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ABSTRACT

We report a new occurrence of the rare mineral wiluite, the B-rich equivalent of vesuvianite, from Ariccia, Alban Hills 
volcano, Rome, Italy. The specimen studied was found in the collection of the Museum of Mineralogy of the University of Rome 
(label MMUR22496/482). Wiluite from Ariccia was sampled at the Parco Chigi quarry, within the phreatomagmatic unit emitted 
by the Albano maar known locally as “Peperino di Marino”. It occurs as dark brown to black euhedral, well-formed prismatic 
crystals, up to 1.0 cm in length and 0.5 cm across. Optical observations show a weak pleochroism and an imperfect extinction. 
The mineral is uniaxial (+) with � 1.722(2) and � 1.727(2). It is tetragonal P4/nnc, a 15.716(2), c 11.704(2) Å, V 2890.8(7) Å3. 
The crystal-chemical formula, obtained by combining EMP, SIMS and XREF data and calculated on the basis of 18 Si atoms, is: 
X(Ca18.72Mg0.15Sr0.02La0.05Ce0.04Nd0.01) Y(1)(Fe3+

0.36Mg0.26Ti0.27Mn0.11) Y(2)(Al3.67Fe3+
0.19Mg0.14) Y(3)(Al3.29Fe3+

1.36Mg3.35) T(1)(B2.18
Al0.02Be0.02H0.47�1.31) T(2)(B0.68H0.32) ZSi18O68 

O(11)(F1.21O6.79) [O(10)+O(12)]O2.68. The micro OH-stretching FTIR spectrum consists 
of a defi ned triplet of broad bands at 3639, 3573 and 3488 cm–1, respectively, and a very broad, composite absorption at 3300 
cm–1. All bands are strongly polarized, with maximum absorption for E // c and minimum absorption for E � c. The integrated 
molar absorption coeffi cient for wiluite is �i = 90.000 ± 1500 l mol–1 cm–2. In the 1600–1100 cm–1 region, absorptions due to 
both [3]B–O and [4]B–O bonds are observed. The Mg and Al K-edge X-ray-absorption spectra are consistent with the presence of 
two octahedral coordination sites for both atoms, as determined by XREF, with the addition of a third, highly unusual, fi ve-fold 
pyramidal site for the divalent cation.

Keywords: wiluite, vesuvianite, electron-microprobe data, secondary-ion mass spectrometry, infrared spectroscopy, single-crystal 
X-ray diffraction, boron, Ariccia, Italy.

SOMMAIRE

Nous décrivons un nouvel exemple de la wiluite, espèce rare, l’analogue riche en bore de la vésuvianite, provenant d’Ariccia, 
volcan des collines albanes, à Rome, en Italie. L’échantillon a été trouvé dans la collection du Musée de Minéralogie de l’Uni-
versité de Rome (numéro MMUR22496/482). Cet échantillon provient de la carrière de Parco Chigi, de l’unité phréatomagma-
tique émise par le maar de Albano, appelée localement “Peperino di Marino”. La wiluite y est présente en cristaux prismatiques 
idiomorphes bruns foncés à noirs, atteignant 1.0 cm de long et 0.5 cm de diamètre. Les observations optiques révèlent un faible 
pléochroïsme et une extinction imparfaite. Le minéral est uniaxe (+), avec � 1.722(2) et � 1.727(2). Il est tétragonal P4/nnc, a 
15.716(2), c 11.704(2) Å, V 2890.8(7) Å3. La formule cristallochimique, obtenue à la lumière des données obtenues avec une 
microsonde électronique, une microsonde ionique et par diffraction X sur monocristal, et recalculées sur une base de 18 atomes 
de Si, serait: X(Ca18.72Mg0.15Sr0.02La0.05Ce0.04Nd0.01) Y(1)(Fe3+

0.36Mg0.26Ti0.27Mn0.11) Y(2)(Al3.67Fe3+
0.19Mg0.14) Y(3)(Al3.29Fe3+

1.36M
g3.35) T(1)(B2.18Al0.02Be0.02H0.47�1.31) T(2)(B0.68H0.32) ZSi18O68 

O(11)(F1.21O6.79) [O(10)+O(12)]O2.68. La microspectrométrie infrarouge 
de la zone d’étirement de OH avec transformation de Fourier révèle un trio de bandes fl oues, à 3639, 3573 et 3488 cm–1, respec-
tivement, et une absorption composite très fl oue à 3300 cm–1. Toutes ces bandes sont fortement polarisées, avec une absorption 
maximum pour E // c et une absorption minimum pour E � c. Le coeffi cient d’absorption molaire intégré de la wiluite �i serait 
90.000 ± 1500 l mol–1 cm–2. Des absorptions dues aux liaisons [3]B–O et [4]B–O sont présentes entre 1600 et 1100 cm–1. Les 
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spectres d’absorption des rayons X émis par Mg et Al concordent avec la présence de deux sites à coordinence octaèdrique pour 
chaque atome, tel qu’indiqué par affi nement de la structure, et aussi la présence d’un troisième site très inhabituel à coordinence 
cinq, pyramidal, pour le cation bivalent. 

