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198568: Mafic granulite, Jinkas Hill mine
(Youanmi Terrane, Yilgarn Craton)

Blereau, ER, Kelsey, DE and Korhonen, FJ

Location and sampling

DUMBLEYUNG (SI 50-7), KATANNING (2430)
MGA Zone 50, 584193E 6287982N

Warox Site FIKBGD198568

Sampled on 6 June 2010

This sample was collected from Jinkas Hill mine, along Wolyaming road, located about 10.1 km east of
Monganining Hill, 9.3 km north of Badgebup, and 0.17 km west of the Jinkas Hill openpit. The sample
was collected as part of the Yilgarn Craton Metamorphic Project (2003—14) undertaken by Ben Goscombe
for the Geological Survey of Western Australia (GSWA), and referred to in that study as sample BG10-33i.
The results from this project have not been released by GSWA, although select data have been published in
Goscombe et al. (2019).

Tectonic unit

The unit sampled is a mafic granulite near the western margin of the Youanmi Terrane (Quentin de Gromard
et al., 2021). This unit is part of a northwest-trending belt of Archean metasedimentary and gneissic rocks
previously assigned to the South West Terrane and referred to informally by Wilde (2001) as the ‘Lake
Grace domain’ (cf. Pidgeon et al., 2010). The boundary between the South West and Youanmi Terranes in
this area is a major, northwest-trending shear zone system (Quentin de Gromard et al., 2021). Rock types

at the Jinkas Hill Mine and adjacent Dingo prospect (Mukherji, 2012) include intercalated calcalkaline,
mafic to felsic volcanic rocks, metamorphosed under upper amphibolite to lower granulite facies conditions.
The greenstones have been intruded by post-tectonic granitic rocks (interpreted as similar to adakite or
tonalite—trondhjemite—granodiorite (TTG) suite) and by mafic dykes. Gold mineralization is restricted to
intermediate to felsic metavolcanic rocks (Mukherji, 2012). A metagranodiorite, sampled from core drilled
about 3.9 km to the south-southeast, yielded an igneous crystallization age of 2643 + 3 Ma, and an age of
2667 £+ 2 Ma for the dominant inherited component (GSWA 219901; Lu et al., 2020). A metamonzogranite,
sampled about 39 km to the west, yielded an igneous crystallization age of 2669 + 7 Ma (GSWA 224329,
Lu et al., 2019). A metagranodiorite (GSWA 219902; Lu et al., 2020) from drillcore 0.5 km to the northeast
records a 2670 £ 5 Ma zircon age interpreted to be magmatic, and a 2635 + 5 Ma zircon age interpreted to
be the age of high-grade metamorphism. Monazite from a felsic gneiss about 32 km to the north-northwest
yielded a metamorphic age of 2648 + 9 Ma (GSWA 198574, preliminary data), and monazite from a pelitic
gneiss about 66 km to the northeast yielded a metamorphic age of 2641 + 6 Ma (GSWA 198585, Fielding

et al., 2021b).

Petrographic description

This sample is a medium-grained mafic granulite containing about 46% plagioclase, 35% hornblende, 9%
orthopyroxene, 9% clinopyroxene and trace amounts of apatite (Figs 1, 2; Table 1). No Fe-Ti oxides were
identified in thin section. Rare orange phlogopite is described for this sample in Goscombe et al. (2019),
but was not present in the thin section prepared by GSWA. The sample has an equigranular, polygonal,
granoblastic matrix with straight to curvi-planar grain margins and no apparent fabric. Green hornblende,
reddish-brown—green orthopyroxene and pale green clinopyroxene are all 1 mm or less in diameter.
Plagioclase is of a similar grain size to the mafic minerals and is intergrown with all phases (Figs 1, 2). The
sample is homogeneous in hand specimen and shows no evidence for partial melting.
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- Plagioclase 46% - Hornblende 35% - Orthopyroxene 9% - Clinopyroxene 9% - Apatite 0.05%

Figure 1. TESCAN Integrated Mineral Analyser (TIMA) image of an entire thin section from sample 198568: mafic granulite,
Jinkas Hill mine. Volume percent proportion of major rock-forming minerals are calculated by the TIMA software

Figure 2. Photomicrographs, in plane-polarized (a, b) and cross-polarised light (c), of sample 198568: mafic granulite,
Jinkas Hill mine. Mineral abbreviations are explained in the caption to Figure 3



Table 1. Mineral modes for sample 198568: mafic granulite, Jinkas Hill mine

Mineral modes Pl Hbl Opx Cpx Ap Bt Qz
Observed (vol%) 46 35 9 9 <1 - -
Predicted (mol%)

@ 780 °C, 3 kbar 41 33 10 13 - 3 -
@ 820 °C, 5 kbar 40 35 9 14 - 2 -
@ 840 °C, 7.6 kbar 37 37 8 16 - <l <1
@ 730 °C, 7 kbar 37 34 10 15 — 2 <1
NOTES: — not present

Methodology and analytical details

Preliminary P-T estimates were obtained using multiple-reaction thermobarometry calculated from the
mineral compositions (Table 2; Goscombe et al., 2019). These estimates were derived from the ‘averagePT’
module (avPT) in the program THERMOCALC version tc325 (Powell and Holland, 1988), using the
internally consistent Holland and Powell (1998) dataset.

