American Mineralogist, Volume 88, pages 763-769, 2003
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ABSTRACT

We present X-ray absorption near-edge structure (XANES) spectroscopy of 11 silicate and alu-
minosilicate minerals and two glasses at the SiK and SiL,;, and OK edges. The similar nearest-
neighbor environments lead to similar spectral lineshapes at each edge, but the fine-structure
differences allow individual and groups of structurally similar minerals to be distinguished. By com-
bining spectra and their first energy derivative from three absorption edges, we show that every
mineral studied is distinguishable with XANES. This background work, combined with X-ray
PhotoElectron Emission spectroMicroscopy (X-PEEM), allows non-destructive in situ, sub-microme-
ter (to 35 nm) X-ray analysis of materials, including silicate inclusions, which has not been possible
previously. Images and spectra from a 7 m X 3.5 um quartz inclusion in zircon are presented as a

test of this novel technique in geology.

INTRODUCTION

The rock-forming silicate minerals exhibit a rich diversity
of crystal structure, obtained through patterns of Si-O linking
(pure SiO, alone exhibits eight polymorphs and many more
glassy phases) and cation incorporation, such as Al, Fe, and
the alkali metals. Electron diffraction, X-ray diffraction, and
electron microprobe analysis are firmly established as robust
methods of silicate mineral identification, but the latter two
techniques do not allow sub-micrometer resolution. Selected-
area electron diffraction has higher resolution, but it requires
destructive ion milling. X-ray absorption near-edge structure
(XANES) is element-specific and is used both as a probe of
bonding and as a fingerprint for certain local coordination ge-
ometries (Wilke et al. 2001). Here we explore the potential for
X-ray absorption spectroscopy to provide an absolute method
of silicate mineral identification. XANES can be coupled with
high resolution X-ray photoelectron emission spectroMicroscopy
(X-PEEM) (Bauer 2001), for spatially resolved chemical analy-
sis of mineral inclusions on the micrometer and submicrometer
scale, with optimum resolution of 6 nm (De Stasio et al. 2001).
XANES spectroscopy is equivalent to electron energy-loss spec-
troscopy (EELS) (Garvie and Buseck 1999), but allows analy-
sis of thick samples, is surface sensitive, and non-destructive
to polished grain mounts or thin sections.

The sensitivity of XANES to crystal structure is strongly
dependent on the nature of the final states of the X-ray absorp-
tion process, which may vary at different absorption edges of
an element. For example, transition metal L edge absorption is
frequently sensitive to atomic charge and nearest-neighbor co-
ordination (Grush et al. 1996; Wang et al. 1997). The sensitiv-
ity of X-ray absorption to structural modifications beyond the
nearest-neighbor environment has not been fully explored. We
have previously shown that L, ; edge X-ray absorption is sensi-
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tive to cubic-hexagonal polymorphism in II-VI semiconduc-
tors, for which the nearest-neighbor positions are unchanged,
and that this modification is not detectable with K-edge ab-
sorption (Gilbert et al. 2002). Si occurs within SiO, tetrahedra
in all the minerals analyzed in this study.

Evidence already exists that XANES spectroscopy of sili-
cates may allow species identification. Using large cluster
molecular orbital calculations, other authors have concluded
that the unoccupied states are more sensitive than the valence
band to the details of SiO, tetrahedral linkage in silicates
(Tanaka et al. 1995). A recent large study of SiL, ; EELS showed
excellent discrimination between and within nesosilicate,
inosilicate, and sorosilicate classes (Garvie and Buseck 1999).
By contrast, lineshapes within the tectosilicate and phyllosilicate
classes were far less distinct. The present study addresses this
problem. We use X-ray absorption spectra at the SiK and SiL,;
edges, and the OK edge of selected silicates to observe the relative
sensitivity of each absorption edge to different silicate structures.
The minerals in this study were selected to distinguish feldspar,
quartz, or silicate glass inclusions in zircons (Peck et al. 2001).

