Reflectance Spectra

Roger N. Clark

i. INTRODUCTION

Reflectance spectroscopy is the study of light as a function
of wavelength that has been reflected or scattered from a
solid, liquid, or gas. Im this chapter I will discuss the
reflectance spectroscopy of minerals, but the principles
apply to any material.

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 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 a mineral from its reflected 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 wavelength-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.
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2. THE ABSORP

When photons enter an absorbing medium, they are
absorbed according to Beers Law:

I=1e" 0y

where I is the observed intensity, I, is the original light
intensity, k is an absorption coefficient and x is the distance
traveled through the medium. The absorption coefficient is
traditionally expressed in units of cm”' and x in cm.
Equation 1 holds for a single wavelength. At other
wavelengths, the absorption coefficient is different, and the
observed intensity varies. The absorption coefficient as a
function of wavelength is a fundamental parameter
describing the interaction of photons with a material.

3. CAUSES OF ASORPTION

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
a photon occurs as a result of a change in an energy state
to a lower 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 a solid, electrons may be shared between individual
atoms. The energy level of shared electrons may become
smeared over a range of values called "energy bands.”
However, bound electrons will still have quantized energy
states.

The most common electronic process revealed in the
spectra of minerals is due to unfilled electron shells of
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Fig. la. Reflectance spectra of two olivines showing the
change in band position and shape with composition. The
1-um absorption band is due to a crystal field absorption of
Fe?*. The Fo 29 sample (KI3291 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 size is 30 and 25 um respectively. The 1-um 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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Fig. 1b. Reflectance spectra of two pyroxenes showing the
change in band position and shape with composition (from
Clark et al., 1993b). The 1- and 2-um bands are due to a
crystal field absorption of Fe**. The 1-um versus the 2-um
band position of a pyroxene describes the pyroxene
composition (e.g. Adams 1974)
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transition elements and iron is the most common transition
element in minerals. For all transition elements, unfilled d
orbitals have identical energies in an isolated ion, but the
energy levels split when the atom is located in a crystal
field. 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. Fe®*,
Fe’'), its coordination number, and the symmetry of the
site it 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. 3].
The crystal field varies with crystal structure from mineral
to mineral, thus the amount of splitting varies and the same
ion (like Fe?*) produces obviously different absorptions,
making specific mineral identification possible from
spectroscopy (Figure 1).

The unfilled shells of rare earth ions involve deep-lying
electrons which are well shielded from 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 the ions in the mineral
(Figure 2).
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Fig. 1c. Reflectance spectra of the iron oxides hematite

and goethite. The intense charge-transfer band in the UV
is "saturated" in reflectance (< 0.4 um), so only first
surface reflection is seen in these spectra. The 0.9-um and
0.86-um bands are due Laporte-forbidden transitions (e.g.
Morris et al, 1985; Sherman, 1990 and references therein).
Spectra from Clark et al. (1993b).
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Absorption bands can also be caused by charge transfer,
or inter-element transition where the absorption of a photon
causes an electron to move between ions or between ions
and ligands. The transition can also occur between the
same metal in different valence states, such as between Fe?*
and Fe’*. In general, absorption bands caused by charge
transfer 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, which are the main cause of the red color
of iron oxides (Figure 1c).

In some minerals, there are two energy levels in which
electrons may reside: a higher level called the "conduction
band," where electrons move freely throughout the lattice,
and a lower energy region called the "valence band," where
electrons are attached to individual atoms. The difference
between the energy levels is called the band gap. The band
gap is typically small or non-existent in metals, and very
large in dielectrics. In semiconductors, the band gap
corresponds to the energy of visible or near-infrared
photons and the spectrum in these cases is approximately a
step function. The yellow color of sulfur is caused by such
a band gap. The minerals cinnabar (HgS) and rutile (Ti0,)
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Fig. 2. Reflectance spectra of rare-earth oxides. These

absorptions are due to crystal-field transitions involving
deep-lying electrons of the rare-earth element. These
absorptions due not shift when the rare-earth ion is in
another mineral, thus the bands are indicative of the
element, regardless of the mineral. Spectra from Clark et
al. (1993b).
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Fig. 3. Reflectance spectra of rutile (top) and cinnabar
(bottom) showing conduction bands in the visible (from
Clark et al., 1993D).

have spectra showing the band gap in the visible (Figure 3).

A few minerals show color by “color centers.” A color
center is caused by irradiation (e.g. by solar UV radiation)
of an imperfect crystal. Energy levels are produced
because of the defects 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.

More detailed discussions of electronic processes can be
found in the review paper by Hunt [19] and the book by
Burns [3].

