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Demonstrating the biogenicity of presumptive microfossils in the geological record often requires
supporting chemical signatures, including isotopic signatures. Understanding the mechanisms that
promote the preservation of microbial biosignatures associated with microfossils is fundamental to
unravelling the palaeomicrobiological history of the material. Organomineralization of microorgan-
isms is likely to represent the first stages of microbial fossilisation and has been hypothesised to
prevent the autolytic degradation of microbial cell envelope structures. In the present study, two
distinct fossilisation textures (permineralised microfossils and iron oxide encrusted cell envelopes)
identified throughout iron-rich rock samples were analysed using nanoscale secondary ion mass
spectrometry (NanoSIMS). In this system, aluminium is enriched around the permineralised micro-
fossils, while iron is enriched within the intracellularly, within distinct cell envelopes. Remarkably,
while cell wall structures are indicated, carbon and nitrogen biosignatures are not preserved with
permineralised microfossils. Therefore, the enrichment of aluminium, delineating these microfossils
appears to have been critical to their structural preservation in this iron-rich environment. In contrast,
NanoSIMS analysis of mineral encrusted cell envelopes reveals that preserved carbon and nitrogen
biosignatures are associated with the cell envelope structures of these microfossils. Interestingly, iron
is depleted in regions where carbon and nitrogen are preserved. In contrast aluminium appears to be
slightly enriched in regions associated with remnant cell envelope structures. The correlation of
aluminium with carbon and nitrogen biosignatures suggests the complexation of aluminium with
preserved cell envelope structures before or immediately after cell death may have inactivated
autolytic activity preventing the rapid breakdown of these organic, macromolecular structures.
Combined, these results highlight that aluminium may play an important role in the preservation of
microorganisms within the rock record.

� 2018, China University of Geosciences (Beijing) and Peking University. Production and hosting by
Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).
1. Introduction

Microbial fossils provide insights into the environmental con-
ditions in which they existed, revealing information about how
microorganisms interacted with their environments. Microorgan-
isms may be fossilised in diverse environmental conditions and
preserved by interactions with various elements and minerals.
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Silicification (Konhauser et al., 2004), calcification (Riding, 2000)
and ferrugination in acidic (Preston et al., 2011) and neutral
environments (Salama et al., 2013) may be responsible for the
preservation of bacteriomorphic structures. Within iron-rich en-
vironments, electrostatic interactions between iron cations and net
negative cell envelopes have been proposed to drive the biomin-
eralization of microorganisms, which has been postulated to
represent the first stage of microbial fossilisation (Ferris et al., 1988;
Li et al., 2013, 2014). The present study aimed to determine the
chemical biosignatures associated with fossilised microorganisms
in near-neutral iron-rich environments.
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Aluminium is the third most abundant element within the
Earth’s crust, with only oxygen and silicon more abundant. Despite
the plenitude of aluminium, it serves no known biological function
and is generally toxic in labile forms to most microorganisms
(Exley and Birchall, 1992). Aluminium mobility is primarily
controlled by pH, although the solubility of minerals containing
aluminium and organic acids also influence the release and sub-
sequent stability of aluminium ions in solution (Bache,1986). Below
pH 5, the prominent ionic aluminium species is Al(H2O)63þ, typi-
cally referred to as Al3þ or free aluminium, which is considered to
be the most inimical to biota (Macdonald and Martin, 1988).
Insoluble Al(OH)3 precipitates reach a maximum at pH of approx-
imately 6.2, which coincides with the minimum solubility of free
aluminium (Martin, 1986). At circumneutral pH, aluminium is
relatively immobile and generally considered nontoxic (Bache,
1986). In alkaline solutions (pH � 7.4), Al(OH)3 precipitates begin
to redissolve, forming Al(OH)4� complexes (Macdonald and Martin,
1988).

Aluminium binding to cell envelope structures of Escherichia coli
(Guida et al., 1991) has been demonstrated; however, the role of
aluminium in microbial fossilisation and the preservation of
organic biosignatures has not previously been reported.

Determining the biogenicity of bacteriomorphic structures
within the geologic record based can be misleading (Marshall et al.,
2011). Chemical or isotopic signatures to support the preservation
of microbial fossils are often required to ascertain the biological
origins of microfossils (Brasier et al., 2015). Here, two distinct mi-
crobial fossilisation textures identified in iron-rich environments
using scanning electron microscopy were examined using nano-
scale secondary ion mass spectrometry (NanoSIMS), revealing a
role for aluminium in the preservation of structural � organic
biosignatures.
Figure 1. (A) Photograph of goethite cemented vein in the exposed saprolite from Serra do
indicates the region fromwhich the hand sample was collected, approximately 15 m below th
of iron oxide coated roots.
2. Materials and methods

