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Abstract
A 40-80 m thick pyrophyllite (AlSi2O5(OH))-rich alteration zone is developed
beneath the oldest (~3.43 Ga) unconformity surface at Trendall Ridge in the North Pole
Dome region of the East Pilbara Craton, Western Australia. The purpose of this work is to
determine: 1) when this alteration occurred (>3.5 Ga, ~3.43 Ga, or <3.4 Ga); and 2) whether
it was produced by submarine/subaerial hydrothermal activity or subaerial weathering (e.g.,
paleosol, modern soil). To answer these questions a combination of field and laboratory
techniques were utilized including mapping, bulk chemical analysis, powder XRD, thin
section analysis, and geochronology.
The study has revealed that the alteration is divisible into 4 distinct zones by changes
in chemistry and mineralogy: IV) the least altered parent (submarine andesite to basaltic
andesite) at the base of the profile (>40-80m below the unconformity) which is characterized
by chlorite and muscovite replacement of the original mineralogy, as well as probable losses
in Ca and Na; III) a lower Fe-poor zone (17 - <40-80m) which contains poorly crystalline
silica and muscovite with minor pyrophyllite and shows increased concentrations of Si, K,
Na and depletions of other major elements and REEs; II) a horizon of Fe-enriched (up to 81
wt% Fe2O3) pillowed volcanics (0-17 m below the unconformity and 1 – 6 m thick) that
contain pyrophyllite, muscovite, minor quartz, and enrichments of LREEs; and I) an upper
Fe-poor zone (0 – 17m) which is enriched in pyrophyllite, poorly crystalline silica and
muscovite but depleted in all major elements except Si and K. Other notable features of the
alteration zone include: a loss of original volcanic mineral texture with increasing proximity
to the unconformity; a significant loss of volume (40 – 60%) in Zones I and II; the
confinement of the pyrophyllite-rich zone to below the unconformity; a lack hydrothermal
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features (i.e. veins); possible soil textures; and the presence of possible rip-up clasts of the
alteration in conglomerates overlying the unconformity surface. Such features are consistent
with other Archean paleosols. Sm-Nd and Rb-Sr dating has revealed that the alteration zone
underwent a loss of all major elements at 3.47±0.46 Ga, contemporaneously with the
development of the erosional unconformity surface, as well as an addition of Si, K, and Na
by groundwater at 2.76±0.15 Ga.

The geological, geochemical, geochronological, and

mineralogical features of the alteration zone strongly suggest that it represents a paleosol that
developed at ~3.4 Ga.
Paleosols are physical records of the condition of the surface environments,
composition of the atmosphere, and the nature of the biosphere present during their
formation. The Warrawoona paleosol at Trendall Ridge is at least 250 Myr older than any
other previously studied paleosol, and would provide insight into a poorly understood period
of Earth’s early history when life was emerging.
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I. Introduction
The nature of the biosphere, atmosphere, and environments present on early Earth
is the subject of great debate. Despite imaginative conjecture and diligent work by
astrobiologists, geologists and geochemists, questions regarding whether life was present
in the ocean and on land, as well as what the condition of the climate and composition of
the atmosphere and oceans were, remain unanswered.

Discoveries surrounding the

origins of life continue to be challenged because of an incomplete picture of what habitats
the Archean (and even Hadean) Earth had to offer (Ohmoto et al. 2008).
An important and effective approach to help answer the above questions has been
the investigation of the biological, mineralogical and geochemical characteristics of
paleosols. Paleosols are valuable records of such information because soils form as a
result of the interaction between rainwater, atmospheric gases, and rock with the aid of
soil organisms.
Holland (1984) argued that the loss or retention of Fe in a paleosol is dependent
on the composition of the parental rock, the ventilation of the soil, and the composition of
the contemporaneous atmosphere (i.e. pO2/pCO2). Holland suggests that the ratio of the
demand for oxygen and the demand of carbon dioxide, or R parameter, required to
weather and oxidize Fe(II) can be compared to the supply of O2 and H2CO3 in the
contemporaneous rainwater (miO2/miH2CO3). The loss of Fe from a paleosol occurs when
the oxygen and carbonic acid requirements (R) are greater than the supply in the
contemporaneous rainwater. Using the apparent loss of Fe from paleosols as a guide,
Holland estimates that the pO2 of pre-2.2 billion year old (Ga) atmosphere was ≤ 1%
present atmospheric levels (PAL).

Holland therefore concludes that the Archean
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atmosphere was reducing prior to 2.2 Ga and that a ‘great oxidation event’ (GOE)
occurred around 2.0 Ga (Holland, 1992). Rye and Holland (2000) used the apparent loss
of Fe in the 2.2 Ga Hekpoort paleosols, developed over a large area of the Kapvaal
Craton, to constrain the timing of the theoretical GOE.
However, Ohmoto (1996) points out the differences in the kinetics of dissolution
between Fe(II) and Fe(III), and suggests that both species were not easily leached from
the host rock. Ohmoto postulates that the dissolution of Fe(III) requires organic acids,
and that many pre-2.0 Ga paleosols actually show elevated Fe(III)/Ti ratios relative to the
parent material. Therefore, the terrestrial surfaces under which the pre-2.0 Ga soils
developed were likely colonized by microbial life and the enrichment of Fe(III) is
suggestive of weathering under abundant atmospheric oxygen. Gutzmer and Beukes
(1998) and Beukes et al. (2002) showed that some of the Hekpoort paleosols contain
laterite and had not lost Fe, indicating that the atmosphere contained significant amounts
of free O2 and that the terrestrial surface was colonized by microbial life at 2.2 Ga.
The debate regarding the oxidation state of the Archean atmosphere and the
arrival time of terrestrial life has continued with great fervor. Nedachi et al.(2004) used
the saprolith of the 2.45 Ga Pronto paleosols to suggest that the atmosphere present
during its formation contained CO2 and free O2 (7.44*10-5 – 2.23*10-3 atm). MacFarlane
et al. (1994), Rye and Holland (2000) and Yang et al. (2001) used the loss of Fe in the
2.765 Ga Mt. Roe paleosols in the Pilbara Craton, to argue that the atmosphere at this
time was reducing. Nedachi et al. (2002) suggest however, that this paleosol actually
formed under oxic conditions and was later affected by Fe-leaching, methane-rich
hydrothermal fluids. Watanabe et al. (2004) found evidence for terrestrial life and free
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atmospheric oxygen (10-3.7 atm) in the 2.6 Ga, Corg- and carbonate-rich Schagen paleosols
on a dunite intruded into a granite gneiss terrain in the East Transvaal District, South
Africa.

Rye and Holland (2000) used C isotope studies to suggest methanotrophs were

present in ephemeral ponds at the surface of the Mt. Roe soil.

Basalt dissolution

experiments involving organic ligands led Neaman et al. (2005) to suggest that the
elemental patterns retained in the Mt. Roe and Hekpoort paleosols actually required the
presence of organic ligands, and therefore, soil organisms.

To date, the evidence

suggests that there may have been terrestrial life throughout the mid to late-Archean, as
far back as ~2.76 Ga, but the debate regarding the redox state of the atmosphere remains
unresolved.
Roger Buick (1995) discovered the Earth’s oldest unconformity on the bank of
Strelley Pool (Fig. 1) located on the southern flank of the Carlindie Granitic Dome in the
East Pilbara Craton, Western Australia. The unconformity marks the erosional boundary
between the overlying Strelley Pool Chert (SPC) (3.43 – 3.35 Ga) and the underlying
Warrawoona Group volcanics (>3.525-3.42 Ga) (Fig. 2). Buick conjectured that the up
to 50 m thick clay-rich alteration profile might represent a hydrothermal alteration zone,
or possibly the Earth’s oldest paleosol. Further investigation by researchers, particularly
those of the Geological Survey of Australia (GSWA), revealed that the unconformity
surface was developed over a 40,000 km2 area of the East Pilbara Craton (e.g. Buick et
al., 1995; Van Kranendonk et al., 2006; 2007; Allwood et al., 2006) (Fig. 1).
Buick’s report attracted the attention of astrobiologists to initiate the Astrobiology
Drilling Project (ABDP) to examine rock underneath the oldest unconformity at depths
below the influence of modern weathering. Drilling resulted in the retrieval of a 300 m
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long continuous core (ABDP #8) in 2004 (Fig. 1). The project successfully intersected
the Euro basalt, the stromatolitic ~3.43 Ga SPC, the unconformity surface, and the
underlying, ~12 m thick Warrawoona alteration zone and parental basalts. A study by
Altinok and Ohmoto (2006a, b) revealed features consistent with a paleosol including:
the presence of kaolinite, muscovite, chlorite, carbonate replaced plagioclase
pseudomorphs; a loss of parental mineral texture with increasing proximity to the
unconformity surface; and enrichment/depletion patterns that suggest Mg, Ca, Na, Fe,
Mn, and other elements were lost from the profile.
The discovery by Ohmoto et al. (2007) in 2005 of a 30 m thick alteration zone
underneath the oldest unconformity surface at Steer Ridge in the North Pole Dome
(NPD) region, ~ 30 km southeast from ABDP #8 and Strelley Pool (Fig. 1), led to the
suggestion that it may represent the oldest lateritic paleosol. Fieldwork by the Ohmoto
group during 2006, 2007, and 2008 has revealed that the alteration zone is also present
below the unconformity surface at the Trendall Ridge locality, which is 3.5 km south of
Steer Ridge, in the NPD region (Fig. 1). Here the alteration zone is ~40 to 80m thick and
continuous over long distances (>500 m) along strike of the overlying SPC (Fig. 3)
(Brown et al., 2006).

It consists mostly of aluminous clays (pyrophyllite) and is

developed in the submarine volcanics of the Warrawoona Group greenstones, which
flank and cover the ~3.458 Ga NPD Monzogranite.
Some researchers have proposed that the alteration zone is the product of a
widespread hydrothermal system related to either lateral circulation caused by the
eruption of the ~3.35 to 3.32 Ga Euro Basalt (Van Kranendonk and Pirajno, 2004) or a
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massive sulfudic hydrothermal system related to the emplacement of the 3.458 Ga NPD
Monzogranite (Brown et al., 2006).
This study will focus on the geology, petrology, mineralogy, and geochemistry of
the Trendall locality alteration zone. Two key questions will be answered in this work.
The first is when the alteration below the unconformity surface at Trendall Ridge
developed? To answer this question, I will develop an argument employing observations
of the distribution and stratigraphic relationships of the alteration zone with surrounding
rock, as well as geochronological evidence. The second question is did the alteration
zone develop as a result of hydrothermal alteration some time during the >3.5 Ga history
of the North Pole Dome, or was it caused by subaerial weathering of the in-situ parent
volcanics at ~3.4 Ga? Geochemistry, petrography, and mineralogy will be used to
answer the second question.
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II. Regional Geologic Setting
2.1. Geography
Trendall Ridge, located at Zone 50K 0739580 Easting 7652000 Northing
(Universal Transverse Mercator coordinate system), is situated in the NPD region of the
Pilbara Craton, Western Australia, ~ 120 km southeast of Port Hedland and ~40 km west
of the town of Marble Bar. The topography of the NPD region is characterized by a
series of semi-concentric, 10s to 100s of meters high ridge systems that surround the
NPD Monzogranitic pluton (3.459 Ga). The NPD region experiences a hot (<10 to
>40ºC) monsoonal climate characterized by seasonally high rainfall (avg. 316 mm
annual) due to an annual cyclone season (December to June).

The region bears

underdeveloped infrastructure and extremely rugged terrain making access to most of the
areas of interest difficult, if not impossible, even by a four-wheel drive vehicle.

