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Abstract—Synchrotron-based, Earth sciences research carried out over the last 5 years is reviewed with
special attention being given to X-ray absorption studies; X-ray diffraction and X-ray fluorescence
microprobe applications are considered more briefly. A comprehensive bibliography is included. The main
part of the paper summarizes recent work carried out at the Daresbury SRS.

K-edge XAS studies of glasses as models for silicate melts provide information on the local structural
environments of Si, Fe?* and Fe’*, By analogy with synthetic “leucites” which contain Fe?* and Fe’*
in tetrahedral framework sites, it seems that many model glasses also contain both oxidation states of Fe
in the network, rather than as network modifiers. The structural sites occupied by the minor elements Mn,
Zn and Ti in staurolite have been identified using XAFS; Mn and Zn substitute for Fe’* in the tetrahedral
T2 site, while Ti occupies the distorted M2 octahedral site. L-edge spectroscopy is used to identify the
valencies and electronic structures of Mn and Fe in minerals and the Fe?* :Fe** ratio in a natural spinel
is determined. The polarized nature of the synchrotron beam is exploited in determining the Fe X-ray
absorption anisotropy in single crystal tourmaline and epidote.

XRD powder studies include Rietveld-refinement structure determination and compressibility studies.
Synthetic “leucites” having the stoichiometry K,MgSi;O,, have distinctly different structures. The
dry-synthesized form is cubic Ia3d with Si and Mg fully disordered on tetrahedral framework sites, while
the hydrothermally-synthesized polymorph is monoclinic P2,/c with Si and Mg fully disordered on,
respectively, 10 and 2 tetrahedral sites. The reversible tetragonal to orthorhombic phase transition in
gillespite (BaFeSi,O,,) has been studied in a diamond anvil cell using ED detection and found to occur
at 1.2 + 0.1 GPa. The anomalous compressibility observed has been interpreted in terms of ferroelastic
and coelastic phenomena and the related order parameters analysed using Landau theory. The
compressibility of MgCO;, determined up to 20 GPa, has been combined with thermochemical data to
obtain an “equation of state” for magnesite and it is found that magnesite is likely to be the main host

for carbon in the Earth’s lower mantle.

INTRODUCTION

In a stimulating early review, Calas et al. (1984)
summarized the properties of synchrotron radiation
(SR) and emphasized the mineralogical applications
of synchrotron-based X-ray absorption spectroscopy
(XAS) (see Charnock, pp.385-391; and Johnston
and Wells, pp. 393412, this issue), energy dispersive
X-ray diffraction (XRD) (see Cernik and Barnes,
pp. 445-457, this issue), small-angle scattering, X-ray
microradiography, and X-ray topography. However,
with the exception of a few very active and expanding
research groups, Earth scientists have not become
such avid users of SR as their “cousins” working in
mainstream materials science. Nevertheless, the ac-
tive workers have taken full advantage of the unique
properties of SR applying them to wide-ranging areas
including: XAS of crystals, glasses and solutions;
X-ray powder and single-crystal diffraction under
ambient and high-pressure and/or high-temperature
conditions; and X-ray fluorescence microprobe
analyses for trace elements. In this review we will
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briefly cover the current wide scope of Earth science
research, except that work on zeolites, clays and other
natural minerals, performed in relation to their cata-
lytic properties, will not be included. We have at-
tempted to reference work published over the last 5
years as comprehensively as possible. We will then
present some of our own recent work carried out at
the S.E.R.C. Daresbury Synchrotron Radiation
Source (SRS).

SCOPE OF EARTH SCIENCE RESEARCH
X-ray absorption spectroscopy

In early work, Extended X-ray Absorption Fine
Structure Spectroscopy (XAFS) and X-ray Absorp-
tion Near Edge Structure (XANES) were used to
investigate the structural environments of major
elements in “model-compound” minerals (e.g. Way-
chunas et al., 1983; Calas and Petiau, 1983a) and in
glasses as models for silicate melts (e.g. Calas and
Petiau, 1983b; Binsted et al., 1985, 1986). Much of the
earlier work has been summarized in the excellent
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reviews of Calas et al. (1987) and Brown ez al. (1988).
Since then, XAS has been used in many diverse
research programmes (e.g. Henderson ez al., 1991) as
summarized below.

Cressey and Steel (1988) studied synthetic epidotes
and found that three different sites are involved in
accommodating rare earth elements (REE), and that
site preference is a function of REE size. Gd is mainly
located in the 10-coordinate A2-type sites, Er in
9-coordinate 41, and Lu in the smaller M 3-type
octahedral sites. Charnock er al. (1988, 1989a, b)
studied natural and synthetic members of the chemi-
cally and structurally complex tetrahedrite mineral
group by Cu, Ag, Fe, Cd and Sb XAFS. They showed
that Cu (assumed to be mainly Cu™*) preferentially
occupies a tetrahedral site implying that Ag mainly
occupies a three-coordinated site. More recently, van
der Laan ez al. (1992) and Pattrick er al. (1993) have
used 2p Cu XAS to show that tetrahedrites also
contain Cu**. Charnock er al. (1990) also studied
thiospinels by Cr, Fe, Co, Ni, and Cu XAFS and
showed that carrollite (CuCo,S;) has Cu wholly in
the tetrahedral sites and that daubréelite (FeCr,S,) is
a normal spinel. Guttler er al. (1989) studied heated
Fe-rich biotite by Fe and Ti K-edge XAS and con-
cluded that thermally-activated hopping conduction
according to Fe?* Ti** — Fe>*Ti** is not a significant
process during thermal deprotonation and oxidation.
Quartieri ez al. (1993) studied the local symmetry of
Fe in the 8-fold coordination sites in garnets. Paris et
al. (1993) found that Ti in synthetic richterites occurs
in 4-coordination. Manceau (1990) studied Ni in
phyllosilicates and concluded that it did not substi-
tute for Mg randomly but occurred in clusters of
mean size >20-30 A. McKeown (1989) compared
experimental Al K-edge XANES spectra for albite,
nepheline, jadeite, corundum and sillimanite to calcu-
lated spectra, while Behrens er al. (1991) have related
changes in Ti K-edge XANES spectra to varying
structural environments for a wide range of minerals.
Mottana et al. (1991) used XANES spectra to show
that Fe®' exists in two sites in orthopyroxenes.
Pingitore et al. (1991) showed that the Sr environ-
ment in calcite was more akin to that of Ca in calcite
than to Sr in strontianite. McKeown (1991) com-
pared calculated and experimental K-edge XANES
spectra for Cu, Fe and Zn in chalcopyrite (CuFeS,)
and sphalerite (ZnS) and obtained reasonably good
agreement. Sainctavit ¢f al. (1986, 1987, 1990) used
combinations of S, Cu and Zn K-edges, Cu L-edges
and multiple scattering calculations to deduce elec-
tronic structures of chalcopyrite and sphalerite.
Schofield er al. (1993) have found that Cu L-edge
spectroscopy can be used to identify two distinctly
different Cu electronic environments in (Cu,Zn)WO,
solid solutions.

The linear polarization of the synchrotron beam
has been exploited by using oriented single crystals to
study the anisotropic properties of Fe K-edge absorp-
tion in biotite and chlorite (Manceau er al., 1988,
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1990a) and Fe-diaspore (Hazeman et al., 1992). Way-
chunas and Brown (1990) determined Fe and Ti
K-edge spectra for oriented single crystals of gillespite
(square planar Fe’*), anatase (octahedral Ti), and
epidote (distorted octahedral Fe'* in the A 3-type
site). As expected, the XANES features were found to
be distinctly polarization dependent.

XAS studies of natural and synthetic amorphous
precipitates of 3d transition elements have provided
new information on their short-range structures and
valencies. Manceau ef a/. (1987, cf. also Manceau and
Combes, 1988; Manceau, 1989) studied K-edge XAS
of Mn, Co and Ni in manganese oxides from laterites:
Mn** and Co** are in similar sites but the environ-
ment of Ni** is quite different. Manceau et al. (1990b;
1992a, b) have further extended this work on manga-
nese hydrous oxides. Combes et al. (1989 and 1990)
determined the local environments of Fe** at differ-
ent stages in the precipitation of hydrous oxide gels
and during subsequent ageing. Fe in solution and in
the precipitates remains in 6-coordination through-
out. The fresh precipitate shows outer shells, due to
Fe—Fe correlations, at 3.45 A (corner-sharing octahe-
dra) and 3.06 A (edge-sharing) but after 1.5 h ageing
at 92°C a new shell appears at 2.89 A (face-sharing
octahedra). This species disappears after 6 h with the
nucleation and growth of hematite. Bidoglio et al.
(1993) studied the surface redox transformations of
thallium and chromium on colloidal Mn and Fe
hydrated oxides.

