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Abstract: Terraced iron formations (TIFs) are laminated structures that cover square meter-size areas
on the surface of weathered bench faces and tailings piles at the Mount Morgan mine, which is a
non-operational open pit mine located in Queensland, Australia. Sampled TIFs were analyzed using
molecular and microanalytical techniques to assess the bacterial communities that likely contributed
to the development of these structures. The bacterial community from the TIFs was more diverse
compared to the tailings on which the TIFs had formed. The detection of both chemolithotrophic
iron-oxidizing bacteria, i.e., Acidithiobacillus ferrooxidans and Mariprofundus ferrooxydans, and
iron-reducing bacteria, i.e., Acidobacterium capsulatum, suggests that iron oxidation/reduction are
continuous processes occurring within the TIFs. Acidophilic, iron-oxidizing bacteria were enriched
from the TIFs. High-resolution electron microscopy was used to characterize iron biomineralization,
i.e., the association of cells with iron oxyhydroxide mineral precipitates, which served as an
analog for identifying the structural microfossils of individual cells as well as biofilms within iron
oxyhydroxide laminations—i.e., alternating layers containing schwertmannite (Fe16014(OH)12(504)2)
and goethite (FeO(OH)). Kinetic modeling estimated that it would take between 0.25-2.28 years to
form approximately one gram of schwertmannite as a lamination over a one-m? surface, thereby
contributing to TIF development. This length of time could correspond with seasonable rainfall or
greater than average annual rainfall. In either case, the presence of water is critical for sustaining
microbial activity, and subsequently iron oxyhydroxide mineral precipitation. The TIFs from
the Mount Morgan mine also contain laminations of gypsum (CaSO-2H,0) alternating with iron
oxyhydroxide laminations. These gypsum laminations likely represented drier periods of the year,
in which millimeter-size gypsum crystals presumably precipitated as water gradually evaporated.
Interestingly, gypsum acted as a substrate for the attachment of cells and the growth of biofilms
that eventually became mineralized within schwertmannite and goethite. The dissolution and
reprecipitation of gypsum suggest that microenvironments with circumneutral pH conditions
could exist within TIFs, thereby supporting iron oxidation under circumneutral pH conditions.
In conclusion, this study highlights the relationship between microbes for the development of TIFs
and also provides interpretations of biogeochemical processes contributing to the preservation of
bacterial cells and entire biofilms under acidic conditions.
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1. Introduction

Terrace iron formations (TIFs) are travertine-like structures that commonly occur within
engineered and natural environments, e.g., streams or rivers, that are impacted by acid mine drainage
(AMD). The overall morphology of these structures is analogous to steps: horizontal surfaces are
relatively flat, while the rise and rim, i.e., edge or nose’ of each step is coarse and composed of
centimeter-size lobate structures (Figure 1; also see [1-4] and references therein). The development
of TIFs has been attributed to a combination of biogeochemical and hydrological factors of acid
mine drainage environments in which these structures form. From a biogeochemical perspective,
acidophilic, iron-oxidizing bacteria, e.g., Acidithiobacillus ferrooxidans and Leptospirillum ferriphilum, are
known to colonize and accelerate the dissolution of metal sulfides. In doing so, they form secondary
iron oxyhydroxide mineral (IOM) precipitates, such as schwertmannite, which comprises TIFs [1-12].
In addition to chemolithotrophic bacteria, iron oxidation has also been attributed to phototrophic
microbes, such as cyanobacteria and algae, which produce oxygen as by-products [2]. From a physical
perspective, TIF morphology has also been attributed to water flow rates [3]. Therefore, the overall
step-like morphology can depend on what factors influence its structural development. Previous
studies have suggested that TIF structure and development could be considered a modern analog
for stromatolites or Martian iron oxyhydroxides [13,14]. More recently, these structures have been
used to estimate the mobility of silver, since Ag* can form argentojarosite (AgFe3(SO4)2(OH)g) [15-17].
Additionally, gold biogeochemical cycling has been closely linked to iron cycling. Under acidic,
ferric iron-rich conditions, gold would likely be mobile as pure gold nanoparticles or gold sulfide
nanoparticles [18].
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Figure 1. A photograph of meter-sized terraced iron formations (TIFs) (a) and centimeter-sized TIFs (b)
that formed within the Lousal (Portugal) and Tharsis (Spain) open pit mines, respectively. Note that
the coarse rims and centimeter-size steps that lobate the structures (arrows).

