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Comparisons of the reflectance spectra of weathered and unweathered surfaces of rocks from
the Canadian Shield reveal that significant spectral changes can be effected by even the low
weathering rates prevalent in cold desert regions. These changes include variations in overall
spectrat slope, the appearance/disappearance of absorption bands, shifts in absorption band
minima wavelength positions, and changes in band shape. The most important alteration pro-
cesses involve the oxidation of ferrous to ferric iron and the formation of hydrated mineral
species. Ferric iron absorption bands are most intense for the most iron-rich lithologies, This
may have important implications for the remote sensing detection of jron-rich lithologies such
as iron formations and ultramafics. Afuminium- and magnesium-rich lithologies give rise to
A1-O% and Mg-OH absorption bands in weathered surface spectra. Dramatic spectral varia-
tions betwen interior and exterior spectra occur even when weathered surfaces are thin enough
so that underlying petrofabrics and mineralogies are still visible. O Canadion Shield, polar
deseris, spectroscopy, weathering, remote sensing.
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Effective geological remote sensing of cold and po-
lar deserts is facilitated by the fact that vegetation
and soil cover is minimal. The reflectance spectra
of weathered and unweathered surfaces of & num-
ber of rocks from the Canadian Shield have been
measured in the laboratory in order to examine
whether the low weathering rates prevalent in cold
deserts are sufficient to significantly alter spectral
properties, This is designed as the first step towards
developing a comprehensive spectral data base for
eventual quantitative geological remote sensing of
cold and polar desert environments.

Geological remote sensing, while a potentially
valuable technique, is limited by the fact that only
the uppermost few millimeters of a rock contribute
to the spectral signature, This depth is easily acces-
sible to various physical and chemical weathering
processes (Anderson & Anderson 1981; Chinn
1981). Thus, the spectral signature is strongly in-
fluenced by the surfical weathering products, This
has led to the realization that the future emphasisin
geological remote sensing must be on weathering
alteration products (Geotz ¢t al. 1985; Vane &
Goetz 1985).
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Cold desert weathering

Physical and chemical weathering operate at low
rates in cold climates. The unique environment of
these regions affects the relative importance of dif-
ferent weathering processes {(Ugolini 1986). The
most common alteration phenomena which have
been amply documented are the formation of iron
oxides/hydroxides and clays.

Cold desert weathering mobilizes and oxidizes
iron., This is most evident in rust-colored staining
on rack surfaces and in soils (Glazovskaya 1958;
Ugolini & Bull 1965; Tedrow 1966; Ugolini 1966;
Campbeli & Claridge 1975; Bockheim 1979). Iron
is leached from existing minerals and reprecipitat-
ed as various iron oxides and hydroxides in cracks
and at the surface (Kelly & Zumberge 1961; Bardin
& Konopleva 1975). Weathering rinds on rocks
usually represent the minimum depth of alteration
and their thickness (Anderson & Anderson 1981;
Chinn 1981) routinely exceeds the depth which is
accessible to spectral remote sensing (e.g. Mivamo-
to et al. 1981; Morris 1985).

Different ferric oxides and hydroxide are identi-
fied by their unique spectral properties: an absorp-
tion edge near 0.53 pm, (low reflectance below this
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wavelength), an absorption band or shoulder near
0.64 um, and a strong absorption band between
0.86 and 0.98 pm. These features are all due to
crystal field transitions and the wavelength posi-
tion of the latter band is characteristic of the par-
ticular ferric iron-bearing mineral present (Sagan
et al. 1965; Sherman et al, 1982; Singer 1982; Mor-
ris et al. 1985; Sherman & Waite 1985; Townsend
1987), Studies of various ferric oxide-mineral mix-
tures indicate that the ferric minerals dominate the
spectrum at shorter wavelengths (< 1 pm), while at
longer wavelengths the other minerals are spectrally
dominant (Sherman et al. 1982; Singer 1982; Singer
& Roush 1983).

