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HYDROTHERMAL EVOLUTION OF THE CAIRN HILL IOCG DEPOSIT

ABSTRACT

The Cairn Hill Fe-(Cu-Au) deposit is located within the World-class 1.6 Ga Olympic
iron oxide-copper-gold (I0CG) Province of the Gawler Craton, South Australia. Cairn
Hill deposit formation was penecontemperaneous with regional orogenesis, and is

interpreted as a deep-level, ‘magnetite-rich’ end-member I0CG system hosted by an

upper-amphibolite quartzofeldspathic ortho-gneiss and Mesoproterozoic (1600 - 1575
Ma) Hiltaba-equivalent Balta-suite granites and granodiorites. U-Pb zircon SHRIMP
dating of a representative host rock and cross-cutting foliated granitic dyke, constrains
the timing of mineralisation between ~1587 Ma and ~1525 Ma, respectively; suggesting
an affinity to Hiltaba-age granitoids. The deposit strikes E-W over a distance of 1.3 km
and is up to 40 m wide. It is characterized by two mineralised zones: the North- and
South- Lodes, coincident with subsidiary structures within the transpressional Cairn Hill
Shear Zone (CHSZ), and concordant with the strike of the encompassing magnetic
anomaly. Progressive exhumation resulted in temperature and pressure decreases under
high-fluid pressure causing the CHSZ to cross the brittle-ductile transition. This
occurred relatively late in the hydrothermal-metamorphic evolution, resulting in a
contractional duplex in a restraining bend suggestive of a positive flower structure
providing an optimal conduit for hydrothermal fluid-flow. Early Na-Ca alteration has
affected the host rocks predominantly characterised by albite + scapolite + diopside +
actinolite/titanite. Extensive K-Fe metasomatism has affected the host rocks overprinted
by localised zones of intense, texturally-destructive high-temperature magnetite-biotite
alteration that is typical of a transitional-style IOCG system. Associated hypogene iron
mineralisation predominantly consists of magnetite, with extensive zones of a
superimposed texturally-complex sulphide assemblage (pyrite-pyrrhotite-chalcopyrite).
Definition of the IOCG deposit clan remains a contentious issue, primarily due to mis-
classification and poor understanding of some individual deposits. Nevertheless, the
general consensus is that IOCG deposits sensu-stricto represent a spectrum between
high-temperature, deeper magnetite-rich end-member systems, such as Cairn Hill, and
lower-temperature, shallower hematite-rich end-members.
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Figure 5: Paragenetic sequence of the Cairn Hill deposit. The sequence is divided into
five main stages: (i) protoliths (primary assemblages); (ii) early high-temperature
alteration assemblages; (iii) prograde and retrograde (e xo-)skarn; (iv) Retrograde
assemblages including mineralisation, post-ore alteration and the regional metamorphic
overprint; and, (v) later overprints. Most stages overlap and hydrothermal associations
are temporally-, spatially- and chemically-linked to the mineralisation event. Bold to
dashed lines represent the relative abundance of each mineral formed in each stage, and
confidence of observation, respectively. (s.s. = solid solution; Ce = cerium; Y =
yttrium; Fe = iron; Mg = magnesium; Na = sodic; Ca = calcic; K = potassic) .............. 26
Figure 6: Compilation of images collected in the field located from the Cairn Hill area.
Images B-G, H, | and L are representative textures and mineralogy from diamond drill-
holes (CHDCu01; 02; and, 03; Figure 4) within Cairn Hill. Images A, F, and J-Lare
selected images resultant from the field campaign, involving geological mapping and
sample collection. (a) Mylonitized host rock located within the ductile Cairn Hill Shear
Zone. Delta clasts are rare, and occurrences are not considered reliable, however some
delta clasts provide a ~E-W kinematic indicator validating previous observations.
Quartz + K-feldspar clasts show evidence of shearing (rolled clasts) within a milled

