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CHAPTER 9: THERMODYNAMIC CONSTRAINTS AND 
MODELS FOR ORE DEPOSITION 

9.1 INTRODUCTION ••• 

Investigations of physico-chemical conditions of ore formation at Renison are required to 

understand mechanisms of tin transport and deposition. The geological, mineralogical, fluid 

inclusion, and stable isotope studies outlined in previous chapters provide the basis for this 

investigation. Fluid inclusion data {Chapter 6) from the Federal-Bassett Fault has been used 

to determine {i) the depth of emplacement of the Pine Hill Granite, {ii) fluid pressures, {iii) 

temperatures, {iv) salinities and {v) composition of the mineralising fluids. This information 

allows construction of activity - activity diagrams that constrain a number of important chemical 

variables fundamental to cassiterite transport and deposition, including pH, I.S, fo2 UH2), 

fH
2
s and activities of appropriate metal-bearing species. Once these variables are defined, 

numerical simulations can be undertaken to test hypotheses of depositional processes. 

In this chapter, isothermal activity- activity diagrams for silicate mineral stabilities are used to 

infer ranges in gas fugacities, and to estimate activities of the major cations (e.g., Helgeson, 

1967; Titley & Beane, 1981; Jackson & Helgeson, 1985). All diagrams have been 

constructed assuming quartz saturation and where appropriate, aluminium conservation in 

solid phases. The activity of water is assumed to be unity. The necessary thermodynamic 

properties for aqueous, gaseous and mineral species were calculated using SUPCRT92 

{Johnson eta/., 1992), and supplemented from the GEOCAL database of Berman {1988) 

and other sources where required {Appendix VIII). Activity coefficients were calculated using 

the extended Debye-HOckel equation of Helgeson {1969). 

9.2 THERMOCHEMICAL ENVIRONMENT FOR ORE 
DEPOSITION ••• 

This study identified four main stages in the mineral paragenesis of the Federal-Bassett Fault 

at Renison; {i) oxide-silicate stage, {ii) main sulphide stage, {iii) base metal stage, and {iv) vug

fill carbonate stage. The oxide-silicate stage was not recognised prior to this study. As a 

consequence previous investigations of the depositional environment focussed on the 

second stage of mineralisation {main sulphide stage), and not with the initial fluids associated 

with the oxide-silicate stage. The current study focuses on the oxide-silicate stage, defining 

the physico-chemical conditions associated with cassiterite deposition from the initial 
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magmatic hydrothermal ore fluid. These calculations allow numerical simulations of 

depositional processes related to the formation of stratabound carbonate replacement 

mineralisation to be undertaken. No attempt has been made to simulate the deposition of 

the late base metal stages of mineralisation, or the patterns of regional metal zonation in the 

Renison-Dundas district. These studies will be undertaken as part of a post-doctoral 

investigation into metal zonation around mesothermal granitic intrusions in western 

Tasmania, centred on the Renison-Dundas district. 

9.2.1 Temperature, Pressure, Composition and Salinity ••• 

Based on fluid inclusion studies (Chapter 6), a temperature of 350°C is assumed to be 

representative of the oxide-silicate stage. The ore fluids were derived from an apophysis in 

the underlying Pine Hill Granite (Chapters 6, 7, and 8) which was emplaced to depths of 

around 3000m. This depth corresponds to hydrostatic pressures of 250 bars, which 

prevented phase separation of the C02-deficient fluids (Chapter 6). Salinity calculations for 

the oxide-silicate stage, based on limited primary fluid inclusion data, suggests that 

moderately saline (- 12 eq. wt. % NaCI) H20-NaCI-KCI-rich hydrothermal fluids were 

responsible for oxide-silicate stage fault mineralisation. Na/K ratios in fluid inclusions at 350°C 

have been calculated H·om PIXE probe analyses (Appendix X) and salinity estimates from 

fluid inclusions Which correspond to a(Na+) = 0.1742, a(K+) = 0.0485 and log aNa+laK+ = 
0.58. 

9.2.2 Mineral-Solution Equilibria .•• 

Phase relations in the system Na20-K20-AI203-Si02-H20 at 250 bars and 200°, 300°, 350° 

and 400°C are presented in Figure 9.1 as a function of log(aNa+laH+) and log(aK+IaH+). 

Feldspars do not occur in the oxide-silicate stage vein assemblage at Renison, but 

albitisation and sericitisation of the Pine Hill Granite by hydrothermal fluids at -400°C 

constrain the high temperature mineralising fluids to the albite-muscovite phase boundary in 

Figure 9.1. A decrease in temperature to 350°C caused the fluid to evolve into the 

muscovite-only field. Based on estimates of a(Na+) and a(K+)• pH must have been restricted 

to the range 3.8 s; pHs; 5.4 at 350°C. Patterson (1979) estimated the pH in the main 

sulphide stage to be between 3.9 and 5.4. 

Phase relations between phlogopite, potassium feldspar, muscovite and pyrophyllite in the 

system MgO-K20-AI203-Si02-HCI-H20 are presented in Figure 9.2 as a function of 

log(aMg2+/ a~+) and log(aK+IaH+) at 250 bars and 200°, 300°, 350° and 400°C. The co

existence of muscovite, phlogopite and quartz in oxide-silicate stage alteration assemblages 

at 350°C limits log(aMg2+/ a~+) to values between 4.1 and 4.5. Mg concentrations are 

calculated to be between 1.6 x 1 o-5 and 6.2 x 1 o-2 molal. For talc saturation at 350°C, 

log(aMg2+/ a~+) = 4.05 and Mg concentrations range between 1.4 x 1 o-5 and 2.2 x 1 o-2 
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Figure 9.1 Phase relations in the system K20 - Na20 - AI203 - Si02 - H20 in the 
presence of quartz as a function of log (a~laH+) and log (aNa+laH+) for unit 
activity of H20 at 250 bars and 200°, 300°, 350° and 400°C. The phase 
relations were generated from the equations and data cited in Appendix XI. 
The dashed line corresponds to aNa +JaK+ = 0.58. 
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Figure 9.2 Phase relations in the system MgO - K20 - AI203 - Si02 - H20 in the 
presence of quartz as a function of log {aK+ 1 aH+> and log {aMg2+ 1 aR+ ) 

for unit activity of H20 at 250 bars and 200°, 300°, 350° and 400°C. The 
phase relations were generated from the equations and data cited in 

. Appendix XI. The shaded line corresponds to talc saturation. 
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molal. Patterson (1979) reported similar Mg concentrations at 350°C for the main sulphide 

stage with values between 6.8 x 1 o-6 and 1.5 x 1 o-2 molal, and 5.0 x 1 o-6 to 5.0 x 1 o-2 molal 

for the muscovite - phlogopite -quartz, and talc:.saturated assemblages respectively. 

Stability fields for tremolite and several phyllosilicate minerals in the system CaO-MgO-Si02-

HCI-H20 are presented in Figure 9.3 as a function of log(aMg2+/ a~+) and log(aca2+/ a~+). 

The univariant point for the talc - tremolite - quartz assemblage at 350°C uniquely defines 

log(aca2+/ a~+) to be 6.3 molal and corresponds to Ca concentrations between 7.96 x 1o-3 

and 12.61 molal. An estimate for the Ca concentration of 0.2937 molal, based on PIXE probe 

analyses of fluid inclusion, is consistent with the range predicted by phase equilibria. 

Patterson (1979) estimated similar Ca concentrations at 350°C for the main sulphide stage 

(3.0 x 1 o-3 ~ mca2+ ~ 3.0 molal). 

Quartz is absent from the outer margins of the dolomite replacement fronts in the carbonate 

units, making quartz saturation an invalid assumption. Carbonates are stabilised by 

increasing C02 and pH, and decreasing silica activity and the mineral assemblage talc -

tremolite - phlogopite better defines aca2+ (Figure 9.3). The Ca concentration at the 

replacement front is calculated to be between 1.00 x 10-2 and 15.88 molal, based on the 

lower limits of phlogopite stability (Fig. 9.3). 

Beneath the mineralising environment, the greisen assemblage quartz - muscovite -

potassium feldspar- topaz buffered aHF (Burt, 1981). Figure 9.4 depicts phase relations in 

the system K20-AI203-Si02-HF-H20 as a function of log(aK+IaH+) and log(aH+aF-) at 250 

bars and 200°, 300°, 350° and 400°C. Point A in Figure 9.4 (350°C} constrains the greisen 

assemblage to log(aK+IaH+) = 4.1, coincident with the upper pH range of log(aK+IaH+) in 

Figures 9.2 and 9.3 at 350°C. The corresponding value of log(aH+IaF-) is -9.7 (Fig. 9.4). The 

total dissolved fluoride concentration is calculated to be between 1.05 x 1 o-5 and 4.16x 10-4 

molal. 

9.2.3 fH2S, f02 (fH2) and Total Sulphur 

The stability fields for Fe-oxides and sulphides are depicted in Figure 9.5 as a function of the 

fugacities of H2S and 02 (H2) at 250 bars, and 200°, 300°, 350° and 400°C. fH2 are shown 

because H2 is the dominant gas species in reduced conditions (Ohmoto, 1986). fH2 and 

f o2 are related by the following reaction: 

H2 + 1/202 = H20 

Phase relations for the system SnO-H2S-02-H20 are shown as dashed lines on Figure 9.5. 

