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INTRODUCTION

Systematic changes in the structures of minerals, such as
changes in bond lengths and bond angles, which determine the
degree of distortion of coordination polyhedra, are common in
solid solutions. These changes may significantly influence the
ability of a structure to incorporate trace elements, which can
accompany the substitution in major elements. A detailed
knowledge of how a structure reacts to an isomorphous substi-
tution is necessary to explain for example its geochemical be-
havior as a host for trace elements. Furthermore, the substitution
of cations of different size might induce phase transformations
and can mimic structural changes in solid solutions induced by
pressure or temperature (e.g., Heaney 2000).

Zoisite, the orthorhombic variety of the epidote mineral
group with the idealized formula Ca2Al2Al[SiO4/Si2O7(O/OH)]
contains up to 20 mol% of the hypothetical end-member

Ca2Al2Fe3+[SiO4/Si2O7(O/OH)] (pistacite) and its composition
can be expressed as Xps = Fe3+/(Fe3+ + Al–2). It can be a mod-
ally important rock-forming mineral in metabasites and
metamarls, especially at high pressure in the blueschist, epi-
dote-amphibolite, and eclogite facies. Because of its stability
at high pressure, it is considered to be an important carrier of
H2O to depth in subduction zones (Schmidt and Poli 1994; Poli
and Schmidt 1998) and might control the budget of Sr, Pb, Mn,
Cr, and LREE in high-pressure and ultra-high-pressure
metabasites (Nagasaki and Enami 1998; Brunsmann et al.
2000). Despite its petrological importance, little is known about
Fe3+-zoisite and the response of its structure to increasing iron
content. It is not clear how the maximum amount of Fe3+ in
zoisite is controlled by the structure and how this relates to the
lattice parameters. Nothing is known about possible modifica-
tions of zoisite and the ideal or non-ideal behavior of its solid
solution.

The structure of zoisite (Fig. 1) was determined by Fesenko
et al. (1955, 1956), and was later refined by Dollase (1968). It
contains one type of endless octahedral chain parallel to b with
two distinct octahedral sites M1,2 and M3, which are occupied* E-mail: alieb@gfz-potsdam.de
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ABSTRACT

The Fe3+-Al substitution in synthetic zoisite was studied in the system CFASH at 2.0 GPa and
750 ∞C (compositional range: 0.0–0.14 Xps). The samples were characterized by powder X-ray dif-
fraction, FTIR, and electron microprobe. Discontinuities in refined lattice parameters at ~0.05 Xps

are attributed to two distinct and hitherto unknown modifications, zoisite I (<0.05 Xps) and zoisite II
(>0.05 Xps). The following lattice parameters were derived:

(zoisite I) (zoisite II)
a (Å) = –3.72 ¥ 10–2 ¥ Xps + 16.1913 a (Å) = –8.26 ¥ 10–2 ¥ Xps + 16.2061
b (Å) = 6.43 ¥ 10–2 ¥ Xps + 5.5488 b (Å) = 8.14 ¥ 10–2 ¥ Xps + 5.5486
c (Å) = 3.43 ¥ 10–2 ¥ Xps + 10.0320 c (Å) = 1.18 ¥ 10–1 ¥ Xps + 10.0263
V (Å3) = 11.4 ¥ Xps + 901.3 V (Å3) = 19.3 ¥ Xps + 901.6

In both modifications, substitution of Fe3+ expands the M3 octahedron, resulting in opposed rota-
tions of the corner-linked T1 and T2 tetrahedra of the Si2O7 group. The extent of rotation is limited
and controls the maximum Fe3+ content in zoisite I and II. With increasing Fe3+ content, zoisite I
transforms to zoisite II and zoisite II to clinozoisite. The transformation from zoisite I to II can be
classified as a substitutionally induced isosymmetric displacive phase transition.

Four significant IR bands were observed at ~3250, ~3195, ~3155, and ~2170 cm–1. The first three
bands are attributed to the configurations Al2

[M1,2]-O10-H◊◊◊O2-Al2
[M1,2](Al,Fe3+)[M3], Al2

[M1,2]-O10-
H◊◊◊O4-Al2

[M1,2]Fe3+[M3], and Al2
[M1,2]-O10-H◊◊◊O4-Al2

[M1,2]Al[M3]. O10-H◊◊◊O2 is bifurcated between the
two symmetrically arranged O2 and O2' atoms. The band at ~2170 cm–1 is interpreted as the first
overtone of the bending vibration of O10-H◊◊◊O2. In analogy with the results from powder XRD the
IR bands show discontinuities at ~0.05 Xps, confirming the two modifications of zoisite.
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by Al (M1,2) and Al or Fe3+ (M3), respectively (Ghose and
Tsang 1971). The octahedral chains are linked by SiO4 tetrahe-
dra (T3) and Si2O7 groups (T1 and T2) in the a and c direc-
tions. In this framework of interconnected octahedral chains
there are irregularly shaped, sevenfold-coordinated cavities (A1
and A2) occupied by Ca.

In this paper we present the first systematic study of syn-
thetic iron-free and iron-bearing zoisite using X-ray powder
diffraction (XRD) and infrared spectroscopy (FTIR). We will
(1) show that in the CFASH system two zoisite modifications
exist; (2) show how the maximum iron content is structurally
controlled in both modifications; and (3) give an explanation
for a zoisite IR-band at ~2170 cm–1, based on an additional
hydrogen bridge in the zoisite structure.

EXPERIMENTAL AND ANALYTICAL METHODS

Sample preparation

The starting material for each experiment was an oxide-
hydroxide mixture of SiO2 (Chempur Nr. 006965, 99.99%),
Al2O3 (Aldrich Nr. 1344-28-1, 99.99%), Fe2O3 (Merck, pa), and
Ca(OH)2 (Merck Nr. 2111, pa) weighed in stoichiometric
amounts of the desired zoisite composition, with Al/Fe3+ ratios
corresponding to zoisite compositions of 0.0, 0.04, 0.08, 0.12,
and 0.16 Xps. To account for the incongruent solubility of zoisite
at experimental conditions and to assure quartz saturation, 10
wt% excess SiO2 was added to each run. A 1 molar CaBr2 aque-
ous solution was used to overcome kinetic problems, follow-
ing Gottschalk (1994) and Zimmermann et al. (1996). The
oxygen fugacity was controlled by the hematite-magnetite
buffer, using the conventional double-capsule technique. All
five capsules for the different compositions were placed in one
common buffer container.

The experiments were performed at 750 ∞C and 2.0 GPa for
5 days, using a standard piston-cylinder apparatus with an NaCl
assembly and a graphite furnace. The temperature was recorded
with an accuracy of ±20 ∞C using a NiCrNi thermocouple placed
close to the bottom of the buffer-capsule. Pressure was con-
trolled within ±50 MPa. Quenching time (after switching off
the furnace current) to <200 ∞C was less than 30 s.

The solid synthesis products were examined by optical mi-
croscopy, scanning electron microscopy (SEM), electron micro-
probe (EMP), powder X-ray diffraction with Rietveld analysis
(XRD), and Fourier-transform infrared spectroscopy (FTIR).

Electron microprobe analysis

Electron microprobe (EMP) analyses of zoisite crystals were
obtained from polished samples at the GeoForschungsZentrum
Potsdam with a Cameca SX 50 microprobe using wavelength
dispersive spectrometry (WDS) and the PAP correction pro-
gram (Pouchou and Pichoir 1984). Operating conditions were
15 kV and 15 nA. Counting time for the peaks was 20 s and the
background was measured for 10 s at each side of the peak.
Well-characterized natural wollastonite served as the standard
for Si and Ca, and Al2O3 and Fe2O3 served as standards for Al
and Fe, respectively. Estimated errors are <2% rel for Si, Al,
and Ca and <5% rel for Fe.

