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CATHODOLUMINESCENCE STUDIES OF THE COLDWELL ALKALINE COMPLEX

Abstract

The Coldwell alkaline Complex is located on the north shore of Lake
Superior, and consists of three Centers representing three magmatic
episodes. Center I consists of gabbro, and layered and unlayered ferro-
augite syenite. Center II consists of alkalic biotite gabbro, miaskitic
nepheline syenite, amphibole nepheline syenite, perthitic nepheline
syenites and recrystallized nepheline syenites. Center III consists of
magnesio-hornblende syenite, ferro-edenite syenite, contaminated ferro-
edenite syenite, and quartz syenite.

The textures and compositions of the feldspars and apatite from these
three Centers were examined using cathodoluminescence (CL) and the
scanning electron microscope (SEM). All of the colours described in the
text refer to cathodoluminescence colours. The feldspars in Center I
consist of light blue to light violet blue, optically homogeneous alkali
feldspar; braid microperthite and incipient perthite; and irregular vein
or patch perthite. The irregular vein and patch perthite contain light
violet blue cryptoperthitic patches, light blue exsolved albite and dull
blue exsolved K-feldspar. During late-stage fluid-induced alteration,
these feldspars were replaced by violet secondary albite and purple
secondary K-feldspar; and were coarsened by a deuteric antiperthitic rim.
The Fe-rich antiperthitic rim consists of deep red secondary albite and
brown secondary K-feldpsar. The later dominates in the upper series of
the layered and unlayered syenites. The homogeneous alkali feldspar
crystallized at high temperatures >700°C, exsolved into microperthite at
650-550°C and formed irregular vein and patch perthite at 520-420°C.

Late-stage fluid-induced replacement and deuteric coarsening occurs at
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relatively low temperatures 500-300°C.

The feldspars in Center II consist of light blue or light bluish grey
oligoclase; light violet blue homogeneous alkali feldspar; and irregular
vein or patch perthite. A few oligoclase crystals are mantled by a light
blue alkali feldspar rim. Most of the irregular vein and patch perthite
contain light blue exsolved albite and dull blue K-feldspar host; and
some of them contain light violet blue to light violet unexsolved alkali
feldspar patches in the core, and violet blue to dull blue cross hatched
microcline along the margin. During late-stage fluid-induced deuteric
alteration, the alkali feldspar was replaced by light violet blue to
light violet secondary albite or dull blue to dark brown secondary K-
feldspar along the margins; and the alkali feldspar was coarsened by a
red to deep red secondary albite rim. The oligoclase crystallized at high
temperatures 800-750°C, and the homogeneous alkali feldspar crystallized
at 2710-620°C. The perthite texture and the unexsolved alkali feldspar
patches may have formed at 600-450°C. The K-feldspar host may have trans-
formed to the cross-hatched microcline at =300°C. The deuteric coarsened
and replaced secondary feldspar formed at low temperatures <350°C.

In the recrystallized nepheline syenites of Center II, the feldspar
crystals are usually mantled with a relict core and a light violet blue
recrystallized alkali feldspar rim. The relict cores usually are light
blue albite or light violet homogeneous alkali feldspar.

The feldspars in Center III consist of zoned plagioclase crystals with
light greenish blue andesine-oligoclase cores and light violet blue to
light blue oligoclase-albite rims; light blue to blue homogeneous alkali
feldspar, K-rich feldspar, braid microperthite and oscillatory zoned
alkali feldspar; irregular vein perthite consisting of light blue to
light violet exsolved albite and dull blue K-feldspar host; and regular
to irregular vein antiperthite consisting of dull blue to dark blue

exsolved K-feldspar and dull red to deep red albite host. Most irregular
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vein antiperthite grains reveal alternating dull red, violet and deep red
oscillatory zones. During late-stage fluid-induced alteration, most 1light
blue to blue original alkali feldspar were coarsened by a deuteric
antiperthite rim which consists of red secondary alﬁate and dark brown
secondary K-feldspar. The plagioclase crystallized at high temperatures
about 900-750°C, the homogeneous alkali feldspar crystallized at 2>725-
520, and the K-rich feldspar crystallized at 580-450°C. The
microperthitic texture may have formed at 650-420°C, and the perthite and
antiperthite textures may have formed at non-equilibrium temperatures
about 520-350°C. The deuteric coarsened antiperthitic rim formed at
temperatures <350°C.

The apatite crystals in the Coldwell complex exhibit a variety of CL
textures which include: (1) uniform light pink to pink grains; (2) growth
zones with a small brownish pink core and light pink to pink rims; (3)
light pink to pink alternating oscillatory zones; (4) mantled grains with
light pink to pink cores and brownish pink reaction rims. Some of the
reaction rims are overgrown by light pink and yellow secondary apatite.

The light pink and pink CL colours in the apatite crystals are
dominantly caused by Eu?* activation, the brownish pink CL colour is
dominantly caused by Dy*, Sm* and Pr®, and the yellow luminescent
secondary apatite is characteristic of Dy** and Tb* activation. The
brownish pink apatites have higher contents of total REE and Si than the
light pink apatites. The yellow or light pink secondary apatites have
relatively low contents of total REE and Si. The apatite crystals in the
Coldwell complex are characterized by LREE-enrichment which is caused by
the coupled substitution of 2Ca*+P>'2(REE3'+REE?%*')+Si%**. The Si content in
the apatite crystals increase from Center I through Center II to Center

