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ABSTRACT
Tick Hill Gold Deposit is a unique gold mineralisation style in the Mary Kathleen Fold Belt in the Mount Isa 
Inlier. The gold at Tick Hill is generally pure without silver and was formed during two discrete metamor-
phic-deformation events (D1 and D3). Early gold was observed as inclusions or coarse grains hosted within 
D1 peak-metamorphic diopside, scapolite and hornblende from the garnet–biotite–hornblende (tsche-
makite)–plagioclase (andesine)–quartz assemblage. Late gold is closely associated with bismuth selenide, 
chlorite, albite, sericite and K-feldspar, and formed during D3. The syn-D1 garnet–plagioclase–hornblende–
quartz–biotite assemblage was used to constrain the pressure and temperature (P–T) conditions of meta-
morphism and mineralisation using the garnet–plagioclase–hornblende–quartz barometer and the 
hornblende–plagioclase, garnet–biotite and garnet–hornblende thermometers. The results show that 
peak metamorphism at Tick Hill reached P–T conditions of 6.0–7.6 kbar and 720–760 °C. These P–T condi-
tions together with gneissic and migmatisation textures recorded in different rock types at the Tick Hill 
area indicate that the peak metamorphism preserved in the area occurred at the amphibolite–granulite 
facies, compared with the amphibolite facies at the southern Mary Kathleen and Eastern Fold Belt. The D3 
chlorite, which formed during stage 2 to stage 4 mineralisation events, displays a wide range of compo-
sitions reflecting a gradual retrograde temperature change from ∼380 °C to ∼130 °C. The pressures during 
D3 could not be reliably determined, but the presence of various Bi-selenides suggests that towards the 
waning stages of D3, the rocks may have been exhumed to a pressure less than 1 kbar.

KEY POINTS
1. The 1790–1770 Ma D1 peak metamorphism at Tick Hill reached 6–7.6 kbar and 720–760 °C.
2. The 1525–1520 Ma D3 hydrothermal mineralisation at Tick Hill Deposit occurred at temperatures 

between ∼380 °C and ∼130 °C.
3. The main D3 gold accumulation episodes at Tick Hill occurred at temperatures ranging from ∼380 to 

160 °C.

Introduction

The Tick Hill deposit is situated in the southern Mary Kathleen 
Domain in the Mount Isa Inlier (northeast Queensland, 
Australia; Figure 1). The high grade of the single-orebody 
deposit, the lack of sulfides and the presence of almost exclu-
sively free gold within upper-amphibolite facies, quartz–feld-
spar mylonite units, make Tick Hill a unique gold deposit in the 
Mount Isa Inlier. Gold mineralisation is hosted in a sequence, 
from proximal outward, consisting of quartz–feldspar mylonite, 
biotite schist (±calc-silicate gneiss), quartzite, calc-silicate and 
amphibolite (Le et  al., 2021a). These rocks were affected by 

1790–1770 Ma D1–2 shearing and folding at amphibolite–gran-
ulite metamorphic facies, followed by 1525–1520 Ma D3 meta-
morphism and hydrothermal events with widespread 
quartz–feldspar alteration and the latest D4 strike-slip faulting 
(Le et al., 2021a, 2021b). The metamorphic sediments in the 
Tick Hill area were intruded by D1–2 granite and leucogranite 
and D3 pegmatite (Figure 2; Le et al., 2021a, 2021b).

Gold mineralisation at Tick Hill formed during two discrete 
events, syn-D1 and syn-D3. Early gold occurs as inclusions inter-
grown with syn-D1 peak-metamorphic minerals (i.e. diopside, 
scapolite and hornblende), whereas late gold is hosted within 
quartz–feldspar mylonite and intensely silicified units, which were 
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affected by D3 fracturing and associated alteration (Le et al., 2021a). 
Minerals aligned in the early D1 fabric define the peak-metamor-
phic assemblage (e.g. garnet–amphibole–biotite–plagioclase in 
meta-amphibolite; diopside–scapolite–amphibole–plagioclase in 
calc-silicate; sillimanite–biotite–K-feldspar–plagioclase–quartz  
in metapelite; Le et al., 2021a) in which gold was locally hosted in 
S1-aligned diopside, hornblende and scapolite (Le et al., 2021a). 
During D3, the peak assemblages were overprinted by retrograde 
mineral assemblages that typically include albite–hornblende/
actinolite–epidote–chlorite–hematite–quartz and later seric-
ite–K-feldspar–calcite–clay minerals. Both mineral assemblages 
were associated with the redistribution of earlier gold and the 
possible introduction of a new phase of gold (Le et al., 2021a). D3 
alteration involved the local destruction of magnetite, the emplace-
ment of abundant laminar quartz veins and the deposition of 
multi-stage alteration assemblages (Le et al., 2021a), including:

• Stage 1: quartz–oligoclase–albite–hornblende–hema-
tite (±leucoxene, chalcopyrite);

• Stage 2: albite–actinolite–chlorite1–hematite (±leucox-
ene)–pyrrhotite–pyrite1–chalcopyrite–gold–bismuth 
selenide;

• Stage 3: quartz–K-feldspar–chlorite2–epidote–sericite–
hematite (±leucoxene)–gold–bismuth selenide–pyrite2– 
chalcopyrite;

• Stage 4: quartz–calcite–chlorite3–clay minerals–hema-
tite (±leucoxene)–gold–pyrite–chalcopyrite–Bi, Pb, Cu 
selenides including junoite (Pb3Cu2Bi8(S,Se)16), cerromo-
jonite (CuPbBiSe3) and molybdomenite (PbSeO3); and

• Stage 5: quartz–albite–oligoclase–magnetite.

Apart from the recent investigations conducted by Le et al. 
(2021a, 2021b, 2022) on the effects and timing of deformation 
(referred to as D1–3) and mineralisation events in the Tick Hill area, 
there is a scarcity of studies on the geological history, metamor-
phic-tectonic processes and mineralisation in the southern Mary 
Kathleen region. Interpretations of the metamorphic and hydro-
thermal conditions for the region are mainly based on the stud-
ies of (1) the occurrence of metamorphic and hydrothermal 
alteration mineral assemblages and petrographic textures (Le 
et al., 2021a) and (2) implications of quartz oxygen isotopic val-
ues (Le et al., 2022). The pressure–temperature (P–T) conditions 
for these events have not been quantified. In this study, we eval-
uate the P–T conditions of the D1–2 peak metamorphism, miner-
alisation and D3 deformation events at Tick Hill gold deposit 
using (1) garnet–plagioclase–hornblende–quartz barometry, (2) 
hornblende–plagioclase thermometry, (3) garnet–biotite ther-
mometry, (4) garnet–hornblende thermometry and (5) chlorite 
thermometry, based on major-element mineral geochemistry 
obtained from an electron probe micro-analysis (EPMA).

