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ABSTRACT

Spectroscopic techniques allow quantititative measurements of atomic
level processes. Of particular interest in mineralogy is application of
such methods to determine speciation, site occupancies, ordering, and other
physical properties. This thesis presents the results of a spectroscopic
(visible, infrared, electron paramagnetic resonance, and resonance Raman),
chemical, and experimental investigation on colored and uncolored feldspars.
The principal goals were to understand the origin of color and its relation-
ships to other properties of feldspar, and to infer the geologic conditions
of color formation. The coloration systems studied include trace amounts of
transition metal ions, radiation centers, and inclusions.

Ferrous and ferric iron concentrations in feldspars with low total iron
content (<0.32 wt % Fe) were determined from optical and electron paramagnetic
resonance (EPR) spectra to better than *15% of the amount present. Optical
spectra indicate that Felt occupies two distorted M-sites in plagioclases of
intermediate structural state. The linear dependence of the Fe2+/Fe total
ratio on An content demonstrates that FeZt substitutes for Ca. EPR powder
spectra show that the number of sites for Fe3t depend on structural state
rather than on plagioclase chemistry. The observed linear correspondence of
EPR double-integrated intensities with optical peak areas shows that all Fedt
is tetrahedrally coordinated in both plagioclase and disordered potassium
feldspar. Microcline perthites show, in addition to tetrahedral Fe3+, an EPR
signal due to axially coordinated ferric iron, which is associated with forma-
tion of hematite inclusions.

Protons occur as OH in plagioclase and sanidine, but as HyO0 in micro-
cline. The difference in speciation may be related to temperature of

crystallization. Determination of molar absorptivities for IR bands
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using HpO contents from hydrogen manometric measurements, enabled
assessment of Hp0 contents at the ppm level.

Natural smoky color or smoky color induced by ionizing radiation develops
only in potassium feldspars (KA1Si30g) free of water bound in the feldspar
structure. Neither fluid inclusion water nor =SiOH have an effect. The
optical absorption spectra of the smoky color consists of polarized bands at
11600, 16200, 19100, and 27200 cm‘l, whose integrated intensities are linearly
correlated with the integrated intensity of a broad, asymmetric first deriva-
tive at geff = 2.027 in electron paramagnetic resonance (EPR) spectra. This
hole center forms only in KA1SijOg without structurally bound Hy0, and in
microcline is resolved into an asymmetric six-line pattern at geff = 2.024
and a single derivative at g ¢c = 2.009 which are Si-0~ -K and a hole shared
between two nonbonding oxygens (NBO) on Si. In analogy to coloring in quartz
and glass, the 11600 cm~! band is caused by a hole trapped between two NBO's
on silicon, the 16200 and 27200 cm~l bands are due to the Si-0~ -K center, and
the 19100 cm~! band results from a hole trapped on an oxygen attached to two
aluminums. Smoky centers do not develop in feldspars with structural water
because irradiation mobilizes protons which, while diffusing, destroy
centers in their path, and finally then settle in sites similar to their
original site. Smoky color also develops in sodic plagioclases, but high Al
content inhibits its formation in labradorite.

Amazonite color is intrinsic and controlled by an absorption minimum
between three overlapping bands in the ultraviolet and a broad band in B
at 630, or one UV band and a broad band in g at 720 nm, or both superimposed.
Comparison of EPR to optical integrated intensities shows that all three
colors are connected with a first derivative at geff = 1.56 and two satellites

of about 1/7 intensity at gegf of 1.83 and 1.39. Analysis of the EPR
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pattern shows that this center is Pb3* 31% of the time, with the hole
located on coordinating oxygens for the remaining 697%. This center is
only produced in samples which have in addition to Pb, Hy0 structurally
bound in the lattice. The dependence of color intensity on the smaller
molar concentration of structural water or lead implies that lead and
structural water in a 1:1 ratio produce color centers in amazonite. The
first order reaction kinetics of amazonite color formation by irradiation
and the observation that water is not consumed in the process suggests that
Pb2t is oxidized to Pb3t by the product OH of the irradiation-induced
dissociation of water while H concurrently destroys a hole center on an
oxygen, and is followed by the regeneration of the water molecule. The
kinetics also show that the radiation necessary for the coloration is provided
by internal decay of 40K, The two end-member color types (630 or 720 nm)
occur for microcline or orthoclase local structure, respectively. Al/Si
disorder increases first locally, and then overall as larger amounts Pb or
Hy0 are incorporated, so that crystals with intermediate Pb contents have both
color types. A spectrally similar blue radiation color also occurs for
Pb-bearing sodic plagioclases.

Gemmy labradorite phenocrysts from one Steens Mountain basalt flow in
Rabbit Basin, Oregon, sometimes possess a pink schiller, or more rarely a
transparent red or green coloration. Direct microprobe analysis of the
schiller flakes show that these are metallic copper. XRF analysis of the
different colored zones revealed that only the copper content varies with
color: colorless samples, or sections of crystals, have 0-35 ppm Cu; greens
average 80 ppm Cu; reds average 135 ppm Cu; while schiller bearing labradorites
have 50 to 240 ppm Cu. Spectral similarity of the red color to copper-ruby

color of glass shows that the red arises from the intrinsic absorption of
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colloidal Cu® particles that are too small to scatter light (ca. 4 to 22 nm).
Spectra from the green regions strongly resemble that of amazonite. Because
the temperature of exsolution is subsolidus and proportional to Cu content,
diffusion proceeds more rapidly for crystals with higher Cu content and
results in formation of larger particles. The Cu® reduction at low tempera-
ture ( 800°C) involves formation of hole center (0~) that is captured
by Pb2t to form the green amazonite color (Pb3t). At high temperatures
( ~ 900 to 1100°C) the reduction of Cu is controlled by whatever reactions
occur in the basalt to keep fO, along the QFM buffer. Migration of Cu® may
cause the variation of Cu concentrations in a single sample; but the variation
of Cu content among different crystals suggests that the composition of the
megacrysts was not constant and changed in response to an increasing copper
content in the melt as crystallization of the labradorite proceeded.

The coloration process in feldspar strongly resembles that in glasses
for both radiation colors (smoky) and exsolution phenomena (Cu’ colloids,
Cu® schiller) and also that of radiation colors in other crystalline solids
(smoky quartz, Pb3t or f12+ in KC1). Although quartz and glass are
stucturally and chemically similar to feldspar, KCl is not, suggesting
that for the most part it is the behavior of the chemical impurity on an

atomic level which controls the coloring mechanism.
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CHAPTER 1

INTRODUCTION

1.1 Object of the Research

This thesis presents considerable new data on the origin and mechanism
of coloration in feldspar, which involves not only incorporation of trace
amounts of metals and water species, but also radiation, exsolution and
ordering processes. Colors in crystalline solids and glasses have been the
focus of considerable scientific interest partially due to their visual
appeal, but moreover because understanding of these phenomena allows insight
into atomic-level processes. Naturally occurring colored minerals and gems
have an economic value depending on the scarcity and on the beauty of the
material and its color. Hence, intense efforts have been made to develop
rare colors from common ones, and also to distinguish natural from treated
minerals.

The dependence of radiation colors on the presence of chemical
impurities was probably‘first recognized by Goldstein [1902]. Siedentopf
[1905] realized that natural coloration of halite was caused by radio-
activity and also noted that atoms and colloids (inclusions) give two
distinct types of color. The early observations were based on qualitative
visual assessment; development of absorption spectral techniques [Roentgen,
1927] marked the transition to modern quantitative studies. Smekal [1928]
first recognized the strong influence of crystalline structure on
coloration, and Bethe's [1929] development of crystal field theory provided
the basis for interpreting spectra directly in terms of electronic
transitions of metal ions. Despite these and the more recent developments,

even today the specific cause of coloration in many minerals is unknown



[Nassau, 1978].

For feldspar, partial answers exist for many distinct colorations. The
yellow color of gémmy crystals is derived from iron substitution [Faust,
1936; Faye, 1969]. Smoky colors are connected with radiation-created aluminum
hole centers [Speit and Lehmann, 1976]. The schiller in Lake County labrador-
ite is due to copper-metal inclusions [Andersen, 1917]. Studies of amazonite
chemistry by Foord and Martin [1979] strongly suggest that lead is involved
in the blue-green color. Yet, major unresolved problems include (1) the
coordination of Fe+2, (2) the infrequency of the smoky color, (3) the origin
of the copper flakes, and (4) how ordinary uncolored lead can be made to
produce color.

The goal of the present investigation was to apply precise spectroscopic
techniques (visible, infrared, electron spin resonance, and resonance Raman),
chemical analyses of impurities, radiation and heat treatment and forced
diffusion to various colored and uncolored feldspars in order to determine
the coloration mechanisms and their relationship to other properties of
feldspar. It was hoped that a thorough spectroscopic and chemical study,
together with supportive experimentation on the feldspars would produce
results that could help address the following problems:

(a) The species, charge state, and site occupancy of the ion(s) responsible
for the blue-green color of amazonite and also for the green and red
colors of Lake County labradorite.

(b) The interrelationships of the colors (red, green, and schiller) in
Lake County labradorite; and the cause of the zonations both in the
feldspars and of the feldspars within the basalts.

(c) The response of feldspar to radiation.



for the color developed.
(e) The mechanism and kinetics of coloration in feldspar.
(f) The physical énd geological conditions necessary to produce color
(e.g. temperature, f0j;, irradiative flux).
Considerable progress has been made on all of the above problems. In
addition, this work has provided new information on the following:
(g) Quantitative determination of ferrous and ferric iron concentrations
from spectral parameters.
(h) Quantitative determination of the concentrations of various water
species at the ppm level.
(1) The discovery of a relationship between the speciation of water in
feldspar and the mineral's response to irradiation.
(j) The effect of lead's incorporation on the structural state of the
potassium feldspar.
(k) The stability of Pbt3 in the feldspar M-site.
(1) The process of exsolving copper metal ions from the plagioclase
lattice.
Besides providing new spectral and chemical data on feldspar, this thesis
attempts to utilize these data towards understanding the physical properties
of this mineral. The following discussion therefore concerns a variety of
mineralogical problems associated with feldspar, beginning with quantitative
determination of Fet2, Fe+3, and water in the feldspar, continuing with the
response of feldspar to irradiation (smoky colors and amazonite) and to
exsolving copper metal (Lake County labradorite), and concluding with the
mineralogical and chemical implications of the coloring mechanisms as well as
the inferred geological conditions of formation. In order to place these

data in the proper context, the rest of this chapter will review (1) previous
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investigations of the spectral properties, chemisty, and geology of
colored feldspars, (2) the spectral properties of similarly colored
materials; and (3) preceeding work that bears on the related problems
of irradiative coloring of solids, the effect of hydrogen species on
this process, spectroscopy of lead and copper, and colloidal coloration

by metals.

1le2 Previous Work

l.2.a Color in feldspar: general statement

Pure feldspar, free of exsolution and chemical impurities, is colorless.
However, minor chemical substituents, inclusions, interference effects
from exsolution lamellae, and radiation damage can produce color in the
mineral. This section describes previous work on the colored varieties
of feldspar, their absorption spectra, and coloration mechanisms. Topics
covered include chemical, radiation, and exsolution colors. In particular,
chemical impurities produce the yellow color of sanidine, orthoclase and
calcic plagioclase. Radiation produces gray or smoky color, or the blue
to green color of amazonite and the blue-green color of sodic plagioclase,
if the requisite chemical impurities are present. Inclusions create a
wide variety of colors: most commonly, pink, brick-red, and grays; but
orange, tan and green may also occur. Lastly, aventurine and schiller
effects result from inclusions.

This section will not cover exsolution phenomena which can produce a
wide range of colors, schiller and chatoyancy. Nor will it concern labra-
dorescence and moonstone effects, which are produced by interference.

The interested reader may refer to Ribbe [1975] or Smith [1974, Ch.8].



l.2.a.i. Colorless feldspar

When free of minor substituents and exsolution, feldspar does not absorb
light in the visible portion of the spectrum and is, therefore, colorless.
The onset of absorption in the ultraviolet region at ~ 320 nm, caused by
oxygen to cation charge transfer, is common to many minerals and is most
likely due to trace amounts of Fe3t in feldspar [e.g. Faye, 1969]. Absorp-
tion in the infrared has been observed in the 3600-3300 cm™! (3000 nm) region
as a result of minor amounts of water in the feldspar [Wilkins and Sabine,
1973; Solomon and Rossman, in prep.]. At longer wavelengths absorption from
vibrational motions of the aluminosilicate framework occurs [e.g. Smith,

1974, Sec. 11.2].

l.2.a.ii. Feldspar colored yellow by iron substitution

Iron substitution produces yellow color in sanidine, orthoclase
and calcic plagioclase. In the potassium feldspars substitution is
accompanied by a reduction of the aluminum content indicating that the
iron enters the tetrahedral sites as Fe3t [e.g. Niggli, 1914; Faust, 1936].
1936]. Synthesis of amber-yellow KFeSi30g confirms this substitution
[Faust, 1936]. The most outstanding natural examples of iron substitution
are sanidine from the Leucite Hills, Wyoming, which contains up to 18% of
the KFeSi30g molecule [Carmichael, 1967], and homogeneous lemon-yellow
megacrysts from Itrongay, Madagascar which have up to 12% KFeSi3Og [Coombs,
1954]. Faust [1936] noted that the yellow color of the orthoclase was
derived from a general absorption of light at the blue end of the spectrum
and ascribed this to large amounts of Fet3, Faye [1969] correctly attrib-
uted the yellow color to strong absorption bands at 417 and 442 nm shown

in the unpolarized absorption spectrum of Figure l.l. Manning's [1970]
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Figure 1.1 Unpolarized absorption spectrum of Itrongayorthoclase, 3.7 mm

thick. From Faye [1969].
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assignments of the Itrongay orthoclase's bands to d> transitions are given
in Table 1.1 and depicted on the energy level diagram (Fig. 1.2). Manning
[1970] interpreted the increase in extinction coefficient ¢ with increasing
energy as proof that the d-d bands borrow intensity from the 0~2-fet3
charge transfer band in the ultraviolet. Veremeichik, et al, [1975]
published the alpha and gamma polarizations. Figure 1.3 shows that there
is little difference between the spectra and hence no anisotropy apparent
to the eye. Except for the weak band at 21000 em~l, all the absorption
bands in the spectrum arise from iron in the tetrahedral site. Veremechik
et al [1975] attribute this weak band to Fe'3 in hematite inclusions.

Brown and Pritchard [1969] investigated the state of iron in Itrongay
orthoclase through M8ssbauer spectroscopy. A weak absorption indicates
that ferrous iron is present, but at a concentration too low for quantitative
analysis. Brown and Pritchard [1969] attribute the strong absorption to Fet3
in distorted tetrahedral sites even though the spectral parameters (Table
1.2) are similar to octahedral Fet3 in other silicates. They attribute
this discrepancy to a lérge amount of covalency for ferric iron in orthoclase
and conclude that "M8ssbauer spectra alone do not provide a wholly reliable
guide to the coordination number of ferric iron in a mineral.”