III.
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CHAPTER 1

THE NATURE OF CATHODOLUMINESCENCE AND INSTRUMENTATION

1.1. Introduction

Many natural minerals and synthetic crystals emit luminescence
light due to irradiation by a high energy source, such as
ultraviolet light, x-rays, electrons and ions. These luminescence
crystals (or minerals) commonly contain impurities, or activator
ions, (e.g., transition elements or REE) or have lattice defects
(e.g., the dislocations). The impurity or defect is called the
luminescence center and their host crystal (or mineral) is called
- a phosphor. Generally, luminescence light emission is produced by
electron transitions within a crystal. The excited electrons lose
their excess energy when they return to their initial ground state
in the form of photons. The electron transitions in many
luminescence materials are involved with the luminescence centers.
If the luminescence is produced by an electron beam irradiation, it
is called cathodoluminescence. If the luminescence is excited by
light, such as ultraviolet light, it is called photoluminescence.
Cathodoluminescence usually emits light in the visible range (about
400 to 700 nm, corresponding to about 3.1 to 1.8 eV), but sometimes
it can be found in the ultra-violet (UV) and infra-red (IR) region.

Cathodoluminescence (CL) is a wuseful method for studying
petrographic textures in geological samples (Smith and Stenstrom,
1965; Marfunin, 1979; Marshall, 1988; Remond et al, 1992). In

general, CL analysis performed with an optical CL microscope can be
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divided into two areas of study: microscopy and spectroscopy. In
the former, luminescence images of interested regions of the sample
can be displayed by a CL optical microscope; in’the latter, a CL
spectrum corresponding to a selected area of the sample can be
obtained by a light spectrophotometer. In CL spectra, different
luminescence colours are represented by luminescence peaks
occurring at certain wavelengths with certain intensities. CL
spectra provide important information, such as the identity of the
activator ions (e.g., transition elements or REE) in the host

mineral or the presence of lattice defects in the crystal. This

information benefits the petrographic study of geological samples.

1.2. The theory of cathodoluminescence
1.2.1. Interaction of the electron beam with the surface of the
crystal

When a primary electron beam irradiates a crystal (or solid)
surface, some of the incident electrons may penetrate the surface
and travel to some depth in the crystal, while other electrons are
reflected from the crystal surface. The penetrating electrons lose
their energy by elastic and inelastic collisions with the lattice
ions along the electron trajectories, generating back-scattered
electrons, secondary electrons, Auger electrons, x-rays and
cathodoluminescence. This process is illustrated schematically in
Fig. 1-1a.

When the incident electrons reach and penetrate the surface of a

conductor, the activator ions in the crystal are excited by
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(a) Primary electron beam (b) -~
Backscattered
electrons
Cathodoluminescence

Secondary Primary electron beam
electrons

X-ray Auger

electrons

Inelastically
scattered
electrons
Elastically v
scattered
Unscattered
electrons
electrons

Fig. 1-1. (a) Schematic diagram of types of the major interactions due to electron beam
interaction with a solid (After Yacobi and Holt, 1990); (b) Schematic representation of
types of the plasmas in a phosphor. The V., is the secondary electrons plasma. The V, is
a plasma which is generated by activator ions (direct excitation). The V., is a plasma
which is generated by mobile electrons and holes (indirect excitation) in the crystal
(After Ozawa, 1990).
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Fig. 1-2. Characteristic types of optical transitions shown both for the flat-band model
and for the energy (E) vs wave vector (k) plot. (1) Excitation from the valence band to
the higher energy conduction band, (2) excitation across the band gap, (3) exciton
formation, (4) excitation from impurities (activator ions), (5) free-carrier excitation
(After Bube, 1992).
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secondary electrons and electron-hole pairs. According' to the
incident electron scattering hypothesis (Ozawa, 1990), the incident
electrons penetrate the surface of the crystal and excite the
lattice ions in the crystal which are assumed éo generate a plasma
with a volume V; (Fig. 1-1b). The volume V4 is defined by the energy
of the incident electrons. If the activator ions in the crystal are
only excited by the plasma (V4), all CL data must be explained by
this plasma model, but CL is generated by a plasma which has a
volume greater than the volume Vj.

The electron plasma also produces electron-hole pairs in the
final step of the energy loss process within the crystal. These
electron-hole pairs are mobile carriers inside the crystal and can
leave the volume V;. Some of these mobile carriers are recombined
with the activator ions generating a plasma with a volume V.. This
volume V, is defined by the migration distance of the electrons and
the holes. The volume V_, is always greater than volume V,; (Fig. 1-
1b) .

Therefore, the activator ions in the crystal are excited by both
plasmas: plasma V3 (direct excitation) and the mobile carriers
plasma V., (indirect excitation). Both plasmas giving rise to the
same characteristic activator luminescence which cannot be
distinguished by the luminescence spectrum alone (Ozawa, 1990).
However, the concentration dependence curve (CD) of luminescence
intensity (I) of the activator ions may provide more information on
the different types of excitation (see the next section).

For semiconductors and insulators, crystals are covered with a
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layer of surface-recombination (SR) centers of mobile electrons and

holes. If the incident electrons can not penetrate the SR layer,
the crystal shows no luminescence, or shows a f%;nt luminescence
which is due to the direct excitation of the activator ions (V,).
If the incident electrons penetrate through the SR layer, the
crystal shows an intense luminescence which is produced by the
recombination of the electron-hole pairs of the activator ions in
the crystal volume (V,) below the SR layer of luminescence (Ozawa,
1990) .

The process of incident electron interaction with the surface of
the c¢rystal, may be much more complicated than the above
assumptions, such as the surface-bound electrons effect. However,
an ordinary industrial phosphor study only assumes that the
cathodoluminescence is generated by the incident electron beam
which reaches and penetrates the crystal surface generating
secondary electrons and the electron-hole pairs of activator ions

in the crystal.