2.1. Site description and sample collection

2.1.1. Carajás sample-ferruginous duricrust
A ferruginous duricrust hand-sample was collected from

eastern aspect of the Carajás mineral province in the State of Pará,
Brazil (Vale S.A. N1 site). The hand-sample collected was of a well
consolidated ferruginous duricrust that caps highly weathered
banded iron formation (BIF). The duricrust sample was collected
in proximity to a large lake and was likely to have been previously
submerged during the summer months (NovembereMarch)
when the Carajás mineral province receives the bulk of its annual
rainfall (approximately 1800 mm). The ferruginous duricrust
sample from the lake-edge was extremely competent, hard and
appeared to be less porous than ferruginous duricrust that formed
away from the lake-edge. Ferruginous duricrusts in the Carajás
typically cap the weathering profile of BIFs and are associated
with little to no soil profile. The sample was collected directly
from the surface using a rock hammer in the complete absence of
any soil. Consistent with the general description of ferruginous
duricrusts that cap BIFs by Dorr (1964), the sample contains
detrital fragments of high-grade specular hematite cemented by
secondary bands of vitreous and dull goethite. Secondary goethite
bands that indicate the flow of iron-rich solutions made this
sample of interest to investigate the presence of microbial fossils
and their role in the evolution of ferruginous duricrusts (Levett
et al., 2016).

2.1.2. Quadrilátero Ferrífero sample e goethite-cemented vein
A hand sample from an exposed goethite-cemented vein was

collected from the saprolite (w15 m in depth) of a highly
Gandarela, Quadrilátero Ferrífero (QF), State of Minas Gerais, Brazil. The white arrow
e surface. (B) Photograph of goethite-cemented hand sample highlighting the presence



Figure 2. Backscattered scanning electron Field Emission micrographs highlighting rod-shaped microfossils (A) and large permineralised microbial biofilms (B) within an iron-rich
duricrust capping iron ore deposits in the Carajás mineral province, State of Pará, Brazil. Permineralised microfossils formed around highly weathered kaolinite-rich clasts.
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weathered banded iron formation profile from Serra do Gandarela,
Quadrilátero Ferrífero in the State of Minas Gerais, Brazil (Fig. 1).
The Quadrilátero Ferrífero (QF) has a tropical sub-humid climate
with an approximate annual rainfall of 1900 mm during the sum-
mer months (NovembereMarch). Temperatures in the QF are
typically between 13 �C and 30 �C year round with temperatures of
up to 70 �C recorded over bare rocks (Jacobi and Carmo, 2011). The
geology and geochemistry of the QF have been previously pre-
sented (Spier et al., 2003). The goethite-cemented vein was closely
associatedwith the roots of small shrubs, which had become coated
in iron oxide precipitates (Fig. 1A). The sample contains well
consolidated goethite and hematite with dull secondary goethite
precipitates within pore spaces and covering grain surfaces
(Fig. 1B).

2.2. Sample characterisation

Bulk sample pH, elemental composition and mineralogy of
samples (see Fig. 1) from the Carajás mineral province (perminer-
alised microfossils) and the Quadrilátero Ferrífero (encrusted cell
envelopes) were determined to characterise the samples. For all
analyses, rock samples were crushed to less than 62 mmusing a ring
and puckmill. The bulk sample pHwas determined bymixing 1 g of
sample with 5 mL of ultrapure water, agitating for 2 h and
measuring the pH of the solution.

Bulk sample chemical compositions were determined using X-
ray fluorescence (XRF) spectroscopy at the Australian Laboratory
Services (Analytical Geochemistry). Samples were fused with a
lithium tetraborate:lithium metaborate flux (including lithium ni-
trate as an oxidising agent) with a ratio of 12:22. Fused samples
Figure 3. High resolution backscattered electron micrograph of rod-shaped permineralise
rectangle highlights the region analysed using NanoSIMS (refer to Fig. 4).
were poured into a platinum mould and analysed using XRF
spectroscopy. Loss on ignition was calculated at 1000 �C.

Fourier transform infrared spectroscopy (FTIR) was used to iden-
tify the mineralogy of the grains associated with the permineralised
microfossils and the encrusted cell envelopes. Briefly, a Nicolet iS50
FTIR spectrometer coupled with a continuum infrared microscope
equipped with a Mercury-Cadmium-Telluride detector was operated
in attenuated total reflection (micro-ATR) mode using a germanium
crystal. Samples were analysed for 64 scans using an effective
40 mm � 40 mm spot size. Spectra were collected in the mid-infrared
spectrum (4000e650 cm�1) with a spectral resolution of 4 cm�1.

2.3. Electron microscopy

Polished petrographic thin sections were made from rock
samples from the Quadrilátero Ferrífero and the Carajás mineral
province to characterise the microstructure of each rock sample.
The microstructure of both samples was analysed to determine the
role of microorganisms in the biogeochemical cycling of ironwithin
highly weathered BIFs (Levett et al., 2016). A BAL-TEC MSC-010
sputter coater was used to coat petrographic thin sections with
10 nm iridium. A JEOL JSM-7100F Field Emission scanning electron
microscope (FE-SEM) equipped with an energy dispersive X-ray
spectrometer (EDS) was used to examine polished petrographic
thin sections. High resolution SEM micrographs were acquired
using accelerating voltages of 3e15 kV, with low voltages used for
discerning surface features in secondary electron mode. Sample
surfaces were cleaned using a XEI Scientific Evactron 25 Decon-
taminator RF Plasma Cleaning System and samples were degassed
at 50 �C for a minimum of 12 h prior to examination.
d microfossils, with evidence of colony formation and cell replication (arrows). The