XAS work has also been started on element com-
plexing in aqueous electrolyte solutions. Farges et al.
(1991b; 1993) have found that Au(III) in 1 M NaCl
at pH = 2 is square planar, coordinated by 4 CI but
that the Cl:O ratio of the ligands increases with
increasing pH. Helz et al. (1993) studied Cu and Zn
bisulphide complexes in NaHS solutions. The pre-
dominant soluble Cu complex is believed to be a
polynuclear (Cu,S;)*~ cluster, which has tetrahedral
Cu with S bridges along the six tetrahedron sides.
Work has recently been started at Daresbury in which
solutions are sealed in silica tubes and spectra ob-
tained at temperatures up to 300°C. In the first
experiments, Seward et al. (1993) studied 0.1 M sol-
utions of CdCl, and found that the number of Cl
ligands in the aquated Cd-complex increased with
increasing 7' to 250°C and increasing Cl molality.
Seward and Henderson (1992) investigated 0.1 M
AgNO, at temperatures from 25 to 300°C and have
found that the Ag is tetrahedrally coordinated by O
and that the Ag—O first shell distance decreases with
temperature as a result of the solution becoming
more associated. Other work on amorphous systems
has included the characterization of “major-" and
“trace-element” environments in silicate glasses: Si
(Davoli et al., 1992); Fe (Binsted er al., 1986; Way-
chunas et al., 1988; Jackson et a/., 1991); Ca (Binsted
et al., 1985; Combes et al., 1991); rare earth elements
(Ponader and Brown, 1989a, b); Mn and Sr (Kohn
et al., 1990); Zr (Farges et al., 1991a); Ni (Galoisy and
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Calas, 1991, 1992, 1993a, b); and U (Farges et al.,
1992). Nakai er al. (1987) used K-edge XANES and
XAFS to characterize Zr and Nb environments in
several metamict (amorphous due to radiation dam-
age) minerals while Farges and Calas (1991) deter-
mined how the local environments of Zr, Th and U
in zircon and thorite change as a function of metam-
ictization. Zhang and Boduszynski (1991) found that
V in heavy petroleum residues has a similar structure
to that in a porphyrin complex. In addition, the
structural nature of sulphur species (elemental, re-
duced and oxidized) in heavy petroleums and source
rocks has been determined using XANES (Waldo
et al., 1991); a similar approach has also been applied
to S in coal (Huggins et al., 1991).

XAS studies of wet samples to determine the
structure of metal complexes adsorbed on mineral
surfaces are becoming of increasing importance in
environmental geochemistry. Chisholm-Brause ef al.
(1990a) studied adsorption of Co®" on 7y-alumina,
rutile (TiO,) and kaolinite (Al,Si,O;(OH),) and
found direct evidence for the presence of polynuclear
inner-sphere complexes at surface coverages less than
one monolayer. Chisholm-Brause et a/. (1990b) stud-
ied adsorption of Pb** on y-alumina and suggested
that the adsorbed complex was mono-dentate and
inner-sphere in type. Waychunas et al. (1991, 1993)
studied adsorption of arsenate (AsO,) on ferrihy-
drite, goethite, akangéite and lepidocrocite and found
clear evidence for the presence of an inner sphere,
bidentate arsenate complex. They also reported on
the kinetics of arsenate adsorption and coprecipi-
tation (Fuller er al., 1993).

In situ high-P/T XAS studies have recently been
reported. Seifert er al. (1993) developed a furnace to
allow in situ XAS to 1500°C, reporting a gocd signal
at the Ti edge of K,TiSi,O,, glasses and melts even
at very high 7. Andrault and Poirier (1991) obtained
Zr and Ge K-edge spectra using energy dispersive
detection in a diamond cell to study distortions of
perovskites (BaZrQO,, SrZrO, and CaGeO;) under
pressure and Andrault et al. (1992) determined the
compressibilities of GeO, tetrahedra in MgGeO,
enstatite and CaGeO, wollastonite. Andrault er al.
(1993) subsequently measured the changes in Ge
coordination by O as a function of combined P and
T in GeO, (quartz-analogue) held in a heating dia-
mond anvil cell. The design of high-P XAS exper-
iments undertaken at LURE is discussed in more
detail in Itié (1992).

X-ray diffraction

The special properties of SR have provided new
opportunities in X-ray crystallography (e.g. Prewitt
et al., 1987; Cernik and Barnes, pp.445-457, this
issue). In particular, the ability to focus or collimate
the intense beam allows very small crystals or pow-
dered samples to be studied; this is especially useful
for high-pressure studies using diamond anvil
cells (see Nelmes and McMahon, 1994). Use of the
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high-energy “white” beam with ED detection expe-
dites much in situ, high-T and high-P work and is of
particular importance in studies of the Earth’s mantle
and core. In particular, large volume, multi-anvil
apparati have been stationed at wiggler ports on
many sources and employed for high-P/7T mineral
physics research (Kikegawa, 1992; Weidner et al.,
1992). In addition, ED detection allows rapid collec-
tion of diffraction data providing kinetic information.
Moreover, the low beam divergence and the ability to
tune the beam to give truly monochromatic radiation
provides narrow peak widths with good signal-to-
noise ratio and the possibility of determining struc-
tures of powdered samples using Rietveld peak
deconvolution techniques (Rietveld, 1969).

Kudoh ef al. (1990) determined the structure of a
synthetic (Mg,Fe)SiO; perovskite (quenched from
26 GPa and 2173 K) using a single crystal of dimen-
sions 29 x 29 x 43 um and monochromatic radi-
ation. They found that Fe (and Cr) substitutes for Mg
in the 8-12 coordinated site rather than for Si in the
octahedral site, and that about 2% of the total Mg
occurs in the latter site. Diamond anvil cell, “*white-
beam” ED studies of powdered samples of
(MgFe),Si0,-B-spinel (Fei et al., 1992a), magne-
siowustite (Mg, Fe)O (Fei et al., 1992b), and metallic
Fey; Niy, alloy (Mao er al., 1990), and of a polycrys-
talline sample of (Mg,Fe)SiO, perovskite using
monochromatic radiation (Mao et al., 1991), have
provided crucial equation-of-state (EOS) information
for these phases in the Earth’s mantle or core. In
addition, Fei and Mao (1993) have used similar
techniques to measure temperature dependence of the
static compression of brucite (Mg(OH),) to 35 GPa
at 300K and to 80 GPa at 600 K. These data were
used to deduce the dehydration curve of brucite up to
55 GPa, and to suggest that the existing EOS for fluid
H, O may overestimate its volume at pressures above
50 GPa.

The high-resolution obtained with monochromatic
radiation, combined with Rietveld refinement, are
being used increasingly for structure determination
of polycrystalline synthetic “minerals” and natural
phases which are too scarce and/or fine-grained for
single crystal study; e.g. synthetic forsterite (Cernik
et al., 1990), and the natural mineral perlialite (Artioli
and Kvick, 1990). Such techniques are also invaluable
in studying peak-splitting associated with ordering
and/or phase transformations, e.g. cordierite (Putnis
et al., 1987; Redfern er al., 1989) and albite (Salje,
1992).

X-ray fluoréscence microprobe

High-intensity, plane-polarized SR can provide a
probe with very low background, ideal for XRF
trace element analysis. By using multilayer mirrors
with Kirkpatrick-Baez mirror geometry, focused
synchrotron beams have been obtained with spot size
5-10 ym diameter. This set-up, usually with ED
detection, has been applied to a number of research
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programmes where fine spatial resolution and
non-destructive analysis are important requirements.
Samples analysed include: fluid inclusions (Frantz
et al., 1988; Rankin er al., 1992); feldspars (Lu et al.,
1989); sulphides in coal (White er al., 1989); carbon-
ates (Kopp et al., 1990); stratospheric cosmic dust
(Flynn and Sutton, 1990); pantellerite glass (Rivers
et al., 1991). In a recent extension of this approach,
a monochromator has been incorporated allowing
XANES features to be scanned for concentration
levels down to several hundred ppm. In this way,
Hayakawa er al. (1991) have obtained 900 x 900 pm
scanned images (10 um steps) of Cr, Fe, Ni and Zn
in peridotite, and Sutton ef al. (1993) have detected
predominant Cr’* in 200 um regions of lunar olivines
and Cr’* in lunar pyroxenes.

REVIEW OF EARTH SCIENCES RESEARCH AT DARESBURY

In the sections below we will review recent XAS
and XRD Earth science research carried out at the
SRS. The topics included range from silicate
glass/melt structures to single crystal polarized
XANES and from powder structure determination to
mineral compressibility.