The metamorphic evolution of this sample has been subsequently re-evaluated using phase equilibria
modelling, based on the bulk rock composition (Table 3). The bulk rock composition was determined

by X-ray fluorescence spectroscopy, together with loss on ignition (LOI). FeO content was analysed by
titration, and Fe O, calculated by difference. The modelled O content (for Fe*") was derived using these
constraints. The modelled H,O content was based on modal abundance of hornblende in thin section
(35.5% containing 2% H, 0, resulting in 0.71 wt%). The bulk composition was corrected for the presence of
apatite by applying a correction to calcium (Table 3). Thermodynamic calculations were performed in the
NCKFMASHTO (Na,0-CaO-K,0-FeO-MgO-AlL0,-Si0,-H,0-TiO,-0) system using THERMOCALC
version tc340 (Powell and Holland, 1988; updated October 2013) and the internally consistent
thermodynamic dataset of Green et al. (2016; version dataset tc-ds63, created January 2015). The activity—
composition relations used in the modelling are detailed in Green et al. (2016), with the augite model used
for clinopyroxene. Additional information on the workflow with relevant background and methodology are
provided in Korhonen et al. (2020).



Table 2. Mineral compositions for sample 198568: mafic granulite, Jinkas Hill mine

Mineral® Pl Pl Hbl Hbl Opx Opx Cpx Cpx Bt Bt
Setting Core Rim Core Rim Core Rim Core Rim Core Rim
wt%

SiO, 5539 5390 4323 43.52 5231 5292 5236 52.53 3725 3743
TiO, 0.03  0.01 1.03 1.06 0.00 0.04 0.07 0.11 238 238
AlLO, 27.52 27.69 11.53 1140 141 139 220 197 1459 14.65
Cr,0, 0.01 000 0.09 0.07 005 000 003 0.06 011 0.08
FeO 0.12 0.16 12.72 1237 21.70 21.80 820 828 12.12 12.02
MnO 0.00 004 0.18 0.16 0.64 058 022 026 005 0.07
MgO 0.00 0.00 13.37 13.61 22.61 23.18 1420 1433 1731 17.63
ZnO 0.02 000 0.03 0.03 0.02 0.00 000 001 010 0.06
CaO 10.61 1138 11.78 11.66 0.56 047 22.56 2248 0.02 0.00
Na,0 556 507 179 162 0.01 0.00 046 041 007 0.04
K0 034 027 151 145 0.01 0.00 0.01 0.02 981 995
Total® 99.59 98.52 97.26 96.95 99.31 100.39 100.29 100.46 93.81 9431
Oxygen 8 8 23 23 6 6 6 6 11 11
Si 251 247 632 636 195 195 193 194 279 279
Ti 0.00 000 011 0.12 0.00 0.00 0.00 0.00 013 0.13
Al 147 150 199 196 006 006 0.10 0.09 129 129
Cr 0.00 000 0.01 0.01 000 000 0.00 0.00 0.01 0.00
Fe¥© 000 000 082 080 003 003 007 0.06 0.08 007
Fe* 0.00 001 074 071 0.65 0.64 0.19 020 0.68 0.67
Mn* 0.00 000 0.02 0.02 0.02 0.02 001 001 000 0.00
Mg 0.00 000 291 297 126 128 078 079 193 196
Zn 0.00 000 0.00 0.00 000 000 0.00 0.00 0.01 0.00
Ca 051 056 1.84 1.83 0.02 0.02 089 089 000 0.00
Na 049 045 051 046 0.00 0.00 0.03 0.03 001 0.01
K 0.02 002 028 027 0.00 0.00 0.00 000 094 095
Total 5.00 500 1555 1550 4.00 4.00 4.00 400 787 7.87
¥(opx)

Compositional variables

XFe® — - 020 0.19 034 033 019 020 026 0.26
NOTES: — not applicable

(a) Mineral abbreviations explained in the caption to Figure 2

(b) Totals on anhydrous basis

(c) Hornblende cations calculated following Holland and Blundy (1994); biotite

Fe3*assumed assumed to be 10% of total Fe; Fe** contents for other minerals

based on Droop (1987)
(d) XFe = Fe?'/(Fe? + Mg)

Table 3. Measured whole-rock and modelled compositions for sample 198568: mafic granulite, Jinkas Hill mine

