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Abstract

X-ray absorption spectra at the Mg and Al K edges have been recorded on synthetic endmember
diopside (Di) and jadeite (Jd) and on a series of natural Fe-poor CaNa clinopyroxenes
compositionally straddling the Jd-Di join. The spectra of C2/c members of the series (C-omphacites)
are different from having P2/n symmetry (P-omphacites). Differences can be explained by theoretical
spectra calculated via the multiple-scattering formalism on atomic clusters with at least 89 atoms,
extending to ca. 0.62 nm away from the Mg viz. Al absorber: XANES detects in these systems
medium- rather than short-range order-disorder relationships. Near-edge features of C-omphacites
reflect the single-type of octahedral arrangement of the back scattering nearest-neighbours (six O
atoms) around the absorber (Mg resp. Al) at the centre of the cluster (site M1). Others arise again from
medium-range order. P-omphacites show more complicated spectra than C-omphacites. Their
additional features reflect the increased local disorder around the probed atom (Mg resp. Al) induced
by the two alternative M1, M11 configurations of the six O atoms forming the first co-ordination
spheres. Mg and Al are confirmed to be preferentialy partitioned in the M1 resp. M11 site of the
P-omphacite crystal structure, however never exclusively, but in a ratio close to 85:15 (+10%) that
implies a certain degree of local disorder. Changes in the relative heights of some prominent features
are more evident in the Al than in the Mg K-edge spectra. They are diagnostic to qualitatively
distinguish C- from P-omphacites.
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1-INTRODUCTION

Ca-Na pyroxenes (Morimoto et al. 1988) have been studied extensively because of the
peculiar behaviour of their solid solutions. endmembers crystallise in the C2/c space group,
whereas intermediate members can either have the same C2/c space group, or the lower-
symmetry P2/n one.

Ordering of the cations located in the octahedral and/or pseudo-cubic sites of the crystal
structure has been suggested to be the driving force for such a behaviour (Clark and Papike
1968; Clark et al. 1969; Matsumoto et al. 1975; Curtis et a. 1975; Aldridge et al. 1978; Fleet
et al. 1978; Rossi et al. 1981, 1983; Carpenter et al. 1990a,b; and many others; see Mottana et
al. 1997afor areferenced review). However, agreement on the actual mechanism that drives
the ordering processis far from being reached, in as much as the method chosen to study such
an ordering appears to affect the result. As a matter of fact, single-crystal X-ray diffraction
structure refinement (SC-XRef), the choice method, gives information mostly on
long-range-order (LRO), but it has a bias due to its systematic disregard of vacancies
(McCormick 1986; McCormick et al. 1989). On the other hand, Mdssbauer spectroscopy
(ME) isvastly used to reveal local order in the octahedral site (the one preferred by Fe) and is
able to give information also on the little F€** that might be located in the pseudo-cubic site.
However, it is not effective for Al or Mg i.e., the two predominant cations most likely to be
participating in, if not entirely driving the ordering mechanism.

X-ray absorption spectroscopy (XAS) is a technique particularly sensitive to local
structure. It is also element-specific, in that it can be modulated at will for any element
independently on all others. Therefore XAS can provide new insight into order-disorder
(O-D) relationships and local environments across the entire diopside - (omphacite) - jadeite
series by selectively scanning either Al or Mg. Information about short-range-order (SRO)
gathered by XAS complements that about LRO best obtained by SC-XRef, particularly when
near-edge features are being evaluated. Y et X-ray absorption near-edge structure (XANES)
spectroscopy has been rarely used, essentially because the absorption K edges of light
elements lie outside the range of energies where standard apparatus provides high-quality
spectra, and demand for monochromator crystals unavailabletill few years ago.

We carried out well-resolved determinations of the Mg and Al K edges in a series of
Fe-poor Ca-Na pyroxenes using the most reliable apparatus available at the time. Thus we
could provide novel experimental information on Mg-Al ordering in these pyroxenes
(Mottana et al. 1996a). However, XANES experimental results could be interpreted properly
only by comparison to and with the support of theoretical calculations performed ab initio on
the basis of the one-electron multiple-scattering theory (MS); in our case starting from crystal
structure data determined by SC-XRef.

Elsewhere (Part I: Mottana et al. 19974), we have reported the results obtained at the Na
K edge, and discussed them with reference to our previous studies at the CaK edge (Davoli et
al. 1987; Paris et al. 1995). Thus, we gave complete information on the local structure around
the pseudo-cubic site. The aim of this paper is at giving a similar information on the O-D
relationships occurring in the octahedrally co-ordinated cation site of the Ca-Na pyroxene
structure. There we had been baffled in the past by our inability at measuring atoms other than
the heavy onesi.e., Fe and Mn (Davoli et al. 1985, 1988).

2—-STATE OF THE ART

The state of the art about Ca-Na pyroxenes was given in part | (Mottana et al. 1997a) with
emphasis on the pseudo-cubic, eight-fold co-ordinated (M2, M21) cation site. We will now
enter into details about the octahedral, six-fold co-ordinated (M1, M11) cation site only.
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The currently accepted model of the Ca-Na pyroxene structure (mostly after Rossi et al. 1983)
isasfollows.

(i) Mg and Al are randomly distributed (disordered) over all M1 sites (with point symmetry 2)
in C2/c pyroxenes such as diopside (Di) and jadeite (Jd) and the intermediate pyroxenes
compositionally closest to these endmembers (C-omphacites). By contrast, they tend to be
partitioned (i.e., ordered) over two non-equivalent, very dlightly distorted octahedral sites (M1
and M11; again of point symmetry 2) in P2/n pyroxenes of composition near the ratio Di:Jd =
1:1 (P-omphacites). Indeed, in the ideal case Mg and Al would occupy them independently
(“full octahedral order”), although not completely, because of the possible concomitant
presence in M1 of minor Fe** and Mn?*, and in M 11 of Fe*, Mn®* and Cr**. In the real case,
Rossi et al. (1983) showed that there is always a certain amount of Mg-Al disorder that
increases as the composition deviates from Dic,Jds,.

(i) Na and Ca are disordered in the eight-fold co-ordinated M2 site in C-pyroxenes. By
contrast, in P-omphacites they are locally ordered over two eight-fold co-ordinated sites (M2
and M21; again with point symmetry 2). The M2 and M21 sites are different in both shape
and size. Yet, the Ca and Na atoms are intrinsically disordered over them, despite showing
preference to be at least partially partitioned. The degree of this “partial eight-fold site local
disorder” is not yet agreed upon, in as much as a further disturbance is the concomitant
presence of other cations such as Mn* and Fe** (both in minor amounts), plus of vacancies
(see above).

Rossi et al. (1983) model is based purely on SC-XRef measurements, and contradicts results
of (among others) Clark and Papike (1968), Matsumoto et a. (1975), Curtis et al. (1975) and
Fleet et al. (1978). Yet Fleet et al. (1978) had warned against conclusions drawn from SC-
XRef evidence only. They claim that the X-ray scattering factors of Mg and Al are very
similar and the P2/n structure is not greatly distorted relative to the equivalent C2/c structure.
Therefore, the "visibility" of an ordered omphacite is largely associated with the partial order
of the M2-type cations i.e., it depends largely on the Na vs. Ca distribution. As a matter of
fact, even Rossi et al. (1981 p. 37) had stated that they could only refine the site distribution
of Na and Ca between the M2 and M 21 sites. By contrast, to determine the populations of the
M1 and M 11 sites they had to use an indirect, empirical and iterative method combining mean
bond distances, charges, number of determined electrons, and with constraints based on the
known chemical analysis as well as other basic assumptions.

