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The Malbunka copper deposit, located about 220 km west of Alice Springs, in the Northern Territory of
Australia, may be a rare example of primary formation of copper carbonate mineralization. This deposit
consists of unusual azurite disks up to 25 cm diameter, and lesser amounts of secondary azurite crystals
and malachite. Carbon isotope values of the copper carbonate minerals are consistent with formation
from groundwater-dissolved inorganic carbon. Oxygen isotope thermometry formation temperature esti-
mates are 5–16 �C above ambient temperatures, suggesting the copper carbonates formed at a depth
between 0.3 and 1.6 km in the Amadeus Basin. Azurite fluid inclusion waters are rich in boron, chlorine,
and other elements suggestive of dilute oil basin formation fluids. In addition, presence of euhedral tour-
maline with strong chemical zonation suggest that this was a low temperature diagenetic setting. The
strong correlation of structures associated with hydraulic fracturing and rich copper carbonate mineral-
ization suggest a strongly compartmentalized overpressure environment. It is proposed that copper car-
bonates of the Malbunka deposit formed when deep, copper-rich formation fluids were released upward
by overpressure-induced failure of basin sediments, permitting mixing with carbonate-rich fluids above.
This work bears directly upon exploration for a new type of primary copper deposit, through understand-
ing of the conditions of genesis.

� 2016 Elsevier B.V. All rights reserved.
1. Introduction

The Malbunka Copper Mine is located on Ltalaltuma Aboriginal
Trust lands, approximately 220 km west of Alice Springs, in the
Northern Territory of Australia (Fig. 1). Copper mineralization
was discovered at Malbunka in the 1950s by the Aboriginal artist
Albert Namatjira, and was originally known as the Namatjira Pro-
spect. The deposit was prospected in the 1960s with bulldozer cuts
and a 40 m long adit driven at 5 degrees down the slope of the anti-
clinal axis. The deposit was deemed to be not economic at the time,
because of a low grade and small tonnage. Access to the site
requires a travel permit from the Central Land Council. The site
became noted in the 1970s for an unusual and attractive associa-
tion of blue azurite disks on a white clay matrix. These mineral
specimens were first reported in print by Sullivan (1979), where
he describes azurite sun specimens from the mine that were sold
at shows in Europe. The mine site is operated under Northern Ter-
ritory Mineral Lease 29,494 by Dehne McLaughlin, for production
of mineral specimens, with the consent of the traditional Aborigi-
nal owners. A detailed history and description of the operations
is provided in McLaughlin and Grant (2012).
1.1. Deposit geology and mineralogy

The oil-bearing Amadeus Basin, of which the Arumbera Sand-
stone is a distinctive member, is a sequence of marine and terres-
trial deltaic-fluvial sediments deposited from the late Precambrian
to the Devonian (Fig. 1). The Arumbera Sandstone is the key reser-
voir in the Dingo and Orange gas fields (e.g., Ambrose, 2006). It was
uplifted starting in the late Devonian and faulted and folded in a
major compressional event between 400 and 300 Ma (Haines
et al., 2001). Seismites are common in the Arumbera Sandstone
and are present in the mine site sandstone bounding the kaolinite
lens (Girardi, 2012; McLaughlin and Grant, 2012).

The Malbunka copper deposit occurs in the Namatjira Forma-
tion; a mixed carbonate and clastic sequence with sandstone,
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Fig. 1. Index map of the study area, showing extent of the Amadeus Basin, the
Dingo and Orange gas fields, the limits of the Arumbera Sandstone and Namatjira
Formation, and locations of major geological structures.
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carbonate mudstone and shale. The Namatjira formation is Eocam-
brian in age (Lindsay, 1987; Mapstone and McIlroy, 2006), and is
only known in the Gardiner Range of the Amadeus Basin. The
Namatjira Formation is the lateral equivalent of the Arumbera
Sandstone, as described by Warren and Shaw (1995). Edgoose
(2013) advises that the Eninta Sandstone is now mapped as Arum-
bera Sandstone. The Arumbera Sandstone can be up to 1300 m
thick and is copper-bearing over a wide area. In Ellery Creek, about
100 km from the mine, the formation hosts malachite, covellite,
chalcocite, and possibly chalcopyrite and cuprite (Freeman et al.,
1987). Laurie et al. (1991) also point out the affinity of copper for
the Arumbera Sandstone, and postulated that these deposits
formed from copper-rich basin brines. Salt diaparism and associ-
ated halotectonics in the Amadeus Basin is likely to have a base
metal association and should be considered in formulating explo-
ration strategies (Dyson and Marshall, 2005).

At the Malbunka copper deposit, disk-shaped azurite masses
occur within a white to red kaolinite lens up to 2.75 m thick and
bounded below and above by grey clay-rich Arumbera Sandstone
(Fig. 2). The clay lens is fault-bounded with approximate lateral
dimensions of 50 by 40 m and has the appearance of a channel
deposit with bedding structures. This kaolinite lens occurs at the
crest of the Gardiner Range Anticline and outcrops beside road-
Fig. 2. Plan map of Malbunka mine workings, showing general structure and
sample locations. The inset photo shows geology (blue tent and white truck for
scale).
sides across the Central basin to the west and north in the West
MacDonnell National Park (Cook, 1968; Fig. 1).