EXPERIMENTAL METHODS

Portions of the silicate samples listed in Table 1 have been
chemically analyzed and imaged by electron microprobe analy-
sis (Table 2). In separate preparations, pieces were powdered
and pressed into soft indium metal. X-ray absorption spectra
were acquired in the total electron yield (TEY) mode at the
University of Wisconsin Synchrotron Radiation Center, on the
HERMON beamline (SiL,; edge, OK edge, CaL,; edge; < 0.1
eV resolution), the 6m TGM beamline (SiL,; edge; 0.1 eV reso-
lution), and the DCM beamline (SiK edge; < 0.5 eV resolu-
tion). SiL,; edge spectra acquired on both 6 m TGM and
HERMON beamlines are presented. SiL, ; XANES from quartz
taken on the two beamlines were compared to ensure that there
are no detectable differences in energy resolution and absolute
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TABLE 1. The silicate minerals for this study

TABLE 2—continued

Compound Ideal formula ID no. abbrev.
tectosilicates
o-quartz no. 1 SiO, —— Qua
a-quartz no. 3 SiO, 8015 Qua
Nova Scotia
o-quartz no. 2 SiO, 5016 Qua
Minas Gerais
Microcline no. 1 KAISi;Og 7062 Mic
Microcline no. 2 KAISi;Og 7085 Mic
Albite NaAlSi;Og 7104 Alb
Sanidine Ko.75Nap 25A1Siz0g 1P96-1 San
Andesine Nag ¢Cag 4Al; 4Sis 60s 7144 And
Adularia KAISi;Og St. Gotthard ~ Adu
Bytownite CapgNag Al Sis 208 Crystal Bay Byt
phyllosilicates
Muscovite KAILLAISi;040,(0OH), 8109 A Mus
Biotite K(MgFe);AlSiz010(0OH), 8131 Bio
Apophyllite (K,Na)Ca,SigO(F,OH)(H.0)s 8012A Apo
nesosilicates
Zircon no. 1 ZrSio, R18113 Zir
Zircon no. 2 ZrSio, 7288-2 Zir
glasses
Obsidian QER16 Obs
Rhyolite 1P96-1 Rhy

TABLE 2. Electron microprobe analysis of minerals and glass

Andesine’ Albite? Microcline®  Microcline*  Adularia®
7144 7104 7085 7062
no. pts. 18 sd 20 sd 19 sd 20 sd 1
SiO, 58.74 0.71 68.29 0.97 64.76 0.63 64.26 0.94 64.28
TiO,
Al,O4 26.33 0.38 19.85 0.22 18.42 0.30 18.85 0.19 19.20
Fe,0, 0.09
FeO 0.03 0.03 <.02 <.02 0.03 0.04
MnO
MgO 0.10
CaO 7.76 0.25 0.14 0.11 <.01 <.01 0.11
Na,O 7.04 0.17 11.01 0.21 0.50 0.10 0.64 0.16 0.92
KO 0.09 0.1 0.14 0.07 16.08 0.17 15.99 0.34 15.3
F
H,O
Total 99.99 99.45 99.78 99.79 99.99
«F=O"
Total
Norm.* 8 8 8 8 8
Si 2.621 2.992 2.997 2.976 2.963
Ti
Al 1.385 1.025 1.005 1.029 1.042
Fe+3
Fe+? 0.001 0.001 0.003
Mn
MgO 0.007
Ca 0.371 0.007 0 0 0.005
Na 0.609 0.936 0.045 0.057 0.082
K 0.005 0.008 0.949 0.945 0.899
F
OH
Sum 12.99 12.97 12.997 13.01 5
Ab 61.8 98.5 4.5 5.7 8.3
An 37.7 0.7 0 0.1 0.5
Or 0.5 0.8 95.5 94.2 91.2

energy calibration. The two beamlines do vary in higher-order
X-ray rejection, and hence Ca third-order contributions are
present in SL, ; edge spectra from Ca-containing silicates stud-
ied on the HERMON beamline only. The energy step in SiL,;
and OK spectra is 0.2 eV. Each spectrum is composed of at
least 3 separate scans from a single specimen and preparation.

