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1. Introduction

1.1 About This Chapter. Spectroscopy is the study of light as a function of wavelength that has been emitted, reflected or scattered from a solid, liquid, or gas. In this
chapter | will primarily discuss the spectroscopy of minerals, but the principles apply to any material. No single chapter can cover this topic adequately, and one could
argue, not even asingle book. Thus, in some ways, this chapter may fall short of expectations, depending on the reader. In this chapter, | have tried to provide an
overview of what is already known, some of which may be covered better in other reviews. | have also tried to present some of the practical lessons of spectroscopy,
some of which have been in use by spectroscopists as common knowledge, but have not necessarily been previously published in detail. See Adams (1975), Hunt
(1977), Farmer (1974), Hunt (1982); Clark and Roush (1984), Clark et al. (1990a), Gaffey et al. (1993), Salisbury (1993), and references in those papers for more
details.

Back to Contents

1.2 Absorption and Scattering. As photons enter a mineral, some are reflected from grain surfaces, some pass through the grain, and some are absorbed. Those
photons that are reflected from grain surfaces or refracted through a particle are said to be scattered. Scattered photons may encounter another grain or be scattered
away from the surface so they may be detected and measured. Photons may also originate from a surface, a process called emission. All natural surfaces emit photons
when they are above absolute zero. Emitted photons are subject to the same physical laws of reflection, refraction, and absorption to which incident photons are bound.

Photons are absorbed in minerals by several processes. The variety of absorption processes and their wavelength dependence allows us to derive information about the
chemistry of amineral from its reflected or emitted light. The human eye is a crude reflectance spectrometer: we can look at a surface and see color. Our eyes and
brain are processing the wavel ength-dependent scattering of visible-light photons to reveal something about what we are observing, like the red color of hematite or
the green color of olivine. A modern spectrometer, however, can measure finer details over a broader wavelength range and with greater precision. Thus, a
spectrometer can measure absorptions due to more processes than can be seen with the eye.

Back to Contents

1.3 Spectroscopy Terms. There are 4 general parameters that describe the capability of a spectrometer: 1) spectral range, 2) spectral bandwidth, 3) spectral sampling,
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and 4) signal-to-noise ratio (S/N). Spectral range isimportant to cover enough diagnostic spectral absorptions to solve a desired problem. There are general spectral
ranges that are in common use, each to first order controlled by detector technology: a) ultraviolet (UV): 0.001 to 0.4 um, b) visible: 0.4 to 0.7 pm, c) near-infrared
(NIR): 0.7 to 3.0 ym, d) the mid-infrared (MIR): 3.0 to 30 um, and d) the far infrared (FIR): 30 um to 1 mm (e.g. see The Photonics Design and Applications
Handbook, 1996 and The Handbook of Chemistry and Physics, any recent year). The ~0.4 to 1.0-um wavelength range is sometimes referred to in the remote sensing
literature as the VNIR (visible-near-infrared) and the 1.0 to 2.5-ym range is sometimes referred to as the SWIR (short-wave infrared). It should be noted that these
terms are not recognized standard terms in other fields except remote sensing, and because the NIR in VNIR conflicts with the accepted NIR range, the VNIR and
SWIR terms probably should be avoided. The mid-infrared covers thermally emitted energy, which for the Earth starts at about 2.5 to 3 um, peaking near 10 um,
decreasing beyond the peak, with a shape controlled by grey-body emission.

Spectral bandwidth is the width of an individual spectral channel in the spectrometer. The narrower the spectral bandwidth, the narrower the absorption feature the
spectrometer will accurately measure, if enough adjacent spectral samples are obtained. Some systems have afew broad channels, not contiguously spaced and, thus,
are not considered spectrometers (Figure 1a). Examples include the Landsat Thematic Mapper (TM) system and the MODerate Resolution Imaging Spectroradiometer
(MODIS), which can't resolve narrow absorption features. Others, like the NASA JPL Airborne Visual and Infra-Red Imaging Spectrometer (AVIRIS) system have
many narrow bandwidths, contiguously spaced (Figure 1b). Figure 1 shows spectrafor the mineral alunite that could be obtained by some example broadband and
spectrometer systems. Note the loss in subtle spectral detail in the lower resolution systems compared to the laboratory spectrum. Bandwidths and sampling greater
than 25 nm rapidly lose the ability to resolve important mineral absorption features. All the spectrain Figure 1b are sampled at half Nyquist (critical sampling) except
the Near Infrared Mapping Spectrometer (NIMS), which isat Nyquist sampling. Note, however, that the fine details of the absorption features are lost at the ~25 nm
bandpass of NIMS. For example, the shoulder in the 2.2-um absorption band islost at 25-nm bandpass. The Visual and Infrared Mapping Spectrometer (VIMS) and
NIMS systems measure out to 5 um, thus can see absorption bands not obtainable by the other systems.
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Figure 1a: 111k 300dpi gif

Figure 1la. Spectra of the mineral alunite is shown as measured in the laboratory and for broad-band remote sensing instruments (see text). The FWHM isthe Full

Width at Half Maximum, defined in Figure 2. The alunite is sample HS295.3B from the USGS spectral library (Clark et al, 1993b). Each spectrum is offset upward

0.6 units from the one below it for clarity.
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The shape of the bandpass profile is also important. Ideally each spectrometer channel rejects all light except that from within a given narrow wavelength range, but
occasionally, due to optical effects too complex to discussin detail here, light may leak in from out of the bandpass (e.g. scattering within the optical system, or
inadequate blocking filters). The most common bandpass in spectrometers is a Gaussian profile. While specific spectrometer designs may have well-defined
theoretical bandpass profiles, aberrationsin the optical system usually smears the profile closer to a Gaussian shape. The width of the bandpassis usually defined as
the width in wavelength at the 50% response level of the function, as shown in Figure 2, called the Full Width at Half Maximum (FWHM).

Figure 2 _I ] 1 1 ] I 1 | ] 1 1 I 1 1 1 1 I 1 1 ] ] L
Figure 2: 20k 100dpi gif 1.0 - ]
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Figure 2. A Gaussian profile with a Full Width at Half Maximum Ll B 7
(FWHM) of 10 nm is shown. This profileistypical of — - -
spectrometers such as AVIRIS which has 224 such profilesspaced < O . 4 p=— —
at about 10 nm. H - ~
0.2 —
0.0 1 1 .

Q.98 0.99 1.00 1.01 1.02

WAVELENGTH (um)

Spectral sampling is the distance in wavel ength between the spectral bandpass profiles for each channel in the spectrometer as afunction of wavelength. Spectral
sampling is often confused with bandpass, with the two lumped together and called resolution. Information theory tells us that to resolve atwo spectral features, we
must have two samples. Further, in order to not introduce sampling bias, the samples must be close enough together to measure the peak and valley locations. The
Nyquist theorem states that the maximum information is obtained by sampling at one-half the FWHM. Spectrometer design, however, sometimes dictates a different
sampling, and many modern spectrometersin use (e.g. AVIRIS, VIMS) sample at half-Nyquist: sampling interval approximately equal to the FWHM. Note that the
AVIRIS system has a bandpass ~0.01 pm (10 nm), a sampling of ~0.01 um, and thus has a spectral resolution of ~0.02 um (20 nm). The NIMS system in Figure 1 can
sample at Nyquist (shown), half-Nyquist, and lower.

Finally, a spectrometer must measure the spectrum with enough precision to record details in the spectrum. The signal-to-noise ratio (S/N) required to solve a
particular problem will depend on the strength of the spectral features under study. The SIN is dependant on the detector sensitivity, the spectral bandwidth, and
intensity of the light reflected or emitted from the surface being measured. A few spectral features are quite strong and a signal to noise of only about 10 will be
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adequate to identify them, while others are weak, and a S/N of several hundred (and higher) are often needed (Swayze et al., 1997).

Back to Contents

1.4 Imaging Spectroscopy. Today, spectrometers are in use in the laboratory, in the field, in aircraft (looking both down at the Earth, and up into space), and on
satellites. Reflectance and emittance spectroscopy of natural surfaces are sensitive to specific chemical bondsin materials, whether solid, liquid or gas. Spectroscopy
has the advantage of being sensitive to both crystalline and amorphous materia's, unlike some diagnostic methods, like X-ray diffraction. Spectroscopy's other main
advantage isthat it can be used up close (e.g. in the laboratory) to far away (e.g. to look down on the Earth, or up at other planets). Spectroscopy's historical
disadvantageisthat it is too sensitive to small changesin the chemistry and/or structure of a material. The variationsin material composition often causes shiftsin the
position and shape of absorption bands in the spectrum. Thus, with the vast variety of chemistry typically encountered in the real world, spectral signatures can be
quite complex and sometimes unintelligible. However, that is now changing with increased knowledge of the natural variation in spectral features and the causes of the
shifts. As aresult, the previous disadvantage is turning into a huge advantage, allowing us to probe ever more detail about the chemistry of our natural environment.

With the advances in computer and detector technology, the new field of imaging spectroscopy is developing (Goetz et al., 1985, Vane et al., 1993; Green et al., 1990;
Mustard and Sunshine, 1997: Chapter 5; Kruse 1997: Chapter 15 and references therein). Imaging spectroscopy is a new technique for obtaining a spectrum in each
position of alarge array of spatial positions so that any one spectral wavelength can be used to make a recognizable image. The image might be of arock in the
laboratory, afield study site from an aircraft, or awhole planet from a spacecraft or Earth-based telescope. By analyzing the spectral features, and thus specific
chemical bondsin materials, one can map where those bonds occur, and thus map materials. Such mapping is best done, in this author's opinion, by spectral feature
analysis.

