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ABSTRACT

Rover missions to the rocky bodies of the Solar System and especially to Mars require light-
weight, portable instruments that use minimal power, require no sample preparation, and
provide suitably diagnostic mineralogical information to an Earth-based exploration team.
Short-wave infrared (SWIR) spectroscopic instruments such as the Portable Infrared Mineral
Analyser (PIMA, Integrated Spectronics Pty Ltd., Baulkham Hills, NSW, Australia) fulfill all
these requirements. We describe an investigation of a possible Mars analogue site using a
PIMA instrument. A survey was carried out on the Strelley Pool Chert, an outcrop of stro-
matolitic, silicified Archean carbonate and clastic succession in the Pilbara Craton, interpreted
as being modified by hydrothermal processes. The results of this study demonstrate the ca-
pability of SWIR techniques to add significantly to the geological interpretation of such hy-
drothermally altered outcrops. Minerals identified include dolomite, white micas such as il-
lite-muscovite, and chlorite. In addition, the detection of pyrophyllite in a bleached and
altered unit directly beneath the succession suggests acidic, sulfur-rich hydrothermal activity
may have interacted with the silicified sediments of the Strelley Pool Chert. Key Words: Pil-
bara—Short-wave infrared spectroscopy—Mars—Stromatolites—Archean. Astrobiology 4,
359-376.

INTRODUCTION phasized the instrument’s ability to detect alter-

ation minerals such as white micas and chlo-

HORT-WAVE INFRARED (SWIR) reflectance spec-

troscopy has gained recognition in the explo-
ration and mining community due to its speed,
simplicity, and ability to characterize alteration
zones around ore bodies. Recent SWIR studies
(Huston et al., 1999; Thompson et al., 1999; Yang
et al., 2000, 2001; Herrmann et al., 2001; Bierwirth
et al., 2002; Thomas and Walter, 2002) have em-

rites. Each of these studies was conducted using
the Australian-built Portable Infrared Mineral
Analyser (PIMA) instrument.

SWIR spectroscopy instruments have been
suggested as an instrument for use on future
landed missions to Mars (see, e.g., Blaney, 2002).
To test the SWIR technique in a geologic setting
comparable to the ancient flood basalts of Mars,
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fieldwork was undertaken in the arid, 3.5-Ga Pil-
bara Craton of Western Australia. Over 250 SWIR
spectra were obtained by a hand-held PIMA 1l
spectrometer at an outcrop of a heavily silicified,
stromatolitic Archean carbonate-chert succession
to simulate the investigation of such an outcrop
by a rover on Mars.

To simulate the rover responding to commands
from an Earth-based exploration team, spectra
were taken only on accessible weathered sur-
faces of the outcrop, and care was taken to target
mineral assemblages that could be distinguished
visually. This simulated a situation whereby a re-
mote command team would possess only pan-
oramic color images from the rover to select lo-
cations for collection of spectra.

GEOLOGICAL SETTING

The North Pole Dome in the East Pilbara Gran-
ite Greenstone Terrane (Van Kranendonk, 2000)
is a structural dome of bedded, dominantly mafic
greenstone sequences (the Warrawoona Group)
that dip gently away from a central monzogran-
ite. The monzogranite has been interpreted as a
syn-volcanic laccolith, a product of diapiric up-
rise and consanguineous magmatism (Van Kra-
nendonk, 2000), though this hypothesis has re-
cently been challenged because of a gravimetric
survey that suggests the granite may be a shal-
low feature underlain by basaltic material (Ble-
wett et al., 2004). Minor occurrences of felsic vol-
canic rocks interbedded with the greenstones are
capped by cherts that indicate hiatuses in vol-
canism (Van Kranendonk, 2000).

The dating of a stratigraphic column of the War-
rawoona Group is presented in Table 1. Stromato-

TABLE 1.
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lite and putative microfossil occurrences have been
documented within the Warrawoona Group at
three distinct stratigraphic levels—within the
Dresser Formation, Apex Chert, and Strelley Pool
Chert (Dunlop et al., 1978; Walter et al., 1980;
Awramik et al., 1983; Lowe, 1983; Schopf, 1993;
Ueno, 1998; Hofmann et al., 1999; Van Kranendonk,
2000; Ueno et al., 2001a,b; Van Kranendonk et al.,
2003). The North Pole Dome is interpreted as an
early setting for life (Grovesetal., 1981; Buick, 1990).

The rocks of the Warrawoona Group are dom-
inated by thoelitic and komatiitic volcanic suc-
cessions, which have been suggested as an ana-
logue for the flood basalts of Mars (Baird et al.,
1981; Reyes and Christensen, 1994; Mustard and
Sunshine, 1995; Christensen et al., 2000). Al-
though the Earth and Mars have experienced
vastly different weathering environments in the
past 3.5 billion years, the ancient age of the
Archean rocks of the North Pole Dome makes
them a compelling analogue for similarly aged
parts of the southern highlands on Mars. The
preservation state of the Warrawoona group is
generally excellent, in contrast with other Early
Archaean terranes. Metamorphism has not ex-
ceeded greenschist facies throughout the North
Pole Dome, and is most commonly at prehnite-
pumpellyite facies (Van Kranendonk, 2000). The
presence of putative microfossils and stromato-
lites at the North Pole Dome makes it an ideal test
bed for astrobiological techniques designed to ex-
amine ancient fossilized life.