Figure 4. (A, B) NanoSIMS micrographs of permineralised microfossils presented as black and white intensity maps, with white areas having a higher relative elemental con-
centration compared with darker regions. NanoSIMS micrographs reveal that organic biosignatures are not preserved with permineralzsed microfossils. (C) Phosphorus colocalises
with aluminium (r ¼ 0.41). (D) Aluminium is enriched around the microfossils, while (E) iron is enriched within the intracellular regions of microfossils. (F) The composite
micrograph highlights aluminium (green) enrichment around microfossils, with iron (blue) enriched within intracellular regions. All micrographs are 8 mm � 8 mm.

A. Levett et al. / Geoscience Frontiers 10 (2019) 1125e1138 1129



A. Levett et al. / Geoscience Frontiers 10 (2019) 1125e11381130



Figure 6. Backscattered scanning electron micrograph of encrusted cell envelopes that had infilled pore spaces between gibbsite-rich clasts. The rectangle highlights the regions
from which a lamella was extracted using a focused ion beam scanning electron microscope for NanoSIMS analysis (refer to Figs. 7 and 8).
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2.4. Nanoscale secondary ion mass spectrometry

2.4.1. Sample preparation
Permineralised microfossils were polished following the

methods described by Levett et al. (2016). Briefly, ferruginous
duricrust samples were hand polished using new, fixed SiC adhe-
sives before a submicron diamond polish. Samples were adhered to
a 1-inch diameter probe mount using Araldite (HY951). Samples
were not embedded in an epoxy resin. All samples were coated
with 5e10 nm gold prior to NanoSIMS analysis. Regions possessing
microfossils (Fig. 2) were identified using BSE-SEM and targeted at
high resolution (Fig. 3) for NanoSIMS (Fig. 4).

Encrusted microbial cell envelopes (Fig. 5) identified using BSE-
SEMwere prepared for nanoscale secondary ionmass spectrometry
(NanoSIMS) using a FEI SCIOUS Focused Ion Beam e Scanning
Electron Microscope (FIB-SEM) DualBeam system with lift-out ca-
pabilities. A large lamella (approximately 40 mm � 60 mm and 5 mm
in depth) was extracted from polished petrographic thin sections
using an up-scaled transmission electron microscope lamella
preparation technique (Heaney et al., 2001). Briefly, large trenches
weremilled on both sides of the area of interest (Fig. 6), followed by
a U-cut using a 50 nA gallium probe at an accelerating voltage of
30 kV. The lamella was extracted vertically using the EasyLift
Manipulator system, allowing a previously unexposed cross-
sectional area to be analysed using NanoSIMS. Sample prepara-
tion using the FIB-SEM preserved the structure of the encrusted cell
Figure 5. Field Emission scanning electron micrographs of mineral encrusted cell envelope
weathered banded iron formation in the Serra do Gandarela, Quadrilátero Ferrífero in the
preservation of encrusted cell envelopes within pore spaces. (B) Secondary electron micro
encrusted cell envelopes that had formed in pore spaces.
envelopes (Fig. 7) and allowed for sample preparation away from
resin, reducing potential sample contamination. The lamella was
attached to a copper half grid using ion beam induced platinum
deposition. The lamella was polished using decreasing beam cur-
rents to remove sample surface striations. A final step of low energy
FIB polishing was carried out at 3 nA to reduce the ion beam
damage on the sample’s surface.

2.4.2. NanoSIMS analysis
Elemental maps were acquired for encrusted microbial cell en-

velopes and permineralised microfossils using the CAMECA Nano-
SIMS 50 (CAMECA, Paris, France) at the University of Western
Australia, which allows for the simultaneous collection of 5 ions. In
this experiment, tomaximise the spatial resolution of theNanoSIMS,
elemental maps were acquired using the Csþ ion beam, which was
focused to a diameter of approximately 50 nmwith a beam current
of 0.3 pA. The primary Csþ beamwas used to sputter secondary ions
to investigate biosignatures preserved within an iron-rich matrix.
For permineralised microfossils 12C2e, 28Sie, 31Pe, 27Al16Oe, 56Fe16Oe

secondary ions were collected. Preliminary maps of permineralised
microfossils revealed that CNe cluster ions were not preserved,
therefore only C2e ions were measured in high-resolution maps. For
encrusted cell envelopes, 12C2e, 12C14Ne, 31Pe, 27Al16Oe, 56Fe16Oe

secondary ions where collected. It should be noted that nitrogen
cannot be measured directly using NanoSIMS, therefore the carbon-
nitrogen cluster ion was measured to determine the presence of
structures identified within a goethite cemented vein that cross-cut the saprolite of a
State of Minas Gerais, Brazil. (A) Backscattered electron micrograph highlighting the
graph of encrusted cell envelopes highlighting the three-dimensional preservation of
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nitrogen biosignatures associated with microfossils. Aluminium-
oxide and iron-oxide cluster ions were measured to allow iron and
aluminium to be mapped with carbon, nitrogen and phosphorus
simultaneously, collecting secondary ions from a single plane. High
resolution elemental micrographs were acquired by rastering the
beam over a field of view of 8 mm � 8 mm at a resolution of 256
pixel � 256 pixel with a dwell time of 40e50 ms per pixel. Samples
were pre-sputtered using the Csþ ion beam to remove any surface
contamination and implant Csþ into the sample surfaces.

