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Clusters of transition elisment cations in neighbori g

uwently govern the optical properties of minerals.
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This is particularly true of Fe-bearing minerals which may
exhibit several types of ion—-pair transitions. In this
thesis four different types of interactions were
distinguis%ed: intensified spin—forbidden transitions of
Fe®* clusters, intensified Fe®* spin-allowed transitions of
Fe2r-Fa % clusters, heteronuclear chargs transfer
transitions of Fe®"-Ti%* and Mn2*-Ti%* clusters, and
homonuclear charge transter transitions of Fe®"—Fe3™
cliusters.

The optical characteristics of Fe™* in red FeS*-rich and
black Fe*,FeZ*-rich tourmalines were sxamined by absorption
spectrosceopy in the wvisible and near—intrared, Mozsbauer
spectroscopy and magnetic susceptibility measurements.
Intense optical abscrption features at 485 and 340 nm wers
assigned to transitions of exchange—couplad Fe™* pairs in
two differsnt site caombinations. .Qbscrption spectra at
variable temperatures and of samples which were oxidized and
reduced were ussd to sztablish thess assignments. Site
assignments were based on intensity ratios in different
polarizations according to the polafizatiﬂn of these

transitions along the vector between the interacting
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:arﬁcnate, and has béen proposed to result from magneiic
exchange in large, edge—shared cctahedr%. The
antiferromagnetic sxchange which is generally associated
with intensity increases in Fe®* clusters was confirmed Qy
variable temperature magnetic susceptibility measurements.
The Mossbauer spectrum of a red tourmaline with 3.4% Fe
exhibits an unusual decrease in width of peaks by “304 from
ZF8 K to 5 E which méy be related to an unusual interaction
between Fe™* and trace amounts of Fe=*.

Optical absorption and Mossbauer studies of Fe® -
bearing tourmalines with variable FeS* contents were used to
examine Fe®* transitions which are intensitied through an
interaction with Fe®™ neighbors. The variation of molar
absorptivity of Fe®* bands with the fraction of Fe®" in
Fe®*—Fe™* pairs indicates that Fe™* ions increase the
absorptivity of Fe®* bands to ™1200 M *ce~?* as compared to
“S M cm—* for non—interacting Fe®*. fApproximately eqgual
degrees of intensification were cbserved for both components
of the Tz > ®E Fe®* transition as well as for Fe®* in two
different sites. Although the detailed behavior of non-
interacting Fe®* ions differ in Mg—tourmalines and
Li,Al-tourmalines, the characteristjcs of Fe2*t-Fa>+
absorption are constant. Intensity increases wersa
restricted to the polarization which coincided with the
vector between the Fe2* and Fe™* ions. The intensified Fe®™
transitions are characterized by an unusual temperature

response. The integrated intensity of these transitions
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incféases by 10-50% #t 83 K as compared to 295 K. The posi-
tions and widths of the intensified transitions maintain thse
values of the non—interacting Fe2®*., Tourmalines with the
lowest Fe™* contents were the gemmy Li,Al-tourmalines which
generally form in pockets within pegmatites. Fe,Mg—tourma-—
lines exhibited consistently higher Fe™* contents than any
of thé Li-bearing tourmalines examined. UOxidation of Fe®*
which resulted from éamma irradiation of blue Li-tourmalines
which contained several percent each of MnO and Fel could be
monitored by increases in Fe®* intensity in Dﬁe
polarization.

Fe®**-Ti4* charge transfer transitions were examined in
minerals which contain stoichiometric guantitieszs of Fe and
Ti—taramellite, neptunite, and traskite——and tourmaline.
The wavelength of these transitions ranged between 400 and
500 nm, and the halfwidths ranged between 7000 and 000
cm—*, These characteristics can generally be used to
assign Fe®*-Ti%* charge transfer transitions. The molar
absorptivities of these transitions, however, exhibit very
large variations. The molar absorptivity of Fe®+*-Tie~+
charge transfer in neptunite is ™225 M~ *cm~* in beta
polarization, in taramellite it is ™1300 M~ *cm~! and in
tourmaline it is ™4000 M~ *cm—?*, Tentative assignments of
Fe=2*-Ti4* in more dilute minerals generally compare
favorably with the energy and width statsd above. Howesver,
sapphire and other Al-minerals such as kyanite have very

different characteristics for bands assigned to Fe®*-Ti4+
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charge transfer. The Fe2+-Ti4+ charge transfer transition
in taramellite Exhibits‘no change in integrated intensity
~Qith decreasing temperatuwre but increases by 15% from 2946 K
to B3 K in tourmaline. Mn2*-Ti“** charge transfer
was also assigned to a transiﬁinn at 320 nm in two unuswyal
vellow tourmalines.

The ch;racteristics of Fe®**-Fe®* charge transfer
transitions were reviewed in light of recent data and with
regard to their utility as diagnostic criteria. A
correlation between charge transtfer ensrgy and the
separation of the interacting cations proposed by Smith and
Strens (1978) could not be supported by the expanded data
base. Temperature variations of charge transfer transition
areas were also examined. The magnetic behavior of two
minerals which exhibited different temperature responses
were investigated. General agreement with the theories of
Cox (1980} and Birerd (1983) that suggest that ferromagnetic
exchange should produce intensity increases at 1ow
temperature and that antiferromagnetic exchange produces
intensity decreases was confirmed by these examples of
Fe®*-Fe®* charge transfer but could not explain the
temperatufa response of Fe? -Ti<4* charge transfer
transitions. In any caée, an incregse in intensity with
decreasing temperature, which is generally expected on ths
basis of superimental observations, cannot be used in a
negative sense to =2liminate a charge transfer assignment.

The large width of charge transfer transitions is
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generally the most useful diagnostic criterion.

\

Cox, PA (1980) Electron transfer between exchange—coupled
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7R: 17661773
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Chapter 1

Introduction
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" Dptical absorptibn bands of transition element ions are
often used to determine'the concentration of these ions in
_solgtiqn. The extension of such analytical capabilities to
solids, in particular to minerals, has met with limited
success. Difficulties have arisen in part because
transition slements are often partitioned into multiple
sites in m;nerals which have different optical properties
which complicate the analysis of optical data from which
more information {i.e. site occupancy) is required. When
the sites are very different, as in orthopyroxenes {(Goldman
and Rossman 197%), guantitative site occupancies may be
determinable. More significant problems result from the
complicated chemistries of natural materials and the
possibility of interactions among cations.

Dramatic color changes which attended the mixing of
transition slement cations of differing valence were the
first indications of the properties asscciated with multiple
cations.  These color changes were later attributed to
optical transitions which involved the transfer of electrons
between neighboring cations. These intervalence charge
transfer transitions were investigated extensively in
chemical systems (Robin and Day 19675 Allen and Hush 124873 .
Their importance to the fields of pﬁysics, biology and
geology has been more gradually recognized (Brown 1980).
The initial emphasis on systems with highly controlled
chemnistries produced a large amount of data on charge

transfer hbetween cations of the same element which differed
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in their Dxidatian sfates. The most important mineralogical
example of this group is Fe®"-Fe®* charge transfer. Charge
"transfer betwesn cations of different elements and different
valences received very little attention. Transitions which
occurred in Ti-bearing minerals were often assigned to

Ti®* -Ti4* charge transfer without consideration of more
abundant F;E*-Ti4* ion—-pairs (é.g. in tourmaline, Fave =t
al. 1948). Although these errors have generally been
rectified, there are very few unequivoccal sxamples of
FeZ*-Ti4* charge trans%er.. Burns {1981) has reviewed
current assignments of intervalence charge transfer
tfansitiogs in Fe,Ti-minerals. .In a few cases, simple
assignments of transitions to Fe2+-Fe3+ yg Fa2+-Tis+ charge
transter is not yet possible.

The amount of information available through the analysis
of intervalence charge transfer transitions is potentially
gfeater than that available from crystal field tramsitions.
Site occupancies of cations can possibly be determined
by intensity ratios in various polarizations according to
the polarization of charge transfer transitions along the
vector between the interacting cations. The involvement of
multiple cations suggests that the evaluation of
preferential ordering of cations should alsoc be possible.
The large relative intensities of charge transfer
transitions indicate their potential as szensitive probes of
cations which are weakly absorbing, such as Fe™*, or which

do not exhibit electronic transitions in the visible or
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near—infrared, such as Ti“®*. These applications, however,

require quant1gat1ve measuwres of absorbance vs concentration

i whzch are generally Pnnwn to orders of magnitude accuracy if
at 311 in minerals. Quantitative studies have been hampered
by the difficulty of producing synthetic crystals suitable
for optical stgdies, the complex chemistries of many
minerals, and experimental difficulties associated with
preparing/sectians which transmit enough light for the most
concentrated systems. The last of these was recently,
surmounted, permitting the evaluation of guantitative
Fe2*-FeS* charge transfer intensities in several minerals
{Amthausr and Rossman 1984).

In addition to producing intervalegce charge transter
transitions which cannot bes generated by the superposition
of the characteristic absorptions of the indiwvidual cations,
ion—pair interactions can aiso produce changes in the
characteristic absorption of individual cations. This
effect was first noted for groups of Mn®* ions {Lohr and
McClure 19568) and has since been found in Fe™" clusters
(Murray 1974). The normally weak spin—forbidden bands of
these iﬁns cén bBa intensified by two orders of magnitude
through antiferromagnetic exchange. It is generally
believed that this intensification occurs through a
circumvention of the spin—-selection rules via simultaneous
transitions in coupled ion—-pairs. The most common
mineralogical exzamples of this sffect are found in iron

sulfates (Rossman 1973). Smith (1978) proposed that the



spin—allowed bands of Fe®* ions were intensified through an
interact@cq with Fe®* ions. Although this intensification
“cannot Ee justified on theoretical grounds, the behavior of
these transitions, particularly with regard to temperature
responze, is also inconsistent with the current theory of
crystal field transitions. The magnitude of the intensity
increase wés not evaluated. The utility of intensitied
Fe2* transitions as ﬁrabes éf FeS* jions is greatly dependent
on the magnitude of the intensity iﬁcrease. However, the
possible corruption of expected concentration vs intensity
correlations of transitions in which this effect is not
recognized are significant even at fairly low increases.

The basic requirement of all of these transitions is
fhat transition element ion—pairs involve next-nearest
neighbor cations which share one to thiree nearest neighbor
anions. Transition elements in minerals often occupy
edge—sharing octahedra in clusters from dimers up to chains
and sheets of octahedra.  Several common minerals combine
these structures with complex chemistries to produce spectra
that cnnsist of multiple ion—pair transitions as well as
transitions of single ions. Reliable characteristics which
can be used to differentiate among thecse
transitions are essential for the interpretation of such
spectra but are not yet available for all three types of
ion—palr transitions.

The purposes of this study were twofold, to provide

reliable characteristics of ion-pair transitions in minerals
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such that assignments of transitions can be more certain,
and to evaluaterquantitative absorption intensities éuch
~that :Qnﬁentratians angd éite oocupancies can be svaluated
frDm4intensities of ion-pair transitions. The study of
intensified Fe®* transitions was focused upon tourmalines
{Chapter 3) becauses of their relative abundance and
wide range‘c¥ compositions among the minerals discussed by
Smith (1978). However, the chemical complexity of
taurmalines reguired a fairly complete understanding of the
spectroscopy of Fe-bearing tourmalines. Chapter Z presents
the spectroscopy of Fe® in tourmaline and Fe®*-Ti®* and
MN2+-Ti4* charge transitions in tourmaline are included in
Chapterb4. Stoichiometric Fe,Ti-minerals are emphasized in
the study of Fe®*-Ti4* charge transfer (Chapter 4) because
of the possibility of guantitative as well as qualitative
evaluations. The characteristics of Fe®*" -Fe®* charge
transfer are reexamined in Ehapter S to evaluate thecoretical
and experimental discrepancies and to incorporate more
recent experimental data. Chapter & concludes the main body
of the thesis with a summary discussion. A short section on

the interpretation of OH vibrational overtones in

tourmalines is presented in the appendix.
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Inttoduction

3+

The presence of Fe” in minerals is usually easily determined by

its characteristic optical absorption bands. The consistency of these
features in many silicates has made quite puzzling their apparent
absence in tourmaline and micas. Fe3' has a large role in the optical
spectroScopX of tourmaline through its interaction with Fez+ (Smith

1978; Faye et al. 1974; Wilkins et al. 1969). Some natural samples have

3+

been shown to contain substantial amounts of Fe by other metheds

(Hermon et al. 1973; Saegusa et al. 1979; Walenta and Dunn 1879).

Fe3+

. . - + . . .
However, in spite of the prevalence of Fe2 - interactions in

3+

tourmaline, consistent independent optical evidence of Fe~" has not been

3

recognized. Even in buergerite, nearly the Fe +-tourmaline end-member,

2

only Fe * features were recognized (Manning 1969). The discrimination

3

of Fe 7 bands in tourmaline has been hampered both by a complex

composition in which other chromophoric ions are generally present and

3+

by low levels of Fe in the gemmy samples which have been

preferentially studied. Spectral features have been previously assigned

3+ in tourmaline by Manning (1969) and Smith (1978). However,

to Fe
these assignments refer to different features. Furthermore, bands at
these positions are rarely encountered in tourmaline. Unusual red
tourmalines from Kenya were reported to contain only trace amounts of
transition elements other than iron (Bank 1974;‘Dunn et al. 1975). Our
preliminary study of these samples indicated a very low Fe2+/}?e3+ ratio

3+ optical features.,

and the potential to isolate Fe
In addition to features of individual cations, in minerals such as

tourmaline, neighboring transition elements interact to produce optical

features which are more intense than those of isolated ions. These
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transitions frgduently dominate the spectra of minerals in which the
sites occupied by transition elements are linked directly to similar
Aéitéé. In tourmaline, interactions among cation pairs can occur in 3
possible site combinations (Buerger et al. 1962). They are highly
favored by edge—-shared connections and short next-nearest neighbor
distances (295-305 pm). Transition elements are known to substitute
into two 6—éoordinate sites which form helices (Z-site) and trimers
(Y-site) (Fig. 1). The linkage of these groups provides pairs within
the trimer, within the helix and in combination. The site occupancy of

+ . . . . .
Fe3 is potentially quite variable as evidenced by the existence of two

3+

Fe”  end-members: buergerite, NaFeg+A16816018(BO3)3(030H) (Donnay et

al. 1966) and ferridravite, NaMgyFei'Si 0 4(803)5(0H), (Walenta and Dunn
1974). Fe3+ site occupancy in tourmaline has been firmly established
only in buergerite by X-ray structure :efinement (Barton 1969).

Structure refinements of more typical tourmalines have suffered from the

2

inability to differentiate Fe * from Fe3+ (Fortier and Donmnay 1975).

3+

MGssbauer studies of Fe~ in tourmaline have suffered from the general

2 3+

dominance of Fe’ peaks as well as the relative insensitivity of Fe

peaks to site geometry. Optical transitions of multiple cations provide
another measure of site occupancy which will be explored here.
The spectroscopy and color of most tourmalines are dominated by an

2+ 3+

interaction between Fe”™ and Fe~ which intensifies Fe2+ absorption

bands (Smith 1978). Although this interaction occurs in other minerals,
in tourmaline it is particularly pronounced. The expected signature of

. . +
such interactions, Fe2

-Fe3+ intervalence charge transfer, has been
assigned to a comparatively weak feature. These characteristics of ion-

pair interactions can provide a sensitive probe of oxidation states and
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site occupancies of Fe cations in minerals, but they must be understood
in regard to the factors which govern their intensity. Tourmaline

2+_F 3+

‘provides an extreme version of Fe e~ interactions and furnishes the

oppoftunity'to study the factors involved in these effects. The
3+

recognition and understanding of the optical properties of Fe is

essential to this study.

Experimental

Sample localities are presented in Table l. Chemical analyses were
obtained using a MAC5-SA5 electron microprobe. Data reducticn was
accomplished using the methods of Bence and Albee (1968). Partial
sample compositions are shown in Table 2. formula proportions were
calculated using Mg + Fe + Ti + Mn + Al + Si = 15.