Trivalent iron in K-spar has also been investigated by using electron
paramagnetic resonance (EPR) techniques. A summary of the EPR data is given
in Table 1.3. Hochli's [1966] data on microcline is consistent with Fe'3
replacing Al+3, such that the iron is located in a single site. The broad
line width indicates some strutural variation of the site [Low, 1968].
Subsequent study of microcline by Marfunin et al [1967] confirmed Hochli's
results and also revealed that Itrongay orthoclase has Fet3 in two

tetrahedral sites. Marfunin et al [1967] claimed that the site is Tj(0),



Table 1.1 Band positions of tetrahedral Fe'3 in feldspar

Itrongay Orthoclase

Lake County Labradorite

v (cm-l) et v (cm-l) Assignment
Faye, 1969 Veremeichik Manning, 1970
et al, 1975
26500 7 26300 6a,(5)+*K(D)
24000 1.5 24260 »41,(D)
22650 I 22720 »44,%86)
20700 0.2 20400 »41,(6)
19000%  weak 17860 »41,(6)
16000

t ¢ 1is approximate, units are liter-mole/cm

*approximate peak position from Manning, 1970

v (Cm—l) ele,

Bell and Mao, 1972

26000 10
24000 2
22000 1
ND
ND
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Figure 1.2 Energy level diagram for a d5 1on in a tetrahedral site.

From Manning [1970]. The dotted line indicates the most intense (and

highest energy) transition of Fetd in Itrongay orthoclase.
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Figure 1.3 The alpha (dashed line) and gamma (solid line) polarizations
of Itrongay orthoclase, thickness unknown. From Veremeichik et al

[1975].



Table 1.2

MOssbauer parameters of iron in feldspar at liquid nitrogen temperature

Mineral Species Intensity Isomer Quadrupole Linewidth Reference
(relative) shift splitting at half height
(mm/sec) (mm/sec) (mm/sec)
Itrongay Fet2 M-site 1.5 2.8 NM Brown and Pitchard, 1968
Orthoclase
" Fet3 tet. 0.72 0.68 0.65 "
Stillwater Fet2 M-site 1.26 2.78 0.39 Schurman and Hafner, 1972
Bytownite
Lunar Fet2 M-site 1.40 2.74 0.33 Hafner et al, 1971
Anorthite
" Fet3 defects 1.10 2.12 0.65

11



Table 1.3 ESR parameters of Fet3 in feldspar
Mineral Reference Method g geff of line width # sites type
+ 3/2 (gauss)

Microcline Hochli, 1966 Single Xtl 2.00 1 tetrahedral
9.9 GHz

Microcline Marfunin et al Single Xtl 2.00 20-80 1 tetrahedral

Khibiv Massif 1966 35 + 9.5 GHz

Orthoclase " " 2.00,2.00,2.05 100-350 2 tetrahedral

Itrongay

Max.Micro. Gaite & Michoulier Single Xtl 1.995,2.002,2.002 1 tetrahedral

Ukraine 1970 35 Ghz

Microperthite " 2.003,2.003,2.002 1 tetrahedral

Norway

Oligoclase Anjg " 2.003 1 T;(0)

North Karelia

Oligoclase Anjg " ~ 2 & anisotropic 3 tetrahedral

Odeganm, Norway

Labradorite Angg " " b

Lake Co.,Oregon

Bytownite Anyj " " "

Pigeon Pt., OR

Anorthite Anjg b

Oli§oc1ase Marfunin et al Single Xtl 2.001,2.001,2.005 1 tetrahedral

North Karelia 1966 35 9.5 GHz

Tl



Table 1.3

ESR of feldspar, continued

Specimen Reference Method geff of line width # sites type
+ 3/2 (gauss)
Oligoclase Anjjp Scala et al Powder 4.3 sharp 1 tet. or oct.
Hawk Mica Mine,NC 1978 9.24 GHz
Oligoclase Anjg " b " " " "
Mitchell Co.,N.C.
Andesine Anjj " " " " " "
Kragero, Norway
Labradorite Angy Scala et al Single Xtl
Labrador, Canada + 1978 9.24 GHz 4.3 broad 1 tet. or oct.
4.3-3.9 " 1 "
5.0-5.3 " many indistinct
Labradorite Angy
Lake Co., Oregon " " " " "
Bytownite Anyg " " b " "
Crystal Bay, Minn.
Bytownite Weeks, 1972 Powder 4.27 2 oct. or defect
Stillwater, Minn 35 + 9 GHz
Anorthite b " " " "
Lunar
Anorthite Niebuhr et al Single Xtl
Lunar 1973 35.6 + 9.5 GHz 5.02 1 tetrahedral
5.32 1 tetrahedral

€1
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but their data do not warrant this. Gaite and Michoulier [1970] found
that the g-factors of microclines have a slight anisotropy, and also noted
that the line width of the ESR spectra increases as the amount of Al/Si
order decreases as shown in Figure l.4. In summary, the ESR of Fet3 in
potassium feldspar is potentially useful in understanding the structural
state.

Pale yellow colors of bytownite and labradorite can similarly be
attributed to Fe3*. About 1/2 weight percent Fe 1is required to cause color
in a millimeter thick crystal. Unlike potassium—-feldspar, plagioclases
should accommodate Fe?¥t in the calcium sites, as well as incorporating
Fe3t in the tetrahedral sites. Bell and Mao's [1972] optical spectra
(Figure 1.5) indicates that both tetrahedral Fe3t and FeZt in the M-site
exist in yellow labradorite from Lake Co., Oregon, because (1) the position
and relative intensity of the three high energy peaks are nearly the same
as the Fe'3 tetrahedral peaks in potassium feldspar (Table 1.1) and because
(2) the low energy transition are polarized and positioned similar to Fet2
octahedrally coordinated in other silicates [Bell and Mao, 1973], which
is comparible to the 7-coordinated calcium site. The strongly polarized
band at 32000 cm~! is probably 02 to Fedt charge transfer. For lunar
plagioclases, Bell and Mao [1973] have demonstated a linear correlation
of the 1250 nm band's absorption coefficient with the concentration of total
iron in the sample (Figure 1.6) which substantiates the assignment of
ferrous iron to this band. -

Emission excitation spectra confirm that Fet3 is present in terrestrial
plagioclase, and to a slight extent in the reduced lunar anorthites [Geake
et al, 1971, Telfer and Walker, 1975]. Ligand field analysis of the results

show that Felt3 occupies distorted tetrahedral sites [Telfer and Walker, 1975
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Figure 1.4 Single crystal EPR spectra of Fet3 in potassium feldspar
taken at 35 Ghz for one orientation. (a) Twinned Microcline,

(b) Adularia from Saint Gothard, Sweden, (c) Orthoclase from Itrongay,
Madagascar, (d) Sanidine from Allemagne, France. From Gaite and

Michoulier [1970].
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17

20 T T T T T T T T T T
T -
E
¥ -
£ F el
8 1Y o i
o -
°
o I T
° - ~
-]
& |- -
2
= 10p— =
-1
v - -y
5 .
a
- - -
3| J
a L2010
s |- =
L ]
o L2043 -
L .
- ~L22003.,2¢ 7
° ! 1 1 | ! | S . 1 1 1
o1 0.2 a3 [X) 0.5 0.6

FeO, weight per cent

Figure 1.6 The linear relation of the absorption coefficient (em~l) of
crystal-field band at 1250 nm in lunar plagioclase versus weight percentage

of FeO determined by electron microprobe. From Bell and Mao [1973].



18
and 1978]. Both plagioclase and K-spar given similar spectra as indicated
by -the data in Table 1.4, and the emission excitation spectra are remarkably
similar to the absorption spectra in both relative peak intensities [Telfer
and Walker, 1975] and positions (see Table 1.1).

M8ssbauer spectra of both lunar [Hafner et al, 1971] and terrestrial
plagioclases [Schurman and Hafner, 1972] indicate the presence of Fet2 in
Ca-sites. For lunar anorthite an additional doublet appears at a slightly
lower velocity (marked "T" in Figure 1.7', "C" is the site also seen in
Stillwater bytownite). Appleman et al [1971] and Hafner [1972] attribute
this doublet to Fet2 in defect sites or substituting for A1*3 in tetra-
hedrallike sites. It is more likely that this "T" site is Fet2 replacing
calcium, because the M8ssbauer parameters are not dissimilar to those
of the "C"site (see Table 1.2) and of octahedral Fet2 in other silicates
[cf. Hafner et al, 1971, Table 4], and because anorthite has two pairs
of calcium sites which differ structurally resulting in distinct bonding
to the B, C, and D oxygens for the two pairs [Smith, 1974, I, p. 110].

Ferric iron has not been identified as a resolved doublet in Mdssbauer
spectra [Hafner, 1975]. The relatively high intensity of the zero
velocity peak has been interpreted as the superposition of a narrow
doublet due to Fet3 in tetrahedral sites [Hafner et al, 1971; Schurman
and Hafner, 1972]. Considering that the isomer shift for tetrahedral
ferric iron in K-spar is large [Byown and Pitchard, 1968] and that the
plagioclase T-sites are similar to the K-spar sites (as shown by optical
and emission spectra), it is unlikely that a narrow Fet3 doublet is
responsible for the asymmetric intensity. At present, the cause is
unknown.

EPR studies of trivalent iron in plagioclase, unlike those of
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Table 1.4 Emission excitation energies in cm™! of feldspar at room
temperature, After Telfer and Walker, 1978

Band Assignment Bytownite Oligoclase Albite Adularia
Split Rock Point, Bjordammen,
Minnesota Norway
6A1(S) +4EXD) 25910 26180 26220 26320
»47,(D) 23600 23540 23580 23760
22690
48,44, (9) 22280 22230 22190 22380
20260 20380
+4T2(G) 19600 19700 19660 19890
17460 17430 17530
»11(0) 17160 16250 16250 15860

16010 15230 15070
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Figure 1.7 Mossbauer resonance absorption spectrum of FeZt in plagioclase
of Apollo 11 basalt #11004 at 77°K. Total iron concentration is 0.3 wt %.
"C" is the doublet assigned to Fet2 in Calcium sites. "T" is the doublet

due to Felt at tetrahedral (?) sites. From Hafner [1975].
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microcline, have some conflicts. Table 1.3 summarizes the available
literature. Most of the authors assigned Fet3 to tetrahedral sites, but
a few [Weeks, 1973; Scala et al, 1978] considered M-sites or defect sites
as a possibility. This interpretation stems from earlier erroneous
M8ssbauer assignments (discussed above). In addition, a discrepancy
exists in the number of sites reported for Fet3 for similar feldspars.
Measurements on oligoclase (Anjp) from North Karelia, USSR [Marfunin et al,
1967; Gaite and Michoulier, 1970] showed Fet3 present in a single anisotropic
tetrahedral site. Michoulier and Gaite [1972] determined that this site was
T;(0) by fitting the ESR data to a Hamiltonian with fourth order terms.
Scala et al's [1978] powder spectra of five different oligoclases and
andesines similarly showed one si;e for Fe+3, whereas Gaite and Michoulier
[1970] report 3 sites for some oligoclases. This difference is probably
due to structural state: The North Karelia sample has one Fet3 site and
is known to be a low-symmetry polymorph, which is analogous to the
microcline results. The structural state of the multiple-sited oligoclases
was not stated, but it is reasonable to assume that these are disordered
in analogy with the K-spar results.

Slightly different problems exist in the number of sites for EPR studies
of calcic plagioclases. In an early single crystal study, Gaite and
Michoulier [1970] assigned trivalent iron in labradorite, bytownite, and
anorthite to three different tetrahedral sites. Because one of the samples
(Lake County labradorite) is known to have a high structural state, and thus

+3 seems reasonable.

several different Al sites, a large number of sites for Fe
Using powder methods, Weeks [1973] reported two sites for lunar anorthite,
both with apparent g-factors of 4.3 for the Kramer's + 3/2 transition, while

Niebuhr et al [1973] reported two sites with apparent g of 5.04 and 5.32
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also for lunar anorthite. Because these apparent g-factors of 4.3 will
reduce to g(real) of 2, the total number of sites could be 2, 3, or 4.
Detailed single crystal work of Scala et al [1978] resolved this discrepancy,
by proving that labradorite and bytownite have two different sites with
apparent g near 4.3, and another "site" with g effective ranging from 5.0
to 5.3 that actually is the sum of innumerable indistinguishable sites.
(Figure 1.8 shows the ESR signals.) It is clear that Fet3 in calcic
plagioclases replaces A1*3 in the various sites, but connecting the
different ESR signals with definite sites in the crystals has not yet

been achieved.

l.2.a.iii Feldspar colored smoky by irradiation

Brauns [1909] disclosed that orthoclase, sanidine, and feldspars
having a glassy appearance were colored brown (smoky) by radium irradiation
(cited by Prizbram, 1956, p. 253). Speit and Lehmann (1976) investigated
the smoky color in large transparent crystals of sanidine from the Vokelsfeld
area in the Eifel regioﬁ. In appearance, the crystals are remarkably similar
to smoky quartz, except that the sanidine's color is bleached by sunlight
[Speit and Lehmann, 1976]. Like smoky quartz, smoky sanidine can be
regenerated by ionizing radiation or by electolytic coloration. Migration
of the color towards the cathode in an applied electric field suggests that
the sanidine center is a hole [Speit and Lehmann, 1976]. Smoky sanidine has
moderately anisotropic visible spectra with bands present at 11500, 13500,
18000, and 27500 cm'l, such that their relative intensities differ for
natural and irradiated samples [Speit and Lehmann, 1976]. This is quite
different in behavior from smoky quartz (e.g. Sec. l.2.b.iv). A hydrous

species is indicated by broad bands in the infrared, but these are not
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Figure 1.8 Angular variation of Fet3 spectra in bytownite from Crystal
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involved in the coloration [Speit and Lehmann, 1976]. The presence of two
thermoluminescence bands at 14800 and 21100 cm'l, and existence of both a
first and second order reaction for the bleaching kinetics suggest the
involvement of multiple sites [Speit and Lehmann, 1976]. The ESR spectrum
of smoky sanidine consists of a non-specific single derivative located at
g-apparent of 2: no aluminum-hole centers were seen [Speit and Lehmann,
1976]. Because no direct correlation of the ESR spectra with the optical
data has been made, any models of the center are at best tentative (cf.

Sec. 1.2.b.iii).

l.2.b.iv  Amazonite: feldspar colored blue-green by irradiation

According to Hintze [1897], the name amazonstone was originally applied
to nephrite and green feldspar found near the Amazon river. Emmerling [1773,
as quoted in Hintze, p.1354] restricted the definition to include only
feldspar. Breithaupt [1847, p.505] shortened the name to amazonite and
confirmed the potassic composition. Since then the name has evolved to imply
exclusively triclinic pdfassium feldspars. However, Rudenko and Vokhmentsev
[1969] showed that blue-green oligoclase has amazonite properties. Frondel
et al [1966] described a green, lead- and barium-bearing anorthoclase from
Franklin, New Jersey. Similarly, Cech et al [1971] described the
chemistry and structure of green orthoclase from Broken Hill, New South
Wales, and proposed that the name amazonite should include not only blue
to green microcline, but also green orthoclase and "other feldspars whose
color is similar”. General usage, however, has not changed. Accordingly,
we will first discuss research on blue potassium feldspars (amazonite).

