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In spite of the similar chemical properties of gold (Au) and platinum (Pt), Au is highlymobile in surface environ-
ments, whereas Pt appears to be far less so. In this study we assess if geomicrobial processes are likely to cause
these differences, as the mobility of Pt and Au should differ little based on thermodynamic solubility alone. To
achieve an accurate comparison it is important that both metals occur in the same environment. Mineral- and
groundwater samples were obtained from the Fifield Pt–Au field in New South Wales, Australia, where Pt and
Au nuggets occur in a series of Tertiary eluvial and alluvial paleo-placers. In particular, we studied the
μm-scale dispersion of Au and Pt within an extraordinary 10 mm-sized fragment of ferruginous paleochannel
material, which contained abundant native Au- and isoferroplatinum grains. Gold grains displayed complex sec-
ondary morphologies indicative of biogeochemical transformations, whereas isoferroplatinum grains appeared
smooth and well-rounded and showed no signs of supergene transformation. Gold grains were surrounded by
a dusting of highly pure metallic Au particles (b10 nm to >10 μm in diameter), whereas nometallic Pt particles
were detected. A search for ionic Pt was also unsuccessful. A series of biotic and abiotic incubation experiments
was conducted to investigate the hypothesis that these differences in mobility are driven by interactions with
microbiota. Biofilms consisting of metallophilic bacteria formed on ultraflat Au surfaces and caused significant
surface transformations. In contrast, only subtle changes were observed on Pt surfaces incubated under similar
conditions. Minimal inhibitory concentrations for Au complexes are more than an order of magnitude lower
than those measured for Pt complexes in Cupriavidus metallidurans cells. This higher cell-toxicity of mobile Au-
compared to Pt-complexes can lead to toxic levels of mobile Au in the vicinity of Au grain surfaces. The elevated
toxicity drives the formation of Au-detoxifying biofilms that catalyze the biomineralization of spheroidal
nano-particulate and bacteriomorphic Au. In contrast, this does not occur on isoferroplatinum grains due to
the lower toxicity of Pt. In conclusion, these results are consistent with microbial adaptation to element toxicity
driving the cycling of precious metals in surface environments.

© 2013 Elsevier B.V. All rights reserved.
1. Introduction

It is commonly understood that microorganisms drive the cycling
of metals that are essential for microbial nutrition or utilized to obtain
metabolic energy (e.g., Ehrlich, 1998; Southam and Saunders, 2005;
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Gadd, 2010). Recent research shows that microbes also affect toxic,
rare and unessential metals; however, it is not known if microbial in-
teractions with these metals are a major driver determining their mo-
bility in surface environments (Southam and Saunders, 2005; Reith et
al., 2012a). The dispersion of metals around ore deposits undergoing
weathering is important for mineral exploration, because secondary
metal mobility mediated by physical, chemical and biological agents
can lead to the formation of geochemical halos in soils and deeper
regolith materials, and hence expand the exploration footprint of
ore deposits (Brugger et al., 2010; Hough et al., 2011). For example,
Au is highly mobile in many near-surface environments, e.g., calcrete,
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soils and plants, leading to the formation of geochemical halos around
hypogene Au deposits and the crystallization of high purity secondary
Au (Reith et al., 2007; Hough et al., 2008). This mobility makes the
sampling of weathered materials an effective exploration tool (e.g.,
Lintern and Butt, 1993; Petts et al., 2009; Etschmann et al., 2010;
Reith et al., 2011), and can also lead to the formation of secondary
metal deposits (McCready et al., 2003). In addition, the study of
environmental mobility of precious metals serves as an analog for
understanding the long-termmechanisms of metal dispersion and bi-
ological adaptation to anthropogenic metal contamination, particu-
larly as more and more Au- and Pt micro- and nano-materials are
used in technical applications, which at the end of their life cycles
find their way into the environment (Wiesner et al., 2006).

The role of biota in Au cycling has long been ambiguous
(e.g., Watterson, 1992, 1994), but recently progress has been made in
understanding the role of microbiota in the interplay of processes lead-
ing to Au dispersion and re-concentration in surface environments
(Reith et al., 2007; Southam et al., 2009). Recent advances include: (i)
the detection of viable biofilms containing metal-resistant bacteria,
e.g., Cupriavidusmetallidurans, on Au grains from a number of Australian
locations (Reith et al., 2006), (ii) first insights into molecular-level pro-
cesses of Au-microbiota interaction (Lengke and Southam, 2006;
Lengke et al., 2006; Reith et al., 2009), (iii) the description of specific
biochemical Au-resistance mechanisms in bacteria (Checa et al., 2007;
Reith et al., 2009), and (iv) development of an integrated (bio)geo-
chemical processes model for the (trans)formation of Au grains in sur-
face environments (Reith et al., 2010; Fairbrother et al., 2012). In
particular, nano- andmicro-particulate and bacteriomorphic secondary
Au have been shown to be diagnostic for the occurrence of biogeochem-
ical transformations under surface conditions (Lengke et al., 2006; Reith
et al., 2010, 2012a; Fairbrother et al., 2012).

In contrast to Au, only limited Pt mobility has been observed in
many weathering environments, with surface concentrations in many
Pt-bearing soils considered to be the result of physical rather than
(bio)geochemical enrichment (e.g., Cook and Fletcher, 1994; Fletcher
et al., 1995; Hattori and Cameron, 2004), although residual accumula-
tion can be associated with changes in Pt mineral speciation (Gray
et al., 1996; Suárez et al., 2010). In combination with evidence for the
maturation of Pt minerals in placer deposits (Cousins and Kinloch,
1976; Cabri et al., 1996), this suggests that Pt behaves differently to
Au during weathering, and that Au mobility in surface environments
is driven by processes that do not apply to Pt.

