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Abstract

High-resolution X-ray Absorption Near-Edge StructGre XANES spectra of iron allow to take into account the effects of
the coordination numbers on the quantification of redox values. Volcanic glasses show split pre-edge features, arising from
bimodal distribution between the relative contributions of ferric and ferrous iron. The chemical shift between these two
oxidation states, 2 eV, has been resolved using a 400 Si monochromator. High-resolution pre-edge spectroscopy shows tl
distribution of ferric and ferrous iron between various coordination states. Ferrous iron is mostly fivefold-coordinated and
minority fourfold-coordinated while ferric iron occurs in fourfold and sixfold-coordinated sites. The importafiEeng in
basaltic glasses may explain the formation of magnetite during glass oxidation. The incré&s&*ofn the more silicic,
pantelleritic glass is consistent with the peralkaline character of this glass. The increase of the proportion of tetratiedral Fe
accompanied by more covalent®e-O bonds, is consistent with the chemical dependence of redox equilibria in magmatic
systems, in which the most differentiated terms correspond to more oxidizing compos@iandl Elsevier Science B.V.
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1. Introduction ences melt propertie§ Waychunas et al., 1988;
Cooney and Sharma, 1990; Jackson et al., 1993 and
especially density( Dingwell and Brealey, 1988;
Dingwell et al., 1988 , viscositf Dingwell, 1989;
Dingwell and Virgo, 1987, 1988 and heat capacity
(DeYoreo et al.,, 1990 . The determination of the
sites occupied by iron-oxidation states in glasses
may then shed light on the evolution mechanisms of
silicate magmas.

The surrounding of ferrous and ferric iron in
silicate melts and glasses has often been discussed in
" * Corresponding author. Fax:33-1-4427-3785. terms of four oyand six coordinations. However,

E-mail addressgaloisy@Imcp.jussieu.ft L. Galoisy . the presence of fourfold and fivefold-coordinated

The knowledge of the relationships between the
structure of glasses or melts and their thermodynami-
cal, physical and chemical properties helps under-
stand the formation conditions of magmas, including
redox evolution and mineral formation from melts.
Iron has long been known to play an important role
in magmatic liquids. The presence of different iron
oxidation states with distinct structural roles influ-
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species seem to correspond to most recent observa<et al., 1988 . Pre-edge features are always observed
tions (see, e.g., Galoisy and Calas, 1993; Brown et on the low-energy side of K-absorption edges of
al., 1995 . In addition, few data exist on iron struc- first-row transition elements. These features arise
tural surrounding in natural glasses, such as tektites from 1$73d bound state electronic transitions and
and terrestrial or planetary volcanic glasses. The iron are well separated from the slope of the main edge.
oxidation state is mostly determined using Mossbauer Although these electric dipole transitions are forbid-
spectroscopy Regnard et al., 1981; Helgason et al.,den in a centrosymmetric environment, weak fea-
1992; Kostov and Yanev, 1996 and wet chemical tures are actually observed due to quadrupole cou-
analyses( Barberi et al., 1973; Auric et al., 1982 . pling effects( Shulman et al., 1976; Drager et al.,
Some spectroscopic data are available on these natu41988; Westre et al., 1997 . In a noncentrosymmetric
ral glasses, including crystal field spectroscopy on environment, a marked increase in intensity occurs
lunar basaltic glassels Nolet et al., 1979; Dyar and as a result of the metal 3d—4p orbital mixing and
Burns, 1981 or Extended X-ray Absorption Fine metal 3d-ligand 2p-orbital overlap, which relax the
Structure( EXAF$ of basaltic glasses and obsidians forbidden character of the electric dipole transition.
(Henderson et al., 1995. These data have beenSite distortion increases pre-edge intengity Wong et
interpreted by the presence of octahedral ferrous iron al., 1989 . The dependence of the position of the
and tetrahedral ferric iron. More recently, an analysis pre-edge feature on Fe oxidation state has been
of Mdssbhauer spectra of tektites, taking into account recently used to determine the Fe redox ratio in
site distribution effects, has shown that ferrous iron minerals ( Bajt et al., 1994; Delaney et al., 1996,
is mainly fivefold-coordinated with some minor 1998.
fourfold-coordinated site6 Rossano et al.,, 1999a,b .  In this paper, high-resolution Fe—K edge XANES
We present in this paper new data given by high-res- spectra of crystalline references have been used to
olution X-ray Absorption Near-Edge Structure determine iron oxidation states and site geometry in
(XANES) spectroscopy, a method sensitive, at the volcanic glasses. Under high instrumental resolution,
same time, to valence and site geometry concerning Fe—K edge XANES spectra often show split pre-edge
a specific element. features in minerals and glasdes Fig. 1 . If only one
XANES spectra show important variations among oxidation state is present, this may correspond to
minerals and glasses as a result of structural andspectrally resolved electronic transitions from core
chemical modifications of the investigated element levels to the first empty states, as in the Fe—K edge
and its surrounding Waychunas et al., 1983; Brown XANES spectrum of andradite garnét Fig.)la
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Fig. 1. Fe K-edge XANES spectra of andradite referencé foP*F€¢ ) a and oxidized basaft ylass b , showing the split pre-edge on the low
energy side of the main edge arrows .
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When iron occurs in the ferrous and ferric oxidation as an augite glass, was synthesized at i@Qhder
states, as in volcanic glasses, the pre-edge is alsoa H,—CQO, atmosphere, close to the Fe—FeO buffer.
split (Fig. 1b, though the pre-edge features are not The absence of ferric iron was checked by EPR. A
at the same energy as when only one oxidation stateNa, Si, O, glass containing 3 wt.% Fe was synthe-
is present. It is then necessary to decipher the respec-sized in air at 1100, with 80% Fé" and 20%
tive contribution of both oxidation states. The pre- Fe**.

