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ABSTRACT: Airborne imaging spectrometer data are influenced by a number of external factors, which mask subtle 
absorption features that permit the identification of surface mineralogy. This paper examines a variety of techniques 
developed to remove those factors, which result from the solar irradiance drop off, atmospheric absorption, and 
topographic effects. The techniques investigated are the flat-field correction, log residuals, and corrections using the 
LOWTRAN 7 atmospheric transfer code. These techniques were applied to Airborne VisiblehnfraRed Imaging Spectrom- 
eter (AVWS) data acquired over Cuprite, Nevada. The processed data were evaluated for their ability to display the 
diagnostic absorption features of three areas of known mineralogy. These areas are dominated by the minerals alunite, 
buddingtonite, and kaolinite. The spectral features observed in the manipulated data were compared against those 
observed in the original data. Results indicate that the data corrected using the LOWTRAN 7 atmospheric transfer code 
constrained with local weather station data were the most effective at displaying the diagnostic absorption features of 
the areas of known mineralogy and introduced the least number of artifacts into the data. Of the remaining techniques, 
log residuals was the next most effective, based on the previous criteria, and has the additional advantage of not 
requiring any external data. 

INTRODUCTION AND OBJECTIVES 

T HE POTENTIAL OF HIGH SPECTRAL RESOLUTION remotely 
sensed data for mineralogical identification was first dem- 

onstrated by Hunt and his co-workers using laboratory spec- 
trometers (e-g., Hunt, 1977). 

The first airborne spectrometer data were collected in 1981 
using a spectrometer developed by the GER Corporation (Chiu 
and Collins, 1978). This instrument acquired a continuous one- 
dimensional path (profile) along the flight line. The spectrum 
of each pixel in the profile, between 400 and 2400 nm, was 
recorded in 576 channels (Milton et al., 1983; Marsh and Mc- 
Keon, 1983). The first imaging device was the Airborne Imaging 
Spectrometer (AIS), developed by the Jet Propulsion Laboratory 
(JPL) (Goetz and Srivastava, 1985). This instrument acquired data 
in 128 spectral bands in the range from 1200 to 2400 nm and 
had a field of view (Fov) of 3.7 degrees (Vane and Goetz, 1985). 
Since then a variety of imaging instruments have been devel- 
oped, both by commercial companies and research institutes. 

In 1987 NASA began data acquisition with the Airborne Visi- 
bleflnfrared h a g &  spectrometer (AVIRIS). AVIRIS is a grating 
s~ectrometer and covers the visible to shortwave infrared (SwIR) 
pbrtion of the electromagnetic spectrum from 400 to k 0  
in contiguous 10-nanometre-wide bands with an FOV of 30 de- 
grees (Porter and Enrnark, 1987). To improve the signal-to-noise 
(sN) performance, the instrument has been under continuous 
tech<ology modification and has shown a gradually improving 
~erformance over the last three years. These imvrovements have 
'enhanced the detection and irherpretation caiabilities achiev- 
able with AVIRIS (Green, 1990). 

In this paper, A w u s  data covering the wavelength range be- 
tween 2000 and 2400 nm were evaluated for their ability to 
display the diagnostic mineral absorption features of certain 
alteration minerals, using different data processing techniques. 

The wavelength region between 2000 and 2400 nm is particu- 
larly important for mineralogic idefitification because it contains 
the diagnostic features of hydroxyl and carbonate minerals (Hunt, 
1977). These absorption features, however, are masked by a 
variety of external factors related to the instrument, atmo- 
sphere, and morphology of the terrain. This has resulted in the 
development of a variety of techniques to remove these arti- 
facts. The techniques can be separated into two broad cate- 
gories: 

Scene based techniques which use parameters derived from the 
data themselves. In this study the flat-field correction (described 
in Roberts et al. (1985)) and log residuals (described in Green and 
Craig (1985)) are the examples for scene based techniques. 
Correction techniques using external information like solarlat- 
mospheric models. The LOWTRAN 7 model was used in this study 
with and without radiosonde data from the weather station at 
Desert Rock, located about 140 km southeast of the test site. 

The A ~ S  data used here were acquired on 29 September 
1989 at 11:25 AM Oocal time) over the Cuprite mining district, 
western Nevada. This area was selected for the study because 
of the presence of well exposed areas of alteration with pro- 
nounced variations in SWIR absorption features (Hook et al.; 
1990, Kruse et al., 1990). 

