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INTRODUCTION 

9 

Optical spectroscopy is concerned with the measurement of the absorption, reflection 
and emission of light in the near-ultraviolet ( -250 nm) through the mid-infrared ( -3000 nm) 
portions of the spectrum. The human interface to the geological and mineralogical world is 
primarily visual. Optical spectroscopy is, in particular, well suited to investigating the origin 
of color in minerals. The reflection spectroscopy of minerals has been motivated to a large 
extent by interest in remote sensing. Emission spectra are usually studied in reference to 
luminescence phenomena. Studies of mineral color, metal ion site occupancy, oxidation states 
and concentrations have generally been done with absorption spectroscopy. This chapter 
concentrates on single crystal absorption spectroscopy. 

Absorption of light by crystals can occur for a number of reasons. For many minerals, 
the presence of ions of transition elements (e.g., Ti, V, Cr, Mn, Fe, Co, Ni, Cu) in their various 
oxidation states is the cause of light absorption. In some minerals, the individual ions cause 
the light absorption while in others it is the interaction between ions such as between Fe2+ and 
Fe3+ that causes color. In some minerals, rare-earth elements are an important source of color. 
Some minerals are colored by small molecular units involving metal ions (UOl+, Cr04

2-) or 
anions (S3- in sodalites). Many sulfide minerals such as cinnabar (HgS) and realgar (As4S4) 

owe their color to band gaps in the semiconducting sulfides. Other important sources of color 
in minerals are the products of radiation damage which can be metal ions that have changed 
oxidation states, electron vacancies (called "hole" centers), or unpaired electrons located on 
crystal defects or on ions that are not normally associated with unpaired electrons. All of these 
are commonly studied, in part, with optical spectroscopy. 

Historically, the study of the spectroscopy of minerals began in the attempt to understand 
the origin of color in minerals. The color and beauty of minerals and gems has, for thousands 
of years, attracted people to the materials of the geologic world. Serious study of mineral 
spectra together with interpretation of those spectra began in the mid 1900's through the efforts 
of scientists such as Sof'ya Grum-Grzhimailo (Institute of Crystallography, Russia, who 
published from 1936 to 1972), Alexiei Platonov (National Academy of Sciences of Ukraine, 
who has published from 1964 ); and Roger Burns (MIT, who published from 1964 to 1995). 

In principle, optical spectra can provide quantitative information about the concentration 
of common metal ions that are the chromophores (source of color) in crystals. In practice, 
improvements in methods for determining X-ray site occupancies, Mossbauer spectra, and 
other methods have generally surpassed optical spectroscopic methods for site occupancy 
determinations. Likewise, improved analytical methods such as LA-ICP-MS and improved 
electron microprobe analyses have proven easier to calibrate than optical spectroscopic 
methods. The primary advantage of the optical methods comes from the fact that the spectra 
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integrate the concentration of the metal ions from the entire volume of the crystal compared to 
what are generall~ near-surface analyses by most of the other quantitative methods. Nothing 
has surpassed optical spectra as a means of studying the origin of color in gems and minerals. 
Such studies are usually conducted together with quantitative analyses of the crystal. 

GENERAL CONCEPTS 

Numerous textbooks present discussions of the theories which govern electronic 
transitions. Ligand field theory and molecular orbital theory are commonly used to provide 
a theoretical underpinning to the light absorption of transition metal ions. Burns (1970) and 
Marfunin (1979), in particular, develop the theory with many mineralogical examples. Wildner 
et al. (2004) also present an extensive discussion of the theoretical underpinnings. A number 
of the important concepts were considered in the first edition of this volume (Rossman 1988) 
and are briefly outlined below. 

Six types of processes generally contribute to the optical absorption spectra of minerals: 

I) Electronic transitions involving electrons in the d-orbitals of ions of the first row 
transition elements such as Cr3+, Mn3+, Fe2+ and Fe3+. These transitions involve 
rearrangement of the valence electrons, and give rise to absorption in the visible and 
near-infrared region. The spectra they produce are often called either crystal-field 
spectra or ligand-field spectra after the theories used to describe them. They are a 
major cause of color in many minerals and are, by far, the most studied. 

2) Electronic transitions which involve displacement of charge density from one ion to 
another. These charge transfer processes are of two general types. 

The first typically involves charge transfer between an anion and a cation. The one 
most commonly encountered in mineral spectroscopy is the transfer of electron 
density from a filled oxygen orbital to a partially occupied Fe3+ orbital. These 
transitions usually require higher energies than crystal field transitions and produce 
absorption bands which are centered in the ultraviolet region. In the case of ions in 
higher oxidation states such as Fe3+ and Cr6+, the wing of the absorption band will 
extend into the visible part of the spectrum, causing absorption which is strongest in 
the violet and extends towards the red. The yellow-brown color of some Fe3+ minerals 
is a result of this wing of absorption. There has been very little experimental work on 
this type of charge transfer in minerals due to the difficulty of preparing samples thin 
enough to keep these high intensity absorptions "on scale". 

The second type of charge transfer transition is intervalence charge transfer 
(IVCT), also called metal-metal charge transfer. It involves movement of electron 
density between metal ions in different oxidation states. The pairs or clusters of 
cations typically share edges or faces of coordination polyhedra. Relatively low 
concentrations of these pairs can produce appreciable absorption. The deep blue of 
sapphire is a familiar example of color caused by this type of transition. The Fe2+ -Fe3+ 
and Fe2+-Ti4+ intervalence interactions are common. In some meteoritic minerals, the 
Ti3+-Ti4+ interaction is also prominent. 