edge position shows a bimodal distribution within Three volcanic glasseé Table) 1 were chosen
the experimental uncertainfy 0.2 gV, between the according to their redox ratio:

respective contribution of ferrous and ferric iron. On

another hand, the Fe coordination geometry affects e« Pele’s hairs from Erta’Ale, a pure glassy alka-

both the shape and intensity of the pre-edge. The line basalt( Barberi et al., 1973 ;

pre-edge region may then be used to get quantitative ¢ an oxidized, crystal free glass of tholeiitic com-

information on the oxidation state and local environ- position from the Holyoke Basalt Flow West-

ment around F& and Fé" in volcanic glasses. field, USA), which has been melted twice at

Ferric iron occurs in fourfold and sixfold coordina- 1500C for 16 h in air, quenched and annealed
tion in the three volcanic glasses investigated, and at 525C;

the ratio between'Fe** and °Fe** is higher in  a glassy pantellerité Boina, Ethiopia that con-
basaltic than in pantelleritic glasses. This arises from tains minor crystals of anorthoclase, the triclinic
the presence of alkali cations, which are able to member of the high albite—high sanidine series
charge compensate tetrahedraFeThe pre-edge of alkali feldsparq Barberi et al., 19¥4 .

contribution due to Fe is consistent with the pres-

ence of low-coordinated ferrous iron, as shown re-

cently in tektites( Rossano et al.,, 1999a,b . The 2.2. Pre-edge spectra acquisition and data analysis

influence of glass composition on iron coordination

may explain the chemical dependence of redox equi- Room-temperature iron—K edge XANES spectra

libria in silicate meltyglasses. were recorded at the LURE-DCI synchrotron radia-
tion facility (Orsay, France . Ring conditions were
1.54 GeV positron energy and 200-mA positron

2. Experimental
2.1. Samples Table 1 » . .
Chemical compositioi wt.% of the studied volcanic glasses
The minerals used as crystalline references in- Erta’Ale®  Boind  Oxidized basaft

clude siderite ( FGCQ and staurolité JFe Al - Sio, 49.83 68.43 52.00
Sig0,{(OH),) (Brittany, France for® P& and Al,0, 13.92 1110 14.10
*Fe?*, respectively, and andradite La,Fe, Sj,0 ; F&Os 2.01 351 6.78
Val Malenco, Italy for® F&* . The spectrum of F€© 9.31 359 6.02

. e : no 0.19 0.19
syntpetlc Fe-berlinitd. FeR® is used as rc_aferenceM o 6.38 <001 6.40
for “Fe’* (Combes et al., 1989 . Synthetic YIG cao 11.33 0.56 9.30
garnet( Y, Fg Q,) was used to test the influence of Na,0 2.88 6.00 3.20
site distribution on pre-edge spectroscopy, as 60% K20 0.64 4.50 1.20
and 40% of F&" are fourfold- and sixfold-coordi- ;'02 %?éi %%‘Z 1.00
nated, respectively. Other mineral references include sz%u 0.39 0.76
synthetic fayalite( Fg SiQ) and hypersthehe ,Fe - H,0- 0.09 0.15
Mg, ¢Si,Oq: Bamble, Norway , fof Fe , synthetic Total 99.69 99.10  100.00
FeAl,O, spinel for*Fe?* and Garfield nontronite ~ Fe''/ZFe. % 18 49 53