X-ray powder diffraction

The experimental products were ground by hand in an ag-
ate mortar for several minutes, diluted with Elmer’s White glue
and evenly spread on a circular foil. To minimize preferential
orientation the powder was stirred during drying. Finally, the
foil was placed into the transmission sample holder and cov-
ered with a second empty foil. Powder XRD patterns were re-
corded in transmission mode using a fully automated STOE
STADI P diffractometer (CuKa1 radiation) equipped with a pri-
mary monochromator and a position sensitive detector (PSD)
with a width of 7∞. The normal-focus Cu X-ray tube was oper-
ated at 40 kV and 40 mA, using a take-off angle of 6∞. Intensi-
ties were recorded in the range of 2q of 8 to 125∞ with a detector
step size of 0.1∞ and a resolution of 0.02∞. Counting times were
selected to yield a maximum intensity of ~5000 counts. Unit-
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FIGURE 1. Polyhedral drawing of the zoisite structure. Octahedral
chains running parallel b with two distinct octahedral sites M1,2 and
M3 are linked by single SiO4 tetrahedra (T3) and Si2O7 groups (T1 and
T2). A1 and A2 are irregularly shaped, sevenfold-coordinated cavities.
For clarity, bonds are shown only for selected A1 and A2 sites. O atom
positions are labeled according to Dollase (1968). As discussed in the
text, the Fe3+-Al substitution significantly distorts the M3 octahedron
and the Si2O7 group, resulting in significant shifts of O1, O7, and O8.
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cell parameters and other structural parameters were refined
using the GSAS software package (Larson and Von Dreele
1987). The peaks were defined as pseudo-Voight with variable
Lorentzian character. The peak full-width at half-maximum
height (FWHM) was varied as a function of 2q using the pa-
rameters “U,” “V,” “W” of Caglioti et al. (1958). For the
Lorentzian character the parameters “X” and “Y” were used.
The recorded reflections were highly symmetric due to the ge-
ometry of the STADIP diffractometer, therefore no parameters
describing the asymmetry of the peaks were used. The back-
ground was fitted with a real space correlation function, which
is capable of modeling the diffuse background from the amor-
phous foil and glue used for sample preparation. The zoisite
lattice parameters (and also those of clinozoisite that was formed
in experiments with higher Fe-content) were refined starting
with the fractional atom coordinates, lattice constants, and
space-groups reported by Dollase (1968). The anisotropic dis-
placement factors for zoisite and clinozoisite were fixed at the
values provided by Comodi and Zanazzi (1997). For each
sample two refinements were performed, one with a statisti-
cally disordered distribution of Al and Fe3+ between the M1,2
and M3 sites in zoisite, and the other one with an ordered dis-
tribution of Al and Fe3+ in zoisite with Al at M1,2 and M3, and
Fe3+ exclusively at M3 as suggested by Ghose and Tsang (1971).
The Al and Fe3+ contents at M1,2 and M3 in zoisite were calcu-
lated according to the EMP analyses. The refinements were
performed in the following sequence: scale factor, background,
zero-point correction, phase fractions, Caglioti “W,” lattice
parameters, preferred orientation, atomic positions (except for
hydrogen), Caglioti “U” and “V,” Lorentz “X” and “Y”.

Fourier-transform infrared analysis

Samples were prepared by grinding 1 mg of the product
dispersed into 450 mg of KBr. The homogenized mixture was
subsequently pressed under vacuum to transparent pellets, 13

mm in diameter, and dried at 110 ∞C for at least three days. The
absorption measurements were carried out in the spectral range
3600–2000 cm–1 with a resolution of 0.25 cm–1. All samples
were measured at 25 ∞C, and the most iron-rich one was also
measured at –180 ∞C, –80 ∞C, and 125 ∞C. The spectra were
recorded with a Bruker IFS 66v FTIR spectrometer equipped
with a globar light source, a KBr-beam splitter and a DTGS-
detector, and were averaged over 256 scans. The phase correc-
tion mode of the interferogram was performed with a procedure
after Merz (1965) (cf. Griffiths and de Haseth 1986) and the
Norton-Beer weak mode was chosen as the apodization func-
tion. The sample chamber of the Bruker IFS 66v was evacu-
ated to 200 Pa, therefore the influence of H2O vapor and CO2

was negligible. The spectra were displayed with absorbance as
a function of wavenumber. After background correction, the
band center, full width at half maximum (FWHM), and inte-
gral intensity were determined with the PeakFit program from
Jandel Scientific.

RESULTS

Description of experimental products

Quantitative determination of the proportions of the prod-
uct phases (Table 1) by Rietveld analysis yielded only zoisite
and quartz for experiments Zo 3 and Zo 1, but zoisite,
clinozoisite, and quartz for experiments Zo 2, Zo 4, and Zo 5.
All synthesis products exhibited quartz saturation, with 2 to 6
vol% quartz. The zoisite contents decreased from 98 vol% (bulk:
0.0 Xps; Zo 3) to 38 vol% (bulk: 0.16 Xps; Zo 5) whereas
clinozoisite contents increased from 0.5 vol% (bulk: 0.08 Xps;
Zo 2) to 56 vol% (bulk: 0.16 Xps; Zo 5). Figure 2 shows typical
SEM images of the experimental products. Crystals are idi-
omorphic to hypidiomorphic and generally 0.5 to 5 mm in size,
but some are over 10 mm, and could easily be analyzed by EMP.
Large crystals show an orthorhombic morphology with the faces

TABLE 1. Data collection, structure refinement details, lattice parameters and cell volumes for the synthetic zoisite and clinozoisite
samples

Sample Zo 3 Zo 1 Zo 2 Zo 4 Zo 5
Zoisite (Xps) 0.0 0.035 (12) 0.062 (23) 0.096 (23) 0.116 (19)
Fe3+/Al distribution in zoisite / ordered disordered ordered disordered ordered disordered ordered disordered
2q scan range (∞) 8–125 8–125 8–125 8–125 8–125
Step interval (∞) 0.02 0.02 0.02 0.02 0.02
Observations 5848 5848 5848 5848 5848
Parameters 73 73 78 117 120
c2 * 1.17 1.33 1.35 1.24 1.27 1.48 1.51 1.40 1.42
d statistics 1.63 1.44 1.42 1.54 1.51 1.38 1.35 1.32 1.30
Phases (vol%)
zoisite 98 95 95 97 96.7 70 70 39 38
quartz 2 5 5 2.5 2.6 3 3 6 6
clinozoisite / / / 0.5 0.7 27 27 55 56
zoisite
a (Å) 16.1913 (4) 16.1900 (6) 16.1900 (6) 16.2009 (5) 16.2009 (5) 16.1983 (8) 16.1983 (8) 16.1964 (11)16.1964 (11)
b (Å) 5.5488 (1) 5.5511 (2) 5.5511 (2) 5.5536 (2) 5.5536 (2) 5.5564 (2) 5.5564 (2) 5.5580 (3) 5.5581 (3)
c (Å) 10.0320 (3) 10.0332 (3) 10.0332 (3) 10.0336 (3) 10.0336 (3) 10.0376 (5) 10.0375 (5) 10.0400 (6) 10.0399 (6)
V (Å3) 901.30 (5) 901.70 (7) 901.70 (7) 902.76 (6) 902.76 (6) 903.43 (10) 903.42 (10) 903.8 (11) 903.79 (10)
clinozoisite
a (Å) / / / 8.8697 (13) 8.8661 (7) 8.8671 (5) 8.8672 (5)
b (Å) / / / 5.5852 (6) 5.5890 (3) 5.5886 (3) 5.5886 (3)
c (Å) / / / 10.1339 (11) 10.1370 (8) 10.1374 (6) 10.1373 (6)
b (∞) / / / 115.41 (1) 115.44 (1) 115.43 (1) 115.43 (1)
V (Å3) / / / 453.46 (7) 453.61 (6) 453.67 (5) 453.68 (5)
Note: Xps = Fe3+ / (Fe3+ + Al – 2); ordered = Fe3+ exclusively on M3; disordered = Fe3+ and Al statistically distributed between M3 and M1,2; errors in
parantheses represent 2s.
* (yi

observed – yi
calculated)2 / (N – P) (y = intensity; w = 1 / y = weighting factor).
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(100), (001), (101), (210), and (0kl) that are typically devel-
oped in zoisite (Fig. 2c; indexing made by comparison with a
crystal drawing in Tröger 1982). Within the individual experi-
mental products the zoisite crystals are homogeneous (Table
2). Various analyses on single grains were made wherever the
grains were large enough and no zoning was observed. In the
iron-bearing experiments zoisite was generally poorer in iron
than the corresponding bulk composition (Table 2). This is es-
pecially true for experiments Zo 4 and Zo 5 in which clinozoisite
was an important additional product phase.