The investigation is restricted to an area of approximately 5 
by 5 km in which small sites of uniform mineral composition 
were chosen. Ground samples from these sites were acquired 
and analyzed with a laboratory spectrometer and by X-ray Dif- 
fraction (XRD) analysis. Particular emphasis was placed on the 
ability to identify the diagnostic absorption features of these 
alteration minerals. The investigation is favored by the fact that 
the alteration is well exposed, and vegetation is practically ab- 
sent. The main objective of the study was to evaluate the ef- 
fectiveness of several data processing techniques for the 

PHOTOGRAMM~RIC ENGINEERING & REMOTE SENSING, 
Vol. 57, No. 10, October 1991, pp. 1303-1309. 

0099-1112f9l/5710-1303$03.00/0 
01991 American Society for Photogrammetry 

and Remote Sensing 



PHOTOGRAMMETRIC ENGINEERING & REMOTE SENSING, 1991 

identification of mineralogical composition based on subtle dif- 
ferences in the spectral absorption features in the shortwave 
infrared. 

LOCATION AND GEOLOGY OF THE STUDY AREA 
The Cuprite area is located on the western edge of Esmeralda 

County, Nevada, along Mount Jackson Ridge about 25 krn south 
of the town Goldfield. The study area is situated east of U.S. 
highway 95 and is composed exclusively of Tertiary volcanic 
rocks and Quaternary deposits. 

The geologic map presented in Figure 1 is derived from an 
unpublished map by R.P. Ashley (1977). Descriptions of the 
geologic units have been drawn from Albers and Stewart (1972) 
and Ashley and Abrams (1980). The Tertiary volcanics were 
hydrothermally altered in the mid- to upper Miocene and the 
pattern of the hydrothermal alteration is well expressed as a 
central silicified zone, surrounded by an opalized zone with 
abundant kaolinite and alunite, with an outer ring of argillic 
alteration (Ashley and Abrams, 1980). Minor areas of alteration 
containing buddingtonite have been documented in the opal- 
ized zone (Goetz and Srivastava, 1985). Laboratory spectra com- 
bined with the results of an X-ray diffraction analysis of geological 
field samples were used for validating the results derived from 
the AVIRIS data sets. 

PROCESSING TECHNIQUES 
This investigation sought to examine various processing tech- 

niques which, when applied to a calibrated data set, permitted 
the identification of the diagnostic absorption features of the 
alteration minerals known to be at the site. The techniques were 
evaluated for their ability to correct for atmospheric influences 
while preserving the full spectral information and avoiding the 
introduction of artifacts by data handling. 

The processing of the radiance data (as received by the sen- 
sor) to produce the calibrated data set supplied by the Jet Pro- 
pulsion Laboratory is described in Reimer et al. (1987). 

The calibrated data were processed using four techniques. 
These were 

Flat-field correction using a homogeneous, bright reflecting target 
area within the scene. 
Log-residual corrected data. 
LOWTRAN 7 correction, using the U.S. standard mid-latitude sum- 
mer atmospheric values. 
LOWRAN 7 correction, using Radiosonde data acquired at the same 
time as the data, to constrain the atmospheric transfer code. 

Each of these processing techniques is designed to translate 
radiance into reflectance for comparison with laboratory- and 
field-derived spectra. The four techniques are described in de- 
tail below. 

The purpose of the flat-field correction is to reduce the 
atmospheric influence in the data and eliminate the solar 
irradiance drop off, as well as any residual instrumental effects 
(not taken care of in the initial data calibration). This is achieved 
by dividing the whole data set by the mean value of an area 
within the scene, which is spectrally homogeneous, and spectrally 
and morphologically flat. Thus, the major absorption features 
caused by atmospheric influence and the "solar curve" effect, 
as well as system induced effects, are divided out. 

The flat field chosen should have a high albedo to avoid the 
decreased sflu associated with low albedo flat fields. Ground 
truth knowledge of the surface material is necessary for the 
selection of the averaging area, which has to come close to an 
ideal, spectrally flat area. A flat-field correction was applied to 
the data set using the Stonewall Playa, a morphologically and 
spectrally flat surface in the eastern part of the test area. 

