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Abstract: Detrital zircon grains preserved within clasts and the matrix of a basal diamictite sequence
directly overlying the Carrapateena IOCG deposit in the Gawler Craton, South Australia are shown
here to preserve U–Pb ages and geochemical signatures that can be related to underlying miner-
alisation. The zircon geochemical signature is characterised by elevated heavy rare-earth element
fractionation values (GdN/YbN ≥ 0.15) and high Eu ratios (Eu/Eu* ≥ 0.6). This geochemical signa-
ture has previously been recognised within zircon derived from within the Carrapateena orebody
and can be used to distinguish zircon associated with IOCG mineralisation from background zircon
preserved within stratigraphically equivalent regionally unaltered and altered samples. The results
demonstrate that zircon chemistry is preserved through processes of weathering, erosion, transport,
and incorporation into cover sequence materials and, therefore, may be dispersed within the cover
sequence, effectively increasing the geochemical footprint of the IOCG mineralisation. The zircon
geochemical criteria have potential to be applied to whole-rock geochemical data for the cover
sequence diamictite in the Carrapateena area; however, this requires understanding of the presence
of minerals that may influence the HREE fractionation (GdN/YbN) and/or Eu/Eu* results (e.g.,
xenotime, feldspar).

Keywords: zircon; geochemistry; Gawler Craton; accessory mineral; mineral exploration; cover
sequences; mineral dispersion

1. Introduction

Mineral exploration is becoming increasingly challenging as the exploration for ore
deposits moves into terranes that are buried and overlain by extensive cover sequences [1,2].
Cover sequences are commonly considered a hindrance in exploration; however, in the last
~20 years, research has increasingly focused on how the geochemical signatures of mineral
systems can be translated into overlying cover sequences and therefore aid exploration [3–7].
Geochemical signatures can be transported into the overlying cover through chemical [3,8]
and mechanical [5–7,9] processes, and are commonly preserved in resistate phases (e.g.,
zircon, monazite, rutile [6,10–12]). Investigation into element migration processes has been
coupled with palaeotopography and landscape evolution studies to fully understand the
temporal and spatial evolution of these geochemical signatures [5–7,9].

The Gawler Craton, South Australia, hosts extensive iron oxide–copper–gold (IOCG)
mineralisation, including the giant Olympic Dam deposit and the large Carrapateena and
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Prominent Hill deposits (Figure 1a). The IOCG mineralisation is hosted within highly
prospective Proterozoic rocks of the Olympic Cu–Au Province in the northern and eastern
Gawler Craton [13,14] (Figure 1a). The Olympic Cu–Au Province is extensively overlain by
cover sequences up to several hundred meters in depth [13], effectively limiting exploration
to relatively few holes drilled into geophysical targets. This leads to considerable uncer-
tainty when geophysical features being targeted are drilled, as not all drill holes intersect
mineralisation. As such, additional methods are required to assess mineral potential and
recognise proximity to mineralisation. Zircon from mineralised zones of the Carrapateena
IOCG deposit records geochemical characteristics that can be distinguished from distal
unaltered and altered equivalents [15]. Furthermore, the use of zircon chemistry as a
fertility indicator was also demonstrated for porphyry Cu deposits [10,16]. Since zircon is
a common accessory phase that readily survives surficial processes and incorporation into
cover, analysis of the chemical characteristics of zircon preserved within cover units may
potentially provide an exploration tool. However, the potential of using zircon preserved
in cover materials for IOCG exploration has not been established.
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Figure 1. (a) Map of the Gawler Craton displaying key mineral deposits and the distribution of
Donington Suite plutons within the basement. Modified after [17]. (b) Outline of the Carrapateena
orebody over a depth to basement map (modified after [11]). The location of drill holes from which
samples of the basal diamictite in the overlying cover sequence were taken are shown. The location
of the Carrapateena deposit is highlighted in (a).

In this paper, the zircon U–Pb and trace element composition of in situ zircon grains
from a barren basal diamictite overlying the Carrapateena IOCG deposit is assessed to
determine if there is any similarity with that of zircon grains from the underlying miner-
alised basement rocks. The results are used to determine if zircon chemistry can be used to
extend the geochemical signature of an IOCG deposit in cover sequences, and therefore be
a useful tool for IOCG exploration in areas of thick cover. The limitations and implications
of such an exploration tool are then discussed.

2. Background

The Gawler Craton, South Australia is one of the largest global iron oxide–copper–
gold (IOCG) provinces and hosts several large deposits including Olympic Dam, Prominent
Hill, and Carrapateena [13,18] (Figure 1a). This metallogenic province hosts numerous
prospects and is subject to continued exploration. Copper–gold mineralisation is widely
regarded as predominantly forming during a major tectonothermal and magmatic event at
1600–1570 Ma [13,14]. IOCG mineralisation is hosted within various rock units, including
the ca. 1850 Ma Donington Suite (Carrapateena: [12,19–21]); 1750 Ma Wallaroo Group
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(Emmie Bluff: [22]); ca. 1595–1575 Ma Hiltaba Suite granites (Olympic Dam: [23,24]) and
the ca. 1595–1587 Ma Gawler Range Volcanics (Prominent Hill: [25]). Mineralisation is
overlain by extensive Neoproterozoic to Cambrian cover sequences of the Adelaide Rift
Complex and Stuart Shelf [26].

The Carrapateena IOCG deposit was discovered in 2005 in the eastern Gawler Craton
(Figure 1b). Mineralisation occurs within a vertical pipe-like breccia complex, termed the
“Carrapateena Breccia Complex” [12,27]. The Carrapateena Breccia Complex is a clast- to
matrix-supported breccia developed within a variably foliated and/or sheared ca. 1850 Ma
Donington Suite batholith [12,20,28]. The clasts comprise medium-grained meta-granite to
diorite and quartz veins that are variably altered to chlorite, sericite, and hematite. The
matrix is dominated by hematite and quartz and is sericite-altered [12]. The Carrapateena
Breccia Complex is intruded by several predominantly mafic dykes [29].