Silicate glass/melt structures studied by XAS

To rigorously model magmatic processes, struc-
tural information for melts is necessary so that the
factors controlling phase relations, diffusion rates,
and viscosities can be understood. Such information
is much easier to obtain if quenched glasses are
studied as models for melt structure. Silicate melts
consist of a network of SiO, (and AlO,) tetrahedra
linked (polymerized) to adjacent tetrahedra by bridg-
ing oxygens. Network modifiers reduce the linkage
forming non-bridging oxygens. Melt viscosity is
higher the greater the degree of polymerization. The
low field strength elements Na, K, and Ca are likely
to be the main network modifiers in natural magmas,
depending on their concentrations relative to Al. The
roles of other elements such as Ti, Mg, Fe**, Fe**,
Mn are much less clear but most petrologists assume
that Ti is a network former and that Fe, Mg and Mn
are network modifiers.

Si XANES and XAFS spectra

Si K-edge spectra have been obtained for a series
of crystalline model compounds of varying structural
complexities as well as a range of glass compositions
including some hydrous and high-pressure varieties.

Rock-forming silicates contain Si in 4-coordination
although the SiO, tetrahedron shows varying degrees
of distortion in different minerals. The inter-sample
range of Si-O tetrahedral distances varies from about
1.57 to 1.69 A. Based on these values and on the
invariant coordination number, the Si EXAFS
should only show limited variation as far as the
first shell is concerned. Both the periodicities and
amplitudes of the EXAFS should be fairly constant.
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However, the XANES spectra would be expected
to show important differences depending on the
degree of polymerization of the tetrahedra (i.e. the
proportion of bridging to non-bridging oxygens).
Figure 1(a) shows that this is indeed the case for the
series monomer—dimer—chain—framework (forsterite—
akermanite—diopside~anorthite). In addition the
XANES varies depending on the precise topology of
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Fig. 1. Si K-edge XANES spectra for: (a) minerals with
different degrees of SiO, polymerization—monomer,
forsterite (Mg,SiO,)—dimer, akermanite (Ca,MgSi,0,)-
single chain, diopside (CaMgSi,O¢)-network, anorthite
(CaAl,Si,04); (b) silica polymorphs; (c) crystalline anor-
thite—anorthite glass—diopside glass.
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the framework [Fig. 1(b)] and on the nature of the
cavity cations. As would be expected, major differ-
ences occur between the XANES for 4-coordinated
and 6-coordinated Si [e.g. stishovite, Fig. 1(b)].

First shell S8i-O distances refined from the EXAFS
for representative model compounds are given in
Table 1; excellent agreement is shown between the
present data and average values from crystal struc-
ture determinations. There is a trend of decreasing
average Si—O bond length with decreasing numbers of
non-bridging oxygens (i.e. O coordinated to “non-
network™ Mg, Fe** and Ca). In crystalline gehlenite
(Ca,Al(ALSI),0;), pairs of tetrahedra (containing Si
and Al) are linked by “non-network’ 4-coordinated
Al, building up a ““framework-like” structure. Thus
the Si-O distance in gehlenite is more similar to that
of anorthite than to those of forsterite and diopside
(Table 1).

In SiO, glass the Si K-edge Fourier Transform
(FT) is dominated by a peak at 1.61 A; this peak is
due to interactions with the nearest neighbour O shell
i.e. the S10, tetrahedron. This peak is narrow with a
Debye-Waller factor (D.W.) of 0.004 A2 reflecting
the generally well-ordered Si local environment.
The comparative data for crystalline quartz are
R=1613A and D.W.=0.002A? (static disorder
only). A small second shell peak in the FT is due to
Si—Si correlations. Although the EXAFS infor-
mation is one-dimensional (radial), the Si—O-Si bond
angle in Si0O, glass can be estimated from the first
shell Si-O and the second shell Si-Si distances (about
160 + 20°).

The Si-O data for several different glasses
(Table 1) range from 1.606 to 1.631 A and this
difference is believed to be real (relative distances
accurate to about +0.01 A). Anorthite crystal and
glass have closely similar Si-O distances as do crys-
tals and glasses of gehlenite and quartz compositions
reflecting the similarities between the framework crys-
tal structures and the equivalent glass networks. In
contrast the diopside glass has a slightly shorter Si-O
than the crystal and is similar to that of gehlenite
glass. Differences between different glasses reflect the
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nature of the other framework and modifying cations
and of framework topology (i.e. ring size variation
and bond-angle distribution).

The Debye—Waller data in Table 1 show that the
glasses have consistently smaller D.W. factors for the
first shell of oxygens around Si than the equivalent
crystalline materials; the crystals seem to be more
disordered than the glasses! The explanation for this
is due to glasses being able to adopt more symmetri-
cal tetrahedral SiO, configurations than the crystals
because the latter are constrained to have long range
translational symmetry. Thus the disorder in the glass
has been taken up in producing a more variable
distribution of bridging bond angles than that of the
crystal.

The XANES for glasses are very similar irrespec-
tive of composition and whether the glasses are
hydrous or anhydrous. These spectra are closely
similar to those of crystalline tridymite and anorthite
[cf. Figs 1(a), (b) and (c)] even though tridymite has
6-rings of tetrahedra while anorthite has 4-rings.
These minerals are similar in having multiple Si sites
with a range of Si—O distances and distortions. Thus
their XANES and those of the glasses reflect such
distortions rather than the nature of the ring-struc-
tures (N.B. the absorption spectra give an average
environment).

Structural environments of iron in glasses and crys-
talline model compounds

An understanding of the structural role of iron in
silicate melts is important not only in accounting for
rheological and diffusion properties and phase re-
lations, but also because of the significance of redox
ratios as oxygen fugacity (fO,) indicators. A variety
of glasses, prepared at different fO, conditions, to-
gether with patural basalt and obsidian and panteller-
ite glasses (glassy “granites”), have been studied by
Fe K-edge XAS. Silicate minerals with Fe in either
24 or 3+ oxidation states and in 4-, 6- or 8-fold
coordination have been run as model compounds;
synthetic “leucites” (KFe’*Si, O, and K,Fe’*Si;0,,)
were used as models for 4-fold ferric and ferrous iron

Table 1. Refined first shell Si data

Crystallography

Sample R(A) N (refined) D.W. Mean (lo SD)
Crystalline model compounds
Forsterite 1.633 42 0.004 1.636 (0.017)
Fayalite 1.631 42 0.003 1.636 (0.012)
Gehlenite 1.614 34 0.004 1.620 (0.023)
Diopside 1.635 3.6 0.006 1.635(0.05)
Anorthite 1.611 4.1 0.003 1.613(0.03)
Quartz 1.613 4.0 0.002 1.609 (0.003)
Acgirine (NaFe’*Si,0,) — — — 1.627 (0.021)
Glasses
“Gehlenite™ 1.621 34 0.003
“Diopside™ 1.624 38 0.002
“Anorthite” 1.606 4.2 0.002
“S8io,™ 1.613 4.0 0.001
“Aegirine” 1.631 3.6 0.001
R =bond length A) o first O shel, N =coordination number;

D.W. = Debye-Waller factor (disorder parameter; A?).
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in framework sites. Fe foil was used to calibrate the
position of the absorption edge.

Model compounds. Figures 2(a) and (b) show the
expanded edge regions for five model compounds.
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Fig. 2. Fe K-edge XANES spectra for: (a) Fe>* crystalline
model compounds with 8-fold (almandine, Fe;Al,Si;0,,),
6-fold (fayalite, Fe,SiO,), and 4-fold (staurolite, see text)
coordination; (b) Fe** model compounds with 6-fold (ae-
girine, NaFeSi,0,) and 4-fold (“leucite”, KFeSi,O;) co-
ordination and for feldspar (Madagascar orthoclase
KAISi;O; with 2.6 wt% Fe,0,); (c) Fe** model compounds
with different 4-coordinated Fe** geometries (Fe-akerman-
ite, Ca,FeSi,0;; gillespite, BaFeSi,0,,).
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Note that the pre-edge peak is much larger for 4-fold
than for 6- and 8-fold coordination and that the edge
crests show increasingly pronounced peaks in the
order 4- to 6- to 8-fold coordination. The features of
the feldspar (Madagascar orthoclase) spectrum in
Fig. 2(b) show that Fe’* is substituting for Al in the
framework. Figure 2(c) shows expanded XANES
spectra for crystalline “models” with Fe** in different
types of 4-fold coordination: synthetic K-Fe leucite
has Fe?* in framework (network) sites replacing some
of the Si atoms; staurolite has Fe?* in large tetrahe-
dral sites which form part of the spinel layer linked
to octahedral Al; synthetic Fe-akermanite has Fe’* in
tetrahedral sites linked to SiO,-dimers; and gillespite
(BaFeSi, O,,) has Fe** in square planar coordination.
Note the distinctly different spectra which can be used
as a fingerprint for the topology of the Fe-containing
structural units. Table 2 gives refined EXAFS data
for most of the model compounds. Bond lengths from
X-ray crystal structure determinations are given
in parentheses—agreement with EXAFS values is
generally within 0.02 A. As expected, Fe—O bond
lengths show clear increases with coordination num-
ber. Note that the pre-edge peak height is signifi-
cantly larger for 4-fold Fe, with that for Fe’* being
about half the intensity of that for Fe'*. AE values
clearly increase from Fe?* to Fe''.