This technique is described in Green and Craig (1985) and 
removes the solar radiance drop off, atmospheric effects, and 
topographic effects in the data set. In this technique, the radiance 
measured by the sensor (LiJ is being related to the reflectance 
(8.J in pixel i at wavelength A by means of a multiplicative 
formula (Green and Craig, 1985); i.e., 

The topographic factor (Ti) is constant for all wavelengths of 
a given pixel and accounts for brightness variations due to 
differences in angle and orientation of slope. The illumination 
factor (IA) describes the solar irradiance curve and is constant 
for all pixels at a given wavelength. By taking the logarithm of 
both sides and rearranging terms, the quantity (log RiA), 
independent from topography and solar irradiance, can be 
derived. That is, 

where log (L~A) = the log of the digital number value for 
pixel i at wavelength A, 

log (Ti) = the average of the logs of pixel i for all 
wavelengths (one value per pixel), and 

log (IA) = the average of the logs of all pixels for a 
given wavelength (one value per charnel). 

Equation 2 summarizes the log residual calculation as described 
by Green and Craig (1985). In practice a fourth value has been 
added to this equation, the average of the logs of all samples 
at all wavelengths (one value per image). This fourth value 
normalizes the log-residual values from each flightline (Roberts 
et al., 1985). 

LOWTRAN 7 CORRECTED DATA 

During radiometric correction, the digital values (as recorded 
by the A W S  system) are converted into radiance values using 
the AVIRI~ laboratory radiance calibration data. The LOWTRAN 7 
model (Kneizys et al., 1988) was applied to correct the AVIRIS 
flight data for atmospheric influence. This model was developed 
by the Air Force Geophysics Laboratory and predicts the 
atmospheric transmission and path radiance affecting the 
performance of optical surveillance tools. The model includes 
different geographical atmospheric profiles, as well as different 
aerosol models, humidity, and temperature profiles. The 
LOWTRAN 7 code provides many default values for its input 
parameters, assuming a U.S. standard atmosphere. In a 
investigation, carried out bv Cone1 et al. (1987), the successful 
applic&on of the LO& code to irnaGg s~~ctroscopy data 
for atmospheric correction was demonstrated. 

There were two possible ways to use LOWTRAN 7 in this 
investigation: 

Use only the date and time of the overflight plus the location of 
the site of investigation and run the model with the U.S. standard 
atmosphere inputs, contained in the model as default values for 
each season of the year and any latitude on the Earth. 
Constrain the atmospheric code with radiosonde data taken on 
the day and at approximately the time of the overflight. Ideally, 
this approach should be more accurate than assuming the standard 
atmosphere. The model, developed by Bosch and Alley (1990), 
was used to constrain the LOWRAN 7 code and is described below. 

It is assumed, that the observed radiance at the sensor (Lo) 
consists of the observed radiance due to path scattering (L,,) 
and observed radiance due to ground reflected radiation (L ). 
The solar radiance (LJ multiplied by the ground reflectance fP) 
and the transmittance along downward and upward paths (t,, 
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FIG. 1. Geology and alteration of the test area. The upper map 
shows the lithological setting; the lower map is a display of the 
alteration zones (after Ashley, 1977). Upper map: point 1 is 
the sampling location for alunite, 2 for buddingtonite, 3 for 
kaolinite. 
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tz) corresponds to L,. The observed radiance at the sensor can 
be formulated as 

Lo ' Lps + L, ' Lps + LRtlpt2 (3) 
Assuming a spectrally constant ground reflectance (0.1 in this 

cast), LOWTRAN 7 can be used to model Lps and L, for the assumed 
reflectance. The ground reflectance can be expressed as 

Ground reflectance values can now be computed for each 
individual channel and applied for correcting the whole three- 
dimensional data set (T3osch and Alley, 1990). 

In this study, the radiosonde data for Desert Rock 
(approximately 140 km southwest of Cuprite) were used to 
constrain the LOWTRAN 7 model. First, the values for path radiance 
and surface reflection are calculated for each wavelength in the 
data set. For this purpose, the AVIRIS response function and 
channel position have to be calculated into L O W T M  7 in order 
to make the spectral resolution and the response compatible 
between the model and the spectrometer. 

The values created as correction factors for each channel are 
reproduced by the number of lines and samples in order to 
generate the correction values per band in an image format. 
Then the two data sets (image data and L o W T M  7 data) are 
multiplied pixel by pixel for each wavelength channel. Thus, 
the raw data are corrected for atmospheric influence throughout 
the whole data set. 