X-ray diffraction

The lattice parameters and atom coordinates of all of the
samples were easily and precisely refined with the Rietveld
method. c2 ranged from 1.17 to 1.51 and the Durbin-Watson
factor from 1.63 to 1.30 (Table 1). The differences between the
refinements assuming an ordered and statistic distribution of
iron were minor, but in view of their better statistics (Table 1),
only the former will be referred to in the following.

Lattice parameters and atom coordinates. Lattice param-
eters of zoisite (Table 1, Fig. 3) show more or less pronounced
discontinuities (positive offsets for a, b, and V, negative offset
for c) at compositions between 0.035 and 0.062 Xps, pointing to
an iron-poor zoisite I and an iron-rich zoisite II. In both modi-
fications a correlates negatively, whereas b, c, and V correlate
positively with increasing iron content. Regression lines yield

azo I (Å) = –3.72 ¥ 10–2 ¥ Xps + 16.1913
azo II (Å) = –8.26 ¥ 10–2 ¥ Xps + 16.2061

bzo I (Å) = 6.43 ¥ 10–2 ¥ Xps + 5.5488
bzo II (Å) = 8.14 ¥ 10–2 ¥ Xps + 5.5486

czo I (Å) = 3.43 ¥ 10–2 ¥ Xps + 10.0320
czo II (Å) = 1.18 ¥ 10–1 ¥ Xps + 10.0263

Vzo I (Å3) = 11.4 ¥ Xps + 901.3
Vzo II (Å3) = 19.3 ¥ Xps + 901.6.

The lattice parameters of zoisite II exhibit a stronger de-
pendence on iron content than those of zoisite I. The refined
fractional atom coordinates are, within error, generally inde-
pendent of iron content (Table 3). Exceptions are O1, O7, and
O8 (Table 3, Fig. 4), the coordinates of which shift signifi-
cantly with increasing iron content and, like the lattice param-
eters, show discontinuities between zoisite I and II (Fig. 4).

A polyhedra. The A1 and A2 polyhedra remain relatively
rigid with increasing iron content. Using a cut-off value of 2.90
Å (Dollase 1968), the A1 and A2 cations are sevenfold-coordi-
nated (Table 4). The mean A1-O distances are generally shorter
than the mean A2-O distances and both show practically no
variations with iron content (Table 4). The displacements of
O1, O7, and O8 (Table 3) are mirrored by decreasing A1-O1

FIGURE 2. (A–D) SEM images of synthesis products (Zo 1 = 0.035
Xps; Zo 2 = 0.062 Xps; Zo 4 = 0.096 Xps; Zo 5 = 0.116 Xps). Zoisite
crystals up to 20 mm in length are seen in a matrix of crystals with
lengths <5 mm. Typically, (100), (001), (101), (210), and (0kl) faces
are developed.

TABLE 2. Average electron microprobe analyses of synthetic zoi-
sites

Sample Zo 3 Zo 1 Zo 2 Zo 4 Zo 5
Bulk (XPS) 0.0 0.04 0.08 0.12 0.16
N * 14 25 22 23 35
SiO2 39.86 (54) 39.63 (66) 39.93 (50) 39.25 (91) 39.37 (66)
Al2O3 33.38 (65) 32.92 (82) 32.72 (63) 32.04 (75) 31.88 (68)
Fe2O3 0.04 (4) 0.60 (16) 1.04 (39) 1.68 (34) 2.02 (25)
CaO 24.69 (34) 24.31 (49 24.61 (43) 24.16 (48) 24.22 (39)
Total 97.97 (1.32) 97.46 (1.66) 98.30 (1.17) 97.13 (1.77) 97.49 (1.42)

Formula recalculation based on 12.5 O atoms per formula unit
SI 3.02 (2) 3.02 (2) 3.02 (2) 3.01 (2) 3.02 (2)
AL 2.98 (3) 2.96 (4) 2.92 (4) 2.90 (4) 2.88 (3)
Fe3+ 0.00 (0) 0.04 (1) 0.06 (2) 0.10 (2) 0.12 (2)
Total 2.98 (3) 3.00 (4) 2.98 (3) 3.00 (3) 3.00 (3)
CAO 2.00 (2) 1.99 (2) 2.00 (2) 1.99 (2) 1.99 (2)
Xps 0.0 (0) 0.035 (12) 0.062 (23) 0.096 (23) 0.116 (19)
Note: Xps = Fe3+ / (Fe3+ + Al – 2); errors in parantheses represent 2s .
* N = number of individual grains analyzed.
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and A2-O8 distances and a significant increase in the A1-O7
value (Table 4).

M1,2 octahedron.  The M1,2 octahedron is relatively
undistorted and shows only minor changes with increasing iron
content. The mean M1,2-O distance is shorter than that of the
M3 octahedron (Table 4). Only the angles O1-M1,2-O4 and
O5-M1,2-O10 deviate significantly from the ideal octahedral
value of 90∞ (Table 5). The shared edges O1-O4, O4-O6, O5-
O10 are significantly shorter than the non-shared edges (Table
6). The displacement of O1 is mirrored by changes in the O1-
O6 distance (Tables 3 and 6). The volume (8.8–9.0 Å3) is es-
sentially constant over the entire compositional range (Table 6).

M3 octahedron.  The M3 octahedron is strongly distorted
and shows significant changes with increasing iron content.
The mean M3-O distances are generally longer than those of
the M1,2 octahedron (Table 4) and individual M3-O distances
are very inhomogeneous although they become more homoge-
neous with increasing iron content (Table 4). More than half of
the angles deviate significantly from the ideal octahedral val-
ues of 90∞ and 180∞, respectively (Table 5). The O1-M3-O1'
and O1-M3-O2 angles in particular display a strong correla-
tion with iron content. The individual O-O distances within the
M3 octahedron are very inhomogeneous and the mean O-O
distances are approximately 0.1 Å longer than in the M1,2 oc-
tahedron (Table 6). Consequently, M3 has a volume 0.7 to 1 Å3

larger than M1,2 (Table 6). The O1-O1', O1-O8, and O2-O8
distances in particular vary significantly with increasing iron
content, reflecting the displacements of O1 and O8 (Tables 3
and 6). The displacement of O8 is best seen in the distance
between the two apical O atoms O4 and O8, which increases
from 3.61 Å to 3.87 Å with a clear negative offset between the
two modifications (Table 6, Fig. 5).

TABLE 3. Fractional atom coordinates in synthetic zoisites

Sample Zo 3 Zo 1 Zo 2 Zo 4 Zo 5
Zoisite [Xps] 0.0 (0) 0.035 (12) 0.062 (23) 0.096 (23) 0.116 (19)
A1 x 0.3666 (4) 0.3671 (5) 0.3671 (5) 0.3668 (7) 0.3652 (13)

y 0.25 0.25 0.25 0.25 0.25
z 0.4376 (6) 0.4380 (9) 0.4375 (8) 0.4361 (12) 0.4376 (19)

A2 x 0.4521 (4) 0.4515 (5) 0.4517 (4) 0.4518 (7) 0.4531 (12)
y 0.25 0.25 0.25 0.25 0.25
z 0.1130 (6) 0.1123 (8) 0.1131 (7) 0.1113 (10) 0.1120 (17)

M1,2 x 0.2498 (5) 0.2509 (7) 0.2500 (6) 0.2510 (9) 0.2516 (16)
y 0.9972 (11) 0.9957 (14) 0.9966 (14) 0.995 (2) 0.993 (3)
z 0.1905 (5) 0.1899 (7) 0.1902 (7) 0.1904 (10) 0.1887 (16)

M3 x 0.1057 (6) 0.1039 (8) 0.1051 (7) 0.1058 (10) 0.1059 (17)
y 0.75 0.75 0.75 0.75 0.75
z 0.3013 (8) 0.3015 (10) 0.3011 (9) 0.3027 (13) 0.303 (2)

T1 x 0.0817 (5) 0.0817 (7) 0.0813 (6) 0.0834 (10) 0.0842 (17)
y 0.25 0.25 0.25 0.25 0.25
z 0.1054 (8) 0.1038 (11) 0.1052 (10) 0.1000 (15) 0.100 (2)

