Chemical Geology 560 (2021) 119975

Contents lists available at ScienceDirect

CHEMICAL
GEOLOGY

Chemical Geology

ELSEVIER journal homepage: www.elsevier.com/locate/chemgeo

t.)

Check for

The mineralogical and lithogeochemical footprint of the George Fisher | e
Zn-Pb-Ag massive sulphide deposit in the Proterozoic Urquhart Shale
Formation, Queensland, Australia

Philip Rieger ", Joseph M. Magnall®, Sarah A. Gleeson®", Anja M. Schleicher?,
Marie Bonitz >, Richard Lilly ¢

& GFZ German Research Centre for Geosciences, Germany

b Institute of Geological Sciences, Freie Universitit Berlin, Germany
¢ Department of Earth Sciences, University of Potsdam, Germarny

9 Department of Earth Sciences, University of Adelaide, Australia

ARTICLE INFO ABSTRACT

Editor: Dr. Balz Kamber The Proterozoic Carpentaria Province (McArthur basin and Mount Isa Inlier) in northern Australia comprises a
number of world class clastic dominated (CD-type) Zn-Pb massive sulphide deposits, formally known as SEDEX

Keywords: deposits. In order to identify the geochemical footprint of any mineralizing system it is necessary to characterize

Lithogeochemistry compositional variability of the host rock to mineralization. In the southern Carpentaria, establishing the

CD-type deposit

A baseline composition of the host rock is complicated by varying degrees of tectonic overprint, a lack of meta-
SEDEX deposit

Hydrothermal alteration morphic indicator minerals, and the overall size of the ore forming systems. In this study, samples from drill-
Proterozoic holes intersecting the main ore bodies at the world class George Fisher CD-type massive sulphide deposit have
Mount Isa been compared to samples from a drill-hole intersecting barren, correlative lithologies of the Urquhart Shale
Formation (ca. 1654 Ma). Bulk rock lithogeochemical (X-ray fluorescence, inductively coupled plasma mass
spectrometry and LECO) and mineralogical (X-ray diffraction) analyses have been combined with petrographic
observations to (1) establish the baseline composition of the Urquhart Shale Formation and (2) determine the
geochemical and mineralogical footprint of the CD-type system at George Fisher. The absence of metamorphic
indicator minerals, combined with the preservation of illite in un-mineralized Urquhart Shale, suggests that in
this part of the Mount Isa area, the host rocks did not reach greenschist facies conditions (>300 °C). Chlorite in
the un-mineralized Urquhart Shale is very fine grained (< 10 pm) within interstitial pore spaces with other
phyllosilicates (e.g., illite), and is interpreted to be diagenetic in origin. Relative to the un-mineralized Urquhart
Shale, the first stage of sulphide mineralization (Zn-dominated, stratabound) at George Fisher is associated with
decreased abundances of albite, chlorite, and calcite, and higher abundances of dolomite and phyllosilicates
(muscovite and phlogopite). These mineralogical transformations are associated with strong minor and trace
element depletion (Sr and Na) and enrichment (T1 and Mn). An element index based on this suite of elements (GF

index = 10 <%ﬁ%")> is highly effective in differentiating between the background Urquhart Shale Formation

and the alteration footprint at George Fisher and may provide an additional tool for geochemical exploration
programmes in the Mount Isa area. This study affirms the benefit of combining lithogeochemical, mineralogical,
and petrographic data in order to understand the host rock baseline composition and the alteration footprint of
Carpentaria CD-type massive sulphide systems.

1. Introduction class base metal deposits (Mount Isa, Hilton, and George Fisher), which
collectively have a pre-mining resource of >370 Mt. (10 wt% Zn, 5.6 wt
The Proterozoic Urquhart Shale Formation is host to three world % Pb, and 120 g/t Ag; Large et al., 2005). These clastic dominant (CD-

* Corresponding author at: GFZ German Research Centre for Geosciences, Potsdam, Germany
E-mail address: phil.rieger.geo@gmail.com (P. Rieger).

https://doi.org/10.1016/j.chemgeo.2020.119975
Received 6 August 2020; Received in revised form 30 October 2020; Accepted 1 November 2020

Available online 18 November 2020
0009-2541/© 2020 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


mailto:phil.rieger.geo@gmail.com
www.sciencedirect.com/science/journal/00092541
https://www.elsevier.com/locate/chemgeo
https://doi.org/10.1016/j.chemgeo.2020.119975
https://doi.org/10.1016/j.chemgeo.2020.119975
https://doi.org/10.1016/j.chemgeo.2020.119975
http://crossmark.crossref.org/dialog/?doi=10.1016/j.chemgeo.2020.119975&domain=pdf
http://creativecommons.org/licenses/by/4.0/

P. Rieger et al.

Chemical Geology 560 (2021) 119975

|:| McArthur Basin

El South Nicholson Basin

- Lawn Hill Platform

- Leichhardt River Fault Trough
- Kalkadoon-Leichhardt Block

- Eastern Fold Belt

Gulfloff j

5’51

R
Mountilsa

Fig. 1. Tectono-stratigraphic map of the Mount Isa Inlier and the McArthur basin with major Zn-Pb-Ag deposits marked by asterisks (Gibson et al., 2017; Jackson

et al., 2000). The black rectangle indicates the Mount Isa region shown in Fig. 2.

Table 1

Alteration indexes and element ratios for the Carpentaria Province.
Element abundance/alteration index Formula Threshold Reference
Relative abundance of Co and Ni Co/Ni >1 Lambert and Scott (1973)
Widely dispersed trace metal enrichment Tl, Pb and Zn Tl >4 ppm, Pb >100 ppm, Zn >1000 ppm Large and McGoldrick (1998)
SEDEX metal index (SEDEX MI) Zn + 100Pb + 100 TI >10,000 Large and McGoldrick (1998)
Manganese content of dolomite (MnOq4) (MnO x 30.41)/Ca0O >1.0 wt% Large and McGoldrick (1998)
SEDEX alteration index (SEDEX AI) 100(FeO + 10 MnO) >60 Large and McGoldrick (1998)

FeO + 10 MnO + MgO

SEDEX alteration index 3 (Al mark 3) 100(FeO + 10 MnO) >30 Large et al. (2000)

FeO + 10 MnO + MgO + Al, O3
100(FeO + 10 MnO)

FeO + 10 MnO + MgO + 0.1*SiO>
TI(FeOgo1 + 10 MnOq)

Ge

SEDEX alteration index 4 (AI mark 4)

Isa vector

_ Large et al. (2000)

_ Painter (2003)

type) deposits, formerly known as sedimentary exhalative (SEDEX) de-
posits (Leach et al., 2010), have accounted for a significant proportion of
global Zn and Pb production and have been crucial in satisfying demand
of these base metals for the global economy (Leach et al., 2005). Future
demand will only be met through the discovery of new Zn-Pb deposits,
although exploration models for Carpentaria CD-type massive sulphide
deposits are currently limited by an incomplete understanding of the
geochemical and mineralogical footprints to these systems.

The Mount Isa, Hilton, and George Fisher deposits are located in
close proximity (ca. 20 km) in the Mount Isa Inlier, which is broadly time
correlative with the McArthur basin (both basins comprise the Carpen-
taria Zn Province; Fig. 1). The tectonic and metamorphic gradient in-
creases towards the south of the Carpentaria Province, which has
resulted in considerable debate over the genetic model for the Carpen-
taria CD-type deposits; specifically, debate has mostly focused on the
relative contribution of sedimentary exhalative (SEDEX; e.g., Lambert

and Scott, 1973; Large et al., 1998), subseafloor diagenetic replacement
processes (e.g., Chapman, 2004; Eldridge et al., 1993; Painter et al.,
1999), or syn-deformational replacement (e.g., Cave et al., 2020; Per-
kins, 1998; Perkins and Bell, 1998).

The host rock to the Carpentaria deposits can be broadly character-
ized as a fine-grained, variably pyritic and dolomitic carbonaceous
siltstone (Leach et al., 2010; Leach et al., 2005). Fine-grained siliciclastic
rocks often appear to be relatively homogenous at the hand specimen
scale, but they can preserve considerable compositional heterogeneity
due to the variability of detrital, biogenic and authigenic components (e.
g., Aplin and Macquaker, 2011; Vine and Tourtelot, 1970). Published
lithogeochemical alteration models for the Carpentaria deposits have so
far mostly been informed by the SEDEX model. For example, the
enrichment of several elements (Co, Fe, Tl, Zn, Pb, and Mn) in dolomite
and pyrite in correlative stratigraphy to the McArthur River and Lady
Loretta deposits has been linked with dispersion of trace elements into
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Fig. 2. A. Geological map of the Leichhardt River Fault Trough in the Mount Isa area (after Gibson et al., 2017, Gibson et al., 2016). The Mount Isa, Hilton, and
George Fisher deposits and Shovel Flats drill-hole are marked by asterisks and a circle respectively. B. A stratigraphic chart for the Mount Isa Inlier showing
superbasins and supersequences (after Gibson et al., 2016; Southgate et al., 2000). The approximate stratigraphic locations of the Mount Isa (MI), Hilton (HI), George
Fisher (GF), Lady Loretta (LL), McArthur River (HYC), and Century (CE) Zn-Pb-Ag deposits are denoted by asterisks. In the Mount Isa area, the Gun and Loretta
supersequences are represented by the Mount Isa Group, which is subdivided into the upper and lower Mount Isa Group with approximate formation thickness

adapted from Neudert (1983).

seawater following hydrothermal venting (Lambert and Scott, 1973;
Large et al., 2000; Large and McGoldrick, 1998). As a result, a number of
element ratios and threshold values have been proposed to vector
laterally towards CD-type massive sulphide systems in the Carpentaria
province (Table 1).