Later refinements (e.g., Carpenter et al. 1990a; Boffa Ballaran, 1997; Boffa Ballaran et al.
1998a,) significantly improved Rossi's procedure to determine site occupancy, by taking into
account a greater number of variables and the sample bulk composition as determined by
microprobe. This improved method strongly relies on experimentally determined M-O
distances that can be determined by SC-XRef with much greater accuracy than occupancies.
Conseguently, we know now for sure that in the P-omphacite ideal crystal structure not only
Caand Na are partially ordered, but there is also a degree of Mg-Al ordering with increasing
deviation of the sample from the ideal composition, and additionally depends on the sample
temperature of equilibration. However, an independent, chemically selective method of
determination of the Mg-Al O-D relationshipsis still opportune, the more so as other cations
can compete with Mg and Al in the M1 and M 11 sites. Furthermore, SC-XRef isintrinsically
suited to provide precise information on LRO, but it deals with SRO only by circumventing
numerous difficulties.

M o6ssbauer spectroscopy (ME) offers such an independent and effective way of
determining site occupancy and distribution among sites (SRO as well as LRO), but only for
the Fe atom, the amount of which is minor in most Ca-Na pyroxenes. Y et, information on Fe
O-D relationships is very important, as this cation may proxy for either Mg or Al depending
on its oxidation state. Early ME studies turned out creating interpretation problems rather than
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solving them, mainly because of the wrong model assumed for the P-omphacite crystal
structure. Later comparative work on both natural and synthetic samples (Dollase and
Gustafson 1982), combined with a careful re-interpretation of previous studies (Bancroft et al.
1969; Aldridge et al. 1978), showed that: (a) thereis no evidence of F€* in any site other than
M1 in C-pyroxenes and M11 in P-pyroxenes; (b) the near-neighbour environment of F&** is
independent on Mg-Al LRO, while size considerations suggest that this cation mostly
concentrates in M1 whatever the symmetry is; (c) the occurrence of Fe&** in M2 is not proven,
so that the near-neighbour variation model proposed by Aldridge et al. (1978) for P-
omphacites needs re-consideration. Electron hopping in neighbouring M1 and M11 sites
containing Fe** and Fe**, perhaps due to attendant local ordering of Ca and Nain M2, may
explain the broadening in the ME doublets of sodic pyroxenes that had been previously
interpreted as indicating Fe** in M2. Note, however, that the presence of some F&* in M2 has
been independently suggested by SC-XRef (Rossi et a. 1983; Boffa Ballaran et al. 1998a).

Recently, an IR method to determine SRO has been developed (Boffa Ballaran 1997,
Boffa Ballaran et a. 1998b) that appears to be able to give information on local structural
states down to unit-cell scale. However, as with SC-XRef, IR vibrations depend upon the
overall lattice structure, albeit over a smaller distance, so that the IR method cannot provide
independent information on the behaviour of selected individual atoms, as XAS and ME
instead can do.

3—-XAS SPECTROSCOPY

To the aim of studying short-range-order XAS, a non-destructive technique, is at present the
most promising element-specific method. However, XAS studies on Ca-Na pyroxenes are still
very limited in number. To our knowledge, there are only a few scattered spectra at the K
edge of Al (McKeown et al. 1985: jadeite and glass; Li et al. 1995: omphacite; Li et al. 1996:
jadeite glass). Moreover, there is a theoretical study of the Al K edge of jadeite (McKeown
1989): see, in addition, Mottana et al. (1997b, 1998) and Ildefonse et al. (1998). Spectra at the
Mg K edge are even fewer (Yoshida et al. 1994 diopside; Ildefonse et al. 1995: diopside and
glass; Li et al. 1997: diopside and glass; Cabaret et al. 1998: "diopside”, actually a subcalcic
augite according to our re-evaluation of their formula). Cabaret et al. (1998) also performed a
theoretical simulation of the Mg K edge of diopside. Most spectra had been recorded either to
show the potential of the apparatus, or to complete a set of miscellaneous measurements on
minerals and/or glasses by giving also the example of a pyroxene. Often, these spectra are so
broad and poor in features as to be useless for a systematic crystal chemical study.

The scanty systematic XANES data available on other M1-sited atoms concern Fe only
(Davoli et al. 1985, 1988) and are very difficult to interpret. As a matter of fact, omphacite Fe
K-edge XANES spectra are broad and unresolved, as they contain contributions from both
Fe** and Fe**. Therefore, early attempts at quantifying the valence ratio failed (Davoli et al.
1988).

4—-SAMPLES

Two synthetic endmembers, Di and Jd, and nine natural Ca-Na pyroxenes ranging in
composition from Dig,Hd,Ae,dd; to Jdg,Di-Ae, were studied. Four of them had been studied
aready at the Fe K edge (Davoli et al. 1985, 1988), and seven at the Ca and Na K edges
(Davoli et al. 1987; Paris et al. 1995; Mottana et al. 1997a). In addition, we measured a
second C2/c Jd-rich omphacite (C.413f: Smith et al. 1980) and a recently characterised P2/n
omphacite (70-AM-33: Carpenter et al. 1990a,b; Boffa Ballaran et al. 1998a). Compositional
and crystal datafor al samples are reported in Table 1 and plotted in Fig. 1.



Fig. 1 — Composition of the studied Ca-Na pyroxenes in terms of Jd (jadeite) - Ae (aegirine) -
Q (augite) components (Morimoto et a. 1988), after partition of total Fe between F&** and
Fe** according to Mottana's (1986) charge balance procedure. Numbers asin Table 1.

Table 1 Chemical and crystal data of the investigated Ca-Na clinopyroxenes
(cf. Mottana et d. 19973, and Fig. 1).

Components (mol %) | Unit cell data
Q Ae X a A b, A c, A dg v, A? sp.r.
1 Di 100 0 0 9.748 8927 5250 105.83 4395 n.d.

Px-1 83 17 O 9.750 8921 5251 105.81 4395 C2/c
Alarl 973 27 O 9.760 8.925 5258 105.85 440.6 C2/c
68-MV-45 [551 23 425 |9.612 8.794 5248 106.79 425.5 P2/n
M.1 498 0 502 |9.566 8.769 5252 106.93 421.5 P2/n
74-AM-33 (477 04 519 |9.557 8.752 5.254 106.97 420.3 P2/n
C.413f 201 52 67 |9.526 8.692 5.246 107.21 4149 C2/c
GRPL25 244 30 728 |9.510 8.666 5.246 107.31 4127 C2/c
KY#3 159 12 89 [9.471 8.608 5.235 10797 4049 C2/c
MZ 52 09 939 [9.439 8585 5.226 107.46 4040 C2/c
11 X 0 0 100 9.416 8564 5.226 107.58 401.7 n.d.

- Di: endmember diopside, synthetized hydrothermally at 3 kbar, 700°C, 21 h

- Px-1: green diopside in skarn, Canada [incl. SrO 0.035, BaO 0.006, H,O 0.03]

- Ala-1: gem quality colourless "alalite" diopside in rodingite, Val d'Ala, Piemonte, Ity (MMUR 18362/732)
- 68-MV-45: dark green omphacite in glaucophane eclogite, Rif. Alpetto, Monviso, Piemonte, Italy

- M.1: light green omphacite in vein through metagranite, Lago Mucrone, Biella, Piemonte, Italy

- 74-AM-33: pale green omphacite in kyanite eclogite. Munchberg, Bavaria, Germany

- C.413f: grass-green omphacite in orthopyroxene eclogite, Nybo, Sorpollen, Norway [incl. NiO 0.02]
- GR-P1-25: light green impure jadeite in eclogite, Garnet Ridge, Arizona, U.S.A.