1.2.2. Interpretation of cathodoluminescence by band theory
Phosphors and semiconductors luminescence processes can be
interpreted by the band theory of solid state physics. In band
theory application to cathodoluminescence, the CL emission spectra
can be divided into intrinsic and extrinsic luminescence (Holt,

1974; Marfunin, 1979; Yacobi and Holt, 1990; Remod et al., 1992).
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Intrinsic luminescence

The intrinsic luminescence emission is a fundamental or edge
emission. The luminescence emission peak may have’a near Gaussian-

shape and photon energy hv = E, (Fig. 1-2). This is a result of the

electron transitions from the conduction band to the valence band.
By definition in solid state physics, properties of materials which
are associated with electrons excited across band gaps at room
temperature are called intrinsic. Intrinsic luminescence emission
is produced by the inverse of the mechanism responsible for the
fundamental absorption edge (Fig 1-2, inverse route 2). This
intrinsic luminescence is also called self-activated luminescence.

The electron transitions between the conduction band and the
valence band can be divided into direct and indirect transitions.
A direct transition is represented by a vertical line across the
narrowest part of the energy gap when the extreme of conduction and
valence bands occur at same wave vector (k). This transition only
produces a photon (Fig. 1-3a). According to quantum theory, the
direct transition yields a straight line with an energy intercept
of E, (direct band gap) on the plot of a® (absorption constant) vs
hw, (photon energy) diagram (Fig 1-3a, insert diagram). Thus the
direct band gap is given by E. = #fw, .

An indirect transition occurs when the two extremes of the
conduction and valence bands have different wave vectors (k). So
that a transition from the top of the valence band to the bottom of
the conduction band requires a change of both energy and wave

vector by the participating phonon (#w,) (Fig 1-3b). The indirect
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Fig. 1-3. Direct and indirect electron transitions between the valence band and the
conduction band. (a) direct transition; (b) indirect transition. Inserts show the
variation of absorption constant with phonon energy expected for each type of transition

(After Bube, 1992).
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Fig. 1-4. Electron transition model for extrinsic luminescence. (a) Classical model; (b)
pair-recombination model; (c) recombination within the atomic levels of an impurity ion

(After Bube, 1992).
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transitions are secohd-order processes with a sméiler absorption
constant than for the direct transition. A plot of a” vs hw, gives
two straight line segments with intercepts on theignergy axis of hw,
and #Aw, as indicated in Fig. 1-3. Thus the indirect band gap is

given by E, = (#w, + #Aw)/2, and the participating phonon energy is

given by kw, = (Aw, - hw)/2.

1.2.3. Extrinsic luminescence

Extrinsic luminescence emission is dominated by the impurities
(activator ions) energy levels in the material at room temperature
as defined by solid state physics. Because the luminescence is
caused by impurities (activator ions) or other defects in the
material, the luminescence emission peaks are characteristic of the
particular impurity (activator ion). Thus extrinsic luminescence is
due to the electron transitions within the forbidden energy gap of
the localized impurity energy level.

Luminescence occurring through impurities associated with the
recombination of electrons and holes can be described by one of
three models in Fig 1-4 (Bube, 1992). (1) The classical model
involves the recombination between a free carrier, either an
electron or hole, with a trapped carrier of the opposite charge
(Fig 1-4a). If the free carrier is an electron, the model is known
as the Klasens-Schoen model, whereas if the free carrier is a hole,
the model is known as the Lambe-Klick model. These processes
account for most of the observed cases of the luminescence.

(2) The pair recombination model (the Williams-Prener model),
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this transition involves a donor-acceptor pair recombination (Fig
1-4b). The donor refers to an impurity which can contribute
electrons to the conduction band, and the accep}or refers to an
impurity which can borrow electrons from the wvalence band thus
producing holes in the valence band. At a shallow energy level
(which is commonly associated with trivalent and pentavalent
impurities), the donor is usually trapped just below the bottom of
the conduction band, whereas the acceptor is trapped slightly above
the top of the valence band. The donor-acceptor also can be trapped
at a deep energy level (within the band gap). The energy of the
transition at a deep level is much smaller than that at a shallow
level, and may result in the emission of photons in the visible and
near-infrared ranges in some wide band-gap materials (Yacobi and
Holt, 1990). The wave function of the electron trapped at the upper
level must appreciably overlap the function of the hole trapped at
the lower level for a large probability of a transition occurring
(Bube, 1992). This pair-recombination model accounts for the

majority of the observed cases of high-efficiency luminescence.
(3) The recombination within the atomic levels of an impurity
(Fig. 1-4c), the excitation and emission is due to an electron
transition within the atomic levels of the crystal. The electron
transition has no necessary involvement of the crystal itself

except as its energy levels are perturbed by the crystal field. As

a result of this type perturbation, the energy levels of the f-d

orbitals of the impurities (activator ions) are usually separated

by crystal field splitting. The inner shell of the impurities
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(activator ions) usually has an incomplete confiéﬁration, such as
in REE ions and transition metal elements.
§
1.2.4. Direct and indirect excitation mechanisms in CL

In an industrial phosphors study, the direct and indirect
excitations of the activator ions by the electron beam irradiation
were developed not on the basis of the band structure theory, but
on the mechanisms of the migration of the electrons and holes in
the crystal. The direct and indirect excitations of activator ions
by incident electron beam have been studied by Ozawa (1990) in
industrial phosphors. The direct excitation and indirect excitation
by the electron beam irradiation can be distinguished by the shape
of the concentration dependence (CD) curve in the diagram of the
concentration vs. the luminescent intensity (I) of the activator
ions in the crystal. If the activator ions in the crystal are
directly excited by incident electrons, the CD curve has an unit
straight line slope at low concentrations of the activator ions
where the self-concentration quenching mechanisms are not involved
(Fig 1-5). The unit slope of the CD curve indicates no crystal size
effect for the direct excitation.

