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Abstract

Synchrotron Mg and F&-ray absorption near-edge KANES spectra of thé?bnm olivine
series endmembers forsterite (J&O,), fayalite (FeSiO,), monticellite (CaMgSiQ,) and
kirschsteinite (CaFeSiK), as well as othe intermediate member of tie-Mg olivine solid
solution series “hortonolite” (MgFeSi) have been recorded experimentally and calculated by
the multiple-scattering theonysing clusters oflifferent size and the & exchange-correlation
potential. Comparison oexperimental antheoretical spectrahowsthat alltransition features,
energy positions anctlative intensities can be reproduced in the energy range up to 60 eV
above threshold when using clusters containing at least 80 atoms and exterdiagphere at
least0.6 nm in radiuswayfrom the absorber. It alsindicatesthat, atthe XANES sensitivity
level, Mg and Fe are located entirely in the expected structural siifonr endmembers, and
distribute in “hortonolite” following a regular order, however with no clear prefertaceither
octahedral site. Thustomicorder-disorder on a short- tnedium-range scale can be detected
by the XANES method, hence contributing to understanding the behavior of these materials. The
Ca K-edge spectra of monticellite and kirschsteinite have been recordedlaundted too; they

are consistent with the assignmentaffCa to the M2site and confirnthat allendmembers of

the Pbnmolivine family match theoctahedral catiowlistributionsindicated by the ideal crystal
structure.
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INTRODUCTION

Olivines, M2M1[TO4]-Pbnm, arecompounds ofgeological and geophysical importance
as they are widespreadl over the oceanicrust and uppemantle of the Earth. In thgneous
realm,Fe-Mg olivines are early crystallizatioproducts from primarpasaltic magmas in the
Earth and Earth-like planetabodies (Poirier 1991). Ithe metamorphic realm theyccur in
mafic and ultramaficrocks asthe high-grade dehydration and re-equilibratmoducts of
serpentines(Valley and Essene 1980)Ca-olivines are occasionalljound in contact-
metamorphic bodies and skarns (Tracy and Frost 1991¢xaegtionally in meteorites d@w-
temperature re-equilibration products (Folco and Mellini 1997). The Pbna) (olivine crystal
structure is indeed very frequently found in compounts A,BX, stoichiometry (where A, B
are cations, and X anions of various size aadnce: e.gMuller and Roy 1974t umpkin and
Ribbe 1983; Hazen and Finger 1987).

Most crystal-chemicaktudiesare devoted to the octahedralcations (alsdabeled M =
Mg, Fe, Caand minorones such abli, Co, Mn, Li, etc.), whilst the tetrahedral B cati@8i in
silicate olivines,but alsoGe, Be,etc.) is investigatetess because of italleged character of
“hard sphere”. Until some time ago crystal-chemicaktudies especially concerned the
long-range order of catior(6 RO) andwerecarried out by X-ray or neutron diffractiqe.g.,
Motoyama and Matsumoto 1989; Ottonelloakt1990; Artioli et al. 1995; Henderson et al.
1996; Redfern eal. 1997). Adetailed knowledge that included thehort-range orde(SRO)
was notavailable,although it was a prerequisite &ssesghe olivine chemicalnd physical
properties as well as behavior when submitted to the changing P,T conditions on and in the Earth
(e.g., Kieffer 1979; Hofmeister 1987; Williams etl. 1990; Chakraborty 1997). Only the
guestion of Mg vs. Fe patrtitioning over the two non-equivalent M1 and M2 structural sites in the
silicate olivine solid-solution series was investigated frequently since it represented an important
application of theMdssbauereffect (ME), butwithout reachingconsensuge.g., Virgo and
Hafner 1972Aikawa etal. 1985; Akamatsu andKumazawal993).Indeed,some uncertainties
inherent single-crystal X-ray diffraction structure refinement (SC-XRef), the method of
investigation that enjoys preference over all others, often makesit#s inconsisternwith those
derivedfrom other experimental methods, including ME (Kirfél96). Consequentlyeven
greater discrepancies arigath methodsthat are theoretical impproach (e.g.Alberti and
Vezzalini 1978; lishi 1978; Ottonello 1987; Pilati et al. 1990, 1995; Brod!98@¥). As amatter
of fact, solid solutions can be studied by SC-XRef with less proficiency than compositions close
to endmembers because their inherent structlisalrdervaries unpredictably, so as to often
hinder precise site occupancy measurements.

By contrast, X-ray absorption spectrosc@AS) is a powerful tool to gain information
on order-disorder in solichaterials,being both aratom-selectiveand alocal probe (Bianconi
1988; Durham 1988} owever,only recently could we presenttlaeoreticalstudy (Wu et al.
1996a) onthe Mg and FeK-edge X-ray absorption near-edge structures (XANES) at room
temperature andunder extreme conditions for forsterite (Fo: M@,SiO4) and fayalite
(Fa: FeSiOy), the endmembers of the Fe-Mg olivine serigsat study mainly had thepurpose
of testing thevalidity of our theoreticaimodels aswell asthe effectiveness obur calculation
method, but in that way we could also show that an independent structural study is feasible.



In this paper, wepresentnew, high-resolutionexperimental spectra at the Mg and Fe K
edges forthe twoFe-Mg endmembers Fo arféh, and forthree other olivinesTwo are the Ca
endmembers of théamily, namely monticellite(Mtc: CaMgSiQ;) and kirschsteinite(Krs:
CaFeSiQ). The third one is thentermediatel:1 member of thé-o-Fa solid solution series
known undetthe variety naméhortonolite” (Hrt: MgFeSiQ), which wehavetaken as model
compound to address the problem of Mg-Fe order-disordieimhole olivineseries. Wewill
first compareexperimental spectra at the Mg and Fedgeswith their theoretical equivalents;
then simulate different ordering patterns and compare the calculated spectra with the experimental
ones.

The main purpose of this work is ilvestigate theeffects of Mg,Fe,and Ca partition in
the Pbnm (ora) olivine structure on the electronic propertieswadl asthe relationshipghat
exist between chemicalibstitutions and features occurringANES spectra. Iraddition, we
want to explore the relationships that intervene between LRO, as determiX&Dbgnd SRO,
as determined b)XANES, on theendmembers and on a well-knowrtermediate member as
well, and deduce from it a model for the behavior of the entire olivine solid-solution system.