The Carrapateena deposit is unconformably overlain by up to ~470 m thick Neo-
proterozoic sedimentary cover consisting of the Umberatana and Wilpena groups of the
Stuart Shelf [12,26,27]. These Cryogenian to Ediacaran sedimentary packages indicate
the unconformity at the basement–cover interface, which represents an approximate 1000-
million-year gap in the geological record as a result of extensive erosion of intervening units
or a halt in deposition of sediments across the region [30–32]. The Umberatana sequences
comprise gritty siltstones to sandstones with minor dolomitic interbeds and a basal con-
glomerate at the basement–cover interface [33]. The basal conglomerate typically comprises
well-rounded granite, volcanic, quartz, and hematite clasts in a fine sandy matrix [12,27].
These clasts are inferred to be derived from the underlying basement rocks [34]. Interpreted
depositional environments for the Umberatana Group include glacial, interglacial, and
marine environments [35]; however, the depositional history of the cover sediments that
specifically overlie the Carrapateena deposit is uncertain.

Exploration through Cover

Exploration in covered regions is commonly reliant on geophysical and geochemical
interpretations [36,37]. In areas of thin cover, geochemical sampling is commonly success-
fully used in mineral exploration and uses elevated pathfinder elements associated with
underlying mineralisation, and, in some instances, can extend the geochemical halo of the
mineralising system [4,9,38–42].

Geochemical anomalies associated with mineralisation can migrate into overlying
cover sequence materials through chemical processes, usually driven by water, gas, or
physical processes [38]. Fluid conditions, such as pH, Eh, and temperature, have a large
influence on the mobility of elements, and largely control whether a host rock is enriched
or depleted during chemical weathering and mobilisation [38,43–45].

Alternatively, geochemical haloes in cover materials above a mineralising system can be
generated by mechanical processes, which usually involve erosion of underlying bedrock,
transportation, and lateral physical dispersion of the orebody itself [5,6,38,43,46,47]. Geochem-
ical anomalies associated with the transport of the orebody are generated in the direction
of transportation, and can occur in several environments including aeolian, fluvial, coastal,
hillslope, and glacial environments [6,7,42,47].

3. Materials and Methods
3.1. Sample Selection and Preparation

A total of 8 samples of the basal material at the basement–cover unconformity were
used in this study (Table 1). Four of these samples directly overlie the Carrapateena IOCG
deposit (Figure 1b). Sample collection and access to drill core was made available by OZ
Minerals. Drill holes were selected to provide a transect across the Carrapateena deposit.
Samples collected were of half core and approximately 20–40 cm in length. The intervals
selected were within a metre of the basement–cover interface and were chosen for their
high clast content as well as the presence of hematite-dominated clasts.
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Table 1. Description of basal diamictite samples used for whole-rock geochemical analysis and zircon analysis. Location of samples are
shown in Figure 1b.

Sample Drill Hole
Number

of
Zircons

Sample Description
Zircon Location

(Number of
Analyses)

Interesting Zircon
Geochemical

Characteristics

FIA_01
CAR010 (~1 km

north of the
orebody)

6

Matrix-supported, poorly sorted,
polymictic diamictite. Matrix:

fine–medium-grained, brown/reddish
sandstone. Clasts: cobble sized,

subangular to subrounded Fe-altered
granite (~80–90%, up to 7 cm);

well-rounded volcanic (~5%), sedimentary
rock (~5%).

Matrix: (5); Clasts:
Fe-altered granite (1)

Matrix: Heavy rare-earth
element fractionation (HREE

Frac) ≥ 0.15,
Eu/Eu* ≤ 0.6.

Clast: HREE Frac ≤ 0.15,
Eu/Eu* ≤ 0.6.

FIA_10 CAR019 6

Matrix-supported diamictite. Matrix:
medium-grained brown sandstone
preserves chaotic bedding to planar

laminated bedding. Clasts: angular to
subrounded hematite, granite, quartz,

mafic, and volcanic clasts.

Matrix: (5); Clasts:
hematite (1)

Matrix: HREE Frac ≥ 0.15
Eu/Eu* ≥ 0.6.

Clast: HREE Frac ≤ 0.15,
Eu/Eu* ≤ 0.6.

FIA_14 CAR058 14

Poorly sorted, polymictic, clast-supported
diamictite with rounded to subrounded

quartz (~80%), K-feldspar (~5–10%),
rounded, sericite-altered, volcanic clasts
(~5%), well-rounded to angular granite

(~5%), and angular hematite (~5%).

Matrix: (5); Clasts:
sandstone (5), granite

(3), quartz (1)

Matrix: HREE Frac ≥ 0.15,
Eu/Eu* ≥ 0.6.

Clast: HREE Frac ≥ 0.15,
Eu/Eu* ≥ 0.6.

FIA_21 CAR024 11

Polymictic, clast-supported diamictite.
Matrix: medium-grained, brown
sandstone. Clasts: subrounded to

subangular granite (~80%), mafics (<5%),
volcanics (~15%), and quartz (<5%).

Matrix: (2); Clasts:
granite (5), hematite

breccia (4)

Matrix: HREE Frac ≤ 0.15,
Eu/Eu* ≤ 0.6.

Clast: HREE Frac ≥ 0.15,
Eu/Eu* ≥ 0.6.

FIA_28 CAR034 19

Poorly sorted, polymictic, clast-supported
diamictite. Matrix: brown,

medium-grained sandstone. Clasts:
well-rounded granite (up to 5 cm, up to

~40%), subangular hematite (~10%), mafic
rock (angular, ~5%), hematite breccia
(~2%), quartz (~15%), volcanic rock

(~20%), other (different) types of granite
(~10%).

Matrix: (2); Clasts:
volcanics (14),

sandstone (1), quartz
(1), siltstone (1)

Matrix: HREE Frac ≤ 0.15,
Eu/Eu* ≤ 0.6.

Clast: HREE Frac ≥ 0.15,
Eu/Eu* ≥ 0.6.

FIA_36
CAR042 (~0.2 km
west of the main

orebody)
13

Well to moderately sorted,
clast-supported, polymictic diamictite.