If the activator ions in the crystal are indirectly excited by
incident electrons, the luminescence is produced by radioactive
recombination of mobile electrons and holes. The mobile electrons
and holes in the crystal, which can be produced by a high energy
source of irradiation, e.g. an electron beam, has energy greater

than the band gap energy E.. Thus the activator ions are excited by
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Fig. 1-5. Difference in concentration dependence (CD) curves with types of excitation
mechanisms of activator ions (Eu) by incident electrons. The direct excitation exhibits
no crystal size effect and the CD curve has a slope of unity. The indirect excitation
exhibits crystal size effect and the CD curve has two slopes with an inflection point at
¢* (After Ozawa, 1990).
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Fig. 1-6. Intensity of the luminescence peak is depended on the primary electron beam
energy. (A) is obtained under 10 keV, 0.8 Am. (B) is obtained under 15 kev, 0.8 Am, both
CL spectra are from same area of a feldspar sample.
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these electrons and holes at internal recombination centers. The CD
curve has two slopes with an inflection point at C* (Fig. 1-5). The

value of C" depends on the crystal size, because,C' corresponds to

i
the average electron and hole migration distance which is
proportional to the crystal size.

Thus direct and the indirect excitations can be distinguished for
the ordinary cathodoluminescence study. The direct excitation
usually produces a weaker luminescence intensity than the indirect
excitation (Fig. 1-5), because recombination of the mobile

electrons and holes at activator ions results a high efficiency

luminescence.

1.3. Instrumentation of cathodoluminescence
1.3.1. Cathodoluminescence equipment

The Luminoscope (ELM-2B) is designed to mount directly onto the
stage of an optical microscope, therefore, the user can quickly
alternate between transmitted light and cathodoluminescence. The
system uses a cold cathode electron gun as the source of the
electron beam. The electron beam bombards the surface of a polished
thin section in a wvacuum chamber at a pressure of less than 50
millitorr.

A light spectrophotometer (1681B Minimate) manufactured by SPEX
industries Inc. (1988) is attached to the Luminoscope system. The
1681B Minimate 1is a 0.22 meter, double dispersion grating
spectrometer which is fully computer controlled by DM-3000 computer

software to perform wavelength scans and record spectra. The
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furnished software provides a full range of data manipulation
capabilities, such as background subtraction, smoothing,

subtraction of spectra, and system transmission c%;rection, etc.

1.3.2. Cathodoluminescence operating conditions
a. Electron beam voltage and beam current

In geological samples, the optimal set up beam voltage and beam
current may vary with the sample studied. Usually, a low voltage
darkens the luminescence, and therefore produces low intensity CL
spectral peaks. A higher beam voltage brightens the luminescence,
but has a higher risk of damage to the samples. Mariano (1988)
obtained CL spectra of feldspars under 8.5-15 keV beam voltage and
0.3-0.6 mA beam current. The spectra of apatites were obtained
under 6-17 keV beam voltage and 0.1-0.8 mA beam current (Mariano,
1988) . Telfer and Walker (1978) used 10 keV beam voltage and an

electron beam current density of 2uA cm? to study plagioclase from

lunar and terrestrial samples.

In this study, the spectra for most feldspars and apatites were
obtained under 10 keV beam voltage and 0.7-0.8 mA beam current. It
is very important to stabilize the electron beam voltage throughout
the whole experiment, because variation in the beam voltage can
cause changes in the CL colour and peak intensity. Figure 1.6 shows
that the intensity of CL peak is significantly effected by the beam
voltage. The two feldspar spectra are obtained under a beam voltage
of 10 keV and 15 keV with the same beam current (0.8 mA) from the

Same area within the sample. Under 10 keV (Fig. 1-6, spectrum A),
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the feldspar reveals light violet blue luminescen; colour with both
the intensity of the blue peak and the red peak nearly the same.
When the beam voltage is increased to 15 kevV (Fig. 1-6, spectrum
B), the luminescence colour changes to lig;t blue. In the CL
spectrum B, the intensity of the blue peak is only increased

slightly, Dbut the intensity of the red peak 1is decreased

dramatically.

b. Electron beam diameter

The size of the electron beam diameter effects power density of
the electron beam. When the electron beam is sharply focused on the
samples, the beam has a higher power density which produce a
brighter luminescence. However, since the beam only covers a small
area on the surface of the samples, it will easily damage the
samples by heat accumulating in the samples. In this study, a
moderate beam size of 5x8 mm was found suitable for producing the
desired intensity of CL, and covering a large area. For most of the
CL microphotography, a large beam diameter (such as 8x12 mm) was

used.

c. Peak resolution and sensitivity

The resolution and sensitivity of CL peaks is controlled by the
width of the entrance slit and the exit slit of the
spectrophotometer at a certain energy level of the incident
electron beam. The entrance slit is set between the fibre optic

probe and the spectrophotometer, the exit slit is set between the
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spectrophotometer and the photomultiplier detector. Normally, the
size of the exit slit is the same as that of the entrance slit (or
slightly larger). Small slits provide better reso%ption but lower
intensity peaks.

Fig. 1-7 shows spectra from an apatite obtained using different
width slits. When the spectrum is obtained using the large slits (5
mm) (Fig. 1-7a), the luminescent peaks have a higher intensity than
those obtained using the small slits (2.5-0.25 mm) (Fig. 1-7b,c,d).
However, the peak resolution is relatively poor using the larger
slits, e.g., the Dy* peak at 567 nm is not well resolved. When the
spectrum is obtained using the smallest slits 0.25 mm (Fig. 1-7d),
most of the luminescent peaks have a relatively low intensity.
However, the resolution for most of the peaks are much better,
e.g., the Dy* peak is well resolved at 569 and 579 nm.

