of PIXE results became dependent on the 

accuracy of thermometrically determined salinities. A ±5 to 12% uncertainty was therefore 

introduced from this source alone. Added to inherent error levels associated with PIXE 

analysis (mostly 1-7%; Appendix H) the total average error estimate for analyses (although 

different for each element) was ±11 to 24% [(5%) + (5 to 12%) + (1 to 7%)].  

 

These errors are general agreement with both the abovementioned uncertainty estimates of 

Ryan et al., (1993) (20 to 40%) and are slightly lower than the mean RSDs of 27 and 35% 

calculated for the major (K, Ca) and heavier elements respectively in the Wernecke dataset 

(which include natural variations in fluid inclusion composition). Elemental ratios are 

subject to smaller errors than elemental concentrations, because any volumetric errors have 

a consistent effect on the concentrations of all elements, and depth and Cl errors have 

similar effects on elements of similar atomic number, therefore the largest sources of error 

are minimised when element ratios are used. 

 

Sensitivity 

Ryan (1999) reported that detection limits (99% confidence limits) of 20-50 ppm for a 

wide range of elements can be achieved, calculated using signal to noise ratios. More 

recent studies such as by Perring et al., (2000) and Williams et al., (2001) have reported 

detection limits mostly <100 ppm and <200 ppm respectively. The minimum detection 

limits (MDL) for each Wernecke inclusion analysed are presented in Appendix I. Average 
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detection limits for the major elements Cl, K, and Ca were 2270, 510, and 330 ppm 

respectively, and all inclusions returned concentrations well above these detection limits. 

In general, detection limits, along with uncertainties, are lower with increased atomic 

number and with increased inclusion size. This was true in the present study, as greater 

sensitivities were achieved in analyses of Mn, Fe, Cu, Zn, As and Br, which is fortunate 

because these elements were commonly present in trace amounts. Their MDLs are reported 

as low as 30ppm with a mean of 90ppm in Igor, Slab and Olympic (1a, 1b) inclusions and 

a mean of 220ppm for the smaller Hoover inclusions and Olympic (2i, 2m, 2n, 2o) 

inclusions. The PIXE technique was not as sensitive to Rb, Sr, Ba and Pb, with mean 

MDLs of 170, 190, 520 and 180ppm respectively, and Hoover and some Olympic analyses 

again returning the higher detection limits.  

 

5.2.5 PIXE Results 

 

General fluid character and imaging 

PIXE analyses of seven samples from four Wernecke IOCG prospects returned absolute 

concentrations for Cl, K, Ca, Mn, Fe, Cu, Zn, As, Br, Rb, Sr, Ba and Pb, as presented in 

Table 5.1. Other elements Ti, Ge, Sb, Mo, Ta, Au, Bi and U were not detected in any 

inclusions and are not included in this table. Images of representative inclusions from each 

of the analysed samples are shown in Figure 5.1. Images for all inclusions in Table 5.1 can 

be found in Appendix J. 

 

PIXE signals for all elements clearly occupy the entire inclusion area, indicating that they 

invariably exist as dissolved components in the fluid phase of the inclusions. PIGE 

imaging in some Slab inclusions also identified Na. These images reveal that in each 

halite-bearing inclusion Na is concentrated in a zone of the inclusion corresponding with 

the halite daughter mineral phase. Detection of Na was made possible due the larger size of 

the Slab inclusions and of the halite crystals in particular. 

 

As well as showing the distribution of elements, the PIXE images highlight the major fluid 

characteristics. The relative colour scheme allows for easy qualitative comparison between 
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the abundances of different elements, and between the inclusions from different samples or 

prospects. The major fluid components are immediately apparent, with Cl, K, and Ca 

signals clearly present in images from each prospect. The signals are strongest for Cl and 

Ca, and this observation is consistent with the basic compositions that were inferred by 

thermometry experiments. The images for inclusions from the Slab prospect show visible 

signals for the greatest number of elements with Cl, K, Ca, Mn, Fe, Zn, Br and Sr signals 

clearly discernible. There is a notable disparity between the images of two groups of 

inclusions in sample OY94-3-24.70 (herein abbreviated to OY94). Images of LV±H 

inclusions 2i, m, n and o have clear Cl, K, Ca, Mn, Fe and Zn signals with more intense Fe 

than any other inclusions, while images of LVH inclusions 1b and 1c only show Cl, K and 

Ca. This is not to say that none of the additional metals exist in inclusions 1b and 1c, but 

the images suggest they are significantly less abundant. Hoover images also show 

significant signals for only the three major elements, while Igor images are similar but 

appear to show significant Br in addition to Cl, K and Ca. 

 

 

Element concentrations 

 

Major elements 

PIXE Cl values were adjusted to concur with thermometric estimates of salinity as 

discussed in Section 5.2.3, and range from 13 to 26 wt %, with the most saline Slab fluids 

returning the highest Cl values. The PIXE technique did not report Na concentrations, so 

the Na values in Table 5.1 were calculated by mass balance, based on the abundances of all 

other cations present relative to the amount of Cl. Igor, Hoover and selected Olympic (1a, 

1b) Na values agreed closely with Na estimates calculated from thermometry experiments, 

while values from Slab and from Olympic (2m, 2n, 2o) inclusions were mostly 40 to 50% 

lower than thermometric estimates (see Table 5.1). These disparities occurred because 

thermometrically determined Cl estimates were balanced against Na and Ca only. These 

same Cl estimates were used to standardise PIXE concentrations, but were balanced 

against all detected cations (K, Ca, Mn, Fe, etc). Sodium concentrations were then 

calculated based only on the remaining Cl, and were therefore lower. This effect became 
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an issue when cations other than Na and Ca occurred in significant amounts (i.e. higher K 

levels in the Olympic and Slab inclusions noted above). While any over or underestimation 

of Cl concentrations from thermometry is transferred proportionately to Na, any 

overestimation of element (cation) concentrations due to standardisation or contamination 

issues will directly reduce Na calculated by mass balance. 

  

Slab Ca levels reported by PIXE agreed closely with thermometry estimates of ~8.5 wt %. 

Inclusions from other prospects generally had lower PIXE Ca concentrations, which 

ranged from 25 to 60% of thermometric Ca estimates. This disparity may be a product of 

inaccuracies in thermometric Ca determination, since calculations are sensitive to small 

differences in ice melting temperature, however this does not explain the consistent 

overestimation of Ca. Another possibility is that PIXE has underestimated Ca in smaller 

inclusions, and this will be further tested by comparison with LAICPMS results (Section 

5.4). Igor DG9-13 LV inclusions for which Ca was not detected during thermometry 

returned Ca levels up to 0.6 wt % Ca. These were not identified as calcic fluids because the 

melting of antarcticite was not observed, as might be expected for fluids with low Ca 

concentrations since the amount of antarcticite present would be minute, especially in 

small inclusions. 
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Inclusion Inclusion Timing Thermometry estimates    PIXE concentrations (ppm) Br/Cl

Prospect Sample Number Type Na Cl Ca    Na^ Cl K Ca Mn    Fe   Cu  Zn  As Br Rb Sr Ba Pb (x1000) Ca/K Mn/Fe Zn/Pb Cu/Zn

Igor DG8-9 B10a L+V S 7.9 15.4 3.7 92900 177800 5230 16860 <100 <100 <290 <320 <550 <2190 <8120 <8360 <2300 <5140 <5.47 3.22

DG8-9 B15 L+V S 7.9 15.4 3.7 82700 160000 2970 16970 <170 <150 <150 <130 <110 410 <484 <450 <1110 <330 1.14 5.71

DG9-13 b1 L+V S 8.7 13.3 0.0 76400 130300 3100 5790 <60 <60 <90 <170 <80 1120 <260 <684 <600 <390 3.81 1.87

DG9-13 b11 L+V S 8.5 13.0 0.0 83900 139900 2530 4850 <20 80 100 120 <60 760 <140 <536 <490 <192 2.41 1.92 <0.27 >0.15 0.83

DG9-13 b16 L+V S 8.3 14.7 1.1 75400 149300 1590 12750 40 780 <50 230 <90 <540 <180 <848 14950 <177 <1.60 8.02 0.05 >0.21 <0.31

DG9-13 b18 L+V S 9.0 13.9 0.0 78800 131300 2240 4520 <10 90 <30 <30 90 690 <100 <484 <260 <146 2.33 2.02 <0.12

DG9-13 b2 L+V S 8.6 13.2 0.0 75800 129500 3260 5680 <30 210 <100 <80 <40 860 <200 <545 <600 <429 2.95 1.74 <0.16

DG9-13 b6 L+V S 8.7 13.3 0.0 84900 142900 3210 5440 <60 600 <160 <180 <110 1120 <220 <485 <1120 <384 3.48 1.69 <0.10

Slab Slab SW 5c L+V+H P 6.7* 25.3* 8.5* 57300 260000 18490 82380 4740 1430 190 300 <30 2190 390 2040 <510 <70 3.74 4.46 3.31 >4.42 0.63

Slab SW 5g L+V+H P 6.7* 25.3* 8.5* 44900 232900 15030 77580 6170 2040 470 300 <80 2810 620 2720 <560 270 5.35 5.16 3.02 1.12 1.57

Slab SW 5i L+V+H P 6.7* 25.3* 8.5* 45600 210000 11450 68800 4530 900 <140 550 <90 1470 <410 1180 <1410 <210 3.11 6.01 5.03 >2.68 <0.88

Slab SW 5t L+V+H P 6.7* 25.3* 8.5* 20600 220200 19080 91020 5570 1330 90 350 <70 2450 630 3590 <520 <270 4.94 4.77 4.19 >1.3 0.26

Slab SW 5w L+V+H P 7.5 27.5 9.0 39400 248200 18580 90970 6420 1820 <190 540 <130 3420 1000 5510 <1070 <460 6.11 4.90 3.53 >1.17 <0.66

Slab SW 6d L+V+H P 6.7* 25.3* 8.5* 43800 203600 23650 60790 3040 1910 <70 180 <50 1160 400 910 <660 <130 2.53 2.57 1.59 >1.42 <0.37

Slab SW 6e L+V+H P 6.7* 25.3* 8.5* 62200 235700 17690 66580 3010 1040 <30 90 <20 1410 <180 1290 460 <110 2.65 3.76 2.89 >0.83 <0.34

Olympic OY94-3-24.7 1b L+V+H P 9.0* 15.9* 1.1* 107200 179700 6910 4040 140 560 <90 140 <70 210 <230 <190 <560 380 0.52 0.58 0.25 0.38 <0.64

OY94-3-24.7 1c L+V+H P 9.0* 15.9* 1.1* 110900 174800 1690 1210 <50 <50 <50 <50 <40 130 <110 130 <320 330 0.33 0.72 <0.15

OY94-3-24.7 2i L+V P? 10.5 16.2 1.1 93200 167000 19950 2600 <120 <90 1040 <100 <90 <190 <360 <350 <920 240 <0.50 0.13 <0.41 >10.46

OY94-3-24.7 2m L+V+H P 8.7* 22.3* 5.1* 41900 176700 58540 14000 4950 17430 <250 1920 <180 <350 <890 1130 5350 880 <0.88 0.24 0.28 2.19 <0.13

OY94-3-24.7 2n L+V+H P 8.7* 22.3* 5.1* 74300 221200 60890 12500 4500 13490 <240 1880 <140 <300 <1000 1280 6400 <680 <0.60 0.21 0.33 >2.78 <0.13

OY94-3-24.7 2o L+V+H P 8.7* 22.3* 5.1* 52500 178000 57580 11830 3840 13010 <310 1520 <180 <300 <850 950 <1830 820 <0.75 0.21 0.30 1.86 <0.2

Hoover JH01-5-7A 1-q L+V+H PS 9.4 24.8 5.8 74100 186300 11310 32120 420 3500 <200 <190 <170 1330 <850 730 <1280 <610 3.17 2.84 0.12

JH01-5-7A B-b L+V+H PS 10.2* 23.4* 4.3* 104600 194800 11620 13050 <230 <200 <210 <200 160 400 <670 <630 <1540 <440 0.91 1.12

JH01-5-7A B-g L+V+H? PS 10.2* 23.4* 4.3* 107000 215300 18720 16270 850 1650 <260 360 <210 <430 <890 1230 <1570 <680 <0.89 0.87 0.52 >0.53 <0.73

JH01-5-7A B-i L+V+H? PS 10.2* 23.4* 4.3* 87700 165500 14320 9310 260 <150 <160 <150 <110 <190 <490 610 <1170 <290 <0.51 0.65 >1.81

JH01-5-7A B-m L+V+H? PS 10.2* 23.4* 4.3* 113000 210800 14360 12890 <160 <140 <160 260 120 <210 <530 680 <960 <380 <0.44 0.90 >0.67 <0.61

JH01-5-7A B-n L+V+H? PS 10.2* 23.4* 4.3* 109600 199200 12950 10410 <300 <260 <260 <230 220 <450 <830 <880 <1900 <600 <1.00 0.80  

Table 5.1: PIXE data. Estimates from thermometry are given in wt %. Zero values for Ca (Igor) are given where Ca presence was undetected in thermometry 

experiments. *Salinity estimates from mean values. ^ Sodium concentrations were not directly determined by PIXE analyses, but were derived using mass balance, 

based on the levels of the other cations present relative to the major anion chlorine. Values marked with < denote the detection limit, which the element 

concentration does not exceed for that inclusion. Underlined values have been affected by contamination from nearby mineral inclusions (e.g. chalcopyrite). Ratios 

are left blank where both elements are BDL. Br/Cl values are molar ratios. 
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Potassium and Ca are major fluid components in all the fluid inclusions analysed. 

Concentrations are generally consistent in each sample but their concentrations vary 

significantly between samples from the different Wernecke prospects (Figure 5.3a). 

Concentrations for both elements are comparatively high in Slab LVH inclusions, ranging 

from 1.1 to 2.4 wt % and 6.1 to 9.1 wt % respectively, and Ca is clearly more abundant 

than K, with Ca/K ratios in the range of 2.6 to 6 (mean=4.5). The variation of Ca/K ratios 

between prospects can be seen more clearly in Figure 5.3b, which shows Mn/Fe vs Ca/K. 

All analysed LVH inclusions from the Igor prospect also exhibit higher Ca than K, with 

ratios from 1.7 to 8 (mean=3.3), however concentrations are among the lowest of all the 

prospects (K concentrations 0.16 to 0.32 wt % and Ca from 0.45 to 1.3 wt %). The Hoover 

LVH inclusions plot in a zone in between with K values of 1.1 to 1.9 wt % and Ca 0.9 to 

1.6 wt %. The Olympic LVH data are split into two groups, due to three inclusions (2m, 

2n, 2o) having much higher K values than any others analysed (5.8 to 6.1 wt %). These K 

levels contrast with the low levels in other Olympic LVH inclusions (1b, 1c) (as low as 

0.17 wt %) and Ca levels are also higher than for 1b and 1c (1.2 to 1.4 compared to less 

than 0.4 wt % Ca). While the K and Ca concentrations of Olympic inclusions vary widely, 

their Ca/K ratios group them tightly and distinguish them from all other prospects, being 

the lowest in the dataset (0.2 to 0.7). 

 

Manganese and Fe concentrations are plotted in Figure 5.3c. Slab LVH and Olympic  LVH 

inclusions (2m, 2n, 2o) clearly contain the highest levels of Mn (between 4000 and 

6200ppm). These concentrations are markedly higher than those at other prospects. Igor 

LV and Olympic LVH (1b, 1c) inclusions have the lowest Mn levels, close to or below 

detection limits (Igor <60ppm and Olympic <150ppm) while Hoover LVH values were 

also near or below MDLs, with a maximum of 850ppm Mn. Olympic LVH inclusions (2m, 

2n, 2o)  contained the highest Fe concentrations, with 13000 to 17400ppm. Slab values 

range from 900 to 2040ppm with the other prospects mostly returning lower values (Igor 

from <60 to 780ppm; Hoover <260 except for two values of 1650ppm (B-g) and 3500ppm 

(1q); and Olympic 1b and 1c were 560ppm and <50 ppm respectively). Mn/Fe ratios vary 

widely between prospects, and are highest in the Slab LVH inclusions, with Mn/Fe of up to 

5 (Fig. 5.3b). The lowest Mn/Fe ratios are seen in Igor LV inclusions. Most values 
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approximate to 0.1, and are likely even lower as they were calculated using MDL as upper 

estimates for Mn. Olympic LVH inclusions have low and consistent Mn/Fe ratios (0.25 to 

0.3), despite widely varying concentrations (as noted for Ca/K ratios). The data for Hoover 

is spread either side of Mn/Fe=1, but the sparse, inconsistent data points do not allow 

characteristic Mn/Fe values to be determined for this inclusion population. 

 

Other metals 

Copper levels are generally low, lying close to or more commonly below detection limits 

(Table 5.1). Igor LV and Hoover LVH inclusions contain <170 and <260ppm Cu 

respectively, while Slab LVH inclusions gave values up to 470ppm. Olympic values were 

<300ppm (BDL), except for one LV inclusion (2i). Copper concentration of 1040ppm was 

reported for this inclusion, however the PIXE image for this analysis suggests a Cu 

contaminant is responsible for this value (i.e. a Cu-bearing mineral inclusion that lies 

above or below the fluid inclusion). Rather than regular distribution of Cu over the 

inclusion area as would be expected for a LV inclusion, the image shows a small 

concentrated zone close to the inclusion boundary. 
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Figure 5.3: a) Scatter plot illustrating the large variation in K and Ca concentrations between samples from 

different Wernecke prospects; b) this scatter plot of Mn/Fe vs Ca/K reveals some major differences between 

the fluids of each Wernecke prospect. Inclusions for which both Mn and Fe were below detection are absent 

from this plot; c) Mn vs Fe scatter plot. Detection limits have been used as upper estimates for element 
concentrations for some inclusions. Arrows indicate where minimum detection limits (MDLs) have been 

used, and in these cases concentrations lie somewhere between the MDL and zero. 
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Maximum Zn levels in Igor, Hoover and Olympic (1b, 1c, 2i) inclusions were 230, 360 and 

140ppm respectively, with the majority of analyses below detection limits (Table 5.1). All 

Slab inclusions returned Zn concentrations above detection limits, ranging from 90 to 

550ppm. Olympic inclusions 2m, 2n and 2o were highest in Zn, with concentrations 

between 1520 and 1920ppm, causing them to group in a tight cluster away from inclusions 

from other prospects and notably distinct from the other three Olympic inclusions (Figure 

5.4a). Lead is below detection limits (MDL = 70 to 700ppm) for all except the Olympic 

inclusions (240 to 880ppm) and one Slab inclusion at 270ppm. The inclusions with Zn 

above detection limits, such as LVH inclusions from Slab and Olympic (2m, 2n, 2o) have 

Pb/Zn ratios <1. 

 

Rubidium is found above detection limits in only the Slab LVH inclusions, with 

concentrations up to 1000ppm. These inclusions also contain the highest Sr levels (900 to 

5500ppm), giving a mean Sr/Rb ratio of ~5. Rubidium is <360ppm in Olympic inclusions 

1b, 1c and 2i, and Sr <350ppm. Both Rb and Sr are below detection in Igor LV inclusions 

where detection limits are unusually high (up to 3570 and 3850ppm respectively), while 

the other Olympic (2m, 2n, 2o) and Hoover LVH inclusions contain similar Sr levels up to 

1280ppm with Sr>Rb. There is a general positive correlation in Slab inclusions between 

Rb and Sr in Figure 5.4b. Note that most data from other samples are based on detection 

limits and are included in this plot as a guide to maximum values only. The MDLs of the 

PIXE technique do not allow clear relationships to be defined for these low abundance 

elements. 

 

Barium is also below detection for the majority of inclusions, with detection limits mostly 

in the range 500 to 1500ppm (Table 5.1). Two Olympic LVH inclusions (2m, 2n) display 

significant Ba levels of 5300 and 6400ppm, while one Slab LVH inclusion (6e) contains 

460ppm. A single Igor LV inclusion (DG9-13 b16) returned the highest Ba concentration 

of 15000ppm and the PIXE image shows that Ba is indeed concentrated throughout the 

inclusion. Barium may be present in all the analysed fluid inclusions, but its determination 

is hindered by the lack of sensitivity of the PIXE technique to this element, and it was 

detected only in the inclusions richest in Ba. PIXE sensitivity was also inadequate to 

measure U concentrations. Uranium was below detection limits in all inclusions (MDL 

ranged from 100 to 300ppm). 
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Figure 5.4: a) Pb vs Zn scatter plot illustrating the mostly low concentrations of these elements and broad 

differences in Pb/Zn ratios, however accurate ratios cannot be determined because many values are BDL. b) 

Sr vs Rb scatter plot showing a positive trend defined by the Slab data (Sr/Rb ≈ 5). Many of the data points 

for samples from other prospects are below detection limits (BDL). These high detection limits illustrate the 

lack of sensitivity of the PIXE technique to these elements and prevent determination of accurate Sr/Rb 

ratios. 

 

Halogens 

Chlorine and Br concentrations are presented in Table 5.1. Slab fluids contained the 

highest Br levels from 1160 to 3420ppm, while Igor fluids returned values of 410 to 

1120ppm. The significant levels of Br in fluids from these two prospects give them high 

Br/Cl molar ratios up to 3.8 x10
-3

 for Igor and up to 6.1 x10
-3

 for Slab inclusions. Bromine 

was near or below detection limits in Olympic inclusions (maximum concentration of 

210ppm), and was below detection in most Hoover inclusions, although minimum 
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detection limits (MDLs) were as high as 450 ppm. Two Hoover LVH inclusions (B-b and 

1q) returned Br concentrations above MDLs (400 and 1330ppm respectively). The lower 

Br values in Olympic and Hoover inclusions resulted in Br/Cl molar ratios of less than 1 

x10
-3

 in all but one inclusion. The halogen data is scrutinised in Figure 5.5 which displays 

the relationship of the Wernecke Cl and Br data to the seawater evaporation trend (SET) 

(Fontes and Matray, 1993), and highlights some major differences between the prospects. 

Igor and Slab fluids plot in the region of bittern brines, which are formed by extensive 

evaporation of seawater past the point of halite precipitation, resulting in a fluid rich in Br 

relative to Cl. Hoover and Olympic fluids plot further to the left, along the halite 

dissolution trend. Data points with arrows were plotted using MDLs as maximum 

estimates for Br, and so in reality will plot even further to the left along the halite 

dissolution trend. 

 

PIXE halogen results from each prospect (although mostly from different samples) agreed 

reasonably well with additional halogen analyses from the same prospects undertaken in a 

parallel study using extended Ar-Ar methodology (Kendrick et al., 2008). As illustrated in 

Figure 5.5b (and discussed further in Chapter 7), Log Br/Cl ratios fall in a similar range for 

both techniques in Igor and Hoover samples. Values in Olympic samples differ, but are 

consistently below seawater values (in the halite dissolution range) for both techniques. 

There is a discrepancy however between the two sets of Slab data. The PIXE data have a 

higher Br/Cl ratio (bittern brine signature) with high Br concentrations relative to other 

prospects, while the Ar-Ar data have much lower Br/Cl in the halite dissolution range. 
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Figure 5.5a: Log Cl vs Log Br plot depicting PIXE halogen data. SET represents the seawater evaporation 

trend (from Fontes and Matray, 1993). Slab and Igor data are consistent with the halogen compositions of 

bittern brines, while Olympic and Hoover inclusions exhibit characteristics of fluids influenced by halite 
dissolution. Data points marked with arrows represent inclusions for which Br detection limits were used as 

upper concentrations. These data points could lie anywhere between their plotted Br values and zero. 

*Modern seawater. ^Seawater evaporated to the point of halite precipitation. 
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Figure 5.5b: Comparison of Log Br/Cl values obtained by extended Ar-Ar methodology (listed by prospect 

and sample number) and PIXE (labelled PIXE Igor etc). Ellipses group data from the same prospect and 

demonstrate the similar results obtained with both methods. Slab data however are widely spread, either side 

of the seawater Br/Cl value.  

 

 

This discrepancy is notable because the analyses were performed on quartz from the same 

sample. There are three possible causes, which have been considered below: 1) unreliable 

PIXE analysis; 2) unreliable Ar-Ar analysis; or 3) sampling of two fluid types in the one 

sample.  

1) The reliability of PIXE analysis within the analysed Slab fluid inclusion population 

is supported by a number of factors: results correlate well with thermometric data 

(Cl and Ca concentrations; see Table 5.1); Br concentrations are consistently high 

(>1000) in inclusions in the same population; and PIXE images consistently show a 

clear Br signal that is evenly distributed through the FI area, and stronger than in 

lower-Br inclusions from other prospects). Fluid inclusion petrography (LVH 

inclusions) and thermometry results are also consistent throughout the population.  

2) The main source of uncertainty in the Ar-Ar analysis lies in uncertainty over the 

fluid material that has been analysed, since it is a bulk crushing/heating technique. 

The comparison of PIXE and Ar-Ar results shown in Figure 5.5b reveals no 

systematic under or overestimation by either technique, and therefore a large 

discrepancy between the two techniques for the same population of Slab inclusions 

seems unlikely. This suggests a third possibility that more than one fluid type may 

have been sampled in the slab analysis. 

3) Although only one fluid inclusion type was observed petrographically in the Slab 

sample, the sampling of more than one fluid inclusion population is possible. The 

halogen results reported by Kendrick et al., (2008) are outlined in detail in Chapter 

7, and the abovementioned possibilities will be discussed further and put into 

geological context, along with further discussion of fluid sources. 
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5.3 Laser Ablation-Inductively Coupled Plasma-Mass Spectrometry 

 

5.3.1 Methodology 

Laser ablation-inductively coupled plasma mass spectrometry (LAICPMS) was performed 

at the Research School of Earth Sciences (RSES), ANU, Canberra in collaboration with 

Thomas Ulrich. A high intensity, pulsed 193nm Lambda Physik LPX120i ArF excimer 

laser of 30 to 40 µm diameter (adjusted depending on inclusion size) was focussed on the 

sample surface.  Each pulse vaporised a small portion of the sample, effectively boring into 

the host mineral until the target fluid inclusion was reached and vaporised. The destructive 

nature of laser ablation meant that any analyses with other techniques (e.g. Laser Raman, 

PIXE) necessarily preceded LAICPMS. Inclusions were sampled by direct opening with a 

beam diameter greater than that of the inclusion. Alternate sampling strategies are 

sometimes used (Gunther et al., 1998) to avoid uncontrolled or explosive opening of 

inclusions, but direct opening works well for minerals lacking cleavage (such as quartz) 

and for inclusions at significant depths below the mineral surface (Gagnon et al., 2003). 

This direct opening method, while more prone to uncontrolled ablation, delivers more 

rapid sampling, which improves limits of detection by increasing the signal to background 

ratio, and also gives simpler, more easily interpreted and integrated spectral signals 

(Gagnon et al., 2003). 

 

The ablated material was then transported to the Agilent 7500s ICPMS using a mixed 

argon-helium carrier gas. The recent inclusion of helium in this mixture has been shown to 

result in a 2 to 5 times increase in analytical sensitivity due to increased transport 

efficiency of the ablated material to the ICPMS (Eggins et al., 1998; Gunther and Heinrich, 

1999; Gunther, 2001). Upon reaching the ICPMS it was analysed simultaneously for Na, 

K, Ca, Ti, Mn, Fe, Cu, Zn, As, Rb, Sr, Sb, Ba, Ta, Au, Pb and Bi. While this list represents 

a wide range of elements, spectral interferences within the ICP-MS mean there are 

limitations to the analytes that can be measured accurately (Gagnon et al., 2003). 

Consequently, the most abundant isotope for some elements cannot be used for analysis 
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(e.g. Ca
43

 is analysed instead of Ca
40

), and some important elements of geological interest 

such as sulphur, chlorine and bromine cannot be measured (Gunther, 2001).  

 

The technique was time efficient, with the ability to analyse a large number of samples 

quickly. Quotes of up to 30 inclusions/hour by Wilkinson et al., (1994) are theoretically 

possible, as analyses typically took 2 minutes each, however extra time was required for 

inclusion targeting which was often difficult, and for changing samples, meaning 10 to 15 

inclusions/hour was more realistic. Samples required minimal preparation, since wafers 

from the same double-polished thin sections used in thermometry and PIXE experiments 

were analysed. 

 

5.3.2 Selection criteria 

The selection criteria for inclusions were similar to those for PIXE, with highly visible 

inclusions favoured. Those selected, where possible were those previously analysed by 

thermometry and/or PIXE, however this often proved difficult for two main reasons. 

Firstly, the optics coupled with the LAICPMS at ANU did not give sharp images at high 

magnifications, making it difficult to target pre-identified fluid inclusions, especially 

smaller inclusions (<10µm). Secondly, whereas shallow inclusions were essential for PIXE 

analyses, LAICPMS was better suited to deeper inclusions. While very few inclusions 

could be accurately measured by both techniques, the ability to analyse deeper inclusions 

meant that greater numbers of inclusions were made amenable to analysis than for PIXE. 

 

Shallow inclusions 

Analyses of shallow inclusions by LAICPMS can be subject to inaccuracies due to their 

increased susceptibility to surface contamination. The main source of surface 

contamination is the film of residue of ablated material that is commonly deposited on the 

sample surface surrounding ablation holes (Eggins et al., 1998). The contents of deeper 

inclusions are readily distinguished from any spectral signals resulting from surface 

contamination as illustrated by the example shown in Figure 5.6a. The signals given by 

surface contaminants and shallow inclusions respectively can be superimposed or 

overlapping and can be difficult or impossible to resolve during processing. This issue is 
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illustrated by the spectral signal shown in Figure 5.6b. In such cases there is a risk that 

contamination may be mistakenly incorporated into the inclusion compositions. 
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Figure 5.6: a) The spectrum of inclusion Slab 3c displays obvious peaks at the beginning of the analysis, 

indicating that surface contamination has occurred. These are distinct from later peaks representing the 

inclusion contents because the inclusion is deep (160 µm). b) the spectral signal of a shallow inclusion Slab 

5c (depth 18 µm), for which any surface contamination is unresolvable from fluid inclusion contents. 
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Shallow inclusions are also more prone to uncontrolled (explosive) opening, and such an 

event typically results in a loss of a portion of the fluid inclusion contents. Where 

inclusions contain a liquid and solid phase, unrepresentative sampling of the inclusion is 

likely, for example the partial loss of daughter minerals can occur during ablation (Audetat 

et al., 2000). The rapid release of inclusion contents also causes shorter sampling times, 

which result in less accurate quantification. 

 

There are also analytical issues associated with the analysis of deep inclusions, and some 

evidence has been reported for differential ablation occurring in deep ablation pits (Allan 

et al., 2005). However, deeper target inclusions were preferred because of their relative 

abundance, and because they were deemed less problematic than shallow inclusions. 

Despite the known issues, analysis of some shallow inclusions (<10 µm) was attractive 

considering many had been analysed using PIXE, and dual analysis would be useful for 

comparison of the techniques. Analysis of shallow inclusions was also attempted therefore, 

with the anticipation of being able to identify and correct or discard unreliable analyses.  

 

Closely spaced inclusions 

Closely spaced inclusions are problematic and were avoided where possible. Surface 

contamination becomes a major issue when ablated inclusions are closely spaced (within 

approximately 50µm), and areas densely populated by fluid inclusions bring an increased 

possibility that an ablation hole may open more than one inclusion. Additionally, 

conductive heating caused by laser-generated heat in the quartz can cause decrepitation or 

stretching of nearby inclusions. With these issues in mind, a large laser beam spot diameter 

relative to fluid inclusion size was generally undesirable (Gagnon et al., 2003). 

