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Abstract
Organic petrology, electron microscopy, Transmission Electron Microscopy (TEM) and Electron Dispersive 
Spectrometry (EDS) of organic matter-rich sediments interlayered with silica-iron-rich units (Banded-Iron 
Formation – BIF) in 1.4 to 1.1Ga [1] Hamersley Group, display alternations of chemical and biological con-
ditions in early Proterozoic seafloor hydrothermal environment. The carbonaceous shales contain organic 
matter with bacterial remains closely resembling hypo-thermophile methanogenic archaea found today in 
sea floor hydrothermal environments. These are associated with a unique mineral assemblage consisting 
of iron sulphide and elemental iron particles signifying strongly reducing conditions. Carbonaceous bun-
dles of strings detached from Methanocaldococcus cell- connecting filaments abound resembling such as 
found in today’s hydrothermal environments associated with the Archaeon Methanocaldococcus. Relative-
ly low organic maturity expressed by reflectance values (R0) of 1.6-1.8% characterize these organic-rich 
sediments. On the other- hand organic-poor samples (less than 1% TOC) have high Ro values of OM as a 
result of oxidation. The fluctuations between reducing and oxidizing environments may be attributed to 
alternating episodes anoxic and oxygenating fluids in a turbulent hydrothermal environment inducing 
methane formation and methane oxidation.
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Introduction
The Archaean to early Proterozoic Hamersley Basin, Northwestern Australia (Figure 1), 

contains numerous thick units of intercalated banded carbonaceous shales and siltstones, 
chert ironstone formations (BIF), ferruginous shales and carbonates. The BIFs of the Hamersley 
Basin have been regarded as predominantly chemical in origin [2], possibly related to extensive 
hydrothermal sources of iron (Sugitani, 1992). A hydrothermal model is supported by Dymek 
& Klein (1988). The relationship between hydrothermal activity and bacterial communities in 
the early Archaean has been documented in sediments from South Africa [3,4]. The present 
study describes bacterial remains from intercalated reduced carbonaceous sediments of Mount 
McCrae and Mount Whaleback shale and considers the significance of these micro-organisms 
to the understanding of the relation between the organic matter and mineral assemblages.

Shales and carbonaceous siltstones form about one fifth of Hamersley Group sediments. 
The majority of samples included in the present study are derived from Mount McRae 
shale, forming 60-90m thick sequence of laminated argillaceous and dolomitic siltstone, 
within intercalated thin bedded chert and Banded Iron Formation (BIF) of remarkable 
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stratigraphic continuity. Samples include carbonaceous siltstones 
and mudstones with varying concentration of OM ranging from less 
than 1 to 6% Total Organic Carbon (TOC). Whole rock samples and 
organic concentrate were studied using light microscopy, electron 
microscopy mainly Transmission Electron Microscopy (TEM) and 
Electron Microprobe Analysis (EDS) techniques. Organic petrology 

was carried out on polished samples embedded in polyester resin 
and examined in reflected light microscopy. Metamorphic grade 
determination was carried out by reflected light measurement 
using standard petrology methods as in [5]. TEM was performed 
on ultra-thin sections of organic matter concentrate following the 
method outlined by Glikson & Taylor [6]. 

Figure 1: Key map of Hamersley Basin.

Three groups of Organic Matter (OM) are distinguished: 
(a) OM with low R0 (1.6-1.9%) consisting of well -preserved 
high electron dense microbial cells enveloped by a translucent 
membrane; (b) OM that has anomalously high Ro in the range of 
7-9% and absence of structured and identifiable microorganisms; 
(c) OM with intermediate Ro range of 3-5% lacking defined forms 
displaying a very fine mesophase structure (in high resolution 
TEM), indicating solidification from soft semi-fluid material. Type 
(a) OM with relatively low-reflectance (1.6-1.9% Ro) in the organic-
rich sediments of the Mount McRae Shale and Mount Whaleback 
Member contain remains of microorganisms closely resembling 
modern hypo-thermophile methanogenic microbes isolated and 
reported from hot springs [7].