One of the major caveats of existing alteration indexes is a sensitivity
to compositional variability that is inherent to the host rock (Large et al.,
2000). The challenge, therefore, is to develop alteration models that are
able to discriminate between compositional heterogeneity that is
inherent to background processes (authigenic, diagenetic, meta-
morphic) and those derived from hydrothermal input. In the deposits of
the deformed Mount Isa Inlier, establishing a baseline protolith
composition is complicated by (1) the varying degrees of tectonic
overprint, (2) the lack of indicator minerals to constrain metamorphic
grades, and (3) the enormous size of the mineralizing systems (e.g.,
Painter et al., 1999). These three aspects limit the availability of suitable
correlative protolith lithologies, which are fundamental for developing
geochemical and mineralogical exploration models.

In this study, we report bulk rock lithogeochemical and

mineralogical data from (1) drill core samples through the main ore
bodies at the George Fisher deposit (165 Mt. at 9.1% Zn, 3.4% Pb, and
55 g/t Ag; JORC, measured and indicated resources, Glencore, 2019)
and (2) from a correlative, barren drill core through mudstones and
siltstones of the Urquhart Shale Formation (Shovel Flats drill-hole),
which is the host rock to the George Fisher, Hilton (now mined in one
operation with George Fisher) and Mount Isa deposits. We present a
suite of compositional and mineralogical data using X-ray fluorescence
(XRF; major elements), inductively coupled plasma mass spectrometry
(ICP-MS, minor and trace elements), LECO (total organic carbon and
sulphur) and X-ray diffraction (XRD; mineralogy) analyses. In combi-
nation with petrographic observations, we have evaluated the baseline
lithological and compositional variability within the Urquhart Shale
Formation and investigated the mass transfer and mineralogical trans-
formations that may have been associated with ore formation and
contributed to the alteration footprint in this part of the George Fisher
deposit.
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2. Geological background
2.1. Mount Isa Inlier, McArthur basin and superbasin cycles

The Mount Isa Inlier and McArthur Basin formed in an intra-
continental setting during the Paleo- to Mesoproterozoic (Fig. 1; Betts
et al., 2016, Betts et al., 2002; Giles et al., 2002). Basin formation was
initiated during the late Paleoproterozoic (ca. 1790 Ma) and was fol-
lowed by several episodes of rifting, sag phases and inversion, which are
recorded by sedimentary rocks that can be separated into 3 unconfor-
mity bound superbasin sequences (Leichhardt Superbasin, Calvert
Superbasin and Isa Superbasin; Gibson et al., 2016; Giles et al., 2002;
Southgate et al., 2000). Basin closure then corresponded with the onset
of the Isan orogeny (ca. 1600 Ma; Page et al., 2000).

Based on lithostratigraphic and chronostratigraphic correlations,
these superbasin sequences are further subdivided into 12 correlated
supersequences (e.g., Jackson et al., 2000; Page et al., 2000; Southgate
et al., 2013). The Calvert and Isa Superbasins, which host the Mount Isa,
George Fisher — Hilton, Lady Loretta, McArthur River and Century de-
posits, consist of the Big and Prize supersequences (Calvert Superbasin;
Southgate et al., 2013; Southgate et al., 2000) and the Gun, Loretta,
River, Term, Lawn, Wide and Doom Supersequences (Isa Superbasin;
Southgate et al., 2013, Southgate et al., 2000). In the Mount Isa area,
there has been debate over whether the host rocks to the Mount Isa and
George Fisher — Hilton deposits (Fig. 2; Gun Supersequence) belong to
the Isa Superbasin (Southgate et al., 2013, Southgate et al., 2000) or to
the Calvert Superbasin (Gibson et al., 2016).
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2.2. Mount Isa Group

The Mount Isa Group comprises a series of fine-grained, clastic
sedimentary rock formations that belong to both the Gun and Loretta
supersequences (Fig. 2b). Sedimentation was interpreted to have
occurred during transgressive and highstand conditions on a gently in-
clined shelf in the Leichhardt River Fault Trough, which resulted in
deposition of siliciclastic and carbonate facies (Southgate et al., 2013).
The formations of the Mount Isa Group can be further separated into the
Lower and Upper Mount Isa Group by an unconformity between the
Breakaway Shale and the Native Bee Siltstone (Fig. 2; Mathias and Clark,
1975; van den Heuvel, 1969). There is an overall decrease in grain size
through the Lower Mount Isa Group, with near-shore deposition of
conglomerates and sandstones of the Warrina Park Quartzite tran-
sitioning to finer-grained deeper water siltstones and mudstones of the
Moondarra Siltstone and Breakaway Shale (Derrick, 1974; Domagala
et al., 2000; Mathias and Clark, 1975; Neudert, 1983). The Upper Mount
Isa Group (Fig. 2b) is composed mainly of siltstones and mudstones,
which are mostly thinly bedded and comprise dolomite, quartz, K-feld-
spar, albite, muscovite, phlogopite and chlorite with minor calcite, py-
rite, siderite, tourmaline, zircon, rutile and carbonaceous matter
(Neudert, 1983).

2.3. Urquhart Shale Formation

The Urquhart Shale Formation mostly comprises laminated to
bedded siltstones and mudstones and has a gradational contact with the
underlying Native Bee Siltstone Formation and the overlying Spear
Siltstone Formation (Bennett, 1965; Neudert, 1983). The Urquhart Shale
is siliceous to dolomitic, variably pyritic and carbonaceous and can
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Fig. 3. Temperature constraints for (A) the Urquhart Shale Formation, (B) the George Fisher and Hilton deposits, and (C) the Mount Isa deposit. The green bars
indicate temperatures of diagenetic chlorite formation and of greenschist facies metamorphic conditions. Individual temperature constraints are derived from: (1)
bitumen reflectance (Chapman, 1999), (2) illite crystallinity (McClay, 1979), (3) maximum burial temperature derived from clay fraction analysis (this study), (4-6)
calcite twinning, fractal analysis of quartz and from pyrrhotite twinning (Murphy, 2004), (7) alteration associated with Cu-mineralization derived from chlorite
stability (Chapman, 2004), (8) alteration associated with Cu-mineralization derived from chlorite stability (Valenta, 1988), (9) regional metamorphism in the Eastern
Creek Volcanics derived from chlorite-quartz isotopic equilibrium (Hannan et al., 1993), (10) crystal structure of pyrrhotite (van den Heuvel, 1969), (11-12)
temperature of Zn-Pb and Cu mineralization derived from sphalerite-galena and sphalerite-pyrrhotite S-isotope equilibrium respectively (Painter et al., 1999), (13)
fluid inclusion homogenization temperatures in Cu mineralization (Heinrich et al., 1989), (14) chlorite alteration associated with Cu-mineralization (Waring, 1990),
(15) clumped isotopes in carbonates associated with Cu-mineralization (Mering et al., 2018), and (16) sphalerite thermometry (Cave et al., 2020). Temperature
constraints are grouped by their relationship to regional metamorphism (Eastern Creek Volcanics), diagenesis (Urquhart Shale), Zn-Pb mineralization, deformation,
or Cu-mineralization. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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generally be distinguished from the Native Bee Siltstone and Spear
Siltstones by a much higher abundance of pyrite (Neudert, 1983). The
depositional ages of the Urquhart Shale Formation at the Mount Isa and
George Fisher-Hilton deposits have been determined via U-Pb dating of
zircons from interbedded tuff beds (1652 + 7 Ma and 1654 + 5 Ma
respectively; Page et al., 2000; Page and Sweet, 1998).

Several sedimentary facies have been identified in the Urquhart
Shale Formation, which have generally been linked to sabkha or playa
environments and emergent to semi-emergent conditions in the lower
Urquhart Shale and a more distal, carbonate slope to basin environment
in the upper Urquhart Shale (Neudert, 1983). Further facies analysis
refined this model and identified three dominant sedimentary facies in
the Urquhart Shale Formation (Painter et al., 1999; Painter, 2003): (1) a
rhythmite facies, comprising fining-upwards sequences of inter-
laminated mudstones and siltstones, with abundant nodular carbonates
as pseudomorphs after sulphate evaporites in the siltstones; notably, this
facies comprises the bulk of the Zn-Pb mineralization at the Mount Isa
deposit; (2) a carbonate cemented siltstone facies, which consists mostly
of barren, massive calcareous and dolomitic siltstones with minor
mudstones; and (3) cross-laminite facies, comprising cross-laminated
siltstones and fine sandstones with minor mudstones. Based on these
sedimentary facies, the overall depositional environment of the Urqu-
hart Shale was interpreted to resemble sedimentation on a carbonate
slope proximal to a saline mudflat or sabkha environment (Painter,
2003). Alternatively, sedimentary features, which were previously
interpreted to represent evaporitic processes (e.g., nodular carbonates),
were interpreted as diagenetic precipitates and overall the Urquhart
Shale was considered to have been deposited as rhythmites in a deeper
water environment (Domagala et al., 2000).