Sample descriptions

This study focuses on three rock types containing mineral 
assemblages that are appropriate for geothermobarometry and 
occur in direct association with gold. These include amphibole 

Figure 1. tectonic subdivisions of the Mount isa inlier, as defined by Withnall 
and hutton (2013), showing the location of tick hill Deposit. the insert map 
shows the location of the Mount isa inlier in relation to Queensland.

Figure 2. Geology map of local study area showing locations of mineral geo-
chemistry samples at the tick hill area (adapted from le et al., 2021a; rutherford, 
2000; Wyborn, 1997). the datum is Zone 54-GDA94. samples th46 and th99 
were collected from drill cores, whereas samples th55 and thM22 were col-
lected from the mining pit at different levels.
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gneiss, amphibole-rich calc-silicate (i.e. amphibole-bearing and 
amphibole–chlorite–epidote-bearing calc silicates) and quartz–
feldspar mylonite (a variety of so-called ‘galahstone’), which 
formed under peak-metamorphic conditions (Figure 3a–d; Le 
et al., 2021a, 2021b). The amphibole gneiss is commonly inter-
calated with the calc-silicate unit in and around the Tick Hill 
mining pit, whereas the amphibole-rich calc-silicate and 
quartz–feldspar mylonite, together with biotite-rich schist, are 
sub-units of the biotite-schist-dominated unit that occurs in the 
central part of the deposit (Le et al., 2021a).

Four samples were selected for major-element mineral anal-
yses (Table 1). Two samples contain D1–2 peak-metamorphic 
mineral assemblages (samples TH46 and TH99), whereas the 
other two samples contain D3 hydrothermal mineral assem-
blages (samples TH55 and THM22).

Sample TH99 was collected from the amphibolite gneiss in 
the drill core at ∼800 m north of Tick Hill pit (Figure 3a). It 

contains coarse-grained garnet, intergrown hornblende–bio-
tite–plagioclase–quartz–apatite–ilmenite–magnetite, and pyrite 
and chalcopyrite (Le et  al., 2021a). The granoblastic garnet 
(Figure 3a) is coarse-grained (1–3 cm diameter) and contains 
inclusion trails of hornblende, quartz and ilmenite, with minor 
apatite, biotite (e.g. Figure 4a–d), pyrite and chalcopyrite. 
Hornblende is commonly coarse-grained, granoblastic and 
aligned in the S1–2 fabric (Figure 4a, b), and coexists with pla-
gioclase, quartz and garnet. Plagioclase is found in contact with 
hornblende, quartz and garnet. Biotite only occurs as inclusions 
within garnet. The garnet–biotite–hornblende–plagioclase–
quartz assemblage can be used to constrain the early D1 P–T 
conditions, using the garnet–plagioclase–hornblende–quartz 
barometer and hornblende–plagioclase, garnet–hornblende 
and garnet–biotite thermometers (Ferry & Spear, 1978; Hodges 
& Spear, 1982; Holland & Blundy, 1994; Kohn & Spear, 1990). The 
amphibolite is locally cut by D3 micro-veins of chalcopyrite–
chlorite, but the peak-metamorphic minerals selected for geo-
thermobarometry are not affected by D3.

Sample TH46 comes from a granoblastic amphibole-rich 
calc-silicate unit within the ore zone and was collected from drill 
core. The rock has a mineral assemblage of diopside–scapolite–
hornblende–actinolite–plagioclase–quartz with alternating 
domains of hornblende–diopside, and plagioclase–scapolite–
quartz defining a gneissic S1–2 fabric (e.g. Figure 5a, b). The horn-
blende–plagioclase pairs that were used to determine the 
formation temperature of this D1 mineral assemblage form part 
of the same equilibrium assemblage (Figure 5c). The sample is 
gold-rich and has a strongly developed S1–2 fabric overprinted 
by D3 hydrothermal alteration. The gold inclusions are hosted 
in hornblende, diopside and scapolite, and occur in two forms 
(Figures 3b and 5b, d): (1) as fine inclusions concentrated along 

Table 1. list of samples and minerals pairs geochemically analysed for barom-
etry (P) and thermometry (T) estimates.

tectonic 
event sample rock type

Mineral (pairs) of 
geothermobarometry

Zone 54-GDA

East (m) north (m)

D1–2 th99 Amphibolite Garnet–plagioclase–
hornblende–quartz 
(P); hornblende–
plagioclase (t); 
garnet–biotite (t)

389 017 7 606 713

D1–2 th46 Amphibole-rich 
calc-silicate

hornblende–
plagioclase (t)

388 849 7 605 927

D3 th55 Quartz–feldspar 
mylonite

chlorite (t) 388 834 7 605 923

D3 thM22 Quartz–feldspar 
mylonite

chlorite (t) 388 850 7 605 947

Figure 3. images of samples selected for mineral geochemistry and P–T work including: (a) garnet-bearing amphibolite at ∼800 m north of tick hill pit (sample 
th99); (b) gold-bearing, amphibole-rich calc-silicate (sample th46); and (c, d) quartz–feldspar mylonite (samples th55, thM22, respectively).
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micro-fractures of hornblende and diopside, and (2) as fine- to 
coarse-grained inclusions contained within compositionally 
homogeneous hornblende, diopside and scapolite with no evi-
dence of micro-fracturing. The fact that gold inclusions occur in 
hornblende, which itself occurs as an inclusion in diopside and 
scapolite (Figure 5d), indicates that gold was present during 
growth of the peak-metamorphic assemblage (Le et al., 2021a). 
Actinolite locally replaces hornblende, including those that con-
tain gold inclusions. The late (i.e. D3) gold accumulation is also 
commonly recorded in this rock type and occurs in micro-veins 
in hornblende or as fine grains associated with altered horn-
blende around D1 coarse-grained gold. These fine gold grains 
were interpreted as remobilised gold (Figure 5b; Le et al., 2021a).