The slits of 5 mm or 2.5 mm width are used in most of this study
to produce an intensity in the range of nE-3 to nE-4 cps, that
satisfies both of the resolution and sensitivity requirements for
all of the peaks.

It should be noted that varying the size of the slits can cause
the peaks to shift slightly by a few nm’s of wavelength. When the
size of the slits is increased from 0.25 mm to 1.25 mm to 2.5 mm
and to 5 mm (Fig. 1-7), the peaks shift, e.g., the Sm* peak shifts
from 600 nm to 599 nm to 598 nm and to 593 nm respectively. This
instrumentational shift must not be misinterpreted as being caused
by different activators or different electron transitions in the

crystal field.
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slits. CL conditions: 8 keV, 0.8 Am, magnification 4x10.
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d. Other data acquisition parameters are as followings:
Wavelength scanning from 350 to 850 nm

Increment 0.8-1.0 nm

Integration time 0.2-0.3 sec

1.3.3. Cathodoluminescence spatial resolution

The spatial resolution of CL emission depends on the diameter of
the fibre optic probe in the ocular and the magnification of the
objective. The fibre optic probe is normally arranged so that input
light is located in the objective focal plane. One attempts to
sample the CL from a single crystal whose diameter is slightly
larger than that of the fibre optic probe.

When the spectra were obtained in this study, a 1250 microns
diameter fibre optic probe was used and the objective magnification
was 10x. Therefore, the light from an area of 125 microns (1250/10)

diameter will be sampled.

1.3.4. Cathode-ray output

The cold cathode electron gun basically consists of a cathode and
an anode. When the gas pressure in the chamber of the electron gun
has reached a suitable range for a certain electron voltage, a
discharge will take place between the cathode and the anode
(Luminoscope Instruction Manual, 1988). The discharge is made up of
positive ions travelling generally in the direction of the cathode,
and electrons travelling generally in the direction of the anode.

The electrons pass through a small aperture in the anode then are
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focused by a magnetic coil and form an electron beam.

Since the cathode and the anode are metallic and mainly consist
of Fe, Cr, Ni and Cu, a high fraction of the metal a}oms will be in
the excited state. As gas ionizations occur in the cathode-ray
tube, there is a recombination of these metal ions with the
electrons. The result of this process is the emission of a complex
multiline spectrum in the region between 375 and 475 nm. Figure 1-8
shows spectral distribution of the cathode-ray tube output lines in
the region between 350 and 850 nm. The spectrum is obtained by the
fibre optic probe which is directly set next to the lead glass
window of the vacuum chamber after all of the optical lenses are
removed (Fig. 1-9a). These cathode-ray tube output lines should be
subtracted from the spectra of the samples. The procedure may
require a least-squares deconvolution program to simulate these
lines of output because they increase with time of spectrum
acquisition.

However, the cathode-ray tube output lines are usually concealed
by the background of the most sample spectra, when the spectra are

obtained by the fibre optic probe sitting in the normal ocular lens

position of the polarizing microscope (Fig. 1-9b).

1.4. Cathodoluminescence photographic techniques
1.4.1. Instrumentation of the photography system and operating
conditions

The Photoautomat MPS45 is a fully automatic system used in this

study of CL photography. The system consists of the MPS45
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Photoautomat, a shutterpiece, a 35 mm magazine, a photo-eyepiece
(10x), and a Leitz microscope.

The Photoautomat is set at a condition of rec}procity failure
correction (switching LINEAR/NORMAL switch to LINEAR) for colour
film, and the DF/NORMAL switch is set to NORMAL for bright CL field
exposure. The individual compensation is set as a standard exposure
for all photography (i.e. CAL. is set at 1) and the exposure time
is set on automatic mode. When the CL field is too dark, the
exposure mode is set on manual and the exposure time is estimated
individually for each picture.

These photographic conditions are the same for the transmitted

light and polarized light photography.

1.4.2. The focusing of CL pictures

Unlike transmitted 1light (TrL) and polarized 1light (PoL)
photography, the CL photographic image has a much lower 1light
intensity making it difficult to see a clear picture of the subject
in the focusing telescope. The CL focusing distance is also not the
same as for the TrL and PolL image.

The best way to focus a CL picture is by using the micropores in
the sample to focus the picture. The micropores are very small
holes that usually occur in minerals or at the interstices between
minerals. The micropores usually fill up with the polishing
compounds and have a very bright greenish blue luminescence. When
the picture is in focus, most of the micropores will have a clear

singular image (not multiple images) in the field of view.
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Another problem is heat effect. When a sample has a very low CL
intensity, it may require a longer exposure time, and heat will be
accumulated in the sample by prolonged electron beam bombardment.
This heat may cause the epoxy to "bubble" which will cause the

picture to be out of focus. This can be avoided by changing to a

higher film speed.

1.4.3. CL picture exposure time and film speed

The Photoautomat automatically controls the CL picture exposure
time which ranges from a few seconds to a few minutes depending on
the CL intensity of different minerals, and the film speeds under
certain magnifications of the microscope. For brightly luminescing
minerals, such as the feldspars (light blue CL colour) under 10x4
magnification, the best range of exposure time is 30 sec to 1 min
for ASA 400 (Konica) film. This produces an almost true CL colour
and with good colour resolution. A higher speed film (ASA 1000,
Kodak Ektar) is used when the mineral has a very low CL intensity
with a dark CL field in the view, or for a higher magnification
(10x10) image. The best range of the exposure time is 1 to 2 min.
However, the CL colour may be distorted as it appears more orange-
red in comparison with the CL colour which was observed under

microscope.
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CHAPTER 2
REVIEW OF LUMINESCENCE CENTERS IN FELDSPARS
/

2.1. Introduction to cathodoluminescence in feldspars
Feldspars from different types of rocks usually exhibit four
different CL colours: purple, light blue, green and red. Although,
the origin of the luminescent colour is controversial, the
luminescence colour of feldspar is attributed to the excitation of
activator ions in the crystal field, to the lattice defect centres
in Si-0-Al groups or to the intrinsic luminescence. For feldspars,
CL provides a great deal of petrographic information, especially in

cases of fluid induced alteration and deuteric coarsening.