Imaging spectroscopy has many names in the remote sensing community, including imaging spectrometry, hyperspectral, and ultraspectral imaging. Spectroscopy is
the study of electromagnetic radiation. Spectrometry is derived from spectro-photometry, the measure of photons as a function of wavelength, aterm used for yearsin
astronomy. However, spectrometry is becoming aterm used to indicate the measurement of non-light quantities, such as in mass spectrometry (e.g. Ball, 1995). Hyper
means excessive, but no imaging spectrometer in use can hardly be considered hyper-spectral, after all, a couple of hundred channels palesin comparison to truly high
resolution spectrometer with millions of channels. Ultraspectral is beyond hyperspectral, alofty goal | do not believe we have reached. Terms like laboratory
spectrometer, spectroscopist, reflectance spectroscopy, thermal emission spectroscopy, etc, are in common use. Onerarely, if ever sees the converse: spectrometrist,
reflectance spectrometry, etc. So it seems prudent to keep the terminology consistent with "imaging spectroscopy.”

In this chapter | will introduce you to the factors affecting spectra of natural materials, including scattering and absorption, and the causes of absorption features. I'll
also discuss doing quantitative estimates of mixtures, and show example spectra of minerals and other common materials that might be encountered in the natural
world.

Back to Contents

1.5 Atmospheric Transmittance: Windowsfor Remote Sensing. Any effort to measure the spectral properties of amaterial through a planetary atmosphere, must
consider where the atmosphere absorbs. For example, the Earth's atmospheric transmittance is shown in Figure 3. The drop toward the ultraviolet is due to scattering
and strong ozone absorption at wavelengths short of 0.35 um. Ozone also displays an absorption at 9.6 um. Oxygen absorbs at 0.76 um in a narrow feature. CO,
absorbs at 2.01, 2.06, and aweak doublet near 1.6 um. Water causes most of the rest of the absorption throughout the spectrum and hides additional (weaker)
absorptions from other gases. The mid-IR spectrum in Figure 3b shows the effect of doubling CO,, which in this case is small compared to the absorption due to
water. While we will see that the spectral region near 1.4 and 3 pm can be diagnostic of OH-bearing minerals, we can't usually use these wavelengths when remotely
measuring spectra through the Earth's atmosphere (it has been done from high elevation observatories during dry weather conditions). However, these spectral regions
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can be used in the laboratory where the atmospheric path lengths are thousands of times smaller, or when measuring spectra of other planets from orbiting spacecraft.
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Figure 3a. Modtran (Berk et al., 1989) modeled atmospheric transmittance, visible to near-infrared. Most of the absorptions are due to water. Oxygen occurs at 0.76
pm, carbon dioxide at 2.0 and 2.06 pm. See text.
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Figure 3b. Atmospheric transmittance, mid-infrared is compared to scaled grey-body spectra. Most of the absorption is due to water. Carbon dioxide has a strong 15-
pm band, and the dotted line shows the increased absorption due to doubling CO,. Also shown isthe black-body emission at 288 K and the grey-body emission from
water and a sandstone scaled to fit on this transmittance scale. The water and sandstone curves were computed from reflectance data using: 1 - reflectance times a
black-body at 288 Kelvin.
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2. THE REFLECTION AND ABSORPTION PROCESSES

2.1 Reflection and Absor ption.. When a stream of photons encounter a medium with a change in the index of refraction some are reflected and some are refracted
into the medium. It is beyond this Chapter to review all the physical laws of reflection and refraction; a good optics or physics book can do that (e.g. Hecht, 1987).
However, the basics of reflection should be understood. All materials have a complex index of refraction:

m=n-jK (egn 1a)

where m is the complex index of refraction, nisthe real part of theindex, j = (-1)Y2, and K is the imaginary part of the index of refraction, sometimes called extinction
coefficient.

When photons enter an absorbing medium, they are absorbed according to Beers Law:
| =1, ekx, (egn 1b)
where | isthe observed intensity, |, isthe original light intensity, k is an absorption coefficient and X is the distance traveled through the medium.

The absorption coefficient is related to the complex index of refraction by the equation:
k = 4K/Lambda, (egn 1¢)

where Lambda is the wavelength of light. Example index of refraction, n, and extinction coefficient, K are shown in Figure 4afor quartz. The reflection of light, R,
normally incident onto a plane surface is described by the Fresnel equation:

R=[(n-1)2+K2]/[(n+ 1)2+K2]. (egn 1d)

At angles other than normal, the reflectance is a complex trigonometric function involving the polarization direction of the incident beam and is |eft to the reader to
study in standard optics or physics text books. The reflection from quartz grains as measured on alaboratory spectrometer is shown in Figure 4b. While the spectrum
is of aparticulate surface, first surface reflection dominates all wavelengths, and so is similar to the spectrum of a slab of quartz.
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Figure 4a. Optical constants of quartz, SiO,, from Spitzer and Klienman, 1960.
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Figure 4b. Relative reflectance of powdered quartz.

The absorption coefficient is traditionally expressed in units of cm 1 and x in cm. Equations 1a-d hold for a single wavelength. At other wavelengths, the absorption
coefficient and index of refraction are different, and the observed reflected intensity varies. The absorption coefficient as a function of wavelength is a fundamental
parameter describing the interaction of photons with a material. So is the index of refraction, but it generally varies less than the absorption coefficient as afunction of
wavelength, especialy at visible and near-infrared wavelengths. At fundamental absorption bands, both n and K vary strongly with wavelength, as seen in Figure 4a,
though K still varies over more orders of magnitude than n.

The complex index of refraction in Figure 4a shows important properties of materials. As one moves to longer wavelengths (left to right in Figure 4a), the index of
refraction decreases to aminimum just before asharp rise (e.g. a 8.5 and 12.6 um in Figure 4a). The minimum is often near or even below n = 1. The wavelength
where n = 1 is called the Christensen frequency and usually resultsin a minimum in reflected light because of the small (to zero) difference in the index of refraction
compared to the surrounding medium (e.g. air or vacuum). The location of the observed reflectance minimum is also controlled by the extinction coefficient according
to equation 1d. Note that the Christensen frequency sometimes occurs at a wavelength shorter than the maximum in the extinction coefficient (e.g. Figure 4a). This
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maximum is called the restrahlen band: the location of fundamental vibrational stretching modes in the near and mid-infrared. The combination of n and K at these
wavel engths often results in high reflectance. See Hapke (1993) for more details.

Back to Contents

2.2 Emittance. At mid-infrared wavelengths, materials normally receive thermally-emitted photons. In the laboratory, one can shine enough light on a sample to
ignore emitted photons and measure reflectance, but that can't be donein typical remote sensing situations. Measuring emitted energy in the laboratory is not easy
because all materials emit energy unless cooled to very low temperatures. Trying to measure thermal emission at room temperatures would be like trying to take a
picture with a camera with transparent walls and light bulbs turned on inside the cameral However, Kirchofs Law (e.g. Nicodemus, 1965) states:

E=1-R(egnle

where E is emissivity. Several studies have been conducted to show that the rule generally holds (e.g. see Salisbury, 1993 and references therein). While some
discrepancies have been found, they may be due to the difficulty of measuring emittance or due to temperature gradients in the samples (e.g. Henderson et al., 1996
and references therein). Considering that and the fact that one rarely measures all the light reflected or emitted (usually a directional measurement is made), the law is
basically true except in the most rigorous studies where absolute levels and band strengths are critical to the science. In practical terms, small changesin grain size
result in spectral changes that are usually larger than the discrepanciesin the law.

Back to Contents

2.3 Summary. The complex interaction of light with matter involves reflection and refraction from index of refraction boundaries, a process we call scattering, and
absorption by the medium as light passes through the medium. The amount of scattering versus absorption controls the amount of photons we receive from a surface.

Back to Contents

3. CAUSES OF ABSORPTION

What causes absorption bands in the spectra of materials? There are two general processes: electronic and vibrational. Burns (1993) examines the details of electronic
processes, and Farmer (1974) covers vibrational. These two books are significant works providing the fundamentals as well as practical information. A shorter
introduction to the causes of absorption bandsin mineralsis given by Hunt (1977, 1982) and Gaffey et al. (1993) for the visible and near-infrared.

Back to Contents

3.1 Electronic Processes.

Isolated atoms and ions have discrete energy states. Absorption of photons of a specific wavelength causes a change from one energy state to a higher one. Emission of
aphoton occurs as aresult of achangein an energy state to alower one. When a photon is absorbed it is usually not emitted at the same wavelength. For example, it
can cause heating of the material, resulting in grey-body emission at longer wavelengths.

In asolid, electrons may be shared between individual atoms. The energy level of shared electrons may become smeared over arange of values called "energy bands."
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However, bound electrons will still have quantized energy states (e.g. see Burns, 1970, 1993).

Back to Contents

3.1.1 Crystal Field Effects. The most common el ectronic process revealed in the spectra of mineralsis due to unfilled electron shells of transition elements (Ni, Cr,
Co, Fe, etc.). Iron isthe most common transition element in minerals. For al transition elements, d orbitals have identical energiesin an isolated ion, but the energy
levels split when the atom islocated in acrystal field (e.g. see Burns, 1970, 1993). This splitting of the orbital energy states enables an electron to be moved from a
lower level into a higher one by absorption of a photon having an energy matching the energy difference between the states. The energy levels are determined by the
valence state of the atom (e.g. Fe2*, Fe3*), its coordination number, and the symmetry of the siteit occupies. The levels are also influenced by the type of ligands
formed, the extent of distortion of the site, and the value of the metal-ligand interatomic distance (e.g. Burns, 1993). The crystal field varies with crystal structure from
mineral to mineral, thus the amount of splitting varies and the sameion (like Fe2*) produces obviously different absorptions, making specific mineral identification
possible from spectroscopy (Figure 5, 6, and 7).