Azurite is the most common copper mineral found in the
deposit. Light to deep blue disks of azurite are normally from 2.5
to 13 cm in diameter and rarely reach 25 cm in diameter (Fig. 3).
These azurite specimens have a unique discoidal form, and are
comprised of numerous small flat crystals of azurite arranged in
radial and concentric forms (McLaughlin and Grant, 2012). They
occupy bedding planes, relic thrust fault planes, and joints in the
white and less commonly the red kaolinite host. The off white col-
our of the kaolinite in the azurite rich portions of the mineralized
bed is probably due to bleaching of the clay by the mineralizing
solutions (McLaughlin and Grant, 2012). Higher concentrations of
iron oxide or lack of bleaching, gives the kaolinite a red colour
for at least two thirds of the layer (Fig. 4). In rare cases, azurite
crystal clusters (Fig. 5) and 3-dimesional rounded to oblate mala-
chite nodules are evident in bedding planes, clefts and channels
in the hanging wall, soft sediment flow planes, and fractures in
the kaolinite. The azurite is at its highest concentration within
30 cm of the upper sandstone in a series of up to five thin horizon-
tal bedding planes. In the bedding plane closest to the upper sand-
stone large diameter (13–25 cm) azurite specimens are found,
sometimes in direct contact with the sandstone. Azurite disks,
exposed in mine entrance support pillars, are also present in the
kaolinite within 30 cm of the contact of the kaolinite with the
lower footwall sandstone, but are not persistent throughout the
footwall area of the kaolinite lens. Azurite occurs occasionally as
large light blue disks in iron oxide rich kaolinite throughout the
kaolinite lens.

Malachite is occasionally found in the deposit, and occurs in
two forms. The first, and most common, is as disks of oblate spher-
oidal or ellipsoid forms which appear to be unrelated to pseudo-
morphous replacement of azurite (Fig. 6a). These forms rarely
exhibit crystal growth structures. The second, and rarer malachite
occurrence, is pseudomorphous replacement of azurite disks.
These often display faithful crystal replacement (Fig. 6b). Ata-
camite is abundant in the upper and lower sandstone, and rims
the kaolinite-sandstone contact, and occurs as disseminated fine-
grained crystals. Chrysocolla is rare in the deposit, and has only
been reported from the lower sandstone in association with ata-
camite (McLaughlin and Grant, 2012). Traces of chalcocite, covel-
lite, digenite, and cuprite are also reported as fracture fillings and
small masses. A highly fractured and copper-mineralized zone
which may have served as a primary fluid conduit is exposed
below the clay unit.

The unusual occurrence of azurite as flattened disks was attrib-
uted by Sullivan (1979) to azurite replacement of marine life or
algae. Warren and Shaw (1995) report that the lower Arumbera
Sandstone has yielded specimens of the soft-bodied Ediacarian
fauna and that there is a diversity of trace fossils in the upper
Arumbera Sandstone. The Ediacarian organism Dickinsonia costata
does indeed bear a crude resemblance to the general size and
shape of the azurite disks, as does Aspidella terranovica (Fig. 7).
2. Methods

2.1. Sample preparation and mineralogical characterization

Samples of azurite and malachite were collected and cleaned of
white clay matrix. For each locality, a single disk or nodule was
selected, then subdivided for analysis by different methods. Mate-
rial for scanning electron microscope (SEM) and electron micro-
probe (probe) analysis were prepared using the standard
methodology of microanalysis laboratories around the world
(e.g., Goldstein et al., 2003; Reed, 2005). Samples for stable isotope



Fig. 3. Examples of azurite disks showing a) radial growth habit and detail, b) typical disk size, c) intergrowth relationships, and d) population density and distribution.

Fig. 4. Typical relationship of red and white clay types.
Fig. 5. Example of 3-dimensional azurite crystal habit. Specimen is 10 cm wide,
with largest crystal cluster 2.5 cm diameter.
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analysis were crushed in an agate mortar to pass through a 100-
mesh screen (<0.147 mm). Resulting powders were scanned by
X-ray diffraction (XRD) to check purity. The remainder of the sam-
ple was reserved for inclusion studies. Samples of white clay
matrix were lightly crushed, washed, and panned to produce a
sand-sized heavy mineral concentrate. The heavy sand fraction
from the clay was studied by optical microscopy and mounted
for electron microprobe chemical analysis. Clay was also examined
by XRD to determine its mineralogy.

2.2. Geochemical analyses

Backscatter electron images and element analyses were gener-
ated using a CAMECA SX100 electron microprobe at the University
of Arizona Lunar and Planetary Laboratory. The microprobe is
equipped with five tunable wavelength dispersive spectrometers.
Operating conditions were 40� takeoff angle, and beam energy of
15 keV. The beam current was 20 nA, and the beam diameter
was 1 lm. Counting time was 60 s. Well-characterized natural
and synthetic minerals were used for in-house standards. Detec-
tion limits were better than 0.02 wt% for all elements. Analytical
sensitivity (at the 99% confidence level) ranged from 0.263% rela-
tive for Si Ka to 2.795% relative for S Ka. The matrix correction
method was ZAF/Phi–Rho–Z calculations with an Armstrong/Love
Scott algorithm (Armstrong, 1988).

Samples for fluid inclusion study were crushed under vacuum,
with the liberated fluid collected in a liquid nitrogen trap. Samples
were taken off-line in a break-seal, and analysed for fluid chem-
istry by ICP-MS at Babcock & Sons Laboratories of Riverside, CA,
with a split reserved for stable isotope analysis.



Fig. 6. Examples of a) Malachite ellipsoids in association with azurite disks.
Specimen is 11.5 cm across, and largest malachite disk is 1.5 cm diameter. b)
pseudomorphous replacement of a 2.5 cm azurite disk by malachite.

