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Abstract. A procedure developed for quantifying spectral variability was
applied to visible and near-infrared spectra from a database of the Wind River
and Bighorn basins. Principal Components Analysis (PCA) of 94 sedimentary
rock spectra distinguished shales, sandstones, limestones, dolostones, bedded
gypsum and bentonites from 25 stratigraphic units. However, only twelve
spectrally distinct groups were delineated because of lithological homogeneity.
Albedo and slope characteristics of the spectra were found to be related to the
first and second PC, respectively, and absorption bands related to the remaining
components. A second PCA phase, using vertically scaled spectra to minimize the
albedo variability, indicated space distributions that enhanced major absorption
features in the near-infrared region. Parameters describing absorption bands were
also calculated from spectral continuum. The best parameters for spectra
discrimination were band depths at 1900, 2200 and 2300 nm, in agreement with
the PCA results using scaled spectra. Finally, the stratigraphic column was
characterized by correlated log sections composed by PC scores of the original
data and of scaled spectra, in lieu of band, band-ratios, area and depths of
absorption bands. Reflectance-lithostratigraphic markers were identified in the
log sections and indicated the potential of reflectance-lithostratigraphy in correla-
tion studies. We concluded that PCA using a small number of narrow bands to
represent the spectrum was an adequate mathematical approach for spectral
analysis. . PCA of scaled spectra was found to be a useful tool to enhance
differentiations due to absorption features.

1. Introduction
The area of the Wind River and southern Bighorn basins depicted in figure 1 has
been extensively studied by remote sensing, including visible, near-infrared, and
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Map of Wyoming with the study area covering the Wind River and southern
Bighorn basins (Adapted from Lang 1985).
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thermal infrared spectroscopic data (Conel et al. 1985, Lang 1985, Lang et al. 1987,
1990, Stucky et al. 1987). According to Lang et al. (1990), almost 200 spectra have
been obtained from samples collected in the area, and they have been qualitatively
analysed for the mineralogical nature of sedimentary rocks.

In this paper, our purpose is to present a quantitative analytical approach, based
on the use of Principal Components and on the application of the straight-line
continuum method (Clark and Roush 1984), as a simplifying alternative in the
analysis of sedimentary rock spectra collected by Lang et al. (1990). The questions
we seek to answer are: which minimal spectral parameters are sufficient to character-
ize a large set of rock spectra; which geological units are statistically discriminated
and which ones are similar; and which contributions can be provided by this
approach to lithostratigraphic correlations in the Wind River and Bighorn sedimen-
tary basins.

2. Database

A digital spectral database has been presented by Lang et al. (1990) for the
central Wyoming study area of figure 1. From that database, we selected 94 spectral
curves representing outcrop samples (weathered) of 25 formations or members of the
Wind River and Bighorn basins. As indicated in table 1, the lithology of these
samples spans from siliciclastics to chemical sedimentary rocks. The mineralogy was
determined from bulk sample X-ray diffraction (XRD) analysis (Lang et al. 1990).
The reflectance spectra were obtained with a Beckman UV5240 spectrophotometer,
an integrating sphere and a Halon reference standard. The determinations are, thus,
of hemispherical reflectance, in the range of 400 to 2500 nm and a sampling interval
of 1 nm from 400 to 800 nm, and 4 nm from 800 to 2500 nm. A bandwidth variation,
from 1nm at 400nm to 40nm at 2500nm, provides a spectral resolution
(bandwidth/wavelength) of less than 2 per cent throughout the spectral range. More
details are found in Lang et al. (1990).

3. Methodology for lithospectral characterization
3.1\ Principal components analysis (PCA)

PCA is commonly used to produce low dimensionality eigenvectors by which the
data set can be rotated (Davis 1986). Several studies have utilized PCA in spectral
analysis (Sasaki et al. 1983, Smith et al. 1985, Galvdo et al. 1995). In the present
work, eigenvectors were used to get information on the spectral separation level of
samples and to identify homogeneous groups.