T2 x 0.4101 (5) 0.4106 (7) 0.4105 (6) 0.4121 (10) 0.4139 (17)
y 0.75 0.75 0.75 0.75 0.75
z 0.2816 (8) 0.2841 (12) 0.2830 (11) 0.2819 (16) 0.2875 (3)

T3 x 0.1605 (5) 0.1610 (7) 0.1603 (6) 0.1615 (9) 0.1596 (15)
y 0.25 0.25 0.25 0.25 0.25
z 0.4349 (9) 0.4358 (13) 0.4365 (12) 0.4385 (18) 0.434 (3)

O1 x 0.1303 (7) 0.1323 (9) 0.1303 (8) 0.1334 (13) 0.136 (2)
y –0.004 (2) –0.006 (3) –0.006 (3) –0.017 (4) –0.030 (6)
z 0.1434 (10) 0.1424 (14) 0.1430 (13) 0.1442 (19) 0.143 (3)

O2 x 0.1018 (6) 0.1034 (9) 0.1024 (8) 0.1028 (12) 0.1047 (20)
y 0.0112 (19) 0.012 (3) 0.009 (2) 0.007 (3) 0.004 (6)
z 0.4288 (11) 0.4294 (15) 0.4308 (14) 0.433 (2) 0.429 (3)

O3 x 0.3601 (7) 0.3601 (10) 0.3598 (8) 0.3587 (13) 0.359 (2)
y 0.992 (2) 0.996 (4) 0.994 (3) 0.995 (5) 0.993 (8)
z 0.2439 (11) 0.2443 (14) 0.2442 (13) 0.2450 (18) 0.247 (3)

O4 x 0.2212 (10) 0.2212 (15) 0.2203 (13) 0.221 (2) 0.224 (4)
y 0.75 0.75 0.75 0.75 0.75
z 0.3016 (15) 0.303 (2) 0.3028 (19) 0.305 (3) 0.305 (5)

O5 x 0.2265 (11) 0.2257 (15) 0.2244 (13) 0.225 (2) 0.226 (4)
y 0.25 0.25 0.25 0.25 0.25
z 0.3115 (15) 0.313 (2) 0.3137 (19) 0.309 (3) 0.304 (5)

O6 x 0.2724 (10) 0.2718 (14) 0.2712 (12) 0.2738 (19) 0.275 (3)
y 0.75 0.75 0.75 0.75 0.75
z 0.0600 (16) 0.062 (2) 0.062 (2) 0.061 (3) 0.060 (5)

O7 x 0.9892 (10) 0.9916 (15) 0.9917 (13) 0.994 (2) 0.999 (3)
y 0.25 0.25 0.25 0.25 0.25
z 0.1636 (16) 0.165 (2) 0.165 (2) 0.169 (3) 0.175 (5)

O8 x 0.9985 (12) 0.9960 (17) 0.9976 (15) 0.993 (2) 0.985 (4)
y 0.75 0.75 0.75 0.75 0.75
z 0.2965 (16) 0.299 (2) 0.295 (2) 0.301 (3) 0.302 (5)

O9 x 0.4190 (10) 0.4203 (14) 0.4204 (12) 0.4212 (19) 0.423 (3)
y 0.75 0.75 0.75 0.75 0.75
z 0.4425 (19) 0.439 (3) 0.438 (2) 0.435 (4) 0.434 (6)

O10 x 0.2676 (11) 0.2664 (15) 0.2681 (14) 0.269 (2) 0.270 (4)
y 0.25 0.25 0.25 0.25 0.25
z 1.0741 (14) 1.0701 (19) 1.0730 (17) 1.074 (3) 1.067 (5)

H x 0.26 (not refined)
y 0.25 (not refined)
z 0.95 (not refined)

Note: Xps = Fe3+ / (Fe3+ + Al – 2); errors in parantheses represent 2s.
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TABLE 4. Bond lengths (Å) in synthetic zoisites

Sample Zo 3 Zo 1 Zo 2 Zo 4 Zo 5
Zoisite (Xps) 0.0 (0) 0.035 (12) 0.062 (23) 0.096 (23) 0.116 (19)

A1 polyhedron
A1-O1 2¥ 2.475 (12) 2.457 (16) 2.468 (14) 2.46 (2) 2.40 (3)
A1-O3 2¥ 2.415 (12) 2.405 (18) 2.409 (16) 2.39 (2) 2.39 (4)
A1-O5 2.598 (16) 2.61 (2) 2.62 (2) 2.63 (3) 2.62 (6)
A1-O6 2.565 (16) 2.57 (2) 2.57 (2) 2.60 (3) 2.57 (5)
A1-O7 2.229 (18) 2.27 (2) 2.26 (2) 2.32 (3) 2.45 (6)
A1-O9 * 2¥ 2.902 (5) 2.906 (7) 2.908 (6) 2.915 (10) 2.933 (18)
Mean A1-O† 2.453 (14) 2.453 (18) 2.458 (17) 2.46 (2) 2.46 (4)

A2 polyhedron
A2-O2 2x 2.505 (12) 2.504 (16) 2.486 (16) 2.45 (2) 2.50 (4)
A2-O2' 2x 2.794 (12) 2.824 (16) 2.819 (14) 2.83 (2) 2.84 (4)
A2-O3 2x 2.448 (12) 2.437 (18) 2.445 (16) 2.47 (2) 2.49 (4)
A2-O7 2.321 (16) 2.33 (2) 2.32 (2) 2.31 (3) 2.26 (5)
A2-O8 * 2x 3.015 (8) 3.004 (10) 3.018 (10) 2.990 (14) 2.96 (2)
A2-O10 * 3.013 (18) 3.03 (3) 3.00 (2) 2.98 (4) 3.01 (6)
Mean A2-O‡ 2.545 (13) 2.551 (17) 2.546 (16) 2.54 (2) 2.56 (4)

M1,2 octahedron
M1,2-O1 1.991 (12) 1.979 (16) 1.997 (14) 1.96 (2) 1.93 (3)
M1,2-O3 1.864 (12) 1.850 (16) 1.859 (14) 1.83 (2) 1.84 (3)
M1,2-O4 1.827 (12) 1.835 (14) 1.839 (14) 1.85 (2) 1.84 (3)
M1,2-O5 1.893 (12) 1.917 (16) 1.920 (14) 1.90 (2) 1.88 (4)
M1,2-O6 1.932 (12) 1.900 (16) 1.911 (14) 1.92 (2) 1.91 (4)
M1,2-O10 1.848 (10) 1.871 (14) 1.857 (12) 1.86 (2) 1.90 (3)
Mean M1,2-O1.893 (12) 1.892 (15) 1.897 (14) 1.89 (2) 1.88 (3)

M3 octahedron
M3-O1 2x 2.129 (12) 2.142 (16) 2.126 (16) 2.10 (2) 2.07 (4)
M3-O2 2x 1.934 (12) 1.938 (16) 1.939 (14) 1.94 (2) 1.90 (3)
M3-O4 1.871 (18) 1.90 (3) 1.87 (2) 1.87 (4) 1.92 (6)
M3-O8 1.74 (2) 1.75 (3) 1.74 (2) 1.82 (4) 1.95 (6)
Mean M3-O 1.956 (14) 1.97 (2) 1.957 (17) 1.96 (3) 1.97 (4)

T1 tetrahedron
T1-O1 2x 1.659 (12) 1.686 (16) 1.672 (14) 1.75 (2) 1.83 (4)
T1-O7 1.607 (16) 1.58 (2) 1.57 (2) 1.60 (3) 1.57 (5)
T1-O9 1.634 (18) 1.66 (3) 1.68 (2) 1.66 (4) 1.67 (6)
Mean T1-O 1.640 (15) 1.65 (2) 1.649 (17) 1.69 (3) 1.73 (5)

T2 tetrahedron
T2-O3 2x 1.614 (12) 1.639 (18) 1.630 (16) 1.65 (2) 1.67 (4)
T2-O8 1.63 (2) 1.61 (3) 1.61 (2) 1.56 (4) 1.47 (6)
T2-O9 1.620 (18) 1.56 (2) 1.56 (2) 1.54 (3) 1.48 (5)
Mean T2-O 1.620 (16) 1.61 (2) 1.608 (18) 1.60 (3) 1.57 (5)

T3 tetrahedron
T3-O2 2x 1.632 (10) 1.620 (14) 1.637 (14) 1.651 (18) 1.64 (3)
T3-O5 1.635 (18) 1.62 (2) 1.61 (2) 1.65 (3) 1.70 (6)
T3-O6 1.660 (18) 1.67 (2) 1.68 (2) 1.62 (3) 1.65 (5)
Mean T3-O 1.640 (14) 1.633 (17) 1.641 (17) 1.64 (2) 1.66 (4)
Note: Xps = Fe3+ / (Fe3+ + Al – 2); errors in parantheses represent 2s.
* Not considered as bond in calculation of mean bond length (see text for
explanation).
 † Without A1-O9 ‡ without A2-O8 and A2-O10.