Fig. 7. Morphological comparison of a) typical azurite disk form, and b) Aspidella
terranovica (photo courtesy ML Droser).
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2.3. Isotope analyses and thermometry

Stable isotope analysis for carbon and oxygen was performed on
azurite and malachite samples using the standard method of reac-
tion with 100% orthophosphoric acid (H3PO4) at 50 �C to release
CO2 gas (e.g., McCrea, 1950; Walters et al., 1972). The resulting
CO2 gas was purified, and then analysed by continuous flow meth-
ods on a Finnigan Deltaplus isotope ratio mass spectrometer (Spötl
and Vennemann, 2003). Detailed descriptions of malachite and
azurite sample preparation, analysis techniques, data correction,
and data reporting notation are outlined by Melchiorre et al.
(1999a) and Melchiorre et al. (2000). Carbon analyses are reported
in the usual manner as per mil deviations from the VPDB standard.
Results of oxygen analyses are reported as per mil deviation from
the VSMOW standard. The precision of the d13C value is ±0.09‰,
while for d18O the precision is ±0.1‰.

Fluid inclusion waters were prepared for oxygen isotope analy-
sis using the standard CO2 equilibration method (Epstein and
Mayeda, 1953). Preparation of water for hydrogen isotope analysis
used zinc shavings reacted at 500 �C for 30 min with water to yield
hydrogen gas by reduction (Coleman et al., 1982). Precision for
d18O is ±0.2‰, while the precision for dD is ±1‰.

Previous work by Melchiorre et al. (1999a, 2000) showed that
for malachite and azurite, carbon isotope values may be used to
determine the source of carbon in the mineral, and oxygen isotope
values may be used to establish the temperature of mineral forma-
tion. For example, the temperature dependence of malachite is
given by the equation:

1000lna ¼ 2:66 � ð106=T2Þ þ 2:66 ðMelchiorre etal:;1999aÞ ð1Þ
While for azurite the relationship is:

1000 ln a ¼ 2:67 � ð106=T2Þ þ 4:75 ðMelchiorre etal:;2000Þ
ð2Þ
3. Results

XRD analysis of the white clay matrix which hosts the azurite
and malachite mineralization determined this is a well-
crystallized kaolinite-dominated sandy clay with 2M1 illite (con-
taining less than 3% expandable component). The clay contains a
significant quantity of anhedral quartz, presumably inherited from
the sedimentary source. Trace tourmaline was also identified in all
samples. The red clay was of identical composition, but with the
addition of fine grained hematite, an alunite-group mineral, and
possible anatase.

The heavy mineral concentrates were found to be rich in fine
euhedral, prismatic tourmaline crystals. Chemical analysis of the
tourmaline reveals striking chemical zonation (Table 1). Magne-
sium in the tourmaline ranges from 1.1 to 3.3 wt% in cores, and
4.5–6.5 wt% in rims. Iron in the tourmaline ranges from 6.4 to
10.2 wt% in cores, and 1.9–8.5 wt% in rims. The analyses indicate
all cores are schorl and most rim compositions are dravite. Some
minor Fe replacement of Al is confirmed for several rim analyses,
suggesting higher oxidation in later growth zones. A few analyses
have a deficiency in the octahedral cations, indicating a small Li
content.

The results of stable isotope analyses are presented in Table 2.
Carbon isotope values of azurite range between �9.88 and
�7.74‰, while the malachite has a d13C value between �12.22
and �11.13‰. The oxygen isotope values of the azurite ranged
from 27.66 to 29.54‰, with a value between 27.19 and 27.78‰
for the malachite. The oxygen isotope value of the water of forma-
tion, as determined from fluid inclusion extraction, is �5.3‰, and
the dD value is �55‰. Using the d18O values of the fluid inclusion



Table 1
Probe data for chemistry and formulae of mirco-tourmaline.

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19

(wt%) Rim Core Core Core Rim Rim Rim Rim Rim Core Core Rim Rim Rim Rim Rim Rim Core Core
SiO2 37.14 35.66 35.66 35.56 36.88 36.10 36.09 37.59 38.24 34.59 34.33 36.72 38.60 36.19 36.26 35.85 37.92 34.39 34.40
TiO2 0.07 0.44 0.92 0.59 0.12 0.10 0.09 0.07 0.09 0.81 0.73 0.38 0.03 0.77 0.21 0.49 0.07 0.47 0.84
Al2O3 33.00 34.14 33.69 33.96 33.62 31.76 33.78 34.17 31.57 34.18 34.42 31.90 34.86 27.01 32.12 28.94 34.18 34.76 34.42
Cr2O3 0.01 0.00 0.02 0.02 0.01 0.02 0.01 0.01 0.01 0.02 0.01 0.00 0.01 0.68 0.01 0.01 0.02 0.00 0.02
FeO 4.06 8.64 8.29 8.55 4.31 6.46 5.45 4.20 5.97 12.38 12.50 5.58 1.68 10.94 7.12 9.81 2.52 12.17 13.06
MgO 9.41 5.44 5.60 5.52 9.07 8.97 8.39 9.01 8.43 2.16 2.19 9.62 10.77 7.39 8.20 7.83 9.58 2.32 1.82
CaO 0.03 0.34 0.45 0.35 0.06 0.05 0.06 0.04 0.05 0.35 0.30 0.38 0.02 0.27 0.07 0.14 0.04 0.25 0.29
MnO 0.00 0.04 0.03 0.01 0.02 0.03 0.00 0.00 0.00 0.06 0.08 0.00 0.02 0.00 0.02 0.00 0.01 0.10 0.10
Na2O 2.69 1.87 1.84 1.88 2.65 2.94 3.03 2.82 3.12 1.76 1.78 2.62 2.01 3.07 2.47 2.91 1.80 1.75 1.75
K2O 0.02 0.02 0.02 0.02 0.01 0.01 0.02 0.02 0.02 0.04 0.04 0.02 0.02 0.04 0.02 0.11 0.01 0.04 0.04
B2O3 9.76 9.76 9.76 9.76 9.76 9.76 9.76 9.76 9.76 9.76 9.76 9.76 9.76 9.76 9.76 9.76 9.76 9.76 9.76
Total 96.18 96.35 96.28 96.20 96.51 96.22 96.69 97.67 97.26 96.11 96.15 96.98 97.78 96.11 96.26 95.85 95.92 96.02 96.48