The earliest investigators of amazonite surmised that the color resulted
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from the presence of iron [Koenig, 1876, cited by Odiorne, 1978; Eliseev,
1949; Basset, 1956]; yet as so aptly stated by Basset [1956] "if the green
color were due to iron (+2 in the potassium site), then it is difficult to
understand why green varieties of all feldspars don't occur.” In particular,
Basset [1956] noted that amazonites are frequently perthitic, with color
concentrated in the microcline lamellae.

Relationships between amazonite coloration and physical properties
have been elucidated by a few critical experiments. Eliseev [1949] and
Przibram (1956, p.253) disclosed that color which was bleached by heat
could be restored by X-rays; which implies that amazonite is a radiation-
induced color. Oftedal's [1957] data on the decolorization of amazonite
through heating suggest that the color loss is a diffusion or decomposition
process. Noting that the color is stable below 270°, Oftedal concluded
that this is the maximum temperature of formation; and hence that color

forms in an "already crystallized and cooled feldépar,' and may be attributed
to "colour qentra.“ This discovery of amazonites' involvement with radiation
is of utmost importance in understanding the physics of the color because
it shows that the color is not limited to species such as transitions metals
(Cr, Cu, V, Fe) and may be a rather complicated process involving defects or
impurity ions (see Sec. 1.2.b.iii). The behavior of amazonite centers 1is
apparently not simple because the shade (to the eye) of the restored color
sometimes does not match the original, natural color [Shmakin, 1968].

The chemistry of amazonite has been the object of a vast number of
studies. Basset [1956] analyzed for Cr, V, and Cu which are known to
produce intrinsic green colors. None is present because feldspar lacks the

pProper octahedral sites. Taylor et al [1960] used emission spectroscopy

to determine concentrations of seventeen elements (Li, Na, K, Rb, Cs,
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Pb, T1, Ca, Sr, Ba, Mn, Cu, Co, Ni, V, Sn, and F) in feldspar from a
Norwegian pegmatite and concluded there was no chemical difference between
the colored and uncolored crystals. Plyusnin [1969] similarly studied
Russian amazonites and concluded that Rb, Cu, and Mn were not connected
with the color. In contrast with these studies, several investigators have
noted the presence of elevated amounts of Pb, Rb, Cs, and Tl in amazonites.
A summary of early studies (mostly Russian) reporting increased Pb-contents
is given by Cech et al [1971]. More recently, Catanzano and Gast [1960]
noted very high amounts of lead in American amazonites. Zhirov and
Stishov [1965] measured Pb, Rb, and Tl contents of feldspars and found
that color is better correlated with Pb than with Rb or Tl, although
several samples did not fit the correlation with lead. Shmakin [1968]
detected high Pb, Rb, Cs, and Tl contents in Russian amazonites. Plyusnin
[1969] reported increased lead contents in green Russian amazonites.
Cech et al [1971] measured 1.2 % PbO in a green orthoclase from Broken Hill,
Australia. Nunes [1979] found elevated amounts of Pb, Rb, and Cs in
colored feldspars from Mozambique and noted that green amazonites have
more lead than blue ones (Table 1.5). Foord and Martin (1979) analyzed
Colorado amazonite and found that color-zoned crystals show "an excellent
correlation between Pb content and amount of color" (to the eye). They
noted enrichment of Rb and Cs, but stated that these "reach a maximum in
the growing crystal before the lead” does, and are not correlated with
the color. Foord, Martin, Conklin, and Simmons (in prep.) have studied
the chemistry, structural state, and occurrence of approximately 100
different amazonites throughout the world. Their investigation embraces
a wide range of color, and shows that amazonites with less than 1000 ppm

Pb are blue, while the color shifts to green with increasing lead content.
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Table 1.5 Amazonites from Mozambique Pegmatites, after Nunes [1979]

Locality Color PbO Rby0 Csy0
% % %
Santos, Monapo blue 0.12 0.96 0.06
blue 0.05 0.66 0.15
green 0.67 1.69 0.39
green 0.46 1.52 0.18
green 0.48 1.51 0.20
Tulua, Nacala light blue 0.03 0.47 0.03
pitea, Muiane light blue 0.03 0.54 0.03

blue-green 0.1l4 1.04 0.14

Rio Maria, Morrua 1light blue 0.05 0.61 0.06
green 0.12 0.70 0.06

Vila Machado green 0.21 1.32 0.10
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No other element correlates with color. Foord et al [in prep.] also note
that the apparent intensity usually increases as lead concentration
increases.

From these papers it appears that the lead contents of amazonite
generally range from 0.00X % to 0.0X %, but that some specimens have 0.l
to 0.3 wt % (e.g. Amelia, Virginia, and Franklin, New Jersey, and some Pikes
Peak, Colorado localities [Foord and Martin, 1979]; Keivy, USSR [Zhirov and
Stishov, 1965]), while a few rare samples have about 1 wt % PbO (Keivy, USSR
[Foord and Martin, 1979] and the Broken Hill orthoclase [Cech et al, 1971]).

There is some indication from the X-ray determinations that the
structural state of the amazonite is influenced by the lead content. The
data of Table 1.6 suggest that crystals with high lead content (>2000 ppm
Pb) tend to be disordered, while amazonites with low lead contents are
maximum microcline. Synthetic end-member PbAl3Si;0Og has been shown to have
the feldspar structure [Sorrell, 1962; Scheel, 1971] and form in both the
monoclinic (Al1/Si disordered) and triclinic (Al/Si ordered) polymorphs
[Bruno and Facchinelli,.1972]. Thus, the substitution of lead will not
necessarily "force"” monoclinic symmetry on the potassium feldspar, but
it may be that addition of aluminum through the replacement of K + Si by
Pb + Al contributes to the disorder of the system.

There are many indications that color may be correlated with lead.
However, some lead-containing feldspars are not colored. One significant
exception is an Amelia, Virginia, sample [Foord and Martin, 1979] in which
the lead content is 1000 ppm in both green and white portions of the same
crystal. Some samples are either much more or much less intense than
would be expected from the lead content alone [Foord et al, in prep.].

Colorless feldspars commonly contain 10 to 60 ppm Pb [Smith, 1974, I, p. 101].
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Table 1.6  Amazonite structural state and lead content
Location A(131,131) Pbo, ppm Reference
Maikyl Pegmatites 0.91-1.00 Bugaets, 1967
Kazakhstan cited by Cech et al, 1971

90-400 Zhirov and Stishov, 1965
pikes Peak, Colorado ~ 1 <2000 Foord and Martin, 1979
Tordal, Norway 0.96 180 Tibballs and Olsen, 1977
Avdar Massif, Mongolia 0.87 1950 Pivec et al, 1981
Royningsdal, Norway 0.6-0.8 3000 Tibballs and Olsen, 1977
Maikyl Massif, Kazakhstan 0.2-0.78 ? Bugaets, 1967

cited by Cech et al, 1971

Broken Hill, Australia ~ 0 12000 Cech et al, 1971
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To account for this type of discrepancy, Zhirov and Stishov [1965] proposed

that feldspar has "active"” lead which is incorporated by the substitution

pot2 + [] = oxtl (1.1)
wherein the defect actually produces color; and "inactive"” colorless lead
incorporated by

Pb*t2 A1+3 = gl gith {1.2)s
Plyusnin (1969) discovered a correlation between the color and the amount
of water in 10 amazonites, and concluded that a second type of active lead
could be incorporated by

Pbt2 + 20H~ = 2kl + 02 (1.3).

The usual oxidation state Pb2t cannot produce color, because its electronic
transitions occur in the ultraviolet region (Sec. 1.2.b.v). However, the
involvement of radiation in amazonites suggests that an unusual oxidation
state or a defect coupled with lead might be involved in amazonite colora-
tion. Using electron spin resonance techniques, Marfunin and Bershov [1970]
concluded that Pbtl centers are present in amazonites, but not in other
feldspars. This conclusion is suspect because (1) an adequate presentation
of the raw data and data analysis was not made, (2) the g values given
(1.39, 1.565, and 1.837) are strikingly similar to apparent g's measured
for Pb*3 in various crystalline solids (Section 1.2.b.v), and (3) Speit and
Lehmann [1982] did not find this signal in Australian amazonite. Speit and
Lehmann [1982] did observe a Pb-0~ center with g ~ 2 and A ~ 280 MHz and
satellite intensity of 1/7 the central peak's in agreement with Marfunin and
Bershov [1970]. Neither set of authors correlated this center with color.

A few researchers have studied the spectroscopy of amazonite. Rudenko
and Vokhmentsev [1969] presented the reflection spectra shown in Figure

1.9, and concluded that the color was due to the (absorption) peak at 620
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to 670 nm. Zhirov and Stishov [1965] probably used similar data to produce
the dependency of amazonite color shown in Figure 1.10. Whether the rela-
tive intensity was taken at the reflection maxima ~ 540 nm, or the minima
at ~ 640 nm was not stated. Nonetheless, it is interesting to note that the
color of the later grown amazonite is more intense for a given lead content
than that of an earlier crystallized feldspar.

Sidorovskaya et al's [1982] study of amazonite's thermoluminescence
showed that two bands occur at 280 and 490 nm in the neighborhood of 200°C.
Because optical absorptions are at higher energies than TL bands, neither TL
peak could correspond to the 640 nm absorption. Marfunin [1979] assigned
the 290 nm TL band to PbZt. Sidorovskaya et al [1982] interpeted the TL
spectra as arising from an electron trapped in the defect position of eq. l.l.

Plyusnin [1969] used reflection spectroscopy to study the effect of
dehydration on a suite of differently colored amazonites. This suite may
have originated from one locality. The reflectance spectra of the natural
samples are shown in Figure 1.11. It is important to note that the data
Plyusnin used are from the reflection maximum, rather than the absorption
maximum which is the better representation of the electronic transitiom.
Plyusnin [1969] calculated the water content of the samples from the mea-
sured weight loss upon heating to 900°C by assuming all loss was due to
water. Both the reflection intensity and the wavelength were found to
correlate with the water content (Figures 1.12 a and b), while the depen-
dence of the 1nten§ity on lead content (Figure 1.12 c) has two linear trends
for two groups of samples with one sample at variance. (The motion of the
reflection maxima is simply due to the shrinking of the absorption peak seen
in Figure 1.11, and is not due to any change in the properties of the color

center.) Plyusnin's [1969] results definitely indicate that some type of
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Figure 1.9 Reflectance spectra of blue-green feldspar.
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Figure 1.10 Relationship of reflected intensity to lead content of amazon-

ites. From Zhirov and Stishov [1965]. Open circles are blue amazonites,

closed circles are green amazonites, triangles are colorless microcline.

Curve I represents secondary amazonite growths, while Curve II is primary.
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Figure 1.11 Amazonite reflectance spectra. From Plyusnin [1969]. The
intensity is relative to sample #15647 which is sealed to 10. The inten-

sity measured (I) is the height of the reflection maxima located at A max.
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Figure 1.12 Relationships of Amazonite color with lead and volatile
content. From Plyusnin [1969].

(a) Relative intensity vs. weight lost upon heating to 900°C. The weight
loss was assumed to be water in the form of OH™.

(b) Weight lost upon heating vs. wavelength of maximum reflectance.

(c) Relative intensity vs. Pb content of amazonites. Note change of

scale for sample #14298.
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volatile species (which he surmised was OH™) is involved; it is also
apparent that the volatile concentration is related to the lead concentra-
tion, so that whether lead is connected with the color becomes problematic.

Plimer [1967] reported that no water was indicated in Broken Hill
orthoclase by infrared spectroscopy. However, his sample was thin, judging
from the overall absorbance, which makes his conclusion questionable.

Tarashchan et "al [1973] investigated the ultraviolet absorption of
amazonite. The UV band at 255 nm (Figure 1.13) is more intense than the
color producing bands at 390 and 625 nm [Tarashchan et al, 1973]. The UV
spectrum also has a shoulder at 270 nm which the authors did not discuss.
The position of the UV band is similar to that of the 180 to 3P1 transition
of Pb*t2 in alkali-halides (Sec. 1.2.b.v) which led Tarashchan et al [1973]
to assign the amazonite tramsition to Pb*2. That the intensity of this
absorption increases upon heating, and then decreased upon subsequent
iradiation implies that lead is involved in the coloring: Tarashchan et al
[1973] hypothesized that

Pb*2 + e~ = pbtl (1.4).
It is equally likely that
Pbt2 + ¢y =pbt3 + e~ (1.5).

From the diverse chemical and spectral evidence, it appears that lead
does participate in amazonite coloration. The mechanism is unknown. The
possible role of water remains to be investigated, and the few amazonites

that stray from the generally applicable trends have not yet been explained.

l.2.a.v Blue Plagioclase

A pale blue cleavelandite variety of albite (Abg4-99) occurs in the

gem pegmatites of Pala [Jahns and Wright, 1951], Mesa Grande, California
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ABSORBTIVITY

(RELATIVE)

Figure 1.13 Ultraviolet absorption spectra of a blue Russian amazonite.

From Tarashchan et al [1973]. The 255 nm band was assigned to 1So to 3P1

transition of Pbt2, Solid line is the natural specimen; the dashed line

is after heating to 5003C; while the dot-dashed line is for irradiation

of the sample after heating to 500°C.
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[Foord, 1977], and elsewhere. Its color has not been studied. Taylor et
al [1960] described a pegmatite in which blue cleavelandite (with a higher
lead content than other uncolored cleavelandite in the pegmatite) was
associated with amazonite. The blue color of the cleavelandite may be
related to the amazonite color, but the appropriate spectral tests have
not been performed.

Rudenko and Vokhmentsev [1969] measured the reflection spectra of two
blue-green oligoclases (untwinned Anjs and Anjg with antiperthite growths of
pale blue-green microcline), and compared them to that of amazonite. The
only difference is a shift of the reflection minima (which is related to the
absorption maxima) 30 to 60 nm towards the red relative to amazonite minima
(Figure 1.9). Rudenko and Vokhmentsev heated (300 to 600°C) and X-ray
irradiated their samples and noted that the microcline regained its color,
but the oligoclase did not. It is not known whether these oligoclases have
high lead contents, but the similarity of their reflection spectra to that
of amazonite suggests that the blue color arises from the same mechanism.
Plagioclase is more weakly and uncommonly colored because it accepts lead

into the lattice less readily than KA1Si30g [Smith, 1974, II, p.103].

l.2.a.vi ESR of irradiation centers in feldspar

Besides the Pbtl (?) center and the Pb-0~ center observed in amazonite
(See Sec. 1.2.a.iv), many other different radiation signals are revealed
in the ESR spectra of feldspar. None of these has yet been quantitatively
correlated with color. The various centers reported in the literature
have been attributed to Ti+3, A1-0~ -Al, Si-0~ -Si, Na-0", Ag-0~ [Marfunin
and Bershov, 1970]; Ti+3, A1-0~ -Al, A1-0~, Si-0~ +***X [Speit and Lehmann,

1982]; NH3+, N-z, Al-0", and E, (which is an electron trapped at an
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oxygen vacancy) [Matyash et al, 1982]. All of the centers are anisotropic,
and all have g factors near 2. The signals are distinguishable by their

fine structure. For details the reader should consult the above references.

l.2.a.vii Inclusion colors: general statement

Feldspar can take on almost any color when it contains colored
inclusions. Strictly speaking, these are not feldspar colors, but rather
colors of a second, associated phase. White, non-transparent feldspar
results from scattering of light from inclusions of alteration products
such as clays, or from fluid inclusions [Folk, 1955]. Red color in
potassium feldspar is so common that it is frequently a useful diagnostic
property for field identification. Grey to black colors are also very
common. These two types are mainly related to inclusions of iron oxides
and will be discussed in detail for comparison to the thesis results on

Lake County labradorite.