 (Traduit par la Rédaction)

Mots-clés: wiluite, vésuvianite, microsonde électronique, microsonde ionique, spectroscopie infrarouge, diffraction X sur mono-
cristal, bore, Ariccia, Italie.

INTRODUCTION

Wiluite, Ca19(Al,Mg,Fe,Ti)13(B,Al,�)5Si18O68
(O,OH)10, is the B-rich analogue of vesuvianite, 
recently characterized from a sample of Wilui River, 
Sakha Republic, Russian Federation, and found within 
serpentinite associated with grossular and serpentine-
group minerals. Although it has been known for some 
time that vesuvianite commonly contains boron and that 
vesuvianite from the Wilui region, in particular, contains 
signifi cant amounts of boron (indeed, the name wiluite 
had been in use in the literature for samples from there 
for a long time), the species had never been formally 
defi ned until the work of Groat et al. (1998). As shown 
by Groat et al. (1994) vesuvianite can incorporate up 
to 4 wt% B2O3, the boron substitutes for H, according 
to the BMgH–2Al–1 exchange vector. Boron is distri-
buted over two sites of the vesuvianite structure: T(1), 
where it replaces two H1 hydrogen atoms and adopts 
tetrahedral coordination, and T(2), where it replaces one 
H2 hydrogen atom and adopts triangular coordination 
(Groat et al. 1994, 1996).

During a systematic crystal-chemical study of vesu-
vianite-group minerals (Bellatreccia 2003) collected 
in the tephra scattered within the Plio-Pleistocene 
volcanic region of Latium, Italy, we found that most of 
the samples studied contain signifi cant boron, and one 
sample in particular has B >> 0.25 atoms per formula 
unit (apfu), thus allowing it to be classifi ed as wiluite. 
Wiluite is a very rare mineral and has been so far 
reported only from three localities in the world (Groat 
et al. 1998): 1) Wilui River, Sakha Republic, Russian 
Federation, 2) Templeton Township, Quebec, Canada, 
and 3) Bill Waley mine, Tulare County, California, 
USA. Here, we report on the crystal-chemical study of 
wiluite from Ariccia, Latium, Italy, a new occurrence. 
We emphasize that the high B content of vesuvianite-
group minerals from Alban Hills, and from the Ariccia 
quarry in particular, had previously been noted (A. 
Taddeucci, pers. commun.); however, the data were 
never published.

OCCURRENCE, PHYSICAL 
AND OPTICAL PROPERTIES

The crystal chosen for study is from the collection 
housed in the Museum of Mineralogy of the University 

of Rome “La Sapienza” (label MMUR 22496/482, 
hereafter 26FB). It was collected at the ignimbrite quarry 
of Parco Chigi, Ariccia community, Rome, Latium. The 
phreatomagmatic unit in which wiluite occurs, locally 
known as “Peperino di Marino”, erupted about 23,000 
years ago from the polygenetic Lake Albano maar, part 
of the Alban Hills volcano in central Italy (Giordano 
et al. 2002). In Latium, vesuvianite typically occurs in 
skarn-type ejecta (Bellatreccia 2003), which are frag-
ments of the metasomatized carbonate-rich wallrock. 
Wiluite from Parco Chigi is found scattered within the 
pyroclastic deposit; as such, it is unclear whether it 
originated from disaggregated metasomatic xenoliths 
or by magmatic crystallization.