Thin lines show the aqueous activity of arsenious acid (H3As03). H3As03 is the predominant 
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As-bearing species at neutral to acid pH, H2S dominant conditions at temperatures relevant 

to cassiterite-sulphide deposition (Heinrich & Eadington, 1986) . 

The assemblage cassiterite- arsenopyrite- quartz± pyrrhotite in the Federal-Bassett Fault 

helps to constrain the upper and lower limits for fH2s and to2 . The cassiterite- pyrrhotite 

assemblage restricts the fugacity of H2S to between 1 o-0.5 and 1 o-2.5 at 350°C. The lower 

limit at which arsenic can be effectively transported as arsenious acid is aH3As03 = 1 o-5 

(Heinrich & Eadington, 1986), and a realistic upper limit within geological environments is 

aH3As03 = 10-1, which restricts log fo2 values at 350°C to between -32.0 and -35.5 (-2.0 ~ 

log fH2 ~ -0.2). Patterson (1979) estimated higher oxygen fugacities during the main 

sulphide stage of mineralisation at Renison (~ 1 o-30.1 ), based on the coexistence of 

pyrrhotite, magnetite and pyrite. He further constrained fo2 values using carbon 

dioxidefmethane ratios from sulphide stage fluid inclusions to values between -31.3 and 

-31.8 at 350°C. 

Early remnant carbonate-magnetite mineralisation associated with the oxide-silicate stage 

occurs along the Transverse Faults and is abundant in the Polaris orebody. This mineral 

assemblage reflects early fluid evolution away from the Federal-Bassett Fault. Based on 

spatial variations in fluid inclusion homogenisation temperatures on the Federal-Bassett 

Fault, a decrease in temperature from 400°C to 350°C could explain the observed mineral 

assemblage (Figure 9.5). Mineral deposition in the Polaris orebody must have occurred from 

fluids with fH
2
s < 10-2 and to2 > 1o-32.5 UH2 = 100) between 350° and 400°C (Point A; 

Figure 9.5). 

The total sulphur (IS) content of the ore fluids affects metal transport and the stability of 

oxide and sulphide minerals. Based on the oxide-silicate stage assemblage of quartz -

cassiterite- arsenopyrite± pyrrhotite± magnetite± chalcopyrite, log to2 and pH diagrams 

have been plotted at 350°C for various IS concentrations (Fig. 9.6) using the computer 

program Thermodynamics CODES (Cooke, 1992). These diagrams indicate that a magnetite 

incursion to low f o 2 values occurs when is ~ 1 o-2. It is therefore concluded that the 

oxide-silicate stage ore fluids contained > 1 o-2 IS. A value of 0.05 molal is therefore 

considered representative for the oxide-silicate stage ore fluid (Fig. 9.5). Based on previous 

pH estimates from mineral solution equilibria, and logfo2 restrictions for the oxide-silicate 

stage assemblage, the composition of the Renison fluids is shown by the shaded region in 

Figure 9.6. This region occurs below the magnetite stability field, but within the limits for 

chalcopyrite deposition (Figure 9.6). Under reduced, acid conditions, IS = MH2s (i.e., 

MH2s = aH2s = 0.05 molal). 
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9.2.4 Sn Speciation ••• 

Tin can occur in the tetravalent stannic (Sn4+) or divalent stannous (Sn2+) oxidation states in 

most hydrothermal fluids. Tin transport is dominated by chloride and mixed hydroxy-chloride 

complexes over a wide range of P-T-X conditions (Patterson, 1979; Eadington & Giblin, 

1979; Jackson & Helgeson, 1985; Euster & Wilson, 1985; Heinrich & Eadington, 1986; 

Kovalenko eta/., 1986; Pabalan, 1986; Wilson & Euster, 1990; Heinrich, 1990; Taylor & 

Wall, 1992 &1993). Fluoride complexing of Sn is less important because fluoride 

concentrations are generally low due to low F/CI ratios and the low solubilities associated with 

fluoride bearing minerals, i.e., fluorite and topaz (Eadington & Giblin, 1979; Patterson eta/., 

1981; Jackson & Helgeson, 1985; Heinrich & Eadington, 1986; Taylor & Wall, 1993). Tin 

solubility experiments in the temperature range 250°- 350°C by Pabalan (1986) indicate that 

stannous chloride complexes predominate at 350°C, but stannic hydroxy-chloride 

complexes become more important at lower temperatures and increasing oxygen fugacities. 

Highest Sn solubilities occur in acid solutions. Figure 9.7 shows that cassiterite solubility 

increases with acidity, but has an inflection point near the transition from the Sn(OH)2CI2 

predominance field to the SnCI3- field. The inflection is constrained by the cassiterite 

(Sn02)-herzenbergite (SnS) boundary at log to2 = -34.5, and the pyrrhotite (FeS)-pyrite 

(FeS2) boundary at log to2 = -31.5. The estimated composition of the oxide-silicate stage 

Renison ore fluid is indicated by Point A in Figure 9.7, suggesting that the hydrothermal fluid 

carried up to 20 ppm Sn. Similar Sn values were proposed by Heinrich (1990) in reduced, 

acid environments. 

9.2.5 Summary: Composition Of The Ore-forming Fluid •.. 

Discussions presented in the preceding sections provide insight into conditions that 

prevailed during the initial stages of cassiterite transport and deposition at Renison. Table 

9.1 summarises estimates for the physico-chemical conditions based on fluid inclusion 

studies and mineral equilibria. 

The moderately saline (-:12 wt.% NaCleq) H20-NaCI-KCI magmatic-hydrothermal fluids 

released from the apophysis in the Pine Hill Granite at the base of the Federal-Bassett Fault 

were either close to, or in equilibrium with the quartz - muscovite - K-feldspar - albite - topaz 

greisen assemblage. The depth of granite emplacement, near 3000m, corresponds to 

hydrostatic pressures of 250 bars, which prevented effervescence of the C02-deficient 

fluids. Temperatures were initially high(> 400°C}, as indicated by primary fluid inclusion data 

from the oxide-silicate stage, but decreased upwards along the fault away from the granite 

contact. In high grade ore zones temperatures dropped to -350°C. During the main sulphide 

stage, temperatures had fallen to -300°C, and dextral wrenching opened up and focussed 

hydrothermal fluids into two dilational jogs on the Federal-Bassett Fault (Federal and 
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calculating aqueous species and mineral saturation using SOLVEQ (Spycher & Reed, 1990), and additional thermodynamic data in Appendix VIII. 
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TABLE 9.1 Estimates of the physico-chemical conditions associated with tin 

transportation and deposition at Renison, based on fluid inclusion data (Chapter 6) and 

mineral relationships from the oxide-silicate stage. 

PARAMETERS ESTIMATED VALUES 

Depth of granite emplacement -3000 m 

Minimum hydrostatic pressure -250 bars 

Fluid composition H20-NaCI-KCI (C0:2 deficient) 

Salinityo_ -12 eq. wt.% NaCI 

log (aNa+'aK+) 0.58 

Temperature -350°C 

pH 3.8 to 5.4 

LS 0.05 molal 

log/02 -32.0 to 33.8 

logfH2 -2.0 to -0.2 

logfH2S -0.5 to -2.5 

aH3As03 1o·5 to 1o-1 

a(Na+) 0.1742 

a(K+) 0.0485 

mMg2+ (musc-phlog-talc) 1.6 x 1 o-5 to 6.2 x 1 o-2 molal 

mMg2+ (talc saturation) 1.4 x 1 o-5 to 2.2 x 1 o-2 molal 

mca2+ (talc-trem-qz) 7.96 X 1 o-3 to 12.61 molal 

mca2+ (talc-trern-phlog) 1.00 x 10-2 to 15.88 molal 

mF- 1.05 x 1o-5 to 4.16 x 10-4 molal 
. 

Sn solubility -20 ppm 
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Rendeep Orebodies). The pH of the fluid was confined to muscovite-stability conditions ( 

3.8 to 5.4), LS = 0.05, log iH2s = -2.0 and log iH2 = 0.96. Fluid inclusion analyses, 

together with equilibrium alteration assemblages constrained the concentrations of Na+ 

{0.1742), K+ {0.0485), Mg2+ {1.4 X 10·5 to 2.2 x 10-2), Ca2+ (7.96 x 10·3 to 12.61)and F· 

(1.05 x 1o-s to 4.16 x 10-4) in the oxide-silicate stage fluids. Sn transport was dominated by 

Sn(OH)2CI2 and SnCI3" complexes in the reduced, acid fluids. SnCI3- complexes 

predominate at 350°C and log fo2 ~ -33.0, and Sn(OH)2CI2 complexes are more important 

at lower temperatures and log fo2 ~ -33.0. 

9.3 NUMERICAL SIMULATIONS FOR ORE DEPOSITION ••• 

The chemistry of a hydrothermal fluid is crucial for the transport of high concentrations of 

metals-ifl.solution, however, it is ultimately the physical and chemical processes that operate 

upon this fluid that determine whether it can form an economic resource. Having constrained 

the chemistry of the initial mineralising fluids associated with Sn transport at Renison, it is 

now possible to examine in detail the effects of physical processes (cooling, boiling, fluid 

mixing and fluid-rock interaction) that may have affected the oxide-silicate stage fluids as they 

ascended the Federal-Bassett Fault. In the following sections, numerical simulations of 

mineral deposition are presented that determine the dominant depositional processes 

responsible for forming the world-class Sn-rich Renison stratabound carbonate replacement 

deposit. 