The formation of clays proceeds via the dissolu-
tion of various alumino-silicates in a wide range of
rock types (Glazovskaya 1958; Claridge 1965;
Jackson et al. 1977). Clay spectra exhibit a number
of characteristic absorption bands, with bound
water resulting in absorption bands near 1.4 and
1.9 pm, and structural water resulting in absorp-
tion bands near 1.4, 2.2, 2.3, and 2.4 pm. The
widths, intensities and shapes of the 1.4 and 1.9 pm
bands are related to the geometries of the sites
occupied by the water; narrow and symmetric
bands being characteristic of water molecules situ-
ated in one or a few well-ordered sites, while broad
or complex bands are characteristic of disordered
or multiple sites, respectively (Hunt 1977; Clark
1981). The absorption bands found near 2.2, 2.3,
and 2.4 pm are combinations of a ligand-OH bend
and an QH stretch. Usually only two of these three
bands appear. When Al is the bonding ligand (e.g.
dioctahedral clays) the bands appear near 2.2 and
2.3 um. Mg-OH molecules (e.g. trioctahedral clays})
give rise to absorption bands near 2.3 and 2.4 pm,
The shorter wavelength band is usually the more
intense (Hunt & Salisbury 1970; Hunt ¢t al. 19734;
Hunt 1977). In general, the wavelength positions of
the absorption bands are characteristic of the bond-
ing ligand and the particular mineral (Goet et al.
1985). The ligand-OH bands are superimposed on
a reflectance dropoff towards longer wavelengths.
‘This dropoff is the short wavelength wing of an
intense fundamental OH stretching absorption
near 2,7 pm which is characteristic of hydrated
minerals (Hunt 1979; Roush et al, 1987). Weathered
materials from cold deserts show many of the
features mentioned above (Singer 1982, [985;
Agresti et al. 1986; Morris et al. 1986).

Experimental procedures

The rock samples were selected from-suites of
samples encompassing some important Canadian
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Shield rock types (R. St J. Lambert, pers. comm,
1988; Lhotka 1988). Only samples with relatively
flat weathered surfaces were chosen in order to mi-
nimize phase angle effects int the spectra, Fresh sur-
faces were obtained by cutting the samples parallel
to the weathered faces, when possible, for compa-
rative purposes, Diffuse reflectance spectra cover-
ing the 0.35—2.6 pm range were acquired at the
U.S. Geological Survey spectrometer facility in
Denver, Colorado, with an average spectral resolu-
tion of 5 nm. The reflectance spectra were mea-
sured using an integrating sphere arrangement,
relative to halon — a near-perfect diffuse reflector
in the wavelength region of interest (Weidner &
Hsia 1981), corrected for minor irregularities in
halon’s absolute reflectance in the 2 pm region, as
well as for dark current offsets.

The spectrometer used to acquire the reflectance
spectra was a Beckman 5270 double-grating,
double-beam instrument that was custom interfaced
to an IBM-PC computer, Spectra were measured
at a signal to noise ratio of 250. Each spectrum
obtained consists of the absolute reflectance and
standard deviation of the mean (shown as error
bars). The error bars are only shown where they are
large enough that they are distinguishable from the
line representing the spectrum. The Beckman spec-
trometer has two grating order separating filters
that cross at 2,3 pm. This resulted in a low signalin
this region and the frequent appearance of error
bars near this wavelength, Details of the instru-
ment and data acquisition procedurs can be found
in Clark (1980) and King & Ridley (1987).

A circular area approximately 20 mm in diame-
ter on the surface of each sample was spectrally
characterized. Because of the difficulty in trying to
precisely realign irregular rock faces for duplicate
spectral measurements, a sample of oil sands was
used to measure spectral reproducibility, The dif-
ference between duplicate measurements of this
sample was found to be <% across the entire
wavelength region.