Accordingly, a larger spot size (40µm) was used for the larger Slab inclusions and smaller 

(30µm) for the Igor, Olympic, and Hoover samples which all contained smaller inclusions 

(as small as 5µm in diameter). 

 

Small inclusions 

With decreasing inclusion size, limits of detection deteriorate approximately with inclusion 

volume (Heinrich et al., 2003). The small fluid volumes in these inclusions translate into 

spectral signals that are short in duration. Consequently the ICPMS has less opportunity to 
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measure each element, resulting in low counts, low intensity peaks, and hence lower 

peak/background ratios, making quantification less reliable (Gagnon et al., 2003). The 

small sized inclusions in the Igor, Olympic, and Hoover samples, in addition to the 

problems associated with large spot sizes relative to inclusion size, meant the analysis of 

inclusions from these samples was less reliable than that of the Slab samples. 

 

To demonstrate the problems posed by these samples, Figure 5.7 shows two photos of the 

same sample (quartz in OY94-3-24.70) before and after ablation. The abundance of small 

inclusions and blemishes in the quartz (representing traces of other minerals, most 

commonly Fe-oxides or sulphides) can be seen clearly. The large size of the ablated holes 

relative to the inclusions meant an increased potential for small neighbour inclusions and 

contaminants to be included in analyses. Ablating more than one inclusion of the same 

type during a single analysis is in theory acceptable, and may pose no problem where their 

signals are combined into common spectral peaks or where their signals are distinctly 

separate. However in many cases it caused spectral signals to become messy, especially 

where further mineral or surface contamination was present, and caused difficulty 

differentiating between inclusion contents and contamination. As such, the likelihood of 

obtaining meaningful values from these inclusions was decreased, and results were treated 

cautiously. 
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Figure 5.7: a) Photo showing target inclusions within a quartz grain (in sample OY94-3-24.70); b) shows the 

same sample after ablation. The ablation pits are large relative to inclusion size and the significant likelihood 

of contamination of analyses by nearby fluid or mineral inclusions is clear. 

A 

B 
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5.3.3 Data processing 

 

a) Calculation of element concentrations 

The raw data obtained during each LAICPMS analysis were displayed as spectra, and peak 

areas were determined by integration using the data reduction procedure outlined in 

Longerich et al., (1996). These peak areas gave element intensity ratios, and correcting 

these to obtain concentration ratios required an assessment of the response of each 

analysed element compared to the response of sodium. This was achieved by ablation of a 

calibration standard (NIST 612) containing known concentrations of each element and is 

described in detail by Gunther et al., (1998), Gagnon et al., (2003), and Heinrich et al., 

(2003). 

 

The information acquired to this point was enough to provide element ratios. In order to   

quantify these ratios further to element concentrations, the use of an internal standard was 

necessary; an element for which absolute concentration is known from independent 

analysis (Gunther, 2001). Sodium was used as the internal standard, in accordance with 

several other studies because Na levels were readily derived from salinity estimates 

obtained during microthermometry (Heinrich et al., 1992; Audetat et al., 1998; Gunther et 

al., 1998; Audetat et al., 2000; Ulrich et al., 2001; Heinrich et al., 2003). This process is 

discussed in detail by Gagnon et al., (2003) and Audetat et al. (2000). The Na estimates 

were corrected for the presence of other dissolved elements, using the equation of Heinrich 

et al., (1992): 

 

NaCl = NaClequiv -0.5 x ∑XCln               (1) 

 

Since the ratios of all elements to Na were known, the independently obtained Na values 

allowed calculation of concentrations for each of the other elements  

 

[X]=[X/Na](measured) x [Na]thermometry     (2) 
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Where: [X]= concentration of any analysed element (X) 

 [X/Na]= measured LAICPMS concentration ratio of X to Na 

 [Na]= Na concentration derived from thermometry and corrected for the presence 

of other cations. 

 

b) Removal of contaminated or questionable analyses 

Once a dataset of element concentrations was acquired, the next task was to rigorously 

assess the integrity of each analysis, with the aim of eliminating any that were deemed to 

inaccurately represent fluid inclusion contents. Contamination most commonly occurs 

when impurities external to the fluid inclusion are included in an analysis, and this can 

adversely affect results by contributing unknown amounts of an element/s to the analysis. 

 

Surface contamination 

Surface contamination can affect shallow inclusions as outlined above in Section 5.3.2. 

Accordingly, data for inclusions that were shallow and/or proximal to other ablated 

inclusions were carefully assessed for any anomalies relative to other inclusions from the 

same population. To demonstrate the effect of surface contamination on closely spaced 

versus more isolated inclusions, the spatial configuration of three ablated inclusions is 

shown in Figure 5.8a, and the spectra of the respective inclusions are shown in Figures 

5.8b, 5.6a and 5.8c. The inclusion Slab 1k was ablated first and exhibits no contamination 

(Fig. 5.8b). Inclusion Slab 3c was ablated next and its spectra exhibit surface 

contamination resulting from the ablation of 1k (Fig. 5.6a). 100µm separated these 

inclusions, with only about 20µm between the edges of the two ablation pits. Inclusion 

Slab 1y was ablated third and displays no contamination because it is more isolated, at a 

distance of approximately 240µm from 1k and 3c. Fortunately in this case the integrity of 

the result for 3c was unaffected because of the obvious distinction between the surface 

contamination and inclusion peaks (Fig. 5.6a). 
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Figure 5.8: a) This photo shows ablation holes from analysis of Slab inclusions 1k, 3c and 1y (labelled). 

Ablation took place in the order listed and the spectra for each analysis illustrate the occurrence of surface 

contamination for closely spaced versus isolated inclusions; b) the spectrum for Slab 1k shows no surface 

contamination since it was the first ablated. Compare with the spectrum for Slab 3c shown in Figure 5.6a, 

which displays obvious peaks at the beginning of the analysis, indicating that surface contamination has 

occurred as a result of the preceding ablation of 1k; c) the Slab 1y spectrum is free of the surface 
contaminants observed for Slab 3c, as it lies an adequate distance from the ablation pits of the two preceding 

analyses. 

 

 

Foreign minerals 

Another source of contamination was the accidental inclusion of foreign mineral phases in 

analyses. Spectra displaying element spikes that were unlikely to have been produced by 

the fluid inclusion were indicative of such contamination. These analyses were generally 

removed from the dataset but could be kept under certain circumstances, for example, if 

spikes occurred distinctly before or after the inclusion signal, and consequently did not 

contribute to the integrated portion of the spectra, the analysis was unaffected. If spiking 

affected only one or two elements, the results for these elements were removed and the 

remaining elements were retained provided their values were relatively consistent with 

other (uncontaminated) analyses from the same sample. Figures 5.9a and 5.9b represent 

contaminated analyses with the potential to yield valid data after correction and/or isolation 

of the relevant peaks. 

 

c) Investigation of potential Na losses 

Selective loss of NaCl can occur during analysis when the liquid and solid components 

(daughter minerals) of a fluid inclusion respond differently to the laser and are ablated at 

different rates (differential ablation, Gagnon et al., 2003). The plot of spectra in Figure 

5.10 is one of several showing that the differential ablation of inclusions did occur, with 

Na signals often lagging behind the signals for other elements. Significant differential 

ablation occurred almost exclusively in the largest inclusions (35 to 75µm) from the Slab 

sample which contained large halite crystals (up to 20µm). While this differential ablation 

manifested as delayed Na peaks, these analyses returned reasonable levels of Na. This 

indicated that the whole halite crystal was generally ablated and therefore analyses were 

representative of entire inclusion contents and considered reliable.  
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While the abovementioned analyses in particular did not experience significant Na losses, 

analysis of the data revealed a number of analyses in the Slab dataset that did return lower 

than expected Na concentrations, with values as low as 1.2 wt%. Many values were well 

below thermometric estimates of ~7.1 wt % and commonly even below K levels in these 

inclusions. For further investigation Na levels were plotted against inclusion depths as 

shown in Figure 5.11. Of the 27 Slab inclusions plotted, 10 are shallower than 40µm. All 
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Figure 5.9: These spectra represent examples of contaminated analyses that may be useful after correction 

and isolation of the relevant peaks; a) potentially corrected by disregarding or removal of the Fe and Cu 

peaks; b) the contaminating Cu peaks are clearly separated time-wise from the inclusion peaks, and so are not 

included in the integrated portion of the spectra. 
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Figure 5.10: Shows an example of an analysis where a Na peak is seen to lag behind the main peak in which 

all other elements are detected. This occurs in the largest of the analysed inclusions and is a result of 

differential ablation, with solid NaCl ablating less easily than the liquid portion of inclusions. 
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Figure 5.11: Scatter plot showing Na versus inclusion depth, with shallow inclusions displaying the lowest 

Na values. Most deeper inclusions have Na levels between 70000 and 100000 ppm. 
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but one of these have Na values below 5.3 wt %, with a mean of 3.8 wt % compared with a 

mean of 7.8 wt % for the remainder of the inclusions (all >70µm depth) and shallow 

inclusions comprise 9 of the 12 lowest Na levels in the dataset. A case may be made that a 

separate trend of decreasing Na with depth exists among the remaining data, however this 

trend is not well defined given the levels of precision associated with the date (± 20 %; see 

Section 5.3.4), and except for a few data points the data lie between 70000 and 100000 

ppm Na, and are reasonably consistent with thermometric Na estimates. An initial 

interpretation of the anomalously low Na values in Figure 5.11 was that Na had been lost 

from the shallow inclusions during analysis. In an attempt to determine whether this was a 

wholesale loss of fluid inclusion contents or a preferential loss of Na, Na/K and Ca/K were 

independently plotted against inclusion depth (Figure 5.12a and b). Figure 5.12a reveals 

the low Na/K ratios of the shallow inclusions. 10 out of 11 of the shallow inclusions have 

Na/K <1.1 (mean Na/K=0.85) as opposed to only 5 of the remaining 17 deeper inclusions 

with ratios below this value (mean Na/K=2.6). These observations indicate that Na is 

selectively low in the analyses of shallow inclusions both in comparison with thermometric 

salinity estimates and in relation to the other major elements. In contrast there is no 

discernible relationship between Ca/K (both fluid-hosted elements) and depth, with Ca/K 

ratios reasonably consistent in deep and shallow inclusions alike. 

 

The most likely explanation for this phenomenon is the preferential loss of halite-hosted 

NaCl during ablation. This is a process to which shallow inclusions are more susceptible 

due to their potential for explosive or uncontrolled opening, and is consistent with Na 

being lost preferentially to other major elements that are hosted only in the fluid portion of 

inclusions. The spectrum for one of the shallow inclusions (Slab 5k) is shown in Figure 

5.13 and appears to endorse the above explanation. The Na peak is not as prominent as for 

other inclusions, and the inclusion signals are shorter in duration as a result of the inclusion 

contents being released more rapidly (compare with Figure 5.6a). The loss of material 

described above has most likely occurred due to a combination of the large size of the 

affected inclusions, their accordingly large halite crystal, and their shallow depths since 

only inclusions with these characteristics have been affected. 
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Figure 5.12: a) Plot of Na/K vs depth reveals that Na/K is noticeably low for shallow inclusions suggesting 

preferential loss of Na; b) shows that there is no significant difference in Ca/K (both fluid hosted elements) 

between deep and shallow inclusions.  
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Figure 5.13: Spectral signal for one of the shallow Slab inclusions exhibiting Na loss. The Na peak is much 

less prominent than in other inclusions (compare with Figure 5.6a). Also note that the overall signal duration 

for the inclusion is shorter, as a result of the inclusion contents being released more rapidly. 

 

The above observations suggest that Na values for the Slab inclusions are more susceptible 

to inaccuracies compared with the other major elements such as K and Ca that are present 

solely within the fluid component of inclusions. Accordingly, it follows that one of these 

solely fluid-hosted elements may be a more suitable choice for an internal standard, since 

the absolute concentrations of all elements hinge on the reliability of the internal standard. 

In addition to the Na estimates from thermometry, the present study had the advantage of 

independently determined concentrations for a range of elements from PIXE analysis, 

therefore Na was not the only option for an internal standard.  

 

d) Use of K as an internal standard 

Potassium was used by Gunther et al., (1998) to standardise LAICPMS data where the 

concentrations of Na and other elements in several inclusions deviated systematically 

(>50%) from the average values. Since these inclusions displayed no evidence during 

thermometry of having lower salinities, the deviations were taken to indicate a selective 

loss of NaCl crystals during these analyses. The use of Na as an internal standard for these 

outlying inclusions was therefore not reliable, and so their concentrations were re-

calculated using the average K concentrations from the other inclusions. 

 



                                                                                                                                  Chapter 5 

_________________________________________________________________________

   5-37  

Given the similar set of circumstances in the present study to the case above, 

concentrations for Slab inclusions were re-calculated using average K values from PIXE 

analyses (so that KLA=KPIXE).  This typically represented a decrease in K (and accordingly 

all other elements) to a fraction (mean 48%) of the previous Na standardised values, and 

had the effect of producing a more consistent dataset (i.e. better agreement of 

concentrations) for the range of elements. While the disparity between NaLA and NaTherm 

was highlighted by the new even lower Na values calculated from the new standardisation 

process, the large Na error in this sample (commonly >50%) was no longer propagated to 

all other elements. Accuracies for all elements (except Na) are likely to improve, since they 

now hinge on the accuracy of the average PIXE K values (~20%, see Section 5.2.4). The 

Slab results are presented in their original form (Na-standardised) in Appendix K, for 

comparison with the K-standardised values in Table 5.2. RSDs indicate that precision was 

improved for all elements following standardisation to K values, except for Na (as 

discussed) and Cu and Pb (which have the highest relative variability because of the 

proximity of their values to zero). Note that inter-element ratios are not affected by this 

process. Accordingly, the large standardisation-related error in the LA-ICP-MS technique 

is eliminated wherever inter-element ratios are used rather than absolute concentrations.  

 

The Na loss from shallow inclusions may have been addressed by employing sequential 

ablation procedures, in which inclusions are initially opened using a spot size smaller than 

the inclusion diameter, and the inclusion remains are sampled using a second ablation with 

a larger spot size (Gunther et al., 1998). A similar approach was adopted by Allan et al., 

(2005) in a study that reported that precision and accuracy were not dependent on depth. 

The ablation of inclusions with a single ablation and spot size was used in the present 

study, however, because of its more rapid sampling (providing lower detection limits) and 

less complicated spectral signals as discussed in Section 5.3.1. This ablation method 

proved to be the most suitable for the vast majority of inclusions analysed because of their 

small size, but in hindsight a switch to an alternative ablation method may have been 

appropriate for the Slab sample specifically. 
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5.3.4 Precision, accuracy and sensitivity 

 

Precision 

There is a lack of published precision estimates for fluid inclusion analysis on the ANU 

LAICPMS apparatus used in this study, however precision has been quoted at 

approximately ± 20% for equivalent apparatus at other locations (Shepherd et al., 1998). 

These uncertainties increase however where analytical conditions are not ideal, for 

example for small inclusions (<10µm, and hence low fluid volumes) and where element 

concentrations are close to detection limits (Ulrich et al., 2001). Allan et al., (2005) 

reported levels of precision within 15% for K, Rb and Cs, and within 30% for most other 

elements but found these values to be largely independent of inclusion size.  

 

Levels of precision in this study were estimated using standard deviation calculations as 

advocated in the abovementioned LA-ICP-MS studies and are reported in Appendix M. 

The Slab inclusions provided the best dataset for assessing the precision of the technique in 

the present study because this sample provided the greatest quantity of data (31 

inclusions). In these inclusions Ca, Mn, Zn, Rb, Sr and Ba returned levels of precision 

slightly higher than those reported by the above authors, with relative standard deviations 

(RSD) ranging from 23 to 37%. Iron and Pb concentrations had higher RSD values (60 and 

58%), while precision for Na was very low (98%; see above). The highest variability was 

seen in Cu, As and Sb values (202, 67 and 96% RSD respectively), however this was 

largely a function of the very low concentrations of these elements, particularly As and Sb 

with most values below 10ppm. Precision estimates from other samples are subject to 

greater uncertainty, partly because RSD calculations were based on fewer analyses for 

each sample, but also as a consequence of smaller inclusion size, as suggested by Ulrich et 

al., (2001). Despite the increased likelihood of poor precision with a limited dataset of only 

three inclusions, Igor LVS inclusions returned consistent data with low RSDs from 5 to 

21% for all elements except Mn (31%), Zn (66%) and Pb (99%). The remainder of samples 

returned less precise data, with RSDs generally in the range 40 to 90%. As with PIXE 

experiments, all reported levels of precision have been elevated by the natural variation in 

fluid inclusion compositions. 
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Accuracy 

While the precision of the data is readily quantified, obtaining a meaningful assessment of 

the level of accuracy achieved is more difficult. Gunther et al., (1998) were able to 

estimate the accuracy of the overall analysis, including external and internal calibration, at 

typically between 5 and 20% from analysis of synthetic fluid inclusions of known 

compositions. Allan et al., (2005) also reported accuracies within 15% for the majority of 

elements in synthetic inclusions. In the present study, the normalisation of results to 

thermometric salinities by fixing Na (which is necessary to obtain absolute 

concentrations), means that salinity uncertainties of 5 to 12% are introduced automatically 

to the absolute LAICPMS concentrations, in addition to the uncertainties directly 

associated with the analysis. It is assumed therefore that the uncertainty of the Wernecke 

analyses lies closer to that experienced by Gunther and Heinrich (1999), who cited a 

typical accuracy of ± 30% for analyses of natural fluid inclusions, where compositions 

were not accurately known. Uncertainties in element ratios are considerably lower, 

standardisation is not required, and thermometric uncertainty does not apply. 

 

Sensitivity 

Sensitivity is a key strength of LAICPMS. Heinrich et al., (1999) reported detection limits 

below 10ppm for heavy trace elements with an excimer laser, Ulrich et al., (1999) achieved 

detection limits as low as 0.1ppm for gold, while Allan et al., (2005) reported detection 

limits in the range 1 to 100 ppm, with many elements below 10ppm for inclusions >10µm. 

The detection limits are different for each analysed inclusion (Longerich et al., 1996), and 

are dictated by the mass of analyte extracted from the inclusion (i.e. inclusion size) and by 

polyatomic interferences generated in the ICP source. Detection limits generally decrease 

with increasing atomic number (Shepherd et al., 1998), and they can be lowered by 

decreasing the number of elements measured, which may be useful for focussing on 

specific low abundance elements or for small inclusions where analyte volumes are low. 

Detection limits in this study were calculated as outlined in Longerich et al., (1996) and are 

presented in Appendix L. The lowest detection limits were achieved for Slab inclusions 

because of the greater volumes of fluid (and hence analyte) sampled with each ablation. 
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Mean Slab detection limits were 160, 80, 620 and 80ppm for Na, K, Ca and Fe 

respectively, while for the remaining elements almost all inclusions had MDLs below 

5ppm, with many below 1ppm. Analyses from the other prospects commonly returned 

MDLs of up to several thousand ppm for the major elements, and up to tens of ppm for the 

heavier trace elements, mainly due to the smaller inclusion sizes. 

 

5.3.5 LA-ICP-MS results 

 

Inclusions in eight samples from five Wernecke IOCG prospects were ablated and 

analysed for Na, K, Ca, Ti, Mn, Fe, Cu, Zn, As, Rb, Sr, Sb, Ba, Ta, Au, Pb and Bi. The 

results of these analyses are reported in Table 5.2. The concentrations in this table have 

been quantified using Na (or K where indicated) as an internal standard, and while the 

resulting concentrations are useful, errors are much smaller for inter-element ratios and 

these ratios are more consistent, and therefore regarded as more reliable in this dataset. 

Titanium, Ta, Au and Bi were invariably below detection limits in this study (often 

<1ppm) and are not included in Table 5.2. 

 

Major elements 

Na/Ca ratios from the two methods correlated reasonably well, however there were some 

significant deviations. Significant scatter is attributable to the increased uncertainty over 

thermometric Na/Ca ratios (10-30%) compared to Na and Ca individually (5-12%). Figure 

5.14a shows that LAICPMS reported slightly lower Na/Ca ratios than thermometry in the 

majority of inclusions (although mostly within the 30% error noted above). The data points 

plotting furthest from the 1:1 linear trend were invariably those with the lowest 

thermometric Ca estimates (< 1 wt %). Underestimation of Ca by thermometry is likely for 

these LV inclusions, given the difficulties associated with accurate estimation of low levels 

of Ca as discussed in Chapter 4. In addition Na/Ca ratios are most sensitive to Ca errors in 

these low-Ca inclusions where errors of 1 to 2 wt % Ca can result in the significant Na/Ca 

deviations.  The low Na/Ca values for many Slab inclusions are due to the underestimation 

of Na as discussed in Section 5.3.2. 
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Inclusion Inclusion Thermometry estimates Inclusion    LAICPMS concentrations (ppm)

Prospect Sample Number Type Na Cl Ca depth (µm) Na K Ca     Mn      Fe Cu Zn

Igor DG8-9 b1 L+V+H 7.5 21.7 5.8 100 69100 11900 81200 310 <1430 <10 70

DG8-9 bb1 L+V+H 6.7* 21.8* 6.5* 120 65700 11000 88100 160 <3640 <40 130

DG8-9 bb2 L+V+H 6.7* 21.8* 6.5* 135 62000 16100 90900 290 <2480 <30 280

DG8-9 b17 L+V 7.9* 16.6* 2.5* 17 91400 16000 37500 100 4250 60 200

DG8-9 b10 L+V 7.9* 16.6* 2.5* 8 88100 20900 40500 20 570 80 70

DG8-9 b21 L+V 7.9* 16.6* 2.5* 7 97200 42900 21200 240 4210 60 90

DG9-13 2f L+V+H 8.3 19.1 3.6 - 96700 3700 46500 1290 10200 <15 1150

DG9-13 2f L+V+H 8.3 19.1 3.6 - 94100 5600 56200 200 <3700 <45 2750

DG9-13 2g L+V+H 9.0 20.3 3.6 - 106600 4500 39500 1270 5700 40 700

DG9-13 2g L+V+H 9.0 20.3 3.6 - 108300 6800 35000 350 6500 <60 880

DG9-13 2l L+V+H 9.0 19.7 3.3 - 96400 9100 45800 70 <3900 <50 1700

DG9-13 2ai L+V+H 9.8 21.6 3.6 - 78100 3600 27000 <10 <400 <4 150

DG9-13 2n L+V+H 8.3 18.5 3.3 - 101200 10100 30100 160 3900 <20 610

DG9-13 2c L+V+H+Hem 9.0 19.7 3.3 - 86700 10200 59300 130 500 7 1500

DG9-13 2j L+V 9.0* 15.5* 0.9* - 48800 4000 31500 1250 4900 30 630

DG9-13 2e L+V 9.0* 15.5* 0.9* - 91600 5600 17800 70 900 12 290

DG9-13 2o L+V 9.0* 15.5* 0.9* - 82300 4800 15500 260 2900 <20 480

DG9-13 4f L+V 9.0* 15.5* 0.9* - 67100 5200 44300 490 2300 <20 30

DG9-13 4f L+V 9.0* 15.5* 0.9* - 61800 6100 55100 50 <1300 <15 20

Slab Slab SW 7j L+V+H 6.7* 25.3* 8.5* 130 59600 18000 51300 3290 1600 85 190

Slab SW 7e L+V+H 6.7* 25.3* 8.5* 175 9900 18000 54900 2820 940 8 200

Slab SW 7g L+V+H 6.7* 25.3* 8.5* 150 9200 18000 78900 3230 1310 10 310

Slab SW 7d L+V+H 6.7* 25.3* 8.5* 170 46900 18000 59600 2950 1220 8 190

Slab SW 7c L+V+H 6.7* 25.3* 8.5* 180 93900 18000 41900 2190 1570 15 140

Slab SW 8d L+V+H 6.7* 25.3* 8.5* - 6600 18000 26800 1690 900 110 130

Slab SW 7a L+V+H 6.7* 25.3* 8.5* - 2900 18000 83300 5080 3490 12 380

Slab SW 5d L+V+H 6.7* 25.3* 8.5* 34 16700 18000 64100 3020 1170 40 340

Slab SW 5a L+V+H 6.7* 25.3* 8.5* 30 19800 18000 70000 3900 810 12 240

Slab SW 5c L+V+H 6.7* 25.3* 8.5* 18 18200 18000 69400 5480 920 150 290

Slab SW 5f L+V+H 6.7* 25.3* 8.5* 37 48500 18000 62100 3000 850 28 290

Slab SW 5l L+V+H 6.7* 25.3* 8.5* 13 7900 18000 43900 2780 590 12 190

Slab SW 5k L+V+H 6.7* 25.3* 8.5* 19 4500 18000 81300 3250 900 28 300

Slab SW 5o L+V+H 6.7* 25.3* 8.5* 15 7800 18000 43300 2070 480 <1 130

Slab SW 5n L+V+H 6.7* 25.3* 8.5* 15 6300 18000 73600 3450 2690 20 290

Slab SW 5v L+V+H 6.7* 25.3* 8.5* 22 9400 18000 64800 2930 810 5 230

Slab SW 5s L+V+H 6.7* 25.3* 8.5* 33 9700 18000 61700 3410 1400 14 250

Slab SW 1l L+V+H 6.7* 25.3* 8.5* 70 36200 18000 57200 3320 770 9 240

Slab SW 3a L+V+H 6.7* 25.3* 8.5* 120 80400 18000 71200 3470 1200 460 210

Slab SW 3c L+V+H 6.7* 25.3* 8.5* 160 157300 18000 72200 4990 920 50 250

Slab SW 1y L+V+H 6.7* 25.3* 8.5* 320 86800 18000 52700 2820 620 <4 360

Slab SW 1i L+V+H 6.7* 25.3* 8.5* 320 31800 18000 53100 2440 660 12 210

Slab SW 1j L+V+H 6.7* 25.3* 8.5* 320 20800 18000 26700 1170 1660 8 130

Slab SW 1w L+V+H 6.7* 25.3* 8.5* - 12000 18000 55200 1740 550 12 210

Slab SW 1a L+V+H 6.7* 25.3* 8.5* 280 31500 18000 32400 1670 2400 7 120

Slab SW 1t L+V+H 6.7* 25.3* 8.5* 100 69600 18000 62400 3250 710 50 200

Slab SW 1u L+V+H 6.7* 25.3* 8.5* 320 16900 18000 50600 1770 590 30 190

Slab SW 1s L+V+H 6.7* 25.3* 8.5* - 55400 18000 89600 5100 380 <8 260

Slab SW 1b L+V+H 6.7* 25.3* 8.5* 300 12800 18000 14600 970 1290 16 70

Slab SW 1c L+V+H 6.7* 25.3* 8.5* 240 70300 18000 51500 2800 780 10 190

Slab SW 1d L+V+H 6.7* 25.3* 8.5* 220 55800 18000 54400 2290 760 7 200

Slab SW hem L+V+H+Hem 6.7 25.6 8.7 - 32200 72100 166400 9850 15050 35 560  

Table 5.2: LAICPMS data. Thermometry estimates are given in wt %. Not all inclusion depths were 

measured. Values marked with < denote the detection limit, which the element concentration does not exceed 

for that inclusion. Ca could not be measured in fluorite STF sample and quantification of concentrations in 

this sample is tentative. Underlined concentrations are suspected as inaccurate due to possible contamination. 
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Inclusion  Element ratios

Sample Number As Rb     Sr Sb Ba Pb Ca/K Mn/Fe Na/K Zn/Pb Sr/Ba

DG8-9 b1 <28 210 3130 6 280 70 6.82 >0.22 5.81 1.00 11.18

DG8-9 bb1 <77 300 3540 <14 320 50 8.01 >0.04 5.97 2.60 11.06

DG8-9 bb2 51 230 3100 <8 300 310 5.65 >0.12 3.85 0.90 10.33

DG8-9 b17 <10 130 650 32 110 30 2.34 0.02 5.71 6.67 5.91

DG8-9 b10 <7 90 290 15 150 20 1.94 0.04 4.22 3.50 1.93

DG8-9 b21 69 80 550 24 970 50 0.49 0.06 2.27 1.80 0.57

DG9-13 2f <70 42 1890 100 27970 1160 12.57 0.13 26.14 0.99 0.07

DG9-13 2f <230 60 2620 100 23790 1050 10.04 >0.05 16.80 2.62 0.11

DG9-13 2g 130 42 1280 70 9450 730 8.78 0.22 23.69 0.96 0.14

DG9-13 2g <290 <45 1080 <50 8050 610 5.15 0.05 15.93 1.44 0.13

DG9-13 2l <200 42 5770 60 7660 700 5.03 >0.02 10.59 2.43 0.75

DG9-13 2ai <20 24 3930 6 2350 280 7.50 21.69 0.54 1.67

DG9-13 2n <80 48 2700 20 2170 680 2.98 0.04 10.02 0.90 1.24

DG9-13 2c <20 92 2300 20 16100 270 5.81 0.26 8.50 5.56 0.14

DG9-13 2j 730 38 1170 200 8880 500 7.88 0.26 12.20 1.26 0.13

DG9-13 2e <3 30 1560 1 2590 460 3.18 0.08 16.36 0.63 0.60

DG9-13 2o <90 29 800 80 4470 370 3.23 0.09 17.15 1.30 0.18

DG9-13 4f <90 <17 460 <10 280 20 8.52 0.21 12.90 1.50 1.64

DG9-13 4f <50 13 570 <8 250 6 9.03 >0.04 10.13 3.36 2.28

Slab SW 7j 20 200 1070 5 1010 36 2.85 2.06 3.31 5.28 1.06

Slab SW 7e 10 240 1160 2 1080 20 3.05 3.00 0.55 10.03 1.07

Slab SW 7g 15 230 1580 3 1360 26 4.38 2.47 0.51 11.99 1.16

Slab SW 7d 1 220 1270 1 1120 39 3.31 2.42 2.61 4.84 1.13

Slab SW 7c 8 200 870 4 820 48 2.33 1.39 5.22 2.90 1.06

Slab SW 8d 9 160 640 2 480 20 1.49 1.88 0.37 6.55 1.33

Slab SW 7a 30 320 1990 11 1870 91 4.63 1.46 0.16 4.20 1.06

Slab SW 5d 25 220 1260 <1 1210 <1 3.56 2.58 0.93 >340 1.04

Slab SW 5a 12 240 1540 <1 1230 23 3.89 4.81 1.10 10.61 1.25

Slab SW 5c 8 300 2500 1 670 10 3.86 5.96 1.01 28.50 3.73

Slab SW 5f 9 230 1250 1 1050 <1 3.45 3.53 2.69 >290 1.19

Slab SW 5l 9 180 840 2 940 27 2.44 4.71 0.44 7.04 0.89

Slab SW 5k 3 260 1620 1 1370 29 4.52 3.61 0.25 10.41 1.18

Slab SW 5o 4 140 1320 1 730 17 2.41 4.31 0.43 7.51 1.81

Slab SW 5n 8 270 1610 3 1350 68 4.09 1.28 0.35 4.25 1.19

Slab SW 5v 3 180 1140 1 990 11 3.60 3.62 0.52 20.04 1.15

Slab SW 5s 6 320 1320 2 1180 32 3.43 2.44 0.54 7.91 1.12

Slab SW 1l 9 270 1410 1 1050 37 3.18 4.31 2.01 6.46 1.34

Slab SW 3a 6 240 1450 1 1210 11 3.96 2.89 4.47 19.83 1.20

Slab SW 3c 10 250 1450 2 1260 38 4.01 5.42 8.74 6.59 1.15

Slab SW 1y 8 260 1100 <2 990 37 2.93 4.55 4.82 9.70 1.11

Slab SW 1i 7 250 1150 2 940 36 2.95 3.70 1.77 5.76 1.22

Slab SW 1j 13 160 630 5 810 13 1.48 0.70 1.16 10.19 0.78

Slab SW 1w 2 250 1220 0 980 35 3.07 3.16 0.67 6.08 1.24

Slab SW 1a 7 150 730 2 780 22 1.80 0.70 1.75 5.42 0.94

Slab SW 1t 7 250 1290 1 1100 10 3.47 4.58 3.87 19.41 1.17

Slab SW 1u 6 220 1040 2 890 31 2.81 3.00 0.94 6.16 1.17

Slab SW 1s 10 260 1720 <2 1420 <2 4.98 13.42 3.08 >130 1.21

Slab SW 1b 6 90 340 2 460 16 0.81 0.75 0.71 4.48 0.74

Slab SW 1c 6 230 1150 2 1010 28 2.86 3.59 3.91 6.68 1.14

Slab SW 1d 6 230 1170 1 990 32 3.02 3.01 3.10 6.22 1.18

Slab SW hem 30 990 4090 26 5310 22 2.31 0.65 0.45 24.94 0.77  

Table 5.2: LAICPMS data (cont’d) 
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Inclusion Inclusion Thermometry estimates Inclusion    LAICPMS concentrations (ppm)