- KY#3: white jadeite from jade worker's tomb, Kaminaljuyt, Guatemala (USNM 106443)

10 - MZ: light green jadeite, rough, Manzanal, Motagua valley, Guatemala (USNM 112538-3)

11 - Jd: endmember jadeite, synthetized anhydrously at 30 kbar, 1200°C, 3 h
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All these pyroxenes but three had their structures refined to R = 0.017-0.034 by the late
Giuseppe Rossi (pers. comm. 1987) and 74-AM-33 was also solved by the same methods
(Carpenter et al. 1990a). Diopside Px-1 was, at Rossi's indication, taken as identical to the
Gouverneur diopside (Rossi et al. 1982); by analogy, we considered our natural jadeites to be
essentially the same as the Quincinetto jadeite (Rossi et al. 1981). Therefore we used the
positional parameters of these two minerals for our calculations. As for our synthetic
pyroxenes, we assume, on the basis of the close similarity of the unit-cells, that Di has the
same atomic positional parameters as the synthetic diopside refined by Cameron et a. (1973).
To our knowledge, no SC-XRef was ever made on a synthetic jadeite (lack of suitable
crystals); therefore our Jd was considered at first to be structurally identical to the Santa Rita
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jadeite refined by Prewitt and Burnham (1966), then to the New Idriajadeite lately refined by
Boffa Ballaran (1997). Both samples, although non-identical, are close to endmember
composition.

4.1 — Experimental technique

Information on sample origin, chemical analysis, crystal structure refinement and other
physical measurements, as well as on their preparation, was given in Part |. It needs not to be
repeated here. However, we add a detailed description of the improvements to the XAS and
MS methods specifically introduced for this sudy.

4.1.1 — XANES spectroscopy

The experimental XANES spectra were collected a UV SOR, the synchrotron radiation (SR)
source of Ingtitute of Molecular Science (1.M.S.) a Okazaki, Japan, where the 750 MeV
electron storage ring usually operates at 200 mA current with a lifetime of about 4 h
(Watanabe 1991). The soft X-ray beamline BL7A derives SR by a super-conducting wiggler
under an acceptance angle of 1 mrad in the horizontal plane and of 0.15 mrad in the vertical
plane, yielding photons in the energy range 800-4000 eV. The beamline is equipped with a
double-crystal monochromator of either beryl or quartz, both crystals being cut along the 100
plane (Murata et d. 1992). Beryl was used to scan across the Mg K edge and quartz the Al
one, in both cases by angle steps of 0.01 °9. Resolutions, as determined from the rocking
curves, are believed to be better than 1.0 eV for the former crystal, and certainly better than
1.28 eV for the latter one (Krause and Oliver 1979). The sample is spread as a film on a piece
of graphite tape, which is adhesive on both sides. The other sde of the tape is atached onto
the first photocatode of an eectron multiplier, which measures the total yield (TEY) of the
photoel ectrons emitted from the sample by the X-ray excitation asits output current. It is well
established that TEY is proportional to absorption taken in the transmission mode (Gudat and
Kunz 1977). The entire monochromator plus sample system is held in a vacuum chamber at
1*107 torr.

Table 2 X-ray absorption energies (eV) of the experimental Mg K-edge features of
Ca-Na clinopyroxenes.

A B C D E F G

P1-25 1310.1 1314.0 1318.5 1324.8 1330.7 1345.7 1353.8
C.413f 1310.4 1314.5 1318.9 1326.4 13325

74-AM-33  1310.6 1314.7 1319.2 1326.4 1331.2

M.1 1310.0 1314.2 1318.7 1325.6 1331.8 1344.2 1353.9
68-MV-45  1310.0 1314.3 1318.7 1325.7 1332.4 1344.5 1354.0
Ala-1l 1310.9 1314.6 1319.8 1328.3 13325 1351.8
Px-1 1309.9 1314.2 1318.8 1326.2 1330.9 1345.9 1353.7
AE +0.2 +0.2 +0.5 +0.5 +0.5 +0.5 +0.5

Table 3 X-ray absorption energies (eV) of the experimental Al K-edge features of
Ca-Na clinopyroxenes.

A" A’ A B C D E E' F G
Jd 1565.1 1566.4 1568.3 1571.7 15764 1584.2 15889 1593.0 16050 16126
Mz 1566.0 1568.2 1571.6 1576.3 15845 1589.0 1593.6 1604.2 1613.2
KA#3 1565.2 15664 1568.2 1571.8 1576.3 1583.8 1588.8 15930 1604.1 16134
P1-25 1565.2 1566.0 1568.3 1571.8 1576.5 1589.0 1605.5
C.413f 1566.6 1568.3 15724 15769 1583.2 1587.0 1592.6
74-AM-33  1565.1 1566.0 1568.2 15720 1576.7 15850 1588.3 1605.7 1613.1
M.1 1566.3 1568.1 1572.0 1576.5 1585.0 1588.4 1606.5 1614.3
68-MV-45 1566.3 1568.2 1572.0 1576.4 15857 1588.7

AE +0.2 +0.2 +0.1 +0.1 +0.5 +0.5 +0.5 +0.5 +0.5 +0.5




The observed features were carefully located by first fitting the spectrum with an arctangent
to account for the edge jump and then each feature with a gaussian function (Tables 2 and 3).
Derivatives were also used, especialy for the IMS features.

4.1.2 - MS calculation

Theoretical calculations were carried out at INFN-LNF, Frascati, by means of the
CONTINUUM computer code, the formalism devel oped through the years by C.R. Natoli and
his co-workers. Our calculation procedure is based on the one-electron multiple-scattering
(MS) theory (Lee and Pendry 1975). It was implemented independently, both computationally
and theoretically, by considering multiple-scattering paths for the out-going photoel ectrons
(Natoli et al. 1980; Natoli and Benfatto 1986; Natoli et al. 1990; Tyson et al. 1992; Wu et al.
1996b; see also Durham et al. 1982; Durham 1988). We make use of Mattheiss' (1964)
prescription to construct the total potentials of clusters in the muffin-tin approximation i.e., by
superimposing neutral atomic charge densities using the Clementi-Roetti (1974) basis set.
Muffin-tin radii are chosen according the criterion of Norman (1974), and a 10% overlap
between contiguous spheres is allowed to simulate the ionic bond. We performed the
calculations using both the Hedin and Lundqvist (1971) potentials (H-L) and Slater's (1979)
energy-independent type of exchange (Xa). Both have been tested repeatedly and proved
successful for insulating materials. In the present case, Xa showed best in the high-energy
IMS region, because not only reproduces the features but it emphasises the intensities, while
H-L tend to flatten everything up due to its imaginary part. Calculations were routinely made
at steps of 0.05 Ry (i.e., 0.68 €V), but for the first 10 eV above threshold, where the number
of steps was doubled to 0.025 Ry. The calculated values are plotted without accounting for
any form of broadening or smoothing.

5—RESULTS

5.1-MgK edge

The experimental XANES spectra of our synthetic Di and of natural diopside Px-1 compare
well with those of two synthetic diopsides recorded at UVSOR (Yoshida et al. 1994; Li et al.
1997 Fig. 1A); moreover, they compare reasonably well with that of a synthetic diopside
recorded at LURE (lldefonse et al. 1995 Fig. 2). There is also a good agreement with the
spectrum of a natural "diopside” recorded at Super-ACO (Cabaret et al. 1998 Fig. 1), despite
the significant difference in composition.