2.2. Geologic History
The East Pilbara terrane composes the core of the Pilbara Craton and is
characterized by a classic dome and keel, granite - greenstone structure (Fig. 1)
(Hickman, 1983; Van Kranendonk, 2007).

To date, Ohmoto’s group (Altinok and

Ohmoto, 2006a, b; Johnson et al., 2008)) has studied the alteration around three of these
domes over a 120 km distance: the Carlindie (≥3.480-3.465 Ga; Nelson, 1999), the NPD
Monzogranite (3.459 Ga; Thorpe et al., 1992), and an unassigned (~2.8 Ga) granite in the
Nullagine region (Bagas, 2003).

The alteration occurs in various units within the

Warrawoona Group (>3.525-3.42 Ga) depending on the region. On the southern flank of
the Carlindie granite the alteration occurs in the Coonterunah subgroup (3.52 – 3.49 Ga)
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(Fig. 1, 2), the alteration occurs in the Panorama Formation at Nullagine 1 (3.458-3.426
Ga), while in the NPD it is thought to occur in the Mt Ada Basalt (c. 3.47 Ga).
Formation of the East Pilbara Craton (3.72 – 3.42 Ga): The 3.72-2.83 Ga, 530
km by 230 km Pilbara Craton is composed of five distinct lithostratographic terranes: the
East Pilbara (3.53-3.17 Ga), Karratha (3.27 Ga), Sholl (3.13-3.11 Ga), Regal (3.2 Ga),
and Kurruna (≥3.18 Ga) (Van Kranendonk et al., 2007). The bulk of the East Pilbara
terrane is composed of the 12 km thick Warrawoona Group (>3.525-3.42 Ga). The group
consists of pillow and komatiitic basalts (Table Top, Doublebar, North Star, Mt. Ada, and
Apex) with minor felsic units (Dresser, Coucal, McPhee, Duffer, and Panorama) that
accumulated in an extensional submarine environment (Fig. 2) (Van Kranendonk, 2007).
The magmas which produced these igneous units are thought to be sourced from the
partial melting of the upper mantle and pre-3.6 Ga crust (e.g. Hickman, 1983).
Uplift and subaerial erosion of the North Pole Dome region (3.47 – 3.4Ga):
The North Pole Dome is located in the East Pilbara Craton and is centered on the NPD
Monzogranite (Fig. 1). The flanks of the dome are composed of the Warrawoona and
Kelley Group (~3.43 – 3.273 Ga) rocks which are tilted nearly vertically. The prePanorama Formation Warrawoona Group (>3.458 Ga) was gently tilted (Deformation
event 1 - D1) by the emplacement of the Callina Supersuite granites around 3.47 Ga in
the NPD (Van Kranendonk et al., 2007). A second tilting and uplift (D2) occurred during
the eruption of the 3.458-3.426 Ga Panorama Formation as a result of the emplacement of
the 3.458- 3.420 Ga Tambiana Supersuite granites. The uplift is evident in the localized
deposition and shallow water facies of the felsic unit, as well as the angular to subparallel unconformity seen at the contact between the Warrawoona and Kelley Group
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rock (Van Kranendonk, 2007). The development of the regional erosional unconformity
is evident at the contact between the groups across an area of at least 40000 km2 (Fig. 3).
It is thought that the Warrawoona volcanics were exposed to subaerial conditions for a
period during or after the eruption of the Panorama Formation (3.433 – 3.426 Ga) and
before eruption of the Euro Basalt (3.35 Ga), or ≤83 Myr (Van Kranendonk et al., 2007).
Van Kranendonk et al. (2007) argue that the pervasive schistocity seen in the Mt. Ada
basalts of the NPD resulted from the D2 deformation occurring before deposition of the
Kelley Group (>3.4 Ga).
Marine Sedimentation (3.4 – 3.273 Ga): The base of the overlying Kelley
Group, the 30 m to 1 km thick Strelley Pool Chert Formation, is composed of fluvial and
shallow water sediments consisting of quartzites and conglomerates. The overlying
members consist of stromatolitic marine carbonates and shallow clastic rocks with
bedded black cherts (Lowe, 1983; Hofmann et al., 1999; Allwood et al., 2006). The
conformable ~6 km thick Euro Basalt (3.35 – 3.32 Ga) is a submarine komatiitic to
tholeiitic basalt that typically displays pillow structures. Capping the Kelley Group are
the 3.325 – 3.319 Ga Wyman Formation and the 3.319 – 3.273 Ga Charteris Basalt. The
Wyman Formation is a rhyolitic unit that erupted as a result of the emplacement of the
Emu Pool Supersuite granites (Van Kranendonk et al., 2007).
The emplacement of these granitic plutons is thought to have caused the near
vertical tilting (D3) of the Warrawoona and Kelley groups between 3.324 – 3.310 Ga and
3.304 Ga. A fourth deformation event (D4) caused some further minor tilting of the
greenstone belts surrounding the NPD c. 3.24 Ga resulting from the emplacement of the
Cleland Supersuite. Despite the extensive deformational history of the NPD the rocks are
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typically preserved at prehnite-pumpellyite or lower greenschist facies (Van Kranendonk
et al., 2007).
Cratonization (3.24 – 2.8 Ga): During the period between 3.24 Ga and 2.8 Ga
the East Pilbara Craton underwent several cycles of uplift and erosion as the rest of the
Craton accreted. Following the accretion of the West Pilbara Superterrane (the Prinsep
Orogeny), the NPD region was folded forming a northeast-southwest plunging anticline.
The deformation was associated with the Pilbara Orogeny (D5; D9 in Van Kranendonk et
al., 2007) and expressed as a period of sinistral wrench faulting and development of the
Lalla Rookh Western Shaw Structural Corridor. A series of ~E-W trending strike-slip
faults crosscutting the Kelley and Warrawoona Group exposures in the study area (Fig. 3)
are likely related to this 2.934 Ga deformation event (Van Kranendonk and Collins, 1998;
Van Kranendonk, 1999; Hickman pers. com., 2008).
Subaerial exposure since ~2.8 Ga: The geological record indicates that the
Eastern Pilbara has been under subaerial conditions from 2.8 Ga to present. The eruption
of the 2.77 Ga Mt. Roe Basalt covered the NPD and much of the Pilbara Craton under 1
to 2.5 km thick flood basalts (Thorne and Trendall, 2001). Except for the Carawine
Dolomite on its eastern margin (Rasmussen, et al., 2005), no sediments of the Hamersley
Group are recognized in the East Pilbara Craton.

The lack of Hamersley Group

sediments suggests that the East Pilbara Craton has been subaerially exposed since ~2.68
Ga (Nelson et al., 1999) when deposition of the Jeerinah Formation halted. Since 2.7 Ga
no more than 5 km of sediments have been removed from the Pilbara Craton, providing
an erosion rate of ~2mm/1000 yrs (Hickman pers com, 2007). However, erosion rates
likely varied, peaking during orogenic cycles (e.g. 2.2 Ga, 2.01 – 1.76 Ga, 1.1 – 0.7 Ga,
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and 0.55 Ga) due to uplift.

Erosion rates also peaked during the Permian due to

glaciation, and after the Eocene (Hickman pers com, 2007). Late episodes of folding and
normal faulting recorded in Mt. Roe Basalt outcrops in the NPD suggest that the region
has undergone periods of shortening (D6) and extension (D7) between 2.765 and the
present (Van Kranendonk, 1999).
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III. Methods
3.1 Field Techniques
Fieldwork was conducted to study the clay-rich alteration zone at the Trendall
Locality during the summers of 2006 (3 weeks), 2007 (4 days), and 2008 (3 months).
During this time the Warrawoona and Kelley Group rocks were surveyed to determine
the distribution, style, and morphology of the alteration zone along with the location of
the unconformity surface.
Field mapping was completed using a grid mapping technique. The reference
points were determined using a hand held GPS system. From these reference points, a 50
m tape and magnetic compass were used to measure distances between reference points.
Using deviations perpendicular to the tape, the location of the unconformity was
measured in 5 m increments.

The locations of samples were also recorded in this

manner. Measurements of the unconformity were performed by locating the highest
(closest to unconformity) visible schistose rock that was continuous over a distance of at
least 1m. Given the poor preservation of the schistose rock, as well as vegetation and
rock cover, uncertainty in the locations of the unconformity is ±1 m.
Over 100 samples were collected from the exposed rock outcrop at Trendall
Ridge during the three periods of fieldwork.

Care was taken to avoid retrieving

significantly weathered samples by removing the weathered surface and selecting
portions of the rock that were less exposed. The sampling focused on the alteration zone,
the Fe-enriched pods, and the least altered parent. Several sampling transects were
selected approximately perpendicular to the strike of the overlying SPC. These transects
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were retrieved to study the change in lithology, morphology, texture, color, and chemistry
with varying depth below the unconformity.

3.2 Mineralogical and Petrological Investigation
The mineralogical characteristics of samples were determined using thin sections
and a petrographic microscope. To investigate the variation in petrology with increasing
depth beneath the unconformity, I studied a series of six samples from a sampling
transect taken perpendicular to the trend of the unconformity surface (T02, T05, T08,
T09, T17, and T20) (Fig. 4a). Minerals were identified in thin sections using polarized,
unpolarized, transmitted and reflected light. Mineral percentages were estimated using a
standard mineral volume percentage chart. The mineralogical content of silica/quartz,
aluminosilicates, and Ti and Fe minerals (opaques) were estimated in 10 fields per thin
section at 200x magnification.

All estimated percentages over 10% of volume are

assigned a 5% error, while those below 10% are assigned a 1% error.
To determine the mineral phases present in 11 samples from the northern transect,
powdered X-ray diffraction analyses were performed. The samples were pulverized using
a ball mill and mortar and pestle. The analyses were performed on a Scintag PAD V ® Xray diffractometer with a ө-2ө goniometer and a Ge solid state detector. The analyses
were made between 2 and 75º 2ө at 2 degrees per minute. The results were then analyzed
using Jade 7.0® program to determine the mineral phases within the samples. Most major
peaks were identified though some proved problematic and further work is required to
determine the phase present.

The mineral contents of the samples were roughly

quantified using peak height ratios, wherein the peak heights of major minerals in counts
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were normalized against the mineral with the greatest peak height. This technique was
avoided for use with Fe-oxides because the XRD method with Cu Ka radiation is not
efficient at identifying these assemblages. The following 2ө values were used to compare
peak heights: quartz/silica – 26.72; muscovite – 8.88; pyrophyllite – 9.78; chlorite – 12.6;
chamosite – 12.7; and kaolinite/chlorite – 12.48. The d-spacing for these peaks are
(Angstroms): 3.34; 9.95; 9.2; 7.05; 7.17/7.16.
A Horiba model XGT-5000 x-ray analytical microscope

®

was used to determine

the mineralogy through elemental distribution maps. The XGT chemical maps were
acquired using a 30 kV, 1mA setting, and the 100 μm spot setting. RGB, or red-greenblue analyses, were performed to determine the distribution and relationships between
elements of interest.

3.3 Chemical Analyses
Bulk rock chemical analyses were performed on powders of 9 rock samples by
Activation Laboratories Ltd.

Lithium metaborate/tetraborate fusion technique with

inductively coupled plasma mass optical emission spectrometry was used to determine
the concentrations of Si, Al, Fe, Mn, Mg, Ca, Na, K, Ti, P, Sc, Be, V, Sr, Zr, Ba, and the
loss on ignition.