and acnawite(+NaFe§i+p , Mont Saint Hilaire, Qge— “Barberi et al., 1973,
beo for® Fé* . A F&" -bearing glass of composition  bparperi et al.. 1974.
0.4Mg0O-0.4Ca0—-0.2FeO-SjO , referred hereafter  °Bandopadhyay et al., 1980.
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current. X-ray energy was monochromatized using a spectively. This leaves the possibility to account for
Si(400 channel cut crystal. Due to the large Bragg possible coordination changes of ferric iron as a
angle( 40), the experimental resolution is as low as function of glass composition. These components
1 eV in the beam geometry used, which gives an were adjusted to the experimental spectrum with a
overall energy resolution of about 1.5 eV at the least square fitting procedure using the minimization
Fe—K edge, including core-hole effects. Pre-edge of a y?2 test. Different criteria were defined to
spectra were recorded using 0.1 eV steps. Energyensure the reliability of the fit( )i the sum of the
was calibrated using a metallic Fe foil and checked various components of the fit must be as close as
before and after each scan and did not vary more possible to unity, and any deviation will indicate a
than 0.2 eV within the experimental session. The modification of the site surrounding as compared to
absolute energy scale was defined relative to the the chosen references;) ii a good adjustment of the
absorption maximum of the XANES main edge of pre-edge will confirm the adequacy of these refer-
metallic Fe at 7130.5 e{ Scott et al., 1982 . ences; and i)i the redox state of iron in the glass,
The fitting procedure is a modification of a method defined by the relative contributions of the’Feand
previously described Calas and Petiau, 1983a . The Fe** components, should be close to that determined
XANES spectra are normalized to the atomic absorp- using chemical analyses. Such an analysis shows that
tion. The pre-edge is then extracted by subtracting an a good redox determination should take into account
arctangent function fitting the tail of the main edge the actual geometry of the sites occupied by ferrous
from the observed spectra. Pre-edge intensity is nor- and ferric iron in the glass, and that a previous
malized to the atomic absorption extrapolated at the knowledge of this redox state will, in turn, give more
same energy and expressed in percent units. Theaccurate information on the sites occupied by these
pre-edge of the crystalline references is adjusted with cations.
a minimum number of pseudo-Voigt functions ac-
counting for the number of electronic transitions
expected from Crystal Field Theory. This analytical 3. Results and discussion
procedure agrees with calculations based on a Lig-
and Field Multiplet Model on the same reference 3.1. Fe pre-edge spectroscopy in reference minerals
compounds( Arrio et al., submitted . The width of
these pseudo-Voigt components has been fixed at 1.5 The general shape of the #eand Fé" XANES
eV. This value arises from the convolution of the spectra in minerals and glasses has been already
natural width of the 183d electronic transition by  described( Calas and Petiau, 1983a; Brown et al.,
the instrumental resolution. This latter is minimized 1995; Manceau and Gates, 1997 . With high-resolu-
using high-order(hkl) planes, such as the (Si 400 tion monochromators, such as(Si 400 at the Fe—K
reflection used in this study. Because of the impor- edge, a split pre-edge appears on the low-energy side
tance of site distribution effects, which will affect the of the main edgé Fig.)1 . Crystal field effects cause
position and intensity of the pseudo-Voigt compo- the splitting of the 3d orbitals. AZ+ 1) model
nents, a detailed fit of pre-edge spectra of synthetic accounts for the core hole effects caused by the
glasses has not been undertaken. photon absorption proceds Shulman et al., 1976;
By contrast to ferrous iron, which suffers impor- Calas and Petiau, 1983a; Manceau et al., 1990 and
tant site distributior{ Rossano et al., 1999a,b 3'Fe  we have considered the 3d-electronic level diagrams
occurs in well-characterized sités Mysen, 1988 . To of Co?" and Cd* to account for the absorption
model both the site occupancy and the oxidation features observed in the pre-edge of Fand Fé™,
states of iron in volcanic glasses, we have then usedrespectively.
a linear combination of the augite glass spectrum,
representative of the B& contribution in a silicate  3.1.1. Fé " in octahedral and tetrahedral coordina
glass, together with the sum of pseudo-Voigt compo- tion
nents representing the contribution 8Fe** and In octahedral symmetry, the %s3d transitions
*Fe* extracted from andradite and Fe-berlinite, re- are formally electric dipole forbidden and may gain
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intensity from their quadrupolar character. The+ studied on the pre-edges of fayalite Q=£1.0379
1) model predicts’ F and P free ion states. Three and hypersthend Q.E.1.05 (Fig. 3. In these
electronic levels give rise to transitions from the 1s minerals, the apparent position of the two peaks
core level( Fig. 2a , as the transition to t‘hquﬁ‘ ) F composing the pre-edge changes: the main peak and
level corresponds to a two-electron transition, which the shoulder are shifted by 0.3 eV and—0.2 eV,
has a low probability. By contrast, in tetrahedral respectively, as compared to the pre-edge spectrum
symmetry( Td , the dipolar character of the transi- of siderite. As a consequence, the pre-edge appears
tions increases due to the absence of an inversionto be narrower and less resolved than in siderite. The
center, giving rise to a significant hybridization of intensity of the major peak increases by 1.25 and 2
the 3d and 4p levels. Four electronic transitions are, in fayalite and hypersthene, respectively, relative to
thus, expected Fig. 2b . siderite. The intensity of the shoulder is enhanced to
Siderite contains F¢ cations located in a slightly ~ 80% of the main peak intensity for both silicates.
distorted octahedron with a quadratic elongation This marked changes of the shape of the pre-edges
(Q.E) of 1.0013( Robinson et al., 1971 . The pre- of fayalite and hypersthene as compared to the pre-
edge shows a main peak at 7095.7 eV with a distinct edge of siderite seems to be the result of thé*Fe
shoulder located at 7097.9 eV. The intensity of the 4p—3d orbitals hybridization related to the various
shoulder is half that of the main peak. A small types of distortion of the octahedral sites occupied
shoulder is visible on the right side of the main peak by iron (Galoisy et al., 1999 .
at 7112.7 eV, which allows to use three pseudo-Voigt  In staurolite, F&" is located in a slightly dis-
component{ 50% of a Gaussian function and 50% torted tetrahedral sité Q.E.1.0009 . The pre-edge
of a Lorentzian function to fit the pre-edge spec- spectrum is made of a major peak at 7112 eV and a
trum. The presence of these three pseudo-Voigt com- shoulder at 7114 eV, with an intensity half that of
ponents( Fig. 3a is in accordance with the number the major peak, as for octahedral’Fe The intensity
of expected transition§ Westre et al., 1997 . The of the pre-edge is dramatically enhanced, and five
position, relative intensity and transition assignment times higher than for B¢ in an octahedral $ite 10.8
of the bands are given in Table 2. The intensity of vs. 2.2, due to the more efficient hybridization of 3d
the pre-edge at its maximum is 2.2, which is similar and 4p levels. Similar intensities have been reported
to the values reported for coordination compounds for tetrahedral F&" in iron coordination compounds
with F&#* in an OH symmetry Westre et al., 1997 . (Westre et al., 1997 . Four pseudo-Voigt components
The influence of stronger site distortions may be have been used to simulate the-283d transitions