The preliminary step was the selection of a minimal set of narrow bands
appropriately positioned in the frequency axis, in such way as to represent the
general shape and slopes of all the curves in the data set. The recommended
procedure is to draft some curves by using reflectance values from the narrow bands
and to compare the drafted curves with the original spectra, for fitness. For example,
in figure 2, we indicate the position of 13 bands with wavelength widths of 20 nm,
distributed in approximately equal distances in the spectra. We excluded the two
major intervals of atmospheric absorptions to allow possible inferences from images
from the Wind River and Bighorn basins, based on the results of this paper.

Alternatively, PCA was performed on spectra vertically scaled to unity at
1500nm (middle of the interval studied) to minimize albedo variability, and
hopefully get a better insight into the factors affecting the eigenvectors of less
variability. In this phase, we selected 10 reflectance values obtained at 50 nm
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Figure 2. Reflectance spectrum of a siltstone from the Morrison Formation. The dots
indicate the wavelength position and the mean reflectance of each selected 13 narrow
bands. The two main atmospheric absorption bands are indicated by the stippled
areas.

intervals from 2000 to 2500 nm. We used only -this interval to make our detailed
analysis because of the importance of the spectral variability related to the AI-OH
and CO, absorption bands. A detailed discussion on absorption features registered
by the spectra of the Wind River and Bighorn basins is found in Lang et al. (1990).
Henceforth, we will refer to these normalized spectra as the scaled data set and the
non-normalized spectra as the original data set.

3.2. Analysis of absorption bands by continuum removal

In the procedure that uses absorption band characteristics, we made use of the
straight-line continuum to isolate and quantify the features with centres around 900,
1400, 1900, 2200 and 2300 nm. These absorption bands were chosen because of their
frequent occurrence and good definition in spectra of sedimentary rocks. Since this
quantification procedure consisted of a simple mathematical transformation applied
individually over each absorption band, without any linear combination of vari-
ables, as in the case of PCA, we decided for the inclusion of the bands within the
main atmospheric absorption intervals (1400 and 1900 nm). Thus, the five absorp-
tion bands were analysed individually in terms of the discriminatory power of their
parameters.

Continuum removal is a common technique employed in the interpretation of
reflectance spectra (e.g., Clark and Roush 1984, and references therein). In our
work, each continuum was manually drawn as straight lines from peak to peak on
either side of each absorption band (figure 3). A normalized reflectance (NR) was
calculated for each wavelength as the ratio of the sample reflectance by the
equivalent continuum reflectance. As shown in figure 3, four spectral parameters
were resolved for each absorption band: the continuum slope (S) measured from the
reflectance difference (AR) divided by the wavelength interval (A1); the maximum
depth of absorption (D), defined as | minus the normalized reflectance at the
wavelength of maximum absorption; the width of the absorption (W), measured at
half maximum depth; and the area of the absorption (A4), enclosed by the
continuum. Spectral similarity relations among the stratigraphic units, based on
these parameters, were analysed from scatterdiagrams.
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Figure 3. Illustration of the straight-line continuum removal. A spectrum of a dolostone
from the Goose Egg Formation is shown in the lower part (solid line). The straight-line
continuum is indicated by the dashed line. The upper part displays the normalized
reflectance (NR), obtained from the division of the spectrum by the continuum. The
absorption parameters are: S, slope of the continuum; D, maximum depth of the
absorption; W, width of the absorption at half the maximum depth; A4, area of the
absorption enclosed by the continuum. ’

Finally, the stratigraphic column was compared with log sections composed by
each variable (band, PCA scores and parameters from absorption features), so that
reflectance-lithostratigraphic markers could be identified.

4. Results and discussion
4.1. Principal components analysis (PCA)
4.1.1. Original data
The eigenvectors obtained from the correlation matrix formed by 13 reflectance
bands from 94 spectra are illustrated in figure 4, and the first two PC scores are
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Figure 4. Eigenvectors (E1 and E2) related to the first two principal components derived
from 13 narrow bands of 94 reflectance spectra.
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Figure 5. Space distribution of the first two principal components scores (PC1 and PC2) of
94 spectra. The closeness among samples is an indication of similarity. The spectra
present higher albedos towards the right side, and higher NIR/VIS ratios towards the
bottom. Diagonal dashed lines, arbitrarily drawn, separate zones of shales (left),
sandstones, limestones and bedded gypsum (centre), and dolostones, sandstones and
bentonites (right). Components of twelve stratigraphic units are enclosed by heavy
lines, in order to facilitate discussions. Spectra of samples identified by letters are
shown in figures 6 and 7. Samples 1 and 2 are discussed in the text.