Microfossils are nanometer to micrometer-size textural features within a rock. The preservation of
microfossils with an ancient or modern iron-bearing matrix provides insight into the biogeochemical
conditions under which microbial cells and biofilms were preserved [19-22]. Previous studies have
primarily focused on TIFs that developed on gently sloping surfaces where quiescent water often forms
meter-size pools—e.g., AMD-affected rivers, streams, and abandoned mine drainage channels [2—4,17].
Additionally, few studies have looked at the internal ‘architecture” of TIFs at the micrometer scale
as a means of interpreting past biogeochemical processes [2,14]. The purpose of this study was to
use a multianalytical approach by combining biomolecular analyses with structural and chemical
characterization of nanometer to millimeter-sized features comprising TIFs that formed on steeply
sloped surfaces—i.e., TIFs primarily comprised of coarse rims and centimeter-size ‘steps’. In doing
so, this study aims to highlight the interaction between microbes and minerals, as well as how this
interaction corresponds to environmental conditions promoting TIF development.
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2. Materials and Methods

2.1. Field Site and Sampling Acquisition

The Mount Morgan mine (Queensland, Australia) is an open pit mine that was a source of gold and
copper from 1882-1981. Recently, the mine has been the focus of rehabilitation as AMD has impacted
the nearby Dee River [23]. Tailings are located throughout the mine and are primarily composed
of pyrite (FeS,), pyrrhotite (Fe;_S), chalcopyrite (CuFeS;), and sphalerite ((Zn,Fe)S). During a field
excursion (April 2016), bench faces and tailings piles were covered with TIFs (Figure 2). For this study,
TIFs and associated tailings were aseptically collected from accessible locations where trickling water
was present. Small standing pools on TIFs had an average pH of 3.2 & 0.2 units; these measurements
were obtained using a Trans Instruments pH meter calibrated using pH 1.5, 7.0, and 14 as reference
standards. The TIF samples were divided into aliquots for analysis.

[
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1
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Figure 2. A schematic diagram of the Mount Morgan mine illustrating the deposition of mine tailings
within the mine property and the sampling location (red arrows). The historic photograph, courtesy of
State Library of Queensland, demonstrates the depth of the open pit during operation in 1952. Terrace
iron formations had formed on weathered bench faces and on tailing piles.
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2.2. Microbe and Mineral Characterization

2.2.1. Molecular Analysis

Using a PowerSoil® DNA isolation kit (Mo Bio Laboratories Inc., Carlsbad, USA), DNA was
extracted from both a TIF aliquot and a tailings sample. The extracted DNA was used as a template for
polymerase chain reaction (PCR) amplification of 16S rRNA using universal primers 27F and 1492R
using the Applied Biosystem Veriti Thermal Cycler. Amplicons were checked using 1.5% agarose
gel with 1:10,000 (v/v) Gel Red and run at a constant voltage of 80 V for one hour [24-27]. Further
amplification, using 27F and 519R primers [24,28] was performed at the Australian Genome Research
Facility (AGRF, Melbourne, Australia). Maximum-likelihood phylogenetic trees were constructed for
the TIF and tailing samples using Biomatters Ltd. GENEIOUS 11.0.2. Sequences for tree construction
were deposited in GenBank with accession number MK123312-MK123317.

2.2.2. Iron-oxidizing Bacterial Enrichment

Acidic, iron-oxidizing bacteria can be enriched from TIFs [17,18]. Using a sterile mortar and
pestle, a second TIF aliquot was crushed into coarse granules—i.e., 10-mesh sieve size. Primary
enrichments of an acidic, iron-oxidizing bacterial consortia were made by inoculating one gram of the
crushed TIF into borosilicate glass test tubes containing 4.0 mL of modified growth medium defined
for Acidithiobacillus ferrooxidans [29]. This medium, containing 3.03 mM of (NH4)»SOy4, 0.57 mM of
Ky;HPOy, 1.62 mM of MgSO,-7H,0, and 0.12 M of FeSO,4-7H,0, was adjusted to pH 3.2 using 2 M
of H,SO4, and was filter-sterilized using 0.22-pum pore size filters prior to use. The test tubes were
covered with plastic push caps to prevent contamination and placed in a stationary 25 °C incubator
for three weeks to ensure bacterial growth. Four sequential transfers were made by inoculating 0.5 mL
of supernatant from the preceding enrichment into 4.5 mL of fresh growth medium. The purpose
of these transfers was to obtain an enrichment without any remnants of the original TIF inoculum.
From here on, the term ‘bacterial enrichment” will refer to the terminal transfer. The conditions
and duration of incubation were the same as previously described. After incubation of the bacterial
enrichment, cells were harvested by centrifuging the supernatant (13,000 x g for two minutes) to form
a bacterial pellet from which DNA was extracted and analyzed according to the method previously
described. Sequences for tree construction were deposited in GenBank accession number with number
MK129547-MK129548. Acidophilic, iron-oxidizing bacteria produce increased H* concentrations as
well as schwertmannite and hydronium jarosite ((HzO)Fe3(SO4)2(OH)g) as by-products of their active
metabolism. These IOM precipitates occur as pseudoacicular and euhedral crystal morphologies,
respectively [11,17,18,29,30]. The average pH of the bacterial enrichments was determined, and IOM
precipitates were collected, air dried for 24 h, and weighed to obtain an average mass.