Matrix: brown, medium-grained
sandstone. Clasts: subangular to rounded

Fe-, ser-altered (greenish tinge) granite
(~40%), hematite breccia (~10%), quartz
(~10%), volcanics (~40%), mafics (<5%).

Matrix: (1); Clasts:
volcanics (1),

K-feldspar (1),
unknown host (10)

Unknown: HREE Frac ≥ 0.15
Eu/Eu* = Variable

FIA_38

DD13CAR117W1
(~1km

south-west of the
main orebody)

7

Poorly sorted, clast-supported diamictite.
Matrix: medium-grained sandstone.

Clasts: well-rounded, pebble to boulder
sized granite (~60-70%), angular hematite

breccia clasts (~15%), itself containing
visible altered granite and siltstone clasts,
sericite-altered mafics with phenocrystic

feldspar (~5%), well-rounded
hematite-rich rock (~5%).

Unknown host (7) Unknown: HREE Frac ≤ 0.15
Eu/Eu* < 0.6

FIA_40
CAR011 (~1 km
north-east of the
main orebody)

40

Poorly sorted, polymictic, clast-supported
diamictite. Matrix: medium-grained
sandstone. Clasts: medium to large
pebbles of angular to subrounded

hematite-rich clasts and altered granite.

Matrix: (5); Clasts:
Fe-altered granite (1)

Unknown: HREE Frac ≥ 0.15
Eu/Eu* > 0.6

Where possible, existing thin sections of sampled intervals owned by OZ Minerals
were used for zircon analyses. Remaining samples were cut and prepared into thin sec-
tion blocks at the University of South Australia. Thin sections were made by Adelaide
Petrographics Pty Ltd. (Stepney, South Australia, Australia).

Three samples (FIA_36, FIA_38, and FIA_40) were crushed and sieved at the University
of South Australia to obtain a 79–400 µm fraction and to create zircon mounts. Samples
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were panned, and magnetic minerals separated with a hand magnet. Zircon grains were
hand-picked and mounted in epoxy resin discs. Care was taken not to be biased when
selecting the grains, ensuring all sizes, colours, and shapes were selected.

3.2. Whole-Rock Geochemical Analysis

Seven samples were submitted for analysis at Bureau Veritas, Wingfield, South
Australia for whole-rock geochemistry (Supplementary Material S1). For each sample,
100–150 g separates were prepared prior to zircon separation to ensure the sample was
representative of the whole interval used. Samples were crushed and prepared using
standard methods (https://www.bureauveritas.com.au/ (accessed on 20 August 2021)).
Details of analytical methods for each element are given in Supplementary Material S1.
Additional geochemical data from the OZ Minerals database was also used where possible.

3.3. Zircon U–Pb Geochronology and Geochemistry

Zircon morphology, textural, U–Pb, and geochemical analyses were carried out at
the University of Adelaide, Australia. Polished thin sections for FIA_01, FIA_10, FIA_14,
FIA_21, FIA_28, and FIA_36 were analysed for zircon morphology and to retain the textural
context of the zircon grains and their hosts (clasts or the matrix) where possible. Zircon
grain mounts of samples FIA_36, FIA_38, and FIA_40 were also analysed for zircon mor-
phology. The internal structures of zircon grains were imaged under cathodoluminescence
(CL) on the MLA Quanta SEM 600 to identify the crystallisation history of individual grains
through internal texture characterisation (Supplementary Material S2).

U–Pb data was collected from both thin section and grain mount samples in con-
junction with rare-earth element and trace-element geochemistry using laser ablation
inductively coupled mass spectrometry (LA–ICP–MS) on a Resonetics M-50-LR 193-nm
Excimer laser microprobe coupled to an Agilent 7700cx Quadrupole ICP–MS. Five shots
were fired prior to each analysis to remove surface contamination. Zircons were ablated at
a frequency of 5 Hz, intensity of 2.1 J/cm2, and a spot size of 29 and 13 µm (Supplementary
Material S2 and S3). The smaller spot size was used for zircon grains <20 µm, or for
analysing specific textural domains within individual zircon grains. The acquisition time
of each analysis was 60 s, comprising 30 s of background measurement and 30 s of ablation.
The smaller spot sizes were analysed using 30 s background measurement, followed by 15 s
ablation, and 15 s background to minimise isotopic fractionation-associated high depth-
to-width ratio of the resulting ablation craters [48]. Samples were analysed in multiple
analytical sessions as outlined in Supplementary Material S3. Zircon data were corrected
for mass bias, elemental fractionation, and instrument drift based on the measured iso-
topic ratios of the primary zircon references GJ-1 and Plešovice, in standard bracketing
procedures every 20 unknown analyses. Plešovice yielded respective weighted mean ages
of 206Pb/238U = 340.14 ± 0.84 Ma (MSWD = 1.15, n = 36), which is within uncertainty of
the known values for the standards. See Supplementary Material S3 for more detail. Data
processing was conducted using Iolite software 4 [49], with Zr as an internal standard
and NIST 610 glass standard used to calculate elemental concentrations. Zr was used
over Si as the internal standard due to less fractionation/bias [50]. It was assumed that
samples contained 49.7 wt% Zr. The resulting compositions are within 15% accuracy of the
published trace element data for GJ-1 zircon standard, except for La, which is above 15%
accuracy due to its low concentration in zircon. Analytical uncertainties are given at 2σ,
with weighted mean and intercept calculations given at the 95% confidence level. Samples
with high common Pb and U were removed from concordia plots. Contamination by
small mineral inclusions is common in zircon; therefore, the dataset was filtered to exclude
contaminated analyses for zircon geochemical analyses. Analyses were excluded if there
were obvious disruptions/spikes in counts per second (CPS) signals as a result of large
inclusions, along with those with Al > 5000 ppm, Fe > 5000 ppm for Fe oxides, La > 5 ppm
for apatite contamination, and Ti > 50 ppm for Ti–(Fe) oxides. The zircon considered to

https://www.bureauveritas.com.au/
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be inclusion-free (using this criteria) overlap with analyses that were not excluded from
concordia plots due to high common Pb and CPS disruptions (Supplementary Material S3).

