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ABSTRACT

X-ray absorption spectra in the Fe Knear-edge region (XANES) and 57Fe Mdssbauer specha were collected on two Fe-rich
specimens from low-grade metamorphosed spilitic rocks from the Keweenaw Peninsula, northern Mchigan, and

on prehnite and epidote coexisting with pumpellyite. Spectroscopic data for prehnite, presented for the first time, are discussed
in fight of the pseudosymmetry of its structure. The data clearly show the prevailing role of Fe3+ in the crystal chemistry of
the paragenetically associated Ca-silicatss. This is in agreement with the overall oxidizing conditions typical of the low-grade
metamorphic envimnment and the nineral assemblages characteristic of alteration zones in basaltic rocks as described by
petrological analyses.

Keywords: pumpellyite, prehnite, epidote, crystal chemistry, XANES, Mdssbauer spectroscopy, Keweenaw Peninsula,
Michigaa.

SoN,nr,rans

Nous avons 6tudi6 les spectes d'absorption das rayons X dans la rdgion prbs de la limite de l'6nergie du rayonnement K
du fer (XANES), ainsi que les spectres sTFe de Mdssbauer de deux dchantillons de pumpellyite riche en Fe, lnovena:rt de
roches spilitiqux de la p6ninsule de Keweenaw, dans la partie nord du Michigan, ainsi que ceux de la prebnite et de l'6pidote
coexistantes. ks donn6es spectroscopiques sur la prebnite, pr6sent6es ici pour la premidre fois, sont 6valu6es b la lumibre de la
pseudosymdtrie de sa structure. Les donn6es d6montrent clairement le r0le important du Fek dans la chimie cristalline des
silicates calciques de cette paragenbse. Ia pr6sence du Fe3* concorde avec le milieu oxydaat des roches b faible degr€ de m6ta-
morphisme et les assemblages de min6raux typiques des zones d'altdration des roches basaltiques, tels que d6crits par analyses
p6trologiques.

(Iraduit par la R6daction)

Mots-cVs: pumpellyite, prehnite, 6pidote, shimis gristalline, XANES, spectroscopie de Mtissbauer, spilite, pdninsule de
Keweenaw, Mchigan.

hrrnopuctroN

Twenty years ago, basic rules for a structural inter-
pretation of the crystal chemisty of pumpellyite-group
minerals were proposed @assaglia & Gottardi 1973),
essentially based on existing data for members of the
series Al-bearing pumpellyite - Fe-bearing julgoldite
series. Since then" several new end-members have
been recognized: okfiotskite (Mn end-member: Togari
& Akasaka 1987), shuiskite (Cr end-member: Ivanov
et al. l98l), V-bearing pumpellyite (Pan & Fleet

1992). Several studies also showed that there is an
almost complete solid-solution between Fe-bearing
pumpellyite and julgoldite (Kawachi l975,Liou 1979,
Schiffman & Liou 1983), and between Mn-bearing
pumpellyite and okhotskite (Kato et al. 198L,
Lucchetti 1983, Dasgupta et al. I99I).

The definition of an expanded compositional field
for the mineral species isostuctural with pumpellyite
seems wruratrted. Furthermore, the structural basis
for the allocation of a crystallographic site and an
oxidation state to the octahedrallv coordinated mixed-
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valence cations has been questioned on the basis of
chemical and petrological studies (Cortesogno et al.
1984, Cho et al. 1986) and also on spectroscopic and
structural evidence (Artioli et al. L99L, Artioli &
Geiger 1994).

We here present data on Fe K near-edge X-ray
absorption (XANES) and 57Fe Mtissbauer spec-
troscopy data for prehnite and epidote, respectively,
associated with well-characterized specimens of Fe-
rich pumpellyite. XANES spectra of the pumpellyite
samples also are discussed. The data ile sem.Fatible
with an oxidizing environment of formation and
indicate little or no crystallographic control on the
oxidation sta:le of Fe in the minerals and on the distri-
bution of Fe among coexisting phases. The results are
important in the thermodynamic modeling of low-
gmde metamorphic reactions involving pumpellyite-
type minerals.

Salprrs

The two samples of pumpellyite were extracted
from cavities and amygdales present in specimens
of altered basalt collected near the type locality of
pumpellyite, in the copper deposits of the Keweenaw
Peninsula, Michigan (Palache & Vassar 1925). T:he
rocks are typical spilitic basalts hydrothermally altered

under conditions of low-grade mefinorphism (Jolly &
Smith 1969). The pumpellyite samples, labeled
PmpKl and PmpK3, are similar to those used in a
preliminary spectroscopic study (Artioli et al. l99l)
and were selected because the pumpellyite prisms are
intimately associated with prehnite (cavity Kl, Fig. 1),
and with epidote (cavity K3, Fig. 2).