A number of contributions have been made re-
garding the depositional setting of the Warra-
woona Group. Some researchers have suggested
a shallow marine environment based on the pres-
ence of pillow basalts, sedimentary analysis, and
Rare Earth Element (REE) systematics (Buick and

STRATIGRAPHIC CoLUMN oF WARRAWOONA GRoupr UNITs

PreseNT AT THE NORTH PoLe DomE (VAN KRANENDONK, 2000)

Age (Ga) Unit Fossil assemblages
Euro Basalt
3.458 Strelley Pool Chert Well-preserved conical stromatolites (Hofmann et al., 1999)
Panorama Formation
Apex Basalt Microfossils within Apex Chert (Shopf, 1993)
3.470 Duffer Formation
Dresser Formation Domical stromatolites and microfossils (Walter et al., 1980;
Awramik et al., 1983)
Mt. Ada Basalt
3.515 Coonterunah Group

Dates are derived from U-Pb isotopes from zircons in the units and are accurate to approximately 3 million years

from Thorpe (1992).
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Dunlop, 1990; Van Kranendonk et al., 2003),
whereas others have suggested an Archean mid-
ocean ridge setting due to geochemical analysis
of basaltic successions and apparent similarities
between hydrothermal alteration patterns at the
North Pole Dome and in modern mid-ocean ridge
depositss (Kitajima et al., 2001). The most recent
interpretations invoke a caldera-like environment
on an oceanic plateau based upon interpretation
of volcanic conduits in the north of the North Pole
Dome (Van Kranendonk and Pirajno, 2004).

Barley (1984) suggested that silicification and
carbonate-chlorite alteration of North Pole Dome
greenstones were the result of low temperature,
low pressure (“epithermal’””) hydrothermal alter-
ation. Silicification associated with epithermal
systems in early Archean greenstone terrains is
almost ubiquitous (De Wit et al., 1982; Gibson et
al., 1983). Others have concluded that silicifica-
tion in the Dresser Formation and Strelley Pool
Chert occurred very early after the deposition of
a shallow subaqueous to subaerial evaporite se-
guence (Lowe, 1983; Buick and Dunlop, 1990).
The process of early silicification is critically im-
portant for preservation of delicate biogenic
structures such as microbial mats.

The Trendall Locality, within the Strelley Pool
Chert in the southwest part of the North Pole
Dome, contains a silicified carbonate-clastic suc-
cession with well-preserved stromatolites (Hof-
mann et al., 1999). The origin of these stromatolites
is controversial because of their ancient age and
apparent lack of preserved microfossils. The three-
dimensional conical morphology of the laminae
and REE analysis suggesting deposition in
Archean seawater conditions support a biotic ori-
gin during normal marine stromatolite precipita-
tion (see, e.g., Fig. 3g) (Hofmann et al., 1999; Van
Kranendonk et al., 2003). However, Lindsay et al.
(2003) have proposed the structures formed abiot-
ically by direct carbonate precipitation from sub-
seafloor syn-depositional hydrothermal activity.
They propose that evidence from cavity filling tex-
tures suggest CO,-rich hydrothermal fluids were
responsible for deposition of dolomite, with no bi-
otic mediation, and later silicification took place as
the hydrothermal activity waned.

In any case, it is clear that the Trendall locality
has been affected by hydrothermal activity, either
by syn-depositional activity, post-depositional ac-
tivity, or both processes. We adopt the view that
hydrothermal alteration mediated the deposition
of at least some parts of the Strelley Pool Chert.
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METHODOLOGY

Reflectance spectroscopy utilizing the SWIR re-
gion of the electromagnetic spectrum (1.3-2.5
um) often exploits absorption bands due to bonds
between hydroxyl (OH™) ions and nearby cations
in the crystal lattice. Minerals that contain hy-
droxyl ions are commonly associated with hy-
drothermal alteration zones that formed when
hot (>50°C) water entraining solutes passed
through rock pores or fissures.

Figure 1 displays the SWIR spectra of several al-
teration minerals typical of hydrothermal systems.
The absorption bands around 2.2 um are caused
by a combination of the v2 fundamental stretching
vibration mode of the OH™~ hydroxyl ion with the
Al-OH bending mode in the crystal lattice of each
mineral (Hunt, 1979). The central wavelength of
the absorption band varies slightly because of the
type of cation (for example, Fe?™ or Mg substitut-
ing for Al) ionically bonded to the hydroxyl ion.
This spectral characteristic allows the determina-
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FIG. 1. SWIR spectra of common alteration minerals.
Courtesy of ISPL (http:/Z/www.intspec.com).
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tion of relative proportions of Mg or Fe?* to Al in
white micas like muscovite-phengite. Another sig-
nificant absorption band in the SWIR region is the
carbonate (CO5%) vibration mode at 2.32 um, the
position of which also shifts wavelength with vary-
ing amounts of Ca and Fe2™ relative to Mg in mag-
nesite, dolomite, and calcite (Gaffey, 1986).

Table 2 gives a partial list of alteration miner-
als discernible using SWIR spectra, as well as de-
tails regarding their common mode of occurrence
(Thompson et al., 1999).

Mapping alteration systems surrounding ore
bodies has long been a pursuit of economic geol-
ogists (Meyer and Hemley, 1967). By recognizing
distinctive mineralogies that typically form zones
within hydrothermal alteration systems, suitable
“vectors to ore” can be determined (Galley, 1993).
For example, the presence of white mica or
sericite is often the result of the breakdown of pla-
gioclase when an igneous rock is hydrothermally
altered. By mapping the occurrence of white
mica, the direction of flow in hydrothermal veins
or alteration zones can be delineated. Airborne
SWIR studies are a particularly effective tool for
regional mapping of white mica or sericite veins
(Cudahy et al., 2000; Brown, 2003), and correla-
tion on the ground is possible using hand-held or
rover-mounted instruments such as the PIMA.

The PIMA instrument measures reflected light
from an internal light source at SWIR wave-
lengths between 1.3 and 2.5 um. The instrument
must be in direct contact with the sample during
analysis, since it uses an internal light source for
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illumination. This configuration makes it an ideal
instrument for analyzing outcrop surfaces (as in
this study), rock chips, or crushed powders. The
instrument integrates the reflected light from a
small region of approximately 10 mm in diame-
ter in front of the detector.