4. Results
4.1. Sample Descriptions

Descriptions for the eight samples from the basal material overlying the Carrapateena
deposit area used in this study are given in Table 1. Samples vary from clast- to matrix-
supported and are mostly poorly sorted, with clasts ranging in size from <5 mm up to
cobbles. The clasts range from angular to rounded in shape. The samples are polymictic,
with clasts comprising granite, granite breccia, hematite breccia, sandstone, volcanics,
quartz, and sedimentary rocks that have undergone variable degrees of Fe-, sericite-, and
potassic alteration (Table 1; Figure 2). The poorly sorted, polymictic, and angular to
rounded nature of the clasts in the basal material indicates that the material overlying
the Carrapateena deposit area has a diamictite texture rather than conglomerate, as de-
scribed by previous authors [12,27,33,51]. The basal cover material is herein described as a
diamictite.
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Minerals 2021, 11, 916 7 of 21

4.2. Whole-Rock Geochemistry

Samples display a range of SiO2 values (~50–80 wt%), with decreasing Fe2O3 content
with increasing SiO2 (Figure 3a). Copper content is variable, with the highest values in
FIA_21 (~90 ppm), and shows a slight negative correlation with SiO2 (Figure 3b). Chondrite-
normalised rare-earth element (REE) diagrams show that all samples display enrichment
in light rare-earth elements (LREEs), mostly with negative Eu anomalies (Figure 3c).
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regional unaltered (green) and altered (orange) Donington Suite, and Donington Suite from the Carrapateena deposit (red)
(data from [15]).

4.3. Zircon Morphology

Zircon grains from the matrix and clasts are euhedral to subhedral in shape, with
aspect ratios up to 1:3 and sizes ranging from 50–200 µm (Figure 4). A large portion
of zircons preserved in the matrix are largely fractured with only fragments of a grain
preserved, while the zircons hosted within clasts are less fragmented (Figure 4). Variable
weak to distinct oscillatory zoning and minor recrystallisation of rims is present (Figure 4;
Supplementary Material S2).
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4.4. Zircon U–Pb Analysis

U–Pb data was collected for all basal diamictite samples.
Sample FIA_01: A total of 57 analyses were made on 18 zircon grains. Of these analy-

ses, 46 were excluded due to high common lead. The 11 analyses remaining are located
within the matrix, sandstone, granite, and Fe-altered granite clasts. A U–Pb concordia plot
of these analyses yields an upper intercept age of 1853 ± 120 Ma (MSWD = 11.9; Figure 5a).
Two analyses were concordant (<5%) and used for age calculations (located within the
matrix and Fe-altered granite clasts). These two grains yield an average 207Pb/206Pb age of
1793 ± 100 (MSWD = 0.84, n = 2), which is within error of the upper intercept.
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Sample FIA_10: A total of 13 analyses were made on 12 zircon grains. Of these analy-
ses, seven were excluded due to high common lead and disrupted signals. The six analyses
that were not excluded are located within a hematite clast and the diamictite matrix. A
U–Pb concordia plot of these analyses yields an upper intercept age of 1892 ± 180 Ma and a
lower intercept of 592 ± 170 Ma (MSWD = 11.9; Figure 5b). Four analyses were concordant
(<5%) and used for age calculations where two populations of zircon are present. One grain
located within a hematite clast has a 207Pb/206Pb age of 1779 ± 111 Ma, within error of the
upper intercept. The other three grains yield an average 207Pb/206Pb age of 672 ± 49 Ma
(MSWD = 2, n = 3), within error of the lower intercept.

Sample FIA_14: A total of 40 analyses were made on 23 zircon grains. Of these
analyses, 14 were excluded due to high common lead and disrupted signals. The 26
remaining analyses are located within the diamictite matrix and sandstone, quartz, granite,
and volcanic clasts. A U–Pb concordia plot of these analyses yields an upper intercept
age of 1837 ± 47 Ma and a lower intercept of 77 ± 150 Ma (MSWD = 14; Figure 5c). Six
of these analyses were concordant (<5%) and used for age calculations (located within
sandstone clasts and the matrix) and yield an average 207Pb/206Pb age of 1819 ± 27 Ma
(MSWD = 0.64, n = 6), within error of the upper intercept.

Sample FIA_21: A total of 39 analyses were made on 20 zircon grains. Of these analy-
ses, 23 were excluded due to high common lead and disrupted signals. The 16 analyses that
were not excluded are located within the matrix and hematite breccia, granite, and quartz
clasts. Six of these analyses were concordant (<5%) and used for age calculations (located
within matrix and hematite breccia/granite clasts) and yield an average 207Pb/206Pb age of
1849 ± 13 Ma (MSWD = 0.63, n = 6).

Sample FIA_28: A total of 42 analyses were made on 27 zircon grains. Of these analy-
ses, 21 were excluded due to high common lead and disrupted signals. The remaining 21
analyses are located within the matrix and volcanic, siltstone, sandstone, and quartz clasts.
A U–Pb concordia plot of these analyses yields an upper intercept age of 2003 ± 270 Ma
and a lower intercept of 811 ± 480 Ma (MSWD = 31; Figure 6a). Thirteen of these analy-
ses were concordant (<5%) and used for age calculations (located within the matrix and
volcanic/siltstone/sandstone clasts) and yield variable 207Pb/206Pb ages (Figure 6b). The
zircon located within the sandstone clast yields a 2503 ± 17 Ma age. The zircon within the
matrix has an age of 1864 ± 24 Ma and the zircon located within the siltstone has an age of
1722 ± 36 Ma. Ten grains are host within volcanic clasts and yield an average 207Pb/206Pb
age of 1590 ± 22 Ma (MSWD = 1.9, n = 10).