(fine-grained) biotite + magnetite matrix typical of a mylonites texture. (b) Magnetite +

biotite + amphibole altered matrix, with late (brittle) quartz veining; with pyrite +
chalcopyrite evident along the margins. (c) Very typical textures within the Cairn Hill
orebody; intimate association between quarts and chalcopyrite-pyrite completely

surrounded by green amphibole (likely hornblende) + magnetite. (d) Brecciated zones,

with intense magnetite + biotite alteration with later pyrite-chalcopyrite selectively
replacing along the biotite fabric. This is considered to be an earlier relationship with
respect to the main mineralisation paragenetic stage. (e) Brecciated orebody with
coarse-grained magnetite and hornblende (metamorphic?) crystals within a quartz
matrix; pyrite + chalcopyrite overprints these assemblages. (f) Regional-scale view
showing the eastern wall in Pit 1, identifying the main shear/fault zones affecting the
ore, apparent (isoclinal) folding of the magnetite-biotite (schist) orebody and pegmatitic
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dyke. (g) Albitite. Typically preserved at depths >400 m within drill-core. Creamy
coloured albite is remnant albitization of the host rock, along with minor quartz +
biotite + magnetite. (h) Boudinaged quartz + K-feldspar + tourmaline-rich pegmatite,
showing a nicely developed shear margin; hosted within a folded clast-rich granitic-
gneiss host rock. (i) Relatively coarse-grained granite/pegmatite cut by a magnetite +
biotite-rich matrix, overprinted by quartz veins that show marginal folding. Again,
pyrite + chalcopyrite is intimately associated with the magnetite and quartz grain

margins. (j) Representative image of the (mostly massive orebody) magnetite + biotite +
sulphides schist lithotype. (K) Typical feature on the margin of the Orebody along the

shear zone contacts: sschistose biotite + muscovite with a quartz core, which sometimes

hosts chalcopyrite. This is considered a retrogressive metamorphic feature indicating
high fluid/rock ratios resulting in remmobilsed Cu to these margins. (I) A rare,
nonetheless very interesting texture showing idiomorphic sphalerite (black) with
chalcopyrite observed along the contact margins. This provides evidence towards the
Cairn Hill hydrothermal system shifting from a ductile regime to relatively brittle,
indicated by open-space, INFIll TEXTUIES. ..........cooiiiiiiiee e 28
Figure 7: Back-scatter electron (BSE) images showing petrographic aspects of early
high-temperature Na-Ca(-Fe) alteration. (a) Pseudomorphic replacement by late-stage
Oam of early Scp within a matrix of Di; early Py growth is evident on the Scp margin.
(b-d) Calc-silicate alteration typified by coarse-grained Di and Hbl with accompanying
Act-Tr and early Chl. Texturally destructive, retrogressed Czo and Cal has affected
early assemblages, notably in (b). (e) Concentric texture comprising Qtz rimmed by Or
within a pervasive Ab matrix. Paragenetically early, porous Ab has been relatively
unaffected (rare) by later potassic alteration. Remnant Hbl is evident within the top-
right Qtz grain. (f) Olg-Ab matrix with later Mag being selectively replaced by early Rt
and later Ttn. (g) Early Di-Act-Scp assemblage preserved, overprinted by high-
temperature Mag + Ap + Bt assemblage. Late, lower-temperature orthoamphibole
alteration (Ged) is evident, along with minor Zrn. (h) Early, potentially magmatic Ap,
replaced at the margins by minor Mag; both are overprinted by Hs + Chl. Qtz + Olg are

evident, and retain the ‘porous’ features evident in what may have been earlier

albitization that has been obliterated. (i and ) Early, cleavage-oriented lamellar Ab
replacing primary (magmatic) Mc and Ap. Late Mag growth is evident (i only) .......... 30
Figure 8: Back-scatter electron (BSE) images showing aspects of K-Fe alteration. (a and

e) Early Ap and Mag crystals altered by Or+Bt+Chl; relict Olg and Ab is present. Both
images implicate early Mag-ApxBt assemblages altered by syn- to later- K-assemblages
evidenced by OrxBt-Chl alteration. (b) Magmatic And replaced by Ab, with minor Qtz

inclusions. Later Mag and Or replaces Py, with Ccp evident as “inclusions,” it is likely
Ccp was trapped during Py growth,. The bleb-like texture of Ccp may relate to the
reequilibration of the Ccp during metamorphism. Bt is evident along the margins of
Mag and Py. (c) Large grain of Thr replacing earlier Gn (noted in D only) and Py,
rimmed by early, higher-temperature assemblages indicative of sodic-calcic to potassic

alteration. Early Bt rims around Thr replacing pre-existing Ab and Olg + Mc; Or

represents paragenetically later-stage K-alteration. (d) Detailed image of Thr core,
illustrating Py and Gn inclusions within Thr. Gn likely to have formed from radiogenic
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Pb, a decay product of U within the Thr crystal lattice. S probably sourced from minor
breakdown of Py. (f) Ab-Olg (Oligoclase)-Mag matrix altered by later Bt, along with
chlorite (Chl) selectively replacing Bt; both minerals overprint Qtz. Re-crystallisation of