Sample description and spectral
results

Five samples were selected with reasonably flat,
lichen-free, weathered surfaces. The include a ba-
salt (JMP2), an iron formation (SPLY009), a vol-
caneclastic (4PLI0L7), a schist (SPLT001), and a
granite (5PLJ001),

The weathered (exterior) and unweathered (in-
terior) surfaces of the five samples have been spec-
trally characterized. A number of other samples
wererejected because their surfaces were too angu-
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lar or excessively lichen-covered. The weathered
surface spectra show variable evidence of hydrated
minerals, ionic mobilization, structural disrup-
tion, and oxidation of ferrous to ferric iron,

Basalt

Description, — Sample IMP2 is a basalt from the
Yellowknife Bay area in the Northwest Territories
(R. St J. Lambert, pers. comm. 1988). The sample
is extremely fine-grained and consequently a de-
tailed petrographic description is not possible, The
interior of the sample is a uniform gray color with
minor fractures, some of which are partially infilled
with quartz, and some which show minor rust
staining on the edges. The weathered surface is a
mixture of shades of gray and brown. There is no
evidence for the formation of an unconsolidated
powder on the surface, suggesting that weathering
has not appreciably affected the interior of this
sample,

Spectral results. — A reflectance spectrum of the
exterior surface was measured on a spot whick was
a relatively uniform gray color with no evidence of
lichen, Theinterior spectrum was obtained on aspot
which was also a uniform gray color with no visible
evidence of rust staining. The reflectance spectrum
of a flat, weathered surface (Fig, 1}is characterized
by ferric iron absorption bands: an abrupt rise in
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reflectance near 0.53 pm, and two broad absorp-
tion bands near 0.65 and 0.9 pm. At longer wave-
lengths, an absorption feature is present near 1.4
gm and there is an additional broad, complex ab-
sorption feature between [.85 and 2.07 pm. The
reflectance maximum at 2.15 pm is followed by a
reflectance decrease towards longer wavelengths
with a shoulder at 2.20 pm, a sharp band at 2.25
wm, and minima at 2,32, 2,35, and 2.40 pm.

The 0.9 pm ferric iron absorption band is approx-
imately centered at 0.88 pum, although its precise
position cannot be accurately determined. The
broadness of this feature is consistent with multiple,
hydrated ferric iron phases such as goethite, fer-
oxyhyte, and ferrihydrite (Sherman et al, 1982; Mor-
ris et al. 1985), Strong ferric iron absorption bands
are expected in the weathering products of iron-
rich materials such as basalts, The interior surface
spectrum is not as strongly affected by ferric iron
absorption bands as the exterior spectrum, The
0.88 ym iron absorption band is not present in the
interior specirum. Rather, a broad band is centered
near 1.0 pm, which indicates that ferrous rather
than ferric iron (Hunt et al. 1974; Cloutis 1985} is
present in the interior spectrum. This feature is
consistent with other unweathered basalt spectra
(Singer & Blake 1983},

At longer wavelengths the interior and exterior
surface spectra more closely resemble each other.
Both display similar absorption bands near 1.4,
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Fig. 1. Reflectance spectra of the weathered (exterior) and unweathered (interior) surfaces of a basalt (Sample No.

JMP2), Error bars represent one standard deviation.
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Fig. 2. Reflectance spectra of the weathered (exterior) and unweathered {interior) surfaces of aniron formation (Sam-
ple No. SPLY009). Error bars represent one standard deviation.

1.9—2.0, and between 2.3 and 2.6 pm, Ali of these
bands can be attributed to various hydrated mine-
ral phases. The bands are relatively more intense in
the weathered surface spectrum, The 1.9 pm band
is broad and shows a complex shape which is con-
sistent with multiple hydrated species and/or water
adsorbed onto a number of sites. Structural OH is
probably present in only one or two sites in order to
account for the sharpness of the 1.4 um feature.
There is also a contribution by adsorbed water to
this band, although the relative abundances of the
two types of water cannot be determined.