Apophyllite? Biotite®'° Muscovite® Bytownite™

8012A 8131 8109A An78
no. pts. 20 sd 17 sd 16 sd 75 sd
SiO, 52.60 0.47 34.16 0.80 44.63 0.39 4752 0.74
TiO, <.01 222 011 0.16 0.05
Al,O4 0.27 0.08 18.95 050 33.22 0.50 32.90 0.33
Fe,O, 10.60 3.99 0.27
FeO <.03 14.30 0.54 0.00 0.37 0.08
MnO <.03 0.18 0.09 0.07 0.05
MgO <.01 6.03 0.12 1.08 0.07 0.12 0.03
CaO 2427 026 0.04 0.03 <02 156.75 0.27
Na,O 0.16 0.04 022 0.05 044 010 253 0.12
KO 475 0.2 9.04 0.3 10.51 0.26 0.07 0.03
F 244 04 0.17 0.1 0.69
H,O 15.70 3.80 4.05
Total
“F=0" -1.03 -0.07 —-0.29
Total 99.21 99.63 98.56 99.27 0.90
Norm.* 28 24(0O+F) 24(0+F)
8
Si 8.029 5.214 6.08 2.196
Ti 0.002 0.255 0.016
Al 0.049 3.409 5.335 1.792
Fe*? 0.761 0.409
Fe*? 0.002 2.282 0.011
Mn 0.002 0.023 0.007
MgO 0.001 1.371 0.22 0.009
Ca 3.969 0.007 0.001 0.780 0.015
Na 0.047 0.066 0.116 0.227
K 0.925 1.759 1.827 0.004
F 1.18 0.083 0.299

Two different samples from different geologic environments
were obtained for zircon and microcline, and three for quartz,
to ensure the consistency of the spectra, independent of min-
eral origin.

Experimental XANES spectra must be normalized to re-
move the background energy dependence of the X-ray mono-
chromator, which is strongly curved at the SiL,; edge. The
electron yield current was simultaneously recorded from a
nickel mesh during each measurement, but this did not give a
satisfactory normalization for the SiL,; edge spectra. Instead,
the most consistent results were obtained by dividing the ex-
perimental data by a polynomial fitted to the data before 100
eV and after 130 eV. This approach is commonly applied to XANES
in the soft X-ray energy region (Wang et al. 1997; Li et al. 1994).

The Spectromicroscope for photoelectron imaging of
nanostructures with X-rays (SPHINX, Elmitec GmbH), our X-
ray photoelectron microscope (X-PEEM) (Bauer 2001; De
Stasio et al. 1998), collects and images secondary electrons
emitted from a specimen surface under X-ray illumination,
using high voltage (-20 kV) extraction and magnetic electron
lenses. The secondary electron intensity is proportional to the
local X-ray absorption cross section, providing simultaneous
specimen imaging and XANES analysis from microscopic ar-
eas. Strongly insulating samples, such as silicate mineral sur-
faces, have been impossible to study with this technique due to
severe charging effects. However, we have recently optimized
a method of coating surfaces with a metallic film, described
below, which is sufficiently continuous to overcome charging,
yet thin enough that the short range, XANES signal-carrying,
secondary electrons are emitted from the specimen beneath.

Zircons from Jack Hills (Australia) (Peck et al. 2001), not
previously analyzed or dated, were embedded in epoxy resin,
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TABLE 2—continued

Zircon'? Zircon'® Obsidian® Rhyolite”
7288-2 R18113 QER16 1P96-1
no. pts. 20 sd sd 30 sd 1
ZrO, 66.90 0.90 66.88 0.79 Sio2 75.34  0.51 76.90
HfO, 1.25 0.09 0.96 0.37 TiO2 0.12 0.04 0.13
SiO, 32.66 0.80 32.81 0.70 Al203 13.40 0.18 12.30
Y203 <.01 <.01 Fe203 2.00
ThO, <.01 <.01 FeO 0.93 0.13
uUo, <.01 <.01 MnO 0.05 0.04 0.08
Yb,0; <.01 <.01 MgO 0.07 0.03 <0.01
Ca0O 0.67 0.06 0.45
Total 100.82 100.66 Na20 2.93 0.18 3.44
K20 5.19 0.16 4.51
F 0.07 0.11
Norm.* 4 4 H20 0.25 (LOI)
Zr 0.994 0.993 Total
Hf 0.011 0.008 “-F=0" -0.03
Si 0.995 0.999 Total 98.74
Sum 2.000 2.000