Red schiller and red clouded feldspars

Except for the unique Lake County, Oregon, sunstones, to be covered
in the next section, red colors in feldspar are comprehensively reviewed
by Smith [1974, II, p.614-623]. For completeness, a précis of the
original authors' and Smith's work is included.

Red color in feldspar results mainly from inclusions of hematite flakes.

If the flakes are oriented, light is preferentially scattered producing
iridescence. This play of light and color is known as schiller, or
aventurescence, and when present to extreme extent, gives rise to the
variety sunstone [Smith,1974, II, p.6l14]. Those feldspars having smaller,

more dispersed unoriented flakes lack schiller but possess a pink to
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brick-red cloudy color.

Andersen (1915) reviewed previous work on adventurine feldspars, and
presented a thorough study of the optical properties and effect of heating
on red shillers in albites, oligoclases, labradorites and perthites from
the U.S. and Norway. From the hexagonal morphology, absorption colors,
lack of distinct inherent pleochroism, and presence of iron, he concluded
that the lamellae were hematite. Iron hydroxides were ruled out because
temperatures greater than 1235°C are needed for feldspars to resorb the
flakes. Microcline lamellae attained up to 0.2 mm, while those in
plagioclase often measured 3 mm in diameter. From the interference colors,
Andersen [1915] determined that the thicknesses ranged from 100 to 400 nm.
The lamellae were most numererous on cleavage faces. The lamellae are
always oriented on (112), (112), (150) and (150) planes; the forms (001),
(010), (110) and (110) are rare. From the lack of lamellae on growth
faces, Andersen disallowed simultaneous crystallization as the formation
mechanism.

Later studies have'éonfirmed Andersen's results. Kraeft and Saalfeld
(1967) showed using electron diffraction that most of the lamellae have
Fe903 structures, and are primarily iron; whereas a few yielded patterns
consistent with a hexagonal primitive cell with a = 5.92 + 0.03 A
which is unlike that of any known iron oxide. These few lamellae contain
in addition to iron, K, Mg, Ca, Al, Si, Cu, Ti, V, Cr, Mn, Co, and Ni
[Kraeft and Saalfield, 1967]. Copley and Gay [1978] examined the aventurine
flakes of Norwegian feldspars by preferentially etching the feldspar with
HF. Their microanalyses suggest that the flakes are hematite. Copley and
Gay [1979] showed that the majority of the inclusions have structures that

are ordered or partially ordered forms of a-Fej03 and chemistries that
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approach Fej03 with minor replacement of cations. They attribute the
a = 5.92 A pattern to a slightly different cation arrangement than
a-Fe203. Minor amounts of two other unidentified phases sporadically
occur within the feldspar [Copley and Gay, 1979]. In studying the
orientation of the hematite lamellae, Copley and Gay [1979] found a
surprisingly wide scatter of possible orientations, with some clustering
around the planes."(112) and (112). Like Andersen, Copley and Gay were
unable to find a correlation between the platelets' orientation and
crystallographic directions within the host feldspar.

Neumann and Christie [1962] showed that averturine cores are usually
much more structurally ordered than the surrounding white mantles.
Divljan [1960] and Neumann and Christie [1962] showed that there is no
correlation between the amount of iron in the crystal and the schiller-
present. Based on this, the geological location of the Norwegi;n pegmatites
in Mg-metasomatised amphibolitic rocks, and the fact that many non-
aventurine feldspars have higher Fe-contents than their averturine
counterparts, Divljan [1960] argued that iron is externally derived,
rather than internally derived from exsolution.

Red clouded feldspars contain ferric oxides, mostly as hematite,
[e.g. Smith, 1974, II, p.618]. The composition for the red feldspars
includes anorthite [Isshiki, 1958], potassium feldspar [Ernst, 1960;
Riederer, 1965], perthite [Rosenqvist, 1965], and albite [Boone, 1969].
Boone [1969] has made a major contribution to understanding formation of
red-clouded feldspar. He observed a gradation of a gray porphyry in the
Canadian Gaspe Peninsula from potassic oligoclase-andesine and weakly
altered biotite into a red porphyry consisting of hematiferous albite with

muscovite inclusions and chloritized biotite. Boone [1969] showed that
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formation of the red feldspars results from reaction of ternary feldspars
with a vapor phase bearing Fe which was released during decomposition
and oxidation of biotite. Consideration of the phase diagram for hematite
+ feldspar + muscovite + quartz + vapor suggests that this is a low
temperature process, occurring between ~ 200 and ~ 500°C [Boone, 1969].
Similar iron metasomatism probably produced red-clouded K-spars, but
whether aventurine results from the same mechanism is not clear [Smith
1974, II, p. 623]. Also, the red color of the volcanic transparent
anorthite crystals appears to result from exsolution of 0.1 mm platelets
on the 001 plane [Isshiki, 1958]. The description and pictures of these
lamellae are very similar to that of the schiller in the Lake County
labradorite, which suggests that the anorthites belong to a different class
of problems. More than one mechanism may be involved in the formation
of the red colors [Smith, 1974, II, p. 623].

Black-Clouded feldspars

Smith [1974, II, p.624-629] has extensively reviewed the literature
on black inclusions in feldspar.

Intermediate plagioclases are particularly susceptible to this
phenomenon, and give the darkest colors [Poldervaart and Gilkey, 1954].
The identity of the minute dark inclusions is not clear, although iron
bearing minerals are partially involved as suggested by the mineralogy
of the large dark inclusions: iron ore, as well as pyroxene, biotite,
spinel, rutile, hornblende, or garnet [Poldervaart and Gilkey, 1954]
and also hematite-ilmenite solid solutions [Anderson, 1966]. For the
tiny inclusions no spectroscopic or magnetic data are available, but
oxides of Fe in mixed valence states, possibly with Ti, would produce a

dark color, even in tiny amounts. Andersen's [1915] heating experiments



43
show that dark inclusions may be produced from red hematite flakes.
Like the red-clouded feldspars, black-cloudiness is independent of iron
content [Smith, 1974, II, p. 629].

MacGregor [1931] suggested that the dark-cloudiness was caused by
exsolution of iron from the lattice as the plagioclase was heated during
contact metamorphism. Poldervaart and Gilkey [1954] concluded that an
exsolution process was likely for the case of weak clouding, but that
intense clouding required introduction of iron into the feldspar. Diffusion
of iron through channels produced by the unmixing of the plagioclase
explains the restriction of intensely dark clouding to intermediate
plagioclases [Poldervaart and Gilkey, 1954]. From these and later studies
Smith [1974, II, p.629-630] concluded that water plays a major role in
the formation of the dark inclusions; and that chemical migration and/or
other minerals are involved. This mechanism is similar to that producing
red-cloudiness. Smith [1974, II, p. 630] attributed the difference

between the two types to the oxidation state of the inclusions.

le2.a.viii Sunstones from Lake County, Oregon

Labradorite phenocrysts in a Miocene porphyritic basalt flow near
the Rabbit Hills in Lake County, Oregon, are noted for their transparent
gemmy quality [Stewart et al, 1966; Peterson, 1972], and have been studied
because of their unusual structural state, which is intermediate between
high and low, but more similar to high [Stewart et al, 1966; Wenk et al,
1980; Tagai et al, 1980]. The phenocrysts range from 1 to 8 mm in the
longest dimension, have coarse albite (and occasionally Carlsbad) twins,
and are uniformly Angy except for a rim of Ansg to Ang7 comprising 3 to 8

volume per cent of the crystal [Stewart et al, 1966]. Specimens are
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exceptionally clear and commonly are uniformly colorless or straw-yellow
[Stewart et al, 1966]. This color is due to iron +3 (see Section l.2.a.ii)
which is a minor component (see Table 1.7 which includes analyses of
a similar labradorite from Crater Elegante, Sonora, Mexico).

Besides the common yellow stones, sunstones, and more rarely red
and green transparent colors, exist. Early descriptions of these gemstones
refer to a Modoc County, California locality [Andersen, 1917; Aitkens, 1937],
but it is now clear that the actual occurrence is the Rabbit Hills site
[Stewart et al, 1966; Peterson, 1972]. Andersen [1917] noted that these
sunstones were much different from the usual varieties (see Sec 1.2.a.vii),
consisting of a transparent Ang7 matrix and a schiller due to round, thin,
extremely reflective platelets on (001) and (010). The platelets are
opaque to translucent green in transmitted light, copper-red in reflected
light; range from 10 to 30 ym in diameter, and have thicknesses less
than 1 ym [Andersen, 1917]. From these observations and from the
presence of trace amounts of copper in the crystals, Andersen concluded that
the schiller is metallic copper. (Copper has been detected in plagioclases
at levels up to 70 ppm, and either oxidation state should fit in the M-site,
but contamination is highly possible [Smith, 1974, II, p. 113-114].)
Peterson [1972] reported that the inclusions were a mixture of iron
oxide and aluminosilicate according to microprobe analysis, but it is
not clear that the platelets would survive the polishing treatment to
yield results. The inclusions are definitely not hematite as in other
sunstones [Andersen, 1917; Peterson, 1972]. The best identification at
Present is Andersen's inference of metallic copper from the optics.

A variety of colors have been reported for the labradorite. Some
Specimens have a red color due to very small, abundant schiller particles

[Aitkens, 1937]. Others show fine red, green, or salmon tints [Aitkens,



Table 1.7 Analyses of labradorite from Lake County, Oregon and Crater
Elegante, Sonora, Mexico
Locality Lake County Lake County Crater Elegante Crater Elegante
Reference Stewart et al Emmons, 1953 Gutmann & Martin Gutmann & Martin
1966 p. 18 1976 1976
5109 51.42 51.08 53.0 53.8
7109 0.04 0.05 0.09 0.10
A1703 30.76 31.05 29.2 29.2
Fe903 0.24 0.43 0.32 0.40
FeO 0.17 0.12 0.19 0.13
MnO o 0.01 <0.01 <0.01
MgO 0.05 0.22 0.09 0.05
Sro = 0.14 0.105 0.105
Na0 3.52 3.38 3.86 4,33
K90 0.23 0.12 0.24 0.28
HpO 0.04 0.06 - -
Ba - 0001 - -
Li = 0.0006 - =
Rb - ND - -
total 98.89 100.52 99.50 100.00
Mole % An 67.2 68.9 63.9 59.5
Mole % Ab 31.5 30.3 34.7 38.9
Mole 7 Or 1.3 0.7 1.4 1.6
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1937]. The colors vary in both tone and intensity, and change to the eye
as the sample is rotated in natural lighting [Carlson and Kircher, 1976].
The range of colors is derived from various combinations of the weakly
pleochroic yellow with two strongly pleochroic colors. One appears red-
orange in total, but is orange or light reddish-purple in polarized light;
the other appears blue-green overall, but is blue-green, orange, or
colorless in polarized light [Carlson and Kircher, 1976]. Peterson [1972]
reported that no chemical differences in microprobe analyses were found
among the colorless, red, green, and yellow with schiller zones, but that
trace amounts of iron, copper, manganese and titanium were found. An
interesting question is whether the red and green colors are associated
with the allegedly copper platelets‘(cf. Section 1.2.b.ii) or with iron
or with the other transition metals present. (Cu2+ is discussed in Section
l1.2.b.i.) Charge transfer is a distinct possibility. Another is colloidal

copper (see Sec. 1.2.b.ii).

1.2.b Similar colors in other materials

This section offers a cornucopia of coloring phenomena that could be
related to coloration of feldspar. In anticipation of the labradorite
results, the spectroscopy of Cu2t is discussed, and the reduction of Cult
to Cu metal and its subsequent exsolution in glass is covered in detail.

The general subject of irradiation effects in glass is included. Details
are given for smoky quartz, because of its similarity to smoky feldspar.

Blue barite and celestite are briefly mentioned because their spectra
resemble that of amazonite. In anticipation of the amazonite results, the
visible, ultraviolet, and EPR spectroscopy of lead are extensively described,

and the effect of hydrogen ions on irradiation colors is covered in detail.
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1.2.b.i Visible and ESR spectroscopy of cut?

As a major element constituent, divalent copper is known to cause
the blue—-to-green colors of minerals such as dioptase CuSiOz(OH)z
[Newnham and Santoro, 1967], azurite Cu3(C03)2(OH)7, malachite CupCO3(OH)j

2 also colors

and turquoise CuAl6(P04)4(OH)8'5H20. In minor amounts Cut
glasses [e.g. Weyl, 1951, p. 154-167], calcite CaCO3, and smithsonite
Zn003 blue or green. The colors are easily explainable by crystal field
theory. Copper +2 has a a2 configuration, so in an octahedral field, it
will have one transition, Eg to Tpg, that will give a broad, unpolarized
absorption. However copper +2 is susceptible to Jahn-Teller distortions,
so that distorted octahedral sites are energetically favorable [e.g.
Griffith, 1961, p. 300]. This leads to splitting of the energy levels
and extra absorption features. For comparison, Figure l.14 shows the
optical absorption spectra and band assignments for cut?2 impurities
octahedrally coordinated in various glasses [Wong and Angell, 1976, p.287];
Figure 1.15 shows Cut2 octahedrally and tetrahedrally coordinated in spinel
CuAl,0, [Reed, 1973]; and Figure 1.16 shows cut? in square-planar coordination
in Egyptian blue (BaCuSi,;0;qg) [Clark and Burns, 1967]. The blue to green
colors are due to the transmission maxima. It is significant that the band
positions for octahedral and square planar coordinations are nearly the same
and that the chemistry does not exert a strong influence on the spectra.
Apparently, copper distorts its environment to achieve energetically
favorable sites. If Cut? were located in the feldspar-site, its absorption
spectra should consist of a broad band centered on 630-850 nm, that may or
may not be polarized.

EPR spectroscopy of Ccut2 is well known (see for example [Goodman and

Raynor, 1970] p. 313-324; Abragam and Bleaney, 1970, p. 455-466] and
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Figure 1.14 Optical absorption spectra and energy level diagram for

Cul+ octahedrally coordinated in glass. The spectra are from Wong and

Angell [1976, p. 287].
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Figure 1.15 Optical absorption spectrum and energy level diagram of

Cu2+ in square planar coordination in Egyptian blue BaCuSi4010. From

Clark and Burns [1967].
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Figure 1.16 Optical absorption spectrum of Cut in tetrahedral (6000 cm~l

band) and octahedral (12000 em” ! band) coordination in CuAl,0,. From Reed,

[1973]. Although Cu occupies octahedral sites 677%, the intensity of the

octahedral band is much less than that of the tetrahedral band because of

the selection rules [e.g. Burns, 1970]. The energy level diagram is for

tetrahedral Cult.
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references in both. The single unpaired electron of cut? would undergo
one transition in a magnetic field, except that interactions of the
electron with the copper nuclei having nuclear spin I of 1/2, split the
one transition into 2I + 1. Copper's EPR spectra are further complicated
because two isotopes exist with only slightly different EPR characteristics,
and because Cu?2 is subject to Jahn-Teller distortions. For highly
symmetric octahedral sites, the latter effects serve to broaden the spectra
giving the four first derivatives seen in Figure 1.17 [e.g. Abragam and
Bleaney, 1970, p. 465-466]. For very distorted sites, both effects are
apparent in the EPR spectra (Fig. 1.18), but the four first derivatives
still stand out. For feldspar with cut2 in the irregularly coordinated

M-site, EPR spectra similar to Fig. 1.18 are expected.