2.2. REE activation in feldspars
2.2.1. Eu** activation in feldspars

Laud et al. (1971) synthesized the alkaline earth feldspars:
CaAl,Si,0y (anorthite), SrAl,Si,04 (triclinic Sr-plagioclase) and
BaAl,Si,0; (celsian and metastable hexacelsian) with Eu** (2 mole %).
Under cathode-ray irradiation, the CL emission of Eu®**-activated Ca-
feldspar occurs in the blue region with a broad peak centered at
470 nm (Fig. 2-1a), the emission of Eu®*-activated Sr-feldspar also
occurs in the blue region with a broad peak centered at 465 nm. The
emission of Eu?*-activated Ba-feldspar (celsian and hexacelsian)
occurred in the ultraviolet region and very weakly in the blue-
green region with a narrow peak at 375 nm and a broad peak at 500

nm, respectively (Fig. 2-1a).
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In the Eu?**-activated 'CaAl,Si,0;-SrAl,Si,0, solid solution series,
Laud et al. (1971) found that the luminescence peak position of Eu?*
activator did not significantly changes as a Jgunction of the
composition, since the end members of the Eu?*-activated Ca-feldspar
and Sr-feldspar have nearly the same peak position. However, the
relative intensity of the emission peaks is a function of their
composition. The intermediate members have higher luminescence
intensities than their end members (Fig. 2-1b), e.g., the feldspar
with 75 mole% CaAl,Si, 04, and 25 mole% SrAl,Si,0; have a more intense
maximum luminescence peak at 470 nm, than the end members.

In the Eu®**-activated BaAl,Si,0,-SrAl,Si,0; solid solution series,
similar results were also observed by Laud et al. (1971), the
relative intensity increases with Ba? concentration up to 35 mole%
BaAl,Si,0,, and then the intensity decreases to 70 mole% BaAl,Si,04.
With continued increase in the Ba? concentration, the luminescence
almost ceases.

Since the spectra of the Eu?**-activated Ba-feldspar show two peaks

at 375 nm (26.67 cm™®) and 500 nm (20.00 cm3®), Laud et al. (1971)

suggested that this may be due to a splitting of the 5d energy

level of the Eu?* ions in the crystal field. However, the reason for
the increasing luminescence intensity in these intermediate members
of the solid solutions is not clear. It may be caused by an
increased efficiency of the Eu?* ions activation, or by an
improvement in the energy transfer mechanism between the host and
the activator iomns.

Mariano et al. (1973, 1975) also studied Eu?" as an activator in
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plagioclase (Na1_xCa{2Al,+xSi,_xO,,) . They obtained a CL spectrum of a
synthetic anorthite crystal with approximately 200 ppm of Eu®* which
yielded a deep blue luminescence with a broaji emission band at
approximately 420 nm (Fig. 2-2). They also noted that the
luminescence colour of the Eu®**-activated synthetic anorthite is
darker than the blue luminescence exhibited in terrestrial and
lunar feldspars. Although Eu?** is an activator in synthetic
feldspars, Mariano (1978) considered that the concent;:ation of
europium is insufficient to cause activation in a natural feldspar
host. In synthetic feldspars, nx100 ppm of Eu is necessary to

produce the blue luminescence, but europium has never been observed

above nx10 ppm in a natural feldspar host.
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Fig. 2-2. CL spectrum of Eu®* (about 200 ppm) doped synthetic anorthite. This Eu®*-
activated synthetic anorthite exhibited a deep blue luminescence. (From Mariano, 1988).
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2.2.2. Ce* activation in feldspars

Laud et al. (1971) also synthesized the feldspars: CaAl,Si,0,
(anorthite), SraAl,Ssi,0; (triclinic Sr-plagioclase)'. and BaAl,Si,0,
(celsian and metastable hexacelsian) with 1 mole Ce*. The spectrum
of the Ce’*-activated anorthite consists of a narrow band in the
ultraviolet region with peak at 355 nm, and a broad, weak band in
the visible blue-green region with peak at 490 nm (Fig. 2-3a). Ce*-
activated Sr-feldspar produced a narrow band in the green region a
with peak at 530 nm. Ce3 doped Ba-feldspars were inert to cathode-
ray excitation.

In the Ce*-activated CaAl,Si,0,-SrAl,Si,04 solid solution series,
Laud et al. (1971) found that the Ce* emission peaks for both end
members are present in the intermediate members without any shift
in the peak positions. The luminescence intensity is a function of
composition (Fig. 2-3b), e.g., for the peak at 530 nm, the
luminescence intensity increases with decreasing Ca-feldspar
content in the solid solution series. In the Ce’*-activated
BaAl,Si,04-SrAl,Si,0, solid solution series, the luminescence peak
intensities in the intermediate members are higher than their end
members.