The last two samples, TH55 and THM22, were collected from 
the Au-rich zone of the mylonite unit (Figure 3c, d) from drill core 
(TH55) and the mining pit (THM22). These samples contain D3 
actinolite–chlorite–epidote–albite–K-feldspar–hematite–calcite 
alteration assemblages. Chlorite alteration shows a gradual shift 
in morphology from chlorite1 (after biotite) to chlorite2 (after 
chlorite1; Le et al., 2021a). Chlorite1 formed during stage 2 and 

pseudomorphed peak-metamorphic biotite (e.g. Figure 6a, b; Le 
et al., 2021a). Chlorite2 replaced chlorite1 during stage 3, which 
is one of two main stages during which gold was remobilised, 
and commonly contains fine gold inclusions (Figure 6c; Le et al., 
2021a). Chlorite2 commonly shows complex textures with irreg-
ular shapes (e.g. forming reaction-rims around earlier sulfides; 
Figure 6b). Chlorite3 formed during stage 4 and is intergrown 
with calcite (Figure 6d; Le et al., 2021a). It occurs only in small 
amounts compared with chlorite2. The chlorite1–3 compositions 
were used to constrain the D3 mineralisation temperatures.

Methodology

All mineral chemistry analyses were undertaken at the Advanced 
Analytical Centre, James Cook university (JCu), using a Jeol JXA-
8200 superprobe with a wavelength-dispersive spectrometer. 
The thin-sections were carbon-coated to increase the conduc-
tivity of the samples before analysis. A focus beam (<1 µm) at 
an accelerating voltage of 20 kV and a beam current of 20 nA 
was used. The details of this technique are presented in 

Figure 4. representative images of D1–2 assemblages for sample th99 from the amphibole gneiss unit. (a) scanned image of polished thin-section showing coarse 
grain of garnets (grn) associated with hornblende–plagioclase–biotite–quartz (hbl–plg–bio–qtz), in which the hornblende and biotite are aligned with the s1 fabric. 
the white box area is enlarged in (b). (b) Granoblastic hornblende (hbl) aligned in s1–2, bounding a large garnet grain (grn) with inclusions of hornblende, quartz (qtz) 
and ilmenite (ilm) under plane-polarised light. (c) sEM image showing inclusions of quartz (qtz), hornblende (hbl) and ilmenite (il) inside a garnet grain. (d) Biotite 
(bio) and quartz (qtz) inclusions in garnet (grn) under cross-polarised light.
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Jercinovic et al. (2008). The output data, expressed in weight 
percentages, were used to calculate the mineral formulas for 
feldspar, garnet, amphibole, pyroxene, biotite and chlorite. The 
Fe3+ contents from garnet, amphibole and chlorite are calcu-
lated based on formulas of Droop (1987), Ridolfi et al. (2018) 
and Yavuz et al. (2015), respectively. The methods for garnet–
plagioclase–hornblende–quartz barometry and hornblende–
plagioclase, garnet–biotite, garnet–hornblende and chlorite 
thermometry are presented in following sections. Core and rim 
analyses were carried out for testing for compositional homo-
geneity. Spear and Kohn (1999) have written a program named 
GTB, which compiles calibrations for a wide range of classical 
geothermobarometers that can be applied to a range of bulk 
compositions. The latest version of GTB (provided in 2021 by 
the author, Prof. Frank Spear) has been used for all P–T estimates 
in this study, except for temperature estimates obtained from 
chlorite, for which the calibrations of Cathelineau (1988) and 
Jowett (1991) were used.

Results

The major-element compositions of mineral pairs (i.e. garnet–
plagioclase–hornblende–quartz, plagioclase–hornblende, gar-
net–biotite) were obtained from the clean margin area of each 
mineral (Figure 7) for the barometric and thermometric estima-
tion, except for quartz that is always present as 100% SiO2. For 
the chlorite thermometry, the major-element analyses were typ-
ically obtained from a range of spots cutting across the chlorite 
flakes or at the cleanest domains of chlorite in the flake (Figure 8).

Garnet–plagioclase–hornblende–quartz barometry 
(sample TH99)

The garnet–plagioclase–hornblende–quartz barometer was 
developed by Kohn and Spear (1989), revised by Kohn and Spear 
(1990) and applied to metamorphic rocks including amphibolite. 
The technique calibrations using tschermakite (i.e. Fe–Mg) 

Figure 5. representative images of D1–2 assemblages for sample th46 from the amphibolite calc-silicate unit. (a) scanned image of the polished thin-section show-
ing amphibole-rich calc-silicate including hornblende–actinolite (hbl–act) intercalated with quartz–plagioclase (qtz–plg) that aligned with the s1 fabric (le et al., 
2021a). (b) Weakly foliated D1–2 Au-bearing hornblende (hbl) in amphibole-rich calc-silicate overprinted by D3 hydrothermal events that caused fine-grained gold to 
remobilise along grain boundaries (inserted image from the white box) where it is associated with sericite (ser) and clay (cla) alteration. (c) Diopside grain (cpx, 
marked by irregular white line) containing Au (inset from the white box) and actinolite inclusion (act), which appears to occur with hornblende (hbl) during D1–2 event 
and is overprinted by D3 hydrothermal events that are evidenced by sericite and clay (ser/cla) alteration. (d) sEM images of gold (Au) inclusions in scapolite (scp) and 
diopside (cpx) in amphibole-rich calc-silicate, sample th46. the area enclosed in the white box is enlarged in the insert and shows a gold inclusion in clean 
diopside.
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exchange reactions for the same mineral assemblage in amphi-
bole have an estimated uncertainty of 0.5–1 kbar (Kohn & Spear, 
1990). The peak-metamorphic amphibole in sample TH99 has a 
near-identical composition and mineral assemblage to those used 
for the pressure estimates in both calibrations. Thus, the calibra-
tion of Kohn and Spear (1990) using the tschermakite exchange 
reaction was applied to estimate P for the D1–2 peak-metamorphic 
conditions. The compositions of garnet–plagioclase–hornblende 
groups used for barometry are presented in Table 2. Representative 
minerals pairs and analyses are shown in Figure 7a, with the 
results of the pressure estimates shown in Figure 9a. The 
Mg-endmember model yielded pressure estimates of 6–7 kbar 
that are largely independent from T, whereas the Fe-endmember 
model yielded temperature-dependent pressure estimates of 
6–8 kbar in the temperature range of 600–800 °C.