shown in figure 5. The analysis of the amplitude, sign and shape of the curve that
represent the eigenvector weighting (figure 4) and of the PC space distribution
(figure 5) gives an indication of the spectral characteristics that are responsible for
the statistical variance of the data set. We infer that the first eigenvector, that
describes most of the data set’s variability (83 per cent of the total variance), can be
interpreted as a measure of the albedo variation. The positive weightings of El in
figure 4 indicate a positive covariance relationship among the 13 reflectance bands.
On the other hand, the weightings of E2 in figure 4 indicate a negative association
mainly between visible (positive weightings for bands 1, 2 and 3) and infrared
(negative weightings for bands 11, 12 and 13) reflectance data. As we will illustrate
with several spectra, the second eigenvector, with 10 per cent of the total variance, is
related to the slopes of the curves.

Figure 5 displays the variance of the data set projected into a space of orthogonal
principal components where smaller distances among samples are indicative of
similarity. Examination of the PC scores (figure 5) shows a coarse sample separation
along the PCI1 axis. Low albedo shales are located on the left side, high albedo
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dolostones, sandstones and bentonites are found in the right region and medium
albedo sandstones, limestones and gypsum are distributed in the middle of figure 5.

Figure 6 displays three spectra (4, B, C) of samples shown in figure 5 by the same
reference letters, with increasingly higher albedo towards the right side of the PCl
axis. For the siliciclastics, this trend agrees with an increase in silica content, but a
decrease in the clay component, iron oxides and organic matter. In the other
direction, as PC1 values decrease, the spectra present lower albedos with less
conspicuous absorption features probably because of an increase in opaque minerals
and carbonaceous material (Hunt and Salisbury 1976).

To get a better understanding of the second eigenvector, we have plotted in figure
7 the spectra of samples with the same albedo (similar PC1 scores), but variable PC2
scores. In figure 7 (a), we show three shale samples; in 7 () sandstones; and in 7(c)
dolostones. The position of these samples along PC2 axis is indicated by reference
letters in figure 5. Figure 7 shows, in the inset, the near-infrared/visible ratio of each
curve. The slopes of the spectra, represented by such ratios, increase from the curves
F, I and L (top of PC2 axis in figure 5) to the curves D, G and J (bottom of PC2),
respectively. The wavelengths chosen for calculations (2450 nm/450 nm) represent,
respectively, the negative and positive maxima of the second eigenvector (figure 4).

In fact, PC2 expresses an effect of spectral slope inversion between visible and
infrared reflectance data, which is well illustrated in figure 7. Spectra of samples
positioned at the top of the PC2 axis (e.g., curve F in figure 7 (a), with a descending
slope) show higher reflectance in the visible and lower in the infrared than those
positioned at the bottom of the PC2 axis (e.g., curve D in figure 7(a), with an
ascending slope). The slope of each spectrum is probably affected by the net
radiation resulting from the interplay of absorption and scattering properties of the
minerals present in the rock. For instance, samples with high iron-oxide content but
low hydroxyl-bearing minerals would present a high ratio (ascending slope), and
vice-versa.

In figure 5, we have delineated by hand groups composed of samples represent-
ing twelve stratigraphic units. The remaining samples outside the outlined groups
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Figure 6. Three spectra illustrating increasingly higher albedo along principal component 1
(PC1) in figure 5. The shale (a) is from the Thermopolis Formation; the bedded
gypsum (b) and the dolostone (c) are from the Goose Egg Formation.
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Figure 7. Spectra of shales, sandstones and dolostones, respectively in 7(a), (b) and (c),
showing changes in curve shapes along the PC2 axis of figure 5. The letter of each
curve is related to the space distribution in figure 5. Near-infrared/visible ratios of each
curve are plotted in the inset and represent the slopes of the curves.