MATERIALS AND METHODS

Samples

Chemicalcompositions and crystadiatafor the measuredlivinesand for those used as
reference argiven inTables 1 and Zespectivelytogetherwith the nominal compositions of
synthetic endmembers.

Table 1 — Chemical compositions (wt.%) othe olivines: theoretical endmembers, actually
measured by XAS (*) and taken from literature (1) to be used as reference.

Sample Si02 FeO MnO MgO CaO sum

Fo 42.71 --- --- 57.29 --- 100.0(

Fola 41.79 0.16 0.08 56.32 0.01 98.36 &)

Fola 41.79 0.16 0.08 56.32 0.01 98.36 &)

FNJ 33.28 44.15 5.70 16.66 n.d. 99.79 )]

Fa 29.50 70.50 100.00 (@)

Mtc 38.40 25.75 35.85| 100.00

Mo2a 37.30 3.78 0.48 23.2(¢ 35.1 99.94 (*

Krs 31.96 38.21 29.83| 100.00 (@)

KIR1 31.96 38.21 29.83| 100.00 @)
Note:

FolA: natural sample from Afghanistan
FNJ: natural sample from Franklin (Smith and Hazen 1973; Hazen 1977)
Mo2A: natural sample from Magnet Cove AK (includes REE n.d.)
KIR1: meteorite from Vulcano Laziale (Folco and Mellini 1997)



Table 2 Crystal data (nm) of olivines used as input to calculate the theoretical K-edge spectra.

Forsterite (FO1A: Afghanistan; F. Demartin, pers. communication)
a=0.47560(4), b = 1.02060(6), ¢ = 0.59856(6), V = 0.29054

atom x/a y/b zlc

M1 0 0 0

M2 -0.00837(4) 0.27737(2) 0.25

Si 0.42647(3) 0.09403(1) 0.25

01 -0.23386(8) 0.09154(3) 0.25

02 0.22180(7) 0.44697(3) 0.25

03 0.27757(5) 0.16308(2) 0.03294(4)

Hortonolite FNJ (Franklin; Hazen 1977)

a =0.4798(5), b = 1.039(1), ¢ = 0.6055(6), V = 0.3018

atom x/a

M1 0

M2 0.9867(1)
Si 0.4287(2)
o1 0.7661(5)
02 0.2127(6)
03 0.2844(4)

y/b
0

0.2792(1)
0.0957(1)
0.0918(2)
0.4514(2)
0.1633(2)

Fayalite (synthetic; Fujino et al. 1981)
a=0.48195(6), b =1.04788(17), ¢ =0.60873(8), V = 0.30742

atom x/a y /b

M1 0

M2 0.98598(5) O 28026(2)
Si 0.43122(10) 0.09765(5)
01 0.76814(23) 0.09217(12)
02 0.20895(25) 0.45365(11)
03 0.28897(17) 0.16563(9)

zlc
0
0.25
0.25
0.25
0.25
0.0357(3)

zlc
0

0.25
0.25
0.25
0.25
0.03643(9)

Monticellite (Mo2A: Magnet Cove; F. Demartin pers. communication)
a=0.48306(5), b =1.11138(14), ¢ = 0.63916(5), V = 0.3431

atom x/a y /b

M1 0

M2 -0.02246(2) O 27683(1)
Si 0.41098(7)  0.08159(1)
01 -0.25389(8) 0.07790(4)
02 0.24570(8)  0.44902(4)
03 0.27347(6) 0.14776(2)

zlc
0

0.25
0.25
0.25
0.25
0.04553(4)

Kirschsteinite (KIR1: Vulcano Laziale; Folco and Mellini 1997)

a=0.4877(1), b = 1.1166(1), ¢ = 0.6448(1), V =
y/b

0
0.27719(2)
0.08437(3)

atom
M1
M2

x/a

0
0.98072(5)
0.41609(6)
0.7490(2)
0.2344(2)
0.2816(1)

0.0802(1)
0.4515(1)
0.1507(1)

0.3511

zlc
0

0.25
0.25
0.25
0.25
0.0475(1)

Forsterite (Fola) is a colorless transpacepstal implanted orcalcite and lazurite in a
marblefrom Afghanistan.Monticellite (Mo2a) is a coarsenosaic aggregateith calcite in a
marble from Magnet Cove AR. The fine-grained powders of both natural sawsepurified



by hand picking undehe binocular microscope and rapidly cleans&tl very dilute HCI to
avoid damage. Three other samples are synthetic and obtairtea wifferent ways, however
with identical results. Reagents (suprapure,SE&03, MgO, and CaCg) werefinely mixed,
fired, pressed into pellets, run at 1100 to 1300 °C for 24 h at room pressweriicafurnace
under the steady flow of a 80:120 ml/min gas mixture of CO4@@ad finally quenched in dry
ice after cooling first to 900 °C to avoid oxidati@®@ynthesesverealso rundirectly in apiston-
cylinder apparatus at 1 GPa and 1500 °C in Fe capsules. Icds®h, completsynthesis was
achieved for Fa and Hrt. The Krs mix did not turn into crystals at dmedirst trial gave way
to a porouslivine + silicamixture bound by glass dfiedenbergite composition; thisixture
had to be ground and run again three times before turning into a homogeneous crystalline single
phase.

XAS Measurements

Experimentalk-edge spectrdor Mg and Fewere recorded at Stanford Synchrotron
Radiation Laboratory (SSRLWsing synchrotrornradiation (SR) emitted by SPEAR, that
operates at 3.0 GeV with maximum curré80 mA andtypical lifetime 20 h.For Mg we used
beamline SB03-3, where the JUMBO monochromator is equipped wig ¢figstals(\Wong et
al. 1994). The spectra were collected in vacuum in the total §fiel) mode (Erbil et al1988;
Gudat and Kunz 1977) at steps of 0.3 eV awith a resolution estimated to b@.55 eV
(Schaefers et al. 1992). For Fe we usedmlineSB04-1, and a double-crystal monochromator
with Si (111), the experimental resolution beifigp eV. The spectrawere acquired in the
fluorescence yield (FEY) mode at steps of 0.35 eV for 1 s usiiyjeadetectorand Soller slits
and with the sample compartment filled by He (Lytle efi@84). The powdered samplegere
glued directly on an Ag-coated Al holder in the first set-up, and spread evenly onto atkppton
in thesecond one. In both set-ups, holdeeseoriented at a 45° angle to the impinging SR
beam.