Previous lithogeochemical studies on the Urquhart Shale Formation
have focused on drill core samples from between the Mount Isa deposit
and the Transmitter Fault (Painter, 2003; Fig. 2). The Urquhart Shale is
generally depleted in silicate-associated elements (Si, Al, Ti, Na, + K)
and enriched in carbonate-associated elements (Ca, Mg, Mn, + Fe)
relative to Post-Archean-Australian-Shale (PAAS; Nance and Taylor,
1976). Late diagenetic Zn-Pb mineralization has resulted in the enrich-
ment (Mn, Fe, Pb, Zn, Ag, T, Ge, S, Cd, As, and Sb), depletion (Ca, Mg,
Na, and Sr), and dilution (Si, Ti, Al, K, Zr, and Y) of several elements
from un—/weakly-mineralized Urquhart Shale to the Mount Isa deposit.
Based on these element changes, an alteration vector was formulated,
which results in increasing values towards the Mount Isa deposit (Isa
vector; Table 1). Furthermore, the mineralogical changes towards the
Mount Isa deposit were reported to be preserved by higher abundances
of sulphide (pyrite, sphalerite, galena, and pyrrhotite) and ferroman-
ganese carbonate minerals (dolomite and ankerite) relative to un—/
weakly-mineralized Urquhart Shale.

2.4. Deformation and metamorphism of the western Mount Isa Inlier

The Mount Isa Inlier has been affected by multiple stages of defor-
mation and varying degrees of metamorphism (Blake, 1987). During the
Isan orogeny (ca. 1610 to 1510 Ma), polystage deformation resulted in
folding and faulting, and peak metamorphic conditions (sub-greenschist
to amphibolite facies) have been constrained to the first phase of E-W
compression (Bell and Hickey, 1998; Connors and Page, 1995; Page and
Bell, 1986). In the Mount Isa and George Fisher area, the highest
metamorphic grades (greenschist to amphibolite facies) are located west
of the Mount Isa — Paroo Fault Zone and east of the Sybella batholith (ca.
1670 Ma; Connors and Page, 1995; Page and Bell, 1986; Wyborn et al.,
1988). In the uppermost section of the Eastern Creek Volcanics, which
are located in the footwall of the Paroo Fault at the Mount Isa deposit,
temperatures of 325 °C + 50 °C were reached during regional meta-
morphism (temperature derived from the isotopic equilibrium of quartz
and chlorite; Hannan et al., 1993). There is a sharp contrast in meta-
morphic grade (amphibolite to sub-greenschist conditions) from uplifted
rocks west of the Mount Isa — Paroo Fault zone to the sedimentary rocks
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of the Mount Isa Group in the east of the fault zone, where a lack of
metamorphic indicator minerals complicate the determination of
metamorphic grades (Valenta, 1994). The only proposed metamorphic
indicator minerals in the Mount Isa Group are chlorite (Rubenach, 1992;
Wilson, 1972) and stilpnomelane (Heinrich et al., 1989), which would
indicate lower greenschist metamorphic conditions. Chlorite is also part
of the alteration assemblage associated with high temperature Cu-
mineralization at George Fisher, Hilton, and Mount Isa (Fig. 3; Cave
et al., 2020; Chapman, 1999; Valenta, 1988; Waring, 1990). There are
fewer temperature constraints for the un-mineralized Urquhart Shale
Formation, but bitumen reflectance and illite crystallinity indicate
maximum burial temperatures of ca. 200 °C (Chapman, 1999; McClay,
1979), which are significantly lower than greenschist metamorphic
conditions (>300 °C; Fig. 3).

2.5. George Fisher deposit

The George Fisher deposit is located approximately 20 km north of
Mount Isa (Fig. 2). The ore bodies are hosted by mudstones and silt-
stones of the Urquhart Shale Formation. There are 9 ore domains (A to I,
Fig. A1), which are further subdivided into un-mineralized domains of
barren mudstones and siltstones, weakly mineralized domains, and the
main Zn-Pb ore bodies. Multiple generations of sulphides have been
described at the George Fisher deposit (Chapman, 1999, 2004; Murphy,
2004; Rieger et al., 2020a), which are broadly sub-divided into (0) fine-
grained pyrite, (1) stratabound sphalerite + pyrite + galena, (2) breccia-
hosted galena + sphalerite + pyrite + pyrrhotite and (3) vein and
breccia-hosted pyrite + pyrrhotite + chalcopyrite + galena and
sphalerite.

There are different genetic models for the mineralization at George
Fisher. For example, Murphy (2004) interpreted structural and para-
genetic data to suggest that most of the mineralization formed syn-
tectonically during the latest of four major deformation events (D4;
equivalent to D3 event described by Bell and Hickey, 1998) at temper-
atures of 200-300 °C (Fig. 3). In contrast, a combination of paragenetic
data, Pb-model ages, and metal distributions have been interpreted to
support a model in which the bulk of the Zn-Pb mineralization at George
Fisher and Hilton formed syn-diagenetically and pre-deformation, with
Cu (£ Zn-Pb) mineralization linked to a later hydrothermal event (e.g.,
Chapman, 2004; Chapman, 1999; Valenta, 1994). The latter model is
supported by more recent work that reported in situ sulphur isotope
analyses of pyrite (Rieger et al., 2020a), which interpreted: 1) formation
of fine-grained pyrite by microbial sulphate reduction during early
diagenesis (pre-ore); 2) stratabound Zn mineralization (ore stage 1)
during burial diagenesis with S derived from thermochemical sulphate
reduction (TSR), and; 3) later Zn-Pb (ore stage 2) and Cu (ore stage 3)
mineralization, with reduced sulphur derived from recycling of earlier
sulphides and TSR. Precise constraints for the timing of individual ore
forming events are, however, lacking and structural observations can be
interpreted in support of a variety of relative timings (cf. contrasting
interpretations by Chapman, 1999, 2004; and Murphy, 2004). None-
theless, there is general agreement that Cu-mineralization at the George
Fisher deposit is paragenetically late and was associated with the highest
temperature hydrothermal event (see references in Fig. 3).

Multiple phases have been linked to alteration at the George Fisher
deposit, including ferroan dolomite, quartz, K-feldspar, pyrite, hydro-
phlogopite, and Ba(-K)-feldspar (Chapman, 1999, 2004). Zones of
intense Ba(-K)-feldspar alteration were reported in the deeper parts of
the deposit and Ba was interpreted to be derived from the hydrothermal
fluid (Chapman, 1999). In contrast, Painter (2003) suggested that Ba-
feldspar formed due to diagenetic replacement and pseudomorphism
of carbonate and feldspar after barite in the un-mineralized Urquhart
Shale near Mount Isa. Later syn-tectonic Cu-mineralization at George
Fisher was associated with siderite, ferroan ankerite, biotite, chlorite,
muscovite and magnetite alteration (Chapman, 1999, 2004). Unlike
other deposits of the Carpentaria Province (e.g., Lady Loretta, Large and
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McGoldrick, 1998; McArthur River, Large et al., 2000; Mount Isa,
Painter, 2003; Century, Whitbread, 2004) there has been no previously
published investigation of the bulk rock lithogeochemistry at George
Fisher.

3. Methods and samples
3.1. Sampling and petrography

A total of 91 representative samples were selected from the Shovel
Flats drill core, which intersects ca. 900 m of the un-mineralized
Urquhart Shale Formation (Figs. 2 and A2). A total of 225 samples
were taken from 4 drill-holes that intersected the main ore bodies at the
George Fisher deposit (8C K751, n = 61; 10C K795, n = 77; 10C K798, n
= 57; 12C 1797, n = 30). Samples from the George Fisher deposit
comprise representative examples from the main ore bodies, from
weakly mineralized sections, and from barren siltstones and mudstones
between the ore bodies, and the hanging wall stratigraphy. Particular
emphasis was given to sampling from drill-hole 10C K795, as it
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Fig. 4. Lithological logs of drill cores 8C K751, 10C
K795 and 10C K798 from the George Fisher deposit.
The drill-holes were drilled from east to west
(stratigraphically old to young) and intersected mine
nomenclature domains A-F (grey labels; George
Fisher operations, Mount Isa Mines). The samples
analysed in this study are hanging wall Urquhart
Shale (purple), inter-mineralization Urquhart Shale
(orange) and massive sulphides (red). (For interpre-
tation of the references to colour in this figure

201512102 lovend. th o crences 1o Lol . ’ °
10C K798 egen ,.t e reader is referred to the web version o
clay silt this article.)

preserves 300 m of stratigraphy through the domains A-E and 100 m
through un-mineralized hanging wall Urquhart Shale (Fig. 4).

Petrographic examination of the samples was conducted using a
desktop binocular microscope and key samples (n = 90) were selected
for transmitted light and reflected light microscopy. A subset of 41
representative samples from the background drill-hole and 70 repre-
sentative samples from the George Fisher deposit were then selected for
X-ray diffraction and lithogeochemical analyses. Where possible, sam-
pling was targeted to individual lithologies and for each sample a sub-
sample of ca. 30 g was taken.