Notes.: no. pts. = number of points analyzed; sd=absolute std dev between points; mdi=99% level
detection limit. 1 = Sannida, Norway; has some zonation; 5 = other analyses (excluded) range from
Anyo-Any,. 2 = Amelia Court House, Virginia. 3 = Amelia Court House, Virginia; has some albite lamel-
lae (excluded). 4 = Micanite, Freemont County, California; has some albite lamellae (excluded). 5 =
St. Gotthard, Switz. 6 = Early rhyolite, Long Valley, Calif. 7 = Bishop Mountain flow. Island Park
caldera, Idaho. 8 = H,O calculation based upon 8 H,O per SigO,, formula; oxygen included within
matrix correction. 9 = H,0O based upon Oy(OH,F), formula and Fe**/Fe*2 by charge balance. Oxygen
included in matrix correction.  Fe std dev is for Fe-total. 10 = Murray Bay, Quebec. 11 = Canon City,
Colorado. 12 = USNM no. 117288-2, Strangeway, N. Territory, Australia. 13 = USNM no. R18113,
Mogok, Burma. 14 = An78. Crystal Bay. Homogeneous plagioclase, analysis of 9 chips. Operating
conditions: 15 kV, 10 nA, 5 mm defocused beam for silicates. Obsidian, 6 nA. Counting time 10
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equivalently treated spectra for the re-
maining silicates. Derivative spectra are
acommon way of visualizing very weak
spectroscopic signals, as in secondary
electron spectroscopy (Hoffman et al.
1991), and enhance the fine-structure in
X-ray absorption investigations (Westre
et al. 1997; Kisiel et al. 1989).

We analyzed the data set of Fig-
ures 1-5 and determined the sensitiv-
ity of XANES spectroscopy to the
silicates studied. We assumed one of
the following two criteria as sufficient
for two spectra to be considered dis-
tinguishable. (1) There must be a
peak! of 5 data points or more that does
not appear in one spectrum, or is
shifted by >1.0 eV. (2) The two spec-
tra contain a peak at the same energy
position that differ in normalized in-
tensity, or in width, by >50%.

These experimental criteria are
framed to test whether silicate miner-

seconds
200 nA for 20 sec equal peak and bkg count times.
*Norm.: normalized to 4, 8, 24, or 28 oxygen atoms.

peak and equal on backgrounds. Zircons: 18 kV, 20 nA for Zr, Hf, Si. Trace elements at

als can be distinguished confidently by
their XANES spectra. They take into
account the limits of the technique, in-

and polished with 0.1 pm diamond powder. Following double
cleaning in an ultrasonic bath with ethanol and distilled water,
we sputter-coated 1 nm Pt/Pd (80%/20%) onto the surface at
1.5 x 107 Torr (Cressington, U.K.). The sample was then trans-
ferred to SPHINX, installed on a 6m TGM beamline, imaged,
and analyzed at the SiL,; edge at a base pressure of 107'° Torr.

RESULTS AND ANALYSIS

The experimental XANES of the silicates are presented in
Figures 1-3. Where spectra of the silicates chosen in this study
have been published previously, there is excellent agreement
[o-quartz SiL, ; edge (Garvie and Buseck 1999; Liet al. 1994),
SiK edge (Li et al. 1995), and OK edge (Wu et al. 1998); albite
SiK edge (Calas et al. 1987), and SiL, ; edge (Garvie and Buseck
1999); muscovite SiL,; edge (Garvie and Buseck 1999); zir-
con SiL, ; edge, SiK edge, and OK edge (McComb et al.1992);
microcline SiK edge (Li et al. 1995)]. Silicates from different
geological environments (quartz, zircon, and microcline) pro-
duced very close spectra, although the low-energy pre-edge
feature at the microcline OK edge (around 530 eV), varied in
intensity between the two samples. The X-ray absorption spectra
do not show finer energy resolution than corresponding EELS.
As observed previously, with the exception of zircon, spec-
troscopy at each absorption edge produces a basic lineshape
that is similar for all the silicates analyzed.