XRF whole-rock composition (wt%)®

SiO, TiO, ALO, Fe0,” FeO® MnO MgO
49.46 0.54 1632 10.09 7.40 0.14 8.86
Normalized composition used for phase equilibria modelling (mol%)
Sio, TiO, ALO, 0¢ FeO™ MnO MgO
50.43 0.41 9.80 0.72 7.74 - 13.47

CaO
11.03

CaO"
11.98

Na,O
2.75

Na,O
2.72

K,0
0.49

K,0
0.32

PO

275

0.05

LOI
0.12

Hzo(g)
2.41

Total
99.85

Total
100

NOTES: (a) Data and analytical details are available from the WACHEM database <http://geochem.dmp.wa.gov.au/geochem/>

(b) Fe,O, content is total Fe
(¢ ) FeO measured by titration

(d) O content (for Fe,0,) determined from Fe O,T via the constraint of the FeO titration value

(e) FeO™ = moles FeO + 2 * moles O

() CaO modified to remove apatite: CaO(Mod) = CaO(Total) - (moles CaO(in Ap) = 3.33 * moles P,0,)

() H,0 content is 35.5 vol% hbl * 0.02% H,O in hbl = 0.071 wt%



Results

Metamorphic P-T estimates have been derived based on detailed examination of one thin section and the
bulk rock composition; care was taken to ensure that the thin section and the sample volume selected for
whole-rock chemistry were similar in terms of featuring the same minerals in approximately the same
abundances (Table 1), to minimize any potential compositional differences. The P—T pseudosection was
calculated over a temperature range of 600—900°C and 2—10 kbar (Fig. 3). The solidus is located between
830-875 °C across the modelled range of pressures. Hornblende, orthopyroxene and clinopyroxene are
stable across the modelled pressure and temperature range. Garnet is stable above 6 kbar at 600 °C and
9.7 kbar at 900 °C. Ilmenite is stable below 780 °C at 2 kbar and 700 °C at 7.7 kbar. Rutile is stable above
6.8 kbar at 600 °C and 10 kbar at 735 °C. Quartz is absent at low pressures (below 4.8 kbar at 600 °C) and
higher temperatures (above 845 °C at 7.5 kbar). Biotite is stable over much of the P-T range, absent only
above 845 °C at 7.4 kbar and above 885 °C at 3.3 kbar (Fig. 3).

Metamorphic P-T estimates (+ 26 uncertainty) calculated using multiple-reaction thermobarometry

are 6.7 £2.5 kbar and 672 + 142 °C (Goscombe et al., 2019). These calculations used the mineral core
compositions (Table 2) to estimate peak conditions. Conventional thermobarometry using the hornblende—
plagioclase and hornblende—orthopyroxene thermometers reportedly yield similar temperatures, whereas
the Al-in-hornblende yields a pressure of 7.6 kbar (Goscombe et al., 2019).
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Figure 3. P-T pseudosection calculated for sample 198568: mafic granulite, Jinkas Hill mine. Assemblage fields

corresponding to peak metamorphic conditions are shown in bold text and orange shading. Red dashed line
represents the solidus. Abbreviations: Aug, augite; Bt, biotite; Grt, garnet, Hbl, hornblende; lim, ilmenite; Kfs,
K-feldspar; Liq, silicate melt; Opx, orthopyroxene; PI, plagioclase; Qz, quartz; Rt, rutile



Interpretation

The interpreted peak assemblage of hornblende—clinopyroxene—orthopyroxene—plagioclase implies
temperatures were less than those required for partial melting. In the observed thin section there is no
biotite, however its predicted stability in the pseudosection is widespread and trace amounts were reported
for this sample in Goscombe et al. (2019). The calculated mode of biotite is strongly temperature dependent
and decreases from ~3.5% at 650 °C to 0% at its terminal stability at ~850—885 °C. The stability of biotite
may be due to the inability of the hornblende activity—composition model to incorporate sufficient K.O
(Forshaw et al., 2019). In addition, the calculated mode of quartz is strongly pressure dependent, and, at
800 °C, increases from 0% at ~5.9 kbar to <1% at ~8.6 kbar where garnet stability commences. Therefore
the presence or absence of quartz in the pseudosection does not provide a strong constraint. With these
caveats, and the limit of ilmenite stability to lower temperature, melt to higher temperature and garnet to
higher pressure, the peak assemblage field is shown as the coloured hornblende—augite—orthopyroxene—
plagioclase—biotite(—quartz) fields in Figure 3, which define a P—T range of <2.0 — 8.6 kbar and

715-850 °C. There is no petrologic information on the P—T path shape and trajectory as the sample records
an unretrogressed peak metamorphic mineral assemblage. The results of conventional thermobarometry
results occur to lower temperature than these peak fields but overlap within uncertainty.

Peak metamorphic conditions are estimated at 715-850 °C and a maximum pressure of 8.6 kbar, with a
minimum apparent thermal gradient of 95 °C/kbar.
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