Prospect Sample Number Type Na Cl Ca depth (µm) Na K Ca     Mn      Fe Cu Zn

Olympic OY94-3-24.7 1a L+V+H 9.0* 15.9* 1.1* 3 91000 26000 31600 <10 <200 <4 40

OY94-3-24.7 1d L+V+H 9.0* 15.9* 1.1* 8 102900 21000 10600 90 2200 210 520

OY94-3-24.7 M L+V+H 9.8 22.8 4.3 - 96000 51500 49100 4170 19070 490 1880

OY94-3-24.7 2c L+V+H 8.7 13.3 0.0 - 150400 12900 7100 860 4980 <10 2470

OY94-3-24.7 2g L+V+H 11.6 22.0 2.3 50 63300 81100 24600 2970 7900 40 1000

OY94-3-24.7 G L+V 7.9 15.3 1.8 - 80800 21100 22400 190 <2660 <30 1370

OY94-3-24.7 T2 L+V 8.7 15.9 1.4 - 88000 14500 14200 350 1720 <10 400

OY94-3-24.7 T3 L+V 6.3 9.7 0.0 - 51600 18500 5700 450 1250 80 920

OY94-3-24.7 T5 L+V 7.5 11.5 0.0 - 58900 26900 16800 210 <500 <5 420

OY94-1-117.6 A L+V 9.4 15.8 0.7 - 56300 32500 48700 1950 11290 1100 2510

Hoover JH01-5-7A 1-T1 L+V+H 8.7 15.9 1.4 - 53600 29300 66300 900 <2590 160 580

JH01-5-7A 1-T3 L+V+H 8.7 15.9 1.4 - 45800 31600 79100 910 2080 <115 320

JH01-5-7A 1-T2 L+V+lgeH 8.7 15.9 1.4 - 32800 32100 104700 130 <580 250 390

JH01-5-7A A-Xa L+V+H 10.4 27.9 6.7 - 77600 46500 129000 4060 <13090 <170 11570

JH01-5-7A A-xB L+V+H 10.4 27.9 6.7 - 74100 58200 131600 4520 7530 <60 7640

JH01-5-7A A-Xc L+V+H 10.4 27.9 6.7 - 86300 39600 137600 680 <8770 <80 1320

JH01-5-7A A-Xd L+V+H 10.4 27.9 6.7 - 107000 25700 83200 3980 25600 <50 3310

JH01-5-7A B-B L+V+H 10.2* 23.4* 4.3* - 135100 9200 19600 150 <870 <10 110

JH01-5-7A B-C L+V+H 10.2* 23.4* 4.3* - 165800 7600 11100 200 4480 110 450

JH01-5-7A B-2d L+V+H 10.2* 23.4* 4.3* - 132300 17300 18600 300 <990 <15 210

JH01-5-7A B-H L+V+H 10.2* 23.4* 4.3* - 136000 31800 47300 2340 4460 120 410

JH01-5-7A B-G L+V+H 10.2* 23.4* 4.3* - 156100 6800 9800 710 1810 <6 90

JH01-5-7A B-3a L+V+H 10.2* 23.4* 4.3* - 123700 14200 61500 1020 4180 170 540

JH01-5-7A A-Zci L+V 9.8 15.2 0.0 - 70900 28800 28100 1090 <3660 150 190

JH01-5-7A A-Zcii L+V 9.8 15.2 0.0 - 79600 7000 29100 20 550 7 30

JH01-5-7A A-Zd L+V 9.8 15.2 0.0 - 76800 25300 20600 380 <2230 <20 230

STF STF-95-1-20.3 a L+V±S±H 7.5* 16.6* 2.9* - 76200 76800 280 750 25 1190

STF-95-1-20.3 f L+V±S±H 7.5* 16.6* 2.9* - 70500 92800 <20 <1340 <15 600

STF-95-1-20.3 h L+V±S±H 7.5* 16.6* 2.9* - 83400 54700 450 2780 140 1460

STF-95-1-20.3 I L+V±S±H 7.5* 16.6* 2.9* - 77100 71700 70 3670 <20 710

STF-95-1-20.3 m L+V±S±H 7.5* 16.6* 2.9* - 84300 41900 1270 7200 270 3710

STF-95-1-20.3 o L+V±S±H 7.5* 16.6* 2.9* - 80800 64800 30 <1900 <15 550

STF-95-1-20.3 p L+V±S±H 7.5* 16.6* 2.9* - 73200 59200 640 21100 1010 1810

STF-95-1-20.3 u L+V±S±H 7.5* 16.6* 2.9* - 92700 29000 680 4980 470 300

STF-95-1-20.3 y L+V±S±H 7.5* 16.6* 2.9* - 71000 82900 420 7080 7 1060

STF-95-1-20.3 aa L+V±S±H 7.5* 16.6* 2.9* - 60900 112500 590 4640 60 1140

STF-95-1-20.3 bb L+V±S±H 7.5* 16.6* 2.9* - 77500 76100 100 <1850 <10 90  

Table 5.2: LAICPMS data (cont’d). 
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Inclusion  Element ratios

Sample Number As Rb     Sr Sb Ba Pb Ca/K Mn/Fe Na/K Zn/Pb Sr/Ba

OY94-3-24.7 1a <50 60 910 <10 220 15 1.22 3.50 2.67 4.14

OY94-3-24.7 1d 50 40 250 9 1170 190 0.50 0.04 4.90 2.74 0.21

OY94-3-24.7 M 240 310 1340 39 8120 320 0.95 0.22 1.86 5.88 0.17

OY94-3-24.7 2c <20 50 490 19 5130 1100 0.55 0.17 11.66 2.25 0.10

OY94-3-24.7 2g <25 220 630 <6 5400 280 0.30 0.38 0.78 3.57 0.12

OY94-3-24.7 G <150 100 2670 34 10710 310 1.06 >0.07 3.83 4.42 0.25

OY94-3-24.7 T2 <50 60 530 10 1290 30 0.98 0.20 6.07 13.33 0.41

OY94-3-24.7 T3 40 50 320 6 2330 220 0.31 0.36 2.79 4.18 0.14

OY94-3-24.7 T5 <30 70 820 <4 1450 110 0.62 0.42 2.19 3.82 0.57

OY94-1-117.6 A 260 140 720 65 1370 500 1.50 0.17 1.73 5.02 0.53

JH01-5-7A 1-T1 <130 160 2930 <14 1130 150 2.26 >0.35 1.83 3.87 2.59

JH01-5-7A 1-T3 <60 120 2190 <8 820 50 2.50 0.44 1.45 6.40 2.67

JH01-5-7A 1-T2 <30 120 4200 <4 1410 50 3.26 >0.22 1.02 7.80 2.98

JH01-5-7A A-Xa <550 270 5140 215 8630 2630 2.77 >0.31 1.67 4.40 0.60

JH01-5-7A A-xB <270 330 5870 57 8710 1390 2.26 0.60 1.27 5.50 0.67

JH01-5-7A A-Xc <360 180 6240 64 3980 190 3.47 >0.08 2.18 6.95 1.57

JH01-5-7A A-Xd <210 190 3560 <36 6850 710 3.24 0.16 4.16 4.66 0.52

JH01-5-7A B-B <50 30 630 <6 390 20 2.13 >0.17 14.68 5.50 1.62

JH01-5-7A B-C <8 30 50 8 110 60 1.46 0.04 21.82 7.50 0.45

JH01-5-7A B-2d <50 90 620 <6 420 10 1.08 >0.3 7.65 21.00 1.48

JH01-5-7A B-H <90 220 1670 <14 1710 130 1.49 0.52 4.28 3.15 0.98

JH01-5-7A B-G <20 50 330 <3 410 30 1.44 0.39 22.96 3.00 0.80

JH01-5-7A B-3a <70 40 1070 11 1220 170 4.33 0.24 8.71 3.18 0.88

JH01-5-7A A-Zci <270 80 1020 <37 780 70 0.98 >0.30 2.46 2.71 1.31

JH01-5-7A A-Zcii <20 20 30 <3 190 10 4.16 0.04 11.37 3.00 0.16

JH01-5-7A A-Zd <140 90 840 <27 560 110 0.81 >0.17 3.04 2.09 1.50

STF-95-1-20.3 a <10 100 1090 <1 960 420 0.37 0.99 2.83 1.14

STF-95-1-20.3 f <110 190 2260 <13 240 90 0.76 6.67 9.42

STF-95-1-20.3 h <30 110 2440 <5 1260 450 0.16 1.52 3.24 1.94

STF-95-1-20.3 I <150 150 940 <20 170 410 0.02 1.08 1.73 5.53

STF-95-1-20.3 m <30 110 1940 <7 900 1360 0.18 2.01 2.73 2.16

STF-95-1-20.3 o <60 160 2160 <11 260 50 >0.02 1.25 11.00 8.31

STF-95-1-20.3 p <30 90 1730 6 10030 600 0.03 1.24 3.02 0.17

STF-95-1-20.3 u <10 60 120 <4 1770 20 0.14 3.20 15.00 0.07

STF-95-1-20.3 y 9 120 1680 1 540 580 0.06 0.86 1.83 3.11

STF-95-1-20.3 aa 6 90 1340 2 970 500 0.13 0.54 2.28 1.38

STF-95-1-20.3 bb <30 160 1070 <6 80 110 >0.05 1.02 0.82 13.38  

Table 5.2: LAICPMS data (cont’d). 
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Figure 5.14: a) LAICPMS reported slightly lower Na/Ca ratios than thermometry in the majority of 

inclusions. The trendline represents parity between the two methods. The circled group of Slab inclusions are 

artificially low due to Na-loss during analysis; b) The lowest Na/Ca ratios were measured in the higher 

salinity (LVH) inclusions (dashed box). Estimates from thermometry have been used for NaCl+CaCl2 values. 

 

Sodium/Ca ratios were generally lowest for the higher salinity inclusions. Inclusions with 

Ca>Na are exclusively LVH inclusions from Igor, Slab and Hoover (Fig. 5.14b). These 

findings are in agreement with thermometry experiments, which suggested that two and 

three phase inclusions within prospects contained similar Na levels but that LVH 

inclusions contained significantly greater Ca. Igor DG8-9 inclusions best illustrate this 

idea.  
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Calcium/K ratios vary widely between prospects, as shown in Figure 5.15a. Igor inclusions 

(DG9-13 LVH and LV; and DG8-9 LVH) have the highest Ca/K values ranging from 3 to 

12 (mean = 7), while DG8-9 LV inclusions have lower values but still with Ca>K (Ca/K 

~2). The Slab inclusions also exhibit high Ca/K ratios up to 5 with a mean of 3.2. Calcium 

concentrations average 5.7 wt %, with the majority of values between 4 and 8 wt % and the 

K values of 1.8 wt % were adjusted to this value in line with K levels determined by PIXE 

(see section 5.3.3). Hoover LVH inclusions also contain Ca/K >1 (1 to 4.3), while Olympic 

LVH and LV inclusions have the lowest values, with K>Ca for most inclusions (mean 

Ca/K of 0.8). Calcium levels could not be measured in STF inclusions because fluid Ca 

could not be resolved from Ca in the host fluorite (CaF2).  

 

Manganese/Fe ratios are also illustrated in Figure 5.15a. The precision of Mn and Fe 

measurements is low, and therefore only very broad observations can be made from this 

data. A distinct feature of the dataset however is the Slab LVH inclusions displaying the 

highest Mn/Fe ratios. They are the only inclusions with Mn>Fe, with the vast majority of 

values in the range 2 to 6 (mean Mn/Fe = 3.4). In contrast the lowest Mn/Fe ratios (<0.1) 

are found mostly in Igor (LVH and LV) and STF LVS±H inclusions. LVH and LV 

inclusions from Olympic and Hoover also contain Fe > Mn with Mn/Fe mostly between 

0.1 and 0.6. 

 

The high Mn/Fe ratios in Slab inclusions are due to the fact that they have high Mn levels 

ranging from 1000 to 5500ppm with the highest mean of any sample (2960ppm) but 

among the lowest Fe levels, averaging 1090ppm. Iron and Mn concentrations in all other 

samples are highly variable over the rage of 500 to 25000 ppm Fe and 10 to 9800 ppm Mn, 

however a positive trend of increasing Fe with Mn is apparent within each fluid inclusion 

population, reflecting a scatter in absolute concentrations but more consistent Mn/Fe ratios. 

Slab concentrations are more consistent and lie in a zone distinct from other data in Figure 

5.15b. Manganese exhibits a clear positive correlation with Ca within the Slab dataset, but 

this trend is not clear for the other prospects (Fig. 5.15c). 
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Figure 5.15: a) Shows the wide variation between Ca/K and Mn/Fe ratios in samples from different 
prospects; b) Mn and Fe concentrations are highly variable, however a positive trend of increasing Fe with 

Mn reflects more consistent Mn/Fe ratios. Slab inclusions lie in a zone distinct from other data; c) Mn 

exhibits a clear positive correlation with Ca within the Slab dataset, however this trend is not clear for the 

other samples. 
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Other metals 

Copper was detected in inclusions from all prospects. Concentrations of 10 to 80 ppm were 

detected in Igor inclusions, although detection limits of up to 60 ppm precluded detection 

in some inclusions. Low detection limits were obtained for Slab analyses (MDL 1-5 ppm), 

and concentrations ranged from 5 to 460 ppm. Olympic copper concentrations ranged from 

40 to 1100 ppm, Hoover from 7 to 250 ppm, and STF 7 to 1010 ppm. Copper is variable in 

all samples and the majority of values lie near the lower end of the ranges quoted above, 

with only a few inclusions containing higher Cu values up to 1100ppm. Any plots utilising 

Cu data display a large degree of scatter due to the inherent variability in such low 

concentrations close to and below detection limits. Partly as a consequence of this 

variability, Cu concentrations do not exhibit any clear relationships with those of other 

elements. One factor that makes exploring the relationships of Cu with other elements 

difficult is the limited quality Cu data obtained from samples with smaller inclusions, for 

which over half the values were below detection limits. At Slab however, the large, high 

salinity inclusions (with much greater amounts of analyte) allowed consistent 

quantification of Cu, and yet no clear relationships with other elements were observed 

within this dataset. This suggests that correlations between Cu and other elements (positive 

or negative) may not be significant in these inclusions. 

 

Zinc and Pb concentrations vary considerably within samples, but are clearly positively 

correlated within samples (reflecting consistent Pb/Zn ratios). Inclusions from Slab do not 

exhibit this trend because the data are more consistent and thus more tightly grouped 

(Figure 5.16a). Igor (DG8-9), Slab and Hoover LV inclusions have the lowest Zn levels 

with mean Zn concentrations of 140, 220 and 150ppm respectively. The other samples 

have overlapping ranges mostly between 400 and 3000ppm and always increasing with Pb 

concentration. Zn>Pb for virtually all inclusions in the dataset, because the inclusions with 

higher Pb levels such as Olympic LVH (up to 1100ppm) and Hoover LVH inclusions (up 

to 400ppm) also exhibit higher Zn levels. Zn/Pb ratios vary widely between prospects 

however, with many Igor values lying close to 1, and values from other prospects mostly 

between 3 and 20. The low Zn and Pb concentrations in Slab inclusions relative to other 
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prospects are notable since these inclusions contain among the highest concentrations of 

most other elements. 
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Figure 5.16: a) Zinc and Pb have a clear positive correlation within populations, although Pb/Zn ratios vary 

considerably between prospects. Slab inclusions have among the lowest concentrations of Zn and Pb, which 

is notable given that these inclusions contain the highest concentrations of most other elements; b) Igor DG9-

13 and Olympic inclusions are distinguished clearly from all other inclusions by a comparatively high Ba/Ca 

ratios. The gradient of the trendline (Ba/Ca=0.05) is not significant, but it neatly separates the data into two 

groups. Igor data overall has the widest range in Ba/Ca. Barium correlates well with Ca in Slab inclusions. 
All samples labelled with DG are from Igor. 

 



                                                                                                                                  Chapter 5 

_________________________________________________________________________

   5-50  

Igor DG8-9 LVH and LV inclusions contained the lowest Ba levels, with 5 of 6 inclusions 

containing below 320 ppm. Hoover LV inclusions contained levels of 200 to 800 ppm, 

STF LVS±H concentrations were mostly between 100 and 1300 ppm, and the majority of 

Slab values were between 700 and 1400 ppm, forming a very distinct positive linear trend 

with Ca (Fig. 5.16b). This trend might be expected for two Group 2 elements, and was 

similarly noted between Sr and Ca above. Barium levels varied widely for Hoover LVS 

inclusions (100 to 7000) but also showed a broad positive correlation with Ca. Igor DG9-

13 and Olympic data contained the highest Ba levels, many above 4000 ppm. These data 

were highly variable and there was some overlap with other data (Slab and Hoover LVH 

Ba levels), however they were distinguished clearly by their higher Ba/Ca ratios (Figure 

5.16b). The wide variation of Ba concentrations (and Ba/Ca) in Igor samples (high for 

DG9-13 and low for DG8-9) is notable, with values at opposite ends of the overall dataset.  

 

Arsenic was detected in low concentrations in the Slab fluids (mean of 9ppm) and was 

generally below detection in the other samples, where the MDLs were higher (tens of 

ppm). Rubidium levels are in the range of 10 to 320ppm for the entire dataset. Igor DG9-

13 (LVH and LV) and Hoover LV inclusions have a maximum of 90ppm Rb, STF values 

are between 60 and 190 ppm. The highest Rb levels are found in Slab, Hoover LVH, and 

Igor DG8-9 LVH inclusions, which all contain levels up to around 300ppm. Olympic LVH 

and LV inclusions are spread over almost the entire range of the dataset (40 to 300 ppm). 

 

Strontium levels are significantly higher than, and generally correlative with Rb. This 

correlation is apparent in Figure 5.17a which displays broad linear trends within inclusion 

populations (but not between different prospects), particularly for Slab. Most Sr data occur 

over a common range extending to around 2500 ppm, with only a few Igor (LVH) and 

Hoover (LVH) inclusions significantly above these levels. At most prospects, three-phase 

inclusions generally contain higher Sr levels than two-phase inclusions (except 
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Figure 5.17: a) Strontium levels are correlative with Rb, with linear trends observed within inclusion 

populations, particularly for Slab inclusions, but not between different prospects; b) DG9-13 inclusions have 

the highest Sr/Rb ratios, and Slab values are among the lowest; c) Sr exhibits a very strong correlation with 

Ca with clear linear trends in data from each prospect. While data from different samples overlap 

considerably, they can be differentiated based on Sr/Ca ratios. 
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at Olympic). Their ranges however overlap, except for Igor DG8-9 where high Sr levels in 

LVH inclusions (>3100ppm) clearly distinguish them from low-Sr LV inclusions 

(<650ppm). This distinction is manifested in the Sr/Rb ratios which are depicted in Figure 

5.17b. The former have Sr/Rb of 12 to 15, compared with 3 to 7 for the latter. The data that 

stand out on this plot are the Igor (DG9-13 LVH and LV) inclusions which clearly have 

the highest Sr/Rb ratios (>24), owing especially to their low Rb levels.  Slab Sr/Rb ratios 

are much lower (mean 5.5), while those of Olympic and Hoover inclusions are more 

variable, but mostly fall between 5 and 20.  

 

Rubidium exhibits positive correlations with Ca and especially K within prospect datasets 

and Sr exhibits a very strong correlation with Ca, with clear linear trends in data from each 

prospect (Fig. 5.17c). These correlations are owed to the similar properties of the K
+
 versus 

Rb
+
, and Ca

2+
 versus Sr

2+
 ions. The correlation between Sr and Ca can be used to 

demonstrate the reliability of ratios (which are very consistent within within the data from 

each prospect), in comparison with absolute concentrations which can vary widely (Fig. 

5.17c).  While there is significant overlap between concentrations at different prospects, 

Slab data for instance can clearly be differentiated from Hoover and Igor data on the basis 

of its lower Sr/Ca ratios. 

 

 

5.4 Combined application of PIXE and LAICPMS 

 

A key aim of this study is to demonstrate the combined use of microanalytical techniques 

on fluid inclusions. PIXE and LAICPMS analyses were employed for similar purposes, 

providing detailed elemental compositions of individual fluid inclusions; however the 

strength of their combined use lies in their differences, which are highlighted in Table 5.3. 

They were able to analyse a wide range of common elements, but the capability of each 

technique for measuring different elements increased the total number of analytes open to 

analysis. LAICPMS was more sensitive, allowing more effective detection and 

quantification of elements that were present in low amounts (such as Cu, Zn, As, Rb, Sr, 

Ba and Pb) and the technique also allowed inclusions to be analysed more quickly. The 
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strengths of PIXE lie in its non-destructive nature (allowing dual analysis); its ability to 

report absolute concentrations; its ability to measure halogens; and images that reveal the 

distribution of elements within an inclusion. The techniques also required inclusions to be 

at different depths within a quartz wafer, which reduced the number of individual 

inclusions that could be analysed by both techniques, however it maximised the total 

number of inclusions amenable to analysis.  

 

 
Table 5.3: Comparison of features of PIXE and LAICPMS analysis. Their combined use is particularly 

useful because their differences allow a more complete analysis of fluids, both in terms of inclusion sampling 

and the information gained. *PIXE can theoretically measure all elements with atomic number >17. 

 

 PIXE LAICPMS 

Elements measured 

(common in bold) 

Cl, K, Ca, Ti, Mn, Fe, Cu, 

Zn, Ge, As, Br, Rb, Sr, Mo, 

Ag, Sn, Sb, Ba, Pb and U* 

Na, K, Ca, Ti, Mn, Fe, Cu, 

Zn, As, Rb, Sr, Sb, Ba, Ta, 

Au, Pb, Bi 

Sensitivity 20-50ppm Tens of ppb 

Inclusion depth Shallow <10µm Any, deep preferred 

Destructive? NO YES 

Nature of data Absolute concentrations Elemental ratios, quantified 

using independent Na or K 

values. 

Efficiency Low (15minutes per inclusion) High (few minutes per 

inclusion) 

Images? YES NO 
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5.4.1 Comparison of PIXE and LAICPMS data 

A key outcome of this chapter is the assembly of a combined PIXE + LAICPMS dataset 

with a view to using this combined dataset to investigate fluid sources, fluid evolution, and 

fluid-rock reactions. To assemble such a dataset, comparison of the PIXE and LAICPMS 

(herein abbreviated as LA) datasets was necessary in order to identify which data were 

more reliable, and whether the two methods showed agreement. The section below 

compares the two datasets with a view to determining which of the data are most useful, 

and assessing which of the data can be best relied upon as being representative of fluid 

compositions. 

 

Overall LA has provided the most useful dataset for two main reasons:  

1) Quantity. LA allowed the acquisition of more data (and therefore more samples were 

analysed), owing to the efficiency of technique (rapid analyses) and suitability to greater 

number of inclusions (not as limited by depth as PIXE).  

 

2) Sensitivity. Superior sensitivity of LA provided the ability to obtain useful (especially 

trace element) data from small inclusions, whereas PIXE was unable to measure trace 

elements effectively in small inclusions where analyte volumes were small. This ability 

greatly increased the amount of useful data obtained since the vast majority of inclusions 

from all samples (except Slab) were small (<10µm). 

 

Slab inclusions generated the greatest amount of directly comparable data from the two 

techniques. Because of the large inclusions sizes and high salinities in this sample PIXE 

analyses returned above MDL values for more elements than any other samples. Strong 

correlation of Mn/Fe and Ca/K ratios between the two techniques can be seen in Figure 

5.18a (black vs red “X” symbols), and similarly for Mn and Fe (Fig 5.18b). PIXE Sr and 

Rb values on the other hand were much more variable than those from LAICPMs, which 

showed more consistent results from a greater number of analyses (Fig. 5.18d). The Sr/Rb 

ratios from PIXE do correlate well however, suggesting that the main source of error was 

in quantification. The high detection limits of PIXE analyses are highlighted by Figure
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Figure 5.18: These plots compare the data obtained from LAICPMS (black) and PIXE (red) for the purpose of determining which fluid characteristics have been 

accurately defined; a) Mn/Fe and Ca/K ratios from both techniques agreed well, particularly for Slab and Olympic inclusions; b) Slab and Olympic inclusions 

exhibited high levels of agreement of Mn and Fe levels from the two techniques, while comparison of Igor inclusions was difficult as many values were BDL; c) 

lack of PIXE sensitivity to Pb means that LA values are the best guide, however the PIXE results have some use because MDLs support the low Pb 

concentrations reported by LA; d) despite PIXE’s lack of sensitivity to Rb in most inclusions, it provides data that supports Slab and Igor Sr/Rb ratios determined 
by LA. 
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5.18c, in which Pb detection limits of 100 to 500ppm (as marked by red symbols with 

arrows) are well above most of the low Pb levels measured by LA. This demonstrates why 

LA was the only technique to provide usable data in many cases. It must be noted that the 

PIXE results were not erroneous in such cases (for example in Figure 5.18c values of <70 

and <460ppm from PIXE (from Slab) are consistent with corresponding values of 2 to 

90ppm from LA), but the greater sensitivity of LA provided a clear advantage. 

 

LA then will form the backbone of a combined dataset, particularly where minor/trace 

elements are concerned, however PIXE data supports LA in many ways and are a useful 

complement to the dataset. The PIXE data that best supported LA were: values from larger 

inclusions where more analyte was available; concentrations of major elements (including 

K, Ca, Mn and Fe) which were present in greater concentrations; and ratios such as Ca/K 

and Mn/Fe which agreed well with LA ratios. In addition PIXE alone provided important 

halogen data (Cl/Br ratios). PIXE was less useful for trace elements such as Cu, As, Rb, Ba 

and Pb due to lack of sensitivity, and LA will be relied upon for this data since it was more 

successful in reporting the concentrations of these elements. This combined dataset will be 

a large focus of the discussion presented in Chapter 7. 
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6 WSG geochemistry and alteration signatures 
 

6.1 Introduction 

This section examines the geochemistry of WSG rocks and the chemical effects of 

alteration throughout the WSG through the use of isocon analysis. While some useful work 

on alteration chemistry has been done (see Section 6.2), a complete characterisation of 

alteration chemistry throughout the WSG is not currently available. While such a 

characterisation would require a separate dedicated alteration study, an attempt has been 

made in this chapter to characterise the bulk chemical changes that occurred within each of 

the three major WSG units during large scale IOCG-related alteration events. The nature of 

these bulk chemical changes can then be used in combination with the knowledge of fluid 

properties and compositions gained in Chapters 4 and 5, to better understand the nature of 

fluid-rock interaction during IOCG formation.  

 

6.2 Previous work 

In an early attempt to characterise the chemistry of WSG alteration, Laznicka & Edwards 

(1979) reported that the major effects of hydrothermal alteration on a syenitic stock 

intruding the FLG were depletion of K and addition of Na, Cu and Au. Brookes (2002) 

made a significant contribution by collecting a suite of altered and unaltered metasiltstone 

samples proximal to each other with the specific aim of characterising the alteration 

signature at the FLG-hosted Slab prospect. The study revealed a dominance of albite 

alteration, which was characterised by overall enrichments in Ca and Na, and depletion of 

K and Ba (determined by isocon analysis). A later phase of muscovite alteration was 

locally observed to overprint albitisation, causing some enrichment of K and Ba, and 

depletion of Na from previously albitised rock. 

 

Alteration chemistry within the GLG has not been studied to the same level of detail. 

Thorkelson et al., (2001b) in a study of intrusive rocks (BPRI) showed by qualitative 
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comparison that significantly lower Ca and Na and higher K concentrations were observed 

in strongly metasomatised GLG-hosted diorite compared with the less altered diorite.  

 

During investigation of possible sources for metal enrichments, Laznicka and Edwards 

(1979) proposed that diorite dikes carry increased trace copper and cobalt contents. They 

stated that the least altered diorite dikes contain about 170ppm Cu and 45ppm Co, while 

intensely altered diorites show variation between 20 and 6500ppm Cu, indicating that Cu is 

redistributed during alteration. They also argued that Cu being moved out of such dikes 

and deposited in nearby sediments. Based on analyses of altered rocks, Thorkelson and 

Wallace (1993) suggested that there is no increase in background Cu levels in 

metasomatised rocks, with Cu enrichments limited to confined zones of mineralisation. 

This observation is consistent with the previously noted ideas of localised Cu 

redistribution. 

 

As highlighted above, geochemical studies have mostly been limited to FLG rocks and 

BPRI dykes, which are important targets for study and have provided useful insights into 

mass transfer. However a characterisation of the bulk alteration chemistry of each WSG 

unit will enable more meaningful interpretation of fluid compositions, and help to form a 

more complete picture of fluid-rock interaction. 

 

6.3 Methods 

Wholerock geochemical data has been carefully selected from existing datasets 

(Thorkelson, 2000; Brookes, 2002) and used in combination with new geochemistry results 

obtained from samples that were collected and analysed as part of this study. New whole-

rock analyses were obtained by XRF analysis at the Advanced Analytical Centre, James 

Cook University. The new and previously published data that have been used in isocon 

analysis in this study are presented in Table 6.1.  

 

Representative, unaltered (or minimally altered) samples within each WSG unit were 

compared with their altered equivalents using isocon analysis as described by Grant (1986; 
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2005). Element concentrations in altered rock samples were scaled for easy comparison 

and plotted against their unaltered (or least altered) equivalents with the purpose of 

quantifying the chemical changes that occurred during alteration (see Figures 6.2 to 6.9). 

Isocon slopes were defined by elements deemed to be immobile during alteration. 