FIJI software was used to produce NanoSIMS chemical micro-
graphs of permineralisedmicrofossils and encrusted cell envelopes.
Semi-quantitative NanoSIMS maps are presented as black and
white intensity maps, with white areas having a higher relative
elemental concentration compared with darker regions (Hoppe
et al., 2013).

For permineralised microfossils, the colocalisation between
phosphorus and aluminium for the permineralised microfossils
was determined based on the Pearson correlation coefficient (r) for
the entire region analysed using NanoSIMS.

For encrusted cell envelopes, cross-sections of individual mi-
crofossils (n ¼ 2) were analysed to determine the correlation of
preserved carbon and nitrogen with aluminium and iron. To ach-
ieve this, cross-sections of individual cells were plotted as pixel
distance against ion counts. The Pearson correlation coefficient (r)
was calculated to determine the correlation between carbon and
nitrogen with iron and aluminium.

3. Results

Field Emission scanning electron microscopy was used to
reveal two distinct microfossil textures preserved within iron-rich
Figure 7. High resolution backscattered electron Field Emission micrograph of encrusted ce
microscope from the region highlighted in Fig. 2. A variety of fossilisation textures were asso
using NanoSIMS (refer to Fig. 8).
environments: permineralised microfossils (Figs. 2e4) and cell
envelope structures encrusted in iron oxide minerals (Figs. 5e8).
Nanoscale secondary ion spectrometry (NanoSIMS) highlighted
that aluminium is enriched around permineralised microfossils,
which appears to govern the structural preservation of perminer-
alised microfossils (Fig. 4). For encrusted cell envelopes, NanoSIMS
reveals that aluminium is enhanced in regions with preserved
carbon and nitrogen biosignatures, which are likely to be remnant
organic cell envelope structures (Fig. 8). The correlation of
aluminium with organic carbon and nitrogen is highlighted by in-
tensity cross-sections of individual cells (regions of interest; ROI)
where ion counts are plotted against pixel distance (Fig. 9). Iron
concentrations are depleted in all regions where carbon and ni-
trogen are preserved (Fig. 9). The carbon and nitrogen bio-
signatures associated with the encrusted cell envelopes are
referred to as organic biosignatures.

3.1. Permineralised microfossils

The lake-edge ferruginous duricrust sample in which the per-
mineralised microfossils are identified has an approximate pH of
6.5. X-ray diffraction data indicate that goethite and hematite are
the dominant minerals present in the duricrust sample with minor
kaolinite (Supplementary Fig. A1). The duricrust sample is pri-
marily composed of Fe (52.64 wt.%), Al2O3 (8.63 wt.%) and SiO2

(4.92 wt.%), with minor TiO2 (0.85 wt.%) and P (0.227 wt.%). All
other cations are below 0.1% (Table 1). Microfossil morphologies are
typically rod-shaped, ranging of 0.5e1 mm in diameter and
1.5e2 mm in length (Fig. 3). Evidence of cell-replication (Fig. 3; ar-
rows) and colony formation highlight these structures represent
fossilised microorganisms. Relatively large microbial clusters
ll envelope sample that had been extracted using a focused ion beam scanning electron
ciated with the encrusted cell envelopes. The rectangle represents the region analysed



Figure 8. (A, B) NanoSIMS analysis of mineral encrusted cell envelopes are displayed as black and white intensity maps, with higher concentrations represented by white areas and
lower concentrations displayed as darker regions. NanoSIMS micrographs highlight the preservation of carbon and nitrogen biosignatures associated with the microbial cell en-
velope. (C) Phosphorus was distributed throughout the sample and only enhanced due to edge effects associated with the hollow encrusted cell envelopes. (D, E) Aluminium and
iron are present throughout the sample but aluminium appears to be slightly enriched where preserved organic biosignatures are preserved (refer to Fig. 9). In contrast, iron
concentrations are reduced in regions where organic carbon and nitrogen are preserved. (F) The composite micrographs highlights the poor correlation of iron (blue) with preserved
organic nitrogen (green). All micrographs are 8 mm � 8 mm.