Wiluite occurs as well-formed, euhedral, prismatic 
crystals (Fig. 1), with a maximum dimension of 1.0 
cm along c and 0.5 cm across. All crystals show a 
well-defi ned morphology, with a short prismatic habit; 
they consist of tetragonal {100} and {110} prisms 
doubly terminated by ditetragonal {101} pyramids 
cut at the apex by the {001} pinacoid. They are dark 
brown to black in hand specimen. In thin section, the 
mineral is colorless to light yellowish green, very 
weakly pleochroic. There is a strong optical sector-
zoning, from cross-hatched domains to fi ne lamellar 
zones; under crossed polarizers, the extinction is never 
perfect. The indices of refraction were measured on a 
single polished surface of more than 1 mm2 using a 
jeweller’s refractometer in monochromatic light (590 
nm), with an accuracy of about 0.002 (Hurlbut 1984). 
Wiluite from Ariccia is uniaxial (+), with � 1.722(2) 
and � 1.727(2). Vesuvianite is an optically negative 
mineral (Deer et al. 1982); however, B-rich vesuvianite 
(and wiluite) are invariably positive (Groat et al. 1992, 
1998). Borovikova et al. (2003) recently revised the 
optical characteristics of a large number of samples 
and concluded that, among the B-rich (low- and high-
symmetry) vesuvianite samples, those containing [3]B 
are negative, whereas those containing [4]B are positive. 
Owing to the mixed occupancy of the T sites, the actual 
distribution of boron between sites and the coordination 
of B are not easy to obtain directly with X-ray methods. 
This information, however, is provided, at least qualita-
tively, by IR spectroscopy in the B–O stretching region 
(1200–1000 cm–1). Powder and single-crystal spectra 
(see below) of wiluite from Ariccia show absorptions 
due to both [BO3]3– and [BO4]5– groups. Therefore, it 
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is unclear whether the optical sign of vesuvianite is 
indeed directly linked to the coordination of B in the 
structure.

CHEMICAL COMPOSITION

Wavelength-dispersion (WD) analysis of the sample 
for the main and trace constituents was done using a 
Cameca SX50 electron microprobe at the CNR – Isti-
tuto di Geologia Ambientale e Geoingegneria (IGAG), 
Università di Roma “La Sapienza”. Analytical condi-
tions were 15 kV (accelerating voltage) and 15 nA 
(beam current), with a 5 �m beam diameter. Counting 
time was 20 s on both peak and background. We used 
the following standards: wollastonite (SiK�, TAP; 
CaK�, PET), periclase (MgK�, TAP), corundum (AlK�, 
TAP), magnetite (FeK�, LIF), rutile (TiK�, LIF), Mn 
metal (MnK�, LIF). Analytical errors are 1% relative 
for major elements and 5% relative for trace elements. 
Data reduction was done by the PAP method (Pouchou 
& Pichoir 1985).

We established the concentrations of the light 
elements, Y, Sr, and the rare-earth elements (REE) on 
the same mount by secondary-ion mass spectrometry 
(SIMS) using an ion microprobe (Cameca IMS 4f) at 
CNR – Istituto di Geoscienze and Georisorse (IGG), 
Università di Pavia. A 16O– primary ion beam accele-
rated at 12.5 kV, with a beam intensity of 3 nA and a 
beam diameter ≤5 �m, was employed. The CaO content 
(wt%), derived by electron-microprobe analysis, was 
used as the internal reference for Y, Sr and the REE, 
whereas the SiO2 content (wt%) was selected for H, Li, 
Be and B. Both CaO and SiO2 were used in the quan-
tifi cation of levels of F, U and Th (Ottolini & Oberti 
2000). We used as standards the Snarum and Durango 
apatites for the REE, Y and Sr, BB and LL Std b glasses 
for U and Th, and danalite for Be. For the calibration 
of H, Li and B, low-Si silicate standards were used (see 
Ottolini et al. 2002 for details). The analytical accuracy 
is estimated to be 10% relative for H and F, and close to 
5% relative for Li, Be and B. For the heavier elements, 
the relative uncertainty is discussed in detail in Ottolini 
& Oberti (2000).

The overall composition of the wiluite from Ariccia, 
obtained by combining EMPA (Si, Al, Mg, Ca, Fe, Ti 
and Mn) and SIMS data (H, Li, Be, B, F, Y, REE, Th, 
U and Sr), is reported in Table 1. The crystal-chemical 
formula is based on 18 Si atoms, thus excluding Al 
from the Z sites, in agreement with the standard formula 
suggested by Groat et al. (1996); this procedure is also 
supported by our XANES results (see below). Wiluite 
from Ariccia has a composition very similar to wiluite 
from the Sakha Republic (Groat et al. 1998), the only 
notable difference being the signifi cantly higher B and 
F contents. The chondrite-normalized REE pattern 
(REEcn) of this sample of wiluite (Fig. 2) is broadly 
similar to the patterns displayed by most minerals from 
the volcanic ejecta of Latium (Della Ventura et al. 1993, 

