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ABSTRACT

The Groundhog Cu-Pb-Zn prospect, Punt Hill district, eastern Gawler Craton, South Australia, is a
recently discovered ore system located within the 1.6 Ga Olympic iron oxide-copper-gold (IOCG)
Province. The prospect is characterized by a retrogressive calcic skarn/lOCG-type footprint. Laser-
ablation inductively-coupled plasma mass spectrometry spot analyses and grain-scale element
mapping of garnet and accessory minerals, supported by optical and scanning electron microscopy
and electron probe microanalysis, determines distributions of rare earth (REE), incompatible and ore-
forming elements within skarn and marker horizons.

Distinct textural categories of garnet, each reflecting stages in the evolution of the skarn system, are
recognised. Fe-rich prograde andradite is oscillatory-zoned, with high W and As, relatively low
YREY, and low HREE/LREE ratio. Retrograde garnet is Al-rich, characterised by XREY
concentrations an order of magnitude higher, high HREE/LREE, and high concentrations of
incompatible and high field strength elements. Marked Cr enrichment defines the garnet rim.

Trace element distributions in texturally-distinct categories of garnet are applied as mineralization
vectors along the two controlling structures. Based on Cr concentrations in rim garnet, the NNE-
trending structure is interpreted to control fluid flow, with increasing intensity of mineralization
towards NNE. Vectors defined by REY- and W-concentrations in prograde and retrograde garnets
indicate that NW-SE structures drive skarn-forming fluids on the regional scale. This has potential
for defining metallogenic patterns in the broader Punt Hill area. Application of such vectors requires,
however, that the data is adequately interpreted in the contexts of textures and of prograde-to-
retrograde evolution of the system. Groundhog is an oxidised IOCG system with skarn alteration
positioned distal to a deep magmatic fluid source. Comparison of garnet chemistry at Groundhog and
Hillside points to a possible N-S, W- to Sn-enriched trend within the Olympic Province. Results may

offer a basis for defining specific settings for magma generation within the province.
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Figure 1: (A) Interpreted geology of the Olympic IOCG Province on the eastern margin of the
Gawler Craton, showing the location of the Punt Hill project and other IOCG
deposits, adapted from Reid et al. 2011. (B) Total Magnetic Intensity (first vertical
derivative) image over the Groundhog prospect (dashed line). Drill holes GHDD3,
GHDD1, GHDD6 and GHDD?2 are aligned on a NNE section, with GHDDA4,
GHDD7 and GHDDS5 on a SE section., adapted from Monax Mining, 2013.

(C) Groundhog NNE cross section showing drill hole and interpreted Meso-
Palaeoproterozoic basement geology, with histograms of Cu (red) and Au (blue)
mineralization. Structural complexity inferred from potential field data. Conceptual

200 million tonne ore body grading 1% Cu shown for reference, adapted from

Monax MiNINg, 2013, .....oe et e e e e e e e e e e e e ennes 2

Figure 2: (A) NNE trending section showing proximal drillcores GHDD3, GHDD1, GHDD6
and GHDD2 with images of garnet skarn samples that have undergone LA-ICP-MS
analysis from above and below the marker horizon. (B) SE section (NNW trending)
including distal drill holes GHDD1, GHDD4, GHDD7 and GHDD5 with images of
garnet skarn samples that have undergone LA-ICP-MS analysis from above and
below the marker horizon. (Distances between drill holes are not to scale.)................... 4

Figure 3: Backscatter electron images (A, C, D, F) and transmitted light photomicrographs (B,
E) showing main textural aspects of skarn garnet. (A) Garnet porphyroblast showing
bright, oscillatory-zoned, andradite-rich core (B), darker, Al-rich mantle zone (D),
and outermost rim (R). Major element compositions are similar in the ‘D’ and ‘R’
zones. (B) Image of the same grain as in (A) but in transmitted light, highlighting the
dark green andradite core mantled by Al-rich garnet and the distinct outermost rim.
Note that the latter consists of an aggregate of garnet microcrystals and has been
extensively micro-fractured. (A) and (B) typify type-I garnet with rim overgrowth.
(C) Undifferentiated garnet surrounding a reworked core showing oscillatory zoning
between Fe-rich and Al-poor compositions. (D) Weakly-zoned idiomorphic garnet
grain with inclusions of coarser Ap cemented by hematite (Hm). Abbreviations: Ap -
apatite, cal — calcite, Grt- garnet, Hm- hematite and Ttn- titanite...............cccccoevevnnnen, 14