TABLE 5. Selected interatomic angles (∞) in synthetic zoisites

Sample Zo 3 Zo 1 Zo 2 Zo 4 Zo 5
Zoisite (Xps) 0.0 (0) 0.035 (12) 0.062 (23) 0.096 (23) 0.116 (19)

O–M–O
Angles that deviate more than 5 ∞ from the ideal octahedral value

O1-M1,2-O4 84.1 (7) 83.7 (1.0) 83.4 (8) 82.4 (1.2) 83 (2)
O4-M1,2-O5 96.6 (6) 95.5 (8) 95.4 (7) 95.6 (1.2) 97 (2)
O5-M1,2-O10 82.8 (4) 83.4 (6) 83.5 (5) 82.2 (1.0) 81.9 (1.4)
O4-M1,2-O10 174.3 (1.4) 172.4 (1.6) 173.9 (1.8) 174.0 (1.8) 175 (5)
O1-M3-O1' 79.7 (7) 78.4 (8) 79.2 (8) 76.2 (1.2) 72 (2)
O1-M3-O4 2¥ 79.3 (6) 77.8 (8) 79.3 (7) 78.3 (1.0) 76.9 (1.8)
O1-M3-O8 2¥ 99.6 (6) 101.7 (8) 99.6 (8) 101.9 (1.2)103.6 (1.8)
O2-M3-O2' 97.1 (8) 97.1 (1.0) 95.7 (1.0) 94.9 (1.2) 96 (2)
O1-M3-O2 2¥ 168.1 (6) 165.3 (1.0) 167.8 (8) 166.4 (1.2) 163 (2)

O–T–O
Angles that deviate more than 5 ∞ from the ideal tetrahedral value

O1-T1-O1' 116.3 (1.0) 115.0 (1.4) 116.5 (1.2) 116.2 (1.8) 117 (3)
O1-T1-O9 2¥ 103.5 (5) 103.8 (7) 103.6 (6) 105.9 (8) 105.8 (1.2)
O8-T2-O9 113.5 (1.0) 115.2 (1.4) 113.2 (1.4) 117 (2) 122 (4)
O5-T3-O6 98.3 (8) 99.2 (1.2) 98.5 (1.0) 101.3 (1.6) 100 (3)

Angles within the Si2O7 group
T1-O9-T2 174.5 (1.2) 173.1 (1.6) 173.2 (1.4) 172 (2) 170 (4)
O1-O9-O3 2¥ 102 (1) 100 (1) 101 (1) 99 (2) 97 (4)
O-O9-O8 118 (1) 121 (1) 120 (1) 123 (2) 130 (4)
Note: Xps = Fe3+ / (Fe3+ + Al – 2); errors in parantheses represent 2s.

TABLE 6. Selected O-O and cation distances (Å) and polyhedra
volumes (Å3) in synthetic zoisites

Sample Zo 3 Zo 1 Zo 2 Zo 4 Zo 5
Zoisite (Xps) 0.0 (0) 0.035 (12) 0.062 (23) 0.096 (23) 0.116 (19)

M1,2 octahedron
O1-O4 2.56 (2) 2.55 (2) 2.56 (2) 2.51 (3) 2.50 (4)
O4-O6 2.56 (2) 2.55 (2) 2.55 (2) 2.60 (3) 2.60 (4)
O5-O10 2.47 (2) 2.52 (2) 2.52 (2) 2.47 (3) 2.48 (4)
O1-O6 2.80 (2) 2.75 (2) 2.79 (2) 2.75 (3) 2.69 (4)
O1-O10 2.72 (2) 2.70 (2) 2.74 (2) 2.74 (3) 2.77 (4)
O4-O5 2.78 (2) 2.78 (2) 2.78 (2) 2.78 (3) 2.79 (4)
O6-O10 2.78 (2) 2.78 (2) 2.78 (2) 2.79 (3) 2.78 (4)
Mean O-O 2.67 (2) 2.67 (2) 2.68 (2) 2.67 (3) 2.67 (4)
Volume 9.0 (2) 9.0 (2) 9.0 (2) 8.9 (3) 8.8 (4)

M3 octahedron
O1-O4 2¥ 2.56 (2) 2.55 (4) 2.56 (3) 2.51 (3) 2.48 (6)
O2-O8 2¥ 2.58 (3) 2.62 (4) 2.61 (3) 2.63 (3) 2.71 (6)
O1-O2 2¥ 2.90 (2) 2.92 (2) 2.93 (2) 2.95 (3) 2.92 (5)
O1-O8 2¥ 2.97 (3) 3.03 (4) 2.96 (3) 3.05 (3) 3.16 (6)
O1-O1' 2.73 (2) 2.71 (2) 2.71 (2) 2.59 (3) 2.43 (5)
O2-O2' 2.90 (2) 2.91 (2) 2.88 (2) 2.86 (3) 2.82 (5)
O4-O8 3.61 (3) 3.65 (4) 3.61 (3) 3.69 (3) 3.87 (6)
Mean O-O 2.76 (2) 2.77 (2) 2.76 (2) 2.76 (3) 2.77 (5)
Volume 9.7 (2) 9.8 (2) 9.7 (2) 9.7 (3) 9.8 (5)

T1 tetrahedron
O1-O1' 2.82 (2) 2.84 (2) 2.84 (2) 2.97 (3) 3.12 (5)
O1-O9 2¥ 2.57 (2) 2.63 (3) 2.63 (3) 2.72 (4) 2.79 (6)
Mean O-O 2.67 (2) 2.69 (3) 2.69 (3) 2.76 (4) 2.82 (6)
Volume 2.24 (5) 2.30 (8) 2.28 (8) 2.46 (11) 2.60 (17)

T2 tetrahedron
O3-O8 2¥ 2.64 (2) 2.62 (3) 2.64 (3) 2.61 (4) 2.51 (6)
O8-O9 2.72 (2) 2.68 (3) 2.65 (3) 2.64 (4) 2.58 (6)
Mean O-O 2.65 (2) 2.63 (3) 2.63 (3) 2.61 (4) 2.56 (6)
Volume 2.17 (5) 2.14 (7) 2.12 (7) 2.09 (10) 1.97 (14)

T3 tetrahedron
O2-O2' 2.65 (2) 2.65 (2) 2.68 (2) 2.70 (2) 2.75 (4)
Mean O-O 2.67 (2) 2.66 (3) 2.68 (3) 2.68 (4) 2.70 (6)
Volume 2.23 (5) 2.21 (7) 2.24 (8) 2.26 (10) 2.31 (15)

Si2O7 group
O7-O8 4.62 (3) 4.66 (4) 4.62 (4) 4.73 (6) 4.80 (11)
Note: Xps = Fe3+ / (Fe3+ + Al – 2); errors in parantheses represent 2s.
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and O8 of the M3 octahedron of zoisite with increasing iron content.
The discontinuity marks the transition between zoisite I and II.
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Tetrahedra.  T1 and T2 vary significantly with increasing
iron content and become more distorted. The mean T1-O dis-
tances increase from 1.64 to 1.73 Å whereas the mean T2-O
distances decrease from 1.62 to 1.57 Å (Table 4). The O-T-O
angles in T1 and T2 can deviate up to 13∞ from the ideal tetra-
hedral value of 109∞ (Table 5). In T1 the mean O-O distance as
well as the volume increase whereas in T2 they decrease (Table
6) with increasing iron content. In T3 only O2-O2' increases
with increasing iron content; all other structural values remain
approximately constant (Tables 4, 5, and 6).