Al1 minerals are readily recognizable under the
optical microscope on account of their color and well-
developed habit.

E)cERnvENIAL

After hand separation and grinding, the four
mineral powders were checked for purity by X-ray
powder ditfraction. No extraneous phase was detected
at the L-2 wt%o level in the prehnite of cavity K1
(labeled PrhKl) and the epidote of cavity K3 (abeled
EpK3). A small amount of native copper is present in
PmpKl, and the basal peaks of chlorite are barely
visible above background in the powder pattern of
PmpK3. The level of both impurity phases is such that
they bear no detectable effects on the X-ray absorption
experiments performed at the Fe K energies.

Chemical analyses were performed in the wave-
length-dispersion mode on several crystals of epidote
(EpI3) and prehnite (PrhKl) using an ARL-SEMQ

FIG. 1. SEM photograph ofpumpellyite prisms on prebnite
matrix in sample Kl. Field of view: 0.28 mm x
0.36 mm.

Frc. 2. SEM photograph of well-developed prisms of
pumpellyite which grew on large crystals of epidote in
sampleK3. Fieldof view: 1.11 mmx 1.43 mm.
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TABIE 1. CSB'ICAI COIIPOETTION OF PBEBNTXE AND EPIDOTE
COXISTING If IlTg PI'MPSI,LYTTE.
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electron microprobe. The experimental conditions
were: L5 kV. beam current 20 nA and defocused beam
(spot size = 20 pm). The instrument was operated in
the automatic mode, with on-line data reduction using
the zebold & ogilyie (1964) method, with rhe Albee
& Ray (1970) correction factors. The compositional
data are reported in Table 1.

X-ray ab s orption sp ectro s c oW

The finely powdered samples were sedimented on a
Millipore membrane as described in Quartieri er a/.
(L993a): the layer thickness was chosen so to obtain
the best absorption conmst at the Fe K edge. Reagent-
grade hematite (cl-FerOr) (Willis & Rooksby 1952)
was used as reference compound for octahedrally
coordinated Feh.

The XANES experiments were performed at the
PULS X-ray. beamline of Frascati National
l,aboratories (Italy). The storage ring was operated at
1.5 GeV (yielding a critical energy of 1.5 ke$; the
typical beam-current was 40 mA. The incident X-ray
beam was monocbromatized by a channel-cut S(111)
crystal; no other optical elements are present on this
beamline. Measurements were performed at the Fe K
edge in the transmission mode, and the incident and

the nansmitted flux were measured using argon-filled
ionization chambers. This experimental setting has
been successfully used in detailed EXAFS analyses
of mineral samples (Quartieri et al. L993a), and the
energy resolution at the Fe K edge is sufficient for
the analysis of the near-edge features. In the present
case, however, the relatively poor signal-to-noise ratio
in the observed absorption spectra is essentially deter-
mined by the small quantity of sample available. The
XANES region was ssrnnsd over the energy spectrum
with a 0.40 eV step. The raw XANES specfra of the
samples and reference compound were treated prior to
examination by subtracting the pre-edge background
with a linear function and normalizing to the absorp-
tion coeffrcient on the high-energy side of the curve.
The normalization takes care of the effects resultins
from the variable thickness of the samples.

Mii s sb aue r sp ectro s cory

The same pulverized samples used for absorption
specfioscopy were pressed into thin disks in a graphite
press. 57Fe M0ssbauer specfia were measured at 298 K
using a 20 mCi 57Co source in a Rh matrix. The spec-
tra were recorded over 1024 channels of a multi-
channel eurialyzer in the velocity range of t 8 mm/s.
They were fitted by af minimiz.aton procedure using
a modified version of the MOSFUN program (Muller
1980); pseudo-Voigt profiles were approximated by
the biquadratic tunction ll[L + ax2 + (1 - o) r4l,
(0.5 < cl < 1, where cr = 1 gwes a Lorentzian profile
and cr = 0.5 approximates a Gaussian function)
(Muller 1980, and references therein). Doublets with
equal areas for the high- and low-velocity peaks were
used.