Figure 4: Ternary compositional diagram for garnet expressed in terms of andradite (And),
grossular (Gr) and spessartine (Sp) end-members. Data shown on diagram is
compiled from EPMA results on sub-types of garnet throughout six drillcores (all
except GHDDG6). The diagram depicts evolution from an early, Fe-rich, initial
prograde stage to an Al-rich retrograde stage. It also shows the overlap between all
garnet categories except bright zones in type-I garnet. The compositional ranges are
the same throughout the extent of the profiles as seen from garnet from non-
mineralised and mineralised drillCOreS ...........oovviiiiiiieiii e 16

Figure 5: Backscatter electron images (A, B, D-H, J-L, N, O) and reflected light
photomicrographs (C, I, M) showing mineralogy and key textures of skarn matrix
(A-F), mineralization (G-N) and marker horizon (O). (A) Fine-grained skarn matrix
consisting of amphibole (Amph), talc (Tal), calcite (Cal) and coarse garnet (Grt).
Note replacement of Grt by minerals from the matrix shown by boundary corrosion
and inclusion formation. (B) Apatite (Ap)-rich band within the skarn matrix. Note
small, subhedral grains of garnet (type M) on the margin of such bands. (C) Acicular
ferro-actinolite (Fe-Act) aggregate with radial growth (shown by the undulatory
pleochroism). (D) Amphibole crosscutting boundaries of quartz (Qz) and sphalerite
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(Sph); Cp=chalcopyrite. (E) Mn-rich radial aggregate of chlorite (Chl) in Fe-rich

chlorite. (F) Pseudomorphic replacement of a pre-existing short prismatic mineral

(pyroxene?) by talc. (G) Replacement of Grt by Cp. Note the outer rim of Grt outside

the Cp. (H) Bornite (Bn)-galena (Gn) inclusions within Grt core. (1-K) Symplectites

between various sulphides, Bn-chalcocite (Cc) in (1), wittichenite (Wit)-Cc in (J),

Cp-Sph and tetrahedrite-tennantite (Ttn) in (K). (L) Detail of Ttn domain (marked by

rectangle on (K), showing compositional heterogeneity in terms of Sh-(brighter) and

As-rich (darker) domains. (M) Bornite with Hm inclusions within Ap-rich carbonate

rock. (N) Native silver (Ag) inclusion in Bn from the same rock as (K). (O) Euhedral

pyrite (Py) in K-feldspar (Kfs)-rich rocks from the marker horizon...........cc.cccccoeoie. 18
Figure 6: Chondrite-normalised REY fractionation trends for garnet from above and below

the marker horizon, and from mineralised and non-mineralised skarn. Categories of

garnet are split into prograde and retrograde, with sub-categories, early to late

prograde and general to local retrograde. Early prograde type-I garnet shows distinct

LREE-enrichment, with positive Eu- and negative Y-anomalies. Late prograde, type-

Il garnet shows MREE-HREE-enrichment and LREE-depletion. Retrograde

categories, including brecciated type-1, display a hybrid trend between early prograde

and late prograde trends, showing slight LREE-enrichment trending up to MREE-

HREE enrichment. All other trends, with the exception of the garnet containing

apatite emulsions, show LREE-depletion and relative MREE-HREE enrichment. The

garnet-apatite emulsions show flattish-trends with negative Eu-anomalies. See text

for further eXplanation ............cc.ooiiiir i 32
Figure 7: Binary plots for garnet. (a) As vs. W, (b) Sc vs. Cr, (c) Hf vs. Zr, (d) Nbvs. Y, (e) Y

vs. V, () Nbvs. V, (g) Zrvs. V, (h) Uv. W, (i) Y vs. Ce, (j) Y vs. Cr, and (K) V vs.

Sc. Two distinct trends can be seen: the first represents a strong correlation between

two elements across the dataset; the second shows a distinct split of the population

between prograde and retrograde garnet Categories. .......cccvvreiivreiirreeiiireerieeesieeesieeens 36
Figure 8:LA-ICP-MS mineral element map of a coarse-grained garnet from thin section

sample GH1-3 808.5 with optical image of the same grain (top left). The grain

shows oscillatory zoning between darker zones within the bright core and the

outermost rim. Element analysis in counts per SeCONd.............cceeviveeiiiieeiiieeiiie e 38
Figure 9:LA-ICP-MS mineral element map of a coarse-grained garnet from polished block

sample GH2_945.7 with optical image of the same grain (top left). The grain shows a

core and dark zones with oscillatory zoning and an outermost rim. Element analysis