The spectra in Figures 1-3 have been normalized with no
further treatment, and are hereafter called untreated spectra. In
order to detect fine-structure differences in the experimental
spectra, Figure 4 compares the 1st derivative of the SiL,; edge
and OK edge spectra (dI/dE) for the tectosilicate minerals stud-
ied, hereafter called derivative spectra. Figure 5 compares the

cluding experimental broadening, sig-
nal-to-noise ratio within acceptable counting times, and the
reproducibility of monochromator calibration. Based on these
criteria, we discriminate the experimental XANES spectra. The
criteria are conservative, as both experiment and theory can
distinguish fine-structure at higher resolution (Grush et al. 1996;
Gilbert et al. 2002), but such features are not seen in silicate
spectra. XANES linewidth is intrinsically limited by the life-
time of the core hole following X-ray absorption, but here the
width of the unoccupied electronic band structure exceeds in-
trinsic and experimental broadening at the SiL, ; and OK edges.
At the SiK edge, intrinsic broadening dominates.

For one of the minerals analyzed to be considered identifi-
able by XANES spectroscopy at one of the edges (untreated,
or as the energy derivative), it must be distinguishable, accord-
ing to the above criteria, from all other acquired spectra. The
results of this analysis are given schematically in Figure 6.

There are only three silicates, bytownite, quartz and zircon,
among the minerals studied that could be identified confidently
based on the untreated spectrum at a single edge. Despite the simi-
larity of the bytownite SiL, ; spectrum to those of other feldspars,
the pre-peak in fact contains two contributions, not clearly visible
in Figure 2, that can be resolved according to the above criteria.
Unlike quartz and zircon, it is probable that bytownite would not
remain distinguishable in a larger study of the feldspars.

If untreated data for all three absorption edges are avail-
able, the ability of the technique to distinguish the minerals
studied is significantly improved. For example, albite is distin-
guishable from microcline only at the SiK edge, but at this edge,
microcline and andesine are indistinguishable, and OK edge

! Inverse peaks are admitted in the case of energy derivative spectra.
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FIGURE 1. SiK edge XANES of tectosilicates (left) and
nesosilicates, phyllosilicates, and glasses (right).
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FIGURE 3. OK edge XANES of tectosilicates (left) and

nesosilicates, phyllosilicates, and glasses (right).
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FIGURE 2. SiL,; edge XANES of tectosilicates (left) and
nesosilicates, phyllosilicates, and glasses (right). The small double peak
around 118 eV on the andesine spectrum is due to Ca, whose L edge
spectrum at 345 eV also appears at lower energy due to third-order
transmission of the X-ray monochromator.

data are required to discriminate them. Obtaining the energy
derivative of the SiL,; and OK edge spectra increases the sepa-
ration further. Note that treating the SiK edge spectra in this
manner did not reveal structure, because the intrinsic broaden-
ing of X-ray absorption spectra increases with the energy of
the absorption edge. In the OK edge derivative spectra, biotite
and muscovite are distinguishable, and a fine difference ap-
pears between albite and both microcline samples.

Figure 6 indicates that the SiK edge offers the finest discrimi-
nation among the silicates studied, when untreated spectra are ana-
lyzed, but the OK edge is most reliable when fine-structure is
enhanced by taking the energy derivative. If the Sil,; and OK
edge derivative spectra are both acquired, all of the minerals in
this study can in principle be distinguished.

DISCUSSION

Structural information in electron and X-ray diffraction re-
lies on plane wave scattering. By contrast, the structural probe
of X-ray absorption is the spherical wave photoelectron that is
multiply scattered from atomic sites in the vicinity of the ab-
sorber (Rehr and Albers 2000). Due to the relatively low en-

Bytownite
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Microcl
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Adularia
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S6]E0|IS0}08)
S8]E0J|IS0}08)

Microcline
#
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i

Microcline
#

Quartz

Quartz #2 Quartz #2

100 120
photon energy (eV)

Quartz #1

33
N
S

540 560
photon energy (eV)

140

FIGURE 4. Energy derivatives of the SiL,; (left) and OK (right)
edge spectra from tectosilicates. The small double peak around 118
eV on the andesine spectrum is due to CaL edge third order. The fine
structure on the microcline OK edge derivative spectra (arrow) is
reproducible, and distinguishes the lineshape from albite.

ergy of the photoelectron, the fine-structure is intimately con-
nected to the unoccupied electronic states in the solid.