Sample FIA_36: A total of 49 analyses were made on 37 zircon grains. Of these
analyses, 28 were excluded due to high common lead and disrupted signals. The remaining
21 analyses are located within unknown hosts, the matrix and K-feldspar, granite, and
volcanic clasts. A U–Pb concordia plot of these analyses yields an upper intercept age
of 1874 ± 44 Ma and a lower intercept of 53 ± 110 Ma (MSWD = 18; Figure 5e). Five of
these analyses were concordant (<5%) and used for age calculations (located within a K-
feldspar clast and unknown hosts) and yield an average 207Pb/206Pb age of 1860 ± 24 Ma
(MSWD = 1.6, n = 5), within error of the upper intercept.
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Sample FIA_38: A total of 18 analyses were made on 18 zircon grains. Of these
analyses, eight were excluded due to high common lead and disrupted signals. The
10 analyses not excluded are located within unknown hosts. A U–Pb concordia plot of
these analyses yields an upper intercept age of 2611 ± 530 Ma and a lower intercept of
1477 ± 520 Ma (MSWD = 614; Figure 5f). Eight of these analyses were concordant (<5%)
and used for age calculations. One grain has a 207Pb/206Pb age of 2710 ± 23 Ma, four
grains yield an average age of 1863 ± 14 Ma (MSWD = 1.14, n = 4), and another, younger
population occurs at 1744 ± 62 Ma (MSWD = 3.7, n = 3).

Sample FIA_40: A total of 68 analyses were made on 35 zircon grains. Of these
analyses, 10 were excluded due to high common lead and disrupted signals. The remaining
58 analyses are located within unknown hosts. A U–Pb concordia plot of these analyses
yields an upper intercept age of 2380 ± 120 Ma and a lower intercept of 1043 ± 190 Ma
(MSWD = 618; Figure 6c). Thirty-eight of these analyses were concordant (<5%) and used
for age calculations. The main peak occurs at ~1860 Ma, with smaller peaks also occurring
at ~1590 Ma, ~2500 Ma, and ~2800 Ma (Figure 6d).

4.5. Zircon Chemistry

Zircon is hosted within granite, Fe-sericite-altered granite, hematite breccia, hematite,
volcanic, quartz, sandstone, K-feldspar, and siltstone clasts, and within the matrix (Table 1).
Zircons display typical REE patterns, with enrichment in HREE with positive Ce and
mostly negative Eu anomalies (Figure 7a,b). Variability in mean zircon REE content is seen
from different clast types (Figure 7a) and from within different drill holes (Figure 7b). Most
zircon preserves an HREE fractionation content (HREE Frac = GdN/YbN) of <0.15 and



Minerals 2021, 11, 916 12 of 21

Eu/Eu* ratios (Eu/Eu* = EuN/sqrt(SmN* GdN)) of <0.6 (Figure 7c). This data lies along a
background trend of ~1:6 HREE Frac:Eu/Eu* defined in [15].

1 
 

 

Figure 7. Geochemical plots highlighting the zircon rare-earth element chemistry. (a) Chondrite-normalised REE diagram
for zircon in the basal diamictite of the cover sequence, coloured according to hosting clast type. Data normalised to [52];
(b) chondrite-normalised REE diagram for zircon in cover sequence basal diamictite, coloured according to drill hole sample.
Data normalised to [52]. Sample and drill hole locations are shown in Figure 1b; (c) heavy rare-earth element (HREE)
fractionation vs. Eu/Eu* ratio. HREE Frac = YbN/GdN. Data coloured by the type of clast the zircon is hosted by within the
basal diamictite. Data shape shows the drill hole from which the sample was taken. Red shading: chemistry of zircon from
Donington Suite basement from the Carrapateena area. Orange shading: chemistry of zircon from regional altered samples
of the Donington Suite. Green shading: chemistry of zircon from unaltered samples of the Donington Suite. Basement
zircon chemistry data taken from [15]. Annotated zircon grains correspond to the internal textures of individual grains
shown in Figure 4. * Represents samples analysed from zircon mounts where host clast is unknown.

All samples (except sample FIA_38) preserve zircon with HREE fractionation values
of >0.15 (Figure 7c), which overlap with the chemistry of zircon grains from the underlying
Carrapateena deposit [15]. All but seven of these analyses have Eu/Eu* > 0.6 (Figure 7c).
The seven analyses with Eu/Eu* ratios are from FIA_36, FIA_01, and FIA_40 samples that
are preserved within volcanic clasts and the matrix (Figure 7c). Zircon with high Eu/Eu*
ratios (>0.6) occur within samples FIA_10, FIA_14, FIA_21, FIA_28, FIA_36, and FIA_40,
and are preserved within the hematite, granite, quartz, sandstone, and volcanic clasts, and
within the matrix (Figure 7c).

5. Discussion
5.1. Origin of Zircon within the Basal Diamictite

The origin of the clasts that sit within the diamictite at the basement–cover unconfor-
mity over the Carrapateena area is used to determine the provenance of the zircon hosted
within. The clasts comprise granite (including potassic-, Fe-, or sericite-altered granite),
granite breccias, volcanics, hematite breccia, hematite, quartz, and siltstone clasts that lie
within a matrix of brown, fine- to coarse-grained sandstone (Table 1; Figure 2).

The Carrapateena Breccia Complex hosted within the ca. 1850 Ma Donington Suite
immediately underlies the basal diamictite and comprises several lithologies. These in-
clude granite- and hematite-dominated breccias that are iron oxide-, quartz-, sericite-,
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K-feldspar-, and chlorite-rich as the result of hydrothermal alteration and mineralisa-
tion [15,29,53]. The breccia clasts are angular to subrounded and can comprise orthogneiss,
granite, siltstone, sandstone, granite, and hematite breccias, volcanics, and a volcanogenic
diamictite [27,29,53]. Additionally, the Donington Suite that hosts and surrounds the Car-
rapateena deposit comprises altered granite [12,27,33,51].