Titanium, Al and Zr are commonly used as immobile elements (Riverin and Hodgson, 

1980; Grant, 1986; Baumgartner and Olsen, 1995) and in this study Ti and Al most 

consistently defined accurate isocons extending through the origin. Note that isocons were 

produced by bisecting the angle between the gradients of Ti and Al (calculated as the 

average of the slopes to Ti and Al on isocon plots). The isocons therefore differ from lines 

of best fit, because their slope is unaffected by scaling factors and distance from the origin 

(Olsen and Grant, 1991). Once defined, isocons allowed determination of the elements 

gained and lost during alteration, and provided estimates of overall mass changes. 

Calculated changes in rock chemistry for altered samples in each unit of the WSG are 

presented in Table 6.2. 

 

Where possible, samples for isocon analysis were selected from the prospects described 

and examined in Chapters 4 and 5. The limited availability of suitable samples (ideally 

altered and unaltered samples of the major rock types) from some prospects however, 

required that samples from three additional prospects  be included to best characterise the 

bulk chemical changes within each unit of the WSG. The locations of these additional 

prospects are shown in Figure 6.1, and a brief outline of their geology is given below. 

 

Pika 

The Pika prospect is a breccia-hosted Cu showing that cuts dolomite, and interbedded 

dolomite, shale and siltstone of the GLG, approximately 20 km east of the Olympic 

prospect (Figure 6.1). Enrichments of Cu (chalcopyrite) and Au occur in breccia and 

country rock, and Cu mineralisation is concentrated along contacts between breccia and 

metasomatised diorite. One specimen of brecciated diorite collected by Thorkelson and 

Wallace (1994) for example assayed 2% Cu. Supergene Cu and Ag enrichment also occurs 

in a malachite-bearing horizon in a leached zone beneath the overlying Pinguicula Group 

(Thorkelson and Wallace, 1994). Chemical data (sourced from Thorkelson, 2000) from 
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altered siltstone, breccia and diorite samples have been used along with siltstone and 

dolostone samples from the Olympic prospect to help characterise the nature of alteration 

within the GLG. 

 

Bland 

The Bland prospect is a U showing marked by minor disseminations of brannerite 

associated with a breccia body that intrudes argillite/mudstone QG and FLG strata. A 

northwest-trending structural and lithological belt of Wernecke breccia, diorite and 

metasomatised sediments contain chalcopyrite and gold in interstitial disseminations and 

veins (Yukon Minfile 106D 075, 1998). This prospect occurs in a breccia-dominated belt 

that also contains the Slat-Frosty and Slats-Wallbanger prospects, and lies about 10 km 

southeast of the Igor prospect (Figure 6.1). Chemical data (sourced from Thorkelson, 

2000) from siltstone and breccia samples from Bland (within QG strata) are useful for 

characterising the nature of alteration in the QG. 

 

Otter 

Otter is a Co-Cu vein prospect, consisting of three vein clusters occurring along a northeast 

trending shear zone that cuts FLG strata near a small body of intrusive breccia. Individual 

veins are up to 30 m long and 5 m wide and contain cobaltite, chalcopyrite, pyrite and 

arsenopyrite in a carbonate gangue, and wall rocks contain disseminated sulphides. One of 

several drill holes drilled in 1979-1980 intersected 9 m assaying 0.2% Co and 0.5% Cu and 

the best intersection assayed 0.6% Co and 1.1% Cu. The breccia body at this location 

contains minor brannerite, and a specimen assayed 4.8% Co, 0.2% Ni, 0.007% U3O8, 0.34 

g/t Ag and 0.0.62 g/t Au (Yukon Minfile 106C 076, 1998). Altered rocks from Otter are 

considered equivalent to those from Slab, because they lie within the FLG (12 km east of 

Slab; Figure 6.1), and the alteration style at Otter is similar to that at Slab, with breccias 

typically dominated by grey sodic alteration (Thorkelson et al., 2001a).  
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Figure 6.1: Simplified geology map (modified after Thorkelson, 2000; and Hunt, 2005) showing the location 

of additional prospects from which geochemical data was used in this chapter, in relation to the main 

prospects studied. 
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Unit Sample Description Prospect SiO2 TiO2 Al2O3 FeO MnO MgO CaO Na2O K2O P2O5 LOI* % Sum % V Rb Sr Y Zr Nb Ba Cu

GLG DT GLG-0 Siltstone, unaltered Olympic 82.5 0.27 6.8 2.1 0.18 2.07 2.96 0.22 2.94 0.05 100.09 18 93 18 8 103 5 295 11

DG GLG-S1 Siltstone, dark, K-spar/hematite-altered Olympic 55.8 0.75 19.26 7.90 0.02 2.20 0.78 0.47 8.17 0.16 4.14 99.59 122 365 25 25 136 28 833 14

DT GLG-1 Siltstone, altered  clasts Pika 65.7 0.59 12.2 5 0.11 2.15 3.18 0.28 10.54 0.19 99.94 42 139 19 5 146 15 665 3

DT GLG-2 Breccia w ith 60% matrix Pika 64.1 0.56 13.8 9.4 0.07 0.4 0.63 0.25 10.54 0.26 100.01 94 145 13 13 116 15 1052 10

DG GLG D3 Dolostone, stromatolitic Olympic 8.9 0.04 0.75 0.58 0.08 18.82 27.33 0.05 0.33 0.01 42.46 99.30 6 11 30 7 17 10 49 9

DG GLG D4 Dolostone, crackle brecciated Olympic 9.9 0.05 1.10 1.51 0.32 17.84 26.63 0.05 0.91 0.02 41.23 99.64 7 15 21 6 18 8 79 4

DG GLG D6 Dolostone breccia w / pale clasts and carbonate matrix Olympic 40.3 0.30 7.19 5.37 0.73 6.85 13.11 0.05 4.68 0.09 20.60 99.40 210 43 47 17 87 15 337 9

DG GLG D7 Breccia w ith dolostone clasts and dark grey matrix Olympic 27.14 0.32 7.00 7.70 0.27 10.96 16.00 0.26 3.31 0.10 25.50 98.85 78 110 34 17 74 14 455 6

DT BPRI-0 Diorite, fine-grained, visibly unaltered Pika 45.7 2.37 13.2 19 0.18 3.87 8.35 3.08 3.96 0.25 99.96 460 78 133 37 168 19 1197 128

DT BPRI-1 Diorite w / specular hematite veining in lge breccia zone Pika 53.6 2.01 11.4 21.1 0.13 5.08 1.19 0.64 4.48 0.28 99.91 637 65 68 15 69 6 613 37

QG DT QG0 Siltstone NA 66.2 0.98 20.3 6 0.06 1.85 0.1 0.71 3.59 0.07 99.86 na na 65 25 157 15 677 na

DT QG1 Siltstone, brow n, slightly altered Bland 58 0.69 14.7 6.3 0.28 4.35 7.1 0.83 7.58 0.19 100.02 67 164 42 8 90 13 632 4

DT QG2 Siltstone, altered, jasperised band close to breccia Bland 70.8 0.43 9.2 4.3 0.19 2.72 4.87 0.15 7.26 0.15 100.07 32 118 298 6 52 7 9918 5

DT QG3 Breccia, pale in colour w / abundant matrix Bland 54.3 0.54 14 8.7 0.48 5.71 9.68 0.04 6.44 0.19 100.08 58 186 207 12 75 11 9061 3

DT QG4 Breccia w ith abundant specularite Bland 50.2 0.51 14.2 9.9 0.47 5.27 9.34 0.09 9.83 0.22 100.03 54 198 64 11 63 11 4584 3

DG QG-S1 Siltstone, K-feldspar altered Igor 65.0 0.46 15.49 3.98 0.11 0.84 1.27 0.00 7.46 0.11 3.91 98.45 70 187 35 10 96 10 4449 50

DG QG-S2 Siltstone, K-feldspar and magnetite altered Igor 51.2 0.44 13.71 7.02 0.31 0.78 2.16 1.38 4.29 0.12 8.46 90.21 110 108 1244 15 77 bd 65532 5320

DG QG-S4 Breccia dominated by magnetite+carbonate matrix Igor 20.4 0.27 6.37 45.05 0.63 3.45 8.38 1.99 0.54 0.25 11.86 100.05 79 28 75 18 61 28 364 37

FLG MB-6-1a Siltstone, unaltered (least altered) Slab 62.29 0.66 21.35 6.54 0 0.64 0.37 0.92 5.17 0.12 2.82 100.88 106 312 203 30 151 12 867 8

MB-4-4a Siltstone, sericite altered (120m from 6-1a) Slab 64.27 0.74 21.51 4.34 0.09 0.96 0.76 1.25 3.53 0.16 2.92 100.53 79 233 328 38 158 5 353 4

MB-8-3a Siltstone, albite altered (intense) (60m from 6-1a) Slab 61.13 0.5 17.86 1.26 0.09 0.81 2.74 10.8 0.22 0.21 2.7 98.98 13 0 65 36 130 15 187 2602

MB-7B Breccia, albite altered (40m from 6-1a, 15m from 8-3a) Slab 50.16 0.48 11.19 9.53 0.38 2.3 8.87 5.27 1.24 0.2 9.92 99.95 82 36 64 21 168 8 515 15

MB-4-2a Siltstone, unaltered Slab 61.33 0.7 20.63 7.92 0.1 2.03 0.78 1.23 2.76 0.12 3.06 100.66 109 183 314 33 151 12 303 13

MB-10-11b Siltstone, unaltered Slab 58.24 0.61 21.47 8.95 0 1.82 0.23 0.6 5.58 0.12 3.26 100.88 95 285 112 24 142 9 1327 20

MB-7-1b Siltstone, unaltered (w ithin breccia zone) Slab 60.3 0.67 21.97 6.36 0 0.67 0.16 0.48 6.64 0.11 2.89 100.26 117 347 44 31 139 13 756 8

DT FLG0 Laminated siltstone, minimally altered NA 63.7 0.72 22.9 3.6 0.06 1.21 0.35 0.24 7.07 0.13 99.98 81 361 16 23 134 19 930 4

DT FLG3 Breccia w ith pale albite-altered granular matrix Otter 55.6 0.52 14.2 5.8 0.54 2.29 12.9 7.79 0.12 0.21 99.97 28 5 111 21 78 8 61 12

DT BPRI-00 Diorite, medium grained w ith little alteration Slab 48.6 2.15 16.7 8.1 0.22 7.27 12.26 3.44 1.18 0.17 100.09 216 56 512 21 47 24 296 na

DT BPRI-02 Diorite, fine-grained, albite-altered Slab 50.8 1.82 14 12.8 0.14 5.95 9.01 5.04 0.39 0.17 100.12 362 4 236 28 48 11 70 46

Siltstone and diorite samples Precision (2sd) 0.263 0.015 0.188 0.024 0.004 0.069 0.020 0.037 0.022 0.010 6 1 3 3 3 2 23 3

Dolostone samples Precision (2sd) 0.035 0.003 0.039 0.007 0.002 0.047 0.542 0.015 0.002 0.003 6 1 3 3 3 2 23 3

wt% ppm

 

Table 6.1: Whole-rock geochemical data used for assessment of the alteration chemistry of WSG rocks. Samples and data in bold were used in isocon diagrams, 

while other samples were used for qualitative observations. Samples beginning with DG were collected and analysed by XRF as part of this study, MB sample 

data is from Brookes (2002) and DT data is from Thorkelson (2000). Precision values (2sd) refer to analytical precision. Additional sources of uncertainty are 

discussed in the text. Detection limits are 0.01% for major elements, and 1ppm for trace elements. Regardless of DL, the low concentrations for Cu, Nb and Y are 

not considered suitable for isocon analysis. Even small natural variations in concentrations within the protolith would translate to large errors in isocon analysis. 
Variations of a few ppm Cu (representing a variance of up to 100%) for example in unaltered rocks are common, and prohibit reasonable calculations of 

alteration-induced changes. *Loss on ignition not provided by Thorkelson (2000). 



                                                                                                                                                                                                       Chapter 6 

____________________________________________________________________________________________________________             

           6-7 

Unit/primary rock type GLG diorite FLG diorite

Isocon figure 6.2a 6.2b 6.2c 6.2d 6.7 6.3a 6.3b 6.3c 6.3d 6.4a 6.4b 6.4c 6.5a 6.5b 6.5c 6.6a 6.6b 6.8

Altered sample DG GLG-S1 DT GLG-1 DT GLG-2 DT GLG-2 DT BPRI-1 DT QG1 DT QG2 DT QG3 DT QG4 DT QG2 DT QG3 DT QG4 MB-4-4a MB-8-3a MB-7B DT FLG3 DT FLG3 DT BPRI-02

Least altered sample DT GLG-0 DT GLG-0 DT GLG-0 DT GLG-1 DT BPRI-0 DT QG0 DT QG0 DT QG0 DT QG0 DT QG1 DT QG1 DT QG1 MB-6-1a MB-6-1a MB-6-1a MB-6-1a DT FLG0 DT BPRI-00

SiO2 -76 -60 -62 -6 37 23 138 32 24 97 8 1 -3 23 28 22 30 24

TiO2 -1 9 1 -9 -1 -1 -2 -11 -15 1 -10 -14 5 -5 15 8 8 1

Al2O3 1 -10 -1 9 1 2 1 11 15 1 9 12 -5 5 -17 -9 -7 0

FeO 34 19 118 81 30 48 59 134 170 10 59 83 -38 -76 131 21 140 88

MnO -96 -69 -81 -39 -16 557 604 1190 1184 9 97 95 na na na na 1243 -24

MgO -62 -48 -91 -82 53 231 227 398 367 1 51 41 41 58 470 390 182 -3

CaO -91 -46 -90 -81 -83 9900 10722 15513 15211 11 57 53 93 826 3705 4676 5401 -13

Na2O -24 -36 -45 -14 -76 65 -53 -91 -79 -71 -94 -87 28 1367 809 1060 4745 74

K2O -1 79 75 -4 32 197 349 189 349 54 -2 51 -36 -95 -62 -97 -97 -61

P2O5 14 90 154 32 31 282 376 338 415 27 15 35 25 119 165 140 141 19

V 143 18 157 115 62 na na na na -22 1 -5 -30 -85 23 -63 -48 100

Rb 41 -25 -24 0 -2 na na na na 16 31 40 -30 -100 -82 -98 -98 -91

Sr -51 -48 -65 -33 -40 -9 925 418 63 1052 471 79 52 -60 -50 -25 963 -45

Y 18 -69 -17 165 -54 -57 -50 -20 -27 18 86 69 19 50 11 -4 37 60

Zr -53 -29 -45 -24 -52 -19 -27 -24 -34 -7 -5 -19 -2 8 77 -29 -13 24

Nb 86 38 35 -3 -60 29 8 22 22 -15 -5 -6 -61 56 6 -9 -38 -48

Ba 1 13 74 52 -40 32 3157 2060 1010 2430 1547 743 -62 -73 -6 -90 -90 -72

Cu -55 -85 -55 196 -66 na na na na 94 -3 7 -53 40556 198 108 352 na

Overall mass gain/loss -64 -50 -51 -4 17 41 122 61 64 61 15 16 -6 25 59 37 49 19

GLG siltstone QG siltstone QG siltstone FLG siltstone

 
 
Table 6.2: Percentage elemental gains (positive values) and losses (negative values) as calculated from isocon analysis. Shaded values are considered unreliable 

because of the low concentrations of these elements (mostly below 10ppm). The isocon diagrams corresponding to calculations are listed at the top of each 

column. "na" denotes insufficient data for calculation. Significant gains are highlighted in red, and losses in blue. 
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Figure 6.2a-d: Isocon diagrams showing altered vs less altered GLG siltstone samples. Mn, Ca, Mg and Si are strongly depleted in the altered samples, while  

Fe, K, and Ba are enriched. Element concentrations have been scaled arbitrarily to values between 0 and 30 to allow easy comparison with other elements. Ti and 

Al are regarded as immobile elements and thus define the isocon in each plot. Elements plotting above the isocon have experienced gains, while those below the 

isocon have been lost from the original protolith. These gains and losses are quantified in the column charts below each plot, and in Table 6.2. Dotted lines 

indicate the range of possible slopes of the isocon, and are included for less accurate isocons as an indication of the uncertainty of the isocon slope. 
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Figure 6.3a-d: Isocon diagrams showing the alteration signature in QG siltstone. Altered rocks are strongly enriched in Ca, Mn and Ba and the major depleted 

element is Na. 
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Figure 6.4a-c: Isocon diagrams plotting altered siltstone and breccia samples against less altered siltstone from a common QG location. Enrichments of Ba, Sr 

and K, and depletion of Na are clear in altered siltstone (DT QG-2), and in addition to these changes, additional elements such as Mn, Fe and Ca were mobilised 

(enriched) in brecciated rocks.  
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Figure 6.5a-c: Isocon diagrams using a suite of FLG siltstone samples with different alteration intensities. The major elements enriched were Ca, Mn, Mg and 

Na, while depletion of K, Rb, Ba, Fe and Sr was observed. 
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Figure 6.6a and b: Isocon diagram plotting the same intensely altered breccia sample against two different minimally altered FLG siltstone samples. Both plots 

show enrichment in Na, Ca, Mg, Cu, and Fe and strong depletion of K, Ba, and Rb. 
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Figure 6.7: Isocon diagram showing element gains and losses in altered diorite from the GLG, which are mostly consistent with those observed for GLG 

sedimentary rocks. 
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Figure 6.8: Isocon diagram showing the alteration signature in diorite from the FLG, which correlates with the main features of alteration chemistry determined 

for altered siltstone. 
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6.4 Uncertainties 

The isocon method relies on the choice of unaltered samples which are equivalent to the 

unaltered protolith of altered samples, and the main source of uncertainty in the method is 

caused by lack of correlation between the two (Baumgartner and Olsen, 1995). This 

uncertainty exists because instead of isolating chemical changes caused by alteration, 

differences in chemistry between two samples may represent a combination of alteration 

and differences in primary rock chemistry. 

 

A number of strategies were employed in this study in order to reduce uncertainties from 

this source. Well constrained sampling involved collection of altered samples proximal to 

unaltered samples to increase the likelihood of them having a common protolith, 

combined with visual assessment of primary rock type, which was most useful for 

samples with slight to moderate alteration intensity. Ideal sampling however was not 

possible in most cases due to unavailability of ideal suites of samples, especially where 

data was selected from limited published datasets, in which specific sample locations or 

detailed sample descriptions were commonly not available. In these cases greater reliance 

was placed on the accuracy of isocons (the immobile behaviour of Ti and Al). The 

immobility of these elements is a prerequisite for all of the isocons, however where 

primary lithologies were unrecognisable and where sample provenance was poorly 

constrained (e.g. from past datasets) this was the chief factor in assessment of isocon 

validity. Where Al and Ti exhibited immobile behaviour (i.e. good fitting isocons), this 

suggested that any chemical differences could be attributed to alteration of an equivalent 

rock type. Where Al and Ti exhibited “mobile” behaviour it was considered likely that 

these elements had not been mobilised, but rather a different primary rock type had been 

sampled. Very local (cm) scale transport of Ti in Na(-Ca) altered rocks has been shown to 

be possible by the presence of Ti-bearing minerals such as ilmenite in veins (e.g. Oliver 

et al., 2004), however the accuracy of isocons in most cases suggests mobility of Ti has 

been negligible, or has occurred on too small a scale to affect wholerock analyses. In 

some altered samples, Ti and Al did not display perfectly immobile behaviour. The level 
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of uncertainty was small, however, in comparison with the magnitude of observed gains 

and losses (see dotted lines on less accurate isocons), allowing the alteration signature to 

be clearly identified despite what likely represents a small difference in primary 

lithology. These results were also affirmed by the consistency of chemical changes in 

multiple altered samples. 

 

6.5 Results 

 

Gillespie Lake Group 

The GLG is dominated by dolostone, which is interbedded with siltstone, particularly 

near the top of the unit and in the basal part of the unit. Siltstone layers can range from a 

few to 250m in thickness (Thorkelson, 2000). Relatively unaltered samples of dolostone 

and siltstone, as well as diorite (BPRI), were selected for comparison with more altered 

samples in isocon analysis. 

 

Alteration of siltstone 

Isocons plotting unaltered GLG siltstone geochemistry from Thorkelson (2000) against 

altered samples are shown in Figure 6.2. Isocons are defined by Ti and Al which are 

regarded as immobile based on the collinearity of these two points with the origin. A dark 

coloured, K-feldspar and hematite-altered siltstone sample (DG GLG-S1) is compared 

with an unaltered siltstone (DT GLG-0; both from the Olympic prospect) in the isocon 

plot in Figure 6.2a. The spatial relationship of these two samples was not well 

constrained as they were collected as part of separate studies, however the isocon fits 

well with immobile elements Al and Ti, suggesting a common protolith for the two 

compared samples. The elements gained and lost are clearly identified in Figure 6.2a, and 

the calculated magnitudes of gains and losses are presented in Table 6.2. Manganese, Ca, 

Mg and Si are strongly depleted in the altered samples (resulting in a net loss of mass 

overall) and Na, Zr and Sr are also lost, while  Fe and V are enriched (Y, Nb and Cu 

results are not considered significant due to their low concentrations in these samples 

(<10 ppm) (Olsen and Grant, 1991). 
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The same unaltered siltstone (DT GLG-0) was used for comparison with altered siltstone, 

and breccia samples (DT GLG-1 and DT GLG-2) collected within a single breccia zone 

at the Pika prospect (stratigraphically equivalent and located 15km east of Olympic, see 

Figure 6.1) in order to identify the alteration signature at this prospect (Figure 6.2b and 

c). The unaltered Olympic sample was used again due to the unavailability of a suitably 

unaltered protolith from Pika. The breccia sample in particular produced a good fitting 

isocon since Ti and Al were collinear with the origin, suggesting that primary rock 

chemistry was equivalent for the two samples (Fig. 6.2c). The isocon does not fit as well 

for altered siltstone clasts, and may indicate a difference in the primary lithology of this 

sample (Fig. 6.2b). The calculated chemical changes however are very consistent for both 

samples indicating that while the small difference in the primary chemistry of DT GLG-1 

causes greater uncertainty in calculations (approximately ±10%), they are small enough 

that changes caused by alteration can be identified (Fig 6.2b, c). These results are also 

consistent with those discussed above for the altered siltstone from Olympic (DG GLG-

S1). The only notable differences are the enrichment of K and Ba which are conserved in 

the Olympic sample DG GLG-S1. A very similar alteration signature has therefore been 

identified in samples from both prospects.  

 

The two samples from Pika (DT GLG-1 and DT GLG-2) have been compared with one 

another in Figure 6.2d to see whether the alteration signature at Pika can be discerned 

from two altered samples (with different alteration intensities). The imperfect fit of the 

isocon to Ti and Al again suggests a likely small difference in protolith, however the 

elements gained/lost in DT GLG-2 relative to DT GLG-1 are once again consistent with 

those identified in DG GLG-S1 (apart from Cu enrichment, however actual 

concentrations are only ~10ppm or lower). These consistencies lend further support to the 

identified alteration signature for the Pika prospect and validate comparisons with the 

Olympic sample. This common set of enriched and depleted elements identified in Pika 

and Olympic samples represents the alteration signature for GLG siltstone (i.e. 

enrichment in Fe, K, Ba, P and V, and depletion in Na, Ca, Si, Mn and Mg). 
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A suite of GLG dolostone samples were collected from close proximity to one another 

within the Olympic prospect, and analysed as part of this study. Producing valid isocons 

however was problematic for two main reasons. Firstly, low Al and Ti concentrations (as 

low as 10% of the concentrations in GLG siltstone) rendered isocons far less reliable, and 

secondly there were significant variations in dolostone chemistry, which was marked by 

widely ranging concentrations of Si (reflecting variably silty dolostone) and immobile 

elements (Al and Ti). Isocons plots are therefore not presented, however dolostone 

compositions are included in Table 6.1. 

 

The consistency of alteration signatures between two different prospects suggest that the 

chemical changes observed are representative of bulk chemical changes caused by 

hydrothermal alteration in the GLG. Further, the chemical changes described here are 

consistent with the geological observations outlined in Section 3.6, which described 

potassic (K-feldspar), iron-oxide rich alteration within and proximal to zones of 

Wernecke breccia in the GLG.  

 

Quartet Group 

The QG is composed mostly of siltstone and layers of very fine-grained sandstone. These 

sandstone layers coarsen towards the upper part of the unit, and at the top are interbedded 

with dolostone as the unit grades into the overlying Gillespie Lake Group. The basal 

section of the QG is composed of black, carbonaceous, pyritic shale, which grades into 

the overlying siltstone. 

 

Alteration of siltstone 

Siltstone samples were chosen for isocon analysis because they are considered the most 

representative of bulk QG composition and are by far the most abundant sample type 

collected from this unit. Carbonaceous shale was not sampled during field work because 

of the difficulty of accessing certain areas due to the rugged terrane, and the expense of 

helicopter drops to several locations in the region. The likelihood of comparing samples 

with common protoliths was maximised by choosing samples that were collected close to 

one another. 
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Isocons constructed using geochemical data (from Thorkelson, 2000) for unaltered and 

altered QG rocks are shown in Figure 6.3. Isocons were constructed by plotting a suite of 

altered samples from a large breccia zone located north-west of the Bland prospect 

(details in Table 6.1), against a typical unaltered regional (not prospect-hosted) QG 

siltstone (Figure 6.3a to d). The isocons are well defined by immobile elements (Ti and 

Al) for siltstone samples described by Thorkelson (2000) as slightly to moderately 

altered, suggesting the selected unaltered sample (DT QG-0) is suitably equivalent to the 

protolith of the altered samples (Figure 6.3a and b).  Isocons for the breccia samples do 

not fit as well to Ti and Al and may indicate small differences in protolith (Figure 6.3c 

and d). This may be caused by a degree of mixing of different rock types within the QG 

during brecciation. Due to the intense nature of the alteration in these samples however, 

many of the chemical changes are distinct enough to be identified despite the increased 

uncertainty of the isocon slope caused by the variation in protolith (approximately ±11% 

and ±15% respectively). Furthermore these changes are very consistent with those 

calculated using the more accurate isocons in the altered siltstone samples (DT QG-1 and 

DT QG-2). Calcium, Mn and Ba are most strongly enriched in the altered samples, and 

Fe, Si, Mg, K, P, and Sr are also enriched. Sodium is the most depleted element, 

particularly in the most altered (breccia) samples, however Zr is also depleted. The 

elements gained and lost are consistent for each of the altered samples. Significant Ca 

and Mg enrichment outweighed major losses (Na depletion) and resulted in overall 

(average 50%) mass gain in altered samples, which in most cases manifested as veining 

or the presence of hydrothermally precipitated breccia matrix. 

 

The altered Bland samples used in Figure 6.3 were also plotted against one another. The 

altered siltstone and breccia samples were plotted against the slightly altered siltstone 

(DT QG-1) in the absence of an unaltered sample from this location. These additional 

isocons were constructed because the close spatial association of these samples increases 

the likelihood of them having a common protolith. Altered siltstone sample DT QG-2 

produced an isocon that is collinear with Ti, Al, and the origin (Figure 6.4a). Several 

other elements are also roughly collinear with the immobile elements. This reflects the 
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similarity in the alteration intensity of these two samples, and chemical changes are 

observed in only the most mobile elements such as Ba, Sr, Si, K, and Na. Of these, Na is 

strongly depleted from the more altered sample, and the other elements are enriched (Ba 

and Sr most strongly). The isocons constructed using the breccia samples are not defined 

as accurately by Ti and Al, possibly reflecting a small compositional difference between 

their siltstone protolith and that of the slightly altered siltstone (DT QG-1) (Figure 6.4b 

and c). Despite uncertainties of ±10 to 14%, the alteration chemistry observed in the 

breccia samples has a similar character to the alteration of sample DT QG-2, with strong 

enrichments of Ba and Sr, and strong depletion of Na. Silica is roughly conserved while 

K is conserved to enriched. The greater alteration intensity has also caused mobility of 

other elements, as illustrated by enrichments of Fe, Ca, and Mn. This alteration signature 

correlates well with the results from Figure 6.3 described above. 

 

The reliability of isocons in Figure 6.3 could be questioned on the basis that the regional 

unaltered siltstone sample (DT QG-0) is not closely related spatially to the altered 

samples. The validity of the identified alteration signature, however, is supported by: 1) 

the accuracy of isocons defined by Ti and Al (suggesting strong protolith correlation); 

and 2) the agreement with the alteration signature identified using strictly proximal Bland 

samples (Fig. 6.4). 

 

Whole-rock geochemistry was also obtained for a range of altered siltstone and breccia 

samples collected from two main locations at the Igor prospect, however they proved to 

be unsuitable for isocon analysis. Immobile elements were erratic and did not accurately 

define isocons, presumably as a consequence of varying protolith chemistry and 

incorporation of different clast lithologies into breccias. A lack of unaltered samples 

collected from this location was partly responsible for the poorly constrained protolith 

chemistry and is a limitation that could be addressed in future studies. Nonetheless some 

qualitative observations of the altered Igor samples can be made. Potassically (K-

feldspar) altered siltstone samples were high in K and Fe, which is consistent with their 

pink K-feldspar alteration and the presence of magnetite. High Ba levels in these samples 

were also consistent with the abundant barite observed at this prospect, and high Cu and 
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U levels were returned from one sample (DG QG-S2) containing minor sulphide blebs. 

Breccia samples contained much greater levels of Mg, Ca and Fe due to the abundance of 

dolomite and magnetite in the breccia matrix, and Mn was also more abundant. 

Potassium (and Si) levels in the breccia sample was lower because of the dominance of 

mineral infill (at the expense of K-feldspar altered siltstone) in this sample. The high 

levels of Fe and Ca correspond with the magnetite-carbonate infill. Barium levels are also 

considerably lower in the breccia samples. This simply reflects local variations in barite 

abundance, given the localised nature of barite veins and pods. The broad characteristics 

of these altered and brecciated rocks from Igor are consistent with the alteration signature 

quantified in rocks from the Bland prospect, and suggest that the character of alteration is 

overall similar at these two prospects. The alteration signature determined for the Bland 

prospect therefore will be treated in later discussions as being representative of overall 

QG alteration. 

 

Fairchild Lake Group 

The dominant rock type in the FLG is laminated siltstone, with smaller amounts of very 

fine grained sandstone and dark shale. The upper 200m of the unit is interbedded 

dolostone and siltstone. Siltstone and altered siltstone are by far the most widespread rock 

types in this unit, and were well sampled by Brookes (2002) and Thorkelson (2000). 

Samples collected by Brookes (2002) are well constrained because a suite of altered and 

unaltered samples were collected proximal to each other with a view to characterising the 

alteration signature at the Slab prospect. There are very few published data for other FLG 

rock types.  

 

Alteration of siltstone 

Isocons have been constructed by plotting a sericite altered siltstone (MB 4-4a), an 

intensely albite-altered siltstone (MB 8-3a), and an albite-altered breccia (MB 7b) against 

the least altered siltstone of those collected (MB 6-1a) in a similar approach to that taken 

by Brookes (2002) (Figure 6.5; see Table 6.1 for proximity of samples). These samples 

are representative of the most abundant alteration types in the Slab area (Brookes, 2002). 