are either single sample of other stratigraphic units or belong to units that have
samples with spectra widely dispersed in the PC space. In this manner, PCA is a
good indicator of lithostratigraphic homogeneity or heterogeneity of the unit.
Sample dispersion in PC space is probably due to variations in reflectance related to
mineralogy, chemistry, granulometry, surface roughness and the presence of a
weathered crust or lichen. For example, the enclosed samples of the Thermopolis
Formation (figure 5) are composed by smectite-rich shales, but the remaining
Thermopolis samples, with higher quartz content, probably responsible for higher
albedos (samples indicated by the number 1 in figure 5), are found further to the
right. Dolostones from the Goose Egg Formation also fall in two regions. The
samples indicated by number 2 in figure S present less calcite than the samples in the
group further above. These two groups are represented by spectra J and C in figures
7(c) and 6, respectively. According to the previous discussion, we can infer that the
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relative position of any spectrum along PC2 is probably related to variations in
minor constituents, such as iron oxides and hydroxyl-bearing minerals. For instance,
the spectrum of sample J appears to be dominated by the presence of ferric oxides
because of the reflectance decrease from the red to the blue interval (Townsend
1987).

4.1.2. Scaled spectra

The spectra were shifted vertically at 1500nm because most of the slope
inversions described before occur in the wavelength interval from 1000 to 2000 nm.
With the normalization process, all spectra acquire about the same albedo. As
expected, PCA using the scaled spectra was partially successful in removing the
albedo variation from the first component. As a result, there is a shifting up of the
remaining variation factors into higher eigenvectors. This procedure helps to
enhance subtle but important information because these shifted factors are related to
the variability of absorption features. For instance, in figure 8, that describes the
weighting factors of the scaled spectra, eigenvector 1 represents the variability (75
per cent of the total variance) related to the residual albedo of the normalized
curves. PC2 weighting factors (15 per cent of the total variance) reflect absorption
features at 2300 nm (positive sign) and secondly around 2100nm (negative). PC3
factors (5 per cent of the total variance) are responsible for features at 2060 nm
(positive), at 2200 nm (negative), and secondly from 2400 to 2500 nm (negative).

The scores of principal components 2 and 3 are shown in figure 9. In this
diagram, there is a tendency for the carbonates to be found around the centre and
towards the lower left side. There is an increase in the strength of the 2300 nm band
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Figure 8. Vector weighting of three principal components (E1, E2 and E3) derived from 10
reflectance values within the wavelength interval of 2000 to 2500 nm, obtained from
spectra scaled to unit at 1500 nm.
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Figure 9. Second and third principal components scores of the 94 scaled spectra in the
interval of 2000 to 2500 nm. Carbonates, shales, bedded gypsum and bentonites are
enclosed by lines to facilitate visualization of their distribution. Spectra of samples
identified by letters are shown in figure 10.

towards the left of PC2. Samples from Goose Egg, Madison and Alcova are found
in the extreme left side of the diagram. Similarly, because of the relations of the
2200 nm feature with PC3, bedded gypsum samples are located in the upper right
side. Clean sandstones and shales are found in the lower right side because their
spectra are featureless. In general, there is more scatter in the PC space of the scaled
spectra (figure 9) than in the PC space of the original data (figure 5), even though
some groups remain clustered such as the Mowry, Thermopolis, Goose Egg and
Madison, which is an indication of stratigraphic homogeneity.

To illustrate the above relations, we selected in figure 9 three sets of spectra of
shales, sandstones and dolostones which are identified by letters and displayed in
figure 10. As we go from the lower right side towards the upper left side of figure 9,
the samples show spectra with increasingly stronger features at 2200 nm (mostly in
the shales of figure 10 (a), and at 2300 nm (mainly in the dolostones of figure 10 (c).
On the other hand, the broad feature from 2050 to 2100 nm becomes prominent in
any sequence of spectra in the opposite direction (see spectra F, E and D in figure
10). In the space distribution of figure 9, neighbouring samples tend to display
similar spectra. See for instance spectra F in figure 10(b) of a Crow Mountain
calcareous sandstone, and spectra C in figure 10(a), of a Red Peak dolomitic
mudstone. Another example of spectral similarity is observed in spectra D in figure
10 (), of a Cloverly quartzarenite, and spectra G in figure 10(c), of a Goose Egg
dolostone.
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Figure 10. Spectra of shales, sandstones and dolostones are shown respectively in 10 (a), (b)
and (c). In 10(a), the curves have been offset vertically and the reflectance values at
2000 nm are indicated. See figure 9 for the position of each curve in the PC space.