LABORATORY MEASUREMENTS 
Field samples from the investigated area were collected in 

October 1989. The composition of these samples was deter- 
mined by laboratory spectrometry and xRD. The laboratory 
hemispherical reflectance spectra were acquired with a Beck- 
man UV 5240 spectrometer. The XRD analyses were done using 
a SCINTAG XDS-2000 automated diffractometer. 

In order to evaluate the techniques described above, three 
areas dominated by the alteration minerals-alunite, budding- 
tonite, and kaolinite-were selected as test cases. For each of 
the three areas, the spectrum of one pixel which, according to 
field observation and sample analysis, was dominated by one 
of the three alteration minerals was extracted and the spectrum 
obtained after processing with each technique was compared. 

In addition, for the kaolinite area, a 3- by 3-pixel average was 
obtained, in order to demonstrate that scene inherent noise and 
topographic surface inhomogeneities can be reduced consider- 
ably by averaging over a larger area. The Cuprite test site is, 
due to its large and uniform alteration zones, very well suited 
for spatial averaging. The kaolinite occurrence at the location 
"Kaolinite Hill" (see Figure I upper map point 3) extends over 
a large area. 

A brief discussion of the minerals selected for the investiga- 
tion is given below: 

Alunite [KAL,(SO,),(OH),] is widespread in rocks that have 
been altered by sulfuric acid bearing solutions derived from 
volcanic gases or the weathering of sulfide minerals (Hunt et 
al., 1971). The two most prominent absorption features in the 
SWIR occur at 2180 nm appearing as a doublet with the second, 
weaker absorption feature at 2210 nm. A second broad absorption 
appears at 2320 nm. These features are due to OH frequency 
stretching (Hunt et al., 1971) (Figure 2). 

Buddingtonite [NH,AlSi,O,.nH,O] is an ammonium 
aluminum silicate hydrate. Described as an ammonium feldspar 
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FIG. 2. Beckman laboratory spectrometer reflectance spectra 
of alunite (I), kaolinite (2), and buddingtonite (3) taken from 
the field samples. 

analogous to orthoclase, it was the first naturally occurring 
ammonium aluminosilicate to be described (Erd et al., 1964). 
Buddingtonite can occur as a replacement mineral in 
hydrothermally altered andesite, where ammonium, NH,+ 
substitutes for K+ or other alkali cations bound within the crystal 
structure (Krohn and Altaner, 1987). Buddingtonite shows a 
broad and strong vibrational absorption feature due to NH, 
around 2120 nm (Krohn and AItaner, 1987). 

Kaolinite [A12Si20,(OH),] is formed as a weathering product 
by hydrothermal alteration or as an authigenic sedimentary 
mineral (Murray, 1988). Its spectrum is dominated by strong 
hydroxyl absorption bands which are in the shortwave infrared 
between 2150 nm and 2200 nm (Hunt and Salisbury, 1970). The 
OH absorption appears in the form of a doublet, the weaker 
absorption occurring at about 2160 nm, the stronger absorption 
feature at 2200 nm. Further out in the SwIR another absorption 
feature can be detected at 2320 nm (Figure 2). 

RESULTS 

In the Figures 3(a)l-5, 3@)1-5, and 4(a)l-5 always one-pixel 
spectra of the sWIR are shown after processing using the tech- 
niques described above. The graphs of the figures correspond 
to 

(1) the original calibrated radiance data, 
(2) the flat-field corrected data, 
(3) the log-residual corrected data, 
(4) the LOWRAN 7 corrected data assuming the standard at- 

mosphere default values, and 
(5) the L O W M  7 corrected data constrained with radio- 

sonde input. 
As mentioned above, the pixels selected for the display of 

the spectra are dominated by one mineral. These are alunite in 
Figure 3(a); buddingtonite in Figure 3(b); and kaolinite in Fig- 
ures 4(a) and 4@). 