The Px-1 spectrum (Fig. 2, top) shows three major features (A, B, C) in the energy range
1305 to 1325 eV (the full-multiple-scattering region, FMS, of Natoli and Benfatto 1986); the
second of these (B) is the main-edge. On the high-energy limb of the third feature (C) a
poorly resolved shoulder (C') is noticeable (Table 2). At higher energies (i.e., in the
intermediate-multiple-scattering region, IMS, of Natoli and Benfatto 1986), there are four
broad bumps (D, E, F, and G); the last one is located close to the very end of the XANES
region, which is at 60 eV above threshold (cf. Bianconi 1988). Features A and C are equally
high, asin Li et al.'s (1997) spectrum, whereasin Yoshida et al.'s (1994) and lldefonse et a.'s
(1995) spectra feature C is weaker than A (ca. 50 vs. 75, the height of B being taken as 100).
Previous studies have shown that the height of peak C would decrease strongly when diopside
is measured in the glassy state, and shoulder C' disappear. By comparison, therefore, we infer
that our natural diopside Px-1 isin a more ordered state than the synthetic samples recorded
by Yoshida et a. (1994) and Ildefonse et al. (1995), and just as ordered as Li et al.'s (1997)
synthetic diopside and Cabaret et a.'s (1998) natural subcalcic augite.
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Fig. 2 — Experimental (dotted curve) and MS calculated (continuous curve) XANES spectra a
the Mg K edge of C2/c Ca-Na clinopyroxenes of extreme and intermediate composition.
Individual spectra have been normalised at the high-energy side (1370 eV) after correcting the
base line. See text for explanations.

If this were indeed so, then the somewhat weaker, broader and noisier spectrum recorded for
Ala-1 (Fig. 2) would indicate that this diopside is less ordered than Px-1. However, we know
that Ala-1 as a bulk sample is compositionally not as homogeneous as Px-1, so that its
spectrum too cannot be as well resolved as this one. As a matter of fact, the Ala-1 spectrumis
somewhat blurred.

At the Jd-rich end of the compositional join (cf. Fig. 1), C-omphacites C.413f and P1-25
display fairly good XANES spectra (Fig. 2, bottom), albeit with an understandably higher
degree of noise owing to their fairly low Mg contents (0.262 resp. 0.204 at.pfu). Thisalso is
why the spectrum of KA#3 jadeite (not shown) is poor despite being qualitatively identical to
all others. Mg here is such a dilute component (0.113 at.pfu) as to make it surprising that we
could even record any spectrum at all when using the TEY technique. Definitively, this was
not possible for the MZ jadeite (0.067 Mg at.pfu), the spectrum of which turned out to be flat.
KA#3 and MZ bracket compositionally the detection limit for Mg for the X-rays flux
delivered by the monochromator of our apparatus.

In spite of these shortcomings, the absorption energies of the Mg XANES spectra for Jd-rich
pyroxenes are essentially the same as those of Di-rich pyroxenes (Table 2). Thisindicates that
the arrangement of the six back-scattering O atoms surrounding the Mg absorber does not
change substantially when moving from one end to the opposite end of the Di-Jd join. The
minor observed energy shifts are to be related to the diminution of the volume of the M1
polyhedron, being Mg now constrained into the space that normally in these compositions
would be occupied by Al. However, although not easy to be seen because of the increased
noise, the slightly less defined spectrum of P1-25 suggests that this sample has some sort of
different Mg ordering than Px-1, or even than the closely related C.413f C-omphacite.
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Obviously, this would concern the next-near-neighbour cations of Mg in the M1 strip, since
Al is the dominant the nearest-neighbour cation of Mg in this composition.

The energy values of the main absorption features do not change appreciably even when
moving across the change in the space group, to P-omphacites (cf. Fig. 2 and Fig. 3; Table 2).
Indeed, the major changes we note refer to shoulder C', that disappears altogether, and the
noise of the entire spectrum owing to the decreased Mg total content, this noise going hand in
hand with lower definition. There is a significant change in the height of main edge B relative
to those of features A and C when moving across the entire Di-Jd join. Moreover, feature C
independently changes in height also with respect to A, by first becoming weaker, in both C-
(Fig. 2, top) and P-pyroxenes (Fig. 3), then turning to be strong again in the C-omphacites
closest to the Jd apex (Fig. 2, bottom). As for the IMS region, the P-omphacite spectra appear
to contain the same number of features as the C-omphacite ones; actualy, D and E are even
better resolved despite of the inevitably increased noise. Features F and G are too weak to be
significant.
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Fig. 3 — Experimental and MS calculated XANES spectra a the Mg K edge of P2/n Ca-Na
pyroxenes of omphacite composition. Same conditions as in Fig. 2; see text for explanations.

According to the MS theory, peak intensity is related to the number of MS pathways
involving the probed atom and its (first- viz. higher-order) neighbours. Thus, we can
anticipate that the presence of either Al or Mg in the neighbouring octahedra of the M1 and
M11 strips of P-omphacites certainly affects their Mg K-edge spectra as for peak intensity and
definition, although it may not affect them appreciably for their energy. However, in order to
interpret properly the observed experimental changes, a comparison with calculated spectrais
needed (see below).

5.2—-Al K edge
The experimental XANES spectrum of synthetic jadeite Jd (Fig. 4, top) isfairly similar to that
recorded by McKeown et al. (1985 fig. 2), but completely different from Li et al.'s (1996 fig.



4) spectrum. In fact their measured material was not crystalline Jd, rather a high-pressure
glass of Jd composition.

The Jd Al K-edge spectrum (Fig. 4) shows five features over the FMS region from 1560 to
1580 eV; furthermore, there are at least three other features, albeit weak, over the IMS region
to 1620 eV. A weak shoulder (A") precedes main edge A. It may be interpreted as the pre-
peak, and related to violation of the forbidden transitions from 1s to empty antibonding s-like
shells owing to octahedral distortion (Waychunas et al. 1983). Alternatively, it is related to
transitions towards Al 3p empty states mixed with the empty states of Ca, Na atoms in the
nearby M2 site (Wu et al. 1996a). A second, not as strong but well resolved feature (B)
follows A, and has two shoulders (C and C’) on its higher-energy side. The MZ and KA#3
jadeites have spectra (Fig. 4) which match closely that of synthetic Jd: the only difference lies
in the heights of all features, which are lower than the corresponding ones in Jd, but are
comparable among the two natural samples. Feature A" is comparatively higher in both of
them than in synthetic Jd. In MZ another distinct shoulder (A") occurs on the raising low-
energy limb of feature A that was only barely perceptible in the Jd spectrum. This feature may
reflect either the high total amount of impurities substituting for Al, or their ordering, because
MZ actually contains less impurities than KA#3, where no such feature is visible (0.942 resp.
0.828 Al at.pfu). Definitively, A’ is not the pre-peak, but an independent feature arising from
structural constraints. Both natural jadeites have their IMS regions less resolved than
synthetic Jd, but all four features are present.
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Fig. 4 — Experimental and MS calculated XANES spectra a the Al K edge of C2/c
pyroxenes close in composition to the Jd apex of Fig. 1. Individual spectra normalised at the
high-energy side (1610 eV) after correcting the base line. See text for explanations.

The experimental Al K-edge spectra of C-omphacites P1-25 and C.413f (Fig. 4, bottom) are
almost as strong and well resolved as those of the jadeites in the FMS region, but definitively
poorer in the IMS region. They both show a shoulder A’ on the low-energy limb of A that is
as strong as that occurring in MZ. This supports the inference that it derives from ordering of



the chemical impurities substituting for Al (mainly Mg and Fe*"). In C.413f (and in P1-25 too,
but only to a much lesser extent) feature C becomes very weak and another, poorly resolved,
but definite feature (C') changes from being a shoulder to become an independent peak. In the
IMS region, both spectra consist of two very broad features roughly at the same energies
where Jd has E. They are practically flat in the energy range where Jd shows F and G. Thisis
aresult of the higher background, which increases in noise owing to the lower and lower Al
content (0.705 resp. 0.635 at.pfu). As a matter of fact, diopsides Px-1 and Ala1l, at the
opposite end of the Di-Jd join, have an absolutely flat spectrum (not shown) owing to their
trifling Al contents.
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Fig. 5 Experimental and MS calculated XANES spectra a the Al K edge of P2/n CaNa
pyroxenes of omphacite composition. Same conditions as in Fig. 4; see text for explanations.