Figure5a. LI B B T B LI B S B R B B B B B B B B B B |
) . C.B- Olivines N
Figure 5a 19k 100dpi gif - .

Figure 5a: 70k 200dpi qif

w ]
Figure 5a: 128k 300dpi gif 2 7
i —
Figure 5a. Reflectance spectra of two olivines showing the change in band positionand |} |
shape with composition. The 1-pm absorption band is due to a crystal field absorption of /! v o
Fe2*. "Fo" stands for forsterite (Mg,SiO,) in the forsterite-fayalite (Fe,2*SiO,) olivine L 7

solid solution series. The Fo 29 sample (K13291 from King and Ridley, 1987) has an

FeO content of 53.65%, while the Fo 91 sample (GDS 71; labeled Twin Sisters Peak in

King and Ridley, 1987) has an FeO content of 7.93%. The mean grain sizeis 30 and 25 g
pm respectively. The 1-pum band position varies from about 1.08 pm at Fo 10 to 1.05 pm

at Fo 90 (King and Ridley, 1987).
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Figure 5b.
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Figure 5b. Same as for Figure 5a but for mid-infrared wavelengths. Note the shiftsin the spectral features due to the change in composition. See text for discussion of
vibrational absorption bands.
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Figure 6a. Reflectance spectra of two pyroxenes showing the changein
Fe2* -absorption band position and shape with composition (from Clark
et al., 1993b). Diopside, sample NMNH18685, is CaMgSi,Og, but some
Fe2* substitutes for Mg. Bronzite, sample HS9.3B, is (Mg,Fe)SiOg with
mostly Mg. The 1-um versus the 2-um band position of a pyroxene

describes the pyroxene composition, Figure 6¢. The diopside spectrum
is offset 0.2 units upward.
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Figure 6b. Same as for Figure 6a, but for mid-infrared wavel engths. Note the shiftsin the spectral features due to the change in composition.
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Figure 6¢. Pyroxene 1-um versus 2-pum absorption band position as a function of composition, as adapted from Adams (1974) by Cloutis and Gaffey (1991). Open
circles have > 11% wollastonite (Wo), and solid symbols < 11 % Wo. Samples with zoned or exolved phases are marked by "Z." Other samples not following the
"normal” trend include those with >1% TiO, (Ti), > 1% Cr,05 (Cr), or >4% Al,O3. From Cloutis and Gaffey (1991).
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Figure 7a. Reflectance spectra of the iron oxide hematite (Fe,O3) and iron ) X i i
hydroxide goethite (FEOOH, from Clark et al., 1993b). The intense charge- L a4 _

transfer band in the UV (< 0.4 um) is "saturated" in reflectance, so only first |:' '

surface (specular) reflection is seen in these spectra. The 0.9-um and 0.86-pm IE_'EI i 7]

absorption features are due to L aporte-forbidden transitions (e.g. Morris et al, B
1985; Sherman, 1990 and references therein). The absorption at 2.7-3 um is due - Hemat ite
to trace water in the samples., and in the case of goethite, the OH. The goethite T (WS 16 1) —
spectrum is offset upward 0.2 units.
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Figure 7b: 29k 100dpi gif

Figure 7b: 101k 200dpi gif

Figure 7b: 185k 300dpi qif

Figure 7b. Same as for Figure 7a, but for mid-infrared wavelengths, and no offsets.

Example Fe2* absorptions are shown in Figure 5a (olivines), and Figure 6a (pyroxenes). Note the shift in band position and shape between the different compositions.
Example Fe3*+ absorptions are shown in goethite (FeOOH) and hematite (Fe,O3) in Figure 7a. Compositional changes also shift vibrational absorptions, discussed

below, and as seen in Figures 5b, 6b, and 7b. The compositional shifts of the electronic absorptions have been studied by Adams (1974, 1975) and Cloutis and Gaffey
(1991) for pyroxenes and are shown in Figure 6¢, and by King and Ridley (1987) for olivines.

The unfilled shells of rare earth ionsinvolve deep-lying e ectrons which are well shielded from surrounding crystal fields so the energy levels remain largely
unchanged. Thus, absorption bands due to rare earth elements are not diagnostic of mineralogy but to the presence of theionsin the mineral (Figure 8).
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Figure 8a. Reflectance spectra of rare-earth oxides. These absorptions are .

due to crystal-field transitions involving deep-lying electrons of the rare-
earth element and do not shift when the rare-earth ion isin another mineral.
Each spectrum is offset by 1.0 unitsfor clarity. Spectrafrom Clark et al.
(1993b).
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3.1.2 Charge Transfer Absor ptions.. Absorption bands can aso be caused by charge transfers, or inter-element transitions where the absorption of a photon causes
an electron to move between ions or between ions and ligands. The transition can aso occur between the same metal in different valence states, such as between Fe2*
and Fe3*. In general, absorption bands caused by charge transfers are diagnostic of mineralogy. Their strengths are typically hundreds to thousands of times stronger
than crystal field transitions. The band centers usually occur in the ultraviolet with the wings of the absorption extending into the visible. Charge transfer absorptions
are the main cause of the red color of iron oxides and hydroxides (Figure 7a). Morris et al. (1985) studied the details of sub-micron iron oxides where it was found that
the absorption bands rapidly decrease in intensity. This occurs because of the increased surface to volume ratio at small grain size resultsin a greater proportion of
grain boundaries where crystal field effects are different, resulting in lower magnetic coupling and reduced absorption strength. Other iron oxides probably show
similar effects. Reflectance spectra of iron oxides have such strong absorption bands that the shape changes significantly with grain size. Thiswill be discussed later in
this chapter and is also illustrated in Figure 27. Small shiftsin absorption band position are also observed due to substitution of other elements, like aluminum for iron
in hematite (e.g. Morris et al., 1985 and references therein) but more work needs to be done to fully understand the effects.
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3.1.3 Conduction Bands.. In some minerals, there are two energy levelsin which electrons may reside: a higher level called the "conduction band," where electrons
move freely throughout the lattice, and alower energy region called the "valence band," where electrons are attached to individual atoms. The difference between the
energy levelsis called the band gap. The band gap istypicaly small or non-existent in metals, and very large in dielectrics. In semiconductors, the band gap
corresponds to the energy of visible to near-infrared wavelength photons and the spectrum in these cases is approximately a step function. The yellow color of sulfur is
caused by such aband gap. The minerals cinnabar (HgS) and Sulfur (S) have spectra showing the band gap in the visible (Figure 9).
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Figure 9. Reflectance spectra of Sulfur, S, (top) and cinnabar, HgS, (bottom) -0 5
showing conduction bands in the visible (from Clark et al., 1993b). H |
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3.1.4 Color Centers.. A few minerals show color due to absorption by "color centers." A color center is caused by irradiation (e.g. by solar UV radiation) of an
imperfect crystal. Crystalsin nature have lattice defects that disturb the periodicity of the crystal. For example, defects might be caused by impurities. These defects
can produce discrete energy levels and electrons can become bound to them. The movement of an electron into the defect requires photon energy. The yellow, purple
and blue colors of fluorite are caused by color centers. See Hunt (1977) and references therein for more details.
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More detailed discussions of electronic processes can be found in the review paper by Hunt (1977), Gaffey et al. (1993) and the book by Burns (1993). A summary
diagram of the causes of absorption bandsis shown in Figure 13.

Back to Contents

3.2 Vibrational Processes.

The bondsin amolecule or crystal lattice are like springs with attached weights: the whole system can vibrate. The frequency of vibration depends on the strength of
each spring (the bond in amolecule) and their masses (the mass of each element in a molecule). For amolecule with N atoms, there are 3N-6 normal modes of
vibrations called fundamentals. Each vibration can also occur at roughly multiples of the original fundamental frequency. The additional vibrations are called
overtones when they involve multiples of a single fundamental mode, and combinations when they involve different modes of vibrations.

A vibrationa absorption will be seen in the infrared spectrum only if the molecule responsible shows a dipole moment (it is said to be infrared active). A symmetric
molecule, like N, isnot normally infrared active unlessit is distorted (for example, when under high pressure). Vibrations from two or more modes can occur at the

same frequency, and because they can't be distinguished, are said to be degenerate. An isolated molecule with degenerate modes may show the modes at slightly
different frequenciesin a crystal because of the non-symmetric influences of the crystal field.

A free molecule can rotate and move trandationally, but even in a solid partial rotation and slight translation can occur. These motions are called lattice modes and
typically occur at very low energies (longer mid-infrared wavel engths), beyond about 20 um.