3) Absorption edges result from electronic transitions between the top of a valence band 
and the bottom of the conduction band. Any photon with energy greater than this 
band gap will be absorbed. These types of absorption bands are usually encountered 
in_ sulfides. The red color of cinnabar is the result of a band gap which allows light 
With wavelength longer than 600 nm to pass while absorbing shorter wavelengths . 
The band-gap of most silicate minerals typically is located far into the ultraviolet 
region and, thus, generally does not contribute to the color of silicate minerals. 
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4) Overtones of vibrational transitions. The most commonly encountered bands 
in the near-infrared are the overtones of OH and H20 groups. The spectrum of 
beryl contains both absorption from Fe2+ and from the vibrational modes of H20 
molecules. Vibrational overtones are readily recognized because they have much 
smaller widths than electronic transitions which can occur in the same spectral 
region. These transitions are both narrow and relatively low intensity, often located in 
the near-infrared portion of the spectrum. As such, they normally have little influence 
on the color of minerals. The blue color of thick layers of glacial ice is the result of 
absorption of light by these transitions . 

5) Electronic transitions involving /-orbitals of uranium and the rare earth elements. 
These electronic transitions involve electrons in inner orbitals that are shielded from 
the coordination sphere of the central metal ion. Thus, absorption bands from the 
trivalent rare-earths tend to be much sharper than most of the bands from the third
row transition metals and tend to have only small shifts in wavelength with changes 
in the coordination number and geometry of the cation. 

G) In many minerals, absorption of light is associated with electron-hole centers and 
molecular ions produced by ionizing radiation . The spectra of these centers can 
often be quite difficult to interpret. Smoky quartz, blue feldspar, green diamonds and 
blue calcite are examples of this process. Often, color in minerals arises from the 
combined action of d-orbital transitions from metal ions together with color centers 
from natural irradiation. 

To better understand the first 
process involving electrons in the 
d-orbitals, we need to understand how 
the d-d transitions occur. We can first 
consider a transition metal ion floating 
freely in space with no other atoms 
nearby. In this case all five d-orbitals 
will have the same energy (Fig. la). 
If a conductive sphere of charge if 
brought around the metal ion, the 
orbitals will rise in energy because 
electrons in these orbitals experience 
more electrostatic repulsion (Fig. lb). 
If the charge on the sphere is now 
separated into six discrete lumps 
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Figure 1. Diagrams illustrating the concept of orbitals split
ting into groups of different energies when points of charge 
are located at the vertices of an octahedron. 

of charge centered on the vertices of an octahedron, we have a situation resembling a metal 
ion in octahedral coordination. In this case, three of the orbitals "sneak" between the charge 
centers (the dxy• dw and dyz orbitals) which effectively lowers their energy compared to the two 
orbitals which collide with the charge centers and experience greater repulsion (the dx2.y2 and dz2 
orbitals). The energy separation between the lower three and upper two orbitals is commonly 
referred to by both the capital Greek letter "/1", and the symbol " I Odq". 

When an electron that is located in a lower orbital encounters a photon of the appropriate 
energy, it can be promoted to a higher energy, empty orbital. When this occurs, light is 
absorbed, ad-d transition occurs, and, if the absorption process involves photons in the range 
of visible light, the mineral will have color. The absorbed energy is usually converted into 
heat and the crystal will become warmer by a tiny amount. Sometimes, much of the absorbed 
energy is dissipated through fluorescence . 

Diagrams, known as Tanabe-Sugano diagrams, named after scientists who produced the 
first diagrams of their type (Tanabe and Sugano 1954a,b ), help us to understand the origin of 
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the absorption bands in mineral systems that owe their color to the common metals of the third 
row transition elements (Ti, V, Cr, Mn, Fe, Co, Ni and Cu). Many books and web pages that 
deal with transition metal chemistry, coordination complexes and ligand field theory explain 
these diagrams and the theory behind them in greater detail. 

The diagram in Figure 2 illustrates the energy states of Fe3+ in a situation where the 
ions (commonly oxide ions in minerals) bonded to the iron are arranged in perfect octahedral 
symmetry. The horizontal axis is related to the separation between the t28 and the e orbitals 
normalized by a parameter "B", one of the Racah parameters, that is effectively related to the 
covalency of the bonding. The vertical axis is the energy of the various states of the system (in 
units of thousands of wavenumbers), again normalized by the parameter "B". 

The lowest energy configuration of electrons in the orbitals is called the ground state. 
Each configuration is given a symbol that reflects the symmetry of the wave functions used to 
mathematically describe the system. The superscript prefix represents the number of unpaired 
electrons according to the formula 2s + 1 where each unpaired electron has a spin number, s, 
of Y2 . For Fe3+ the ground state symbol is 6A1g. It is the horizontal line located at zero energy. 
A typical value for MB is illustrated by the intersection of the vertical dashed line in Figure 
2 with the horizontal axis. Light of the appropriate energy will promote an electron and raise 
the system to the first excited state, labeled 4T 1g, indicated by the sloping black line at the 
energy where the dash line intersects the 4T 1g line. The spin number changes from 5 unpaired 
electrons in the ground state to only 3 unpaired electrons in the first excited state because any 
promotion of an electron from the t28 requires that two electron be paired. 