3.2. Bulk rock lithogeochemistry and mineralogy

The samples were crushed and powdered to a grain size of <62 pm
and whole rock geochemical analysis was carried out by Bureau Veritas
Minerals (BVM) in Vancouver, Canada. Major, minor and trace element
concentrations were analysed by ICP-MS of lithium borate fused rock
powders. Trace metal concentrations (Mo, Cu, Pb, Zn, Ni, As, Cd, Sb, Bi,
Ag, Au, Hg, T, and Se) were determined by ICP-ES/MS of aqua regia
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Fig. 5. A-D. Interbedded mudstone and siltstone (sample PR832SF012) from Shovel Flats drill core. A. Hand specimen photograph with mudstone (dark) and
siltstone (grey); the orange rectangle indicates location of B. B. Thin section photograph with mudstone and siltstone; the yellow arrows indicate the location of C. C.
Backscatter electron (BSE) image of siltstone; the arrows indicate individual mineral phases, see D for colour code. D. Bulk-rock XRD mineralogical composition (qtz
= quartz, cal = calcite, dol = dolomite, phyll = 10 ;\-phyllosilicate, chl = chlorite, ab = albite, K-fsp = K-feldspar, py = pyrite). 5E-H. Interbedded mudstone and
siltstone (sample PRK7952001) from George Fisher drill core 10C K795. E. Hand specimen photograph with mudstone (dark) and siltstone (grey) with pyrite and
pyrrhotite; the orange rectangle indicates location of F. F. Thin section photograph with carbonaceous mudstone and dolomitic siltstone; the yellow arrows indicate
the location of G. G. BSE image of dolomitic siltstone; the arrows indicate individual mineral phases, see H for colour code. H. Bulk-rock mineralogical composition
(qtz = quartz, dol = dolomite, phyll = 10 A-phyllosilicate, K-fsp = K-feldspar, ab = albite). (For interpretation of the references to colour in this figure legend, the

reader is referred to the web version of this article.)

digested rock powders (upper detection limit for Zn and Pb = 10,000
ppm). Lithium borate fused samples with over limit Zn and Pb concen-
trations were analysed by X-ray fluorescence. Concentrations of total S,
total C, Corg (organic carbon), Cgra (graphitic carbon), and CO2 were
determined by a LECO analyser. Low total concentrations in some
samples are due to incomplete combustion of sulphide minerals. In
addition to internal measures (duplicates, blanks, and reference mate-
rials) for assessing accuracy and precision of the analyses at BVM, blanks
(quartz sand) and blind reference materials were routinely run for data
quality control. Analyses of the SBC-1 (n = 7) reference material (USGS)
had median uncertainties of 1.2% for element oxides and of 2.4% for
trace elements for certified values; median uncertainties for recom-
mended values for ShBOQ-1 (USGS; n = 12) were 1.3% and 4.2% for
element oxides and trace elements respectively. Median uncertainties
for certified values were 1.0% and 2.3% for the massive sulphide stan-
dards (ORE Research & Exploration Pty Ltd) OREAS 131a (n = 3) and
OREAS 134a (n = 3) respectively.

Quantification of the bulk rock mineralogical composition was
determined using a PANalytical Empyrean X-ray diffractometer (GFZ
Potsdam). Splits of the lithogeochemistry samples were further ho-
mogenized to <10 pm with a micronizing mill. The measurements were

performed at 40 mA and 40 kV with CuKa radiation and a step size of
0.013°20 with 60s/step from 4.6 to 75°20. The mineralogy was deter-
mined with the EVA software (version 11.0.0.3) by Bruker. Rietveld
refinement for quantitative mineralogy was performed using the pro-
gram BGMN and the graphical user interface Profex (Doebelin and
Kleeberg, 2015) calibrated for the used diffractometer. The uncertainty
of the quantitative analyses is <3 wt% for individual phases. High Pb
and Zn concentrations in 7 samples resulted in overlapping signals be-
tween sphalerite and galena with carbonate mineral phases (calcite and
dolomite) during Rietveld refinement resulting in an overestimation of
carbonate concentrations (the mineralogical composition of these sam-
ples is not reported). To determine the pyrite abundance of these sam-
ples, Pyrite abundance was calculated on the basis of molar fractions of
S, Pb, and Zn from the lithogeochemistry dataset. Therefore, sphalerite-
and galena-bound S was subtracted from total S; these S values were
then used to calculate the total S and Fe contained in pyrite. The clay-
size (< 2 pm) fraction of Shovel Flats (n = 10) and George Fisher sam-
ples (n = 7) was prepared from separate rock chips that were mechan-
ically crushed and separated following the analytical methods described
by (Moore and Reynolds Jr, 1997). Air-dried and ethylene-glycol sol-
vated oriented mounts were scanned from 2° to 35° at 0.01°20 intervals.
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Fig. 6. Nodular carbonate and pyritic siltstone samples (Shovel Flats A-D, sample PR832SF080; George Fisher E-H, sample PRK751017). A. Hand specimen
photograph; the orange rectangles indicates location of B. B. Thin section photograph of nodular carbonate and pyritic siltstone; the yellow arrows indicate the
locations of C. C. Transmitted light photomicrograph of nodular carbonate and pyritic siltstone; the arrows indicate individual mineral phases, see D. for colour code.
D. Bulk-rock mineralogical composition (qtz = quartz, cal = calcite, dol = dolomite, sid = siderite, phyll = 10 A-phyllosilicate, chl = chlorite, ab = albite, K-fsp = K-
feldspar, py = pyrite, sp. = sphalerite). E. Hand specimen photograph; the orange rectangles indicates location of F. F. Thin section photograph of nodular carbonate
and pyritic siltstone; note sphalerite in nodular carbonates; the yellow arrows indicate the locations of G. G. Backscatter electron image of sphalerite replacing
nodular carbonate; the arrows indicate individual mineral phases, see H. for colour code. H) Bulk-rock mineralogical composition (qtz = quartz, cal = calcite, dol =
dolomite, phyll = 10 A-phyllosilicate, ab = albite, K-fsp = K-feldspar, py = pyrite, sp. = sphalerite). (For interpretation of the references to colour in this figure

legend, the reader is referred to the web version of this article.)

3.3. Statistical analysis

The Gresens’ method was used to quantify mass change between un-
altered and altered samples. This analysis is based on the calculation of
the isocon, which is defined by the ratio of immobile elements in the
altered rock relative to its un-altered equivalent (Grant, 1986). As
summarised by Grant (2005), this ratio of immobile elements can be
determined by using (1) the clustering of element ratios (concentration
altered / concentration yn_aitered), (2) @ best fit line (isocon line) through
the origin and immobile elements in an isocon diagram (Grant, 1986),
(3) the pre-selection of immobile elements, or (4) the assumption of
constant mass or constant volume during alteration processes.

For the graphical presentation of this method, major, minor and trace
element concentrations have to be arbitrarily scaled in order to plot on
one graph. As a result of arbitrary scaling the apparent distance of an
element to the isocon is strongly dependent on the scaling factor
(Humphris et al., 1998). To eliminate this scaling effect, a modified
isocon diagram can be formulated by consistently scaling all the data to
plot on a circle with distance of 1 to the origin (sums of squares of each
element = 1; Humphris et al., 1998). In this modified isocon diagram,
groups of elements that behave similarly (e.g., immobile elements) will

group together on one segment of the circle. This may simplify the se-
lection of immobile elements in order to define the isocon (zero mass
change).

After determination of the immobile elements, the bulk mass loss or
gain (AM, in percent) of the altered rock relative to the un-altered rock
can be calculated using (e.g., Wilkinson et al., 2011):

AM = 100* Ci_altered — Ci_un—altered

Ci_altered

where ¢; altered and Cj un-altered are the concentrations of one or multiple
immobile elements in the altered and un-altered rock respectively.
Furthermore, the addition or loss of an element (AE, in percent) in the
altered sample relative to the un-altered sample is given by:

Caltered

AE = 100* | 77— —
(M) *Cunfahered
Ci_un—altered

where Cajtered and Cyn.altered are the concentrations of an element in the
altered and un-altered sample respectively.
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Fig. 8. Ternary diagram of three main mineral groups (carbonate, phyllosilicate and quartz + feldspar) plotting individual samples from the Shovel Flats drill core
and from the George Fisher deposit and literature data for the Urquhart Shale Formation (Neudert, 1983) and the Barney Creek Formation (Baruch et al., 2015; Revie

and Normington, 2020).

In this study the immobile elements were determined by combining
the modified graphical approach developed by Humphris et al. (1998)
and the clustering of element ratios (Grant, 2005). Only elements that
group together using both methods for both precursor sub-groups were
considered immobile, which was further evaluated using the chemical
index of alteration (Nesbitt and Young, 1982). Immobile element ratios
were then used to calculate median values, mean values and standard
deviations for the isocon. To account for any compositional heteroge-
neity inherent to the un-mineralized Urquhart Shale samples, only ele-
ments with a slope greater or smaller than two standard deviations of the
isocon were considered to be either enriched or depleted at the George
Fisher deposit. To avoid overestimation of median values by removing
below detection limit data, these data were imputed as 0.5 * detection
limit values (e.g., NayO, detection limit = 0.01 wt%, value imputed for
data below detection limit = 0.005 wt%).