The 2,15—2,6 pm region is strongly absorbing
with discrete absorption features at 2,20, 2.25,
2.32,2.35, and 2.40 pm. Al-OH and Mg-OH bands
can account for all these bands. Both Al and Mg are
present in basalts, and consequently this type of
spectral behavior is expected in weathered surface
specira. Although precise spectral matching is not
feasible, gibbsite, chlorite and serpentine provide
the best spectral matches to these bands, Overlaps
and interferences of absorption bands occur in
multi-component mineral mixtures (Cloutis 1985),
so it is difficult to determine the relative contribu-
tions of each phase. The dropoff in reflectance
beyond. 2.43 pm is probably due to the short
wavelength wing of the 2,7 pm OH fundamental
(Hunt 1979; Roush et al, 1987).

Iron formation

Description, — This sample (SPLJ009) is a gray
and white colored, coarsely banded material con-
sisting of magnetite, chert, and siderite (. Lhotka,
pers. comm, 1988). The sample is too fine-grained
to permit a detailed petrological description but
given the composition of the sample the dark bands
are presumably more magnetite-rich than the light
bands, Visible band widths range from a few tens
of micrometers up to approximately 5 mm. The
interior shows minor fracturing with variable red
colored, iron staining along some of the eracks.
The exterior, weathered surface is colored a deep
red-brown due to ferric iron compounds. The depth
of penetration of the surface staining in fracture-
free areas is << 1 mm. The light and dark colored
interior banding is partially visible through the sur-
face coloration, This sample, and all succeeding
ones, are from the Contwoyto Lake—Point Lake
regionin the Slave Province in the Northwest Terri-
tories (Lhotka 1988).

Spectral results, - The exterior surface spectrum
was acquired on a spot which was approximately
80 % red colored and 20 % gray colored. The inte-
rior spectrum was acquired on a spot which ex-
hibited red coloration over approximately 2% of
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the sample spot, The remainder of the spot was
approximately 90 % light gray colored and 10 %
dark gray colored. The interior and exterior surface
spectra, measured across light and dark bands, are
shown in Fig. 2. The presence of abundant iron is
indicated by the appearance of the expected ferric
iron spectral features in the exterior spectrum: an
absorption edge near 0.53 pm, a shoulder near 0.64
um, and a well-defined band centered near 0.95
pum. The wavelength position of the main ferriciron
absorption band (near 0.95 um) and the shape of
the absorption edge and shoulder at (.53 and 0.64
um are most consistent with lepidocrocite and
goethite (Sherman et al. 1982; Morris et al. 1985).
Both minerals are hydroxides and are viable sub-
aerial weathering products of an iron-rich assem-
blage. Even though the visible depth of weathering
is less than a few hundred micrometers, ferrous
iron and carbonate absorption bands due to the
siderite are not evident. The exterior spectrum
differs significantly from any of the constituent
phases. Siderite has a broad absorption band ex-
tending from approximately 1.0 to 1.4 um and
strong carbonate absorption bands at 2.35 and 2.56
pm (Hunt & Satisbury 1971). Magnetie is dark and
nearly featureless across the entire wavelength range
(Singer 1981) but is probably contributing to the
spectrum by lowering the overall reflectance. Chert
(quartz) is bright and spectrally neutral and its
abundance cannot be directly determined by reflec-
tance spectroscopy in this wavelength region (Hunt
& Salisbury 1970).

Weak, broad hydration bands are found near
1.42 and 1.96 pm, similar to the bands seen in goe-
thite (Sherman et al. 1982). There are no well-de-
fined absorption features beyound the reflectance
maximum near 2,15 pm. Very weak features may
be present at 2.26 and 2,37 pm, The latter band
may be a highly suppressed carbonate band al-
though other expected carbonate bands are absent,
The lack of distinct Al-OH and Mg-OH absorption
features is consistent whith the lack of these ele-
ments in the constituent minerals. The 2.15—2.6
pm reflectance decrease is also present in some
ferric hydroxide spectra (Hovis 1965; Sagan et al.
1965) and is also seen in palagonite spectra (Singer
1982). The weakness and non-symmetric appear-
anceofthe 1.4and |.9um water bands, the absence
of Al-OH and Mg-OH absorption features, and the
reflectance decline beyond 2,15 pm are best ex-
plained by a structurally disordered hydrated
phase. Overall, the exterior surface spectrum shows
no evidence of siderite and at lower wavelengths is
dominated by ferric iron features, the iron prob-
ably being derived from the siderite and/or magne-
tite. The shapes of the hydrated absorptien bands
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suggest the formation of & semi-amorphous ferric
iron-rich weathering product,