The composition of the hydrothermal fluid responsible for cassiterite deposition in the oxide

silicate stage has been partially defined in Section 9.2. 

9.3.1 Methods Of Calculation ••• 

Numerical simulations have been undertaken using the computer programs SOLVEQ and 

CHILLER (Reed, 1982; Reed & Spycher, 1985; Spycher & Reed, 1989) which utilise the 

thermodynamic database SOLTHERM (Reed & Spycher, 1991). The SOLTHERM database 

is designed for relatively oxidised conditions and uses so~-/Hs- as the redox-controlling 

components (H2S/ so~- < 1 000) and liquid-vapour saturation pressures. The reduced 

(pyrrhotite-stable) conditions at Renison could not be modelled using the Reed and 

Spycher (1991) version of SOLTHERM, and a new version of the database had to be written 

using H2- H20 & H2- H+ as the redox-controlling components. The new database was calculated at ~<" 

250 bars using SUPCRT92 (Johnson eta/., 1992) and GEOCALC (Berman eta/., 1988), and 

is listed in Appendix XI. Sn data was obtained from Pabalan (1986). 
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The computer programs SOLVEQ and CHILLER calculate multicomponent chemical 

equilibria in aqueous systems (Reed, 1982; Spycher & Reed, 1989 & 1992). SOLVEQ 

computes the distribution of dissolved species,- saturation indices of solids, and fugacities of 

gases for a given temperature and total composition of a homogeneous aqueous solution. 

SOLVEQ has been used in this study to calculate the concentration of unknown species in 

the Renison-type fluid (e.g., Fe, As, AI) by forcing mineral equilibria. SOLVEQ was also used 

to ensure that charge balance was attained for the initial fluid before the commencement of 

modelling runs. CHILLER computes heterogenous chemical equilibria between solids, 

gases and aqueous phases, in both open and closed systems, and allows the effects of 

variation in temperature, pressure, enthalpy, and composition variations to be calculated. 

CHILLER has been used in this study to simulate boiling, cooling, mixing and water-rock 

interaction as possible mechanisms for cassiterite deposition from the Renison-type fluid. 

Previously, CHILLER has been used to successfully model a range of deposit styles, some 

of which include epithermal-Au, porphyry -Cu, Mississippi Valley-type Pb-Zn and Cu-skarns 

(Cooke, 1991; Plumlee eta/., submitted; Lu & Reed, 1989). The only known reference to 

numerical modelling of Sn-systems using CHILLER appears in Tornos eta/., (1991 ). Heinrich 

(1990), however, has undertaken extensive qualitative modelling of granite-related 

mesothermal cassiterite (-wolframite) systems, but he used the software package CSIRO

SGTE THERMODATA (Turnbull & Wadsley, 1986). 

9.3.2 Physico-chemical Conditions Of The Renison-type Fluid ••• 

The initial composition of the Renison-type fluid used for numerical modelling was estimated 

from fluid inclusion data (temperature, salinity, pressure, etc.) and activity- activity diagrams 

(log /02. pH, I.S, aMg2+• etc.). Forced mineral equilibration techniques were used to 

calculate the maximum concentrations of unknown components (e.g., Si, AI, Fe, Cu, Pb, Zn) 

that could be carried in the fluid under equilibrium conditions. The Renison-type fluid is 

assumed to be saturated with respect to quartz, arsenopyrite and cassiterite. The 

concentrations of other component species were arbitrarily decreased by up to four orders 

of magnitude to allow realistic mineral assemblages for the Renison deposit to be 

reproduced. Table 9.2 lists the composition, and the degree of saturation for each 

component for the Renison-type fluid. 

The numerical modelling technique used here suffers from limitations imposed by the quality 

of thermodynamic data, and by our present understanding of metal speciation in 

hydrothermal fluids (especially Fe; McPhail, 1993). An added complication is the internal 

consistency of the database. Attempt have been made to ensure the database is 

thermodynamically consistent by restricting the major data sources to SUPCRT92 and 

GEOCAL, but some data by necessity had to be extracted from other sources, and may be 
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Table 9.2 Composition of a potentiai350°C Renison-type fluid (relative to 1kg H20) 

used for numerical modelling experiments. This fluid is saturated with respect to quartz, 

arsenopyrite and cassiterite and has an initial logf 02 = -33.5, IC = 0.1 Om, IS = 0 .OSm, 

I,Mg = 0.0013m, and logfH2 = 0.96 at 250 bars. 

Component 

pH 

H+ 

H20 

c1· 
H2Saq 

HC03-

H2aq 

Si02aq 

Al3+ 

ca2+ 

Mg2+ 

Fe2+ 

K+ 

Na+ 

zn2+ 

cu+ 

Pb2+ 

Ag+ 

F" 

H3As03 

Sn2+ 

Concentration (ppm) 

4.0000 

6.4487 

1.000kg 

64167.8 

1475.15 

5166.63 

794.282 

726.217 

6.6774 

192.706 

51.1875 

10.9036 

16475.7 . 

31434.7 

0.8744 

0.7298 

0.6966 

0.0224 

7.6139 

1.2717 

16.2292 

Saturated· Undersaturated 

Figure 9.1 

Figure 9.1 

Fluid Inclusions 

Figure 9.5 

Assumed 

Figure 9.5 

Saturated 

Undersaturated! (Muse) 

Figure 9.3 & Fluid Inclusions 

Figure 9.2 

Undersaturated (Po) 

Fluid Inclusions 

Fluid Inclusions 

Undersaturated (Sph) 

Undersaturated (Cpy) 

Undersaturated (Gal) 

Undersaturated (Arg) 

Fluid Inclusions 

Saturated 

Saturated 
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incompatible. Although there are potential problems with this technique, the attempted 

simulations closely approximate mineral assemblages observed at Renison and have 

important implications for the depositional processes that operated during deposition of the 

early vein and carbonate replacement styles of mineralisation. 

9.3.3 Results ••• 

The simulations of depositional processes undertaken for the Renison-type fluid are 

summarised in Figure 9.8. This diagram illustrates the proportions of each mineral 

precipitated and total amount of Sn deposited as cassiterite during each simulation. The 

temperature, pH and fo2 of the evolved fluid at the end of each simulation are also 

presented. Specific details of individual simulations are provided in the following sections. 

9.3.3.1 Cooling Simulations ..• 

Simulations of conductive cooling have been undertaken to investigate the fluid-buffered 

evolution of a magmatic-hydrothermal fluid during ascent along a fault without significant 

interaction with the host sequence. Cooling simulations from 350° to 150°C were run at a 

constant pressure of 250 bars to prevent decompressional boiling. Two simulations were 

undertaken: (i) cooling with mineral fractionation, where minerals were prevented from back

reacting with the fluid after precipitation (Fig. 9.8 Simulations #2; Fig. 9.9A, B & C), and (ii) 

closed system cooling where minerals could re-dissolve after mutual precipitation (Fig. 9.8 

Simulations #1; Fig. 9.90, E & F). 

Results of the cooling simulations predict that Sn transport is dominated by the complexes 

SnCI3- and Sn(OH)2CI2 above 300°C (Fig. 9.9B & E). Below 300°C Sn(OH)2CI2 is dominant, 

as predicted by Pabalan (1986). Arsenic speciation is dominated by H3As03. Cassiterite did 

not precipitate during the cooling experiments, even though the initial fluid was saturated 

with Sn at the commencement ofthe run. These simulations, together with the results of 

Eugster and Wilson (1985) and Heinrich (1990) show that cooling alone is unlikely to result in 

cassiterite deposition in hydrothermal systems. The current study does indicate, however, 

that significant (ppm) quantities of Sn can be transported in solution by saline fluids to lower 

temperature (<250°C} depositional sites. 

Comparison of Figures 9.9 A and D reveals that quartz, native arsenic, herzenbergite and 

chalcocite were deposited under both closed and open system cooling. Both simulations 

were dominated by quartz (>96.9% of the total mineral assemblage), with deposition of each 

mineral commencing at the same temperature in both simulations (quartz = 345°C, arsenic = 
290°C, herzenbergite = 230°C, chalcocite = 175°C). The simulations indicate that cooling 

can potentially cause Sn, As and Cu deposition, with 89.0%, 99.5% and 78.8% respectively 
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Figure 9.8 Flow diagram illustrating 25 simulations of depositional processes (cooling, boiling, mixing ~nd water-rock interaction) on a Renison-
1 

type fluid (Table 9.2). Results show the percentages of minerals precipitated, and the total amount of Sn deposited as cassiterite. The temperature, 

pH and /02 of the ore fluid in equilibrium with the final mineral assemblage is also given. Mineral abbreviJions used here and in later diagrams are 

as follows: Ann= annite; As= arsenic; Asp= arsenopyrite; Bn =bornite; Cass =cassiterite; Cc = chalcoJite; Chi= clinochlore; Chm =chamosite; 

Chr = chrysotile; Clz ·= clinozoisite; Cpy =chalcopyrite; Epid =epidote; Gal= galena; Gr =graphite; Hz t herzenbergite; Mel= microcline; Mgs = 

magnesite; Muse= muscovite; Phi= phlogopite; Po= pyrrhotite; Py =pyrite; Tc =talc; Qz =quartz. 
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Figure 9.9 Cooling from 350° to 150°C without boiling or mixing of the Renison-type 

fluid (Table 9.2). Graphs A, B, 0, and E should be read from right to left, as this corresponds 

to the ascent of fluids through the Federal-Bassett Fault. Rate of mineral precipitation is in 

moles per degree of temperature change per kilogram of solution. A: Minerals in equilibrium 

with the aqueous phase during cooling with mineral fractionation (Simulation #2; Figure 9.8). 