The alteration chemistry is distinctive and correlates well across all three samples. 
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Calcium, Mn and Mg are enriched in each of the altered samples, and Na is very strongly 

enriched in the two albite-altered samples. Na enrichment in the sericite sample is 

attributed to the Na-rich nature of the mica (paragonite) and is not as strong (Brookes, 

2002). Copper concentrations were below 15ppm in all but the intensely altered albite 

sample which was significantly enriched in Cu (2600ppm). Potassium and Rb are 

consistently depleted, while Ba, Fe and Sr are also generally lost. Large Na and Ca 

enrichments have resulted in overall mass gains. This mass gain is strongest in breccia 

samples with hydrothermally precipitated matrix which gained more mass (59%) than 

altered sedimentary rocks (up to 25%). Very similar results were also obtained when the 

same altered samples used in Figure 6.5 were plotted against different unaltered samples 

from this area (additional data listed in Table 6.1, isocons not shown). Multiple samples 

from this area were thus roughly representative of a common protolith. 

 

The isocons in Figure 6.6 plot an intensely albite-altered pale-matrix breccia from a small 

breccia zone near the FLG-hosted Otter prospect (10km east of Slab) (DT FLG-3, data 

from Thorkelson, 2000) against a minimally altered, laminated FLG siltstone (DT FLG-0, 

Thorkelson, 2000) (Figure 6.6a) and against the least altered siltstone sample used in 

Figure 6.5 (MB 6-1a; Figure 6.6b). These two relatively unaltered samples were used to 

enable assessment of the alteration signature in this breccia sample in anticipation that 

one or both may represent a good approximation of its protolith. The immobile elements 

are reasonably collinear in these plots and acceptably define the isocons. The two plots 

are virtually identical owing to the similarity of the two unaltered samples. The plots 

suggest that either of the unaltered samples represent a good approximation of the breccia 

protolith, and therefore that the observed chemical gains and losses can be attributed to 

alteration (i.e. enrichment in Na, Ca, Mn, Mg, Cu, and Fe and depletion in K, Ba, and 

Rb).  

 

Overall there is a very clear correlation in the alteration chemistry from several sample 

types hosted in the FLG: 1) sericite altered siltstone; 2) albite altered siltstone; 3) albite 

altered breccia from Slab; and 4) albite altered breccia from Otter. The alteration 

signature shared by these isocons is characterised by strong enrichment in Ca, Na, Mg, 
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Mn, and Cu (Fe, P and Sr are also mostly enriched) and strong depletion in K, Ba, Rb, 

and V. The observation of a common alteration signature across a range of rock types and 

sample locations in the FLG suggests that the identified chemical changes approximate 

the bulk change in chemistry experienced by FLG rocks during hydrothermal alteration 

and breccia formation. The observed chemical changes are consistent with geological 

observations that indicate that sodic alteration is widespread in the FLG and is the 

dominant alteration type. 

 

 

BPRI geochemistry  

The majority of BPRIs are diorite in composition. The primary chemistry of BPRI 

intrusions is rarely preserved because the vast majority are metasomatised, however 

Thorkelson et al., (2001b) were able to identify minimally affected examples through the 

study of low-mobility high field strength elements. The isocon analysis presented here is 

based on data from Thorkelson (2000) and Thorkelson et al., (2001b) and compares the 

compositions of altered and minimally altered diorite samples. 

 

GLG diorite 

The alteration chemistry of BPRIs in the GLG is assessed using samples from the FLG-

hosted Pika prospect. The geochemistry of altered diorite with specular hematite veining 

from within a large breccia zone is compared with visibly unaltered diorite of the BPRI in 

Figure 6.7, to expand on the broad observations (lower Ca and Na and higher K in altered 

diorite) made by Thorkelson et al., (2001b). This figure shows that Ca, Na, Sr, Zr, Cu and 

Ba are depleted from the altered diorite and Mg, Fe, K, P, Si and V are enriched. Most of 

these elements are consistent with those enriched/depleted in the alteration of GLG 

siltstone and dolostone outlined above. Figure 6.7 suggests that Ba exhibits different 

behaviour to that seen in GLG siltstone and dolostone. The Ba concentration in the least 

altered diorite sample (DT BPRI-0, ~1200ppm) however, is high in comparison with 

other minimally altered diorite samples compiled by Thorkelson (2000) (typically 300-

500ppm) and the sample has likely been affected by Ba alteration. The general late 

timing of barite (compared to pervasive K-feldspar alteration) within the WSG allows for 
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the possibility that Ba enrichment (in the form of minor veining or replacement) occured 

locally in rocks that were previously unaltered, without changing the visible appearance 

of outcrops. Other diorite samples from (GLG-hosted prospects) Pika and Olympic range 

from 200 to 1700ppm Ba, presumably due to the localised nature of Ba enrichment. 

 

 

FLG diorite 

The chemical nature of alteration in diorite intruding the FLG has also been assessed with 

isocon analysis. Here an albite-altered diorite is compared with a relatively unaltered 

diorite sample (Figure 6.8) (data from Thorkelson, 2000). The immobile elements 

produce a well defined isocon, suggesting the two samples had an equivalent primary 

chemistry. The isocon diagram clearly illustrates the high mobility of some elements, 

with K, Ba, and Rb strongly depleted from the more altered sample, and Na and Fe 

enriched. This alteration chemistry correlates with the main features of alteration 

chemistry determined above for altered FLG siltstone rocks. 

  

The alteration chemistry therefore differs greatly in GLG and FLG diorites, but correlates 

with the alteration patterns observed in altered GLG and FLG sedimentary rocks 

respectively. It is apparent then that the major chemical changes imposed on rocks during 

alteration were to some degree independent of original lithologies.  
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6.6 Ore metals 

Closer examination of the distribution of ore metals is an important step in delineating the 

source of metals deposited as IOCG mineralisation. Table 6.3 provides an overview of 

the concentrations of Cu, Zn, Pb, Co and U in the main rock types (unaltered and altered) 

within the WSG. The samples shown in this table are the same ones used already in this 

chapter to characterise alteration chemistry. 

 

Metal concentrations in altered vs unaltered rocks 

Based on the data in Table 6.3, altered WSG sedimentary rock samples are overall not 

appreciably enriched in ore metals relative to unaltered samples. Concentrations are 

mostly below 15ppm whether altered or not, however Co concentrations are slightly more 

variable, with concentrations up to 63ppm in altered samples. Those samples with highly 

elevated Cu levels (DG QG-S2 and MB-8-3a) were the only samples to contain visible 

mineralisation (chalcopyrite) and illustrate the contrast in metal enrichment between 

altered rocks and those that are visibly mineralised. The lack of general ore metal 

enrichment in altered sedimentary rocks is consistent with the observations of Thorkelson 

and Wallace (1993) who found no increase in the background Cu levels in metasomatised 

rocks. Metal concentrations in altered igneous samples are not clearly distinguishable 

from unaltered (or less altered) igneous rocks, however the igneous rocks clearly contain 

higher metal concentrations than their sedimentary counterparts, as outlined below. 
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Metal concentrations (ppm)

Cu Zn Pb Co U

GLG DT GLG-0 Siltstone, unaltered Olympic 11.1 8.2 4.2 2 1.2

DG GLG-S1 Siltstone, dark, K-spar/hematite-altered Olympic 14.0 3.0 14.0 28 2

DT GLG-1 Siltstone, altered  clasts Pika 3.3 10.4 3.5 3 1.5

DT GLG-2 Breccia w ith 60% matrix Pika 10.2 10.1 3.8 3 2.4

DG GLG D3 Dolostone, stromatolitic Olympic 9 bd 14 11 bd

DG GLG D4 Dolostone, crackle brecciated Olympic 4 125 41 27 2

DG GLG D6 Dolostone breccia w / pale clasts and carbonate matrix Olympic 9 bd 11 63 6

DG GLG D7 Dolostone breccia w / dark grey matrix Olympic 5 bd 21 55 4

DT BPRI-0 Diorite, f ine-grained, visibly unaltered Pika 127.8 125.4 5.1 56 1.7

DT BPRI-1 Diorite w / specular hematite veining in lge breccia zonePika 37.3 62.0 2.8 34 0.8

QG DT QG0 Siltstone NA na na na na na

DT QG1 Siltstone, brow n, slightly altered Bland 3.8 9.4 3.1 6 2.4

DT QG2 Siltstone, altered, jasperised band close to breccia Bland 4.5 6.8 2.4 4 2.0

DT QG3 Breccia, pale in colour w / abundant matrix Bland 3.2 5.8 1.3 10 2.0

DT QG4 Breccia w ith abundant specularite Bland 3.5 6.9 2.3 10 3.2

DG QG-S1 Siltstone, K-feldspar altered Igor 50 bd 5 56 35

DG QG-S2 Siltstone, K-feldspar and magnetite altered Igor 5320 bd 42 46 464

DG QG-S3 Siltstone breccia w ith carbonate and Mag-rich matrix Igor 9 bd 9 57 4

DG QG-S4 Breccia dominated by magnetite+carbonate matrix Igor 37 bd 50 73 4

FLG MB-6-1a Siltstone, unaltered (least altered) Slab 8 11 6 10 na

MB-4-4a Siltstone, sericite altered (120m from 6-1a) Slab 4 11 16 20 na

MB-8-3a Siltstone, albite altered (intense) (60m from 6-1a) Slab 2602 13 11 12 na

MB-7B Breccia, albite altered (40m from 6-1a, 15m from 8-3a) Slab 15 1 3 20 na

MB-4-2a Siltstone, unaltered Slab 13 45 9 38 na

MB-10-11b Siltstone, unaltered Slab 20 24 0 19 na

MB-7-1b Siltstone, unaltered (w ithin breccia zone) Slab 8 14 6 6 na

DT FLG0 Laminated siltstone, minimally altered NA 4.0 8.9 2.3 12 7.5

DT FLG3 Breccia w ith pale albite-altered granular matrix Otter 12.1 10.5 2.2 8 1.3

DT BPRI-00 Diorite, medium grained w ith little alteration Slab na 52 6.5 32 0.5

DT BPRI-02 Diorite, f ine-grained, albite-altered Slab 46.1 41.2 2.7 35 1.9

Unit Sample Description Prospect

 

Table 6.3: Overview of selected ore metal concentrations in the main rock types and units within the WSG. 

Data from Brookes (2002) (XRF) and Thorkelson (2000)(ICPMS). 
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Metal concentrations in igneous vs sedimentary rocks 

Ore metal contents of igneous rock samples collected from within the WSG by 

Thorkelson et al., (2000) are provided in Table 6.4. The difficulty in distinguishing 

clearly unaltered samples precluded the use of most of these samples for systematic 

Metal concentrations (ppm)

Cu Zn Pb Co U

BPRI

Fine-grained diorite (visibly unaltered) GLG (Pika) 127.8 125.4 5.1 56 1.7

Fine-grained diorite GLG (Pika) 58.6 70.4 2.8 46 4.39

Fine-grained diorite, reddened GLG (Pika) 120.9 112.2 5.8 75 2.5

Diorite with specular hematite veining GLG (Pika) 37.3 62.0 2.8 34 0.79

Fine-grained diorite GLG (Olympic) 14.0 51.1 1.8 47 0.29

Fine-med grained diorite GLG (Olympic) 129.5 196.9 4.2 52 6.59

Fine-grained diorite, hematitic GLG (Olympic) 20.6 143.6 2.2 61 1.89

Fine grained anorthosite, hematitic GLG (Olympic) 13.8 19.9 2.9 65 4.69

Fine-grained diorite GLG 53.3 189.9 4.7 82 2.93

Fine-grained diorite FLG-QG 167.6 39.7 6.5 51 1.63

Fine-grained diorite, some Py FLG-QG 14.0 39.7 5.2 35 1.94

Reddened fine-grained diorite FLG-QG 14.3 90.9 3.0 39 1.93

Fine-grained diorite, hematitic FLG-QG 16.8 68.1 5.3 46 1.31

Med grained diorite, little altn FLG (Slab) na 52.0 6.5 32 0.52

Fine-grained diorite FLG (Slab) 113.0 33.0 5.8 36 1.15

Fine-grained diorite FLG (Slab) 46.1 41.2 2.7 35 1.87

Aphanitic dense basalt FLG 8.0 90.9 1.1 84 0.88

Locally pegmatitic diorite, little alteration FLG na 114.0 7.0 33 4.2

Fine-med grained diorite FLG 21.9 178.9 2.2 37 0.71

Fine-grained diorite FLG na 89.0 2.6 21 4.3

Diorite, reddened FLG na 49.0 4.9 13 3.3

Diorite with minor specularite and epidote FLG na 115.0 2.3 48 0.61

Quartz albite syenite FLG 2124.0 53.6 6.3 39 5.93

Slab Volcanics

Aphyric basalt Slab na 28.0 3.0 30 3.4

Aphyric basalt Slab 11.6 29.3 3.7 34 4.82

Aphyric basalt Slab 10.3 24.8 2.2 37 4.84

Mid-proterozoic lamprophyre

Biotitic basalt dyke FLG 19.4 4008.0 6.4 84 2.42

Bear River Intrusions

Fine-grained diorite GLG 122.0 50.0 5.0 70 0.87

Fine-grained diorite GLG 141.9 102.0 21.7 41 0.68

Fine-grained diorite GLG 69.5 120.6 15.7 34 1.93

Fine-grained diorite GLG 370.6 156.5 22.9 46 1.04

Global Average Compositions

Mantle (Taylor & McLennan, 1985)   - 28.0 50.0 0.12 100.0 0.018

Continental Crust (Wedepohl, 1995)   - 25.0 65.0 14.8 24.0 1.7
Andesitic crust (Taylor & McLennan, 1995)   - 60.0        - 10.0 25 1

Sample Unit (Prospect)

 

Table 6.4: Selected ore metal concentrations of igneous rocks within the WSG. Data from Thorkelson 

(2000). Concentrations are not very different from average global concentrations, which are provided for 

comparison. 

 

isocon analyses, however they can be used to make some general statements about metal 

concentrations, particularly relative to sedimentary samples. The tables highlight some 

clear disparities in metal concentrations between igneous intrusives and sedimentary 
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rocks within the WSG. Copper, Zn and Co are clearly more abundant in the (mostly 

diorite composition) BPRI rocks, with the highest levels (>100ppm Cu and Zn, and 

>50ppm Co) generally occurring in samples that were visibly less altered. Comparisons 

with global average values have limited value, but show that background ore metal 

concentrations are not especially anomalous with respect to broad global averages. 

Unaltered sedimentary rocks in comparison generally contain less than 10ppm Cu, Zn 

and Co. Further, these values are low compared to those of typical Proterozoic fine-

grained sedimentary rocks from Australia and Canada compiled by Taylor and 

McLennan (1985) (~25-65ppm Cu, ~20-90ppm Zn, ~15-25ppm Co), and while strong 

significance should not be given to this comparison, it does emphasise the metal-poor 

nature of WSG sediments. Lead and U are present in similarly low levels in both BPRI 

and sedimentary rocks.  

 

The variations in metal concentrations are much greater in BPRI samples than in 

sedimentary rocks, and support the suggestions by previous authors (Laznicka and 

Edwards, 1979; Thorkelson, 2000) that local redistribution of metals occurred within and 

around BPRI. Slab volcanics also contain slightly elevated Zn (27ppm) and U (mean 

4.4ppm) relative to most sedimentary rocks (mostly below 10ppm Zn and 2ppm U), 

although these observations are tentative given the small number of volcanic samples (3). 

 

Ore metal overview 

The trends in the distribution of ore metals within the WSG established above, suggest 

that diorite dykes may be an important source of ore metals for the Wernecke IOCG 

district. The sources of ore metals are more fully discussed in Chapter 7, where the 

geochemical evidence presented above can be better interpreted by incorporating 

additional evidence gained from fluid compositions. 

 



                                                                                                                               Chapter 6 

________________________________________________________________________ 

  6-33   

6.7 Geochemistry overview 

This chapter has characterised the bulk alteration chemistry within each WSG unit. The 

key findings of this chapter are: 1) the alteration signature is distinctly different for each 

unit (in particular there is a contrast between FLG and QG alteration); and 2) alteration 

chemistry is consistent within each unit across different lithologies, suggesting that 

lithologies have only a minor effect on alteration chemistry. Both of these findings are 

demonstrated by Table 6.5, which summarises the element gains and losses that occurred 

within each unit. 

 

  GLG QG FLG 

  Siltstone Diorite Siltstone Siltstone¹ Siltstone² Siltstone³  Diorite 

SiO2 ↓↓ ↑ ↑ ↑ ↑ ↑ ↑ 

TiO2 - - - - - - - 

Al2O3 - - - - - - - 

FeO ↑ ↑ ↑ ↑ ↑↓ ↑ ↑ 

MnO ↓↓ ↓ ↑↑ ↑   ↑↑ ↓ 

MgO ↓↓ ↑ ↑↑ ↑ ↑↑ ↑↑ - 

CaO ↓↓ ↓↓ ↑↑↑ ↑ ↑↑ ↑↑ - 

Na2O ↓ ↓↓ ↓↓ ↓↓ ↑↑ ↑↑ ↑ 

K2O ↑ ↑ ↑↑ ↑ ↓↓ ↓↓ ↓ 

P2O5 ↑ ↑ ↑↑ ↑ ↑ ↑ ↑ 

V ↑ ↑   - ↓ ↓ ↑ 

Rb - -   ↑ ↓↓ ↓↓ ↓↓ 

Sr   ↓ ↑↑ ↑↑ ↓ ↑↑ ↓ 

Y               

Zr ↓ ↓ ↓ - - - - 

Nb               

Ba ↑ ↓ ↑↑ ↑↑ ↓↓ ↓↓ ↓↓ 

Cu   ↓           

Mass ↓ ↑ ↑ ↑ ↑ ↑ ↑ 

 

Table 6.5: This table summarises average element gains and losses that characterise alteration in different 

rock types within each WSG unit. Arrows indicate gains (↑) or losses (↓) of each element in altered rocks. 

Double arrows indicate strong enrichment (>100%) or strong depletion (>60%). Triple arrows indicate 

extreme enrichment >10000% (100 fold increase). Oppositely directed arrows indicate variable results. 

Dashes denote roughly conserved elements. Spaces are blank where there was insufficient data for 

calculation. Grey shading marks where element concentrations were too low for reliable interpretation. 1- 

Bland samples only, 2- Brookes (2002) samples, 3- sample DT FLG-3. The table illustrates the consistent 

trends within each unit, but distinct differences between units. 
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Figure 6.9 correlates some of the major features of alteration chemistry (element gains 

and losses) with the observed alteration types outlined in Chapter 4. These figures show 

that altered rocks have generally preserved two or more superimposed alteration events. 

The alteration chemistries of FLG and QG rocks are entirely consistent with the alteration 

mineralogies observed within these units. Albite alteration caused enrichment of Na and 

stripping of K from FLG rocks for example, with Fe introduced as early magnetite and 

syn-breccia hematite, while late calcite veining was responsible for Ca enrichment (Fig. 

6.9a). The well documented potassic K-feldspar alteration in QG rocks conversely 

stripped Na and enriched K early in the paragenesis, while Fe enrichment occurred as 

mostly syn-breccia hematite, magnetite, and siderite. Enrichments in Ca and Mg 

correspond with syn- to post-breccia dolomite veining, and Ba increases were related to 

post-breccia barite veining (Fig. 6.9b).  

 

K-feldspar alteration that occurred during the main period of brecciation in the GLG 

corresponds with K enrichment and Na depletion, and Fe enrichment occurred as 

hematite alteration (as for QG rocks) (Fig. 6.9c). The formation of dolomite, ankerite and 

calcite during the syn and post breccia stages of the Olympic paragenesis (circled in Fig. 

6.9c), however, is seemingly at odds with the results of isocon analyses presented for the 

GLG in this chapter, which indicated overall loss of Ca (and Mg). Samples used for 

isocon analysis however did not contain significant veining. Heavily veined samples were 

avoided because of they are generally non-representative of bulk rock chemistry, and 

typically return highly variable results. Consequently, geochemistry results reflect the 

character of more pervasive alteration phases rather than veining. It appears that while 

significant Ca and Mg enrichment are likely associated with carbonate veining, 

pervasively altered rocks have experienced Ca and Mg depletion. 
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Figure 6.9: a) and b) Mineral paragenesis for the Slab and Igor prospects, which are typical of FLG and QG 

alteration respectively. Major features of alteration chemistry are shown to correspond with key alteration events; c) 

mineral paragenesis for the Olympic prospect, which is typical of GLG alteration. K and Fe gains correspond with 

K-feldspar and hematite alteration events, but Ca and Mg enrichments in the form of carbonate veins (circled) 

highlight a disparity between pervasively altered rocks (Ca and Mg depleted), and those containing carbonate veins 

(Ca and Mg enriched).  
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7 Discussion 
 

Introduction 

The discussion presented in this chapter begins with the identification of likely sources of 

IOCG-related hydrothermal fluids in the Wernecke Mountains, through analysis of fluid 

properties and chemistry, including the use of halogens and noble gases due to their 

conservative nature. The effect of temperature, salinity and redox on fluid compositions 

will then be explored by examining the differences in fluid properties between prospects. 

Fluid-rock interaction is the other major influence on fluid chemistry. Its study is made 

possible by the differences in alteration chemistry and fluid chemistry that occur between 

prospects, at different stratigraphic levels, and is investigated in this chapter by comparing 

rock chemistry (presented in Chapter 6) and fluid chemistry (presented in Chapter 5). This 

leads into a discussion of the likely sources of metals. The latter stages of this discussion 

compare fluids from the Wernecke Mountains with fluids from other IOCG deposits, and 

identify the contribution of this study to the understanding of IOCGs in general. 

 

7.1 Review of fluid character and implications for fluid origins 

 

Fluid inclusion results from the preceding chapters are reviewed below for evidence of 

fluid source in the Wernecke Mountains. Fluid properties and compositions are compared 

with those of magmatic and non-magmatic fluids described in Chapter 2, and the 

interpretation of halogen and noble gas results are discussed in detail. 

Fluid inclusion types 

The vast majority of fluid inclusions observed within Wernecke samples are two and three 

phase (LV and LVH) aqueous inclusions. There is a distinct lack of multiple fluid 

inclusion types including multisolid, opaque-bearing, and vapour-rich inclusions that are 

commonly associated with magmatic fluids (Table 2.1). CO2 inclusions were observed in 

one sample but are not present in the large quantities that are commonly observed in 

magmatic environments (Giggenbach, 1997; Pollard, 2001; Baker, 2002; Baker et al., 

2006; Pollard, 2006). The occurrence of almost exclusively LV and LVH inclusions is 
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typical of (although not limited to) systems where non-magmatic fluids dominate, as 

illustrated in Table 2.2. 

Salinity 

Salinities of fluid inclusions in Wernecke samples overall are moderate to high, and range 

from approximately 15 to 45 wt% NaCl equivalent. These are significantly greater than the 

salinities of seawater (~3.5 wt%) or meteoric water (~0.02 wt%), and are consistent with 

the salinities of basinal brines that have attained higher salinities through seawater 

evaporation and/or halite dissolution (Chapter 2) (Figure 7.1). There is a distinct absence 

of the low salinity inclusions that are characteristic of meteoric water or non-evolved 

seawater, and also of the very saline (>50 wt%) inclusions commonly associated with 

magmatic fluids. The Wernecke data, however, do overlap with the wide range of salinities 

that can be produced from magmatic sources. 

Temperature 

Fluid inclusion trapping temperatures are low to moderate (110 to 400 °C), and are 

consistent with the upper range of temperatures measured for hydrothermal fluids derived 

from basinal brines (Figure 7.1). Fluids with similar temperatures include halite dissolution 

brines and bittern brines from Colombia (Banks et al., 2000) and the Pyrenees (Banks et 

al., 1991; McCaig et al., 2000) respectively, where temperatures are related to their depth 

of entrapment rather than association with magmatism. While none of the inclusions 

analysed in this study were trapped at near-magmatic conditions, magmatic fluids can cool 

prior to trapping distal to their source, and the range of calculated trapping temperatures 

does overlap with the lowest of the range of temperatures reported for trapping of 

magmatic fluid inclusions (Figure 7.1). 

Major elements 

Most Ca and K concentrations in Wernecke fluids are consistent with the highest end of 

the range of non-magmatic fluids, similar to halite dissolution brines from Colombia 

(Banks et al., 2000), bittern brines from the Pyrenees (Banks et al., 1991; McCaig et al., 

2000), and metamorphic brines from Northern Norway (Bennett and Barker, 1992) (Figure 

7.2). Data from all prospects except for Olympic lie below the line representing Ca=K. In 
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other words the fluids consistently contain Ca>K, which is a characteristic feature of non-

magmatic fluids, as discussed in detail in Chapter 2. Some Hoover inclusions contain 

approximately Ca=K, but only inclusions from the Olympic prospect consistently contain 

K>Ca, and lie in the region of the plot generally occupied by magmatic fluids (discussed 

further in Section 7.5). Overall the calcic nature of Wernecke fluids is typical of basinal 

brines that have attained high Ca levels due to either derivation from ancient Ca-rich 

seawater or enrichment in Ca via exchange with wall-rock and increasing salinity (Chapter 

2), and are distinct from K-rich magmatic brines. Further investigation later in this chapter 

is aimed at revealing whether the variation in Ca/K ratios from prospect to prospect might 

be related to variations in fluid source and/or wall-rock interaction. 

Metals 

Iron levels in Wernecke fluid inclusions are lower than those observed in the vast majority 

of magma-derived fluids. Concentrations are mostly below 5000 ppm, which are consistent 

with Fe levels in non-magmatic fluids, and clearly distinct from the concentrations of 

mostly between 10000 and 200000 ppm in magmatic fluids (Figure 7.3) (e.g. Heinrich et 

al., 1992; Gunther et al., 1998; Ullrich et al., 2001; Vanko et al., 2001; Kamenetsky et al., 

2002; Baker et al., 2006). Copper concentrations from below detection limits to 500 ppm 

are also consistent with non-magmatic levels. There is a distinct lack of the high Cu 

concentrations (1000 to 30000 ppm) that characterise ore-bearing magmatic fluids (e.g. 

Heinrich et al., 1992; Cline and Vanko, 1995; Ullrich et al., 2001; Vanko et al., 2001), 

although similarly low Cu levels are also observed in some magmatic fluids (Figure 7.3) 

(Smith et al., 1996; Gunther et al., 1998; Ullrich et al., 2001; Kamenetsky et al., 2002; 

Baker et al., 2006). 

 

The ranges of Mn/Fe ratios in magmatic and non-magmatic fluids overlap and therefore 

Mn/Fe ratios are not diagnostic of fluid source, however ratios for non-magmatic fluids (as 

compiled in Chapter 2) lie over a greater range (e.g. Connolly et al., 1990). Most of the 

Wernecke values overlap with both datasets, but Slab values extend beyond the range of 

magmatic values in the dataset, similar only to sedimentary formation water ratios reported 
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by Connolly et al. (1990) (Figure 7.4). Mn/Fe ratios of Wernecke fluids will be further 

discussed in Section 7.3. 

 

Comparison with fluid data from a range of settings reveals that the properties of 

Wernecke fluids are most similar overall to those generated in basinal, non-magmatic 

environments. There is however some overlap with the character of some magma-derived 

fluids (e.g. salinity, temperature, metals) because of the wide variations in the character of 

fluids that are found in magmatic settings. Further aspects of fluid chemistry are examined 

below with the specific aim of tracing the sources and evolution of fluids in the Wernecke 

region. 
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Figure 7.1: Scatter plot of Cl concentrations (used as a measure of salinity) vs trapping temperature. Data for 

Wernecke inclusions (obtained using thermometry) are compared with magmatic (orange) and non-magmatic 

data (light blue). The Wernecke dataset overlaps with the upper range of temperatures and salinities reported 

for non-magmatic fluids, but is also similar to some magmatic fluids. Sources of magmatic and non-

magmatic datasets are listed in Figure 2.1. 
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Figure 7.2: K vs Ca scatter plot comparing K and Ca concentrations in magmatic (orange), non-magmatic 

(blue) and Wernecke fluids. Ca/K is greater than 1 for most of the Wernecke data. Note that there are no 

Slats-Frosty data in this plot because inclusions were hosted by fluorite which prevented accurate Ca 

analysis. See text for further discussion. 

1

10

100

1000

10000

100000

1 10 100 1000 10000 100000 1000000

Fe (ppm)

C
u

 (
p

p
m

)

Igor LVH

Igor LV

Slab LVH

Olympic LVH

Olympic LV

Hoover LVH

Hoover LV

STF LVS±H

 

Figure 7.3: Comparison of the Cu and Fe levels in Wernecke fluid inclusions with fluids of magmatic 

(orange datasets) and non-magmatic (light blue) origin. Concentrations are much lower than commonly 

reported for magmatic fluids. Sources of magmatic and non-magmatic datasets are listed in Figure 2.1. 
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Figure 7.4: Scatter plot of Mn/Fe vs Ca/K. Ca/K ratios show a strong relationship to fluid source, while 

Mn/Fe ratios are mostly non-diagnostic. Sources of magmatic and non-magmatic datasets are listed in Figure 

2.1. 

 

 

7.2 Halogens and noble gases 

 

Halogens from PIXE 

Halogen data in the form of Cl and Br concentrations were obtained during PIXE analysis 

of fluid inclusions as presented in Chapter 5. An important tool for the delineation of fluid 

source is the Log Cl vs Log Br plot (Figure 7.5). Plotting the data in this way suggests that 

fluids from the Igor and Slab prospects represent bittern brines, similar to Mississippi 

oilfield brines (Carpenter et al., 1974), and basinal brines from the Pyrenees (McCaig et 

al., 2000). These fluids have high Br concentrations relative to Cl. Olympic and Hoover 

fluids are distributed in a separate area of the plot that suggests halite dissolution has 

occurred. They plot close to emerald-related brines from Colombia (Banks et al., 2000), 

and geothermal well fluids from the Salton Sea (Williams and McKibben, 1989), which 

have been shown to have dissolved halite through interaction with evaporites.  
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Figure 7.5: Scatter plot of log Cl vs log Br. Wernecke data were obtained using PIXE analysis of fluid 

inclusions and are compared with data from magmatic (orange) and non-magmatic fluids (light blue), which 

were presented in Chapter 2 (see Fig. 2.7 for details). See text for further discussion. Seawater A- modern 

seawater; seawater B- seawater evaporated to the point of halite saturation (see Legend) (Fontes and Matray, 

1993). 

 

Further halogen and noble gas analysis 

A collaborative study was undertaken with Dr Mark Kendrick, University of Melbourne, 

with the aim of obtaining further halogen chemistry from fluid inclusions, given the 

importance of halogens as tracers of fluid source. The study used an extension of Ar-Ar 

methodology to simultaneously determine the noble gas (He, Ne, Ar, Kr, Xe) and halogen 

(Cl, Br, I) composition of fluid inclusions. Fluid inclusions were extracted from a range of 

minerals (quartz, barite, fluorite and sulphides; Table 7.1) by step heating and/or in-vacuo 

crushing, and extracted fluids were vapourised and measured using the MAP 215-50 noble 

gas mass spectrometer at the University of Melbourne. The details of this methodology can 

be found in Kendrick et al. (2006b). Methods, results and outcomes of this study are 

published in Kendrick et al. (2008). The key results and interpretations are summarised 

below, and the outcomes with respect to delineation of fluid sources are discussed. 
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Halogens from extended Ar-Ar methodology 

Halogens were measured in quartz, barite and fluorite samples using crushing and/or step-

heating for extraction. The results are summarised in Table 7.2 (see Appendix N for full 

results). Fluid inclusions in quartz (DG10-1b) and barite (DG9-12) from the Igor prospect, 

and in fluorite from Slats-Frosty have the highest Br/Cl and I/Cl values of the analysed 

samples (Figure 7.6). These values are consistent with sedimentary formation waters with 

elevated Br/Cl values resulting from seawater evaporation past the point of halite 

precipitation (bittern brines), and are consistent with the halogen results from PIXE as 

described above. This interpretation is also consistent with the salinity of these inclusions, 

which are dominantly two-phase LV inclusions with mean salinities of approximately 25 

wt% NaCl equivalent (close to halite saturation). The elevated I/Cl values of these 

inclusions are typical of sedimentary formation waters that have interacted with organic-

rich sedimentary rocks in the subsurface (Worden, 1996). I/Cl ratios are most elevated in 

Igor and STF samples, which are the most proximal to carbonaceous shale horizons in the 

lower QG. 