Magnetic susceptibility measurements were taken on a S;H.E; model
VTS magnetometer/susceptometer. -The raw data were corrected for the Al
sample container and fit to combined paramagnetic and
antiferromagnetically-coupled components. The exchange-coupled
components were modelled as 'dimers' and 'trimers' of equivalent ions
interacting isotropically through Heisenberg intracluster exchange
kO'Connor 1982); g=2.0 was assumed for allbgroups. The magnetic moment

3+

of Fe”" was assumed to be the spin-only value of 5.92 B.M. which is

consistent among similar high-spin compounds (Kdnig 1966). Because the

+ . . , . . ,
2 is somewhat more variable in oxide coordination,

magnetic moment of Fe
this parameter was varied between 4.9 and 5.4 B.M..
The Mdssbauer spectra of sample 1 were taken by Georg Amthauer

using conventional techniques described in Amthauer et al. (1976). The

mirror symmetric, simultaneously recorded spectra (512 channels each)
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Table 1. Sample Descriptions
Sample # = Mineral Color? Locality Archival Code
Name
1 Dravite red Osarara, Narok District NMNH # 126030
. Kenya
2 Dravite red Kenya CIT # 13764
3 Uvite orange- Brumado, Bahia, Brazil CIT # 13765
red
4 Dravite red Diamantina area NMNH # 137101
Minas Gerais, Brazil
5 Dravite red Chipata, Zambia CIT # 13053
6 Schorl yellowb Schindler Claim, Cahuilla Mt. CIT # 13763
Southern California
7 Uvite green® Pierrepont, New York NMNH # 81511
8 Schorl green® Santa Cruz, Sonora, Mexico NMNH # R15504
9 Dravite brown® Madagascar Harvard # 108796
10 Dravite brown® Syndenham, Ontario CIT # 2884
11 Buergerite  brown Mexquitic, Mexico CIT # 8207
12 Coalingite yellow Near Dallas Gem Mine CIT # 7298

San Benito Co., California

NMNH: U.S. National Museum of Natural History
CIT: Calfornia Institute of Technology

a Macroscopic color unless otherwise indicated

b

color of oxidized sample

macroscopically black, color quoted is Elg color in thin section
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Table 2. Electron Microprobe Partial Analyses (wt.2)

Sample 1P 2 3P 4 5 6 7 8 9 10
Na,0 7 2.72 1.98 0.80 1.77 2.33 1.34 l.44 1.86 1.67 1.58
Cal 0.06 0.84 3.69 1.64 0.14 0.05 2.92 1.98 2.42 2.61
K50 0;07 0.07 0.03 0.11 0.02 0.05 0.05 0.05 0.08 0.04
Mg0 9.45 9.46 12.8 10.1 10.0 0.48 10.8 6.48 8.58 10.9
Fe0? 4,32 2.10 1.93 4.46 2.06 13.3 8.23 18.1 13.4 7.84
MnO tr 0.12 tr 0.22 - 0.36 - tr tr tr
Tio, 0.27 0.20 0.58 0.22 0.18 0.05 0.55 1.18 1.69 0.72
Al,04 32.0 33.9 29.3 31.0 33.9 35.3 26.3 22.2 23.6 26.5
510, 36.7 37.1 36.7 36.1 36.7 35.5 35.2 34.0 34,4 35.3
F tr tr 0.1 0.1 - - 1.6 0.5 1.1 1.6
Formula Proportiouns

Na 0.88 0.62 0.24 0.56 0.72 0.44 0.47 0.63 0.56 0.51
Ca 0.01 0.14 0.64 0.28 0.03 0.01 0.52 0.37 0.44 0.46
K 0.02 0.01 0.01 0.02 0 0.01 0.01 0.01 0.02 0.01
Mg 2.27 2.27 3.09 2.46 2.40 0.12 2.70 1.69 2.20 2.72
Fe 0,58 0.28 0.26 0.60 0.28 1.87 1.15 2.64 1.92 1.09
(Fe3+)c (0.53) (0.25) (0.23) (0.53) (0.26) (1.87) (0.55) (0.93)4 (1.19) (0.59)
Mn 0 0.02 0 0.03 0 0.05 0 0.01 0 0
Ti ) 0.03 0.02 0.07 0.03 0.02 0.01 0.07 0.15 0.22 0.09
Al 6.12 6.44 5.60 5.97 6.40 7.00 5.18 4.56 4,76 5.22
Si 5.99 5.97 5.96 5.90 5.89 5.96 5.91 5.94 5.90 5.89
F 0 0 0.1 0 0 0. 0.8 0.3 0.6 0.8
2 total Fe b contains trace amounts of V or Cr

c

calculated using calibrated optical absorption except where noted

minimum value based on charge balance in the absence of H-defects
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weré‘foldedband‘fit ﬁsing a modified version of 'MOSFIT' (Kulscar, Nagy,
and Verbiest——Leuven, Belgium). The fitting was constrained to
‘symmetric doublets having the same isomer shift. These constraints were
emplbyed because the outer doublet is poorly constrained by the
spectra. No sighificant improvement or difference in the fits was
obtained by independent isomer shifts. One-doublet fits required
unusually large quadratic backgrounds and were 1.5-2 times poorer fits
as measured by chi-squared. The final parameters are shown in Table
4. The isomer shift is quotéd relative to sodium nitroprusside. A
M8ssbauer spectrum of sample 3 was obtained by W. Dollase at UCLA and
was similar to that of sample 1 at 298 X but with a lower sigﬁal to
noise ratio. Independent Mdssbauer data on sample 7 indicates ~60% Fe3t
(RG Burns personal communication).

Optical spectra were obtained in a manner described in Amthauer and
Rossman (1984). In addition to M8ssbauer data for samples 1, 3, and 7,
calibrated Fe2+ absorption (Chapter 3) was used to determine the
relative amounts of ferrous and ferric iron. The assignment of various
transitions to ferric vs. ferrous iron was based upon spectra of
oxidized and reduced samples. Sample 1! was oxidized by heating in air
at 1073 K for 15 and 40 hours and sample 6 for 7 hours. Oxidation via
this treatment has been confirmed by M8ssbauer studies (Gorelikova et
al. 1976). Reduction of sample ! was accomplished by héating at 1073 K
for 8 hours in a H,/CO, mixture set at the iron/wiistite buffer. Molar

absorptivities are given in units of liters/mole/cm o len™ly.
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Results and Discussion

Magnetic Moment

The magnetic moment of solids and its variation with temperature
provide information regarding oxidation state and the extent of
interaction among paramagnetic ions. In materials such as the
tourmalines .of this study the degree of ordering can also be
indicated. The temperature dependence of the magnetic moment of sample
1 is shown in Fig. 2 together with the calculated values. The
decreasing moment with decreasing temperaﬁure indicates a small
antiferromagnetic interaction. The solid line represents a calculation
for a combination of the most probable components based.on stoichiometry
and the simplest model: non—-interacting ferrous and ferric iron, two
populations of ferric iron 'dimers' and a population'of ferric irom
"trimers'. The parameters of this calculation are presenged in Table
3. This distribution is in rough agreement with a random distribution

3+

of Fe” within the trimer -- 677 Fe in Fe3+X2, 30% in Fe%+X, and 3% in

Eeg+ (X: other cations in the trimer). A small proportion of iron in

the helix would decrease the percentage of 'dimer' and 'trimer' leading

to somewhat better agreement with the data. Preferential association of
Fe3+ is inconsistent with the observations. The strength of the

3+

interaction between adjacent Fe ions is indicated by the coupling

constant, J. Values of -14 and ~-14.5 em L

1

-are slightly larger than
edge-shared dimers (J = -8 to -11 em , Séhugar et al. 1969; Wu et al.
1972) and roughly one half of that for the trimeric iron(III)
carboxylates (Long et al. 1973; Earnshaw et al. 1966). The coupling

constants are thus consistent with any of the 3 edge-shared pairs, and

the agreement of the calculated distribution within the trimer with the
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Table 3. Calculated Magnetic Parameters for Sample 1

Percentage uBa Jb
(B.M.)  (em D)
; 3+ _
Non-~interacting Fe 55 5.92
. . 2+
Non-interacting Fe 7.5 5.2
Binuclear Fe>T cluster #1 20 -14.5
Binuclear Fe>' cluster #2 15 -1.25
Trinuclear Fe3+ cluster 2,5 =14
a magnetic moment in Bohr magnetons
(assumed standard values 298 K)
coupling constant for magnetic exchange
Table 4. Mo&ssbauer Parameters for Sample 1
Temperature 1.5.2 Q.S.b Halfwidth Area® sz
(X) (mm/sec) (mm/sec) (mm/sec) :
298 0.62 0.76 0.56 1.45 1.04
0.62 1.67 1.59 0.84
80 0.73 0.74 0.44 1.56 1.27
‘ 0.73 1.66 1.70 1.20
5 0.74 0.76 0.37 1.63 1.07
0.74 2.01 0.73

? isomer shift (I.S.) is quoted relative to NayFe(CN)gNOs 2H,0

b quadrupole splitting
2

Xy (chi-squared)/(number of degrees of freedom)

Cc

area is normalized to background
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fit parameters éupports a majority of Y-Y pairs. Previous studies of
Fe-rich tourmalines indicated J ~ -6 cm_1 (Tsang et al. 1971). The
Aweakly iﬁteracting population (J = -1.25 cm_l, Table 3) was required to
fit the low-temperature region. It probably corresponds to interaction
among Fe3+ ions with one intervening diamagnetic ion (e.g. in the
helix). The non-interacting ions contribute a constant background to
the observations which does not strongly constrain the relative
percentages of non-interacting ferrous and ferric iron. However, the

proportions of coupled versus non—-interacting ions are well comstrained.

Mdssbauer Spectroscopy

The most striking feature of the Mdssbauer spectrum of sample 1 is
its unusual temperature dependencé (Fig. 3). At 298 X the halfwidth of
the doublet is similar to those of glasses (Kurkjian and Buchanan 1964),
while at 5 K it is within the normal range for crystalline material.

The area of this doublet is roughly constant witﬁ temperature. The
overall broad, non-Lorentzian peak shape is similar to partially relaxed
hyperfine structure (Wignall 1966) and complex compositional-structural
intermediates (Dollase and Gustafson 1982). The major cause of these
peak shapes can be discerned from the observed temperature dependence.
Since the quadrupole splitting of ferric iron is normally independent of
temperature, in contrast to Fe2+ (Greenwood and Gibb 1971), the
coalescence of doublets from multiple environments is unlikely to
produce the decreasing peak widths. The major cause of the broad non-—
Lorentzian shape, therefore, cannot be ascribed to compositional
complexity. Relaxational processes can also affect the peak shape of

3+ 3+

Mdssbauer absorption. Fe” may relax by spin-spin relaxation among Fe
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+ . .
2 which in turn relaxes more

" groups or by cross relaxation with Fe
rapidly by spin—-lattice relaxation. The width of broad bands generated
‘by spin-spin relaxation alone is independent of temperature (Wignall
19665. Therefore, we propose that the large decrease in width can be
explained by cross relaxation enhanced by greater interaction among
ferric and ferrous ions at lower temperatures. Supporting evidence for
this is provided by increased intensity of Fe2+ 6ptical absorption bands
at low temperatures which are intensified by interaction with Fe3+
(Chapter 3).

These spectra were fit to symmetric lorentzian doublets to compare
to previous data and to determine general absorption characteristics.
The best fit parameters are presented in Table 4 and the calculated
peaks are indicated for the 298 K spectrum in Fig. 3. The increase in
isomer shift with temperature is in agreement with that expected from
the second-order Doppler shift (Greenwood and Gibb 1971). These
calculated doublets represent overlapping contributions from non-
lorentzian peaks with broad tails due to relaxation effects, as well as

2+

Fe3+ in multiple sites and a small amount of Fe“ . The isomer shift

(IS8) and quadrupole splitting (QS) of both doublets are consistent with
éerric iron in an ocfahedral site. |

The inner doublet accounts for most of the absorption. Its
halfwidth at 5 K corresponds to that of a single, well-defined site and
points to the preferential occupancy of either the Y or Z site. Its IS
and QS are in reasonable agreement with an approximate fit to an
oxidized Fe2+—tourmaline (Gorelikova et al. 1976) and the general

3+ 2+

characteristics of Fe~" in Fe“ -rich tourmalines (Saegusa et al. 1979;

Hermon et al. 1973; Gorelikova et al. 1976). The apparent discrepancy
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Mo

of éhe IS with the major doublet in buergerite (Hermon et al. 1973) was
not substantiated_by an examination of the published spectrum, nor by
Aindépendent data (IS = 0.61, QS = 1.12 mm/sec, RG Burns, personal
commﬁnicatidn). The outer doublet represents the non-lorentzian
character of the inner doublet as well as the other components described
above. This. complexity .is indicated by a halfwidth which is ~3.5 times

greater than that generally observed for single components in

2+

crystalline phases. The maximum amount of Fe estimated from the

intensity in the wings of the 298 K spectrum at a position

2+

characteristic of Fe in tourmaline and a typical halfwidth is 13

3+

percent. The symmetry of these spectra about the Fe isomer shift

would argue against even this much Fe2*. This compares to ~9% indicated
by optical data.

A comparison of sample 1 to buergerite will be used to establish
which site corresponds to the innerAdoublet. X-ray structure refinement

has established that ~907 of the Fe3+

in buergerite is in thé Y-site
(Barton 1969). The isomer shift of the major doublet agrees with
sample 1 within experimental error. The quadrupole splitting, however,
is ~0.3 mm/sec larger in buérgerite. Larger quadrupole splittings in
ée3+ compounds correépond to greater distortion and/or smaller sites.
Since a structure refinement is not available for this sample, the
buergerite structure will be compared to the Mg-tourmaline structure of

3+

Buerger et al. (1962). While the Fe” environment in sample 1 will not

be precisely that of Mg, it should be intermediate between the Mg-site

and the Fe3+

~site in buergerite. The Y-site in Mg-tourmaline is not
only larger than in buergerite, it is also less distorted as measured by

the range in Y-O0 bond lengths. Although the Z-site in Mg-tourmaline is
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also less distorted, it is smaller than the Y-site in buergerite. These

3+ prefers the Y~site in this sample. The

2+

considerations suggest that‘Fe
Amaxiﬁum possible proportion of Fe in the Z-site can be estimated from
a doﬁblet area corresponding to the height of the outer doublet at 5 K
and a typical halfwidth. This calculation leads to a maximum Fe3+ in

the Z~site of ~10%7 or 0.05 per formula unit.

Optical Spectroscopy

The optical spectrum of sample 1 is illustrated in Fig. 4 and is
typical of samples 1-5. The broad bands at ~700 nm and ~1100 nm are
produced by electronic transitions of ferrous ions and indicate ~0.30
wt’% FeO for this sample (Chapter 3). Vibrational overtones of hydroxyl
groups generate the weak, sharp bands between 1350 and‘lSOO nm. These
features will not be discussed further. The other featurés of this
spectrum have not been recognized in previous studies of tourmaline and
cannot be assigned by analogy to other silicate minerals. The 425 nm

3+

band Manning (1969) assigned to Fe is not evident and is more likely

2+—Ti4+ charge transfer (Chapter 4). The 485 nm (Elc)

3+

associated with Fe

and 540 nm (Elc¢) bands increase in intensity with increasing Fe” and

3+. The unusual red color of samples 1-5 results from

3+

ére assigned to Fe
the dominance of these Fe transitions. Unlike most tourmalines, the
iron in these samples is at least 90% ferric iron. ’These samples thus
provide an ideal opportunity to observe the optical spectroscopy of Fe3+
in tourmaline.

Transitions among the electronic levels of Fe3+ generally produce 3

sets of bands in the visible and near infrared. Two of these are broad

bands (halfwidth ~2500 cm-l) in the regions 750-1000 nm and 550-700 nm
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for octahedral coordination. The most distinctive Fe3+ feature is a

sharp band or bands in the region 410-450 nm with a halfwidth of

~500 cm_l. This typical pattern is not observed in any of these samples

or in any published spectrum of tourmaline. In addition to unusual band

positions and widths, the transitions observed are also much more

3+

intense than‘simple Fe electronic transitions. Also, the intensities

of the bands do not increase linearly with increasing Fe3+, but with the

3+ 3+

proportion of Fe~ having Fe~ neighbors (Fig. 5). Thus, all of the

optical features associated with Fe3+

3+

in these tourmalines are assigned

to simultaneous transitions of Fe clusters which are antiferro-

magnetically coupled. Such transitions were first described for Mn2+
compounds which are isoelectronic with Fe3+ (Lohr and McClure 1968).
These transitions occur at the same Wavelength as those of isolated ions
but with much higher intensities. The intensification occurs in the
direction corresponding to the vector between the interacting catiomns.
'ITon-pair' transitions involving Fe3+ have been documented in sapphire
(Krebs and Maisch 1971) and various sulfates (Rossman 1975, 1976a).
Based upon the polarization of the bands observed in samples 1-53, ion-
Pairs within the trimer and those within the helix can be distinguished.

3+

—Fe3

Fe * bairs in the trimer

3+

Ion—-pair transitions among Fe groups within the trimer are

represented by the absorption bands at 485 nm and ~530 mm in the

3+ is supported by

direction Elc. The assignment of these bands to Fe
decreasing intensity upon partial reduction of the iron in sample 1. DNo

significant change in intensity was observed upon oxidation which

removed the Fe?' features at ~700 and 1100 nm. The assignment of these
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Absorbonce/cm

8.0 8.5 1.8 1.5 2.9

Concentration

Pig, 5. Absorbance/cm of the 485 mn band (Elc) vs concentration in

3+ 3+ 3 3+

moles/liter of [J: total Fe in Fe2+ X and Fej . A

and +: Fe
Beer’'s law best fit is shown for interacting Fe3+(+). The solid

line associated with total Fe3+ approximates the deviation from

_ Beer's law.
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bands to Y-Y Fe3+ pairs was based upon their polarization along

Fe3+—Fe3+ vectors in Elc and the dominance of Y-site occupancy indicated

by the Méssbauer spectrum of sample l. The 485 and 530 nm bands were

also generated in Sample 6 upon complete oxidation. Sample 6, which is

2+

an Al-rich tourmaline originally containing predominantly Fe® ',

undoubtedly contains most of its iromn in the trimer and shows only these

features. The minimum molar absorptivity of the 485 nm band based on

3+

total Fe”  which ranges from 14 to 31 M lem! is greater than an order

3+

of magnitude more intense than the analogous bands of isolated Fe and

points to the influence of exchange coupled groups. Molar

3+

absorptivities for samples 1-5 based on the amount of Fe” in 'dimers'

and 'trimers' calculated assuming a random distribution within the

1 1 3+

cem ~. This fraction of Fe

Y-site yield a value of ~90 M~ adjacent to

Fe3+ 2+/Fe3+

in Y-Y pairs based on optically determined Fe ratios is in

close agreement with the distribution indicated by the magnetic data for

1

sample 1. The molar absorptivity of these pairs (90 M~ em 1) is in

agreement with molarvabsorptivities found for antiferromagnetically-
coupled Fe3+, ~30-100 M Ytem™! (Rossman 1975, 1976a, 1976b).