The refined first shell distances can be combined
with the equivalent crystallographic data for these
and other minerals to assign typical ‘standard’ bond
length values to both oxidation states in 4- and 6-fold
coordination (denoted [4] and [6]):

Fe**[4] 1.98; Fel*[6] 2.12;
Fe’*[4] 1.86; Fe’*[6] 2.02 A.

Glasses. We have studied the Fe environments in
some relatively simple alkali silicate systems, which
have leucite-like stoichiometries, prepared at different
oxygen fugacities. Samples prepared at latm. in air
(fO, = 10""* atm.) have virtually fully oxidized Fe
while those prepared at about fO, = 107" atm. have
an Fe?*; Fe’* of approx. 0.85:0.15. Other Na-rich
glasses studied have similar oxidation ratios to these
leucite glasses but Ca-rich glasses are relatively more
reduced for the same synthesis oxygen fugacity.
XANES spectra are shown in Fig. 3 and pre-edge
peak heights given in Tables 3 and 4 along with
refined EXAFS data.

XANES spectra for oxidized and reduced glassy
forms of Rb,FeSi;O,, are compared with the reduced
crystalline “leucite” analogue in Fig. 3(a). The crys-
talline “‘leucite” has Fe*~ unambiguously in 4-coordi-
nated network-forming sites. The oxidized glass
spectrum is very similar to that of KFe3*Si, O, leucite
[Fig. 2(b)] indicating that Fe’* is 4-coordinated. The
reduced K-Fe “leucite’ glass has virtually the same
spectrum as the crystal pointing to both glass and
crystal having Fe’~ in essentially identical environ-
ments. Refined XAFS data confirm these assignments
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Table 2. Refined first shell Fe data for crystalline model compounds

N

Valency N Sample R Refined D.W. AE P.E. Cryst.
2+ 4 K-Fe-leucite 1* 1.97 4.0 0.014 5.8 0.05 (@)
2+ 4 Staurolite 1.99 32 0.015 7.8 0.07 (2.01)
2+ 6 Hedenbergite 2.10 4.0 0.016 8.1 0.02 (2.13)
2+ 6 Fayalite 2.09 49 0.026 8.0 0.03 (2.21)
2+ 6 Nmenite 2.06 4.5 0.027 8.9 — (2.08)
24 8 Almandine 2.21 9.2 0.041 8.9 0.02 (2.30)
3+ 4 K~Fe-leucite 2* 1.85 38 0.008 10.1 0.12 4]
3+ 6 Aegirine 1.98 6.1 0.021 12.5 0.02 2.0
3+ 6 Andradite 2.00 5.6 0.008 10.9 0.02 (2.02)
3+ 3 Hematite 1.95 36 0.011 10.1 0.05 (1.95)

3 2.13 1.6 0.006 (2.12)

R =bond length (A) to first O shell (crystallographic values in parentheses); N = coordination number;
D.W. = Debye-Waller factor (disorder parameter; A%y, AE = separation between absorption edges for
mineral and Fe foil (eV; Fe'=7115¢V); P.E. = pre-edge intensity relative to the step height.

*K-Fe-leucite 1 = K,Fe®~Si;0),; Fe-leucite 2 = KFe**Si, 0.

(Table 3) for a series of crystalline and/or glassy different XANES for the glasses and crystalline
“leucites” having the stoichiometries: XFe®*Si,O, leucites compared to those for other 4-fold coordi-
and X,Fe?*Si;O,, where X =Na, K, Rb and Cs. nated Fe?* compounds [cf. Figs 2(c) and 3(a)]. Fur-
Irrespective of modifier cation, the pre-edge heights, thermore, the close similarities of these data for a
coordination numbers and first shell distances are given composition glass to those for the equivalent
more consistent with both Fe oxidation states occu-  crystalline phase (Table 3) together with the almost
pying 4-fold sites in the glasses. Note the distinctly identical XANES [Figs 2(b) and 3(a)] suggest that
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Fig. 3. Fe K-edge XANES spectra for: (a) reduced crystalline “leucite” analogue with Rb,FeSi;O,
stoichiometry and for the equivalent reduced and oxidized glasses; (b) oxidized glasses (NS3F5
Na,0.38i0, + 5 wt% Fe,0,; CSFS CaO - SiO, 4+ 5 wt% Fe,0,); (¢) reduced glasses (CNFSI1 SiO, 68.1,
AL O, 3.0, FeO 3.8, CaO 10.1, Na,0 5.3 wt%); (d) natural basalt, obsidian and pantellerite glasses.
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Table 3. Fe “leucite” crystal/glass first shell data

N R AE D.W. P.E.
“Standard” data
Fe*t 4 1.86 10 0.008 0.12
6 2.02 8l 0.015 0.02
Felt 4 1.98 6-7 0.015 0.06
6 2.12 8 0.020 0.03
XFe®* Si,04 (oxidized, fO, 10 "* atm)
K crystal 38 1.85 10.1 0.008 0.12
K glass 4.0 1.85 9.5 0.011 0.12
Na glass 4.0 1.86 10.1 0.015 0.11
X, Fe’* 8is0,, (reduced, fO, 10~" atm)
K crystal 4.0 1.97 5.8 0.014 0.050
K glass 3.7 1.94 6.8 0.018 0.055
Na glass 3.6 1.96 6.3 0.019 0.060
Rb crystal 39 1.96 6.4 0.011 0.055
Rb glass 39 1.93 6.8 0.019 0.050
Cs crystal 3.8 1.98 7.3 0.018 0.040
Cs glass 35 1.95 6.8 0.018 0.060

N =coordination number; R =first shell distance to O, A;
AE =edge relative to Fe-metal, eV: D.W. = Debye-Waller
factor, A; P.E. = pre-edge height relative to edge step.

both Fe?* and Fe’* are present as network formers
in the samples studied.

Figure 3b shows XANES spectra for other glasses
prepared in air. The pre-edge and edge-crest features
for KFeSi,O, and NaFeSi, O, glasses are character-
istic of Fe’* in 4-coordination (see above); NS3F3
has very similar XANES features but the first shell
distance is rather long suggesting the presence of
some octahedral Fe’* (Table 4). CaFeSi,O4 and
CaFeSi, 04 have rather smaller pre-edges and more-
pronounced edge-crests and CSF5 is particularly
noteworthy in the latter regard. The implication is
that these Ca-bearing glasses, particularly CSFI,
have significant amounts of octahedral Fe. First shell
XAFS data support this conclusion (Table 4), indeed
the low AE value for CSFS5 indicates that the octa-
hedral Fe is divalent. XANES features of reduced
glasses [Fig. 3(c)] show similar variations.
K,FeSi;O,, NaFeSi,O, and NS3F5 glasses appear
to have XANES features and XAFS first shell data
suggesting that Fe is dominantly in 4-coordination.
Ca-bearing glasses CNFS! and CSF5 have more

Table 4. Refined first shell Fe data for glasses

Sample R N D.W. AE P.E.
Oxidized glasses (prepared in air; fO, = 107%% atm)
NS3F35 1.91 51 0.022 11.5 0.08
CaFeSi, 0O, 1.92 45 0.025 1.7 0.09
CaFeSiO, 191 4.7 0.025 109 0.09
CSF35 192 3.8 0.017 6.8 0.05
Reduced glasses (fO, of synthesis in parentheses, atm)
NS3F5 (10 %) 1.96 5.1 0.026 68 0.05
CNFS1 (107'%) 1.99 38 0.022 6.7 0.05
CSF5 (107%) 204 42 0.028 7.0 0.02
Natural rock glasses
Basalt (Hawaii) 200 4.1 0.031 64  0.04
Obsidian (KE6) 192 37 0.025 6.6 0.05
(Talasea) 1.89 2.6 0.025 7.5  0.08
Pantellerite 1.86 2.5 0.007 98 0.15

R =bond length (A) to first O shell; N = coordination number;
D.W. = Debye-Waller factor; AE = separation between absorp-
tion edges for mineral and Fe foil; P.E. = pre-edge intensity
relative to the step height.
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pronounced edge-crest peaks suggestive of significant
octahedral Fe being present and this assignment is
supported by the longer first shell distances (Table 4).