1996, 1999, Oberti et al. 1999, Ottolini & Oberti 2000). 
It shows a significant enrichment in the light rare-
earth elements (LREE) and a linear decrease toward 
the heavy rare-earth elements (HREE). An interesting 
feature arises when comparing the REEcn pattern of the 
sample studied with the patterns of lavas or volcanic 
ejecta from the same locality (Fig. 2). Wiluite shows a 
strong enrichment in the LREE relative to the host rock, 
and a signifi cant depletion in the HREE. This behavior 
suggests that vesuvianite-group minerals have a defi nite 
preference for LREE over HREE. For a sample from 
San Benito County, California, Fitzgerald et al. (1987) 
reported a total REE content of 14.74 wt%, the chon-
drite-normalized pattern of which (not shown in Fig. 2) 
is identical to the pattern of our sample of wiluite. 
However, this point cannot be defi nitively evaluated 
because, in the mineralogical literature, REE data on 
vesuvianite-group minerals are rare and incomplete.

CRYSTAL STRUCTURE

Experimental

A crystal of 0.23 � 0.22 � 0.20 mm was selected for 
X-ray data collection on the basis of its sharp extinction. 
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(except for B content) were used as starting parameters 
for the structure refi nement.

Weighted full-matrix least-square refi nements were 
completed using SHELX–97 (Sheldrick 1997). Scatte-
ring factors were taken from International Tables for 
X-ray Crystallography (Hahn 1995, Wilson 1995). The 
weighting scheme was w = [�2(Fo

2) + (a*P)2 + b*P] 
where P = [0.3333 * max. of (0 or Fo

2) + (1 – 0.3333) 
* Fc]. Refi nement parameters are given in Table 2, and 
atom coordinates and thermal displacement parame-
ters, in Table 3, whereas in Table 4, we list selected 
bond-lengths and angles. Observed and calculated 
structure-factors are reported in Table 5, which may 
be obtained from the Depository of Unpublished Data, 
CISTI, National Research Council of Canada, Ottawa, 
Ontario K1A 0S2, Canada.

Site assignment

Site assignment (Table 6) have been calculated 
by comparing refi ned site-scattering values (Table 3), 
results of EMPA + SIMS chemical analyses normalized 
on the basis of 18 Si apfu (Table 1), and observed mean 
bond-lengths (Table 4). The REE are ordered at X(3); 

FIG. 1. Crystal habit of wiluite from Ariccia; width of fi eld of view: 5 cm.

Diffracted intensities were recorded using a single-
crystal Nonius Kappa CCD diffractometer at the Institut 
für Mineralogie und Kristallographie, Geozentrum, 
Universität Wien (Austria) with a MoK� (� = 0.71073 
Å) sealed tube. The crystal-to-detector distance was 28 
mm. A total of 406 images were recorded by �- and �-
rotations of 2° in eight sets of images. Integration time 
for each frame was 65 s. Intensity data were extracted 
from images using the DENZO–SMN software package 
(Otwinowski & Minor 1997). Data were corrected for 
Lorentz, polarization and background. An empirical 
“multi-scan” absorption correction was applied (Otwi-
nowski & Minor 1997). Unit-cell parameters were 
obtained by refi ning the position of all the integrated 
intensities.

The wiluite from Ariccia is tetragonal, space group 
P4/nnc, as indicated by the limited number (16 out 
of 2339) and the very weak intensity of refl ections 
violating the extinction conditions (<I/�(I)> < 1). 
Atom coordinates published by Groat et al. (1996) for 
a specimen of vesuvianite from the Bill Waley mine, 
Tulare County, California (sample V56 of Groat et al. 
1992), having a very similar chemical composition 
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calculated site-scattering values (163.3 electrons per 
formula unit, epfu) are in agreement with the observed 
values at the X(3) site (Table 3).

Scattering curves for Al3+ and Fe3+ were used to 
refi ne the site-occupancy factor (s.o.f.) of the octahe-
drally coordinated Y(2) and Y(3) sites. The observed 
site-scattering values (54.7 epfu, i.e., 13.7 electrons 
per site) and mean bond-lengths (<Y(2)–O,O(11A)> = 
1.900 Å and <Y(2)–O,O(11B)> = 1.943 Å) are compa-
tible with almost full occupancy of Al at Y(2), whereas 
signifi cant Al(Fe3+,Mg) –1 substitution must occur at the 