The Ca spectravere recorded atLURE, Orsay, France, at beamline D44yith DCI
operating at1.85 GeV and 100~200 mA positroncurrent. Theywere collected in the
transmission mode iair, using achannel-cut S(311) crystal as monochromatonith energy
resolution 1.4 eV (Galoisy anfdalas1992). Standard Toil was used for energyalibration.
Spectra were recorded at 0.5 eV steps and counting time 3 s from powders deposited on kapton
tape.

XANES Calculations

Theoretical spectravere calculated dNFN-LNF by the CONTINUUM code (Natoli et
al. 1980, 1990; Tyson et al. 1992; see also Durhaah £082; Durham 1988Rez et al1995)
which is based on the full multiple-scattering (MS) theory (Lee and Pendry 1975) abelehas
widely used tointerpret XANES spectra in wariety of systems, including somehich are
similar to the present one (e.g., Wu et al. 1996a,b; Mottana et al. 1999). We follow
Mattheiss (1964) prescription to constrtioe cluster density, and obtain the Coulomb part of
the potential bysuperimposition oftabulated neutral atomic chargkensities (Clementi and
Roetti 1974). In order tosimulate the charge relaxatiomaround the core hole in the
photoabsorber ohtomic number Z, we usé¢he well-screened+1 approximation (final state



rule: Lee and Beni 1977). This consists of takimg orbitals of theZ+1 atomand constructing

the charge density by thexcited electronic configuration of thghotoabsorbewith the core
electron promoted to the lowest empty orbikadr the exchange correlation part of the potential

we usethe energy-independentoXtype of exchange (Slater979) because it proved more
flexible than the Hedin-Lundqvigtl971) potentials and is especially suitalflar insulating
materials. We have chosen the muffin-tin radii according to the criteriblowhan (1974) and
allowed a 10% overlap between contiguspberes tsimulate the atomibond.The calculated
spectra are further convoluted with a Lorentzian shaped function, with a full widtB6 eV for

the Mg K edge an@.40 eV forthe Fe K edge to accoufdr core holelifetime (Fuggle and
Inglesfield 1992 appendix B p. 347; Penn 1987; KrauseQdindr 1979),andwith Ieyp 0.55

viz. 1.5 eV for experimental resolutions. Features will be discussed in the light of our strategy of
MS calculation that makes use of clusters of progressively increasing size and number of atoms
around the excited atom until reaching convergence in two successive cycles.

RESULTS AND DISCUSSION

Experimental spectra at the variouseldgeswill be first reported anddescribed, then
interpreted starting from the crystal structure data of the related ref@lea®es (adetermined
by SC-XRef) with the aid of the theoretical spectra calculated from them.

Mg and Fe K edges
The experimental MgK-edge XANES spectrafor forsterite, “hortonolite” and

monticellite areshown in Fig. 1All spectra showfour grossfeaturesthat are qualitatively
similar both in the edge region (Bianconi 1988; also named full-multiple-scattering reiyi&,,
by Natoli and Benfatto 1986) i.e., up t45 eVabovethreshold, and in the XANES region (or
intermediate-multiple-scattering regidS) that in thesesystems goes from15 to +60 eV
above threshold.
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Indeedall threecompoundshavetheir Mg atoms sewithin first coordination shellshat
are similar (six O atoms) and with the same point-group site symmetriésr (W8 and 4c for
M2). However, individualspectrahave differencesthat aremost evident in theedge region,
where Fo clearlexhibits a number of fine structures (arrowsgt canonly barely be seen in
Hrt, andevenless in Mtc (Fig. 1). Fine structures superimposedhemross features can be
evidencedalso inthe IMS regionsand will be used togather preliminary information on the
amount of structural disorder in the systems. On the basis of the number of fine structures Fo is
slightly more ordered than Hrt, and both are considerably more ordered than Minag&sraof
fact, the Mtc spectrum shows veew fine structures angractically consists ofthe four gross
features only.

In Fo, the M1 and Maitesare fully occupied by M@nly. SC-XRef(Table 2; cf. also
Fujino et al. 1981) informs that they differ in point symméii has land M2 m) andnean
size (<M1-O> = 0.2094, <M2-0O> 6.2129 nm)while being substantiallyequivalent in edge
length distortion as estimated by the octahedral quadratic elongatiameterOQE (Robinson
et al.1971): OQEky, = 1.0269, OQk, = 1.0260.They show small differences only their
octahedral anglgariances, OARobinson eal. 1971): OA; = 94.8, OA\{y» = 89.7. In
Mtc (Table 2; cf.alsoPilati et al.1995; Sharp eal. 1987) onlysite M1 isbelieved to contain
Mg. This site is slightly larger (<M1-O> = 0.2136 nm) and considenatake distorted OQE
= 1.0287,0AV = 104.0)than either of thewo Fo sites. Bycontrast, the large (<M2-O> =
0.2373 nm) and very distorted (OQE = 1.048AV = 165.7) M2site is the one preferred by
Ca. As for Hrt, the rare SC-XRefata available gbresentwere made omatural samples/hich
contain considerable amounts of impurities, especially Mn (Table 1; cf. Hazen 1977; Smyth and
Hazen 1973; Brown and Prewitt 1973). They indicate (Table 2) that thanblIM2 sites (both
larger than those corresponding to Fo) are comparable in their sizes (<M1-O> = 0.2135 nm and
<M2-O> = 0.2167 nm) and distortions, wittenticalelongation OQE,;; = 1.033, OQl» =
1.034) and angle variances not significantly different (QAV 119.3, OA\y» = 114.3).Thus,
no a priori conclusion on their relative Mg vs. Fe content is warranted.