The downward slope of the 4T 1g line with increasing MB is worth noting. As thermal 
energy causes the metal-oxygen bonds to vibrate, the value of!::,. will change. Depending on 
when a photon interacts with a cation, the instantaneous !::,. value will vary over a small range. 
Because of the slope of the 4T 1g line, the value of E will also change. The result is that this 
optical absorption band will have considerable width. The same is true when the excitation 
take the ion to the 4T2g state. The next transition to a state with 3 unpaired electrons is actually 
a pair of states that just happen to fall at nearly the exact same energy, namely the 4A1g and 
4Eg states. The slope for these states is very shallow. As a result, when the metal-oxygen bonds 
change length during vibrations, there will be significantly less variation in the EIB value. The 
result is a narrow absorption band. 
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Figure 2. A portion of the Tanabe-Sugano diagram for Fe3• in an octahedral environment. 
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An absorption band representing a transition to the next state, also with 4Eg symmetry, 
is also narrow. This band is often not observed because it buried under other absorptions. 
Absorption bands at even higher energies are almost never observed in minerals. Additional 
states with the superscript 2 appear as grey lines on the diagram above. These are states of the 
system in which two electrons are both promoted to higher energy and paired. This type of 
transition is of very low probability and, if seen at all in a spectrum, will produce a band of 

very low intensity. 

UNITS 

Wavelength and energy 

Wavelengths are usually presented in units of nanometers and energies are commonly 
presented in units of wavenumbers. Older literature presents wavelengths in Angstroms (10 
A= 1 nm). In the physics-focused literature, energy may be expressed in electron volts (eV). 
Interconversions among the units commonly used for mineral spectra are: 

Intensities 

Wavelength 

333 nm 

400nm 

500 nm = 
750nm 

1000 nm 

2000 nm = 

Wavenumber 

30,000 cm-1 

25,000 cm-1 

20,000 cm- 1 = 
13,333 cm-1 

10,000 cm-1 

5,000 cm-1 

Energy Color 

3.72 eV ultraviolet 

3.10 eV violet 

2.48eV green 

1.65 eV red 

1.24 eV near infrared 

0.62 eV near infrared 

The intensity of an absorption band is related to the concentration of the absorbing ion 
in the crystal. Thus, optical spectra can be used for quantitative determinations of the amount 
of particular ions in crystals. There is a long history in the chemical sciences of using optical 
spectra for quantitative analyses. In mineralogy, there has been significantly less use of spectra 
for this purpose, in part because of the need to generate calibration standards, and in large part 
because of the added complexities associated with anisotropic crystals. 

The intensity of light passing through a crystal at a given wavelength can be measured in 
units of percent transmission, 

%T= 100 X 1/10 
(1) 

where /0 is the intensity of light incident upon the crystal, and I is the intensity passing through 
the crystal. Most instruments present the intensity in absorbance units: 

Absorbance (A)= -log 10(1//0) (2) 

This unit is useful because, according to the Beer-Lambert law of solution colorimetry, the 
absorbance is linearly related to the concentration of the absorbing species and to the thickness 
of the sample: 

Absorbance = s x path x concentration (3) 

where path is in em and concentration is in moles per liter. The molar absorptivity, also referred 
to as the extinction coefficient, s, is a constant for each system of interest. The concentration in 
a "liter" of crystal can also be calculated as the following example demonstrates: 

I 
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Consider the concentration ofFe2+ in a grossular garnet of density 3.61 and with 1.10 wt% 
FeO. One liter of the crystal (1000 cm3

) weighs 3610 grams, of which 1.1% or 39.71 g is FeO. 
The formula weight of FeO is 71 .85, so the number of moles of FeO in one liter of crystal is 
39.71171.85 = 0.553 moles. There is one mole of Fe in FeO, so the concentration of Fe2+ is 
also 0.553 moles per liter. 

THE EXPERIMENT- SAMPLE AND EQUIPMENT CONSIDERATIONS 

Qualitative spectra, which tell where the absorption bands are, can be obtained by 
measuring the transmission of light through the sample without regard to sample preparation, 
as long as the sample is not too thick to allow adequate transmission for the instrument to 
measure. However, the samples are usually oriented (by morphology, optics or X-rays) so that 
light propagates along a crystal axis or an axis of the optical indicatrix. Windows are polished 
on the two sides of the sample to improve the transmission quality and to exactly define the 
sample thickness . For optimum results, the thickness of the sample should be adjusted (often 
by trial and error) so that the absorption bands are "on scale." Ideally, absorbances will not 
exceed 2 for the most accurate data on many spectrometers. For a darkly colored mineral such 
as augite, the optimal thickness may be a few tens of micrometers, whereas a pale blue beryl 
(aquamarine) may optimally be a centimeter thick. 

Types of spectrometers 

A variety of instrument types are now in use for measuring the optical spectrum of a min
eral. Instruments that use diffraction gratings to disperse light use a tungsten-halogen bulb for 
visible and near-infrared wavelengths, and either a deuterium lamp or a xenon arc lamp for 
the ultraviolet region. The detection systems can include photomultiplier tubes, PbS detectors, 
diode-arrays, or CCD detectors. The diode-array systems use silicon diodes for the visible and 
UV regions, and InGaAs arrays for the near-infrared. They, and the CCD detectors, offer the 
advantage of simultaneous detection of many wavelengths at once (up to several hundred nano
meters, depending on the spectroscopic resolution of the instrument). These spectrometers can 
work with samples on the order of 100 j.!m in diameter in the visible spectral region, but usually 
require larger diameters in the near-infrared because of the lower sensitivity of the detectors 
used in this energy region. In general, larger sample diameters give better quality data. 