4. Results
4.1. Lithological logs

The Shovel Flats drill core preserves a long section of un-mineralized
Urquhart Shale Formation (ca. 900 m). The upper 300 m of the drill-hole
intersected a deep regolith profile and only 300 to 900 m are shown in
Fig. A2. The Urquhart Shale Formation primarily comprises interbedded
mud- and siltstone (Fig. 5) with intervals of massive siltstone, and
thinner intervals of more homogenous mudstone, siltstone, or nodular
carbonate. Nodular carbonate beds, which are typically <10 cm thick,
are not resolved at the scale of logging (Fig. A2), and are typically
interbedded with pyritic carbonaceous siltstones (Fig. 6). The carbonate
nodules are up to several cm in the lateral dimension and <2 cm thick.

10

The samples preserve no well-developed foliation or deformation fabric
at the hand specimen or thin section scale, although there has been some
localized deformation associated with discrete fractures or small shear
zones.

The drill-holes from the George Fisher deposit intersected lithologies
that are comparable to those from the Shovel Flats drill core (Fig. 4). The
Urquhart Shale Formation between the intervals of massive sulphide
mainly comprises interbedded mud- and siltstones and intervals with
more homogeneous mudstones, siltstones, or nodular carbonates. In all
4 drill cores, the ore stage 1 mineralization is stratabound in mostly
laminated, carbonaceous siltstones and in nodular carbonates. Subse-
quent ore stage 2 and 3 mineralization is more independent of lithology
and commonly crosscuts several individual lithologies in massive ore
breccias or ore veins. There is a minor fault followed by 100 m of
hanging-wall stratigraphy to ore domain A preserved in drill core 10C
K795, which consists mostly of homogeneous mudstone.

4.2. Mineralogy

4.2.1. Shovel Flats samples

The main mineral phases (median > 1 wt%) in Urquhart Shale
samples from the Shovel Flats drill core are quartz, calcite, dolomite, 10
A—phyllosilicates (muscovite, phlogopite, illite), chlorite, albite, K-feld-
spar, and pyrite (Fig. 7). The samples can be grouped according to
mineralogical endmembers of (1) carbonates, (2) quartz and feldspars,
and (3) phyllosilicates (muscovite, phlogopite, illite, and chlorite),
which then corresponds with a rock type classification of calcareous/
dolomitic mudstones and siltstones, siliceous marlstones and siliceous
mudstones and siltstones (Fig. 8).

Chlorite typically occurs as clay-sized particles together with fine-
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Fig. 9. Chemostratigraphic logs for the Shovel Flats drill core (A) and for drill core 10C K795 from the George Fisher deposit (B) with the downhole variation of Zn,
Pb, Na, Sr, Mn, Tl, SEDEX alteration index values and the George Fisher Index (10[400TI + Mn]/[10Sr + Na]). Zinc and Pb plots include mine assay data (red line =
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Fig. 10. A. Nay0, K0 and Al,O3 ternary diagram for samples from the Shovel Flats drill core and the George Fisher deposit. End-member compositions of selected
mineral phases are shown in grey. The grey field represents Urquhart Shale samples distal (white) to proximal (dark grey) to the Mount Isa deposit (data from Painter,
2003). B. Bulk-rock mineralogical composition of sample PR832SF035 from the Shovel Flats drill core (qtz = quartz, cal = calcite, dol = dolomite, phyll = 10 A-
phyllosilicate, chl = chlorite, ab = albite, K-fsp = K-feldspar, py = pyrite). This sample preserves the highest albite content in the XRD data set. C. CaO, MgO and
Fe,03 ternary diagram for samples from the Shovel Flats drill core and the George Fisher deposit. End member compositions of selected mineral phases are shown in
grey. The grey field represents Urquhart Shale samples distal (white) to proximal (dark grey) to the Mount Isa deposit (data from Painter, 2003).

grained illite in interstitial pore spaces in silicate and carbonate minerals
(Fig. 5). Most Shovel Flats samples contain relatively low abundances of
pyrite (< 5 wt%), although high concentrations (< 37 wt%) are pre-
served in some samples of nodular carbonate interbedded with lami-
nated carbonaceous siltstones.

4.2.2. George Fisher samples

The un-mineralized samples from between the ore bodies at the
George Fisher deposit contain similar proportions of the main mineral
groups to the samples from Shovel Flats (Figs. 7 and 8). In contrast, the
samples from the hanging wall stratigraphy in 10C K795 generally
preserve higher and lower abundances of silicate and carbonate min-
erals respectively. The abundances of quartz, K-feldspar and pyrite are
relatively consistent between the Shovel Flats samples and those from
the George Fisher deposit. Compared to the Shovel Flats samples,
dolomite and 10 ;\—phyllosilicate phases are more abundant in the
George Fisher samples, whereas calcite, chlorite and albite are less
abundant to absent (Figs. 7 and 8).

Massive sulphide samples from George Fisher preserve higher
abundances of all sulphide minerals and generally lower abundances of
all other minerals, the only exception being higher median calcite con-
tents compared to George Fisher Urquhart Shale samples (Fig. 7).

4.2.3. Clay-fraction mineralogy of the Urquhart Shale Formation (Shovel
Flats and George Fisher)

The main difference in the clay fraction mineralogy between the two
groups of samples (Shovel Flats and George Fisher) is the absence of
chlorite in most of the George Fisher samples. Illite has been identified in
the <2 pm clay size fraction in all samples from Shovel Flats and George
Fisher, based on the peak position, the peak shape and the peak height of
the 001 basal reflection in the oriented clay mounts (Fig. A3), and the

12

hkl polytypes 1Md and 2 M1 in the bulk rock samples. Compared to the
Shovel Flats samples, the shape of the 001 basal reflections of illite in the
George Fisher samples is indicative of a possible transition of the 10 A-
phyllosilicates from illite to muscovite (Fig. A3) and the asymmetric
peak shape in some samples indicates that very little illite-smectite re-
mains. The same results are produced when the samples are treated with
ethylene glycol, which indicates there is little smectite in the samples.

4.3. Bulk rock geochemistry

The bulk rock compositional data of all samples is presented in
Rieger et al. (2020b) and the chemostratigraphic logs for some of the key
analytes are presented in Fig. 9.

4.3.1. Major element and base metal composition

Most samples from George Fisher contain very little Na and plot
between Al and K in a ternary diagram of these 3 components, whereas
samples from Shovel Flats preserve a similar range of K/Al ratios but plot
towards higher Na concentrations (Fig. 10A). The samples from George
Fisher that are located in the hanging wall sequence to massive sulphide
mineralization are intermediate between the two groups (Fig. 10A). In
terms of Ca, Mg and Fe concentrations, samples mostly plot between the
calcite, dolomite, and pyrite end-members (Fig. 10C). In comparison to
Shovel Flats, the George Fisher samples contain elevated Mn and the
sub-group from the ore lenses plot towards the Fe end-member
(Fig. 10C).

Base metal concentrations and total S can vary between the ore
stages (Fig. 11A-D). Samples from ore stage 2 contain the highest Zn and
Pb concentrations; ore stages 1 and 3 contain relatively lower Zn and Pb
but are still highly enriched relative to un-mineralized samples from
George Fisher and Shovel Flats (Fig. 11A-D). In contrast, samples from
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Fig. 11. A.-D. Sulphur and base metal concentrations for samples from the Shovel Flats drill core and the George Fisher deposit. A. Sulphur vs. combined Zn-Pb-Fe. B.
Box and whisker plot for Zn concentrations. C. Box and whisker plot for Pb concentrations. D. Box and whisker plot for Fe concentrations. For details of the statistical
method for box and whisker plots see Fig. 7B. E.-I. Literature alteration indexes vs. pyrite abundance for samples from the Shovel Flats drill core and the George
Fisher deposit. E. SEDEX alteration index. F. SEDEX alteration index mark 3. G. SEDEX alteration index mark 4. H. SEDEX metal index. I. Cobalt/Ni ratio.

Shovel Flats and the un-mineralized samples from George Fisher have
broadly overlapping total S and base metal concentrations. In the 10C
K795 drill core at George Fisher, the Zn and Pb concentrations of the
Urquhart Shale samples from the hanging wall and from in between the
ore bodies are scattered around the median concentrations from the
Shovel Flats drill core. In terms of alteration indexes, the values for the
SEDEX Al, SEDEX Al 3, SEDEX Al 4, the SEDEX metal index and the Co/
Ni ratio are highest in the massive sulphide samples (Fig. 11E-I). A total
of 21 of the 41 Shovel Flats samples are below the suggested threshold
values for CD-type massive sulphide deposits in the Carpentaria prov-
ince (Table 1). Ten samples are above threshold values for less than four
of these indexes and another 10 samples are above threshold values for
four or more indexes. All samples with pyrite contents of more than 10
wt% fall into this category (Fig. 11). Molybdenum concentrations are
generally low (Fig. 12; 62 samples <2 ppm; 39 samples 2 to 10 ppm; 4
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samples 10 to 25 ppm).

4.3.2. Comparing Shovel Flats and George Fisher samples

The Shovel Flats samples (n = 21) that have below threshold values
for the SEDEX alteration indexes were used as a reference for the un-
altered protolith composition of the Urquhart Shale. The samples were
further subdivided into two groups according to lithology: (1) siltstones
(n = 9) and (2) mudstone and interbedded mudstone-siltstones (n = 12).