The spectral resolution of the PIMA is 7-10 nm,
and the spectral sampling interval is 2 nm. The unit
has a signal-to-noise ratio of between 3,500 and
4,500 to 1 (see http:/Zwww.intspec.com). Measure-
ments typically take 1-2 min to acquire, depend-
ing on the selected integration time. Following each
spectrum collection cycle, the instrument automat-
ically carries out a reflection calibration against a
known internal standard contained within the
PIMA. Wavelength calibration is carried out peri-
odically by comparing the spectrum of the internal
standard with a known baseline spectrum pro-
vided by the manufacturer. The instrument oper-
ates from a 12-V NiCd battery. Internal tempera-
ture and battery status are measured and reported
to an attached WinCE palm computer or laptop PC.
Spectra from the PIMA instrument can be down-
loaded for further analysis using programs such as
Microsoft Excel or The Spectral Analyst (TSA).

PIMA instruments have been manufactured by
Integrated Spectronics Pty Ltd. (Baulkham Hills,
NSW, Australia) since 1991. Approximately 250
units are in service throughout the world. Two
models were produced: the PIMA Il and the up-
graded PIMA SP model. Further PIMA models
are under development (T. Cocks, personal com-
munication).

TABLE 2. PARTIAL LisT oF MINERALS DETECTABLE UsING SWIR INSTRUMENTS

Mineral Standard formula Example mode of occurrence

Chlorite (Mg,AlFe)1,[(Si,Al)gO20](OH)16 Diagenesis, metamorphism, and
hydrothermal alteration

Illite-muscovite K2Al4(SigAlz)O20(OH)4 Diagenesis, metamorphism, and
hydrothermal alteration

Pyrophyllite Al,Si4019(0OH), Diagenesis and hydrothermal
alteration

Saponite (Ca,Na)o.67(Mg,Fe)s(Si,Al)gO2(OH), - 8H,0 Weathering, sedimentary, and
hydrothermal alteration

Calcite CaCO3 Ca-rich hydrothermal alteration
and marine sedimentary

Dolomite CaMg(CO:s), Mg alteration and diagenesis

Gypsum CaS0s4 - 2H,0 Evaporite

Epidote CayFe3* Al,Siz01,(OH) Ca-rich hydrothermal alteration

Serpentine Mg3Si,O5(OH), Alteration of ultramafic rocks

Talc Mg3(SizO10)(OH), Alteration of ultramafic and carbonate rocks

Jarosite KFe3(SO4)2(OH)g Weathering of Fe sulfide-bearing rocks

The standard formula is from Deer et al. (1992). Example mode of occurrence is modified from that of Thompson

and Thompson (1996).
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In this study, the TSA version 4 program was
used to automatically identify the minerals in the
acquired SWIR spectra based on a comparison of
the acquired spectrum to a library of pure end-
member spectra. TSA uses a proprietary algo-
rithm developed at CSIRO to identify the pre-
dominant one or two SWIR-active minerals
within the sample. If the spectrum lacks sufficient
infrared-active features to identify the phase(s),
the rock is declared “aspectral.” This automated
identification procedure simulates a scenario
where a rover independently determines the min-
erals present in a rock at a landing site and re-
ports the results of its survey to a remote science
team. To confirm the accuracy of the automated
identification program, the same spectra were
manually inspected using The Spectral Geologist
software, and visual assessments were conducted
to interpret the mineral assemblage by relating
the shape and wavelength of bands to known
spectra, for example, those provided in an ac-
companying mineral library.

TSA uses a database of 500 samples of 42 SWIR
active library (or “endmember”) minerals (Pon-
tual, 1997), which are used to determine the clos-
est match for unknown sample spectra. Similar
databases have been developed for reflectance
spectroscopy techniques by the U.S. Geological
Survey (Clark et al., 1990).

Reflectance spectra are often characterized by
their albedo, which is the overall reflectance re-
sponse of a sample (i.e., dark samples have a low
albedo). SWIR reflectance spectra display a spec-
tral continuum that is shaped like an inverted
hull. The continuum or “hull shape” may be rel-
atively flat or significantly curved, depending
upon the albedo of the specimen. Many software
products, including TSA, provide a method for
removal of the spectral continuum to improve the
identification of spectral absorption bands. This
normalization method, termed “convex hull re-
moval” (Clark et al., 1987), was applied to all of
the spectra acquired in this study.

RESULTS

This survey covered a 50- X 30-m section of
outcrop at the Trendall Locality, an outcrop of
the Strelley Pool Chert. To support the collection
of spectra, 1,500 digital photographs were taken
of the outcrop; these are available online at
http://aca.mg.edu.au/abrown.htm. Figure 2 dis-
plays a geological map interpreted from these
photos of the Trendall Locality.

A visual assessment was made of rock types at
the Trendall locality before spectra were taken.
This simulated the classification of rocks in the

TaBLE 3. VISUALLY DETERMINED CHARACTERISTICS OF MINERALS AT TRENDALL OUTCROP

Category name

Description

Basalt Overlying basaltic sequence, green-gray chlorite rich

Mudstone

Partially silicified layer with predominantly white clasts in

microcrystalline gray chert, occasionally pure gray chert without

visible clasts

Pebble conglomerate

Boulder conglomerate
Black chert

Black and white chert
Quartz

Radiating crystal splays
Planar carbonate

Siliceous planar laminate

Pyrophyllite schist

Conglomeratic with clasts of black chert, some up to 2 cm across, with
some fine white clasts in coarse-grained gray groundmass

Black microgranular quartz clasts with surficial red to purple iron staining

Black microgranular quartz, smooth-textured, displaying conchoidal
fracture, possibly kerogenous