A. Levett et al. / Geoscience Frontiers 10 (2019) 1125e1138 1133



Figure 9. Intensity line plots of ion counts plotted against pixel distance cross-cutting microfossils for a partially infilled microfossil (Fig. 8; ROI 1) and a completely infilled
microfossil (Fig. 8; ROI 2). For ROI 1, aluminium is enhanced in association with the organic biosignatures and was slightly enriched in regions where organic carbon and nitrogen
are preserved. Iron poorly correlates with organic carbon and nitrogen and is slightly increased in intracellular lumen. Similarly, for the completely infilled cell (Fig. 8; ROI 2),
aluminium is enhanced in regions with the preserved organic carbon and nitrogen. Note, iron is out of phase with the preserved organic biosignatures. Phosphorus is relatively
consistent for both ROI 1 and 2, highlighting these cells were not affected by edge enhancements.

A. Levett et al. / Geoscience Frontiers 10 (2019) 1125e11381134
(biofilms) are present throughout the ferruginous duricrust sample
(Fig. 2). Microfossils within the lake-edge sample had putatively
grown within the lake environment (pH 5.6e5.8).

Permineralised microfossils were analysed for the preserva-
tion of chemical biosignatures using NanoSIMS in the loca-
tion highlighted in Fig. 3. NanoSIMS analysis highlights that
aluminium and phosphorus are enriched around all permineral-
ised microfossils, with phosphorus distribution showing an af-
finity with aluminium (Fig. 4; r ¼ 0.41). Phosphorus enrichment
around permineralised microfossils cannot be considered an
organic biosignature: it is simply a consequence of the prefer-
ential sorbtion of phosphorus to aluminium-substituted iron
oxide minerals (Schulze and Schwertmann, 1984; Ruan and
Gilkes, 1996). In contrast, iron is enriched within the intra-
cellular regions of microbial fossils. Carbon and nitrogen bio-
signatures are also not preserved in association with
permineralised microfossils (Fig. 4). In the absence of organic
biosignatures associated with permineralised microfossils, the
enrichment of aluminium around permineralised microfossils is
responsible for the structural preservation of the microorgan-
isms. The structural preservation of microfossils indicates that
the iron-aluminium oxide minerals had not undergone a signifi-
cant alteration or dissolution event.

3.2. Encrusted cell envelopes

The pH of the goethite-cemented vein cross-cutting the sapro-
lite in which the encrusted cell envelopes were identified was
approximately 6.3. The primary mineralogy of goethite and he-
matite (Supplementary Fig. A2) is supported by the high iron
content (57.9 wt.%). Relatively low bulk-rock Al2O3 (2.54 wt.%) and
SiO2 (1.55 wt.%) concentrations are present with minor TiO2
(0.2 wt.%) and P (0.24 wt.%) (Table 1). Encrusted microbial cell
envelopes are preserved throughout the goethite-rich vein that



Table 1
Bulk chemical and mineralogical characteristics and the primary fossilisation texture associated with the ferruginous duricrust sample and the goethite-cemented sample (all
elements in wt.%).

Characterisation Ferruginous duricrust Goethite-cemented vein

pH 6.5 6.3
XRD: Bulk sample mineralogy Goethite, hematite, kaolinite (Supplementary Fig. A1) Goethite, hematite (Supplementary Fig. A2)
FTIR: Mineralogy associated with microbial fossils Kaolinite (Levett et al., 2016) Gibbsite (Supplementary Fig. A3)
Dominant fossilisation textures Pemineralised microfossils (Figs. 3e5) Encrusted cell envelopes (Figs. 2, 6e8)
Al2O3 8.63 2.54
As 0.005 0.005
Ba <0.001 <0.001
CaO 0.01 0.01
Cl 0.004 0.003
Co 0.001 <0.001
Cr2O3 0.023 0.0004
Cu 0.003 <0.001
Fe 52.64 57.90
K2O 0.001 <0.001
MgO 0.01 <0.01
Mn 0.027 0.008
Na2O 0.020 0.005
Ni <0.001 <0.001
P 0.227 0.240
Pb <0.001 <0.001
S 0.056 0.027
SiO2 4.92 1.55
Sn <0.001 <0.001
Sr <0.001 <0.001
TiO2 0.85 0.2
V 0.081 <0.001
Zn <0.001 <0.001
Zr 0.014 <0.001
LOI 9.32 12.10
Total 99.92 99,65
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cross-cut the hematite-enriched saprolite in Serra do Gandarela,
Quadrilátero Ferrífero (Fig. 5). In contrast to the permineralised
microfossils, SEM-EDS and FTIR microspectroscopy reveals that
mineralised microbial cell envelopes are preserved within the pore
spaces between with gibbsite clasts (Supplementary Figs. A3eA4).
Secondary electron micrographs reveal that the three-dimensional
(3D) structure of rod-shaped microfossils is preserved within pore
spaces (Fig. 5B). Encrusted cell envelopes are typically rod-shaped
and approximately 1 mm in diameter and 1.5 mm in length
(Fig. 5B). Ferruginised plant roots could not be identified in thin
samples using scanning electron microscopy, therefore the distri-
bution of microfossils with respect to plant roots is not apparent.