U–Pb data show that zircons vary in age, with all samples yielding a population at
~1850 Ma for zircon hosted within altered granite, granite, hematite, sandstone, hematite
breccia, and K-feldspar clasts (Figures 5 and 6). These clasts have a similar lithological com-
position to the immediately underlying basement rock packages [27,29,53]. The angular to
subangular nature of a significant portion of clasts within the diamictite (Table 1) indicates
minimal transport distances. Zircons with an age of ~1850 Ma are also present in the matrix
of the basal diamictite. The zircon grains overlap in age with the immediately underlying
ca. 1850 Ma Donington Suite. This, along with the composition and morphology of the
diamictite clasts, is used here to suggest that the zircons are derived from the underlying
basement that hosts the Carrapateena deposit. This supports similar interpretations of [34],
who also interpret the clasts within the basal diamictite overlying the Carrapateena deposit
to have been derived from the immediately underlying mineralised basement rocks.

A smaller population of older zircons are also present in FIA_28, FIA_38, and FIA_40
(Figures 5 and 6), yielding U–Pb ages of ~2500 Ma and ~2700 Ma. These zircons are
likely related to the ca. 2480–2420 Ma Sleafordian Orogeny [54]. A dominant ~1590 Ma
zircon population is present in volcanic clasts from FIA_28 and unknown hosts in FIA_40
(Figure 6). This age coincides with the ca. 1595–1587 Ma Gawler Range Volcanics [55],
which were associated with mineralisation across the Olympic Province [13,14]. Volcanics
are present in the underlying Carrapateena Deposit [53]; however, the age of these vol-
canics is unknown. Therefore, these volcanic clasts could be derived from the underlying
basement or a distal source.

The presence of subrounded and rounded clasts within the basal diamictite suggests
a portion of the clasts were transported from more distal sources. Similar brecciated
and altered lithologies to those described in the Carrapateena area and within the basal
diamictite are reported within IOCG prospects of Freemantle Doctor and Khamsin that
are also host by the Donington Suite and are within ~4 and ~10 km of the Carrapateena
deposit, respectively [53]. It is therefore possible that the basal diamictite clasts were
partially derived from other proximal areas of mineralisation that are also hosted within
the Donington Suite and associated with the ~1590 Ma mineralising event.

In sample FIA_10, three grains located within the matrix of the basal diamictite yield
an average 207Pb/206Pb age of 672 ± 49 Ma, which is consistent with the Umberatana
Group which overlies this region [30].

5.2. Zircon Chemistry in the Clasts

The preservation of zircon with a composition similar to the demonstrably unique
chemistry of zircon from within the Carrapateena orebody suggests that these zircon grains
are likely hosted within the clasts interpreted to be derived from the mineralised basement
rocks, and not surrounding regions (Figure 7). Reference [15] shows that zircons sourced
from Donington Suite samples within the Carrapateena deposit preserve a unique geo-
chemical signature, where zircons from highly brecciated, altered rocks within the orebody
can have high Eu/Eu* ratios (>0.6) and heavy rare-earth element (HREE) fractionation
content (HREE Frac > 0.15). The zircon geochemical signature is demonstrably linked to
hydrothermal activity related to the 1600–1570 Ma IOCG mineralising event in the eastern
Gawler Craton. This geochemical signature can distinguish zircon within mineralised
basement rocks from zircon derived from regional unaltered and altered samples [15]. The
regional unaltered and altered samples define a background zircon chemistry described by
an HREE Frac:Eu/Eu* ratio of ~1:6. A large portion of zircon within the mineralised Carra-
pateena basement samples also preserves this background trend [15]. The data that plots
along the background trend should not be instantly disregarded as having no potential
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for being proximal to IOCG mineralisation, as these grains were interpreted to be resistant
to hydrothermal modification, compared to zircons that are more altered and preserve a
higher HREE Frac and Eu/Eu* content [15].

The chemistry of several zircons (n = 29) derived from clasts within the cover sequence
basal diamictite overlaps with the background chemistry of the regional unaltered and
altered Donington Suite (Figure 7c). However, several zircon grains (n = 15) from granite,
hematite breccia, sandstone, quartz, and volcanic clasts preserve HREE fractionation
content of >0.15 and an Eu/Eu* ratio of >0.6, which overlaps with the field of geochemistry
characteristic of Carrapateena IOCG deposit zircon (Figure 7c). It is also noted that the
zircon grains derived from diamictite clasts have internal fractures and weak to strong
oscillatory zoned textures (Figure 4), comparable to zircon from within the Carrapateena
deposit [15].

The preservation of zircon that has a comparable composition to the demonstrably
unique zircon from within the Carrapateena orebody suggests these zircons are derived
directly from the deposit and not from surrounding ~1850 Ma Donington Suite grani-
toids. The preservation of this chemistry suggests the zircon was resistive to geochemical
modification during weathering, erosion, transport, and lithification at its new site (see
also [56]).

5.3. Zircon Chemistry in the Matrix

Zircon grains from the matrix of the cover sequence basal diamictite also preserve
chemical characteristics that overlap with both background and interesting geochemical
signatures (Figure 7c). Many of the matrix zircons fall within the background chemistry
field (n = 13); however, six grains preserve elevated HREE Frac contents (>0.15) (Figure 7c).
Of these six grains, four grains preserve elevated Eu/Eu* ratios (>0.6) and fall within the
field defined by zircon characteristics of the Carrapateena deposit (Figure 7c). The other
two grains preserve lower Eu/Eu* ratios (<0.6) that lie within the interesting field [15].

The matrix-hosted zircon grains are commonly fragmented and can display a higher
degree of internal fracturing compared to zircon hosted within clasts (Figure 7). This
is likely a result of mechanical weathering of unprotected zircons that were not hosted
within clasts. The geochemical signature of elevated HREE fractionation content and
Eu/Eu* ratios is preserved within the fragmented and fractured matrix-hosted zircon
grains (Figure 7), demonstrating that zircon chemistry indicative of IOCG mineralisation
can be preserved despite the mechanical breakdown of the zircon.

5.4. Exploration Criteria Using Zircon in Cover Sequence Materials

The recognition of zircon within clasts and matrix of the cover sequence basal diamic-
tite that preserves comparable geochemical signature to zircon related to the 1600–1570 Ma
IOCG mineralisation event in the Gawler Craton shows that the IOCG exploration criteria
developed for zircon within the basement can also be applied to zircon within cover se-
quences. Therefore, it is likely that the zircon IOCG exploration criteria proposed by [15] is
also applicable to zircon preserved in the cover sequences, in particular, zircon grains that
yield Eu/Eu* ratios of >0.6 and HREE fractionation content of >0.15, which is considered
indicative of being derived from proximal to IOCG mineralisation.