To evaluate relative mass changes, and element losses and gains
median values for major, minor, and trace elements of each sub-group
were compared (Fig. 13). The ratios of the immobile elements (Si, Al,
Ti, Sc, Nb, Th, Y, and REE) in both lithological subgroups preserve ev-
idence of a small bulk mass loss (AM) of 2% (siltstones) and 4% (com-
bined mudstones and siltstones) in the George Fisher samples (relative
to un-altered Shovel Flats samples). The largest element gains (> 50%)
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Fig. 12. Molybdenum concentrations for samples from the Shovel Flats drill
core and the George Fisher deposit (bin width = 0.6 ppm).

are Tl, Ag, Mn, S, Pb; Fe and Cu for the siltstones, and Zn and Co for
combined mudstones and siltstones. Cobalt, Zr, Mo, and Hf are moder-
ately enriched (50% to 2 standard deviations of isocon line) in the silt-
stones, and Fe and K are moderately enriched in combined mudstone
and siltstone samples respectively.

There is a large depletion (>50%) in Na, Sr and Cg, for both litho-
logical sub-groups, and for Zn and Cs in siltstones. Barium, Mg and Ni
are moderately depleted (50% to 2 standard deviations of isocon line) in
both sub-groups; Cs, Sb, and Cu in the combined mudstones and silt-
stones, and; U, CO2, Corg, P, Ca, As and Cy in the siltstones.

Overall, the bulk mass loss and the enrichment or depletion factors of
the most enriched or depleted elements (e.g., Tl, Mn, Ag, Na, Sr) and the
immobile elements (Si, Al, Ti, Sc, Nb, Th, Y, and REE) are similar for
both lithology sub-groups (Fig. 13A, B, E). For comparison with the
massive sulphide samples from the George Fisher deposit, both lithol-
ogies for un-altered samples (n = 21) from the Shovel Flats drill core
were combined to identify the most enriched and most depleted ele-
ments (Fig. 13C, D).

The bulk mass change (AM = 100% {%}) of the massive sul-

phide samples relative to the un-altered Urquhart Shale samples in-
dicates a large mass gain of 283%. Chalcophile (Cd, Zn, Pb, Ag, Hg, TL, S,
Sb, Se, As, Cu) and siderophile elements (Co, Fe, Mo) are strongly
enriched (>1000%). Furthermore, Mn and Ni are enriched (>
500-1000%) and TOC and Eu are slightly enriched (500% to 2 standard
deviations of isocon line) in the massive sulphide samples relative to the
background Urquhart Shale samples. Element depletion (>2 standard
deviations of isocon line) is indicated for Na, Cg, Sr, Ta, V, and P.
Overall, the elements, which show the greatest variability between the
Shovel Flats drill-hole and the George Fisher deposit are Zn, Pb, Na, Mn,
Sr, and T1 (Fig. 9).

4.3.3. George Fisher index

The elements for which there is the greatest difference between
Shovel Flats and George Fisher (Zn, Pb, Na, Mn, Sr and T1) are all rela-
tively uniform in total concentration in the Shovel Flats samples (Fig. 9).
The one exception is in the uppermost 200 m, where concentrations of
Mn and TI are slightly elevated and Na and Sr are present at slightly
lower concentrations. This variability also corresponds with scatter in
the SEDEX Al values.

The non-base metal elements within this sub-group (Na, Mn, Sr and
T1) have been used to formulate an alteration index for the George Fisher
deposit (GF Index). Element factors have been applied to obtain 1:1
proportion between Tl and Mn, and between Sr and Na for the Urquhart
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Shale samples, i.e.lO(“fgsﬁb",’z"). The Shovel Flats samples preserve the

lowest index values (median = 1.9), although they are slightly elevated
in the upper 100 m of the drill core. The GF Index is highest in the
mineralized samples from George Fisher, whereas the un-mineralized
samples have intermediate values (Fig. 14). Overall, the GF Index pro-
vides improved sensitivity for differentiating between the sample sub-
groups (Fig. 14) when compared to the existing SEDEX AI's (Fig. 11).

There is a negative correlation between Sr and Mn, whereby the
highest Sr/Ca ratios and lowest Mn/Ca ratios are preserved in Shovel
Flats samples and lowest Sr/Ca ratios and highest Mn/Ca ratios in
George Fisher samples (Fig. 15). Thallium concentrations covary
strongly with pyrite abundance and Tl/pyrite ratios (ppm/wt%) are
generally high in Urquhart Shale and ore stage 1 and 2 samples at
George Fisher and low in Shovel Flats samples and samples from ore
stage 3 (Fig. 16). Similarly, Ag concentrations covary with pyrite
abundance and preserve elevated Ag/pyrite ratios for all George Fisher
samples relative to Shovel Flats. Notably, the highest Ag/pyrite values
are preserved by ore stage 2 samples, which also preserve the highest
concentrations of Zn and Pb (Fig. 11B, C).

5. Discussion
5.1. Unaltered composition of the Urquhart Shale Formation

It is essential to define the mineralogical composition of the unal-
tered protolith when developing accurate hydrothermal alteration
models. For the George Fisher system, the unaltered protolith is repre-
sented by samples from the Shovel Flats drill-hole, which is located
approximately 5 km away from the deposit (Fig. 2). The deposits in the
northern Carpentaria Province are typically hosted within subbasins
that represent localized fault-bound depocenters (e.g., Large et al.,
2005), which preserve considerable lateral variability in the thickness
and sedimentary facies of syn-tectonic depositional sequences (e.g.,
McGoldrick et al., 2010). In the Mount Isa Group there is similar evi-
dence of syn-tectonic deposition in the form of variable formation
thicknesses (e.g., Derrick, 1982; Smith, 1969). This sedimentological
complexity makes precise stratigraphic correlations challenging to
interpret, as correlative units may not necessarily preserve the same
mineralogical constituents that then form the basis for subsequent
alteration products. Moreover, this potential complexity has been
further compounded by tectonic overprint in the southern Carpentaria
(Valenta, 1994). Nevertheless, the Urquhart Shale samples from Shovel
Flats, George Fisher (this study) and from the wider Mount Isa area
(Neudert, 1983; Painter, 2003) do preserve overlapping detrital com-
ponents (e.g., quartz and feldspars), authigenic components (e.g.,
diagenetic pyrite and carbonate), and 10 A—phyllosilicate phases (e.g.,
muscovite, illite, and phlogopite) that justify this comparison (Fig. 5, 6,
7, and 8). These mineralogical similarities are further supported by
overlapping major and trace element compositions (e.g., Figs. 10, 11,
12, and 15). Altogether, the mineralogy and geochemical composition of
the Shovel Flats samples can be considered representative of the unal-
tered protolith to the George Fisher deposit and therefore as a baseline
for evaluating alteration reactions.

Detrital constituents of sedimentary rocks represent the cumulative
effect of a range of weathering, transport and depositional processes
(Rimstidt et al., 2017) and provide the framework for all subsequent
diagenetic reactions (Bjgrlykke, 2014). During the Proterozoic it is
generally accepted that low pO; limited terrestrial weathering to mostly
physical processes, resulting in relatively immature siliciclastic input to
sedimentary basins (Rafiei and Kennedy, 2019). The high abundance of
feldspar in the Urquhart Shale is broadly similar to that described for the
Barney Creek Formation in the McArthur Basin (Baruch et al., 2015),
which is typical of chemically immature Precambrian sedimentary rocks
(Kennedy et al., 2006). That said, the higher quartz/feldspar ratios in
this study may imply a slightly different sediment source or deposition
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under deeper water conditions, which is consistent with the interpre-
tation of deeper water rhythmite sedimentation for the Urquhart Shale
Formation (Domagala et al., 2000).

Biogenic and authigenic constituents in marine sediments are
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primarily associated with biological productivity in the water column
and subsequent organic matter degradation during early diagenesis
(Rimstidt et al., 2017). The consumption of oxygen during oxygenic
photosynthesis and subsequent organic matter degradation typically
results in reducing depositional redox conditions. The interpretation of
sulphur isotope values or Mo concentrations in sedimentary rocks can be
used to reconstruct depositional and early diagenetic conditions in
sedimentary basins. In unrestricted basins, for example, euxinic condi-
tions (HyS > Fe?™) typically result in Mo concentrations (Mo >100 ppm;
Scott and Lyons, 2012) that are enriched above crustal values (1-2 ppm;
Taylor and McLennan, 1995). In Shovel Flats and George Fisher samples,
low Mo concentrations (Fig. 12) indicate either a strong degree of water
mass restriction or that euxinic conditions were not a widespread
feature. Notably, the 5**S values of fine-grained diagenetic pyrite (pre-
ore) are consistent with open system conditions during microbial sul-
phate reduction (Rieger et al., 2020a), meaning that low levels of Mo
enrichment could be explained by ferruginous conditions (i.e. HaS <
Fe?h) during deposition of the Urquhart Shale Formation.

There is moderate enrichment of total organic carbon (TOC) in
samples from the Urquhart Shale (1-2 wt%), which is similar to other
Proterozoic fine-grained carbonaceous sedimentary rock units
throughout the Carpentaria province (e.g., Baruch et al., 2015; Revie
and Normington, 2020). With sufficient availability of organic matter
and oxidants (e.g., sulphate, Fe-hydroxides, or Mn-oxides) microbial
reactions during early diagenesis produce a number of reduced species
(e.g., HS™, Fe?" and Mn?") and bicarbonate ions (HCO3) and result in
the formation of pyrite and carbonate. The formation of nodular car-
bonates in the Urquhart Shale is generally interpreted due to diagenetic
processes (Domagala et al., 2000; Painter et al., 1999) and this is
consistent with their pre-ore paragenetic timing at George Fisher
(Fig. 6). As such, the pyrite and carbonate associated elements (Fe and S,
and Ca, Mg, Sr, Mn and Fe respectively) in the un-mineralized Urquhart
Shale are considered to largely represent biogenic and authigenic
processes.