RESULTS

Fe K-edge absorption data

The XANES spectra collected for PmpKl and
PmpIS (pumpellyite), PrhKl (prehnite), and EpK3
(epidote) are reported in Figure 3. The data are
compared with the absorption spectra of the Fe2O3
standard and the well-characterized pumpellyite from
Hicks Ranch, California (labeled PmpHR: Galli &
Alberti 1969, Artioli et al. L99L). The edge-feature
energies reported in Table 2 correspond to the zeros of
the first derivative of the spectra.

The near-edge X-ray absorption spectrum of Fe in
several Fe-bearing minerals was extensively studied
by Waychunas et aL (1983). It presents three or four
well-defined features: a pre-edge peak, one or
two b'roader maxima or shoulders. and a more or less
structured edge-crest.

The pre-edge peak is assigned to ttre ls Fe core
state to 3d crystal-field molecular orbital transition; its
energy is strongly influenced by the site geometry and
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Energr (eV)

Ftc. 3. XANES spectra on Fe K-edge. The photoelectron
background-absorption profile has b€en removed, and all
spectra have been normalized wifh respect to the high-
energy side ofthe curve. Sample codes as in Table 2.

TAELE 2. ENEBGY (€V) oF XANSI FEATUBES OF Fe
IN PI'MPE,I,YITE AND CIEXISTB'IG PBffi{rTE AND EPIIX)TE'

the oxidation state of the Fe atom, and its intensity
varies considerably with coordination state
flilaychunas et al.1983, Tossell et al. L973,1974).

Our XANES spectra reveal four main feafures: a
pre-edge peakatTLLL.0-7l13.1 eV, a first shoulder in
the energy range 7118.G-7122.8 eY, a second shoulder
at 7123.0-7'1,28.2 eY, and an edge crest at
7128.4-7'1,32.8 eV. As can be seen from Table 2. the
pre-edge peak has similar energy in all the samples,
whereas in the PmpHR pumpellyite it is about 2 eV
lower than the corresponding peak in hematite and in
the other samples. A comparable shift in energy is
shown by the edge crest. This evidenceo as reported in
other investigations on several Fe2* and Fe* minerals
(Calas et aI. 198A, Calas & Petiau 1983, Brown et al.
1988, Waychunas et al. L983, 1986), suggests that the
prevalent state of oxidation of Fe in PmpHR is 2+,
whereas in all the other samples it is 3+.

The quality of our XANES specfta is suffrcient to
reveal the prevalent state of oxidation of Fe in the
samples examined. However, since the edge features
of the two valeice states of Fe largely overlap, we
cannot rule out the presence of very small amounts of
divalent iron in samples where tivalent iron is domi-
nant. As discussed below, this possibility is certainly
excluded for the EpK3 and PrhKl samples by the
Miissbauer data. The results obtained for the pumpel-
lyite samples are in agreement with a previous inter-
pretation of the X-ray absorption data for pumpellyite-
group minslals (Artioli et al. l99l).

Mdssbauer data

The room-temperature Mdssbauer specfa of EpK3
and PrhKl samples are reported in Figures 4a and 4b.
Hyperfine parameters and statistical information on
the fits for EpK3 and hhKl samples are reported in
Table 3, whereas those regarding pumpellyite samples
are reported in Table2 in Artioli & Geiger (1994).

The Mdssbauer spectra and the inferred distribution
of Fe in the epidote-group minerals were extensively
studied by Dollase (1973): in iron-rich epidote,
piemontite and "oxyallanite", Fe3+ is found in two
octahedrally coordinated sites, the major amount in
M(3) ard a minor amount in M(l); in a few cases, an
additional minor Fe2+ peak was found. The valence
state of the iron can be unambiguously determined by
the isomer-shift values of these doublets.

The Mdssbauer spectrum of epidote EpK3 @ig. 4,
Table 3) consists of two doublets whose isomer shift
parameters reflect typical values for Fe3+ in octahedrat
coordination. No evidence of the presence of Fe2+ was
found in our sample.

The Mdssbauer spectrum of prehnite (Fig. 4,
Table 3) is even simpler: only one doublet is present
with a very small value of the quadrupole splitting
paftmeter; the isomer shift unambiguously indicates
that the oxidation state of Fe is 3+. The sinEle doublet
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Flc. 4. 57Fe Miissbauer specba of prehnite PrhKl (above) coexisting with pumpellyite
PmpKl and epidote EpK3 @elow) coexisting with pumpellyite PmpK3.