B: Molalities of the Sn species for Simulation #2. C: Temperature ranges for minerals 

precipitated during the Simulation #2. 0: Minerals in equilibrium with the aqueous phase 

during cooling without mineral fractionation (Simulation #1; Figure 9.8). E: Molalities of the 

Sn species for Simulation #1. F: Temperature ranges for minerals precipitated during the 

Simulation #1. 



predicted to precipitate by the open system simulation. However, because herzenbergite, 

native arsenic and chalcocite have not been identified at Renison, this is not considered a 

likely depositional process. 

During cooling simulations, pH and logf02 decreased steadily to a pH of 2.5 and logf02 of 

-57 (Fig. 9.8, Simulations #1 & #2). Such extreme changes in pH and 102 at Renison are not 

consistent with the mineral assemblages in the veins and in the replacement mineralisation. 

Heinrich ( 1990) demonstrated that the absence of rock-buffering processes causes high 

initial concentrations of HCI, H+ and H2 to be maintained throughout cooling, and that acidity 

and redox levels of the fluid are only constrained by equilibria among aqueous species: 

HCI(aq) = H+ + Cl- , H2(aq). + 0.502(aq) = H20 

9.3.3.2 Boiling Simulations 

Drummond and Ohmoto (1985), Reed and Spycher (1985) and Spycher and Reed (1989) 

discuss a variety of possible boiling mechanisms in hydrothermal systems. In the following 

scenarios only simulations of isoenthalpic boiling of the Renison-type fluid have been 

undertaken. Subisoenthalpic, superisoenthalpic and isothermal boiling simulations were not 

attempted. lsoenthalpic boiling involves heat transfer from a boiling fluid to the vapour 

phase, resulting in the cooling of the residual fluid without heat gain or loss from the 

wallrocks. The effects of isoenthalpic boiling on the Renison-type fluid were simulated from 

350° to 150°C in two scenarios: (i) minerals precipitated during isoenthalpic boiling were 

fractionated while gases could back-react with the fluid (Fig. 9.8 Simulation #5; Fig. 9.10 A, B 

& C), and (ii) closed system isoenthalpic boiling where minerals and gases were not 

fractionated after initial formation (Fig. 9.8 Simulation #4; Fig. 9.10 D, E & F). CHILLER was 

unable to simulate boiling calculations after gas fractionation because of drastic chemical 

changes to the residual fluid, induced by gas loss. Consequently such experiments were 

not modelled. 

Boiling systems may be either open or closed with respect to gas and mineral phases. Most 

boiling hydrothermal systems are intermediate between these two scenarios (Drummond & 

Ohmoto, 1985; Seward, 1989; Cooke, 1991 ). Boiling simulations, however, were 

undertaken to test only mineral fractionation. Figure 9.10 illustrates boiling simulations for 

the Renison-type fluid with and without mineral fractionation. The open and closed system 

simulations predicted identical mineral assemblages of quartz (>99.8%) and cassiterite. Both 

minerals commence deposition within soc of boiling-induced cooling, but cassiterite 

deposition ceases at 340°C, whereas quartz deposition continued throughout the 

simulations. Boiling is a poor mechanism for Sn deposition, with less than 6.7% of the total 

available Sn in solution predicted to precipitate in the open and closed system simulations. 
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Figure 9.10 lsoenthalpic boiling simulations from 350°C to 150°C of the hypothetical 

fluid listed in Table 9.2. Rate of mineral precipitation is in moles per degree of temperature 

change per kilogram of liquid + gas solution. A: Minerals in equilibrium with the aqueous 

phase during isoenthalpic boiling with mineral fractionation (Simulation #5; Fig. 9.8). B: 

Variation in pH with temperature during Simulation #5. C: Temperature ranges for mineral 

precipitation during Simulation #5. D: Minerals in equilibrium with the aqueous phase during 

isoenthalpic boiling without mineral fractionation (Simulation #4 Fig. 9.8). E: Variation in log 

/02 with temperature during Simulation #4. F: Temperature ranges for mineral precipitation 

during Simulation #4. 



Pabalan's (1986) experiments showed that cassiterite deposition can be caused by a 

decrease in temperature or mNaCI. an increase in pH or oxygen fugacity, or combinations of 

these processes. lsoenthalpic boiling-induced cooling are predicted to cause dramatic 

decreases in pH and 102 (Fig. 9.1 OB & E). Cassiterite deposition ceases when Sn 

solubilities increased in response to decreasing log /02 and pH, which outweigh the effects 

of decreasing temperature on Sn solubilities (Fig. 9.1 OA & D). Heinrich (1990) found that for 

boiling tin-bearing fluids, decreasing temperature was accompanied by pH decrease, 

preventing cassiterite deposition. 

Boiling simulations, like the cooling models, predict quartz-rich assemblages to be 

precipitated from an ore fluid that evolves to low pH (2.3) and log 102 values (-50). These 

conditions are not consistent with the observed geology. Fluid inclusion studies at Renison 

(Chapter 6) have not identified evidence for boiling, and boiling is therefore not considered a 

viable depositional mechanism for Sn. 

9.3.3.3 Fluid Mixing Simulation ••• 

Fluid mixing is a common process in magmatic-hydrothermal and geothermal systems, but 

the depths at which mixing takes place is still speculative, and the chemical composition of 

these extraneous fluids uncertain (Kelly & Rye, 1979; Henley, 1984; Witt, 1988; Cooke, 

1991). In tin systems, fluid inclusion evidence indicates that the peripheral meteoric fluids 

that mix with the magmatic-hydrothermal solutions are cooler and have low salinities 

(Heinrich, 1990). CHILLER has been used to simulate possible effects of fluid mixing 

between a high temperature non-boiling Renison-type fluid and cold groundwater fluids 

(represented by pure water at 25°C; Simulation #3, Fig. 9.8). The primary aim of the 

modelling experiments was to simulate depositional processes that may have occurred at 

depth in the hydrothermal system at Renison. A cool mixing fluid (25°C} was used to produce 

dramatic changes in temperature per increment of mixing. Pure water was used as salinity 

and other compositional data are n6t currently available for the marginal waters. 

The results of mixing a non-boiling hypothetical 350°C Renison-type fluid with pure water at 

25°C, where mineral fractionation takes place after each titration increment, are presented in 

Figure 9.11. The incremental addition of cold water to the hydrothermal brine causes dilution 

and temperature decrease, and may be expected to produce a mineral paragenesis distinct 

from the cooling simulation. Surprisingly, however, mixing resulted in the precipitation of a 

mineral assemblage identical to products from the cooling simulations (quartz, native arsenic, 

herzenbergite and chalcocite; Fig. 9.9A & D; Fig. 9.11A}, suggesting that temperature 

decrease during mixing was the fundamental deposition mechanism responsible for the 

observed assemblage. The fluid mixing assemblage is dominated by quartz (>95.5% of the 

total mineral assemblage), which precipitates from 326°C to the end of the simulation at 
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Figure 9.11 Mixing of the hypothetical 350°C Renison-type fluid with 25°C pure water 

(Simulation #3; Fig. 9.8). The cold water was added in 50 gram increments to the high 

temperature fluid and the minerals removed upon precipitation. Rate of mineral precipitation 

is in moles per degree of temperature change per kilogram of solution. A: Minerals in 

equilibrium with the aqueous phase during fluid mixing. B: Cumulative percentage of 

minerals precipitated per increment of pure water added. C: Molalities of the Sn species 

with respect to temperature. D: Changes in pH with respect to temperature. E: Variation in 

log J02 with respect to temperature. F: Temperature ranges for minerals precipitated during 

fluid mixing. 



150°C (equivalent to the addition of 1.7 kg of cold water to the Renison-type fluid; Fig. 

9.11 A, B & F). Native arsenic, herzenbergite and chalcocite precipitate from 270°, 225° and 

195°C respectively, resulting in approximately 46%, 90% and 94% of the total available As, 

Sn and Cu being deposited (Fig. 9.11 A, B & F). As for cooling, mixing with pure water 

provides an excellent mechanism for herzenbergite and chalcocite deposition. However, it is 

a less effective process for precipitating native arsenic and quartz. 

Sn transport behaviour in the fluid mixing simulations is similar to the results of the cooling 

experiments (Fig. 9.98 & E; Fig. 9.11 C). The dominant Sn complexes above 300°C are 

SnCI3- and Sn(OH)2CI2, whereas below this temperature, Sn(OH)2CI2 is the main Sn 

species in solution (Fig. 9.11 C, D & E). 

Mixing with pure water does not recreate the mineral assemblages observed at Renison. 

However, fluid mixing models by Heinrich (1990) using a hypothetical mesothermal tin-rich 

magmatic fluid and a simplified Rotokawa geothermal fluid with dissolved C02 and HCo3-

showed that fluid dilution may lead to substantial precipitation of cassiterite, due to the 

oxidising effect of C02 and acid neutralisation of HCI by HC03-. Fluid mixing, therefore, 

cannot be eliminated as a viable depositional mechanism, and additional simulations using 

C02-bearing groundwaters are required to further test the effectiveness of this process. 