Results
Microbial forms in the Mount McRae shale and Whaleback 

member display a range of shapes, having an electron dense wall 
often enveloped by membranous organic matter (Figure 2). Cell 
membranes, are a protective cover and a distinguishing feature 
of methanogen bacteria that allows them to survive in an extreme 
environment. Some bacteria are characterized by distinguished 

appendages, whereas others are connected by narrow bridge-like 
material reported in an earlier study [8]. The size of the microbial 
remains ranges from 1.5 to 5 microns in length. Shapes vary from 
spherical to sub-spherical, spindle-shaped and elongate. Electron 
probe microanalysis identified the opaque, highly electron dense 
shell as consisting predominantly of iron sulphide mixed with 
carbonaceous material (Figure 2a & 2b). The enveloping membrane 
consists of carbon-based material (Figure 2a & 2b). Other distinct 
OM identifiable in these organic-rich samples are bundles of mat-
forming filaments often displaying entwined fibres (Figure 3). 
The microbial filamentous structures in Mount McRae and Mount 
Whaleback OM often form a matrix in which discrete bodies of 
iron/iron-sulfide particles are embedded/trapped, also reported 
earlier [9]. The filamentous structures are interpreted here as 
the accumulated entwined strings detached from the microbial 
cells. Methanocaldococcus individual cells are naturally connected 
by strings which may separate from the cells in a turbulent 
hydrothermal environment. Ro values of OM in samples containing 
microbial forms indicate it has been subjected to relatively low 
temperature of 180-200 °C [10].
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Figure 2: Metathanogenic bacteria in Shale: Note: highly electron-dense case in a semi-translucent envelope.

Figure 3: Entwined filaments of methanogens
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The high Ro values of OM (>7.0Ro) encountered in mine site 
samples display in TEM poorly organised molecular ordering and 
absence of lattice fringes, contrary to what would be expected 
in highly thermally effected OM such as for example graphite 
the end product of thermally metamorphosed carbonaceous 
material with similar Ro values. The absence of graphitic or semi-
graphitic molecular ordering in Mount McRae/Mount Whaleback 
shales OM suggests that oxidation reactions rather than thermal 
metamorphism contributed to the high Ro values in these rock 
samples. Ro values, the result of thermal stress are accompanied 
by molecular ordering [11]. The higher the fluidity, the higher 
the molecular ordering. High Ro due to oxidation reactions is 
not expected to be accompanied by molecular ordering as no 
fluidisation is involved.

In Transmission Electron Microscopy (TEM) molecular 
ordering is expressed by textures termed ‘mesophase’ [12]. The 
higher the fluidity, the more developed the mesophase will become 
leading to distinct anisotropy. On the other hand, a less developed 

mesophase texture will result in more viscous organic material 
[9,13]. Intermediate Ro values of 2.5-3.0% of OM in the Hamersley 
samples display very poorly developed mesophase texture typical 
of re-solidification from viscous material subjected to temperatures 
in the range of 240-260 degrees C. Fluidity versus viscosity 
propensity is dependent on H/C ratio of the source material [13].

Reflectance profiles (Figure 4) generally display perturbations 
consistent with heat transfer dominated by convection and 
hydrothermal processes [13]. In convection-driven processes, 
water: rock ratio is a determining factor, unlike heat transfer solely 
by conduction when gradual increase of reflectance (Ro) with 
depth occurs as a result of burial and subsidence, with a more or 
less constant geothermal gradient [14]. The mineral assemblage 
associated with anomalous high reflectance of OM is dominated 
by iron oxides/hydroxides, with varying proportions of silica and 
alumina, and absence of or only traces of sulfur. A considerable 
proportional variability of O and Si peaks is indicated by EDS 
analysis (Figure 5).

Figure 4: Ro profiles of bore hole.
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Figure 5: Sub-micron particles of titanium (Ti) in carbonaceous shale.

The mineral assemblage associated with methanogenic 
microbes in low Ro samples consists predominantly of semi-
rounded near pure iron particles of fairly consistent size around 
5microns with only traces of sulfur and Si (Figure 6). Metallic iron 
is also suggested from very high reflectance of these particles. Sub-
euhedral iron sulphide particles (Figure 6 range from less than 2 
microns to over 20 microns are associated with the methanogenic 
micro-organisms and organic-rich samples generally. Sub-

micron titanium-rich particles with traces of iron and varying 
concentrations of Si are dispersed through the matrix. Other sub-
micron particles in organic-rich low Ro samples show consistent 
coating of silica. The mineral assemblage associated with anomalous 
high Ro OM is dominated by iron oxides/hydroxides, with varying 
proportions of silica and alumina, and absence of or only traces of 
sulfur. A considerable proportional variability of O and Si peaks is 
indicated by EDS analysis.