A variety of fossilisation textures were associated with the
encrusted cell envelopes (Fig. 7). The carbon and carbon-nitrogen
NanoSIMS elemental micrographs highlight that cell envelope
biosignatures associated with the mineralised cell envelopes are
preserved (Fig. 8). The intracellular regions of fossilised cell enve-
lopes are infilled with secondary iron oxide minerals to varying
degrees, ranging from completely void (Fig. 8; white arrow),
partially infilled (Fig. 8; Region of Interest (ROI) 1) and completely
infilled microfossils (Fig. 8; ROI 2). The completely infilled micro-
fossil shares a similar chemical signature with the permineralised
microfossils: iron-enriched intracellularly and aluminium enriched
around the microfossil (Fig. 8). The carbon and nitrogen intensities
are lower for the completely infilled microfossil compared with the
partially infilled and void microfossils (Figs. 8 and 9).

Cross-sections of individual microfossils reveals that aluminium
is enhanced in regions with preserved carbon and nitrogen
(organic) biosignatures (Fig. 9). A cross-section of a partially infilled
microbial fossil (Fig. 8; ROI 1) highlights that aluminium is
enhanced with the preserved cell envelope structures and corre-
lates well with preserved carbon (r ¼ 0.67) and nitrogen (r ¼ 0.76;
Fig. 9). In contrast, the relative iron concentration is depleted in
locations and poorly correlates with preserved carbon (r ¼ 0.13)
and nitrogen (r ¼ 0.24) biosignatures. The relative iron concentra-
tion appears to be reduced for all microfossils in regions where
carbon and nitrogen biosignatures are preserved (Fig. 8). Similarly,
a cross-section of the completely infilled cell (ROI 2) reveals that
aluminium is slightly enriched in regions where organic bio-
signatures are preserved (Fig. 9). Aluminium positively correlates
with the preserved carbon (r ¼ 0.76) and nitrogen (r ¼ 0.88) bio-
signatures (Fig. 9) in the completely infilled microfossil (Fig. 8). In
comparison, iron negatively correlates with preserved organic
biosignatures and aluminium (Fig. 9).
4. Discussion

The microfossils in the present study are all preserved within
iron-rich rocks, with a bulk iron concentration of approximately
52.64% for the ferruginous duricrust (permineralised microfossils)
sample and 57.90% for the goethite-cemented vein (encrusted cell
envelopes). Iron biomineralisation has been suggested to represent
the first stages of microbial fossilisation and may be essential for
the structural integrity of cell components after cell death
(Ferris et al., 1988; Miot et al., 2009a, b; Schädler et al., 2009; Miot
et al., 2011; Li et al., 2013, 2014; Picard et al., 2015). Therefore, iron
was hypothesised to drive the fossilisation of the microfossils
presented here. The reduced iron concentration and the enrich-
ment of aluminium associated with preserved organic bio-
signatures (Figs. 8 and 9) suggests that aluminium complexing with
cell envelope structures before or immediately after cell death may
have been responsible for the preservation of organic biosignatures
associated with encrusted cell envelopes. Aluminium complexation
with organic cell envelopes appears to resist autolytic degradation
of cell envelope structures following cell death and contributes to
the preservation of organic biosignatures associatedwith encrusted
microfossils (Figs. 8 and 9).
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Carbon and nitrogen biosignatures were not preserved with the
permineralised microfossils. In the absence of preserved organic
biosignatures, aluminium enrichment around permineralised mi-
crofossils was responsible for the structural preservation of the
permineralised microfossils within iron-rich duricrusts (Figs. 2e4).
The NanoSIMSmicrographs presented here indicate that aluminium
may play a critical role in the structural and physicochemical pres-
ervation of microfossils within iron-rich environments.

Iron-aluminosilicate minerals have been demonstrated to
mineralise cell envelope structures of microorganisms (Ferris et al.,
1987). To date, research has focused on the role of iron in microbial
fossilisation and biosignature preservation (Ferris et al., 1988; Miot
et al., 2011; Li et al., 2013; Picard et al., 2015). Iron-organic com-
plexes have been proposed to represent the initial stages of mi-
crobial fossilisation in iron-rich environments (Li et al., 2013),
resisting the degradation of organic biosignatures (Picard et al.,
2015). The data presented here indicate that aluminium ions
binding with microbial cell envelope structures may increase the
successful fossilisation and the preservation of organic bio-
signatures within the geologic record.

The iron-rich duricrust sample and the goethite cemented vein
both had a circumneutral pH, therefore aluminium should be
relatively immobile within these environments (Bache, 1986).
Within the duricrust sample, permineralised microfossils (Fig. 2)
were routinely identified within proximity to highly weathered
kaolinite-rich clasts that may have been actively weathered by
microorganisms via the exudation of organic acids. The encrusted
microbial cell envelopes (Fig. 5) were identified in the pore space
between gibbsite grains within the goethite-cemented vein. Given
the stability of gibbsite in circumneutral environments, the pro-
duction of organic acids is likely to control the release of aluminium
from gibbsite clasts (Bache, 1986). Weathering of gibbsite grains
(Fig. 1) may have released aluminium ions into solution, contrib-
uting to microbial fossilisation and preservation. Aluminium and
phosphorus can be present in unweathered BIFs in Brazil (Dorr,
1973), which can be enriched and maintained within the ferru-
ginuous duricrusts and the saprolite of highly weathered BIFS
(Dorr, 1964).