indicates a unique crystallographic position for the
iron cation, and the small quadrupole splitting sug-
gests a highly symmerical site-geometry. Prehnite has
been described in at least three different space-groupsl
Prrcm @eng et al. 1959, Papike & Zaltai L967), F2cm
(Preisinger 1965, Balid Zt:llrrl et al. L988), atd P2ln
@av et aI. 1990). The arnbiguity in the space group is
determined by the Si,Al ordering scheme over the
tetrahedrally coordinated sites; in all three models,
the A1,Fe octahedral site is crystallographically

unique. The octahedrally coordinated site indeed
shows a more symmetrical environment in the centro-
symmetric space-group Pncm (two independent
cation-oxygen distances: Fe-OH = 1.91, Fe-O =
1.93 A), than in the proposed noncentrosymmetric
ones (1e., four different Fe-O distances in the space
gl:ory ncnx, in the range 1.88-1.97 A).

The resolution of the present Mdssbauer data does
not allow a completely unambiguous allocation of
site-symmetry for the Fe cation. However, based on
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TABLE 3. Fe UoSSBAUm PAnAl[ETmS A? SS r FOB EPIIpTE EbKS AND PEESNITE hh(l
@EIf,STING WITA PITI{PEI.LYIXE PrBKI AND PEIIKS' BEIIPECTMIY

[ltrF.hiow MlreluS

SaBple p QS FWml AI QS FWmAT

E!K3 1.&4 0.91 83.0 0.38 2.02 0.!!0

[Y!F"$

PlhK1 o.itg 0.23 0.62

14.0 0.9? 0.97 0.50

Isonsr sblft leladve to retellto lloB (IS), quadmpols sp[tdng (qs) 8nd FWSU p€ak wldths are
la Em/E.

At: retadve abeorpdon al6a tn the stto !€fs!!6t1 to th€ tot8l reeorant absorpdoL ar|ea = 1(x).
a: panneter of tbe peeudo-Vdgt pmfil€ (6€o t€xt).

the fact that the lower site-symmery is associated with
a larger range in the associated bond-distances, the
absence of the center of symmetry on the Fe site is
assumed to be related to the increase of the observed
Miissbauer peak-widths. The comparison of the Fe3*
Mdssbauer line-width in prehnite PrhKl (0.52 mm/s,
Table 3) with those of the low-symmetry octahedrally
coordinated environment of Fe3+ in epidote EpK3
(M1 site: 0.50 mm/s, Table 3) and in pumpellyite BU
(I site: 0.45-{.47 mmls, Artioli & Geiger 1994) indi-
cates, therefore, tlat a noncenftosymmetric geomety
is likd to be more appropriate to describe the envi-
ronment of iron in the Keweenawan prehnite.

The M0ssbauer specta of the pumpellyite samples
are reported and discussed in detail in Artioli &
Geiger (1994). The combined results of Mijssbauer
spectroscopy and full-profile Rietveld analyses of
X-ray powder-diffraction spectra indicate tlat both
Fe2* and Fe3+ cations are present in the pumpellyite
structure, and that they are essentially ordered on the
X and / octahedral sites, respectively. Specifically,
the PrnpKl and PmpK3 pumpellyite samples contain
divalent and trivalent iron in the approximate ratio
t|2.5.

The Miissbauer results are consislent with the infor-
mation obtained from the XANES data, since botl
indicate the prevalence of Fe3+ in the samples studied.
Moreover, the higher sensitivity of Mdssbauer
spectroscopy in detecting small amounts of divalent
iron in the presence of predominantly trivalent iron
cations (Quartieri et al. I993b) allows us to exclude
the presence of divalent iron in epidote EpK3 and in
prehnite PrhKl at the 1,-2Vo level, and to determine
the presence of a non-negligible amount of divalent
iron in the sffucture of the coexisting pumpellyite.

DlscussIoN

The present spectroscopic datd clearly show that
iron in Fe-rich pumpellyite samples is mostly present
in the trivalent state. Both X-ray absorption and
M0ssbauer data give good evidence that Fe3+ is preva-
lent in Fe-rich pumpellyite, be it associated with
prehnite or epidote. The data also confirm that both
prehnite and epidote coexisting with pumpellyite in
low-grade metamorphic assemblages also contain a
higher Fe3+lFe2+ ratio than pumpellyite (Schifirnan &
Liou 1983). As a matter of fact, the epidote and
prehnite associated with pumpellyite are shown to be
essentially pure ferric end-members. These findings
indicate that the mineral assemblage formed under
oxidizing conditions, which exerted a major control
over the structural parameters of the secondary Ca-
silicates.