SC-XRef informationdoes notappear tomeet entirely the evidenceontained in our
experimental Mg K-edge spectra. In the IMS region of thesgextrum, the presence wfo M
sites occupied by Mg is made evident by the doubling of most, dlihgrossfeatures, with the
highest-in-energy fine structure always referring to Mg in M1, the smaikestccording to
Natoli’s rule (Natoli and Benfatto 1986). The Hrt spectrum is consistent with that of Fo in that it
also shows its features doubléithe Mtc spectrum is rathdaroad but it is nodoubled, as
expected, sincenly the M1 site is suitable tbost Mg.Neverthelesseven inthis spectrum an
explanation must bsought forthe two additional featureshown as arrows in Fig. Note,
moreover, that theéVitc fourth gross feature shows anegative energy shiftrelative to the
corresponding features for both Fo and Hrt (-4 eV) which is consistiénthe SC-XRef result
that the siteavailablefor Mg in this mineral is larger than the M1 site moth Fo and Hrt (see
later).

For Hrt too, XANES and SC-XRefive resultsthat are mutually inconsistent: on one
hand, according to SC-XRef both the M1 and the M2 sites of this compound are just as large as
the M1 site of Mtg(seeabove); on theother hand, theenergy of thefourth XANES feature



suggests that the Hrt octahedral site is as large as the Fstdyldut smaller than the Mtc one.
The two techniques lead to different results because SC-XRef integrates informaticil frem
and Mgatoms,thus giving as aresult anaverage octahedromhereasXANES, being element-
specific, tells us about the size of the octahedron that surrounds Mg onlywBseriaking into
account the fine structure on the raisiimgb of the fourth grossfeature, which might be
interpreted asuggestingthat some Mg enters a second, largeske, wearguethat, in our
synthetic Hrt sample, most Mg enters a polyhedraving the same geometricnstraints as
the Fo M1 octahedron, thus absorbing X-rays at the same e@engyersely, a complementary
amount ofFe, if any,should move tothe other octahedron so that thel stoichiometry is
restored.Thus, inorder to find support for thimterpretation we must lockor information in
the Fe K-edge spectrum.

The experimental F&-edge spectrdor fayalite, “hortonolite”, and kirschsteinite are
given in Fig. 2. They too show four gross features, as the Fe site symmetries are the same as for
Mg (see above). However, the first gross feature is now a shaédealmosidisappears under
the raisinglimb of the majoroneand, in addition, the entire F€ANES region is mucHess
finely structured than the Mg one was.
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These spectral properties can easily be explainea,lnoth sitesare occupied bye2+
and are therefore larger than t@responding Mg sites of F@able 2:Fujino etal. 1981);
however they are very similar one to the othefoagheir sizes (<M1-O> = 0.2161, <M2-O> =
0.2177 nm) and edge distortions (O@E= 1.0379, OQI» =1.0370).They differ alittle, but
not significantly,only in their anglevariances (OAYj; = 130.1, OA\{;» = 124.9). In Krs
(Table 2; cf. Folco and Mellini 1997), the large site M2 is assumed takbaover entirely by



Ca (<M2-0O> = 0.2368 nm) as in Mtc, and the much smaller M1 site (<M1-O> = 0.2181 nm) by
Fe2+. Both sites display significant distortions, in elongat{@QBEy1 = 1.035, OQk, =
1.049) as well as angle (OAM = 168.8, OA\y» = 123.7).However,the Krs and Fa spectra
are rathersimilar, with the former better resolved than thatter, also atthe pre-edge.
Furthermore, the negative energy shifts of featllfeand V indicate that théron site inKrs is
larger than both thoghat Feoccupies in Fa (and in Hrt agell, whicheverthis sitemay be).
The energy displacement is greater than in Mt@\(8Fig. 2) because Fabsorbs ahigher
energy than Mg, buhis finding simply bringsadditional, indirectsupport towhat had been
already observed in the Mg spectrum and to the ensuing interpretation (see above).

As a matter of factthe Fa features resuitom superposition ofwo similar, but non-
identical Fe contributions, as it was the cimeMg in Fo. Therefore it issurprisingthat our
synthetic Fa, being chemically pure, gives rise to &feelge spectrunthat is simplerand less
resolved, or at least not as well-resolved as MBanMoreover, the Fapectrum also displays
the weakest pre-edgend third featur€Fig. 2), thus showinggreatestdisorder amongll the
given Fe K-edge spectra. Thegperimental findingupports grevious inference aburs (Wu
et al. 1996a) about synthetic Fa showipgor Fespectra because it is structurally poorly
organized as a result of defects acquired during crystal growth (cf. Nakamugatandizried
1983).

Surprisingly, neither the Fa Fe K-edge spectrumtheKrs one are asharp and strong
as the Hrtspectrumnote, in particular, howtrongthe absorption jump anthe pre-edge peak
are, and the sharpness of the third feature in this intermediate compound (Fig. 2). Indeed the Hrt
spectrum is the best structured among all i.e., it is the one showing greatest ordetherited
occupied by iron. Additional work on this compound is agegaded, the more dmecause our
Fe K-edge analysisomewhat contradicts thevidencearising from its Mg K edge. A
comparisorbetweenFig. 1 and Fig. 2night evensuggestthat arelationships existbetween
type of atomandlocal order: this appears to increaséh increasingatomic number (Fe), or
decrease in light element (Mg) content of the site.

In order toclarify the matterand obtaindefinitive information on the location of the Mg
and Fe atoms in H(i.e., in al:1 Fo-Fa solid solutionvhere the problem afrder-disorder is
still unresolved by other methods), we madeoupmind to start fronthe beginning andtudy
everythinganew,the endmemberfirst. So, calling to mind theroperty of XANES of being
chemically selective (i.e., able tive information about Mg independentlyponFe), we began
with computing separately the theoretical spetirathe twoendmembers by convoluting the
relevant component cluster spectra.