In this study, we assess the hypothesis that the contrasting behavior
of Au and of Pt in surface environments is driven on the most funda-
mental level by differences in the biological toxicity of mobilized Au
versus Pt. First, we assess the different mobility of Au and of Pt within
a 10 mm-sized fragment of ferruginous paleochannel material, which
contains abundant native Au- and isoferroplatinum grains. This unique,
freshly collected sample provided a ‘natural laboratory’ to investigate
the mobility of Au and Pt over geological times under environ-
mentally identical conditions. Subsequently, we conducted experi-
ments to assess the toxicity of important Pt and Au complexes on the
metallophilic bacterium C. metallidurans, and the effects of biofilms
of this and another metallophilic bacterium on ultraflat Au- and Pt
surfaces.

2. Description of field sites and sample collection

Fifield is one of the few localities in the world where primary Au
and Pt mineralization as well as placer Au and Pt occur together;
thus a direct comparative analysis of fundamental drivers of Au and
Pt cycling in natural surface environments can be conducted. The
Fifield Pt–Au Field is situated about 380 km WNW of Sydney (New
South Wales, Australia). It is the most productive placer deposit of
Pt in Australia: 650 kg of alluvial Pt and 325 kg of alluvial Au were
recovered from Early Tertiary deep leads, Pleistocene gravel and
residual soils since its discovery in 1887 (Johan et al., 1989). The Fifield
Pt–Au Field is part of the “Fifield Platinum Province”, which contains 15
to 40 Alaskan–Uralian-type mafic-ultramafic intrusions that are made
up of monzodiorite, gabbro–norite, hornblendite, hornblende/olivine/
biotite/magnetite–clinopyroxenite, peridotite and dunite complexes.
These ultramafics are Late Ordovician to Siluro-Devonian in age and in-
trude into Cambro-Ordovician metasediments as well as locally into
Silurian and Devonian volcanics and sediments (Johan et al., 1989;
Slansky et al., 1991; Crawford et al., 2007). Two types of primary PGE
(platinum-group elements) mineralization have been recognized.
Beside Pt–Fe alloys (tetraferroplatinum and isoferroplatinum), the
pegmatitic pyroxenites of the Owendale complex contain a number of
Os-, Pt- and Pd-sulfides and -antimonides. In contrast, mineralization
associated with chromite-rich layers within dunites is dominated by
isoferroplatinum with small inclusions of osmium–iridium alloys, and
rare inclusions of Ru-, Rh- and Ir-sulfides (Johan et al., 1989; Slansky
et al., 1991). The mineralogy and morphology of PGE within this latter
type of mineralization corresponds more closely to the association
found in the placer deposits, and the sample studied here was probably
derived from this mineralization style. Platinum group minerals and
Au nuggets have been concentrated into a number of deep leads
(e.g., Fifield, Gillenbine and Platina Leads) and also occur in soils overlying
brecciated veins or fault zones. While the origin of PGE-minerals in
placers is well described, the origin of the Au nuggets in placers is poorly
understood, but may be attributed to nearby hydrothermal deposits.

The climate at Fifield is semi-arid, with most plant growth in sum-
mer, and temperature limiting growth in winter. Soils are classified
according to Northcote (1979) as red podsols. The regolith over the Pla-
tina lead is a Pt–Au-bearing residual soil with limited iron pisolithic
pebble development. Locally, lateritic weathering profiles are preserved
over the Alaskan–Uralian-type intrusions. The landscape evolution of
the Fifield area commenced in the Early to Middle Devonian, and
weathering, erosion and deposition have continued since then.

The aggregate assessed in this study was recovered from the Platina
deep lead paleochannel system (32°50′33.48″S and 147°28′5.38″E),
which is assumed to be of Early Tertiary age. This sample was obtained
using the field-sterile sampling procedures described in Reith et al.
(2010). Groundwater samples were collected from two bores located
up and downstream of the aggregate sampling site at 32°49′26.93″ S,
147°28′32.49″ E, and 32°50′39.12″ S, 147°28′4.41″ E, respectively.
Groundwater samples were collected at approximately 30 m depth
using a down-hole electric pump. Samples were collected from the
first flush in Bores 1 and 3 as well as 2h after pumping of Bore 1.

3. Methods

3.1. Micro-analyses of the Pt/Au-aggregate

The aggregate and additional Au and Pt grains were mounted on C
tape and analyzed using a FEI Helios NanoLab Focused Ion Beam
Secondary Electron Microscope (FIB–SEM; FEI, Netherlands). Images
were obtained at 3 to 15 kV with sectioning and cleaning carried
out at 30 kV/21 nA and 30 kV–20 kV/2.8–0.34 nA. The instrument is
equipped with a 10 mm2 sapphire Si(Li) energy dispersive spectrom-
eter (SEM-EDXA). Samples for SEM-EDXA were C-coated (3 nm)
prior to analysis to negate charging issues resulting in local distortion
of images for non-conducting materials. The aggregate was also inves-
tigated without C-coating to assess the presence of possible artifacts
relating to the coating; no evidence for such artifacts was observed.