Samples 1-5 exhibit a red color which is similar to the color of

2+_Ti4+

minerals in which Fe charge transfer (CT) is the dominant optical

feature, such as fassaite from ADOR (Mao et al. 1977). In tourmaline,

Fe2+—-Ti4+ CT has been assigned to a broad band in the region 400-460 nm

Elc (Smith 1978; Faye et al. 1974). An assignment of Fe2+—Ti4+ CT to

the 485 nm band was rejected on the basis of 3 factors. The intensity

4t

' 2
does not correlate with Ti and Fe‘+ contents. The halfwidth (~1600

24_p b+

cm—l) is much smaller than that of Fe CT in tourmaline

" (~8000 cm—l, Chapter 4). The calculated maximum possible intensity
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24_p b+ 1

2

. associated with Fe ‘content is ~1 em - or ~0.3 in Fig. 3 (Chapter

v 4). Thus, although Fe +—'I.‘i4+ CT may contribute to the spectrum in this
region, it will only raise the apparent background.

Additional electronic transitioms occur at 360, 385, 400, and
440 nm at 296 K. Sample 4, which was also examined in this region,
showed similar bands. These transitions can be distinguished from
ligand to metal charge transfer bands because of their relatively low
~ energy (Lehmann 1970). The differing temperature responses of these
bands indicate different types of simultaneous transitions within Fe3+
groups. Simultaneous transitions in which electronic transitions occur
in both ions have greater intensities at low temperatures and are known
as 'cold' bands. These 2-exciton bands occur at the combined frequency
of both electronic transitions. The 360 nm band can be assigned to a
'cold! band. It increases in intensity by a factor of ~3 at 80 K and is

4

at an energy appropriate for the combination (6Al > Il) +

(6A1 > 412). The energy of these individual transitiomns are not

precisely known, but the ~530 nm band (6él 5 b

IZ) would require that the
wavelength of the 651 N 411 band be higher than 1000 nm. A weak, broad
band at ~1000 nm is indicated in the spectra of the oxidized sample 6.
The increase in intensity of the 360 nm band together with a shift of
band maximum to lower enmergy and the shift of the 485 nm band to higher
energy constitute the major changes illustrated in Fig., 6. Simultaneous
transitions which involve an electronic transition for one atom and a
spin—flipvfof another are termed exciton-magnon transitions. These
bands are kno%n as 'hot’ bands because of their greater intensity at

high temperatures (Murray 1974; Fujiwara et al. 1972). They occur at

" the same energy as the electronic transitions of isolated ions.
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'Althqugh such considerations are complicéted by energy shifts and
'splittings with temperature and contributions from Fe3+ pairs in the
'helix,.ﬁhe bands at 385, 400, 440 and 485 nm appear to be 'hot; bands.
The band at 440 nm may also be a 'hot' band or it may be the 641 >
(Aél’éﬂ) band of isolated FeS* .
Two factors which deserve further attention are npted here. First,

the energy shift of the 360 nm and 485 nm bands are not typical of the

limited data on other Fe3+ systems. Second, the general behavior of the

Fe3+ pair transitions which is that the 651 > 421 and 6é1 > (4A ,AE)
have the highest intensity of the three lowest energy bands is not
observed. The 6él > 431 transition Y-Y pairs in this case has a very
low intensity and may not be intensified at all. An evaluation of the
.degree of noncompliance of these pairs requires a larger data base
particularly in silicates and a more thorough theoretical description of
envirdnmental factors.

These considerations require the assignment of the 485 nm band to
the 6A1 > (4A1,4E) transition. This is an unusually low energy for this
transition. It also exhibits a much broader width than normal. Low
energies have been observed in epidote (Burns and Strens 1967) and
appear to result from extreme distortion. The Y-site of tourmaline is
only moderately diétorted, however. There are a few other compounds
which also exhibit such low energies. A relevant comparison is provided
by the mineral coalingite, MglOFe3+2(OH)24003'2H20, in which the cations
occupy edge-sharing octahedral sheets (Pastor—Rodriguez and Taylor
1971). The major Fe3+ transition is observed as a broad band at ~475 nm

with a shoulder at ~409 nm (Fig. 7). Exchange interaction between large

sites with edge-shared connections may produce the low energies observed
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in tourmaline and coalingife. This is also supported by'a lo§ering by
~30 nm of the 6él > (451,4E) transitionbfor edge-shared units(in the
sulfate. amarantite and the phosphates leucophosphite (Rossman 1976b) and
pharmacosiderite (446 nm, Rossman unpublished results) as compared to
isolated Fe3+ (Lehmann 1970). A contribution from tetrahedral Fe3+,
which also has bands in this region, can be discounted because of the
lack of a Si—deficiency and the mismatch of fhe Méssbauer features with
tetrahedral'Fe3+ (Waychunas and Rossman 1983).

3+

Fe —Fe3+ pairs in the helix

Ion-pair transitions among Fe3+ groups within the helix are
represented by the bands at 540 and 425 nm. These transitions are
illustrated in Fig. 8 for the polarization Elc at 296 XK and 83 K. The

assignment of these features to Fe3T

is based upon their response to
partial oxidation and reduction which was similar to the 485 nm (Elg)
. . R 24y 3
band. This behavior eliminates Fe“ /Fe charge transfer from the
assignment possibilities. A significant contribution from Mn 3t at 540
nm can be dismissed because of the temperature response of these
bands. Since the iron content of the helix and the degree of ordering
is not known, the molar absorptivities of these bands cannot be

evaluated. However, an upper limit of ~10% Fe3+

in the Z-site can be
estimated from the 5 K Mdssbauer spectrum assuming a halfwidth of 0.5
mm/sec. This leads to an estimate of the minimum value for the molar
absorptivity of ~50 M—lc:m"l for the 540 nm band. This value is 2 orders
of magnitude greater than that for F33+ bands of isolated ions and
indicates the‘intensification’associated with exchange coupled pairs.

The intemsity of these bands vary independently of the 485 nm band in

A associated with the trimer groups. These bands can be attributed to
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Fe3+.groups in the helix on the basis of intensity ratios among Eic and

El¢ be;ause the intensity is increased along the vector betweep the
interacﬁing cationss Vectors between adjacent cations in the helix lie
35° off the c-axis and thus have components in both polarizationms.
Specifically, the intensity ratio Elg¢/Efc should be 0.49. This cannot
be rigorously tested because of the interfering trimer feature in the
same general wavelength. Using sample 6 to remove the trimer
contribution in Elg, El¢/Elc ratios of 0.4-0.6 were obtainedlfor

samples 1-4; in approximate agreement with the observed ratio within the
uncertainty of this calculation. Sample 5 has an unusually low ratio of
0.1, but this could be related to low levels of other chromophores. The
contribution in Elc is most easily seen by the increase in intensity at
540 nm at 83 X as shown in Fig. 6.

The temperature reéponse of the 540 and 425 nm bands is not as
simply explained as the trimer bands. The 540 nm band increases in
integrated intensity by 60% from 296 K to 83 K. This behavior is
typical of 'cold' bands and would indicate an assignment of 2 x (sél >
421). The 425 nm band maintains an intensity 0.2 times that of the 540
nm band. However, its energy does not correspond to a sum or
combination of reasonable band positions. In addition, a weak band at
~800 nm is evident in the fully oxidized sample 1., This appears to be
the 6é > 421 transition and would contradict the assignment above. An

1
alternate interpretation based on exciton—-magnon hands is possible. The

3+

425 and 540 nm bands have energies typical of Fe transitions of the

great majority of high-spin F93+

compounds. The typical effects of
exchange-cpupling are large increases in intensity of the sharp band(s)

“betweenvélo and 450 nm and lesser increases for the broad band in the
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~region 750-1000 nm in exciton-magnon transitions. In this case, the
band near 500 nm, which is generally little if at all affecfed, has the
greatest intensity. The strength of magnetic exchange is affected by
the géometry of the connection (Murray 1974). The unusual temperature
response, therefore, may result from anisotropic contraction in the
helix with decreasing temperature. This proposal must be tested by low
temperature structure refinements.

Iron-rich tourmalines which are Al-deficient exhibit a Fe3+ feature

at 410 nm (Fig. 9), as well as the transitions associated with pairs in

Felt Fe3+

the helix and trimer. interactions (Smith 1978; Chapter 3)

produce the dominant bands at ~700 and ~1100 nm. groups within the

trimer produce the characteristic absorption band at 485 nm in Elg¢ as

Fe3+

seen previously. groups within the helix are evident from the

small band at ~540 nm in Elc. A possible assignment of the 410 nm

feature to the 6A1 > (451,42) band of M2t

which occurs at 414 nm in
Li,Al-tourmalines (Reinitz and Rossman, in prep.) can be ruled out by
the extremély low Mn content of these samples. The band at 410 nm in
Elc has an intensity nearly equal to the 485 nm band and can be assigned
to ion—pairs between the trimer and helix. This assignment is supported
by the polarization of this band. In addition, it is restricted to

3+

tourmalines in which substantial amounts of Fe are incorporated into

the helix due to Al-deficiencies. 410 nm is a very unusual wavelength

for the 6é1 > (4é1,4§) band of Fe3+ in silicates. The spectroscopy of

3+

non—interacting Fe”’ ions in tourmaline would ordinarily indicate the

energy of pair transitions. An attempt to observe dilute ferric iron
spectroscopically by heating Mg-tourmalines with <0.5% FeO at 850°C for

s . . 2+
~ 69 hours were unsuccessful despite an obvious decrease in Fe™ .
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However,‘the transitions aséociated with pairs in the helix and trimer
can prpvide similar information given correct assignments. While it is
generaliy believed that intensified pair transitioms occur at the same
wavelength as the corresponding transitions of isolated ions, these
views are based on studies of pairs which are symmetric or nearly so.
These Y-Z pairs are asymmetric and do not simply exhibit the transitions
of the individual ions. An optical investigation of ferridravite, which
is extremely Al deficient (Walenta and Dunn 1979), would help to fully
establish this assignment

Structural Effects

3+

Although the transitions related to Fe discussed above are

observed in tourmalines which span a large compositional range, their

3+

.

properties cannot be simply extended to the highest Fe

concentrations. Buergerite (Mason et al. 1964) has ~4 times the Fe

3+

3+

content of sample 1. Approximately 90% of this Fe is located in the

trimgr (Hermon et al. 1973), but the optical spectrum is not dominated
by a band at 485 nm. - It comsists of a shoulder at ~490 nm on a
background of what appears to be Fe3+—0 CT (Fig. 10). The distance
between cations within the trimer in buergerite is 317 pm (Barton 1969)
as opposed to 304 pm in dravite (Buerger et al. 1962). This increased
separation results in a decreased antiferromagnetic interaction among

3+

the Fe ions and is evidenced by a coupling constant which is ~1/3 that

found for sample 1 (Tsang et al. 1971). A correlation between molar

absorptivity and coupling constant has been observed in a survey of

3+

antiferromagnetically coupled Fe compounds {(Rossman unpublished

data). The weaker interaction is correspondingly seen as a lower

1

. absorptivity, ~7 M lem™l. A lower absorptivity at higher Fe3t
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Fig. 10. Room temperature absorption spectra of buergerite (sample 11).
Polarization directions Elg: broken line Elg: solid line

Sample thickness: ~16 um
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concentrations is also indicated by the iron-rich tourmaline, sample 6,

3+ content of this sémple is ~80%

which was completely oxidized. The Fe
of that in buergerite. The molar absorptivity of the 485 nm band based

on calculated proportions of iron in 'dimers' and 'trimers' is 20

M len™! as compared to 90 M lem™! for samples 1-5.
The Fe3+ transitions discussed above represent the optical features
of Fe3+ in a wide range of tourmaline chemistries, but they are not

apparent in oxidized tourmalines studied by Smith (1978). Smith

observed bands at 524 and 463 nm in oxidized Fe-bearing tourmalines and

3

attributed them to Fe +—pair transitions. These tourmalines were in the

2+—tourmalines, whereas all

compositional series between Li,Al- and Fe
tourmalines of this study were Mg,Fe-tourmalines. Small differences in

the optical spectroscopy might thus be expected due to minor structural

differeﬁces accompanying compositional differences. The 524 nm band was
observed to occur in both polarizations and increase in intensity at low
temperatures. It may correspond to the 540 nm band assigned to Fe3+
pairs in tﬁe helix in Mg,Fe2+—tourmalines. In Smith's Mn-rich

. +
tourmalines, however, Mn3

which absorbs at 520 nm (Manning 1969) may
also contribute to this band. The 463 nm band does not correlate with
the 524 nm band and is not consistently present in the oxidized
samples. Since iron is known to prefer the trimer, the 524 nm band
should not dominate the Fe3+ féathres in these samples. These
assignments therefore, cannot be confirmed by this study and await the

3

synthesis of Fe +—bearing Li,Al-tourmalines.
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Summary
Interactions among various cations are very pronounced in
tourmaline. In the ferric-rich tourmalines of this study these

interactions are evident in magnetic and spectroscopic properties.

3+

Antiferromagnetic exchange among Fe ions is indicated by decréasing

magnetic moment at lower temperatures and by intense optical

3

transitions. Three types of Fe +—pairs involving different site

combinations can be distinguished by their optical characteristics.
These characteristics have been established in ferric-rich tourmalines
which contain low levels of other chromophoric ions. These observations

+ A .
3 transitions in more complex

2+

have permitted the distinction of Fe

members of the tourmaline group. In the absence of a large Fe

Fe3+

content, bands at 485 nm (Elg) and 540 nm (Elc) dominate the

visible region and give rise to a red or yellow color. The high

3+

intensities of these Fe transitions are one indication that they

result from ion-pair interactions. The transitions of isolated Fe3+

which were.tentatively identified in sample 1 are not generally present

in Fe3+~bearing tourmalines. This is somewhat puzzling and suggests

that the interactions with Fe2+

3+

which are so prevalent in tourmaline may

cause Fe to lose its single ion identity. The transitions of

Fe3+—Fe3+ pairs in the trimer of the tourmaline structure (485 nm Elcg)
occur at unusually low energies. These low energies were proposed to

result from interaction in the highly constrained, edge-shared sites of

3+

the trimer. Optical evidence of Fe is particularly useful in minerals

which are zoned or otherwise unamenable to bulk techniques such as

Méssbauer spectroscopy. Because Fe3+ Mdssbauer features are often

2+

.obscured by Fe in tourmaline, the Mdssbauer spectra of the Kenyan
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tourmaline provides the first clear standard for tourmalines of typical
compositions. The temperature dependence of the Mﬁssbauerhspectrum of

this dravite has not been observed in other tourmalines, or in other

2+ _p 3+

minerals, and may be related to Fe e~  interactions.
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Introduction
A review of tourmaline chemistries {(=.g. Beefmet al.
.1?62}>illustrates the lack of correlation between infensity
of CQIDE andAian content in green, blue and black
tourmalines. This behavior is similar to many compounds in
which transition metals of mulitiple and variable oxidation
states occupy adjacent sites. The intense colors of
mixed—valence systems have been ascribed to optically
induced charge transfer between adjacent cations. Howsver,
the optical spectroscopy of iron—-bearing tourmalines is not
typical of mixed valence systems. A& study of green and blue
tourmalines (Bmiith 197Ba) revealed a previously unknown
effect of the interaction among mixed valence cations — an
intensiftication of thé characteristic absorption of
individual cations. The intensification of Fe®* transitions
by neighboring Fe®*, first demonstrated in tourmaline and
biotite (Smith IQ?Bb), has since been suggested for MgO:Fe
{Smith 1980) and the protein hemerythrin {Loehr et al.
1980). fuantitative absorption intensities are of interest
because they can be used to determine the concentration and
sité occupancy of Fe®" in minerals such as olivine (Burns
1970) and pyroxene (Goldman and Rossman 197%9). These
determinations depend on a linear correlation between
absorption intensity and concentration and would be
corrupted by a strang interaction among adjacent cations.
Al though prévicua Sfudies have demonstrated the existence of

intensified Fe®* absorption in Fe®*-Fe®* compounds, the
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‘gquantitative magnitude of the intensification of Fe=2+ by
'Fes*‘neighbcrs has not been determinsed. This paper presents
. a systématic study ﬁf Fe®*—Fe>* interactions in a bfcad'
range of tou?maline chemistries directed toward a guanti-
tative characterization of intensified Fe2+ transitions.