Y(3) site (20.3 electrons per site; <Y(3)–O,O(11A)> = 
1.994 Å and <Y(3)–O,O(11B)> = 2.013 Å). The Y(1) 
site has fi ve-fold coordination and can be occupied by 
variable amounts of Al, Fe3+, Mg, Ti and Mn. In our 
model, we used the scattering curve of Fe3+, leaving the 
site-occupancy factor at this site free to vary. Because 
the distance between the Y(1) and X(4) sites along the 
channels parallel to the c axis is only 1.022 Å, only 
half occupancy is possible for Y(l). Groat et al. (1994) 
refi ned split positions at the O(10) and Y(1) sites to 
account for the large RMS displacement observed at 
these two sites. We also observe large values of the 
atom-displacement parameter at these sites, but a test to 
split both atom positions yielded an unstable refi nement. 
Therefore, the observed values of the atom- displace-
ment parameter can be interpreted as due to the variable 
occupancy of the Y(1) sites by various cations. In fact, 
the refi ned site-scattering value at the Y(1) site (21.7 
epfu, Table 3) and mean bond-length (<Y(1)–O> = 2.090 
Å) are compatible with its alternate occupancy by small 
high-charge Fe3+ (Ti4+) cations and larger low-charge 
Mg (Mn2+) cations, whereas Al can be excluded owing 
to its short ionic radius that makes it incompatible with 
the observed mean bond-length for Y(1).

In B-rich vesuvianite and wiluite, B is ordered at the 
T(1) and T(2) cavities (Groat et al. 1994, 1996, 1998). 
We refi ned the site occupancy and anisotropic displa-
cement parameters at the T(1) site. Boron occurs at the 
T(1) cavity in tetrahedral coordination with two oxygen 
atoms at the O(7) sites and two anions at the O(11) sites. 
The refi nement showed high values of the atom-displa-

FIG. 2. Chondrite-normalized REE pattern of the wiluite compared with that of the 
volcanic rocks from the Alban Hills (Federico et al. 1994, Peccerillo et al. 1984) and 
hellandite-(Ce) (Oberti et al. 1999). REE normalization-factors are based on chondrite 
C1, from Anders & Ebihara (1982).
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cement parameters at both the O(7) and O(11) sites, 
each split into two positions [see Fig. 3 for details of the 
electron density at the O(7) sites], as already observed 
by Groat et al. (1994). Occupancy for each split site was 
constrained to be complementary, but no constraint on 
the occupancy of the O(7) and O(11) sites was applied. 
Isotropic displacement parameters were refi ned for both 
split sites. A separation O(11A)–O(11B) of 0.23 Å and 
O(7A)–O(7B) of 0.52 Å was obtained at convergence, in 
agreement with the fi ndings of Groat et al. (1994). Thus, 
our model depicts a local environment with large vacant 
T(1) tetrahedral cavities formed by two O(7A) and two 
O(11A) anions, and smaller occupied tetrahedral T(1) 
sites coordinated by two O(7B) and O(11B) sites. Our 
refi nement yielded a site occupancy complementary for 
O(7)B and O(11B), compatible with half occupancy 
of T(1) sites (Table 3). Following Groat et al. (1994, 
1996), the T(1) sites can be occupied by B and Al. The 
observed mean bond-length (<IVT(1)–O(B)> 1.514 Å) is 
rather large for full occupancy by boron (<IVB–O> 1.47 
Å; Shannon 1976) and too short for full occupancy by 
aluminum (<IVAl–O> 1.75 Å; Shannon 1976). There-
fore, most of the scattering at T(1) must be due to B. 
In terms of the observed site-scattering values (10.43 
epfu), we estimate 2.09 apfu of B at T(1). However, this 

value is probably underestimated because some of the 
electron density near the T(1) site was still present in 
the difference-Fourier maps.

The T(2) site lies between two O(10) anions along 
the channels parallel to the c crystallographic axis. 
In B-bearing vesuvianite, H at this site [i.e., H(2)] 
is partially or totally replaced by B. One additional 
partially occupied oxygen atom [O(12)] around the T(2) 
site is observed in X-ray-diffraction data in cases where 
B enters at the T(2) site (Groat et al. 1994, 1996). In 
this case, the coordination at the T(2) sites is a matter 
of debate. Groat et al. (1996) have proposed a mixed 
coordination model for B at the T(2) sites in B-rich 
vesuvianite. On the basis of the observed site-scattering 
values and short-range order, those authors proposed 
that most of the B at T(2) has planar 3-fold coordina-
tion [with one O(10) site vacant and only two of the 
eight possible O(12) sites occupied], whereas some B 
has linear coordination with two O(10) anions. In our 
model, the site occupancy of the T(2) and O(12) sites 
has been refi ned using the scattering curve of B and O2–, 
respectively. These two sites were refi ned considering 
isotropic displacement parameters, and the value of 
T(2) was fi xed at 0.01 Å2. At convergence, a residual 
maximum was found at a distance of 0.9 Å from O(10) 
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with atom coordinates very close to those of Lager et al. 
(1999) for the H(2) site [the observed z/c coordinate of 
H(2) is 0.293, in agreement with the value 0.28 reported 
by Lager et al. 1999]. Therefore, this atom position was 
added to the model, which fi xed the site coordinates 
and the isotropic displacement parameter at 0.02 Å2. 
The refi ned site-scattering value at T(2) is compatible 
with nearly full occupancy by B. This being the case, 
we should observe site occupancies 0.25 for O(12) and 
0.5 for O(10). However, the refi ned site-occupancies are 
0.17 and 0.66, respectively. This fi nding is compatible 
with a 32% occupancy by H and 68% occupancy by 
B at T(2), yielding a lower site-scattering value than 
observed (3.72 epfu versus 5.08 apfu observed). Owing 