Many experimental and theoretical studies have addressed the
electronic structure of the silicate minerals. The recurring struc-
tural unit is the SiO, tetrahedron, and many authors have focussed
on this unit in theoretical (Tossell 1975) and experimental
(Sutherland et al. 1993) investigations. Nearest-neighbor atoms
have the greatest influence on the electronic structure of a
photoexcited atom, and hence on X-ray absorption fine-structure.
This conclusion is clear from the strong similarities in the under-
lying absorption lineshapes in Figures 1-3 (with the exception of
zircon, discussed below), and from the success of nearest-neigh-
bor molecular orbital (MO) calculations (Tossell 1975).

In real silicates, however, the SiO, tetrahedron is distorted,
and/or cross linked through up to four bridging oxygen atoms
to neighboring tetrahedra. Some correlations are observed be-
tween the geometry of the SiO, unit and the physical proper-
ties of silicates (de Jong and Brown 1980; Li and Ching 1985),
such as a close linear correlation obtained between bond length
and height of the insulating gap in the silica polymorphs. How-
ever, correlations between SiO, geometry and XANES are
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reproducible, and distinguishes the lineshape from muscovite.
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FIGURE 6. Scheme showing the sensitivity of X ANES spectroscopy
to the tectosilicates, phyllosilicates and glasses analyzed, at the
important absorption edges (Figs. 1-3), and with energy-derivative
spectra (Figs. 4 and 5). Silicates with indistinguishable spectra at a
given X- ray absorption edge are displayed together within abox. The
abbreviationsrefer to Table 1, and the criteriafor distinguishable spectra
are given in the text.

weaker (Garvie and Buseck 1999). The SiK absorption edge
onset shows atrend toward higher energy with increase in the
polymerization of the SiO, tetrahedra (Li et al. 1995).

Recent work suggeststhat for the understanding of XANES
spectroscopy, a complete, long-range model of the material is
required. An expansive survey of XANES spectra of silicates
(Garvie and Buseck 1999) showed the significance of non-near-
est-neighbor cations. MO cal culations show significant energy
level splitting for larger clusters [HgSi,O; (de Jong and Brown
1980; Geisinger et al. 1985), and SisOys (Tanaka et al. 1995)]
that offer better agreement with data. Furthermore, recent mul-
tiple scattering calculations have been shown to require large
(100 atom) clustersto describe fully the experimental XANES
of quartz (Wu et al. 1998) and stishovite (Soldatov et al. 2000).

Theelectronic structure of puresilica minerals

Molecular orbital studies(Tossell 1975; de Jong and Brown
1980; Geisinger et al. 1985) and band structure calculations
(Li and Ching 1985; Garvie et al. 2000) of pure SiO, crystals
give broadly the same picture of approximately sp® hybridiza-
tion of the Si 3s, 3p levels and sp hybridization of the bridging
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oxygen 2s, 2p levels. Most valence electron density isin the
vicinity of the O atom, consistent with a partly ionic crystal,
with the upper valence band consisting of non-bonding O 2p
states. The involvement of silicon 3d states, permitted for the
Si site symmetry, has provoked some debate. Silicon 3d con-
tributions to the valence states are probably negligible, but do
play a significant role in the X-ray absorption spectrum from
about 4 eV above threshold. Silicon s and p states dominate at
threshold, with 3s states at the conduction band minimum.

Calculations have rather outpaced direct experimental in-
vestigations of electronic structure modification in the silica
polymorphs. X-ray emission spectroscopy shows very small
valence band differences among the 4-coordinated crystalline
silica phases (Wiech and Kurmaev 1985). Broad spectra are a
result of both the attai nabl e resol ution of the technique, aswell
as the formation of wide bands in crystals. By contrast, SiL,3
edge XANES studies of the polymorphs distinguished all the
phases studied (Li et al. 1994).