Hornblende–plagioclase thermometry (samples TH46 
and TH99)

The hornblende–plagioclase Fe–Mg exchange geothermome-
ter was developed by Spear (1980, 1981), based on 

hornblende–plagioclase pairs in metamorphic rocks, and has 
since then been reviewed by Essene (1989), Spear (1993) and 
Anderson (1996). In addition, Blundy and Holland (1990) for-
mulated a calibration for the equilibrium reaction ‘edenite + 4 
quartz = tremolite + albite’, based on experimental and empirical 
data, to account for non-ideal mixing in plagioclase, but this 
calibration was criticised by Poli and Schmidt (1992) for its 
imprecision. Holland and Blundy (1994) generated a revised 
calibration for the same equilibrium reaction (model A) and 
suggested that it should be applied to hornblende–plagioclase 
assemblages in quartz-bearing amphibolites. Holland and 
Blundy (1994) also formulated a new calibration for the equi-
librium reaction ‘edenite + albite = richterite + anorthite’ (model 
B) for hornblende–plagioclase assemblages in non-quartz-bear-
ing amphibolites. The model A calibration was used in this 
study, because all selected samples from Tick Hill contain quartz.

Hornblende–plagioclase temperature estimates for 
sample TH99
The composition of hornblende–plagioclase pairs used for tem-
perature estimates is shown in Table 3, and representative 

Figure 6. Photomicrographs showing D3 alteration minerals in various quartz–feldspar mylonite units in the most strongly altered core of the ore zone. (a) Early D3 chlorite1 
(ch1) with morphology of initial mineral of biotite (le et al., 2021a) and associated with bismuth selenide (Bi2se3), senlenide-rich pyrhotite (se–Po) and gold (sample th55), 
with an inserted image captured from reflected light. (b) chlorite2 (ch2) replacing chlorite1 (ch1, le et al., 2021a) and occurring around an ore mineral (pyrite–chalcopyrite 
intergrowth) as a reaction rim (sample thM22). (c) chlorite2 (ch2) hosting inclusions of gold (sample th55). (d) chlorite3 (ch3) intergrown with calcite (cal; sample th55).
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minerals pairs and analyses are shown in Figure 7b. The results 
of temperature estimates for hornblende–plagioclase pairs, 
using Holland and Blundy (1994), are shown in Figure 9a. 
Temperature estimates, based on model A calibrations, yielded 
temperatures of 700–750 °C over a wide range of pressures. 
using the pressure estimates from the garnet–plagioclase–
hornblende–quartz barometer discussed above as an input, the 
preferred P–T range for the formation of amphibolite gneiss is 
the intersection domain between the pressure estimate lines 
and temperature lines, which are 720–750 °C and 6.0–7.6 kbar 
(Figure 9a).

Hornblende–plagioclase temperature estimates for 
sample TH46
The compositions of the hornblende–plagioclase pairs for this 
sample are shown in Table 3, and representative minerals pairs 
and analyses are shown in Figure 7c. Note that some analyses 
were conducted near the micro-veins of gold inside D1 horn-
blende, and this gold could be the result of D1–2 retrograde or 
D3 mineralisation (Le et al., 2021a). The P–T estimates calculated 

using Holland and Blundy (1994) models are shown in Figure 
9b. using the pressure estimates obtained from TH99, the pre-
ferred temperature range for the formation of this mineral pair 
is 620–670 °C.

Garnet–biotite thermometry (sample TH99)
Numerous calibrations for the garnet–biotite Fe–Mg exchange 
geothermometer are available (e.g. Berman, 1990; Ferry & 
Spear, 1978; Hodges & Spear, 1982; Perchuk & Lavrent’eva, 
1983; Thompson, 1976). Many of these calibrations consider 
not only the concentration of Fe and Mg in garnet and textur-
ally corresponding biotite, but also the influence of the Ca and 
Mn content in garnet and Ti and AlIV content in biotite. The first 
experimental calibration was conducted by Ferry and Spear 
(1978) using the quartz–fayalite–magnetite oxygen fugacity 
buffer at 2.07 kbar in a simple KFMASH system with biotite with 
a low Al content. Hodges and Spear (1982) presented an alter-
native calibration by combining the solution models for garnet 
presented by Ganguly and Kennedy (1974) and Newton et al. 
(1977), and the revised Ferry and Spear (1978) calibration with 
the assumption of ideal mixing in biotite. This calibration was 

Figure 7. representative sEM images of geobarothermometry analyses. (a) Garnet–hornblende–plagioclase–quartz (grn–hbl–plg–qtz) barometry for sample 
th99 from amphibole gneiss. (b) Plagioclase–hornblende (plg–hbl) thermometry for sample th99. (c) Plagioclase–hornblende (plg–hbl) thermometry for sample 
th46 from the amphibole-rich calc-silicate unit. (d) Garnet–biotite (grn–bio) thermometry for sample th99 from amphibole gneiss.
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based on metapelitic rocks and resulted in an estimated error 
range of ±15–25 °C. Perchuk and Lavrent’eva (1983) generated 
a new experimental calibration using the Ni–NiO oxygen fugac-
ity buffer at 6 kbar, natural garnet and high-Al biotite from 
metapelite but ignored the problem of non-ideal mixing in 
natural minerals. Berman (1990) developed a garnet–biotite 
thermometry that accounts for Ti and Al in biotite using a linear 
programming method, and he incorporated most of the avail-
able qualified experimental and natural data at time, excluding 
data from Perchuk and Lavrent’eva (1983).