Fig. 2. Electronic transitions responsible for the pre-edge spectra®sf Fe
model(see te3t . Irf )c , the electronic transitions responsible for the pre-edge spectrum of octakEdial Fe
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Fig. 3. Normalized pre-edge spectra extracted from the K-edge XANES spectra of Fe reference ninerals. a From bottSm totop: Fe in
a slightly distorted octahedral site siderite: dotted line, experimental spectrum; plain ne: fit, and the three pseudo-Voigt components
(dashed ling corresponding to the electronic transitions to 3d-like electronic l8vefs; Fe in the distorted octahedral M1 and M2 sites of
fayalite;6 Fé* in the strongly distorted M2 site of hypersthdén®. b Bottom to“top’i+ Fe in a slightly distorted tetrahedral site staurolite:
dotted line, experimental spectrum; plain line) fit , and the four pseudo-Voigt compofients dashed line corresponding to the electronic
transitions to 3d-like electronic levels; e ina regular tetrahedra( site $pinel . ¢ Bottom fo tdp: Fe in a slightly distorted octahedral
site (andradite: dotted line, experimental spectrum; plain ling: fit , and the two pseudo-Voigt comgonents dashed line corresponding to the
electronic transitions to 3d-like electronic level&e®* in the slightly distorted octahedral site of nontronft&e3* in the more distorted
octahedral site of acmite. The shaded zones represent the position of the contributidh @inBeFé™ at 7112 and 7114 eV, respectively.
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(Fig. 3b, and correspond to the expected transitions staurolite and spinel is similar to that observed for
(Fig. 2b . Their position and assignment are reported F&#* in an octahedral site 7112 BV .
in Table 2. The similarity of the pre-edge spectrum

in FeAl,O, spinel, in which Fe' is located in @ 312 Fé* in octahedral and tetrahedral coordina
regular tetrahedral site, shows that the influence of g,

site distortion is negligible in tetrahedral site Fig. For Fé* in an octahedral site. two electronic

3b). An important conclusion of this study is that the  transitions are expected from the 1s core level Fig.
mean weighted position of ther electronic transi-  >¢) These transitions are resolved, provided the
tions of the pre-edge featurés centroid position for jnstrymental resolutiof 1.5 eV: see abbve is high

enough. As an octahedral crystal field splitting is

Table 2 high enough(Ao=1.5 eV) to give two contribu-
Position and intensity of the pseudo-Voigt components and assign- tions, which will appear well separated in the pre-
ment of the corresponding final state i+ 1) model edge spectrum, the small value of the tetrahedral
Minerals Positior{ eY? Intensity Final state crystal field, 0.67 eM 49 Ao), will give an unsplit
Siderite 70957 18 TICF edge, due to the lack of spectral resolution.
7096.5 0.6 “CF Pre-edge spectroscopy of octahedral'Fehas
7097.9 0.9 CTLC R been investigated in andradite, in which the Fe site is
Staurolite  7095.1 13 TaCF only weakly distorted Q.E= 1.0009 . The pre-edge
;ggg'é 2'2 4 %((4 g is made of two peaks of almost the same intensity;
7097.6 35 S1¢p their position, relative intensity and transition assign-
Andradite 7097.2 2.7 SIC D ment are given in Table 2. The mean weighted
7098.6 2.3 ° E4® D position of the®D electronic transitions of the pre-
FePO4 7098.0 13 : E55D edge feature6é centroid positioh 7114)eV is moved
T2 (D) by +2 eV, relative to that of F¢ pre-edge. The
Error+0.2 eV. intensity of the highest component of the pre-edge,