The wide range of chemistries and colors of the
tourmaline group have prmmpted many optical investigations.
These studies have generally encompassed a small range of
chemnistries from gem—bearing pegmatites and produced many
contlicting assignments. Smith (1278Ba) reviewsed these
assignments for iron—bearing tourmalings. Missbauer data on
a few of these Li,Al-tourmalines have shown very low or
u;detectable_Fes* {Burns 19723 Simon 12733 Faye et al. 1974).
Most Mossbauer studies have been focused on black
Fe,ﬁgétaurmalines and have detected much larger and guite
variable Fe®* contents {(Hermon et al. 1973; Borelikova et
al. 19743 Saegusa et al. 1272). Because of the greater
abundance of FeS* in black tourmalines, they will be
emphasized in this study of Fezf—Fe3+ interactions. Optical
spectra of a few black tourmalines have been gqualitatively
exaﬁined by Manning (1969, 1973}, Faye st al. {(1974) and
Wilkins 2t al. (1269) but without regard to intensified Fe=®"
transitions.

Tourmalines can genarally be grouped into 2 selid
solution series. The detailed spectroscopic behaviors of
these groups ars distinct and will be discussed in addition

to the larger variations indicated above. These series will
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be differeﬁtiated using the sample nomenclature described
'beiaw, The major chemical variations in tourmaline occur iﬁ
'the XQQ'F— angd Z-sites as defined by the general foréula
XYSZaSi¢D15{933)3{UH,D,F)4. The Z-site is predominantly él‘
in comman’ccmpusitiansm In addition to extensive substi-
tutions in the Y-site, transition elements generally occur
at lower concentrations in the Z-site. Previous optical
studies have emphasized the elbaite—schorl series in which
¥ = Na and ¥ = Li, Al for the elbaite end member and X = Na
and ¥ = Fe®* for the schorl end member. This group is
dominated by chemistries closer to elbaite than schorl.

Greater chemical variation is found in the dravite-uvite—

schorl series. The dravite end member chemistry is X = Na
and ¥ = Mg. The uvite end mémber differs in X = Ca and
Z = Al, Mg. The spectroscopic properties of the transition

elements are not affected by changes in composition in the
uvite—dravite series. The major substitutions of interest
include the Mg, Fe®* variations hbetween these end members
and schorl and the incorporation of Fe™*. Substantial
a@ugnts of Fe>* can occur in both the Y- and ZI-sites but do
not commonly approach the level of FeS* in the end members
discussed in chapter 2. The dravite—uvite—-schorl series
will be emphésized in this paper and will be designated

Fe,Mg—tourmalines.
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Experimental

Sampie localities are presented in Table 1. Chemical
'anaiysés were ocbtained using a MACS-5AS =lectron micfoprobe
and are presénted in Tables 2 and 3. Data reduction was
accmmplished using the methods of Bence and Albee (1968).
Semiguantitative (£20%) analyses of samples M1 and Z31 were
obtained using a Kevex 0700 EDS XRF system. The fluores-
cence of polished crystal slabs was calibrated against
visually homogensous tourmalines which were analyzed by
microprobe. Differentiation of the elbaite—schorl series
from Fe,Mg-tourmalines was based on Mg content and
characteristic OH vibrations {(Appendix).

Optical spectra were obtained in a manner similar to
that described in Rossman (19735). The spectra of thin
samplés (0.005-0.030 mm) were generally measured while
attached to a glass slide with epoxy. The thickness of
these samples was determined using a microscope micrometer
on polished, perpendicular sections. Many of the samples
were extremely inhomogeneous in color. Zones of uniform
color were selected, and the same area was analyzed by
electron microprobe. Low temperature spectra were obtained
by placing the sample on a coldfinger immersed in ligquid
nitrogen in a guartz dewar. Temperatures were monitored
using a ccpper—csnstantan thermocouple placed sightly above
thes samplea. Teméerature,variaticn during a spectrum was
iimitedvtg 20 to 825 K. Raaé temperaturevspectra were

measured in the same apparatus without moving the sampie to



"Table I Sample Descriptions

Sample Color

focality

Archival Code

!
Li

57

58

=1

510

511

blueX
b=brownk
g=greeni

b=blueX
ckg=greenX

b=blue¥
g=greeni

brown¥

greenk

green®
brownX
a=blueik
b=blues%

c=greenik

bluek

browni

brown

brown
red

bluek

blue
light biue

blus

A

White Guesen Mine,
Fala, CA

MNewry, ME

Cecil Co., MD

Anza Horrego, CA

Fortland, CT

Santa Cruz, Sonora

Mexico

Pierrepont, NY
Madagascar

Brazil

Minas Gerais,

Cahuilla Mt.,
Riverside Co., CA

Syndenham, Ontarioc
¥Yinnietharra, Australia
Bryvant Lake, NY

Minas Gerais, Brazil

Blue Lady Mine,
San Diego Co., CA

Afghanistan

‘Aftghanistan

by

ghanistan

GRR# I/713/78

CITH 1372

C1TH 3575

SRR# 3/16/8C3

CIT# 1087

MMNH# R15504

MMNH# 13511

Harvard®# 108796

CITH 13743

CIT# 2&B4a
CIT# 12583
CITH 124684
NMNH# 137101

GRR#% 8/10/83=

SRR# 1/27/80
GRR# 1/27/80

GRR# 1/27/80
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54

Sample Color

focality

Archival Code

EGS = green
EGS dark green
EG1#4 blueX%

EGS light green

TiS giraen
£31 Blus—

gireen
M1 blue

Afghanistan
Afghanistan

Stewart Lithia Hine
FPala, CA

Himalaya Mine,
Me=a Grande, CA

Zambia

Zambia

Mazémbique

GRR# 1/27/80
GRR# 1/27/8B0

GRR# S5/27/77

GRR# &£/7/84

GRR# 2711783 #1448

GRRE# 2/11/8Z2 #31

GRR# 9/&/82R

¥ Elc color in thin section
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lectron Microprobe Analvses

of Fe,Mg—tourmalines

Sampisvﬁazﬁ Cat ExO Mgl Fel Mn0 Tilz Alz0= Silo F

52 2.03 é.GS G.04 0.0%9 13.5 0.95 0.0B 35.2 3I4.7 0.4
53b 1.69 0.43 0.02 4.87 8.45 0.07 0.35 34.7 35.3 BDL
53q 1.88 0.85 0.04 6.25 6.88 0.03 1.01 34.2 3I4.7 BDL
S4b 2.26 0.72 .02 8.01 7.79 0.06 0.28 30.9 35.6 0.6
S4g | 2.3% 0.561 0.01 7.7B 6.93 90.035 {4,853 31.9 35.86 0.3
S4c 2.43 0.461 0,02 TF.%1 8.38 0,048 0.356 30.3 3&4.1 0.2
55b 1.468 0.34 0,04 3.11 9.146 G.28 0.34 36.6 34.83 0.2
55g 1.78 0.41 ¢.04 5.04 6.82 0.15 0,31 346.1 35.4 0.4
86 2.31 0,43 0,086 3.556 11;& 0.14 1.03 32. 34.7 1.2
57 1.846 1.98 0.05 646.48 18.1 0.05 1.18 22.2 34.0 0.5
58 1.44 2.92 0.05  140.8 8.23 BDL 0.35 26.3 35.2 1.4
59 1.67 2.42 0.08 B.58 13.4 0.01 1.49 23.6 I4.4 1.1
S510a 1.67 0.046 0,05 2.80 11.0 G.13 ©.15 34.8 35.4 0.2
Sidb 1.72 0.07 0.01 2.74 10.8 .14 0.23 $4.9 35.4 0.2
S51i0c 1.%4 0.11 5;65 2.9% 10.8 0.16 0.40 34.5 35.2 0.7
511 1.34 0.06 0.04 0.48 13.3 4.28 0.05 35.4 35.4 BDL
512 1.38 2.461 0.04 10.9 7.84 BDL ©.72 26.%5 35.3 1.5
D1 | 2,93 0.37 0.02 il.& 0.46 BDL  1.09 32, 37.2 0.1
D2 0.77 4.25 0,10 14.3 0.38 BDL 0.38 28.7 3&.5 0.3
o7 1.77 1.64 0,11 10.1 4.44 0.22 0.22 31.0 3I&.1 0.1

BOL — below detection

limit
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' Table 3 Electron Microprobe Analyses of Elbaites

Sample Naz0 CaOd MgO Fel MnQ TiOz Al=Os Zn0 Si0e

Ti5 . 2.45 ﬁ.@? 0.21 2.10 1.046 0.05 39.4 HNA 37.3
T22 . 2;01 .06 BDL 12.2 0.89 5.04 35.0 0.5%9 35.2
EGS3 2.30 0.26 BDL 2.4% 1.51 0.02 39.8 0.09 3I7.5
EG4 2.74 .18 BDL 4.32 1.&7 ©.04 37.8 0.41 37.4
EGS 1.79 1.20 BDL 0.42 0.51 0.02 42.4 4,06 3B.C
CEBL 2,20 0,17 BLL 3.34 1.10 BDL 3F7.7 0.14 34,

EBZ 2.483 G.43 BDL 0.%21 3.17 BDL 39.3 0.04 37.1
ERZ 2,39 .25 BDL 1.462 1.71 BDL 40.0 0,08 356.9

EGI#4 2.66 0.186 0.08 4.61 2.74 BDL 3ZB.4 NA 3b6.9

BOL —— below detection limit N8 — not analvyzed
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'insure quaﬁtitative camﬁarisons.

Sam?iea EBES, Ml and Z31 were subiect to radiation f$rom a
13735béagrce which emits 0.462, 1.01, and 1.4346 MeV éamma
rays and was producing doses of “1.3 Mrads/davy.

Hassbéuer spectra {(fitted and raw data) were provided
for samples 87, 88 and 89 by Roger Burns (MIT) and by Glen
Waychunas (Stanford) for samples 52 and S4. Three doublet
fits were ussd to estimate Fe®* concentrations in the Y- and
Z—sites and Fa™" concentrations. ZI-site occcupancy of Fes+
was estimated by charge balance requiremsnits in the absencs
of H-detects. With the exception of D2, these resulis were
used to calculate the fraction of Fe®* with Fe™* neighbors
assuming a random distribution. The same calculation for D2
was accomplished using correlated ESR and optical data. EEBR
spacira were obtained on powdered samples of DI befors and
after partial oxidation using a Varian E—line.x—band

spectrometer at V7.2 BHz.

Results and Discussion
The basic characteristics of Fe®* absorption in
tourmaline are illustrated in Fig. 1. At very low iron
contents and low Fe™*/Fe®* ratios the spectroscopy of non-
interacting Fez+ can be seen (Fig. 1ia!. The broad bands at
720 and 1239 nm can b= assigned to componenits of the S5T= >
SE Fe=* transition split by the non—cubic crystal fieid

h 1978a). Unlikes the previously published spectra and

s
¥
%

ri

mi

i

most of my tourmaline spectra, the intensity of these
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‘transitioné in Elg dces‘nnt wceed that in Ellc. The sharp
bands bétween 1300 and 1500 nm are vibrational transitions
which.ﬁill n;t be discussed in this chapter. A ccmpériaan
of this spectrum to that of a more typical towrmaline {Fig.
ib} shoﬁé the basic features of Fe®¥—Fa™* interactions in
tourmaline. Absorption intensity in Ellg has increased
"linearly with iron content. This behavior is typical of
transition elemsnt absorption in most environments. The
same transitions in Elg have increased ~10 times over the
increase in Fe content. This added intensity in Elg can be
attributed to Fe™* as has been demonstrated by partial
oxidation of natural samples {(Smith 1%978a; Wilkins et al.
19469). Fe®+*—Fe™* charge transfer, the esxpected signature of
Fe2+—Fe>+ interactions, has been assigned to the |
comparatively weak feature at 530 nm (Smith 1978a; Fave et
al. 1974; Townsend 1270). These spectra are representative
of the gemmy, low Fe™*/Fe=2* glbaites which have been
preferentially studied but which do not exhibit the gireatest
Fa2*-Fe>* aftecis.

 Figure 2 illustrates the spectrum of a Fe,Mg-tourmaline
particularly rich in Fe®* as evidenced by the Fe™* band at
485 nm {(Chapter 2). In most FEZ*;FES* compounds this large
change in the relative amount of Fe™" would be accompanied
by a large change in the optical spectrum. In particular,
a greater cantriﬁutiam from Fe2*-Fe™* charge transter
. would be expected. However, excluding the FeS* feature at

485 nm and Fe® -Ti“* charge transfer at 4Z0 nm {Chapter 4J,
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‘this spectrum shows the same features as those of Fig. 1.
‘The major difference lies in the much larger Elc/Ellc ratio
of the Fe2* bands. Although Fe=+—Fa+ charge transfer may
centribute t§ absorption in Elg, it is not the dominant
expréssion of Fe2*-Fe®* interactions in tourmaline as it is
in most Fe®*-Fe™* compounds. Fe2*-FeS* tpurmalines thus
provide a rare opportunity to fully characterize a second
effect of Fe®*-Fe™* interactions——intensified Fe®+*
transitions.

The gualitative relationship of enhanced intensity of
Fe®* transitions to Fe®* can be simply demonstrated by
partial oxidation of tourmaline as illustrated in Fig. 3.
Uxidation of Fe®" in tourmaline by heating in air has been
established by Missbauer studies (Borelikova 2t al. 197&6;
Faye et al. 19743. This is accurately reflected in Ellc
{(Fig. 3b} by a decrease in intensity of thes 1100 nm Fe=2+
transition in an Fe,ﬁg~tourmaline. However, the intensity

of

ri

his feature in Elg'has increased, despite a decrease in
Fe=2*, In addition a Fe®* band a2t 485 nm has appearsd. With
the exception of the Fe®* band at 485 nm, similar changes
have been observed in elbaites (Smith i978a; Wilkins et al.
126%). These results indicate a higher intensity for Fe2+
in Fe®r-Fe>* pairs as compared to non—interacting Fe®*.

The restriction of anomalous intensity to Elc is further
evidence that this effect can be atiributed to ion-pair
inieractians. " The polarizaticon of ion—pair transitions

along intercation vectors is a familiar aspect of charge



62

WAVENUMBER, em™!
2800809 ' {9000 700808

. CAD ]
2.0: -
L L ]
O - -
55 1.5¢ .
m X ]
% - d
w 1.8r -
m C .
<L - -
FE
O
pra
<
m
o
()
o
m
<t

500 1200 1500 2000
| WAVELENGTH. nm

Fig. 3. Fooe teaperature absorption spectra of untreated (broken line) and oxidized {sclid linel
sasple 5ii. GSample thickness: 0.045 ez &) Elc polarization B EMc polarization



&3
transfer tkansitigns‘ahd the intensified spin—Forbidden
transitions of Chapter 2. The dominant distribution of
'FEZ+*FE?+ pairs in tourmaline are in site ccmbinati§n5 with
veciors perpendicular to the c-axis. As was indicated in
the ;ntroduction,-transition elements occur in the Y- and
I-sites in tourmaline but generally prefer the Y-site.
Ion-pairs within the Y—-site trimer and those between the
trimer and the Z-site helix are oriented perpendicular to
the c—axis {(Busrgesr a2t al.vi?&ZB. Either of these ion—pairs
are consistent with the observed polarization. Ion—pairs
can also occur within the Z-site helix buf are oriented at

~3Z5° tp the c-axis.

Intensity of Fe®* absorption in Fe®*-Fe>* agrouns

Extreme variations in Fe®* molar absorptivities from
compound to compound have made it difficult to differentiate
intensified from unperturbed Fe®* transitions without
systematic studies of a range of compositions. Goldman and
Foseman {in prep.) have shown, however, that absorption
intenszity can be estimated from structural parameters. The
variation of molar absorptivity with iron—c#ygen distance
{in the absence of Fa®*) is shown in Fig. 4. The average
distances for the Y- and Z-sites of slbaite {Donnay and
Barton 19723, dravite {Busrger et al. 1942}, and schorl
{Fortisr and Dmﬁhay 1275 are included in the crosshatched
regions. This approximate correlation indicates that Fe®+

molar ahsorpltivities for tourmalines should be ™~4-15
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Miem—2., fhese values can be contrasted with minimum molar
'absnrptivities for the 1100 nm band based on total Fe
cantent}i?ig. 31. Fe=" abéarptivities in Ellc iindicéted by
the solid symbols) vary from 3-5 M *cp ! with a few
exceptioné. Higher absorptivities ars characteristit of
samples with large Al deficiencigs which permit a small
number of Fe®*-Fe>* pairs i; Z—-Z combinations. Most of the
apparent variation in Ellc absocrptivity can be related to

errors introduced by normalizing absorbance o FReota:z

instead of Fe®*., Molar absorptivities for samples S5& and

k3

i3]

based on Miossbauer measurements of Fe®* are 4.4 and 5.2
M~*cm~*. This discrepancy may reflect a small difference in
the Y- and Z-site absorptivities. The molar absorptivity of
the 720 nm band in elbaites (Elc) iz somewhat smaller (3.2
M~*cm~*, Smith 197Ba Fig. 4a) in accord with smaller sites.
-In contrast to Ellg, absorptivities in Elg approach the
predicted values only in elbaites and at low iron contents
in Fe,Mg—tourmalines and vary by more thanlan order of
magnitude. These variations indicate two or more Fe®*
species with very different ébsorptivities. Predicted
absorptivities for the Y- and Z—-sites {(Fig. 4) are not large
anough or different enough to produce the cbserved
variations. As was indicated by partial oxidation in Fig. 3=a
and will be demonstrated below, Fe®*-Fe™ pairs ara the
intensely absarbing species.