Traditionally, the frequencies of fundamental vibrations are labeled with the greek letter nu (v) and a subscript (Herzberg, 1945). If a molecule has vibration
fundamentals vy, v, V3, then it can have overtones at approximately 2v,, 3vy, 2v, and combinations at approximately v;+v,, Vo+Vs, V1 +V,+vs, and so on. These

examples used summations of modes, but subtractions are also possible (e.g. v4+Vv3-Vv,). Each higher overtone or combination is typically 30 to 100 times weaker than

the last. Consequently, the spectrum of amineral can be quite complex. In reflectance spectroscopy, these weak absorptions can be measured easily and diagnostic
information routinely gained from 2nd and 3rd overtones and combinations (e.g. Figures 5b, 6b, 7b, 10, 11, 12).
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Figure 10a. Reflectance spectra of calcite, dolomite, beryl, gypsum, alunite, rectorite, and
jarosite showing vibrational bands due to OH, CO3 and H,0O, from Clark et al., 1990a).
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Figure 10c. Reflectance spectra of hectorite, halloysite, kaolinite, chrysotile, lizardite, and
antigorite showing vibrational bands due to OH (from Clark et al., 1990a). Figure 17 shows an
expanded view of the 1.4-um region for chrysotile, lizardite, and antigorite.
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Figure 10d: 149k 300dpi gif

Figure 10d. Subtle spectra differencesin the kaolinite group minerals near 2.2-pm. Kaolinite CM9 iswell crystallized (WXL) while KGa-2 is poorly crystallized
(PXL). Spectral bandwidth is 1.9 nm and sampling is 0.95 nm. Each spectrum was scaled to 0.7 at 2.1 um then offset up or down so that the curves to not overlap.
Original reflectances were between 0.5 and 0.8.
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Figure 11. Comparison of calcite (CaCOs) and dolomite (CaMg(COs3),) spectrain the mid-infrared showing small band shifts due to the change in composition

between the two minerals. The level change (calcite higher in reflectance than dolomite) is because the calcite has a smaller grain size. The numbers indicate the
fundamental stretching positions of v; vy, v, and v,. The v, stretch isinfrared innactive, but may be weakly present in carbonates. The v5 fundamental is so strong,

only areflection peak is seen in these spectra.
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Figure 12 Mid-IR spectra of gypsum, CaSO,42H,0. (top) and montmorillonite, (Al,M@)g(Si4010)3(0OH)1912H,0, (bottom). The gypsum curveis offset upward 1.0

units for clarity. Both samples have very low reflectance because of the water content of the samples. Water is a strong infrared absorber. The montmorillonite aso has
asmall grain size, which also tends to produce low mid-infrared reflectance because of the strong absorption in the mid-infrared.
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Figure 13a: 278k 300dpi qif

Figure 13a. Spectral signature diagram (from Hunt, 1977). The widths of the black bars indicate the relative widths of absorption bands.
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Figure 13b. Illustration of the locations and causes of absorptions in mid-infrared spectra of silicates, from Hunt (1982).
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L attice modes are sometimes denoted by v+ and vg and also couple with other fundamentals, resulting in finer structure seen in some spectra. The causes of vibrational
absorptions in mid-IR spectra are summarized in Figure 13b from Hunt (1982).

Mid-infrared reflectance spectra of quartz are shown in Figure 4b. The strong 9-um Si-O-Si asymmetric stretch fundamental is obvious from the reflection maximum.
The O-Si-O bending mode occurs near 25 um and is the second strongest absorption. The absorption between 12 and 13 um is the Si-O-Si symmetric stretch
fundamental.

Olivine spectrain the mid-infrared are shown in Figure 5b. When Mg is present, a strong absorption appears near 23 um, perhaps seen in the Fo 91 spectrum. The Si-O-
Si asymmetric stretch fundamental occurs near 11 um, and a weaker symmetric absorption occurs near 12 um. The absorptions shift with composition as shown in
Figure 5b, and discussed in more detail in Farmer (1974, pp. 288-290).

Pyroxene mid-infrared spectra are shown in Figure 6b. The Si-O fundamentals are at similar to other silicates, asindicated in Figure 13b. Grain size effects will be
discussed below in section 6.2 and illustrated in Figure 21.

Iron oxide and iron hydroxide mid-infrared spectra are shown in Figure 7b. Because iron is more massive than silicon, Fe-O fundamentals will be at longer
wavelengths than Si-O stretching modes. Hematite, Fe,O3, has 3 strong stretching modes between 16 and 30 um. Because iron oxides and hydroxides tend to be fine
grained, typically less than the wavelength of mid-infrared photons, and because of the strong absorption in the mid-infrared, iron oxides tend to be dark in reflectance
showing few features beyond about 12 pm. The hematite in Figure 7b has a small amount of water as evidenced by the 3-um absorption, and a moderate amount of
organics as seen by the C-H stretch fundamental near 3.4 um. The goethite, FeOOH, having hydroxyl has a strong 3-um absorption. The olivines (Figure 5) and
pyroxenes (Figure 6) also show small amounts of water in the sample as seen by the 3-um absorptions in their spectra.

Back to Contents

3.2.1 Water and Hydroxyl. Water and OH (hydroxyl) produce particularly diagnostic absorptions in minerals. The water molecule (H,0) has N=3, so there are 3N-
6=3 fundamental vibrations. In the isolated molecule (vapor phase) they occur at 2.738 pm (v, symmetric OH stretch), 6.270 pm (v,, H-O-H bend), and 2.663 pm (v,
asymmetric OH stretch). In liquid water, the frequencies shift due to hydrogen bonding: v4=3.106 pm, v,=6.079 pm, and v3=2.903 pm.

The overtones of water are seen in reflectance spectra of H,O-bearing minerals (Figure 10). The first overtones of the OH stretches occur at about 1.4 um and the

combinations of the H-O-H bend with the OH stretches are found near 1.9 um. Thus, a mineral whose spectrum has a 1.9-um absorption band contains water (e.g.
hectorite and halloysite in Figure 10c), but a spectrum that has a 1.4-pum band but no 1.9-um band indicates that only hydroxyl is present (e.g. kaolinite in Figure 10c
has only a small amount of water because of the weak 1.9-um absorption but alarge amount of OH). The hydroxyl ion has only one stretching mode and its

wavel ength pasition is dependent on the ion to which it is attached. In spectra of OH-bearing minerals, the absorption istypically near 2.7 to 2.8 um, but can occur
anywhere in the range from about 2.67 pm to 3.45 pm (e.g. see Clark et al., 1990 and references therein). The OH commonly occurs in multiple crystallographic sites
of a specific mineral and istypically attached to metal ions. Thus, there may be more than one OH feature. The metal-OH bend occurs near 10 pm (usually
superimposed on the stronger Si-O fundamental in silicates). The combination metal-OH bend plus OH stretch occurs near 2.2 to 2.3 um and is very diagnostic of
mineralogy (e.g. see Clark et al., 1990 and references therein).

Back to Contents

3.2.2 Carbonates. Carbonates also show diagnostic vibrational absorption bands (Figure 10a, 11). The observed absorptions are due to the planar CO52 ion. There are
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four vibrational modesin the free CO52 ion: the symmetric stretch, vq: 1063 cm1 (9.407 um); the out-of-plane bend, v,: 879 cm1 (11.4 pm); the asymmetric stretch,
vg: 1415 cm1 (7.067 pm); and the in-plane bend, v,: 680 cm1 (14.7 um). The v band is not infrared active in minerals. There are actually six modesin the CO52 ion,
but 2 are degenerate with the v and 4, modes. In carbonate minerals, the v and v, bands often appear as a doublet. The doubling has been explained in terms of the
lifting of the degeneracy (e.g. see White, 1974) due to minera structure and anion site.

Combination and overtone bands of the CO3 fundamentals occur in the near IR. The two strongest are vy + 2vg at 2.50-2.55um (4000-3900 cm-1), and 3vg at 2.30-2.35
um (4350-4250 cm-1; e.g. Figure 10a). Three weaker bands occur near 2.12-2.16 um (V4 + 2v3 + v, or 3v; + 2vy; 4720-4630 cmrl), 1.97-2.00 um (2v; + 2vg; 5080-
5000 cm1), and 1.85-1.87 pm (v4 + 3vg; 5400-5350 cmrl; e.g. Figure 10a) (e.g. Hunt and Salisbury, 1971). The band positions in carbonates vary with composition

(Hunt and Salisbury, 1971; Gaffey, 1986, Gaffey et al., 1993). An example of such aband shift is seen in Figures 10a, 11 and, in more detail, Figure 24a showing the
shift in absorption position from calcite to dolomite.

Back to Contents

3.2.3 Other Minerals. Phosphates, borates, arsenates, and vanadates also have diagnostic vibrational spectra. Space precludes inclusion of spectra here. See Hunt et
al., (1972), and Clark et al., (1993b) for visual to near-infrared spectra. In general, the primary absorptions (e.g. P-O stretch) occurs at mid-infrared wavelengths.
However, many of these minerals contain OH or H,0 and have absorptions in the near-infrared.

In the mid-infrared, minerals with H,O, or those that are fine grained, like clays, have very low reflectance, and show only weak spectral structure (e.g. Figure 12).
Therefore, in emittance, spectral features will also be weak and thus difficult to detect. Grain size effects will be discussed further below.

Typica spectra of minerals with vibrational bands are shown in Figure 4b, 5b, 6b, 7b, and 10. See Hunt and Salisbury (1970), Hunt and Salisbury (1971), Hunt et al.
(1971a,b, 1972, 1973), Hunt (1979), Farmer (1974), Gaffey (1986, 1987), Gaffey et al., 1993, Clark et al. (1990a), King and Clark (1989a), Swayze and Clark (1990),
Mustard (1992) and Salisbury (1993), for more details. A summary of absorption band positions and causesis shown in Figure 13a, b.

Back to Contents

4. SPECTRA OF MISCELLANEOUSMINERALSAND MATERIALS
4.1 Organics.

Organic materials are found all over the Earth, and in the solar system. Organics can be important compounds in some environmental problems. The C-H stretch
fundamental occurs near 3.4 um, (e.g. Figure 14a) the first overtone is near 1.7 um, and a combination band near 2.3 um (Figure 14b). The combinations near 2.3 um
can sometimes be confused with OH and carbonate absorptionsin minerals (e.g. Figure 10), especially at low spectral resolution. Further discussions and references
can be found in Chapter XX of the Manual of Remote Sensing.