FIG. 3. The shape of the electron density at the T(1) and 
T(2) sites showing disorder at the O(7) and T(1) sites. The 
O(11) sites are out-of-plane aligned with T(1) and T(2). 
Contours at 2 e–. Difference-Fourier map projected onto 
the (22̄3) plane; contour lines in steps of 2 e–Å–3 starting 
from 2 e–Å–3.
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to the diffi culty in accounting for a model with two 
weak scatterers at a distance of only 0.5 Å, the observed 
site-scattering value at T(2) may be overestimated. 
Moreover, Lager et al. (1999) found a large value of 
root-mean-square (RMS) displacement associated with 
H(2) in room-temperature neutron-diffraction data, and 
interpreted this feature as due to disorder of the H(2) 
atom. The IR spectrum discussed in the next section 
shows that there is some disordered H at the H(2) sites, 
as indicated by the weak and broad JK absorption bands. 
Considering triangular coordination for B at T(2), the 
observed mean bond-length (1.344 Å) is shorter than 
expected for B in this coordination (1.37 Å), but still in 
good agreement considering the error associated with 
the coordinates of the O(12) site.

INFRARED SPECTROSCOPY

Single-crystal, polarized-light spectra were collected 
on a section 18-mm-thick oriented parallel to (100), 
using a Perkin Elmer FTIR 1760X spectrophotometer, 
equipped with Olympus IR microscope, a nitrogen-
cooled MCT detector, and a golden wire AgBr polarizer. 
The OH-stretching FTIR spectrum (Fig. 4) invariably 
consists of a rather well-defi ned triplet of broad bands 
labeled B (3639 cm–1), D (3573 cm–1) and F (3488 
cm–1) (the band notation used here is from Groat et al. 
1995) and a very broad, composite absorption at 3300 
cm–1 (JK in Fig. 4). This pattern is characteristic of B-
bearing vesuvianite (e.g., Groat et al. 1995, Bellatreccia 
et al. 2004). Figure 4 also shows that all bands are 
strongly polarized, with maximum absorption for E // 
c and minimum absorption for E � c. This polarization 
behavior is in full agreement with the fi ndings of Groat 
et al. (1995), and supports the assignment of the higher-
frequency B, D and F triplet of bands to the O(11)–H(1) 
dipole, and the assignment of the lower-frequency broad 
absorption JK to the O(10)–H(2) dipole (Bellatreccia 
et al. 2004).

The quantitative determination of H2O (c, in 
wt.%) in minerals by IR spectroscopy is based on 

the Lambert–Beer law: c = ai / (�i*D), where ai is the 
integrated absorption coeffi cient measured from the IR 
spectrum, D is the density, and �i is the matrix-specifi c 
integral molar absorptivity, in l* mol–1* cm–2 (Beran et 
al. 1993, Libowitzky & Rossman 1997). For vesuvia-
nite, �i has been recently calibrated by Bellatreccia et 
al. (2005) for a large number of B-bearing samples. For 
wiluite from Ariccia �i = 9 ± 1.5 � 104 l* mol–1* cm–2 is 
calculated from the IR spectrum using the H2O content 
established by SIMS (0.239 wt.% H2O, Table 1). As 
shown by Bellatreccia et al. (2005), this value is in 
excellent agreement with the curve of Libowitzky & 
Rossman (1997).