9.3.3.4 Rock Titrations ••. 

Simulation of fluid-rock interaction between the Renison-type fluid and a variety of Renison 

host lithologies (Table 9.3) have been undertaken. The results are presented in Figure 9.8 

(Simulations #6 to #25). The simulations that best represent the observed mineral 

paragenesis at Renison involved reactions between the Renison-type fluid and an average 

Renison dolomite composition (e.g., Simulation #8; Table 9.3). 

Incremental titrations of the host lithologies into 1 kg of the Renison-type fluid were 

undertaken during modelling using 0.01 gm increments for the first 0.1 gms of rock added to 

the fluid; 0.05 gm increments for the next 0.1 to 1.0 gm of rock added to the fluid; and 0.5 

gm increments for the final1.0 to 10 gm of rock added to the fluid (mineral fractionation takes 

' place after each titration increment). 

Dolomite Tltratlons 

Incremental titration of dolomite into 1 kg of the Renison-type fluid at 350°C produced the 

oxide-silicate stage assemblage (quartz - arsenopyrite -cassiterite) in the first 10 titration 

increments (Fig. 9.12A; Simulation #8). Cassiterite and arsenopyrite commenced 

precipitation in the second increment of the titration, and quartz became saturated in the 

eighth increment. The paragenetic sequence of mineral deposition produced during 
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Figure 9.12 Reaction of the hypothetical 350°C Renison-type fluid with an averaged 

Renison dolomite (Simulation #8; Fig. 9.8). Progressive titration of the host dolomites by the 

Renison-type fluid occurred in increments of 0.01 grams for the first 10 steps; then by 

increments of 0.05 grams for the next 18 steps; and finally by increments of 0.5 grams for 

the last 3 steps. Rate of mineral precipitation is in moles per gram of titrated rock (dolomite) 

per kilogram of solution. A: Plot of titration amount and minerals in equilibrium with the 

aqueous fluid. B: Molalities of the Sn species relative to the titration amount. C: Ch~nges in 

pH with respect to the titration amount. D: Variation in log f02 with respect to the titration 

amount. E: Relative proportions of minerals precipitated during titration of the Renison-type 

fluid into the host dolomites. Mineral fractionation takes place after each titration increment. 

273 



simulations matches that observed on the Federal-Bassett Fault (Chapter 5) during the 

oxide-silicate stage of metal deposition. 

Table 9.3 Average composition for a number of host lithologies at Renison used in 

fluid-rock titration models. All analyses were recalculated to totals of 1 00%. 

Elements Dolomite Dalcoath Pine Hill Crimson Ck Crimson Ck 

(siliceous) Granite Limestone Tholeiite 

(Patterson '79) (Davies '85) r!!ard '81) (Manly '82) (Brown'86) 

SI02 6.27 69.83 71.84 27.52 49.21 

AI203 0.91 14.19 14.23 7.42 14.58 

Fe203- 3.17 2.67 2.98 1.08 3.32 

FeO - 3.95 - 6.45 11.88 

MgO 19.29 2.63 0.79 4.08 5.47 

CaO 26.99 0.81 2.09 30.88 8.07 

Na20 0.03 0.44 2.22 1.21 2.52 

K20 0.06 0.08 5.11 0.37 0.75 

C02 42.20 2.70 - 19.58 0.33 

H20 1.08 2.70 0.74 1.41 3.90 

Total 100.00 100.00 100.00 100.00 100.00 

n=5 n=4 #61705 n=5 n=7 

By the thirteenth step of Simulation #8 (0.25 gms dolomite reacted) arsenopyrite deposition 

is predicted to cease and pyrrhotite becomes saturated (Fig. 9.12A). The new assemblage . 
cassiterite - quartz - pyrrhotite ± arsenopyrite closely reproduces the dominant mineralogy in 

the main sulphide stage of mineralisation from the Federal-Bassett Fault. The massive 

carbonate replacement orebodies are also characterised by this assemblage, except on the 

outer margins of the sulphide lenses where lower fluid-rock ratios are evident and Mg

silicates and carbonates are abundant. 

Quartz deposition ceased after 0.45 gms of dolomite were added, and talc saturation 

occurred, indicating decreasing asi02 due to quartz precipitation and rock buffering of the 

fluid (Halley, 1987; Fig. 9.12A). The mineral assemblage talc - pyrrhotite - cassiterite is 

recognised at Renison on the edges of the massive cassiterite-rich carbonate replacement 
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fronts. At this stage of the simulation greater than 96% of the available Sn in solution has 

already been precipitated as cassiterite. 

After 1.50 grams of dolomite had reacted with the Renison-type fluid, talc precipitation 

ceases, and clinochlore and chrysotile are predicted to saturate (Fig. 9.12). Decreasing 

asi02 stabilises chrysotile and clinochlore in preference to talc. Chrysotile does not occur at 

Renison, but tremolite does occurs together with chlorite on the margins of the major 

carbonate replacement ore bodies. The sulphide minerals chalcopyrite and galena also 

saturate during this stage. 

After 2.00 grams of dolomite has been added, the fluid becomes undersaturated with 

chrysotile, clinochlore and galena, whereas pyrrhotite, cassiterite and chalcopyrite were still 

deposited (Fig. 9.12). Simulation #8 approximates the dominant mineral assemblages from 

the oxide-silicate, main sulphide and base metal stages at Renison where chalcopyrite 

invariably overprints each of these assemblages. 

Cassiterite is the only mineral to remain saturated throughout the fluid-rock simulation. 

Deposition of >96% of the total Sn in solution occurs prior to talc saturation. Sn speciation is 

dominated by SnCI3- and Sn(OH)2CI2 complexes for the initial fifteen increments of the 

titration prior to talc saturation (Fig. 9.128; a total titration of 0.35 gms of dolomite). Later 

stages in the titration are dominated by the Sn(OH)2CI2 but this accounts for less than 1% of 

the total amount of Sn deposited as cassiterite. The total amount of Sn precipitated as 

cassiterite is 1.3 wt. % of the total minerals precipitated during the fluid-rock simulation; a 

similar value to the average Sn grade in the Renison deposit. 

Figure 9.12C illustrates the variations in pH for Simulation #8 at 350°C. During this simulation, 

pH increased systematically, causing the solubility of cassiterite to decrease such that by pH 

= 5, the solubility of Sn in solution has decreased from 16 ppm to -0.1 ppm. Cassiterite 

precipitation is therefore driven by pH increase in conjunction with fo
2 

decrease: 

SnCI3 + 2H20 = Sn02 + H2 + 2H+ + 3CI-

Changes in log J02 during fluid-rock titrations were constrained between -33.5 and -32.0 

(Fig. 9.12D). These values constrain the evolving Renison-type fluid within the cassiterite 

stability field in Figure 9.7 and help to explain why cassiterite deposition continued 

throughout the simulation at 350°C. Figure 9.7 also explains the change in Sn complexing 

from approximately equal concentrations of SnCI3- and Sn(OH)2CI2 complexes to 

Sn(OH)2CI2-dominated transport (Fig. 9.7; Fig. 9.128 & D). 

Obviously at Renison acid neutralisation is most effectively achieved by carbonate 

dissolution during carbonate replacement mineralisation according to the following type of 

reaction: 
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SnCI3 + CaMg(C0:3)2 + 2H20 = Sn~ +H2 + Ca2+ + Mg2+ + 2 HC03 + 3CI" 

This reaction provides an alternative redox couple for fluid-buffered cassiterite precipitation 

in C02-rich fluids via the equilibrium reaction given below between products of acid 

neutralisation by dolomite dissolution (Giggenbach, 1980; Heinrich, 1990): 

C~ + 4H2 = CH4 + 2H20 

The detection of C02 and CH4 in fluid inclusions from the top of the mine workings at 

Renison by Patterson (1979), using bulk fluid extraction techniques, may result from 

carbonate replacement type reactions. CH4-bearing fluid inclusion were not recognised in 

the current study along the Federal-Bassett Fault, but identification of carbonate daughter 

minerals in fluid inclusions associated with cassiterite mineral assemblages adjacent to the 

carbonate horizons confirm that acid neutralisation reactions were taking place (Chapter 6; 

Fig. 6.12). 

An alternative fluid buffered redox mechanism for cassiterite deposition has been proposed 

by Heinrich and Eadington ( 1986) to explain the cassiterite-arsenopyrite association 

common to a large number of tin deposits world-wide. Arsenopyrite and cassiterite 

precipitation require the reduction of As3+ complexes to As+ and the oxidation of Sn2+ 

complexes to Sn4+, respectively. The coupling of these changes in oxidation state into the 

one redox equation provides a simple and effective mechanism to explain the observed 

mineral association: 

SnCI3 + H3As03 + H2S + 0.5H2 + Fe2+ = Sn~ + FeAsS + H20 + 3CI· + 4H+ 

Other Rock Tltratlons 

Simulations of reactions between the Renison-type fluid and other lithologies from the 

Renison area have also been undertaken e.g., siliceous Dalcoath Member, unaltered Pine 

Hill Granite, Crimson Creek limestone, Crimson Creek tholeiite (Fig. 9.8; Simulations #13-

25). 