2.2.3. Electron Microscopy—Energy Dispersive Spectroscopy

Glutaraldehyde was added to additional bacterial enrichments for a final 2.5%,q) glutaraldehyde
concentrations. These bacterial enrichments were mixed by vortex and incubated for 48 h at 4 °C to
insure the thorough fixation of cells. For scanning electron microscopy, a fixed bacterial enrichment
was centrifuged to form a bacterial IOM pellet. Cells were dehydrated by sequentially resuspending
the pellet in 25%aq), 50%(aq), 75%(aq) and 3 x 100% ethanol solution for 15 min at each concentration.
The dehydrated sample was critical point dried using a Tousimis Research Corporation Samdri-PVT-3B
CP dryer, placed on an aluminum stub, and coated with a 10-nm thick deposition of iridium. This
bacterial enrichment was analyzed using a JEOL JSM-7100 field emission gun (FEG) scanning electron
microscope, which was equipped with an energy dispersive spectrometer (SEM—-EDS). Secondary
electron (SE) and backscatter electron (BSE) micrographs were taken using 1 kV and 20 kV, respectively.
Micrographs were analyzed using ImageJ 1.50i data image processing software to estimate the relative
amounts of schwertmannite (pseudoacicular mineral) and jarosite (euhedral mineral) within the
bacterial enrichment.
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For transmission electron microscopy, a second fixed bacterial enrichment was pelleted by
centrifugation and enrobed in 2%/yt/vo1) Noble agar, which was dehydrated in a serial 25%q), 50%0(ag),
75%(aq) and 3 x 100% acetone solution for 30 min at each concentration and embedded in Epon™ resin.
The embedded samples were made into 80-nm thick ultrathin sections using a Reichert-Jung Ultracut
E ultramicrotome. These ultrathin sections were collected on Formvar—carbon coated 200-square mesh
copper grids and analyzed using a JEOL 1010 Transmission Electron Microscope (TEM) operating at
80 kV or 100 kV.

2.3. TIF Chemistry, Mineralogy, and Structure

2.3.1. Inductively Coupled Plasma-Mass Spectroscopy

A third TIF aliquot was air dried for 24 h and made into a powder with a particle size less than
five um, using a mortar and pestle. Approximately one gram of powdered TIF was dissolved in aqua
regia, i.e., a 1:3 ratio of 70%(aq) HNO3; and 37%(aq) HC], for two hours at 95 °C. The solution was cooled
to 25 °C, diluted with deionized water (50 mL final volume), and twice filtered. The final solution was
analyzed for soluble B, Na, Mg, Al, P, S, K, Ca, Cr, Mn, Fe, Co, Ni, Cu, Zn, As, Se, Mo, Ag, Cd, Sb,
Au, and Pb using an Agilent 5100 Synchronous Vertical Dual View inductively coupled plasma—mass
spectrometer (ICP-MS).

2.3.2. X-ray Diffraction

The remaining powdered TIF was pack-mounted onto slides and analyzed using a Bruker
diffractometer operating at 40 kV with a copper anode source. X-ray diffraction data were collected
from 2° to 40° 20 with a 0.02° step-size and 230.4 s per step. Data were analyzed using the Bruker
DIFFRAC.EVA software package and analyzed using the International Centre for Diffraction Data
(ICDD) PDF-4 database.

2.3.3. X-Ray Florescence Microscopy

A fourth TIF aliquot was embedded in Epo-Tek® Resin and cut in half to obtain a cross-section.
One half of the block was analyzed using the X-ray fluorescence microscopy (XFM) beamline equipped
with a Maia detector at the Australian Synchrotron. The X-ray microprobe was operating at 18.5 keV,
and the X-ray beam was focused to a 2 x 2 um? spot size. The block was mounted onto a sample
holder that was attached to a translocation stage. The cross-section of the TIF was raster-scanned, and
X-ray fluorescence spectra were acquired with a dwell time of 0.5 ms per pixel [31]. The accumulated
spectra were analyzed using GeoPIXE software [32] to produce high-resolution elemental maps of
Fe, Ca, and Cu [33]. Elemental detections were calibrated to pure Pt, Fe, and Mn foil standards with
known densities. The XFM map was analyzed using Image] 1.50i to identify and triage regions, based
on varying Fe:Ca:Cu ratios, for high-resolution scanning electron microscopy.

2.3.4. Solid Phase Scanning Electron Microscopy-Energy Dispersive Spectroscopy

The other half of the resin-embedded TIF was made into petrograph thin sections. These thin
sections were coated with a 10-nm thick iridium deposition and analyzed using a JEOL JSM-7100
FEG-SEM or a FEI DualBeam™ focused ion beam (FIB)-SEM equipped with an EDS and operating at
1kV or 20 kV. Nanometer and micrometer-scale structures from each identified region of the XFM map
were characterized.

3. Results

3.1. Microbial Diversity

The microbial community from the tailings was comprised of Proteobacteria and Cyanobacteria
(Figures 3 and 4). At the genus level, the tailings primarily contained Planktothrix sp. (43.8%) and
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Acidithiobacillus sp. (36.1%). In comparison, the microbial community of the TIFs was more diverse and
was comprised of Actinobacteria, Acidobacteria, Proteobacteria, and Firmicutes (Figures 3 and 4).
Although Actinobacteria comprised the greater portion of the TIFs microbial community, the
operational taxonomic units (OTUs) for Mariprofundus (24.5%) were most abundant. Pseudonocardia
(17.7%) and Conexibacter (14.9%) were the next most abundant genera based on OTU abundances.
Comparatively, Acidithiobacillus only constituted 2.7% of the bacterial community from the TIFs
(Figure 4). It is important to note that the presence of a bacterial strain does not necessarily imply that
it is actively mediating a particular reaction in an environment. However, a high relative abundance of
microorganisms in an environment is suggestive of their capacity to regulate a particular process.