The spectra collected in the 1600–1100 cm–1 region 
(Fig. 5) show several sharp bands with distinct pleo-
chroic behavior. This region is poorly studied; however, 
it is known (e.g., Ross 1974) that the most signifi cant 
B–O absorptions occur in this range. In particular, the 
stretching vibrations of the BO3 group are characteris-
tically found at higher frequency (1400–1200 cm–1), 
whereas the stretching vibrations of the BO4 group 
are observed at lower frequency (<1200 cm–1), thus 
partly overlapping the Si–O stretching bands (Grew 
& Rossman 1985). The BO3 group in the vesuvianite 
structure is oriented with the longer B–O(10) bond 
parallel to the c axis; therefore, the polarization beha-
vior shown in Figure 5 suggests the assignment of the 
1267 cm–1 band to this bond, and the assignment of the 
1370 cm–1 absorption to the two equivalent, and slightly 
shorter (1.40 versus 1.32 Å: Table 4) B–O(12) bonds. 
Assignment of the 1418 and 1472 cm–1 bands (Fig. 5) is 
unclear at the moment. A reasonable possibility involves 
the combination of lower-frequency bands. Alternati-
vely, these bands could be related to the presence in 
the structure of a minor proportion of CO3 groups; 
however, at present we do not have data to support (or 
dismiss) this possibility. The absorption at 1110 cm–1 

FIG. 4. Polarized absorption spectra of wiluite 26FB in the 
principal OH-stretching region. Section parallel to (100), 
thickness 18 �m.



 WILUITE FROM ARICCIA, LATIUM, ITALY 1465

can be assigned to the vibration of BO4 groups (Grew & 
Rossman 1985). Note that this band is not polarized in 
the (100) plane. This band can be confi dently assigned 
to the shorter T(1)–O(11) bonds (Table 4). Additional 
[4]B–O bands are expected in the spectrum at lower 
frequency, but these totally overlap the more intense 
Si–O region and cannot be resolved.

X-RAY ABSORPTION FINE STRUCTURE 
SPECTROSCOPY (XAFS)

Vesuvianite-group minerals are known to host their 
non-tetrahedrally-coordinated cations in four types of 
sites, which have, respectively, a coordination of eight 
(X), fi ve [Y(1)], and six [Y(2) and Y(3)]. Whereas the 
eight-fold occupancy of such large X cations as Ca, 
Sr and the REE is well established, and the six-fold 
preference of the small Al, Ti and Fe3+ cations for the 
two Y(2) and Y(3) sites is also confi rmed (Groat et al. 
1996), there is still disagreement about the distribution 
of the divalent cations (Mg, Mn, and Fe2+). This ques-
tion is especially interesting for wiluite, where divalent 
cations are involved in the entry of B at the tetrahedral 
T(1), T(2) sites. We addressed this problem by consi-
dering that (1) in the sample of wiluite studied, Mg is 
distributed over all three Y(1), Y(2), Y(3) sites, the latter 
being its preferred site (Table 6), and (2) the Y(1) site, 
by itself unusual for being in the rare square-pyramidal 
confi guration in vesuvianite-group minerals (Coda et 
al. 1970), in our wiluite undergoes a further distortion, 
from squat to elongate [Table 4; see also Ohkawa et 
al. (1992) for comparison with vesuvianite]. Another 

major structural change is that in wiluite, the Y(3) and 
Y(2) octahedra contain divalent cations, thus forming 
continuous zigzag chains, whereas in vesuvianite, the 
small Y(2) octahedra contain only Al (Lager et al. 1999). 
In order to evaluate the distribution of divalent cations 
in wiluite, we selected Mg in preference to Fe for two 
major reasons: (1) Mg is signifi cantly more abundant, 
and is always divalent, whereas a substantial fraction 
of the Fe present is in the trivalent state, which makes 
it prefer six-fold coordination; (2) the resolution of our 
technique at the Mg K-edge energy is greater than at 
the Fe K-edge energy. Furthermore, to cross-check the 
results for divalent Mg, we determined the coordination 
environment for Al, a cation that is only trivalent and 
assigned to the Y(3) and Y(2) octahedra, based on the 
results of the structure refi nement.

The technique we used is X-ray absorption fine 
structure spectroscopy (XAFS), which is well known 
to be chemically selective, thus giving unequivocal 
information on each atom present in such complex 
chemical compounds. The spectra were recorded at the 
soft X-ray beam line SB03–3 of the SSRL facility, at 3 
GeV and ca. 65 mA ring current; we used a (400) YB66 
double-crystal monochromator, which yields an expe-
rimental resolution of ca. 0.4–0.5 eV, in the total yield 
(TEY) mode, with the powdered samples scanned at 0.3 
eV steps for 5 s and set at a 35° angle from the beam 
forward direction. We normally record our spectra in the 
near K-edge region (XANES, X-ray absorption near-
edge structure), namely, in the energy range 1280–1400 
eV for Mg, and in the 1540–1620 eV interval for Al. 
Both ranges encompass the various subregions of the 