The interior spectrum is significantly different
from the exterior spectrum. k lacks the distinctive
ferric iron absorption bands at shorter wave-
lengths. The broad absorption band inthe 1.0—1.4
pm region is characteristic of siderite, the only ma-
jor constituent in the sample possessing well-defined
absorption bands (Hunt & Salisbury 1971). Addi-
tional siderite bands are expected at 2.35 and 2.56
pm which should be much weaker than the 1.0—
i.4 pm band. These bands are not readily apparent
in the interior surface spectrum, This may again be
due to the presence of magnetite which lowers over-
all reflectance and may pariially obscure these
weaker, longer wavelength bands, The interior spec-
trum is very similar to siderite with the additional
presence of a dark, spectrally neutral phase, prob-
ably magnetite,

Volcanoclastic

Description, — Sample 4PLI0O7 is a felsic-pyritic
metatuffite from a volcanoclastic complex in the
same region as sample SPLJC09 (above), The inte-
rior of the sample is & uniform, fine-grained mass,
gray in color, with some coarse banding. The
sampleis extemely fine-grained and consequently a
detailed petrological description is not available.
A few fractures penetrate the interior and show
variable amounts of iron staining, The exterior is a
patchwork of gray, reddish-brown, and reddish-
orange colored areas. Unfractured areas of the
weathered surface show almost no visible penetra-
tion by iron staining (<< 1 mm).

Spectral results, — The spectral measurements of
the exterior surface were made on a spot which was
covered by approximately 80 % brown colored and
20 % gray colored waethering products, No visible
lichen was present on the spot, The interior surface
which was spectrally characterized was a relatively
uniform gray color with no visible evidence of rust.
The interior and exterior surface spectra are shown
in Fig. 3. Like the previous samples, ferric iron ab-
sorption features are expected in the exterior sur-
face spectrum. In addition to the 0.53 and 0.64 pm
features, a local minimum is found near 0,96 pm
and its wavelength position is most consistent with
the ferric hydroxide lepidocrocite (Sherman ¢t al,
1982; Morris et al. 1985; Townsend 1987). The
sample spectrum <oes not show a broad absorption
band near 1.0 pm which is seen in pyrite spectra.
The low reflectance of the sample may be partially
responsible for this.

The absorption features at .4 and 1.9 ym due to
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Fig. 3. Reflectance spectra of the weathered (exterior) and unweathered (exterior) surfaces of a volcanoclastic
metatuff (Sample No. 4PLI017). Error bars represent one standard deviation.

hydrated minerals are weak. The broadness of the
1.9 pm band can be attributed to multiple and/or
poorly crystallized phases, Lattice-OH bands are
weak or absent beyond 2.15 pm. Only one absorp-
tion band at 2.34 pm is unambiguously identified.
Less well-defined features may be present at 2.15,
2.22, 2,29, and 2.43 pm, Both Al-OH and Mg-OH
molecules may be present in the weathered zone if
these bands are real. The band at 2.15 pm, in con-
junction with some of the longer wavelength fea-
tures may be atiributable to alunite, since sulfide
oxidation is a viable weathering mechanism for the
pyrite. The noise in the data is due to the low reflec-
tance of the sample and precludes the positive iden-
tification of particular hydrated species. The lack
of definable absorption bands beyond 2,15 pm is
partiafly due to the low spectral reflectance, and
may also be due to the formation of an amorphous
weathering product.