IN COUNES PEI SECONM ...ttt ettt e e s e e et e e et e e et e e et e e e st e e e nteeeanraeesnneeeanes 39
Figure 10: LA-ICP-MS mineral element map of a coarse-grained garnet from polished block

sample GH2_908.6 with optical image of the same grain (top left). The grain shows a

core with darker zoning replaced by sulphides (galena and chalcopyrite) enclosed by

an outermost rim. Suphides (Chalcopyrite and sphalerite) are also interstitial to the

garnet. Element analysis in counts per SECONd............ccceeeviriiiieeiiiei e 40
Figure 11: LA-ICP-MS mineral element map of a brecciated garnet from polished block

sample GH4_874 with optical image of the same grain (top left). The grain shows a

bright core with an intensely brecciated darker zone. Element analysis in counts per
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Figure 12: Schematic representing the overall textural types of garnet formed through space

and time during the evolution of the Punt Hill skarn system. Textures of garnet begin

with early-prograde type | garnet, which undergoes an initial cycle of brecciation,

progressing through to late prograde where type 11 garnet forms around type | as well
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as forming inclusion rich grains. Retrograde stage of skarn evolution is characterized

by sulphide deposition and the formation of a rim around type | garnet. Local cases

of fluid assisted brecciation and mineral reactions are formed during late retrograde,

including, rim bracketed by sulphides, apatite emulsions, fluidized brecciation and

MALTIX GAIMIET ...ttt ettt ettt ettt e et e st et 49
Figure 13: (A) Contoured plan-view showing W concentration in bright cores of type-I garnet.

The highest W concentrations are shown as the darkest green shell in the diagrams,

followed by a lighter green shell at 400 ppm and 300 ppm, respectively. The lowest

W concentrations are shown in light blue shells at 200 ppm to dark blue shells at 100

ppm. (B) Contoured plan-view showing XREY concentration in late type-I1 garnet.

White contour shells show 100-200 ppm XREY, yellow 200 ppm, orange 300 ppm

YREY, and the highest concentrations (in drill hole GHDDS5 at 400 ppm XREY). (C)

Contoured plan-view showing the overlap between XREY in dark zones within type-

| early-prograde garnet (blue and green contour shells), and rim garnet formed during

late retrograde stage (yellow to red contour shells). Prograde type I-D garnet trends

show the lowest REE concentrations (80- 150 ppm, blue contour shells) with highest

concentrations ranging up to 200-350 ppm (green contour shells). (D) cross-section,

and (E) and oblique plan view showing Cr contour shells (yellow, 81-95 ppm),

increasing to red shells (230- 350 ppm). The NNE-section reflects lowest As

concentrations (250-360 ppm; green contour shells). The highest As concentrations

(dark blue contour shells, 780 ppm) are from non-mineralized, less-retrogressed drill

holes along the NNW structure (SE SECLION) .....cccveeeiiiieiiie e cee e 55
Figure 14: All LA-ICP-MS samples from drillcores GHDD1, GHDD2, GHDD3, GHDD4,

GHDD5, GHDD6 and GHDD7. Samples include skarn and marker horizon intervals..65
Figure 15: LA-ICP-MS mineral element map of a course grained garnet from thin section

sample GH1-932.3 with optical image of the same grain (top left). The grain shows a

bright core with intermediate, darker coloured weak growth zones and an outermost

rim. Element analySis IN PPM ......vee i 89
Figure 16: LA-ICP-MS mineral element map of a course grained garnet from thin section

sample GH1-847.8 with optical image of the same grain (top left). The grain shows a

bright core with oscillatory zoning of intermediate, darker coloured weak growth

zones and an outermost rim. Element analysis in counts per second..............c.ccceevvenenn 90
Figure 17: LA-ICP-MS mineral element map of a course grained garnet from polished block

sample GH5-845.4 with optical image of the same grain (top left). The grain shows a

bright core with intermediate growth zones and an outermost rim. Element analysis
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Figure 18: LA-ICP-MS mineral element map of a course grained garnet from polished block

sample GH6-898 with optical image of the same grain (top left). The grain shows a

bright core with intermediate growth zones and an outermost rim. Element analysis
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Figure 19: backscatter electron image showing amphiboles throughout the matrix (apatite

(Ap) + titanite (Ttn) + calcite (Cal)). (A) Association between hornblende (Hbl), talc

(Tal) and calcite (Cal) with garnet (Grt). (B) Growth of actinolite within an area of

course-grained calcite. (C) Close-up of a surface of zoned actinolite. (D) Elongated

growths of Hbl within calcite. (E) Large growth of Hbl, forming needle-like shapes