Tailings TIF

100 Erythrobacter sp. @ 100 Nocaradia sp.
Alg231_14_LT703000 OAHPP48_JN041606

Tailings OTU_01_(1) TIF OTU_01_(1)

Acinetobacter baumannii @
AC30_cp007577

Pseudonocardia sulfidoxydans
strain 592_NR_029324

Tailings OTU_02_(12) TIF OTU_02_(1)

Sphingomonas echinoides @
strain DSM 1805_NR_114697

Acidothermus cellulolyticus
strain 11B_NR_074501

Tailings OTU_03_(1) TIF OTU_03_(1)
Acidithiobacillus sp. @

E6-1,3-8_HM76771 Actinobacterium

Aac-9_AB180795
Tailings OTU_04_(1) TIF OTU_04_(1)
Planktothrix spiroides @

strain fs1_NR_118104 Conexibacter woesei

strain DSM 14684_NR_074830
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Tailings OTU_06_(1) 100 Acidobacterium capsulatum @

strain ATCC 51196_NR_074106
100 Methanobrevibacter smithii @

B181 TIF OTU_06_(4)

Acidithiobacillus sp. ®
E6-1,3-8_HM769771

Bacterial Enrichment

Acidithiobacillus ferriphilus @
DSM 100412_KY002491

TIF OTU_07_(1)

Mariprofundus ferrooxydans @
strain PV-1_NR_116035

Acidithiobacillus sp. @
NU-1_LC115032

TIF OTU_08_(6)
TIF OTU_01_(1)

- Rhodoplanes roseus @
Acidiphilium sp. @ strain 941_NR_029126
X91796

TIF OTU_02_(1)
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Leptospirillum ferriphilum @ strain PCE-S_LK996026

100
73.;
I:m“ TIF OTU_09 (7)
100
AM502933 EE
4 TIF OTU_10_(1)
TIF OTU_03_(1)

Sulfobacillus sp. @
BGR 123_GU168017

47 o0  Gemmata massiliana
strain IIL30_NR_148576

100

TIF OTU_11_(1)
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Figure 3. A neighbor-joining phylogenetic tree of the bacterial species based on (OTUs) from the tailing,
TIE, and bacterial enrichment samples.
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Figure 4. Pie charts of the relative OTU abundances at the phylum level (left) and genus level (right)
from the tailings, TIFs, and bacterial enrichment samples.

3.2. Iron-Oxidizing Bacterial Enrichment

The acidophilic, iron-oxidizing bacterial enrichment was composed of Acidithiobacillus sp.

NU-1_LC115032,

Acidithiobacillus ferriphilus DSM 100412_KY002491, Acidiphilium sp. X91796,

Leptospirillum ferriphilum Amb502933, and Sulfobacillus sp. BGR 123_GU168017 (Figures 3 and 4).
After incubation, the pH decreased from 3.2 to 2.4. The average mass of the IOM precipitate was
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1.87 x 1072 g (£ 7.57 x 10~* g) and represented 6.1% of the total amount of ferrous iron, i.e., 0.12 M
FeSO,4-7H,0, from the growth medium that was oxidized and formed an IOM precipitate. Based on
micrograph analysis, the IOM precipitate was composed of ca. 88.6% schwertmannite (pseudoacicular
crystals; Figure 5a) and 11.4% jarosite (euhedral crystals; Figure 5b). Note that cells were closely
associated with schwertmannite and appeared slightly mineralized (Figure 5a,c). Bacterial-shaped
molds were present within the pseudoacicular schwertmannite (Figure 5b,d).

Figure 5. A low-magnification secondary electron (SE) scanning electron microscope (SEM) micrograph
of the pseudoacicular schwertmannite with bacterial cells (a). The ‘flat” edge (a, arrow) is attributed
to the inside surface of the borosilicate glass test tubes on which the iron oxyhydroxide mineral
(IOM) precipitate had nucleated. A high-magnification SE SEM micrograph of the euhedral jarosite
(b). Note the bacterial-size mold within schwertmannite (b, arrow) and the bacterium to the left.
A low-magnification transmission electron microscope (TEM) micrograph of two cells from the bacterial
enrichment (c). Note the tangential section (left) and the cross-section (right) through the cells as well
as preservation of the cell wall structure (c, arrow). A low-magnification TEM micrograph confirming
the structure of bacterial molds within schwertmannite (d, arrow).

3.3. Structure and Chemistry of Terrace Iron Formations

The TIFs contained a variety of metals (Table 1). The average concentration of Fe, Ca, and Cu were
2.78 x 10° (£ 3.56 x 10%) pg g1, 3.14 x 10* (& 8.14 x 10%) pg/g, and 2.28 x 10! (& 2.11 x 10°) pg/g,
respectively. Based on XRD analysis, schwertmannite (Fe;5016(OH)12(SO4),), goethite (FeO(OH)),
gypsum (CaSOy4-2H,0), and quartz (SiO,) were the minerals detected in the TIF (Supplemental
Figure S1).
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Table 1. The concentration (g g~ 1) of elements from TIFs based on inductively coupled plasma-mass
spectrometer (ICP-MS) analysis. See Supplemental Table S1 for detailed values for calculating average
and standard deviation values.