As for black chert, but with discontinuous bedding conformable white
chert layers. Occurs in wide laminae and fine laminae forms

Quartz vein, usually cutting through black chert layering. Textures
commonly radiate in towards the center of veins and display
chalcedonic texture typical of vug-filling quartz

Silicified, subvertical radiating crystal splays

Brown dolomite, roughly textured with fine grain size, planar layering
evident with pervasive conical stromatolites

As for carbonate layer, but dolomite partially replaced by silica. Color of
unit varies from light brown to yellow, presumably varying with
degree of silicification. Stromatolitic conical planar layering pervasive
throughout the unit

Pervasively altered unit, slight green in color and golden brown
weathered schist. Quartz grains (relicit amygdales) present. Occurs in
bulbous (surrounded by white groundmass) and foliated forms
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vicinity of a robotic rover by remote scientists us-
ing panoramic images. Similar panoramic images
were used intensively in NASA’s Pathfinder (Mc-
Sween et al., 1999) and MER (Squyres et al., 2003)
missions. On the basis of this assessment, rocks
were categorized according to color and texture,
as indicated in Table 3. Examples of units present
at the locality are shown in Fig. 3.

Following the rock type and unit categoriza-
tion based on visual evidence, the area was sur-
veyed with the PIMA spectrometer in the man-
ner a rover might examine an outcrop. This was
done by acquiring several spectra of each unit. At
least seven spectra were acquired from each rock
unit, sufficient to determine its spectral charac-
teristics and identify any significant changes be-
tween spectra taken from the same unit.

The spectral features of each unit are discussed
below. Apart from the overlying basalt unit and
the underlying pyrophyllite schist unit, all units
are part of the Strelley Pool Chert.

Basalt

The overlying Euro Basalt is characterized by
a light brown weathering rind and a green chlo-
rite-rich mineral assemblage. It is fine grained
and largely eroded at this location. Many sam-
ples are present as partially buried boulders
rather than as competent outcrop.

The TSA analysis of the PIMA spectra of the
basalt unit consistently identified Mg-chlorite
within the unit (Table 4). An example spectrum
is shown in Fig. 4. The chlorite was identified by
its diagnostic absorption band centered at 2.25
um, lack of a feature at 1.55 um (typical of epi-
dote), and the presence of associated chlorite fea-
tures at 2.0 and 2.33 um (McLeod et al., 1987).

Mudstone

The mudstone unit is characterized by a gray
fine-grained cherty groundmass, containing mil-
limeter-sized white clasts that commonly display
a sugary texture indicative of silicification. It lies
near the top of the Trendall locality, among strata
that have been classified as part of a clastic se-
guence based on previous research at this local-
ity (Van Kranendonk and Hickman, 2000).

The spectra from the mudstone unit showed
variable signatures, though most displayed a
symmetric absorption band diagnostic of illite-
muscovite at 2.2 um. The spectra also demon-
strated variation in the amount of bound water,
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characterized by differences in the shape of the
absorption band at 1.91 wm. Illite generally has a
deeper absorption band at 1.91 um than mus-
covite. A typical spectrum of the mudstone unit
is shown in Fig. 4. Visual interpretation of the
mudstone spectra suggests a white mica is defi-
nitely present within the unit, a conclusion based
on the regular appearance of the Al-OH absorp-
tion band at 2.2 um.

Pebble conglomerate

The pebble conglomerate unit is characterized
by a gray-green coarse-grained groundmass con-
taining large (up to 2 cm) ovoid clasts. The clasts
are often white and sometimes derived from un-
derlying units, primarily black chert and mud-
stone. This unit is also part of the clastic succes-
sion at the Strelley Pool Chert (Van Kranendonk
and Hickman, 2000). The presence of rip-up clasts
of underlying units argues for a high-energy sub-
aqueous depositional environment.

Since the conglomerate is constituted by clasts
from the mudstone unit (among others), it is not
surprising that the spectra of the pebble conglom-
erate unit were similar to those of the mudstone
unit. It appeared, however, that the pebble con-
glomerate contained less water, an interpretation
based on the presence of a weaker 1.9 um absorp-
tion band, and the fact that this band was charac-
terized by a flatter hull shape. The unit was vari-
ably chloritized—strong chlorite absorption bands
at 2.25 and 2.33 wm were present in some samples,
but absent in the majority of samples (Table 4).

Boulder conglomerate

This unit consists of large (up to 5-10 cm)
clasts, commonly of black chert, but also includ-
ing black and white layered chert clasts and pla-
nar layered carbonate. The clasts often display
red to purple staining due to the presence of iron
oxides.

This unit displays overall low reflectance (typ-
ically <20%). Most spectra contained a water ab-
sorption band at 1.9 um that included bound wa-
ter (centered at 1.915 um) and unbound water
(centered at 1.93 um). Unbound water is typical
of free, adsorbed, and trapped water (as expected
for chert with ~1% H,0), whereas bound water
can be associated with minerals like illite and
smectites (Aines and Rossman, 1994). Additional
mineral absorptions of the spectra of this unit in-
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FIG.3. Representative images of the units de-
scribed in this paper as observed at the outcrop.
Geological hammer is shown for scale. a: Wide
laminae black and white chert (i) and fine lami-
nae black and white chert (ii). b: Basalt. c: Pla-
nar carbonate with stromatolites. d: Mudstone.
e: Boulder conglomerate. f: Bulbous pyrophyl-
lite schist in white groundmass (i) and foliated
pyrophyllite shist (ii). g: Siliceous planar lami-
nate displaying conical stromatolites.