Figure 14a.
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Figure 14a: 127k 200dpi gif

Figure 14a: 1020k 300dpi qif

Figure 14a. Transmittance spectra of organics and mixtures showing the complex

absorptions in the CH-stretch fundamental spectral region.
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Figure 14b. Reflectance spectra of montmorillonite, and montmorillonite

mixed with super unleaded gasoline, benzene, toluene, and trichlorethylene.

Montmorillonite has an absorption feature at 2.2 um, whereas the organics
have a CH combination band near 2.3 um. The first overtone of the CH
stretch can be seen at 1.7 microns, and the second overtone near 1.15 pm.
From King and Clark (1989b).
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WAVELENGTH (pm)
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4.2 | ces.

Just like water in minerals shows diagnostic absorption bands, ice (crystalline H,O) which is formally amineral, also shows strong absorption bands. In the planetary
literature it is referred as water ice, so as not to confuse it with other ices. Spectra of solid H,O, CO,, and CH,4 are shown in Figure 15. The spectral featuresin Figure
15 are all dueto vibrational combinations and overtones, whose fundamentals have previously been discussed in general. Note the H,O spectra show broad

absorptions compared to the others. The reason is that while iceis normally a hexagonal structure, the hydrogen bonds are orientationally disordered (e.g. Hobbs,
1974), and the disorder broadens the absorptions. There are many icesin the solar system (e.g. seereviews by Clark et al., 1986, and Cruikshank et al., 1985).

Ice, being ubiquitous in the solar system is found mixed with other minerals, on the Earth, as well as elsawhere in the solar system (e.g. Clark et al., 1986). The
spectral propertiesif ice and ice-mineral mixtures have been studied by Clark (1981a, b), Clark and Lucey (1984), Lucey and Clark (1985) and references therein.

Figure 15.

Figure 15: 40k 100dpi gif

Figure 15: 96k 200dpi gif

Figure 15: 236k 300dpi qif

Figure 15. Reflectance spectra of solid carbon dioxide,
CO,, methane, CH,, and water, H,0, from Clark et al.

(1986).
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4.3 Vegetation.

Spectra of vegetation come in two general forms: green and wet (photosynthetic), and dry non-photosynthetic but there is a seemingly continuous range between these
two end members. The spectra of these two forms are compared to a soil spectrum in Figure 16. Because all plants are made of the same basic components, their
spectra appear generally similar. However, in the spectral analysis section we will see methods for distinguishing subtle spectral details. The near-infrared spectra of
green vegetation are dominated by liquid water vibrational absorptions. The water bands are shifted to slightly shorter wavelengths than in liquid water, due to
hydrogen bonding. The absorption in the visible is due to chlorophyll, and is discussed in more detail in Chapter XX of Manual of Remote Sensing. The dry non-
photosynthetic vegetation spectrum shows absorptions due to cellulose, lignin, and nitrogen. Some of these absorptions can be confused with mineral absorptions,
unless a careful spectral analysisis done.
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Figure 16. Reflectance spectra of photosynthetic (green) vegetation, non-photosynthetic (dry) vegetation, and a soil. The green vegetation has absorptions short of 1
pm due to chlorophyll. Those at wavelengths greater than 0.9 um are dominated by liquid water. The dry vegetation shows absorptions dominated by cellulose, but
also lignin and nitrogen. These absorptions must also be present in the green vegetation, but can be detected only weakly in the presence the stronger water bands. The
soil spectrum shows aweak signature at 2.2 um due to montmorillonite.
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5. THE SENSITIVITY OF ABSORPTION BANDSTO CRYSTAL STRUCTURE AND CHEMISTRY
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Reflectance spectroscopy shows awealth of information about mineralogy. Why, then, is spectroscopy not a more widely used technique? In many cases spectroscopy
isvery sensitive to subtle changesin crystal structure or chemistry. This has resulted in confusion in the past over cause and effect. More recently, this sensitivity has
been recognized as a powerful means of studying the structure and composition of minerals. Additional problems occur with reflectance spectra due to scattering and
will be discussed below.

Because spectroscopy is sensitive to so many processes, the spectra can be very complex and thereis still much to learn. However, it is because of this sensitivity that
spectroscopy has great potential as a diagnostic tool. In fact for some materials, spectroscopy is an excellent tool not only for detecting certain chemistries, but also at
abundance levels unmatched by other tools. For example, each layer of alayered silicate absorbs radiation almost independently from its neighbors. The absorption of
photons does not depend on the longer range crystallographic order asis required to give distinctive X-ray diffraction patterns. Thus, many processes, for example clay
dehydroxylation, are detectable with spectroscopy before other methods (e.g. see Farmer, 1974, page 355). Spectroscopy is more sensitive to the presence of clays,
iron oxides, iron hydroxides, quartz, and other minerals with strong absorption bands at levels significantly lower than other methods such as X-ray diffraction (e.g.
Farmer, 1974, see page 355). Here, afew examples of the possibilities will be shown.

Back to Contents

5.1 Example: Pyroxenes. Theiron bands near 1 and 2 um shift with pyroxene composition as shown in Figure 6a, ¢. This series has been calibrated by Adams (1975),
Cloutis et al. (1986), and Cloutis and Gaffey (1991). The olivine 1-pum band also shifts with composition (Figure 5a), although more subtly than with pyroxenes, and
the shift has been calibrated by King and Ridley (1987). Note also the shifts, seen as positions of absorption minima and reflectance maxima, in the mid-infrared with
different compositions in Figures 5b and 6b.

Back to Contents

5.2 OH Examples. The sharper OH-related absorption bands allow smaller band shifts to be measured. These bands can be so sensitive that it is possible to distinguish
between the isochemical end-members of the Mg-rich serpentine group, chrysotile, antigorite, and lizardite (King and Clark, 1989a, and Figure 17). The Fe:Fe+tMg
ratio can be estimated from reflectance spectra of minerals with brucite-like structure (Clark et al., 1990a, Mustard, 1992, and Figure 17). Mustard (1992) calibrated
changesin the 1.4-pm and 2.3-pm absorptions in the tremolite-actinolite solid solution series; example spectra of the 1.4-um absorptions are shown in Figure 17.

Figure 17 B L B e e o e
. o b OTALC %,
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Figure 17: 244k 200dpi qif
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Figure 17. High spectral resolution reflectance spectra of the first overtone of OH in talc, tremoalite, -
actinolite, crysotile, lizardite, and antigorite. The three sharp absorption bandsin talc, tremolite and
actinolite are caused by Mg and Fe ions associated with the hydroxyls, causing small band shifts. The
Fe:Fe+tMg ratio can be estimated. In chrysotile, lizardite and antigorite, the absorptions change with : "‘E e

small structural differences even though the composition is constant (from Clark et al., 1990a). ot e TN
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The structure of the 2.2-um Al-OH band has been shown to be diagnostic of disorder in kaolinite-dickite mixtures (Crowley et al., 1988) and the degree of kaolinite
crystalinity (Clark et al., 1990a), which isillustrated in Figures 10c, d.

The strong and sharp OH features have proven particularly diagnostic of clay mineralogy, perhaps better than with X-ray diffraction (XRD) analysis (like any method,
spectroscopy has advantages in some areas and XRD in others). For example, it appears easy to distinguish kaolinite from halloysite with spectroscopy (e.g. Clark et
al., 1990a), as shown in Figures 10c, d. Montmorillonite is easily distinguished from illite or muscovite (e.g. Clark et al., 1990a) whereas XRD analysis combines
them into the general term smectites.

Back to Contents

5.3 Al in Muscovite. More recently, subtle shifts have been found in muscovite series with aluminum composition. (e.g. Post and Noble, 1993; Duke, 1995; Swayze,
1997). As elements substitute for aluminum in the crystal structure, the crystal becomes dlightly distorted relative to no substitutions. This causes slight changesin Al-
O-H bond lengths and thus shifts absorption band position. Example shifts with composition are shown in Figure 18. In this case, the shift of the 2.2-um absorption
appears continuous with composition, compared to the growth of specific absorptions as in the tremolite-actinolite series shown in Figure 17. It islikely that all
muscovite-group minerals show similar behavior, and illites may also.
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5.4 Discussion. Reflectance spectroscopy can be used without sample preparation, and it is non-destructive. This makes mapping of exposed minerals from aircraft
possible, including detailed clay mineralogy (e.g. Clark et al., 1993a). Visua and near-infrared spectroscopy, on the other hand, is insensitive to some minerals which
do not have absorptions in this wavelength region. For example, quartz has no diagnostic spectral featuresin the visible and near-infrared; in fact it is used as optical
components in many telescopes and prisms. Quartz must be detected at its fundamental Si-O stretching region near 10 um., as shown in Figure 4b.

Now that we have explored the causes of absorption features in minerals, we will explore how those features get modified.

Back to Contents

6. THE SCATTERING PROCESS.

Scattering is the process that makes reflectance spectroscopy possible: photons enter a surface, are scattered one or more times, and while some are absorbed, others
are scattered from the surface so that we may see and detect them. Scattering can also be thought of as scrambling information. The information is made more
complex, and because scattering is a non-linear process, recovery of quantitative information is more difficult.