within calcite. (F) Close-up from image (E) showing elongated and oriented hbl

within calcite. (G) Characteristic matrix of Punt Hill skarn comprising of apatite,
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elongated actinolite and calcite. (H) Less magnified view of image (G) including
growths of matrix garnet and an apatite-rich band. ..............ccccoeviiiiii e, 93
Figure 20: Backscatter images showing (A) gold (Au) grain within a quartz vug. (B) Grain of
silver (Ag) within an apatite and calcite matrix. (C) Galena (Gn) with inclusions of
silver within an apatite-rich matrix. (D) Chalcocite (Cc) with inclusions of
wittichenite (Wt) in quartz-rich matrix. (E) Irregular patch of bornite showing an
inclusion of cassiterite (Cs) in an apatite-rich matrix. (F) Bornite within an apatite-
matrix showing close association with silver. (G) A grain of coffenite (Cof) and
scheelite (Sch) within a quartz vug. (H) Coarse-grained quartz hosting calcium-rich
REE. (1) Thorite (Thr) grains forming within a patch within the K-feldspar-rich
marker horizon (J) Native copper scattered (K) Association between chlorite and a
mixture of gersdorffite (Ger) and cobaltite (Cob) located within the K-feldspar-rich
marker horizon. (L) Irregular-formed patches of barite (Bar) located within the
matrix and adjacent t0 GANEL. ........ioiiiiie e 94
Figure 21: Backscatter electron images showing (A) Brecciated garnet (Grt) with infill of
later-formed chalcopyrite (Cp) that comprises the bulk of the matrix. Cp is
accompanied by sphalerite (Sp). (B) A heavily brecciated garnet grain which shows
almost complete replacement by late-chlorite. (C) Garnet displaying an early-formed
core with oscillatory zoning (type 1) being progressively replaced by chlorite and an
outermost rim. Sulphides (Cp and Sp) comprise the bulk of the matrix with lesser
calcite and actinolite. (D) A portion of a garnet grain showing retangular, elongated
inclusions of talc (Tal) intergrown with quartz. (E) Garnet with replacement of dark
zones by quartz (Qtz) within the oscillatory zoning and outermost rim. (F) Coarse-
grained garnet crystal showing bright core with dark zones replaced by chalcopyrite
and galena. Cp and Gn is also present interstitial to garnet. (G) Garnet grains within a
matrix of pyrite (Py) and chalcopyrite. Pyrite is being progressively replaced by
chalcopyrite. (H) Low magnification image of garnet with apatite emulsion. Large
grains of apatite (Ap) are present surrounding the matrix and garnet. (I) Reaction of
garnet with apatite creating an emulsion-like texture. Apatite grains approximately 2-
20 IMICTONS TN SIZE. .vieieieiie ettt e st e et et e e be e et e nees 95
Figure 22: Backscatter electron images depicting mineralization throughout skarn intervals.
(A) Intergrowth texture between chalcopyrite (Cp), sphalerite (Sp), tetrahedrite (Td)
and galena (Gn). (B) Idiomorphic oscillatory zoned garnet with chalcopyrite
replacing dark zones. Chalcopyrite is also interstitial to the garnet grain, within a
calcite matrix. (C) Weakly-zoned, brecciated garnet with infill of chalcopyrite within
veinlets. Garnet grain is surrounded by a matrix of chalcopyrite and calcite. (D)
Fluorite (F) with remobilised inclusions of chalcopyrite and tetrahedrite (Td) in K-
feldspar-rich matrix (Kfs). (E) Grain of silver within an apatite and calcite-rich
matrix. (F) Magnified view of tetrahedrite with distinct zoning patterns. (G) Irregular
bornite (Bn) patch within an apatite-rich matrix. (H) Association between apatite
(Ap) and late-stage infilling of hematite (HM).........cooviiiiiiii e 96
Figure 23: Optical images showing mineralization throughout the skarn intervals. (A) Garnet
grain showing replacement of oscillatory zoning by chalcopyrite (Cp) and galena
(Gn) enclosed by an outermost rim. Chalcopyrite and sphalerite (Sp) are also
adjacent to garnet in large patches. (B) A coarse-grained oscillatory-zoned garnet
being replaced by chalcopyrite, enclosed by an outer rim. Sphalerite is adjacent to
garnet and shows chalcopyrite disease (inclusions of Cp throughout). (C) Garnet
grains surrounded by a matrix of chalcopyrite (Cp) rimmed by sphalerite (Sp) with
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inclusions of bornite (Bn) and galena (Gn). (D) Garnet with infill of sulphides,
including large patches of chalcopyrite with intergrowths of sphalerite (Sp),
tetrahedrite (Td) and galena (Gn). (E) Patches of chalcopyrite (Cp) rimmed by
sphalerite (Sp), interstitial to garnet with enclosed skeletal chalcopyrite. (F) Islands
of garnet within a chalcopyrite intergrown with sphalerite-rich matrix. (G) Large
irregular patch of bornite (Bn) associated with inclusions of silver (Ag) in an apatite
and calcite-rich matrix. (H) Chalcocite (Cc) intergrown with bornite (Bn), residing
within a quartz vug in garnet. (1) Elongated actinolite (Act), within a fine-grained

pyroxene (Pyr) and chlorite (Chl) MatriX........c.ccooiiiiiiiiiiiie e 97
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