Lithium metaborate/tetraborate digestion fusion technique with

inductively coupled plasma mass spectrometry was used to determine the concentrations
of Cr, Co, Ni, Cu, Zn, Ga, Ge, As, Rb, Y, Nb, Mo, Ag, In, Sn, Sb, Cs, La, Ce, Pr, Nd,
Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu, Hf, Ta, W, Tl, Pb, Bi, Th, and U. The Fe(II)
concentration was determined by Activation Laboratories using ammonium metavanadate
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and hydrofluoric acid digestion with ferrous ammonium sulphate added after digestion
and K-dichromate as the titrating agent.
3.4 Geochronology
Sm-Nd and Rb-Sr dating techniques were performed on a series of five and six
samples, respectively, by Dr. Brian Stewart at the University of Pittsburgh. The samples
come from the different zones of the alteration horizon in the Warrawoona Group at
Trendall Ridge. The analyses were performed on mineral separates from pulverized rock
samples. Isotope analyses were carried out on a Finnigan MAT 262 thermal ionization
mass spectrometer at the University of Pittsburgh.
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IV. Results and Interpretations
The surface rock of the Pilbara Craton has been exposed for billions of years and
in that time has been subjected to surface and near surface conditions and processes that
have likely altered the appearance, mineralogy, and most importantly the chemistry of the
rock. The only technique for bypassing the effect of surface conditions is the retrieval of
deep cores (>50m below the current surface), which are considered nearly ‘fresh’
specimens of rock in the Pilbara Craton (Hickman, pers. com., 2008). In lieu of drill
cores, we must use surface samples for this and similar studies. Therefore, an unknown
degree of uncertainty is present in all chemical and mineralogical data.
Though a large amount of data has been obtained from ~30 samples from
Trendall Ridge, the focus of this study is the geochemical and mineralogical
characteristics of 16 samples from a single transect taken perpendicularly to the
unconformity surface (Fig. 4a). The study has been limited to a single transect to
establish a set of reference characteristics throughout all four zones of the alteration
profile for future comparison to this and other localities. The geochemical study will be
limited to the major oxides, V, Cr, Zr, Hf, REE, and Y concentrations of these samples.
The remaining chemical, mineralogical, and geological data will be presented in other
papers (in prep). Results of XRD analyses on 10 samples are provided in Table 1 and
Figure 5. Mineral percentages estimated using thin sections are presented in Table 2.
Volume loss and gain (strain) is provided in Figure 6. Results of chemical analyses of
the 9 bulk-rock samples from the Trendall Ridge are presented in Tables 3, 4 and Figure
8.

Geochronological data are summarized in Tables 5 and 6, as well as Figures 12 and
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13. Photos, photomicrographs, and XGT 5000 chemical maps of the selected samples are
presented in Plates 1-7, as well as Figure 7.

4.1. Spatial Distribution of the Alteration Zone at Trendall Ridge
Trendall Ridge is located on the western edge of the NPD, south of where the
North Shaw River crosses a ~9 km N-S exposure of the SPC (Fig. 1 and 3). The SPC, a
resistant unit, forms prominent ridges that provide good exposures of the underlying
Warrawoona Group volcanics. Within these exposures is a ~40 – 80 m thick aluminous
clay-rich zone that is developed in the Warrawoona Group rock immediately beneath the
world’s oldest (~3.43 Ga) unconformity (Fig. 4 a, b).
The aluminous clay-rich alteration extends continuously over a >500 m distance
along trend of the unconformity surface at the Trendall Ridge locality (Fig. 3 and 4a).
Late tectonic activity has hindered correlation over a larger (~1 km) distance, but the
clay-rich zone outcrops along the ~2.75 km length of Trendall Ridge. In fact, the clayrich horizon outcrops throughout the ~9 km extent of the N-S trending North Shaw ridge
system. The alteration zone can be seen dipping steeply in E/W exposures, striking 180°
and dipping 70°W along with the SPC. The steep dip indicates that the clay alteration
extends westward into the present groundwater table, which is typically 50 to 150 meters
below the ridge top (Fig. 4a, b).
The clay-rich zone is composed primarily of pyrophyllite (Al2Si4O10(OH)2) and
minor muscovite (KAl2(Si3Al)O10(OH)2) (Van Kranendonk and Pirajno, 2004; Brown et
al., 2006), but also contains a horizon of hematite (Fe2O3) enrichment that was not
recognized by previous researchers (Fig 4b). Faults crosscutting exposures of the N-S
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trending ridge are interpreted by geologists of the GSWA to be related to either the D5
(2.934 Ga) or D6 (2.765 Ga-present) deformation events (Hickman pers com, 2008).
Brown et al. (2006) interpreted data from the satellite borne HyMap® reflectance
IR sensing spectrometer to map the distribution of silica, pyrophyllite, muscovite, and
chlorite in the southwestern NPD, an area which encompasses Trendall Ridge. The
pyrophyllite-rich alteration zone appears to be significantly thicker (>100 m) in the
northern 600 m of Trendall Ridge (Fig. 3).

However, there is evidence for recent

(Quaternary-aged) landslides along the eastern edge of the ridge. Multi-directionally
oriented blocks of schistose rock at the eastern base of the ridge also bear S-folds with
fold axes oriented ~NE, plunging with the hill slope. The orientation suggests the
deformation is related to the slip of large blocks down the slope. A large ~NE-SW
oriented structure south of the study area appears to be a detached, spun block of
Warrawoona Group rock resulting from early deformation (D5). Van Kranendonk (1999)
has interpreted this structure as a felsic dike associated with the 3.459 Ga NPD
Monzogranite, suggesting it was sourced by the granite. However, closer investigation
has revealed that the structure actually contains an alteration zone similar to that found in
the N-S striking Trendall Ridge, and contains no visible felsic component. Some of the
distribution of pyrophyllite (Fig. 3) can also be explained by pyrophyllite-rich sediment
eroded from the alteration zone into depressions and stream beds.
The pyrophyllite-rich alteration is restricted to rock below the unconformity, and
does not extend into the overlying sediments and volcanics of the Kelley Group. An
investigation of the sediment packages immediately above the unconformity has revealed
a lack of alteration similar to that in the underlying Warrawoona Group. These findings
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are similar to those of Brown et al. (2006), who pointed out the lack of alteration in the
thin sediment wedges at the base of the Kelley Group.
Similarly, no evidence of the alteration found in the Warrawoona volcanics can be
found in the overlying Strelley Pool carbonates or Euro Basalt. Outcrops of the Euro
basalt west of Trendall Ridge are silicified in places, but retain their original
morphologies, textures, and characteristic green coloration. Small patches of altered
Kelley group rock, rich in muscovite, were found through the interpretation of IR
reflectance data by Brown et al. (2006). These patches are found in ~100 m thick band
behind the SPC in the Euro Basalt rock ~1.75 km south of the study area. These
muscovite-rich patches may be related to later K-rich fluid flow (see section 4.4
Geochronology below).
There is also a large pyrophyllite-rich clay structure ~4 km south of the study area
that appears to extend well into the Euro Basalt. However, the spatial relationships
among the alteration zone, faults, and the SPC are obscured due to severe
tectonic/structural disturbance in this area. The IR (Brown et al., 2006) and geologic
maps (Van Kranendonk, 1999) do not show SPC in this area, and reinterpretation of the
geology suggests that the clay-rich alteration may be constrained to the Warrawoona
Group rock.

4.2. Mineralogical and Petrological Characteristics of the Alteration Zone
4.2.1. Mineralogical Zoning
Previous geological, geochemical, and mineralogical work at Steer Ridge, ~ 3.5
km to the north (Fig. 1), has revealed that the alteration zone at this locality can be
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divided into four distinct horizons. Downward from the unconformity these zones are: the
upper Fe-poor Zone I (0 - 10 m); the Fe-enriched Zone II (10 - 15 m); the lower Fe-poor
Zone III (10 - 30 m); and the least altered rock Zone IV (>30 m) (Ohmoto et al., 2007). I
have recognized that these same zones exist in the alteration zone at Trendall Ridge:
Zone I (0-17 m), II (0-17 m), III (16-80 m), and IV (>60 – >80 m below the
unconformity) (Plate 1). The changes in mineralogy also correspond to the chemical and
textural variation of the alteration zone and hold similarities to the Steer Ridge locality.
The least altered host rock (IV) is primarily composed of chlorite+muscovite (Table 1,
Fig. 5). The lower Fe-poor Zone (III) bears primarily α-quartz (?)+muscovite+quartz.
The Fe-rich Zone (II) is comprised primarily of pyrophyllite+hematite+muscovite. The
upper Fe-poor Zone (I) is composed of pyrophyllite+muscovite+quartz+α-quartz (?).
Note that the identification of the mineral α-quartz is tentative, and is used to describe a
poorly crystalline broadly distributed mineral composed of SiO2.
The gradual loss of original mineral texture with increasing proximity to the
unconformity surface is a striking feature of the alteration zone at Trendall Ridge. An
investigation of thin sections has revealed that while some of the original mineral texture
is retained in samples from the lower horizons, including muscovite pseudomorphs of
feldspar, quartz and titanomagnetite grains (Plates 2, 3 and 4), much of the original
mineral texture is lost in the upper horizons (Plates 5, 6, and 7). Instead, these rocks
contain poorly crystalline clay minerals and silica minerals and also bear a schistose
fabric that is pervasive throughout the profile.
The mineralogical and petrological characteristics of each zone are summarized
below:
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The least altered Zone (IV): The lowest zone of the altered rock (>60 - >80m
below the unconformity) is silicified, green submarine volcanic rock that bears pillow
and flow structure, as well as visible mineral fabric (Plate 1 and 2). The parental rock
contains a mineral assemblage whose unaltered precursor resembles a mafic to
intermediate composition igneous rock. The rock contains chlorite (55%) which likely
replaced olivine, pyroxene, and hornblende. It also contains quartz (8%) grains and
muscovite (35%) pseudomorphs of the original feldspar grains (Tables 1 and 2, Fig. 5).
The fabric of the rock is distorted by alteration but distinct zonation between the minerals
is detectable, unlike the overlying samples.
The lower Fe-poor Zone (III): Overall, the zone (~20 – 60m thick) displays a
pink to grey color, is characterized by pervasive schistocity, and outcrops more
prominently due to the increased Si content (Plates 2 and 3). The mineralogy is primarily
α-quartz (?), muscovite with subsidiary pyrophyllite, and quartz (Table 1; Fig. 5).
Estimations of the mineral content for this horizon are 42 – 51% α-quartz (?) and quartz,
38 – 48% aluminosilicates (primarily muscovite), and 10 – 11% opaques (Table 2).
The Fe-enriched Zone (II): The middle zone (~ 0 – 17m below unconformity) is
a 150 m long, discontinuous series of ovoid pods up to 50 m in length that occur below
and nearly parallel to the unconformity surface. The pods bear a pink-violet to maroon
color, and contain remnant pillow structures (Plate 1b and c) that contain hematite-, and
diaspore(?)-rich channels (~ mms thick) interspersed in the aluminosilicate matrix (Plates
5 and 6). Hematite is also enriched throughout the pyrophyllite and muscovite-rich matrix
in the upper portion of the pod as clusters of poorly crystalline hematite (Plate 6). These
channels are folded and broken indicating they predate significant deformation events
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(D3 – D7). The schistocity is present in the Fe-rich horizon, but is not as pronounced as
the adjacent horizons. The zone contains abundant Fe (~6 – 81 wt% ΣFe2O3), as well as
K-rich and K-poor aluminosilicates, altered quartz veins and α-quartz (?).