Commercial microscope spectrometers are available from a few vendors, although, 
some labs have constructed their own microscope systems from components. Microscope 
spectrophotometers can work with samples from a few micrometers to a few tens of micrometers 
in diameter although necessarily compromising the orientational purity of the incident light 
because the microscope optics converge the light on the sample and, as a result, do not maintain 
the £-vector perfectly parallel to the plane of the sample (Goldman and Rossman 1978). 

Fourier Transform spectrophotometers are also used, with or without microscopes, 
particularly in the near-infrared region. Those with InGaAs detectors can work in the near
infrared region with samples a few tens of j.lm in diameter. 

For minerals of symmetry lower than cubic, it is necessary to obtain separate spectra with 
linearly polarized light vibrating along each axis of the optical indicatrix. To obtain polarized 
light, either crystal polarizers or sheet polarizers are commonly used. Crystal polarizers, such 
as calcite polarizers of the Glan Taylor or Glan Thompson design provide excellent polarization 
ratios that are significantly higher than those that can be obtained from various types of film 
polarizers. An additional advantage of the calcite polarizers is the broad wavelength range 
over which they polarize light with high efficiency. Film polarizers commonly require separate 
polarizers for the UV, visible, and near-IR regions. 
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NOMENCLATURE OF THE DIFFERENT SPECTRA 

While useful information can be obtained about the identity and oxidation state of ions 
in crystals from unoriented crystals that are studied in unpolarized light, a more quantitative 
and more fundamental understanding of the origin of color can usually only be obtained with 
orientated crystals studied with linearly polarized light. The number of spectra required to 
describe the spectrum of a mineral depends on the crystal system of the mineral. 

Cubic crystals such as garnets require just one spectrum. Polarized light is not required and 
the sample can be oriented in any direction. Such crystals usually present minimal difficulties 
for orientation if zonation within the crystal is not an issue. 

For uniaxial crystals (tetragonal and hexagonal crystals), two spectra are required. One 
is taken with polarized light vibrating parallel to the c-axis and other with light vibrating 
perpendicular to the c-axis. The spectra are usually called the E\\c and El.c spectra or the E 

and co spectra where E corresponds to the E index of refraction obtained with light polarized 
parallel to c (£\\c), and co corresponds to the co index of refraction obtained with light polarized 
perpendicular to the c-axis (El.c). In some of the literature, the E\\c spectrum is called the 
n-spectrum and the El.c spectrum, the a-spectrum. With uniaxial crystals, any direction 
perpendicular to the c-axis will provide the El.c spectrum. 

In the case of optically biaxial crystals, three spectra are required. The three spectra needed 
to completely describe an orthorhombic crystal can be named, a, b, and c spectra (after the 
crystal axes to which the light is polarized), the a , ~. andy spectra (after the refractive indices 
that would be measured with light polarized in the respective directions), or the X, Y, and Z 
spectra (after the axes of the indicatrix in which the a , ~. andy refractive indices that would 
be measured. It is important to note that the order of the a, ~ . and y refractive indices does not 
necessarily correspond to the a, b, and c axes. Unfortunately, particular care must be used in 
correlating the morphological directions of an orthorhombic crystal with the optical directions 
because different authors have used different conventions for naming both the morphologic and 
crystallographic axes. 

For biaxial monoclinic crystals the spectra are usually called the a, ~ and y spectra or 
sometimes the X, Y and Z spectra, where the a spectrum is obtained in the X vibration direction 
in which the a refractive index would be measured, Y = ~and Z = y. At a minimum, those three 
spectra are required to describe a monoclinic crystal. Dowty ( 1978) has discussed some of the 
special requirements for a full optical description of monoclinic minerals discussed further in 
the "Intervalence Charge Transfer in Low Symmetry Crystals" section later in this chapter. 

INTENSITIES AND SELECTION RULES 

Absorption bands can vary greatly in their intensity. Ruby with 0.1 % Cr3+ is deep red 
when I mm thick, whereas orthoclase with 0.1% Fe3+ is essentially colorless at the same 
thickness. A variety of selection rules derived from quantum mechanics governs the intensity 
of the various types of absorption phenomena. These rules are extensively discussed in books 
devoted to the chemical physics of optical spectroscopy such as Harris and Bertolucci ( 1978), 
the various editions of Cotton ( 1971 ), and the classic book by Wilson et a!. ( 1955). 

The Laporte selection rule 

Transitions between two d-orbitals or two p-orbitals are forbidden, but transitions between 
s-and p-orbitals or between p-and d-orbitals are allowed (Laporte Selection Rule; Laporte and 
Meggers 1925). 

This means that oxygen-to-metal charge-transfer transitions (from an oxygen p-orbital 
to a metal d-orbital) will occur with high probability. Photons of the appropriate energy will 
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stand a high probability of being absorbed, and the resulting absorption band will be intense. 
Ideally, transitions within the d-orbitals would be forbidden, but, in fact, will occur with low 
probability and will produce correspondingly low intensity absorptions. All of the examples of 
single metal ion spectra that follow are examples of transitions within the d-orbitals . 

In practice, these "rules" do not rigidly control the intensity of spectra because there 
are various ways to weaken them. A common factor is mixing of d-and p-orbitals to produce 
a hybrid state which has character intermediate between the two extremes. Also, geometric 
distortions of otherwise fully symmetric coordination environments will relax the Laporte 
rule. Distortions from full symmetry can occur because of the local structure of the phase, 
or even during the vibrations of the metal-oxygen bonds. An example is provided by the 
mineral gillespite where the d-d transitions are Laporte-forbidden, but where coupling with 
vibronic motion of the Fe-0 bonds makes the absorption of visible light possible (Burns et a!. 
1966). Nevertheless, the intensity of crystal-field absorption bands from ions of the common 
transition metals will be about a factor of 1000 times less than the oxygen-to-metal charge
transfer bands. 