Laud et al. (1971) assumed that the separation of emission peaks
in the spectrum of the Ce*-activated Ca-feldspar is caused by the
Ce* ion splitting in the crystal field. In the Ca-feldspar and Sr-
feldspar end members, the Ce3+ ions may occupy in two different
sites because the CL spectra are different. However, in

intermediate members, the Ce* ions probably occupy in both sites,
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because the CL spectra are combined by both end members emission
peaks.

i

2.3. Transition elements activation in feldspars
2.3.1. Ti** activation in feldspars

A light blue CL emission of feldspars has been observed by many
authors. The emission spectrum includes a broad band with a peak
wavelength of about 450 (+10) nm. This emission band is attributed
to Ti** impurity which intensifies some weak intrinsic CL emission
in UV and the blue region of feldspars (Mariano, 1988). This
suggestion is based on studies of titanium impurities in silicates.
The CL spectra of SiO, and several silicates exhibit broad bands
which extend from the UV region into the blue part of the visible
region. This emission band is associated with SiO, groups or the
Si-O bond and can be intensified by a titanium impurity. Titanium
intensification in silicate phosphors acts as an activator and
contributes to the anomalously high electronic polarization of the
oxygen ion (0%), in the field adjacent to the titanium ion (Ti**)
(Mariano, 1988). The titanium impurity in a silicate also produces
a structural perturbation which may distort the normal host
crystals, because Ti prefers to be in octahedral coordination with
O, as compared with the normal tetrahedral coordination of Si with
Q.

Mariano et al. (1978) reported synthetic labradorite and
anorthite with 0.1 wt.% of Ti%** impurity gives blue luminescence

with a broad band at 460 (+10) nm. This emission band is similar to



30

”

the Ti*-activated synthetic silicate phosphor. Mariano (1988)
illustrated a synthetic labradorite with 0.2 wt.% of TiO, exhibits

light blue luminescence with a broad peak centgred at about 470 nm

(Fig. 2-4).
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Fig. 2-4. CL spectrum of Ti* (0.2 wt.% Ti0,) doped synthetic labradorite. The synthetic
labradorite exhibited a light blue luminescence. (From Mariano, 1988).

In natural feldspar, Mariano (1978, 1988) also showed that the
microcline in fenite veins from granite-Cerro Impaoto, Estado
Bolivar, Venezuela exhibits a light blue luminescence, and the CL
spectrum consists of a high blue peak at about 420 nm and a low red
peak at about 710 nm. In gneiss from Kangankunde Carbonatite,

Malawi, the plagioclase exhibits a light blue luminescence with a |

broad band centred at about 500 nm. In quartz latite porphyry from
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Mt. Fubilan of OK 'ﬂedi, New Guinea, an orthoclase phenocryst
exhibits a light blue luminescence, and the CL spectrum consists of
a low blue peak at about 450 nm and a high red peak at about 700 nm
(Fig. 2-5). The blue luminescence peak in the CL spectra of these
natural feldspars is comparable to the blue peak in the CL spectrum
of the synthetic labradorite.

Hutcheon et al., (1978) reported all plagioclase (anorthite) in
the Allende meteorite shows blue luminescence, and there was no
correlation of CL intensity with Ti concentration (<50-340 ppm).
However, they found a strong negative correlation between CL
intensity and the Na and Mg concentrations.

Sippel and Spener (1970) observed broad luminescence bands
centered at 450 and 559 nm in lunar feldspar. They found that the
blue peak (450 nm) shows a variability in peak position and shape
and which does not correlate with composition. Sippel and Spener
(1970) suggested that more than one luminescence center may be
involved in producing the blue luminescence peak.

Rae and Chambers (1988) studied the relationship between blue
luminescent feldspars and their Ti contents in the North Qordg
center, South Greenland. They reported that the unmetasomatised
perthitic feldspar (sample 46297), from the North Qordqg center,
exhibited a pale blue luminescence colour, and in comparison, a
sample of granular syenite (sample 77-22), from Klokken intrusion,
which has suffered minimal water-rock interaction, showed a strong
blue luminescence. CL spectra of both samples are illustrated by

Rae and Chambers (1988). In these feldspars, CL spectra are not
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Fig. 2-5. CL spectrum of an orthoclase phenocryst from Mt. Fubilan quartz latite porphyry
of Ok Tedi, Guinea. The CL spectrum consists of a broad band peak at about 440 nm which
is attributed to lattice defects produced by substitution Ti**, and a peak at about 700

nm which is typical of Fe3 activation. This orthoclase crystal exhibited a light blue
luminescence (From Mariano, 1988).

compatible with the luminescence colours which are described by Rae
and Chambers (1988). CL spectrum of the pale blue luminescent
perthitic feldspar did not shown any blue peak at about 450 nm and
only showed a very high red peak centred at about 750 nm. CL
spectrum of the strong blue luminescent granular syenite only
showed a very weak blue peak centered at about 450 nm and a very
high red peak centered at about 750 nm. Rae and Chambers (1988)
interpreted that is because the red emission is in the near infra-
red thus making it very difficult for the human eye to detect (the
human eye picks up little above 650 nm and is at its most sensitive
in the blue-green region of the spectrum). Even if this were true,

the CL spectrum of the perthitic feldspar still does not represent
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what is called the pale blue luminescence colour, because the
relative luminescence intensity at 650 nm is higher than it is at
450 nm. i

Despite the contradiction of the luminescence colour with the CL
spectra, Rae and Chambers (1988) also used an ion probe to analyzed
38 feldspar samples, as Ti was below the electron microprobe
detection limit. They found that the concentration of Ti ranged
from 3 to 389 ppm, and distribution of the Ti was heterogeneous
within each sample. No correlation was evident between intensity of
the blue peak and concentration of the Ti and other elements
analyzed. Therefore, Rae and Chambers (1988) believe that the blue
luminescence in alkali feldspars is not activated by a Ti%
substitution for Si*, but is a result of a defect centre which is
completely unrelated to minor element concentrations. This
hypothesis was also proposed by Geake et al. (1977), who suggested
that the blue luminescence is probably due to lattice defects

rather than to any particular activator.