Synchrotron-based X-ray fluorescence micro-spectroscopy (SXRF)
is very well suited for tracking rare particles of Au and Pt in complex
geological materials (Etschmann et al., 2010), because of high sensi-
tivity, μm-scale horizontal resolution, and the ability to sample a
significant depth within the sample (e.g., 50% of Au L X-rays escape
the sample from a depth of 14 μm in goethite). For X-ray imaging,
the sample was embedded in epoxy resin and polished using 1 μm
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Fig. 1. Imaging of Au and isoferroplatinum grains from the Platina Lead at Fifield. (A) Optical image of the aggregate as retrieved; arrows point to Au (yellow color grain on the left
side) and isoferroplatinum (white color grains) grains at the surface. (B) SEM image (Back Scattered Electron, BSE, mode) of one of the outcropping Au grains. Note the dusting of
Au particles on the right side of the grain. (C) Detail of Au particles occurring within the sediment next to a Au grain (edge visible on top). Both sub-μm particles and μm-size ag-
gregates exist. (D) SEM image (BSE mode) of bacteriomorphic Au on a Au grain. (E) FIB section through the regolith material overlying a shallow Au grain. (F) SEM image (BSE
mode) of one of the outcropping isoferroplatinum grains. The herringbone inclusions consist of weathered out inclusions of iridosmine.
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diamond paste. X-ray fluorescence data for 10 serial cuts (~100 μm
polishing at each step) were collected at the XFM beamline at
the Australian Synchrotron in Melbourne, Australia. The XFM
beamline is an undulator beamline with a Si(111) monochromator
and an energy resolution (ΔE/E) of 2×10−4 at 10 keV. Kirkpatrick–
Baez mirrors were used to focus the beam to a spot size of
~1.5 μm2. Fluorescence data were collected using the massively par-
allel 384-element MAIA detector system (Ryan et al., 2010a, 2010b).
The detector was placed in front of the sample at a distance of 2 mm,
which enables the collection of nearly 50% of a full hemisphere of the
X-rays emitted by the sample. The incident X-rays traveled through a
central hole in the detector. The SXRF data were analyzed with
GeoPIXE II (Ryan et al., 2005) using the dynamic analysis (DA) meth-
od to project quantitative elemental images from the full fluores-
cence spectra (Ryan, 2000; Ryan et al., 2009). The DA technique is a
matrix transform algorithm that unfolds overlaps and subtracts
background, escape peaks and other detector artifacts. The advan-
tage of this technique is that by fitting multiple lines per element,
the method benefits from better counting statistics and it is possible
to distinguish between elements that have overlapping X-ray lines,
which are traditionally difficult to separate using the region of in-
terest approach.

X-ray absorption near-edge structure (XANES) spectra at the Pt
L3 edge (11564 eV) are sensitive to the oxidation state of Pt; in par-
ticular, Pt(IV) salts show high white lines compared to metallic Pt
and Pt(II) salts (Hall et al., 2003). We used the XANES imaging
method (Etschmann et al., 2010) to hunt for particles containing ionic
Pt. μ-XANES is a powerful method to identify the presence and distribu-
tion of minor species in complex specimens, and is usually performed
by collecting spectra from a few regions of interest (e.g., Brugger et al.,
2008; Lintern et al., 2009). This approach has a number of problems, in-
cluding the challenge of finding rare components from the analysis of a
limited number of points; operator bias in the selection of these points;
and the possibility of beam damage. To overcome these limitations,
some authors have collected elemental maps at a few monochromatic
energies in order to obtain some information regarding speciation
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Fig. 2. X-ray tomography of the Au–Pt aggregate from Fifield. (A,B) Reconstruction of
the Au and isoferroplatinum grains in the aggregate, revealing a high proportion of
these grains. (A) is an overview, (B) a cut along the plane shown in (A). Morphology
of single isoferroplatinum (C) and Au (D) grains extracted from the model shown in
(A, B).
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distribution (Martinez-Criado et al., 2005; Denecke et al., 2007;
Mayhew et al., 2011). This approach has proven invaluable for
indentifying rare components with a spatially limited distribution
(Etschmann et al., 2010), especially with the advent of fast X-ray detec-
tors that provide a quantum leap in data acquisition rate and open the
way to megapixel SXRF imaging (e.g., MAIA detector; Lombi et al.,
2011; Ryan et al., 2009). XANES imaging is well-suited for the study of
the aggregate from Fifield: a spatially resolved technique is required,
because of the necessity to identify metallic Pt; ionic Pt may exist both
as discrete phases (e.g., Pt-oxides and hydroxides) or sorbed onmineral
surfaces (Butt et al., 2001); and tetravalent Pt has a characteristic large
white line.

Standard XANES (11540 to 11600 eV, 0.5 eV step) were measured
on a Pt-foil and a PtO2 pellet diluted with BN to determine the mono-
chromator energy offset and select relevant energy points for the
XANES stack. Stacks of full-spectral SXRFmaps (XANES stack) were col-
lected at seven irregularly spaced monochromator energy points from
11.60 to 11.54 keV spanning the Pt L3 edge (11.6, 11.5695, 11.568,
11.5665, 11.565, 11.5635, 11.54 keV). An area of 3.818×1.612 mm2

was scanned continuously at a rate of 1.02 mm s−1 with a pixel dwell
time of 1.953 ms, using a pixel size of 2×2 μm2 and a beam size
(focused with slits) of 2×8 μm2. The resulting XANES stack consisted
of seven images of 1.54×106 pixels each. To construct XANES stacks,
the SXRF spectrum at the highest monochromator energy (11.60 keV)
was fitted in GEOPIXE II, a DA matrix was formed, and the quantitative
images for Pt and the other detected elements were extracted. The
following Pt SXRF maps, collected at lower monochromator energies,
were extracted using the DA matrix obtained for the highest energy
image. The Pt and Fe images were exported from GeoPIXE II, and
aligned using the ImageJ package (Abramoff et al., 2004). The transfor-
mation matrices were determined using the Fe images, since the small
differences in beam energy among images do not significantly affect
the Fe fluorescence yields, and the Pt images were corrected using
these transformation matrices. We used the SIFT correspondence algo-
rithm to automatically pick points for alignment, and then bUnwarpJ
(Arganda-Carreras et al., 2006) to align the images. The aligned images
were read into MATLAB for further analyses.