PEstimated uncertainty: 10%. 2,7, is enhanced 1.3 time relative to that ofFen
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regular octahedral coordinatiolf Fig. )3c. Two
pseudo-Voigt components, with a fixed FWHM value
of 1.5 eV, fit the pre-edge, as expected from the
above-mentioned considerations. Similar intensity
values are found in pre-edge spectra of coordination
compounds with octahedral Fe ( Westre et al.,
1997 . Site distortion, as in acmite Q£1.013)
and nontronite, exerts a strong influence on the
pre-edge shape and intensity Fig)3c . The intensity
of the FE" pre-edges in nontronite and acmite are
enhanced by 1.1 and 1.5, respectively, as compared
to andradite, and the relative intensity of the two # -
components are inverse relative to andradite. These ' )
observations are in accordance with a stronger hy- 7110 7112 7114
bridization of the 3d and 4p levels in distorted sites Energy (eV)
(Ga|0isy et al., 1999 . Fig. 4. Fe pre-edge extracted from the®Fe&k edge XANES
Fe** in a tetrahedral site has been studied in sPectrum of iron—yttrium garngt dotted Ine . The fit obtained

Fe-berlinite( FePO% Combes et al., 1989; Manceauy [S"9 Pseudo-Voigt components 6t ¥Fe afd*Fe( dotted
! ! lines) is represented as a full line. The shaded zones represent

et al., 1990 . Only one intense component is Ob- position of the contribution of Fé and F&* at 7112 and 7114
served, giving this pre-edge a peculiar shape. This ev, respectively.

pre-edge has a pure pseudo-Voigt shape, keeping the

fixed FWHM value of 1.5 eV. The strong enhance-

ment of the intensity of the pre-edge, 13, is similar to independent of site geometry. The pre-edge intensity,
that observed in the pre-edge spectra of coordination 9, is intermediate between that of the pre-edge of
compounds with tetrahedral ¥e ( Westre et al., °Fe** and “Fe**. The pre-edge spectrum of YIG
1997 . Pre-edge maximum occurs at 7097.9(eV Fig. was fitted with a linear combination of the compo-
30): as observed for E& | the position of the pre-edge nents used to fit the pre-edge spectra of Fe-berlinite
of ferric iron in a tetrahedral site is identical to the (*Fe*) and andradit€® Bé&) . As there is a priori
centroid position of F&" in an octahedral site 7114 no relation between the intensity of the pre-edge of
eV). This centroid is moved by-1.5 eV relative to ~ °Fe** and*Fe?*, the sum of the two contributions is

-
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the centroid position of the pre-edge ofFe not constrained to be 100% and may be used to
confirm the validity of the fitting procedure. The fit
3.2. Site distribution has been achieved with 64% and 26%'B6£** and

®Fe**. A discrepancy of about 10% is, thus, found

As silicate glasses show the coexistence of vari- between the calculated and experimental contribu-
ous cation site geometries, it is necessary to see thetions, probably due to an underestimated evaluation
influence of site distribution on pre-edge spec- of the °Fe** contribution. As the site symmetry of
troscopy. Some problems may arise when the pre- °Fe** is the same in the two garnets investigated,
edge results from the contribution of components there is no expected modification of the pre-edge
with different normalized absorbancies. In the case intensity of®Fe**. The observed deviation may then
of the coexistence of tetrahedral and octahedral sites,arise from the difficulty of extracting a pre-edge of
the former may give pre-edges more intense by a low-intensity from the experimental XANES spec-
factor 3—4 than the latter. We have then fitted the trum (uncertainty of= 10%).
pre-edge of YIG( Fig. # , a garnet that contains 60%
and 40% of'Fe** and®Fe**. The centroid position  3.3. Pre-edge spectroscopy of synthetic glasses
of the experimental pre-edge spectrum is the same as
for the other F&" reference compounds investi- In the synthetic augite glass, iron is only present
gated, a confirmation that pre-edge position is mostly as Fé*. The position of the pre-edge is in accor-



314 L. Galoisy et al/ Chemical Geology 174 20p1 307-319

dance with the position of the above studiedFe
referenceg Table)3 and gives a confirmation of the
absence of F& in the glass. Pre-edge intensity
excludes the possibility of the presence of only
sixfold-coordinated ferrous iron in this glass. It is
intermediate between that 8F€** in siderite and
that of * Fé* in staurolit€ Fig.)5 . The local envi-
ronment of ferrous iron in glasses is still debated,
due to the apparent inconsistency of the various
spectroscopic data available. Optical spectroscopy of

W & W
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UBQIOSQY PIZI[BULION

ju—y

Normalized Absorbance

various silicate glasses has been interpreted with 0 ....-‘ﬁ 10
Fe’* in distorted octahedra Fox et al., 1982; Kep- 7110 7112 7114 7116
pler, 1992 . Mossbauer and EXAFS spectroscopy Energy (eV)