Despite of the increased noise, the experimental spectra of P-omphacites (Fig. 5) are resolved
well enough as to show a greater number of features than those of C-pyroxenes. note, in
particular, the skewed low-energy limb of peak B, which points out for the presence of a
unresolved additional feature. Other significant changes to be noted are: (i) A and B have
nearly the same height; (ii) A", albeit undoubtedly present, shiftsin energy and height to the
point of becoming only a vaguely observable shoulder on the low-energy limb of main edge
A; (iii) there is no pre-peak A”; and (iv) on the high-energy limb of B, shoulder C not only
becomes strong but it also migrates enough to appear as an independent peak (just as in
C.413f: cp. Fig. 4). The IMS region consists of only one wide band that encompasses D and
E, and is considerably stronger and broader than these were in C-pyroxenes.

All our experimental XANES spectra of P-omphacites appear to be much better resolved than
the spectrum of an omphacite of composition Jdy;Di,,Hd, recorded by Li et al. (1995 Fig. 3).
This spectrum consists of only four features. the pre-peak at 1566.0 eV, the main-edge at
1568.1 eV (labelled peak C in their Table 4), and two other weaker features at 1570 and 1572



eV. The reason for the observed discrepancy is in the composition of that omphacite, which
Li et a. themselves points out to be anomalous (1995 p. 439). For the interpretation of the
observed features we defer to the discussion that follows.

6 —-DISCUSSION

6.1-MgK edge

Our Ca-Na pyroxene Mg K-edge XANES spectra are essentially identical to the published
spectra of other minerals where Mg isin octahedral co-ordination with O viz. OH (see above,
and in addition Wong et al. 1994 Fig. 5: talc and brucite; Wu et a. 1996b Fig. 5: forsterite).
However, spectra are completely different and contain much less features than the spectrum
of periclase (cf. Rowen et al. 1993; Wong et al. 1994; Ildefonse et a. 1995; Wu et al. 1996b)
i.e., the model compound where Mg isindeed in the most regular octahedral co-ordination.
We explain this evidence by taking for granted that XANES displays here one of its best
properties: it is able to show how a polyhedron deformsi.e., changes its central angles, even
when co-ordination number and bond-lengths remain the same (cf. Bianconi 1988). As a
matter of fact, while all compounds listed above have their six Mg-O bonds essentially
constant in the range 0.2071~0.2105 nm, their Mg site symmetry lowers from m3m for the
ideal MgO, octahedron of periclase to -3mfor the Mg(OH), polyhedron of brucite, and further
lowers to 2 for the MgO, octahedron of diopside and to -1 and m for the two independent
MgO, octahedra of forsterite. It finally reaches the 1 and -1 point symmetries for the two
highly irregular MgO,(OH), polyhedra of talc. Octahedral quadratic elongation (OQE, cf.
Robinson et al. 1971) is an even more convenient measure of polyhedral distortion in that it
combines both angle and distance distortions. OQE increases from 1.0000 in periclase to
1.0161 in brucite, and then it drops to 1.0050 in diopside to increase again to 1.0260 resp.
1.0269 in forsterite, and to 1.0086 resp. 1.0087 in talc.

Therefore: a merohedral (lower-symmetry) arrangement of the O nearest-neighbours in the
first co-ordination shell appears to generate Mg XANES spectra with a reduced number of
features with respect to the holohedral (high-symmetry) arrangement (i.e., the one that occurs
in periclase). However, site symmetry is not the unique factor, and OQE, being a function of
both distance and angle, better correlates with the overall shape changes of the FM S region of
the spectrum. Diopside is typical in this regard: its spectrum resembles those of talc and
brucite, rather than forsterite. This happens even though the oxygens co-ordinating Mg in the
former minerals are bound to H to form hydroxyls, while in the latter are tied to a divalent
cation as in diopside: obviously the binding energy plays arole in this matter.

In order to understand the implication properly, we computed the Mg K-edge spectrum of
diopside according to the MS formalism via atomic clusters of increasing size up to
convergence. Inter-atomic distances and monoclinic 2 point-symmetry were those of the M1
sitefor al clusters, being Mg constrained only there in the pure synthetic system (Cameron et
al. 1973). The calculated spectra converge for clusters containing at least 89 atoms (7 Mg +
10 Ca+ 19 S + 53 O) extending to 0.62 nm away from the Mg atom taken as the absorber.
Our calculated spectrum (Fig. 2, top) broadly agrees with the diopside spectrum calculated by
Cabaret et a. (1998 Fig. 1), and represents an improvement over it for the IMSregion. Yet, it
does not look as good as that, in the FMS region, because we neither convoluted our
calculated features with a Lorentzian function nor made use of the Dirac-Hara (D-H)
exchange potentials as they did. In MS calculations, convolution (smoothing) of the spectrais
optional, but the choice of the potentialsis crucial. We decided to stick to Slater's Xa method
even after computing our spectra also with the H-L and D-H methods, because the Xa
energy-independent potentials permit a better comparison of the calculated spectra between



C- and P-pyroxenes. As a matter of fact, the Xa method emphasises the heights of the D, E,
F, and G peaks, while the H-L method exhibits a damping effect after about 10=15 eV from
threshold that makes the calculated IM S spectrum definitively poorer than the experimental
one. As for the D-H potentials, apparently they are better suited for the FM S region, but fail
to reproduce the IMS region. Cabaret et a.'s and our own calculated FM S spectra have two
characteristics in common: (i) features A, B, C and C’ are all present and comparable; (ii)
there is a small feature (unlabelled) at a energy lower than that of the A feature which does
not show up in the experimental spectrum. By contrast, they differ in that: (i) the energy
differences among the three major features are not as precisely reproduced by our method as
they are by theirs; (ii) their IMS calculated spectra contain only two broad features, against
four in ours and in the experimental spectrum.