Ab = Olg is evident affecting Bt grain. (h) Early albitisation and Mag formation

affected by overprinting Or + Qtz assemblage. Bt is observed to form syn-Mag
alteration, as it replaces earlier Mag, however is also seen to be replaced by Mag. Minor
monazite inclusions are evident iN Mag. ........c.coviiiiiiiie s 32
Figure 9: Back-scatter electron (BSE) images representing early low-temperature late-
stage (retrogressed) alteration. (a) Typical textures of early assemblages with observed
overprinting by later-staged alteration, preserved within granite host rocks. Early
Mag+Bt replaced by Chl and Oam within a Qtz matrix. Martitization is evident
(pseudomorphic replacement of Mag by Hem). (b-c and e) Typical pseudomorphic

textures: replacement of Ccp by Oam (anthophyllite-gedrite) and Chl £ Hem within a

matrix of massive Mag. (d) Qtz+Cal alteration within a Di-rich matrix overprinted by
rare Tlc and also Oam. (f) Very typical alteration within the Cairn Hill orebody:
Massive assemblages of Mag-Py with crosscutting late-stage brittle fractures infilled by
sphalerite (Sp) overprinted BY Oam.........cccooiviiiiii i 35

Figure 10: Back-scatter electron (BSE) images (a-b, d; g-h) paired with field images (c,

e-f) representing numerous overprinting/later stage alteration phases, including the
(palaeo-)supergene event (a-d); Fluorite-calcite-rich overprint (f); and, regional
metamorphic overprint (e, g-h). (a-b, and d) Concentric-style, pseudomorphic
replacement of Mag by pervasive, bladed Hem (martitization). Cc and Bn are
concentrated within Sd-rich alteration zones. Qtz alteration is evident as infill within
brecciated, Mag-rich zones (c) Ser-Chl matrix infill within a (fault) breccia suggestive
by angular clasts of feldspar (likely K-feldspar + minor albite). (e) Red (grossular)
garnet within the QFBM gneiss, selectively forming along ferro-magnesian-rich layers.
These garnets are considered to be of metamorphic origin. (f) FI + Cal + Qtz-rich
vein/pervasive replacement of a sample of QFBM gneiss; this overprint is quite rare. (g-
h) Bt + Chl + Qtz + Oam with accompanying Mag + Olg is interpreted to represent the
regional metamorphic overprint. These assemblages have a well-defined schistosity and
overprint all hydrothermal alteration assemblages. ... 37
Figure 11: Reflected-light photomicrographs (a-b), back-scatter electron (BSE) images
(c-d) and transmitted photomicrographs (in plane polarized light; E-F) showing textures
and relationships among iron oxides in the ore zones (a-d) and skarn (e-f). (a) Coarse-
grained Mag crystals within later Po-Py matrix, and with Hem rims on magnetite and
infilling fractures. (b) Hem selectively replacing coarse-grained Mag (martitization). (c)
Strongly brecciated Mag with pervasive Hem alteration; Hem and Qtz define matrix
material (d) Concentric texture in which bladed Hem pervasively replacing coarse-
grained Mag with Sd infill along fractures, where well-developed secondary Cc is also
evident. (e) Contact between Gt-Mag-rich domain and Scp-dominant zone in prograde
skarn. (f) Microcrystalline, yellow Ep replacing Scp adjacent to intergrowth of brown
Gt and opaque Mag. Qtz + Chl occur as fracture infill within Mag. Ep + Qtz + Chl
represent some minerals associated with retrograde skarn. ...........c.ccooevvieiiienninnne, 39
Figure 12: Reflected-light photomicrographs (a-f) and back-scatter electron (BSE)
images (g-h) showing petrographic aspects of the main mineralisation stage. (a) Early
Mag-Po assemblage overprinted by Hem and Sp alteration representing the paragenetic
association of the main mineralisation stage. Minor Py is evident within Po, interpreted
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J.M. Clark
Hydrothermal evolution of the Cairn Hill IOCG Deposit