The geometry of the Si2O7 group changes significantly with
increasing iron content, due to rotation of the T1 and T2 tetrahe-
dra. The T1-O9-T2 and O1-O9-O3 angles tighten slightly, whereas
the O7-O9-O8 angle increases significantly (Table 5, Fig. 6a).
Consequently, the O7-O8 distance increases (Table 6, Fig. 6b).

FTIR spectroscopy

Comparison of the measured IR spectra with published spec-
tra of natural zoisite and clinozoisite samples (Langer and Raith
1974) allows precise assignment of the IR bands. In experi-
ments Zo 3, Zo 1, and Zo 2 only zoisite bands were detected,
whereas in Zo 4 and Zo 5 additional clinozoisite bands occur
(Table 7). No bands were detected between approximately 2900
and 2250 cm–1 (Table 7).

In the spectral range 3600 to 2900 cm–1 the spectra of iron-
free zoisite can be fitted with a main band at 3152.92 cm–1 (band
5) with satellites at 3214.8 cm–1 and 3065.5 cm–1 (bands 3 and
7) and a less pronounced band at 3259.6 cm–1 (band 2) (Table
7, Fig. 7). In iron-bearing zoisite an additional, relatively pro-
nounced band is observed at ~3195 cm–1 (band 4), with satel-
lites at ~3290 and ~3100 cm–1 (bands 1 and 6) (Table 7, Fig. 7).
Due to their low intensities, bands 1 and 3 could not be re-
solved in all experiments (Table 7, Fig. 8a). Clinozoisite (only
in Zo 4 and Zo 5) has a main band at ~3330 cm–1 (band 2) and
a satellite at ~3405 cm–1 (band 1) (Table 7, Fig. 8a). The rela-
tive bulk intensities of the zoisite and clinozoisite bands in this
spectral range agree well with the modal abundance of these
phases as determined by XRD (Tables 1 and 8). The relative
intensity of zoisite band 4 continuously increases from 0 to
16% with increasing iron content, whereas that of zoisite band
5 concomitantly decreases from 89% to 67% (Table 8). The

FIGURE 6. Changes in the Si2O7 group of zoisite with iron content.
The O7-O9-O8 angle and the O7-O8 distance increase significantly
with increasing iron content, which reflects rotation of T1 and T2 in
response to the expansion of M3.

TABLE 7. Positions (cm–1) and widths (full width at half maximum,
FWHM) (cm–1) of IR bands (range 3600–2000 cm–1 at
25 ∞C) in synthetic zoisites (zo) and clinozoisites (czo)

Sample Zo 3 Zo 1 Zo 2 Zo 4 Zo 5
Zoisite (Xps) 0.0 (0) 0.035 (12) 0.062 (23) 0.096 (23) 0.116 (19)
Band
Czo
1 position / / n.r. 3405.4 (4) 3410.0 (3)
FWHM 54.5 (1.1) 65.2 (8)
2 position / / n.r. 3331.97 (10) 3334.99 (4)
FWHM 52.3 (2) 48.95 (9)

Zo
1 position / 3286.2 (1.6) 3292 (6) 3290.5 (1.8) n.r.
FWHM 47.3 (1.7) 49 (5) 38 (3)
2 position 3259.6 (5) 3255.6 (9) 3257 (4) 3249 (4) 3243 (5)
FWHM 59.9 (9) 49 (4) 46 (11) 56 (16) 52 (23)
3 position 3214.8 (9) 3226.3 (7) n.r. n.r. n.r.
FWHM 65 (3) 37 (4)
4 position / 3194.6 (9) 3198 (4) 3191.4 (9) 3190.8 (1.8)
FWHM 46 (3) 46 (12) 46 (4) 53 (9)
5 position 3152.92 (3) 3154.59 (7) 3159.0 (5) 3159.4 (2) 3160.4 (4)
FWHM 52.77 (8) 53.2 (2) 55.7 (7) 57.3 (4) 56.2 (7)
6 position / 3098.8 (4) 3097.3 (1.2) 3102.9 (6) 3102.0 (1.4)
FWHM 39.3 (1.5) 39 (4) 43 (3) 50 (7)
7 position 3065.5 (3) 3058.2 (4) 3060.9 (1.6) 3065.7 (6) 3060.4 (1.3)
FWHM 53.5 (1.1) 46.2 (9) 39 (3) 38.0 (1.3) 43 (3)
8 position 2194.0 (3) 2196.3 (9) 2197.1 (1.3) 2201.2 (1.2) n.r.
FWHM 18.6 (5) 31.9 (1.2) 39.4 (1.8) 33 (2)
9 position 2172.53 (3) 2171.13 (4) 2169.04 (7) 2167.35 (4) 2167.50 (5)
FWHM 24.18 (12) 26.79 (11) 27.6 (2) 30.4 (2) 31.6 (1)
10 position 2146.9 (3) 2144.06 (18) 2141.6 (3) 2140.6 (3) 2140.8 (4)
FWHM 18.5 (6) 16.6 (5) 17.4 (9) 18.0 (7) 15.2 (8)
Note: Xps = Fe3+ / (Fe3+ + Al – 2); clinozoisite composition unknown  (see
text); / = band not present; n.r. = position of band not resolvable; errors
in parantheses represent 2s.
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FIGURE 7. FTIR spectra of synthetic zoisite I in the spectral range
3350–2950 cm–1. The spectra of iron-free zoisite (lower part) can be
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three additional bands.
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zoisite I and II, whereas band 5 shifts to higher wavenumbers.
Band 4 shows no clear correlation between position and iron con-
tent. Like band 2, band 9 shifts to lower wavenumbers with in-
creasing iron content, although this shift is only moderate (Fig. 9).

With decreasing temperature bands 2, 4, and 5 of zoisite
from sample Zo 5 shift linearly to lower wavenumbers, whereas
band 9 shifts to higher ones (Table 9, Fig. 10). Regression lines
show that the temperature dependency of bands 4 and 5 is nearly
identical (Fig. 10).

DISCUSSION

X-ray diffraction and zoisite modifications I and II

Because the refined lattice constants reflect peak positions
whereas the refined fractional atom coordinates are derived
from peak intensities, the convergence of the results of these
two independent variables strongly suggest that sharp struc-
tural discontinuities must occur at ~0.05 Xps in synthetic zoisite.
Other possible explanations, such as order-disorder phenom-

relative intensity of band 2 shows no clear correlation to iron
content (Table 8).

In the spectral range 2250 to 2000 cm–1 zoisite displays a
pronounced band at ~2170 cm–1 (band 9; Fig. 8b) with satel-
lites at ~2195 and ~2140 cm–1 (bands 8 and 10) (Table 7). No
clinozoisite bands are present in this spectral range.

The positions of the main zoisite bands 2, 4, 5, and 9 change
with increasing iron content (Table 7, Fig. 9). Band 2 signifi-
cantly shifts to lower wavenumbers with an offset between
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FIGURE 8. FTIR spectra and fit of significant zoisite and clinozoisite
bands in the spectral ranges 3500–3000 cm–1 (a) and 2250–2100 cm–1

(b) for all samples. 2, 4, 5, and 9 are zoisite bands, and 2 is a clinozoisite
band, which is found in the iron-rich samples Zo 4 and Zo 5. For clarity,
clinozoisite band 1 and zoisite bands 1, 3, 6, 7, 8, and 10 (see Table 7)
are not plotted due to their low intensities.