Figure 4@) shows the average kaolinite spectrum from an 
area of 3 by 3 pixels. In Figures 3(a) and 3@) and in Figure 4(a) 
the solid line represents the actual spectrum in its intensity 
versus the wavelength. The dashed line is a three-channel mov- 
ing average filtered spectrum, offset by about 10 to 15 percent 
from the original spectrum (solid line) for reasons of clarity. 
These averaged spectra were produced for each single pixel 
spectrum with the purpose of smoothing the spectral curve and 
reducing the noise contained in the observed pixel, due to the 
fact that the AW has a relatively low S N  in the SwIR (Hook 
et al., 1990). Even though the main absorption features are well 
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preserved and noise has been reduced, some subtle but impor- 
tant features, like the doublet (weaker twin absorption feature, 
contained in a major absorption) in the kaolinite spectrum (at 
2180 nm) and, in particular, in the alunite spectrum (at 2200 
nm), are suppressed as is apparent in Figures 3(a)l and 3(a)5 
and Figure 4(a)l. Consequently, the main emphasis in the eval- 
uation of the data has been directed towards the spectrally un- 
filtered data. 

The different spectra are discussed below. 

In order to ensure a correct interpretation, all data within 
one processing technique were displayed at the same graphical 
scale. Therefore, alunite shows a less drastic expression in its 
absorption features (as compared to kaolinite) and is dominated 
by weak minima that would be more clear, if an expanded scale 
were applied. Nevertheless, the calibrated data (Figure 3(a)l) 
as well as the LOWTRAN 7 radiosonde-corrected data (Figure 
3(a)5) show the alunite doublet between 2200 nm to 2210 nm. 
In the LOWTRAN 7 standard correction (Figure 3(a)4) as well as 
in the flat field corrected data (Figure 3(a)2) a reasonable 
distinction of the main absorption feature at 2180 nm from the 
noise is difficult. The log residual data (Figure 3(a)3) do exhibit 
the main absorption feature even though the process does 
introduce noise. The second sigruficant absorption feature of 
alunite at 2320 nm is, with the exception of the calibrated data 
(Figure 3(a)l), not very well distinguishable from the noise with 
all the processing techniques. However, the absorption can be 
seen in the spectrally filtered dashed spectra in all of the data 
sets. 

The broad absorption of buddingtonite at 2120 nm is apparent 
in all of the manipulated products, with the exception of the 
calibrated data. This is due to atmospheric influence that is not 
compensated for. Atmospheric influence is also responsible for 
the difference between the flat field (Figure 3@)2) and both the 
L O W ~  7 corrected spectra (Figures 3@)4 and 3@)5). Because 
the compensation cannot be achieved accurately by the 
atmospheric models at this particular wavelength, the flat-field 
correction, in this case, seems to eliminate the H,O absorption 
around 2100 nm best. Also, the LOWTRAN 7 radiosonde corrected 
data in Figure 3@)5 show a better result than the standard 
atmosphere constrained data (Figure 3(b)4). As in the case of 
alunite, the log residuals (Figure 3(b)3) emphasize the main 
absorption features at 2120 and at 2300 nm, the latter also being 
detectable in the other buddingtonite data sets. An additional 
feature is introduced at around 2230 nm. This absorption may 
result from the scene average that is dominated by hydroxyl 
absorption features around 2200 nm. These would elevate the 
spectra of pixels that do not contain the dominant material around 
2200 nm, introducing an artificial drop-off at longer wavelengths 
(Hook et al., 1990). 

Kaolinite shows the most distinct spectrum of all the minerals 
and is well suited for comparing the different processing 
techniques. The kaolinite doublet (at 2180 nm) is detectable in 
all the data products (Figure 4(a)l to 4(a)5), with the log residuals 
(Figure 4(a)3) again showing the strongest emphasis of the feature 
in spite of the introduced noise. Apart from that, the radiosonde 
constrained LOWTRAN 7 data (Figure 4(a)5) show, having corrected 
for the atmospheric influence, the best result besides the calibrated 
data. The LoWTRAN 7 standard data and the flat-field corrected 
set do not portray the decrease in reflection from kaolinite at 
wavelengths beyond 2250 nm as can be seen in the laboratory 
spectrum, measured from the field sample by the Beckman 

spectrometer (solid curve in Figure 5). Minor noise is also being 
introduced in this case by the radiosonde constrained LOWRAN 
7 data. Nevertheless, the major atmospheric absorption features 
at 2060 and 2330 nm are well corrected for. 