Recent studies investigating zircon chemistry in the Gawler Craton have shown that
zircon associated with hydrothermal activity resulting in IOCG mineralisation generally
displays increasing REE content with increasing alteration (e.g., potassic, Fe, sericite) [15,57].
REE enrichment is much higher in zircon within zones of mineralisation where alteration
of the host rock is most intense [15,57]. Preservation of zircon geochemical signatures that
can be related to IOCG mineralisation within clasts and the matrix of the basal diamictite,
and that were sourced from the underlying basement, demonstrates the potential for this
signature to be dispersed within cover sequence materials. This process will effectively
increase the geochemical footprint of the mineralising system.
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The extent of physical dispersion of zircon derived from the Carrapateena area miner-
alisation within the overlying basal diamictite is difficult to quantify in this study due to
the limited number of samples from drill holes immediately surrounding the Carrapateena
deposit (Figure 1b). Furthermore, the environment of deposition of the basal diamictite
is unequivocal. The assorted shape of clasts preserved within the basal diamictite is in-
dicative of variable degrees of transport. Additionally, the older (~2500 and ~2700 Ma)
and younger (1590 and ~670 Ma) zircons suggest the material comprising the diamictite
was not solely sourced from the underlying Carrapateena deposit (Figures 5 and 6). The
fragmented, angular nature of the matrix-hosted zircon grains that yield ~1850 Ma ages and
preserve elevated HREE fractionation content and Eu/Eu* ratios related to Carrapateena
mineralisation immediately underlying the basal sequence suggest minimal transport of
the matrix-hosted zircon grains. The preservation of these matrix zircons that are highly
fractured and angular hematite clasts within the basal diamictite suggests minimal trans-
port, which can occur within glacial environments [6,58]. In this environment, fragments of
mineralised basement rock could have been incorporated into the frozen base of the glacier,
undergone milling and grinding, and may then have been redeposited [42]. However, the
rounded nature of a large portion of clasts is indicative of transportation, which may occur
in a fluvioglacial stage during glaciation or within a fluvial environment [59].

Previous studies have shown that mechanical dispersion of geochemical signatures
preserved within resistate mineral phases within a glacial environment can result in lateral
dispersion up to several hundred meters and even to kilometre scales [6,7,57,58]. The
pattern of the dispersed geochemical footprint is predictable and is smeared out in the
direction of glacial movement [6,7,60]. Due to limited understanding of the sedimentology
of the basal diamictite overlying the Carrapateena area, the direction of potential glacial
movement, and therefore direction of dispersal of a geochemical signature, is currently
unknown. Furthermore, fluvial environments have the potential for even greater transport
distance, and therefore the creation of even larger dispersion signatures, making zircon
analysis an effective method of identifying unrecognised IOCG mineralisation where
sediments sampled are sourced from the erosion of mineralised zones.

5.5. Zircon Criteria Applied to Whole-Rock Geochemistry

Reference [15] showed that zircon HREE content increases and negative Eu/Eu* ratios
become more pronounced with increasing IOCG alteration of the host rock. However,
mineral exploration companies do not routinely use mineral chemistry (e.g., zircon) in an
exploration campaign; rather, whole-rock geochemistry data is routinely collected. Assess-
ment of the HREE fractionation content and Eu/Eu* ratios of whole-rock geochemistry data
for the cover sequence samples used in this study shows that samples display geochemical
characteristics that can be compared to zircon criteria (Figures 7 and 8). The HREE fraction-
ation content of all cover sequence samples is elevated (>0.15) and roughly increases with
increasing Cu content (Figure 8). Elevated Eu/Eu* ratios (>0.6) are present in samples from
the four drill holes that intersect the deposit, which demonstrates the potential of applying
the HREE Frac versus Eu/Eu* ratio diagram to whole-rock geochemical data to identify
cover sequence samples that may contain elements derived from IOCG mineralisation.

The whole-rock geochemistry Eu/Eu* ratios from samples taken from drill holes that
lie up to ~2km outside the Carrapateena deposit are low (<0.6; samples FIA_01, FIA_36,
and FIA_38). These low Eu/Eu* ratios in the whole-rock geochemistry are compared
to the Eu/Eu* ratios preserved within zircon from the same samples (Figures 7c and
8). Reference [15] showed that zircons with low Eu/Eu* ratios (<0.6) and high HREE
fractionation content (>0.15) are related to altered granite samples that were proximal to
mineralisation but that sat outside of the main orebody. The samples up to ~2km outside
the Carrapateena deposit (FIA_01, FIA_36, and FIA_38) also preserve a lower degree of
potassic alteration relative to samples from within the orebody.
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Although the HREE fractionation content versus Eu/Eu* ratio diagram may be applied
to whole-rock geochemical data, the presence of other mineral phases that may influence
the REE content of whole-rock geochemical samples needs to be considered. Whole-rock
geochemical Eu/Eu* ratios can be strongly influenced by feldspar fractionation [61] rather
than processes associated with IOCG mineralisation. As feldspars are a major mineral
phase, their presence or absence may potentially be visually assessed if there is uncertainty
in Eu/Eu* ratio results and followed up with feldspar mineral chemistry if needed. Heavy
REEs can be enriched in several metamorphic mineral phases including orthopyroxene,
amphibole, and garnet (e.g., [62,63]), and also in the common accessory phase xenotime
(YPO4 [64]). The REE pattern in zircon can commonly be influenced by the cocrystallisation
of these mineral phases (e.g., orthopyroxene, amphibole, garnet, and xenotime). However,
the assessment of enrichment of HREEs into major mineral phases is difficult as the
chemistry of these minerals is dominated by major elements (e.g., Fe, Mg, Si) that are likely
also present in other common rock-forming minerals. The potential influence of trace
minerals, such as xenotime, on HREE content may be considered by comparing the Y and
HREE whole-rock geochemistry content within a sample, where a positive relationship
may be indicative of high xenotime content. For the diamictite samples overlying the
Carrapateena deposit, no relationship between Y and HREE Frac content was observed
(Figure 8), which is not unexpected, as the HREE content of zircon within the samples
was directly analysed as being elevated. Additionally, xenotime was rarely observed in
the analysed samples and only occasionally forms thin (<5 µm) rims around zircon grains.
Overall, if the assumption is made that the whole-rock geochemistry Eu/Eu* ratios and
HREE fractionation content primarily reflect the composition of zircon, then the zircon
IOCG geochemical exploration criteria developed in this study can be applied. Whole-rock
geochemical data that shows HREE fractionation of >0.15 and Eu/Eu* ratios of >0.6 may
indicate a sample that contains zircon derived from within the zone of Carrapateena-style
mineralisation. Whole-rock geochemical data that shows HREE fractionation of >0.15 and
Eu/Eu* ratios of <0.6 may be indicative of a sample that has been affected by processes
associated with IOCG mineralisation.