The best model for titrations of the siliceous Dalcoath member with the Renison-type fluid 

occurs in Simulation #14 (Fig. 9.8). Cassiterite, quartz and arsenopyrite all commence 

precipitation at 350°C, and the paragenetic sequence of mineral deposition produced 

matches the oxide-silicate stage of metal deposition. By the eighteenth step of the 

simulation (0.45 gm of Dalcoath reacted at 350°C) arsenopyrite deposition is predicted to 

cease and pyrrhotite saturates. The new assemblage cassiterite - quartz - pyrrhotite ± 

arsenopyrite closely reproduces the dominant mineralogy of the main sulphide stage. At the 

onset of simulated cooling cassiterite and pyrrhotite cease precipitation. By 250°C 

herzenbergite and arsenic are predicted to saturate, and are joined by bornite at 220°C. The 

final predicted mineral assemblage consists of a quartz-rich assemblage (>92.4 wt. % of the 
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final mineral assemblage) with up to 94% of total available Sn being deposited as cassiterite 

(1.5 wt.% of the final mineral assemblage). Simulation #14 predicts dramatic decreases in pH 

(3.3) and log /02 (-57) by 150°C which are not consistent with the observed mineral 

assemblages at Renison. 

Results of titration simulations for unaltered Pine Hill Granite with the Renison-type fluid are 

best produced in Simulation #17 (Fig. 9.8). Cassiterite, quartz and arsenopyrite all 

commence precipitation at 350°C, and the paragenetic sequence of mineral deposition 

matches the oxide-silicate stage of metal deposition. By the nineteenth step of the 

simulation (0.5 gm of Pine Hill Granite reacted at 350°C} arsenopyrite deposition is predicted 

to cease and pyrrhotite becomes saturated. Talc saturation is predicted by the twenty 

seventh increment (0.9 gm of Pine Hill Granite reacted at 350°C}. At the commencement of 

the cooling simulation cassiterite, pyrrhotite and talc cease precipitation. By 280°C it is 

predicted that arsenopyrite recommences precipitation and is joined by herzenbergite with a 

further drop of soc. Bornite is predicted to saturate at 250°C, and at 220°C arsenopyrite 

ceases precipitation and is replaced by arsenic. Titration simulations for the Pine Hill granite 

indicate the final mineral assemblage is quartz-rich (>93.0 wt. % of the final mineral 

assemblage) with up to 96% of total available Sn being deposited as cassiterite (1.5 wt.% of 

the final mineral assemblage). Dramatic decreases in log /02 (-57) by 150°C are predicted by 

this titration model which are inconsistent with the observed mineral assemblages. 

Rock titration simulations for the Crimson Creek limestone and the Crimson Creek tholeiite 

with a Renison-type fluid predict a mineral assemblage dominated by microcline (>45% & 

63%, respectively; Fig. 9.8, Simulations #25 & #24 respectively). The alteration 

assemblages predicted by the titration models have not been observed at Renison. Titration 

simulations for the Crimson Creek limestone and tholeiite predict, however, that >97% of all 

available Sn in solution is deposited as cassiterite. 

9.3.4 Summary ••• 

Fluid-rock simulations provide close approximations to observed mineral assemblages at 

Renison. The titration of dolomite by the hypothetical Renison-type fluid at 350°C 

(Simulation #8) produces many of the phases recognised from the Renison mineral 

paragenesis (e.g., oxide-silicate stage: quartz - cassiterite - arsenopyrite; main sulphide 

stage: pyrrhotite - cassiterite - quartz ± arsenopyrite; carbonate replacement assemblage: 

pyrrhotite - cassiterite - talc ± clinochlore ± chrysotile [= tremolite] ± chalcopyrite). Sn 

transport changes from SnCI3- and Sn(OH)2CI2 dominated, to Sn(OH)2CI2 dominated as the 

titration progresses. Sn deposition is controlled by redox and pH changes induced by 

arsenopyrite deposition and carbonate dissolution, respectively. 
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A major difficulty encountered during numerical modelling has been the low Fe solubilities 

and resultant pyrrhotite concentrations, which are much lower than the actual Renison 

mineral assemblages. During fluid-rock simulations, the maximum total percentage of 

pyrrhotite deposited was 17.8 wt.% in Simulation #24 (Fig. 9.8). This value is well short of 

the observed pyrrhotite proportions at Renison, where massive pyrrhotite replacement of 

carbonate horizons can constitute up to 80% of the mineral assemblage. The present 

understanding of metal speciation in hydrothermal fluids ranges from good to poor, with Fe 

perhaps the least well understood major element (McPhail, 1993). It has, however, been 

possible to simulate the observed mineral assemblages associated with the Federal-Bassett 

Fault at Renison, even though the proportions of each mineral are imprecise. More 

importantly, numerical modelling helps to constrain the effectiveness of the various 

depositional processes for cassiterite deposition at Renison. 

9.4 CONCLUSIONS ••• 

The physico-chemical conditions for ore formation at Renison have been constrained by 

geological, mineralogical, fluid inclusion, stable isotopes and thermodynamic considerations 

(Table 9.1 & 9.2). Cassiterite transport and deposition mechanisms were tested by a number 

of numerical simulations using the computer programs SOLVEQ and CHILLER. To 

undertake modelling of reduced (pyrrhotite-stable) conditions at Renison a new version of 

the SOL THE AM database was constructed using H2 and H2S as the redox-controlling 

components (Appendix XI). 

Constraints on the initial mineralising fluid (oxide-silicate stage) associated with Sn transport 

at Renison allowed simulations of the likely physical and chemical processes responsible for 

formation of the world-class Sn-rich stratabound carbonate replacement deposit at Renison. 

Models for cooling, boiling, fluid mixing and fluid-rock interaction were undertaken using the 

hypothetical Renison-type fluid (Table 9.2, Fig. 9.8). Cooling simulations predict that a 

decrease in temperature from 350° to 150°C in the Renison-type fluid during ascent of the 

Federal-Bassett Fault is unlikely to cause cassiterite deposition, even though significant 

quantities of Sn can be transported in solution to lower temperature depositional sites. Fluid 

mixing simulations of a non-boiling 350°C Renison-type fluid with pure water at 25°C predict 

the formation of identical mineral assemblage to the cooling simulations, suggesting that a 

decrease in temperature is the fundamental deposition mechanism responsible for mineral 

saturation. Consideration of C02-bearing groundwaters still require modelling, however, as 

Heinrich (1990) has shown that dilution of hypothetical mesoth~rmal tin-rich magmatic fluids 

by such fluids may lead to substantial precipitation of cassiterite. lsoenthalpic boiling 

simulations of the Renison-type fluid predict a quartz dominated mineral assemblage (>99.8 

wt. %), with less than 6.7% of the total available Sn in solution being precipitated as 

cassiterite. Because fluid inclusion studies failed to identify evidence for boiling in 
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mineralisation associated with the Federal-Bassett Fault this mechanism for cassiterite 

deposition is not considered important at Renison. 

Modelling predicts that fluid-rock interaction is the most important deposition mechanism for 

cassiterite. Simulation of fluid-rock titrations were undertaken between the Renison-type 

fluid and selected host lithologies at Renison (e.g., dolomite, siliceous-Dalcoath Member, 

unaltered Pine Hill Granite, Crimson Creek limestone, Crimson Creek tholeiite). The most 

successful simulation to produce the Renison mineral paragenesis was obtained by titrating 

the 350°C Renison-type fluid with dolomite. Numerical modelling predicted the formation of 

the oxide-silicate stage (quartz- cassiterite- arsenopyrite), main sulphide stage (pyrrhotite

cassiterite - quartz ± arsenopyrite), and carbonate replacement assemblage (pyrrhotite -

cassiterite- talc± clinochlore ± chrysotile [= tremolite] ±chalcopyrite). 

In the Renison-type fluid at 350°C and log J02 = 33.5 tin transport is dominated by SnCI3-

and Sn(OH)2CI2 complexes, which allow the hydrothermal fluid to carry up to 20 ppm Sn. At 

lower temperatures Sn(OH)2CI2 complexes are dominant. Modelling predicts that the best 

mechanism for cassiterite deposition at Renison from the hypothetical magmatic

hydrothermal fluid occurs by redox and pH changes induced by arsenopyrite deposition and 

carbonate dissolution, respectively. 
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CHAPTER 10: CONCLUSIONS: A GENETIC MODEL FOR 
THE RENISON MAGMA TIC-HYDROTHERMAL SYSTEM 

10.1 INTRODUCTION ••• 

The genesis of many ore districts is thought to be intimately associated with mesothermal 

granitic intrusions {e.g., Taylor, 1979; Hosking, 1984; Manning, 1985; Strong, 1985; Stone 

& Exley, 1985; Taylor & Pollard, 1985; Tischendorf, 1989; Lehmann, 1990; Solomon & 

Groves,_j994). Such intrusions are associated with thermal metamorphism and metasomatic 

alteration of the host sediments. The magmatic-hydrothermal fluids responsible for 

metasomatic alteration evolve both temporally and spatially via changes in temperature, 

pressure and chemistry during fluid migration along fissures. Fluid evolution can result in the 

deposition of distinctive suites of minerals in nested, concentric zones at increasing 

distances from the granitic source. The causes of regional metal zonation are contentious, 

however, because the complexities inherent in such hydrothermal systems are numerous 

and poorly understood {e.g. Kutina, 1963; Pouba and Stemprok, 1970; Ruxton and 

Plummer, 1984; Crerar et al., 1985; Gilbert and Park, 1986). 