Phyllosilicate phases generally form in response to increasing pres-
sures and temperatures during burial diagenesis (e.g., Bjorlykke, 2014;



P. Rieger et al.

Chemical Geology 560 (2021) 119975

oo, |_ [0
P X 10
o ool %
P o =~
g 10 @ |[E |
Q © ® %@ o
[=} = 4
2 o Lo° ° I
o o0% © =
< 1 o ©e =
° 2
Q ~
° 0 @0 e ® [=]
oo ® < 0.1
0.1 @ @® @0

0.1 10 100

1
pyrite (wt.%)

8 100
100 o © o =
M@oo E
o®
—_ 8 o %O ° < 10 &
E10]o © Bgc%fa ° e g_ I
& ®° ©0 0, o =)
= ° °s ° 1
= e o ° ° _-3
! ) .'.o ) B
":fﬂ ° 2
e o @ = 0.1
0.1 L]
0.1 1 10 100
pyrite (wt.%)
@ George Fisher - ore stage 1
@ Shovel Flats US

O George Fisher - ore stage 2
@ George Fisher - hanging wall US

@ George Fisher - ore stage 3
@ George Fisher US

Fig. 16. A. Scatter plot of pyrite (wt%) vs. Tl (ppm) for samples from the Shovel Flats drill core and the George Fisher deposit. B. Box and whisker plot of the Tl/
pyrite ratio. C. Scatter plot of pyrite (wt%) vs. Ag (ppm) for samples from the Shovel Flats drill core and the George Fisher deposit. D. Box and whisker plot of the Ag/
pyrite ratio. For details of the statistical method for box and whisker plots see Fig. 7B.

Rimstidt et al., 2017). These reactions involve the transformation of
early diagenetic and detrital clay minerals (e.g., kaolinite, smectite)
through intermediate clay mineral phases, such as mixed-layered clay
minerals (e.g., illite-smectite) and illite, to more crystalline phyllosili-
cate minerals such as muscovite or chlorite (e.g., Beaufort et al., 2015;
Héroux et al., 1979; Lynch et al., 1997). The preservation of illite in the
Urquhart Shale is consistent with sub-greenschist facies conditions (<
300 °C; Merriman and Frey, 1999). Moreover, asymmetric illite re-
flections may indicate the presence of very small amounts of illite-
smectite interlayers (Fig. A3; see asymmetric illite-smectite reflections
in Lanson and Besson, 1992; Lanson and Champion, 1991). Illite-
smectite interlayers are not preserved above burial temperatures of
220 °C (Day-Stirrat et al., 2010), which is consistent with previous
bitumen reflectance and illite crystallinity data from the Urquhart Shale
(ca. 200 °C; Chapman, 1999; McClay, 1979).

Chlorite has previously been used as an indicator mineral for
greenschist facies metamorphic conditions (> 300 °C) in the Urquhart
Shale Formation and deposits of the Mount Isa area (Rubenach, 1992;
Wilson, 1972; Large et al., 2005). In the un-mineralized Shovel Flats
drill-hole, however, the preservation of illite (and illite-smectite; Fig.
A3) and the absence of a well-developed metamorphic fabric are
inconsistent with conditions of metamorphic chlorite formation. Rather,
the fine-grained (<10 pm; Fig. 5 and A3) interstitial nature of chlorite in
the Urquhart Shale Formation is consistent with diagenetic formation (e.
g., Beaufort et al., 2015). It should be noted that the diagenetic chlorite
is separate from the coarser grained chlorite that is more closely asso-
ciated with Cu mineralization in a number of the deposits in the Mount
Isa area (Cave et al., 2020; Chapman, 1999; Valenta, 1988; Waring,
1990).

The main pathways of diagenetic chlorite formation involve the
transformation of precursor phases such as trioctahedral smectite or
serpentine (e.g., berthierine; reaction (1); Beaufort et al., 2015).

odinite) formed from Fe-rich pore fluids during transgressive and
highstand system tracts (e.g., Morad et al., 2010; Odin and Matter, 1981;
Virolle et al., 2019; Worden et al., 2020). It has also been suggested that
under the ferruginous conditions that were characteristic of the Pre-
cambrian oceans, berthierine formation may have been widespread (e.
g., Johnson et al., 2020; Tang et al., 2017). The diagenetic trans-
formation of berthierine to chamosite (Fe-rich chlorite) is normally
complete by 70 °C (e.g., Hornibrook and Longstaffe, 1996), meaning the
chlorite in the Urquhart Shale Formation could have formed during
burial diagenesis rather than metamorphism. Chlorite is also present in
un-metamorphosed sedimentary rocks throughout the Tawallah,
McArthur, Nathan, and Roper Groups of the McArthur Basin (Revie and
Normington, 2020), which further supports such a diagenetic model for
chlorite formation in the Proterozoic Carpentaria province.

5.2. Defining hydrothermal anomalism in the Urquhart Shale Formation

None of the published geochemical element ratios and alteration
indexes are particularly effective in differentiating between the Urqu-
hart Shale Formation at the George Fisher deposit and the background
Urquhart Shale Formation from the Shovel Flats drill core (Fig. 11).
Covariation between pyrite abundance in the Shovel Flats samples and
the SEDEX AI, SEDEX AI 3 and SEDEX Al 4 values indicates this alter-
ation index is strongly dependent on pyrite abundance (Fig. 11). As
there is considerable variability in background levels of pyrite (Rieger
et al., 2020a), however, the SEDEX alteration indexes are susceptible to
false positive values.

The SEDEX metal index values appear to be much more independent
of pyrite abundance, although there is no clear differentiation between
the background Urquhart Shale samples from the Shovel Flats drill core
and the Urquhart Shale samples from the George Fisher deposit
(Fig. 11). It is unlikely, therefore, that the ore forming metals are widely

2 (Fe", Mg ,Al),(Si, Al),05(OH),— (Fe", Fe™, Mg, Al) . (Si, Al),010(OH); (background diagenesis)berthierinechlorite 1)

In modern estuarine and shelf environments berthierine formation
has been linked to a suite of precursor phases (e.g., glauconite and

dispersed within the Urquhart Shale Formation at George Fisher. This
lack of metal dispersion is consistent with the model of Zn ore formation
in the sub-surface during diagenesis (Chapman, 1999, 2004; Rieger
et al., 2020a) rather than the exhalation of the hydrothermal fluids on
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the seafloor.

In contrast, the GF Index discriminates between Urquhart Shale
samples from the background drill core, hanging wall samples from the
George Fisher deposit, inter-mineralization Urquhart Shale samples and
massive sulphide samples (Fig. 14). The elements in the GF Index are
associated with the 3 major mineralogical constituents (silicates, car-
bonates, sulphides) of the Urquhart Shale Formation, meaning it is
necessary to consider the alteration reactions involving these phases.

5.3. Hydrothermal alteration at George Fisher

The Cu-mineralization at the George Fisher deposit is a minor
component and more spatially restricted than at the Mount Isa and
Hilton deposits (Chapman, 1999). As such, the host rocks at the George
Fisher deposit should preserve the geochemical footprint of the strata-
bound Zn-Pb mineralization (ore stage 1) more effectively than the
Mount Isa or Hilton deposits.

The greater abundances of dolomite and 10 A-phyllosilicates at
George Fisher relative to un-mineralized Shovel Flats samples (Fig. 7)
are broadly comparable to previous alteration models (cf. Chapman,
1999, 2004). The main difference from earlier work is the absence of
barium-(K-)feldspar, which was not detectable in any of the bulk rock
mineralogical analysis. Furthermore, Ba is actually slightly depleted in
mudstones and siltstones in George Fisher samples relative to Shovel
Flats samples (Fig. 13). This may either indicate that (1) Ba-feldspar was
dissolved or replaced during mineralization at George Fisher, or that (2)
Ba-feldspar alteration was spatially restricted on a deposit scale. We
consider (2) as being more likely, considering the observation that Ba-
feldspar alteration is found mostly in the deeper parts of the deposit

(1) 2 (Fe',Mg,Al)(Si,Al);05(OH)q

—

SO+ CH,4 HS

(©)]

(Fel,Fe", Mg, Al)¢(Si,A1)4010(OH)s
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(Chapman, 1999). Such a model is perhaps similar to Ba-feldspar for-
mation in the Irish-type Zn-Pb deposits, where Ba is introduced with the
hydrothermal fluids and is incorporated into silicate minerals due to
limited sulphate availability in the deeper parts of the systems (e.g.,
Riegler and McClenaghan, 2017).