The composition of the aggregate was also mapped using a Cameca
SX50 electron microprobe (EMP; Cameca, France) after coating the
sample with a 15 nm thick C film. The EMP can access X-ray lines
(e.g., Ag L) that are outside the detection range of the MAIA detector.
Data collection and reduction were performed with the SAMx package.
Analyseswere conducted at 20 kVand 19.9 nAwith a 1 μmbeamdiam-
eter. The grains were analyzed for (typical detection limits in parenthe-
sis as wt.%): Al (0.06), Si (0.05), S (0.05), Fe (0.08), Ni (0.09), Cu (0.11),
As (0.25), Pd (0.25), Ag (0.25), Au (0.28), Hg (0.6) and Bi (0.5). All the
elementswere calibrated on amixture ofminerals and puremetal stan-
dards from Astimex.

3.2. X-ray micro-tomography

X-raymicro-tomography is a non-destructive technique used for the
visualization of the internal structure of samples. A high-resolution
desktop X-ray micro-CT-system (SkyScan 1072, SkyScan, Belgium)
with a closed X-ray micro-focus source was used. A 1 mm Al filter
was used to obtain better contrast and to reduce beam hardening arti-
facts. The peak voltage of the source was set at 100 kV and 100 μA cur-
rent. Projection images were acquired with a rotation step of 0.45° over
180° and the signal to noise of the projection images was improved by
averaging 3 frames. The cross sections were reconstructed using a
cone-beam algorithm (NRecon software, Skyscan).

3.3. Chemical analyses of natural water samples from Fifield

Water samples were analyzed for pH (Rayment and Higginson,
1992) on site, and for electrical conductivity (APHA method 2510)
and alkalinity (APHAmethod 2320) in the laboratory. Dissolved carbon
was determined by APHAmethod 5310 B on a Skalar Formacs HT TOC/
TN Analyzer. Inorganic carbon was acidified to form CO2 prior to detec-
tion. Dissolved organic carbon was determined by the difference be-
tween total and inorganic C. Total N was determined at the same time
as total C on the dual detector instrument. Ammonia-nitrogen
(NH4-N) was determined by flow analysis and spectrometric detection
according to ISO 11732. Nitrate- and nitrite-N were determined by
APHA method 4500-NO3-F using the automated segmented flow ana-
lyzer (Alpkem Flow Solution 3) at 540 nm. The NO3-N (also referred
to as NOX-N indicating the sum of nitrite and nitrate nitrogen) concen-
tration was calculated from a set of calibration standards measured at
the same time. Anions (F−, Cl−, NO2

−, Br−, NO3
−, SO4

2− and PO4
3−)

were measured by the APHA method 4110 using a Dionex ICS-2500
ion chromatography systemwith 2 mmAS16 anion separation column.



Fig. 3. Results of µ-XRF chemical imaging of serial sections through the aggregate from Fifield using the MAIA massively parallel X-ray detector, shown in the RGB (red–green–blue)
color space. (A) RGB (Au–Pt–Cr) image of the deepest section. (B) Detail RGB (Au–Pt–Fe) image, showing particulate Au remobilization and embayments corresponding to weath-
ered out olivines in the isoferroplatinum. (C–K) RGB (Au–Pt–Fe) Images as a function of the polishing depth, z (in μm).
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The cations and metals were determined by APHA method 3120 using
inductively coupled plasma optical emission spectroscopy (ICP-OES)
on a Spectro ARCOS (Spectro Analytical Instruments, Kleve, Germany).
Trace and ultratrace elements were analyzed by inductively coupled
plasma mass spectrometry (ICP–MS; Agilent 7500ce, USA); quantifica-
tion limits are given in Table 2.

3.4. Geochemical modeling

Calculations were conducted using the Geochemist's Workbench
(GWB; Bethke, 2008). GWB was remote controlled by a MATLAB
custom-code;MATLABwas also used to generate the graphics. Thermo-
dynamic properties were taken from the Lawrence Livermore National
Laboratory database (version R9), with properties for Au and Pt com-
plexes updated as follows: properties for Au(I) and Au(III)-chloride,
-hydroxide and -bisulfide complexes selected by Usher et al. (2009);
Pt(II)-bisulfide complexes from Gammons and Bloom (1993) and Pan
and Wood (1994), following Barnes and Liu (2012); Pt(II)-chloride
complexes from Wood et al. (1992); Pt(IV)-chloride complexes from
Gammons (1995); Pt(II) thiosulfate complexes from Hancock et al.
(1977); Pt(OH)2(aq), Pt(OH)+, PtS(s) and PtS2(s) from Sassani and
Shock (1998); and PtO(s) and PtO2(s) from Inzelt and Horányi (2006).

3.5. Microbial experiments

The minimal inhibitory concentration (MIC), defined as the lowest
concentration inhibiting bacterial growth, is used as a standard measure
for the resistance ofmicroorganisms tometal ions and complexes aswell
as other antimicrobial agents (Nies, 1999). As a result, conclusions can be
drawn about the relative toxicity of these compounds towards the spe-
cies tested (Nies, 1999). MICs for Au- or Pt-salts in C. metallidurans
CH34 were determined in triplicate on solid TrisMM containing 2 g
sodium gluconate L−1 and 20 g agar L−1 (Mergeay et al., 1985). A
pre-culture of C. metallidurans CH34 was incubated at 30 °C and
250 rpm for 30 h until early stationary phase, then diluted 1:20 in
fresh medium and incubated for 24 h at 30 °C and 250 rpm until expo-
nential phase. This exponential phase culture was diluted 1:100 in
fresh medium and used for streaking onto plates containing 0–250 μM
of the respective Au- or Pt-salts. The plates were incubated at 30 °C for
120 h, and cell growth was monitored as ability to form colonies.