The

mineralogy of the Fe-rich horizon consists of hematite, pyrophyllite, muscovite, with
subsidiary quartz, α-quartz (?), chamosite and goethite (Table 1, Fig. 5). Overall the Feenriched horizon contains: 6 – 11% α-quartz (?) and quartz, 28 – 54% aluminosilicates,
and 35 – 56% opaques by volume (Table 2). Sample 060718-23 was retrieved from an
Fe-rich pillow (Plate 1b and c) in the northern part of the study area (Fig. 3, 4a) and
contains 81 wt% Fe3+ as hematite (Fe2O3).
The upper Fe-poor Zone (I): The upper most portion of the alteration zone (0 –
11m below the unconformity) is tan to pale-green colored (Plate 1a), outcrops poorly, and
displays the pervasive schistose fabric found in the rest of the profile. The mineralogy of
this zone consists primarily of pyrophyllite, α-quartz (?), quartz, and minor muscovite
(Table 1, Fig. 5). The upper depleted zone sample contains 30% quartz and α-quartz (?),
96% aluminosilicates, and 1% opaques by volume (Table 2).

4.2.2. Fe- and Ti-Bearing Minerals
Fe is ubiquitous throughout alteration zone, from the upper Fe-poor Zone (I) to
the

least

altered

parental

rock

(Zone

IV).

The

Fe

content,

age

of

crystallization/recrystallization and mineralogy varies significantly from zone to zone. It
appears as hematite in coagulations and along the boundaries of clays in the upper Fepoor Zone (I), as well as in pressure beards surrounding resistant quartz grains (Plate 7).
It can also be found in apparently late silica veins in small amounts (Plate 6d). In the Fe-
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enriched Zone (II) it occurs in seemingly early, well crystalline hematite channels
containing diaspore(?) (Plates 5 and 6). In the lower Fe-poor Zone (III) both hematite
and goethite occur in long bands oriented in the direction of schistocity along the
boundaries of muscovite/pyrophyllite and silica enrichment (Plates 3 and 4). Fe in the
least altered parent is in the form of chlorite, and Fe-Ti bearing minerals, as well as
coagulated hematite crystals around larger mineral boundaries (Plate 2).
The alteration state of Ti-bearing minerals is also of interest because these
minerals also display variation with depth. In the least altered rocks (Zone IV) the Ti
occurs as titanomagnetite (Fe2+(Fe3+, Ti)2O4) or ilmenite (Fe2+TiO3) (Plate 2), a common
accessory mineral in felsic to mafic composition igneous rock (Craig and Vaughan,
1994). In the lower Fe-depleted Zone (III) the titanomagnetite displays alteration along
its cleavage planes (Plate 3), sometimes consisting of maghemite (?) or hematite. The
upper Fe depleted Zone (I) contains leucoxene (TiO2) (Plate 7), a wispy white mineral
that is the Fe-poor end member alteration product of titanomagnetite (Temple, 1966).
The overall pattern indicates that the Ti-bearing minerals are more altered (i.e. Fe loss)
with increasing proximity to the unconformity.

4.2.3. Veins
There is a lack of a hydrothermal network of sufficient size to account for the
alteration zone. Scarce quartz veins, found widely dispersed in the alteration zone are
<10 cm thick and do not show any significant mineralization commonly associated with
hydrothermal systems (sulfides, carbonates, sulfates).
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There are disseminations and

veinlets of sulfide (pyrite) preserved in the alteration zone indicating that the effects of
modern weathering have significantly not affected the alteration zone.
Some veinlets display crosscutting relationships indicating that the clay and Feenrichment occurred before a late fluid flow. The quartz vein can be seen crosscutting
clay-rich portions and Fe-rich channels in samples from the Fe-rich Zone (II) (Plate 6d).
The age of the late event is not known but it may correspond with the deformation that
caused the schistose texture in the alteration zone, or possibly with a fluid flow event that
affected the rock during the Warrawoona alteration during the Neoarchean (see section
4.4. Geochronology).

4.2.4. Conglomerate Unit Overlying the Alteration Zone
Sedimentary rocks immediately overlying the unconformity surface are composed
primarily of <10m thick quartzitic sandstones along with silica and clay matrix
conglomerates. The conglomerates (~1m thick) contain cobbles and pebbles of BIF,
chert and clay that are subrounded to rounded and poorly sorted. The clay-rich pebbles
appear to have been deposited as soft sediment causing jellybean and wasp-waited shapes
(Fig. 6; Allwood et al., 2006). Other pebbles can be seen conforming to the shape of BIF
pebbles (Fig. 6), indicative of soft sediment deformation. The aluminosilicate pebbles
may represent rip-up clasts from the underlying alteration zone.
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4.3. Geochemical Characteristics of the Alteration Zone
4.3.1. General
The least altered rock (Zone IV) has major element concentrations of: SiO2 (54.7
wt%), Al2O3 (17.4 wt%), MgO (9.7 wt%), FeO (6.72 wt%), Fe2O3 (1.31 wt%), MnO
(0.055 wt%), CaO (0.51 wt%), Na2O (0.29 wt%), K2O (1.3 wt%), TiO2 (0.43 wt%), and
P2O5 (0.02 wt%).

The major element profiles (Table 3 and Fig. 7) reveal distinct

chemical zonation at Trendall Ridge that are similar to the distributions seen at Steer and
correspond with the visible changes in the alteration zone. The upper Fe-poor Zone (I) is
characterized by lower concentrations of MgO (0.09 wt%), FeO (0.09 wt%), Fe2O3 (0.56
wt%), MnO (0 wt%), and CaO (0.03%) and elevated concentrations of SiO2 (75 wt%),
Al2O3 (17 wt%), K2O (2.9 wt%), TiO2 (0.57 wt%), relative to the parent. Another feature
of this horizon is a negative Eu anomaly (Appendix B) which has been attributed to the
preferential weathering of feldspars by other researchers (e.g. Braun et al., 1998). The
Fe-rich Zone (II) is characterized by elevated concentrations of Fe2O3 (5 – 15 wt%),
Al2O3 (12 – 30 wt%), FeO (2 – 9 wt%), CaO (0.03 – 0.04 wt%), MnO (0.002 –
0.056wt%), TiO2 (0.8 – 1 wt%) and P2O5 (0.02 – 0.08 wt%), and reduced concentrations
of the other major oxides relative to the lowest zone (SiO2 (40 – 54 wt%) and K2O (0.3 –
1.3 wt%)). The lower Fe-poor Zone (III) is characterized by elevated SiO2 (~80 wt%)
and K2O (1.8 – 2.7 wt%) and lower or similar concentrations compared to the least
altered parent (IV). Elements such as MgO (~0.2 wt%), FeO (~0.65 wt%), Al2O3 (~12
wt %), and CaO (~0.08 wt%) show reduced concentrations relative to the least altered
material (Fig. 7). TiO2 (0.37 – 0.43 wt%) shows reduced and elevated concentrations
relative to the least altered material.

24

4.3.2. The Parent Rock
Did the alteration zone (e.g. Zones I-III) develop in the same rock as that in Zone
IV? If so, what was the parent rock? To answer these questions several lines of evidence
will be used, including the comparison of immobile elements (Ti, Hf, Zr, and Al) from
different zones, and a comparison of SiO2, Al2O3, Cr, V, Nb, and Y (Table 3 and 4)
contents of the least altered rock.
Cross plots of typically immobile elements, such as Ti, Zr and Hf can reveal
whether the element of interest has been mobilized during water/rock interaction, and if
the parental rock is the same throughout the alteration profile (e.g. Maynard, 1992; Rye
and Holland, 1998). The slope of the best fit line and the scatter (R2 values) of the data
need to be considered. To determine whether elements remained immobile it is best to
use a ratio of the enrichment factors (Ef):
Ef = [(B2 – B1)/B1)]/(A2 – A1)/A1]

(1)

Where, A and B refer to the two elements of interest and subscripts 1 and 2 refer to the
most altered and the least altered rocks, respectively. A ratio of enrichment factor of 1
and a R2 value close to 1.0 indicate the ratio of the elements has not changed and both the
elements can be considered immobile.
A comparison of Ti with Hf (Table 4) reveals an excellent linear correlation (y =
4.9144x – 0.1571; R² = 0.982; Fig. 8a), as does Ti with Zr (y = 202.13x – 9.065; R² =
0.985; Fig. 8b). The Ef for Hf/Ti and Zr/Ti are 1.02 and 1.05, respectively.

The

correlations show that the parental rock of the altered Zones (I - III) was most likely the
same as the underlying rocks (IV) and that these elements can be considered immobile.
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Similar plots of Al, which is immobile under most natural conditions (e.g.
Sugisaki, 1978; Brookins, 1988; Wesolowski and Palmer, 1994), against Ti and Zr reveal
that Al was likely mobilized during the processes that formed the alteration zone. The
correlations of Al with Ti (y = 4.4612x + 2.63; R² = 0.931; Fig. 8c) Al with Zr (y =
0.1068x + 3.034; R² = 0.884; Fig. 8d) are poorer than those of the other immobile
elements. The Ef between Al and Ti (0.95), but especially Al and Zr (0.90) suggests that
Al was mobile in the alteration profile.
The presence of jointed flow and pillow structures in the parental rock indicates a
submarine volcanic origin. The contact between the Warrawoona and Kelley Group rock
is not angular as in other study areas (e.g. Steer Ridge and ABDP #8). Remnant pillow
structures (Plate 1b) show that the contact between the Warrawoona and overlying Kelley
Group rock is sub-parallel at Trendall ridge.
Hayashi et al. (1997) derived equations relating the concentration ratios of
immobile elements in altered rocks to the silica content of the parental igneous rocks. The
TiO2/Zr (100) and Cr/V (2.3) weight ratios of the parental sample are consistent with an
intermediate composition rock with an estimated SiO2 content of ~53 wt% (Hayashi et
al., 1997). This value agrees well with the measured SiO2 content of ~54 wt%. However,
the Al2O3/TiO2 wt ratio of the least altered parent (40) provides an estimated SiO2 content
of ~72 wt% (Hayashi et al., 1997). Based on a classification system for igneous rocks
using the ratios of Ti/Zr (0.016), Nb/Y (0.029) devised by Winchester and Floyd (1977)
the least altered parent falls under the category of andesite/basalt. The large discrepancy
between the SiO2 contents estimated from the two methods may suggest that the parental
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rock was an andesite, high-Al low Ti tholeiite, or high-aluminum basalt; rocks with
Al2O3/TiO2 larger than those of basalts.
The TiO2 value (0.429 wt %) is low for the measured silica content according to
ratios found in normal igneous rocks by Hayashi et al., but within one estimated range for
an andesite (e.g. 0.25 – 0.79 wt% in Kelemen et al., 2005). Crawford et al. (1987)
defined a high-alumina basalt as one containing <54 wt% SiO2, >16.5% Al2O3, and
<7wt% MgO. The data that Crawford et al. produced for high-Al basalt from Ambae,
Vanuatu contained a range of TiO2 contents from 0.54 to 1.38 wt% with an average of
~0.9 wt%, well above what is seen in the least altered rock (0.43 wt%) (Table 3). HighAl low-Ti tholeiites from the Stonyford Volcanic Complex in Northern California show
TiO2 values ranging from 0.54 to 1.74 wt%, with an average of 0.98 wt%.