In detail (Fig. 6, left panel), peaks B and G (and, possibly, D too) already appear in the
calculation for a cluster containing only 7 atoms (cf. Wu et al. 1996b Figs. 1 and 2).
Therefore, they arise from interaction of the photoelectron emitted by Mg with the six O
nearest-neighbours of the first co-ordination shell. These peaks do indeed reflect fundamental
atomic properties of the Mg-O interaction and give indication about SRO around Mg at the
M1 site of pyroxene. All other features, in particular A and C, arise when the cluster attains a
considerable size (ca. 0.60 nm i.e., 50 atoms at least), and match the experimental data when
as many as 89 atoms are taken into account over a sphere ca. 0.70 nm in diameter. Thus, they
are indicators of medium-range order i.e., they give information about sample crystallinity on
aspatial resolution that cannot be attained by SC-XRef yet.
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The Mg K-edge calculated spectrum of P1-25 C-omphacite (Fig. 2, bottom) is the example
for an intermediate Ca-Na clinopyroxene where Mg is diluted and disordered over an M1
octahedral chain occupied mostly by Al. The convergent cluster contains 89 atoms (7 Mg/Al
+ 10 Ca/lNa+ 20 Si + 52 O) to 0.62 nm away from the Mg absorber. The spectrum essential
features are in good agreement with those just given for Di. However, certain characteristics
that made the experimental spectrum of P1-25 remarkable when compared with those of the
Di-rich Px-1 and Ala-1 pyroxenes are faithfully reproduced, such as peak C increase in
intensity and A drastic decrease. Note that the energy separations between D and E, and
between F and G, are easy to be seen in the calculated spectrum while they could not be
resolved in the experimental one. From this point of view, an M S calculation that starts from
the actual atomic co-ordinates determined by SC-XRef on the sample complements and
obviates the poor resolution of its experimental spectrum due the dilution in the structure of
the probed atom. Furthermore, calculation makes one aware of the difference in the degree of
order existing in the actual sample with respect to the LRO that SC-XRef determines instead
and is reflected into the calculated spectrum. As a matter of fact, local disorder or SRO may
explain the discrepancies between the P1-25 experimental and calculated spectra (Fig. 2).
Turning now to P-omphacites, in Fig. 3 we plot the calculated spectra for the two
compositional extremes, 68-MV-45 and 74-AM-33 (cf. Fig. 1). In these calculations we
considered Mg to be fully partitioned in M1, and obtained convergence for clusters containing
at least 89 atoms (5 Mg+ 2 Al + 6 Ca+ 4 Na+ 20 Si + 52 O) and extending 0.61[0.62 nmin
radius, asin C-pyroxenes. The P-omphacite calculated spectra are very similar to those of C-
pyroxenes in their IMS regions (cp. Fig. 2 with Fig. 3) which best reflect the similarity of the
overall structure (cf. Aldridge et al. 1978). However, most features appear to be doubled (e.g.,
D and D’, E and E’) as aresult of the increased order of the structure signified by its P2/n
space group. Then, local disorder coupled with experimental broadening makes so as to
smooth all these features into a broad band although sometimes unequivocal differences may
still be detected (Fig. 3). Indeed, where P- and C-pyroxenes differ greatly isin their calculated
FMS regions. P-pyroxenes are always considerably richer in features than C-pyroxenes, and
show (Fig. 3) at least four main calculated features (A, B, B', C), plus one shoulder (A’) on
the raising limb of feature A, located in between A” and A. It is reasonable to surmise that
each FM S feature would turn out to be doubled, had calculation been continued to a higher
accuracy. Furthermore, note that feature C' at +11 eV, which in C-pyroxenes was only a
shoulder, is now aresolved although weak peak; however, this feature cannot be resolved in
any experimental spectrum yet.

An increase in the number of calculated FMS featuresis related to a greater complexity of the
electronic transitions around Mg. In experimental spectra, experimental broadening may
obliterate such a complexity and force many individual features to merge into few ones.
Indeed this is the case with our P-omphacites, where we noted only the three major peaks
similar to those occurring in C-pyroxenes, although a little broader and smoother than these.
Such calculated features as B' and C merge into a sort of plateau, being resolved enough (thus
detectable) only in the M.1 P-omphacite experimental spectrum (Fig. 3). Indeed, to become
aware of this problem, and be led therefrom to extract from recorded spectra more precise
information about the arrangement of atoms around the probed atom, one must calculate the
theoretical spectra. Simulation, combined with a careful evaluation, can better explain
variations in the experimental spectra of Ca-Na clinopyroxene than the usual, albeit very
carefully applied fingerprinting method.

The M1 site of a P-omphacite differs from that of a C-omphacite in two main points: (i) much
greater average size, (ii) greater distortion. E.g., <M1-O> is 0.2068 nm with OQE = 1.0138in
natural 74-AM-33 P-omphacite (cf. Boffa Ballaran et al. 1998 Table 5b); they drop to 0.1999
nm resp. 1.0096 after its annealing at 950 °C, when symmetry turns to C2/c (cf. Boffa



Ballaran et al. 1998 Table 5a). Consequently, we assume that the greater complexity of the
calculated FMS regions of our P-omphacites reflects the activation of a number of additional
MS paths in their unusually large M1 octahedra; these pathways would overlap with others
when activated in a smaller environment such as the M1 octahedron of C-pyroxenes. If this
were indeed the case, then any Mg located in the even smaller M11 octahedron of a P-
omphacite (see below) would produce a spectrum that does not coincide at all with the M1
spectrum. Such a spectrum may be experimentally detected by subtracting from the total Mg
K-edge spectrum the spectrum for Mg in the M1 octahedron of a reference sample e.g.,
diopside. Nevertheless, to deconvolute the two superimposed spectra a preliminary
calculation of both contributions is needed, and a greater resolution in the experimental
spectrum than presently possible should be achieved to perform a quantitative evaluation of
the data.

6.2—Al K edge

The calculated Al K-edge spectra of C- and P-pyroxenes display the same major doublet as
the experimental ones, but they contain additional information useful to deconvolute them
into a considerably greater number of features.

In Jd, the reference example for a disordered C-pyroxene, the calculated spectrum (Fig. 4)
indeed consists of at least ten features, among which four in the IMS region which have
essentially the same characteristics as those occurring in the IMS region of the calculated Mg
spectrum (cp. Fig. 3); however, they are much closer in energy one to the other. Therefrom,
we infer the XAS confirmation of what is already well known from SC-XRef i.e., in ajadeite
the Al atom distributes over the crystal structure according to the same symmetry rules as Mg
in diopside or, in other words, Al occupies in Jd the same M1 sites as Mg in Di, but in a
smaller volume (as intrinsic in its smaller ionic radius). In turn, this finding confirms, once
more, that the features in the IMS region of a K-edge spectrum arise from contributions of
higher order related to the crystallinity of the sample i.e., reflect the same medium- to long-
range ordering rules that control SC-XRef. The mean free path of the photoelectron is system-
dependent, but on average does not reach 1.0 nm in the IMS region. By contrast in the FMS
region the mean free path may be significantly longer (Muller et al. 1982; Bianconi et al.
1987). Therefore, the features in the FM S region are associated to a limited number of MS
paths, and it appears that MS calculations require an effort of manipulation of certain critical
parameters such as potentials and muffin-tin overlap (10[115%). Nevertheless, calculation is
on the right track, and the number of calculated features matching the experimental ones is
increasing with time. Unfortunately, contraction due to the small radius of Al affects also this
region of the spectrum so that several calculated features in fact are so close asto overlap to a
certain extent. They may not be found in the experimental spectrum, where they are further
convoluted into few ones because of the resolution. Nevertheless, to the purpose of
demonstrating the unique capability of XANES of determining local symmetry around a
specified atom, the FMS features are the most significant, albeit still the most difficult-to-
interpret piece of evidence.

In order to achieve thisgoal, in Fig. 6 (right panel) we report the sequence of calculated Al K-
edge spectra for Jd obtained with increasing clusters till convergence (i.e., for a cluster of 89
atoms (10 Na + 11 Al + 18 Si + 50 O) extending to 0.61 nm from the absorber). The main
edge and feature G are present even in the smallest cluster: they represent interaction between
Al and its surrounding shell of 6 O neighboursin the M1 octahedron, as previously described.
All other features arise only when next-nearest atom shells are being added to this cluster, and
afull agreement between cal culation and experiment is never reached for the FM S region, not
even when agreement is attained for the IMS region with a cluster containing 89 atoms. We
must stress once more our conclusion that the MS theory indeed is on the right track to



decipher the FM S part of the XAS spectrum, but it does not fully simulate it yet. There are
still problems in the choice of the parameters. This is why our calculations differ so much
from those performed by McKeown (1989 fig. 5b). He thought he could reproduce the jadeite
Al K edge with a cluster containing only 9 atoms i.e., three additional atoms beyond the
octahedral core, but he did not succeed, as he himself correctly pointed out (McKeown 1989
p. 682).