"91140BU = OBN ‘BluljoeY] = |oey ‘alsAojjey = AojieH ‘aiojyooul|d

= |YyD-BN ‘B1I01yd deIPaWIRIUL = |YD-IU| ‘BHIOIYD YdH-UOIL = |YD-24 ‘BU||I = ||| ‘BUA0OSNW = dsnA ‘Bu|lAydolAd = 01Ad ‘elunfe wnipos = njy-eN ‘slunie wnis
-se1od = Npy-y ‘9119[ed = 9B ‘alldxUR = MUV ‘918pIS = PIS ‘alssubew = ubey ‘@uwojop = wjoq ‘dnolb uljoey = 1Ov> ‘dnolb snuojjowluow = JNOW ‘dnoab
91LI01Yd = YOTHD ‘dnoub eatw auym = wIIANM ‘dnoub a1eyns = 47NS ‘dnoab s1euoqied = gywd ‘dnoub edaljis = wDI7IS "uonelaldialul pue uoliedliiuapl eaoads [en
-uew Joj 1xa} 89S ‘a|gel ayl Jo doil ayi 1e Jeadde pue aseasaddn ul pareinaigge ate sdnolb Jelauly B8pod 18INdwod Sl Buisn Ajjedirewoine apew aJam SJUBLISSISSE ||V

€G¢ |endadsy 9eN  |oeM AojleH UON YD-BIN DUl [ud-84 I SN 0JAd  NIY-M Niy-BN 218D Muy  pIS ubBey wjoa [edo
1s1Yds
€1 0 4 4 S T T aM|1AydoiAd
aleuiwe|
Jeueid
6€ 9T T 14 14 T T T 4 S 4 SNoavI|IS
|9leuoqJed
F4S 9 1T 6 z € 1 8T Z Jeueld
sAe|ds
|e1sAio
€T € z T T 14 T T 4 Buneipey
= / I e z1end
18Yd auym
8 2 T T T T pue oe|g
€T 8 1 € T 18Y2 Yoelg
ajelawo|buod
6 € T € T T Jspinog
a1eI18WO|BU0I
12 € 1 1 Z A L T 3lqgaed
LS S z 82z 2z QUOISPNIA
1T 0 8 € 1Jeseg
[e101 OV 1OV TOVM LNOW HOTHD HOTHO dOTHD VOIAM YOIAM YOIAM 41NS 41NS gdVD guVvO g4V gdvd gdvd VIITIS uuN

ALIMVOOT TIVANIY] 1V SIIHODILV] TVNSIA SNSY3 /A TvHLO3dS 40 dv|\ 'y 319V ]



368

v - e
Radn N/
Muscowte/Mudstone

Mg-Chlorite/Basalt
V N
Opaline Silica/Quartz V

Goethite/Siliceous Planar Laminate

A

Muscovite/Siliceous Planar Laminate

— ~ N

Dolomite/Planar Carbonate

T

Pyrophyllite/Pyrophyllite Schist

Continuum Removed Reflectance (offset for clarity)

M LT 0O M~ O - NOT W
N N N N

-~
- = ~ = = = = (N N

Wavelength (microns)

FIG. 4. Convex hull-removed example spectra of units
found at the Trendall Locality.

cluded symmetric bands at 2.2 um due to the
presence of illite-muscovite and coupled 2.25 and
2.33 um absorptions indicative of chlorite.

Since TSA could not identify any characteris-
tics in spectra from this unit that contained black
chert clasts, they were designated by the program
as aspectral (Table 4). That is not surprising given
the fact that chert is inactive in the SWIR. TSA
routine did identify opaline silica in one sample
because of the presence of a broad Si-OH ab-
sorption band at 2.215-2.25 um.

The presence of lithified planar laminate car-
bonate, black chert clasts, and quartz clasts within
this conglomerate (see Fig. 3e) confirmed that it
is older than the planar carbonate unit and that
some of the black chert had been lithified prior
to the deposition of this unit. The lack of planar
siliceous clasts suggests that the silicification of
the planar carbonate occurred after the conglom-
erate was formed.

BROWN ET AL.

Black chert

The black chert unit consists of massive mi-
crogranular quartz. The black color is due to mi-
nor amounts of kerogen within the chert (Kato
and Nakamura, 2003). At the Trendall Locality,
massive black chert occurs typically as smooth,
fine-grained quartz layers 5-10 cm thick when
bedding conformable (often interleaved with
other units, such as the mudstone unit), or as
massive crosscutting veins 30-50 cm thick when
oriented approximately normal to the strati-
graphic layering. For the purposes of this study,
the black chert laminations associated with white
quartz layers were analyzed separately and
grouped as the “black and white chert” unit (dis-
cussed below).

The PIMA spectra of the black chert unit were
extremely dark (generally <10% reflectance) and
showed much weaker (if present) water and min-
eral absorption bands compared with the other
units studied. TSA assigned a majority of the
spectra as aspectral (Table 4). The spectra dis-
played low signal-to-noise ratio because of their
extremely low albedo. In low-albedo situations,
the imposition of deviations due to instrument-
related noise upon a small signal makes identifi-
cation of absorption bands extremely difficult,
even after convex hull removal.

Black and white chert

The black and white chert unit is present in two
forms (see Fig. 3a). The fine layered form is re-
stricted to a relatively small area of the outcrop
in the center of Fig. 2, and consists of microgran-
ular black chert interstratified at a millimeter
scale with microgranular white chert in parallel
laminae that display flat bottoms and curved
tops. The morphology of this unit suggests direct
periodic sedimentary deposition in a quiet envi-
ronment. The coarse layered form is laminar, and
the width of laminae can range up to 5-10 cm.
The wide laminae are subparallel to other units
at the locality, and often appear to radiate from
the vertical black dykes described previously. For
this reason, the wide laminae black and white
chert is likely a result of hydrothermal injection.
Both forms of black and white layered chert dis-
play similar smooth microgranular texture. In
most cases, the black chert surrounds the white
chert. Both forms are generally found below the
clastic upper units and above the carbonate and
siliceous planar laminar units at the Trendall Lo-
cality.
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The PIMA spectra of both forms of the black
and white cherts could not be separated and are
reported together here. The black and white chert
showed higher albedo than the spectra of the
black chert unit, though the water and mineral
absorption bands were generally of similar rela-
tive intensity. TSA classified most of the spectra
as aspectral (Table 4), even though absorptions at
2.2 and 2.3 um were apparent. These small fea-
tures are most likely due to small amounts of
white mica and carbonate.