2.3.2. Fe** activation in feldspars

Red luminescent feldspars were reported by several authors (Smith
and Stenstron, 1965; Geake et al., 1973, 1977; Mariano, 1978)
during the early studies of cathodoluminescence of geological
materials. It was commonly suggested that the red luminescence,
near the IR region, was due to an Fe? activator, with the Fe3*
occupying the tetrahedral Al* sites in the Al-0-Si framework.

Mariano (1978, 1988) showed that optical quality orthoclase, from
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the Itrongay region, Madagascar, has a red luminescence with a
broad band centered at about 700 nm (Fig. 2-6), and contains 0.29
wt.% of Fe (Mariano, 1988). Fe in this amber—y%llow orthoclase is
in the ferric state wite 2.56 wt.% Fe,0, reported by Deer et al.
(1966) based on chemical analyses. Thus the red luminescence peak
at about 700 nm in this orthoclase is attributed to Fe3* activation.
Faye (1969) and Manning (1970) assigned Fe** ions in this orthoclase

to the tetrahedral sites by use of optical absorption spectrum.
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Fig. 2-6. CL spectrum of an orthoclase from Itrongay region, Madagascar. The orthoclase
exhibited a red luminescence which is attributed to Fe* activation. (From Mariano, 1988).

For most terrestrial plagioclase which have an emission peak
occurring in the near infrared region between 700 and 780 nm, it is

assumed that this peak is produced by Fe® activation in the Al
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sites (Geake et al., 1977). This was tested by doping a pure,
synthesized anorthite with iron under oxidizing conditions, such
that the iron would be expected occur as Fe®. Lu?inescence of the
anorthite resulted in a strong emission peak at about 700 nm (Fig.
2-7). A similar spectrum of the a Fe* doped synthetic labradorite
have been obtained by Mariano (1978, 1988) (Fig. 2-8).

Telfer and Walker (1978) reported that the red emission band
occurs at about 680 nm in synthetic anorthite with 5190_mole Ppm
Fe**, and between 698 and 781 nm in natural plagioclase. By
interpretation of the optical absorption spectra based on ligand
field theory, Telfer and Walker (1978) confirmed that Fe® in
plagioclase occupies the distorted tetrahedral sites (T-sites) (the
largest T-sites are normally occupied by Al%**) and assumed that the
red emission band probably is from the lowest of the split energy
levels. The Fe activator concentration level in natural plagioclase
was found generally at about 1000 ppm. These Fe contents were
confirmed by X-ray fluorescence analysis.

Recently, Rae and Chambers (1988) have found that in the North
Qordég centre, all of the red luminescent albites with an infrared
peak centered at about 750 nm have significant Fe contents. They
suggested a possible correlation between the infrared peak
intensities and the Fe content. They also suggested that the red
luminescence is the result of electronic transitions in the Fe** ion
present as an impurity in the feldspar, and that Fe®** is in
tetrahedral coordination. This was confirmed by the excitation

spectra which are the same as that of the red-infrared luminescing
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plagioclase reported by Telfer and Walker (1978). There are no
differences between the excitation spectra for the red luminescence
albites (metasomatic syenite, sample 59751 and 597?5), and the blue
luminescence feldspars (unaltered perthite, sample 77-22 and 46297)
in the North Qoroqg centre and Klokken intrusion by Rae and Chambers
(1988).

If the excitation spectra by Rae and Chambers (1988) are
reliable, the red luminescence colour of the feldspars is due to
Fe¥ activation, and the excitation spectra of orthoclase and
plagioclase (red CL) represent the energy levels of Fe¥* ion
splitting in the 1ligand field. Although the blue luminescent
feldspars should not have the same excitation spectra as the red
luminescent albite. The blue luminescence from feldspar crystals
are commonly considered due to Ti** intensification or due to a

defect center.

2.3.3. Fe? activation in feldspars

Fe? usually reduces the luminescence intensity by acting as a
quencher in some minerals, such as carbonates. However, Mariano
(1988) reported that Fe?* is an activator for CL in plagioclase. A
synthetic plagioclase containing ferrous iron exhibits a strong
green luminescence with an emission peak at about 550 nm (Fig. 2-
9). The synthetic plagioclase crystal is anorthite with a
composition of (Fe, ;Cay ¢) A1,Si,04-nH,0. This crystal was examined by
SEM and EDS point analysis which indicated that the crystal is a

homogeneous grain and Fe is substitutional in the anorthite
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lattice. A Mdssbauer spectrum of this anorthite indicated that the
Fe is mainly Fe?', and the estimated ratio of Fe®*/Fe?* is about 0.2.
The green luminescent peaks have been obsegved in many natural
plagioclase, both terrestrial and lunar. Mariano (1988) argqued that
the green peak at about 550 nm in the plagioclase is due to Fe?*
activation rather than Mn?* activation. These plagioclase commonly
contain about 1 wt.% Fe content. The Fe is mostly in the ferrous

state for the lunar plagioclases and no red emission peak was

observed in the green luminescent terrestrial plagioclases.
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Fig. 2-9. CL spectrum of Fe? (2 wt.% FeO) doped synthetic plagioclase. The synthetic
plagioclase exhibited green luminescence with high green peak at about 550 nm (Fe®

activation) and a low red peak at about 700 nm (Fe? activation) (From Mariano, 1988).
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Fe? (Mn?') activatioén in plagioclase from the plutonic complex of
the Meissen massif, East Germany are reported by Wenze