Ultra-flat Au- and Pt platelets sized 5×5 mm2 were prepared from
99.95% Au and Pt foils (Strem Chemicals, USA). These foils were
annealed at 800 °C for 16 h following the procedures described in
Fairbrother et al. (2009). A pattern of five boxes, each 20×20 μm2 in
size, was FIB-milled onto the surface of each platelet using a FIB–SEM
with an ion beam operated at 30 kV and 2.8 nA. Sterilized Au and Pt
platelets were then incubated in triplicate in 25 mL growth medium
containing 1:1 peptone-meat extract (PME, 13 g per liter; pH 7, Difco,
USA), inoculated with Chromobacterium violaceum or C. metallidurans
CH34. Flasks were inoculated with 2% of pre-culture from an exponen-
tial phase culture (OD600=0.58), and incubated standing upright at
25 °C in the dark for up to 56 days. Sterile control experiments
containing Au and Pt platelets and medium but no cells were also
conducted. Samples were collected at days 1, 7, 14, 21, 28 and 56 in ex-
periments with viable cells and at days 1, 14, 28 and 56 in sterile con-
trols. Throughout the experiments viable cells were counted on PME
agar plates (17.5 g L−1 Water, Difco, USA) following the method of
Miles andMisra (1938). Cell growth in themediumwas alsomonitored
via OD measurements using a Klett-Summerson-Colorimeter (Klett
MFG Co., USA). At each sampling time the remaining vials were
amended with 0.5 mL of a concentrated PME solution (80 g L−1). This
led to periodically nutrient-rich (i.e., a 20% supplement of the original
media constituents) conditions that should extend the metabolic activ-
ity and viability of the cultures, followed by the induction of cyanide for-
mation when nutrient availability becomes limited.

Biofilm development on selected Au or Pt platelets at days 1 and
56 was examined using staining with an acridine orange stain
(20 μL, Sigma, USA). Double-stranded nucleic acids fluoresce green
and single-stranded nucleic acids emit orange–red fluorescence
when stained with acridine orange (Kepner and Pratt, 1994). The
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Fig. 4. Electron microprobe maps of the sample (polishing depth z=1003 μm), showing
(A) zones of Ag-depletion around the Au grains (arrows), and (B) inclusions of chromite
(arrow) and iridosmine (blue inclusions) within isoferroplatinum grains.
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Au or Pt platelets incubated with the bacteria were placed on a glass
slide and acridine orange stain was added. After a 2 minute incuba-
tion period, the platelets were washed with MilliQ water, covered
with a cover slip and imaged using a fluorescence microscope
(Nikon Eclipse, Nikon, Japan), and biofilm development was observed
(data not shown).

The surfaces of the platelets were examined further following the
procedures described in Fairbrother et al. (2009). Gold and Pt foils
were collected under aseptic conditions and sonicated for 40 min in
a beaker to clean the surfaces of adhering C. metallidurans and C.
violaceum cells and other biofilm components (e.g., exopolymeric sub-
stances) prior to electron microscopic analyses. To avoid overheating
the sample, sonication was conducted in a 160HT Soniclean sonicator
(Soniclean Benchtop Ultrasonic Cleaners Pty., Adelaide, Australia) hold-
ing 1 L of deionized water. Scanning electron microscopy of platelets
was conducted before and after sonication to image the biofilms, as
well as check the efficiency of the sonication procedure. The samples
were studied with a FIB–SEM at an acceleration voltage of 5 kV. For
the measurements of Au and Pt concentrations in the medium, the
56-day culture samples were acidified to 5 wt.% HCl, and analyzed
using the He mode in an octopole reaction system with an Agilent CX
ICP–MS (Agilent Technologies, CA, USA). The quantification limits for
Au and Pt were 0.2 μg L−1.

4. Results and discussion

4.1. Distribution of Au and Pt in the Fifield aggregate

The 10×5×5 mm aggregate contained abundant Au and
isoferroplatinum grains, of which some were outcropping (Fig. 1A).
X-ray tomography confirmed that Au and isoferroplatinum grains occu-
pied a significant volume of the aggregate (Fig. 2A, B). The grains were
cemented into an Fe-oxide-rich matrix, also containing well-rounded
quartz grains. SEM and X-ray tomography of the unprocessed aggregate
showed that the Au grains displayed complex morphologies, with high
purity secondary Au rims, and abundant dissolution and accretionmor-
phologies, including spheroidal and bacteriomorphic Au (Figs. 1C, D;
3B). This shows that the grains were transformed in the surface envi-
ronment and suggests that biogeochemical processes catalyzed these
transformations (Reith et al., 2010). Similar Au morphotypes were
also observed in two recent studies of Au grains from (semi-)arid and
temperate sites in Australia and New Zealand, respectively, and were
shown to be indicative for the occurrence of biogenic transformations
(Fairbrother et al., 2012; Reith et al., 2012b). The most striking feature
of the SEM and SXRF analyses of the untreated grains was a dusting of
fine-grained particulate Au in matrix materials surrounding the Au
grains. This dusting displayed its highest density within ~50 μm of the
Au grain surfaces (Figs. 1B, C; 3), consisted of high purity metallic Au,
and comprised both nano-particles and μm-scale aggregates ranging
in sizes from b10 nm to >10 μm in diameter (Figs. 1C, D, 3B). FIB-
sectioning confirmed that these Au particles occurred throughout the
sedimentary material (Fig. 1E). In particular, the MAIA X-ray fluores-
cence maps provide a stunning view of the dispersion of Au particles
around Au grains (Fig. 3). The distribution of the Au particles was not
homogeneous around the sample, often being limited to one side of
the Au grain (e.g., Fig. 3B). This may reflect the differences in porosity
of the matrix, but could also be linked to fluid- and nutrient flow in
the groundwater system that harbored the aggregate. Overall particle
sizes and morphologies are similar to those observed on Au grains
from New Zealand, where a significant dispersion of nano- and micro-
particles of Au into the soilmatrices surrounding the grainswas also ob-
served (Reith et al., 2012b). In New Zealand a particularly strong effect
was observed on grains from theWest Coast of the South Island, which
was linked to the higher availability of water sustaining a higher biolog-
ical activity at those sites.