Quartz

Where quartz occurs in small (less than 4 cm
wide) veins and displays irregular surface tex-
tures (unlike the smooth chert units), it was iden-
tified as a separate unit for the purposes of this
study. The veins, which were not mapped, are not
resolvable in Fig. 2 because of their small size.
However, they all occurred within the black and
white chert unit and in most cases represent vug-
filling quartz that grew into cavities.

The PIMA spectra of these quartz veins
showed a much stronger development of the un-
bound water absorption band centered at 1.93
um, as shown by a representative spectrum in
Fig. 4. The broad and more defined character of
this band contrasts with the weak and generally
narrow bands due to bound water (e.g., typical of
the black cherts discussed previously). Some
quartz spectra were very dark with albedos
~10%, similar to those of the black cherts. A small
number of the samples were identified by TSA as
opaline silica (Table 4), based on the presence of
an absorption band at 2.25 um. Some spectra
showed symmetric Al-OH absorption bands, pos-
sibly related to illite-muscovite. However, most
of the samples were classified by the TSA pro-
gram as aspectral. The presence of opal is most
likely due to late-stage weathering, evidenced by
the sinuous, crosscutting, and vug-filling nature
of the quartz veins.

Radiating crystal splays

Radiating crystal splays were identified by
earlier researchers (Van Kranendonk and Hick-
man, 2000) and were likened by them to beds of
aragonite deposited in modern day travertine (see,
e.g., Jones et al., 1997). Recent trace element stud-
ies suggest the unit represents a dolomitized re-
placement of radiating crystal fans, interpreted as
secondary crystal growth below the sediment-wa-
ter interface (Van Kranendonk et al., 2003).
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Although visibly silicified, the spectra of the unit
identified dolomite within the unit because of the
presence of a wide absorption band at 2.31 um.

Planar layered carbonate

Planar laminated carbonate beds with pervasive
conical stromatolites (Hofmann et al., 1999) are pre-
sent in the southeast part of the outcrop (bottom
left of Fig. 2). At point A on Fig. 2, the unit is lat-
erally crosscut by a subvertical black chert, which
divides well-preserved planar laminated carbon-
ate from the siliceous planar laminated unit.

The spectra of the planar layered dolomite dis-
played a bimodal nature (Fig. 5). Where stroma-
tolite laminae had been preserved, the presence
of Al-OH bonding indicative of kaolin was re-
vealed by a deep asymmetric absorption at 2.2
mum. This was accompanied by a relatively weak
carbonate absorption band at 2.31 um. Where
there was no preserved stromatolite laminae, the
spectra lacked an absorption band at 2.2 um and
displayed a relatively strong carbonate absorp-
tion at 2.31 um.

As shown in the graph in Fig. 5b, the antipa-
thetic nature of the strength of the absorption
bands at 2.2 and 2.31 um in the planar carbonate
layer demonstrates that the presence of a kaolin
mineral on the surface of the outcrop is obscur-
ing the carbonate beneath it. The kaolin is most
likely a weathering product or desert varnish
caught in the closely spaced laminae following
aeolian movement. This hypothesis was strength-
ened when the fresh underside of a hand sample
was examined with the PIMA and found to be
dolomite with no trace of kaolin, even on the pre-
served stromatolitic laminae, thus showing the
kaolin was not an original part of the stromato-
lite laminae. This process of desert varnish trap-
ping by stromatolitic laminae may be relevant on
the windswept plains of Mars.

The nature of the weathering or varnish and its
exclusive distribution on the exposed laminae
that protrude beyond the pure carbonate is not
entirely clear, but may provide one method for
detecting preserved stromatolitic laminae in out-
crops of martian rocks.

Beneath the planar layered carbonate lies a re-
gion devoid of stromatolite laminae. Irregular
sinuous veins of quartz penetrate this region in a
subvertical orientation, and terminate at a thin
layer of black chert just below the lowest stro-
matolite laminae. The presence of unlaminated
carbonate beneath the stromatolite layer suggests
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FIG. 5. a: Example spectra taken from preserved stro-
matolite laminae (above) and carbonate regions (below).
b: Graph displaying antipathetic relationship of abun-
dance of carbonate and kaolin within the planar carbon-
ate region. See text for explanation.

carbonate deposition commenced prior to perva-
sive stromatolite growth. The origin of the quartz
veins is not entirely clear, though they could be
related to hydrothermal heating.

The radiating crystals region discussed earlier
may be analogous to the unlaminated carbonate
region due to their similar orientation (beneath
the planar layered carbonate and siliceous units)
and lack of stromatolitic features.

Siliceous planar laminate

This unit was visually assessed as the silicified
portion of the planar carbonate layer based on the
presence of stomatolitic laminae of similar verti-
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cal and horizontal dimensions. The dominant
color of the unit is dark gray to white. A smooth
microcrystalline siliceous texture exists between
the stromatolitic layers.

Horizontally, the siliceous planar laminate is
separated from the planar carbonate regions by a
vertical black chert dyke (point A on Fig. 2). The
siliceous planar laminate also occurs above the
carbonate planar unit, and is separated by a hor-
izontal black chert dyke. The presence of the
black dykes surrounding the carbonate layer sug-
gests that the silicification process was impeded
by the black chert that must have been in posi-
tion before the silicification event occurred.
Though the vertical black dykes at the Trendall
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Locality may have been responsible for trans-
portation of some hydrothermal fluids, such as
those containing kerogen that contributed to the
horizontal wide layered hydrothermal injection
black and white cherts discussed earlier, it is un-
likely that they were fluid conduits responsible
for silicification of the planar layered carbonates,
which was probably a later event.