4 + 5 +
(SCl;g%isfgdth;eggise:é:ng'ezW;);c:ue:]aslneglzlsselsgss_ Fig. 5._ Fe pre-edge. extraf:ted from the K-gdge XANES specFrum
! ! " ' of Fe in the synthetic augite glaés dotted Jine and thg Na Si O
Jackson et al., 1990; Brown et al., 1995 . More giass (plain lind . The position of the two pre-edges are in
recently, Mossbauer spectroscopy and Fe-K edge accordance with the expected position of the contribution 8 Fe
EXAFS in a CaFeSi @ glass have shown the exis- and Fé* at 7112 anq 7114 eV,. respectively.' Th.e differences. in
tence of a continuous site distribution fro“rﬁez* to gbsorbance values arise from different coordination states of iron
°Fe?* (Rossano et al., 1999a,b . Regarding pre-edgeIn these glasses.
spectroscopy, it has been shown that the intensity of
the pre-edge varies inversely with the coordination
number(i.e., 1( octa< | (fivefold-coordinated < | In Na,Si,O,/Fe glass, the pre-edge position
(tetra)) and with a departure from a centrosymmetric (7114 e\) confirms the presence of Fe as the
environment Roe et al., 1984; Randall et al., 1995 . main Fe oxidation staté Fig.)5. The width and
As for pre-edges of five-coordinated#e(  Westre et intensity of the pre-edge are in agreement with the
al., 1997 , the pre-edge of the augite glass is made of presence of only tetrahedral ¥e as evidenced in
one apparent major band corresponding to th& 1s previous studie§ Mysen, 1988 . EXAFS data on the
482 (*F) transition, occurring at 7112 eV. The pre- alkali silicate glasseé Calas and Petiau, 1983b; Hen-
edge intensity of the augite glass is, thus, in accor- derson et al., 1995; Brown et al., 1995 are also
dance with majority’Fe?* and is not inconsistent  consistent with’Fe**. The presence of about 15%
with a site distribution including alsoFe?*. Fet (Fox et al.,, 1982 explains a lower intensity
than in the Fe-berlinite reference, as well as the
slight asymmetry of the pre-edge. However, the pos-
sible presence of two distinct sites occupied by
Table 3 tetrahedral ferric iron, revealed by luminescence
Apparent po§ition and intensity of the pre-edge components in the spectroscopy of sodium silicate glas€es Fox et al.,
glasses studied .
1982, cannot be confirmed by pre-edge spec-

Glass Positiolf ey Intensity troscopy

Augite glass 7096.0 5.3

Na, Si, O5:Fe 7098.0 10.8 - - - -

ErtaAle basalt 7096.2 40 3.4IL O_X|de|1t|on states of iron and site occupancy in
70077 25 volcanic glasses

Oxidized basalt 7096.1 35
7097.7 4.7 3.4.1. Basaltic glass from Erta’Ale Ethiopia

Pantellerite( Boinh 7096.1 3.6 The iron pre-edge spectrum of this volcanic glass
70978 51 is broader than in Fé or Fe* references, due to

Error+0.2 V. the presence of both Ee and Fé*. It consists of
PEstimated uncertainty: 10%. two distinct contributions: a major peak at 7112 eV
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(apparent intensity of ¥ and a shoulder at higher transition elements in silicate glasses, such as nickel
energy, 7114 e\ apparent intensity of (6 Fig) 6a . (Galoisy and Calas, 1993 . These low-coordinated
These values correspond to the above-mentioned po-sites may be interpreted as resulting from the struc-
sition for the Fé* and Fé* pre-edges with an  ture dynamics, in which the melt rheology implies
apparent major contribution of Ee. Previous spec-  important motion at the atomic scale as indicated by
tra (Delaney et al., 1996, 1998 , obtained under low high-temperature studies of silicate glasses and melts
spectral resolution, indicated an apparent shift of the (see, e.g., Stebbins, 1995 . These motions favor low
pre-edge as a function of the Fe oxidation state. The coordination sites, which may be preserved at the
instrumental resolution under the experimental con- glass transition temperatute g .

ditions used in this study, about 1.5 eV, allows the On the high-energy side of the pre-edge, the
resolution of the two contributions from Fe and presence of an unsplit feature at 7114 eV indicates
Fe* oxidation states, separated by 2 eV, which an apparent major contribution 8Fe**. This fea-
contribute to the total pre-edge in a bimodal distribu- ture is well reproduced by the linear combination
tion model. procedure, using 0.09 and 0.06‘%fe** and®Fe?",