Formulae, based on 15 cations excluding Ca, Na, K
Si 5.96 5.84 5.85 5.84 5.90 5.86 5.82 5.95 6.00 5.82 5.77 5.89 5.96 6.00 5.88 5.96 6.00 5.77 5.78
Al 6.04 6.16 6.15 6.16 6.10 6.07 6.18 6.05 6.00 6.18 6.23 6.02 6.04 5.35 6.12 5.67 6.00 6.23 6.22
Cr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.09 0.00 0.00 0.00 0.00 0.00
Fe+3 0.00 0.00 0.00 0.00 0.00 0.06 0.00 0.00 0.00 0.00 0.00 0.09 0.00 0.56 0.00 0.37 0.00 0.00 0.00
Tet 12.00 12.00 12.00 12.00 12.00 12.00 12.00 12.00 12.00 12.00 12.00 12.00 12.00 12.00 12.00 12.00 12.00 12.00 12.00
Ti 0.01 0.05 0.11 0.07 0.02 0.01 0.01 0.01 0.01 0.10 0.09 0.05 0.00 0.10 0.03 0.06 0.01 0.06 0.11
Al 0.20 0.43 0.37 0.40 0.24 0.00 0.24 0.31 0.00 0.60 0.59 0.00 0.30 0.00 0.02 0.00 0.38 0.64 0.59
Cr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Fe+2 0.54 1.18 1.14 1.17 0.58 0.81 0.73 0.56 0.80 1.74 1.76 0.66 0.22 0.97 0.97 1.00 0.33 1.71 1.83
Mg 2.25 1.33 1.37 1.35 2.16 2.17 2.02 2.12 2.03 0.54 0.55 2.30 2.48 1.85 1.98 1.94 2.26 0.58 0.45
Mn 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.01
Oct 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 2.84 3.00 3.00 3.00 3.00 2.92 3.00 3.00 2.99 3.00 3.00
Ca 0.00 0.06 0.08 0.06 0.01 0.01 0.01 0.01 0.01 0.06 0.05 0.07 0.00 0.05 0.01 0.02 0.01 0.05 0.05
Na 0.84 0.59 0.59 0.60 0.82 0.93 0.95 0.86 0.98 0.57 0.58 0.81 0.60 1.00 0.78 0.94 0.55 0.57 0.57
K 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.01 0.00 0.00 0.01 0.00 0.02 0.00 0.01 0.01
Vacancy 0.15 0.34 0.33 0.34 0.16 0.06 0.04 0.13 0.01 0.35 0.36 0.12 0.39 -0.06 0.20 0.01 0.44 0.38 0.37
A 0.85 0.66 0.67 0.66 0.84 0.94 0.96 0.87 0.99 0.65 0.64 0.88 0.61 1.06 0.80 0.99 0.56 0.62 0.63
Total 15.85 15.66 15.67 15.66 15.84 15.94 15.96 15.87 15.83 15.65 15.64 15.88 15.61 15.98 15.80 15.99 15.56 15.62 15.63

Mg/Mg + Fe 0.805 0.529 0.546 0.535 0.790 0.727 0.733 0.793 0.716 0.237 0.238 0.778 0.920 0.655 0.672 0.661 0.871 0.254 0.199
Li 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.162 0.000 0.000 0.000 0.000 0.079 0.000 0.000 0.008 0.000 0.000

Table 2
Stable isotope data for malachite and azurite samples used in this study.

Sample Number Mineral d13C (VPDB) (‰) d18O (VSMOW) (‰) Oxygen isotope thermometry temperature
of formation estimate (�C)

A3 Azurite Disk �8.28 28.13 34.0
A4 Azurite Disk �8.58 28.13 34.0
A7 Azurite Disk �8.90 28.27 33.2
A8 Azurite Disk �8.58 27.85 35.5
A9 Azurite Disk �8.91 28.32 33.0
A10 Azurite Disk �7.74 28.12 34.0
A11 Azurite Disk �9.28 27.66 36.5
A12 Azurite Disk �7.94 28.21 33.5
A13 Azurite Disk �8.74 28.13 34.0
A15 Azurite Disk �7.96 28.46 32.2
A14 Azurite Disk �9.23 27.84 35.5
EM4 Azurite Disk �10.06 27.40 37.9
EM1 Malachite Nodule �12.22 27.78 24.3
EM2 Malachite Nodule �11.59 27.55 25.5
M5 Malachite Nodule �11.13 27.19 28.6
EM3 Azurite Crystals �9.25 29.08 29.1
EM4 Azurite Crystals �9.49 28.89 30.0
A6 Azurite Crystals �9.88 29.54 26.8

Table 3
Chemical and isotopic composition of azurite-hosted fluid inclusions from the Malbunka deposit, with comparison to average seawater values from Chester and Jickells (2012).