Element (Detection Limit) Average (Standard Deviation)

B (5.0 x 1072) <5.0 x 1072

Na (2.0 x 1071 7.92 x 10 (£ 3.97 x 10%)

Mg (1.0 x 1071 4.92 x 103 (£ 9.17 x 10%)
Al (5.0 x 1072) 3.32 x 10* (£ 7.37 x 102)
P (2.0 x 1071) 8.94 x 102 (+ 6.84 x 10%)
S (2.0 x 1071 7.46 x 10* (£ 4.08 x 10%)
K (2.0 x 1071) 1.13 x 10% (4 3.12 x 10)
Ca (1.0 x 1071) 3.14 x 10* (£ 8.14 x 10?)
Cr (5.0 x 1072) 6.47 x 10! (£ 9.77 x 10~ 1)

Mn (5.0 x 1072) 3.27 x 10% (+ 5.08 x 101)
Fe (1.0 x 1071 2.78 x 10° (£ 3.56 x 10%)
Co (5.0 x 1072) <5.0 x 1072

Ni (5.0 x 1072) <5.0 x 1072

Cu (5.0 x 1072) 228 x 101 (£ 2.11 x 10°)
7n (5.0 x 1072) 9.57 x 10! (£ 7.91 x 10°1)
As (5.0 x 1072) 1.29 x 10! (£ 5.11 x 1071)
Se (5.0 x 1072) <5.0 x 1072

Mo (5.0 x 1072) <5.0 x 1072

Ag (2.0 x 1071 6.00 x 1072

Cd (5.0 x 1072) <5.0 x 1072

Sb (1.0 x 1071 <1.0 x 1071

Au (2.0 x 1071 3.00 x 107!

Pb (1.0 x 1071) 3.40 x 10° (£ 3.00 x 101)

The distribution of Fe, Ca, and Cu in the XFM map highlighted the internal architecture of the TIF
that was comprised of schwertmannite/goethite laminations and gypsum laminations. Image analysis
of the XFM map identified a lower, middle, and upper region based on pixels representing Fe:Ca:Cu
ratios. The lower region (1.0:0.1:0.2) was comprised of 200 um to 2 mm size quartz grains—i.e., black
particle structures. The interstitial space between these grains was filled with IOMs and Cu. The
middle region (1.0:0.2:0.1) was primarily comprised of schwertmannite/goethite laminations with a
small amount of gypsum. The upper region (1.0:0.5:0.1) had schwertmannite/goethite laminations
alternating with laminations of larger gypsum crystals (Figure 6).
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surface

tailings

Figure 6. An X-ray fluorescence microscopy (XFM) map of the resin-embedded TIF showing the
distribution of Fe, Ca, and Cu. The lower, middle, and upper regions are distinguished by the
dashed line. Although tailing particles primarily occurred at the bottom, there also appeared to
be accumulations on the ‘surface” of the TIF. Note that the cleat-like fractures are an artifact of
sample processing.

High-resolution SEM analysis confirmed that the lower region contained quartz particles
and irregular shaped metal sulfide minerals (Figure 7a, inset). The IOMs surrounding metal
sulfides contained oval and circular molds that also occurred at depth (Figure 7a,b). In the middle
region, schwertmannite/goethite occurred as coatings on the outer surface of micrometer-size
gypsum crystals. Some gypsum crystals were absent, thereby forming molds of these crystals and
giving the schwertmannite/goethite lamination a pseudoporous appearance (Figure 8a). These
schwertmannite /goethite coatings also contained circular and oval molds of varying size (Figure 8b-d).
In the upper region, schwertmannite/goethite coatings occurred around larger gypsum crystals,
and also contained an abundance of oval, circular, and filamentous-shaped molds of varying sizes
(Figure 9).
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Figure 7. A low-resolution backscatter electron (BSE) SEM micrograph of a weathered metal sulfide
and a quartz grain from the lower region (a, inset). A high-resolution BSE SEM micrograph of
schwertmannite /goethite containing clusters of microfossils (a). Note that rod-shaped cells produce
circular to oval-shaped structures in cross-section (a, arrows). A high-resolution SE SEM micrograph of
the focused ion beam (FIB)-milled section, demonstrating that these microfossils also occurred at depth
(b). Note the extensive extracellular mineralization of pseudoacicular minerals in comparison to the
intercellular space, which has less mineralization (arrow, b).
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Figure 8. A low-magnification BSE SEM micrograph of schwertmannite/goethite on the outer surface
of the gypsum crystals from the middle region. Note the pseudoporous texture of the IOM when
gypsum crystals are missing (a). A high-magnification BSE SEM micrograph of the pseudoporous
IOM containing microfossils. Note that the arrow and box highlight microfossils with varying sizes.
A high-magnification BSE SEM micrograph of a FIB-milled section is highlighted in the box. These
molds occurred within pseudoacicular mineral (b, inset). A high-magnification BSE SEM micrograph
of larger microfossils with preserved cell walls (arrows) and a representative energy dispersive
spectrometer (EDS) spectrum of the surrounding mineral matrix (c).
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Figure 9. A low-magnification BSE SEM micrograph of schwertmannite/goethite surrounding larger
gypsum crystals from the upper region (a). A low-magnification BSE SEM micrograph of oval, circular,
and filamentous microfossils of various sizes observed within the schwertmannite/goethite coatings.
Collectively, these structures are interpreted to be a mineralized biofilm (b).