Spin-forbidden transitions 

An additional selection rule is the spin-multiplicity selection rule. It states that the total 
number of unpaired electrons on an atom must remain the same before and after an electronic 
transition occurs. Because all orbitals in Mn2+ and Fe3+ are half-filled, the only possible 
electronic transitions involve pairing electrons in an orbital with the necessity of changing the 
spin of one of the electrons. Consequently, the Mn2+ and Fe3+ transitions are spin-forbidden. 
In fact, they can occur, but with very low probability. Spin-forbidden bands can occur in the 
spectrum of any ion with two or more valence electrons. An example appears in the spectra of 
Cr3+ in kyanite discussed in a following section. 

QUANTITATIVE CONCENTRATIONS FROM OPTICAL SPECTRA 

Optical spectra are widely used for quantitative analysis in solution chemistry. In principle, 
quantitative metal ion concentrations and even site occupancies could be obtained from the 
optical spectra of minerals. To determine quantitative site-occupancies or total cation content, 
thee value from the Beer-Lambert law (commonly known as Beer's Law) must be known for 
the system of interest, and it must be reasonably constant in a solid solution series. These plots 
require an independent determination of the ion's concentration in a number of crystals (e.g., 
by electron microprobe analysis). In practice, very few mineral systems have been examined 
in enough detail to establish Beer's law plots. When such information is available, quantitative 
site occupancy data can be obtained. Those which have a nearly linear correlation between 
absorbance and concentration are Fe2+ in garnets (White and Moore 1972), olivines (Hazen et 
a!. 1977), orthopyroxenes (Goldman and Rossman 1978) and feldspars (Mao and Bell1973; 
Hofmeister and Rossman 1984). 

The e values for a number of other ions in minerals are available, but they represent a 
single measurement and do not explore the variation of e with composition along a solid 
solution series or with concentration of the absorbing ion. In practice, optical spectra generally 
have not competed favorably with other analytical methods such as LA-ICP-MS or electron 
microprobe analysis for determining concentrations of cations, but, in some cases, optical 
methods have particular advantages such as integrating through the entire volume of a sample, 
and providing information about concentrations of cations in a particular crystal site. In 
principle, optical methods can also have the advantage of quantitatively working with a single 
oxidation state of a cation in a crystal if calibration standards are available. 
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IDENTIFICATION OF THE OXIDATION STATES OF CATIONS 

One of the most useful aspects of optical spectra is its ability to identify the oxidation state 
of many common cations. This is based, in part, on the fact that different cations have different 
numbers of electrons involved in electronic transitions, and on the fact that different cations 
have different sizes and geometries that influence the electrostatic repulsion that their electrons 
feel from the neighboring ions when their valence electrons undergo electronic transitions. 

The spectra of many cations are sufficiently distinctive to allow identification of their 
oxidation states (e.g. Fe2+ vs. Fe3+; Mn2+ vs. Mn3+; Cr3+ vs. Cr6+) . When a metal ion is present 
in two oxidation states, it is difficult to determine the quantitative ratio because of the general 
lack of adequate calibration standards that are available for the optical data. An example of 
how such calibrations can be done is the determination of Fe2+ and Fein feldspars (Hofmeister 
and Rossman 1984). Total iron is first determined by X-ray fluorescence and/or electron 
microprobe analysis and Fe3+ is determined by electron paramagnetic resonance (EPR) 
spectroscopy (Pan and Nilges 2014, this volume). Fe2+ is then determined by difference. These 
determinations are then used to calibrate the optical spectrum. Several examples of the spectra 
of cations in different oxidation states are presented in the following sections. 

A GALLERY OF SPECTRA OF METAL IONS COMMONLY RESPONSIBLE 
FOR THE OPTICAL SPECTRA OF MINERALS. 

Titanium 

Ti4+ has no valence d-electrons and as such does not have absorption in the visible region 
by itself. Ti3+ has one valence electron which can be excited to a higher energy by visible 
light. Consequently, Ti3+ minerals will have absorption in the optical region. This oxidation 
state is formed only under conditions more reducing than those found in the terrestrial 
environment; Ti3+ is found primarily in meteorites, lunar samples and synthetic phases. Ti3+ 
in octahedral coordination is a comparatively 
weak absorber and is easily overpowered by 
other cations which might be present. Two 
complicating factors must be considered: Ti4+ 
can enter into intervalence charge transfer 
(IVCT) with Fe2+ to produce strong absorption 
(Manning 1977; Burns 1981). This process 
has been implicated in the color of a variety 
of minerals such as blue sapphire and orange
brown micas. Many early reports of Ti3+ in 
the spectra of terrestrial minerals are probably 
due to the Fe2+-Ti4+ interaction. Ti4+ can also 
enter into intervalence charge transfer with 
Tj3+ producing intense absorption in the red 
to near-infrared. The blue meteoritic hibonite 
(Fig. 3) is the result of this IVCT interaction. 

Vanadium 

Ella 
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Figure 3. Spectrum of Ti3+-Ti4+ IVCT in blue 
hibonite from the Murchison meteorite plotted for 
I mm thickness . 