Ca (ppm) Mg (ppm) Na (ppm) K (ppm) Cl (ppm) SO4 (ppm) Ba (ppm) B (ppm) Sr (ppm) TDS (ppm)

Azurite Inclusion Water 45 20 1100 17 1000 18 0.19 42 6.4 2700
1Seawater 411 1250 10,800 392 19,400 940 0.021 4.45 8.1 35,000

d18O ‰ (VSMOW) dD ‰ (VSMOW) Na/Cl SO4/Mg B/Ba Na/Ca

Azurite Inclusion Water �5.3 �55.0 1.1 0.9 221 24
Seawater 2 0.0 2 0.0 0.6 0.8 212 26

1 Chester and Jickells (2012).
2 Assumed by definition, VSMOW.
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water and the copper carbonate minerals, it is possible to calculate
temperatures of formation using the corresponding fractionation
factors (a). These fractionation factors can then be used with the
azurite and malachite thermometry equations (Eqs. (1) and (2))
to determine a temperature of formation. The oxygen isotope ther-
mometry results suggest that the azurite disks formed between
temperatures of 32.2–37.9 �C, azurite crystals formed between
26.8 and 30.0 �C, while malachite formed at 24.3–28.6 �C.

Results of chemical analysis of azurite-hosted fluid inclusions
are presented in Table 3. The fluid inclusion waters are rich in
boron, chlorine, and other elements suggestive of dilute oil basin
formation fluids.
4. Discussion

4.1. Geology and mineralogy

Copper carbonate minerals at Malbunka have been divided into
three groupings for the purpose of this study. The most common
occurrence of azurite is a discoidal form, comprised of numerous
small flat crystals of azurite arranged in radial and concentric
forms. These disks occupy bedding planes, relic thrust fault planes,
and joints in the white and less commonly in the red kaolinite-
dominated clay host rock. These disks occasionally display inter-
bedding relicts of the original clay host. Dark blue azurite disks
are relatively free of solid-phase mineral inclusions, but do contain
fluid inclusions. The colour of the light blue azurite disks is caused
by incorporation of fine white clay interstitial to micro-azurite
crystals during crystallisation.

Azurite is also noted in lesser abundance as more equant or
spheroidal crystal clusters. These clusters form from the radial
growth of terminated azurite crystals from a central nucleation
point. These clusters of azurite crystals are quite similar to the azu-
rite disks, with the exception being coarser crystal size andmore 3-
dimensional form. Malachite is much less common, and is found as
either finely-crystalline masses often with a lobate spheroidal to
discoidal form, or rarely as pseudomorphous replacements of azu-
rite. The observed paragenetic sequence is microcrystalline azurite
disks, followed by azurite crystal cluster nodules, followed by
malachite.

The clay-rich sandstone which forms both the upper and lower
boundary of the azurite-bearing clay, and even the clay bed itself,
contain abundant sediment deformation features such as recum-
bent folds, slumping, micro-faulting, and flow structures (Fig. 8)
that may be injectites or seismites caused by earthquake shock
during sedimentation (e.g., Shi et al., 2007). Many of these soft sed-
iment injection structures are difficult to see in the field, due to a
lack of contrast between the shades of off-white clay involved.

There is ample evidence that copper bearing fluids penetrated
into the upper and lower layers of the kaolinite lens next to the
sandstone, and to a lesser extent into the central thickest part of
the kaolinite (Fig. 8c). Azurite disks and other forms of copper car-
bonate are observed forming directly adjacent to fluid flow struc-
tures. Thrust planes are common in the hanging wall area of the
kaolinite lens where imbrication structures are evident over dis-
tances of several meters. Thrusting preceded copper mineralisation
and continued after the mineralising event, which along with the
injectite events, demonstrates the dynamic environment under
which most of the mineralisation took place.
4.1.1. Injectites
Three distinct over-pressure events, characterized by injectite

structures, have been identified within the kaolinite lens (Fig. 8).
These events followed shock induced sediment slumping of sand-
stone and kaolinite (Fig. 8a). The first event was characterised by
eruption of streamers of white clay into higher levels of the kaolin-
ite lens. Injectites from this event are difficult to see, due to the
lack of contrast in the off-white layers (Fig. 8b).

The second event is characterised by hydraulic fracturing of the
kaolinite close to the hanging wall and the opening of vertical frac-
tures in the clay followed closely by crystallisation of azurite
(Fig. 8c). Azurite cementation of hydraulically-fractured kaolinite
is also noted (Fig. 8d).

The third event consists of sandstone injectites penetrating into
the kaolinite from the hanging wall (Fig. 8e). Injectites associated
with this event deform pre-existing azurite which has crystallised
in the plane of relic thrust faults (Fig. 8e, note azurite layer offset
by the injectite near the tip of the pick). Late-stage micro faulting
occurs during this phase (Fig. 8f). Malachite is present along the
edge of the sandstone injectite, suggesting formation late in the
paragenetic sequence.

Structures associated with these events indicate that fluid pres-
sures built up and were released explosively at least three times
within the deposit. If the structures were purely a response to
shearing or compressional forces, the kaolinite would have flowed
and smeared like plasticine and not formed sharp vertical contacts
with randomly-oriented clay and sandstone fragment inclusions.
The hydraulic overpressure events required to produce these struc-
tures within a sedimentary sequence are not near surface phenom-
ena suggesting azurite formation is not related to passive near
surface copper sulfide oxidation events that normally precede azu-
rite crystallisation.

These types of injection structures may be seismites, which
record seismic activity associated with basin dewatering and com-
paction (e.g., Seilacher, 1969). These same structures are noted for
deep sediments within petroleum basins around the world (e.g.,
Thompson et al., 2007; Kane, 2010).