Therefore, for the time being, we point out that our calculated FMS region of Jd contains the
same four features (and pre-peak A”) as the corresponding FM S region for Mg in Di. The two
FMS spectra differ only in the energy spacing and relative heights of the three major features,
in such away as to make the first feature (labelled A’) appear as only a vague shoulder down
below the second one (labelled A). This had not been the case in the Mg K-edge spectrum of
diopside, where the three major peaks were fairly well resolved (Fig. 6, left). Features are
now labelled differently because the present assignment coincides with that in the
experimental spectrum, but such a mismatch actually does not exist. Therefore, calculation
confirms the expected close similarities of the local arrangements around the probed Mg and
Al atoms, and supports the validity of the "fingerprinting" method of XANES evaluation. At
the same time, it clarifies that all differences to be seen between the Mg and Al K-edge
experimental spectra arise from differences in the average size of the sites, the two atoms
being located in sites identical for symmetry. Thus, the problem is brought back to its
stereometric essentials.

The Al K-edge calculated spectrum of P1-25 omphacite (Fig. 4) is the example for an
intermediate Ca-Na C-pyroxene where Al is indeed the predominant (0.705 at.pfu), but Mg is
also significant (0.204 at.pfu) over the M1 octahedral chain. The essential features arein good
agreement with those just given for Jd. Note, however, that some more features become
apparent that were not so evident in the Jd spectrum. In particular, after features D and E, the
IMS region clearly shows the additional feature E'. The presence of this fairly intense E' at a
small energy distance from D and E explains well the broad plateau to be seen in this part of
the experimental spectrum. Similarly in the FMS region, the small, but resolved calculated
feature A’ attracts attention on the weak, barely detectable shoulder on the raising slope of the
experimental main edge that could otherwise be mistaken for the pre-peak.

Turning now to P-omphacites, in Fig. 5 we plot the calculated Al spectra for the two
compositional extremes, 68-MV-45 (0.451 Al at.pfu) and 74-AM-33 (0.256 Al at.pfu; cf. Fig.
1). In these calculations, we considered Al to be fully partitioned in M11, and we obtained
convergence for clusters containing 89 atoms, as in C-pyroxenes. The IMS regions of both C-
and P-pyroxenes (cp. Fig. 4 with Fig. 5) are very similar, thus confirming the similarity of
their structures in the medium-range. By contrast, these P-omphacites differ from C-
pyroxenes in their calculated FMS regions, particularly as for the relative width and height of
their two major features. These differences are much emphasised in the calculated spectra
than they were in the experimental spectra, where experimental broadening and possibly also
some local disorder forces certain features to merge. The site where Al preferentially
partitions in a P-omphacite is M11, which differs from M1 (i.e., the site where Al isin a C-
omphacite of identical composition), for: (i) the much smaller average size, and (ii) the
smaller distortion. E.g., in natural 74-AM-33 P-omphacite, <M 11-O> is 0.1932 nm and OQE
1.0067 (cf. Boffa Ballaran et al. 1998), as against 0.1999 nm resp. 1.0096 for <M1-O> in the
same grain turned to C-symmetry after 458 h of annealing at 950 °C (see above).
Consequently, the increased complexity of the Al K-edge calculated spectra may be related to
of the AI-O bond, or to superimposition of contributions from two different environments (see
below).



7—COMPARISON BETWEEN K EDGES

A direct comparison between the calculated K edges of Mg in diopside and Al in jadeite (Fig.
6) is the best possible evidence supporting the close similarity of their structural environments
through their spectroscopic behaviours. Indeed, the IMS regions of the two convergent
clusters display the same sequence of four features with identical shape. Moreover, E'
although very weak, may be guessed to be present in both spectra (see above). We aready
recognised all these IMS effects to be due to medium-range ordering (MRO), since they
develop when the clusters attain considerable sizes (at least 0.6 nm). In any case such a
distance is much less than the repeat estimated to produce X-ray diffraction. For XRD, at |east
several unit cells are needed i.e., 2~3 nm. We conclude, therefore, that the IMS region of a
XANES spectrum is indeed sensitive to the symmetry induced by the crystalline state of the
material as awhole, but over a significantly shorter range (MRO) than SC-XRef (LRO). IMS
contains much better indications on local disorder than SC-XRef may ever have. Note,
however, that lack of a visible difference between our experimental and calculated spectra
may be due to our calculation strategy. The atomic positional data determined by SC-XRef
that we used as input for our calculations have errors at the fourth decimal figure of nm. By
contrast, in these systems we could prove that our calculations show distinct differences only
when atomic displacements are of the order of some thousand of nm. Consequently, some
fine details in the XRD information are getting lost in performing calculations. This is a
limitation intrinsic in the XAS method that has to be taken into account as long as this
procedure is used.

The calculated FMS regions for the Al and Mg K edges appear to differ in their overall
appearance (Fig. 6) even when the materials examined turn out to have the same MRO, as
inferred from their similar IMS regions. However, this discrepancy is more visual than real
(see above).

In diopside, the M1 site occupied by Mg is a fairly regular octahedron (OQE = 1.0050)
having three pairs of Mg-O bonds respectively 0.2050(1), 0.2065(3) and 0.2115(1) nm long
(Cameron et al. 1973 Table A-7) or, in other words, four nearly equal short bonds and two
long ones. In jadeite, the M1 octahedron occupied by Al isless regular (OQE = 1.0152) since
all three Al-O bond pairs are substantially different in length, being 0.1995(2), 0.1940(1), and
0.1852(2) nm. Since the local environments are similar, then both the Mg and Al FMS
regions are intrinsically structured to show three features, and it is indeed inexplicable why
we do not the same neatly separated features for Al as for Mg. We know now that this odd
XANES structure is certainly due to a MRO effect, because in all our calculations it shows up
for clusters having alarge number of atoms (cf. Wu et al. 1996a). We argue that this different
spectroscopic behaviour has also something to do with the electrostatic character of the bond.
As a matter of fact, Mg-O is definitively ionic, while Al-O has a covalent component that
varies among different compounds and may be even rather significant. This is long since
known from multiple-scattering self-consistent-field Xa cluster calculations (Tossel 1975)
recently confirmed via improved theoretical methods (Causa’ et al. 1986; Sousa et al. 1992).
Consequently, in this system the Mg K edge can be easily reproduced by MS calculations
using the CONTINUUM code that had been designed for molecular and ionic substances
(Natoli et al. 1980; cf. Tyson et a. 1992). An excellent example for such a calculation is
MgO, periclase (Wu et al. 1996b Fig. 1). By contrast, the Al K-edge spectrum could be
reproduced only after many attempts: see a-Al,O;, corundum (Mottana et al. 1998 Fig. 1).

A final note of warning: both calculated spectra for the 89-atom cluster have distinct pre-
edges (A”) that do not show up in the experimental spectra.

The close similarity of the Mg and Al K edges of omphacites bears additional evidence to the
belief that a XAS spectrum up to about 50 eV from threshold (XANES: cf. Bianconi 1988)
mainly depends on the geometrical configuration of the finite cluster of atoms that surrounds



the absorber atom. Then, the interpretation of XANES in terms of full multiple scattering
resonances of the photoelectron within a cluster of finite size in the real space is being
validated.

However, alternatively, XANES may also be interpreted as the product of the partial density
of states and of the matrix element (Bianconi and Marcelli 1992 and references therein).
Muller et a. (1982) originally developed this form of explanation. They showed that XANES
spectra might be understood as the products of an atomic-like term with a solid-state term.
This one contains the projected density of states (DOS) at the photoabsorber site. The DOS
approach is equivalent to the M S approach but relates to a different physics. It correlates the
overall magnitude and shape of a spectrum to the corresponding atomic transition rate, while
its fine structure of is determined by the solid state factor, which is proportional to the density
of states according to the dipole selection rule that governs the photoabsorption process.
Therefore, the DOS approach makes it clear why the Mg and Al XANES spectra have so
many similarities and also so many significant differences; the latter ones occur near the edge,
where the projected local and partial density of statesis certainly different between the two
atoms.