Trivalent vanadium is the cause of vivid colors in a number of minerals and gemstones. It 
produces a diversity of colors because the locations of its absorption bands are sensitive to the 
details of the size and symmetry of the vanadium site. The spectrum of vanadian tourmaline 
(Fig. 4) and grossular (Fig. 5) are representative. The spectroscopy of vanadium in minerals 
has been reviewed by Schmetzer (1982). The positions of the V3+ absorption bands are close 
to those of Cr3+ in the same site. Consequently, the color of a particular mineral is frequently 
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similar regardless of whether the chromophore is Cr3+ or V3+ (e.g. , both green grossular and 
green beryl can be colored by either Cr or V). 

Tetravalent vanadium is infrequently encountered but when present in minerals is 
normally in the form of the vanadyl ion (V02+) that is characterized by a spectrum that is 
centered in the red. Comparatively few mineralogical examples of this have been published. 
Canvaniste, CaVOSi40 10·4H20 , (Fig. 6) and apophyllite that contains a few thousand ppm of 
the vanadyl ion (Fig. 7) are two of the more common examples of this ion. Vanadate fluxes are 
sometimes used in mineral synthesis. The blue color of some of pyroxenes synthesized with 
these fluxes comes from -0.1 % substitutional vanadium in the form of the vanadyl ion in the 
large cation site. 

400 500 600 700 800 900 1000 1100 

Wavelength. nm 

Figure 4. The spectrum ofV3+ in the yellow-green 
tourmaline, olenite, from Amstahl, Austria, plotted 
as I mm thick. After Ertl et al. (2008). 
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Figure 6. The spectrum of the V02+ ion in blue 
cavansite from near Wagholi , Pone District, Maha
rashtra, India plotted as 1.0 mm thick . 
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Figure 5. The spectrum of V3+ -containing grossu
lar garnet (tsavorite variety) from East Africa, plot
ted as I mm thick. 
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Figure 7. The spectrum of the V02+ ion in green 
apophyllite from Pone, India, plotted as 1.0 mm 
thick. After Rossman ( 1974 ). 

Chromium is a moderately common minor component of many common minerals that 
contributes to the spectra of minerals in the trivalent state. The familiar red color of rubies 
and green color of emeralds are both due to Cr3+ in an aluminum site. Like vanadium, the 
~xact ~osition of the Cr3+ absorption bands will depend upon the particulars of the Cr site, 
mcludmg metal-oxygen distances, site distortion and degree of covalency. Because the molar 
a~sorptivity (E valu~~ of Cr3+ is high ~typically 40-60) compared to Fe2+ (typically 3-6), a 
n:I.nor amount of Cr (O.X%) can dommate the spectrum of many common ferro-magnesian 
Silicates. The colors of green micas, pyroxenes, and amphiboles often result from traces of 
Cr3+ as much as from the primary iron component. 
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In the spectrum of many Cr3+ minerals, sharp, weak bands near 700 nm appear in the 
spectrum. These are spin-forbidden bands that result from a cha~ge in th~ number of unp.aired 
electrons during the electronic transition. These bands are weak m the spmel spectrum (Fig. 8) 
but easily observed in the kyanite spectrum near 700 nm (Fig. 9) . 

Chromate, CrOi-, produces intense 
colors due to its oxygen to cr6+ charge
transfer band that is centered in the 
ultraviolet. The brilliant orange and yellow 
colors of crocoite (PbCr04) and vanadinite 
(Pb5(V04) 3Cl) are from the chromate ion. 
In the case of vanadinite, a small amount of 
Cr04

2- is involved in a solid solution with 
V04

3- . Because of the experimental difficulty 
of obtaining on-scale spectra of the intensely 
absorbing chromate bands, few single-crystal 
spectra of chromate in minerals are available. 

Manganese 

While small amounts of Mn2+ are found 
in many minerals, it is seldom a significant 
contributor to the spectrum of the phase. That 
is because all electronic transitions of Mn2+ 
are spin-forbidden. Therefore, the absorp
tion by small amounts of Mn2+ in minerals 
is very weak and usually overpowered by the 
spectra of many other cations that may be 
present. The spectrum of Mn2+ in octahedral 
coordination consists of two weak bands at 
longer wavelength and a sharp band near 412 
nm (Fig. 10). Only the sharp 412 nm band is 
seen in the spectrum of many minerals when 
minor amounts of Mn2+ occur in the presence 
of greater quantities of Fe2+. 

In contrast to Mn2+, Mn3+ is an intense 
absorber which usually produces red through 
lavender colors. Common examples include 
piemontite, red tourmaline and pink micas. 
Mn3+ can also produce a green color such as 
found in the viridine variety of andalusite. 
Mn3+ spectra can vary from a dominant single 
band with shoulders in the case of sites of fairly 
regular symmetry as seen in the pink, Mn3+
containing diaspore (AlO(OH)) spectrum 
(Fig. 11) to the well-separated pairs of bands 
that occur in the spectrum of green andalusite 
(Fig. 12) and orange kyanite (Fig. 13). In rare 
instances, Mn2+ enters tetrahedral sites such 
as found in the spectacularly fluorescent zinc 
silicate, willemite. Its spectrum is shown in 
Figure 14. 
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Figure 8. The spectrum of Cr3+ in red spinel, from 
Mogok, Myanmar, plotted as 1.0 mm thick. 
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Figure 9. The spectrum of the Cr3+ in blue kyanite 
from a kyanite eclogite from the Reitfontein kim
berlite, South Africa, plotted as I mm. 
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Figure 10. Spectrum of red rhodochrosite from the 
N'Chwaning Mines, Kuruman, South Africa, that 
shows the typical broad, broad, sharp band set go
ing towards shorter wavelength. 
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Figure 11. Spectrum of pink diaspore, AIO(OH), 
from Hotazel, S. W. Africa plotted as I .0 mm thick. 
Its pink color of diaspore is due to Mn3• substitut
ing for AI. 
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Figure 13. Spectrum of orange kyanite from Mau
tia Hill, Tanzania, that contains Mn3• in aluminum 
sites plotted as 1.0 mm thick. After Chadwick and 
Rossman (2009). 