4.1.2. Resemblance to fossils
The possibility of the azurite disks representing Ediacaran fauna

(Fig. 7) has been discounted by field evidence. While the rocks at
the Malbunka deposit are of appropriate age (Lindsay, 1987;
Mapstone and McIlroy, 2006), the form of the proposed fauna rep-
resented (Dickinsonia costata and Aspidella terranovica) is inconsis-
tent with the azurite disks. For example, while D. costata is often of
appropriate size, it commonly displays an elongate formwith bilat-
eral symmetry unlike the uniformly round azurite disks. Similarly,
A. terranovica has superficial features that are similar to the azurite
disks, such as concentric rings and centripetal rays. The inferred
remnant of a holdfast stalk (e.g., MacGabhann, 2007) on A. terra-
novica, evident as a raised central pimple, is also present on some
azurite disks. However, the size of most A. terranovica specimens is
much smaller than the azurite disks, at only 0.4–1 cm (e.g.,
Narbonne, 2005). Population densities for these fauna are also
inconsistent with observed densities of azurite disks (Fig. 3d).
These is also structural evidence that the azurite disks are not fos-
sils, namely that they are occasionally observed to incorporate
relict bedding structures, and cross-cut bedding along joints. And
while an Ediacaran organism, Arumberia banksi, has been reported
for local rocks interpreted to be the lateral equivalents of the
Namatjira Formation (Glaessner and Walter, 1975), it was later
re-interpreted as having formed from the action of currents on a
cohesive muddy substrate (McIlroy and Walter, 1997).

4.2. Carbon sourcing

Carbon isotope values of the azurite and malachite from the
Malbunka deposit are low, and inconsistent with carbon from the
local marine carbonate units or the atmosphere (Fig. 9). Volcanic
CO2 carbon isotope values are also insufficient to explain the whole
range of observed values in these copper carbonate minerals. The



Fig. 8. Sediment deformation structures a) Sediment bed slumping (approximately 2 m field of view, wheelbarrow for scale). b) Light white injectites (black arrows) cut off-
grey-white clay matrix. Specimen is 12 cm long. c) Cross-sectional view of azurite disks forming directly adjacent to a fluid pathway joint (black arrow). Photo is 50 cm across.
d) Azurite-cemented breccia specimen (9 cm long) from fluid conduit zone beneath clay unit. e) Sediment injection structure, cross-cutting bedding (black arrow above rock
hammer). f) Late stage injectites and associated faulting cut azurite mineralization (specimen is 10 cm).

Fig. 9. Carbon isotope values of Malbunka deposit azurite and malachite, relative to
potential carbon sources. Data fields other than azurite and malachite are from
Sharp (2007) and references therein. Formation fluid distinctions between shallow
and deep are based upon Bailey et al. (1973) and Carothers and Kharaka (1980).
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best fit for these values is carbon from deep groundwater basins,
including formation brines associated with petroleum. However,
there are many potential origins for carbon within these deep
basins (e.g., Fontes, 1985). The closest match for the observed
d13C values is for a source dominated by organic carbon (e.g.,
Jiráková et al., 2010), or soil CO2 (e.g., Rose et al., 1996). Respec-
tively, these potential carbon sources would be consistent with a
deep or very shallow sedimentary basin setting. However, in oil
field brines the d13C values are observed to be lighter in the deeper
portions of the basin, which is attributed to oxidative microbial
degradation of petroleum (e.g., Bailey et al., 1973; Carothers and
Kharaka, 1980). If true, this would suggest that Malbunka azurite
and malachite formed after the period of petroleum maturation,
from a deep biological carbon source.

In addition, there is a positive correlation between d13C and
d18O values for Malbunka copper carbonates (Fig. 10, Table 2). Such
positive correlations in carbonates have been interpreted by many
as a record of diagenesis deep within a sedimentary sequence (e.g.,



Fig. 10. Carbon vs oxygen isotope plot, showing relationships between Malbunka
copper carbonates, global azurite and malachite, and inferred sources from
Melchiorre et al., 2000.

Fig. 11. Distribution of oxygen isotope thermometry estimates for malachite
(Melchiorre et al., 1999a) and azurite (Melchiorre et al., 2000) samples from around
the world, showing relative temperatures for samples from the Malbunka deposit.
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Allan and Matthews, 1982). The Malbunka copper carbonates plot
within the field of deep supergene copper carbonate samples, and
speleothem carbonates.

4.3. Isotope thermometry

The geothermometers in Eqs. (1) and (2) were used in conjunc-
tion with the results of oxygen isotope analyses for copper carbon-
ate minerals to produce estimates of the temperatures at which the
azurite and malachite formed (Table 2). A d18O value of �5.3‰,
derived from fluid inclusion work, was used as the water of equili-
bration. It is acknowledged that this d18O value would be more
robust if additional measurements had been made, as it is possible
that oxygen isotope exchange histories and different inclusion
types may produce a range of values. However, the large volume
of pure azurite which was required for crushing stage isotope mea-
surements limited our ability to do so. Nevertheless, we believe
that the large volume of azurite which was used for the measure-
ment works to advantage, as it represents an averaging of many
inclusion types and histories, and is likely to be representative of
a true bulk inclusion water d18O value.