The best

guess for the original rock type of the parental material is a rock with ~55 wt% SiO2; a
low-Ti andesite (Taylor et al., 1969; Kelemen et al., 2005).
Estimates for the pre-eruptive water concentration of modern volcanic magmas
are reported by Oppenheimer (2005). The concentrations range from <0.4 wt% for
MORBs, an estimated 1 and 6 wt% for arc related basalts, up to 7 wt% for dacites and
rhyolites, and >3 wt% for andesites. The loss on ignition (LOI) of the least altered
parental sample (T01), which in the case of carbon-poor rock is an estimate of water
content, was measured at 7.66 wt% (Table 3). Therefore, assuming modern eruptive
volatile compositions, anywhere from ~0.66 to 4.66 wt% water may have been added to
the parental sample. Such increases often occur through the formation of hydrated
minerals (e.g. clays, Fe-hyroxides, etc.) by alteration of the original mineral assemblage
through water/rock interaction (e.g. Langmuir, 1997). Increased water concentrations in
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the least altered sample are good evidence that the parent has undergone alteration, either
from submarine hydrothermal activity or subaerial weathering at ≥3.4 Ga, and/or later
water/rock interaction.
There is some evidence for silicification in the least altered parent at the base of
the profile, as indicated by the hardness of the rock and a conchoidal fracture resulting
from hammer strikes. However, poorly crystalline SiO2 is not visible under petrographic
microscope examination of T02. By volume, the parental material contains 8% quartz,
90% aluminosilicates, and 2% opaques including Fe-oxides and Ti-bearing minerals
(Table 1 and 2).
Assuming an average low K andesitic composition (TiO2 = 0.6 wt%) for the host
rock (Taylor et al., 1969) because of the low Ti abundance in the profile, we can
conjecture the host rock may have contained: SiO2 (57.3 wt%), Al2O3 (17.4), FeO (7.3),
MgO (3.5), CaO (8.7), Na2O (2.6), and K2O (0.7). A comparison to the composition of
average low-K andesite reveals that the parent gained MgO (9.7 wt%) and K2O (1.29),
lost Ca (0.51) and Na (0.29), but has comparable Al (17.38) and FeO (6.72) content.
Comparison to an average primitive oceanic arc andesite (TiO2 (0.64 wt%), SiO2 (57.72),
Al2O3 (15.16), FeO (6.9), MgO (7.95), CaO (7.32), Na2O (2.95), and K2O (1.27)
(Kelemen et al., 2005), like the low-K andesite, suggests that Ca (>5 wt%) and Na (~2
wt%) were lost from the parent rock.
The loss of Ca and Na are most likely due to submarine hydrothermal activity
prior to the subaerial exposure of the Warrawoona Group at ~3.4 Ga. The loss of Ca and
Na is similar to depletions found in submarine hydrothermally altered basalts of the
Towers Formation (3.463 Ga) and Apex Basalt (3.454 Ga) of the Warrawoona Group
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from near Marble Bar (Fig. 1) (Nakamura and Kato, 2004). Here there is a loss of up to
~12 wt% of CaO and ~2 wt% Na2O that has been related to submarine hydrothermal
activity shortly after eruption. Similarly, possible gains in MgO may suggest the least
altered samples were affected by submarine alteration (Staudigel, 2005).

4.3.3. Loss/Gain of Volume and Elements from the Alteration Zone
Changes in the concentration of TiO2 and other immobile elements are an
indicator that there has been volume loss and gain in the alteration zone. Strain (volume
change) was calculated using the soil strain equation from Retallack (2001):
Εi,w = ρpCi,p/ρwCi,w – 1

(2)

Where (Εi,w) is the calculated strain of the weathered rock; (ρp) and (ρw) are the density of
the parent and the weathered sample, respectively; (Ci,p) and (Ci,w) are the concentration
of the immobile element (TiO2 wt%) in the parent and the weathered sample,
respectively. The strain calculations were performed using the following densities: T01
(2.62 g/cm3); T05 (2.86); T08 (2.86); T13 (2.50); T10 (2.52); T12 (2.87); T17 (2.75); T19
(3.30). The strain calculations reveal that ~40% volume loss occurred in Zone I, between
50 and 60% loss in Zone II, and one sample (T08) in Zone III showed a 7% gain in
volume, while a second sample (T05) showed a ~1 % loss (Fig. 9). The trend shows that
loss of volume was greatest in the upper two alteration zones, peaking in the Fe-rich
alteration (II).
The degree of loss or gain of each elemental component from the alteration zone
varies depending on the similarities or differences in their geochemical behavior (e.g.,
cation charge; solubility).

The behavior of each element during alteration can be
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quantitatively evaluated from the changes in the concentration of an element against that
of TiO2 (i.e., Ci/TiO2 value), because TiO2 can be considered as an immobile element
(Ohmoto, 1996).
A comparison of the enrichment/depletion patterns of the major oxides, Rb, and
REEs allow the division of the elements into two groups. The first group includes: MgO,
CaO, Al2O3, FeO, Fe2O3, MnO, P2O5, H2O and REEs (Fig 10a and b; Tables 3 and 4).
Though all elements show increases relative to Zones I and III, the first group (Group 1)
elements show depletion throughout the profile, with the exception of Fe2O3, ΣFe2O3,
P2O5, and LREEs (La) in Zone II (Fe-rich). The second group consists of SiO2, Na2O,
K2O, and Rb (Fig. 11; Tables 3 and 4). The second group elements (Group 2) display
enrichments in Zones I and III and depletions of all in Zone II.

4.4. Geochronology
Rb-Sr and Sm-Nd dating techniques were performed on five and six samples,
respectively, from the three alteration zones at Trendall Ridge by Dr. Brian Stewart at the
University of Pittsburgh (Tables 5 and 6; Fig. 12 and 13). The isochron age yielded by
Rb-Sr technique is 2.76±0.15 Ga, with an initial

87

Sr/86Sr ratio of 0.721±0.020. Sm-Nd

technique was performed on the same five samples (less sample 060718-23) revealing an
isochron age of 3.47±0.46 Ga, with an initial 143Nd/144Nd ratio of 0.5073±0.0001.
The Sm-Nd age of 3.47±0.46 Ga reflects the timing of the major alteration event
which resulted in the loss of the Group 1 elements (Mg, Ca, Al, Mn, Fe, P, and REEs)
from Zones I and III (Fe-poor) and the enrichment of these elements in Zone II (Fe-rich)
(Fig. 10a, b). Given the effect the event had on the Group 1 elements, it is likely that the
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Group 2 elements were also removed during the major alteration event due to the low pH
required for Al mobility (Brookins, 1988). Therefore, the Rb-Sr age of 2.755±0.15 Ga
probably reflects a second event that caused major additions of Si, K, and Na (see
discussion) seen in the alteration zones today (Fig 10). Mafic igneous rocks have initial
87

Sr/86Sr ratios closer to 0.70 reflecting their less evolved mantle source (Faure, 2001).

The Warrawoona alteration zone rock bears an initial 87Sr/86Sr ratio of 0.721±0.020 (Fig.
12) which suggests a more evolved, granitic source rock. It is likely that the fluids which
affected the alteration zone at 2.76 Ga were sourced from the NPD Monzongranitic
pluton.
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V. Discussion
5.1. Origin of the Alteration Zone
The schistose rock fabric, elemental enrichment/depletion profiles (Fig. 10a, b
and 11) and geochronological evidence (Fig. 12 and 13) suggest four major alteration
events affected the Warrawoona Group rock immediately beneath the (~3.4 Ga)
unconformity surface. The first (3.47 - 3.46 Ga) was related to submarine hydrothermal
fluid circulation immediately following eruption of the rock, causing the loss of Ca and
Na, as well as the conversion of mafic minerals to chlorite. The second, dated at
3.47±0.46 Ga, caused major losses of Mg, Fe, Ca, Na, K, Si, Al, Mn, P, and REEs,
resulting in the formation of Al-rich clay minerals (probably kaolinite and/or
pyrophyllite) in Zones I through III. It caused up to 60% volume loss (Fig. 9) and may
have led to the enrichment of Fe(III) in Zone II. The third event was likely associated
with overburden related stresses caused by the eruption of the overlying Euro Basalt
(~3.35 Ga) resulting in the pervasive schistocity seen in the altered rock. The fourth
event occurred at 2.76±0.15 Ga, causing the addition of SiO2, K and Na, as well as the
conversion of kaolinite and/or pyrophyllite to muscovite.
The Sm-Nd isochron provides an age of 3.47±0.46 Ga (oldest Warrawoona Group
rock) for the first alteration event. D2 (~3.458 – 3.42 Ga) structures are constrained by
the timing of the eruption of the Panorama Formation which resulted in the erosion and
non-deposition of the unit. D2 structures (folding) are crosscut by the unconformity
surface and the underlying alteration zone at Steer Ridge, indicating that the deformation
occurred prior to the alteration event. The upper age limit of the alteration is constrained
by the absolute age of the overlying Euro Basalt of 3.35 Ga (Buick et al., 1995) which
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was not affected by the alteration event. Thus, the timing of the first alteration event at
Trendall Ridge was between 3.458 Ga and 3.35 Ga. It is known that the NPD region was
under submarine conditions prior to 3.433 Ga (Van Kranendonk et al, 2007). Combined
with the changes in mineralogy and geochemistry of the alteration zone provided above,
suggesting top-down alteration style, it is likely the alteration occurred between 3.433
and 3.35 Ga during subaerial exposure of the Warrawoona rock.
The alteration zone at Trendall Ridge has undergone volume loss of up to 40% in
Zone I, and 60% in Zone II relative to the least altered parental rock (see section 4.3.3).
The loss of volume during hydrothermal alteration is typically less than 20% (Teagle and
Alt, 1994; Hezarkhani, 2006), but loss greater than 20% is not unusual in paleosols
(Retallack and Minszenty, 1994; Retallack, 2001).
The elemental profiles, mineral distribution, and textural features of the alteration
zone at Trendall Ridge are very similar to paleosols that are >2.2 Ga in age, including the
2.2 Ga Hekpoort (Buekes et al., 2002), the 2.2 Ga Hokkalampi (Marmo, 1992), and in
some respects the saprolith of the 2.45 Ga Pronto paleosols (Nedachi, et al., 2005). The
elemental characteristics of these paleosols include major losses of Mg, Ca, Fe, Na, and
Mn from the upper depleted horizons, and the enrichment of Fe, as hematite, in what may
be laterite in Hekpoort (Fig. 10 a, b). The lower horizons of these paleosols include
major losses of the alkali (e.g. Na) and alkali earth (e.g. Mg, Ca) elements along with Fe
and Mn. Pyrophyllite, the most aluminous mineral, is found in greatest abundance in
Zones I and II, while chamosite and chlorite are found in greater abundance in Zones III
and IV (Table 1, Fig. 5). The pattern is similar to that seen in the Hekpoort laterite in
South Africa (Beukes et al., 2002) where pyrophyllite, sericite and hematite enrichment
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occurs at the top of the profile and chlorite in the lower pallid zone and saprolite.