The magnitude of the variations in the minimum Elg

absorptivities indicate a potential of at least an order of
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‘magnitude increase in Fe=2+ absorption iﬁtansity in thes
presence of Fe>*, In order to refine the magnitude of the
intenéity incrzase and demonstrate its relationship ia Fe=+
independent measures of Fe®* and Fe® were acqguired. The
intensity of Fe®* absorption in Fe®* -Fe™* pairs can be seen
by ralating’molar abzsorptivity to the fraction of Fe=2" with
-Fe®* neighbors (Fig. 6). The fraction of Fe®* with Fe>+
neighbors was calculated with Fe®* and Fe®* site occupancies
assuming a random distribution. Details of this calculation
are given in the sxperimental section. A direct correlation
of Fe>" with increasing intensity is shown in Fig. 6.
Several complicating factors make it difficult to judge the
exact form of the relaticnship between absorptivity and the
fraction of Fe®*-Fe™*, However, the average absorptivity of
Fe®* in Fe®"-Fe™* pairs can be estimated by a linear it to
these points extrapolated to 100% Fe®* with Fe®*, This
valus, Y1200 M~'cm~?* is 2 ordess of magnitude greater than
the-absorptivity af non—interacting Fe®" {(“VEllc molar
absorptivity) and ~10 times greater than the large
absprptivities associated with extremely distorted sites
{Fig. 4}. Both tﬂmpcnents of the ST > SE transition exhibit
zimilar intensifications as indicated by an aéproximateiy
constant intehsity ratio at 700 and 1100 nm (Elc in Fe,Mg-—
tourmalines). The magnitude of this =ffect points to the
- extreme caution which must be excercised when interpreting
optical intensities guantitatively. Together with another

intense ion—pair transition (Fe® -Ti4* charge transfer) this
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etfect produces one of the most familiar properties of
'tgurmaline, itz visible pleochrocism.

Errors in this assessment of the molar absorptivity of
Féz*—Fes; pairs could be introduced by 3 non—experimental
uncertainties which could not be reduced. Two of these are
relatéd to the effect of different Fe®"-Fe™* clusters,
various numbers of Fe™ neighbors as well as diftferent site
involvements. Deviations from a random distribution are
also poséible. Experimental uncertaintiess were reduced by
selecting visually homogeneous samples to insure the
correlation of Missbauer and optical éata. The slightly
concave shape of the correlation of Fig. 6 is undoubtedly
related to deviations %rcm the calculational assumptions.
Both an increass in absorptivity with greater numbers of
Fe®* neighbors and the preferential avoidance of Fe®* and
Fe®*" could produce a similar correlation. A preferentiai
avoidance of Fe®* and Fe™" is indicated by several
Fa**—rich tourmalines (D4, L7 and T21) which have the
lowest observed Elc/Ellg ratios of Fe,Mg—-tourmalines. The
effect of different Fe®*-Fe™ pairs cannot be assessed
witﬁout a more extensive study using correlated Mossbauer

and optical data.

Diagnostic Attributes of Intensified Fe** Transitions

The characteristics of intensified transitions which are
- shared by their parent unperiurbed transitions, namely

Energy.aﬁd width, have made thiz effect of ion—pair
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‘interactions difficult to distinguish in individual cases.
'intensi?ied Fe®* transitions, however, do possess.
characﬁeristics which can be used diagnasti:ally. TEE
restriction of intensity increases to the vector between the
interactihg cations can be useful with known structures. 1In
these cases it can also be used to determine the sites
involved. A more generally useful characteristic is the
response of these transitions to temperature variation.
Unperturbsed d-d transitions maintain a constant integrated
intensity with wvarving tempsrature or decrease in intensity
with decreasing temperature. This behavior can be sesen in
Ellg in tourmalines {(Fig. 73 Smith 1978a) and for
non—interacting Fe®* in Elg (Fig. 8). Fe®* bands in Elc of
most towrmalines sxhibit lafge intensity increases with
decreasing temperature. Smith®s study of elbaites found
increases in integrated intensity of Z20-30% from 293 K to 10
E at 1100 nm. Bnth Fe®* bands in elbaites (723 aqd 1100 nm)
in Elc show this behavior. Fe,Mg—tourmalines exhibit 2
bands at 7465 and 570 nm which maintain similar intensities
as well as a band at 1100 nm {Fig. 7). Increases in
integrated intensity for Fe,Mg-tourmalines with temperature
decreasing from 296 K to 77 K ranged from 0 to S0% at 1100
nm. Mo changé in intensity was observed only in samples
with a Elc/Elc intensity ;atin less than 4. However, above
104 change in infsnsity there is no correlation of the
- amount Q% intensity increase to the degres of intensifi-

cation as indicated by the Elc/Ellc ratio. These variations
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bring into doubt the reliability of intensity increases at
'IGN temperaturs o distinguish intensified transitions in
-athar ﬁaﬁpcunds. Experimental investigations of Dthér
Fe®*—Fe™* rompounds as well as a theoretical treatment of
intensified transitions are required to assess the certainty

of low temperature intensity increases.

Fe2+—Fa™* Charoe Transfer in Tourmaline

Fa2*-Fa®* chargs transfer has previously been assigned
to a transition betwsen 5330 and 370 nm (Smith 197Ba; Smith and
Strens 19783 Faye et al. 12743 Townsend 1%70). These
assignments were based predominantly on studies of the
response of a few samples to partial oxidation. The applica-
tion of this assignment to untreatsd tourmalines is
complicated by the fact that there are several transitions
which occur in this éegicn. Ferric—rich Fe,Mg-tourmalines
sxhibit & tfansitiqn at 3353-345 nm in both Eilc and E"; which
can be atiributed to a Fe™ -Fe®* jon-pair transition
{Chapter Z2). Hns; in elbaites has a transition at 320 nm in
Elc {(Manning 1924%9b}. I have also found, in agreement with
Fayé et al. {19468}, weak, spin—forbidden transitions of Fe®2™
in elbaites at 497 (sharp! and 3550 nm. The comparatively
large width of charge transfer transitions (Gmith and Shtrens
12745 should permit»the differentiation of Fe?*-Fe* charge
transfer from d—d transitions in the same wavelength region.
In addition, FEZ*—Fé3+ charge transfer should be more

intense in those ftourmalines with highly intensified Fe=*r
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transitions. & trahsitian at 575 nm in Elc is clearly shown
’in black Fe,ﬁg—taurma;ines-with iittle Ti {Fig. Fa}. This=s
is a %élativeiy minor featurs. however, and is %requéntly
ocbscured by,%cre intense Fe2*-Ti** charge transfer {(Chapter
41. The’general presence of the 375 nm band was indicated
by fits of gaussian bands to Ti-containing samples. The
“4500 cm—* halfwidth of this transition and its 504
increase in integrated intsnsity at low temperaturs are
consistent with Fe®*-Fe®* charge transfer. The pelarization
of the 575 nm band (Elc>>Ellc) agrees with the major Y-site
occupancy of iron. Amthauer and Rossman {(1784) found molar
absorptivities of Fe®*-F&* charge transfer transitions to
vary from &0 to 210 M~ *cam~*. The lack of a prominent role
for FEZ+—?ES* charge transfer in tourmaline is consistent
with a comparison of these values to the estimate of the
absorptivity of Fe®* in Fe®*-Fe™* pairs (Mi200 M *cm™?).

The pressnce Q¥ an additional band at ~700 nm in
Fe,Mg-tourmalines as compared to elbaites might indicate
Fe2+-Fe>* charge transfer in anocther of the Z site
combinations which produce Elc polarization. However, the
80 K halfwidths of the 470 and 755 nm bands are similar
(“2100 cm— ') and comparable to the 23040 cm™! halfwidth of
the 1100 nm band. These values are distinctly lower than
the observed range pf halfwidths of Fe®*-Fe>* charge
transter, 359&—&&6@ cm~? {Chapter 5). I have thersfors
assigned the transitions at &70, 745 and 110G nm in Elz to

intensified Fe2* d-d transitions.
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= Assignmenits of Fe®* Ah=grption

The most significant difference illustrated thus‘far
between elbaites and Fe,Mg-—tourmalines is the number of
intensified transitions. The &70, 765 and 1100 nm bands of
Fe,Mg—tourmalines are present at all Fe concentration
levels. Hecause charge transfer can be ruled out and
&—coordinate Fe?* axhibits at most 2 transitions in this
region., these bands must reflect Fe®* in different sites.
fhis is supported by the lack of a correlation bestween the
proportion of the 670 and 763 nm bands and Fe=®*
concentration or the amount of Fe®*. The 2 tourmalines
presented in Fig. ? show the extremes of variation in the
ratio B? the 470 and 7435 nm bands. Assignment of the 765 nm
band to Fe®* in the ¥ site and the 470 nm band to Fe®" in
the 7 site with both sites absorbing at 1100 nm is based on
the correlation of Fe—-0 distance andlthe average snergy of
the ®T- 9 3E transition {(Faye 1972). In the absence of
independent data on the site distribution of Fe®™,
approximate Y- and Z-site occupancies can be obtained from
compositional data. A rough correlation between the 570 nm
band and Z—-site occupancy of Fe®* as indicated by the
substitution Na* + AL = Ca®* + Mg=2*{Fe®*) supports this
assignment. in addition, compariszon of Fe,Mg—tourmalines
and =lbaites provides further support of this assignment.
Using thg correlation presented by Faye {(1972), Fe®* in the

Jargerleites of Fe,Mg-tourmalines would be expected to
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‘absarb at icwer energy fhan in lbaites. The 720 nm band of
elhaiteé can thus be associated with the 74685 nm band of
Fe,ﬁg;féurmalines. A Y—site assignment is inéicatedvby the
general restriction of Fe®* tp the Y-site in slbaites {Buns
1??2;_Fa§e gt al. 19745.

The assignments presented above conflict with Smith’s
assigmnments in elbaites. Three Fe®* transitions are also
present in =lbaites, but it i1zs the low energy band which is
degenerate. At low temperatuwes the Fe®* band at ™1200 nm
in Ellg is resclved into 2 components at 1080 and 1300 nm
iFig. 10b). Smith (1%978a) proposed that Fe2* in the ¥ site
absorbed at 720 and 1300 nm and Fe=* in the Z site at 720
and 1080 nm. This would require a much larger absorptivity
for Fe®* in the I site as compared to the Y site because of
the predominance of Y-site occupancy in elbaites. Buch a
difference is inconsistent with the sizes of the sites {(Fig.
43 . In addition, thes relative prapﬁrtipn of the 1080 and
13200 nm bands show an approximatg corraliation with Fe
content. An increasing proporticon of the 1080 band with
increasing Fe content is indicated in Fig. 1. Above 1.Z Fe
atoms per formula, Li-bearing tourmalines show a
spectroscopy similar the Fe,ﬁg—taurmalinesr(Fig. i1Y. Fig.
10a iilustratés another difference between elbaites and
Fe,Mg-towrmalines. At very low F==* contents, both 1080 and
1300 nm bands caﬁ be seen in Elg.w However, only the 1080 nm
Band is intensified. At higher FeS* contents there is no

indication of the 1300 nm bands in Elc (Smith 1978al. I+
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the 1080 aﬁd 13200 nm baﬁds represent different sites, these
vresults zuggest that F=2* can be intensifisd in only ocne
site. ”This direétly contradicts the behavior of |
Fe,Mg—tourmalines. These large diffsrences betwessn the
aptical pfnperties of Fe,Mg—tourmalines and elbaites are
not sxpected from the slight structural differences between
the =2nd members of the tourmaline group.

My preferred assignments to the 1080 and 13@& i bapds
are that thevy both represent Fe®* in the ¥ site but with
differing degrees of distortion. At low iron contents, the
Li and Al neighbors of Fe2®* in elbaites are smaller and may
permit minor enlarging of the site for Fe®* producing a
lowering of the snergy of the optical transition. Neighbors
such as Fe®* and Mg are =imilar in sizé and would not permit
such adjustments. & shoulder pn the 720 nm band is evident
at high Fe content=s in Li-bearing tourmalines {(Fig. 11} and

can be assigned to Fe®* in the Z site.

Application tp Radiagtion Effects

The extremely large absorption intensities of Fe*2* in
association with Fe™* suggests that optical spectra of
tourmalines should provide a sensitive ﬁrcbe of Fe>*., This
is illustirated below for radiation induced changes. The
gffects of ionizing radiation are diverse and often
difficult to spetifyf Y—-irradiation of Mn—besring
elbaites oxidizes Mn2* to MRS (Reinitz and Rossman, in

prep.’. f4 large variability in the accompanying color



80

373 = aulf uajosq |3 = Sur[ PI[OS ISUOTIRZIIRIO4 WG B7]’Q = SEIW{ITY) apdueg
+(53143S [JOYIS-231EQ[3 BY) UL [J0yIs ) 77| a[dwes g0 enydads vorydaosqe y 967 (1 614

wu “HI9NITIAVM
P00 20S | Q0o | . 90S

I i
m ///,z \\)/ ”
- \ , ro\
X \ \,/ /[ ]
: NS
- \ \ L ]
: / VI
3 \ [
: \./ :
- t : : A s . o } i i X t i
P00S 000. 0000 | 00002

| -2 “AAIWNNIAVM

S0

Q¢

S'2

IONVEH0SaY



81
change {Naésau 1975, hﬁwever, indicates the complexity of
'thiz prﬁcegs. In order to assess the influence of iron,
severai b1ue elbaites containing 2-4% Fel and MnD we}e
subject to Y-irradiation. These samples showed no evidence
of the cdnversicn of Mn®* to Mn™" at doses as high as 52
Mr-ads. Instezad, small changes in Fe®* absorption were noted
{Fig. ié). The oxidation of Fe2* tp FeS* is indicated by
increasing absorpticon at 720 and 1100nm in Elc. These bands
sxhibit no discernible change in Ellc. Similar behavior was
alspo observed in samples EBI and ﬂinwhich have similar Fel
contents. The conversion of Mn®* toc MP™ was seen in sample
EBZ with Fe( ™~1%. .Theze observations suggest that
neighboring cations can strongly affect the response of ions
to irradiation. Voskressenskava et al..(i9??§ also observed
changes in the oxidation state of Fe upon Y-irradiation
using Mossbauer spectroscopy but cobserved reduction of Fes*
below 0.35 Brads and oxidation above G.35 Grads. The
changes illustrated in Fig. 12 correspond to very small
increases in Fe®" which would not be resclved in Misshbauer
spectra.

The utility of Fe®* absorption in>tcurmaline to monitor
radiation dose has also been noted for neutron irradiation.
Vérgas and Tu?inamba {1952 ochserved increasing absorption
at 700 and Y1100 nm wiith neutron irradiation and noted a
iingar relation ﬁf neutron dose to the log of the change 1in

absorbance.
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Summary

Touwrmalines provide ons of the most pronounced examples

¥}
i

a retgntly diécmvered aspect of Fe®* -Fe™* interacéimn~—
intensified Fe®* transitions. Although the more familiar
aspect Df’FEZ+—FES* interactions, Fe®*-Fe>* charge transfer,
is also present, intensified Fe®* transitions ars the
dominant effect at all Fe™" concentrations. Fe®" next to
Fe2* was cbserved to increase the absorptivity of Fe®* bands
to ~1iZ200 M-lcm—? from 0 M iocm ! for non—interacting Fe<r,
Approximately egual degrees of intensification wers observed
for both components of the TIm > SE Fe®* transition as well
as for Fe®* in two different crystallographic sites. As
with other ion—pair transitions, this effect is restricted
ta the ?éctar between the interacting cations. Significant
differences betwsen the optical spectroscopy of Fe,lMg
tourmalines and elbaites have been related to structwal and
compositional factors. The basic characteristics of
Fe2*-Fe=* interactions, however, are constant within the
tourmaline group.

This extremely large change in absorption intensity
implies that opti:al measurements of Fe™* cannot be relisd
upon. However, because this effect is polarized, thers may
be useful unaffected polarizations such as Ellg in
tourmaline. In addition, increases in intensity with
decreasing temperature which occur in tourmaline may prove
to b2 a consistent characteristic which can be used to

detect intensified absorption bands. In itself, this sffect
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is a very sensitive probe of FeS* in tourmaline. Its
gsneral ﬁtility must be assessed by similar studies in other
materiéls. The predictability of intensfied Fe2+
transitions will require the development of a theoretical

understanding.
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Chapter 4

Heteronuclear Charge Transfer in Minerals



0
Introduction

Mixed valence ion—pairs of transition =sisments are often
'presen£ i§ minerals. Homonuclear ion—pairs whichvcnﬁsist of
a single eslement in different oxidation states have been
studied extensively, particularly with regard tolthe intense
optical transitions which correspond to charge transfer
hetween the cations {(Robin and Day 194673 Creutz 1983). The
complex chemistries of natural materials suggests that
ion—pairs consisting of dissimilar slements should be as
common in minerals as homonuclear ion—-pairs. Heteronuclear
ign—pairs, such as Pd®*-Ft4* and Ag*¥—Au™ ion-pairs {Allen
and Hush 1987), have been studied in chemical systems to a
much lesser extent and have consisted of mineralogically
rare combinations. The observation of charge transfer
transitions in minerals has b=en hampered by multiple,
overlapping transitions and complex compositions in which
several charge transfsr transitions are écssible. Fe2+r-Tis*
charge transfer should be a freguent component of mineral
spectra, but the spectra of minerals such as biotite
{Robbins and Strens 1972) and Ti-pyroxenes {Burns et al.
i976) exemplify these difficulties. Most assignments of
more distinct transitions, such as those of blue sapphirse
(Bﬁrni 1981), are complicated by low concentrations of the
cations involved and the presence of other transition
sl ement caticns ét similar concenirations. Transitions

assignad to Fe®* -Ti“4* charge transfer have encompassed large

[in}

variations in wavelength {(400-900 nm) and bandwidth {(Burns



21
19813 . Encfeasing inteﬁsity with decreasing temperature hés
Seen utiiized as the major criterion for identification.
Yery ¥§w'una$higueus examples of Fe2*-Ti4* charge transfer
are available to aid in the determination of these
assignments.