1.2.b.ii Noble metal colloids in glass

As will be shown in Chapter 7, the colors in Lake County labradorite
are related to the exsolution of copper metal. This section will discuss
a similar process in a different, but well-studied medium.

Depending on the size of the metal colloid, several kinds of color
can be produced in glass. The largest colloids, ranging from ~ 0.5 mm
(5x10° nm) to ~ 1000 nm yield aventurine effects in reflected light [e.g.
Weyl, 1951, p. 421]. Moderately large colloids of about 1000 nm to a few
hundred nanometer produce an opaque, colored glass (copper hematinone)
[Weyl, 1951, p. 421]. Colloids ranging from several hundreds of nanometers
to ~ 70 nm scatter light, giving a cloudy-brown or livery color in reflected
light, but a blue color in transmission [Williams et al, 1981]. Small
colloids ranging from about 70 nm to a few nanometers do not scatter

light, but produce color through the intrinsic absorption of the metal
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Figure 1.17 EPR first derivative spectra of cu2t for nearly octahedral
coordination of Cu?t in MgO at 77K. From Orton et al [1961]. Jahn-Teller
distortions tend to broaden the transitions so that the differences in
hyperfine structure of the two I = 3/2 nuclei Cub3 and Cub3 disappear.

For Cult in Mg0O, the g-factor is 2.19 and the A-factor is 190,000 em~l,

The arrows indicate the four transitions due to nuclear spin of 3/2.
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Figure 1.18 EPR of distorted octahedral coordination of CutZ in
Cu(CH3COCHCOCH3) in CHCl3 at 77K: From Goodman and Raynor [1970]. The
hyperfine structure for the two isotopes is visible here. g, 1s 2.285;
g, 1is 2.042; Ay is 175x104Cu'1; Ay s 28.2x10% cm~l. The 1line

marked x is a forbidden transitionm.
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(copper-ruby) [e.g. Weyl, 1951, p. 420-423]. Very small particles will
not produce color, but the upper limit for the size of these colorless
colloids is not precisely known. For each of these types, the physical
origin of the color, along with the conditions needed to produce the
color, will be discussed in detail. The behavior of copper metal in
glass will be stressed, but the effects of silver and gold in glass will
be included where pertinent. Lastly, the mechanisms of colloid formation
will be examined in order to explain why different size colloids (colors)
develop under various conditions.

Aventurine effects in glass are equivalent to those in feldspar,
except that the metallic flakes are not oriented. Goldstone is the
commercial name for aventurine glass with metallic copper inclusions (and
was used by Aitkens [1937] to describe Lake County sunstone). Although
this glass has been manufactured since ancient times, the nature of color
formation was not understoood until Wohler [1843] noted that the habits
of the shiller (triangles, hexagons, and cubes) were identical to copper
crystals precipitated from salts and concluded that aventurine in glasses
was also due to precipitation of metallic copper [referenced in Weyl, 1951,
p. 420-423]. Auger [1907] separately analyzed the flakes by dissolving
the glass matrix, thereby proving that the aventurine is due to Cu®
[referenced in Weyl, 1951, p. 423]. The composition of the base glass
is not fixed, although alkali-silicate glasses are commonly used. To
produce aventurine effects a few % of copper oxide is needed [e.g. Tress,
1962b], and also some type of reducing agent [Fremy and Clemandot, 1846;
as referenced in Weyl, 1951, p. 422]. Cooling under moderate to strong
reducing conditions is necessary to produce aventurization because it

permits exsolution of metallic copper at high temperatures and thus low



55
viscosities so that large flakes form [Dietzel, 1945]. Slow cooling
aids this process [Weyl, 1951, p. 422-423; Tress, 1962b].

Copper hematinone glass is opaque and bright red due to precipitation
of metallic copper [Weyl, 1951, p. 421-423; Tress, 1962b]. It is distin-
guished from aventurine by having smaller, but more abundant Cu® clusters
which are numerous enough to produce opacity and too small to produce a
metallic reflection [Ebell, 1874, as cited in Weyl, 1951, p. 423-424].
Hematinone is made from low viscosity glass such as lead glass with >57
copper oxide, iron oxide, and sometimes tin oxide [Weyl, 1951, p. 422;
Tress, 1962b]. The glass must be cooled quickly under reducing conditions,
and then either held at 800°C for several hours [Tress, 1962b], or reheated
[Weyl, 1951, p. 423-424]. The essential difference between hematinone and
aventurine glasses is the heat treatment: the more rapid cooling of the
hematinone provides many small nuclei and the later heat treatment allows
growth of the colloids to remove any copper left in the glass [Weyl, 1951,
p. 424].

The transparent copper-ruby, silver-yellow, and gold-ruby colors
are a classical representation of glasses colored by colloids, and have
been the object of many scientific investigations. Reviews on the history
of the ruby-colors and on the scientific research are given by Dietzel
[1945], Stookey [1949a], Weyl [1951, p. 331-435], and Williams et al [1981].
The scientific basis for understanding the ruby color was established
by Faraday [1857]. His experiments on metal films and solutions proved
that the intense red colors of hydrosols are due to the presence of
finely subdivided metallic gold particles; that the gold's colloidal color
1s unaffected by the surrounding medium suggests that the red color is

intrinsic. Faraday [1857] deduced that the color of ruby glass is due to
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metallic gold in separated and diffuse particles. Through ultramicro-
scope observations, Ebell [1874; referenced by Weyl, 1959, p. 403]
concluded that the colors of copper-ruby and silver-yellow glasses were
also due to metallic particles, and that the differences in the properties
of copper-ruby, hematinone, and aventurine were caused by variation in
crystal size. Zsigmondy [1909] confirmed the existence of collidal gold
in gold-ruby glasses and demonstrated that the colloids have a wide range
of sizes. Using an ultramicroscope, Zsigmondy observed colloids as small
as 40 nm, and postulated that the gold even existed in metallic clusters
of atomic dimensions. (This is the origin of the metallic solution
hypothesis.) Mie's [1908] theoretical treatment along with Steubing's
[1908] extension and experiments on the optical properties of colloidal
metals showed that the color results from absorption, not light scattering.
Further theoretical study by Gans [1912] showed that gold ruby color
results from spherical particles. (For an English summary of these early
analyses and for later theoretical developments see Stookey et al [1978];
Perenboom et al [1981] and references cited in both.) Both theory and
observations agree that the upper limit for a good ruby color is about
70-100 nm. The lower limit may be about 2 nm, because this is the smallest
size for which collidal gold particles still give X-ray patterns identi-
fiable as metallic gold [Scherrer and Staub, 1931]. Gold particles at this
range produce an intense absorption band at ~ 530 nm [e.g. Weyl, 1951,
P. 375] while silver colloids absorb at ~ 415 nm [e.g. Stookey et al, 1978],
and copper at ~ 550 nm [e.g. Weyl, 1951, p. 431]. (See Figure 1.19.) The
extinction coefficient of these colors is probably large because
concentrations of only 10 ppm Ag° are sufficient to produce readily

observable color [Stookey et al, 1978].
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Figure 1.19 Visible spectra at gold ruby glass taken after various stages

in annealing (none, 15 min, 45 min, 2 hour, 8.7 hours) for a glass with

0.04 % Au and 0.20% SnOp. From Williams et al [1981].
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Sometimes at the onset of color formation, silver bearing glasses
are red [Forst and Kreidl, 1942] while gold glasses are purple [Weyl,
1959, p. 378]. These less common colors have been attributed to irregularly
shaped particles by Weyl [1951, p 378]. Later work on silver bearing
glasses by Stookey and Araujo [1968] and Stookey et al [1978] has proved
that varying the elongation of the silver particles does indeed yield a
wide range of colors through the combination of one absorption band at
360 nm and another in the visible whose position depends on the eccentricity.
(For spherical particles, the bands merge at 415 nm.) Stookey et al
[1978] developed the elongated particles through nucleation of Ag° on
grains of sodium and silver halides. This development explains Forst and
Kreidl's [1942] observation that introduction of silver as a halide allows
production of the silver-red color, while addition of Ag,0 to the glass
does not.

In summary, the transparent colors of ruby- and related glasses are
due to the absorption of light by small noble metal clusters too small to
scatter light. (This phenomenon is not limited to glasses: implantation
of Au® in rutile (Ti07) also yields absorption spectra of small metal
aggregates [Guermazi et al, 1980].) If the noble metal colloids do obtain
sizes large enough to scatter light ( ~ 70 to 300 nm), then the ruby-glass
is spoiled and a livery color appears. The absorption colors are modified
by the scattering colors so that the glass appears blue in transmission
[Weyl, 1951, p. 370]. Light reflected from the colloids is brown
[Williams et al, 1981]. (Colors purely due to scattering will occur if
the metal is not noble, but alkalic. Although I will not discuss the
details of this coloration it is of interest that colloidal coloring by

alkali metals has been observed in minerals such as alkali halides [see
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e.g. Hobbs et al, 1974; Schulman and Compton, 1962, Ch. IX] and fluorite
[e.g. Bill and Calas, 1978].)

The chemistry and heat-treatment for small colloid formation in ruby
glass has been the focus of many studies. Ebell [1874; cited in Weyl,
1951, p. 424] observed that ruby-color developed in glasses with copper
oxide and tin on Fe304 under reducing conditions. Williams [1914; cited
in Weyl, 1951, p. 426] showed copper-ruby formation is strongly dependent
on the heat treatment (melting temperature, rate of cooling, and annealing
or striking temperature), and that factors such as base glass composition
and copper oxide content are of minor importance, except that addition of
lead oxide increases the brilliance of the ruby color. Copper contents
are however limited to 0.2 wt 7%, although in high lead content glasses up
to 2% CupO can be added and the glass will still give a good ruby [Weyl,
1951, p. 428 & 432]. Dietzel [1945] showed that additions of polyvalents
such as SnO, FeO, Asp03, Sbp03, Ce03 or PbO were essential to good ruby-
color formation and that oxygen fugacity in the melt dictated the results
(see Table 1.8 and 1.9). Without the polyvalents, a livery color
(spoiled ruby) will develop [Stookey, 1949a]. Ruby color develops upon
slow cooling, but is usually induced in a colorless quenched glass through
annealing [Dietzel, 1945]. This process is reversible, so the glass can
be cycled from colorless to red and back [Tress, 1962]. Copper, silver,
and gold bearing glasses behave nearly the same except that with increasing
nobility, increasing f02 and decreasing metal contents are needed to
produce intense, transparent colors [Dietzel, 1945; Stookey, 1949a].

To account for these observations, two types of theories for the
mechanism of coloration have been proposed. The metallic solution

Proponents, originally Zsigmondy [1909; cited in Stookey, 1949a], held
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Table 1.8 Conditions for Copper-ruby formation [Dietzel, 1945]

% Hp in Color of borax-glass Color or borax-glass EMF
No-Hp with 0.1 % CuO with 0.1 7%CuO (volts)
mixture and 0.5 % SnOjp
0 blue blue 0.09
1.0 light blue light blue 0.45
1.3 colorless red patches 0.48
2.9 light grey colorless if quenched; 0.56
clear, bright red if
slowly cooled
5.8 light grey with 0.63
exsolved Cu® flakes
33. 0.87

Table 1.9 Noble metal oxygen fugacity transitions
in borax-glass [Dietzel, 1945]

Transition f0,

cut? » cutl 1073 to 10710
cutl > cu° 2x10~12
Agtl & Ag® ~ T0~2

Autl 5 Au® ~ 104
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that the metal dissolves in the melt as atoms; cooling develops nuclei;
and  reheating causes coagulation and growth of the colloids to coloring
size. The ionic solution proponents, (originally Rose [1848] and Silverman
[1932], as cited by Stookey [1949a]) held that the metals dissolved as
ions and that low temperature heat treatment reduces the metal which then
exsolves and aggregates. Experimental evidence indicates ionic solution:
(1) Color develops once pOjy in the glass melt falls below a specific
value, which increases with increasing nobility [Dietzel, 1945]. (2)
Because of the extreme nobility of gold, oxidizing agents are required
for gold-ruby formation [Silverman, 1952] otherwise gold precipitates
[Dietzel, 1945; Stookey, 1949a]. Copper-ruby, on the other hand, requires
mildly reducing conditions [Dietzel, 1945; Stookey, 1949a]. (3) Irradiation
of gold-bearing glass also containing a photo-reducing agent such as
cerium produces gold-ruby color [Stookey, 1949b]. There is uniform
agreement that copper and silver are ionically coordinated in glass, yet
a few researchers still contend that gold at least partially solvates as
metal in the glass. Weyl [1953] reasoned that the addition of Pb to the
gold glass allowed solvation of Au® in the network because Pb+2 is
electronically asymmetric [e.g. Wells, 1962, p. 245] such that its pbt4
side would bond to the glass network and its Pb° side would be compatible
with Au® (similar reasoning holds for tin.) This cannot be correct
because Williams et al [1981] were able to hold gold in solution (or
precipitate it) in a polyvalent-free glass by controlled thermal treat-
ment. Tress [1962a and b] argued that gold exists as both Au® and Autl
in glass in a fixed ratio depending on f0y, T, and the chemistry of the
glass. This is correct, but the question then is, to what degree is gold

incorporated as Au®? Because the ruby-glasses have at most 10 ppm gold,
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it is not the gold which controls its oxidation state, but rather the other
constituents in the glass, or external conditions. Gold must be initially
jonically incorporated because (1) Stookey [1949a and b] and Dietzel [1945]
showed that reduction induces precipitation and color so that there cannot
be a significant amount of Au® in solution in a glass without the color
forming and (2) gold-ruby colors form in the same manner as copper-ruby or
silver-yellow colors which require initial ionic solution.