TABLE 8. Relative bulk intensities (%) of zoisite and clinozoisite
IR-bands in the range 3600–2900 cm–1 and relative in-
tensities (%) of zoisite IR-bands 2, 4, and 5 (all at 25
∞C)

Sample Zo 3 Zo 1 Zo 2 Zo 4 Zo 5
Zoisite (XPS) 0.0 (0) 0.035 (12) 0.062 (23) 0.096 (23) 0.116 (19)

Relative bulk intensities
Zo 100 100 100 71 38
Czo 0 0 0 29 62

Relative intensities of zoisite bands
2 11 9 10 14 17
4 0 6 8 10 16
5 89 85 82 76 67
Note: Xps = Fe3+ / (Fe3+ + Al – 2); clinozoisite composition unknown (see
text); errors in parantheses represent 2s.
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FIGURE 9. Positional shifts of zoisite IR bands 2, 4, 5, and 9 with
increasing iron content. Bands 2 and 9 correlate negatively whereas
band 5 correlates positively with iron content. Band 4, which is absent
in Fe-free zoisite I, shows no clear correlation.
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ena, can be ruled out. Ordering of Fe3+ and Al between M1,2
and M3 would result in kinks and not in offsets of the refined
values. Additionally, the X-ray results give no indication of
Fe3+ at M1,2. Stacking faults in [100] that would produce mono-

clinic (clinozoisite) domains (Ray et al. 1986) should result in
offsets opposite to those observed, because a is shorter in
clinozoisite than in zoisite whereas b and c are longer in
clinozoisite. Lastly, effects of preparation are unlikely, because
a second series of preparations made for each experiment
yielded identical results. Therefore, our data point to two struc-
turally slightly different zoisite modifications.

In natural zoisite, two different optical orientations are
known (Myer 1966; Maaskant 1985); in iron-poor b-zoisite the
optic axial plane is parallel to (010) and in the iron-rich a-
zoisite or ferrian zoisite the optic axial plane is parallel to (100).
However, it is an open question whether the transition from b-
to a-zoisite with increasing Fe-content is continuous, as pos-
tulated by Myer (1966) and Maaskant (1985), or discontinu-
ous. Myer (1966) and Maaskant (1985) postulated that the
transformation from b- to a-zoisite occurs at iron contents of
~0.07–0.09 Xps, in fairly good agreement with the present re-
sults. Therefore, zoisite I and II might be correlated with b-
and a-zoisite, respectively. Unfortunately, we were not able to
determine the orientation of the optic axial plane of zoisite in
our synthetic samples. Due to the small thickness of the crys-
tals (<<5 mm) the universal stage measurements did not yield
unequivocal results. The correlation of zoisite I and II with b-
and a-zoisite is therefore only speculative.

The refined lattice constants of this study show differences
with respect to published lattice constants of zoisite (Fig. 11).
The lattice constants a, b, and V of synthetic iron free zoisites
from Langer and Lattard (1980) and Grevel et al. (2000) agree
well with the results of this study, whereas the c dimensions of
Langer and Lattard (1980) and Grevel et al. (2000) are signifi-
cantly larger. Lattice constants from natural iron bearing zoi-

TABLE 9. Positions (cm–1) and widths (full width at half maximum
FWHM) (cm–1) of selected zoisite IR bands from run Zo
5 [zoisite composition: Xps = 0.116 (19)] at –180 ∞C, –80
∞C, 25 ∞C, and 125 ∞C

Temperature –180 ∞C –80 ∞C 25 ∞C 125 ∞C
Band 2

position 3215 (3) 3231 (3) 3243 (5) 3257 (10)
FWHM 68 (18) 62 (10) 52 (23) 62 (32)

Band 4
position 3152 (3) 3179 (8) 3190.8 (1.8) 3212 (9)
FWHM 53 (18) 61 (16) 53 (9) 52 (27)

Band 6
position 3120.7 (1.7) 3139 (2) 3160.4 (4) 3181.9 (1.4)
FWHM 48 (9) 68 (5) 56.2 (7) 58.9 (1.1)

Band 9
position n.d. 2182.7 (2) 2167.50 (5) 2154.73 (5)
FWHM 27.6 (3) 31.6 (1) 36.92 (15)
Notes: Xps = Fe3+ / (Fe3+ + Al – 2); n.d. = not determined; errors in paren-
theses represent 2s.

FIGURE 10. Positional shifts of zoisite IR bands 2, 4, 5, and 9 with
increasing temperature (samples Zo 5). Bands 2, 4, and 5 correlate
positively with temperature, band 9 negatively. The temperature
dependency of the position of bands 4 and 5 is slightly larger than that
of band 2.
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sites (Myer 1966; Dollase 1968; Pawley et al. 1996; Comodi
and Zanazzi 1997) deviate significantly from the results of this
study (Fig. 11). Reasons for these differences might be addi-
tional minor elements such as Mn2+, Mn3+, V3+, Sr, or REE in
the natural samples, and different synthesis conditions.

Fe3+-Al exchange in zoisite.  Both zoisite modifications
exhibit identical structural responses to increasing iron con-
tent, although the structural variations are more pronounced in
zoisite II than in zoisite I. Neither zoisite I nor zoisite II show
any signs of iron incorporation at the M2 site, in good accor-
dance with Ghose and Tsang (1971) and contrary to clinozoisite
in which iron partitions between the three M1, M2, and M3
octahedra of the monoclinic structure as a function of T and
total iron content (Giuli et al. 1999). In zoisite I and II the M3
octahedron expands significantly in the a direction and flat-
tens moderately in b with increasing iron content (Fig 12a).
The expansion in a results in displacement of the apical O8
atom (Fig. 12a, b), which is compensated for by rotation of the
T2 tetrahedron around the relatively fixed apical O3 atom of
the M1,2 octahedron (Fig. 12b). The rotation of T2 leads to
rotation of the corner-linked T1 tetrahedron in the opposite di-
rection (Fig. 12b), which is reflected by the increasing O8-O9-
O7 angle of the Si2O7 group. The tilting of T1 and T2 expands
the Si2O7 group in the c direction and is responsible for the
observed inflation of the structure parallel to c.

This response of the zoisite structure to increasing iron con-
tent in M3 might explain the existence of zoisite I and II. In-
creasing rotation of T1 and T2 increases the strain of the zoisite
structure that, in turn, most probably limits the degree of rota-
tion of T1 and T2. In the case of zoisite I the stress caused by
rotation of T1 and T2 is released by expansion of the structure
parallel to a, a back-rotation of T1 and T2 into their normal
positions and consequently by the formation of zoisite II. Zoisite
II is able to compensate for further iron incorporation by rota-
tion of T1 and T2. We speculate that, at a critical iron content,
zoisite II breaks down to form monoclinic clinozoisite.

P-V-T behavior of zoisite.  The two zoisite modifications
might explain the different results of previous studies on the
P-V-T behavior of zoisite. Comodi and Zanazzi (1997) deter-
mined a bulk modulus of K298

zo  = 114 GPa for a natural zoisite
with ~0.10 Xps whereas Pawley et al. (1998) found K298

zo = 125
GPa for a natural zoisite with 0.023–0.043 Xps. The latter bulk
modulus is identical to that of a synthetic iron-free zoisite
(Grevel et al. 2000). Comodi and Zanazzi (1997) and Pawley
et al. (1998) postulate for the compression mechanism not only
a shrinkage of individual polyhedra but also a rotation of poly-
hedra and especially of the T1 and T2 tetrahedra. The compo-
sition of the zoisite studied by Comodi and Zanazzi (1997)
corresponds to zoisite II of this study whereas the composi-
tions of the zoisites studied by Pawley et al. (1998) and Grevel
et al. (2000) correspond to zoisite I. Therefore the different
bulk moduli might reflect the structural differences between
zoisite I and II. In particular, rotation of T1 and T2 as a re-
sponse to pressure-induced compression is probably easier in
zoisite II than in zoisite I, which would explain the lower bulk
modulus of zoisite II.

Using (∂V/∂X) for this study for zoisite I and zoisite II, a
K298

zo I of 125 GPa (Pawley et al. 1998; Grevel et al. 2000) and a
K298

zo II of 114 GPa (Comodi and Zanazzi 1997), and the isobaric
thermic extensional coefficient of Pawley et al. (1996) of a0 =
3.86 ¥ 10–5 K–1 for zoisite I and II, the complete P-V-T-X ex-
pressions for zoisite I and II are:

V zo I [cm3/mol] = V0
zo I ¥ (1 + 1.26 ¥ 10–2 ¥ Xps) ¥ (1 + a0

zo ¥
T') ¥ (1–bV

zo I ¥ P)
V zo II [cm3/mol] = V0

zo II ¥ (1 + 2.14 ¥ 10–2 ¥ Xps) ¥ (1 + a0
zo ¥

T') ¥ (1–bV
zo II ¥ P),

with V0
zo I = 135.69 cm3/mol, V0

zo II = 135.74 cm3/mol, a0
zo = 3.86

¥ 10–5 K–1, bV
zo I = 8.00 ¥ 10–3 GPa–1, bV

zo II = 8.77 ¥ 10–3 GPa–1, T'
= (T–298) K and P in GPa.