4.1. Permineralised microfossils

In the absence of chemical biosignatures associated with the
permineralised microfossils, bacteriomorphic structures were
determined to represent remnant microorganisms using the guide
by Westall (1999). The biogenicity of permineralised microfossils
was determined based on cell size (1e2 mm in length), shape (rod-
shaped with curved ends), evidence for cell replication (Fig. 3) and
microbial colony formation (Fig. 2). Permineralised microbial bio-
films within ferruginous duricrusts have previous been demon-
strated to colonise in proximity to and along the grain boundaries
of kaolinite-rich clasts (Levett et al., 2016). The preservation of
subcellular structures including periplasmic structures may be
preserved associated with microfossils despite the pseudomophic
mineral replacement of the majority of organic carbon associated
with the initial microbial cell (Cosmidis et al., 2013). High resolu-
tion micrographs of permineralised microfossils identified in iron-
rich duricrusts that highlights the preservation of rod-shaped mi-
crofossils with evidence of binary fission, cell envelope bilayers and
filamentous bacteriomorphs have previously been published
(Levett et al., 2016). NanoSIMS analysis of permineralised micro-
fossils identified within an iron-rich duricrust that capped iron ore
deposits demonstrates that aluminiumwas critical to the structural
preservation of microfossils. All permineralised microfossils shared
a consistent fossilisation chemical signature: aluminium enriched
around the microfossils and iron enriched within the remnant cell.
Organic biosignatures are not preserved in association with the
permineralised microfossils, possibly replaced by the pseudomor-
phic precipitation of iron and aluminium oxide minerals that have
structurally preserved the microfossils (Cosmidis et al., 2013).

4.2. Encrusted cell envelopes

The preservation of organic carbon and nitrogen associated with
the encrusted cell envelope fossils (Fig. 8) agrees with the 3D
preservation of rod-shaped microfossils (Fig. 5B). Cosmidis et al.
(2013) observed similar fossilisation textures within a coprolite,
with calcium phosphate minerals forming around microfossils and
infilling remnant cells to varying extents. NanoSIMS analysis of
encrusted cell envelopes highlights that aluminium is enhanced in
association with preserved carbon and nitrogen and may play a
direct role in the preservation of organic biosignatures associated
with the microbial cell envelopes.

Aluminium has previously been demonstrated to bind to cell
envelope structures in E. coli, inhibiting cell growth (Guida et al.,
1991) but the role that aluminium may play in microbial fossilisa-
tion and the preservation of organic biosignatures has not, to the
best of the authors knowledge, previously been reported. Preserved
carbon and nitrogen biosignatures associated with microfossils
must have resisted enzymatic and oxidative degradation despite
being fossilised within a highly oxidising environment, evidenced
from the primary iron oxide minerals being goethite and hematite.
Ironwas relatively depleted in locations where carbon and nitrogen
biosignatures are preserved (Fig. 8); however, iron oxide pre-
cipitates have contributed to cell envelope preservation by
extending the mineral encrustation around the microfossils. The
additional mineralisation of cell envelopes is likely to have reduced
the exposure of carbon and nitrogen biosignatures to chemical and
enzymatic degradation. These results indicate the resistance of
aluminium to changes in oxidation potential may promote the
preservation of organic biosignatures (Bache, 1986).

Encrusted cell envelopes with differing degrees of secondary
iron oxide infilling and organic biosignature preservation allows for
the investigation of microfossil weathering. In the present study,
internal mineral precipitates nucleated at the membrane-
cytoplasm boundary, forming a continuous layer parallel with cell
membrane (Fig. 8; ROI 1). Secondary mineral growth may then
continue from the membrane-cytoplasm boundary and infill the
cytoplasm of remnant cells. These observations are consistent with
laboratory (Benzerara et al., 2004) and environmental studies
(Cosmidis et al., 2013) investigating internal mineral precipitates.
Analysis of the partially infilled microbial fossil (Fig. 8; ROI 1)
highlights that aluminium concentrations continue to decrease in
intracellular regions where no organic carbon or nitrogen is pre-
served. In contrast, iron concentrations are slightly increased in
intracellular regions (Fig. 9). For the completely infilled cell (Fig. 8:
ROI 2), carbon and nitrogen associated with the cell envelope were
reduced, indicating that it may represent a more advanced stage of
environmental weathering and recrystallisation compared with
partially infilled encrusted cell envelopes. The completely infilled
cells shared a similar chemical signature with the permineralised
microfossils: iron enriched within intracellular regions and
aluminium-enriched around the microfossil.

The preservation of organic biosignatures associated with mi-
croorganisms are typically investigated by increasing temperature
and pressure to simulate diagenesis (Oehler and Schopf, 1971;
Beveridge et al., 1983; Li et al., 2014; Picard et al., 2015). The
reduced carbon and nitrogen signal in the completely infilled cell
(Fig. 8; ROI 2) indicates that the continuous precipitation of min-
erals during weathering, not exposure to increased temperatures
and pressures, may be a limiting factor for the preservation of
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organic biosignatures. Therefore, low temperature and pressure
weathering experiments are required to assess the preservation of
organic biosignatures associated with microfossils in iron-rich
environments.