Charge transfer transitions are potentially useful
as sensitive probes not only of specific ions, but also
of their site occupancies and the extent of cation ordering.
These applications require the correct identification of
specific transitions and a guantitative understanding of the
relationship between intensity and concentration. Minerals
cgntéining the cations of interest in stoichiometric concen—
trations and edge— or face—-sharing pair sites should provide
reliable qualitative and guantitative characteristics of
charge transfer transitions. These phases have not been
studied previously because of experimental difficulties
associated with the large intensities of chafge transfer
transitions. Similar data, however, can only be obtained
from more dilute examples which span a large compositional
range. This study will emphasize both concentrated
Fe,Ti-minerals and a series of tourmalines containing large
variations in Fe and Ti content to determine the
characteristiés of Fe®*-Ti** charge transfer transitions.
MR2+-Ti4* charge transfer in tourmaline will also be

characterized.



2
wperimental

The étaichicmetri: Fe,Ti-minerals which were sslected
includé taramE11ite (CITH# &B48) and traskiﬁe (EITH ?3@23 from
Rush Creek, Fresno Co., CA and neptunite (GRR# 7/4/74) from
San Benité Co., CA. The tourmaline samples are described in
Table 3. Labels specifying zones of unifcr& color are
indicated in Table = with the color descriptors. Differen-—
tiation of the slbaite—schorl series from Fe,Mg-—tourmalines
was baszed on Mg content and characteristic OH wvibrations
iéppendgx}. Chemical analyses were obtained using a
HMACS—38A5 electron microprobe and are presented in Tables 1
and Z. Data reduction was accomplished using the methods of
Bence and Albee {(1958).

Epticai spectra were cbtained in a manner similar to
that described in Rossman (1973). The specitra of thin
samples (0.005-0.030 mm) were generally measursad while
attacrhed to a glass slide with epoxy. The thickness of
these samples was determined using a microscope micrometer
on polished, pesrpendicular sections. Low temperature spectra
were obtained by placing the sample on a coldfinger immersed
in liquidAnitngen in a guartz dewar. Temperaturss were
monitored using a copper—constantan thermocouple placed
sightly above‘the sample. Temperature variation during a
spectrum was limited to 80 to 86 K. HRoom temperature

spectra wers measur=d in the same apparatus without mowving

‘the =ample to insuwres guantitative comparisons.

-
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i

Table 1 Electron ﬁicrgprnbe Analyses of Fe,Ti-minerals
Sample weight L oxides
MaD Call Bal Fel #gld MnD Tile 8i0= C1 F
Taramellite O 9 3IF.3 6.70 1.13 0.40 11i.46 3Z.0 1.95 0O
Traskite 0.14 0,50 48.2 5.77 0.16 1.28 7.12 2&8.1 4,23 4.
Na=0 k=D Fel Mgl Mn TiO= 8i0=
pNeptunits 7.3B 4.%4 1i.0 2.08 1.38 17.5 53.9

light zone
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Table 2 Electron Microprobe Analyses

of Tourmalines

Sample NMaz3 Cal Mod

Tio 2.61 0.26 EDL
NE 1 2.24 1.22 EDL

NFZ 2.31 0.81 EDL

NP3 2.37 0.78 BDL
EG3 2.50 0.24 BDL
ES4 Z2.74 £.18 EBDL
52 Z2.0F 0,03 0.0%9
520 1.489 O.45 4.87
S3g 1.88 0.85 &.25
S4b 2.246 0.72 8.01
S44g 2.3% Gg.461 7.78
E5b 1.68 0.3F4 3Z.11
55g 1.78 0.41 5.04
54 2.31 0,43 3.56

D1 2.93 0.37 11.4
D2 0.77 4.25 14.3
DI 1.99 1.10 16,1

Fel Mol

Ala0= Ind Bilx

i

BDL 4£.835

0.13 5.74

0.56 BDL
G.3B BDL

0.08 0.01

.35

1.01

0.28 -

G.53

0,34 =

7.8 NA 3H.2

39.0 0.03 35.1

8.2 BDL 3.8

3%.8 0.0% 37.5

35.2 NA 34,7
I4.7 WA s P

34.2 NA  34.7

32.5 HNA 34.7

34.3 NA 38.2
F2.4 NA 7.2

28.7 NA 36.0

35.2 NA S

EDL

BDL

.4

BDl. — below detection

limits

[£12]

—-— not analvyzed
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Results

Taramellites

Hiéh Fe and Ti concentrations in taramelilite,
Bas{Fe,7i)aB28ial=2sC1,., and its structure indicate the
patentialltc unambiguously assign Fe®*-Ti<4* charge transfer.
Fe and Ti occur in edge—sharing octahedral chains which lie
along {1301 and in which the nearest neighbor cations are
Z2EFF and 350 pm apart (Mazzi and Rossi 1980. The
polarization of charge transfer transitions alogng the vector
betwesn the interacting cations would thus predict that
Fe® -Ti4* charge transfer should have intansity'along this
direction only. Figure 1 illustrates the optical spectrum
of taramellite. There are several transitions which are
predominantly polarized a10n§ L1003, The chemistry of this
sample {(Table Z2) indicates that transitions due to Fe and Ti
should be thes major cnntrisutors to this spectrum. An
approximate oxidation state distribution of 724 Fe®* and ZSZ
Fe™* is indicated by analvyses by &lfors and Pabst (1784) on
taramellites from this locality. Thus Fe®>-Fe™* charge
transfer and intensified Fe2®* transitions could also
contribute to this spectrum. The transitions at 900 and
115C¢ nm have energies typical of crystal +ield transitions
of Fe®*, A possible assignment to Fe®* intensified
transitions €Chapter‘3} is implied by their great intensity
in [i403. élthcggh it is not possible to predict precisely
the ensrgy of Fe®"-Fe™* charge transfer, the normal range of

Fe®**-Fe®* charge transfer energies sncompasses the 700 nm
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' band‘anﬁ Extludes the 450 nm band {Chapter 35). Fa2+.Ti4+
ﬁharge transfer can thus be assigned to the 440 nm band.

Invaﬁditian to ensrgy, the temperaturerresﬁanse éﬁd
width of transitions can be used as diagnostic criteriad
Figufe 2 illustrates the [1003 spectrum of taramellite at
2946 K and 83 K. Charge transfer transitions are generally
expecied to increase in intensity with decreasing
temperature (Smith and Strens 1275). The 440 nm band,
howsver, shows lititle if any incr=ase at 83 K. Iin contrast,
the 700 nm band, which has been assigned to Fe2*-Fa* charge
transfer, shows a large incréase in intensity. Smith §19773
alsc noted larger intensity increases in Fe2Y-Fe>* charge
transfer than Fe®*-Ti“* charge transfer in mors ambiguous
examples of charge transfer. A potentially more useful
characteristic of Fe®"-Ti4* charge transfer is the large
width of the 480 nm band (™2000 cm™—'). This is distinctly
larger than the width generally observed for Fe2+-FeS+ |
charge transfer {(Chapter 35) and much larger than that of
cryetal field transitions {SBmith and Strens 1976).

A gquantitative characterization of this transition
reveals a large relative intensity. A molar absorptivity of
“1300 M~ icm™ ! was calculated assuming a random distribution
within the octahedral chains. A molar absorptivity of ~450
M~cm™?* would be valid if zach Fe®* were in contact with two

Ti4*, Howsver, this would reguire an ordered distribution

why

of cations within the octahedral chain. No distinction

betwesen individual octahedra was determined by the structure
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refinement (Mazzi and Rossi 1980}. The absorptivity of
Fe2+-Ti4* charge tranéfef in taramellite can be compared
with absorptivities of Fe®¥—Fs™* charge transfer iﬁ minerals
which range between &0 and 210 M~ *cam™' {(Amthauer and Rossman
igg4:.

Neptunite

Fe2+-Ti<* charge transfer is also an expected feature of
the optical spectrum of neptunite, KMazliFenTizSielza. F=

arnd Ti occur in two edge-sharing occtahedral chains along

b

1103 and [11031 {(Canillo et al. 19443 Borisov et al. 1965%.
These chains are interconnected through shared corners. The
nearest cations within the chains are 314-328 pm apart, and
the intercation vectors have substantial components in all
thicalldirectians. fn ordered arrangement within the
chains such that Fe®* and Mn®* alternate with Ti?% was
proposed to account for the piezdelectricity of neptunite.
{Canillo et al. 194&). Figure 3 illustrates the spectrum of
ﬂeptunitelin the visible region. The 415 nm transition can
be unequivocally assigned to Fe®>-Ti®* charge transfer. The
simplicity of this speétrum as opposed to that of
faramellite can be related to the absence of Fe™* {(Bancroft
2t al. 1967). Relatively weak Fe®* transitions at 8&0 and
1270 nm {(Hossman unpublishedrresultsﬁ provide the only other
features in the visible-near infrared region. The width and
intensity of this feature confire this assignment; The
width at half—hesight of fhﬁ 415 nm transition is VP000 cm?

in agreement with taramellite. The molar absorptivity is
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~223 MTcmT? {calculated assuming each Fe has 2 Ti
'neighborsk.

The cbserved intensity distribution provides the only
inconsistency of thisrassignment. Due to experimental
ﬁi%%iculties, gamma polarization is not shown. However,
raughly gqual intensities in gamma and beta polarizations
were indicaﬁed. This intensity distributign is inconsistent
with the structure of neptunites and the polarization of
charge transfer transition along intercation vectors. The
average orientation of thes intercation vectors within the
octahedral chain4in alphatbetaigamma is 1.3:1:1.2. The only
intercation vector which agrees with the cbserved intengité
ratios is that between the chains in the corner—-shared pairs
which are 373 pm apart and have the ratio 1:ié:14. Although
there is insufficient data on corner—-sharing pairs to
Excluﬁe the possibility of charge transfer from this
ion—pair, chargse transfer from the larger number of )
adge—sharing pairé should predominate. This intensity
distribution is confirmed by the pleochroic behavior of
neptunite (Ford 190%).

" TIraskite

The pleochroism and chemistry of traskite,
BaquzTi2(Siﬂs)iiiGH,El,Fia'éHZD, indicated another
potential example of Fe® -Ti** charge transfer. The Elc

spectrum of traskite is shown in Figwe 4. The Ellg spectrum

rt

was not available, but this direction is nearly colorless.

The transitions at 850 and 250 can be assigned to Fe=*
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transitions. The remaining feature at 440 nm can therefore
‘be assigned to FEE*—Ti4+ chargé transfer. The *?QOG cm—1
Qidth'mf this band is comparable to Fe®*-Ti“%* in faramsllits
and nepfunité. Malinovskii 2t al. {(1974) have proposed a
structure in which Fe and Ti occupy octahedra 3/4 of which
are in corner—sharing pairs which are oriented perpendicular
to the c—axis. They have suggested the formula
Baz4ﬁszﬂﬂngi12636(5i287)b(D,ﬂH)aoCIQ-14H20 where A, ¥, C,
and D are positions oceupied by Ti, Fe, Mn, Cx, 5, Mg, and
Al atoms. The determination of this stiructure was heavily
biased by the EBEa sites; It is difficult to reconcile a
previcus analysis of traskite {Alfors and Putman 17565) and
the microprobe analysis of this sample with this formula.
This structure has therefore not been used to calculate the
molar absorptivity. A& minimum value of ™73 M~ 'cm™* is based
on the assumptions that all Fe is Fe*®* and that every Fe is
in contact with one Ti.

Tourmaline

Faye st al. {1974 and Bmith {i%78) have suggested that
a broad transition in the region 300-450 nm {(Fig. 3) in
tourmaline could be assigned to Fe®*-Ti4* charge transfer.
This assignment could not be confirmed by a correlation
between Fe and Ti content and intensity. Tourmaline has the
general formula XY=Ze5ia0:0(B0=)x{0H,0,F)a where X iz Na or
Ca, ¥ is Mg, F2 or Li-Al, and Z is gensrally A1, Unlike the
ohases diacuszed‘abﬂve, it does not contain stoichicmeiric

amounts of Ti, and in most gemmy tourmalines Ti concenira-—
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1035
tions do not exceed 0.10 4 TiOs. Such low Ti concentra—
tions are nesar the detecticn limits of electron microprobe
analyses and ar2 subject to large uncertainties.  Fe,ﬁg—
tourmalines dgenerally possess higher Ti concentrations.
The relationship between intensity of the 44C¢ nm band and
the concentration of Fe,Ti-pairs in a series of Fe,Mg—
tourmalines was examined and is shown in Fig. &6. The
lpcalities and campésitisns of these samples are shown in
Taple 3 and Table Z. This correlation justifies the
assignment to F92+—Ti4* charge transfer. A molar
absorptivity of 4000 M~ igm—? islinﬂicatéd by the
iliustrafed lgast sguares fit to these data. The
concentrations of Fe® -Ti** pairs were célculated assuwming a
random distribution of Fe and Ti within the Y-trimer
(Buerger et al. 17&82). Although transition elements alsc
occur in the I site, Y-site occupancy predominates. This
site prefersnce is evident in the restriction of charge
transfer intensity'ta the Elc polarization. Y-Y¥ and Y—-Z ion
pairs are oriented perpendicular to the c—axis, and ZI-%
igon—-pairs are orianted at'355 to the c—axis {Buerger et al
1962).

Minor differences characterize Fe2¥-Ti4* charge transter
in the two basic compositional series of touwrmaline.
Elbaites {(Li.Al-tourmalines! may have s laower molar
absorptivity {(possibly as low as 40% of that stated above)
as indicated by one Sampie with sufficient Fe and Ti to

compare to Fe,.Mg—tourmalines (scolid symbol Fig. 5.
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Fe/Ti Charge Transfer in Tourmaline
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Table 3 Tourmaline Sample Descriptions

Sample Color Locality Fig. & Archival
Cods Code
82 bluek White Guesan = OGRR# ZI/13=Z/78

Mine, Pala, CaA

b=brownk MNewry, ME 14 CIT# 1372

83
g=greeni 8
54 b=bluesk Cecil Co.. MD 7 CITH# 3575
g=greeni it
55 b=blue=si Anza Borrego, G4 5 SRER# /146783
g=greeni 3
84 brown Fartland, C7 i CIT# 1037
S51cGc greeni Minas Gerais, 13
Brazil
i brown Yinnietharra, 2 CITH# 124683
Australia
02 prown ryant Lake, NY i CiT# 12584
D= yellow East &frica 1o GRR% /3782
EGZ green Aftghanistan & GhRiE 1/27/80
EG4 dark green  Afghanistan 3 GRR# 1/27/30
Tio vellow— Zambia : GRR#% 11/8/782
gresn
NFE i=vellow MNepal SRREH# 272780
Z=light brown
3=dark brown 12

%2 Elc color in thin section
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Fe®**-Ti4* charge transfer also occurs at a higher energy
{413 nm} in elbaites. F22v-Ti** charge transfer in both
Q%Bupsuincraaaes.in integirated intensity by 15% DQ going
v%ram 2395 K to B3 K {Fig. 7i1. Smith (1977} observed an
increase in intensity of “25% at S5 K as compared to 293 K.
The halfwidth of this transition is BODO-9000 cm—* for both
glbaites and Fe,Mg-tourmalines.

Mn=*-Ti2* Charge Transfer

Two unusual yellow elbaites with relatively high
concentrations of Mn oand Ti'and extremely low concentrations
of Fe aftforded the opportunity to examine Mpn2*-Ti4* chargs
transfer. Figure B8 illustrates the spectra of an elbaite
which is zoned in Mn and Fe. #An Fe rich zone exhibits
FEE*—Tif+ ﬁharge transfer at 415 nm. A second transition is
evident in a zone with an Fe:Mn ratio of 1:4. Mp=r-Tis+
charge fransfter at 325 nm is clearly shown in a zone with trace
amounts of Fe. Charge transfer energies can be related to
the icnizétion potential of the donor ion and the electron
affinity of the acceptor ion. Although such considerations
are difficult to apply to individusl examples, the higher‘
energy of Mn® -Ti4* charge transfer as comparsd to
Fe2+*-Ti4* charge transfer can be correlated with a higher
éhird ipnization potential for Mn than Fe. This
relationship was also observed in a reflectance study of Fe
and Mn doped MgTils {Blasse 1981). The molar absorphtivity
of the 325 nm band, ~4350 ﬁ—icm‘l, is much lower than that of

FaZ+v-Ti4* charge transfer in tourmaline. The width and
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temperaturs dependence of Fe®*-Ti“* charge transfer and

Mn=*-Ti** charge transfer, however, are similar. @A small

[ H

norzase in intensity of MAn®"-Ti4* at low temperature is
‘shown in Fig. 9. The halfwidth of the 325 nm band is
~7000 cm—*., Both charge transfer transitions are also

polarized in Elc.