Figure 6: Pure iron particles associated with microbial remains.
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Discussion
The evidence from bacterial remains, organic petrology and 

mineral associations suggests alternations between anoxic, carbon 
and sulphide-rich and more oxygenic conditions, comparable to 
environments in modern sea floor hydrothermal systems. The anoxic 
domain characterized by methanogenic microbial communities, 
iron sulfide and elemental iron alternated with more oxygenated 
conditions seen in the form of oxidized OM and abundant silicates 
and iron oxides. Iron and sulfur forming pyrite, and metallic iron, 
as well as silica associated with the microbial communities in the 
anoxic part of the sediment would have been derived from the 
vent emissions. The incorporation of iron sulphide within bacterial 
cell walls greatly contributed to their preservation. In a study of 
Archaean bacteria in hydrothermally-effected sediments from 
South Africa, [3] documented the adsorption and replacement of 
OM by metals.

This study suggests that sulfides and elemental iron become 
scares or altogether absent close to the water-sediment interface, 
where methanogens were absent, and may have been replaced 
by methane-oxidizing bacteria. Iron in the form hydroxide and 
silica are commonly associated with the poorly structured high 
Ro oxidized OM. Studies of active seafloor hydrothermal systems 
[15] show that highly anoxic environment at relatively high 
temperature is associated with methanogenic bacteria and sulfides. 
Carbon from such methane may be utilized by other microbial 
communities in oxygenated parts of the depositional environment, 
and thus become incorporated in the residual OM. The OM from 
the Hamersley sediments with anomalously high Ro values (over 
6.0%), when observed in high resolution TEM does not show 
high molecular ordering of semi-graphitic structure expected in 
OM resolidified from heated temperatures over 300 deg.C. High 
resolution TEM studies by Oberlin et al. [16-18], of OM from 
different sources subjected to thermal stress show that molecular 
ordering progresses from semi-graphitic to graphitic with increase 
in temperature. High Ro samples in Hamersley samples is therefore 
a result of oxidation.

In general, the Ro profiles in the Hamersley Basin show an 
increase with stratigraphic depth, consequent on subsidence 
and sediment overload control on maturation of OM during the 
depositional history of the basin. Locally, however, Ro profiles are 
inconsistent with the sole burial effect, where organic maturation 
increases at a constant rate with depth. Here, the maturation 
indicator (Ro, Figure 4) displays erratic reflectance profiles 
characteristic of hydrothermal regimes, where rock/water ratio is 
the predominant factor in convective/advective heat transfer [13]. 
Ro values express the maximum temperature that acted upon the 
OM. Perturbations in Ro values reflect subtle lithological differences 
leading to variations in water/rock ratios during thermal pulsations 
in a marine vent system. 

Comparisons between the OM-mineral association and the 
alternating metallic iron, iron sulfide, silica and iron oxide-rich 
mineral assemblages in active hydrothermal systems allows an 

insight into processes responsible for formation of carbonaceous 
shale – BIF association. Detailed study of modern hydrothermal 
systems emitting iron and silica showed mineralogical zonation 
between iron sulfide – silica assemblages, and iron oxides/
hydroxides - silica assemblages [19], through anoxic to oxygenated 
fluctuations controlled by dense filamentous bacterial mats. The 
latter were thought to “act as an interface between seawater and 
hydrothermal fluids transporting iron and silica thus producing 
redox gradients” [19].

The depositional environment of the organic-rich carbonaceous 
shale, within the Hamersley Group sediments is similar to that 
observed in active modern venting seafloor environments. 
The abundance of sub-micron iron particles coated with silica 
commonly observed in these shales may be a testimony to density 
fractionation between the iron and the coating silica following 
discharge from the venting system. Modern iron and silica venting 
systems are rare; how-ever they were widespread and predominant 
in the Archaean and Paleoproterozoic, as a result of more vigorous 
and high temperature venting close to the Earth’s surface as well 
as intense meteorite impacts that create hydrothermal systems 
[4]. In the Hamersley samples high C is usually associated with 
high S, both typically apparent in high concentrations within 
carbonaceous shales. Significantly lower concentrations of both C 
and S are evident in cherts, organic-poor siltstones and altogether 
absent from BIF. Sulfur sources are from bacterial sulfate reduction 
as also suggested by Boetius [20]. The alternating anoxic versus 
oxygenic facies are interpreted in terms of anoxic conditions 
existing at times in sediments around sea-floor hydrothermal vent 
systems supporting a thermophile chemoautotrophic methane 
producing microbial community. Methane oxidizing bacteria in 
sediments overlying these vent systems, and subjected to marine 
water circulation utilized methane diffusing through the underlying 
sediments [21-24].
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