 

Most of the analysed quartz samples from the Slab, Hoover, Olympic, and Slats-

Wallbanger prospects contain a higher proportion of LVH inclusions, and higher salinities. 

The inclusions in these samples were shown to have lower Br/Cl and I/Cl values (blue 

Br/Cl ratios in Table 7.2), which were generally below seawater values (Figure 7.6). The 

lowest Br/Cl and I/Cl values were found in the Slab sample, which contained only LVH 

inclusions with salinities up to 46 wt% NaCl equivalent. These low ratios, which are 

significantly below those of seawater, are characteristic of fluids that have attained high 

salinities by dissolution of evaporitic halite, such as fluids from Hansonburg (Bohlke and 

Irwin, 1992) and evaporite-related brines in Colombia (Banks et al., 2000) (Figure 7.6). 
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Prospect Sample # Sample description Host Timing Timing Inclusion types
mineral (mineral) (inclusions)

Igor DG9-6c Qtz ± Ccp vein cutting Sd + Mag matrix breccia Quartz Late to post P + S LV + rare LVH

DG10-1b Qtz vein cutting Sd + Hem matrix breccia Quartz Late to post P? LV + rare LVH, CO2

DG9-12 Large Brt + Mag vein Barite Post P L±V

DG9-6c Qtz ± Ccp vein cutting Sd + Mag matrix breccia Py + Ccp Late to post ? ?

DG9-13 Ccp overprinting Sd + Mag ± Hem matrix breccia Ccp Post ? ?

Slats-W STW Dol + Qtz + Ccp vein in breccia Quartz Syn P + S LV + minor LVH

Slats-F STF Dol + Fl + Py + Ccp vein Fluorite Syn P LVS±H

Slab Slab SW Qtz crystal from breccia matrix Quartz Syn P LVH

Sb94-1-198.6 Carb + Chl + Py + Ccp vein cuts K-feldspar altered siltstone Py + Ccp Late ? ?

Olympic OY94-1-117.6 Qtz + Hem veins cutting breccia clast Quartz Post P LV

OY94-3-24.70 Dol + Cal + Ccp + Qtz vein cutting dolostone breccia Ccp Post ? ?

Hoover JH01-8-2 Qtz + Ms + Mal + Hem vein in siltstone Quartz Syn to post P LVH

HV94-1-599.6 Carb + Chl + Py + Ccp vein cuts feldspar altered siltstone Ccp Late to post ? ?

HV94-1-507.3 Carb + Py vein brecciating siltstone Py Late to post ? ?   

Table 7.1: Outline of the samples analysed for fluid inclusion halogens and noble gases using extended Ar-Ar methodology. Host mineral refers to the fluid 

inclusion-hosting mineral analysed by this technique. Mineral timing refers to the formation of the host mineral relative to the main stage/s of brecciation at each 

prospect. Inclusion timing: P=primary, S=secondary. Inclusion types were not identified in sulphide samples due to the opacity of these minerals. Qtz=quartz, 

Dol=dolomite, Sd=siderite, Fl=fluorite, Chl=chlorite, Mag=magnetite, Hem=hematite, Cal=calcite, Ms=muscovite, Mal=malachite, Brt=barite, Py=pyrite, 

Ccp=chalcopyrite, Carb=carbonate.   
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Prospect Sample Mineral Extraction 
40

Ar/
36

Ar
40

Ar/
36

Ar Salinity
36

Ar (ppb) Br/Cl x10
-3 

I/Cl x10
-6

technique total* max
Igor DG9-6c Quartz Crush 1250 ± 20 1420 ± 10 25-30 2.0 ± 0.3 ~1.2 21-23

H 200-400 1170 ± 10 25-30 2.0 ± 0.4 1.1-1.3 15-26

H 400-600 2070 ± 20 30-35* 1.4 ± 0.1 1.0-1.3 15-17

DG10-1b Quartz Crush 940 ± 10 1300 ± 90 14-27 2.8 ± 0.9 2.4-2.6 13-15

H 200-400 960 ± 110 14-27 2.0 ± 0.3 2.3-2.9 14-45

H 400-600 1780 ± 40 25-35* 2.5 ± 0.2 2.0-2.5 11-20

DG9-12 Barite Crush 319 ± 3 366 ± 8 25-30 130 ± 12 2.4-2.8 57-65

Slats- STW Quartz H 200-400 670 ± 70 20-25 4.2 ± 0.6 0.64-0.87 2.2-3.1

Wallbanger H 400-600 2270 ± 70 25-30 1.3 ± 0.1 0.92-1.0 2.8-4.4

Slats-Frosty STF Fluorite Crush 960 ± 5 990 ± 10 22-30 18 ± 2 2.4-3.0 16-22

Slab Slab SW Quartz H 200-400 430 ± 60 38-44 10 ± 1 0.72-1.8 0.3-11

H 400-600 4500 ± 360 38-44 0.9± 0.1 0.36-0.85 1.0 -2.7

Olympic OY94-1-117.6 Quartz Crush 4870 ± 20 11470 ± 80 23-27 1.6 ± 0.4 1.4-1.6 6.9-8.1

H 200-400 4360 ± 100 23-27 1.6 ± 0.3 0.77-1.0 4.6-5.7

H 400-600 15250 ± 260 1.3 ± 0.1 0.89-0.97 3.9-4.5

Hoover JH01-8-2 Quartz H 200-400 40440 ± 3170 36-41 9 ± 3 0.74-1.1 2.5-3.9

H 400-600 38230 ± 1970 36-41 0.7 ± 0.2 0.50-0.70 1.3-2.4

Igor DG9-6c Py + Ccp Crush 14080 ± 210 na na na na na

DG9-13 Ccp Crush 1538 ± 8 na na na na na

Slab Sb94-1-198.6 Py + Ccp Crush 536 ± 8 na na na na na

Olympic OY94-3-24.70 Ccp Crush 596 ± 4 na na na na na

Hoover HV94-1-599.6 Ccp Crush 10580 ± 640 na na na na na

HV94-1-507.3 Py Crush 1113 ± 6 na na na na na

7920 ± 100

22170 ± 310

1460 ± 10

940 ± 10

1480 ± 30

680 ± 30

 

Table 7.2: Summary of halogen and noble gas results. Full results are presented in Appendix N. Coloured shading highlights magmatic or basement-derived 

(orange) vs formation water (blue) 40Ar/36Ar values. Blue text denotes low Br/Cl values indicative of halite dissolution, and the remaining (higher) values are 

representative of bittern brines. na=not analysed. H 200-400 results were obtained from fluids released between 200 and 400 °C upon heating, and H 400-600 

results were obtained from subsequent heating of the same sample to 600 °C. Crushing experiments were performed on a separate but equivalent portion of the 

sample to heating experiments. Salinities were obtained from microthermometry experiments. *based on a general pattern of higher salinity inclusions having 

higher decrepitation temperatures. 
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Figure 7.6: Plot of halogen results indicating that fluids in samples DG9-12, DG10-1b and STF are 

representative of bittern brines with elevated Br and I relative to Cl. Data from other samples lie further 

towards the bottom-left of this plot and suggest halite dissolution has occurred. Arrows illustrate possible 

paths of fluid evolution, which are consistent with bittern brines dissolving varying amounts of halite. Degree 

of halite dissolution may be a function of fluid temperature and exposure to evaporitic halite. The offset of 

DG9-12 and DG9-6c data from Igor can be explained by greater interaction with organic matter in the lower 

QG. All results are from quartz samples except for barite and fluorite samples where indicated. 

 

The range of halogen signatures measured is illustrated in Figure 7.6, which plots Br/Cl vs 

I/Cl ratios. The trends highlighted in this plot (dashed arrows) can be attributed to varying 

degrees of halite dissolution experienced by fluids with a common origin. Bittern brine 

values from DG10-1b and Slats-Frosty may best represent those of an original parent fluid, 

with the distance of other data along the arrows dependent on the amount of halite 

dissolution. Slab and Hoover fluids appear to have dissolved the most halite, while 

Olympic and Slats-Wallbanger fluids have dissolved less. The limited dissolution of halite 

by the fluids in the STW and Olympic samples illustrated in Figure 7.6 is consistent with 

the LV inclusions (and general absence of LVH) observed in these samples, but the 

occurrence of LVH inclusions in other Olympic samples (not analysed by this technique) 

suggests that fluids with varying levels of halite dissolution were preserved at the Olympic 

prospect. Varying levels of halite dissolution even within prospects, may explain the wide 

range of Br/Cl values measured in Slab fluids. This could also explain difference in results 
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obtained using PIXE if more than one fluid inclusion population was included in the 

analysis. 

 

The strong correlation of Br/Cl with I/Cl within each sample (i.e. linear trends in Figure 

7.6), and the observation that the most saline inclusions have the lowest Br/Cl and I/Cl 

ratios are further evidence that evaporite (halite) dissolution has been a major mechanism 

for increasing fluid salinities above 30 wt%. Based on fluid inclusion trapping 

temperatures and the geological settings of the prospects, the extent of halite dissolution 

was most likely a function of fluid temperature and exposure to evaporitic halite. Slab and 

Hoover inclusions were trapped in prospects closest to metaevaporites where a parent 

bittern brine had a higher probability of interaction with halite. These inclusions also have 

the highest trapping temperatures. These hotter fluids had increased potential for halite 

dissolution, while other prospects preserved cooler fluids and are located further from 

known evaporite occurrences.  

 

Igor data from samples DG9-12 and DG9-6c lie further to the right in this plot. This shift is 

caused by higher I/Cl ratios, which may be caused by interaction of the parent bittern brine 

(described above) with organic matter in the form of abundant carbonaceous shale that 

occurs stratigraphically below Igor, in the lower QG. Data from these two samples also 

form a linear trend parallel to the one discussed above, and thus data for DG9-6c could be 

produced by a DG9-12-like (bittern) fluid dissolving a moderate amount of halite. The 

very consistent fluid inclusion type (LV) and thermometry results in this sample rule out 

this possibility of two or more fluid types in separate populations being combined during 

analysis. 

 

It is possible that fluids more strongly affected by halite dissolution (similar to those 

detected in Slab and Hoover samples) are present at Igor in populations that were not 

analysed with this technique. Samples DG10-1b, DG9-12 and DG9-6c contained mostly 

LV inclusions, but thermometry experiments identified higher salinity LVH inclusions in 

samples DG8-9 and DG9-13. The fluid salinities and high Ca concentrations in these two 

samples are similar to halite dissolution fluids from other prospects, and thus may also 
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have dissolved halite. Primary syn-breccia LVH inclusions in both DG8-9 and DG9-13 

were trapped earlier than secondary LV populations (late to post brecciation) in these 

samples, and it is possible that in general, higher salinity fluids were more abundant during 

earlier fluid events. 

 

The entire Igor dataset can be explained with a purely formation water origin, however the 

data does not rule out the involvement of magmatic fluids. Data for sample DG9-6c has 

been explained above by invoking halite dissolution, but they do plot in a zone similar to 

magmatic fluids. Halite dissolution can also cause a magmatic fluid to lose its original 

halogen signature and plot outside the usual magmatic zone. Such fluids may be 

indistinguishable from seawater-derived halite dissolution brines in Figure 7.6. Alteration 

of a halogen signature in this way has previously been observed in magmatic fluids from 

the Capitan Mountains, which contain lowered Br/Cl and I/Cl ratios due to interaction with 

evaporites (Campbell et al., 1995). Clearly some uncertainty remains over the origin of 

fluids in some samples, and the section below discusses noble gas analysis as a 

complementary approach to resolving fluid origins. 

 

 

Noble gases from extended Ar-Ar methodology 

 

Sedimentary formation water signatures for Igor, Slats-Frosty, Slab, and Slats-

Wallbanger fluids 

Noble gases were measured in quartz, barite, fluorite and sulphide samples, and results are 

summarised in Table 7.2. The bittern sedimentary brine origins identified by halogen 

analysis for Igor (quartz (DG10-1b) and barite hosted) and STF (fluorite hosted) inclusions 

are supported further by low 
40

Ar/
36

Ar, all with maximum values below 1000, which are 

typical values for sedimentary formation waters (
40

Ar/
36

Ar <2000) (Tolstikhin et al., 1996; 

Kendrick et al., 2002a; Kendrick et al., 2002b). Low 
40

Ar/
36

Ar (<2000) measured in 

sulphide sample DG9-13 from Igor is consistent with values measured in quartz and barite 

and provides further evidence that the brecciating and mineralising fluids at Igor have a 

sedimentary formation water origin. Additionally, high 
36

Ar concentrations in barite and 
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fluorite hosted fluids (18 to >100 ppm) are consistent with a sedimentary water that has 

undergone extensive fluid-rock interaction (Kendrick et al., 2006a). 

 

Quartz samples from the Slab and Slats-Wallbanger prospects contained fluids with low 

40
Ar/

36
Ar values similar to those at Igor (<2000; Table 7.2). These results are further 

supported by similar 
40

Ar/
36

Ar values obtained from a Slab sulphide sample, and indicate 

that the halite dissolution brines in these samples (identified by halogen ratios) also 

originated as sedimentary formation waters.  

 

The results obtained from sample DG9-6c are less easily interpreted. 
40

Ar/
36

Ar values 

measured in quartz are below 2000 and therefore consistent with a formation water origin. 

Such an origin is consistent with halogen results which were explained by dissolution of 

halite by a bittern brine previously in this section. 
40

Ar/
36

Ar values measured in sulphide 

from this sample however are much higher (14000) and within the typical range of values 

for magmatic fluids, and therefore add to the ambiguity of results from this sample. It is 

likely that sulphide in this sample has preserved a population of inclusions not preserved in 

quartz, despite similar timing of the two minerals. The possibility that fluids with high 

40
Ar/

36
Ar values identify a magmatic or basement-derived fluid component is discussed 

below, although if a non-formation water fluid component has been detected, it is clearly 

minor and far less abundant than the formation waters identified in the majority of Igor 

samples.  

 

Mixed signatures for Hoover and Olympic fluids  

Noble gas results from Hoover quartz and sulphide samples varied widely and differed 

from those obtained from other prospects, with 
40

Ar/
36

Ar values of 1100 to 40000. Based 

on values obtained from magma-derived fluids in previous studies, the higher values 

(>10000) are strongly suggestive of a fluid that was sourced from either the mantle or 
36

Ar-

poor, old, K-rich basement rocks, and most likely represents either a magmatic or a deeply 

sourced metamorphic fluid (Cline and Bodnar, 1991; Irwin and Roedder, 1995; Kendrick 

et al., 2001). It is possible for sedimentary formation waters to acquire such elevated 

40
Ar/

36
Ar values through equilibration with basement rocks, but this process would also be 
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expected to elevate the 
36

Ar concentration significantly (Kendrick et al., 2005; Kendrick et 

al., 2006a). The calculated 
36

Ar concentration of these fluids however are low and variable 

(0.7 and 9 ppb), and are therefore not consistent with evolved formation waters. The low 

36
Ar concentrations could be explained by boiling of evolved formation waters (causing 

loss of volatiles including noble gases)(Kendrick et al., 2008), however there is a lack of 

fluid inclusion evidence in support of fluid boiling. Firstly, inclusions from all prospects 

including Hoover are dominantly LVH and LV with uniform vapour fill, and there is an 

absence of vapour-rich or CO2-rich inclusions that commonly characterise boiling 

assemblages (Cline and Vanko, 1995). Additionally, the vast majority of LVH inclusions 

homogenise by halite dissolution, which requires trapping in the liquid-stable field 

(Roedder and Bodnar, 1980). 

 

Kendrick et al. (2008) explain that the most likely way of forming high 
40

Ar/
36

Ar with low 

noble gas concentrations is through generation in the crustal basement, as a  metamorphic 

fluid or magmatic fluid. Neon isotope data from these samples do not favour involvement 

of mantle-derived volatiles, and magmatic fluids would more likely represent fluids 

exsolved during partial melting (Kendrick et al., 2008). In this case, the variable 
36

Ar levels 

could be explained by fractionation of 
36

Ar from H2O (at depth) at the time of magma 

crystallisation. This occurs in a similar way to the fractionation of other components such 

as CO2 and dissolved salt, resulting in the highly variable compositions observed in 

magmatic fluids, and does not require that boiling occurred at the site of entrapment. 

 

The spread of 
40

Ar/
36

Ar values in Hoover samples may reflect mixing of a high 
40

Ar/
36

Ar  

(~40000) basement-derived fluids with more widespread, low 
40

Ar/
36

Ar (~1000) formation 

waters. A 50/50 mix could give ratios of around 20000 (approximately equal to the overall 

value for the Hoover quartz sample) and intermediate values of 6000 could be explained by 

a mixture of 25% basement fluid and 75% formation water.  
40

Ar/
36

Ar ratios in Hoover 

sulphide samples are similarly variable (1100 and 10600). The lower value provides 

further evidence that formation waters are preserved at the Hoover prospect, and the higher 

value may reflect mixing with a high 
40

Ar/
36

Ar fluid. The basement/magmatic derived fluid 

component overall appears to be less prevalent than formation water. 
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40
Ar/

36
Ar values for Olympic quartz samples range from 600 to 15000. The lowest value 

was obtained from a sulphide sample and is consistent with a formation water signature as 

observed at the Igor, Slab, Slats-Frosty and Slats-Wallbanger prospects. Values in quartz 

lie mostly above the typical range for formation waters (>3000). While they extend into the 

typical range for magmatic fluids (>10000), total 
40

Ar/
36

Ar ratios for the quartz samples 

are below this range and not typical of a magmatic signature (~5000 to 8000; Table 7.2). 

These represent intermediate values and, as considered above for Hoover samples, could 

be produced by addition of a basement-derived component to formation waters with low 

40
Ar/

36
Ar. As an alternative to fluid mixing, samples can preserve two separate fluid types 

which are combined during analysis, however since OY94-1-117.60 contains almost 

exclusively primary LV inclusions, which returned consistent thermometry results, it is 

most likely that a single previously mixed fluid has been preserved. 

 

7.3 Synopsis of likely fluid sources 

 

Sedimentary formation waters 

The most dominant and widespread fluid types circulating within the WSG were 

sedimentary formation waters, which originated as residual bittern brines and locally 

became halite dissolution brines as a result of interaction with evaporite horizons. All the 

halogen and noble gas evidence suggests that fluids analysed from the Igor, Slab, Slats-

Frosty and Slats-Wallbanger prospects originated as sedimentary formation waters. The 

Igor and Slats-Frosty fluids can be classified as bittern brines, while those from Slab and 

Slats-Wallbanger represent halite dissolution brines. These results are generally supported 

by the fluid salinities from each prospect. The bittern brines are dominantly preserved as 

LV inclusions with salinities up to 25-30 wt% NaCl equivalent, while the high salinity of 

Slab fluids in particular (LVH inclusions up to 46 wt% NaCl equivalent) are consistent 

with having derived salinity from proximal evaporite horizons, since these salinities are 

higher than those that can be produced by seawater evaporation alone. Previous researchers 

such as Nikiel and Hanor (1999) have observed similar salinity variations within a region, 

and demonstrated that varying exposure to palaeo-evaporitic features along different flow 
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paths can produce these salinity variations. A schematic diagram is presented below to 

illustrate the major sources of hydrothermal fluids within the WSG, and to demonstrate 

how different flow paths could result in the preservation of various fluid types at different 

prospects (Figure 7.7).  

 

A sedimentary formation water origin for these fluids is further supported by major 

element and metal concentrations determined by PIXE and LAICPMS analyses, and 

microthermometry results (key features summarised in Table 7.3): 1) Ca/K ratios are 

consistently >1 and mostly >3 for all analysed fluids from these prospects (Igor and Slab; 

see Figure 7.2 and Figure 7.4); 2) low levels of Fe and Cu (mostly below 5000 ppm Fe and 

200 ppm Cu) and other metals such as Pb (up to 1000 ppm but mostly below 100 ppm) and 

Zn (mostly below 1000 ppm) in comparison with magmatic fluids; 3) absence of 

temperatures greater than 400°C; 4) absence of multisolid inclusions with salinities above 

50 wt%; 5) Mn/Fe ratios outside the range normally reported for magmatic fluids. 

 

The specific origin of the “parent” bittern brine is uncertain. It was conceivably derived 

from within the immediate sequence, since the occurrence of meta-evaporites points to 

generation of bittern brines during the sedimentary history of the WSG. Alternatively, an 

equivalent bittern brine could have migrated from another similar succession outside of the 

WSG, considering that brines have been shown to be capable of migrating significant 

distances. Funayama and Hanor (1992; 1995) for example documented the migration of a 

highly saline brine over distances exceeding 100km. 
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Figure 7.7: Schematic diagram illustrating possible flow paths for hydrothermal fluids within the Wernecke 

Supergroup. Fluids travelled along faults, fractured zones and breccia zones. These paths are based on the 

interpreted fluid sources at each of the studied IOCG prospects. The Slab and Hoover fluids have been 

affected the most by halite dissolution, which is consistent with their proximity to evaporite horizons, while 

Olympic and Slats-Wallbanger fluids have also dissolved halite to a lesser degree (dark blue arrows denote 

halite dissolution fluids). Igor and STF samples have preserved the best examples of precursor bittern brines 

(indicated by light blue arrows), suggesting the dominant fluids at these prospects did not interact with 

evaporite horizons, however a strong interaction with carbonaceous shale horizons is indicated by high I/Cl 

ratios in fluids from these prospects. The diagram also shows relatively minor volumes of magmatic fluid 

(red arrows) that achieved only limited infiltration into the WSG, and were detected mostly at Hoover, and 
possibly at Olympic and Igor. Note that no involvement of low salinity meteoric fluids was detected. 
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Host Mineral Fluid Halogens Noble gas 

Prospect Sample mineral timing FI type Origin timing Ttrap NaCl CaCl Na/Ca Ca/K Mn/Fe (Cl/Br m) (40Ar/36Ar)

Igor DG8-9 Qtz Syn LVH Prim Syn 200-260 16-19 16-21 0.8 to 1.3 5.5 to 8

DG8-9 Qtz Syn LV Sec
Late           

to post
125-185 17-24 2-7 3 to 13 2 to 6 0.02 to 0.06

DG9-13 Qtz Post LVH Prim? Post 210-280 22-25 8-13 1.8 to 3.4 3 to 12 0.04 to 0.3

DG9-13 Qtz Post LV Sec Post 130-215 19-26 0-6 4 to >26 1.7 to 9 0.04 to 0.4

DG9-13 Ccp Post ? ? Formation (<2000)

DG10-1b Qtz Late to post

LV,       

rare LVH, 

CO2

Prim
Late           

to post
145-180 14-27 0-7 ??9 Bittern (400) Formation (<2000)

DG9-6c Qtz Late to post
LV,       

rare LVH

Prim & 

sec

Late           

to post
115-180 8-26 0-19 0.45 to 26

Moderate halite 

dissolution or 

magmatic (833)

Formation (<2000)

DG9-6c Py+Ccp Late to post ? 14000

DG9-12 Barite Post L±V Prim Post ~25-30 Bittern (385) Formation (<2000)

Slab Slab SW Qtz Syn LVH Prim Syn 260-350 14-20 22-25 0.6 to 1 2.3 to 6 1 to 6

Strong halite 

dissolution    

(1200-2800)

Formation (<2000)

Sb94-1-198.6 Py+Ccp Late ? ? Formation (<2000)

Olympic OY94-3-24.70 Qtz Post LVH Prim Post 175-250 17-26 14-20 0.9 to 2 0.2 to 1 0.2 to 0.4

OY94-3-24.70 Qtz Post LV Prim Post 180-210 16-25 0-7 2.5 to 25 0.1 to 1 0.07 to 0.4

OY94-3-24.70 Ccp Post ? ? Post Formation (<2000)

OY94-1-117.60 Qtz Post LV Prim Post 215-230 18-24 3-6 3.3 to 8.7
1.5* 

(1incl)
0.2 to 0.7

Moderate halite 

dissolution 

(1125)

5000-8000

Hoover JH01-5-7A Qtz Syn LVH
Pseudo -

sec
Syn 250-310 22-30 12-21 1.1 to 2.7 0.7-4 0.05 to 0.6

JH01-8-2 Qtz Syn to    post LVH Prim
Syn to 

post
330-400 24-26 12-15 1.7 to 2.4

Strong halite 

dissolution    

(1430-2000)

22000

HV94-1-599.6 Ccp Late to post ? ? 11000

HV94-1-507.3 Py Late to post ? ? Formation (<2000)

Slats-F STF (Fluorite) Fluorite Syn LVS±H Prim Syn 180-240 15-21 5-10 1.6 to 4.6 0.01 to 0.2 Bittern (370) Formation (<2000)

Slats-W STW Qtz Syn
LV +     

rare LVH

Prim & 

sec

Syn to 

post

Moderate halite 

dissolution 

(1200)  

Table 7.3: Summary of results obtained from microthermometry, multi-element analysis (PIXE and LAICPMS), and halogen and noble gas analysis (extended Ar-Ar 
methodology). The combined results have been used to interpret fluid sources and evolution, as discussed in Section 7.3. 
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Detection of magmatic or basement fluids 

The measurement of high 
40

Ar/
36

Ar ratios (most prevalent in the Hoover samples) is a 

major finding to emerge from the study of Kendrick et al. (2008) because it suggests that a 

magmatic or basement-derived fluid has been detected. The contrasting low formation 

water values (<2000) and high magmatic values (up to 40000) further indicate that fluids 

from two separate sources have been preserved in Hoover samples, and intermediate 

values of 11000 to 22000 indicate that either mixing of these two fluid types occurred or 

both were trapped separately in the sample and combined during bulk crushing/heating. 

Sample JH01-8-2 contains almost exclusively primary LVH inclusions, suggesting that a 

mixing of two fluids occurred prior to entrapment, rather than the two types being trapped 

separately. It is possible that the high temperature of these fluids (up to 400 °C) is related 

to the magmatic/basement fluid component. 

 

40
Ar/

36
Ar ratios in Olympic sulphide samples point to a formation water origin similar to 

the majority of studied prospects, however elevated ratios in quartz are likely to represent a 

mixed fluid (as observed in  Hoover samples). This mixed fluid is composed dominantly of 

formation water but with a basement-derived component. The smaller fraction of 

basement-derived component in the mixture is supported by thermometry experiments, 

which showed that the inclusions containing the mixed fluid had very similar major 

element chemistry (NaCl and CaCl2 concentrations) to those hosting only formation 

waters. Despite this similarity, very limited, semi-quantitative multi-element data obtained 

from sample OY94-1-117.60m suggests that the mixed fluids may contain higher Fe and 

Cu than the pure formation waters (see Table 5.2). These differences could be attributed to 

a basement-derived (possibly magmatic) fluid component that is rich in Fe and Cu but only 

locally preserved. As with Hoover fluids, halogen results suggest that regardless of their 

origin the Olympic fluids have gained further salinity via halite dissolution. 

 

While the timing of the influx of the basement/magmatic component is unclear, this 

component is less prevalent in the late-post brecciation sulphide samples. This may suggest 
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a syn-breccia timing for the basement-derived component, however further study would 

need to focus on this issue to better resolve the timing. 

 

 

Magmatic vs metamorphic origin for high 
40

Ar/
36

Ar fluids 

Fluids with high 
40

Ar/
36

Ar values were interpreted by Kendrick et al. (2008) as having 

equilibrated with crystalline basement rocks. Such fluids could have exsolved from a 

crystallising magma, or evolved through devolatilisation of basement rocks during 

metamorphism (Barton and Johnson, 2004). If suitable source intrusions were apparent in 

the Wernecke Mountains, then a magma-derived origin for these fluids would be a natural 

conclusion. The absence of such intrusions however obligated Kendrick et al. (2008) to 

remain open to other viable alternatives such as a metamorphic origin. Deeply derived 

metamorphic fluids can have high 
40

Ar/
36

Ar values, although they can also vary widely 

depending on source rock mineralogy, K content and age (Kendrick et al., 2006a). They 

are also expected to have low 
36

Ar values of 1-3ppb or less (Kendrick et al., 2006a). The 

variable 
36

Ar values measured in Hoover fluids however are better explained by 

fractionation of 
36

Ar from magmatic fluids during crystallisation.  

 

The substantial multi-element chemical dataset obtained for the Wernecke fluids (Chapter 

5) was unable to further differentiate between the potentially magmatic or metamorphic 

nature of basement derived fluids. This was because: 1) the basement (magmatic or 

metamorphic) component has been mixed with sedimentary formation waters. The 

basement fluid likely comprises only a small fraction of the fluid and so detailed 

compositional breakdown of the basement component was not possible; 2) the chemistry 

of the mixed fluids has been further altered by halite dissolution, and other fluid-rock 

interactions; and 3) since the chemistry of metamorphic fluids depends on the mineralogy 

of the source rock they might, even at the time of formation, be similar in composition to a 

magmatic fluid exsolved from partial melting of the same source rock. 

 

The similarity of Hoover fluid inclusions to those from Slab, in terms of salinity (~40 to 45 

wt%), mean Ca/K ratios above 2, and low copper concentrations (<150 ppm), suggest that 
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sedimentary formation fluids were most prevalent in the inclusions measured. Measured 

noble gas ratios also allow rough estimates of the proportion of basement/magmatic fluid 

in the analysed samples, as outlined in Section 7.2, and suggest that such a fluid may 

comprise up to half of the measured fluid in the samples. The lower Ca/K values of some 

inclusions (several with values close to 1, and as low as 0.65) are a possible indicator of 

the presence of a magmatic or basement-derived component in Hoover fluids. These ratios 

differ significantly from those measured in other LVH inclusions in this study which are 

generally very calcic, and this is consistent with the possibility of a greater proportion of 

K-rich magmatic fluid in these inclusions. High trapping temperatures up to 400 °C (higher 

than at any other prospect) may be another indicator that a deeply sourced fluid has been 

detected. Ice melting temperatures also had a greater range in this sample than most others, 

and such a range of salinities is also consistent with fluid mixing (Fig. 4.16j). 

 

Whatever the fluid origin, it is clear from halogen results that the fluids have further gained 

salinity through halite dissolution. The high salinity of Hoover fluids and stratigraphic 

proximity of the prospect to meta-evaporites (as for Slab) are consistent with the fluids 

acquiring salinity through this mechanism. 

 

Comparison with previous theories 

The formation water origin of the majority of hydrothermal fluids in the Wernecke 

Mountains is consistent with the stable isotope evidence of Hunt (2005), which pointed to 

a seawater origin for sulphur in most analysed sulphide and barite samples. Deuterium 

isotope data also suggested a likely formation water or metamorphic fluid source. 