4.2. Analysis of absorption bands by continuum removal

The featureless spectrum A in figure 6 is a typical example of a Thermopolis
black shale with a relatively large amount of organic matter. Low albedo shales
result from the presence of opaque carbonaceous material, which masks the
absorption bands of the other components (Hunt and Salisbury 1976). Shales that
contain small amounts of organic carbon usually display spectra with higher albedo
and more well-defined bands. For example, spectrum E in figure 7(a) exhibits
asymmetric and broad 1410 and 1910nm absorption bands characteristics of
smectite spectra (Hunt 1977, Lang et al. 1990).

Spectra of sandstones from the Wind River and Bighorn basins generally show
1400, 1900, and 2200 nm bands due to hydroxyl and/or molecular water. Sometimes,
1400-1410 nm and 2160-2200 nm band pairs indicate the presence of kaolinite in the
samples. Spectra G and H in figure 7(b) exhibit a 2340nm feature probably
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associated with calcite. The presence of this mineral in these samples was also
confirmed through XRD analysis supplied by Lang ez al. (1990).

For spectra of limestones and dolostones, the most important feature to be
observed is the carbonate band around 2300 nm. Bands with centres at 2340 nm are
characteristic of calcite and those at 2320 nm are diagnostic of dolomite (Hunt and
Salisbury 1971, Gaffey 1986, Lang et al. 1990).

For the majority of the spectra, features short of 1000 nm can be attributable to
iron oxide phases (Townsend 1987). These features can include a weak band at
650 nm (e.g., spectrum G in figure 7 (b)) or a more well-defined band at 900 nm (e.g.,
spectrum L in figure 7 (c)). Another common iron feature is the steep reflectance fall-
off, from the red to the blue wavelength, observed in many curves (e.g., spectrum I in
figure 7 (b)).

In the present work, we used the straight-line continuum method (Clark and
Roush 1984) to calculate parameters describing the 900, 1400, 1900, 2200 and
2300 nm absorption bands. Our statistical analysis indicated that the best absorption
band parameters to differentiate the stratigraphic units studied were the depth and
the area of absorption bands, especially bands centred at 1900, 2200 and 2300 nm.
Depth and area were found to be highly correlated.

In figures 11 and 12, we display the depth relations of 1900 versus 2300 nm and
of 1900 versus 2200nm, respectively. Group separability may be estimated by
inspection of the space distribution of the samples. For instance, we can observe in
figure 11 that the 2300 nm band can separate the carbonates from the siliciclastics,
because they present deeper bands than the latter. In figure 12, the diagram shows
that the 2200 nm band depth can separate the Mesaverde sandstones from the other
siliciclastics, because they present deeper 2200 nm bands. In the same diagram, the
shales are found in the lower left side because they have shallower bands at 1900 and
2200 nm. The 1900 nm band can separate the Tensleep and Mesaverde sandstones
from the other sandstone groups. However, the 1900 nm band is also affected by
atmospheric absorption, a major hindrance in remote sensing. In essence, the
analysis of absorption bands by continuum removal corroborates the results
obtained from the second and third PCA of scaled spectra (figure 9).
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Figure 11. Outlines of zones enclosing samples from stratigraphic units distinguished by
band depths 1900 versus 2300 nm. Band depth is defined in figure 3.
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Figure 12. Outlines of zones enclosing samples from stratigraphic units distinguished by
band depths 1900 versus 2200 nm. Band depth is defined in figure 3.

4.3. Spectral reflectance-lithostratigraphy

To facilitate lithostratigraphic inferences, we have plotted the studied reflectance
parameters (band, PC scores and absorption band parameters) as vertical log
sections along the stratigraphic column. We concluded that the PC scores can
represent adequately all these parameters with a minimal redundancy.