The

loss of the mineral texture of the parental rock with increasing proximity to the top of the
alteration zone is a common feature in paleosols. If hydrothermal fluid had circulated
through the Warrawoona Group rock at ~3.4 Ga, the opposite elemental patterns, mineral
zoning and textural features would be expected because acid-rich fluid would have
flowed upward away from the source (i.e. the NPD Monzogranitic pluton).
The loss of Mg, Fe, Ca, Na, and Mn can be explained by the preferential
dissolution of minerals that bear these species, such as olivine, pyroxene, amphiboles,
and plagioclase during weathering (e.g. Nesbitt and Young, 1984; Maynard, 1992).
Species with low ionic potential (z/r), such as Mg, Ca and Na, will partition in solution
during weathering, explaining the significant loss of these elements throughout the
profiles (e.g. Panahi et al., 1999). Mn and Fe will remain mobile under reducing
conditions, especially an organic acid-rich or oxidant-poor groundwater saprolith
(Maynard, 1992). Such a scenario would explain the losses of these elements throughout
the profile. The enrichment of Fe2O3 and greater concentration of the above elements in
the Fe-enriched Zone (II) is currently under investigation, but theories surrounding this
enrichment are described below.
Shallow hydrothermal alteration zones typically exhibit additions of SiO2 because
the fluids are saturated with respect to quartz, and because silica solubility decreases with
decreasing P and T (Rimstidt and Barnes, 1980). However, silicification is also a
common feature of paleosols and soils (Retallack, 2001) and some of the SiO2 addition,
especially in Zone III, could have been related to normal soil processes. Soil fluids are
frequently at the saturation point for amorphous silica (Langmuir, 1997).
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The

evaporation of the soil waters causes supersaturation and precipitation of amorphous
silica at the level of the groundwater table.
Al2O3 was mobilized throughout Zones I, II, and III of the alteration zone (Fig.
10a) despite apparent enrichment in Zones I and II (Fig. 7). Mobilization of Al during
water/rock interaction requires low pH (<4) solutions (e.g. Brookins, 1988; Stumm and
Morgan 1996; Wesolowski and Palmer, 1994), indicating that the fluid that caused the
alteration event at ~3.4 Ga was very acidic. Van Kranendonk and Pirajno (2004), and
Brown and colleagues (2006) have suggested that the source of this acidic fluid was a
White Island, New Zealand-style sulfuric acid hydrothermal system. They propose that
acidic fluids associated with the 3.459 Ga NPD Monzogranite flowed through a caldera
setting associated with a collapsed dome. However, there is a lack of evidence for
hydrothermal system of sufficient size to have caused the alteration at Trendall Ridge.
Instead, the source of the elevated acidity may have been carbonic acid (H2CO3)
associated with a high Archean pCO2 as has been proposed by several researchers (e.g.
Ohmoto, 2004, Sugitani et al., 1996). Ohmoto (2004) proposes that pCO2 may have been
as much as 100 times present atmospheric levels during the Archean, implying that the
pH of Archean meteoric water may have been ~4.5 (Ohmoto et al., 2004). Similarly,
organic acids formed during the decay of soil organisms, may have contributed to the
mobilization of Al (Keller, 1972).
The behavior of REEs in the alteration zone does not show the typical
depletion/enrichment patterns found in many paleosols (i.e., depletion of REEs from soil
zone and enrichment of REEs in saprolite zone) (e.g. Braun et al., 1998). However, a
comparison of La, Ce, Eu and Lu/TiO2 of samples from the Strata 1 drillcore of the
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Hekpoort Laterite (Dorland, 1999) and the alteration zone at Trendall Ridge reveals some
similarities. The upper depleted zone at Hekpoort was eroded away before the overlying
volcanics were erupted. At Hekpoort the laterite is enriched in both LREEs and HREEs
relative to the parent, while Zone II of the Trendall alteration profile shows enrichment of
LREEs and an increased concentration of HREEs relative to Zones I, and III (Fig. 10b).
In the pallid zone at Hekpoort and the lower part of Zone II at Trendall there is a
secondary peak of LREE enrichment in each profile that is accompanied by depletion in
HREEs.
An important feature of the REE profiles at Trendall is a negative Eu anomaly
found in the Zone I (Fig. 14). Hydrothermal activity typically produces a positive Eu
anomaly associated with a K addition (Braun et al., 1998). In igneous rocks Eu is
typically associated with K-feldspars and plagioclase instead of apatite, monazite and
zircon because of the similar valence and ionic radius with K, Na and Ca (Braun et al.,
1998). The preferential weathering of feldspars during soil formation causes a negative
Eu anomaly relative to the rest of the REEs. The lack of a negative Eu anomaly in the
lower portion of the Trendall profile may be explained by the ~2.76 Ga fluid flow event.
Zone III shows significantly increased SiO2 and K2O concentrations relative to the other
zones which may have been accompanied by an influx of Eu, erasing the previously
preserved negative anomaly.
Soil mineralogy develops as a result of the interaction of rock with H+ and organic
acid-rich fluids. For example, in the Na-aluminosilicate system a precursor end member
mineral in mafic igneous rock is albite (NaAl3SiO8). The feldspar is attacked and
dissolved by protons and converted to Na-montmorillonite which, with continued influx
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of H+-rich soil water may form kaolinite and in some cases gibbsite (Fig. 15) (Langmuir,
1997). As the reaction front proceeds downward and low pH fluids reach increasing
depths, a zoned mineral assemblage forms with the most aluminous minerals occurring
near the atmosphere/soil interface (e.g. Langmuir, 1997). The alteration mineralogy is
also affected by the activity of silica in soil water. For example, in a low pH solution the
stable mineral phase may change from kaolinite to pyrophyllite with increasing
concentration of silica in solution (Guerrero, 1971).
Pyrophyllite is not an alteration product in modern soils (e.g. Sanchez-Camazon
et al., 1988). Its presence in some paleosols has been explained by the metamorphic
conversion of kaolinite at lower greenschist facies conditions (250 - 350˚C, and 2 – 8
kbar) (e.g. Ghaznavi et al., 1983; Dorland, 1999) (Fig. 15). The pervasive schistocity at
Trendall Ridge suggests that the Warrawoona Gp. alteration zone possibly underwent
such conditions, causing the formation of pyrophyllite.

Another possibility is that

pyrophyllite developed as an original soil mineral because the Archean rainwater was
probably more acidic than today and the soil water was amorphous SiO2 saturated (Fig.
15).
The formation of muscovite and precipitation of silica likely resulted when K-rich
and SiO2-saturated fluids passed through the kaolinite and/or pyrophyllite-rich alteration
zone at ~2.76 Ga (Fig. 15). Seriticization, the process of converting aluminous minerals
(e.g. kaolinite and pyrophyllite) to muscovite and sericite, is a common feature of
paleosols, especially of Precambrian age (Nesbitt and Young, 1989; Duffin et al., 1989).
The presence of birefringent, sepic textures is suggestive of a weathering origin.
The alteration of more resistant minerals leaves the clays that developed early during the
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weathering of less resistant minerals in multi-directional orientations (Plate 7; Brewer,
1976). These multi-directionally oriented fabrics also result from shrinking and swelling
or clays due to seasonal changes (Holzhey et al. 1974). Such textures are common in
paleosols (Retallack, 2001; Kahmann and Driese, 2008). If the textures resulted entirely
from metamorphism, then the clay crystals should be oriented in a single direction.
However, the patchy appearance of these textures within the pervasive schistose fabric of
the rock indicates that not all of the clay textures are relicts of metamorphism.
Schistocity is common in paleosols because the softer, weathered material is more
susceptible to strain caused by shearing and compression than the more competent
surrounding rock (e.g. Retallack, 2001). At Trendall Ridge and other studied paleosol
localities the schistocity is oriented nearly parallel to the unconformity surface and the
overlying Kelley Group. Therefore, the schistocity likely developed during the eruption
of the ~6 km thick Euro basalt (3.35 – 3.32 Ga), and was caused by overburden related
stress. Evidence for the stress direction is found in pressure beards that form around
resistant minerals such as quartz, with long axes oriented normal to the primary stress
direction (i.e. parallel to the strike and dip of the overlying Kelly Group). It is possible
that the compaction caused the dehydration of the clay minerals from the Zones I, and III
(LOI in Fig. 10b), which may explain the high density (3.3 g/cm3) of samples from the
upper Fe-poor Zone (I).
There is a strong possibility that clay-rich pebbles in the conglomerate overlying
the unconformity surface are rip-up clasts from the underlying clay-rich alteration (Fig.
6). Rip-ups are common features in sediments overlying paleosols that are caused by the
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reworking of the soft surface soil. These mud clasts are typically deposited in sediments
overlying the soil surface (e.g. Rye and Holland, 1998; Beukes et al., 2002).
The spatial relationships, distribution of major elements and minerals, volume
loss, changes in rock texture and fabric, possible rip-ups, and schistocity, as well as the
lack of a significant hydrothermal network, have led to the conclusion that the
Warrawoona alteration zone represents a ~3.4 Ga paleosol.

The loss of Al, and

redistribution of Fe(III) are of interest, and may be crucial evidence for understanding
the nature of the atmosphere and biosphere during the early Archean.

5.2 Origin of Fluids Responsible for the 2.76 Ga Alteration Event
The 2.76 Ga event has not been reported to date, so its origin, extent, and effects
are unknown. As mentioned above, the initial 87Sr/86Sr ratio (0.721±0.020) is similar to
granite, not basalts which overlie and underlie the alteration zone.

Therefore, we

conjecture that the fluids that affected the Warrawoona alteration zone were sourced from
the NPD granite related to normal groundwater movement.
After ~2.8 Ga, the NPD region was under subaerial conditions (see section 2.2)
and would have been subjected to processes common in near surface rock, including
groundwater flow. The NPD Monzogranite did (and still does) represent a topographic
high (Van Kranendonk and Pirajno, 2004) in the region and it is conceivable the rock
draped on its flanks received long distance (10s of km) flux of K and SiO2 enriched
groundwater from the granite.
This theory is supported by the large difference in the Rb-Sr age obtained for two
localities in the NPD region: 2.755±0.15 Ga at Trendall and 2.58±0.14 Ga at Steer Ridge
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(3.5 km north). Though the uncertainties in the radiometric ages indicate these two
events could overlap temporally, the maximum difference in age between them is ~300
Myr. The flow of groundwater through the permeable Warrawoona volcanics may have
caused the enrichment, with the differences in ages reflecting a possible change in the
fluid flow regime related to tectonic activity or the eruption of the 2.77 Ga, 1 km-thick
Mt. Roe Basalt.

5.3. Origin of the Hematite-Rich Pods
The origin of the Fe-enrichment in the alteration zone is not well understood and
is undergoing continuous geological, geochemical, and mineralogical investigation.
Three possibilities for its origin are being tested: 1) modern laterite; 2) a gossan of ~3.46
Ga massive sulfide bodies; and (3) a ~3.4 Ga laterite.
A modern (i.e. Cenozoic-aged) origin of the hematite-rich bodies is not likely
because the Sm-Nd dating suggests Fe in the surrounding rock was already mobilized by
~3.4 Ga. During the formation of modern laterite, the Fe from the host rock is enriched
in a horizon at the soil surface or the depth of the groundwater table near seepage areas
(e.g. Schaetzl and Anderson, 2005). If the Fe from the host rock had already been
removed it is impossible to form the Fe-rich pods at Trendall Ridge. Further, the Fe-pods
are oriented so that they dip into the plane of the groundwater table, not parallel as would
be expected if modern laterization had occurred.
The Fe-channels in the Fe-enriched Zone (II) are folded, fractured, and crosscut
along with the clay-rich mineralization, by undeformed silica veins indicating the
channels are likely older than 2.76 Ga in age (Plates 5). Also important for constraining
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the age and nature of the Fe-enrichment is the manner in which it skirts and encapsulates
early fractured quartz veins in T09 (Plate 5). These two relationships indicate that some
of the Fe-enrichment post-dated a significant deformation event, but pre-dated late fluid
movement, signaling it may have occurred after D2 (3.458-3.426 Ga), but well before the
2.76 Ga alteration event. The source of the early Fe enrichment was likely redistribution
of Fe within the alteration zone, given the depletion of Fe in the horizons adjacent to the
Fe-rich Zone (II).
The apparent loss of Al appears to have occurred contemporaneously with the
mobilization of Fe given the presence of a white flakey, Al-rich mineral that may be
diaspore encapsulated in pore spaces within the Fe-enriched channels (Plate 5a, 6a and
b). Diaspore typically forms in T regimes around 200˚C, but has been found in modern
bauxites despite low P and T histories of these soils (Keller, 1978). Here Keller attributes
the mobilization of Al to the presence of liganding organic compounds, a scenario similar
to what is proposed for the origin of the Fe-enriched Zone (II) at Trendall. Wefers (1962)
was able to synthesize diaspore at temperatures below 100˚C during the coprecipitation
of goethite and diaspore from Fe- and Al-hydroxide gels. The evidence suggests that Feand Al-hydroxides may have coprecipitated in the Fe-pods as a result of the alteration
event at 3.4 Ga.
The ‘Fe-pods’ occur as packages of hematized pillows and are surrounded by rock
that lacks any residual pillow morphology. If the pillow basalts in the Fe-pods were
pyritized or sideritized at >3.4 Ga, then the flux of acidic fluids during paleosol
development at ~3.4 Ga would have destroyed them. This is because pyrite and siderite
are both very soluble in acidic solutions. The preservation of the pillows in the pods, but
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not in the surrounding rock, indicates that hemitization occurred either before or during
the development of the paleosol.
Volume loss in the Fe-pods (Zone II) ranges from 50 – 60% relative to the least
altered rock in Zone (IV). Variation in the concentration of TiO2 (0.8 to 1 wt%) resulted
from the major loss of other elements (e.g. SiO2, Al2O3, etc.) concurrently with the
enrichment of Fe(III). The loss, as opposed to retention of volume is suggestive of
laterite formation instead of a massive sulfide origin (i.e. Van Kranendonk and Pirajno,
2004; Brown et al., 2006) because massive sulfide deposits do not form in the footwall
rock but on the ocean floor, often but not always in caldera settings (Ohmoto, 1978).
The formation age of the Fe-pods has been constrained to ≥3.4 Ga through
petrographic and geochemical evidence, but the nature of the enrichment is still not
known. Clearly the most important question for future research concerning the Feenrichment is whether or not its origins are tied to the paleosol, or if it was present before
the soil developed.