In contrast, isoferroplatinum grains were smooth, well-rounded
(Fig. 1F), and based on FIB–SEM investigations of the grain surfaces,
no unequivocal evidence for Pt dissolution was apparent. The grains
contain a number of embayments that were often ovoid (Figs. 2C, 3B),
and sometimes herringbone-like in shape (Fig. 1F). The former corre-
spond to weathered out olivine grains, the latter to weathered out irid-
osmine (Johan et al., 1989). In addition, some isoferroplatinum grains
also contained preserved chromite grains (Figs. 3A, 4B). Detailed exam-
ination of Pt grain surfaces and matrix materials enrobing the grains
using FIB–SEM and SXRF did not reveal nano- or μm-scale metallic Pt
particles (Fig. 3).

As no nano-particulate Pt was observed in the Platina deep lead
aggregate, μ-XANES spectroscopy was used to assess the presence of
other Pt-species that would indicate the Pt mobility. Maps of the inten-
sity of the white line, based on the ratios of the intensities measured at
the while line energy (11568 eV) and that at the highest measured en-
ergy (11600 eV), did not reveal particles containing ionic Pt (Fig. 5B).
Pixels displaying white line intensities higher than that of metallic Pt
are located near the rim of the isoferroplatinum grains; careful exami-
nation of the XANES data at those points showed no evidence for ionic
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Pt either, but rather indicated that the anomalous values were due to
approximately 2 μm misalignments in the images, that resulted in sig-
nificant discrepancies between the intensitiesmeasured for these pixels
in subsequent maps, as Pt concentrations vary by orders of magnitude
over a few pixels. This was confirmed by the spectra obtained from
the integration of counts within small regions containingmany anoma-
lous pixels (regions 2 and 3, Fig. 5B), which are similar to those obtained
on the isoferroplatinum (Fig. 5A). Overall, these data showed no evi-
dence of ionic Pt on the surface of the isoferroplatinum grains or within
the ferruginous material between the grains (Fig. 5).
Table 1
Results of geochemical analysis of the groundwater from Fifield: pH, electrical conductivity
nitrite-nitrogen (NO2-N) total nitrogen (TN), total alkalinity, dissolved carbon (DC), inorga

pH E.C. NH4-N NOx-N

Units dS m−1 mg L−1 mg L−1

Detection limits – 0.01 0.005 0.005
Bore 1 7.97 21.69 0.012 0.19
Bore 1 (recharge) 8.09 19.98 0.054 0.19
Bore 3 8.15 17.37 0.41 0.05

aCl− aBr− aNO3
− aSO4

= bCa

Units mg L−1 mg L−1 mg L−1 mg L−1 mg L−1

Detection limits 0.05 0.05 0.05 0.05 0.1
Bore 1 7900 28 2.4 4300 401
Bore 1 (recharge) 8000 29 2.7 4300 395
Bore 3 4700 14 3.2 4400 208

Notes: NO2-Nb0.005 mg L−1.
a Elements analyzed by ion chromatography; F−b2 mg L−1.
b Elements analyzed by ICP-OES; Al, As, Cd, Co, Cu, Mn, Mn, Ni, Pb, Se, Znb0.5 mg L−1; B
4.2. Solubility of Au and Pt in Fifield-type groundwaters

While Pt mobility was not observed, large amounts of Au were
redistributed throughout the sample as metallic nano- and micro-
particles. A fundamental problem in understanding Au and Pt mobil-
ity in the weathering environment is related to understanding the
relative influences of biogenic and abiogenic factors (e.g., Hough
et al., 2008; Lintern et al., 2009; Reith et al., 2010, 2011). In order to
assess the capacity of inorganic ligands to differentially mobilize Au
and Pt at Fifield, we used equilibrium thermodynamics to calculate
(E.C.), ammonia-nitrogen (NH4-N), the sum of nitrate- and nitrite-nitrogen (NOx-N),
nic carbon (IC), dissolved organic matter (DOC), and major anions.

TN Total alkalinity DC IC DOC

mg L−1 meq L−1 mg L−1 mg L−1 mg L−1

0.1 – 0.5 0.1 0.5
0.23 10.084 120.25 104.19 16.06
0.33 10.084 117.27 102.22 15.05
0.48 7.82 109.3 94.36 14.94

bK bMg bNa bS bSi bSr

mg L−1 mg L−1 mg L−1 mg L−1 mg L−1 mg L−1

0.1 0.1 0.1 0.1 0.1 0.05
10.8 1090 4210 1340 4.02 7.77
22.3 1080 4230 1320 3.95 7.58
b1 341 3930 1360 9.48 3.4

, Fe, P, Sbb1 mg L−1.



Table 2
Results of geochemical analysis of the groundwater from Fifield: ICP–MS analysis of trace elements in μg L−1.

Cr Fe Co Ni Cu Ga Ge As

Detection limits 0.2 0.2 0.2 0.8 0.2 0.04 0.2 0.5
Bore 1 0.63 b0.2 b0.2 1.2 b0.2 2.9 0.63 0.77
Bore 1 (recharge) b0.2 5.7 b0.2 1.5 0.91 2.5 0.42 1.8
Bore 3 b0.2 b0.2 2.5 3.3 2.1 0.81 b0.2 11

Se Nb Cd Te Sm W Au Th U

Detection limits 1 1 0.2 0.2 0.2 0.1 0.1 0.2 0.2
Bore 1 9.2 5.4 2 2.9 0.25 26 1.2 0.24 2.3
Bore 1 (recharge) 10 8.1 1.4 2.4 b0.2 100 1.7 0.29 3.7
Bore 3 b1 2.7 0.9 4.3 b0.2 15 b1 0.22 b0.2

Notes: Other elements analyzed by ICP–MS were below detection of 0.2 mg L−1 Sc, Zn, Y, Pd, Ag, La, Ce, Pr, Nd, Eu, Gd, Db, Dy, Ho, Er, Tm, Yb, Lu, Re, Pt, Pb.
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the relative solubility of Au and Pt in Fifield-type waters (Tables 1, 2).
The present-day groundwaters at Fifield are basic (pH~8), and dom-
inated by chloride and sulfate anions. Gold concentrations up to
1.7 μg L−1 were detected in the waters, and in contrast Pt concentra-
tions were below detection limit (b0.2 μg L−1). The results of the cal-
culations are shown in Fig. 6, where they are plotted as a function of
redox potential and pH in a solution with a composition similar to
modern-day groundwater at Fifield. The diagrams in Fig. 6 were
constructed by calculating the equilibrium composition of a water
containing 7900 mg L−1 Cl, 4300 mg L−1 S as sulfate, 1.2 μg L−1 of
each Au and Pt, and Na adjusted for charge balance, over a grid of
pH and log f O2(g).