4.3. A model for the role of aluminium in microbial fossilisation

In agreement with the fossilisation textures presented here,
Londono et al. (2017) demonstrated aluminium colocalised with
cell envelope structures (in comparison with intracellular regions),
while iron concentrations were enriched within intracellular re-
gions. Aluminium complexation with phosphate groups of plasma
membranes has been demonstrated to destabilise the membrane
structures and disrupt the membrane permeability (Deleers et al.,
1985, 1986), which may allow iron to permeate into the intracel-
lular regions and restricting intracellular aluminium transportation
(Londono et al., 2017).

The intensity cross-section of the completely infilled microbial
fossil (Fig. 8; ROI 2) displays a similar elemental distribution to the
permineralised microfossils (Figs. 2e4): aluminium enriched
around the cell envelope and iron enriched within the intracellular
regions of the microfossil. Microbial plasma membrane structures
that resist the transportation of aluminium ions into intracellular
regions (Londono et al., 2017) may have resulted in the nucleation
of aluminium-enriched minerals on microbial cell surfaces.
Aluminium may then be further enriched by the preferential in-
clusion of aluminium into these aluminium-enriched minerals. The
pseuomorphic precipitation of iron and aluminium minerals from
solution is likely to replace the organic biosignatures. The per-
mineralised microfossils may represent a more advanced stage of
microfossil weathering compared with the encrusted cell enve-
lopes that showed a similar chemical signature when completely
infilled (Fig. 8; ROI 2).

The enrichment of aluminium around preserved microfossils
and the enrichment of iron within intracellular regions requires
explanation. Trivalent iron and aluminium are known to have a
strong affinity for anions capable of donating oxygen. Inorganic and
organic phosphates therefore present ideal ligands for aluminium
and iron complexation. Membrane phosphate end groups have
been proposed to have the following preferential affinity for iron
and aluminium cations: Fe3þ > Al3þ > Fe2þ (Zatta et al., 2002).
Therefore, the poor Fe correlation with preserved organic bio-
signatures presented here is unexpected and is likely to be
explained by aluminium forming an effectively irreversible com-
plex with extracellular organic substances. Aluminium has been
demonstrated to bind tenaciously with Mg-dependent enzymes,
with exchange rates of approximately 105 slower than Mg. The
formation of enzymatically unavailable aluminium-organic com-
plexes may contribute to resisting the degradation of organic bio-
signatures (Ferris et al., 1988). Additional work is required to
demonstrate the preservation of aluminium-organic complexes
associated with mineral encrusted microbial cell envelopes.

4.4. The relative age of microfossils

Geochronological data has demonstrated that the ferruginous
duricrusts that cap BIFs in Brazil tend to increase in age with depth
(Shuster et al., 2012; Monteiro et al., 2014). The top 10 m of the
ferruginous duricrust from the Carajás (N4C) mineral province has
an approximate average age of 8.25 Ma and samples from the top
2 cm of the profile have an approximate age of 0.9 Ma (Shuster
et al., 2012). The ferruginous duricrust sample containing permin-
eralized microfossils was collected directly from the surface (Levett
et al., 2016). Therefore, the permineralised microfossils presented
here are likely to date to less than 0.9 Ma. Biological mechanisms
have been postulated to drive the biogeochemical cycling of iron
within the ferruginous duricrusts that cap BIFs (Monteiro et al.,
2014). Microfossils in the uppermost crust are therefore likely to
have experienced an increased exposure to iron-rich solutions,
mineral precipitation and weathering, which appears to have
replaced organic biosignatures.

Within a single profile, the saprolite has been demonstrated to
have mineralised prior to the overlying ferruginous duricrust
(Monteiro et al., 2014). Goethite grains from the saprolite of the
Gandarela Syncline have produced dates of approximately 2‒55Ma
(Monteiro et al., 2014). Therefore, the encrusted cell envelopes
identified within the vein that cross-cut the saprolite are likely to
have a greater age than the permineralised microfossils identified
in the ferruginous duricrust.

5. Conclusions

High resolution NanoSIMS maps of permineralised microfossils
and mineral encrusted microbial cell envelopes identified in iron-
rich rocks indicates that aluminium may play an important role
in the structural and physiochemical preservation of microbial
fossils. In the absence of preserved organic biosignatures,
aluminium enrichment around permineralised microfossils gov-
erns the structural preservation of microorganisms within an iron-
rich duricrust that caps iron ore deposits in Brazil. The pseudo-
morphic precipitation of aluminium and iron oxide minerals
associated with permineralised microfossils appears to replace the
preservation of organic biosignatures associated with microfossils
in iron-rich rocks. For mineralised cell envelope structures,
aluminium is enhanced in regions with preserved organic carbon
and nitrogen, indicating that aluminium complexation with mi-
crobial cell envelopes inhibits the enzymatic and oxidative degra-
dation of organic biosignatures.
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