Moderate to high fluid salinities also support the view of Hunt (2005) that there was no 

significant involvement of meteoric fluids. 

 

The dominantly non-magmatic nature of the fluids is not consistent with theories that 

magma-derived fluids (provided by exsolution from an underlying pluton) were 

responsible for the widespread brecciation, alteration, and mineralisation of the WSG, as 

proposed by several authors including Hitzman (1992), Thorkelson (2000), Thorkelson et 
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al., (2001a), and Laughton et al., (2005) (Chapter 3). Identification of magmatic/basement 

derived fluids as a minor fluid component at selected prospects suggests that deep 

underlying magmatism may have been active at the time of brecciation, however its 

contribution of fluids to the system appears to have been minor in comparison with 

seawater-derived formation waters.  

 

Given the evidence presented in this chapter of the dominance of non-magmatic fluids, the 

mechanisms of breccia formation proposed by Hunt et al., (2005) are the most feasible of 

those outlined in Chapter 3. These involved porous, fluid-hosting sedimentary rocks 

becoming over-pressured due to compaction, high temperatures (≥400°C), and possibly 

capping by non-permeable evaporitic and carbonaceous shale horizons. Dissolution of 

evaporite-rich horizons in the FLG aided brecciation by causing small collapses, and 

creating permeability within the FLG and weak zones for fluid pathways. Built up over-

pressure enabled rapid ascent and expansion of fluids, which caused brecciation. In accord 

with the greater abundance of FLG-hosted BPRI and evaporite horizons, brecciation was 

best developed within the FLG, but followed in upper units when fluids travelled further 

upwards via faults and fractures, including those previously exploited by BPRI.  

 

In the above burial model proposed by Hunt et. al., (2005), a typical temperature gradient 

of 25-30°C/km, could account for temperatures up to 300°C for the deeper prospects 

(~9km) (Hunt, 2005). The majority of trapping temperatures within the Slab and Hoover 

prospects are close to or below 300°C and therefore consistent with this model. Trapping 

temperatures of up to 405°C in one Hoover sample (JH01-8-2) are higher than expected, 

but could be explained by trapping of fluids before they reached thermal equilibrium with 

host-rocks (i.e. fluids trapped at this prospect may have ascended rapidly from greater 

depths where temperatures were hotter). Under the same temperature gradient given above, 

temperatures of 400 °C could be generated at 12km depths, with rapid ascent of fluids to 

depths of 8-9km with minimal cooling. This implies limited equilibration of these fluids 

with their host rocks prior to trapping, a feature that is supported by an assessment of 

chemical fluid-rock equilibrium, which is discussed later in this chapter (Section 7.5). 
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The importance of halite dissolution as a trigger for brecciation in the above model means 

that halite horizons needed to remain intact in the stratigraphy throughout the metamorphic 

event and beyond. Greenschist facies metamorphism is capable of destroying halite 

deposits (Warren, 1999), and if destruction of halite via dissolution and/or metamorphism 

occurred prior to brecciation, then this removes the ability of halite dissolution to act as a 

trigger for brecciation. The metamorphism that occurred in the Wernecke Supergroup, 

however, does not necessarily preclude the persistence of halite in the stratigraphy through 

to the post-metamorphism brecciation events. Firstly, metamorphism in the WSG was 

localised, and commonly low grade. Secondly, halite has been known to persist (albeit in 

scattered remnants) up to the melting point of halite (750-800 °C) (Warren, 1999). A peak 

metamorphic temperature of 550 °C (Brideau et al., 2002) therefore highlights the 

possibility of halite remaining in the sequence beyond the main stage of metamorphism.  

 

The remaining uncertainties over the model of Hunt et al., (2005) are: 1) the observation of 

trapping temperatures above those predicted by a temperature gradient of 25-30 °C; 2) the 

preservation of halite beyond metamorphism; and 3) the timing of scapolitisation and its 

effect on the availability of halite for subsequent dissolution. Points 1) and 2) were 

discussed above, and shown to be plausible. The scapolitisation of halite addressed in point 

3) is related to metamorphism (Warren, 1999; Hunt, 2005), and draws our attention to the 

timing of the Racklan orogeny with respect to brecciation. 

 

The timing of the Racklan orogeny until recently was constrained only by the timing of 

WSG sedimentation (~1.73Ma upper limit), and the age of Wernecke Breccia (~1.59Ma 

lower limit) (Thorkelson, 2000; Brideau et al., 2002). It has been tentatively suggested by 

Hunt (2005) however, that the orogeny may have overlapped with brecciation, and new 

dating by Furlanetto et al., (2009) also questions previous assumptions about the relative 

timing of these events (further discussed below). Because the orogeny has been deemed  

pre-brecciation (based on clasts of metamorphosed and deformed rocks in breccia, Brideau 

et al., 2002), little consideration has been given to its possible role in breccia genesis, 

however the conditions associated with deformation and metamorphism may have 

provided a more conducive environment for fluid migration and brecciation. Firstly the 
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increased temperatures associated with metamorphism (up to 550 °C) are consistent with 

an elevated temperature gradient beyond that of a simple burial model, which is inferred by 

the trapping temperatures observed at Hoover (up to 400 °C), and Olympic (up to 250 °C 

at ~3.3km depth). The co-occurrence of brecciation and metamorphism also lessens the 

requirement for halite preservation through the entire deformation event. In this scenario, 

deformation and increased temperatures may have initiated the scapolitisation process, and 

also acted as a trigger for release of fluids from overpressured reservoirs. This release of 

fluids, along with subsequent halite dissolution, then acted as a key trigger for brecciation. 

 

Overall, a model that involves an increased role of the Racklan orogeny in breccia genesis 

(compared to previous models) is favoured because this event provides a clear mechanism 

for increasing temperatures and for initiating the release and circulation of fluids, and also 

accounts for the spatial association of centres of brecciation and fluid flow with deep-

seated crustal structures (Thorkelson, 2000). Further, the most recent dating of the WSG 

sediments (Furlanetto et al., 2009) has emphasised the uncertainty that exists over the age 

of WSG rocks. The maximum age of WSG sedimentation according to Furlanetto et al., 

(2009) is 1610±30Ma, which suggests the time period between sedimentation and 

brecciation may be much shorted than previously thought (by ~100Ma). This raises 

uncertainty over the timing relationships of the events that occurred within this period, and 

potentially over the age of brecciation, however the implication that sedimentation, 

deformation and brecciation occurred within a relatively short time period suggests an 

increased likelihood that orogeny overlapped with brecciation events. 
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7.4 Further controls and influences on fluid chemistry 

Chapter 5 illustrated some distinct variations in fluid composition within different IOCG 

prospects in the Wernecke Mountains. It is these differences in fluid character at different 

locations that provide insight into understanding the evolution of IOCG-forming 

hydrothermal fluids and the genesis of the entire IOCG district. The potential controls and 

influences on fluid chemistry are many and varied. Fluid source strongly controls certain 

fluid properties, as described above, however further controls on fluid chemistry include 

temperature, salinity, redox, and fluid-rock interaction. The roles each of these factors can 

play in affecting fluid compositions were discussed in Chapter 2, and the discussion below 

will aim to determine the influence of these factors on fluid compositions by systematically 

testing the relationship between each factor and fluid chemistry. This section draws from 

the approach of Yardley (2005) for determining the primary influences on fluid 

compositions for a wide range of crustal fluids. 

7.4.1 Temperature 

A clear inverse linear relationship between metal concentrations and 1/T was demonstrated 

by Yardley (2005) across a wide range of different crustal fluids and temperatures, 

showing that metal concentrations generally increase with fluid temperature. Moderate 

temperatures and metal concentrations place Wernecke fluid data within the middle of this 

trend, consistent with temperature having a general control on metal concentrations. To 

assess whether temperature can be used to explain some of the differences in fluid 

chemistry between Wernecke prospects, variations within the Wernecke dataset are 

examined using plots similar to those utilised by Yardley (2005) to illustrate the 

temperature dependence of metal concentrations (Figure 7.8). A positive correlation is 

evident between Mn and temperature (negative correlation with 1/T) within the Wernecke 

dataset indicating that Mn increased with temperature (Fig. 7.8 a). A clear temperature 

effect is not observed for the other transition metals or for other analysed elements. The 

overall lack of trends with temperature can be attributed to the similar and overlapping 

temperature ranges between prospects. The use of average temperatures for Hoover and 

STF inclusions introduces large errors relative to the narrow overall temperature range as 

shown in Figure 7.8e. Error bars apply to each plot but are plotted in Figure 7.8e only to  
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Figure 7.8: Scatter plots of metal concentrations vs 1/T. Manganese concentrations increase with 

temperature, but clear relationships between other metals and temperature are not apparent. T = trapping 
temperature. Error bars are included in e) only as they obscure the data, but highlight the large effect of 

temperature uncertainties on the plots due to the narrow range of trapping temperatures for the overall 

dataset. 
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prevent overcrowding. Temperature effects for most elements may also be outweighed by 

other varying factors such as salinity, redox or fluid-rock exchange, which are considered 

below. 

 

As discussed in Chapter 2, fluid Na/K ratios are generally temperature dependent due to the 

temperature dependence of Na-K equilibrium. Accordingly Na/(Na+K) is expected to increase 

as fluids cool. A clear trend is not immediately apparent among the Wernecke fluid dataset 

(Figure 7.9). Halite dissolution by some fluids but not others has introduced highly variable 

Na/(Na+K) ratios that do not show a simple trend with temperature. In addition to competing 

salinity effects, this relationship may be obscured by: 1) the similar and often overlapping 

temperature ranges at different prospects; 2) the use of average temperatures for many 

individual inclusions (where individual trapping temperatures could not be obtained, 

manifesting as vertical arrays of data points; range of uncertainty illustrated by error bars); and 

3) differences in fluid-rock equilibrium of the sampled fluids from different prospects (since 

changing Na/K with temperature depends on equilibration via fluid-rock reactions). 

  

Figure 7.9: Scatter plot of Na/(Na+K) vs 1/T designed to assess variation of Na/(Na+K) with temperature. 
There is no clear overall trend, but trends are evident within the two major fluid types. The Na-K equilibrium 

shifted with decreasing temperature for both bittern brines (light blue arrow) and halite dissolution fluids 

(dark blue arrow), but along a separate trend for each. This shows not only that Na-K equilibrium was 

controlled by temperature, but also reinforces the idea that bittern brines and halite dissolution fluids evolved 

independent from each other. Error bars represent the extent of variation of temperatures in the Hoover LVH 

and STF inclusions, and highlight one of the main reasons for scatter in this plot. 
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Temperature also correlates strongly with salinity because temperature increases the 

solubility of most salts (Figure 7.10a). It is possible therefore that the effects of 

temperature on metal concentrations are being reinforced by salinity (i.e. increased metal 

concentrations may be related to salinity increases more than temperature). In order to 

assess the relationship between temperature and element concentrations independent of 

salinity, the approach of Yardley (2005) of plotting Metal/Cl ratios against 1/T was 

followed (Figure 7.10b and c). These plots clearly reveal Mn/Cl increasing with 

temperature. A similar but more subtle relationship is observed between Ca/2Cl and 

temperature. This means that these elements exhibit some temperature control in addition 

to any influence of salinity (Section 7.4.2 below). Clear relationships with temperature 

were not observed for other elements. 
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Figure 7.10: a) Temperature vs Cl scatter plot showing the strong relationship between temperature and 

salinity; b) and c) element/Cl ratios are plotted against 1/T, and illustrate that Mn and Ca are partly controlled 

by temperature in addition to any influence of salinity. 
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7.4.2 Salinity 

Salinity has also been shown to be a primary influence metal concentrations in fluids (e.g. 

Yardley, 2005). Weak positive correlations are observed in the Wernecke dataset between 

Cl and several elements (Na, K, Ca, Mn, Rb). Positive trends are expected, since chloride 

is the most important complexing ligand for most metals, and therefore Cl concentration in 

a fluid directly increases its metal carrying capacity (Seward and Barnes, 1997). 

Correlation with salinity is best seen for Ca in Figure 7.11b. These trends are defined best 

by the Slab and Igor data. Slab inclusions define the most saline and metal-rich end of the 

trend, while Igor inclusions have mostly lower salinity and lower metal contents. This 

trend can also be seen between Igor LVH and Igor LV inclusions. STF inclusions contain 

particularly high K concentrations that defy this trend and are related to enrichment 

through fluid-rock interaction (Section 7.5). Similar factors may be responsible for the 

more scattered data from other prospects. The behaviour of Fe with salinity is very 

different to other metals, as illustrated by Figure 7.11d. 
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Figure 7.11: Scatter plots illustrating the influence of salinity on major element and ore metal concentrations. The 

lack of correlation of Fe, Zn, Pb, Cu, and Ba with salinity suggests that their concentrations are controlled by factors 

other than salinity. 
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While Fe roughly increases with salinity within the Igor and Olympic data (Fe levels are 

higher in LVH compared to LV inclusions), Fe levels at Slab are notably low despite their 

high salinities. This is an indication that there are one or more other factors that are 

influencing Fe concentrations more strongly than salinity. 

 

While some metals can be seen to increase with salinity, this relationship is also not clear 

for Cu, Zn or Pb. The low levels of Zn and Pb in Slab fluids are seemingly at odds with 

their high salinities. Plots showing metal concentrations vs Ca/Na have been used to assess 

whether the high Ca
2+

 concentrations in fluids from some prospects may have limited 

transition metal concentrations (Figure 7.12). Yardley (2005) suggested that this 

phenomenon could occur due to pH decreasing less rapidly with salinity in Ca-rich fluids 

compared to those dominated by monovalent alkali cations (Na
+
, K

+
), and such an effect 

would leave calcic fluids less suitable for ore metal enrichment. In Figure 7.12, Slab fluids 

have consistently high Ca/Na and are low in Pb and Zn, however high Ca fluids from 

Hoover do not share this effect, and indicate that factors unique to the Slab prospect may 

have been more influential on ore metal concentrations. 
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Figure 7.12: Scatter plots designed to assess the behaviour of transition metals in highly calcic fluids. Calcic 

Slab fluids are low in Pb and Zn, but results for Hoover fluids are variable. Legend as in Figure 7.11. 
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7.4.3 Redox 

Manganese/Fe ratios have been suggested by several authors (e.g. Boctor, 1985; Bottrell 

and Yardley, 1991) as an indicator of the oxidation state of a fluid, where more oxidised 

fluids have higher Mn/Fe than more reduced fluids as discussed in Chapter 2. Yardley 

(2005) showed the effect of redox conditions on the Fe content in fluids by plotting Fe/Cl 

vs Mn/Fe, which gave linear trends showing lower Fe/Cl for more oxidised fluids. Plotting 

the Wernecke fluids in this way gives a similar relationship (Figure 7.13a). The Slab data 

exhibit the highest Mn/Fe and lowest Fe/Cl values of all prospects, and the trend can also 

be broadly seen within the Slab dataset. The only other ratio to show a clear trend is 

Mn/Cl, which exhibits the reverse trend (positive), suggesting that redox conditions had 

minimal effect on most elements (Figure 7.13b). Pb (and to a lesser extent Zn and Ba) have 

low concentrations at Slab relative to other prospects, as for Fe, but the data from other 

prospects forms no clear trends (Figure 7.13c-e).  

 

A dependence of Fe on redox may explain why the Fe vs temperature and salinity plots 

differed from the trends observed for other elements (Figure 7.11). The trend of decreasing 

Fe/Cl with increasing Mn/Fe suggests that Fe concentrations are controlled more by redox 

than temperature. The large difference between Mn/Fe levels from Slab compared with 

other prospects results from the strong temperature dependence of Mn (given that Slab 

fluids have among the highest temperatures), combined with lowered Fe/Cl caused by 

(oxidised) redox conditions (Figure 7.13f). These plots indicate that Slab fluids may be the 

most oxidised of the analysed fluids (Section 7.5). 

 

While Fe solubility is low in oxidised fluids, such as those at Slab, such fluids can be 

suitable for transport of significant amounts of Pb and Zn (Cooke et al., 2000). The low Pb 

and Zn levels in these fluids are more likely related to their limited exposure to rock types 

enriched in these metals, and will be further discussed in Section 7.5. 
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Figure 7.13: (a-e) Scatter plots showing Metal/Cl ratios vs Mn/Fe. Fe/Cl vs Mn/Fe shows a clear trend of 

decreasing Fe/Cl with increasing Mn/Fe (more oxidised conditions), which illustrates the strong effect of 

redox conditions of Fe concentrations. Zn, Pb and Ba show no clear trends except for low concentrations at 

Slab; (f) the large difference between Mn/Fe levels from Slab compared with other prospects results from the 

strong temperature dependence of Mn (given high temperatures at Slab), combined with lowered Fe/Cl 

caused by (oxidised) redox conditions.  
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7.5 Fluid-rock interaction 

 

Introduction 

Fluid source, temperature, salinity and redox have been identified above as influencing 

different aspects of fluid chemistry. Fluid rock exchange is the other major influence on 

fluid chemistry, and was clearly an important process within the WSG as evidenced by the 

vast amounts of alteration in the region, particularly in association with the IOCG 

prospects (see Chapter 3). Further, it is fluid-rock exchange that facilitates many of the 

processes described above, for example redox reactions, increasing metal concentrations 

with salinity, and changes in Na/K with temperature all occur via exchange between fluid 

and rock. The relationships between host-rock and alteration chemistry and fluid chemistry 

are discussed in this section.  

 

The conceptual model below summarises the model of fluid flow proposed in this section 

(Figure 7.14). The first major feature of this model to note is the sourcing of fluids from a 

common parent bittern brine, as discussed in Section 7.3. The two major flow paths 

distinguish between fluids that interacted with halite horizons and those that did not, as 

differentiated in Section 7.2. A minor magmatic or basement-derived fluid as identified at 

the Hoover prospect is depicted, but does not play a major role in this model of fluid flow 

and evolution; and no low salinity surface-derived (meteoric) fluids are featured in the 

model because they have not been detected anywhere in the system. 

 

Likely flow directions for hydrothermal fluids were deduced based on the data obtained 

during this study: a) the bulk alteration chemistry in each unit; and b) differences in fluid 

chemistry at different stratigraphic levels (different prospects). This method of deducing 

fluid flow directions is best demonstrated using the behaviours of K and Mn, and is based 

on the co-dependence of alteration and fluid evolution. Figure 7.15 helps to illustrate this 

concept, by plotting (as line graphs) average concentrations and ratios of selected elements 

in fluids from GLG- and QG-hosted prospects, and comparing them to gains or losses of 

the same elements from rocks. The prospects are plotted in order of decreasing 
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stratigraphic depth, and while Hoover and STF lie in an equivalent stratigraphic setting, 

temperature determinations presented in Chapter 4 suggest a slightly shallower depth of 

formation for STF.  

 

 
Figure 7.14: Summarises a model of fluid flow consistent with the evidence described in this section. This 

model is based on the evolution of all basin-derived fluids from a parent bittern brine, as was identified in 

Section 7.1. It depicts separate flow paths that experienced variable (negligible to extensive) interaction with 
evaporites. Fluids then evolved via fluid-rock exchange as they ascended through the WSG. Alteration: + = 

elements gained; - = elements depleted. Oxidised/reduced labels refer to fluid redox character. 
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Since potassium was strongly depleted from FLG rocks during alteration (as illustrated in 

Chapter 6), this type of alteration must result in significant (but progressive) K transfer to 

fluids. The systematic increase in fluid K levels observed form Slab to Hoover to STF 

(Figure 7.15a) appears to reflect precisely the type of progressive enrichment that would be 

expected for an upward flow path (deduced fluid flow directions marked in red). 

Conversely, a downward flow path would likely produce higher fluid K concentrations with 

increasing depth. Using a similar rationale, the  sharp drop in fluid K concentrations at the 

Igor prospect (compared with STF) is consistent with K depletion from fluids as they 

effected potassic QG alteration. The large increase in fluid Na/K ratios occurs for the same 

reason (Figure 7.15b). This change is so dramatic because of the combined effect of K 

removal and Na enrichment in the fluid, which occurred because of the well documented 

temperature control of Na-K equilibrium (increase in Na/(Na+K) with decreasing 

temperature) (e.g. Orville, 1963, and Fournier and Truesdell, 1973). 

 

Manganese is strongly enriched in altered FLG and QG rocks, and as shown in Figure 7.15c, 

fluid Mn concentrations progressively decrease in an upwards direction throught the WSG 

(as well as Mn/Fe; Fig. 7.15d). This pattern is consistent with vertical flow of a fluid in 

which Mn was strongly temperature controlled. 

 

An argument for vertically directed fluid flow was initially provided by the vertical zonation 

of alteration within the WSG (as discussed in Chapter 3). The observations above further 

support an upward flow path for hydrothermal fluids. They also demonstrate the co-

dependence of fluid chemistry and alteration, and the measurable evolution of a parent fluid 

(that originated within or below FLG strata) from prospect to prospect. While alternative 

flow paths may have been locally and/or temporarily active, the predictable and measurable 

evolution of fluids in this system suggests that the upward fluid flow regime outlined above 

was dominant. 
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Figure 7.15: These line graphs plot the mean concentrations and ratios of selected elements in fluids from each 

prospect, and demonstrate the co-dependence of fluid chemistry and alteration chemistry. Fluid inclusion 

analyses have been able to detect the evolution of fluid compositions caused by the major WSG alteration 
events. Correlations for the GLG-hosted Olympic prospect were not as clear because of the superimposed 

effects of FLG and QG alteration, and because the sampled Olympic fluids are interpreted to represent fluids 

that didn’t equilibrate appreciably with GLG rocks. Deduced fluid flow directions are marked in red.  
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7.5.1 Fairchild Lake Group   

Alteration chemistry and proposed flow regime 

The alteration chemistry for FLG-hosted prospects is characterised by enrichment in Na, 

Ca, Mg, Mn and Fe and depletion in K, Rb and Ba (as determined in Chapter 6), 

corresponding with geological observations of widespread albite alteration, as well as 

abundant magnetite and hematite within this unit. The sodic alteration observed at these 

prospects is consistent with the alteration pattern observed at many IOCG deposits (i.e. 

sodic alteration at depth and shallower potassic alteration) (Hitzman et al., 1992; Hitzman, 

2000; Pollard, 2000), and is commonly attributed to up-temperature (or prograde) fluid 

flow as discussed in Chapter 1.  

 

Laughton et al., (2005) proposed a model in which FLG strata were exhumed to the surface 

during Racklan orogeny, and the Slab prospect was then formed very near to the surface 

during explosive brecciation and venting of hydrothermal fluids. They explain the sodic 

alteration at this prospect by the circulation of fluid that achieved high Na/K ratios as it 

cooled and approached the surface. The high temperature of fluids at Slab and Hoover 

(relative to other prospects) measured in the present study however, along with pressure 

data obtained from fluid inclusions (Chapter 4; and Hunt, 2005) suggest that FLG-hosted 

prospects were formed at greater depths than other prospects (>8km). Measurable fluid 

evolution detected from Slab to other prospects (discussed throughout this section) further 

suggests that it formed deeper than other prospects, closer to the origin of the upward fluid 

flow path (where high Na/K ratios were generated via halite dissolution). The formation of 

prospects at depths that are close to reconstructed stratigraphic depths is consistent with 

breccia and prospects forming during the Racklan orogeny (Section 7.3), rather than post-

orogeny as has previously been assumed. 

 

Fluid vs rock chemistry 

Slab 

Syn-brecciation fluids hosted by albite-altered siltstone breccia from Slab are Na- and Ca-

rich, with high Ca/K ratios and low Ba. Their compositions are consistent with 
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sedimentary formation water that has acquired an elevated salinity through variable halite 

dissolution (Sections 7.1 and 7.2). Altered FLG rocks exhibit similar chemical 

characteristics to these fluids, including Na and Ca enrichment and depletion of K and Ba, 

suggesting that fluids of equivalent composition to those analysed were responsible for 

alteration of FLG rocks. The correlation of fluid and alteration character suggests that the 

fluid inclusion populations sampled were trapped prior to or in the early stages of 

equilibration with host-rock (early stages of alteration) and effectively represent a pre-

alteration fluid (discussed further in Section 7.6). These observations are also consistent 

with the early (syn-breccia) timing of the analysed fluids, determined by sample 

petrography (see Chapter 4).  

 

Similarities between fluid and alteration chemistry also suggest that alteration was 

controlled by fluid composition in addition to any effects of increasing temperature 

outlined above. In fact most aspects of alteration chemistry can be explained by fluid 

composition alone, and therefore prograde fluid flow may not necessarily have been the 

primary driver of alteration. Formation of sodic alteration in IOCGs without prograde fluid 

flow has been suggested before in magmatic systems (e.g. Pollard, 2001; Mark et al., 

2006). In these systems, specific conditions including unmixing of magmatic fluids were 

required to achieve elevated Na/K ratios in order for sodic alteration to proceed. The Na- 

and Ca-rich (and low K) nature of the FLG-hosted Slab fluids (owing to their basinal 

origin and halite dissolution processes), means that they contain Na>>K and therefore their 

composition would favour sodic alteration. This point is important because the evolution of 

fluid compositions from Slab to Hoover and STF (discussed further below) is best 

explained by fluids flowing upwards through the FLG. 

 

The low Ba concentrations in Slab fluids suggest that the parent brine for this system was 

relatively Ba-poor (<1000ppm). Isocon results revealed that Ba was then leached from 

FLG sedimentary rocks during sodic alteration (along with K and other elements; Chapter 

6). Slab fluids were previously inferred to have an oxidised nature by Hunt (2005), who 

used δ
34

S results and conditions at Slab (300 °C) to calculate an estimate of log fO2= -31 to 

-30, lying close to the magnetite-hematite-pyrite triple junction (log fO2 vs pH). The high 
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Mn/Fe ratios in Slab-hosted fluids further indicates an oxidised fluid, particularly in 

comparison with fluids from other prospects (discussed further below). The leaching of Ba 

by oxidised fluids points to a lack of S in these fluids because in order for this to occur, S 

levels would have to be very low because of the extreme insolubility of BaSO4 (Blount, 

1977).  

 

Calcium levels have been increased in Slab (and the other halite dissolution fluids) as a 

response to increased salinity, resulting in high Ca/Na ratios (>1). Evidence for Ca 

depletion in FLG rocks has not been observed, and may seem to suggest a Ca origin 

outside the WSG. The bulk alteration chemistry however was assessed using data from the 

most dominant rock types (siltstones and diorites), and Ca may be derived from 

volumetrically minor Ca-rich carbonate units that have been documented within the FLG 

strata (Thorkelson, 2000). The relationship between Ca and salinity observed within the 

WSG supports this idea, because it implies Ca enrichment occurred in close association 

(spatially and temporally) with halite dissolution, rather than prior to interaction with the 

evaporites. While specific evidence for this mechanism of Ca enrichment has not been 

observed in the field, Hunt (2005) used stable isotope evidence to show that dissolution of 

limestone and/or dolostone was likely the main source of carbon in hydrothermally 

precipitated carbonate veins. It is also possible that additional meta-evaporite and Ca-rich 

horizons exist below the outcropping portion of the FLG (the base of which has not been 

observed). A detailed geochemical study of alteration chemistry that focuses on smaller 

scale units would be able to further illuminate this issue. 

 

Hoover 

The character of Hoover fluids hosted by siltstone and albite-altered breccia samples is 

similar in many ways to those at Slab, i.e. high temperature, high salinity, high Ca, and 

high Cl/Br, which may be expected given their similar location and stratigraphic depth. 

The main differences are the lower Ca/K and Mn/Fe ratios at Hoover. Such a composition 

is consistent with a Slab-like fluid that has been modified during alteration of the FLG, 

which included significant addition of Ca and stripping of K from FLG rocks. The 

chemistry of Hoover and Slab fluids are compared in Figure 7.16, which demonstrates the 
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evolution of fluid compositions as they ascended through the WSG. The co-dependent 

relationship between alteration chemistry and evolving fluid compositions is further 

demonstrated in Figure 7.15. While it is possible that the detected (possibly K-rich) 

basement/magmatic fluid component introduced additional K at Hoover, Figure 7.15c 

strongly implicates FLG rocks as the source of this K by showing that losses of K from 

FLG rocks correspond with increasing fluid K concentrations throughout the FLG (from 

Slab to Hoover to STF). Similarly, Sr and Ba were mostly stripped from the altered FLG, 

and are accordingly found enriched in Hoover fluids relative to Slab fluids. Manganese 

exhibits the inverse relationship (i.e. lost from fluids and enriched in rocks) just as clearly 

(Figure 7.15a).  

 

The dramatic drop in Mn/Fe from Slab to Hoover fluids as outlined in Section 7.3 (also see 

Figure 7.15b) is consistent with a change in redox conditions. The high Mn/Fe ratios in 

Slab fluids are best explained by oxidised conditions (which limit the amount of Fe that 

can be carried by the fluid), however it is likely that fluids became significantly reduced as 

they interacted with carbonaceous shale horizons. Carbonaceous shale is most abundant in 

the lower QG, but carbonaceous layers begin to occur within the transitional FLG-QG 

strata that host the Hoover prospect (Thorkelson, 2000; Hunt, 2005). 
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Figure 7.16: This flow diagram summarises fluid evolution in the WSG by providing a snapshot of the most 

important fluid properties at each prospect and noting how they relate to fluid evolution via alteration. *Fluid 

properties of the parent bittern brine are inferred. #Fluids reduced due to interaction with carbonaceous 

horizons within transitional FLG-QG strata. ^Less common LVH fluids at Igor probably did interact with 
evaporites. They have higher temperatures (190-280°C), higher Ba, and generally represent paragenetically 

earlier fluids, and their chemistry is consistent with less extensive interaction with QG rocks. Relative terms 

such as higher and lower are comparative to the preceding prospect along the flow path. Temperature ranges 

quoted are fluid inclusion trapping temperatures determined from fluid inclusion thermometry. 
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Slats-Frosty 

STF fluids in siltstone-hosted veins are lower in Ca than at Slab or Hoover (based on 

thermometry results) and much higher in K. These differences are consistent with Ca loss 

and K gain via significant alteration of FLG rocks, and suggest that fluids sampled at STF 

represent a fluid that has been significantly modified via alteration of FLG rocks (Figure 

7.16). Migration of fluids over a greater distance through the WSG likely contributed to 

the greater interaction of STF fluids with FLG rocks compared with Slab fluids. The cooler 

trapping temperatures of analysed STF fluid inclusions (average 215 °C) are also 

consistent with thermal (and associated chemical) equilibration with host rocks. Similar to 

Slab fluids, STF fluids were interpreted in Chapter 4 to have been trapped during the main 

stage of brecciation, although the timing of brecciation is not necessarily equivalent from 

prospect to prospect, and therefore syn-brecciation fluids may have been trapped later at 

STF relative to those at Slab. 

 

Higher K concentrations and K/Na ratios observed in STF fluids are consistent with 

changes in fluid chemistry that would characterise a residual or post-alteration fluid 

resulting from Na-loss via extensive sodic alteration of FLG strata (a significant change in 

Na/K values can be seen from Slab to Slats-Frosty) (Figure 7.15d). This fluid evolution is 

also marked by a decrease in Mn, increase in Fe (and consequently far lower Mn/Fe) at 

STF because of the change in redox conditions (more reduced) in the upper FLG to lower 

QG (Figure 7.15b). 