In Fig. 3 we report the calculated Mg K-edge spectra for individual clusters centered at the
M1 (left panel) and M2 (middle panel) sites of Fo, the prototype, and computed forvahietis
increase stepwise in radius iyl nm thusincrementing thenumbers oftheir atoms,till
convergence. The convergent clusters includéessthanfive shells and as many as 89 atoms
(31 Mg + 10 Si + 48 O) tavithin a distance 00.58~0.62 nm fronthe Mg atom taken as
absorber at the center of each cluster: M1 (left) and M2 (middle).catuslationconfirms our
previous one (cf. Fig. 2 in Wu at. 1996a); thevery minor differences are due to tFeect that
we now make use of theoype ofexchange, against tit¢edin and Lundqvist'gotentials we



had used at that time. Our first-shell spectra for the M1 and M2 sites (Feigrv@sa are quite

similar, because the short-range environments are the same (1 Mg + 6 O) and differences in the
individual bond lengthsare minor.Both calculationgjive rise to arelatively sharp and strong
feature at +4 e\Abovethreshold. In terms ddcatteringthis featureshould be understood as
arising from intra-shelinultiple scattering of the photoelectremitted by Mg within thefirst
coordination shell of six O atoms. It may also be seen as the result of the caging effect of such a
small oxygen shell onthe excited photoelectron: back scattering createsladively sharp
scattering resonance aroutite photoabsorber. This is iagreement with severgrevious

works; e.g., on NiO (Vvedensky and Pendry 1985), MgO (Lindner et al. 1986; &l/L1806a)
andMnO (Kurata et al1993). In Fig. 3curvesa show another broad peak at higher energy
(+42 eV) that reproduces the fourth grdsature of the experimental spectruhis peak, that

is generated whemnly using the first shell of six O atoms, arises from dominantly
single-scattering events within this shell; thus, it is tMS$ structurethatinforms aboutshort-

range order.
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Figure 3— Theoretical MS calculated spectra at the Mg K edge as a function of the cluster size
for forsterite: theM1-site cluster(left panel), theM2-site cluster(central panel) and the
summation of thewo site contributions (right panel). Curves b, ¢, d refer to cluster
calculations with increasing number of atoms: 7, 31, 55, and 89, respectively.

With increasing size of the two clusters built arotimel M1 and M2sites (Fig. 3ccurves
b, ¢, andd), definite differences arisbetween the two calculatespectra whichdepend upon
both the lengths of thelvondsand theirindividual point symmetriesSuch differencesre not



so much to be seen in the FMS region of the speetraat theedge itself; rather, theshow up

best in the IMS region that, in this systempisated between 1&8nd 60 eVabovethreshold. In
particular, the M1 convergent clustgrectrum (Fig. 3lteft panel, curvad) has rippleghat are
more sharply defined than those occurringthe M2 convergent cluster spectruiig. 3:
middle panel, curvel). The M1 ripples are constantly displaced at higher energies than the
corresponding ripplegenerated by clusters buitround M2, thus confirming the inverse
relationshipsbetweenbond-length and energy known &ktoli’'s rule (Natoli and Benfatto
1986). Nevertheless, it would be difficult to deconvolute théseividual contributions in
experimental spectra.
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Actually, an experimental MgK-edge XANES spectrum of forsteriteonsists of the
superimposed contributions @ll Mg atoms present in the structure., of both clusters.
Consequently, we performedveeighted combination of the calculatdty-M1 and Mg-M2
convergent cluster spectra in the 1:1 proportion, as in the Fo stoichiometry. The summation
resultsare shown in Fig. 3 (righpanel),and a comparisometween finaland experimental
spectra iggiven inFig. 4. Not onlythe four grossfeatures, buglso all fine structuregnow
labeled individually from A to H) are well reproduced in their energiesyith trifling
discrepancies in their intensitiesideed, agreement is now much better than it was in our
previous calculatiofWu etal. 1996a). Inparticular, allfine features in theMS region are
reproducedwell. Comparisonbetween experimenand theory showshat medium-range
disorder is present in the measured material and significantly affects its spectrum by broadening
(smoothing) particularly certain fine features. As these fine features appear to result from
contributions fromtwo types ofoctahedral sites, they cannot beugk asstraightforwardly as
hoped for our purpose of extracting all structural information they contairalese),except in
very special cases.



We also re-calculated the Fe K-edge spectrum of Fa in the waynie.,for the two M1
and M2 clusterseparately, as a function of their increasing simd usingthe Xo exchange
potentials. This is not reported &l steps as for Fbecause it matches/enmore closelywith
our previous calculatiofFig. 5 in Wu etal. 1996a). Notehat at that time wlad used for Fa
Hazen's (1977positional parameters instead of those by Fujinal.e{1981), and different
exchange potentials. The fact that tlesults appear to bidentical gives an indication of the
accuracy of MS calculations performed G@NTINUUM. Indeed, it isour usualexperience
that, at energies as high as 7 KeV where the Fe K-edigeated,minor variations in th@tomic
parameters and potentials affect calculation very little. ConsequenBig.i® (bottom) we only
report the final Fa spectrum, obtained by adding the spectravafconvergentclusters
containing 83 atoms each (29 Fe + 10 Si + 44 O) and extendlh§3amawayfrom center.
It compareswell with the experimental spectrufig. 5, top), although it is sharpelote, in
particular, how the calculatqate-edge andvhite-line areboth strongethan the experimental
ones. Weexplainall this with the small difference in size thaixistsbetween the Mland M2
octahedra, whichmakes theircalculatedcontributions to shift sdittle as to overlap in the
convolution. The fairlysharpspectra obtained by these calculations indiraalgdateour view
that the broad experimental spectra reported for son{e.§aWaychunas eal. 1983; Calas et
al. 1988) onlyreflect thepoor quality of the analyzed sampte, in other words, docal to
medium-range internal structural disorder acquired during synthesis and/or preparation.
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Fig. 6 and Fig. 7 showhe Mg and Fe calculations performéar Mtc and Krs,
respectively. In each case, we calculated only one sequence of clusters all centered around an M1
site that is fully occupied by Mg for Mtc and by Fe for Krs, assuming that Ca fills M2 alone.

For Mtc, the veryfirst clustercalculation(Fig. 6 curve a) gives afirst relevant feature
centered at ca. +5 eV that is a doulpetssiblybecause of the slightly greater distortion of the
Mtc octahedral M1 site with respect to the corresponding site of Falfese). There islso a
featureat ca.+40 eV that reproducesthe fourth grossone (F). Agreement progressively
increases with the clusters including higher-shell atoms up to 55 @uiéth furtherincrease