Consider the smple Beers Law in equation 1b. In transmission, light passes through a slab of material. Thereislittle or no scattering (none in the ideal case; but there
are always internal reflections from the surfaces of the medium). Analysisisrelatively simple. Reflectance of a particulate surface, however, is much more complex
and the optical path of photonsis arandom walk. At each grain the photons encounter, a certain percentage are absorbed. If the grain is bright, like a quartz grain at
visible wavelengths, most photons are scattered and the random walk process can go on for hundreds of encounters. If the grains are dark, like magnetite, the magjority
of photons will be absorbed at each encounter and essentially all photons will be absorbed in only afew encounters. The random walk process, scattering and the mean
depth of photon penetration are discussed in Clark and Roush (1984).

The random walk process of photons scattering in a particulate surface also enhances weak features not normally seen in transmittance, further increasing reflectance
spectroscopy as a diagnostic tool. Consider two absorption bands of different strengths, such as afundamental and an overtone. The stronger absorption will penetrate
less into the surface, encountering fewer grains because the photons are absorbed. At the wavelengths of the weaker absorption, less photons are absorbed with each
encounter with agrain, so the random walk process goes further, increasing the average photon path length. The greater path length will result in more absorption, thus
strengthening the weak absorption in a reflectance spectrum.

Back to Contents

6.1 Mixtures.
Thereal world (and for that matter, the universe) isacomplex mixture of materials, at just about any scale we view it. In general, there are 4 types of mixtures:

1) Linear Mixture. The materialsin the field of view are optically separated so there is no multiple scattering between components. The combined signal is simply the
sum of the fractional areatimes the spectrum of each component. Thisis also called areal mixture.

2) Intimate Mixture. An intimate mixture occurs when different materials are in intimate contact in a scattering surface, such as the mineral grainsin a soil or rock.
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Depending on the optical properties of each component, the resulting signal is a highly non-linear combination of the end-member spectra.

3) Coatings. Coatings occur when one material coats another. Each coating is a scattering/transmitting layer whose optical thickness varies with material properties

and wavelength.

4) Molecular Mixtures. Molecular mixtures occur on amolecular level, such astwo liquids, or aliquid and a solid mixed together. Examples: water adsorbed onto a
mineral; gasoline spilled onto a soil. The close contact of the mixture components can cause band shifts in the adsorbate, such as the interlayer water in

montmorillonite, or the water in plants.

An example mixture comparison is shown in Figure 19 for alunite and jarosite. Note in the intimate mixture how the jarosite dominates and the 0.4 to 1.3-um region.
The reason is because in an intimate mixture, the darker material dominates because photons are absorbed when they encounter adark grain. In the areal mixture, the

brighter material dominates.
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Figure 19: 171k 200dpi gif

Figure 19: 220k 300dpi qif

Figure caption foes here

Figure 19. Reflectance spectra of alunite, jarosite and mixtures of the two. Two mixture types are shown: intimate and areal. In the intimate mixture, the darker of the
two spectral components tends to dominate, and in and areal mixture, the brighter component dominates. The areal mixture is a strictly linear combination and was
computed from the end-members, whereas the intimate mixture is non-linear and the spectrum of the physical mixture was measured in the laboratory. The jarosite
dominates the 0.3-1.4 um wavelength region in the intimate mixture because of the strong absorption in jarosite at those wavelengths and because the jarosite is finer
grained than the alunite and tends to coat the larger alunite grains.

In amixture of light and dark grains (e.g. quartz and magnetite) the photons have such a high probability of encountering adark grain that a few percent of dark grains
can drastically reduce the reflectance, much more than their weight fraction. The effect isillustrated in Figure 20 with spectra of samples having various proportions of
charcoal grains mixed with montmorillonite.

http://speclab.cr.usgs.gov/PAPERS.refl-mrs/ (49 of 77) [9/19/2002 10:11:29 PM]



USGS Spectroscopy Lab: Spectroscopy of Rocks and Minerals, and Principles of Spectroscopy

1 1 I 1 1 1 1 | I 1 1 1 I I 1 I 1 l 1 I ¥ 1 I LI

B Montmorillonite plus Charcoal .

O .E '_'.-.'c"1_:|ht Fraction
Charcoal
- 0.0%
0.9%
= ) 4

— P

5.0%

REFLECTANCE

B.-S 1556 Je R 2.0 2.5

WAVELENGTH (pm)
Figure 20.

Figure 20: 56k 100dpi gif

Figure 20: 136k 200dpi qif

Figure 20: 696k 300dpi qif

Figure 20. Reflectance spectra of intimate mixtures of montmorillonite and charcoal illustrates the non-linear aspect of reflectance spectra of mixtures, from Clark
(1983). The darkest substance dominates at a given wavelength.
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6.2 Grain Size Effects.

The amount of light scattered and absorbed by a grain is dependent on grain size (e.g. Hapke, 1993; Clark and Roush, 1984; and Figures 21 and 22). A larger grain has
agreater internal path where photons may be absorbed according to Beers Law. It isthe reflection from the surfaces and internal imperfections that control scattering.
In asmaller grain there are proportionally more surface reflections compared to internal photon path lengths, or in other words, the surface-to-volumeratioisa
function of grain size. If multiple scattering dominates, asis usualy the case in the visible and near- infrared, the reflectance decreases as the grain size increases, as
shown in the pyroxene visible to near-infrared spectrain Figure 21a. However, in the mid-infrared, where absorption coefficients are much higher and the index of
refraction varies strongly at the Christensen frequencies, first surface reflection is alarger or even dominant component of the scattered signal. In these cases, the grain
size effects are much more complex, even reversing trends commonly seen at shorter wavelengths (e.g. Figure 21b).
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Figure 21a.

Figure 21a 98k 100dpi qif

Figure 21a: 154k 200dpi qif

Figure 21a: 333k 300dpi qif

Figure 21a. Reflectance Spectra of pyroxene as afunction of grain size. Asthe grain size becomes larger, more light is absorbed and the reflectance drops (from Clark
et al., 1993b).
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Figure 21b: 147k 100dpi qif

Figure 21b: 200k 200dpi qif

Figure 21b: 1022k 300dpi gif

WAVELENGTH

[ gem)

Figure 21b. Same series asin Figure 21a, but for the mid-IR. The position of letter identifiers indicates the relative position of the spectra at the various wavelengths.

Note the reversal in the trends at some wavelengths and not others. Grain size effects on the shapes of spectral featuresin the mid-IR can be quite large.
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Figure 22a. The near-infrared spectral reflectance of A) afine grained (~50 um) water frost, B) medium grained (~200 um) frost, C) coarse grained (400-2000 um)
frost and D) an ice block containing abundant microbubbles. The larger the effective grain size, the greater the mean photon path that photons travel in the ice, and the
deeper the absorptions become. Curve D is very low in reflectance because of the large path length in ice. The ice temperatures for these spectraare 112-140 K. From
Clark et al. (1986).
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Figure 22b. A series of reflectance spectra of melting snow. The top curve (a)
isat 0° C and has only asmall amount of liquid water, whereas the lowest
spectrum (j) is of a puddle of about 3 cm of water on top of the snow. Notein
the top spectrum, there is no 1.65-um band asin theice spectrain figure 22a
because of the higher temperature.. The 1.65-um feature is temperature
dependent and decreases in strength with increasing temperature (see Clark,
1981a and references therein). Note the increasing absorption at about 0.75 pm = . —
and in the short side of the 1-um ice band, as more liquid water forms. The n i
liquid water becomes spectrally detectable at about spectrum e, when the UV

absorption increases. Spectra from Clark, King and Swayze, in preparation. 0.2 = %
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6.3 The Continuum and Band Depth.

Absorptions in a spectrum have two components: continuum and individual features. The continuum is the "background absorption™ onto which other absorption
features are superimposed (e.g. see Clark and Roush, 1984). It may be due to the wing of alarger absorption feature. For example, in the pyroxene spectrain Figure
213, the weak feature at 2.3 um is due to atrace amount of tremolite in the sample and the absorption is superimposed on the broader 2-pum pyroxene band. The
broader pyroxene absorption is the continuum to the narrow 2.3-um feature. The pyroxene 1.0-um band is superimposed on the wing of a stronger absorption centered
in the ultraviolet.

The depth of an absorption band, D, is usually defined relative to the continuum, R
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D=1-R,/R.(2)
where Ry, is the reflectance at the band bottom, and R.. is the reflectance of the continuum at the same wavelength as R, (Clark and Roush, 1984).

The depth of an absorption is related to the abundance of the absorber and the grain size of the material. Consider a particulate surface with two minerals, one whose
spectrum has an absorption band. As the abundance of the second mineral isincreased, the band depth, D, of the absorption in the first mineral will decrease. Next
consider the visual and near-infrared reflectance spectrum of a pure powdered mineral. Asthe grain sizeisincreased from a small value, the absorption-band depth, D,
will first increase, reach a maximum, and then decrease. This can be seen with the pyroxene spectrain Figure 21a and more so in the ice spectrain Figure 22. If the
particle size were made larger and larger, the reflectance spectrum would eventually consist only of first surface reflection, like at most wavelengths beyond 1.45 pm
in the ice spectrain Figure 22. The reflectance can never go to zero because of thisreflection, unless the index of refraction of the material is 1.0. These concepts,
called "band saturation" are explored further in Clark and Lucey (1984) and Lucey and Clark (1985).