The ferrous contribution in the iron pre-edge spec- indicating 0.15 total F¥. If only *Fe** is consid-
trum of the basaltic glass has been fitted using the ered, the intensity of the corresponding component
augite glass reference spectrum. This shows that thewould be higher than the 2.6 intensity of the 7114
surrounding of ferrous iron is similar in both glasses. eV shoulder. Furthermore, as #epartly absorbs at
Another indication is the relative intensity of this 7114 eV, an even lower contribution must be consid-
reference spectrum, 0.78, which is consistent, though ered. Thus, the contribution of low-absorbing species,
slightly underestimated, with the redox estimate in such as’Fe**, is needed to fit the high-energy side
this glass from wet chemical analysis 82%?Fe : of the spectrum. As for YIG, th&Fe** contribution
Table 1 . Earlier spectroscopic studies of the ferrous is probably underestimated, owing to the difficulty of
iron structural surrounding in basaltic glasses indi- extracting a pre-edge of low-intensity from the
cated the presence of mostly #e( Bell et al., XANES spectrum. The presence 8fe** is an
1976; Nolet et al., 1979; Dyar and Burns, 1981 . important feature of the basaltic glass. By contrast to
XANES data indicate lower coordination numbers, alkali silicate glasses in which ferric iron is mainly
mainly °Fe?*, which would be consistent with a fourfold-coordinated, the Mossbauer isomer shift in-
similar polymerization of the two glasses. Such low creases with the ionization potential Mysen, 188 .
coordination numbers have been found for other This modification might indicate the presence of
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Fig. 6. Fe pre-edge extracted from the K-edge XANES spectra of volcanic glasses, Erta’Ale basalfic)glass a , oxidized b&salt glass b an
Boina pantelleritic glas$ )c . The dotted line indicates the experimental spectrum, the dashed lines represent an augite glass compone
(model for Fé* in glassas afd ¥e ahd3Fe components, and the plain line represents the fit. The shaded zones represent position
the contribution of F&" and Fé™ at 7112 and 7114 eV, respectively.
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°Fe’* in alkaline earth silicate glasses. In addition, tween the contribution of B& estimated from pre-
°Fe’* is also favored under reducing conditions, edge spectroscopy and that from chemical analysis.
when Fé* /SFe is lower than 0.5 Mysen, 1988 . Fe&?* coordination may then be influenced by the
The high proportions of MgO and CaO and the low oxidation process, with a higher proportion of six-
Fe** /SFe ratio in this glass might then explain the fold-coordinated ferrous iron. The same observation
presence of significant amounts &¥e**. This result holds for ferric iron, in which the apparent fourfold
is consistent with existing Mossbauer spectra of coordination corresponds indeed to a minority coor-
basaltic glasses, which give ¥e Mdssbauer isomer  dination state, as the majority of Feis sixfold-co-
shifts intermediate between fourfold and sixfold-co- ordinated. Crystallization of magnetite at 70Q0has
ordinated ferric iron, although the two contributions been evidenced in this glass by 'Mossbauer and mag-
cannot be resolved by this methéd Helgason et al., netic susceptibility measuremelfts Auric et al., 1982 .
1992 . It is interesting that modal analyses indicate The increase of Fe** will favor the formation of
the presence of normative magnefite 2.91%: Barberi this phase, as it is only normative in natural basaltic
et al.,, 1973 as no magnetite crystals have been glasses( see abave . In addition, the proportions of

identified. The proportion of Fe** and °Fe** in Fe* in fourfold and sixfold coordination, derived
this basaltic glass well correlates with the site distri- from high-resolution pre-edge spectra, may reflect
bution in this phase. some Fe ordering, making easier the nucleation of

this phase at high temperature. Recent EXAFS mea-

3.4.2. Oxidized basaltic glass from the Holyoke surements have shown the possibility of significant
Basalt Flow( USA cation ordering in glasses that show a great ability to

This basaltic glass shows a pre-edge feature thatnucleate( Cormier et al., 1999 . In that case, the
shows the distinct contribution of the two Fe oxida- medium range structure approximates that observed
tion states, as observed for the previous basaltic in the crystal, which will form from the glagsmelt.
glass. The different shape comes from different con-
tribution of ferric and ferrous components. The posi- 3.4.3. Pantelleritic glass from Boina Ethiopia
tion of the apparent maximurt Fig. Bb and the The pre-edge spectrum has a shape similar to that
shoulder observed at lower energy is consistent with of the oxidized basaltic glass, consistent with a major
the positions determined in pre-edge spectra 6f Fe  contribution of tetrahedral Fé (  Fig. bc . Here too,
and Fé* references. In this glass, the major appar- the two contributions from Fé and Fé" are re-
ent contribution comes from B&, in which the solved under the instrumental conditions chosen, a
fourfold coordination seems to dominate, as indi- confirmation of the bimodal distribution of the fer-
cated by the absence of splitting. The sum of the rous and ferric contributions. The use of the augite
various contributions to the whole fit is 1.13, with glass as a reference for ¥ein this glass is not
individual contributions fronfFe** and“Fe** and adapted, as the low-energy side of the spectrum is
from F€* of 0.35, 0.22 and 0.56, respectively. not correctly fitted. This may arise from the strong