The compositions of the garnet–biotite pairs for sample 
TH99 are shown in Table 4. Representative minerals pairs and 
analyses are shown in Figure 7d. Temperature estimates for bio-
tite–garnet pairs in TH99 using the GTB program are presented 
in Figure 9c, noting that most garnet–biotite calibrations are 
based on pelitic bulk compositions, and the garnet–biotite ther-
mometer is susceptible to retrograde re-equilibration. Four 
calibration models (Berman, 1990; Ferry & Spear, 1978; Hodges 
& Spear, 1982; Perchuk & Lavrent’eva, 1983) were selected for 
the garnet–biotite T calculations. Assuming a preferred pressure 
range of 6.0–7.6 kbar from the garnet–plagioclase–hornblende–
quartz barometer, the Perchuk and Lavrent’eva (1983) and Ferry 

and Spear (1978) calibration yield temperature estimates of 
625–655 °C and 670–715 °C, respectively, while the Hodges and 
Spear (1982) and Berman (1990) calibrations provide tempera-
ture estimates of 717–760 °C and 725–770 °C, respectively. The 
latter estimates are consistent with the hornblende–plagioclase 
temperature estimates (Figure 9a).

Garnet–hornblende thermometry (sample TH99)
Garnet–hornblende Fe–Mg exchange geothermometers have 
been developed for over 40 years (e.g. Graham & Powell, 1984; 
Perchuk et  al., 1985; Powell, 1985; Ravna, 2000). Graham and 
Powell (1984)’s semi-empirical garnet–hornblende geother-
mometer used Fe–Mg exchange between garnet and horn-
blende from Ellis and Green (1979) that has been widely applied 
for their early calibrations. This thermometer is applicable to 
hornblende-rich metamorphic rocks containing Mn-poor garnet 
that are interpreted to have formed at a low oxygen fugacity 
below 850 °C and can also be applied to metagreywacke and 
mafic schist (Graham & Powell, 1984). Perchuk et al. (1985) pre-
sented a new graph-based amphibole–garnet thermometry 
based on the modification of his earlier isotherms in Perchuk 

Figure 8. representative sEM images of chlorite thermometry analyses for Au-rich quartz–feldspar mylonite, sample th55. (a, b) chlorite1 (chl1) that is altered from 
biotite and associated with bismuth selenide (±Au, pyrrhotite) in Au-rich quartz–feldspar mylonite, sample th55. (c) chlorite2 (chl2) containing inclusions of gold (Au). 
(d) chlorite3 (chl3) associated with calcite.
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(1967, 1969, 1970). More recently, Thomas and Rana (2020) 
applied three early models (Graham & Powell, 1984; Perchuk 
et al., 1985; Powell, 1985) and a later model developed by Ravna 
(2000) to 79 samples collected from different metamorphic rocks 
and concluded that the calibration of Perchuk et al. (1985) is the 
most reliable for a wide range of greenschist to eclogite facies 
metamorphic rocks. The garnet–hornblende calibrations of 
Perchuk et al. (1985) and Graham and Powell (1984) were there-
fore used for sample TH99. As with other geobarothermometry 
estimates in this study, the calculation was completed using the 
updated 2021 version of Spear and Kohn (1999)’s GTB program.

Three garnet–hornblende pairs from Sample TH99 were 
selected for the thermometric study (Table 5; Figure 7d). The tem-
perature estimates used the Perchuk et al. (1985) calibration and 
yielded a temperature range of 590–615 °C, while temperature 
estimates using Graham and Powell (1984)’s calibration yielded 
a temperature range of 565–585 °C (Figure 9d). These temperature 
estimates are independent of pressure and are significantly lower 
than the temperature estimates derived from the hornblende–
plagioclase and biotite–garnet thermometers (Figure 9a).

Chlorite thermometry
Chlorite thermometry has been used in the study of alteration 
assemblages to constrain the temperature of mineralising fluids 
(Essene, 2009). The chlorite empirical thermometer was first 
formulated by Cathelineau and Nieva (1985) and then revised 
by Cathelineau (1988) and Jowett (1991). Details of chlorite 
thermometers have been presented in various reviews (e.g. 
Bourdelle & Cathelineau, 2015; Essene, 2009; Inoue et al., 2009; 
Vidal et al., 2016). In general, Cathelineau and Nieva (1985) used 
the variation in AlIV contents (based on 28 oxygen per formula 
unit) in chlorite as a function of temperature, which was subse-
quently revised by Cathelineau (1988) by reselecting chlorite 
flake samples for the experiment:

 T Al� �C .92 .89 IV� � �61 321  

Jowett (1991) used the AlIV contents (based on 14 oxygen 
formula) of chlorite in combination with an Fe / (Fe + Mg) cor-
rection to reflect variations owing to bulk composition and 
mineral reactions at changing conditions, and created a T–Al 
relationship:

 T°C . Al . Fe / Fe + Mg ]IV= + ( )( ) −′ ′318 5 0 1 68 7[ .  

The empirical chlorite thermometers are still widely used in 
ore-deposit alteration studies in low-grade rocks (e.g. Esteban 
et al., 2007; Gillis et al., 2001; Laverne et al., 1995; Moura et al., 2006; 
Timpa et al., 2005; Zang & Fyfe, 1995), despite being criticised for 
their reliability (e.g. Essene, 2009; Essene & Peacor, 1995) or their 
applicability to metamorphic rocks (Vidal et al., 2006). In this study, 
the chlorite thermometers of Cathelineau (1988) and Jowett 
(1991) have been applied to constrain the temperature ranges 
over which D3 hydrothermal mineralisation events took place.

The composition of chlorite and the temperature estimates 
are shown in the supplemental data (Table S1). As mentioned 
earlier, chlorite compositions and textures indicated three chlo-
rite types (chlorite1 to chlorite3). Representative analyses for these 
chlorites are shown in Figure 8. Chlorite1 and chlorite3 have the 
highest and lowest Al2O3 contents, respectively. The temperature 
estimates, using the Jowett (1991) and Cathelineau (1988) cali-
brations, are shown in Figure 10a and b, respectively. The esti-
mated TJowett (1991) is 280–385 °C for chlorite1, 160–270 °C for 
chlorite2 and 130–170 °C for chlorite3. The estimated TCathelineau (1988) 
is 3–8 °C lower than TJowett (1991) for all three chlorite types. 
Collectively, the chlorite results show a near-continuous tempera-
ture range of 130–380 °C, reflecting retrograde re-equilibration 
as the various stages of D3 alteration progressed.