The depletion of chlorite and albite in George Fisher samples relative
to un-mineralized Shovel Flats samples (Fig. 7) has not previously been
described. As discussed earlier, the un-mineralized host rocks to the
George Fisher deposit likely contained diagenetic chlorite and is distinct
from the hydrothermal chlorite that is more spatially restricted in as-
sociation with the later Cu event (Fig. 7; Chapman, 1999). There are two
options for the lack of chlorite in the George Fisher samples: (1) chlorite
was never formed in the host rocks at George Fisher; or (2) hydrothermal
processes have removed chlorite precursor phases (e.g., berthierine) or
chlorite from the host rocks at the George Fisher deposit. There is no
supporting evidence that protolith composition was substantially
different in order to account for a contrasting diagenetic assemblage in
the George Fisher samples (i.e. option 1). Instead, it is worth considering
how alteration reactions involving the prograde diagenetic reaction
sequence might control the mineralogical assemblage developed with
ore stage 1. For example, the alteration of berthierine/chlorite, albite,
and calcite during TSR (reaction (2)) would result in the formation of
muscovite/phlogopite (reaction (3)), dolomite (reaction (4)) and pyrite
(reaction (5)):

(background diagenesis)

+ HCOy + HO

(TSR)
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This alteration reaction is consistent with the depletion of albite,
chlorite, and calcite, and the greater abundances of muscovite/phlogo-
pite and dolomite in samples from George Fisher (Fig. 7). The preser-
vation of K-feldspar also suggests a high K'/H' ratio in the fluid
(relatively high pH), near the muscovite/K-feldspar stability boundary.

The magnesium released during berthierine/chlorite alteration (re-
action (3)), combined with bicarbonate from TSR (II), could have
resulted in hydrothermal dolomite formation (IV), which is consistent
with the higher dolomite abundance at George Fisher relative to Shovel
Flats Urquhart Shale samples (Fig. 7). Dolomitization of calcite typically
results in changes in the trace element composition; for example, neo-
formed dolomite is commonly enriched in Mn and/or Fe and depleted in
Sr relative to precursor calcite (Brand and Veizer, 1980; Kah, 2000).
These trace element changes are due to the incompatibility of the larger
Sr’*-ion compared to the smaller Mn?*- or Fe?*-ions in the dolomite
structure (e.g., Kretz, 1982). The inverse relationship of Mn and Sr in
Shovel Flats and George Fisher samples (Fig. 15) is consistent with hy-
drothermal dolomitization at the George Fisher deposit. Nodular car-
bonates at George Fisher also preserve evidence of replacement by
sphalerite (Fig. 6; Chapman, 2004). The changes in whole rock car-
bonate mineralogy (calcite vs. dolomite) and replacement textures of
dolomite by sphalerite likely indicate that mineralization has resulted in
complex carbonate replacement and dissolution-precipitation reactions
at George Fisher, although further studies on the carbonate chemistry
are needed to test this hypothesis.

Reactive Fe from berthierine/chlorite (reaction (3)) and the hydro-
thermal fluid would have combined with reduced S (TSR; reaction (2))
to form hydrothermal pyrite (reaction (5)). Whole-rock Tl concentra-
tions have previously been identified to be an important pathfinder for
CD-type systems in the Carpentaria province (e.g., Lambert and Scott,
1973; Large and McGoldrick, 1998; Whitbread, 2004) and in other
sedimentary basins (e.g., Gadd et al., 2016; Slack et al., 2004). Pyrite at
George Fisher contains higher concentrations of Tl and Ag than pyrite
from un-mineralized samples (Fig. 16). Recently, high-resolution
element mapping of pyrite aggregates has shown that Tl-enriched py-
rite formed after fine-grained pyrite in the McArthur River deposit
(Spinks et al., 2019). At George Fisher, samples that are dominated by
ore stage 1 preserve the highest whole rock Tl concentrations and have
similar morphologies to McArthur River Tl-rich pyrites (Py-1; Rieger
et al., 2020a). In contrast, the Tl/pyrite ratios of ore stage 3 (Cu-
mineralization) are lower and are similar to background Urquhart Shale
ratios (Fig. 16). Overall, the reaction sequence described by reactions
(2)-(5) is consistent with lower chlorite albite, and calcite contents,
higher 10 A-phyllosilicate and dolomite abundances, and formation of
hydrothermal pyrite at George Fisher and the element changes described
by the GF index.

5.4. Implications

Considering the petrographic and mineralogical evidence that parts
of the Urquhart Shale Formation did not reach greenschist facies (this
study; Chapman, 1999; McClay, 1979) we argued above that the chlorite
formed during diagenesis. It is possible, therefore, that compositional
and isotopic data generated on samples from the Urquhart Shale For-
mation near the George Fisher deposit could be used to investigate the
Paleoproterozoic depositional and diagenetic environment in this part of
the Carpentaria province.

In terms of the sulphide mineralization at the George Fisher deposit,
there is robust petrographic evidence that ore stage 1 (Zn-dominated,
stratabound) post-dated the formation of diagenetic pyrite formed
during the earliest stages of diagenesis (Rieger et al., 2020a). If so, it may
have occurred either before, or after, diagenetic chlorite formation (i.e.
< 70 °C, transformation of berthierine to chlorite). If the mineralization
pre-dated diagenetic chlorite formation, this must have occurred within
the upper 2-3 km of the basin (assuming a normal geothermal gradient).
This is consistent with recent paragenetic models for mineralization at
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other deposits in the Carpentaria Province (e.g., Magnall et al., 2020).
Alternatively, if ore stage 1 mineralization post-dated diagenetic chlo-
rite formation, this may have occurred during late diagenesis (e.g., >3
km burial depth; cf. George Fisher, Chapman, 2004; Mount Isa, Painter,
2003). This would be consistent with ore formation models for the
Century deposit, which likely formed during the onset of basin inversion
(Broadbent, 2002; Broadbent et al., 1998). Notably, the depletion of
albite and chlorite during hydrothermal activity has also been reported
for the Century deposit (Whitbread, 2004).

Considering these mineralogical similarities, it is worth exploring the
broader application of the GF index in the Carpentaria district. When
applied to the Mount Isa and Century deposits the GF index can
discriminate between the background protolith and the altered host
rocks within approximately 2 km and 800 m of the respective deposits
(Fig. 17). Irrespective of the different paragenetic models that exist for
the Carpentaria CD-type deposits, therefore, it is clear that alteration
models should incorporate aspects of the sulphide, carbonate, and
(phyllo)silicate assemblages; this will be most effectively achieved by
combining petrographic, mineralogical, and bulk geochemical
techniques.

6. Conclusions

The Urquhart Shale Formation is host to the world class George
Fisher Zn deposit (165 Mt. at 9.1% Zn, 3.4% Pb, and 55 g/t Ag; Glencore,
2019) and consists of carbonaceous, variably dolomitic or calcareous
siltstones and mudstones; un-mineralized mudstones and siltstones
contain a variety of detrital and authigenic mineral phases (quartz,
feldspars, phyllosilicates, calcite, dolomite, and pyrite). The occurrence
of fine-grained chlorite in pores spaces with illite, the lack of well-
developed metamorphic fabric, and low temperatures indicated by

FeS; +

Al
¢ S:_'llo;/el
P ats
x 100 .‘
2 ® o0 N
£ b4
) *
5 ° ©
i %o ¢ o o
o oo 8 o
8 8
[
o g o
< o
1

37,500

Mt. Isa
deposit

40,000 42,500

Northing (m)

45,000 47,500

Transmitter
Fault

Chemical Geology 560 (2021) 119975

CaMg(C03)2 + H*

(dolomite formation)

2H*
(pyrite formation)

illite crystallinity are consistent with a sub-greenschist facies meta-
morphic grade. This implies that un-mineralized Urquhart Shale samples
preserve a combination of detrital, authigenic and diagenetic compo-
nents (including chlorite).

Hydrothermal alteration processes during ore stage 1 (Zn-domi-
nated, stratabound) at the George Fisher deposit resulted in lower
chlorite, albite, and calcite abundances, higher concentrations of dolo-
mite and 10 A-phyllosilicate minerals (e.g., muscovite or phlogopite),
and the formation of sulphide minerals (pyrite, sphalerite, and galena).
These mineralogical changes are consistent with a hydrothermal event
either before, or after, the formation of diagenetic chlorite from ber-
thierine. This may have occurred in the upper 2-3 km of the basin or
during later diagenesis (e.g., at the onset of basin inversion). During this
hydrothermal event, the dissolution of albite, the replacement of calcite
by dolomite, and the formation of hydrothermal pyrite has resulted in
minor and trace element depletion (Sr and Na) and enrichment (Tl and
Mn), which were used to formulate an alteration index for the George

Fisher deposit (GF index, 10 (ﬁ‘?ggj;‘;ff) ). This alteration index is highly

effective in differentiating between the un-mineralized background
Urquhart Shale Formation and the mineralized Urquhart Shale Forma-
tion at George Fisher. It may, therefore, be useful in future geochemical
exploration programmes in the Mount Isa area. Moreover, similar
mineralogical and element changes in other CD-type massive sulphide
deposits may indicate that hydrothermal alteration reactions were
broadly comparable throughout the Carpentaria province. Overall, the
combination of petrographic, lithogeochemical, and mineralogical
techniques has proved to be effective in determining the background
composition of the Urquhart Shale Formation and the alteration foot-
print of the ore-forming system at George Fisher.
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Fig. 17. George Fisher index values for the Urquhart Shale Formation north of the Mount Isa deposit (A; data compiled from Painter, 2003) and for the Century
deposit (B; data compiled from Whitbread, 2004). George Fisher index values for the Shovel Flats samples (this study) are shown for reference.
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