to have exsolved from the host during later-staged retrograde stages. (b) Exsolution of
Py within pre-existing Po; Hem selectively alters Py. (c) Typical idiomorphic Py grains
surrounded by chalcopyrite (Ccp), which is in turn rimmed by Bn. Cc within fractured
zones in Bn is likely secondary. (d) Mag and later Ccp (with intergrowths of Py)
pervasively altered by Hem. (e) Inclusions of Gn within coarse-grained Sp, Cairn Hill

ore-zone. (F) Typical coarse-grained “massive” Mag with fractures infilled by Ccp and

later Oam alteration. Fracturing of pyrite provides the foundation for late Hem infill £

Ccp-Oam-Bn (f-g) Early coarse-grained Po-Py and iron-oxide (Mag-Hem) surrounded
by Ccp and later Sp, in turn overprinted by late-stage Oam alteration; (most likely
aANtNOPNYIIITE-GEANITE). ..c.viieiiiiiiiee e 41

Figure 13: Back-scatter electron (BSE) images representing accessory phases at Cairn
Hill. (a) Siderite enveloping and breaking down large Thr grain; compositional

differences are evident within Thr — the presence of U-rich portions indicates

decomposition o intermediate-member thorite-coffinite (ThSiO4-USiO,) solid solution
series. (b) Detailed image of Cof exsolving out of the Thr, noted in (a). (c) Intimate
association between Py, Xnt-(Y) and Mnz-(Ce), adjacent a later, large Thr within
albitized matrix. (d) Reinforcing the close relationship between Xnt and Mnz-(Ce)
adjacent to a hydrothermal/metamorphic (zoned rims evident) Zrn and large Thr. Minor
Py is evident. (e) Large Mnz-(Ce) pseudomorphed by pervasive Oam alteration, a
common feature expressed within later-staged retrograde alteration. (f) Early,
potentially magmatic, Ap with abundant Mnz-(Ce) inclusions. Coloured zonation within
Ap represents a Ca-rich rim paired with a Ca-poor core; this may be suggestive of a
hydrothermal overgrowth. (g) Early Ap + Mnz-(Ce) affected by minor Chl along the
rims, within early albitized And, adjacent later hydrothermal potassic feldspar (Or). (h)
Again, early albitization is evident, with minor (magmatic?) Ap broken down
consequent of the early alteration. Large Mnz-(Ce) pseudomorphing pre-existing Ap,
associated with adjacent Zrn. Zrn shows minor zonation, indicating a potential
hydrothermal or metamorphic origin. Mnz-(Ce) inclusions are evident within the porous
AIDITE IMALFIX. .1ttt e et sbenbesreene e 43
Figure 14: (a-b) Stability relationships in the system Fe-S-O in terms of temperature,

fO2 and fS2. C: Approximated diagram of relationship between pH and fO2 at

temperatures <350-300 C and 1.5-4 kbar, showing the possible evolution of pH and O2
of the mineralising fluid (arrow) from initial, higher-temperature reduced conditions to
later, lower-temperatures, oxidized conditions (copper-bearing paragenesis). (a-c)
Adapted from Rotherham (1997) .......oooeeiiieeece e 49
Figure 15: Conceptual ore genesis model(s) integrating magmatic-hydrothermal
continuum with alternative fluid sources providing external sources for S (SO4-);

resulting in “fluid-mixing” of meteoric/bittern fluids and/or metamorphic/basinal fluids
with magmatic fluids producing distinctive hydrothermal alteration haloes and
mineralising styles. The two stars indicate Cairn Hill’s potential position(s) representing

either a purely magmatic-hydrothermal model, or alternatively a fluid-mixing model
favoured by most literature with respect to IOCG formation. (a) Adapted from Richard
and Mumin (2013) and Williams (2014). (b) Modified after Haywood (2010)............. 53
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Hydrothermal evolution of the Cairn Hill IOCG Deposit

Table 1: Stratigraphy of the Mount Woods Inlier. Modified after Chalmers (2007). .... 14
Table 2: Summary of sample stratigraphy and mineralogy; refer to Figure 4 for specific
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