Figure 3(d) shows XANES spectra for natural
volcanic glasses and refined XAFS data are given in
Table 4. The basalt glass spectrum is similar to that
of crystalline fayalite [Fig. 2(a)] but the first shell
distance is slightly short suggesting that although the
Fe?* in the glass is mainly in 6-fold, network modifier
sites, some 4-coordinated Fe’* may be present. The
relatively reduced KE6 obsidian has a more-pro-
nounced edge crest than the more-oxidized Talasea
obsidian indicating that the former contains more
octahedral Fe than the latter. The fully-oxidized
pantellerite glass clearly has Fe dominantly in 4-co-
ordination. The first shell distances increase from
KES6 to Talasea to pantellerite consistent with these
conclusions (Table 4).

Discussion. The conclusion that reduced
NaFeSi, O, glass has Fe mainly in four-coordinated
network sites is at variance with predictions from
Raman and Mossbauer studies (e.g. Virgo and
Mysen, 1985) but is similar to those from XAS
studies of both glasses and melts for alkali Fe silicate
and fayalite compositions (Waychunas ef al., 1988;
Jackson et al., 1991). It seems that the quenched
glasses are reliable models for Fe environments in the
equivalent melts for these systems at least.

Dingwell and Virgo (1987) have measured the
dependence of viscosities of melts of stoichiometry
NaFeSi,O, at 1430°C on oxygen fugacity. The de-
crease in viscosity from 23P in air (Fe'*/total
Fe=092) to 10P at fO,=10""atm (Fe**/total
Fe = 0.18) was correlated with the change from Fe’*
being present as a network former in the oxidized
melt to Fe?* being present as a network modifier in
the reduced melts. Our results on oxidized and re-
duced NaFeSi, O, (Table 3) point to both Fe?' and
Fe*t being in network sites. We therefore account for
the decrease in viscosity with increasing Fe’t as
reflecting the presence of longer, thus weaker, Fe?*-O
network bonds in the more reduced melts. It is
noteworthy that NaAlSi,O melt at 1430°C has a
viscosity of 1550 P, thus the decrease in viscosity on
substitution of Fe** for Al in network sites demon-
strates the effect of bond strength. Thus the reduced
viscosity is not necessarily due to depolymerization of
the network.

There also seems to be good evidence that Fe-
bearing glasses having a variety of chemical compo-
sitions show the presence of significant amounts of
Fe?* in 4-fold coordination, most likely in network
sites, suggesting that the network-former/network-
modifier concept for silicate melt structures needs to
be reconsidered.

Transition element structural environments in

staurolite

The XAS technique has also been used to establish
the sites occupied by minor elements in the chemically
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and structurally complex mineral staurolite (Hender-
son et al., 1993) and vesuvianite (Ohkawa et al.,
1992). Staurolite is monoclinic (space group C2/m)
with the idealized formula: Fe, ;Al;3SigO.H,,;
minor amounts of Zn, Mn and Ti are ubiquitous.
Smith’s (1968) X-ray diffraction structure was refined
on the basis of 7 octahedral and 2 tetrahedral cation
sites. The chemical complexity and the presence of
unfilled sites has led to many different cation assign-
ment schemes. Most authors place Ti and Zn in the
tetrahedral T2 site and Mn in the octahedral M4
sites, however, Stahl ez al. (1988) assign Mn to T2, Ti
to the distorted M2 site and divide Zn equally
between T2 and M4 sites.

The element-specific nature of XAS and its ability
to study minor components make it an ideal tech-
nique for elucidating this problem. We have studied
the same sample as Stahl et al. (1988) to directly
determine the environments of Mn (0.14 wt%), Zn
(0.18%) and Ti (0.4%). Fluorescence detection
methods were used to obtain spectra and the local
structures were deduced from pre-edge (where pre-
sent) and XANES features and refined XAFS par-
ameters. Data from model compounds with Mn, Zn
and Ti in either 6- or 4-fold coordination were used
to constrain the structural assignments.

XANES features for Mn and Zn show distinct
similarities to those for Fe (Fig. 4). Pre-edge height
for Mn and refined XAFS parameters for Mn (first
shell bond length to O = 2.01 A) indicate that Mn is
dominantly in 4-coordination. Note that significant
structure out to 6 A, similar to that for Fe, can be
fitted to the Mn XAFS despite its much lower
concentration. The Zn data are somewhat less clear.
The XANES features and first-shell bond-distances
(1.96 A) both suggest 4-coordination but the refined
coordination number and D.W. factor (both less
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Fig. 4. XANES spectra for Fe, Mn and Zn K-edges in
natural staurolite from Pizzo Forno (PF2), Switzerland.
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Fig. 5. XANES spectra for Ti K-edges in synthetic Ba, TiO,
(4-fold Ti), natural rutile (TiO,) and sphene (CaTiSiO;)
(both 6-fold Ti), and natural staurolite (PF2).

reliable than bond distance data) are rather high. On
balance, 4-coordination seems likely but the possi-
bility that some Zn is in distorted 6-fold sites cannot
be ignored. Refined XAFS first-shell, bond-distances
(1.82 A) together with XANES and pre-edge features
(Fig. 5; cf. Waychunas, 1987), are consistent with Ti
occupying distorted 6-fold sites, most likely the M2
sites.

Our assignments based on direct measurements for
minor elements are closely similar to the crystal
chemical assumptions of Stahl et a/. (1988) showing
the importance of the element-specific XAS technique
for extending and testing diffraction data where
scattering is dominated by major elements.

A 2p-XAS probe for multiple valency states of 3d
transition elements

Until recently, most XAS work on 3d transition
elements has been limited to studies of K-edges, but
recent advances in instrumentation are now allowing
L,; edges to be explored. Unlike K-edges, the L
absorption spectrum for 34 metals is dominated by
dipole transitions from the core 2p level to empty 3d
states. Because of the large Coulombic interaction
between these two levels, the dipole transition ener-
gies and their occurrence probabilities depend on the
local electronic structure. Thus analysis of the L,;
absorption structure provides information about the
oxidation state(s), site symmetry, spin state, and
crystal field splitting for 34 transition elements. Chen
and Sette (1990), van der Laan and Kirkman (1992)
and de Groot er al. (1992) have recently studied Ti
environments in minerals by L-edge spectroscopy.
Our group has recently exploited these new develop-
ments in a study of natural and synthetic minerals
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and glasses and much new, some of it unexpected,
information was obtained (Cressey et al., 1993).
Interpretation of the spectra was greatly helped by
using the atomic multiplet calculations of van der
Laan and Kirkman (1992). Some of the principal
results are summarized here.

Figure 6 shows Mn 2p absorption spectra repre-
senting 2p *3d”*" transitions for a range of minerals
containing Mn. The spectrum for rhodochrosite
(MnCOs,) is characteristic of Mn** and corresponds
almost exactly with the calculated spectrum for &°
Mn in octahedral coordination with a crystal field

C. M. B. HENDERSON et al.

splitting of about 1.0eV (see van der Laan and
Kirkman, 1992). The coexistence of Mn?* and Mn**
in the other minerals is expected from their crystal
chemistry, and the presence of some pyrolusite
(MnO,) alteration products in vredenburgite and
jacobsite accounts for the Mn**. Note that the differ-
ent peak heights for the main Mn>" and Mn’*
features gives invaluable information about the rela-
tive proportions of these oxidation states in the
different minerals confirming that Cu'* must be the
dominant oxidation state in crednerite with subordi-
nate Cu’*.

Mn2+

Vredenburgite
(Mn,Fe),0,

Bixbyite (Mn,Fe),0,

Hetaerolite ZnMn,0O,

Crednerite CuMnO,

Hausmannite Mn,0,

Jacobsite MnFe,0,
Franklinite ZnFe,O,

Rhodochrosite
MnCO,

Mn3+ *

632 636

640

644 648
Energy (eV)

652

Fig. 6. L, and L, absorption spectra for a series of Mn minerals; relative energy positions of L, maxima
shown at the top are based on calculations of van der Laan and Kirkman (1992).
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We have attempted to quantify Fe**/Z Fe ratios for
a range of single-phase, mixed-valent Fe-bearing
minerals by comparison of experimental and theoreti-
cal spectra. Convoluted profiles, representing differ-
ent oxidation ratios, are simulated by summation of
the calculated multiplet structures of d° Fe** and d4°
Fe?*, each with an appropriate site symmetry and
10D,. Note that the probability ratio for the
Fe** :Fe?* transitions is 5:4, i.e. proportional to the
numbers of d-holes. Figure 7 shows the results for a
natural spinel: (a) is the experimental spectrum; (b)
the simulated profile with experimental peak widths;
and (c) shows the calculated multiplet structures for
Fe 3d*—2p3®3d°® (for both O, and T,) and Fe
3d5— 2p33d7 (for Oy), together with the summation
of these peaks with machine resolution. Assuming

spinel stoichiometry, the analytical Fe** : Z'Fe ratio is
0.49 and this value is exactly matched by the L, peak
simulation.