Figure 13 summarizes our results in a log-format that provides a preliminary
overview of the Wind River and Bighorn reflectance-lithostratigraphy. In terms of
albedo variations, the PC1 of the original data shows, in ascending stratigraphic
order, a Paleozoic sequence with spectra having comparatively higher albedos, with
above 50 per cent reflectance. The Mesozoic interval, from the Red Peak to
Sundance, presents intermediate albedo, around 35 per cent reflectance. This is
followed by a low albedo interval, with less than 25 per cent reflectance, of samples
from the Morrison to the Mowry formations. The upper sequence, mostly sand-
stones, is characterized by intermediate albedo.

Positive PC2 scores of the original data indicate spectra with descending slopes in
the infrared region, while negative values are associated with ascending slopes.

The PC2 of scaled spectra is useful in distinguishing carbonate-bearing from
carbonate-barren strata because of the 2300 nm absorption feature. In the PC3 of
scaled data, the highlighted samples are bedded gypsum related to the 2200 nm
band. The presence of kaolinite, muscovite, smectite and illite would also generate
absorption features around this wavelength.

A major flaw in the sections presented in figure 13 is the lack of control in the
stratigraphic position of each sample within the unit. However, this is not the case of
the ‘Curtis Sand’ and the ‘Rusty Beds’, positioned at the top of the Sundance and at
the base of the Thermopolis, respectively. Another inaccuracy is related to lithologic
heterogeneity that is not represented completely by the field samples of the data set.

Nevertheless, the sections presented in figure 13 demonstrate the potential value
of reflectance-lithostratigraphy. For instance, the horizontal dashed lines indicate
the presence of important marker beds described by Lang et al. (1990): the bedded
gypsum of the Dinwoody, Goose Egg and Gypsum Springs; the algal marlstone of



1630 L. S. Galvdo and I. Vitorello

PCH PC2 PC2 PC3
STRATIGRAPHIC (ORIGINAL) (ORIGINAL) (SCALED) (SCALED)

2 -1 0 41 +2
T T T

~T

UNIT

21O 41 42
WAGON BED T !

2 -l O +1 42 2 -1 O 41 +2
T T T T T T

LOST CABIN
LANCE

MESAVERDE
CcooY

FRONTIER

CLAY SPUR

MOWRY
MUDDY

THERMOPOLIS

CLOVERLY
[MoRRISON |

SUNDANCE

GYPSUM SPRING

POPO AGIE
CROW MOUNTAIN

ALCOVA

RED PEAK

e — = — —

GOOSE EGG

DINWOODY
PHOSPHORIA

TENSLEEP

MADISON

FLATHEAD

—_—
ALBEDO NiR/VIS 2300nm 2200 nm

Figure 13. Schematic 'representation of PC score variations along the stratigraphic column:
PC! and PC2 of the original data and PC2 and PC3 of the scaled data. Horizontal
dashed lines indicate possible reflectance key markers.

the Alcova Member; the analcime-rich mudstone of the Popo Agie Member; the
kaolinite-rich sandstone of the Cloverly Formation; and the smectite-rich shale of
the Clay Spur Bentonite. In general, these marker beds can be spectrally identified
by at least one of the four PC values.

In figure 13, a fifth data set could also include information related to ‘spectral
mineralogy’, identified by the wavelength position of absorption band centres. For
example, the possibility of identifying calcite and dolomite bearing strata is of
general value in analyses of carbonate facies (Lang et al. 1990).

5. Conclusions

Our study has shown that the spectra of outcrop samples from Wind River and
Bighorn basins can be quantitatively distinguished.on the basis of albedo, shape and
slopes of the curves and major absorption features. Stratigraphic units composed of
samples with homogeneous reflectance properties presented tighter clusters in PC
space. PCA was an efficient statistical procedure to investigate the source of spectral
variance and to visualize the separation and similarity among samples from distinct
stratigraphic units. The absorption band analysis by continuum removal confirmed
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the PCA results of scaled spectra. PCA log sections plotted along the stratigraphic
column provide the manner by which reflectance characteristics may be compared
and possible key markers identified for lithostratigraphic correlations. Once com-
plete reflectance-lithostratigraphic patterns have been established within strati-
graphic sections, they may be utilized to correlate lithofacies within a series of
sections or to search for missing sections adjacent to structural discontinuities.
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