Several different reactions have been proposed for the reductions leading
to the ruby colors: (1) Simple dissolution of the oxide [Auger, 1907; as
cited by Dietzel, 1945]; (2) Self-reduction: Cuy0 = Cu® + CuO [Granger,
1923; as cited by Dietzel, 1945]; and (3) Reduction mediated by a polyvalent:
Cup0 + 2Fe0 = 2Cu + Fe)03 [Beyersdorfer and Beyersdorfer, 1943; as cited by
Dietzel, 1945]. For photosensitive glass, reaction (2) does lead to copper-
ruby color [Stookey, 1949b]. Reaction (1) does occur in copper bearing
glasses, but lends toward production of large colloids. Copper-ruby is
produced by reaction (3) or similar reactions with polyvalents such as
As, Sn, Sb, Se, Te, Pb, Sb or the like. The development of copper-ruby
colors can be explained by the change in chemical equilibria curves with
temperature (see Fig. 1.20). In all cases, the glass melt is initially
at a certain oxygen fugacity. Most components in the glass do not undergo
oxidation/reduction reactions and will not affect the fugacity. However,
copper and the polyvalents (Sn for example) do have temperature and
fugacity dependent oxidation states, and these do have an effect on the
State of the glass. If the glass is slowly cooled in a controlled
atmosphere, then the path will lie along a constant f0p line, and this
will lead to an increase in the oxidant/reductant ratio. Thus, for

glasses with copper (and without tin), if the glass begins colorless
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Figure 1.20 Cartoon of the cooling history of copper-ruby glass. The

curves of constant Cul*/Cu® ratio and constant Sn%t/Sn2t ratio are sketched
here. Their exact position is not known, but the steeper slope of the Sn
curves is a certainty [e.g. Tress, 1962a]. Vectors are shown for the thermal
path the glass would follow for the three cases: £f0; is constant, CuO is the
only multi-charged substituent, or SnO is the only multi-charged substituent.
For the case of copper ruby glass cooled slowly, the path will be in between
the Cu-in-excess and Sn-in-excess lines as indicated by the dashed line. 1In
this way, the copper will be reduced at low temperatures so that exsolution

and aggregation is limited to small flakes.
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(high cutl/cu®), it will remain colorless, but if it begins with a low
cutl/Cu®, it will exsolve metal at high temperatures. In the later case, the
concurrent low viscosity permits aggregation of large to moderately large
flakes (adventurine or hematinone) depending on cooling rate [cf. Dietzel,
1945]. If the amount of CuO is high, or if the fugacity is not externally
controlled, then the thermal path will follow the line of conmstant Cutl/cu®
ratio [cf. Tress, 1962a]. In this case, copper may exsolve over a range of
temperature, producing both large and small flakes (livery-ruby color). For
copper-free glasses, with a large amount of tin (SnOj), the thermal path can
be buffered along the line of constant snt4/snt2 [cf. Tress, 1962]. For
glasses with both Cu0 and SnOj, the thermal path depends on the ratio of Cu
to tin and on the extent of external fugacity control. For glasses with
higher amounts of tin than copper, the thermal path falls between the copper
and tin in excess paths (see Fig. 1.20) so that as the glass cools Cutl/Cu®
decreases as Snt4/sn*2 increase. Thus, with the proper initial oxygen
fugacity, reduction and exsolution will occur at a low temperature, resulting
in smaller colloids and copper-ruby color [Dietzel, 1945].

In summary, color-production is dictated by the oxygen fugacity within
the glass. This can be effected by external agents, but it is the presence
of internal buffers (such as Pbt4/Pbt2 ratio) that allow copper-ruby forma-
tion. The size of the colloid depends on the temperature at which reduction
of Cut! to Cu® is initiated. This can be attributed to the glasses strong
viscosity dependence on temperature; apparently high viscosity inhibits
growth of colloids. Aggregation probably occurs by diffusion. Small
angle X-ray scattering experiments by Williams et al [1981] show that
Ostwald ripening does not occur: once colloids are formed, the larger ones

do not grow at the expense of smaller ones during later heat treatment.
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1.2.b.ii1 Irradiation Centers in Glass

Ionizing radiation (X-rays or y-rays) frees electrons in solids
primarily through Compton scattering. The free electrons then migrate
through the lattice freeing less tightly bound electrons and creating
electron deficient regions (holes) [e.g. Lell et al, 1966]. Pre-existing
defects such as vacancies, interstitial atoms, multivalent impurities, or
non-bridging oxygens trap some of the electrons and holes [e.g. Bishay,
1970]. Figure 1.21 schematically depicts several of these traps in a
stylized two-dimensional glass structure. (The defects are described in
the figure caption). Traps which absorb visible light are known as color
centers. Because this property makes them amenable to spectroscopic
study, color centers have been the focus of a great deal of research.
Properties of the color centers have been deduced from the effect of
irradiation, heat treatment and oxygen fugacity on the optical spectrum
[see e.g. Wong and Angell, 1976, p. 356]. Similarly, the charge state of
the center has been determined by adding multivalents such as Ce+3, thch
reacts with holes to form Cet% [Stroud, 1962] or conversely by adding
electron scavengers such as Fet3 [Mackey et al, 1966a] or Pb+2, Ag+1, or
cd*2 [Treinin, 1968, pp. 543 and 562]. However, absolute identification
of the center can only be achieved through correlation of optical intensity
with ESR spectral intensity. Identification is difficult because: (1)
The visible and ultraviolet spectrum of most irradiated glasses is composed
of several broad overlapping peaks ranging from 250 nm to 1250 nm
[Bishay, 1970] which arise from many different centers and (2) Factors
such as structure, composition, trace impurities, f0y and temperatures
of radiation and annealing do influence the optical absorptions [e.g.

Bishay, 1970; Wong and Angell, 1976, p. 357]. Accordingly,
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Figure 1.21 Radiation defects in silicate glasses. From Griscom [1973].
Schematic diagram of a silica glass showing the relationship of pre-
existing defects (a) with radiation-induced paramagnetic centers (b). As
shown, the trapped species are locally charge compensated. However, indi-
vidual trapped holes and electrons would be much more distant than depicted
here. The common traps illustrated are: (1) El center. An oxygen vacancy
occurring next to a silicon produces a region of positive charge which can
trap electrons. (2) X-hole traps. If a +3 charge network former like Al
is tetrahedrally coordinéted, and isolated from a charge compensating
cation, then the complex has a net negative charge and will attract holes.
Usually the hole is located on a coordinating cation. Charge compensated
defects will also form hole centers if the cation is "ejected” by radiation.
(3) Non-bridging oxygens. Addition of alkalis to Si07 glass creates singly
bonded oxygens and a region of negative charge which can trap holes.

(4) 1Interstitial cations. These have been shown to trap electrons in borate
glasses and may do the same in silicate [Griscom, 1973]. (5) X-electron
traps. Tetrahedral coordination of Ge or P in silicate glass results in
centers with an affinity for electrons. Stability of the trap increases

when an interstitial cation is located nearby.
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the nature of color centers ié broadly understood, but considerable
controversy remains over the details of interpretation [see Wong and
Angell, 1976, p. 355]. Much of the difficulty in understanding how
radiation damage affects glasses stems from the fact that the
irradiative states are highly dependent on the temperature and time
scale of observation [Wong and Angell, 1976, p. 359]. Hence, care must
be taken in comparing results.

This section will discuss irradiative colorations relevant to feldspar
coloration: (1) color centers in alkali- and alumino-silicate glasses;
(2) Pb-associated color centers; and (3) the apparent predominance of
hole over electron centers. A later section will cover the influence of
hydrogen and water on irradiative coloring of glasses and minerals. For
further details of the irradiation process the reader should consult
reviews by Lell et al, 1966; Treinin, 1968; Bishay, 1970; Griscom, 1973;
Wong and Angell, 1976, Sec. 6.5; and Friebele and Griscom, 1979].

In alkali-silicate and alumino-silicate glasses, as in most irradiated
glasses, visible absorptions are generally associated with oxygen-related
hole centers while ultraviolet absorptions are often connected with electron
centers [Bishay, 1970; Griscom, 1973]. Weeks and Nelson [1960] and Nelson
and Weeks [1960] have shown that high energy bands at 200 to 250 nm arise
from electron centers similar to E] and E of (smoky) quartz. Stroud [1962]
determined that the absorptions at 440 and 620 nm in silicate glasses with
low alkali content were hole centers by addition of cet3 to the glass.
Comparison of the behavior of these optical bands with radiation treatment
and variation of alkali content of the glass, and to the response of the
overlapping EPR signals near g=2 (H, and Hj) suggests that the 420 nm band

is associated with Hy and the 620 nm band is related to H3 [Stroud, 1962;
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Scheurs, 1967]. Scheurs [1967] proposed that Hy is a hole trapped at
two non-bonding oxygens, while H3 is a hole trapped at three non-bonding
oxygens. Kordas and Oel [1982] separated the two ESR signals (which they
refer to as Hy and Hyp) by computer modelling of the signals at different
temperatures (Figure 1.22). Kordas and Oel [1982] correlated H; (Hp) with
the optical bands at 310 and 510 nm in silicate glasses with high alkali
content and concluded from computer modelling that the center is a hole
on a non-bonding oxygen near a silicon ion. This partially confirms
the suggestions of Stroud [1962] and Scheurs [1967], because the 440 nm
band shifts to 510 nm with increasing alkali content [Yokota, 1954].
The 620 nm band has not been quantitatively correlated with any EPR
features. Conversely, neither have the EPR centers such as the hole Hj
(Hyy) [Kordas and Oel, 1982] or the aluminum-oxygen hole [see Lell et
al, 1966] been firmly linked with optical absorptions. But, it is likely
that H3 (which Kordas and Oel [1982] concluded was a hole trapped at two
non-bonding oxygens near a silicon) is connected with the 620 nm band
[Cohen and Makar, 1982]:

In addition to the above intrinsic centers, alkali-silicate and
alumino-silicate glasses are colored by impurities such as Ti, Ga, Sm,
Yb, Eu, Mn, U, [Smith and Cohen, 1964] and Ce [Stroud, 1962]. Additives
not only color the glass in the unirradiated state, but glso can react
with radiation to form supplementary absorption bands [Lell et al, 1966]
or can serve to inhibit previous color centers [e.g. Treinin, 1966].

The consequences depend on the type of impurity and factors such as f07
and temperature. For example, addition of a few % of Ti to alkali silicate
glass under reducing conditions suppresses the 440 and 620 nm hole bands

while adding another band at 540 nm [Smith and Cohen, 1964]. In general,
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Figure 1.22 EPR spectra of the Hy and Hyy centers in glass.

(a) Dependence of the shape and position of Hy center (S8i0™ =X)

on the type of alkali [Kordas and Oel, 1982]. (b) Shape of the Hyy
center for sodium silicate glass: for potassium silicate glass the
position is the same, but the width is about 60Z of that shown

[Rordas and Oel, 1982]. (c) Shape of the combination of the two

centers for glasses X,0°9 Si0, [Scheurs, 1967].
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multivalency is required for the cation to influence irradiative coloring
and. the result is determined by the efficiency with which the impurities,
hole, and electron centers compete for the electrons and holes migrating
during irradiation [e.g. Lell et al, 1966].

Incorporation of lead as an impurity ion in glass has been shown to
suppress color center formation [Barkatt et al, 1981], but by itself has
not been demonstrated to cause irradiative coloring. Minor additions of
lead to glass do result in blue fluorescence after u§ or cathode stimula-
tion [Weyl, 1951, p. 489], but this is probably related to ultraviolet
( ~ 200 nm) Pb*2 transitions.

Glasses with lead as a major component exhibit several types of
color centers. For example, lead silicate glasses have two broad absorption
bands at 525 and 570 nm arising from an unknown center [Barker et al,
1965]. Lead borate glasses have a band at 825 nm, the intensity of
which first increases with lead content and then decreases for Pb0 greater
than about 35% [Bishay and Maklad, 1966]. This and the response of the
color to oxidation and reduction suggest that the center is an electron
trapped near lead [Bishay and Maklad, 1966]. However, an independent
EPR study of lead silicate and lead borate glasses by Kim and Bray [1968]
has shown that neither type possesses a paramagnetic center with features
indicative of lead nuclei; instead, both glass-types develop ubiquitous
0™ hole centers through irradiation which are probably interstitial.
Thus, no color centers present in Pb-bearing glasses have been
directly connected with lead, and the absorption spectra produced by
irradiation remain unexplained.

For irradiated complex oxide glasses, the most commonly observed EPR

signals come from oxygen-associated hole traps [Griscom, 1973]. In pure
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gilica glass, electron signals of E; and Ej centers are easily distinguished
[e.g. Weeks and Nelson, 1960a,b] but their intensity decreases as alkali
content increases [Griscom, 1973]. No such correlation exists for hole
centers, so that an apparent discrepancy exists between the number of
hole and electron centers in high-alkali glasses [Griscom, 1973]. 1In
particular, computer simulations of broad band signals in borate glasses
suggest that the ."hidden" electrons are trapped on alkali ions or shared
among alkali clusters [Griscom, 1973]. It is not known whether these
broad band ESR signals correlate with any optical bands, including the
520 to 830 nm bands which occur in high alkali borate [Arafa and Bishay,
1969]. Friebele and Griscom [1979] have suggested that electrons may be

commonly trapped in pairs, in which case no EPR signal would be produced.

l1.2.b.iv Smoky Quartz

A large number of investigations have been applied towards elucidating
the nature of smoky quartz aluminum centers. Weil [1975] cited 125
references in his comprehensive review on aluminum centers in a—quartz.
This section will briefly recapitulate Weil's [1975] summary and will
review pertinent work since 1975.

Smoky color develops upon irradiation (with neutrons, y or X-rays)
of aq-quartz with aluminum impurities. In unirradiated crystals, aluminum
substitutes for silicon, with charge compensation occurring through local
interstitial incorporation of HY, Lit or Nat [Weil, 1975]. EPR experiments
and analyses thereof have firmly established that irradiation produces an
unpaired electron which is trapped at one of the two oxygens closest to
an aluminum ion [Griffiths et al, 1954; O'Brien, 1955]. (See Figure 1.23.)

At approximately liquid nitrogen temperatures, this "hole" is shared
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A1t-Li

Figure 1.23 Smoky quartz's EPR derivative spectra and line positions
for two kinds of aluminum oxygen hole centers in quartz. From Mackey
[1963]. The spectrum labeled Alt is of an uncompensated center. The
spectrum labeled Al*-Li is of a center with a nearby lithium compensator.

Both are for the magnetic axis parallel to ¢ at 77K.
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between the two closest oxygens [Taylor and Farnell, 1964]; while at room
temperature the hole migrates among all four coordinating oxygens [Schnadt
and Schneider, 1970]. 1Irradiation creates the center by independently
displacing an electron and the compensating cation to other trapping
gites in the crystal such as Ge or Ti [e.g. Weil, 1975]. The complications
that arise when the compensation is a hydrogen ion rather than an alkali
ion will be discussed in Section l1.2.b.vii.

Early optical studies [see Weil, 1975 and references therein]
attributed the smoky color to two anisotropic bands (A; at ~ 620 nm and
Ap at ~ 460 nm). Nassau and Prescott [1975 and 1977] have shown that
the smoky color is actually produced by the A3 band at 428 nm (shown in
Figure 1.24) which correlates with the aluminum-hole center seen in the
ESR, and that the A} and Ap bands by themselves produce a blue color and
are not correlated with the ESR center. Schirmer's [1976] calculations
suggest that the A3 band results from hopping of the electron between the
oxygens. Cohen and Makar [1982] have suggested that Ay is analogous to
Hy and A} is analagous to Hj3, where Hy and H3 are hole centers in alkali-
silicate glasses as discussed in Section 1.2.b.iii.