 

While Slab (and Hoover) fluids have been strongly influenced by halite dissolution, STF 

fluids have a clear bittern brine halogen signature and appear unaffected by halite 

dissolution. STF fluids therefore have arrived via a flow path that did not intersect with 

evaporite horizons (illustrated in Figure 7.14 and 7.16). A corollary is that evaporite 

horizons may not have extended continuously throughout the FLG. The bittern brine 

ascended, cooled, and experienced a more extensive evolution (fluid-rock exchange) 

through FLG alteration than Slab fluids in particular (see Figure 7.16). A lack of 

interaction with evaporites explains the lower fluid salinities compared to Slab and Hoover 
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fluids, while decreased Ca (determined from thermometry, Chapter 4), and higher K and 

generally higher Zn and Pb are a product of further interaction with wall-rocks (alteration) 

in the FLG.  

 

Several authors have similarly described or modelled K, Fe, Rb, Ba, and Cu being leached 

into the fluid phase during large-scale sodic-calcic alteration, and commonly being 

enriched in later alteration phases (e.g. Barton and Johnson, 2000; Perring et al., 2000; 

Oliver et al., 2004; Mark et al., 2006). The importance of this mechanism is that it provides 

an alternative to the provision of these elements by a rich magmatic fluid, and it is crucial 

within the Wernecke hydrothermal system given the relative paucity of magmatic 

influence. The transition from sodic to potassic alteration at the Ernest Henry deposit for 

example is thought to have formed during the evolution of a single fluid that evolved via 

alkali exchange during progressive fluid-rock interaction, because later overprinting K–Fe–

Mn–Ba alteration almost precisely counterbalances the mass changes associated with 

regional Na–Ca alteration (Mark et al. 2006). The strong chemical evolution documented 

for STF fluids suggest that the similar shift from sodic to potassic alteration that occurred 

within the WSG (close to the stratigraphic level of the STF prospect) was probably 

triggered by a similar fluid evolution (most importantly enrichment of K, coupled with 

cooling of ascending fluid). This finding is consistent with the assertion of Laznicka and 

Edwards (1979) that the potassium budget of altered WSG rocks could have been locally 

supplied by displacement of K via Na metasomatism.  

 

Localised overprinting of sodic alteration by a later phase of potassic alteration 

documented by Brookes (2002) at Slab further points to temporal evolution of fluid 

chemistry. Sampling of later fluids from Slab could provide direct evidence of this fluid 

evolution (fluids sampled in the present study were syn-breccia fluids trapped relatively 

early in the alteration history of the FLG). 
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7.5.2 Quartet Group 

Alteration chemistry and proposed flow regime 

Alteration chemistry in the QG is characterised by enrichment in K, Ca, Mg, Mn, Fe, Sr 

and Ba and corresponds with extensive K-feldspar, magnetite and hematite alteration and 

significant hydrothermal barite veining, while Na is strongly depleted. This alteration type 

is commonly associated with shallower parts of IOCG systems and/or later fluid events, 

and is generally attributed to down-temperature or retrograde fluid flow (Orville, 1963; 

Dilles and Einaudi, 1992; Hitzman et al., 1992; De Jong and Williams, 1995; Barton and 

Johnson, 1996; Pollard, 2001, see discussion in Chapter 1). While depletion of Na and 

enrichment in K and Fe in QG rocks are consistent with alteration expected from a cooling 

fluid, the strong Ca enrichment is less typical of down-temperature (retrograde) fluid flow. 

The most likely cause of Ca alteration in this unit was the Ca-rich nature of fluids. Ca-rich 

fluids similar to those at Slab and Hoover are likely to become enriched in K through Na-

Ca alteration in the FLG, and yet still contain significant Ca because of their large initial 

Ca budget (up to 25 wt% CaCl2). Such a fluid is likely responsible for the observed (Ca 

and K rich) alteration chemistry in the QG. 

 

The majority of evidence is suggestive of an upward, cooling path of fluid flow within the 

QG. The proposed depth of formation of the Igor prospect (6.5km) and the lower trapping 

temperatures of Igor fluid inclusions (up to 280 °C) compared with Slab and Hoover 

inclusions (up to 400 °C) are consistent with such a flow path. 

 

Fluid vs rock chemistry 

Similarities between fluid and alteration chemistry suggest that along with temperature, 

fluid chemistry significantly influenced alteration chemistry. The observed shift from sodic 

alteration in the FLG to potassic alteration in the QG was driven by not only the decreasing 

temperature of fluids but also by the progressive fall in Na/K ratios in the fluids through 

sodic alteration of FLG rocks. Similarly, high Ca/K and high Ba/Cl facilitated large Ca and 

Ba enrichments in alteration. These correlations suggest that Ca-rich fluids preserved at 

Igor are equivalent to carrier fluids that were responsible for alteration. The most Ca-rich 
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Igor fluids were preserved as LVH inclusions. Their compositions have similar 

characteristics to Hoover fluids (highly saline, high Ca, Sr and Ba) suggesting that they 

have only experienced minor interaction with QG rocks, however lower K levels in Igor 

fluids indicate that some K has been lost to potassic alteration. The limited evolution of the 

higher salinity (LVH) Igor fluids, combined with their higher temperatures (Ttrap up to 

260 °C) is consistent with the interpretation that they were in general trapped earlier than 

LV inclusions. They were likely trapped before reaching equilibrium with QG wall-rocks. 

 

LV inclusions contain lower concentrations of several major elements and metals, 

including Ca, K, Zn, Pb, Sr and Ba, as might be expected from their lower salinities. The 

bittern brine origin of these fluids (as determined in Sections 7.1 and 7.2), means that these 

fluids were not able to achieve the salinities (and associated high Ca levels) of halite 

dissolution fluids. The reduced levels of K, Sr and Ba compared with LVH fluids at Igor 

can be partially attributed to these factors, however further information can be gained by 

comparison with bittern STF fluids. STF fluids have similar salinities and low Ca, but 

notably contain more K, Sr and Ba. These elements are strongly enriched in the alteration 

chemistry of QG rocks, and therefore the compositions of lower salinity Igor fluids are best 

explained by evolution of bittern brine-derived STF-like fluids through alteration of QG 

rocks upon continued upward flow (see Figure 7.16). These might be viewed as spent 

fluids as opposed to the carrier fluids at this prospect, represented by higher salinity fluids 

with earlier timing. 

 

The fluids interpreted to be most clearly representative of syn-breccia fluids at Igor are 

primary LVH inclusions in sample DG8-9. These inclusions have high salinities and high 

Ca/Na ratios (close to 1) similar to syn-breccia fluids from other prospects (e.g. samples 

Slab SW and JH01-5-7a from Slab and Hoover respectively). Late to post brecciation 

fluids (e.g. secondary inclusions in DG9-13) are more commonly preserved as less calcic, 

LV inclusions. This pattern may suggest that earlier fluids dissolved the bulk of the 

available halite, so that encounters with halite deposits were less likely for subsequent fluid 

pulses. 
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As noted for Hoover and STF fluids, Mn/Fe ratios in Igor fluids are far lower than reported 

from Slab (Figure 7.15b), suggesting Igor fluids are reduced relative to those at Slab. The 

change in redox conditions was likely caused by interaction of fluids with the succession 

of carbonaceous shale that makes up the lower strata of the QG. Such interaction during 

upward flow of fluids into the QG explains why fluids in all prospects within and above 

the QG are more reduced than at the Slab prospect. The lowering of fluid Mn/Fe ratios 

occurred chiefly via strong enrichment of Mn within altered QG rocks (Figure 7.15a). 

Decreasing temperatures also contributed to this process due to the temperature 

dependence of Mn solubility (Section 7.4.1; Figure 7.8). 

 

The presence of abundant barite at the Igor prospect has been interpreted by Kendrick et al. 

(2008) to indicate fluid mixing has occurred. This is because the solubility of BaSO4 is 

extremely low. Blount (1977) determined that no appreciable amount of BaSO4 can be 

carried in hydrothermal solutions, and that the most probable cause of BaSO4 deposition is 

the oxidation of reduced sulphur species to sulphate in solutions carrying barium. A S-rich 

magmatic component may have mixed with Ba-rich, S-poor formation waters, however the 

evidence for a magmatic component at Igor is not strong, and at most was a very minor 

component. 

 

Alternatively, the carbonaceous shales present in the lower QG may have played a key role 

in the transport of significant Ba to the Igor prospect. Low S levels likely allowed some 

leaching of Ba from the lower FLG, as deduced from alteration chemistry (Section 6.5), 

but there may have been greater potential for Ba enrichment into fluids during alteration of 

the lower QG.  Reduction of fluids would give them a greater ability to transport Ba and S; 

and the carbonaceous shale may also have been a good source of Ba and S. The shale is 

locally pyritic, and may have also been enriched in Ba (with both Ba and S components 

being derived from the decomposition of organic matter), given the common association of 

Ba enrichment with biogenic material (Turekian and Tausch, 1964; Bostrom et al., 1973). 

Such a mechanism for Ba (and S) enrichment in the sediments is consistent with the stable 

isotope evidence presented by Hunt (2005), which identified a seawater origin for S in 

barite (δ
34

S=17.1 ‰, similar to the value for Proterozoic seawater of 18 ‰) (Strauss, 
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1993). The study of Hunt (2005) also implicated biogenic pyrite associated with organic 

matter as a source of S by demonstrating a distinct difference in δ
34

S values for sulphides 

hosted by carbonaceous shale compared to sulphides hosted in siltstone. Further 

geochemical data from this part of the stratigraphy would be needed to document the levels 

of Ba in lower QG rocks, however the idea outlined above is supported by the significant 

barite that was deposited at Igor (and not at other prospects), and by the high Ba 

concentrations identified in Igor fluids but not in fluids from other prospects (Figure 7.17). 

High Ba levels are observed in a few Hoover-hosted fluid inclusions, however there is no 

progressive enrichment in fluids (from Slab to Hoover or STF) and no systematic 

correlation with alteration chemistry as seen for Mn and K (Fig. 7.17; compare with Fig. 

7.15a and c). This suggests that FLG alteration was not as influential on Ba levels in 

circulating fluids as it was for Mn and K.  

 

Figure 7.17: Average fluid Ba levels at each prospect. Average Ba concentrations are low at Slab, Hoover 

and STF (740-1050ppm) except for four inclusions at Hoover (mean=7040ppm). At Igor, Ba is low in sample 

DG8-9 (mean=355ppm) and high in DG9-13 (mean=9200ppm), which formed later in the paragenesis. 

 

Fluid compositions in sample DG9-13 are consistent with a fluid that has preserved 

evidence of extensive fluid-rock exchange in the lower QG, with their late timing, very 

high Ba and very low K (highest and lowest respectively of any WSG fluid). Once Ba and 

S co-existed in solution, any oxidisation of the fluid could cause rapid precipitation (e.g. 

encountering a more oxidised rock package or fluid) (Blount, 1977). High Ba (and lower 

K) are only associated with this later stage of fluid. This is consistent with the late 
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formation of Ba in the paragenesis, and similar features are not observed in earlier (syn-

brecciation) fluids. 

 

7.5.3 Gillespie Lake Group  

Alteration chemistry and proposed flow regime 

Alteration in the GLG is characterised by K, Fe, and Ba enrichment, and depletion in Na, 

Ca, Mg and Mn. Similar to QG alteration, the potassic alteration in the GLG was most 

likely formed by upward flowing fluids which were cooling via interaction with country-

rock. The observed enrichment of K and Fe and depletion of Na and Ca are consistent with 

this type of fluid flow (Chapter 1). 

 

Fluid vs rock chemistry 

Fluids sampled from the Olympic prospect contain low Ca (and Ca/K ratios) relative to 

fluids from lower units, as well as low Mn/Fe ratios (<1), and high Ba levels. Notably, 

similar characteristics are present in the alteration chemistry of GLG rocks, such as gains 

in K, depletion of Ca and Mn, and enrichment in Fe, and Ba. These correlations suggest 

that alteration within the GLG was caused by fluids equivalent to those sampled at 

Olympic, and emphasise the dependence of alteration chemistry on fluid compositions, in 

addition to temperature effects. While the low Ca/K and Mn/Fe ratios and high Ba of the 

fluids signify their suitability to produce the observed alteration, they also indicate that the 

specific fluids sampled were trapped before reaching equilibrium with Ca-rich (dolostone 

dominated) GLG rocks, i.e. before or in the early stages of GLG alteration. Chemical 

disequilibrium of Olympic fluids with their GLG host unit is consistent with a thermal 

disequilibrium indicated by trapping temperatures of over 200 °C at depths of only about 

3.3km (Chapter 4). 

 

Fluid inclusions from Olympic have similar salinities and trapping temperatures to Igor 

LVH inclusions, but Olympic fluids contain higher K, and lower Ca, Sr and Ba. Their 

composition can be explained by evolution from a Hoover-like fluid (Figure 7.16). The 

fluid experienced less extensive halite dissolution than Hoover fluids, as apparent in Figure 
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7.6, and accordingly salinity driven increase in Ca was less pronounced. The best 

explanation for low Ca, Sr and Ba concentrations is loss during alteration of the QG. These 

losses suggest that equilibration with QG rocks was considerable. 

 

7.6 Source of ore metals 

The source of metals is a key issue in the genesis of IOCGs (Barton and Johnson, 2000; 

Hitzman, 2000; Pollard, 2001; Oliver et al., 2004; Hitzman and Valenta, 2005; Mark et al., 

2006). Metal source is of particular interest for the Wernecke prospects because of the 

limited influence of magma-derived fluids, which are commonly metal-rich and a vital 

metal source in many IOCG deposits.  

 

Evidence from fluids 

Slab fluids are interpreted to have been modified the least via FLG alteration, due to their 

entrapment deep in the FLG and early in the alteration history of the Wernecke Supergroup 

(Section 7.5), while Hoover and STF fluids have become increasingly modified via sodic 

alteration. The least modified (i.e. Slab) fluids contain the lowest concentrations of Cu, Zn 

and Pb suggesting that circulating fluids were originally metal-poor. An increase in Cu, Zn 

and Pb levels from Slab to Hoover to STF fluids further suggests that the level of metal 

enrichment is closely related to the level of equilibration of fluids with their host rocks, 

and that these metals have been progressively enriched in fluids via depletion from wall 

rock. A schematic diagram illustrating the evolution of metal-enriched brines from a metal-

poor parent fluid via leaching from wall-rocks is shown in Figure 7.18. The acquisition of 

metals predominantly from local wall-rock is an important finding of this study, which is 

inconsistent with the idea that significant amounts of metals were sourced outside the 

WSG and carried into the system by metal-rich fluids (Thorkelson et al., 2001a). This 

finding supports the view of Laznicka and Gaboury (1988), who alleged that most ore 

metals could be locally accounted for, and could be balanced by trace amounts removed 

from locally occurring mafic rocks. 
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Figure 7.18: Schematic illustrating the evolution of metal-enriched brines from a metal-poor parent fluid via 

leaching from wall-rocks. Differing stages of fluid evolution can account for some of the key differences in 

fluid character observed at different prospects. Red ellipses mark IOCG prospects, which lie at different 

points along the bulk flow path for fluids. Metal enrichment by mafic BPRI occurs locally within most 

prospects, although the majority of BPRI occur within the FLG as represented above. 

 

 

Significant mineralisation at the Slab prospect however, appears inconsistent with the 

above model for metal enrichment. The progressive enrichment of metals towards the 

upper FLG suggests that the Slab prospect might be expected to be metal-poor relative to 

other prospects, however along with Igor, Slab is one of the best mineralised prospects in 

this study.  

 

An alternative interpretation of low-metal Slab fluids is that they represent “spent” fluids 

from which ore metals have already been precipitated. This idea is consistent with the low 

metal levels in Slab fluids despite high salinities, and the high metal content of the 

prospect. The composition of these fluids however is not consistent with them having 

acquired metals through sodic alteration of wall-rock, which is the chief mechanism of 

metal enrichment outlined here. This argument is based on the major element chemistry of 

the fluids, which reflect minor equilibration with FLG rocks via sodic alteration (i.e. low K 

and high Ca fluids) relative to Hoover and STF fluids, and which are more characteristic of 

a pre-alteration fluid. This is consistent with the early timing of the sampled fluids (i.e. 

main brecciation stage). The strong sodic alteration at this prospect suggests that more 

evolved or equilibrated fluids must have been generated at the Slab prospect, however such 

fluids do not appear to be represented chemically by those sampled in this study. They are 
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more likely to be observed in association with the main phases of mineralisation, which 

occurred late to post brecciation (Fig. 4.11).  

 

Sampling of further fluids at Slab may be expected to identify fluids that: 1) were trapped 

later in the paragenesis; 2) are more enriched in ore metals; and 3) have major element 

chemistry similar to fluids at Hoover and STF (e.g. increased K, lower Na/K). Late stage, 

localised K-rich alteration (and associated mineralisation) identified at Slab by Brookes 

(2002) further suggests that fluids with these properties were present (albeit in lesser 

amounts) later in the paragenesis. The significant mineralisation at Slab may be explained 

by the abundance of BPRI in the FLG, which enable significant metal enrichment of fluids 

(see below), and while much of the metal budget may be transported to higher stratigraphic 

levels, there is potential for local precipitation of ore metals to occur even in the lower 

FLG (e.g. at the Slab prospect). 

 

Evidence from rocks 

The low metal concentrations in WSG sedimentary rocks (<10ppm), and elevated levels of 

Cu, Zn, and Co in BPRI (relative to sediments, and to crustal averages)(see Chapter 6) 

strongly implicate the latter as the likely source of ore metals. BPRI as a metal source is 

supported by the local redistribution of metals that has been observed within and around 

BPRI, as evidenced by geochemistry and Cu showings commonly occurring within or 

adjacent to BPRI bodies (Laznicka and Edwards, 1979). The distinct lack of metal 

enrichment in metasomatised rocks outside of mineralised zones is also consistent with 

local redistribution of metals by a fluid that overall lacked a large metal budget. The 

overall metal-poor nature of the WSG fluids therefore was due to both the metal-poor 

nature of the parent fluid, and the metal-poor nature of the dominant rock types within the 

WSG package. Because of this, the system relied upon volumetrically minor BPRI dykes 

for the bulk of its metal budget. Although small by volume, their favourable association 

with deep seated structures ensured high exposure to circulating fluids, and enhanced their 

value as source rocks. 
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The source of U within the system is not as clear, since it is not appreciably enriched in 

BPRI. Hitzman and Valenta (2005) suggest that U in IOCG-U deposits is most commonly 

associated with U-rich basement fluids and/or U-rich host rocks. Uranium may be 

associated with the basement fluid component identified in Kendrick et al., (2008); 

however U mineralisation is highest at Igor where input of basement fluids was minimal, 

and is minimal at Hoover where basement fluids were more significant, and thus there is 

no evidence to support such a link. There is a similar lack of evidence for U-rich host-

rocks however. Wernecke Supergroup rocks typically contain 1-2ppm U. These values 

represent roughly average crustal levels (Rudnick and Fountain, 1995; Taylor and 

McLennan, 1995) and are not within the 5-15ppm range highlighted in many host-rock 

packages associated with IOCG-U deposits (Hitzman and Valenta, 2005). Significant U 

thus does not appear to have been derived from the local WSG host rocks sampled for this 

study, and so the source of U remains uncertain. 

 

While a U source has not been identified, the solubility of U in oxidised fluids (Rich et al., 

1977; Dahlkamp, 1993) means that the inferred oxidised parent fluid (similar to those 

sampled in the FLG) would be suitable for U transport (and stripping from wall-rocks). 

The reduction of fluids that occurred in the lower QG additionally provides an effective 

mechanism for U precipitation (Rich et al., 1977), and can explain the significant U 

mineralisation that occurs at Igor but not other prospects. 

 

7.7 Comparison with fluids from IOCG deposits 

As discussed in Chapter 2, both magmatic and non-magmatic fluids are involved in the 

formation of most IOCG deposits, and Hunt et al. (2007) suggested division of IOCGs 

(based on their fluid source) into magmatic, non-magmatic, and hybrid IOCG types. 

Wernecke fluids have the least in common with the purely to dominantly magma-derived 

IOCG fluids, such as those from Lightning Creek, Great Australia, Olympic Dam, Pea 

Ridge, and early stage fluids from Starra. Such fluids are characterised by high 

temperatures (400-700 °C) and high salinities (up to 60 wt%), and L+V+nS and CO2 

inclusion types are common. They also contain abundant Fe, K>Ca, and significant Cu 
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concentrations (commonly >>1000ppm). The lower temperatures (115-400 °C) and 

salinities (15-45 wt%), L+V±S inclusions, generally high Ca/K ratios, and low Cu 

concentrations (<500ppm) of WSG fluids represent a fundamentally different fluid type, as 

has been emphasised earlier in this chapter by the resolution of a dominantly basinal 

formation water-derived fluid.  

 

The basinal nature of Wernecke fluids places the Wernecke IOCG district into the non-

magmatic class of IOCGs under the classification scheme of Hunt (2007). Fluids with 

similar properties are common in IOCGs, and have been identified at Osborne, Eloise, 

Starra, Aitik, and Tennant Creek (see Table 2.4). On their own however, fluids of this type 

are not efficient at forming significant IOCG deposits, due largely to their relatively low 

metal budgets (Baker et al., 2008). Accordingly, hydrothermal systems formed solely by 

non-magmatic fluids are characterised by relatively small IOCG deposits and prospects 

(e.g. Tennant Creek, Redbank), and barren regional alteration systems such as those 

described in the Cloncurry district by Bertelli (2007), and Fu et al. (2004a; 2004b). While 

such fluids on their own are capable of IOCG formation (as recently demonstrated for the 

Osborne deposit) (Fisher and Kendrick, 2008), the vast majority of large, highly economic 

IOCG deposits (e.g. Olympic Dam, Ernest Henry) are characterised by involvement of a 

highly saline, metal-rich, magmatic fluid in addition to any basinal brines or other non-

magmatic fluids. Such magmatic fluids are isolated by Baker et al., (2008) as the critical 

ingredient for the formation of large IOCGs, and the absence of significant amounts of a 

similar fluid in the Wernecke Mountains is likely a key to the lack of economic deposits in 

the region. Additionally, the lack of economic mineralisation in the region is consistent 

with the commonly barren to sub-economic mineralisation associated with other deposits 

in this class. 
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8 Conclusions 

8.1 Genesis of the Wernecke breccia 

This thesis has used direct evidence from fluid inclusion analysis, to build a strong case for 

the dominance of formation water-derived basinal fluids in the hydrothermal system that 

formed the Proterozoic Wernecke breccia and associated IOCG prospects. The evidence 

for minimal influence of magmatism on the system brings into focus the question of: what 

activated or triggered hydrothermal circulation and brecciation within the WSG? Previous 

conclusions drawn about the differences in timing between the Racklan orogeny and 

Wernecke breccia formation, have led to orogeny playing a minimal role in previous 

brecciation models. In the absence of significant magmatism however, the Racklan 

orogeny provides the most suitable mechanism for increasing temperatures in the WSG 

and for initiating the release and circulation of formation waters that were initially hosted 

by porous sedimentary rocks deep within the WSG. The increased temperatures associated 

with metamorphism (up to 550 °C) are consistent with an elevated temperature gradient 

beyond that of a simple burial model, and the involvement of orogenic deformation in the 

brecciation events is also consistent with the association of breccia zones with deep seated 

crustal structures. Further, new dating of the WSG sediments (Furlanetto et al., 2009) has 

raised uncertainty over previously determined ages of WSG rocks, and suggests that the 

time period between sedimentation and brecciation may be much shorted than previously 

thought. This brings an increased likelihood that orogeny overlapped with brecciation 

events. 

 

Fluid reservoirs became over-pressured due to compaction, high temperatures (≥400°C), 

and possibly capping by non-permeable horizons (e.g. carbonaceous shale). Deformation 

and associated temperature increase likely instigated the release of fluids from these 

reservoirs. This release of fluids, along with subsequent halite dissolution, then acted as a 

key trigger for rapid ascent and expansion of fluids, causing brecciation. Dissolution of 

evaporite-rich horizons in the FLG aided brecciation by causing collapse, and creating 

permeability and weak zones for fluid pathways within the FLG. In accord with the greater 

abundance of evaporite horizons and BPRI, brecciation was best developed within the 
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FLG, but followed in upper units when fluids travelled further upwards via faults and 

fractures, including those previously exploited by BPRI.  

 

Dissolution of evaporites was also important for the chemistry of the system, increasing 

the salinity of circulating formation waters. While fluid salinities varied significantly, the 

majority of fluids were shown to be consistent with evolution from a common parent brine, 

and distinct differences in fluid salinities were attributed to different levels of halite 

dissolution. 

 

The fluids were initially characterised by moderate to high temperatures and moderate to 

high salinities (preserved as LV to LVH fluid inclusions) depending on exposure to halite 

horizons, and were Na and Ca rich, with moderate to low K. Overall ore metal content was 

low, including Cu, which was measured at concentrations as low as 5 ppm, and did not 

exceed 1100 ppm at any prospect. Based on differences in fluid chemistry at different 

stratigraphic levels, fluids were shown to evolve through fluid-rock interaction via flow 

paths directed upwards through the WSG. This upward fluid flow caused extensive wall-

rock alteration. Based on measured correlations between elements lost from fluids and 

gained in wall-rocks, fluid evolution and wall-rock alteration were shown to be co-

dependent. Widespread sodic alteration was formed by the Na-Ca rich (and K-poor) fluids 

at depth, and a shift to potassic alteration at shallower depths was driven by changing 

temperature (cooling) with depth, and evolving fluid composition (increasing K). Local 

changes in redox conditions were induced by carbonaceous shale horizons in the lower 

QG, and caused reduction of previously oxidised fluids, which influenced the character of 

the QG-hosted Igor prospect. Early Na-Ca alteration in the WSG was most important for 

its role in facilitating ore metal enrichment (via leaching from wall-rocks) in an initially 

metal-poor fluid. The bulk of ore metals was leached from mafic BPRI intrusions, which 

were minor in volume but important for metal enrichment because of the metal-poor nature 

of the sedimentary WSG rocks. 
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8.2 Factors important to the economic potential of the Wernecke 

Mountains 

The focus of this study on a dominantly non-magmatic terrane has allowed an assessment 

of the ability of basinal fluids to form IOCG deposits. The findings of this study have 

highlighted some important factors affecting the IOCG-forming potential of the Wernecke 

IOCG district (and which may also be important in other prospective IOCG terranes):  

 

1) Non-magmatic fluid source: A major finding of this study is the minimal magmatic 

influence on the genesis of the Wernecke IOCGs. This finding is significant 

because of the scarcity of IOCGs that are unrelated to magmatism. Both the lack of 

non-magmatic IOCGs, and the lack of economic mineralisation in the Wernecke 

Mountains highlight the importance of magmatism in the formation of economic 

IOCG deposits. As discussed in Section 7.5, high temperature, ultrasaline, and most 

importantly Cu-rich fluids are notably absent within the Wernecke Supergroup, and 

instead, fluids are similar in character to those within barren regional alteration 

systems in the Cloncurry district (Fu et al., 2004a; Fu et al., 2004b; Bertelli, 2007). 

This finding further emphasises their unsuitability for IOCG formation, and is 

consistent with the suggestion of Baker et al. (2008) that a Cu-rich magmatic fluid 

pulse is a critical ingredient that distinguishes significant IOCG deposits from 

weakly mineralised systems. The introduction of such a fluid by a significant 

intrusion into or below the WSG could have significantly boosted the IOCG-

forming potential of the Wernecke district. Localised heat flow from magmatism 

might also have encouraged a more focussed fluid flow and ore precipitation. 

 

2) The presence of evaporites: This study has highlighted the importance of evaporite 

dissolution in markedly increasing fluid salinities, which in turn increases the 

metal-carrying capacity of fluids. Evaporite dissolution in the WSG was an 

important step in the metal enrichment process, and evidence of evaporites or 

palaeo-evaporites in any IOCG terrane (e.g. scapolite horizons) would enhance 

IOCG prospectivity. 
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3) The metal content of host rocks: Metal-rich host-rocks are particularly valuable 

within IOCG systems for enriching metals in fluids, particularly because of the 

large volumes of fluid interacting with host rock (e.g. Hitzman and Valenta, 2005). 

They are of increased importance in non-magmatic terranes because of the typically 

metal-poor nature of non-magmatic source-fluids relative to magmatic fluids. In the 

WSG, breccia zones proximal to BPRI (i.e. the most viable source rock) are most 

prospective, however these source rocks made up too small a proportion of the 

overall rock package to enable large-scale metal-enrichment to occur.  

 

4) Intense and/or widespread Na-Ca metasomatism: During this study, Na-Ca 

alteration emerged as the key mechanism through which metal-poor fluids leached 

metals from rock. This mechanism has been a prominent feature of other IOCG 

models, particularly those that describe IOCG formation through the evolution of a 

single fluid (e.g. Perring et al., 2000; Pollard, 2001; Mark et al., 2006). 

 

Even without magmatic input, the moderate to high salinities of hydrothermal fluids in the 

WSG meant they were theoretically capable of transporting significant amounts of Cu and 

other metals, however there was no major source from which to derive such metals. The 

metal-poor nature of WSG rocks overall, and the small volume of relatively metal-enriched 

BPRI material in the sequence severely hampered the scavenging of metals by circulating 

fluids. 

 

It is likely, however, that intrusions are not necessary for economic IOCG mineralisation. 

But only if an adequate metal budget can be can be provided by some other means. This 

will usually require the combination of a range of favourable factors as listed above, such 

as the presence of evaporites and metal-rich source rocks. Only when combined in 

extremely favourable conditions could these factors significantly counteract the typically 

low metal content of basinal fluids, and lead to IOCG formation. The probability of 

economic mineralisation is thus greatly diminished without magmatic input, and this 

explains the rarity of endmember non-magmatic IOCG deposits.  
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8.3 Further Work 

As this was the first significant fluid inclusion study conducted in the Wernecke 

Mountains, and because of the remoteness of the study area (limited to a single field 

season) there are a number of avenues open to further study, that could improve our 

understanding of the Wernecke Mountains IOCG system: 

 

1) Systematic rock sample collection and documentation of the chemistry of WSG 

sedimentary strata on a smaller scale. This would reveal a more detailed picture of 

rock chemistry and variations within each unit to complement or revise the broad 

observations made in this study. It would also be a step towards better 

understanding of the sources of Ca and ore metals within the WSG. 

Characterisation of carbonaceous shale horizons would provide further insight into 

their influence on Igor-hosted fluids. 

2) More complete documentation of fluid compositions including extra samples from 

Slab, Olympic, Hoover and STF, Slats-Wallbanger.  

a. In particular, targeting of Cu-rich fluids within and proximal to BPRI to 

further explore the idea of local Cu redistribution within and around BPRI, 

could reveal further insights into ore metal source and transport. Targeting 

of mineralising fluids could be attempted by multi-element analysis of 

sulphide-hosted fluid inclusions, potentially using infrared and/or crush-

leach technologies. 

b. Targeting later fluids at Slab with the aim of: 1) detecting more evolved and 

metal-rich fluids that are inferred to have formed mineralisation at this 

prospect; and 2) further examining the extent of halite dissolution. 

c. Multi-element analyses focussing on those fluid inclusion populations in 

which magmatic or basement-derived fluids were detected. 

3) A dedicated dating study aimed at resolving better constrained ages for the different 

WSG rock types and key geological events. Inaccurate age determinations can be 

misleading for researchers and can provide considerable impedance to 

reconstructing geological events.  
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