Theeffect of non-networ k-forming cationsand Al subgtitution

Interstitial cations can lead to large distortions of the SiO,
tetrahedra and, more significantly, introduce extra electronic
states. The importance of the non-network-forming (NNF) cat-
ions was first pointed out by Garvie and Buseck (1999), who
realized that SiL,; fine-structure in nesosilicates is more af-
fected by the NNF cations than degree of SiO, distortion, con-
trary to previous reports. Multiple scattering calculations
indicated that the striking difference between the spectra of
zircon and the other silicatesis entirely dueto O hybridization
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FIGURE 7. Chemical mapping of silicate species. The X-PEEM photo-
electron micrograph in the top left image shows an unknown inclusionin
zircon. XANES spectra acquired from regions 1 and 2 are given on the
right, and allow identification of theinclusion as quartz. Solid curve = X-
PEEM data; dashed curve = XANES of reference standard. Note that the
quartz X-PEEM spectrum was taken from asingle image pixel (35 nm ¥
35nm) in position 2. The separate quartz and zircon domains are mapped
in the bottom left image: blue = zircon; pink = quartz; brown = no S
detected. The region from which no Si signal was detected is a pit, as
observed in SEM. Carbon contamination in this pit prevents mineral
analysis by surface-sensitive X-PEEM. There is a sharp quartz-zircon
boundary inthevicinity of position 3. Two immediately adjacent pixelsat
this boundary give pure quartz and pure zircon spectra.
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with Zr 4d states situated at the conduction band minimum
(McComb et al. 1992). 3d states from Ca and transition metal cat-
ions are likely to affect XANES fine-structure in a similar way.
From small cluster calculations, the effect of Al substitution is to
further underbond the bridging O atom, leading to lone pair for-
mation, contraction of the Si-O-Al bond angle, and enhanced pos-
sibility of hybridization with NNF cations required for charge
stabilization (Geisinger et al. 1985). Al substitution is therefore
likely to increase NNF cation effects on XANES spectra, but we
are not aware of any calculations that have investigated this.

XANES of the alkali feldspars

The discrimination of feldspars from alternative silicates,
and the identification of individual feldspar minerals is of par-
ticular interest. Although Figure 6 shows that the untreated
spectra do not distinguish all the minerals in this study, the
lineshapes at the OK edge sort the minerals into groups with simi-
lar crystal structures. Examples include albite and microcline as
well as muscovite and biotite. This result offers the reassurance
that even if future studies are not able to achieve full differentia-
tion, unknown silicates are likely to be grouped correctly within a
small subset of similar minerals. For example, using OK edge de-
rivative spectra, it is possible to differentiate very well between
the K- and Na-feldspars (in particular microcline vs. albite).

The similarity of the XANES lineshapes for glassy obsid-
ian and crystalline microcline at the SiL,; and OK edges is
unexpected. Whereas at the Sil,; and OK edges rhyolite ex-
hibits the broad lineshape and early edge onset expected of
amorphous samples, a single feature distinguishes obsidian and
microcline in the OK derivative spectra. By contrast, the ob-
sidian spectrum is distinct from all others at the SiK edge. The
smooth lineshape at this edge is well modeled theoretically by
a single SiO, tetrahedron (Wu et al. 1998), which may be ex-
pected of a material that is disordered beyond the first shell. As
the medium range structure of amorphous materials is not well
understood, the significance of the results at the SiL,; and OK
edges is not clear.

Within the feldspars, the SiL,; and OK lineshapes are
broader for minerals with a wide range of compositions, but
our data are not able to address the causes of the broadening. A
previous study reveals that the main peak of the SiL,; edge of
anorthite is significantly broader than for albite (Garvie and
Buseck 1999). Similarly, in this work, the main SiL,; peak of
bytownite (shown in Table 2 to contain approximately 78% of
the anorthite end-member) is much broader than the albite spec-
trum (Fig. 2). This lineshape broadening may be a consequence
of Ca incorporation. However, we show in Figures 2 and 3 that
andesine, adularia, and sanidine also have broader OK and SiL, 5
lineshapes than albite or quartz, and so it is not possible to say
whether this broadening is a result of the introduction of elec-
tronic states associated with cation substitution, or of tetrahe-
dral distortion. We cannot address in this study the consequences
of Al-Si disorder in feldspars (e.g., microcline vs. sanidine) on
XANES spectroscopy.