3.2 Vibrational Processes

The bonds in a molecule 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 and their masses. For a molecule 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 involving
multiples of a single fundamental, and combinations when
involving different types of vibrations. A vibrational
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, is not
normally infrared active unless it is distorted (for example
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
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Fig. 4a. Reflectance spectra of calcite, dolomite, beryl,
gypsum, alunite, rectorite, and jarosite showing vibrational
bands due to OH, CO, and H,0 (from Clark et al., 1990).

molecule with degenerate modes may show the modes at
slightly different frequencies in a crystal because of the
non-symmetric influences of the crystal field.
Traditionally, the frequencies of fundamental vibrations
are labeled with the letter v and a subscript. If a molecule
has vibrations v,, v,, v;, then it can have overtones and
combinations at approximately 2v,, 3v,, 2v,, v, +v,, and so
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Fig. 4b. Reflectance spectra of phlogopite, biotite,
pyrophyllite, muscovite, epidote, and illite showing
vibrational bands due to OH and H,O (from Clark et al.,
1990).

on. Each higher overtone or combination is typically 30 to
100 times weaker than the last. Consequently, the spectrum
of a mineral 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.
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Fig. 4c. Reflectance spectra of hectorite, halloysite,
kaolinite, chrysotile, lizardite, and antigorite showing
vibrational bands due to OH (from Clark et al., 1990).
Note the subtle changes in the kaolinite doublet at 2.2-pm.
Kaolinite CM9 is well crystallized while KGa-2 is poorly
crystallized. The shorter wavelength band becomes less
well defined as the crystallinity decreases. The chrysotile,
lizardite and antigorite are isochemical members of the
serpentine group, yet show subtle differences in the OH
bands (King and Clark, 1989). The subtletics are more
evident in higher resolution spectra shown in Figure 6.

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 um (v;,
symmetric OH stretch), 6.270 pm (v,, H-O-H bend), and
2.663 um (v,, asymmetric OH stretch). In liquid water the
frequencies shift due to hydrogen bonding: v,=3.106 pm,
v,=6.079 pm, and v;=2.903 pm.

The overtones of water are seen in reflectance spectra of
H,0-bearing minerals. 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 pm.
Thus, a mineral whose spectrum has a 1.9-um absorption
band contains water, but a spectrum that has a 1.4-ym band

but no 1.9-um band indicates that only hydroxyl is present.

The hydroxyl ion has only one stretching mode and its
wavelength position is dependent on the ion to which it is
attached. In spectra of OH-bearing minerals, the absorption
is typically near 2.7 to 2.8 um, but can occur anywhere in
the range from about 2.67 pm to 3.45 pm. The OH
commonly occurs in multiple crystallographic sites of a
specific mineral and is typically attached to metal ions.
Thus there may be more than one OH feature. The
metal-OH bend occurs near 10 um (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 pm and is very diagnostic of mineralogy.

Carbonates also show diagnostic vibrational absorption

bands. The observed absorptions are due to the planar
CO,? ion. There are four vibrational modes in the free
CO,? ion: the symmetric stretch, v;: 1063 cm™ (9.407

pm); the out-of-plane bend, v,: 879 cm™” (11.4 um); the
asymmetric stretch, v;: 1415 cm? (7.067 pm); and the
in-plane bend, v,: 680 cm™ (14.7 pm). The v, band is not
infrared active in minerals. There are actually six modes
in the CO,? ion, but 2 are degenerate with the v, and v,
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 mineral structure and anion site.

Phosphates, borates, arsenates, and vanadates also have
diagnostic vibrational spectra.

Typical spectra of minerals with vibrational bands are
shown in Figure 4. See Hunt and Salisbury {21], Hunt et
al. [22, 23, 24, 25, 26], Hunt [19, 20], Gaffey [14, 15],
Clark et al, [7], King and Clark [27] and Farmer [13] for
more details. A summary of absorption band positions is
shown in Figure 5.
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4. THE SENSITIVITY OF ABSORPTION BANDS TO
CRYSTAL STRUCTURE AND CHEMISTRY

Reflectance spectroscopy shows a wealth of information
about mineralogy. Why, then, is spectroscopy not a more
widely used technique? In many cases spectroscopy is
overly sensitive to subtle changes in crystal structure or
chemistry. This has resulted in confusion in the past.
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 there is still much to
learn. However, it is because of this sensitivity that

spectroscopy has great potential as a diagnostic tool. Here,
a few examples of the possibilities will be shown.  As
shown in Figure 1b, the iron bands near 1 and 2 um shift
with pyroxene composition. This series has been calibrated
by Adams [2], Cloutis et al. [11], and Cloutis and Gaffey
[10]. The olivine 1-pym band also shifts with composition
(Figure 1a), although more subtly than with pyroxenes, and
the shift has been calibrated by King and Ridley [28].

The sharper OH-related absorption bands allow ever
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; [27], and Figure 6).
The Fe:Fe+Mg ratio can be estimated from reflectance
spectra of minerals with brucite-like structure ([7], and


