7.1 — Octahedral occupancy

Turning now to P2/n pyroxenes, Fig. 7 shows the calculated spectra for omphacite 68-MV-45
with the Mg (left) and Al (right) absorbers alternatively located at the centre of one of the two
different M1 and M11 environments (Na and Ca having been displaced accordingly). We
calculated these theoretical spectra for the convergent clusters containing 89 atoms in every
case, and with the alternative geometries of each site as determined by SC-XRef. None of the
two pairs of calculated spectra closely matches the experimental ones (Fig. 7, middle), either
in the FMS or in the IMS region. We will disregard the latter one, because of the spectral
noise. The reduced amounts of both Al and Mg in this omphacite and the disorder co-operate
to make so that the various features convolute into one or two broad bands. As for the FMS
region, in agreement with the current model (cf. Rossi et a. 1983), our calculations favour the
general idea that Mg is located in M1 and Al in M11 (see above), but in both cases a certain
amount of correction is needed. Indeed, the amount of the observed misfits should be
evaluated to the purpose of testing the effect of the local disorder.

The spectrum calculated for Mg constrained in the M11 octahedral site (Fig. 7, left) shows a
number of features that are strongly compressed over a small range of energies. This s just
the same as Al does when in the M1 environment, however with the characteristic two
features still well resolved (Fig. 7, right). Therefore, a two-featured spectrum is confirmed to
be typical of Al in octahedral co-ordination, probably because of the covalent character of the
Al-O bond (cf. above, and Mottana et al. 1998). This is not so for Mg; yet the M11 Mg
spectrum is such as to disprove the possibility that significant Mg may be located in that site.
However, the misfit between calculated and experimental Mg K-edge spectra is such as to
clearly hint that Mg cannot be all in M1; consequently some of it has to be located in M11.
Indeed, misfit is somewhat reduced when the M1 and M11 calculated spectra are
superimposed and combined (Fig. 7, bottom left), the most favourable ratio being 85:15. Asa
confirmation, adding a contribution from the spectrum calculated for Al in the M1 site to that
of Al in M11 again in the ratio 15:85 would also improve a little the match with the
experimental spectrum (Fig. 7, bottom right) using the same combination ratio. Moreover, the
M11+M1 combination makes better sense of feature D and E in the experimental FM S region.
Admittedly, our method of esteem of disorder is still rather crude, and in the need of being
improved. Yet, XAS confirms that the early axiom about the "full octahedral order”" of Mg in
M1 and Al in M11 in the P-omphacite structure is untenable, and contributes to this revision
by adding chemically selective evidence that isintrinsic in it. The quality of our experimental



spectrais such as to give us little chance at better quantifying the inferred distribution of both
Mg and Al over the two sites. Indeed, there are additional reasons for local disorder e.g., the
substitutions of other competing cations (albeit minor they may be) such as Mn?* and Fe** in
M1, and Fe*, Cr, Ti in M11. These substitutions induce a chemical disorder that couples with
the broadening of the features due to both the little experimental resolution and the possible
interactions with higher-shell cations such as Ca and Nalocated in M2 and M21. All together
they contribute to our still very large degree of uncertainty.

- Mg K edge - Al K edge
68— MV—45 68— MV—45

MS - M11

Absorption (arb. unit)

1300 1320 1340 1360 1380 1560 1580 1600 1620
Energy (eV)

Fig. 7—MS calculated spectra a the Mg (left) and Al (right) K edges in P-omphacite 68-MV -
45 for converging clusters containing 89 atoms, but with different locations of the absorber
(two top curves), compared with the experimental spectra (middle dotted curves). The lowest
curves are combinations obtained by adding in the 85:15 ratios the calculated spectra above;
seetext for explanation.

8- CONCLUSION

The UVSOR wiggler is an intense source, yet it does not induce significant thermal stresses
into the monochromator crystals and is exceptionally stable. These intrinsic qualities allow
recording at UV SOR soft X-ray spectra at the Mg and Al K edges that display a high degree
of accuracy and are worth complete confidence. Consequently, experimental spectra can be
evaluated in great detail in spite of their intrinsic experimental broadening. However,
successful interpretation is achieved only after theoretical spectra are calculated for the same
samples starting from their atomic positional parameters determined by single-crystal X-ray
diffraction refinement. These cal culated spectra are used for comparison under the assumption
that they represent the XANES spectrum of the studied material in the condition of LRO.
Differences are then to be interpreted as indicating local deviations from LRO towards MRO
and SRO, the evaluation being limited only by experimental broadening and the resolution of
the apparatus.



Experimental XANES spectra at the Mg and Al K edges confirm that in all C2/n
clinopyroxenes the two atoms occupy M1 sites that are identical in shape. This experimental
finding is also supported by MS calculations.

In the UV SOR set-up, the photoel ectrons emitted at the Mg and Al K-edge energies probe a
volume ca. 0.6 nm in radius. Thus, information on the structure of C- and P-pyroxenes
gathered by XAS concerns their medium-range order i.e., has a spatial resolution at least one
order of magnitude smaller than that provided by SC-XRef.

C-pyroxenes have the FM S regions of their Mg and Al K-edge spectrathat are not as different
as they would appear at the first glance. They contain the same number of features, however
differently spaced in energy and with different heights so as to show up as three major
separated peaks for Mg, and only two major peaks for Al, where the first peak contains two
overlapping contributions. The reason for this different behaviour is mainly due to the
different degree of ionic vs. covalent character of the Mg-O and Al-O bonds.

The IMS regions of C-pyroxenes are identical for both the Mg and Al K edges, thus implying
that the two atoms occupy the same site of the structure (M1) or, conversely, that they are
constrained there by the same type of symmetry rules. Since the IMS features arise from
interaction of photoel ectrons with the higher-order shells of large atomic clusters (at least 89
atoms), this region of the spectrum gives information on medium-range order (MRO) only.
Features in the FM S regions arise from contributions of higher-order shells. Even the white-
line contains a large number of MS contributions, although it initially arises from
contributions of the nearest six O atoms in the first co-ordination shell.

The IMS regions of P-pyroxenes are essentially the same as those of C-pyroxenes as for their
shape, but contain twice as many peaks, suggesting duplication of the periodicity of the
atomic array i.e., interaction over a greater volume of the ordered structure.

Calculated features in the FMS region are again twice as many in P- than they are in C-
pyroxenes. They reflect the greater complexity of the P-structure even at the local scale, each
M1 site being split in two non-equivalent but fairly similar M1 and M11 sites. However, the
medium-range well-ordered arrays of Mg and Al remain essentially the same across the C- to
P-structure transition. Experimentally, this is better seen in the Al than in the Mg K-edge
spectra.

XAS spectraindicate that Mg and Al are not fully partitioned only into the M1 resp. M11 site
of the ordered P-structure, as it was often assumed in X-ray diffraction refinement.
Comparison with theoretical spectra suggests that, at least in P-omphacite 68-MV-45, partial
octahedral occupancies in the 85:15 ratio, such as 0.85 Mg + 0.15 Al in M1 and 0.15 Mg +
0.85 Al in M11, fit the experiments. Thus, although with a large amount of uncertainty (at
least 10%), local Mg-Al disorder on a short-range scale exists indeed in P-omphacites, and is
here confirmed by an element-selective physical method totally independent upon X-ray
diffraction.
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