A sloping continuum causes an apparent shift in the reflectance minimum, as shown in Figure 23. Continuaa can be thought of as an additive effect of optical
constants, but in reflectance spectra, scattering and Beers Law make the effects non-linearly multiplicative (see Clark and Roush, 1984 for more details). So the
continuum should be removed by division, whether you are working in reflectance or emittance. The continuum should be removed by subtraction only when working
with absorption coefficients. In a spectrum with a sloping continuum, correction removes the effect of shiftsin thelocal reflectance minimum (Figure 23). Note your
perception of spectrum E versus A in Figure 23. The spectral features do not appear to be the same, but if you remove the continuum, it is obvious they are the same
(Figure 23, top).
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Figure 23. lllustration of continua and continuum removal. In the lower set of curves, the local minimum in the curve shiftsto shorter wavelengths with increasing
slope. removal of the continuum by division isolates the spectral features so they may be compared (top). The top set of curves are offset for clarity. In the continuum-
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removed spectra, we can see there is no real shift in the absorption-band center.

Back to Contents

6.4 Continuum-Removed Spectral Feature Comparison.

The continuum-removal process isolates spectral features and puts them on alevel playing field so they may be intercompared. Continuum removal and feature
comparison, isin this author's opinion, the key to successful spectral identification. For example, compare the spectra of calcite (CaCOs3) and dolomite (CaMg(CO3),)

in Figure 10a. If we isolate the spectral features, remove the continuum, and scale the band depth (or band area) to be equal, we can see subtle band shifts and shapes
(Figure 24a). Now compare a harder case: halloysite and kaolinite (Figure 10c). Y ou might note that halloysite has a different absorption feature at 1.9 um. However,
if you were obtaining the spectrum through the Earth's atmosphere, you would have virtually no datain that wavel ength region because atmospheric water absorbs too
much of the signal. The diagnostic feature is the 2.2-pm band. The continua removed 2.2-um features for halloysite and kaolinite are shown in Figure 24b, where we
can see significant differences between the spectra of the two minerals.

Figure 24a. T r r v r [ T v 17 [ 77 Fr T [ 7 F 71
L L ~
Figure 24 20k 100dpi gif g 1.0 =
! - -
: . = B ]
Figure 24a: 65k 200dpi qif 3 — =
w 0.8 — —
. . . _.I B N
Figure 24a: 128k 300dpi gif L ~ 3 ]
lEJfI L Dolomite, -
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Figure 24b. Comparison of kaolinite and halloysite spectral features. Both - -
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One of the most challenging spectral features to distinguish between are those in spectra of various plant species. Figure 25a shows four plant spectra (the spectra are
offset for clarity). The overall shapes are quite similar. If we remove the continuum according to Figure 25b, we see the detailed chlorophyll absorption spectral
variations for these as well as other plantsin Figure 25c. Shape matching algorithms, like that presented in Clark et al. (1990b), can distinguish between these spectra
and accurately compare them to spectra libraries (e.g. see Clark et al., 1993b, Mustard and Sunshine, Chapter 6).

http://speclab.cr.usgs.gov/PAPERS.refl-mrs/ (59 of 77) [9/19/2002 10:11:29 PM]



USGS Spectroscopy Lab: Spectroscopy of Rocks and Minerals, and Principles of Spectroscopy
Fi gure 25a. 1 r 7 [ 1 r 1 r 1t T Tt 1 FT T T T T[]

Figure 25a: 35k 100dpi gif - Alfalfa ~ -

Figure 25a: 120k 200dpi gif

Mugnet Potato
Figure 25a: 391k 300dpi gif

Figure caption foes here
0.4 — Canola - |
Figure 25a. Reflectance spectra of four types of vegetation. Each
curveis offset by 0.05 reflectance unit from the one below. From
Clark et al. (1995, 1997).
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Figure 25b.
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Figure 25b. Continuum removal example for a chlorophyll absorption in
vegetation.
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Figure 25¢. Continuum-removed chlorophyll absorptions for 8 vegetation types (including the 4 from Figure 25a) showing that the continuum removed features can
show subtle spectral differences. From Clark et al. (1995, 1997).
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6.5 Other Spectral Variability and Rules.

6.5.1 Viewing Geometry. We have seen tremendous variation in the spectral properties of minerals and materials in general, due to composition, grain size, and
mixture types. So far viewing geometry has not been discussed. Viewing geometry, including the angle of incidence, angle of reflection, and the phase angle: the angle
between the incident light and observer (the angle of reflection), all affect the intensity of light received. Varying the viewing geometry resultsin changesin
shadowing and the proportions of first surface to multiple scattering (e.g. Hapke, 1993; Nelson, 1986; Mustard and Pieters, 1989), which can affect band depths a
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small amount except in rare cases (like extreme specular reflection off amirror or lake surface). While measuring precise light levels are important for things like
radiation balance studies, they are of lesser importance in spectral analysis. The following illustrates why.

First, your eyeis a crude spectrometer, able to distinguish the spectral properties of materialsin alimited wavelength range by the way we interpret color. Pick up any
colored object around you. Change the orientation of the local normal on the surface of the object with respect to the angle of incident light, the angle at which you
observeit (called the emission or scattering angle), and the angle between the incident and scattered light (the phase angle). Asyou do this, note any color changes.
Unless you chose an unusua material (like a diffraction grating or very shiny object), you will see no significant color change. Plant |eaves appear green from any
angle, apile of hematite appears red from any angle. Thistells you that the spectral features do not change much with viewing geometry. Y our eye/brain combination
normalizes intensity variations so that you see the same color, regardless of the actual brightness of the object (the amount of light falling on the surface). The
continuum removal does a similar but more sophisticated normalization. The band depth, shape, and position are basically constant with viewing geometry. Band
depth will only change with the proportion of specular reflection added to the reflected light. For surfaces (and at wavel engths) where multiple scattering dominates,
that change in band depth is minimized.

Back to Contents

6.5.2 Ratioing Spectra. Ratioing two spectra with spectral features can cause spurious features in the ratio (e.g. Clark and King, 1987). However, thisratio can be
used to advantage. Consider two spectra, with an absorption edge, such as conduction bandsin cinnabar (Figure 9), sulfur, or the chlorophyll-absorption edge in plants
at 0.7 um. If one spectrum is shifted relative to the other and then the two ratioed, the resulting ratio has aresidual feature that looks like either an absorption or
emission feature (depending on the direction of the shift and which spectrum is the numerator and which is the denominator). An example residual caused by such
shiftsis shownin Figure 26. This effect has recently been used to determine subtle shiftsin the chlorophyll absorption edge in plants (Clark et al., 1995, 1997). The
intensity of the feature in the reflectance ratio is proportiona to the amount of shift between the two spectra, and the shape of the ratio does not change if the shifts are
small. Clark et al. (1995, 1997) showed that chlorophyll-edge shifts as small as 0.01 times the bandwidth of the spectrometer can be detected. Thus, for the AVIRIS
system with 10 nm bandpass and sampling, shifts of 0.1 nm can be readily detected. Such sensitivity indicates the wavelength stability of a spectrometer must be very
good for such analyses.

http://speclab.cr.usgs.gov/PAPERS.refl-mrs/ (63 of 77) [9/19/2002 10:11:29 PM]


Raj Bridgelall
Highlight


USGS Spectroscopy Lab: Spectroscopy of Rocks and Minerals, and Principles of Spectroscopy

Figure 26.

Figure 26: 66k 100dpi qif

Figure 26: 108k 200dpi qif

Figure 26: 319k 300dpi qif

Figure 26. The ratio of two spectra, one slightly shifted from the other resultsin a spectral feature.
The two shapesin this example are from different chlorophyll bands. Shifts as small as 0.01 times
the full width at half maximum of the spectrometer system produce 1% featuresin ratios of strong
chlorophyll absorptions. The shape, type 1 profile is from the shifted spectra shown at the bottom
of the figure, while the shape, type 2 is from shallower chlorophyll absorptions. From Clark et al.

(1997).
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6.5.3 Iron Oxide, Hydroxide, Sulfate Complexity. Iron oxides, hydroxides, and sulfates are a special case for remote sensing because they are so ubiquitous. Further,
because of the strength of the iron absorptions in the ultraviolet to about 1 um, at least oneif not all are saturated in reflectance. Several hematite reflectance spectra at
different grain sizes are shown in Figure 27a. Nanocrystalline hematite (Morris et al., 1985) has such afine grain size, 25 nm, that the grain surface boundary modifies
the electronic transitions, changing and weakening them. The iron absorption at 0.9-um is reduced in depth, the 0.65-pum band is absent, and the UV absorption is
weak. Absorptions in transmittance, as in the thin film case, are 2 times narrower in width (see Clark and Roush, 1984). Larger grain sizes show increased saturation of
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the 0.9-um absorption, broadening and shifting the apparent reflectance minimum to longer wavelengths. The 0.9-um absorption also shifts position with elements

substituted for iron (e.g. see Morris et al., 1985 and references therein). Continuum removal and scaling the hematite absorption to similar depth shows the wide
variety of band shapes and positions that can be found in nature (Figure 27b).
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Figure 28a. Spectra of iron oxide, iron hydroxide, and iron sulfate spectra.

There are awhole suite of iron oxides, iron hydroxides, iron sulfates, etc., some only now being discovered, and many amorphous phases, all with similar electronic
absorption bands in the visible and near-infrared. A few examples are shown in Figure 28a. Note that hematite has a narrower absorption at a slightly shorter

wavel ength than goethite. However, a coarse-grained hematite has a broader absorption, approaching the position and width of afine-grained goethite (or athin-film
goethite).
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Jarosite has a narrow absorption near 0.43 um, but it sometimes appears weak because of the saturated UV absorption. Jarosite, an iron sulfate, has a diagnostic
absorption at 2.27 pm due to a combination OH stretch and Fe-OH bend. However, this feature is weaker than the electronic absorptionsin the visible and is often
masked by clay or alunite (jarosite often occurs in hydrothermal deposits with alunite). The features near 1.475 um and 1.8 um are OH related and are commonly seen
in sulfate spectra.