Discussion

P–T estimates for peak-metamorphic amphibolite

The geothermobarometry study for peak-metamorphic amphi-
bolite is based on pressure estimates for the garnet–plagioclase–
hornblende–quartz assemblage and temperature estimates for 
hornblende–plagioclase, garnet–hornblende and garnet–biotite 
assemblages. The pressure range is defined by the 

Table 2. compositions of garnet–plagioclase–amphibole pairs from amphibo-
lite (sample th99) used for pressure estimates.

sample th99-P1 th99-P2

Garnet sio2 37.82 37.82
Al2o3 20.19 20.18
feott 31.57 30.45
Mno 1.69 1.67
Mgo 3.58 3.76
cao 4.80 4.77
sum 99.65 98.65
si 3.03 3.05
Al 1.90 1.92
fe3+ 0.04 0.00
fe2+ 2.08 2.07
Mn 0.11 0.11
Mg 0.43 0.45
ca 0.41 0.41
Almandine 68.53 67.96
spessartine 3.78 3.74
Pyrope 14.10 14.80
Grossular 13.33 13.65

Plagioclase Ab 58.76 57.95
An 40.91 40.34
or 0.32 1.71

Amphibole sio2 39.86 39.92
tio2 0.82 0.90
Al2o3 14.67 14.65
feo 20.87 21.59
Mno 0.14 0.14
Mgo 6.64 6.76
cao 10.50 10.55
na2o 1.91 1.92
K2o 0.77 0.80
cl 1.18 1.16
sum 97.37 98.40
si 6.08 6.03
ti 0.09 0.10
Aliv 1.92 1.97
Alvi 0.72 0.63
fe3+ 0.87 1.01
fe2+ 1.79 1.72
Mn 0.02 0.02
Mg 1.51 1.52
ca 1.72 1.71
na 0.56 0.56
K 0.15 0.15
cl 0.30 0.30

https://doi.org/10.1080/08120099.2024.2320195
https://doi.org/10.1080/08120099.2024.2320195
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garnet–tschermakite–plagioclase–quartz barometry for the 
amphibolite gneiss (sample TH99) using Kohn and Spear (1990) 
calibrations and is estimated to be  6–7.6 kbar (Figure 9a). using 
this pressure range as an input for the Holland and Blundy (1994) 
hornblende–plagioclase thermometry diagram, the temperature 
estimates are 720–750 °C (model A; suggested for the quartz-bear-
ing amphibolite) and 730–780 °C (model B; suggested for the 
non-quartz-bearing amphibolite) (Figure 9a). Because the typical 
mineral assemblage for the amphibolite gneiss (sample TH99) is 
garnet–tschermakite–plagioclase–quartz, the estimated tem-
perature range of 720–750 °C from Holland and Blundy (1994)’s 
hornblende–plagioclase (model A) calibration is preferred in this 
study. Thus, the estimated P–T range for rocks in the Tick Hill area 
during D1 is 6.0–7.6 kbar and 720–750 °C (Figure 9a). This high 
temperature of formation is compatible with the observed 
migmatisation in the surrounding gneiss (Le et al., 2021a). The 
obtained temperature range from the hornblende–plagioclase 
thermometry is comparable with the garnet–biotite pairs using 
the calibrations of Hodges and Spear (1982) and Berman (1990), 

which are 717–760 °C and 725–770 °C, respectively. The garnet–
hornblende temperature estimates based on Graham and Powell 
(1984) and Perchuk et al. (1985) are 565–585 °C and 590–615 °C, 
respectively, 100–150 °C lower than other estimates (Figure 9d). 
Considering that sample TH99 shows little compositional varia-
tion in any of the mineral phases for the different grains and from 
rim to core (Tables 2–5) and does not show any evidence for sig-
nificant retrograde alteration or re-equilibration, it is possible that 
there is some disequilibrium between the garnet and hornblende. 
In this case, garnet possibly grew syn- to late hornblende crystal-
lisation, which is reflected in their compositions as well as the 
temperature estimates.

The gneissic and migmatisation textures and P–T estimates 
(6–7.6 kbar, 720–750 °C), for the garnet-bearing amphibolite 
gneiss ∼800 m north of Tick Hill, indicate that high-grade meta-
morphism is only locally preserved in the area. In most places 
in and around the Tick Hill pit, peak-metamorphic assemblages 
are largely re-equilibrated and destroyed during later retro-
grade metamorphism and hydrothermal alteration.

Figure 9. Geobarothermometry results for mineral assemblages and chlorites at the tick hill Area. (a) Garnet–plagioclase–hornblende–quartz pressure estimates 
(after Kohn & spear, 1990) and hornblende–plagioclase temperature estimates (after holland & Blundy, 1994) for peak metamorphic (D1–2) assemblages in amphibole 
gneiss unit (sample th99). the P–T estimates are defined by the overlap region of the thermometer and barometer that is 6.0–7.6 kbar at 720–750 °c (model A). (b) 
hornblende–plagioclase temperature estimates for the mineralised amphibole-rich calc-silicate unit (sample th46) using holland and Blundy’s (1994) (models A) 
thermometers. the T estimate is defined by the overlap region of the two model that is 620–670 °c. (c) temperature estimates based on the garnet–biotite fe–
Mg-exchange geothermometer using calibrations of ferry and spear (1978), hodges and spear (1982), Perchuk and lavrent’eva (1983) and Berman (1990) for sample 
th99. (d) Garnet–hornblende thermometry results for amphibole gneiss unit (sample th99) calculated from calibration of Graham and Powell (1984) and Perchuk 
et al. (1985).
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On a broader scale (i.e. in Mary Kathleen Domain and Mount 
Isa Province), the rocks have been affected by four distinct met-
amorphic-magmatic events, including (1) the 1870–1840 Ma 
Barramundi Orogeny (Betts et al., 2016; Blake & Steward, 1992), 
(2) the 1790–1770 Ma metamorphism and magmatism in the 
Tick Hill region (Le et al., 2021b) that has not been linked to a 
specific regional event, (3) the 1740–1720 Ma Wonga Orogeny 
(Spence et  al., 2021, 2022) and (4) the 1600–1500 Ma Isan 

Orogeny (Le et al., 2022; Oliver, 1995; Withnall & Hutton, 2013). 
The 1790–1770 Ma peak metamorphism conditions at amphi-
bolite–granulite facies temperature and moderate pressure in 
the Tick Hill area have been higher than the other events listed 
above, which all experienced amphibolite facies metamorphic 
conditions at the northern Mary Kathleen and the Eastern Fold 
Belt (Oliver, 1995; Spence et  al., 2021, 2022; Withnall & 
Hutton, 2013).