This indicates an overestimate of the Fe-content compositional difference between the augite refer-
of the glass, using these references, due to the presence glass and this more silicic volcanic glass
ence of higher proportions of low-absorbing, high- (Barberi et al., 197% . By contrast, the*fe  contri-
coordinated ferric and ferrous iron. By contrast to bution is correctly fitted with a mixture dfFe** and
that of ferrous iron, the estimate of ferric iron is °Fe**. The sum of the various components of the fit
consistent with wet chemical analysi¢ Band- shows an overall overestimate of 6%. The propor-
yopadhyay et al., 1980 , 57% and 52%’Fe , respec- tions of Fé" and Fé" derived from the fit are 0.63
tively. and 0.43, respectively. These values are different

The small visual deviation observed between the from the values given by the wet chemical analysis,
fit and the experimental spectrum around 7112 eV is 50% Fé* and 50% Fé ( Barberi et al., 1974 .
probably related to a slight modification of the local The CIPW norm of this rock is based on two
environment around Eé in the oxidized basaltic  normative phases for B¢  and*®e |, ferrosi(ite )8%
glass, in relation with the discrepancy observed be- and acmite( 10.2% , respectively Barberi et al.,
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1974 . The acmite component might indicate the counts for the observed chemical dependence
presence of Fe** in the liquid, as the ferrosilite  (Holmquist, 1966 :
would be consistent with a simple Fe—Si chemical
correlation. Pre-edge spectroscopy shows a more4FeQ,-2 4FEt +60%* + 0,. (2
complex distribution of Fe coordination numbers, ) .
indicating various ways of chemical association be- ~ High-resolution pre-edge spectra show that the
tween glass components. The deviation of the fit for relative proportion of' Fe", the FeQ- species in
the Fé* contribution is consistent with a stronger Ed- (2, is higher thalt F¢ in peralkaline glasses
contribution of*Fe?*, which may be related to the relative to basaltic glasses. In a tetrahedral coordina-
more polymerized nature of the glass structure as tion, the Fé*~O bond is more covalent than in the
compared to the augite glass. By contrast*'Fés higher coordlnatlon. geometries. Thg m0(_j|f|cat|on _of
slightly underestimated, an indication of minor low- the average coordination of fgrnc iron in volcanic
absorbing species with high coordination numbers, glasses results from the chemical dependence of the
such aFe¥*. The relative proportions SfFe*t and ferrous—ferric equilibria observed in magmatic sys-
*Fe** are 0.15 and 0.28, respectively, indicating an €MS.
increase of the proportion ofFe®*, relative to the
basaltic glasses investigated in this study. The pres-
ence of a minof Fe** proportion is explained by the
mildly reducing conditions, as a redox state of
Fe’* /SFe= 0.5 has been shown to favor the exis-
tence of high F& coordination states in alkali Pre-edge spectroscopy appears to be a powerful
aluminosilicate glasses Mysen and Virgo, 1989 . method to determine redox and structural informa-
This pantelleritic glass correspond to the most tion around iron in synthetic and volcanic glasses.
differentiated, peralkaline term of the Boina volcanic Pre-edge spectra can be reproduced with about 90%
series, in which oxidizing conditions are prevailing. confidence using a linear combination between a
Ferrous-ferric equilibria in simple glasses show that Fe?* augite glass andFe** and®Fe** references.
the ferric state is favored by an increasing glass The discrepancies observed between the redox val-
basicity, i.e., at increasing alkali contént Thornber et ues determined from high-resolution pre-edge spec-
al., 1980; Kilinc et al., 1983; Paul, 1990 . The excess troscopy and chemical analysis may arise from the
of alkalis in this peralkaline composition would fa- pre-edge extraction from the main edge or from
vor the formation of'Fe**, as they play a role of  differences in the site geometry between the refer-
charge compensator. By contrast, the presence ofences used and the studied glass. Under high-resolu-
alkaline earths in basaltic glasses favBEe**, be- tion data acquisition, the pre-edges appear to result
cause of their low ability for charge compensating from a bimodal distribution between both oxidation
trivalent network formerg Navrotsky et al., 1985 . states, although under low spectral resolution the
The relative increase dfFe** from basaltic to pan-  pre-edge may only show an apparent shift as a
telleritic glasses may, in turn, give some structural function of the F&" /Fe** ratio. This study shows
support to the chemical dependence of redox equilib- that important errors can be made in the quantitative
ria. If the redox reaction is written in terms of simple determination of oxidation states if site geometry is

4, Conclusion

ionic species, as: not taken into account. An important set of informa-
tion may also be gained on the sites occupied by

4F€" glass+ O, glasse 4F€’" glass+ 207 glass, ferrous and ferric iron in volcanic glasses. The im-
(1) portance of°Fe in basaltic glasses and the preva-

lence of*Fe in silicic pantelleritic glasses are a result
then the redox equilibria show a chemical depen- of the structural mechanisms, which drive the redox
dence, which is the opposite to what is observed, i.e., equilibria in silicate melts. High-resolution pre-edge
that ferric iron is favored as ©  activiy i.e., melt spectroscopy is then a new tool to investigate the
basicity decreases. The Holmquist expression ac- evolution of iron surrounding in volcanic glasses.
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