The partially silicified nature of this carbonate
unit was confirmed by the PIMA spectra, many
of which showed minor absorption bands in-
dicative of dolomite at 2.31 uwm. Several spectra
contained an Al-OH related symmetric absorp-
tion band at 2.2 um, indicative of the presence of
white mica. About half the spectra of this unit
were designated by the TSA program as aspec-
tral (Table 4).

Areas of intense red, brown, and yellow dis-
coloration occur sporadically within the generally
white siliceous unit. Several spectra from this re-
gion of the outcrop showed the distinctive bands
of goethite at approximately 1.65 and 1.75 pum.
The sporadic nature of the discoloration suggests
relatively recent weathering may be responsible
for these features.

The PIMA spectra of the iron-oxide stained
stromatolitic laminae showed weak evidence for
kaolin with absorption bands centered at 2.165
and 2.209 um. Generally the spectra of the stro-
matolitic laminae were found to lack diagnostic
absorption bands, but all displayed moderately
high albedo.

Pyrophyllite schist unit

Stratigraphically beneath and to the south east
of the area depicted in Fig. 2 lies a bleached brown
to golden colored, heavily foliated schist that ex-
tends vertically for approximately 50 m beneath
the Strelley Pool Chert. There is no outcrop at the
contact between the chert and schist units. How-
ever, as the pyrophyllite schist unit converges on
the base of the Strelley Pool Chert the alteration
style changes from platy, foliated brown to
golden outcrop to smaller bulbous outcrop sur-
rounded by a white fine-grained groundmass
(see Fig. 3f). The sample locations are shown in
the inset of Fig. 2.

The spectra taken of the bulbous and foliated
forms of the pyrophyllite schist unit clearly
showed the presence of pyrophyllite, indicated
by a diagnostic symmetric and sharp absorption
band centered at 2.165 uwm, accompanied by a
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smaller shoulder absorption band at 2.195 um. A
representative example of this spectrum is shown
in Fig. 4. Pyrophyllite is a typical alteration min-
eral resulting from acidic hydrothermal fluids
rich in sulfur (high-sulfidation) (White and
Hedenquist, 1990). No clear linkage has been es-
tablished between the high-sulfidation alteration
beneath the Strelley Pool Chert and the paragen-
esis of units within it. However, since no trace of
pyrophyllite is found in the Euro basalt unit over-
lying the Strelley Pool Chert, it is likely that it
formed prior to the pyrophyllite schist unit and
acted as a barrier to the later high-sulfidation hy-
drothermal fluids. An alternative explanation is
that the Strelley Pool Chert units were laid down
on a partially eroded phyrophyllite schist unit,
though no evidence for an unconformity has been
reported between the units.

Variation in octahedral Al of white mica

Tschermak substitution in phyllosilicate min-
erals, where two Al atoms substitute for a Si atom
and either a Fe or Mg atom in the crystal lattice
[AlSi1(Fe,Mg).1], can be recognized in SWIR
spectra by analysis of the Al-OH absorption band
position at around 2.2 um (Duke, 1994). An in-
crease in the Al content in a crystal structure con-
taining Al-OH bonds is reflected by a decrease in
the wavelength of the 2.2 um absorption band.
The wavelength variations typically range from
2.217 to 2.197 pum.

All units displaying the Al-OH absorption band
around 2.2 um were analyzed for variations in the
wavelength of the band minima. No significant
Tshermak variations were found within the units
at the Trendall Locality, though small variations
were found between units. Table 5 summarizes the
differences in average position of the AI-OH ab-
sorption bands within AI-OH bearing units.

The lack of Tschermak variation within units
at the Trendall locality does not rule out varia-
tions in the same units some distance from this
outcrop. These results suggest that at the scale of
this outcrop, approximately 50 m across, there
were no significant temperature variations that
would have affected the abundance of Al within
hydrothermal white mica.

Geochemical analysis

To support the PIMA mineral identification in
the samples studied, x-ray diffraction (XRD) spec-
tra were taken of selected samples from the Tren-
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TaBLE 5. VARIATIONS IN WAVELENGTH OF BAND MINIMA FOR AL-OH ABSORPTION
BAND FOR AL-OH-BEARING UNITS AT THE TRENDALL LOCALITY

Unit Al-OH band minima (um) Number of samples with Al-OH feature
Mudstone 2.207 52
Pebble conglomerate 2.205 23
Planar carbonate 2.207 20
Siliceous planar laminate 2.209 10
Pyrophyllite 2.197 11

dall locality. Because of the historical importance
and current state of preservation of the site, sam-
pling is discouraged by the Geological Survey of
Western Australia, and so only limited sampling
was undertaken. Rietveld analysis (Rietveld,
1969) was carried out by Sietronics Pty Ltd. (Can-
berra, ACT, Australia) using a Bruker AXS D4
x-ray diffractometer, and all other samples were
run at CSIRO Exploration and Mining using a
Phillips PW 1050 diffractometer using CuK « ra-
diation. Each run was conducted with the x-ray
diffractometer set to the following levels: 40 kV,
40 mA, step size of 0.03°, and count time per step
of 1.8 s.