The technique is also applicable to dilute systems
allowing study of natural amethyst quartz (2-5i0,)
which contains about 0.01% Fe. Previous studies of
the factors controlling the colour of amethyst, by
EPR and optical spectroscopy (e.g. Cox, 1976, 1977;
Cohen, 1985), have led to the suggestion that iron is
present as Fe** and Fe’*. The 2p absorption spec-
trum for Fe in amethyst is shown in Fig. 8 and it is
evident that d* Fe’* cannot be identified, indeed the
dominant oxidation state appears to be Fe?*. The
amethyst spectrum has been modelled by Fe?* d°
(Ty) with 10D, =1.0eV and Fe’* d; (T,) with
10D, =1.5¢V, giving Fe'*/XFe = 0.32.

Fe3 +
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INTENSITY

Fed® T, 10Dg=1.0eV
Fed® O, 10Dg=1.0eV
Fedt O, 10Dg=1.0 eV
Inverse spinel [A2+]6[B3+]6 [B3+]4 O,

SPINEL BM1983,595

(spinel-magnetite solid solution)

(Fe2*g.20 Mg?*g.09 Mn?* o) (Fe+g 19 Al 5) O,
Fe*+/LFe = 0.49

Fe?+/LFe = 0.49

1 1
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Fig. 7. Comparison of experimental and theoretical Fe L-edge spectra for a natural spinel: (a) experimental
spectrum showing peaks assigned to Fe’* and Fe* and the stoichiometry calculated from the electron
microprobe analysis assuming 4 oxygens and 3 cations; (b) calculated spectra with broadened peaks; (c)
convoluted profiles based on calculated spectra with machine resolution. See text for further explanation.
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Fig. 8. Comparison of experimental and theoretical Fe L-edge spectra for natural amethyst quartz:
(a) experimental spectrum; (b) best-fit simulation obtained from calculated spectra.

Single crystal polarized XANES

The polarization dependence of XANES in ori-
ented single crystals can be studied effectively because
of the nearly complete linear polarization of SR in its
orbital plane. We have performed such experiments
at the Fe K-edges for tourmaline, epidote and or-
thoclase, and at the Fe L-edges for gillespite, tourma-
line, epidote and astrophyllite.

In tourmaline, Fe and Mg are accommodated in
edge-sharing octahedral sites that form trigonal pla-
nar groups oriented perpendicular to the c-axis. The
strong optical absorption pleochroism of this mineral
is thought to be due to electron transfer between Fe*
and Fe** electronic states in adjacent A sites {see Fig.
9). Figure 10 shows Fe K-edge single crystal XANES
recorded in transmission mode using a 100 gm thick
single-crystal section of tourmaline cut parallel to c.
There is no obvious pre-edge peak consistent with the
iron occurring as Fe?* in comparatively symmetrical
octahedral sites. The absorption anisotropy at and
above the edge is clearly orientation-dependent. The
main polarization-dependent feature is a shoulder on
the edge that steadily becomes more prominent as the
crystal is rotated towards the orientation with E//c.

Polarization-dependent anisotropy in the XANES
above the edge crest is also apparent. In contrast, a
section cut perpendicular to the c-axis (optically
isotropic) showed no X-ray absorption anisotropy for
different azimuthal orientations, as would be ex-
pected. By comparison with Fe K-edges of other
minerals (e.g. see Waychunas and Brown 1990), the
edge feature that is most prominent when the electric
vector is parallel to ¢ is probably a 15—4p-type bound
state transition. The Fe site (site 4 in Fig. 9) in
tourmaline has point symmetry m, so the pz orbitals
will be normal to the mirror plane and thus oriented
between the ligands, forming p, hybrid molecular
orbitals. Therefore, the E 1 ¢ spectrum will sample the
Is—4pz (p, hybrid orbital) polarization. Depending
on the orientation of the 4px and 4py orbitals within
the mirror plane, the £//c spectrum will sample one,
or components of both, of these p,-type orbital
polarizations. For such an assignment, the spectrum
with E//c indicates that ls—dpx, y transitions occur
with higher probability than the ls—4pz transition.

The orientation-dependent anisotropy of the K-
edge of Fe’* in the M3 site in epidote is shown in
Figs 11 and 12. Fe'* is partitioned almost entirely
into the M3 site; this has mirror symmetry, but is
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Tourmaline

Fig. 9. The structure of tourmaline. Octahedral A-sites (Fe’*, Mg), form edge-sharing trigonal-planar
groups perpendicular to the c-axis. B-sites (mainly Al**) form spiral chains parallel to c.

non-centrosymmetric with irregular metal-oxygen this distorted site. The single-crystal polarized spectra
distances. Because of the low crystal symmetry shown in Figs 11 and 12 were recorded in fluor-
(P2, /m), individual Fe—O bonds of the M3 site are  escence mode using a thick crystal slice cut parallel to
directionally unique, and the absorption edge struc-  (010), set at 45° to the incident beam and rotated
ture is sensitive to particular bond directions within  about [010]; the different orientations of the M3 site

1.4 71 T

o 107 1
I}

Q 1 4
©

_E -+ -4
o

w 4+ 4
e

< 06t 1

1 Fe XANES 1

1 Single crystal tourmaline 1

0.2 © ; r

7105 71156 7125 7135 7145
Energy (eV)

Fig. 10. Absorption anisotropy in Fe K-edge of single-crystal tourmaline, recorded in transmission
geometry for different orientations.
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EPIDOTE POLARIZED XANES COMPARISON

2.0 D

ABSORBANCE
A

POWDER

0.6 -
0.4 4

Fe -site (M3)
0.2 4 Fe K-edge orientation
0.0

7090 7100 7110
ENERGY/EV

7120 7130 7140

7150 7140

Fig. 11. Comparison of single-crystal polarized Fe K-edge XANES for different orientations of the M3
Fe-site in epidote, together with a spectrum of the powdered material.

relative to the horizontally plane-polarized incident
radiation are shown by ball-and-spoke represen-
tations in the figures. The pre-edge peak size is typical
of that for Fe’* in distorted octahedral coordination.

Four separate edge features are apparent; these are
labelled (A), (B), (C) and (D) in Fig. 11. The pre-edge
peak (A) i1s broad and consists of a doublet that can
be assigned to 1s-3d (t,g) and 15-3d (¢,) transitions.
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Fig. 12. The variation of absorption amplitude of edge features with the orientation of the M3 Fe-site
in epidote.
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The anisotropy in shoulder (B) with orientation is
illustrated in Fig. 12, which shows that the prob-
ability of absorption corresponds with crystal orien-
tations where the polarization plane of the incident
radiation lies between the ligands. In this case, contri-
butions from different 1s-4p, type bound-state tran-
sitions are probably being sampled. At slightly higher
energy, the feature labelled (C) may result from
localized scattering resonance between absorber and
backscattering atoms (see Waychunas and Brown,
1990) as the absorption maximum and minimum are
associated with orientations where the Fe-O bonds
are aligned with the incident polarization plane (see
Fig. 12). The edge crest (D), has constant amplitude;
this absorption isotropy is consistent with it repre-
senting a multiple-scattering-path resonance within
the ligand cage of an electron excited to the contin-
uum state.

In contrast to K-edges, L absorption spectra for 3d
metals are dominated by dipole transitions from the
core 2p level to empty 3d states. Therefore, polarized
L-edge experiments can be performed which directly
probe the final state orbital wavefunctions. Figure 13
shows polarized Fe 2p spectra for epidote, in which
Fe’* occurs in axially-compressed, non-centrosym-
metric octahedra with site symmetry m. Spectra were
recorded from a single crystal mounted with E paral-
lel to the approximate square-plane (xy spectrum),
and then with E parallel to the axial compression (z
spectrum). The powdered (isotropic) spectrum is also
shown. The energy range shown includes the Fe L,
edge structure (high intensity peaks) and, at higher
energy, the Fe L, edge (lower intensity peaks). Com-
ponents of t,g and e, orbitals are present in both the
xy (in-plane) and z (out-of-plane) spectra. However,
the xy spectrum is dominated by e/(dx’—p?)
and t,g(dxy) final states, with components of
t,g(dxz, dyz) represented by the shoulder on the low
energy side of the L, structure. The z spectrum is
dominated by the ¢,(dz?) final state, with com-
ponents of t,g (dxz, dyz) represented by the peak on
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the low energy side of L,. The e,(dz?) state has the
highest energy, as expected for an axially-compressed
octahedral environment. The L, structure for the
powdered spectrum has t,g (lower energy) and e,
(higher energy) spectral parts.