(curved) to a cluster that contains 99 ato(®$ Mg + 15 Si + 16 Ca + 53 O) and extends to
0.625 nm fronthe Mg absorber, calculatéeatures become bettdefined,but with intensities
more pronounced than in bothe Fo case and the experimental spectftop). This new
mismatch is to be explained with the generation of calculated pathways which do not exist in the
measured sample. Thus, we consalgreement to be satisfactorily reacketh a small cluster
such as that containing 55 atoms (i.e., Fig. 8 ccrv@he same compositional difference would
explain theevident negativeenergy shift (-7eV) between thdourth calculated feature and
measured feature F. Asr the intense feature A, thatccurs in boththe experimental and
calculated spectra, we tend to attribute it to transition of the core electrons towards the 3p states
that are empty in the Mg atom partly mixedth the empty density of states of the @som
located in thenearby M2 site(Wu etal. 1996b). We base ounterpretation on the need of
calculating spectravith clusters extending far beyoride first coordination sphere tattain
matchingevenfor the FSM region. This showshat this portion ofthe spectrum isensitive
jointly to the electronic structure agell as tothe medium-range distribution of tlaom acting
as photoabsorber. So we cannot endtinseopinionthat the final state reached in the core
transitions is a simple atomic or molecular state (ciGd®ot etal. 1989; Li etal. 1993,1995).
Admittedly, our Mtc calculation ofFig. 6 reproduceshe observed experimental features only
qualitatively. Furthermore, shows a series dine structures irthe IMS region (e.g.,three
around D) that are not observed in the experimental spectrum.
They may either originate from interactions with the very minor substituttonglg in M1 and
Ca in M2 that argresent in oumatural sample (Table 1) drom the interactions of the
photoelectron emitted by Mg in M1 directlyith the Caatoms in M2, these being locatedly
some 0.32 nnaway. Inthis casethey too would be indices of the same medium-range effects
referred to above. In any case, they do not show tipeirexperimental spectrum becaegber
our resolution is too low and experimental broadening too grepbssibly, because of the in-
homogeneity of the sample.

The Krs calculated Fe&k-edge spectrum (Fig. Hhottom) compares unsatisfactorinith
the experimental spectru(fig. 7,top), although to reach this result we hadntake use of
clever devices neveusedtill now: (a) a rather largecluster, thatextends to theseventh
coordination shell and contains 18®ms(15 Fe + 16 Ca + 16 Si + 62 O) to 0.68 away
from the absorber; (b) a much gredtgg, (= 1.8 eV) during convolution. Such a nefed large
cluster and smooth potentigppeaks forocal structural defectsvhich had been either absent or
averaged bySC-XRef in themeteoritic samplaised asnput (Folco andMellini 1997), but
which occur inour synthetic sample and adetected by XANES owing tds greater spatial
resolution. The calculated major features (A and C in Fig. 2) have greater intensipoaiaer
B is less defined than in the experimental spectrum. Contrary to the Féicads), there is no
pre-edge in oucalculation. We interprahis as meaninghat the Fepre-edge experimentally
observed inKrs cannotderive from dipole-allowedtransitions (aghe Fa pre-edge could); it
probably derives from quadrupole transitions, but thig/pothesis should beonfirmed by
further theoretical analysis. In asgse, thebserved pre-edgese always too small arlafoad
to be of any use to quantifilfe netvalence of F€Baijt et al.1994; Dyar etl. 1998), which is
therefore taken as the conventioBal Furthermorepur Krs calculation is inadequate in that it
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does not reproduce the hints for shoulder (arrdtes) can be detectdabth onthe low-energy
limb of A and on thehigh-energylimb of B (Fig. 2). By contrast, the matchezhergy position
for feature C indicates that the cluster size used for calculation is appropriate.
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Fe K-edge spectrum of kirschsteinite (bottom)

Figure 6 — Theoretical MS calculated spectnaith the experimental spectrum (top).
at the Mg K edge as a function of the cluster

sizefor monticellite. Curves, b, c, d refer to

cluster calculationsvith increasing number of

atoms: 7,31, 55,and 99. The experimental

spectrum is shown as the top curve.

Similar discrepancies affect tlmlculated FeK-edge spectrum ofhortonolite”, thus
suggesting that the problem may be relatedontt to the electronigroperties of the Fatom,
but also to its location ithe structureAs a matter of factfrom SC-XRef it is not precisely
known whether site M2 in Hrt is takaveronly by Mg or Fe (and converselgr M1), or the
two atoms intermix at random. Other methaig;h asME, alsogive conflicting evidenceThis
is indeed the problem with all intermediate olivines: are #wid solutions disordered, ordered
or anti-ordered? And alsdoes ordechangewith time because of factorsuch ascooling, or
oxygen partial pressure, that affect olivines after crystallization?

Generally speaking, crystalline solutiobetween divalentFe-Mg silicate olivine
endmembers is regulér most properties, both macro- amdicroscopic, and close to being
ideal (e.g.Griffen 1992).There are exception®r certain naturasamples.E.g., the unit-cell
parameters are lineéunctions ofthe radii of the octahedral M1 and M2 cations in synthetic
olivines, but they may deviate considerably from linearity in natural olivines, partictilagdg of
plutonic origin (Brown 1982; Hazen and Finger 1987; Motoyama and Matsumoto 1989;



Griffen 1992).These olivines trend to beirggdered (oranti-ordered in the case that the large
cation enters M1 instead 2. Admittedly, such result@lways refer td_RO, becaussingle-
crystal diffraction methods can determimaly it; yet all this is takenfor granted in
thermodynamic applicationddowever, the peculiar experimental features observed in our
syntheticHrt experimental MgK-edge spectrumwarn against hastily reaching the same
conclusions when investigating the structure docal scaleand rathesuggest furthechecks
that would take advantage of XANES property of selectively probing SRO.

In order to look for a satisfactorgxplanation of the peculiarities detected in the
experimental Mg(and alsoFe, but to a lesseextent) K-edge spectrum of ousynthetic
MgFeSiQ, (“hortonolite”) through an ordering model, we turned to simulation.
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Figure 8 — Theoretical MSalculatedspectrum simulations at the Mg K edge as a function of
the cluster sizéor “hortonolite”: the M1-site clustewhen Mg is at Mland Fe at M2(left
panel), the M2-site cluster when Mg is at M2 and Fe at M1 (cqudradl),and the summation

of the twosite contributions (right panel). Curveshb, c, d refer to cluster calculationsith
increasing number of atoms: 7, 31, 55, and 85.