Two samples of the planar carbonate unit
were analyzed. The results (Fig. 6) showed the
presence of quartz and dolomite. No other min-
erals were detected. Rietveld analysis was carried
out on one of the samples using the Siroquant
program (Taylor, 1991), which indicated that the
sample contained 45 wt% quartz and 55 wt%
dolomite. The XRD analysis supported the SWIR
detection of dolomite in the planar carbonate
unit. One sample of the pyrophyllite schist unit
was analyzed, and pyrophyllite and quartz were
identified. Quartz was identified as the sole min-
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FIG.6. XRD spectra of the stromatolitic carbonate unit,
showing peaks for dolomite.

eral component in samples of the black and white
chert, mudstone, and silicified chert.

DISCUSSION

Previous studies have demonstrated the abil-
ity of SWIR techniques to map alteration miner-
als in hydrothermally altered terrain (see, e.g.,
Thompson et al., 1999). This study has shown the
utility of using a SWIR instrument to identify
mineral phases indicative of hydrothermal alter-
ation in a hydrothermally altered, silicified, stro-
matolitic carbonate and clastic succession.

Highly silicified environments are typical of
Archean greenstone terrains that have undergone
moderate hydrothermal alteration (Gibson et al.,
1983; Duchac and Hanor, 1987; Van Kranendonk
and Pirajno, 2004). Archean greenstone terrains
often contain cherts that preserve textures and
fabrics indicative of past biological activity such
as stromatolites (De Wit et al., 1982). Some work-
ers have indicated that chert deposits may be
ideal places to search for fossilized life on Mars
(Walter and Des Marais, 1993).

Similarities between hydrothermal events in the
Pilbara and Mars

It has been postulated that impact craters (New-
som et al., 2001) and sites of gully formation (Brak-
enridge et al., 1985; Gulick, 1998) may be sites on
Mars where hydrothermal waters may have pen-
etrated the martian regolith. Sites of hydrothermal
activity on Mars may be characterized by silicifi-
cation and cherty sediments such as those found
at the Trendall Locality. Such deposits would be
ideal sites for the preservation of microbial mat
fabrics (Walter and Des Marais, 1993).

Although SWIR instruments are limited in
their ability to examine low-albedo black cherts,
we have shown that the SWIR technique can
identify minerals such as carbonates and phyl-
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losilicates and be used to characterize the degree
and nature of alteration of such minerals, a criti-
cal precursor to the localization and discovery of
life or preserved fossils. In the course of a typical
rover mission on Mars, and particularly if a rover
were to encounter a site of astrobiological inter-
est on Mars, the minerals present at the site would
need to be quickly surveyed to localize areas
where further, more time-consuming analyses
could be carried out. A SWIR instrument such as
the PIMA could serve this role for a rover oper-
ating in such a reconnaissance mode.

In preparation for the 2003 Mars Exploration
Rover missions, NASA science and engineering
teams used an instrument called IPS, which is sim-
ilar to PIMA, on its evaluation rovers (Haldemann
et al., 2002). This instrument differs from PIMA in
that the instrument does not have to be in contact
with the rock in order to obtain a spectrum. The
light of the sun is used by IPS as an illumination
source. The instrument was found to add consid-
erably to the geologists’ ability to characterize min-
eralogically distinct geological sequences in a rover-
remote science team scenario (Jolliff et al., 2002).

This study shows that automatic rock classifi-
cation using an SWIR reflectance spectroscopy in-
strument such as PIMA (Pedersen et al., 1999;
Moody et al., 2001; Gulick et al., 2003) would
prove useful in future extraterrestrial robotic mis-
sions. Mineral identification algorithms such as
those used by TSA may prove useful in such a
system, though this study has highlighted the dif-
ficulty of automatic recognition of low-albedo re-
flectance spectra (such as those of black cherts),
due to low achievable signal-to-noise ratio.

The ability of the PIMA to identify mineral
modes makes it ideal to support elemental abun-
dance instruments such as the Alpha Proton X-
ray Spectrometer (Golombek, 1998) or Laser In-
duced Breakdown Spectrometer (Wiens et al.,
2002). The minerals modes provided by a PIMA
spectrum could be quantified using a standard
normalization technique when combined with an
elemental abundance measurement. Unusual hy-
droxyl-bearing mineral assemblages, such as
jarosite and saponite, can be detected unambigu-
ously by the PIMA.

CONCLUSIONS

This study has demonstrated the ability of
SWIR reflectance spectroscopy to identify miner-
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als in an Archean hydrothermally altered envi-
ronment. Minerals identified included carbonates
such as dolomite, white micas such as illite-mus-
covite, opaline silica, clays, and chlorite. These
identifications supplemented visual assessments
and aided in the geological interpretation of the
outcrop under study.

The SWIR spectroscopic method is ideal for
mounting on a small rover for remote field analy-
sis of collected samples. It is lightweight and has
low power requirements, being able to be oper-
ated with a 12-V battery. With an instrument such
as the PIMA, calibration and spectrum collection
can be completed in around 2 min. The avail-
ability of a large body of research and spectral li-
braries coupled with advanced algorithms in
packages such as TSA make the technique a low-
risk supplementary and reconnaissance instru-
ment suitable for mineral detection of samples
that require virtually no sample preparation. We
have demonstrated its utility even in highly sili-
cified environments.

The results of this study show that SWIR spec-
troscopy contributed to the classification and in-
terpretation of the geology of the Strelley Pool
Chert. New observations made using the PIMA
instrument contributed the following informa-
tion:

1. The presence and extent of carbonate and par-
tially replaced dolomitic carbonate was con-
firmed.

2. Preserved stromatolitic laminae at the Trendall
Locality are covered by a kaolin-rich desert
varnish, most probably trapped by the stro-
matolitic laminae, in contrast to the purely
dolomitic nature of the carbonate ground-
mass.

3. Pyrophyllite was detected in an extensively al-
tered and foliated unit (pyrophyllite schist) be-
neath the silicified outcrop, which suggests
that acidic, high-sulfidation hydrothermal al-
teration has taken place directly beneath the
Strelley Pool Chert.
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