The calculated Au/Pt ratios show that Au can be much more solu-
ble that Pt in some conditions, with ratios exceeding 1010 (Fig. 6A).
However, the calculated Pt solubility can exceed that of Au under re-
ducing conditions (hydrosulfide stable) at low or high pH (pHb5 or
pH>9), and the Au and Pt concentrations are near equal in basic so-
lutions at the HS−/SO4

2− redox buffer. Similarly, both metals are rela-
tively soluble (>1 μg L−1) under oxidizing conditions. At Fifield,
redox conditions are likely governed by the sulfate/hydrosulfide
buffer (basic pH~8; sulfate in solution but H2S smell), because the
mineralization at Fifield is associated with sulfides. Biologically medi-
ated sulfide oxidation produces a number of sulfur species with inter-
mediate oxidation states, most prominently thiosulfate (Reith et al.,
2007). Since thiosulfate is an excellent ligand for both Au and Pt
(Benedetti and Boulègue, 1991; Anthony and Williams, 1994), we also
conducted thermodynamic calculations assuming that the solution con-
tains 2 mg L−1metastable thiosulfate (Fig. 6D–F). The results show that
the presence of thiosulfate does not significantly alter the solubility dif-
ferential (Fig. 6A, D). Note that the inclusion of the small amounts of Br−

(14–29 mg L−1) and ammonium (0.01–0.41 mg L−1) quantified in the
waters did not change the results of the thermodynamic modeling.
Overall, these calculations suggest that differences between Au and Pt
mobility are not only derived from differences in chemical solubility,
because the chemical solubility of Au is little higher than that of Pt solu-
bility under conditions relevant for Fifield (Fig. 6A, B).

4.3. Environmental toxicity of Au and Pt complexes and the formation of
biofilms on precious metal surfaces

Thermodynamicmodeling shows that under conditions likely to pre-
vail in the groundwaters at Fifield, the solubility of both Au and Pt can
exceed 1 μg L−1. This suggests that the observed differences in mobility
cannot only be related to these solubility differences. In order to assess
whether biological toxicity can drive the observed differences in Au
and Pt behavior, we measured the MICs for Au- and Pt-complexes in
C. metallidurans CH34. The MIC of Au(III)-chloride and Au(I)-thiosulfate
in TrisMM are 0.9 and 0.5 μM. In contrast, MICs for Pt-chloride com-
plexes were 200 μM and 17.5 μM for Pt(II/IV)-chloride, respectively.
These results show that Au(I/III)-complexes are several orders ofmagni-
tudemore toxic to C. metallidurans than the Pt(II/IV)-complexes. Similar
resultswere obtained in a studywith Escherichia coli, hereMIC values for
Au(III)-complexes of 20 μM compared to 500 for Pt(IV)-complexes
were measured (Nies, 1999).

Neither Pt nor Au exist as free ions in aqueous solution under surface
conditions, but occur as metal complexes (Wood et al., 1992; Wood,
2002; Reith et al., 2007). The toxicity of these metal complexes towards
cells is determined by howmuchof themetal complex is available to in-
teract with the cells, which is largely determined by how stable these
complexes are in aqueous solutions, and the affinity and capacity of
cells for the sorption of these complexes (Nakajima, 2003). Modeling
of Fifield waters indicated that the most likely Au and Pt species to
occur under the prevailing conditions are complexes with chloride
and thiosulfate (Fig. 6). Earlier work by Butt et al. (2001) has shown
that Pt, if dissolved, forms highly stable chloride complexes in aqueous
solutions under surface conditions that interact little with organic mat-
ter. In contrast, Au(III)-chloride complexes are labile and are rapidly
adsorbed by living bacterial cells as well as inactive and dead cells
(e.g., Reith et al., 2007, 2009; Kenney et al., 2012; Song et al., 2012).
This was confirmed in recent experiments, in which the uptake of
Au(I/III)- and Pt(II/IV)-complexes in C. metallidurans was assessed. Re-
sults showed that across the range of pHs (5–8) tested, uptake of
Pt-complexes by cells after 6 h and 144 h was commonly 30 to 70%
lower compared to equivalent Au-complexes (Reith et al., 2009;
Fairbrother, pers. comm.). These data strongly suggest that under other-
wise identical conditions more Au complexes are likely to reach cells
than Pt complexes. These Au complexes will then interact with the
cells to block protein function and create oxidative stress (Reith et al.,
2009). In order to reduce Au(I/III)- or Pt(II/IV)-complexes to their me-
tallic forms 1 or 3 and 2 or 4 electrons, respectively, are required to be
actively or passively transferred by the cells. As electron transfer reac-
tions in electron transport chains of bacterial cells commonly occur in
pairs of electrons, the reduction of Au-complexes likely leads to the for-
mation of free electron radicals, further increasing oxidative stress and
hence toxicity of Au in the cells (Nies, 1999).