Temperature estimates for D1–2 amphibole-rich calc-
silicate and the distribution of gold
The temperature range for the gold-rich calc-silicate unit that 
preserves microstructural and mineralogical evidence for the D1–2 
assemblage of diopside–hornblende–plagioclase and retrograde 
actinolite (Le et al., 2021a) is 620–670 °C (Figure 9b). This tempera-
ture estimate is slightly lower, but comparable with that obtained 
from the garnet-bearing amphibolite gneiss (720–750 °C; sample 
TH99), which occurs only 800 m north of Tick Hill (Figure 2) and 
displays limited evidence for retrograde replacement or a hydro-
thermal overprint (Le et al., 2021a). Although the diopside–horn-
blende assemblage in the calc-silicate sample is aligned with the 
dominant gneissic fabric, which is a composite D1–2 fabric, the 
lower temperature estimate suggests that this gold-bearing 
calc-silicate re-equilibrated during the later retrograde stages of 
the D1–2 events, or it was affected by the early D3 overprint  
(Figure 5b). The fact that D3 actinolite locally replaced hornblende 
(Le et al., 2021a) is consistent with the suggestion of pervasive 
fluid infiltration during retrograde metamorphism, based on the 
narrow range of oxygen isotopic values ]+10.5 to +13.7‰ Vienna 
Standard Mean Ocean Water (VSMOW)] of quartz in different rock 
types that were reset during the D3 regional fluid infiltration  
(Le et al., 2022). Within this sample (i.e. TH46), gold occurs textur-
ally in two distinct ways. It first occurs as inclusions within both 

Table 3. hornblende–plagioclase compositions in amphibolite (sample th99) 
and amphibole-rich calc-silicate (sample th46) for temperature estimates.

sample th99-t1 th99-t2 th46-t1 th46-t2

hornblende
sio2 39.93 40.01 48.50 48.77
tio2 0.80 1.01 0.12 0.11
Al2o3 14.62 14.44 6.93 6.84
feo 20.87 20.88 14.97 13.88
Mgo 6.71 6.90 13.79 13.87
Mno 0.18 0.16 0.15 0.16
cao 10.21 10.32 11.59 11.57
na2o 1.92 1.87 1.50 1.35
K2o 1.01 0.98 0.45 0.48
cl 1.23 1.17 0.49 0.46
sum 97.48 97.74 98.49 97.48
si 6.08 6.07 7.01 7.10
ti 0.09 0.12 0.01 0.01
Aliv 1.92 1.93 0.99 0.90
Alvi 0.70 0.65 0.19 0.27
fe3+ 0.94 0.95 0.68 0.53
fe2+ 1.72 1.70 1.13 1.16
Mn 0.02 0.02 0.02 0.02
Mg 1.52 1.56 2.97 3.01
ca 1.67 1.68 1.79 1.80
na 0.57 0.55 0.42 0.38
K 0.20 0.19 0.08 0.09
cl 0.32 0.30 0.12 0.11
Plagioclase
Ab 62.03 58.64 80.66 81.18
An 37.29 40.78 18.46 17.75
or 0.67 0.59 0.88 1.07

Table 4. Garnet–biotite compositions for amphibolite (sample th99) for temperature estimates.

Garnet Biotite

sample th99_t11 th99_t12 th99_t13 th99_t14 th99_t11 th99_t12 th99_t13 th99_t14

sio2 37.75 37.75 37.75 37.80 36.25 33.99 35.21 34.68
tio2 0.02 0.02 0.02 0.00 1.68 1.2174 1.6107 1.3668
Al2o3 20.25 20.25 20.25 19.78 15.73 15.94 15.85 15.4
feo 30.79 30.79 30.79 31.13 19.83 22.28 20.88 20.3
Mno 1.36 1.36 1.36 1.45 0.04 0.02 0.00 0.01
Mgo 4.08 4.08 4.08 3.86 11.90 12.37 12.07 11.19
cao 4.59 4.59 4.59 4.60 0.02 0.03 0.00 0.14
na2o 0.11 0.11 0.11 0.09 0.26 0.20 0.28 0.51
K2o 0.03 0.03 0.03 0.02 8.49 6.27 7.72 7.79
cl 0.01 0.01 0.01 0.01 1.10 0.81 0.98 1.14
total 98.99 98.99 98.99 98.74 95.29 93.13 94.61 92.53
si 3.03 3.03 3.03 3.05 5.52 5.35 5.43 5.50
ti 0.00 0.00 0.00 0.00 0.19 0.14 0.19 0.16
Aliv – – – – 2.48 2.65 2.57 2.50
Alvi – – – – 0.34 0.31 0.31 0.38
Al 1.92 1.92 1.92 1.88 2.82 2.96 2.88 2.88
fe3+ 0.01 0.01 0.01 0.01 – – – –
fe2+ 2.06 2.06 2.06 2.09 2.52 2.93 2.69 2.69
Mn 0.09 0.09 0.09 0.10 0.00 0.00 0.00 0.00
Mg 0.49 0.49 0.49 0.46 2.70 2.90 2.78 2.65
ca 0.40 0.40 0.40 0.40 0.00 0.01 0.00 0.02
na – – – – 0.08 0.06 0.08 0.16
K 0.00 0.00 0.00 0.00 1.65 1.26 1.52 1.58
cl 0.00 0.00 0.00 0.00 0.28 0.22 0.26 0.31
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diopside and hornblende that are aligned in the gneissic fabric, 
which is consistent with similar observations reported by Choy 
(1994) and Tedman-Jones (2001). This gold occurs in parts of the 
metamorphic minerals that are homogeneous in composition 
and are not affected by visible micro-fracturing. These minerals 
include small hornblende grains, which themselves are enclosed 
within diopside aligned within the gneissic fabric. A second gen-
eration of gold is included in the same peak-metamorphic min-
erals but occurs along fine micro-fractures either as trails of fine 
equant or irregularly shaped grains or as fracture fill. In other 
words, the calc-silicate sample TH46 clearly illustrates that gold 
was present during early high-temperature events and partly 
remobilised during later D3 low-temperature micro-fracturing  
(Le et al., 2021a).