Ferrihydrite is an amorphous iron oxide, and its spectrum appears very similar to the orange precipitate, an amorphous iron hydroxide, obtained downstream from the
Summitville, Colorado mine (King et al., 1995). However, if we remove the continuum and compare the positions and shapes of the bands (Figure 28b), we can see
they are indeed different.

Figure 28a.
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Figure 28a. Spectra of iron oxide, iron hydroxide, and iron sulfate spectra.
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As discussed above, there are many iron-bearing minerals and amorphous materials with similar but distinct absorption bands. How many can be distinguished with
reflectance spectroscopy is still a matter of research. An even harder question to answer is how many can be distinguished and not be confused with mixtures of other
iron-bearing materials. Detailed spectral analysis, including continuum removal to isolate absorption features can certainly improve the success of distinguishing them.

Iron oxides, hydroxides, and sulfates are additional cases where spectroscopy detects at very low levels because of the strong absorption bands in the visible and
ultraviolet. In nature, there appear to be many amorphous iron oxides, hydroxides, etc., with equally intense absorptions. Thus, spectroscopy can not only detect them
at levels below other methods (e.g. X-ray diffraction), but in the case of amorphous materials detect them when other methods are not sensitive to their presence when
they are major fractions of the sample!
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7. QUANTITATIVE UNDERSTANDING: RADIATIVE TRANSFER THEORY.

There have been many attempts over the years to quantify the scattering process. Kubelka-Munk theory was one of the first and still finds uses today (e.g. Wendlandt
and Hecht, 1966; Clark and Roush, 1984). A growing popular method in someindustriesislog (1/R), where R is reflectance, but thisis aless robust attempt at
guantifying the scattering process than the decades-old Kubelka-Munk theory (Clark and Roush, 1984). The log (1/R) method is usually combined with computing the
derivatives of the log (1/R) spectra and doing a correlation analysis to find particular trends. This has popularly become known as Near-Infrared Reflectance Analysis
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(NIRA). Either method has its uses in controlled situations, but there is a modern, more effective alternative. The limitations of these older methods are due to a poor
representation of the scattering process and are discussed in Clark and Roush (1984) and Hapke (1993).

Fortunately, in the early 1980's three independent investigations (Hapke, 1981, Gougen, 1981; and Lumme and Bowell, 1982) provided reasonable solutions to the
complex radiative transfer problem as applied to particulate surfaces. These theories provide for non-isotropic scattering of light from particles, shadowing between
particles, and first surface reflection from grain surfaces, important processes not considered in earlier theories. One theory, that of Hapke (1981, 1993) also provides
for mixtures, and because of its relative simplicity compared to the other two, has become the dominant theory used in the planetary and to some degree the terrestrial
remote sensing communities.
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7.1"Hapke Theory." From the optical constants of a mineral, the reflectance (called radiance factor by Hapke) can be computed from Hapke's (1981) equation 36:
r'(w',lambda,u,g) = [w/(4pi)][ 1/ (Ktio)] {[1+B(9)IP(9)+H(WH(Lo)-1} (ean 3)

wherer' is the reflectance at wavelength , 1, is the cosine of the angle of incident light, pis the cosine of the angle of emitted light, g isthe phase angle, w' is the
average single scattering albedo, B(g) is a backscatter function, P(g) is the average single particle phase function, and H is the Chandrasekhar (1960) H-function for
isotropic scatterers. When r' > 0.9 Hapke's approximation of the H-function shows considerable error and equation 3 deviates from measurements (Hapke, 1981).
Because of this deviation, atable interpolation subroutine using "exact" values from Chandrasekhar (1960) can be used. The table interpolation is computationally
faster than the Hapke approximation and more accurate.

The single scattering abedo is the probability that a photon survives an interaction with a single particle, which includes Fresnel reflection, absorption, scattering, and
diffraction due to the presence of an individual grain. Hapke (1981) developed the theory further by deriving arelation between the single scattering albedo, the

complex index of refraction, the grain size, and a scattering parameter to describe scattering centers within non-perfect grains. The single scattering albedo of agrain
can be found from his equation 24:

w = Sg + [(1-Sg)(1+S){ry + expl[-2(k(k+s) = dI3]}] / [1-11S; + (11 - S) exp[-2(k(k+s))** d/3]] (eqn 4)

where Sg and S, are the external and internal scattering coefficients, respectively, which can be computed from the complex index of refraction (Hapke, 1981, egn 21),
sisascattering coefficient, d is the particle diameter, k is the absorption coefficient (note Hapke usesinstead of k here), and (from Hapke's equation 23):

rp={1- [ki(k+)]"3} /{1 + [ki(k+s)]"3, (ean 5a) = {1 - [kd/(kd+sa)] 7} / {1 + [kal/(kd+sa)] 7}
In amonomineralic surface, w=w'. For amultimineralic surface, w' can be computed from equation 17 of Hapke (1981):
w' = {SlGMA|M| Wi / rho(i dl)} /{SlGMAl (MI / rho(i di)}' (eqn 11)

wherei refers to the ith component, SIGMA,; is the greek symbol, sigma, for math summation over i components, M; is the mass fraction, rho; is the density of the
material, d; the mean grain diameter, and w; the single scattering albedo of the ith component.
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With the Hapke (1981, 1993) reflectance theory, and the optical constants of minerals, reflectance spectra of pure minerals at asingle grain size, spectra of apure
mineral with agrain size distribution, and mineral mixtures with varying grain size components can all be computed. Clark and Roush (1984) aso showed that a
reflectance spectrum can be inverted to determine quantitative information on the abundances and grain sizes of each component. The inversion of reflectanceto
quantitative abundance has been tested in laboratory mixtures (e.g. Johnson et al., 1983, 1992; Clark, 1983, Mustard and Pieters, 1987a, 1989; Shipman and Adams,
1987; Sunshine and Pieters, 1990, 1991; Sunshine et al, 1990; Gaffey et al., 1993, and references therein). Some quantitative inversion attempts have been undertaken
with imaging spectroscopy data (e.g. Mustard and Pieters, 1987b, Li et al, 1996, Adams et al., 1993 and references therein).
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8. SPECTRAL LIBRARIES.
The spectra presented in this paper are available on the World Wide Web site:
http://speclab.cr.usgs.gov

as are spectrafrom the Clark et al., (1993b) USGS Digital Spectral Library. Other spectral librariesinclude the mid-infrared work of Salisbury et al., (1991). A
recently available spectral library web siteisthe NASA ASTER site (http://asterweb.jpl.nasa.gov), managed by Simon Hook, Jet propulsion Laboratory. This site
includes the Salisbury (1991) library and additions since the original publication. As spectral libraries are currently afocus of activity, it is probably best to search the
internet and check with the authors referenced in this chapter for the latest information on what is available.

A word of caution with spectral libraries, and spectra obtained from other sources in general: wavelength errors are common except from data obtained on
interferometers. This author and colleagues at the USGS have evaluated many spectrometers and other spectral libraries and have found many to have significant
wavel ength shifts. Other specific libraries and spectrometers are not mentioned here because some may have wavelength shifts and must each be validated. One
mineral with a stable absorption feature is awell-crystallized kaolinite, which has a sharp absorption at 2.2086 + 0.0003 um, and is commonly found in visible and
near-IR libraries. When obtaining spectral library data, confirm that wavelength positions of known features are measured at the correct positions. Absorptions due to
rare-earth oxides are often used as wavelength standards in the visible. Mid-IR systems can be checked by interferometer measurements, which is now probably the
most common spectrometer in use for this wavelength region.

Also be cautious of spurious spectral features from incomplete reduction to true reflectance. All measurements are made relative to a "white" standard. However, these
standards also have spectral features. For example, the common visible and near infrared standards, Halon and Spectralon and derivatives, have significant spectral
featuresin the 2.14-um region and beyond (e.g. see Clark et al., 1990a) which must be properly corrected. Mid-infrared standards are more difficult, mainly due to the
large wavelength range usually covered. Nash (1986) reviewed some common mid-IR reflectance standards.
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9. CONCLUSIONS AND DISCUSSION.

Reflectance spectroscopy is arapidly growing science that can be used to derive significant information about mineralogy with little or no sample preparation. It may

be used in applications when other methods would be too time consuming or require destruction of precious samples. For example, imaging spectrometers are already

acquiring millions of spatially gridded spectra over an area from which mineralogical maps are being made. It is possible to set up real-time monitoring of processes
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using spectroscopy, such as monitoring the mineralogy of drill cores at the drilling site. Research is still needed to better understand the subtle changes in absorption
features before reflectance spectroscopy will reach its full potential. Good spectral databases documenting all the absorption features are a so needed before reflectance
spectroscopy can be as widely used atool as XRD. Spectral databases are now becoming available (e.g. Clark et al., 1993b), and research continues on the spectral
properties of minerals, but it will probably take about a decade before general software tools are available to alow reflectance spectraoscopy to challenge other
analytical methods in the commercial marketplace. For certain classes of minerals, however, spectroscopy is aready an excellent tool. Among these classes are clay
mineralogy, OH-bearing minerals, iron oxides and hydroxides, carbonates, sulfates, olivines and pyroxenes.

Space limits the contents of any review article covering such a broad topic. Other review articles are Adams (1975), Hunt (1977, 1982), Gaffey et al., (1993),
Salisbury (1993), and Clark (1995). The Hunt (1982) CRC book chapter in particular presents more spectra, both visible-near-IR and mid-IR, than most other works
and seems to be an overlooked but important work.
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