Highly fractionated, volatile-rich, magmatic intrusions have been proposed as the source of 

both ore-forming fluids and ore metals in mesothermal environments {Burnham, 1967; 

Whitney, 1975; Taylor et at., 1984; Pollard and Taylor, 1986). Such bodies also provide the 

heat required for thermal metamorphic effects and for circulation of externally-derived 

hydrothermal ore fluids {Burnham, 1979; Lehmann, 1990).These volatile-rich mesothermal 

post-orogenic granitoid intrusions typically produce brittle tensional fractures in the 

surrounding country rock {Burnham, 1979, 1985; Pitcher, 1979). Deformation results from 

the exsolution of a volatile-rich magmatic hydrothermal fluid from a crystallising magma, 

where fluid overpressuring {Pinternal) in the apices of the intrusion exceed both the 

minimum compressive stress {<J3) and the tensile strength {t) of the surrounding country 

rocks {Burnham, 1979; Allman-Ward et al., 1982; Plimer, 1987): 

Pintemal > 0'3 + t 

Ore deposition occurs as the magmatic fluid migrates from the lithostatic igneous source 

regime into the hydrostatic environment, as the magmatic fluids undergo cooling, phase 

separation, interact with wall rocks or mix with cooler groundwaters of meteoric, connate, 
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seawater or metamorphic origin (Henley and McNabb, 1978; Heinrich et al., 1989; Heinrich 

1990). 

The fluid inclusion , stable isotope and metallogenic associations provide a large body of 

data in support of a magmatic-hydrothermal origin for fluids and mineralisation responsible for 

the distal skarn assemblage at Renison. The following genetic model documents in 

chronological order the salient features associated with the formation of the Renison Sn 

deposit. Figure 10.1 presents a schematic model for the evolution of the Renison distal 

skarn system based on geophysical, structural, petrographic, geochemical, fluid inclusion, 

stable isotope and thermochemical investigations. 

10.2 EVOLUTIONARY HISTORY OF THE PINE HILL GRANITE 

AND RENISON HYDROTHERMAL SYSTEM ••• 

In the Renison-Dundas district, a major Devonian hydrothermal system was established 

during the emplacement of Pine Hill Granite. As in all ore deposits, three key factors were 

important for the generation of significant mineralisation: (i) a fertile source, (ii) an appropriate 

transport mechanism, and (iii) an efficient mechanism for metal deposition. The source in this 

instance was the geochemically specialised Pine Hill Granite intrusion, which supplied the 

metals, sulphur, water and heat. Migration of the magmatic-hydrothermal fluid away from the 

intrusion was facilitated by brittle fracturing of the hornfelsed host sequence in response to 

tension associated with the forceful emplacement of the Pine Hill Granite. Structural 

preparation of the host sequence allowed Sn-laden magmatic-hydrothermal fluids access to 

the overlying dolomite horizons, where stratabound carbonate replacement mineralisation 

was precipitated (Chapter 3). 

The Pine Hill Granite was probably sourced from partial melting of a Precambrian protolith 

consisting of metaquartzites and schists (Chapter 4; Gray, 1990). The high initial 87srt86sr 

ratio (>7.30) suggests a unique combination of timing and magma source for the 355 ± 4 Ma 

granite in the Lachlan Fold Belt (Brooks, 1966; Gray, 1990). High o180qz values (10'Yoo) imply 

a major pelitic component for this reduced, ilmenite-series granite. The low magnetite 

content, magnetic susceptibility, and Fe203/FeO ratios in the granite indicate that the 

magma was moderately reduced. Partitioning of Sn and other metals into the residual melt 

was promoted by the low J02 due to the partial melting of carbonaceous sediments. The 

peraluminous nature of the melt was probably important in partitioning base metals (Zn, Cu & 

Pb) into the aqueous phase (Khitarov eta/., 1982; Urabe, 1985). The magma is thought to 

have been strongly undersaturated in H20 (Burnham, 1979; Burnham & Ohmoto, 1990) 

due to high B (± F) concentrations inherited from the protolith, which allowed the granite to 

rise to within 3 km of the Devonian palaeosurface. Large volumes of magmatic-hydrothermal 

fluids were therefore available for the late stage extraction of metals from the melt (Jackson et 
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Figure 10.1 Schematic model for the formation of the major tin-rich hydrothermal system 
at Renison. See text for a full discussion. A: Prior to granite emplacement mid-Devonic-n 
Tabberabberan D2 deformation produced an open NW-trending anticlinal structure in the 
Renison area. B: Emplacement of the Pine· Hill Granite magma at solidus temperature 
(<650°C) at the intersection of the anticlinal high in the mine sequence and the Cambrian 
ultramafic complex. Granite emplacement caused monoclinal failure and initiated the 
Federal-Bassett Fault. C: Expansion of the pluton due to cooling and vapour exsolution 
reactivated the Federal-Bassett Fault and allowed escape of the magmatic-hydrothermal 
fluids to react with the dolomitic succession resulting in the carbonate replacement 
orebodies. Abbreviations: Csc- Cambrian Success Creek Formation. 
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a/., 1989). The efficiency of metal extraction from the granite may have been enhanced by a 

protracted crystallisation history resulting from the high total content of heat-producing 

elements associated with the granite (average values in least altered granites of 44 ppm Th & 

20 ppm U; Tammemagi & Smith, 1975; Willis-Richards & Jackson, 1989). 

Emplacement of the Pine Hill Granite magma at solidus temperatures less than 650°C 

(Bajwah et a/., in press) occurred at the intersection of the anticlinal high in the mine 

sequence with the Cambrian ultramafic complex (Fig. 10.1 B). This event caused monoclinal 

failure of the Renison mine sequence on the northeastern limb of the Renison Bell Anticline. 

Brittle deformation resulted in the formation of the northwest-trending, steeply dipping 

Federal-Bassett Fault normal to the Heemskirk - Granite Tor Ridge (Chapter 3), and a number 

of second and third order fault structures. Approximately 20% extension of the host rocks 

occurred above the intrusion in the region of the Renison mine. Contact metamorphism of 

the pelitic country rocks resulted in the formation of cordierite spotting up to 1OOm from the 

granite-sediment interface. Metasomatism of limestone units in the Crimson Creek Formation 

adjacent to the apical zone of Pine Hill produced a number of minor uneconomic high 

temperature skarns (400-600°C; Manly, 1981). As the crystalline carapace of the pluton 

evolved, magmatic fluid captured within the interstitial pores slowly evolved as an 

intercrystalline pervasive flow (Pollard & Taylor, 1986; Candela, 1989, 1994; Keith eta/., 

1989). Beneath the crystalline granite carapace, the upper sections of the magma chamber 

were enriched in the volatiles and lithophile elements. Volatile-induced viscosity reductions 

promoted the growth of K-feldspar megacrysts, and extreme enrichment of the buoyant, 

metal-enriched residual melt accumulations (B, Sn, As, Fe etc.) in topographic highs 

beneath the crystalline carapace (Jackson eta/., 1989). 

Cooling of the Pine Hill intrusion probably caused an inward retreat of the granite solidus as 

crystallisation of the melt continued (Fig. 10.1C). At this time, intrusion of NW-trending 

leucocratic porphyry dykes occurred across the mine lease, normal to the minimum 

compressive stress associated with granite emplacement. The shallow level of granite 

intrusion, and enrichment of volatile components (e.g., H20. B) in the melt caused an 

expansion of the magma chamber, disrupting the walls of the intrusion beneath Renison 

(see Chapter 4; Fig. 4.5), due to the reaction 

magma -> crystals + vapour 

The release of sufficient P!lV energy, associated with the shallow level of granite 

emplacement, caused extensive fracturing of the granite carapace (Burnham, 1979; 

Burnham & Ohmoto, 1980). These events served to reactivate the Federal-Bassett Fault by 

dip-slip movement and focus magmatic-hydrothermal fluids into the fault. The exsolution of a 

one phase magmatic-hydrothermal fluid (=4?0°C; =12 eq. wt. % NaCI) from an apophysis in 
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the granite at the base of the Federal-Bassett Fault provided a steep vertical temperature 

gradient in the cooling granite, resulting in closely spaced isotherms adjacent to the fault and 

the formation of oxide-silicate stage hydrothermal mineralisation in the fault structure (quartz

arsenopyrite - cassiterite mineralisation; Chapter 5). Down-temperature from the solidus, fluid 

flow was probably focussed in the apophysis of the granite and up the Federal-Bassett Fault 

(Fig. 10.1C). The Federal-Bassett Fault may have tended to propagate down in an arcuate 

manner toward the ductile high temperature zone of the granite solidus, causing the granite 

isotherms to remain close together in this region of focussed fluid flow. The increased length 

of the arrows in Figure 1 0.1 C indicate hypothetical zones of higher water/rock ratios that 

channelled fluids toward the apophysis in the intrusion. The process of repeated fault 

reactivation due to continued expansion and cooling of the pluton during vapour exsolution 

is considered to be a requirement for: (i) producing the required amount of dip-slip 

movement on the Federal-Bassett Fault, and (ii) allowing the release of magmatic

hydrothermal fluids from the cooling pluton. 