20 

Figure 4(b) demonstrates how noise, together with 
inhomogeneities in the spectrum, can be reduced as soon as a 
bigger area of uniform adjacent pixels are averaged. Here the 
average of a 3- by 3-pixel area has been calculated from the 
processed data. In all cases in Figure 4@), the dotted lines above 
and below the solid spectral curve (mean value of the nine 
pixels) represent the spectral mean value plus and minus one 
standard deviation in order to show the error range, when 
applying such a spatial average. All of the data sets clearly 
demonstrate the reduction of noise and inhomogeneities, while 
again only the calibrated (Figure 4(b)l) and the radiosonde 
constrained LOWRAN 7 data (Figure 4(b)5) display the decrease 
in reflection beyond 2250 nm. For both the flat-field corrected 
data (Figure 4(b)2) as well as the log residuals (Figure 4(b)3), an 
additional feature is introduced into the kaolinite doublet. In 
Figure 5 the previously mentioned field sample spectrum of 
kaolinite is shown together with the two LOWTRAN 7 data products 
in one diagram. Because the LOWTRAN 7 data are reduced to 
reflectance values, they can be compared to the laboratory 
reflectance data. The solid line 1 represents the lab spectrum, 
spectral curve 2 represents the standard atmosphere constrained 
L O W W  7 data set, and curve 3 the radiosonde constrained 
one. For both cases, again in order to reduce noise and 
inhomogeneity, the 3- by 3-pixel averaged sample has been 
chosen as example. A clear correlation between the radiosonde 
constrained data and the lab spectrum can be detected. The 

I I I I I 1 I 1 

difference in signal levels is due tb the signal losses in the system 
and the influence of some silica, present in the observed nine 
pixels, that suppresses to a certain extent the distinctiveness of 
the kaolinite absorption features. Meanwhile, the lab measured 
field sample taken from that area and measured in the laboratory 
shows in the XRD analysis an abundance of kaolinite. The 
LOWTRAN 7 data set, that is constrained by the standard 
atmosphere default values, shows only a clear overcompensation 
of the atmospheric influence, obvious from the fact that it crosses 
the lab spectrum. For detailed mineral analysis in the SWIR, a 
very accurate correction of the atmospheric influence is necessary. 
For this, the standard default LOWRAN 7 values appear to be 
unsatisfactory for the analysis of remotely sensed spectrometry 
data. 

20W 2050 21W 2150 22W 22% 2300 2350 24W 

WAVELENGTH Inm] 
FIG. 5. Reflectance spectra from the Lab spectrometer (solid 
line, I), the LoWrRAN 7 transfer code using standard atmos- 
pheric conditions (2), and the LOWrRAN 7 code using radiosonde 
data as input (3). 
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SUMMARY AND CONCLUSIONS 

At this point it has to be emphasized that, even though many 
of the features are detectable in the calibrated original data in 
the s m ,  the atmospheric influence has to be corrected in order 
to guarantee a relatively accurate match of the lab spectrum 
with the image derived spectrum. 

Apart from the calibrated original data, the radiosonde con- 
strained LOWTRAN 7 processed data show the best results for 
determining the trend of a spectrum including secondary ab- 
sorption features. Thus, they are to be given preference over 
the standard atmospheric values in the LOWTRAN 7 method. The 
disadvantage here is that radiosonde data of the area of obser- 
vation have to be provided. 

For identification, using scene based techniques, without ex- 
ternal information, the log residuals clearly show the best re- 
sults. As demonstrated several times throughout the 
investigation, the log residuals impressively emphasize, despite 
the noise introduced by the technique, the major absorption 
features of the present minerals. 

The flat-field correction shows the least satisfactory results of 
the scene based techniques used, not only because of the noise 
introduced with the technique, but also because of the necessity 
of having a spectrally and morphologically flat and preferably 
bright reflecting target contained in the scene to carry out the 
correction. In the present study, the correction area used as a 
flat field (the Stonewall Playa) shows some minor carbonate 
absorption features which are, through the correction process, 
divided into the whole scene and thus falsify the results to a 
certain extent. 

Summarizing, it can be said that the log residuals technique 
gives the best results of the scene based techniques, while the 
LOWRAN 7 radiosonde constrained correction offers the best 
results of the techniques examined. In the present case, where 
a homogeneous area was being investigated, a spatial average 
of 3 by 3 pixels enhanced the results and the resemblance to 
the laboratory data by reducing noise and inhomogeneities on 
the pixel scale. An averaging in the spectral domain, however, 
has led to the suppression not only of noise but also of smaller 
absorption features, vital for mineral identification. 
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