The interior surface spectrum differs from the
exterior in overall shape and detail. The overall
slope of the former is negative while the latter is
roughly flat. The interior spectrum shows no evi-
dence for ferric iron absorption bands, although
some interior weathering may be indicated by the
presence of absorption bands at 1.4, 2.2 and 2.3
pun. A broad absorption band is centered near 1.05
pm which is more characteristic of ferrous rather
than ferriciron, and occurs at a significantly higher
wavelength than in the exterior spectrum. This

band is approximately centered at the wavelength
position expected for pyrite (Hunt et al. 1971;
King, pers. comm. 1988). The long wavelength
absorption bands at 2.2 and 2.3 pm indicate the
presence of AI-OH complexes. Aluminum is readily
available from the plagioclase feldspar present in
the rock.

Schist

Description. — A cordierite-biotite knotted schist
(SPLT001) is representative of a metamorphic se-
quence in thestudy area of Lhotka (1988). Theinte-
rior of the sample shows cordierite-rich areas (con-
taining approximately 70 % cordierite) which are
enclosed by more biotite- and guartz-rich material.
There are a few interior fractures which show very
minor amounts of oxidized iron. The weathered
surface is a light-brown color with patches of
brown, gray, and orange-brown coloration, Visible
alteration of the interior is again extremely limited.

Spectral results. -~ The spectral measurements of
the exterior surface were acquired on a spot which
encompassed approximately 40 % of a cordierite-
rich region although the relative proportions of
cordierite-rich and cordierite-poor areas could not
be precisely determined due to the surface weath-
ering. The interior spot which was spectrally cha-
racterized was composed of approximately 60 %
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Fig, 4. Reflectance spectra of the weathered (exterior) and unweathered {interior) surfaces of a schist (Sample No.

SPLT001). Brror bars represent one standard deviation.

cordierite-rich areas, 35 % cordierite-poor areas
and 5 % rust colored areas. The weathered surface
spectrum of this sample differs from those of the
previous three by the absence of characteristic fer-
ric iron absorption bands (Fig. 4). The sample is
composed predominantly of biotite and cordierite,
both of which show only weak absorption bands
(Hunt & Salisbury 1970; Hunt et al. 1973a). There
appears to be a weak band in the 1 pmregion which
may be dueto Fe?*-Fe** crystal field transitions in
the weathered and unweathered species.

Broad hydroxyl bands are present near 1.4 and
1.9 um. These band are appreciably stronger and
broader than those in biotite and cordierite, suggest-
ing that an optically significant weathered zone has
been established. A local reflectance peak is present
at 2,15 um, followed by a reflectance decrease with
absorption features superimposed at 2.20, 2.28,
2.36, and 2.47 um. Assignment of these bands to
specific minerals is hampered by the fact that dif-
ferent samples of the same mineral can have ab-
sorption bands at different wavelength positions
and of different relative strengths (Huni & Salis-
bury 1970; Hunt et al. 19734; Hunt 1977, 1979;
Clark 1981: Hunt & Evarts 1981; Hunt & Hall
1981; Goetz et al. 1985; Roush et al. 1987).

Pure cordierite is featurelessin the 2.15—2.6 pm
region but alters readity to muscovite (Hunt et al,
19734). Blotite is only weakly featured in this spec-
tral interval. The absorption bands seen in the

sample spectrum must be due to the weathering
products and include both Al-OH and Mg-OH
absorption bands. Because the lattice-OH bands
are not distinct, a certain degreee of disorder must
be present in the weathered materials.

The interior surface spectrum is radically dif-
ferent from the exterior spectrum. The former dis-
plays a strong negative slope. The reason for this is
unclear as neither cordiertite nor biotite have nega-
tive spectral slopes. The broad reflectance increase
towards longer wavelength seen in the exterior
spectrum can be attributed to charge transfersin a
range of materials, and is absent from the interior
spectrum. Few diagnostic absorption bands are
present. Nevertheless the slope differences between
the two spectra should be noted.