Structure of synthetic K,MgSi;0,,-leucites by X-ray
powder diffraction

The natural mineral leucite (KAISi,Oq4) has a 3-D
framework of linked silicate and aluminate tetrahe-
dra with channels occupied by potassium ions.
During cooling from elevated temperatures, leucite
undergoes a displacive phase transition from cubic to
tetragonal symmetry. This transition can be simply
regarded as a displacive collapse of the tetrahedral
framework about the large K-cation but some
workers have suggested that Al-Si ordering could
play a significant role. As part of a wider attempt to
understand the controls and consequences of tetrahe-
dral-cation ordering in leucites, our research group is
studying a series of synthetic “leucite” analogues of
general formula: X; Y2*Si;O,,, related to leucite
(s.s.) by the coupled framework cation substitution
2A1 =Mg,Si (Torres-Martinez and West, 1989). It
transpires that such compounds are more amenable
to T-site analysis than Al-Si analogues, and also
display significant response to T-site ordering.

We will focus here on samples having the stoichi-
ometry K,MgSi;O,,. In a magic angle spinning
NMR study, Kohn er af. (1991) showed that dry-syn-
thesized (800°C, 1atm) K,MgSi;O,, leucite has a
disordered arrangement of T cations, while a hy-
drothermally synthesized sample (600°C, 500 bars
water vapour pressure) has an ordered arrangement
of Si and Mg on tetrahedral sites. The principal
results of structure determination by Rietveld refine-
ment (Rietveld, 1969) of synchrotron X-ray powder
data from these two types of K,MgSi; O, (Bell ez al.,
1995; in press) are summarized here.

Dry-synthesized sample. From the systematic ab-
sences in the powder pattern, the dry-synthesized

POWDER

—

1 1 i
710 720 710

1 !
720 710 . 720
ENERGY eV

Fig. 13. Polarized 2p X-ray absorption spectra for different orientations of the M3 Fe-site in epidote,
together with a spectrum of the powdered material.
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sample was found to be body-centred cubic
{a = 13.4190(1) A), space group Ia3d, and thus is
similar to the metrically cubic, high-temperature
polymorph of natural leucite (Peacor, 1968). The
high-temperature single-crystal structure of natural
leucite was therefore used as a starting point to
refine the dry K,MgSi;O,, structure, with Mg+ Si
replacing 2Al and assuming that all 48 T sites are
disordered.

Hydrothermally synthesized sample. The superim-
posed diffraction patterns of the dry and hydrother-
mally synthesized samples are shown in Fig. 14. Clear
similarities are apparent between the two patterns as
groups of Bragg reflections in the hydrothermal
sample coincide with individual reflections in the dry,
cubic sample. These similarities are consistent with
both samples having the same framework topology.
In addition, closely similar cell volumes suggest that
both unit cells have the same contents. It was found
that the cubic coordinates could all be related by the
symmetry operations for the P2, /c space group. In
the P2, /c cell, the only Wyckoff position that could
accommodate any of the atoms is the general pos-
ition. To accommodate 48 T atoms, 12 different 4e
positions are required which confirms the deduction
from the NMR results of 12 T-sites (10Si and 2Mg;
Kohn er al, 1991). This fully ordered framework
structure thus contains 4 distinct K-, 10Si- and
2Mg-sites per 24 oxygens (one quarter of the

unit cell). The final unit cell parameters from the
Rietveld refinement are: a = 13.168(5), & = 13.652(1),
¢ =13.072(5) A, f =91.69(5).

During the refinement, two T-O distances were
clearly longer than the others; these T sites were
assigned to the two Mg atoms. The final refinement
gave mean values of 1.92 and 1.88 A for Mg-O while
the other 10 mean distances (8i-O) were in the range
1.59-1.65 A. From the determined tetrahedral con-
nectivities it can be seen that two Si sites are only
linked to next-nearest-neighbour (NNN) silicons.
These T-sites are Q*%4Si) sites [note use of NMR
terminology which denotes a tetrahedral cation
species (Q) linked to 4 NNN Si atoms]; all other
Si sites are linked to one Mg NNN-atom (i.e.
Q*(35i,1Mg)). The tetrahedral Q*(4Si) and Mg(4Si)
sites occupy opposite corners of four rings. The
structures of the disordered, dry-synthesized leucite
and the fully-ordered, hydrothermally-crystallized
sample are shown in Fig. 15 with the three different
T-site species in the latter phase identified with differ-
ent shadings.

Discussion. The disordered form of K,MgSi;O,,-
leucite has a distinctly larger unit cell volume than the
ordered form (2416 and 2348 A3, respectively). Thus
the ordering of the Si and Mg tetrahedral cations is
accompanied by a contraction of 2.8%. The mean
T-O-T angles for the two forms are 144.5° and 137.4°
showing that the ordered sample is in a significantly
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Fig. l4.'Superimposed synchrotron powder diffraction patterns for dry- and hydrothermally-synthesized
K,MgSi;0,; leucites. Note how the latter sample has groups of peaks in the vicinities of single peaks in
the cubic dry-synthesized sample.
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(b)

Fig. 15. (a) Cubic structure of dry-synthesized K,MgSi;O,, leucite; projection on (100); (b) structure of
hydrothermally-synthesized K,MgSi;O,, leucite, projection on (100). Dark shaded tetrahedra represent
Mg-sites, medium shaded are Q%(4Si) and light shaded are Q*(3Si,1Mg) tetrahedra.
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more collapsed state. In the ordered structure the
increase in the T-O bond lengths from Si-O (1.61 /f\)
to Mg-O (1.94) is accompanied by a decrease in
T-O-T bond angles from a mean of 141° for Si—O-Si
to a mean of 131° for Si-O-Mg; it seems that the
smaller Si-O-Mg angles are directly related to the
increased framework collapse in the ordered struc-
ture. Indeed, the higher angular variance of the Mg
tetrahedra relative to Si tetrahedra (40.4 and 20.9°2,
respectively) points to the structural flexibility of the
Mg-O, tetrahedra in the framework.

We have shown that the hydrothermally-
synthesized K,MgSi;O,,-leucite has a crystal struc-
ture derived from that for the dry-synthesized cubic
polymorph. Ignoring T-site ordering, the two struc-
tures are topologically identical, however the poly-
morphism is directly related to the T-site ordering
which occurs during hydrothermal synthesis. It seems
that the charge and size of Mg?* (as opposed to AI**)
are sufficiently distinct from those of Si** to ensure
that the fully-ordered, thermodynamically more-
stable, monoclinic form is formed relatively rapidly
due to the catalytic action of water in the hydrother-
mal synthesis. The existence of the ordered and
disordered forms of K, MgSi;O,, leucite thus reflects
the distinctly different kinetics of the two synthesis
techniques employed and, in this case, is not related
to a high-low-temperature reversible phase tran-
sition.

The connectivity information deduced from the
NMR spectra (Kohn et al., 1991) and determined in
the present work for the ordered sample, shows that
the Mg tetrahedra are separated by two Si tetrahedra
and that the Q*(4Si) species are also separated by two
Q*35i,1Mg) Si tetrahedra. Thus it seems that the
energetic disadvantage of Si-O-Mg-O-Mg-0-Si
and  Si-O-Mg-O-Si-O-Mg-O-Si  arrangements
within the framework structure is significantly greater
than that recognized in aluminosilicates as Al-avoid-
ance (Dempsey et al., 1969; Loewenstein, 1954). The
monoclinic, ordered structure which our refinement
has yielded does indeed satisfy this principle as
Mg. . .Mg distances are maximized.

Kohn et al. (1991) showed that the two NMR
peaks occurring at chemical shifts of —91.0 and
—104.5 ppm (relative to TMS) resulted from Q*4Si)
units. They pointed out that the very small shift of
—91.0 must correspond to an exceptionally small
mean Si-O-Si angle. We can now assign a value of
134.9° to this peak and a Si—O-Si angle of 146.8° for
the NMR peak at 104.5 ppm. Dupree et al. (1992)
have used these data to assess the reliability of
published correlations between #Si chemical shifts for
Q*(4Si) units and structural parameters, the principal
conclusions being that the linear correlation between
chemical shift and mean T-O-T angle cannot be used
at small T-O-T angles, and that when a particular
sitc has a wide distribution of Si-O distances and
Si-O-T angles the correlation may break down. In
addition, an empirical correlation between chemical
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shift and mean T-O-T angles for Q*3Si,I1Mg) sili-
cons was deduced.