4. Discussion

4.1. Interpreting Biogeochemical Processes Contributing to TIF Development

Terrace iron formations are a type of regolith material that act as a record of physical and
biogeochemical weathering processes that contribute to their development over time within acid
mine drainage environments. The Mount Morgan mine is located in a sub-tropical environment that
receives an average annual rainfall of 741.8 L m 2 [34]. Within the mine, TIFs occur on bench faces
and tailings piles (Figure 2), which are steeply sloped surfaces in comparison with the TIF-bearing
rivers, hills, and drainage channels from previous studies [2—4,13,17]. Therefore, the majority of the
water entering the open pit flows over the TIFs, thereby supporting the notion that TIF development
is influenced, in part, by the hydrological dynamics of the environment [2]. In the presence of water,
tailings provide an ideal substrate for bacterial attachment and biofilm development [6,35,36]. Sanchez
Espaia et al. [2] suggested that microbially mediated iron oxidation can be attributed to the metabolic
activity of chemolithotrophic and phototrophic microbes. Additionally, iron oxidation and reduction
can occur contemporaneously in weathered banded iron formation systems [37]. In the present study,
A. ferrooxidans and Planktothrix spiroides were detected from the tailings. Therefore, it is reasonable to
suggest that these microbes contributed, in part, to the oxidative weathering of metal sulfides, thereby
producing ferric iron for TIF development (Reactions 1-3). It is important to note that Acidithiobacillus
sp. E6-1, 3-8 HM769771 (Figures 3 and 4, tailings and TIF) and Acidithiobacillus sp. NU-1_LC115032
(Figures 3 and 4, bacterial enrichment) are phylogenetically similar to A. ferrooxidans ATCC19859 [38,39].
The detection of these acidophilic, iron-oxidizing bacteria is consistent with microbial communities
from acid mine drainage environments [2,3,10,17-19,21,40-43]. The precipitation of pseudoacicular (or
poorly crystalline) schwertmannite and the biomineralization of cellular structures from the bacterial
enrichments (Figure 5) were analogs for identifying microfossils within the TIFs. Under more acidic
conditions, i.e., between pH 2.2-2.5, schwertmannite can be converted into jarosite [30]. Additionally,
jarosite can precipitate out of solution, depending on ferric iron concentration, temperature, and
pH [44]. Therefore, the growth of acidophilic iron-oxidizing bacteria in the enrichments promoted
conditions that were favorable for the abiotic precipitation of euhedral jarosite over time. The lack of
jarosite detection from the TIFs in accordance with the pH of standing pools (pH 3.2 £ 0.2) suggests
that conditions may not promote the conversion of schwertmannite to jarosite; hence, microfossils were
preserved in the pseudoacicular IOM precipitate. The enrichment of A. ferrooxidans from TIFs can yield
4.8 x 10° to 5.4 x 107 cells mL~! [17,18]. Based on the abundance of cells observed by microscopy in
this study (Figure 4a), the number of cells in the bacterial enrichment likely occurred within this range.
An A. ferrooxidans cell is comparable in mass (ca. 1.0 x 10712 g) to Escherichia coli, which is a model
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bacterium [45]. Therefore, the total mass of cells would be approximately 2.4 x 107%t02.7 x 107 g,
which is at least two orders of magnitude smaller than the mass of IOM precipitate (1.87 x 1072 g).

FQSZ(S) + 14F63+(aq) + SHZO(I) — 28042_(&1(]) + 15Fe2+(aq) + 16H+(aq) (1)
6C02(aq) + 6H20(1) — C6H1206(aq) + 602(aq) (2)
4F€2+(aq) + OZ(aq) + 4H+(aq) — 4Fe3+(aq) + 2H20(1) (3)

Based on an analysis of the XFM map (Figure 6), the lower, middle, and upper regions
represented different stages of biogeochemical Fe cycling concomitant with episodic, abiotic Ca
dissolution/reprecipitation. The cycling of both elements contributed to TIF development. Tailings
are known to contain chalcopyrite (CuFeS,) [46]. Although other copper sulfide minerals could
exist in the tailings, e.g., chalcocite (Cu;S) or covellite (CuS), copper in the lower region was likely
derived from chalcopyrite. The dispersion of copper and iron within interstitial spaces between tailing
particles highlights the dissolution of metal sulfides and the mobility of copper under acidic conditions
(Reactions 4-6). In terms of cellular preservation within a matrix, coccoid cells will appear as circular
structures in cross-sections, depending on their orientation. Rod-shaped and filamentous cells will
appear as circular to oval structures; however, the latter cell morphology can also appear as tubular
structures [20,47,48]. In the lower region, structures within the IOM surrounding metal sulfides were
interpreted as microfossils of clustered A. ferrooxidans (compare Figure 5a,b with Figure 7a) that were
mineralized in poorly crystalline and pseudoacicular schwertmannite (compare Figures 5d and 7b).
As metal sulfides weathered, secondary ferrous iron minerals, i.e., schwertmannite and goethite,
consolidated tailings particles. Therefore, it is reasonable to suggest that bacteria contributed, in
part, to the stabilization of tailings particles, thereby making it a more cohesive substrate that is less
susceptible to sedimentation and can function as a ‘foundation’ for TIF development. It is important
to note that secondary mineral precipitates as well as extracellular polymeric substances can act as a
passivation layer that inhibits metal dissolution [6,49,50].