X-PEEM microanalysis of inclusions in minerals

Inclusions in minerals are indicative of the environment and
conditions of mineral formation and subsequent history. In some

circumstances, evidence of earlier history is also present. We
have studied several detrital zircon crystals from
metaconglomerate in the Jack Hills, Western Australia (Peck
etal. 2001) with the aim of identifying silicate inclusions. Many
inclusions in these zircons measure 1 um or less in diameter,
and no other non-destructive analytical technique matches X-
PEEM for spatial resolution. Figure 7 shows one such analysis
on a 100 wm zircon, in which a pure quartz inclusion, approxi-
mately 7 um X 3.5 um in size, is identified and mapped with
submicrometer resolution, at the SiL,; edge. We demonstrate
that inclusions substantially smaller than this can be analyzed
by presenting the XANES from a single image pixel within the
inclusion, corresponding to a 35 nm X 35 nm area on the speci-
men surface (~15 A probing depth at the SiL,; edge). This in-
clusion is easily identified as quartz by comparison with our
reference spectrum. There is also a good match between the X-
PEEM and the reference zircon spectra, but there are discrep-
ancies in the relative intensities of the three main peaks. In
fact, the X-PEEM spectrum from zircon (Fig. 7) is closer than
our reference spectra (Figs. 2 and 7) to an earlier published
zircon spectrum obtained with EELS (Garvie and Buseck 1999).
When tested on a single sample, XANES spectra acquired in
X-PEEM are identical to those acquired with the TEY method,
and so further analysis will be required to determine the sig-
nificance of these differences.

It is possible to map the distribution of the different silicate
species. In Figure 7, the zircon distribution map was obtained
by digital ratio of a 16 bit image acquired with SPHINX at 111
eV (on top of a zircon peak) by the pre-peak image at 109.8 eV.
The ratio distribution map is displayed in blue, and digitally
fused with the quartz map (in pink, ratio of images at 106.2 eV
and 104.8 eV). Digital image ratioing is a simple procedure to
map regions that correspond to different spectral lineshapes.
Several alternative, and more quantitative, methods exist
(Buckley et al. 1997; Koprinarov et al. 2002; Frazer et al. 2003)
but combining images at photon energies chosen with refer-
ence to the XANES spectra allows quartz and zircon to be dis-
tinguished visually.

There is a region that partially surrounds the quartz inclu-
sion from which no SiL, ; signal was obtained in X-PEEM. A
map of the no-Si region is shown in brown, obtained from the
ratio of images at 127 eV and 104 eV. The white areas were
inaccessible to X-PEEM analysis due to topographic effects
and the shadowing of the X-ray beam at the edges. We per-
formed an additional SEM study of this region with energy
dispersive X-ray (EDX) analysis. The region was confirmed to
be a pit around most of the quartz inclusion, and contained a
considerable amount of carbon, presumably coating the bot-
tom of the pit. SEM-EDX has a probing depth greater than 1
um, and could analyze the material beneath. By contrast, the
X-PEEM technique is highly surface sensitive and cannot pen-
etrate to the mineral beneath the surface contamination. SEM-
EDX analysis indicates that the mineral in the pit is an
Al-containing silicate mineral.

SUMMARY REMARKS

This quartz inclusion in zircon is an example of our new
mineral mapping analysis, and it can be extended to a large
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number of different mineral inclusions, provided they have
characteristic spectral features that distinguish them from the
surrounding mineral. Two minerals with indistinguishable spec-
tra, e.g., albite and andesine at the SiL,; edge, could not be
mapped with this approach. On the other hand, mapping L, ;
edges of Al (at 76 eV) and Ca (at 350 eV), or the K edge of Na
(at 1071 eV) may be successful in distinguishing these two
minerals at the sub-micrometer level. A synchrotron beamline
with a wide energy range is therefore instrumental for
spectromicroscopy analysis, such as the HERMON beamline
at the UW-SRC, which encompasses the range 62—1300 eV.

By comparing X-ray absorption spectra fine-structure at the
Si and O edges of common silicate minerals, we can discrimi-
nate among the samples studied. Despite some limitations, the
ability to detect an individual or a group of silicates with con-
fidence is expected to be valuable for analyses of submicrometer
particles or inclusions in geological samples. This analysis can
be used for mineral identification and imaging, provided that
the minerals differ sufficiently in elemental composition, el-
emental oxidation state, or crystal structure.

Further work is required to understand the XANES of sili-
cates. Large data sets and theoretical calculations are indis-
pensable in making the correct connection between XANES
and crystal structure. Real-space multiple-scattering theory is
the approach of choice, as electronic structure output can be
compared with alternative calculations, and the link to struc-
tural parameters is immediate.
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