These isotope geothermometry temperatures are all well above
the recorded ambient air temperatures, and often above even the
seasonal extreme records (Australian Bureau of Meterology,
2016). This suggests that the copper carbonate minerals formed
in an environment with additional heat beyond the influence of
the atmosphere. A volcanic source of heat is not likely, based upon
local geology and carbon isotope evidence. Heat from exothermic
geochemical or biological decomposition of sulfides is a possible
source (e.g., Melchiorre and Williams, 2001), but would require a
much larger body of massive sulfide proto-ore than would have
been geologically possible for the deposit. A plot of malachite
and azurite oxygen isotope temperature estimates from around
the world (Fig. 11) shows that samples from disseminated deposits
have lower temperatures than samples from deposits where very
large masses of sulfide minerals have been replaced by copper car-
bonate masses. It is presumed that heat from oxidation of concen-
trated sulfides produces this distribution. The range of temperature
estimates for the copper carbonate minerals of the Malbunka
deposit are consistent with azurite formation from a massive
sulfide-type ore body, while malachite is consistent with a dissem-
inated host. However, there is no geological evidence for a concen-
trated mass of sulfides at the Malbunka deposit. Quite the contrary,
the copper carbonates show ample evidence of a disseminated dis-
tribution from a highly remobilized source (e.g., Figs. 2d and 7c).
The most reasonable source of heat within the rocks of the
Amadeus Basin is the geothermal heat related to the local ambient
gradient. Cull and Conley (1983) state that major sedimentary
basins in Australia have between 10 and 40 �C of temperature
increase per kilometer of depth in the basin. However, detailed
study of the Amadeus Basin indicates this basin actually has a
lower value of 10–25 �C due to the thermal conductivity properties
of the rocks (Beardsmore, 2007). Given this geothermal gradient,
the isotope thermometry estimates which are 5–16 �C above ambi-
ent temperatures would suggest the copper carbonates formed at a
depth in this basin between 0.3 and 1.6 km. These estimates are
based on the assumption that the modern geothermal gradient is
broadly similar to the gradient in the past, as the thermal proper-
ties of the rock have not changed significantly. These temperature
estimates are also supported by fluid inclusion studies of halite
from other units of the Amadeus Basin, which suggest early diage-
nesis occurred at temperatures of 60–100 �C (Kovalevych et al.,
2006). The possibility does exist that the Malbunka azurite formed
slightly closer to the surface at a time in the past when global
atmospheric temperatures were higher. However, given that the
azurite formed in a diagenetic context, and the relatively minimal
depth to which atmospheric temperature would have an impact
(e.g., Domínguez-Villar et al., 2015), we consider this effect to be
negligible.
4.4. Tourmaline qualitative thermometry

The kaolinite-dominated white and red clay associated with the
Malbunka azurite deposit contains abundant, fine-grained tourma-
line crystals (Fig. 12). These euhedral to subhedral crystals range
from 10 to 75 lm in length and have compositional, textural, and
contextual geological data consistent with authigenic formation
under oxidizing conditions at low temperature, similar to tourma-
line reported from the cap rock of salt domes (Henry et al., 1999).
Authigenic tourmaline has been widely reported to occur within
clay, potash, halite, and anhydrite associated with evaporite depos-
its (e.g., Mügge, 1913; Popov and Sadykov, 1962; Hiller and Keller,
1965). There is no evidence of fracturing or weathering of the tour-
maline crystals from Malbunka that would suggest a detrital or
volcanic origin. Significant intracrystalline geochemical variation
was noted for Malbunka micro-tourmaline (Figs. 12 and 13;
Table 1). The Malbunka crystals are alkali-group tourmaline similar
to tourmaline from Challenger Knoll caprock, and evaporate and
meta-evaporite deposits elsewhere in the world (e.g., Hawthorne
and Henry, 1999). Formula calculations indicate the tourmaline is



Fig. 12. Scanning Electron backscatter images of micro-tourmaline crystals, showing locations of probe analyses in Table 1.

Fig. 13. Chemical classification of micro-tourmaline from the Malbunka deposit.
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largely Al-deficient, suggesting replacement of Al by Fe3+ in tetra-
hedral sites. The cores and many rims of Malbunka tourmaline plot
along the schorl-dravite join, while some rims blot below it
(Fig. 13). These tourmalines have compositional trends similar to
a solid solution between ferrian ‘‘oxy-dravite” and povondraite
reported for salt dome cap rock (Hawthorne and Henry, 1999).
Substantial element zonation is noted in different sectors of the
tourmaline, but the most significant is high Fe with strong internal
variation. Elevated Fe content in tourmaline has been noted for
oxidized evaporate rocks (Walenta and Dunn, 1979; Mattson and
Rossman, 1984; Grice et al., 1993; Jiang et al., 1997). Significant
compositional variation between tourmaline crystals has been
noted for some localities (e.g., Cavarretta and Puxeddu, 1990),
but only salt dome cap rock tourmalines exhibit this same range
of variation within single grains (Henry et al., 1999).

It is suggested by many that surface energies play a key role in
chemical zonation within tourmaline and other minerals in the low
temperature environment (e.g., Reeder and Prosky, 1986; Fouke
and Reeder, 1992; Rakovan and Waychunas, 1996). However, the
surface effects upon sector zoning decrease significantly with
increasing temperature (Henry and Dutrow, 1992). Geochemical
analysis of the micro-tourmaline from Malbunka reveal elemental
abundances and chemical zonation consistent with low tempera-
ture authigenic formation from evaporite sources, consistent with
formation �1 km deep within the Amadeus Basin.