CuFeSz(s) + 402(aq) — Cu2+(aq) + Fe2+(aq) + 280427(%[) 4)
4Fe® (1q) + Onaq) + 4H" (aq) — 4Fe’ (o) + 2H,0 (5)
CuFeSy() + 16Fe™ (1) + 8H2O — Cu** (o) + 17Fe?" (4q) + 25047 () + 16H" (o) (6)

Based on the thickness of schwertmannite/goethite and gypsum lamination, the middle and upper
regions were interpreted to represent different environmental conditions during TIF development. The
precipitation of schwertmannite on the inside surface of the test tubes from the bacterial enrichments
was an in vitro analog for the formation of schwertmannite/goethite on the surface of gypsum crystals
(compare Figure 5a with Figure 8a,b and Figure 9a). Throughout the history of the mine, lime was
used to minimize the generation of acid mine drainage [46], and is the likely source of Ca that is cycled
in this environment [Reaction 7]. The pseudoporous appearance of the IOM precipitate (Figure 8a,b)
can be attributed to the dissolution of gypsum [Reaction 8]. Therefore, it is reasonable to suggest that
the middle regions represented wetter environmental conditions. As such, a greater input of water
would have likely promoted abiotic/biotic metal sulfide dissolution, the growth of A. ferrooxidans,
subsequent precipitation of thick schwertmannite /goethite laminations, and gypsum dissolution. Note
that cells mineralized in pseudoacicular minerals were observed in both the lower and middle region
(compare Figure 7c with Figure 8b inset). The study by Levett et al. [51] suggested that aluminum
could have an important role in the preservation of cellular structures within iron duricrusts—i.e.,
canga. The acidic conditions of this environment would intuitively support the solubilization of
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aluminum and could also have an important role in the preservation of larger cellular structures within
the schwertmannite/goethite laminations (Figure 8c).

CaOys) + S04 (aq) + 2H" (ag) + H20() — CaSO4-2H,Og @)

CaSO4'2H20(S) = Ca2+(aq) + SO4zi(aq) + ZHzo(aq) (8)

The upper regions represented drier environmental conditions, as interpreted by the large
gypsum crystals that precipitated as adsorbed water evaporated. Additionally, the development
of thinner schwertmannite/goethite laminations would likely occur with less water input. It is
important to remember that the bacterial community from the TIFs was more diverse compared to
the tailings (Figures 3 and 4, tailings). More importantly, the detection of Mariprofundus ferrooxydans,
i.e., a neutrophilic iron-oxidizing bacterium, and Acidobacterium capsulatum, i.e., an acid-tolerant,
iron-reducing bacterium, highlights the continuum of iron biogeochemical cycling within the TIF.
It should also be noted that TIFs can also act like a “trap” for unconsolidated tailing particles that are
mobile within water flowing over the TIF surface (Figure 6, arrows). Additionally, it is likely that
Ca?* concentrations in water vary locally and/or over time, so that circumneutral conditions can
exist within microenvironments, thereby enabling the contribution of neutrophilic, iron oxidizers to
contribute to TIF development. Therefore, the diversity of the microbial community from the TIFs
could reflect the diversity of microfossil morphologies that were interpreted as mineralized biofilms
(Figure 9b).

4.2. Estimating the Kinetics of TIF Development

To understand development of TIFs over time, the kinetics of schwertmannite lamina formation
can be estimated. In acidic environments, the rate of (bio)geochemical iron oxidation can range between
1.22 x 10! to 1.11 x 10? ppm L=t h~1 [2,52]. In this study, the amounts of ferric iron in IOM precipitates
constituted 6.1% of the total amount of ferrous iron in the growth medium (0.12 M FeSO,-7H,0).
Schwertmannite, which mineralized bacterial cells, constituted 88.6% of the IOM precipitate. It is
important to note that the bacterial enrichments were incubated under optimal growth conditions
and selected for A. ferrooxidans. However, it was evident that these acidophilic chemolithotrophic
bacteria only comprised 2.7% of the bacterial community from the TIFs. Iron in the TIFs primarily
represents the amount of ferrous iron that was oxidized and subsequently precipitated as a solid
mineral. The length of time to develop a TIF was estimated by dividing the amount of iron in the
TIFs by the iron oxidation rates as well as taking into account the rate-limiting factors—i.e., bacterial
abundance, bacterially-mediated pseudoacicular IOM precipitation, and water availability (Table 2).
In doing so, it would take between 0.25-2.28 years to develop one gram of schwertmannite over a 1 m?
to develop more TIF on benches or tailings within the Mount Morgan mine.

Table 2. Calculations for determining the range of time taken for the development of one gram of
schwertmannite to form a lamination within a 1 m? area for TIF development.