ABSORPTION [arb. wnif)

As our first model, we assumed that all Mg atoms are inlike all Featoms are in M2
i.e., wesimulated the fully ordered distribution (Lumpkin and Rild#83) andcalculated the
Mg K-edge spectra shown in Fig.(left panel) as a function of cluster siZg 31, 55,and 85
atoms, respectively). In atlusters beyondhe veryfirst one, wetook care of maintaining as
much aspossiblethe 1:1Mg:Fe stoichiometry. Thefirst shell calculation (Fig. 8 curve a)
obviously gives the same sharp and strong first faak4 eV)and broad minor one at higher
energy (+40 eV) as endmembersio. With increasing clustesize, and with the resulting
increased interaction between Mg drel twofeatures arise atl5 and+25 eVthat aredue to
the scattering contributions of atoms located intttel-ordershell,0.3~0.4 nmawayfrom the



absorber (Fig. 8 curva). They are similar to those seen when calculating Fo, but quite different
from the broad band actually present in the experimental speffigmil). Further increases of
the cluster size produce several shaafeulated finestructures on both sides wfain feature A
(Fig. 8 curvesc, d) which resembland may explaithose seen ithe experimental spectrum.
However, agreement is far from being reached.

The middle panel ofFig. 8 showsthe sameseries of clustercalculations, however
performed according to the opposite model weth Fe in M1and Mg in M2 (the anti-ordered
distribution: Lumpkin and Ribbe 1983). The final Nkgedgecalculated clustespectrum (Fig.

8, middle curvel) appears to match the experimental spectrum better, although it is still far from
being satisfactoryf-ig. 8 (rightpanel)showsthe convolution of the twaites contributions in

the 1:1 proportion (i.e., in a fully random distribution of Mg ancbi#er M1 andM2). Curved

is not yet in satisfactory agreemamith the experimentatpectrum (Fig.l), especiallyfor the
medium-range IMS region between +15 and +25 eV. Clearly, further simulation is needed.

_llll II|||I 'II'- -lllll lllll "I'- -'III |||II l|||-
Mi | | M2 | | Total |
[l | i caniral My pls Fe | i i
| | 11 -
b| | | H V
- | l i i m 1 T | | i ]
E A i | -1 F I AT
E IIII |I -*-mkf'! o II|I| WA/ | 'Il [RPaE]
L o 1 L J L[ |
s [ 1y \ q Y ‘ | i
5 | 1 } || 1 F |l :
E i rlj .JII.""\-ICI | i H | Icl ] i | 1] |
T | L B | | | | i "
% [ | |. l'-w"""h-"r- H: [ ||\ L “" [ | ||| k\__}n_w/" ”"H.
g [ J|
: llk ||1 it ||’ I|I it |"I |l it
| I | | | L ——_ | | i 1 = |
| Lfﬁ_\h-}/’/_\\ﬂ. I| 't,,___ __L__J_,r'f -] | Il'a_,-"'““-.,_// "
I_I'I I 1 ] | Ll L 11 I_'I | L1 1 | L1l L1 1 I_I'I I 1 | | I . L1 1
i o0 i ) 0 20 40 ) 0 20 an i)

ENERGY (gV)

Figure 9 — Theoretical MSalculatedspectrum simulations at the Mg K edge as a function of
the cluster sizefor “hortonolite”: the M1l-site cluster inthe case of a centrdl1-Mg
surrounded by M1-Fe and with M2 occupied by Mg (fefhel), theM2-site cluster inthe case

of a central M2-Mg surrounded by M2-Fe and with the M1 site occupied bfcémdgral panel),
and the convolution of thievo site contributions (right panel). Curvasb, c, d refer to cluster
calculations with increasing number of atoms: 7, 31, 55, and 85.

Fig. 9 reportother theoretical simulatiorfer “hortonolite” obtained byusing clusters
with the same number of atoms as the spectragn8, butaccording to anew orderingmodel
and with two alternative choices of site occupation. In thepledel, the Mgabsorber idocated
in M1 and is surrounded by M1-Fe and M2-Mg. In the middle panel, the Mg absorber is in M2
and is surrounded byl1-Mg andM2-Fe. Calculations appear to match experiments better in
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the first case than in the second one, and are also significantly better than those $figw8, in
for boththe FMS andIMS regions.Consequently, the spectrum obtained by summing up the
two calculationg(Fig. 9 curved, right panel) appears to be in reasonable agreewigntthe
experimental one.

So far, our calculations onipdicate that inHrt ordering of Fe and Mgver the M1 and
M2 sites occurs. They also shawat ordering can be simulatedia calculations that test
alternative possible distributions othe Fe and Mg atom®ver the sites,although this
painstaking procedure not alwalsngs satisfactory results: asnaatter of facteven at the
present stage it is impossible to conclude whether Fe is in M1 and Mg in M2, or vice versa.

To end ourargument, inFig. 10 we presenthree calculated Md<-edge spectra and
compare themwith the experimental MgKANES spectrum of‘hortonolite”. Curve A is the
same as curve in Fig. 8, right panel; curvB is curved in Fig. 9, right panel; and cungis the
sum of A plus B. Only this theoretical spectrumeproducesall structures observed in the
experimental spectrun(Fig. 10, top), however irtheir energypositionsonly, their relative
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amplitudes being still in substantial disagreement. Furthermore, speCtahows aeature at
+22 eVthat cannot beseen inthe experimentabne. Anotherlittle mismatch is in that the
experimental spectrum is somewhat broader tharcdlwilated onebut thismay be due to
experimentaleasons. Fronall these observation, we infer thair syntheticHrt consists of a
number of ordered domaimschone characterized by its own typeM§-Fe ordering.These
domains areroughly in the 1:1 ratio andabsorb simultaneously so as to produce the
experimental spectrum bguperimposingtheir individual contributions. Notethat best



agreement between calcula&ad experimental features is to floend atthe highest-energies,
thusindicating that thechosen cluster size orrect and appropriate to batie experimental
spectrum and thealculatedone. The greaterbroadness othe experimental spectrum is a
property that may be explained either by a greater amount of khsalrder or a sort of
modulation, by whictslightly different octahedra centered by Mg and Fe periodiedtibynate
along arrays irsuch away as to allow the wholstructure compensating their misfits and
acquiring an overall order on a fairly long distance.

In order to crosscheck our study &int, we should have performed a similaseries of
simulations for the Fe K edgklowever,the experimental spectslown in Fig. 2 suggestat
such calculations would be a waste of effort: experimeatlution at 7.KeV is lessthan at
1.3 KeV andmost fine structurebecomelost. This iswhy the Hrt experimental FeK-edge
spectrum (Fig. 2) appears to be simpler than the Mg K-edge one (Fitnich)displays such a

large number of fine structures.