4.5. Fluid inclusion chemistry

Fluid inclusion waters from Malbunka azurite have elevated
element concentrations and light stable isotope values consistent
with fluids from petroleum basins (Table 3). Azurite is nearly opa-
que, however we presume that the majority of inclusions are pri-
mary given thermal and textural relations. The inclusion fluid is
enriched in boron, and has key element ratios consistent with a
seawater origin, similar to values reported for evolved formation
fluids that have experienced meteoric dilution through seismic
pumping (e.g., Melchiorre et al., 1999b). Ca excess/Na deficit in
these fluids do not suggest albitization reactions within the basin
(Davisson and Criss, 1996). Ratios of key elements in the inclusion
waters are similar to seawater, with the exception of Na/Cl. Chlo-
rine deficit may result from precipitation of the copper chloride
mineral atacamite, which is known to have occured within the dis-
tal portions of the deposit. The chemical differences between the
azurite inclusion water and halite inclusion water (Kovalevych
et al., 2006) most likely results from the different host lithologies,
and timing of mineralization. The oxygen and hydrogen stable iso-
tope values of the Malbunka azurite inclusion fluid are consistent
with local meteoric dilution of formation fluid with a seawater ori-
gin, and subsequent water-rock interaction, similar to formation
fluids from sedimentary basins around the world (e.g., Clayton
et al., 1966; Wilson and Long, 1993; Moldovanyi et al., 1993).

4.6. Environment of deposit formation

Following their deposition within the Amadeus Basin, these
sediments were subjected to diagenetic processes that produced
dewatering, lithification, and mineralization. It is not known what
role, if any, the formation of the Amadeus aulacogen (Rutland,
1973) may have had on copper mineralization (Sawkins, 1976).
During early diagenesis, halite was mobilized and recrystallized
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at temperatures of 60–100 �C (Kovalevych et al., 2006). Water-rock
interaction modified pore fluid composition and altered host lithol-
ogy through kaolinization with associated micro-tourmaline for-
mation. During this time, compaction and associated dewatering
elevated pore pressures to between hydrostatic and lithostatic.
The highly-contrasting lithologies of the Amadeus Basin, and the
discrete nature of their structures suggest that initial compaction
produced compartmentalization and significant localized over-
pressure environments. Fluid flow through this type of poorly-
connected system, with limited fluid mixing, is known to juxtapose
fluids with significantly different chemistries (e.g., Rowland et al.,
2008). When fluid pressures exceeded the failure envelope of the
confining lithology, the result was very rapid fluid migration,
recorded by a variety of dewatering structures such as injectites
(Fig. 8). These events permitted mixing of fluids with vastly differ-
ent chemistries, and significantly altered local pressure. We pro-
pose that a copper-rich formation fluid from a deep source was
released by these events to move upward and be trapped by the
kaolinite-rich formation, where it mixed with a more dilute and
CO2-rich meteoric fluid. This mixing produced T-pH-p[CO2] condi-
tions which permitted azurite mineralization directly adjoining the
fluid flow structures (Fig. 14). However, at this time early in dewa-
tering and depressurization, the compaction and fluid pressure dic-
tated mostly 2-dimensional growth, similar to ‘‘pyrite dollars”
which form as concretions during diagenetic conditions in some
black shales elsewhere in the world. This population of azurite
mineralization records isotopic equilibration temperatures 5–
16� C above ambient temperatures which corresponds to a basin
depth of 0.3–1.6 km. As dewatering and depressurization pro-
gressed, azurite was able to crystalize under more equalized pres-
sure as spheroidal crystal clusters with attendant lower isotope
thermometry estimates. At some point, the depressurization and
depletion of the CO2 source produced lower p[CO2] conditions
which shifted into the malachite stability field (Fig. 14). This last
phase of mineralization is recorded by discoidal malachite masses,
some pseudomorphously replacing pre-existing azurite at near
ambient surface temperatures.

A significant factor in the creation of this deposit is the occur-
rence of an impermeable clay unit. The association of kaolinite-
dominated white and red clays with azurite formation has been
noted in many other deposits (e.g., Grant, 1989; Melchiorre and
Enders, 2003). It is suggested that the relatively impermeable clay
enhances p[CO2] levels by creating a comparatively closed system
that can reach the high levels above atmospheric required for azu-
rite formation. The occurrence of impermeable clay units could
provide a useful exploration tool in identification of economic cop-
Fig. 14. Stability relations of malachite and azurite in logPCO2 – pH space, after
Kiseleva et al. (1992).
per targets. These clay-associated azurite deposits, such as the
Northwest Extension at Morenci, Arizona, USA, can contain glob-
ally significant quantities of copper. The model in the Malbunka
case has clay traps above fracture zones associated with halite-
rich diapirs.
5. Conclusions

Azurite and malachite from the Malbunka deposit appear to
form as primary ore minerals, rather than as secondary replace-
ment of sulfides as is typical of other copper carbonate deposits
around the world. Fluid flow structures and fluid inclusion data
indicate formation of azurite and malachite occurred due to mixing
between a deep basin formation fluid rich in copper, and more
shallow meteoric-diluted fluids rich in carbonate. Stable isotope
values of these minerals and micro-tourmaline chemistry suggest
formation of copper carbonates occurred 0.3–1.6 km deep with a
sedimentary basin under conditions similar to diagenetic carbon-
ates. The unusual growth habit of the azurite disks is not due to
fossil replacement, but rather an artefact of hydrostatic to litho-
static fluid pressure related to diagenesis. The paragenetic
sequence of mineralization is azurite disks at higher P and T than
later 3-dimensional azurite crystal clusters, followed by malachite
formation at near ambient temperatures and near surface condi-
tions. The role of clay in creating overpressured conditions, and
retaining the high pCO2 values required for azurite formation
require additional investigation due to the potential importance
in understanding the genesis of primary copper carbonate ore
bodies.
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