Granite

Description. — This foliated biotite granite
(5PLI001) is from an amphibolite grade area at
Contwoyto Lake—Point Lake (Lhotka 1988). The
sample is composed of approximately 55 % K-feld-
spar, 25 % quartz and 20 % biotite with a distinet
foliated fabric. The weathered surface is a non-
uniform pink-brown color. It is restricted to, at
most, the outermost few 100 pm.

Spectral results, — The exterior spot which was
spectrally characterized was covered with a vencer
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Fig. 5. Reflectance spectra of the weathered (exterior) and unweathered (interior) surfaces of a granite (Sample No,

SPL3J001). Error bars represent one standard deviation.

of pink-brown oxidation products through which
the underlying mineralogy was visible, The interior
spot appeared to be free of rust-colored alteration
and the constituent minerals were readily apparent.
The granite sample differs from the others by the
lower abundance of iron-bearing minerals. This is
reflected in the absence of detectable ferriciron ab-
sorption features in the exterior surface spectra
(Fig. 5). The broad reflectance decline towards
shorter wavelengths in the exterior spectrum is prob-
ably due to a series of charge transfers involving a
number of atomic species, The inflection at 0.61
um may be due to a very small amount of ferriciron
whichis derived from the weathering of the biotite.
Feldspar and quartz form the bulk of the sample
but are not detected in the spectrum, While quartz
is specirally featureless, feldspar often shows a
broad, weak absorption band near 1.25 um
(Adams 1975) which is not evident in the exterior
sample spectrum. The interior spectrum does show
a weak, broad absorption band beyound 1 pm
which may be attributable to the feldspar,
Asymmetric hydroxyl absorptions are present at
1.4 and 1,9 pm in both spectra. Their shape is due
to multiple hydrated mineral species, a range of
OH binding energies which would be present in
poorly crystallized minerals, or microscopic fluid
inclusions in quartz (Hunt et al. 19734). Both
spectra are generally similar at longer wavelengths.
Al-OH absorptions can account for the bands at

2.20,2.32, and 2.34 um, Thereis no evidence for an
Mg-OH absorption band at 2.4 jim, not unexpect-
edly, as Mg islargely absent in the sample. There is
no reflectance upturn beyond 2.5 pm because of
the interference of the 2.7 pm OH fundamental.

Discussion

The weathered sample spectra show many features
which are inconsistent with the underlying, more
pristine mineralogy. Even when the visible depih of
weathering is less than a few hundred micrometers,
the weathering products dominate the reflectance
spectrum.

Ferric iron absorption bands dominate the low
wavelength regions of the weathered spectra of the
most iron-rich samples (Figs 1, 2, and 3). Ferric
iron absorption bands appear in weathered surface
spectra regardless of whether the iron is derived
from mafic silicates (JMP2), carbonates and/or
oxides (SPLJ00), or sulfides (4PLI017). This may
prove to be particularly valuable for remote sensing
delineation of iron-rich lithologies such as iron for-
mations and ultramafics.

Round and structural water bands appear in the
exterior spectra, regardless of whether they are pre-
sent in the interior spectra (e.g. Fig. 4). The mode
of weathering can be inferred from the shape of the
bands. They are frequently broad and asymmetric
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and some show evidence of multiple, closely spaced,
overlapping bands. Amorphous weathering pro-
ducts such as palagonites show broad, relatively
featureless OH/H,0 absorption bands near 1.4
and 1,9 pm (Singer 1982). Each geometrically
unique site in a mineral to which H,O and OH are
bonded has a unique energy of excitation. If a num-
ber of distinct sites are present, their energies will
be slightly different and there will be some overlap
of their bands. Such a case would result inan asym-
metric absorption feature, potentially resolvable
into a series of closely spaced overlapping bands.

The choice between amporhous or multiple
weathering products may be inferred from the be-
havior of the 2,15—2.6 pm region. An intense OH
fundamental band is located near 2.7 um (Roush et
al, 1987). The short wavelength wing of this feature
extends into the near infrared and is at least partial-
1y responsible for the reflectance decline towards
longer wavelengths, Abundant structural water
and/or lattice-induced perturbations of the OH
molecule should result in a broader and more in-
tense fundamental absorption band. This in turn
may causethe2.15—-2.6 pmreflectance decrease to
be steeper.