5.6. Future Potential

The zircon geochemical exploration criteria developed in this study has consider-
able potential to be applied to existing cover sequence whole-rock geochemical datasets.
However, there are considerable limitations and assumptions with the current criteria
that would require further investigation. The criteria could also be applied to zircon
geochemical data that has already been collected. Zircon mineral chemistry data may



Minerals 2021, 11, 916 17 of 21

be available as analysis of zircon separates is commonly performed in geochronological
studies; however, not all geochronological studies collect elemental abundance data along-
side the isotopic data required for age determination. However, routine simultaneous
collection of geochronological and trace element data on zircon are now a realistic goal due
to development of new technologies such as the Laser Ablation Split Stream (LASS), which
allows for easy collection of trace element data alongside isotope data for geochronology.
Collection of such data would not only allow application of the zircon IOCG exploration
model developed by [15] and used in this study, but also previously published zircon
chemical criteria for porphyry Cu–Au mineralisation [10,16]. Application of zircon geo-
chemical exploration criteria for multiple commodities using the same dataset would be
advantageous in greenfield exploration and broad terrane prospectivity analysis.

The application of zircon exploration criteria to exploration campaigns is limited
by the time-consuming sample processing and analytical processes within laboratories,
with real-time collection of data at drill sites offering the best approach in the use of
the geochemical criteria used in [15] and this study. New, portable technologies such as
handheld X-ray fluorescence (XRF) and laser-induced breakdown spectroscopy (LIBS) have
been proven to collect reliable in-field whole-rock geochemical data [65,66]. Given that this
study demonstrated that the zircon geochemical exploration criteria could be applied using
whole-rock geochemistry (assuming the Eu/Eu* ratio and HREE fractionation content is
reflective of zircon chemistry), new handheld technologies may allow for faster application
of the criteria. At a drill site, whole-rock geochemical data may be acquired from drill fines
collected whilst drilling [67,68]. However, it is acknowledged that the low detection limits
of portable geochemical analysers may not allow collection of robust geochemical data for
all elements required for application of the zircon IOCG exploration criteria. Detection
limit issues could potentially be overcome by concentrating geochemical signals through
generation of a zircon heavy mineral separate, although a technique for in-field heavy
mineral separation is yet to be developed. The effect of collection of zircon chemistry for a
whole population, rather than individual spot analyses carried out in this study, would
also need to be assessed.

6. Conclusions

The cover sequence basal diamictite lying directly at the basement–cover unconformity
over the Carrapateena IOCG deposit contains rounded to angular clasts of variable lithology
that are primarily ~1850 Ma, suggesting they have been derived from the underlying
Carrapateena deposit and surrounding Donington Suite host rocks. Geochemical analysis
of zircon grains from within the clasts as well as grains within the diamictite matrix
preserve geochemical signatures that are comparable to geochemistry of zircon from within
the underlying Carrapateena orebody (HREE fractionation > 0.15; Eu/Eu* ratios > 0.6).
This geochemical signature can be used to distinguish zircon affected by hydrothermal
alteration associated with IOCG mineralisation from background zircon derived from
regional unaltered and altered samples of the Donington Suite.

Preservation of the same zircon geochemical signatures in the cover sequence diamic-
tite as well as the underlying mineralised basement rocks demonstrates that the chemistry
of zircon is not affected by secondary processes of weathering, erosion, transport, and
redeposition. Therefore, there is potential for zircon that preserves a geochemical signa-
ture that can be related to IOCG mineralisation to be dispersed within younger cover
sequence materials, effectively extending the geochemical footprint of the mineralising
system into the overlying cover. The extent to which the geochemical zircon signature
has been dispersed within cover sequences directly overlying the Carrapateena orebody
is unknown due to uncertainty in the palaeolandscape and depositional environment for
cover sequence materials, and the restriction of accessible drill holes to the location of the
Carrapateena orebody.

The zircon geochemical exploration criteria may also be applied to whole-rock geo-
chemical data for the cover sequence diamictite overlying the Carrapateena area using
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the same thresholds for HREE fractionation and Eu/Eu* (>0.15 and >0.6, respectively,
for indicating Carrapateena-style IOCG mineralisation). Limitations in using whole-rock
geochemical data include understanding whether there are minerals present within the
sample that would influence the HREE fractionation and/or Eu/Eu* results (e.g., xenotime,
plagioclase).

The outcomes of this study demonstrate that zircon chemistry of cover sequence
materials can be used for IOCG exploration. Use of this geochemical exploration tool
has the potential to become more standard with development of new technologies that
allow simultaneous collection of element abundance and isotopic geochemical datasets
and portable whole-rock geochemical technologies.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/min11090916/s1, Supplementary Material S1: Whole rock geochemical data for basal diamictite
overlying the Carrapateena deposit; Supplementary Material S2: Zircon BSE and CL images from
basal diamictite samples overlying the Carrapateena deposit; Supplementary Material S3: Zircon U-P
geochronology and trace element data from basal diamictite samples overlying the Carrapateena
deposit.
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