Also present in smoky quartz are the E; and Ej bands [Nassau and
Prescott, 1975]. These bands are located at 210 and 230 nm respectively
(Lell et al, 1966] and have been shown to arise from electron centers:

E] is an electron trapped at an oxygen vacancy [Weeks, 1956; Weeks and
Nelson, 1960 a,b], and Ep is an electron trapped at SiO lattice vacancy
with a proton nearby [Weeks, 1963]. The vacancy in the lattice could

equally well be Si0O2 [Lell et al, 1966].
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Figure 1.24 Smoky Quartz Optical Spectrum. This gaussian decomposition

is of the v spectrum of a smoky quartz crystal after saturation with X-rays.
From Nassau and Prescott [1977]. Only band A3 at 2.9 ev is connected with
the EPR signal and the smoky color. Then bands at A} and A by themselves

yield a blue color. A] is at 1.85 eV. Ay is at 2.55 eV.
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l1.2.b.v Pb absorption spectra and EPR of Pb in crystalline solids

Unlike glasses, crystalline materials commonly yield features
attributable to lead upon irradiation. The lead ion can only produce
EPR spectra if its oxidation state is +1 or +3. Because the magnetic
properties of lead nuclei are distinct from those of any other elements
(21% of lead exists as Pb207 with nuclear spin of 1/2, while the rest
have I = 0; see Goodman and Raynor, 1970, Table I), an EPR lead signal
is unique. This easily identifiable signal must consist of one large
peak with two smaller peaks each having 1/7 the intensity of the large
one [Goodman and Raynor, 1970, p. 219; Born, 1970]. Such spectra have
been observed in 14 different crystalline solids (including natural
calcite) which possess lead impurities and have been irradiated (see
Table 1.10). A typical signal and its Breit-Rabi diaéram are shown in
Figure 1.25 and Figure 1.26. The EPR-lead signal is characterized by
(1) a g-value near gfree= 2.0023 for the I=0 isotopes, (2) an apparent
g-value < 2 for the I = 1/2 Pb207 isotope, (3) a large isotropic hyperfine
splitting constant (A) for Pb207, (4) substantial reduction of A from the
free ion value, (5) small ( ~ 0.1%) anisotropy in A, and (6) presence of
superhyperfine structure for ligands other than oxygen (see Table 1.10).
Characteristics 1, 3, 5, and 6 require an electron in an 281/2 state
[Goodman and Raynor, 1970, p. 167; Born et al, 1976; Nishi et al, 1977],
so that Pbt3 (5d106sl) must be the resonance state rather than Pbtl
(5d106526p1),

Table 1.10 shows that the g values of the I = 0 centers deviate both
positively and negatively from the spectroscopic splitting factor of the
free electron (2.0023). In general, a positive deviation indicates a hole

center [Goodman and Raynor, 1970, p. 197], but admixture of ligands with



Table 1.10 Compilation of EPR data on Pb3t impurities in crystalline solids

Host Reference Radiation g(I=0) A207 AA g(1=1/2) Super- Prob. Coord. Coord. Max.Temp
(approx.) hyperfine on Pb # of Pb 1ligand Pbt3 was
cm™1 cm~! gauss intensity % observed
K
free Schawlow = N 2.60 = = = 100 - = -
ion et al 1949
calcite Popescu & Y H,X 2.0056 1.262 0.001 - ND 49 6 0022_ 280
CaCO3 Grecu 1975
CaWo, Born et al X 1.99  1.276 0.0013 7600 strong 40 4 wo, 2" 215
1970,71,74
KC1 Schoemaker & Yy ,X 2.034 1.100 ~ 1078 8000 weak 41 6 (o) By 220
Kolopus 1970
PbF, Nishi et al Yy ,n° 2.007 1.57 ~0 7100 strong 60 8 F~ 200
1977
Zno Born et al not  2.013 0.808 ~ 0 - ND 31 4 02~ -
1971b stated
ZnSe  Holton & Y 2.0729 0.6249 ~ 0 - ND 23 4 Se2~ 200
Watts 1969
ZnTe Suto & Y 2.133  0.523  0.02 - ND 20 4 Te2" 200
Aoki 1968
Ca0 Born et al Y ,X 1.999 1.07 ND - ND 41 6 02- 200
1971b
CaSe Yamashita & not 2:173 0.6832 ND >5000 present 24 4 Se2- 200

Asano 1976 stated



Table 1.10 EPR of Pb3*, continued

Host Reference Radiation g(I=0) A207 AA g(1=1/2) Super- Prob. Coord. Coord. Max.Temp
(approx.) hyperfine on Pb # of Pb 1ligand Pb3t was
cm~1 cm”™ gauss intensity % observed
K
Tho, Rohrig & Y 1.968 1.229 0.007 6500 ND 48 8 0%~ 300
Scheider 1969
Y,Gag0,, Andlauer X  2.002 1.264 BLD 7500 ND 49 8 02~ 300
et al 1973
Lu3Gas0jp " X 2.001 1.272 " - ND 50 " "
Y3Al50;, " X 2.002 1.339 " - 52 "

Lu3Als0yp " X  2.000 1.383 " " . 53 .

LL
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217 I=1/2
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79% I=0 / = \
204py S
206Pb —-
208 (1,4)= 01,00 (1,00=01,1)
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922 I=1/2
/// 207Pb
8% I=0 \
204pp ¥ /\/_
20‘6Pb 01,4)=0,0)
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T 4 8. ¢ T @& & D i
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Figure 1.25 ESR spectra of pbt3 in KCl.
[1970].

tion.

spectrum is from a crystal enrichéd in Pb207,

The upper spectrum is from a crystal with normal lead.

From Schoemaker and Kolopus

Both spectra were obtained at LN temperatures after irradia-

The lower

The high field transition

of the I=1/2 nucleus is weaker than the low field transition because in

the strong field limit the former is forbidden [Schoemaker and Kolopus,

1970].
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W/A
10 4
(I=0) — ——— pp204, 206, 208
F=1 (1=1/2) Pb207
0 4
F=0 |
-10
0 1 2
gpH/A

Figure 1.26 Breit-Rabi diagram for pbt3 energy levels and transitions in
ThOp. From Rohrig and Schneider [1969]. The solid lines are for the
I=1/2 isotope, while the dashed lines are for the I=0 isotopes. The short
thin arrows indicate 9.2 GHz transitions while the long thick arrows
indicate 35 Ghz transitions. Note that the I=0 transition is physically

in between the I=1/2 transitions for 35 Ghz excitation.
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g-state ions will also lead to a positive g-shift [Watanabe, 1966]. The
frequent occurrence of Pb+3 ions with g values less than 2.0023 suggests
that the transition observed is the s-electron, rather than the s-hole,
but does not mandate it. In either case, the probability P that the s

electron or hole is located on pbt3 is given by

A g free
P = "Afree ° g (1.6)

[Watanabe, 1966; Iida and Watanabe, 1968]. P less than 100% indicates
sharing of the electron with the ligands. For the compounds listed in
Table 1.10, the hyperfine splitting constant A is considerably reduced
from the free ion value leading to probabilities from 20 to 60%Z. For the
more ionic solids having oxygen ligands, P ranges from 31-53%. Note that
delocalization is favored for tetrahedral coordination (P = 31 to 40%)
over octahedral sites or duodecahedral sites (P = 41 to 53%) in agreement
with Watanabe's [1966] theory of S;/, ions. The delocalization shows
that the lead complex is alternating between pbt4 - pbt3 or Pbt3 - pbt2,
That the lead ions enter the crystal as pbt2 suggests that the complex
alternates cetween Pbt3 and Pbt2. The frequent accompaniment of the

lead center by electron centers [Born et al, 1970; Schoemaker and Kolopus,
1970; Popescu and Grecu, 1975; Nishi et al, 1970] corroborates that the
lead center is a hole center.

The relative stability of the Pb*3 hole center is indicated by its
behaviour with temperature. The centers are created by irradiation at
liquid nitrogen temperatures; however, several centers persist even at
room temperatures (see Table 1.10). Ostensibly, the electron delocali-
zation (implied by the A-factor) contributes to the stability of the hole
centers. That Pb*3 (5d106sl) is isoelectronic with the stable Au® atom

may also aid in its formation [Andlauer et al, 1973].
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The ordinary oxidation state, Pb+2, does not produce color, but the
excitation of one of its 6s electrons to a 6p level (as shown in Figure
1.27) does produce absorptions in the ultraviolet. The wavelengths for
these transitions and for those of isoelectronic T1*l are listed in Table
l.11. Oscillator strengths which are available for Ttl are also listed.
For thallium and lead in the same environment (KCl) the transitions occur
at nearly the same energy for the higher energy peaks while the energy of
the lowest transition is only slightly smaller for lead than thallium.

In contrast, substitution of lead into different matrices does affect
the energy of the transitions.

Color may be associated with the Pb*t3 hole center in some of the
lattices. The apparent intensity of the yellow color in synthetic garnets
is correlated with the Pb*3 centers [Andlauer et al, 1973]. However, the
crystals do have 0.007 Fe per formula unit which could give a yellow color.
Born et al [1972] observed that scheelite is colored brown by X-rays but
did not discern whether this is due to the Pb¥3 or Vk-electron centers.
Mita [1965] observed luminescence at 621 and 478 nm which may be connected
with pbt3, Synthetic KCl has unpolarized absorption bands at 216, 303,
and 465 nm (Figure 1.28) which have the same thermal formation and decay
properties as the pb*3 EPR signal but not the electron trap's signal
[Schoemaker and Kolopus, 1970]. Similarly, irradiation of KCl doped
with T1*! has also been observed to develop color [Delbecq et al,

1966]. 1Initially, the spectra of Figure 1.29a are observed, along with

a 367 nm absorption due to Clz- centers. Delbecq et al [1966] attributed
this to T1°, and made the band assignments listed in Table l.l11. Heating
the crystal creates new absorption bands. Delbecq et al [1966] attributed

the changes to diffusion of Cl2 which recombines with both T1° and T1*!
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Figure 1.27 Energy level diagrams for S to P electronic transitions of
Pb on Tl for different charge states. The ground states are shown on the
right, and all excited states are on the left. The relative energies of
the states are schematically indicated. Each state is labeled with
spectroscopic notation, 2S+1LJ. Note that some states appear the same
but differ in energy because the J value for a single configuration can

vary from |L+S|, |L+s-1] to [L-slL
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Table 1.11 Electronic transitions of lead and thallium at 77 K
Transitions KI:Pbt2  NaCl:Pbt2 KkC1:pbt2  Na-Si-0 Kc1l:T1+l
glass:Pb+2
A nm A nm A nm A nm A nm f#
A ls, >3 350 272 271.5 230 247 0.08
B s, >3, 300 209 211 209 0.007
c lsy » ey 273 202 202.5 196  0.48
: 198 199
195 195.5
D' charge 253 186.5 191.5 ND
transfer
D excition 230 ~150 ~150 ND
Reference Hashimoto & Onaka et Onaka et Parke & Delbecq et al
Ohiwa 1980 al 1965 al 1965 Webb 1973 1966
Transitions KC1:pbt3 KC1:T1t2
A nm A nm f#
2 2
? Sl/2 > P19 465 364 0.13
? 303 294  0.22
? hidden by Pb*2 band 262  0.14
? 216 220 0.23
Reference Schoemaker & Delbecq et al
Kolopus 1970 1966
Transitions KC1:T1°
A nm f#
2 2 -4
2 2 -4
? 640 0.03
2 2
Pl/z > 31/2 380 0.48
Reference Delbecq et al

1966
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Figure 1.28 Unpolarized spectrum of Pb3* at 77K in a 1 mm thick KCl
crystal with about 1% PbCly impurities. From Schoemaker and Kolopus
[1970]. Bands due to Pb*2 occurring between 220 and 290 nm were omitted
for clarity. These overrode any pb+3 signal that may have existed at

these wavelengths.
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Figure 1.29 Optical absorption spectra of T1° and T12+ in KCl at 77K.
From Delbecq et al [1966]. (a) Unpolarized spectrum of T12% for a 12 mm
thick KCl crystal originally having 1.3 mole % T1%, which was irradiated
and warmed to remove T1l° [Delbecq et al, 1966]. Curves marked a and b
were determined by two methods. (b) Unpolarized spectra of Tl1° for a

12 mm thick crystal doped with T1% and then irradiated at liquid

nitrogen temperatures. A and B are have different intensity scales.
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to produce both T1tl and T112. Delbecq et al [1966] isolated the
spectra for T1*2 (shown in Figure 1.29b) by subtracting the peaks of
the T1° still left after heating. Peak positions are listed in Table
l.11. Dreybrodt and Silber [1967] confirmed the assignment of Delbecq et
al [1966] of the optical bands to T1+2 by EPR spectroscopy.

Electronic assignments for the transitions of the different charge
states can be made with varying degrees of confidence. Absorption
spectra of Pb*2 and T1*! in alkali halides have been extensively studied
and sucessfully correlated with the transitions listed in Table 1.1l
and depicted in Figure 1.27 [e.g. Hashimoto and Ohiwa, 1980]. The
similarity of the T1° electronic transitions to those of 1+l coupled
with the oscillator strengths of T1tl bands makes Delbecq et al's [1966]
assignments seem plausible, except that the weak band at 640 nm was not
accounted for. In contrast, electronic transitions for pbt3 or Tt
cannot be reliably assigned, because these states could involve admixtures
of molecular orbitals. Figure 1.30 shows the transitions involving
bonding and non-bonding ligands proposed by Dreybrodt and Silber [1967].
Such transitions would occur with the oscillator strengths (f = 0.1 to 0.3)
observed [Dreybrodt and Silber, 1967]. Another possibility would be
transitions from d-like orbitals, as depicted in Figure 1.30 if the 6s
orbital has some p character. Other complications are the 281/2 to
2P1/2 or 2P3/2 transitions and the likelihood of Jahn-Teller distortions
for the Pb*3 excited states. For these reasons, the color producing
absorption bands of Pb+3 and T1*2 have not been positively correlated

with electronic transitions.
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Figure 1.30 Molecular orbital configurations for Pb3t or T1t.

From Dreybrodt and Silber [1967]. The four spectroscopic bands
observed by Delbecq et al [1966] were assigned to various transitions

from the ligand-like orbitals to the nonbonding a1} as shown by the
long arrows. (b)

Given by Ballhausen and Gray [1964, p. 103] Two other

Possible transitions are indicated by the long arrows.
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1.2.b.vi Blue Barite and Celestite

The common pale blue color of celestite (SrSO;) or barite (BaS0,)
is a radiation color because the color can be removed by heat and returned
by radiation and because the mineral is thermoluminescent [Przibram, 1956,
pe 241]. Blue celestite's unpolarized absorption spectrum as shown in
Figure 1.31 consists of two broad overlapping peaks at 620 + 5 nm and
575 + 5 nm, superimposed on a UV band peaking below 400 nm [Bernstein,
1979]. The unpolarized spectrum of blue barite is similar except that
the peaks are at 640 and 595 nm; this shift to lower energy is consistent
with barite's larger unit cell [Bernstein, 1979], and implies that the same
mechanism applies to both minerals. The blue color in sulfates results
from a transmission window between the ultraviolet tail and the broad
bands near 600 nm. This is remarkably similar to amazonite color (see
Sec. 1.2.b.iv) not only in spectroscopic appearance but also because
both colors are induced by radiation.