Discussion

With the Excepﬁian of intensity, Fe®-Ti4* charge
transfer transitions in taramellite, traskite, neptunite.
and tourmaline exhibit Eimiiar characteristics. The energy
of these transitions fall within a fairly narrow range, 400-
480 nm, which is distinctly separated from the esnergy range
of Fe® -Fe™" charge transfer (Chapter 3). The 7000-2000
cm™ ! halfwidths are also distinctly larger than Fe='—F25+
charge transfer as well as crystal field transitions which
may occur in the same energy region. Minor or imperceptible
increases in intensity with decreasing temperature were
observed. Energy and halfwidih thus appear to be the most
uEE%Qi diagnostic characteristics for Fe®*-Ti“4* charge
transfer. Molar abscrptivities varied between Y100 and
~A300 H“cm'i; These values are generally larger than or
egual tc_thcse of Fe®* —Fe>* charge transfer in minerals
{Amthausr and Rossman 1984) and largsr than those of crystal
field transitions. Thus the presence of Fe and Ti1 should
generally have a‘iar%e in?luence on color. The large

variation in molar absorptivity among different phases
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. suggests that the guantitative use of these transitions will
be limited to phases in which intensity can be calibrated
sgainst,cgn:entratién.

There ares few'unaﬁbiguuus axamples of Fe=2"-Ti4* charge
transfer to which-the above data can be compared. Optical
spectfa of fassaite from the Angra dos Reis meteorite have
been studied extensivel? {Mao et al. 1977). Composition,
polarization and pressure variaticns were used to assign
a transition at S6GO nh to Fe®*-Ti4* charge transfer. This
wavelength and a halfwidth of ~2000 cm™? ares consistent with
the characteristics stated above. The most freguently cited
mineral containing Fe2*-Ti4* charge transfer is corundum.
Blue or green corundums have been prepared solely by simul-
taneously doping Fe and Ti into Alzls. Transitions at
S&0-5%0 nm, 710 nm (Ferguson and Fielding 1971} and FOC nm
{Smith and Strens 197&) have been assigned to FeF"-Ti4™*
charge trangfer. The assignment of these transitions is
complicated by a lérge number of potential transitions due
to the presence of Fe™%, Ti¥*, Fe®* and Ti**. The
transition at S60-5%0 nm is at an energy close to the
energies of Fe®*-Ti4* charge transfer as well as the broad
range of energies of Fe® -Fe>* charge transfer. The Y5200
co—! nalfwidth (Smith and Stfens 1974} is more similar to
halfwidths observed for Fe2*-Fg=* charge transfer (Chapter
53. 0Of the transitions which have been assigned to
Fa2+r-Tia™ charge‘trén§§e%, this transitipon is the cniy on=

which could be supported by my data. This comparison is
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limited by‘tﬁE presenceraf face—-sharing ion-pairs in
corundum as opposed to edge—sharing ion-pairs above.
Another limiting tactor to the validity of previcﬁs
assignments is the lack of consideration of intensified Fe=«
tranéiticns {Chapter 3. Further work is reqgquired to assess
the appropriate assignments in blue and gresn corundums.

Similar dilemmas are faced in the intaerpretation of the
optical spectra of minerals such as kvanite (Smith and
Strens 17746} and sillimanite (Rossman =t al. 19325,
polymorphs of Alz8i0s, and dumortierite, Al,BOx{5i0a)=lx
{Rossman, unpublished data). Transition slements substitute
+or 913* in these minerals. Trivalent\caticns generally
predominate, and divalent and tetravalent cations must occur
together for charge compensation. Thus Fe®*-Ti4** pairs are
generally accompanisd by Fe®*-Fe™* pairs, and multiple
charge transfer transitions as well as intensified Fe=~
transitions must be differentiated. Blue varieties of these
minerals possess similar optical spectra with a band at “s00
nm {haltwidth 5000 cm— 1) that has been assigned to
Fe2*-T7i4* charge transfer. A comparison of these bands with
the examples of Fe®-Ti“4* charge transfer presented in this
paper would suggest that such assignments are unlikely.
Fgrther support for this contention is obtained from anocother
ool ymorph of Al =5i0s. A band at 4B0 nm with a halfwidih of

&S00 cm™?* (Smith and Strens 1974

L

has bDeesn assigned to
Fe2*-Ti4* charge iransfer in andalusite. These

characteristics ars similar to those cutlined above and
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© should be directly comparable to these aluminum minerals.
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Chapter 5

Characteristics of Intervalence Charge Transfer in Minerals
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Introduction

The intense color of cmmpounds»which contain both Fe=r
and Fe3f ions prompited the recognition of intervaienca
‘chHarge transfbr (IVCT) transitions more than 30 years ago
{(Allen and Hush 1767). In the case of Fe® —Fe™ compounds,
these'ﬁptical transitions correspond to the transfer of an
electron %rnh Fe®* to FeS*. Studies of a large number of
mixed-valence ion—pairs in chemical compounds {Robin ané Day
12473 Allen and Hush 194673 Hush 19467 Ffirmly established the
experimeﬁtal and theoretical hasis of IVCT transitions.
These studies providad a basis for the recognition of
Fe2*-Fa* charge transfer transitions in mineral spectra.
Smith and Strens (19746} and Burns (1%81) have reviewed IVCT
assignments in minerals.

In spite of the predominance of Fe®2*-Fe>* jon—pairs, the
certain recognition of Féz*—Fes* charge transfer transitions
in mineral spectra is often not possible. The characteris-—-
tics of franéitions which have been assigned tg Fe=2r-Fa*
charge transfer encompass wide variations. in addition,
another sffect of Fe®*-Fe5* interactimﬁ, intensifisd Fe=®*
transitions, share many of the most fregquently used
characteristics of Fe®*-Fe3* charge transfer transitions
{Chapter 3). The polarization of these transitions along
the vector between the interacting cations is a well

mstablished characteristic which can be used, with a

uitable structure, to diffzrentiate ion—pair transitions

i

rom transitions within the d levels of a tramsition slement

wdy
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[,ﬁ:rystal field transitipns). The energy of Fe2*~fFa>+ éharge
,ﬁransfer transitions {(Smith and Stréns i??é) and temperaturs
v%EEpGﬂEE {8mith 1977) have also been used as diaggcatic
criterka. These characteristics were established by
empifical observations of limited examples of IVCT
transitiéns in minerals. Most theoretical treatments of
IveT transitinns which were developed for chemical systeas
do not support these characteristics (Creutz 1983; Da§
1781, The width of Fe* —Fe™" charge transfer transitions
has also been proposed as a diagnostic characteristic {(Smith
and Strens 19746} but is often not considered.

Many of the uncertainties regarding the characteristics
of IVLT transitions in minerals are due to an inadequate
data base of unambiguous examples and the lack of a suitable
theoretical framework. Amthauer and Rossman {(1984) have
examined stoichiomeiric Fe2*,FeS -minerals whicﬁ should
pfavide definite examples of Fe®*-Fe®* charge transfer. The
characteristics c? these samples and previous, well-detfined
examples are sxaminsd in this paper to svaluate the
reliability of diagnostic characteristics. The
charactsristica of these examples will be compared to
theoretical predictionz. Characteristics which could be
used to differentiate Fez*—?es* charge transfer +rom

intensified Fe®" transitions will alsp be discussed.
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Experimental

The temperatuwre dependence of Fe®*-Fe®* charge transfer
was studied using samples previcusly examined by Amthausr
and Rpsshen f1984§ and euclase {(GRR# lfiﬁf??) from Rhodesia
{Miami areal. The samples provided by Amthauver and Rossman
include rockbridgeite (LA# 7603} from Hagendorf, Germany,
babingtonite {(CIT# 98BB3) from Bombay, India, and lazulite
{LA# 450B) +rom Graves Mt., Georgia. The compositions of
these samples are given in Table 2 of Amthauer and Rossman
11984, Chemical analysis of the suclase was obtained using
a MACS-5AS elecitron microprobe. Blue zones contained O.0067%
Feﬂ,‘ES.iz Al=0s and 42.1% 5i0s. Beld and Hx0 could not be
analyzed in this way. Data reduction was accomplished using
the metheds of Bence and Albee {(17568).

Jptical spectra were obtained in a manmner similar to
that described in Rossman (1975). Low temperature spectra
were obtained by ﬁlacing the sample on a coldfinger immersed
iy liguid nitrcgen'in a guartz dewar. Temperatures were
monitored using a copper—constantan thermocouple placed
sighfly above the sample. Temperature variation during a
sgettrum was limited to 80 to B8& K. Room lemperature
spectra were measured in the same apparatus without moving
the sample to insure gquantitative comparisons.

Magnetic susceptibility measursments of powdered samples
of rockbridgeits ané‘hahingtsnite were taken on a S5.H.E.
model VT35 magﬂstﬁmater55u5c9§tcmeter. Data for the empty Al

sample container were used to correct the raw data.



124
Results and Discussion

Charae TJransfer Energies

Fa2+-Fg>+ charge transfer has bsen assigned to
transiti§n5 thch range in energy from 11500 cm™* {(Ferguson
and Fielding 1971) to 17500 cm—?! {Rossman 1974). The energy
of a charge transfer transition is related to the ionization
potential of the donor cation {(Fe®* in this case) and the
electron affinity of the acceptor cation. Althouch
theorstical studies have made advances in the interpretation
of the band area and the width of IVLT transitions, the
snergy has not proven amenable to guantitative
interpretation nor a priori calculation {(Day 1%8l; Creut:z
1983, Smith a;d Strens {(19746), however, found a linear
correlation betwesn Fe® —Fe™* and Fe®*-Ti%" charge transfer
gnergiss and the separation of the interacting cations in
silicate, oxide and phosphate minerals. These correlations
have been used to assign transitions in minerals with known
structures. Although the similarity of ths nearest neighbor
environment among these minerals may have left internuclear
distance as the most important factor determining snergy,
the recent chemical studies referred to abcve‘wculd suggest
that factors other than nearest neighbor anions and cation
separation aftfect charge transfer esnergies. The correlation
proposed by Smith and Strens can be reexamined in light of a
large increasa in the nugber of unambiguous examples of

2

igure 1 shows ths

Fa®*—F=5* charge transfer in minerals.

relationship bestween the energy of Fe® -Fe®* charge itranster
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‘and the distance between the cations for this expandead data
'set. The sources of the data included in this figure are
presented in Table i, HD‘cmrrelatiBn betwsen energy‘and
distancé is indicated. Although the specific energy of
Fe2*-Fe®* chargs transfer cannot bes used diagnostically,
Fe®*-Fe™* charge transfer transitions can be expected to
+all betwesen 10000 and l?QQG cmT,

Effect of Temperatws on Intensity

Many other transitions, particularly crystal field
transitions, occur in the large energy range of Fe2+-Fa3+
charge transfer fransitions. The wvariation of intensity
with temperature has been used extensively to differentiate
;harge transfer transitions in mineral spectra. An increase
in intensity with decreasing temperature is taken to be
characteristic of charge transfer transitions in general
{(Smith and SBtrens 137463 Smith 1977). This belief i= based
on empirical studies of Fe® —Fe™ cystems. Confidence in
the reliability of this behavior is diminished by a previous
lack of recognition of intensi%jed\Fez* transitions which
appear to exhibit the same temperature response {Chapter 3.
in édditian, the general theoretical treatment of charge,
transfer transitions does not predict this behavior. The
most familiar chemical example of Fe®v -Fe™* charge transfer
in Frussian Blue sxhibits very littis change in intensity
{iadi 19F80:. In accord with the FKES thzory {Wong and Schatz

i transition shows no detectab

4
]

2 increase in

1
foert

YR .
po 35 O P i

L

integrated intensity with decreasing temperature. However,
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{1781)

Mrose % Appleman
{1962)

Moore (1970)

Mori % Ito (1970}

Ciark st al.
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the F=2* ions in Prussian Blue are distinctly different from
'thase in most minerals in one important sense, they are
diamagnetic ions which cannot intsract magnetically with
Vthéir Fe#* néighbors. Cox {1780} and Girerd {1983) have
suggested that magnetic exchange will alter the temperature
respcﬁse of ;harge transfer transitions. A larger data set
of unambiguous examples of Fe2*—Fe™* charge transfer is
required to evaluate the reliability of an inverse
temparature response as a diagnostic characteristic.

agmthauer and Roszsman (1784) have coupled Missbauer and
optical studies of Fe®*-Fe™ minerals to guantitatively
characterize Fe®*"-FeS* charge transfer. The temperature
response of Fe® -Fe™* charge transfer in these samples is
presented hers. Lazulite, MgAlz(Fla)2{(0H)=z, contains Fe="
and Fe™* ions in face—sharing Mg and Al occtahedra {(Moore
1970). A transition at 468 nm has been assigned to
Fe2¥-Fe®* charge transfer. Figure 2 illustrates the
gamma—-polarized spectrum of lazulite at 296 K and B3 K. The
area of the 588 nm band increases by 74 at 83 K. This
bhehavior contrasts sharply with the temperature response of
cryétai field transitions. The area of a crystal field
transition esither decreases with decreasing temperature or
remains constant.

Figure 3 illustrates the beta-polarized spectrum of
suclase, EaﬁlSiﬁqﬂH.b Iraﬁtcatians occur in =dge—shared
octahesdral Ehainé pradominantly occupied by aluminum {(Mrose

and ﬁppleﬁan 12623, These spectra point out the difficulty
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o¥f djstingﬁishing Fe®+—Fa>* charge transfer from intensified
Fa2* transitions. At most Fe®*-Fe™* and Fel+-Tie+ charge
trans?ér transitions would be sxpected to tcntributé to this
spectrum. Hﬁwever, three transitions exhibit intensity
increases at low temperaturese. The two transitions at B&O
and 1250 nm have wavelengths typical of Fe®* transitions and
have slightly different intensity ratios in different
palafizatiﬂns than does the &70 nm band. The restricticon of
F92+ ions to onge site and the widih of the &70 nm band
{(~4000 cm™') permits an assignment to Fe®*rY-Fe™* charge
transfer. The érea of the 4670 nm transition increases by
204 at 83 K. Similar increases characterize the 860 and
1250 nm bands.

The inhomogeneity of the lazulite and suclase samples
did not permit a comparison of their temperature responses
with magnetic behavior as measuréd by magnetic suscepti-
Bilitvy. 'HDNEVEF,vthE magnetic and apti:al.prcperties of
rockbridgeite, (Fe*",MniFe® 4 (PO4iz{0H)=s, and babingtonite,
Caz(Fe®",Mn)Fe*8is0:,0H, can be correlated and provide a
significant test of the theories of Cox (1980 and Girerd
(1¥83). Figur= 4 illustrates the variation of the intensity
of Fa=®*—Fe>* charge transfer {?B0O nm) in rockbridgeite with
tEmEperaturE; A 104 increase in area is cohserved at B3 K.
The temperature response of Fef*r-FeS* charge transfer (58O
nm! in babingtﬂnite is shown in Fig. 5. This transzition
maintains an approximately constant arsa at 296 and B3 K.

Cox and Birerd both agree that ferromagnetic exchange should
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‘produce an intensity increass at low temperature and that
'5ntiéerramagnetic sxchange produces an intensity decreass at
1ow témperature. Figures‘é and 7 illustrate the effective
magnetiﬁ mcmént per iron atom at various temperatures for
rockbridgeite and babingtonite, respectively. The nature of
the magnetic interaction can be determined through a
qualitative examination of these data. An antiferromagnetic
interaction below 30 ¥ iz indicatsd in babingtonite.
Eetwieen 275 and B3 K, however, no magneitic interaction is
svident. The lack of an intensity increase at low
temperature is consistent with the theoretical supectation.
Fockbridgeite exhibits multiple magnetic interactions which
may be related to interactions within and among dif%erent
cilusters. A transition to a ferromaagnetic region occcurs at
100 K. The proposed effect of this bshavior is contirmed
by the cbserved increase in charge transfer intensity at low
teamperaturs.

ﬁléhaugh these results confirs the theories of Cox and
Girerd, a consideration of Fe®*-Ti4™* charge transfer
indicates that other factors may also produce a temperature
variatinn. Fa2*-Ti4* charge transfer generally exzhibits
smaller changes in intensity with temperature than Fe® -Fe=*

charge transfer (8mith 19773, but these theories would not

predict any change because 7i%" cannot interact

3

agneticallv. A4 15% increase in the integrated intensity of

T

22+ -Ti4*+ charge transfer in tourmalineg sccours for a

temperatﬁre change of 2%F& to 83 K (Chapter 4. The failure
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" to account for intensity increase of Fe® -Ti4* charge
frans%er transitions may be related to a possible limitation
of thebgeneral theories for intervalence charge transfer
which are focﬁsed upon symmetric, homnnucléar systems.