Both pumpellyite and epidote have in principle very
flexible structures, from the point of view of stoi-
chiomety and charge-balance adjustements, by virtue
of the presence of octahedral sites of different size and
degree of distortion, atrd also in view of the possibility
of OH groups substituting for oxygen atoms. ln
pumpellyite, in particular, the crystal structure can
efficiently optimize the geometrical parameters and
the distortion of the coordination polyhedra by simply
adjusting the intracrystalline distribution of the octa-
hedrally coordinated cations according to the oxida-
tion conditions of the environment and the valence-
dependent ionic radius. By correctly measuring the
Fe2+/Iie3+ ratio in pumpellyite-group minerals, it is
then possible to estimate the fiO) conditions of the
environment during crystallization, and to clarify
the correlation between the site distribution of the
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mixed-valence cations and the cell volume (Artioli &
Geiger 1994). The correlation trend was previously
misinterpreted because of the inconect evaluation of
the valence state of the cations in the literature
(Passaglia & Gottardi 1973). Although Fe2+ has a
larger ionic volume than Fe3+, it is tle more extensive
substitution of Al by trivalent iron that controls the
cell volume and distortion (Surdam 1969, Artioli &
Geiger L994). A misinterpretation of the structural
formula of pumpellyite could lead to incorect
assumptions in the petrological analysis of assem-
blages of metamorphic minerals.

In the past several petrological studies drew atten-
tion to the incongruency of a Fe2+-rich pumpellyite (as
interpreted from the assumed crystal-chemical rules)
in assemblages of oxidized metamorphic minerals.
The difficulties inherent to proper discrimination of
the valence state of Fe VBn 1974, Coombs et aI. L976,
Nakajima et al. L977, Artoh et al. 1991) obscured the
effective crystal-chemical role of mixed-valence
catiotrs in the pumpellyite structure. Although it is
known that most of the chemical variation of Fe-rich
pumpellyite in low-grade metamorphism is due to a
basic Al = Fe3+ substitution (for example: Surdam
1969, Liou 1979, Evarts & Schiffman 1983,
Cortesogno et al. 1984, Liou et aI. 1985, Inoue &
Utada 1991), the structural formula of pumpellyite
commonly is interpreted on the basis of crystal-
chemical rules (Passagta & Gottardi 1973) derived
according to the structural analysis of high-pressure
Fe-poor pumpellyite coexist:ng with lawsonite from
Hicks Ranch, California (Galli & Alberti 1969). This
is one of the rare s:(amples of pumpellyite in which
the Mg = Fe2+ structural substitution on the octa-
hedrally coordinated X site is dominant. Furthermore,
the parlitioning of the two different oxidation states of
iron over the crystallographically independent octa-
hedral positions has not been recognized until recently
(Artioli et al. 1991, Artioli & Geiger L994).
pleliminsry data also show that the crystal-chemical
role of Mn in the pumFellyite sffucture is very similar
to that of Fe, as Mn3+ shows a clear preference for the
Ioctahedral site (Artioli et aI. 1993'1.

It is eommon practice in the literature to allocate
the total Fe or Mn content of pumpellyite, as resulting
from electron microprobe or X-ray fluorescence analy-
ses. to both the divalent and the frivalent states on the
basis of charge balance alone. However, the varying
degree of substitution of oxygen atoms by hydroxyl
groups generally is unknown, and this may lead to
serious errors in the estimate of the total anionic
charge. It is vfutualy impossible to correctly allocate
the valence state of the mixed-valence cationso espe-
cially Fe and Mn, in absence of an accurate measure-
ment of the OH content by thermal or spectroscopic
analyseso or without a direct measurement of the ratio
of divalent to frivalent cations, as in the present snldy.
The greater the proportion of mixed-valence cations in

pumpellyite-type minerals, i.e., in members of the
pumpellyite-julgoldite and the ptrmpellyite-okfi otskite
series, commonly found in low-grade metamorphic
assemblages, the larger is the error in the crystal-
chemical interpretation of the chemical formula.

The issue also has some relevance in the definition
of the thermodynamic properties of pumpellyite. It has
been shown that petrogenetic grids for low-grade
metabasites based on Fe-free pumpellyite result in an
unrealistically small field of stability of prehnite +
pumpellyite; more reliable results can be obtained by
taking the Fe activity in pumpellyite into account
(Frey et al. l99L). We trust that the data presented
here and published recently clarify the crystal-
chemical role of Fe in the pumpellyite structure and
the genetically associated phases, and ultimately wil
lead to proper modeling of the reactions responsible
for the formation of pumpellyite-group minerals.
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