The ability of bacterial biofilms to promote precious metal mobil-
ity and to explain the difference between Au and Pt was assessed
using incubation experiments, in which the bacteria C. violaceum
(cyanide-producing) and C.metallidurans (metallophilic) were incubat-
ed for up to 56 days on ultraflat Au- and Pt surfaces. Prior to exposure,
Au and Pt surfaces were engraved with five 20×20 μm2 reference
squares (e.g., Fig. 7A). After exposure to the biofilms, SEM imaging re-
vealed that the squares had disappeared from the Au plates, the surface
of the Au platelets was intensely pitted, and a significant roughening of
the surface had occurred (Fig. 7A–C). This shows that biofilm-mediated
dissolution and re-precipitation of Au had occurred, as Au concentra-
tionswere below 10 μg L−1 in solution. In contrast, only subtle changes
to the Pt surfaceswere observed after the incubation (Fig. 7D–F), and no
Pt was detected in the experimental solutions (b0.2 μg L−1).

Active biofilms are commonly observed on Au grains fromwet-(sub)
tropical regions in Australia (Reith et al., 2006, 2010). In arid and
semi-arid environments, biofilms formation also drives secondary Au
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Fig. 7. SEM micrographs illustrating the results of experimental studies of the effect of biofilms on Au (A–C) and Pt (D–F) surfaces. (A), (B) and (C) represent the 56th day Au plate-
lets incubated with growth medium, C. violaceum and C. metallidurans, respectively. (D), (E) and (F) represent the Pt platelets in the same order.
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mobility, but there this is a much more episodic process (Fairbrother et
al., 2012). Biofilm formation increases the ability of metallophilic bacte-
ria, e.g., C. metallidurans, to detoxify Au-complexes via the formation of
nano-particulate metallic Au, and hence increases the metal-resistance
of the biofilm community on the whole (Reith et al., 2007). Other mem-
bers of the biofilm community contribute to increasing Au solubility,
mobility and toxicity by releasing amino acids, cyanide, thiosulfate
and other ligands, in order to limit the growth of competing organisms
(Lengke and Southam, 2007; Reith et al., 2007; Fairbrother et al., 2009).
This perpetual cycling of Au via solubilization and re-precipitation in
the biofilms plays a fundamental role in promoting Au dispersion and
transforming coarse primary Au into nano- and micro-particulate Au.
Nano- and micro particulate Au is available for further physical disper-
sion, e.g., by solution transport and ingestion by soil macro-organisms
grazing on biofilms (Reith et al., 2010).

In contrast, the lower toxicity of Pt-complexes means that in order
to drive a biogenic cycle similar to that of Au, the concentrations of
dissolved Pt need to reach levels that are >10 times higher than
those of Au. While mobility of naturally occurring Pt has been implied
in soils at a number of subtropical and tropical sites (e.g., Bowles et al.,
1994; Cabral et al., 2011), toxic concentrations of Pt are unlikely to
occur at Fifield, given that no Pt was detected in the groundwater.
Platinumwas also not detected in aqua regia digests of soils overlying
the mineralized zone at Fifield; in contrast Au concentrations in these
soils reached up to 40 ng g−1 dry weight soil, confirming Au mobility
and Pt immobility at the site (Kaminski, pers. comm.). This is also
supported by the results of earlier microcosm studies with soils
from semi-arid and moderate sites in nearby Peak Hill and Tomakin
(New South Wales, Australia). These studies have shown that micro-
bial processes contribute significantly to the solubilization of Au, with
up to 80 wt.% of total Au being solubilized within 20 to 45 days of
incubation, after which Au was re-adsorbed predominantly to the
organic soil fractions (Fig. 2; Reith and McPhail, 2006, 2007).

It is worth noting that Pt toxicity may be further reduced by the ca-
pacity of Pt-complexes to irreversibly sorb to soil mineral phases, as
shown by Butt et al. (2001). In their experiments with ferruginous
soils from Ora Banda, Mn-oxide-rich soils from Mt. Keith, organic
matter-, Fe-, calcrete- and Mn-rich soils, Butt et al. (2001) showed that
Pt(II)-thiosulfate complexes were irreversibly adsorbed to ferruginous
minerals. In addition, the study showed that secondary Fe-minerals
were more efficient in sorbing Pt complexes than organic matter.

In conclusion, toxicity levels of Pt complexes are not high enough to
drive biofilm development on isoferroplatinum grain surfaces, which
would act as a catalyst for further Pt mobilization. This indicates that
the higher toxicity of Au-complexes compared to Pt-complexes, com-
bined possibly with the tendency of Pt complexes to sorb irreversibly
to ferruginous materials, can drive the building up of biofilms on Au
grains, which then increases the rate of Au dispersion by mediating
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dissolution and precipitation reactions (Reith et al., 2010). This suggests
that while Au mobility in the Fifield system is geobiologically driven, Pt
mobility is essentially driven by geochemical and physical processes.

5. Conclusions

This study shows that active biofilms developing on the surface of
Au grains can provide the missing link in explaining the high Au mo-
bility in many environments. The complex interactions of organisms in
biofilms are responsible for solubilizing Au (e.g., generation of organic
acids, cyanide) and transforming coarse Au into (nano)-particulate
Au that is more reactive and available for mechanical transport, e.g.,
by organisms that graze on biofilms. In contrast, under most regolith
conditions, the toxicity of Pt around isoferroplatinum grains is not suffi-
cient to drive an analogous response, which explains the contrast in Au
and Pt mobility. The secondary arborescent Pt–Pd nuggets from alluvial
deposits at Córrego Bom Sucesso, Brazil, which have aggregated from
groundwater within sediments may be one remarkable exception
(Fleet et al., 2002; Cabral et al., 2008). The occurrence of these aggre-
gates in sands with poor buffering capability (as opposed to the more
common ultramafic regolith profiles) indicates the possibility of forma-
tion under relatively high or low pH, under which conditions Pt toxicity
may play a role in establishing biofilms and promoting PGE mobility
(Fig. 6).
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