Both experimental and theoretical studiss indicate that
IVCT transitions may not increase in intensity with
decreasing temperature. Thus a decrease or lack of change
in intensity does not eliminate a charge transter
assignment. In addition, an increase in intensity does. not
necessarily indicate a charge transfer assignment because
intensified crystal field transitions exhibit the same
bhehavior.

Widths of Charge Transfer Transitions

in a popular theoretical formulation by Hush {1947) the
I00 K bandwidth at half intensity (¢ — in cm™*) of an IVCY
transition is related to its energy (E} by the fellowing
formula:

r= = 2310 ¥ (E — Eo)

where Eo is the difference in zero point energy betwesn the
two cations. IVCT transitions between cations in identical
sités {Es = 0) which have energies between 10000 and 17000
cm—* would thus be expected to have halfwidths of 4BO0-46300
cm—t. Theories which incorporate vibronic effects {(Wong and
Schatz 1981) suggest that these values are applicable to
strongly localized systems. IVET transitions of systems in
which d;ECFEtE‘VaEEHCES are not distinguishable haves much

smaller halfwidihs {Creutz 1983). The halfwidths of some



- well established mineralogical examples of Fe2+ —FeS+ charge
tranéfsr are shown in Table Z. The halfwidths of crystal
field transitions may be as low as 100 cm™ ! and generally do
nui EHEEéd 3500 c@‘i.‘ Intensified Fe=* trénsitimns maintain
the ensrgy and width of the related transitions of non-
interécting Fez*, Thus the evaluation of transition widths
should permit the differentiation of IVCT transitions from
crystal fisld tramnsitions and intensified. Fe2* transitions.
A= can be seen in Table 2, the majority of Fe®r-Fe™> charge
transfer transitions have widths which agres with that
predicted by Hush. However, a few of the transitions
assigned to Fe®*-Fe™* charge transfer have widths which are
low enough to overlap with the widths of crystal field
transitions. Delocalized valences could produce a lower
width a= indicated above., but Missbauer spectra of biotite
{Bnnersten 19742 indicate wery little delocalization. Very
different local snvironments of Feé* and Fe~* could also
produce a small deﬁrease in width but would not be sxpected
to be more significant in biotite than the other minerals
presented in Table 2Z. It is possible that a better
asaignment of the transitions in biotite and chlorite would
be intensified Fe®* transitions, but such an assignment
eliminates Fe2*-Fe™" charge transfer from the spectrum. The

relative in{luen:e af these two different effects of

Fa®*—Fa™* interaction is not known. Thus, while a large

ot

halfwidith undoubtedly indicates a charge transtar

transition, further studies are reouired to differentiate
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Widths of Fe®*-F=2™* Charge Transfe=r Transitions

Energy H

Mineral ai#wi ﬁe%sreﬁée

{cm™1; C{omT
Lazulite 14900 S350 fmthauesr & Rossman (17843
Euclase 145900 ~AGO0 thié paperx
Rockbridgeite 10200 G200 u
Babingtonite 14700 ~HOO0 u
Yoltaite 14500 MEOOD Beveridge % Day {1979}
G1laucophane 16130 AHO0 Smith % Strens (1974}
Hiotite 3TOC 3150 “

Chiorite

148300

14100

it
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broad crystal field transitions from IVCT transitions.

As was indicated in Chapter 4, Fe®+*-Ti** charge transfer
transitions have hal%widths which range bstwesn &£500 and
?aéa :m—;. Qalfwidth is definitely the most reliable
criterion to identify these transitions.

Summary

Charge transfer transitions occw in mineral spectra
together with crystal field tranesitions and intensified
crystal Ffield transitions. ®Many of the characteristics
ascribed to charge transfer transitions have not proven
accurate or unigue. Transition snergies can rarely Se used
to differentiate crystal field and charge transtfer
transitions. &n inverse temperature response of intensity
iz Eharedﬁby intensiftied Fe=+ tranaifians and is not
necessarily expected of charge transfer transitions.
Polarization along the vector between the interacting
cations is alse characteristic of intensifisd Fe=2*
transition=s. Large halfwidths are generally the most
reiiable characteristic of charge transter transitions.
However, some overlap wiith crystal field transitions cannot
be aismissed. The responze of crystal field and charge
transfer itransitions to pressure variations (Abu-Eid 197643
Mao 197&6) have been examined and may prove to be a useful
diagnostic tool. As vei, however, intensified Fe=2+

b3

transitions have not besn studisd at variable pressures. &

W]
o
“h

o

E
B

ri

combina widith, temperatures rssponss and polarizastion
_ E P P

ts

behavior should permit the differentiation of single ion
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transition= and ion-pair tranéitinns. The differentiation
of intensified F2®* transitions and Fe® -Fa®* charge
trans?ér transitions is limited primarily by the untértaiﬁty

regarding widths of charge transfer transitions.
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Chapter 6

Summary
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The prevalence of ion-pair interactions in minerals

wihiich contain edge- or atead

b

3T

it

—sharing octahedra is indis

Ii

by'thé‘number of distinct ion—-pair transitions whic wera
recognized iﬁ touwrmalines. These assignments were mads
possible by the grzat compositional diversity of the
tourmaline group. In general, however, the gualitative
interpretation of mineral specitra relies upon &he

characteristic

i

of specific tr

W

nsitions which are relatively

invariant. Minerals with toichiometric concentrations of

0
1t

—1:

the désired cations can be used to cbiain qqanﬁitative
absorption intensities as well as reliable gualitative
characteristics. These minerals were generally emphasized
in this study.

The pleaéhraism of tourmalines, particularly
macroscopically black samples, is frequently related to whsat
aﬁpear to be extremely anisotropic Fe22* transitions to the
casual ocbserver. An indication that they are not ordinary
Fe®* transitions is evidenit in intensity increases of these
transitions in the most intense polarization upon partial
oxidation of Fe®* in the sample. The guantitative
relétianship of intensity to Fe®*—-Fe™* pairs was determined
through combined eoptical and Missbauer situdies. The
intensity of Fe®* absorption in Fe®*-FeS* pairs is “1200
M=*gm—2., This is much larger than the molar absorptivities
associated with the most distorted sites and compares to a
values D{ ~5 Mlem—! for non-interacting Fe®* in tourmaline.

This large change in intensity should provide a sensitive
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‘probe of Fe®* ions. Such considerations have been employsd

P
1}

of

or the eftftec

i

+o moni amma irradiation. The mnost

]

useful characteristi which ©can be used to differentiate

]
il

these transificns from unintensified bands are ths
polarization characteristics and the general increase in
intensity with decreasing temperature. These distinctions
are sssential i crystal field transitions are to be usesd
guantitatively. The differentiation of Fe®*-Fe* charge
transfer transitions from intensified Fe®* transitions is
scmewhat more difficualti. In principie., the characteristic
width of Fe®* crystal field tramsitions which is maintainsd
by the intensified transitions should be distinctly lower
than Fe®**-Fe™* charge transfer transitions. However, a few
transitions which have been assigned:ta Fa®*-Fe>* charge
transfer have unusually low widths.

The concentrated Fe,Ti-minerals which have been examined
have been characterized by consistent features which should
be easily differentiated from both crystal field and
Fe2r-Fe>* charge transfer transitions. The wavelengths of
Fe2*-Ti4* charge transfer in the samplés examined in this
stuay and those that have been previously assigned wit
certainty lie‘betweeﬁ 400 and 500 nm. They are also
characterized by sxtremely large halfwidths which range
between &£500C and F000 cm~*, Some uncertainty regarding
the assignment of tranzi;igns Setween SO0 and 500 nm is
produced when sapphire is considersd. The diffesrsncs in

facs-sharing and edge—sharing systems cannct be evaluated
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presently. In contrast to the consistency of the width and
'Energy, abzorptivities vary between 200 and 4000 M-igmp—?t,
Thus although Fe2+-Tia+ charge traﬁs?ev should be
recagnizablelin mineral spectra, quantitative
interpretations will have to be based on calibrations of
specific systems.

It is somewhat ironic that these transitions appear to
have consistent features and that the characteristics of well
astablizshed transitions were brought into gqusstion by this
study. Iﬁtensified Fe™* fransitions have been studied
axtensively in chemical systems and the characteristics of

these transitions compare well with most mineralogical

examples. The itransitions of Fe®* in tourmaline, however,

fred

bear little resemblance to them. The transition snergy of
ong FeS* ion—pair is much lowsr than that of both
unintensified and intensified examples of Fe™* transitions
and has a much larger width. The second possesses very
unusual intensity ratios of components of the thres Fe™*
transitinns.‘ Other characteristics such as polarization and
magnitude of the intensity increase are consistent among all
graﬁps. These assignments were based upon optical studies
of samples which were partially reduced and oxidized and
comparisons within a group of Fe® -rich samples. In
addition, a very =similar spscitrum is exhibited by
coalingite.

Aan empirical ca%relatian betwesn cation separation and

rharge transfer energy has been used diagnostically as well
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‘as an supected increase in intensity with decreasing

¥ \

emperaturs. & reaview of the characteristics of Fe2+v-Fa3+
chargé‘trans%er transitions with emphasis on the
relaticnshipln$ intensity to temperature did not permit
these characteristics and left halfwidth as the only
generally reliable characteristic. The correlation of
temperature response to magnetic exchange in 2 Fe®* -Fe™*
minerals was found to support recent theoretical proposals
by Cox and Sirerd. The temperature responss of Fe*r-Ti4"

charge transfer, however, could not be accommodated by

theaory.
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Appendi:x

OH Vibrations as a Chemical Probe in Tourmaline
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Investigations of the infrared spectra of micas and
'Dther shept silicates (Farmesr 1?74}‘aﬁd amphiboles {Sitrens
1974} have demenstrated the variation of OH vibration
ffequenc? wifh the cations which are bonded to the OH group.
Frequency shifts can be correlated to changes ip the
electronegativity and the charge of the cations. Increases
in electronegativity and charge shift the OH stretching
vibration to lowsr energy. These variations can be used top
differentiate among the various tourmaline end megbers and
the two basic tourmaline compositional series.

Hydroxyl groups in tourmaline occur in two different
crystallographic environments which are illustrated in Fig.
1. The labelis in this figurs are related to the formula
I¥x71aS51i6010{Bl=1={0H 4. One {G{1}H) out of Ffour OH ions per
formula unit is coordinated to three Y-site cations. The
remaining three (0(3)H) are bonded to one Y-site cation and
twn I-site cations. Because the Y-site cations are
generally divalent or have an average charge of +2 and the
Z-site cations are generally trivalent, these two 0OH groups
are separated in freguency. In addition, the O{1}H
vibfatian is shifted to higher energy because the OH group
points toward the X—-site cation, further iAcreasing thié
separation. Variations in the X—, Y-, and I-site cations as
well as hydrogen and X—site vacancies give rise to 4-7

distinct bands.

0
ook

—
i

[H]

arized spectra of polished ac sections were obiaina=d

using a Cary 171 specitrophotometer and Glan—-Thomson calcite
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TOURMALINE

0:z ©:x

Fig. 1 A portion of the tourmaline structure selected to
zhow the environment of the OH groups. The thin
vertical lime is the c-auxis. {Taken +rom Gebert and

Zemann (198507
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Table 1 Sample Descriptions

Sample Color 'Lataiity ﬁrcﬁivgl Cods
'Si 5rcwﬁ | Yinniétharra, ﬁustralié CIT# 12683
D2 - brown | Bryant Lake, HNY CITH# 12584
Ti6 colorless Madagascar CiT# 13857
EC colorless Afghanistan  GRR# 1/27/8G
ER4 bBlue éfghanistan GRR# 1/727/B0

T22 Black Blue Lady Mine, SRR# 8714783
: S5an Diego Co., CA

Table 2 Electron Microprobe fnalyses of Tourmalines

Sample Na=0 Ca0 MgD F=Q MnGC TiO= Al=0sx ZnQ SiD= F

EC i.89 ¢.28 BDL G.0B 1.0 EBEDL 41.8 NA 37.5 0.9
EB4 2.75 0.30 BDL 3.67 2.17 0.02 37.6 0.22 37.1 1.8
T22 2.01 .06 BDL 12.Z 0.89 0.04 35.0 0.59 35.2 1.4
Ti& 0.75 .92 EDL 0.1B 0.21 0.02 39.1 Na 37.@ 1.5
D1 2.93 0.357 1i1.46 0.46 BDL 1.09 Z2.0 NA 37.2 o.1
D2 0.77 4.253 14.3F 0.38 BDL (.58 28.7 NA 36.5 0.3

BDL. — below detasction limits NA —— not analvyzed
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polarizers. Descripticns and compositions of the tourma-—
'iineé discussed herse arg presented in Tables 1 and 2
Samples which were used for optical studies were tos thick
fér exaﬁinatimn of the fundamesntal viﬁratiuns betwesn IB0OO
and 3430 cm~*., The first overtone vibrations beéween 7400
and 6800 cm™* (1350-1500 nm) which are much less intense
were utilized., The E¥c polarization of these transitions
indicates an orientation of the OH vector along the c—axis
{Gebert and Zemann 175830 .

Variations in the charge of the X—, ¥— and Z-site
cations produce the major OH bands in Fe,Mg-tourmalines.
Figure 2 illustrates the spectrum of a dravite and Figure 3
the spechtrum of a3 uvite. Both samples deviate from the end
member compositions by containing 1% TiOz. The largesst
band (1430 nm) can be assigned to the most abuﬁdant groug in
both samples —— PMg{YIA1(Z)=0{(3)YH. The 0{1)YH band= are the
lowest wavelength bands {excluding the non OH band at 1310
nm! and can be assigned by comparison of these two spectra.
Dravites and uvites differ. in the X-site cation toward which
this hydroxyl group is directed. Dravites contain
preacminantly NMa* in this site and uvites contain Ca=2+.,
Their comparison indicates the assignment of
Cai{XiMg{Y)sO0(1)H to the 1350 nm band and Na{X)Mg(Y)=O{1)H to

the 1370 nm band. Uvites alspo differ +From dravites in the Z

ted

site. Excess Mg which enters the I-site {(normally cccupied
by £1) and H-def=scts charge compensate for the Ca=®v ion

{Dunn et al. 1977a). Mg (YIMg(ZYA1{Z1O(3)H groups arse
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expected to absorb at a lower wavelength than the 1430 nm
'baﬂé. - The band at 1410 nm in Fig. 3% can be agsigned to this
'grmup.u'ﬁa vs £a is aisq'indicated by a slight shift of the
1430 nm hand‘ta lower wavelength in uvites. OH bands which
absorb in the region 1370-1410 nm are related to charge
differences in the ¥ site and cannot be assigned by simple
comparison.

These spectra are distinctly different +from those of the
=lbaite~=schorl compositional series. Figure 4 illusirates
the spechtrum of a sample thch is repressntative of the
s=lbaite end member (X=Na ¥=Li,Al Z=Al). The most common
groups in this composition are Li{(Y)Al{I)=0{(3¥H and
Al{YIA1(Z2)=20(3)H. The twp largest bands can be assigned to
these groups. The charge differsnce between these groups
would indicate the assignment of the 1470 nm band to
Al (YIA1(Z3=0(3'H and the 1425 nm band to Li(Y)IA1l{Z)=0{(3)H.
This can be confirmed by comparison to liddicoatite {(X=Ca
Y=Li,Al Z=Aly. Charge compensation for Ca is attained by
excess Li and H-defects (ﬁunﬁ et al. 1977b). Euxcess Li is
evident by the increase in the intensity ratioc of the 1420
nm band and the 1445 nm band (Fig. 5. In addition to this
dif%erenca,lthe effect of Ca can also be seen as shifts of
the two major bands to lower wavelength. The higher
wavelsngth shculders can be related toc a small amount of Na.
The influsnce D%lﬂa is much more difficult to see in the
0{13H bands. Large amounts of Mn and Fe can substitute into

both =lbaites—liddicoatites and dravits—uvites but do not
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produce large changes in the OH specira of the latter
becauses they are gensrally divalent and substituts into the

s

- A new transition develops in elbaites, however, at

m

Y¥-=it
appraximatel? the same position as the Mgi{Y)Al1{Z)=0{(3)H band
in dravites and uvites. Figure & illustrates the spectrum
of an elbaite with intermediate Fe, Mn contents. The 1437
nm band can be assigned to (Fe,Mni{YiAl{(Zi0(3)H OQroups.
Figure 7 illustrates the spectrum of a =chorl in the

elbaite—schorl series. Although the Fei(¥1&l{(Z)=20{3)H band

o1

[

o

is the most intense fsature, the 1425 and 1470 nm bands
indicate the correct compositional group. The use of OH
vibrations to differentiate Fe,Mg-tourmalines from
2lbaite—schorl tourmalines depends upon the 1425 nm band
specifically and Qill not be possible at compositions closer
to the zschorl end member. A hydroxyl band at 1470 nm can
also be found in Fe,Mg-tourmalines if Fe™ is present or
there is excess Al.

The O{1)H groups in elbaites can be assigned to the
remaining OH transitions between 1350 and 1419 nm. The
cmmpiexity of this region indicates a potential for more
detailed chemical analysis. However, the large number of

possible groups is too large for simple interpretations.

More complete analyses including Li and H would alsoc be

r

eszsential to interpretation.
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