5.4 Broader Implications
The study of paleosols is a powerful tool for revealing the nature of the
atmosphere, biosphere and climate present when the soil formed. Much of what is known
of, or conjectured about the Archean atmosphere and biosphere comes from evidence
provided by paleosols. The next oldest (possible) paleosols studied from this period of
time are the 3.15-2.67 Ga Point Lake (Canada) (Schau and Henderson, 1983), the ~3.0
Ga Steep Rock paleosols (Canada) (Kusky and Hudleston, 1998; Stafford et al., 2005),
the 3.0-2.9 Ga pre-Pongola (South Africa) (Grandstaff et al., 1986), and the 2.775-2.755
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Ga Mt. Roe (Australia) (Rye and Holland, 1998). The Warrawoona Group paleosol
would be the oldest paleosol recognized to date, and would allow a vista into atmospheric
and biological process at least 250 Ma farther back in Earth history. Linking the Feenrichment to the paleosol would also hold implications for the study of the Archean. If
the Fe-enrichment is shown to be laterite, it would indicate that there was some source of
free-oxygen present at this time and that life may have been present on the terrestrial land
surface (Ohmoto, 1996).

5.5 Future Work
Future work should involve isotopic, geochronological, geological, and
geophysical surveys of the paleosol and Fe-enriched Zone (II) at the Trendall and other
localities to further constrain the timing and nature of their origin, as well as the extent of
their distribution. O and H isotopes can be used to determine the temperature of fluids
that developed the paleosol, possibly revealing the surface temperatures at ~3.4 Ga.
These isotopic systems, along with more focused mineralogical studies, may also reveal
the full effect of metamorphism on the paleosol.

By studying several previously

gathered sampling transects, a broader picture of the thermal history of paleosol will
develop. Fe isotopic studies have been used in the past to identify laterite horizons, as Fe
mobilized by such processes tend to cause fractionations of δ57Fe >±1‰, while
hydrothermal processes provide fractionations typically <±1‰ (Yamaguchi et al., 2005;
2007). Li isotope fractionation has also been found in modern laterite and is caused by
the preferential retention of 6Li over 7Li during weathering (Huh et al., 2001). Pb/Pb
dating may constrain the timing of the Fe-enriched horizon in the alteration zone (C.
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Johnson pers. com., 2007). Such work will help to determine whether or not the origin of
the Fe-enrichment and paleosol are the same. A conductivity survey will help reveal the
depth the Fe-enrichment extends its orientation relative to the SPC and by proxy, its
relationship with the paleosol. Finally, a survey of the unconformity and the underlying
Warrawoona Group in other regions, particularly around other domes, will help
determine the extent to which the paleosol developed on the earliest preserved land
surface.
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VI. Summary of Conclusions
A. The following evidence suggests the 40 – 80 m thick, pyrophyllite, muscovite, silica,
and hematite-rich alteration zone developed beneath the Earth’s oldest land surface at
Trendall Ridge represents a ~3.4 Ga paleosol.
1) The confinement of the pyrophyllite-rich alteration to rock below the ~3.4 Ga
unconformity surface and does not extend into the overlying sediments and volcanics.
2) The loss of key elements from the alteration zone including: Mg, Ca, Na, K, Al, Si,
Fe(II), Fe(III), P, and REEs.
3) Major volume loss in the upper horizons of the alteration zone (40-60%) relative to
the underlying least altered rock.
4) Textural evidence including the loss of rock texture in a top-down manner and the
presence of paleosol fabrics in the upper depleted zone (I), as well as the confinement
of schistocity to the altered rock.
5) Changes in mineralogy with increasing depth below the unconformity, including:
pyrophyllite and quartz in the upper Fe-poor zone (I); hematite, pyrophyllite and
muscovite in the Fe-enriched zone (II); muscovite and silica in the lower Fe-poor
zone (III), as well as chlorite and muscovite in the least altered parental volcanics
(IV).
6) Geochronological evidence suggesting that the major alteration event occurred
contemporaneously with the formation of the oldest unconformity surface (~3.4 Ga).
7) The presence of possible rip-up clasts in conglomerates overlying the unconformity
surface, resulting from soft sediment deformation (erosion) of the underlying clayrich zone at ~3.4 Ga.
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B. Rb-Sr dating has revealed that late groundwater flow (2.76 Ga) affected the alteration
zone at Trendall Ridge.

The addition of Si, K and Na caused the conversion of

pyrophyllite and/or kaolinite to muscovite, and silicification of the lower portions of the
paleosol. The initial

87

Sr/86Sr ratio (0.721±0.020) of the alteration zone rock suggests

the fluids were sourced from the ~3.459 Ga NPD monzogranite, not the overlying and
underlying basalts and sediments. The groundwater flow may have been the result of
normal flow from the dome, which represented a paleo-topographic high.
C. The origin of the hematite enriched pillow structures at a depth of 0 to 11 m below the
unconformity surface is not well understood. However, there is strong evidence that the
hematized pillows may represent ~3.4 Ga laterite. Modern laterite formation requires: 1)
a distinct wet and dry season; 2) flourishing terrestrial biomass (vascular plants or
bacterial mats) which decompose producing organic acids; and 3) a source of free
oxygen to precipitate Fe(III)-oxides at the surface and groundwater discharge areas.
The presence of ~3.4 Ga laterite in the Trendall Ridge paleosol would indicate that there
was a flourishing terrestrial biomass and a source of free atmospheric oxygen at this
time.
D. Features of the Earth’s oldest paleosol will yield valuable information regarding the
condition of the atmosphere, biosphere, and hydrosphere during a poorly understood
period of Earth’s early history. For instance, the apparent mobility of Al and Fe(III)
may have resulted from the presence of organic acids at the soil surface and in the soil
water, or in the case of Al, may have resulted from a higher Archean pCO2. The
precipitation of Fe(III)-rich minerals, possibly contemporaneous with the paleosol, is
evidence that the 3.4 Ga atmosphere may have been oxidizing.
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E. Future work should involve isotopic work (Fe, O, H, Li), and geochronology of the
paleosol at Trendall and other locations, as well as a geophysical survey of the
hematite-rich horizon to determine if: 1) life was present on the 3.4 Ga terrestrial
surface; 2) this life aided in mobilizing key elements; 3) if laterite formed at 3.4 Ga;
and 4) if free-O2 was present at this time.
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Table 2. Optical estimations of mineral percentage by area. All values above 10% are given a 5% error while those under 10% are given
a 1% error. Opaques include Fe-oxides and Fe-Ti-oxides.

T 20
T 17
T 09
T 08
T 05
T 02

Sample

Mineral Percentage from Thin Section

Table 1. Mineralogy of the samples from Trendall Ridge. The values are peak height ratios calculated by comparing the smaller
representative peaks (<100) to the largest representative peak (100). Fe-oxide peak heights were not calculated due to sensativity
problems with the XRD technique. Qtz/Si is quartz and a fine grained poorly crysaline silica mineral (cristobalite?), Pyroph is
pyrophyllite, Kaol/Chl is kaolinite and/or chlorite, Chl is chlorite (clinochlore), Bir/Cham is birnessite or chamosite, Hem is hematite.
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99.32

99.15

98.55
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Total

Table 3. Results of bulk rock chemical data for samples from Trendall Ridge. All values are in wt%. Total Fe was calculated as
Fe2O3. Sample 060718-23 comes from a northern portion of the Fe-enrichment (Zone II) (Fig. 4a). The detection limit for all
oxides is 0.01 wt% except MnO and TiO2 which is 0.001 wt%. Sample T19 is from the upper Fe-poor zone(I); T17-T13 are from the
Fe-rich zone (II); T08-05 are from the lower Fe-poor zone (III); and T01 is from the least altered parent (zone I).
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Table 4. The trace element and REE concentrations of the bulk rock samples. All values are in parts per million (ppm).
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Table 6. Rb-Sr data from Trendall Alteration zone samples (Stewart et al. unpublished).
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a

06-07-18-17
06-07-18-23
06-07-14-08
06-07-14-10
06-07-14-12
06-07-14-19

(T 08)
(T 10)
(T 12)
(T 19)

2.43
0.0159
62.4
11.5
6.24
59.8

Sample
71.90
9.3000
14.9
19.7
53.90
9.7

Isotope D ilution
Rb
Sr
(ppm)
(ppm)

a

-34.8
-9.6
-8.8
-31.0
6.1

εNd(T)b

2.76

T (Ga)

Nd(0)
± 0.000010
± 0.000010
± 0.000010
± 0.000010
± 0.000011

144

Table 5. Sm-Nd data from Trendall Alteration zone samples (Stewart et al. unpublished).

b

a

Sample
06-07-18-17
06-07-14-08
06-07-14-10
06-07-14-12
06-07-14-19

Isotope D ilution
Sm
Nd
(ppm)
(ppm)
32.5
163
1.15
3.81
3.02
10.0
27.3
129
0.898
2.64
T (Ga)
3.47
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Figure 1. A map of the East Pilbara Terrain showing the distribution of granitic domes, the Warrawoona and Kelley
Group rocks, as well as the location of the Strelley Pool Chert and the studied paleosol localities.
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Figure 2. A stratigraphic column showing the formations of the Pilbara
Supergroup, the age of granitic suites, and the timing of major deformation events. The alteration zones occur in the Warrawoona Group rock
underneath the oldest unconformity surface. The error on the Sm-Nd
age is +/- 0.46 Ga.
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(3.42 - 3.350 Ga)

Figure 4

Figure 3. A regional geological map of northern Trendall Ridge showing the distribution of the Strelley Pool
Chert (SPC), the Warrawoona and Kelley Group rock and the pyrophyllite-rich alteration zone. The pyrophyllite
zone has been thickened by late land slides. The swath of pyrophyllite adjacent to the SPC consists of zones I, II,
and III.
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Figure 4a. A map of the Trendall Ridge study area showing the location of the unconformity (black line;
dashed where inferred), the location of a minor fault (red line), the thickness of Zones I, II, and III of the
alteration zone (tan), and the location of the Fe-enriched pods (brown). Samples used in this study are
labeled with red circles, and other collected samples are labeled with X. The distance between the hash
marks on the map boundary is 100m, which are also coordinates in UTM. Figure 4b is a photo showing
the alteration zones I, II, and III from a southward vantage. The location where the photograph was taken
is shown on the map.
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Figure 5. Powder XRD spectra of representative samples from each zone.
Py = pyrophyllite, Musc = muscovite, Qtz = quartz or silica, Koal/Chl =
kaolinite and/or chlorite. Degrees two-theta is on the x-axis and intensity in counts is on the y.
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Red = Al
Green = K
Blue =Ti
Yellow = Al+K

Figure 6. Photos and chemical maps of a silica matrix conglomerate located
~0.5m above the unconformity surface. A photo of the sample (lower right)
provides the scale of the pebbles. The red pebbles are jasper-banded chert
(lower right). The green and white pebbles (lower right, upper left) were
deposited as soft sediment, and are composed of K-rich aluminosilicates (XGT
5000 map, upper right). These K-rich aluminosilicates may be rip-ups of the
underlying upper-Fe poor zone (I) indicating the alteration was formed before
or during the development of the unconformity surface (~3.4 Ga).
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Figure 7. The distribution of major oxides in the alteration profile in wt%. Depth below the unconformity is
in m on the y-axis. LOI is loss on ignition and indicates the amount of water lost during chemical analysis.