Ca K edges
In order to bring our study dghe SRO structure ofolivine minerals to completeness, in

Fig. 11 we presenthe experimental C&K-edge XANES spectra of monticellite and
kirschsteinite, theawo main calcianrendmembers of the family. As alreadhentioned, it is a
reasonable assumption that Ca segregates in the M2 site because of its laNgyeitieeless,
there is positivéesC-XRefevidence of ionly for Mtc (Pilati et al.1995 p. 723). For Krs, the
problem is still open, essentially becauseféve samples refined so favere soimpure as to
suggesthat theassumption could bekenfor granted,and no testsnade (Folco andMellini

1997; Brown 1982 Table A4 p. 362).
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As a matter of factXANES studies support SC-XReflhe experimental C&-edge
spectra of thewo endmembers agree in almaditfeatures (Figll), Krs just beingsomewhat



less sharp than Mtc although being richer in fine structures. Minor differaneas the change
of intensity of feature F, which turns from being a definite peak in Mtc to a shoulder in Krs, and
in a broad feature to be seenkirs (arrow) that would escape detectionNitc because of its
weaknessunlessadvised. These small discrepancies in tthe spectra do not undermine the
assignment of Ca entirely td2. They only draw attentionupon high-ordereffects that may
arise from interaction of the photoelectron with heavy atoms, such as Fe.

Fig. 12 shows our theoretical MS calculated Ca K-edge spectMtc andKrs obtained
for clusters of increasing size up to twvergenbnescontaining 81 atoms ea¢hl Ca + 16
Fe/Mg + 12 Si + 42 Oand extending to 0.60+0.61 nm frahee M2 absorbeii.e., the central

Ca atom.
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Figure 12— Theoretical MS calculated spectra at the Ca K edge as a function of the cluster size
for monticellite (left panelland kirschsteinite (right panel). Curvasb, c, d refer to cluster
calculations with increasing number of atoms: 7, 24, 46, and 81.

The 7-atom cluster spectra are identical; they are fairly tyfoacaany cation in an octahedral
environment,but they aremade conspicuous (comparegith those of Mg and Fe) by the
occurrence of small pre-edges and of a shouldel&ateV. Theimportant characteristics begin
to develop in the 24-atom clusters, which incladeond-shell atoms up @40 nmawayfrom
the absorbers.Then, definite differences begin to appebetween the twospectrawnhich,
nevertheless, fadeway again when thelusters increase in size to encomptiss third- and
fourth-shell neighborg,e., at0.51 and 0.61 nm. Further additions obre distant atoms (we
calculated clusters with as many as 99 atoms, 0.65 nm in radius) no longer modéigulaed
spectra. The convergent 81-atom cluster spectra duplicate the experonestatasonabhyell
in the number of features (Fig. 1Xowever,they are consistentlgharper than thesee,thus
suggestingthat the natural materials thaad beenused forcrystal structurerefinement, in



addition to being of different composition, had their Ca atoms positionally more ordered than the
samples we studied by XANE3lternatively, the effect of experimental broadening could be
called to attention. In any case, there is no evidence that Ca may move out of M2 to the M1 site.

CONCLUSIONS

By computing theoretical spectra on thesis ofthe one-electron full multiple-scattering
theory starting fromthe atomic positional parameters determined by single-crystal X-ray
diffraction refinement on the same or compositionally similar samples, we obtainacerafi
good agreement between calculatiand experimentor the Ca, Mg and Fe K-edgeXANES
spectra offive olivine group minerals: forsterite (Fo);hortonolite” (Hrt), fayalite (Fa),
monticellite (Mtc),and kirschsteinit¢Krs). All observed features could Ibeplicated,both in
their energies and relative intensities, albeit siith some differences in spectral resolution. By
doing this:

1. we establishedhrough cluster sizeonstruction, the volumes that can fr®bed by the
X-ray absorption spectroscopy methodhe energy rang#&.3~7.1KeV; indeed matching
could beachievedonly whenusing clustergontaining at least 80 atoms., aslarge as a
sphere about 0.6 nm in radius around the absorber taken as the center of the cluster;

2. we couldrelate thedifferent intensities of the maipeaks inthe full-multiple-scattering
region (in particular of thérst peak A)with the electronigroperties of thgprobedatom
l.e., the local character of the partially empty density of states. However, we could also show
that medium-rangeontributions affect the edge region and modifythis region is no
longer to be seen only as a crude indicatathefvalenceand coordination of th@robed
atom;

3. we could show that most peakstte intermediate-multiple-scattering region (in particular
the low-intensitypeaks D, E, and Rre related with theonfigurational properties of the
systemi.e., its crystal structure. Consequently, the mentiosgaere 0.6 nm in radius not
only is the smallest volume that can be selectively probed by the photoelectron, but it is also
the average volume of tloeystal structurghat can be integrated, exploresd interpreted
by X-ray absorption spectroscogt least in thelivine system). Such &olume is three
orders of magnitude smaller than any volume that would be scanned a single-crystal
X-ray diffraction refinement at the presemne; in other words, XANEShas aspatial
resolution three orders of magnitude greater than XRD;

4. we havefound evidence thathortonolite”, the intermediate member of olivindg-Fe
solid solution series, is highly ordered on a lasmdle, but wehavenot foundevidence that
it has any significant preference for Fe viz. Mg in either sitewer only able toshow by
calculation that allmodels tested are inadequate to a certain exidms. result, albeit
obtainedfor the moment on one sampbaly (furthermore: on a synthetane), disputes
previous conclusions reached the basis ofcrystal structure refinement®ade by the
X-ray diffraction method,;

5. we could confirm that Ca segregates onlyhimn M2 site of monticellitend kirschsteinite,
thus supporting by an independexperimental method an inferensased orthe size of
both atom and site that had been tested so far only cursorily.



These results confirm not only ooonfidence in the present statecafculationmethods
based orthe one-electron full multiple-scattering thedoy simulating XAS spectrabut also
openthe way tofurther applications of XANES to compleompounds and to otheystems
with variable degrees of order-disorder, hence resultingdetailed information on the
partitioning of any selecteatom overdifferent sites to #evel of spatial resolutiorunattainable
by XRD.
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