Iron 

Iron is the most commonly encountered 
transition element in minerals and is 
responsible for the color of most rock
forming minerals. Fe2+ is usually found is 
sites that are somewhat distorted from an 
ideal octahedron. Its spectrum consists of a 
pair of bands centered near 1000 nm. The 
spectrum of siderite (Fig. 15) is representative 
of phases that contain Fe2+ sites that are not 
highly distorted from octahedral symmetry. 
The two components of the Fe2+ bands 
become more separated as the site becomes 
more distorted from octahedral geometry. In 
the case of the amphibole M(4) site and the 
pyroxene M(2) site, the two components can 
be separated by about 1000 nm (Fig. 16). 
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Figure 12. Spectrum of green andalusite from 
Minas Gerais, Brazil, plotted as 1.0 mm thick. Its 
green color arises from its content of -1.08 wt% 
Mn. 
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Figure 14. The spectrum of willemite, Zn2Si04, 

from Franklin, New Jersey, containing Mn2• in a 
tetrahedral site, plotted as 1.0 mm thick. 
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Figure 15. The spectrum of Fe2• in siderite from 
Ivigtut, Greenland, that shows two overlapping 
bands in the 1000-1300 nm region from Fe2• an 
octahedral site of only minor distortion. Plotted for 
1.0 mm thickness . 

Faye (1972) and Goldman and Rossman (1977) have discussed the relationship between 
the magnitude of the splitting and the nature of the Fe2+ site. The detailed analysis of an optical 
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absorption spectrum first requires knowledge 
of the symmetry of the cation site. Selec
tion rules which establish the polarization of 
the various bands are then determined from 
group theory. An example of such an analysis 
for Fe2+ at the M2 site of orthopyroxene ap
peared in Appendix A of the first edition of 
this chapter (Rossman 1988). 

For many common minerals, the spec
trum is further complicated because of con
tributions from iron in multiple distinct sites. 
The spectrum of forsterite is a case in point 
(Fig. 17) where four distinct absorption bands 
occur in the 700-1600 nm region that repre
sent two contributions each from both the M1 
and M2 sites. Although the intensity of the 
M2 band in the y-polarization is several times 
more intense then the M 1 bands near 850 nm 
in the a- and 13-polarizations, the concentra
tion of Fe in the M2 site is not necessarily 
greater than the concentration in the M1 site. 
This is because the E values (molar absorp
tivity) for the two sites are not equal. Iron in 
more-distorted sites tends to have a signifi
cantly higher probability for absorbing light 
than iron in a more regular site. 

The electronic transitions of Fe3+, like 
those of Mn2+, are spin forbidden due to their 
cf' electronic configuration. Any electronic 
transition demands that the ion goes from 
a configuration of five unpaired electrons 
to one with 3 unpaired electrons and 1 pair. 
Such transitions have low probability of hap
pening. Consequently, minerals with dilute 
Fe3+ are pale colored due to weak absorption. 
They generally show a characteristic pattern 
of two broad, low-energy absorptions, la
beled T 1g and T2g, and a sharp band near 440 
nm (Fig. 18). Because the wavelengths of the 
two broad bands are sensitive to the exact 
structural details of the Fe3+ site, they are of 
use in remote sensing to identify iron oxides 
and polymorphs of FeO(OH). Often, because 
of overlapping contributions from other ions, 
only the band at 440 nm is visible. Occasion
ally it is possible to observe additional Fe3+ 

bands near 376 nm as are seen in Figure 18. 

The spectrum in Figure 18 presents an 
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Figure 16. The spectrum of the clinopyroxene, 
augite, from Cedar Butte, Oregon. The spectrum 
is dominated by Fe2• absorption near I 0 10 and 
2300 nm from Fe2• in the highly distorted M2 site. 
Weaker absorption from Cr3+ occurs near 650 and 
400nm. 
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Figure 17. The spectrum of forsterite from San 
Carlos, Arizona, showing four bands in the 700-
1500 nm region where two bands came from each 
of the M I and M2 sites. 
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Figure 18. Spectrum of phosphosiderite, 
FeP04·H20 , from Kreuzberg, Germany, plotted as 
I .0 mm thick that shows the typical pattern of two 
broad bands at lower energy followed by a sharper 
band near 440 nm. 

excellent opportunity to demonstrate the use of a Tanabe-Sugano diagram discussed in Figure 
2 earlier in this chapter. Moving from low energy (right side) to high energy (left side) the 
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breadth of the first two bands (the 6A1g---+ 4T 1g and 6A 1g---+ 4T2g transitions) compared to the 
sharpness of the next two bands (the 6A 1g---+ 4A 1g,4Eg and 6A1g---+ 4Eg transitions) is obvious. 