Temperature estimates for D3 chlorite alteration
The chlorite thermometry results track the evolving tempera-
ture conditions during the alteration stages 2–4 during D3. The 
results (Figure 10; Supplemental data, Table S1) indicate that 
the earlier chlorite types (i.e. chlorite1 and chlorite2; Figure 
6a–c) display the widest compositional range (Table S1), sug-
gesting continuous re-equilibration as retrograde conditions 
and fluid infiltration progressed during D3. During the early D3, 
stage 1 hornblende formed as randomly oriented grains in 
some of the quartz–feldspar mylonite units (Le et al., 2021a). 
The appearance of hornblende in the stage 1 mineral assem-
blage from the D3 metamorphism suggests that temperature 
conditions during stage 1 exceeded 500 °C. During stages 2–3, 
the main episodes of D3 gold accumulation (Figure 6a, c; Le 
et al., 2021a), the temperature estimate obtained from the com-
positionally variable grains of chlorite1–2 varied between 160 
and 380 °C. This temperature range coincides with the wide-
spread infiltration of oxidising hydrothermal fluids that reset 
most of oxygen isotope values of quartz in the area, producing 
a narrow range (+10.5 to +13.7‰ VSMOW) for most in quartz 
from different rock types (Le et al., 2022). Chlorite3 has a more 
homogeneous composition than chlorite1–2, resulting in a nar-
row temperature range of 130–170 °C, which prevailed during 
stage 4 of D3. This suggests that stage 4 represents a distinct 
hydrothermal alteration event, characterised by a separate 
suite of alteration minerals including calcite (Figure 6d) and 
some of the Pb–Cu–Bi selenides (Le et al., 2021a).

During the 1525–1520 Ma D3 metamorphic and hydrothermal 
event at Tick Hill area, gold formation/remobilisation can be 
tracked with chlorite thermometry in combination with P–T con-
straints imposed by mineral assemblages and the presence of 
Bi-selenides, as well as conditions obtained from oxygen isotope 
values in quartz (Le et al., 2022). Temperatures would have peaked 
during stage 1 when hornblende–oligoclase–albite formed at 
temperatures slightly higher than ∼500 °C. This temperature is 
comparable with the amphibolite facies metamorphism in south-
ern Mary Kathleen and the Eastern Fold Belt (e.g. Abu Sharib & 
Sanislav, 2013; Withnall & Hutton, 2013). During later D3 alteration, 
temperatures gradually decreased from ∼380 to ∼160 °C during 
stage 2 and stage 3, with a later low-temperature pulse during 

Table 5. Garnet–amphibole compositions from amphibolite (sample th99) for 
temperature estimates.

Garnet Amphibole

sample th99_t8 th99_t9
th99_

t10 th99_t8 th99_t9
th99_

t10

sio2 37.81 37.73 37.80 39.94 40.32 39.99
tio2 0.00 0.00 0.00 1.07 1.17 0.83
Al2o3 20.33 20.08 19.78 14.86 14.37 14.78
feo 31.48 31.26 31.13 20.24 19.52 20.38
Mno 1.45 1.46 1.45 0.13 0.14 0.14
Mgo 3.99 3.93 3.86 7.39 7.47 7.09
cao 4.53 4.61 4.60 10.56 10.32 10.63
na2o 0.05 0.15 0.09 1.95 1.75 1.93
K2o 0.03 0.04 0.02 1.01 1.13 0.91
cl 0.00 0.01 0.01 1.27 1.22 1.35
sum 99.68 99.26 98.74 98.42 97.40 98.04
si 3.02 3.03 3.05 6.02 6.12 6.06
ti 0.00 0.00 0.00 0.12 0.13 0.09
Aliv – – – 1.98 1.88 1.94
Alvi – – – 0.65 0.68 0.70
Al 1.91 1.90 1.88 2.64 2.57 2.64
fe3+ 0.04 0.04 0.01 0.92 0.85 0.85
fe2+ 2.06 2.06 2.09 1.63 1.63 1.73
Mn 0.10 0.10 0.10 0.02 0.02 0.02
Mg 0.48 0.47 0.46 1.66 1.69 1.60
ca 0.39 0.40 0.40 1.70 1.68 1.73
na 0.00 0.00 0.00 0.57 0.51 0.57
K 0.00 0.00 0.00 0.19 0.22 0.18
cl 0.00 0.00 0.00 0.32 0.31 0.35

Figure 10. temperature estimates for D3 based on chlorite geothermometry 
using calibrations of (a) Jowett (1991) and (b) cathelineau (1988) for chlorite 
alteration hosted in quartz–feldspar mylonite at tick hill (samples th55 and 
thM22).

https://doi.org/10.1080/08120099.2024.2320195
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stage 4 when selenides precipitated with sulfides and calcite veins 
at temperatures as low as ∼130 °C.

Conclusions

The compositions of a variety of mineral phases from Tick Hill 
constrain the P–T conditions during D1–3. Critical assemblages 
that were analysed for P–T work include: (1) garnet–plagioclase–
hornblende–biotite–quartz in the amphibolite gneiss, which 
preserves D1–2 peak-metamorphic conditions of 720–750 °C and 
6.0–7.6 kbar; (2) diopside–plagioclase–scapolite–hornblende in 
amphibole-rich calc-silicate, which preserves metamorphism 
conditions of 620–670 °C, possibly owing to D1 retrograde meta-
morphism or affected by the early stages of the D3 overprint; 
and (3) D3 chlorite that was associated with hydrothermal gold 
mineralisation and alteration formed from 380 °C (stage 2) to 
130 °C (stage 4). Gold enrichment is associated with chlorite1 
and chlorite2 (∼380 to ∼160 °C). Metamorphic temperatures 
during D3 stage 1 may have reached temperatures of >500 °C 
based on the coexistence of amphibole and oligoclase.

The migmatisation textures and P–T estimates for the gar-
net-bearing amphibolite gneiss in the Tick Hill area indicate that 
high-grade metamorphism at 1790–1770 Ma is only locally pre-
served. In the Mary Kathleen Domain, the amphibolite–granulite 
facies metamorphism at Tick Hill is higher than the amphibolite 
facies metamorphic conditions of the northern Mary Kathleen 
and Eastern Fold Belt. Overall, the rocks underwent peak meta-
morphism at high temperatures and moderate pressures at deep 
crustal conditions during the early stages of D1 deformation and 
low temperatures towards the end of D3 (Figure 11).
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