High-pressure  powder diffraction of gillespite

(BaFeSi,0 )

The unique characteristics of SR make it particu-
larly suitable for ED diffraction (EDD) of samples
held at pressure in the diamond anvil cell. Powder
diffraction of Earth materials becomes feasible, and
phenomena such as structural phase transitions may
be studied, not only at temperatures corresponding to
the Earth’s interior, but also in the high-P regime. We
have demonstrated the utility of the EDD technique
to mineralogical problems of this type in a study of
the tetragonal (P4/ncc) to orthorhombic (P2,2,2,)
phase transition in gillespite (Redfern et al., 1993).
This transition has attracted attention in the past
because the square planar coordinated Fe’* in tetra-
gonal gillespite changes to distorted tetrahedral co-
ordination in the orthorhombic phase. A startling
reversible colour change from red (tetragonal) to blue
(orthorhombic) accompanies the transition, which
was first investigated by optical absorption and
Maossbauer spectroscopy (Huggins ef al., 1976; Abu-
Eid et al., 1973).

Gillespite is a layer silicate and the reversible
transition results in rotations of SiO, groups and
changes in Ba coordination (Hazen and Burnham,
1974; Hazen and Finger, 1983). The transition must
induce a ferroelastic strain (since it corresponds to a
reduction in crystal system), and it is this strain which
we set out to measure by EDD at the Wiggler beam
line 9 at the Daresbury SRS. In these experiments,
ruby fluorescence was used to measure pressure.

Cell parameters were refined (Fig. 16), the tran-
sition being observed at P, =1.2+0.1 GPa. Peak
splitting of orthorhombic peaks increases up to
4.3 GPa, the upper limit of our experiments. The
transition not only shows splitting of the tetragonal
a parameter into orthorhombic a and b parameters,
but also an anomalous compressibility along c.
The lattice parameter data reflect the onset of both
ferroelastic and non-ferroelastic spontaneous strains
above Pp,. The ferroelastic strain (e,) corresponds to
the splitting of a and b/ and is proportional to
(@ —b)/(a +b). The co-elastic strain (e,,) corre-
sponds to the jump in the trend of 1/2(a + b ) and ¢
in the orthorhombic phase compared with the values
expected (in the absence of a transition) by extrapol-
ation of the tetragonal data to high P.

Discussion. The results demonstrate that the tran-
sition in gillespite is not simply a ferroelastic shear,
but also incorporates a volume contraction resulting
from the coelastic strain. This high-P behaviour can
be rationalized according to a Landau-type model in
which the driving free energy for the transition is
P-dependent and can be described by two order
parameters Q, (proportional to e,) and Q, (pro-
portional to (e,;)~"?). The former corresponds to
the change in crystal system and the latter to the
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cell into the orthorhombic field.

additional symmetry changes which does not involve
a crystal system change. Since the orthorhombic
space group P2,2,2, is not a maximal subgroup of
P4/ncc this second order parameter may be associ-
ated with an intermediate structure necessary to
complete the high-P transformation. This is seen in
Fig. 17 where possible intermediate space groups are
suggested. The ferroelastic process (Q,) is shown by
heavy arrows and the coelastic process (Q,) by light
arrows. The high-P experiments show that both these
order parameters display first-order behaviour, with
a jump at Pp.

RPC 45;3—L
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The excess free energy in the orthorhombic phase
is given according to the Landau model as:

AG = 1/2AQ% + 1/4BQ! + 1/6CQ5 + Qi Q,
+1/20Q3 + 1/4B Q4+ 1/6y Q5. ...

where A and o are linearly pressure-dependent par-
ameters and ¢ is the coupling constant linking Q, and
Q,. The physical process corresponding to ¢ will be
a lattice strain. Stability is determined by minimiz-
ation of AG with respect to Q, and Q;:

5AG/5Q| = QI(A + zéQz + BQ%) =0
SAG/6Q, = Q,(x + fQ5) +¢Qi =0
which has three possible solutions:

D Q=Q.= 0
(I) Q;=0, Q;#0,
Tn Q,#0, Q,#0

: the low-P tetragonal phase
: the high-P  orthorhombic
phase.

Phases I and III have point groups 4/mmm and
222. Phase I is an intermediate, which (from Fig. 17)
can only correspond to point group 42m or 422.
We have no evidence for the existence of this inter-
mediate as a discrete phase, although it could occur
over a very limited P range near Py, (rather like the
incommensurate phase of quartz at the - tran-
sition). It remains possible that the transition pro-
gresses as I — 11 on increasing pressure, rather than
I— 11— III, and we favour the first of these path-
ways in the light of our data.

Compressibility of MgCO; and its stability in the
Earth’s lower mantle

Carbonates are likely to be the main hosts of
carbon in the Earth’s mantle and both magnesite

Pd/ncc
Pi2,c  Ceca Pdc2 P42,2 Pecn
P22.2

Fig. 17. Space group relations between the low-P P4/ncc

space group of gillespite I and the low symmetry P2,2,2,

space group of gillespite 1. P2,2,2, is not a maximal

subgroup of P4/ncc, and transitions via maximal subgroups

may take place via ferroelastic (heavy arrows) and coelastic
(light arrows) transitions.
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(MgCO;) and dolomite (CaMg(CO,),) have been
described as inclusions in mantle-derived pyrope gar-
net (McGetchin and Besancon, 1973). Experimental
work has shown that magnesite is the only stable
carbonate in peridotite at pressures above 3.5 GPa. In
order to assess whether magnesite might be the stable
carbonate in the lower mantle, members of our
research group have determined its compressibility up
to 20 GPa using ED powder XRD (Redfern et al.,
1993). A natural magnesite sample was loaded into a
diamond anvil cell and its cell parameters determined
using the “white” beam, Wiggler station 9.7 at the
SRS.

The axial and volume compressibilities (a/a,, c/c,,
and V/V,) are shown as a function of pressure in Fig.
18; the cell-parameters at up to 20 GPa show no
discontinuities suggestive of a phase transition. The
c/a ratio decreases from 3.235 at RTP to 3.104 at
20 GPa. This degree of anisotropy is a general feature
of rhombohedral carbonates as similar results have
been found for ankerite (FeCO,) and dolomite (Ross
and Reeder, 1992). This anisotropy results from the
lower compressibility of CO; groups, which are paral-
lel to the x—y plane, compared to that of MgO,
octahedra.

The mean volume compressibility of
598 x 107*GPa~! corresponds to a mean bulk
modulus of 167 GPa. However, the cell volume does
not vary linearly with pressure so the isothermal bulk
modulus (K;) is not constant. Depending on the
method of data analysis, values obtained for K; and
its pressure derivative (K ;) vary from 142-151 GPa
and 5.0-2.5, respectively. Assuming that the high-
temperature stability limit for magnesite is the decar-
bonation reaction: MgCO, = MgO + CO,, the bulk
modulus data were combined with necessary thermo-
dynamic parameters to calculate the P-T stability
curves shown in Fig. 19. Thus, magnesite should be
stable at least up to the solidus of rocks having
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Fig. 18. Variation of a/a,, ¢/c, and V'V, as a function of
pressure; parameters with subscript “o™ refer to values at
I bar. Error bars indicate + 1o.
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Fig. 19. Calculated stability of magnesite (MgCO;=

MgO + CO,). For the bulk modulus values calculated here,
magnesite is seen to be stable to temperatures more than
2000 K above the lower mantle geotherm.

peridotite or pyroxenite chemistry, and is likely to be
a stable host for carbon in the lower mantle.

CLOSING REMARKS

The topics summarized above cover a reasonably
wide range of recently completed and developing
Earth sciences research at Daresbury. In the XAS
area we believe that the “conventional” XAFS ap-
proach will greatly benefit from, for first row tran-
sition elements at least, the application of L-edge
spectroscopy to determining local electronic struc-
tures. In particular, element-specific polarized L-edge
experiments with single crystals provide direct infor-
mation about site symmetries and the orientations
and energies of 3d metal orbitals involved in bound-
state transitions. Furthermore, such spectra also hold
valuable information on the magnitude of the crystal
field and its effect on different ionic configurations.
Developments of high-temperature cells for studying
metals in aqueous electrolyte solutions at up to 350°C
are starting to provide new information on metal
complexing of interest to geochemists and materials
scientists.

In-situ XRD experiments at elevated pressures
and/or temperatures will also provide much funda-
mental information on phase transitions and
“equation of state” data of interest to mineralogists,
petrologists and geophysicists. Development of “on-
line”, large-volume, multi-anvil presses allowing sim-
ultaneous P-T conditions up to 25 GPa and 2000 K
will be particularly important. Indeed, it is antici-
pated that current developments will rapidly allow
the extension of Rietveld powder structure determi-
nations to the study of Earth materials at these
extreme P-T conditions. The diamond-anvil cell, ED
powder diffraction experiments discussed above have
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shown that, despite the limitations in structural infor-
mation and resolution (compared with single crystal
and angle dispersive diffraction) available, this rela-
tively simple and rapid technique can yield important
insights into mineral behaviour at high pressures.
Further studies of displacive-type transitions at
high-P should lead to a better understanding of
relevant transition mechanisms as well as testing the
applicability of Landau-related models in the high-P
regime.
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