The oxide-silicate stage of mineralisation was associated with high temperature NaCI - KCI -

H20- rich brines containing 8 to 12 eq. wt.% NaCI. The C02-deficient fluids did not undergo 

phase separation. Tourmalinisation of the carbonate-rich siliciclastic wallrocks and 

development of a quartz - arsenopyrite - cassiterite ± wolframite vein assemblage in the 

Federal-Basset Fault is characteristic of the oxide-silicate stage. Fluid inclusion studies of this 

paragenetic stage indicate that magmatic-hydrothermal fluids (o180nuid"" 9%o) ascended the 

Federal-Bassett Fault as a sheet flow, with fluids supplied from an alteration zone at the base 

of the fault above an apophysis of the Pine Hill Granite. Mineralisation occurred over a 

temperature range from >400°C to -300°C, and the fluids maintained a constant o34Sfluid 

value of <s<'k. ;;; 

As the stress field associated with granite emplacement decayed, the regional Devonian 

Tabberabberan far field stress became do~inant. This caused major reactivations of the 

Federal-Bassett Fault, resulting in ·a dextral wrench across the mine horst and the formation 

of a dilational jog in the Federal and Rendeep regions of the Federal-Bassett Fault. This 

event released cooler (>300°C) magmatic-hydrothermal fluids out of the granite and 

focussed them into the Federal-Bassett Fault, resulting in the main sulphide stage of 

mineralisation at Renison. The cassiterite-rich stratabound carbonate replacement (distal 

skarn) orebodies formed at this time, as reduced, acidic hydrothermal fluids were focussed 

along second and third order fault structures away from the Federal-Bassett Fault into the 

dolomite horizons. 

The main sulphide stage consists of pyrrhotite -quartz - arsenopyrite -cassiterite -fluorite

chalcopyrite- stannite- pyrite, together with minor sphalerite+ galena+ bismuth. This stage 

was precipitated from >300° to 250°C, NaCI - KCI - H20 - rich magmatic-hydrothermal brines 
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containing 8 to 12 eq. wt. % NaCI. The constant o34Stluid value of -S'roo for this stage 

indicates that a homogeneous sulphur source was responsible for the oxide-silicate and 

main sulphide stages. Fluid inclusions and sulphur isotope studies clearly highlight the major 

upflow zones associated with dilational jogs in the Federal and Rendeep areas of the 

Federal-Bassett Fault during the sulphide stage. 

Stratabound replacement of dolomitic-host sequences by cassiterite-rich pyrrhotite 

mineralisation was controlled by low fluid pressure regions adjacent to flexures in the second 

order Transverse Faults (e.g., No. 3 Dolomite: Colebrook & Penzance orebodies; No. 2 

Dolomite: North Stebbins & Dreadnought orebodies). The second order Transverse Fault 

acted as listric extensional basal detachments to the third order synthetic and antithetic faults 

that controlled carbonate replacement distal to the Federal-Bassett Fault (e.g., No. 3 

Dolomite: Rings & Sligo orebodies; No. 2 Dolomite: Blackface orebody). Hydrothermal 

alteration of dolomite at the edge of carbonate replacement zones resulted in a distinct 

mineral zonation due to increased fluid-rock interaction. The sequence of carbonate 

replacement is: 

Host dolomite --+ Hydrothermal carbonate --+ Disseminated sulphide --+ T alc!Tremolite-sulphide --+ 

Massive sulphide. 

During carbonate replacement, acid-rich, C02-deficient, magmatic-hydrothermal fluids 

evolved from a NaCI - KCI - H20 - rich brine to a NaCI - CaCI2 - MgCI2 - H20 - rich fluid with 

Xco2 = 0.1 by dissolution of dolomite. C/0 isotopic modelling indicates that reaction

enhanced permeability of the dolomites rapidly decreased beyond the zone of acid 

depletion, and a high level of fluid loss (dispersion) occurred away from the reaction front into 

the surrounding non-carbonate lithologies. 

Repeated volatile build up and stress release from the Pine Hill Granite, during the final 

stages of crystallisation served to reactivate the Federal-Bassett Fault and allowed the upflow 

of low temperature (-200°C}, late-stage base metal and carbonate stage fluids. The bimodal 

nature of the NaCI- H20- (KCI)- rich hydrothermal fluids (-1 & -9 eq. wt.% NaCI) reflects the 

entrainment and mixing of meteoric fluids with magmatic-hydrothermal fluids during the 

waning stages of mineralisation. Hydrogen/deuterium and oxygen isotope studies 

(Patterson, 1979; Patterson et al., 1981) support the incursion of heated contemporary 

groundwater during the latest stage of mineralisation. However, the constant o34Stluid value 

of -S'roo associated with the base metal and carbonate stages of mineralisation continue to 

reflect a homogeneous magmatic sulphur source, in contrast to the sedimentary sulphur 

model of Walshe and Halley. 

Telescoped metal zonation away from the underlying Pine Hill Granite in the Federal-Bassett 

Fault has been recognised: 
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W, Bl > Sn, As > Cu > s > Ag > Pb > Zn 

(Proximal) (Distal) 

Economic mineralisation in the Renison-Dundas district defines a similar telescoped metal 

zonation pattern. Northwest-trending fracture filled fissure veins associated with 

emplacement of the Pine Hill Granite host mineralisation associated with a 2 km wide central 

tin zone, overprinted by a 2 km wide annulus of copper mineralisation (up to 2.5 km from the 

intrusion), and an outer 2 km wide halo of lead- zinc mineralisation (up to 4 km from the 

granite contact; Fig. 5.8). It is speculated that the paragenetic assemblages in the Federal

Bassett Fault are repeated regionally in the Renison-Dundas district, and define a previously 

unrecognised zoned (Sn - Cu - Pb - Zn) mineral district. 

Fluid inclusions results from the oxide-silicate stage in association with thermodynamic 

modelling provide the following estimates for the initial magmatic-hydrothermal fluid: 

• 3000 m depth of emplacement for the Pine Hill Granite 

• fluid pressures -250 bars 

• temperature -350°C 

• salinity -12 eq. wt.% NaCI 

• NaCI - KCI -H~ - brine 

• pH between 3.8 and 5.4 

• IS- 0.05 molal 

• Jog/02 between -32.0 and -33.8 

• JogJH2S between -0.5 and -2.5 

• aH3As03 between 1o-5 and 10-1 

·aNa+- 0.1742 

• aK+- 0.085 

• mMg2+ between 1.6 X 1 o-5 and 6.2 X 1 o-2 

• mca2+ between 7.96 x 1o-3 and 12.61 

• mF- between 1.05 x 1 o-5 and 4.16 x 10-4 

• Sn solubility -20 ppm 

Under the reduced acidic conditions associated with the Renison fluids, Sn speciation was 

probably dominated by stannous chloride (SnCI3-) and stannic hydroxy-chloride complexes 

(Sn[OH]2CI2). Numerical simulations for a Renison-type oxide-silicate stage fluid predict that 

boiling, cooling, and mixing with pure water (25°C} are inefficient depositional mechanisms 

for precipitating cassiterite. Fluid-rock interaction appears to be the crucial process for 

cassiterite deposition. Based on the numerical simulations of fluid-rock interaction, reaction 

with dolomite provides the closest approximation of the actual oxide-silicate, sulphide stage 

and carbonate replacement mineral assemblages. Numerical simulations for dolomite 

titrations approximate the oxide-silicate stage, the main sulphide stage and the stratabound 
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carbonate replacement assemblage. Sn transport is predicted to be dominated by SnCJ3-

and Sn(OH)2CI2 complexes at 350°C and log/02 =33.5, allowing the hydrothermal fluid to 

carry = 20 ppm ISn. At lower temperatures, Sn(OH)2CI2 complexes became dominant. The 

most effective mechanism for cassiterite deposition, predicted by numerical modelling, was 

by redox and pH changes induced by arsenopyrite deposition and carbonate dissolution, 

respectively. 

10.3 FUTURE AREAS FOR RESEARCH 

Throughout this study, a number of areas have been highlighted which require more 

detailed investigation, and should provide fertile grounds for future research. This 

investigation has provided a detailed structural interpretation of the mine geology, and has 

characterised the chemistry of the magmatic-hydrothermal fluid associated with cassiterite 

deposition within the Federal-Bassett Fault. Further work is required to delineate fluid

pathways distal to the Federal-Bassett Fault, associated with the second and third order fault 

structures. Detailed mineralogical, fluid inclusion and isotopic studies need to characterise 

the evolution of the hydrothermal system in these areas. In particular, detailed fluid-rock 

investigations associated with the movement of 'spent' magmatic-hydrothermal fluids would 

prove to be an interesting area of research that would have important implications for 

exploration. 

In the Renison-Dundas district, numerous opportunities for further research exist. Firstly, 

alteration and mineralisation in the zoned mineral district must be documented in detail. 

Systematic fluid inclusion and isotope studies associated with the parage netic investigation 

would greatly assist any metal zonation interpretations. Based on the preliminary findings 

presented in this thesis several interesting studies could be instigated including: 

(Q The source of sulphur in the district (magmatic vs sedimentary). 

(ii) The role of meteoric water in mesothermal systems. 

(iii) Mineralogical and isotopic zonation patterns and the evolution of the mineralising 

fluids. 

Perhaps the single most important factor to assist our understanding of controls on 

mineralisation within the Renison-Dundas district has come from the residual gravity 

interpretation of the morphology of the Pine Hill Granite (Leaman, 1990). Nevertheless, in 

searching for further stratabound carbonate replacement deposits, such as Renison, 

consideration should also be given to the following criteria: 

(i) The importance of the granitic intrusion, its morphology, geochemistry, controls on 

structures associated with emplacement, and the location of apophyses within the 

roof zone. 
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(ii) Major structural trends associated with granite emplacement, and related 

mineralisation. 

(iii) The stratigraphy of the area, the location of potential carbonate horizons, and the 

potential for carbonate replacement mineralisation. 

(iv) A detailed understanding of alteration assemblages, i.e, thermal metamorphism, 

metasomatism and vein hosted mineralisation. 

288 