Sites of different coordination number present different Fe2+ spectra. The most extensively 
studied has been the spectrum of Fe2+ in the garnet 8-coordinated site. It consists of three bands 
in the near-infrared region plus spin-forbidden bands in the visible region (Fig. 19). Tetrahedral 
Fe2+ transitions occur at lower energies, usually consisting of a pair of bands centered in the 
1800 to 2000 nm range (Fig. 20). If the Fe-0 bond lengths were the same, the average energy 
of the tetrahedral absorptions would be 4/9 the average energy of the octahedral absorptions. 
The absorption intensity of tetrahedral Fe2+ is greater than octahedral Fe2+. In general, a metal 
ion at a site which lacks a center of symmetry (non-centrosymmetric site) will have a greater 
probability of absorbing light then one at a centrosymmetric site. A very different pattern for 
four-coordinated iron is provided by Fe2+ in a square-planar site such as those of gillespite 
(Fig. 21) and eudialyte. Another example (Fig. 22) ofFe2+ in a non-octahedral site is provided 
by Fe2+ in the irregular geometry of theCa-site in plagioclase feldspar. 

Tetrahedral Fe3+ is encountered in a number of minerals including micas and pyroxenes 
and certain framework silicates such as feldspars (Fig. 23). Its absorption intensity is several 
times greater than that of Fe3+ in an octahedral site because of the non-centrosymmetric site. 

An additional factor that strongly influences the colors of iron-containing minerals arises 
from a combination of absorption by the individual ions, Fe2+ and Fe3+, and from intervalence 
charge transfer between Fe2+ and Fe3+ or between Fe2+ and Ti4+ , as well as from oxygen-to
Fe3+ charge transfer. The combination of these multiple causes of absorption contributes the 
dark color of many common iron-containing silicate minerals such as pyroxenes (Fig. 24 ), 
amphiboles and micas. 

Cobalt 

Cobalt is seldom encountered in minerals at concentrations high enough to impact 
the optical spectrum. When it does, it typically occurs in octahedral coordination as Co2+ 
and causes a pink color such as that in cobaltian-calcite (Fig. 25). When Co2+ is situated 
in a tetrahedral site, it is a strong absorber producing a blue color in synthetic spinels and 
contributes to the deep blue color of some rare, natural spinel crystals (Fig. 26). 

Nickel 

Nickel is an infrequent contributor to the spectra of minerals. It is usually present as 
Ni2+ at an octahedral site and gives rise to a green color in phases such as the chrysoprase, a 
variety of chalcedony that contains minute grains of nickel-containing layer silicates (Fig. 27). 
In addition to the Ni2+ features near 650, 730 and 1100 nm, the spectrum shows increasing 
absorption that rises towards short wavelengths. The rise results from wavelength-dependent 
scattering of light from the fine nickel silicate particles within the quartz host. A narrow water 
overtone feature is also present near 1400 nm. The annabergite spectrum (Fig. 28) shows the 
three major regions of absorption that arise from Ni2+ in an octahedral site. 

Copper 

Cu2+ is an intense absorber that produces the familiar green and blue colors of the numerous 
copper minerals such as azurite and malachite. Although there are many Cu2+ minerals, 
there has been very little work on their single crystal spectroscopy due to the difficulty of 
preparing the minerals thin enough for on-scale spectroscopy when the copper concentration is 
comparatively high. Elbaite tourmaline produces an especially beautiful blue color that results 
from the incorporation of Cu2+ in theY-site (Fig. 29). 

The Cu+ ion by itself does not contribute to the optical absorption spectrum of minerals. 
The color of Cu(I) oxides is due to band gap absorptions which are discussed in a following 

Optical Spectroscopy 385 

1.2 

1.0 
Pyrope 

l 
East Africa 

0.8 

0.6 
'~ 

0.4 

0.2 

0.0 
500 1000 1500 2000 2500 

Wavelength, nm 

Figure 19. The spectrum a pyrope-almandine 
garnet with three components in the near-infrared 
at about 1250, 1600 and 2200 nm due to Fe2+ in 
the distorted eight-coordinated cubic site. Weaker, 
sharper features between 350 and 800 nm are spin
forbidden bands. Plotted as 1.0 mm thick. 
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Figure 21. The spectrum of Fe2+ in the square
planar, four-coordinated site of gillespite, 
BaFe2+Si40 10, from Incline, California, plotted as 
1.0 mm thick. 
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Figure 23. Spectrum in the gamma orientation 
of tetrahedral Fe3+ in sanidine with 0.42% Fe20 3 

from Itrongay, Madagascar, plotted for I .0 mm 
thickness. 

~r-----------------TT~----~ 

l
l' Staurolite 

25 Pizzo Forno 

~ ~ 
ro 
D 15 

~ 
<( 10 

1000 2000 3000 4000 

Wavelength, nm 

Figure 20. The spectrum of staurolite from Pizzo 
Forno, Switzerland, plotted as 1.0 mm thick that 
shows broad absorption bands from Fe2+ in a tetra
hedral site with accompanying sharper bands from 
OH groups. 
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Figure 22. Spectrum of plagioclase feldspar 
( -An70) from Lake County, Oregon, plotted as I .0 
mm thick, showing the bands in the 1250 - 2300 
nm region from about 0.3 wt% Fe2+ in the large, 
distorted Ca sites. Absorption from OH is in the 
2800-3000 nm region. After Hofmeister and Ross
man (1983). 
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Figure 24. The spectrum of the clinopyroxene, 
diopside, from Binntal, Wallis, Switzerland, that 
shows strong absorption near 950 and I 050 nm 
from Fe2+ in the M 1 site and a comparatively weak 
absorption near I 050 nm from Fe2+ in the M2 site. 
The band near 780 nm arises from Fe2+- Fe3+ IV CT. 