The sample spectra with the most well-defined
(symmetric, narrow) 1.4 pm band exhibit the most
resolvable lattice-OH bands between 2.15 and 2.6
um (samples JMP2, 5PLJ00I). Broad, unstruc-
tured 1.4 pm bands bands are associated with
2.15—2.6 pum intervals showing few resolvabie
laitice-OH bands, The degree of crystallinity of the
weathered minerals can be estimated from these
parameters.

The strongest AI-OH bands appear near 2.2 and
2.3 wm, while Mg-OH bands are found near 2.3
and 2.4 pm. Mg-OH bands are most evident in the
most magnesium-rich sample (JMP2), while the
most aluminium- and magnesium-deficient sample
(5PLJ009) is devoid of resolvable Al-OH and Mg-
OH bands, The appearance of Al-OH and Mg-OH
absorption bands in exterior surface spectra is also
correlated with the presence of appreciable Al and
Mg in the underlying lithologies. In most cases, the
particular weathering products which are formed
cannot, at present, be determined because of the
lack of unambiguous lattice-OH absorption fea-
tures and overlaps by adjacent bands.

The differences between interior and exterior
spectra of the same sample range from minor to
extreme. Absorption bands such as those attribut-
able to ferric iron are often present only in the ex-
terior surface spectra. Other absorption bands
such as bound/structural water bands are of vari-
able intensities and shapes when comparing interi-
or and exterior spectra. Ferrous iron absorption
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bands seen in some interior spectra (Figs. 1, 2, and
3) are absent or have been shifted to shorter wave-
lengths in the exterior spectra due to the oxidation
of iron to the ferric state. Overall speciral slopes
can also be radically different between interior and
exterior spectra. While the cause of this slope
change is uncertain, it has important implications
for the analysis of both broad band and narrow
band remote sensing data.

Spectral studies of pristing, anhydrous minerals
in the laboratory will be of little relevance to prac-
tical remote sensing of most ¢old and polar desert
regions, Weathering rates are low in these environ-
ments but, in most cases, still significant enough to
drastically alter the spectral properties of the un-
derlying assemblages, Many of the variations seen
between the interior and exterior specira may not
be amenable to analysis using spectral mixing mo-
dels (e.g., Shipman & Adams 1987) because the
spectral differences involve the formation of new
mineral species and the destruction of existing
ones,

Conclusions

The weathered surface spectra of the range of rock
types considered in this study are dominanted by
two classes of features, The shorter wavelength re-
gions (< 1,3 pm) are dominated by ferric iron due
to the oxidation and hydration of diverse iron-
bearing minerals. These bands are most intense in
the exterior spectra of the most iron-rich samples.
The higher wavelength interval (> 1.3 pm} is domi-
nated by features attributable to hydrated mine-
rals, The shape of OH/H,0O absorption features
are related to the degree of erystallinity of the weath-
ering products. The highest wavelength regions
(>2.0 nm) are most suitable for determining the
dominant ligands which are bonded to the OH mo-
lecules, in particular Mg and Al, The intensity and
resolution of the 1.4 um absorption feature corre-
lates with the resolution of the various lattice-OH
absorption bands for the samples examined.

The use of laboratory reflectance spectra for re-
mote sensing data analysis must be undertaken
with caution, even for targets such as cold deserts
and polar regions which possess low weathering
rates, Unweathered (interior) sample spectra may
have little relevance to the field data being acquired.
The bulk of the useful mineralogical information
can be extracted from a few wavelength regions:
near 1 pm, and between 2.15 and 2.6 pm. Fortu-
nately, both lie outside the range of appreciable
atmospheric absorption (Goetz et al, 1985), Fur-
ther analysis of the laboratory data and compari-
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sons with unweathered spectra may show system-
atic variations between these two classes of materi-
als, and perhaps provide more information on the
mechanism of cold desert weathering.
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