MgO

y = 4.9144x - 0.1571
R2 = 0.982

Zr vs. Ti

y = 202.13x - 9.065
R2 = 0.985

120

Zr (ppm)

3

Hf (ppm)

B

Hf vs. Ti

A

2

1

80

40

0

0

0.2

0.4

0

0.6

0

0.2

Ti (wt%)

Al vs. Ti

C

8

0

0

0.2

0.4

y = 0.1068x + 3.034
R2 = 0.884

8

0

0.6

0.6

Al vs. Zr

16

y = 4.4612x + 2.63
R2 = 0.931

Al (wt%)

Al (wt%)

16

D

0.4
Ti (wt%)

0

40

80

120

Zr (ppm)

Ti (wt%)

Figure 8. Crossplots of the concentrations of Hf/Ti (A), Zr/Ti (B), Al/Ti (C), and
Al/Zr (D). Al and Ti are in wt% and Hf and Z are in ppm. Samples from: Zone IV
are solid squares, Zone III are open squares, Zone II are open circles, and Zone I
are closed circles.
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Figure 9. A plot showing the percentage of volume loss/gain (strain) relative to the least altered parent. Depth below
the unconformity is on the y-axis.
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Figure 10a. Enrichment/depletion profiles of the Group 1 elements. The major oxides are normalized against TiO2 (i.e.
Ci/TiO2). The dashed vertical lines represent the ratio of the least altered parental rock. Positions ratios left of the line
show depletions, while those to the right show enrichments.
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Figure 10b. Enrichment/depletion profiles of the Group 1 elements. The major oxides are normalized against TiO2 (i.e.
Ci/TiO2). The dashed vertical lines represent the ratio of the least altered parental rock. Positions ratios left of the line show
depletions, while those to the right show enrichments. LOI is in wt%.
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Figure 11. Enrichment/depletion profiles of the Group 2 elements. The major oxides are normalized against TiO2 (i.e.
Ci/TiO2). The dashed vertical lines represent the ratio of the least altered parental rock. Positions ratios left of the line
show depletions, while those to the right show enrichments.
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Ga.

70

71

1

10

100

1000

La

Ce

Pr

Nd Sm Eu

Gd

Tb

Dy Ho

Er

Tm Yb

Lu

Parent (IV)
Upper Fe-poor (I)
Fe-Enriched (II)
Lower Fe-poor (III)

Y

Figure 14. A spider diagram of the REEY concetrations from the Trendall Ridge altertion zone normalized against
average chondrite values (Anderson and Grevesse, 1989). There is a prominent negative Eu anomaly present in
the sample from the upper Fe-poor zone (I).
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Figure 15. A theoretical mineral stability diagram in the HCl -H2O-Al2O3-Na2O-SiO2
system at 25o C, modified from Helgeson et al. (1969) to include pyrophyllite. The
orange line represents weathering of albite under silica undersaturated and moderate pH situations, which in some cases may continue into the gibbsite stability region
(dashed orange). The green arrow represents the weathering path of albite under
low pH (<4.5), silica saturated conditions to form original pyrophyllite. The red arrow
represents the metamorphic conversion of kaolinite to pyrophyllite under greenschist conditions. The pink arrows represent the conversion of pyrophyllite±kaolinite
to Na-montmorillonite following SiO2-, K- and Na-rich fluid flow at ~2.76 Ga.

72

A
B

C

D

Plate 1. A) Schistose pyrophyllite in the upper depleted zone (I). The pyrophyllite blades stand a meter high. B)
Fe-enriched pillow with the handle of the hammer pointing towards the root and the top of the pillow
oriented towards the top of the photograph. C) The mottled hematite-enrichment (maroon-violet) and
pyrophyllite and muscovite (lighter material) within the Fe-enriched pillows. D) The least altered parental
material near the base of the profile. Hammer strikes reveal the green color associated with the chloritization
of the mafic precursor minerals.
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Plate 2. A) a photo of T02 least altered parent material (zone IV) displaying the green color of choritization. B) Is an XGT 5000 chemical map
showing the distribution of Fe, Al, K and Si. Fe reflects the distribution of clinochlore and FexO(H)y, while blue-yellow reflects that of
muscovite (mucsc) and black that of quartz (Qtz). C and D) are photomicrographs of the same field under PPL and XPL showing the
distribution of opaques, aluminosilicates and quartz: Ilm/Ti-Mg are grains of ilmenite and titanomagnetite; Cl indicates chlorite; and Hm is
hematite.
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Plate 3. Sample T05 from a depth of -55.8 m below the unconformity surface. A) is a photograph of the sample showing the pink color of the rock, as well
as the silica Fe-rich veinlets that run paralel to the unconformity surface. The white flecks in visible in the sample are quartz grains and Fe-Ti rich minerals.
B) is a chemical map showing the distribution of Fe (red) and K and Al in muscovite and minor pyrophyllite (blue-green), and quartz/silica (black). C) Is a
photomicrograph showing a Ti-Fe rich mineral (Ilmenite?) with hematite weathering out of the mineral along cleavage planes (XPL). D and E) (XPL) are
photomicrographs showing the associations and grain sizes of various minerals in the samples. The quartz grains are larger than anywhre else in the
profile and appear to have some of the residual hexagonal quartz crystal morphology, suggesting they are original minerals. Here low quartz (?) (a-qtz) can
be seen interspersed with the muscovite, and Fe can be seen in whisps along the boundaries of other minerals.
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Plate 4. Sample T08 from the lower Fe-depleted zone and a depth of 27.5 m below the unconformity surface. A) Is a photograph of the sample showing
the textures and mottling of the sample. B) Is a chemical map produced by the XGT 5000. It shows that muscovite is the primary Al-silicate of the matrix
and that Si (black) and Fe (red) are found in veins in the sample. C is a photomicrograph under XPL of an early quartz-veinlet that was crosscut by hematite and muscovite enrichment, signaling 1) that the Fe and muscovite are not original minerals of the parent , and 2) that Fe and Al were likely redistributed by the same event. E (PPL) and F (XPL)) are photomicrographs showing the distribution of various minerals in the sample. The most striking features
are the wisps of muscovite and hematite found in a heavily silicified matrix.
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Plate 5. Sample T09 from the Fe-rich zone (II) and a depth of ref 16.7m, the bottom of the Fe-rich zone (II). A) is a photograph of the sample showing the
distribution of folded and broken Fe-channels in the pyrophyllite and muscovite rich matrix. In the pore space in the upper Fe channel, a white bladed
Al-rich mineral can be seen growing from the pore walls. This mineral may be diaspore, the presence of which would indicate that Fe was mobilized contemporaneously with Fe. B) An XGT map showing the distribution of Al, K, Fe and Si indicating that more pyrophyllite is present in this sample than the underlying samples. C.) Is a photomicrograph under XPL showing that the addition of Fe was secondary given the manner in which it skirts and encompases the
altered quartz grains. D (PPL)) Shows a folded quartz vein suggesting its early origin, as does the hematite-rich channel in E (PPL)).
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Plate 6. Sample T17 from a depth of 11.7 m below the unconformity surface in the upper portion of the Fe-rich zone (II). A) Shows the distribution of Fe-rich
channels and the disseminated Fe-enrichment of the clays (pyrophyllite and muscovite). B) is a XGT 5000 chemical map showing the ditrbution of Al, K and
Fe. The clays appear to be a majority pyrophyllite with large pecentage of muscovite mixture. Al (yellow in the red Fe-channel) can be seen with the Fe,
again pointing to the presence of an Aluminous mineral (diaspore?) in the Fe-channels. C (PPL)) and D (XPL)) show the distributions of hematite (Hm), and
pyrophyllite (py) in the sample. An interesting feature in D) is the relatively undeformed silica vein that crosscuts the clay and hematite enrichments. This
vein may be related to the 2.76 Ga alteration event. E) is a photomicrograph under PPL showing that Fe is enriched as hematite as coagulations and along
the boundaries of clay minerals in the more Fe-poor regions of the samples.
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Plate 7. Sample T20 from the upper Fe-poor zone and a depth of 11.3 m below the unconformity. A) Shows the texture, and color found in a
sample 060714-20 from the upper depleted zone. B) is an XGT 5000 chemical map showing that the distribution of K and Al is indicative of
semi-homogenous mixture of muscovite and pyrophyllite. C (XPL)) shows the abundance of quartz grains (avg. = 0.14 mm; range = 0.02 to 0.36
mm), that are angular and the dominant minerals which consists primarily of a mixture of pyrophyllite with minor muscovite. C) also shows a
silica vein that has undergone no shearing, and is therefore young relative to the matrix. The photomicrograph also reveals bimasepic (two
direction) matrix fabric, a common feature in paleosols (Kahmann and Driese, (2008). D (PPL)) shows Fe-infilled cavities in the upper depleted
zone which contain a fine grained Fe-mineral that is likely hematite or Fe(III)hydroxides. The same style of enrichment is seen in flanking quartz
grains in pressure shadows and in smaller clusters throughout the clay matrix along crystal boundaries.
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Chemistry

Appendix A. The various analyses performed on samples for this study including: powder x-ray diffraction, optical
mineralogy of thin sections, chemical mapping by the Horiba XGT-5000 x-ray analytical microscope, bulk rock chemical
analyses by Activation Laboratories using ICP-OES and MS, Sm-Nd and Rb-Sr dating technique performed by Dr. Brian
Stewart at University of Pittsburgh.

Sample
T 20
T 19
T 17
T 13
T 12
T 10
T 09
T 08
T 06
T 05
T 02
T 01
060718-23
060718-17

~3.4 Ga

~ 3.47 Ga

Seawater

Paleosol
Warrawoona Gp
Warrawoona Gp
Granite

Magma
~3.3 Ga

Euro Basalt

SPC
Schistocity

~2.76 Ga
Paleosol
Euro Basalt

SPC

Warrawoona Gp

Si, K, and Na rich groundwater

Granite

Appendix B. A conceptualized representation of the events that have affected the Warrawoona Group
rock at Trendall Ridge. At 3.47 Ga hydrothermal circulation caused the chloritization of mafic minerals
and the loss of Ca and Na. Subearial exposure at 3.4 Ga caused by the intrusion of granitic plutons and
subsequent in situ weathering developed a thick paleosol. Between 3.4 and 3.3 Ga the deposition and
eruption of the <7 km thick Strelley Pool Chert and Euro Basalt cause the overburden related schistocity
seen in the paleosol but not the overlying and underlying rock. At 2.76 Ga groundwater flow down
gradient from the North Pole Dome monzogranite caused seriticization of the aluminous minerals in
the paleosol and the enrichment of K, Na, Ca, and Si.
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Appendix C. A timeline describing the major events that effected the Warrawoona paleosol at Trendall Ridge.
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