FIG. 5. Polarized absorption spectra of wiluite 26FB in the 1600–1100 cm–1 region. Sec-
tion parallel to (100), thickness 18 mm.
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edge (Mottana 2004) and provide a good enough reso-
lution while being wide enough to pinpoint all subtle 
spectral features. The spectrum of vesuvianite from 
Pitigliano (sample 10FB, Bellatreccia et al., unpubl. 
data) recorded for comparison, is displayed in Figure 
6. Experimental spectra were fi rst energy-corrected as a 
function of the ring current, then fi tted with a Victoreen 
polynomial function to account for the baseline and 
normalized to 1 at high energy. The observed features 
were carefully located using algorithms able to detect 
changes in the peak signal of the order of 10–3–10–4 and 
are believed to be accurate to ±0.1 eV in energy and ±5 
relative % in intensity.

The Mg XANES spectrum of wiluite (Fig. 6a) 
consists of a single, broad feature B centered at 1311.3 
eV, clearly the convolution of several contributions, 
which suggests that Mg is distributed over a variety 
of sites that differ primarily in shape rather than local 
energy. By contrast, the spectrum of vesuvianite, 
although of lesser quality because of the increased 
background-noise, shows two clearly resolved features; 
the low-energy one (A) is fairly sharp and probably 
unique, whereas the high-energy one (B) is clearly the 
convolution of two or more contributions. Such convo-
luted spectra are not easy to assign, but we confi dently 
suggest that feature A at 1308.4 eV in vesuvianite is 
generated by fi ve-fold coordinated Mg, and the super-
imposed B + C features at 1311.3 eV by the six-fold 
coordinated site. Thus we also attribute shoulder A on 

the rising limb of the composite edge to Mg located in 
the Y(1) elongate pyramidal site, whereas we attribute 
the broad peak B with its high-energy shoulder C to 
six-fold coordinated Mg located at the Y(2) and Y(3) 
sites. Magnesium at the latter site is probably respon-
sible for the strong intensity of B, at least according 
to the cation assignment resulting from the structure 
refi nement (cf. Table 6).

The Al XANES spectra of wiluite and vesuvianite 
(Fig. 6b) consist of two major, partially superimposed 
absorption-peaks A (1566.8 eV) and B (1569.7 eV), 
followed by three minor ones, which are barely 
discernible in the background because of the low Al 
bulk content of both samples. The patterns are typical 
for Al in octahedral coordination, as in grossular and 
polylithionite (Mottana et al. 1997). A faint shoulder at 
1564.1 (arrow) is present in both samples, which hints 
at the presence of [4]Al. However, such a contribution, 
if any, is ≤5% Altot. The two spectra are nearly identical 
in their energies, thus suggesting that Al is located in 
the same environments in both minerals. However, they 
differ somewhat in their intensities, which suggests a 
slightly more disordered distribution of Al in wiluite 
than in vesuvianite. 

CONCLUSIONS

We describe the occurrence of the rare silicoborate 
wiluite from the tephra of the Alban Hills volcano, 

FIG. 6. XAFS spectra of wiluite 26FB (this work) and vesuvianite 10FB (Bellatreccia et 
al., unpubl. data) in the regions of (a) the Mg K-edge and (b) the Al K-edge, respec-
tively.
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Roman comagmatic region. The main conclusions of 
this study are:

1) The sample studied is uniaxial (+), and shows 
anomalous extinction.

2) According to EMPA + SIMS data, wiluite 
from Ariccia has a composition very similar to that 
of holotype wiluite from the Sakha Republic (Groat 
et al. 1998), but it has signifi cantly higher B and F 
contents.

3) Both X-ray structure refi nement and polarized IR 
spectroscopy show that B is present both in tetrahedral 
and triangular coordination, although at present neither 
technique can provide conclusive quantitative data on 
the B speciation between these confi gurations.

4) The OH-stretching FTIR spectrum is characte-
ristic of a B-bearing vesuvianite-group mineral; the 
integrated molar absorption-coeffi cient calculated from 
the polarized-light IR spectrum and SIMS analysis of 
wiluite for H2O is �i = 9 ± 1.5 � 104 l* mol–1* cm–2.

5) Our XAS results confi rm the presence of Mg in 
at least three coordination environments, including the 
unusual fi ve-fold elongate pyramidal site, whereas Al is 
in the octahedrally coordinated sites, which are slightly 
more disordered in wiluite than in vesuvianite.
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