The mechanism for coloration is not understood, but the experimental
data are suggestive. Schulman et al [1952] have shown that pure synthetic
SrS04 is uncolored by radiation but that synthetic SrSO4 with 0.1 to 1.0
mole % NapSO4 or KpSO4 added are colored by X-rays approximately in
proportion to the alkali content. The reflectance spectra of the synthetics
have broad minima at around 580 to 600 nm [Schulman et al, 1952] which is
similar to that expected for the natural samples. Also, Bernstein [1979]
found an exponential relationship of bleaching time with potassium content
for celestites, but found no correlation with any other impurities [Fe,

Mg, Ba, Ca, or Na]. If the color is produced by some type of electron
trap, then incorporation of a monovalent cation in a divalent salt should

result in coloration because charge compensation mechanisms such as
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WAVELENGTH  (am)

Figure 1.31 Unpolarized Optical Spectra of Blue Celestite from Bernstein
ﬁ979]. The major absorptions are at 620 + 5 nm, 575 + 5 nm, and < 400 nm.
The spectrum of blue barite is similar, except that the peaks are displaced

by +20 nm.
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(1) Kt (substitutional) + Kt (interstitial) replacing one srt2 or

(2) 2K+ replacing ZSr+2

+ SO, would provide favorable sites for
electron traps [Schulman et al, 1952]. Bernstein's [1979] data suggests
a correlation of the time needed to bleach the color with potassium
content. However, Wells et al [1983] examined zoned celestite with
colorless, gold-orange, and blue regions and found that the gold-orange
regions have higher iron concentrations, while the blue areas have six
times the lead content than the others. ESR measurements (summarized by
Bernstein [1979] reveal multiple paramagnetic centers which have been
attributed to 0, SOZ-, 803— and SO, . Such species are likely to result
from irradiation of sulfate; however, none of the detected ESR signals
have been directly correlated with the intensity of the color. Thus the
blue color of barite and celestite‘is connected with the effect of radiation

on sulfates with impurities, but whether that species is lead or potassium

or some other trace element is unknown.

l1.2.b.vii Effect of proton species on radiation response

The literature contains ample data indicating that water and hydrogen
influence radiation coloring not only in nominally anhydrous materials
such as glass, quartz, alkali halides, but also in hydrous phases such
as the mineral brazilianite and in alkali-ice glasses. The main effect
in glasses is to suppress coloration, but in certain instances enhancement
occurs. For glasses, the specific response to gamma or X-ray irradiation
depends on the impurity content, but OH concentration higher than impurity
concentration inhibits color center formation [e.g. Acocella et al, 1982].
Arnold and Compton [1959] showed that small amounts of OH in pure silica

glass inhibited formation of the C electron center (which absorbs at 215
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nm) but enhanced the 257 nm band for liquid nitrogen temperature X-ray
irradiation. For room temperature gamma-irradiation of H9O-rich pure
silica, Weeks and Lell [1966] showed that the intensity of the 220 nm
band due to E centers varied linearly with OH infrared absorption intensity
(except for very low OH concentrations) in a manner suggesting that OH
was disabling the electron center by mending the dangling bonds left by
the oxygen vacancy (see Fig. 1.21 for a picture of the E center). Weeks
and Lell [1966] also observed a decrease in the 550 nm (hole center)
absorption band, and no enhancement of the 257 nm band. Faile and Roy
[1970] revealed that color suppression also occurs for Hy impregnated
samples irradiated at room temperatures, and that this is accompanied by
strong increase in OH infrared bands. Color centers did form at liquid
nitrogen temperatures implying that diffusion of hydrogen is a part of
the suppression process [Faile and Roy, 1970]. Both Faile and Roy [1970]
and Shelby [1979] assigned the 2200 cm™l peak in glass to the species
SiH. This peak is more likely to be an Si-OH combination stretching-
bending mode [e.g. Bartholomew et al, 1980]. Shelby [1979] showed that
irradiation of Hyp impregnated silica produces Si-OH species in proportion
to (radiation dose * original H, concentration)l/z. The square root
relationship with dose is observed in formation of other types of defects
but is not adequately explained [Shelby, 1978].

The effect of protons on the irradiative response of "less than pure”
silica glass is slightly more complicated depending on the amount and
type of impurity present. Van Wieringen and Kats [1957] noted that water
bearing alkali and alkali-earth silicate glasses were colored less by
irradiation than when dry. Canina and Priqueler [1962] observed that silica

glass with equally low concentrations of OH and Al was colored by
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ijrradiation while silica with only OH at 1020/cm3 was uncolored. Faile
[1969] showed that hydrogen impregnation in complex glasses suppressed
color formation except when high concentrations of Pb+t2 or Tit4 were
present. Friebele et al [1978] observed that for a given glass composition,
increased OH content produced a less colored glass. Lead-silicate was
not an exception to this rule, but the inherently intense absorptions of
lead silicate glass causes it to be more highly colored than other glasses
of similar OH content [Friebele et al, 1978]. The response of alkali
silicate glass with high water contents is virtually identical to that
of silica. Acocella et al [1982] showed that absorption bands at 440
and 620 nm along with the overlapping EPR signals Hy and H3 decreased
drastically with increasing Hp0 content and that OH is formed from H70
during irradiation. Similarly, in borosilicate glass formation of the
boron-oxygen hole center is repressed by Hy gas impregnations of greater
than 0.2 mole %. In diametric opposition, Mackey et al [1970] observed
that the intensity of the 450 nm band in borosilicates increased linearly
with hydroxyl absorption for low OH concentration. Possibly, a threshold
of water content is necessary before the repressive effects are seen.

From these observations on glasses the following mechanisms are
suggested. The observations mandate that the irradiation process disas-
sociates Hy or Hy0 within the glass to form the species SiOH [Faile and
Roy, 1970; DiSalvo et al, 1922; Hartwig, 1977; Shelby, 1979; Acocella et
al, 1982]. It is likely that the disassociation proceeds by
formation of atomic hydrogen because H° has been observed in irradiated
glass [e.g. Van Wieringen and Kats, 1959]; and also because the primary
products of water radiolysis are H and OH [Draganic and Draganic, 1971,

P. 23]. However, formation of the species HY* and OH™ cannot be ruled
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out. Electron color center formation could be suppressed by occupation

of oxygen vacancies through the reaction

1]

=81 Si=z + H + OH » =S1iOH HSi= (1.7)
which would prevent E centers from forming [e.g. Lell et al, 1966];
but evidence for SiH is lacking. Pre-existing E centers ( =Sie~Siz )
would be similarly destroyed with the electron finding another trap or
recombining with a hole [e.g. Lell et al, 1966]; another possibility is
formation of SiOH and interstitial H®°. Faile and Roy [1970] proposed that
bonds broken during irradiation could be mended by pairs of atomic hydrogen
=510” ¥siz + H, » =S1OH HSiz (1.8);
but again, the evidence for SiH is poor. Similar reactions could occur
with water, because two SiOH groups would result. A related mechanism
could also occur involving non-bridging oxygens preseﬁt before irradiation
[DiSalvo et al, 1972] which would serve to prevent hole center formation,
and would result in SiOH bonds which have been observed in infrared spectra.
For crystalline quartz, there are two color centers which require
the presence of protons to form. One is a center in which Ti3+ occupies
a Si site and a proton charge compensator is bound interstitially nearby
[Rinneberg and Weil, 1972]. The response of this center to proton content
has not been studied. The other is the E) center which absorbs at 230 nm
and consists of an electron trapped at a hydrogen compensated SiO vacancy
[Weeks, 1963] or Si07 vacancy [Lell et al, 1966]. For crystals having an
appreciable concentration of Ej centers, the E; center (an electron
trapped at an oxygen vacancy) does not readily form unless the E; center
1s bleached by heating at 250 to 300°C whereupon subsequent irradiation
develops E]; centers but not Ej [Nelson and Weeks, 1960]. Because the

Precursor oxygen vacancies are likely to exist in quartz, this result
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suggests that the hydrogen ions present mend E;| centers in quartz in the
same manner as they mend E centers in glass, namely by filling in the
vacancy. The similar behavior of protons in quartz and glass is
corroborated by the observation of interstitial atomic hydrogen in EPR
spectra of irradiated quartz [Weeks and Abraham, 1964; Perlson and Weil,
1974] and in glass [von Wieringen and Kats, 1957].

In contrast to the E9 band, the formation of Al-hole centers in
quartz is adversely affected by the presence of protons [e.g. Weil, 1975].
Smoky color can be induced in quartz by electrolysis in Ny but not in Hjp
[Hafele, 1960]. Bambauer's [1961] comparison of the optical absorption
coefficient of 460 nm with Li and H contents in quartz implies that Al
centers compensated by H do not produce the smoky color, but that the
lithium compensated centers do. Mackey [1963] confirmed Bambauer's sug-
gestion by EPR studies at liquid nitrogen and room temperature. Mackey
[1963] showed that Al-hole centers form only at LN, temperature in a
hydrogen compensated crystal, and that warming to room temperature destroys
the centers, whereas uncompensated Al-hole centers are stable even at
room temperature. Apparently, room temperature diffusion is sufficient
to return the hydrogen displaced by radiation to the Al-site where it can
eliminate the hole.

Kats [1962] used infrared spectroscopy to study the mechanism of
hydrogen displacement in synthetic and natural quartz by irradiationm.

He showed that there are about 40 different sites for hydrogen in the
crystal including H alone, H near various alkalies, and H near aluminum.
X-ray irradiation decreases the intensity of alkali-associated hydrogen
bands while increasing that of aluminum-associated bands and forming new

alkali-hydrogen bands [Kats, 1962, p. 259]. He suggested [ibid, p. 194]
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that irradiation removes both alkali and hydrogen whereupon the hydrogen
diffuses back to the alkali site, forming a new IR absorption band. Kats
[1962, p. 164] noted that smoky color develops only in quartz that has a
low overall water content with OH mainly distributed among Al-associated
centers. Quartz with high water content and many different IR bands
turns yellow (citrine) with irradiation. Heating of the colorless or
yellow quartz at 1000°C will remove the alkali associated hydrogen bands,
leaving the Al-H bands at 3311, 3371, and 3435 nm, and allowing smoky
color to develop upon irradiation [Kats, 1962, p. 193-195, 257]. The
smoky color would not be due to the Al-H centers [e.g. Weil, 1975] but to
other uncompensated Al-0O hole centers.

Kats' [1962] observations on the connection of smoky color and OH
bands has been verified and expanded by Krefft's [1975] electrolysis
experiments on quartz. When electrolysis was performed under vacuum,

a well-defined color front moved across the crystal: at the color front,
OH bands and OH-alkali bands were transformed to the OH-Al bands of 3310,
3321, and 3435 cm~! [Krefft, 1975]. She showed that removal of hydrogen
in the crystal proceeds by this same conversion of unstable to stable
bands. The effect is somewhat reversible in that electrolysis of quartz
in moist air, Hy, or Hp0 will force incorporation of protons as OH (3472
em~l band) which will prevent smoky coloration and allow yellow to develop
[Krefft, 1975].

Hydrogen may also play a role in the formation of the other radiation
colors in quartz: citrine and amethyst. Citrine is known to have high
lithium [Bukarnov and Markova, 1969] and high water contents [Kats, 1962].
Gamma irradiation of Li-rich quartz decreases the intensity of the OH

bands associated with Li and makes a new OH band associated with Li at
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3408 cm~! and also intensifies the OH-Al band at 3371 cm~l [Kats, 1962,
P 194]. Heating the crystal slightly removes the yellow color and
restores the original intensity of the bands [Kats, 1962, p. 194]. When
smoky-citrine zonation occurs, the Li-OH defects are mostly contained in
the citrine zones [Bukarnov and Markova, 1969]. EPR study of citrine by
Maschmeyer et al [1980] has shown that citrine has two aluminum—-oxygen hole
centers both of which are quite different from the aluminum-oxygen hole
center present in smoky quartz. Despite the known involvement of H, Li,
and Al in the centers, the EPR data is not sufficient to elucidate the
structure of the citrine centers at present [Maschmeyer et al, 1980].

In contrast, amethyst color is not correlated with OH content [Kats,
1962, p. 275-279]. Ongoing study of zoned amethyst-citrine by R. Aines
[Ph.D thesis, in prep.] suggests that the presence of molecular water
inhibits amethyst formation while aiding citrine formation.

In the alkali-halides, hydrogen can occupy halogen or interstitial sites
and can also be incorporated as hydroxyl. Although these species do not
directly cause visible célor, they are associated with absorption bands in
the ultraviolet and their interaction with irradiation can indirectly
produce color. According to Schulman and Compton [1962, p. 163-168], and
Watts [1977, p. 291], substitutional H™ forms the U center which absorbs
light around 190-290 nm. UV, gamma, or X-ray irradiation moves the
hydrogen atom to an interstitial site, so that one electron is remaining to
create an F-center and thus, color. Ultraviolet and X-ray irradiation of
OH-bearing alkali halides can similarly create an F-center and interstitial
atomic hydrogen [Schulman and Compton, 1962, p. 168 and 185].

The irradiative response of hydrogen ions in stoichiometrically hydrous

minerals has received scant attention. The available literature concerns
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two minerals. Hill and Lehmann [1978] have shown through EPR that X-ray
irradiation of brazilianite produces atomic hydrogen. Irradiation also
changes the green color to yellow, which Hill and Lehmann [1978] attribute
to reduction of Fet3 to Fet?2 by the atomic hydrogen. Faile [1969, p. 89]
showed that hydrogen impregnated beryl Be3Al;SigO;g is not colored by a
Gigarad dose of X-rays whereas a similar untreated sample turns dark from
such a dose.

Study of y-radiation's effect on high spin iron complexes (FeSO4'7HZO,
(NH4)2Fe(SOA)2’6H20, NH,Fe(S0,),* ~1.5H,0, and Fe2+OX’2H20) by Gutlich et
al [1968] has shown that the two compounds of higher water content
were oxidized to ferric sulfates by the y-radiation, while the lower
water content sulfates were unchanged. Gutlich et al [1968] proposed that
radiation disassociated water molecules into the radicals H and OH, and
that the radical OH oxidized the iron, itself becoming OH~.

The effect of radiation on aqueous alkali hydroxide glasses i.e.
"alkaline ices"” has been studied in depth [see reviews by Kevan, 1969 and
Wong and Angell, 1976, Ch. 6]. Trapped electrons, which produce a broad
absorption at 580 nm, were first observed in irradiated, frozen (77 K)
solutions of water with alkali hydroxide by Schulte-Frohlinde and Eiben
[1962]. Their EPR results implied that the trapped electrons are solvated
by molecular water. Subsequent studies have shown that 77 K irradiation
not only traps electrons, but also creates atomic hydrogen and O~ hole
centers in all alkaline ices of greater than about 5 to 15 molar alkali-
hydroxide [Kevan, 1969, p. 68-69]. The radical OH, which is observed in
pPure irradiated ice [e.g. Kevan, 1969, p. 60-63], is not observed in
alkali ices because any OH formed reacts with OH™ to form O~ and H° [e.g.

Wong and Angell, 1976, p. 377]. The hole center 0~ absorbs ultraviolet
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light at about 240 nm [Kevan, 1969, p. 70]. The electrons are trapped at
a variety of sites as indicated by the broad absorption band [e.g. Wong
and Angell, 1976, p. 372]. 1If transition metal cations or alkali metal
oxyanions such as NaHSO, are added to an alkali ice then the H® and 0~
traps are still formed, but the electrons created by irradiation react
with the cations or oxyanions instead of forming "solvated"” electron traps
[e.g. Kevan, 1969, p. 80-82]. Thus, the response of alkali ices to
irradiation, like that of glasses, can be modified by impurities present;
yet the ubiquitous centers H° are 0~ dominate.

These diverse examples divulge that irradiation of hydrogen bearing
glasses and minerals creates atomic hydrogen which diffuses through the
lattice and is trapped at existing d<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>