Fe Oxidation Rate Fe3* as Precipitate Fe3* per m? Time
(ppm L~ year—1) 4 (ppm L' year— 1) B (ppm year—1) € (years) P

9.72 x 10° 1.42 x 103 1.05 x 106 0.25

1.07 x 10° 1.56 x 102 1.16 x 10° 2.28

4 Converted iron oxidation rate = (1.22 x 10" ppm L™ h~! or 1.11 x 102 ppm L™ h~1) x 24 h day~! x 365 days
year’l. B Accounting for bacterially-mediated Fe3*(s(,hd> = A X (88.6% as pseudoacicular IOM x 6.1% Fe3* as solid

precipitate) x 2.7% A. ferrooxidans abundance in TIFs. € Accounting for annual rainfall = B x 741.8 L m~2 P Time
for TIF development = 2.64 x 10° ppm Fe (average iron concentration in TIFs) + C.

Interestingly, tens to hundreds of centimeter-thick TIFs were not observed. It is important to
note that the wet season occurs between November and March; additionally, this region is subject to
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periods of drought, as well as higher than average rainfall (Figure 10). It is reasonable to suggest that
TIF development within Mount Morgan is predominantly dependent on (1) water to sustain metabolic
activity for iron biogeochemical cycling and (2) water evaporation to promote gypsum precipitation.
Greater than average rainfall could dissolve gypsum laminations, thereby weakening the structural
integrity of the TIFs as they become more porous. It is possible that the TIFs would also be subjected
to hydromechanical weathering. Intuitively, sedimentation processes would weather TIFs, leading to
bench surface destabilization and the deposition of TIF debris/fragments into the open pit. Therefore,
TIFs occurring on the surface of bench faces and tailings likely represent the most recent seasonal to
annual environmental conditions.

160 60

140 —rd rfall ——8—— number of months

Wet Season

Average rainfall (mm)
|lejuies abelaAez syjuow Jo JaquinN

Dry Season

Time (months)

Figure 10. A plot of average monthly rainfall and the number of respective months with rainfall equal
to or greater than the monthly average from 1901 to 2015. The environmental conditions of the wet and
dry season highlight the chemical reaction that would likely be dominant. However, it is important
to note that these reactions can occur contemporaneously as well as throughout the year. Data was
obtained at Moonmera Station (#039067, 23.58° S 150.40° E) by The Bureau of Meteorology, Australian
Government and is publicly available [34].

In regard to precious metal mobility, TIFs have been used to estimate the kinetics of silver mobility
under acidic and ferric iron-rich conditions; additionally, iron biogeochemical cycling is closely linked
to gold biogeochemical cycling [17,18,50,53,54]. In this present study, the detection of silver and gold
from TIFs were close to detection limits (Supplemental Table S1), and likely occurred as residual
silver/gold nanoparticles from the tailings that were ‘trapped” within the TIF structure. Variable silver
and gold concentrations as well as the difficulty of locating these precious metals within the TIFs
highlights the challenge in estimating the kinetics of silver and gold mobility from these structures,
especially if the entire TIF is subjected to physical weathering and sedimentation processes.

5. Conclusions

Terrace iron formations can act as a record of past biogeochemical conditions and processes.
While these structures commonly occur within water-saturated locations of acid mine drainage
environments, Mount Morgan TIFs formed on steep bench faces where runoff water was present.
Molecular analyses revealed that the microbial communities comprising the TIFs were more diverse in
comparison to the mine tailings on which they had formed. The detection of acidophilic iron-oxidizing
bacteria (A. ferrooxidans), neutrophilic iron-oxidizing bacteria (M. ferrooxydans), as well as acid-tolerant
iron-reducing bacteria (A. capsulatum) suggests that Fe biogeochemical cycling within TIFs is dynamic.
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The amount of secondary mineral precipitates, i.e., poorly crystalline schwertmannite and euhedral
jarosite, produced by the bacteria enrichments represents a small fraction (6.1%) of the total amount
of bacterially catalyzed ferric iron. However, the characterization of these secondary minerals and
biomineralization served as an analog for identifying structural microfossils within the schwertmannite
laminations of the TIFs as well as making interpretations of microbial contributions to TIF development.
The development of schwertmannite laminations contributing to the overall structure of TIFs likely
took approximately 0.25 to 2.28 years, based on calculation estimates. Interestingly, this duration could
correspond with either the wet season or the months during the year that received greater than average
rainfall. The input of water is critical for supporting microbial life, the (bio)oxidation of iron, and the
precipitation of schwertmannite. Reduced water input, i.e., the dry season, likely contributed to the
formation of gypsum laminations, on which bacteria colonized and eventually became mineralized
in iron during the wet season. Therefore, this study highlights microbe-mineral interactions and
structural microfossil preservation that can be used as a means for interpreting biomineralization and
biogeochemical processes that contributed to TIF development.

Supplementary Materials: The following are available online at http:/ /www.mdpi.com/2076-3263/8/12/480/s1,

Figure S1: A powdered X-ray diffractogram of a TIF; Table S1: The elemental concentration (ug g~ ') of three TIF
samples based on ICP-MS analysis.
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