Taking K298
czo = 130 GPa (Comodi and Zanazzi 1997), a0

czo =
2.94 ¥ 10–5 K–1 (Pawley et al. 1996), and (∂V/∂X) for clinozoisite
fitted to published cell volumes (Seki 1959; Myer 1966; Dollase
1968; Gabe et al. 1973; Kvik et al. 1988; Bonazzi and Menchetti
1995; Della Ventura et al. 1996; Pawley et al. 1996), zoisite
has a smaller cell volume than clinozoisite with identical com-
position under geologically reasonable P-T-X conditions. Bear-
ing in mind that clinozoisite always has higher iron contents
than coexisting zoisite (Enami and Banno 1980; Franz and
Selverstone 1992; Brunsmann et al. 2002) zoisite should struc-
turally be the high-pressure modification.

Assignment of IR bands

Spectral range 3600–2900 cm–1.  The positional shifts and
changes in relative intensities of the zoisite bands 2, 4, and 5,
combined with the results from X-ray powder diffraction, al-
low assignment of these bands to discrete local environments.
The positive correlation with temperature (Table 9, Fig. 10)
shows that all are due to OH stretching vibrations. According
to Ito et al. (1954), Hanisch and Zemann (1966), Dollase (1968),
Linke (1970), Gabe et al. (1973), and Smith et al. (1987), the
proton in zoisite is bonded to the O10 atom to form a hydrogen
bridge to O4 of the parallel octahedral chain. The O10 atom is
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content. With increasing iron content M3 elongates significantly in a
and flattens slightly in b (a). The expansion of M3 parallel to a is
compensated by a rotation of T2 around the relatively fixed apical O3
atom of the parallel octahedral chain (b). This rotation results in an
opposite rotation of T1, enlarging the structure parallel to c. Due to the
opposite rotation of T1 and T2, both the O7-O9-O8 angle and the O7-
O8 distance increase (b).



LIEBSCHER ET AL.: THE PHASE TRANSITION IN Fe3+-AL ZOISITE 919

linked to two adjacent M1,2 octahedra, but the O4 atom is linked
to two adjacent M1,2 octahedra and one M3 octahedron. Be-
cause M3 either houses Al or Fe3+, two different local environ-
ments of the OH-group can be distinguished, one with Al at
M3 and one with Fe3+ at M3. Consequently, and following
Langer and Raith (1974), the most significant band (5) is as-
signed to the stretching vibration of the configuration

Al[M1,2]Al[M1,2]–O10–H◊◊◊O4–Al[M1,2]Al[M1,2]Al[M3].

Band 4, which is only present in iron bearing zoisite and
the intensity of which increases with increasing iron content,
must be assigned to the stretching vibration of the configura-
tion

Al[M1,2]Al[M1,2]–O10–H◊◊◊O4–Al[M1,2]Al[M1,2]Fe3+[M3].

The slightly higher energy of band 4 compared to band 5 is
related to the distortion of M3 caused by the iron incorpora-
tion, which slightly increases the distance between O10 and
O4. According to Langer and Raith (1974), bands 3 and 7 and
1 and 6, respectively, are interpreted as combinations of bands
4 and 5 with lattice vibrations at ~100 cm–1. Because for Al,Fe3+-
zoisite only the two configurations described above for O10–
H◊◊◊O4 are possible, band 2 must arise from a second hydrogen
bridge (Ox–H◊◊◊Oy). Total bond strengths of anions, calculated
for the refined zoisite structures with the data of Brese and
O’Keeffe (1991) show that beside O10, which is strongly un-
dersaturated, only O1, O2, and O8 are possible candidates for
Ox and Oy (Table 10). From the position of band 2 the length
of the underlying hydrogen bridge Ox–H◊◊◊Oy can be calcu-
lated (Bellamy and Owens 1969). The results show that it de-
creases from ~2.718  to ~2.710 Å with increasing iron content,
displaying an offset between zoisite I and zoisite II (Fig. 13a).
Calculation of all possible O-O distances for O1, O2, and O8
from the XRD data shows that only O10-O2 displays a compa-
rable correlation with iron content, although the absolute val-
ues calculated with the XRD data are larger than those
calculated from the IR data (Fig. 13b). We therefore assign band
2 to the configuration

Al[M1,2]Al[M1,2]–O10-H◊◊◊O2–(Al,Fe3+)[M3].

Such a second hydrogen bridge O10–H◊◊◊O2 was previously
discussed, but not proven, by Smith et al. (1987). Because the

O10 atom and the proton are lying on a mirror plane whereas
O2 is at a general position, this hydrogen bridge should be bi-
furcated. The O10 atom and the proton are always at the same
distance from two symmetrically arranged O2 atoms and the
charge distribution between the O2 and O10 atoms and the pro-
ton must also be symmetrical. A bifurcation is consistent with
the erroneously shorter lengths of the hydrogen bridge calcu-
lated with the IR vs. the XRD data (Nakamoto et al. 1955;
Libowitzky 1999). Based on these assumptions, O10–H◊◊◊O2
in Fe-zoisite should split into two distinct bands, one for Al at
M3 and one for Fe3+ at M3. This splitting is, however, not re-
solvable in most iron-rich samples due to the low intensity of
band 2 and to the superimposed clinozoisite IR bands.

The band 9 at ~2170 cm–1.  The negative correlation of
band 9 with temperature indicates that this band cannot be due
to a stretching vibration, as proposed by Langer and Raith
(1974), but is typical for bending vibrations (Novak 1974; Hadzi
and Bratos 1976). Winkler et al. (1989) interpreted band 9 as
the first overtone of the “in-plane” bending vibration of the
O10–H◊◊◊O4 hydrogen bridge. The question arises as to why
such a band is not found in clinozoisite, although the environ-
ment of the O10–H◊◊◊O4 hydrogen bridge in clinozoisite is com-
parable to that in zoisite (Langer and Raith 1974). Additionally,
the first overtone of the bending vibration of a straight hydro-
gen bridge should be in the range of ~1950–2000 cm–1 (Stubican
and Roy 1961; Vedder and McDonald 1963; Russel et al. 1970).
We therefore interpret band 9 as the first overtone of the “in-
plane” bending vibration of the O10–H◊◊◊O2 hydrogen bridge.
The lack of a comparable band in clinozoisite is due to the
absence of the underlying hydrogen bridge. The bifurcated
nature of O10–H◊◊◊O2 explains the relatively high energy of
band 9. To test our interpretation of both bands 9 and 2, further
studies should focus on polarized single-crystal IR spectros-
copy.

Zoisite I–zoisite II phase transition

Within precision our data show no change in symmetry and
no framework reconstruction between zoisite I and zoisite II.

TABLE 10. Total bond strengths of anions in synthetic zoisites

Sample Zo 3 Zo 1 Zo 2 Zo 4 Zo 5
Zoisite (XPS) 0.0 (0) 0.035 (12) 0.062 (23) 0.096 (23) 0.116 (19)
O1 1.84 (9) 1.79 (9) 1.81 (9) 1.72 (14) 1.7 (2)
O2 1.78 (9) 1.81 (9) 1.78 (9) 1.77 (14) 1.8 (3)
O4 1.79 (9) 1.73 (9) 1.77 (9) 1.74 (14) 1.7 (2)
O7 1.92 (10) 1.94 (10) 2.00 (10) 1.85 (15) 1.9 (3)
O8 1.77 (9) 1.81 (9) 1.84 (9) 1.84 (15) 2.0 (3)
O3 2.16 (11) 2.13 (11) 2.13 (11) 2.12 (17) 2.0 (3)
O5 2.19 (11) 2.16 (11) 2.18 (11) 2.12 (17) 2.1 (3)
O6 2.04 (10) 2.10 (10) 2.05 (10) 2.16 (17) 2.1 (3)
O9 1.98 (10) 2.10 (10) 2.05 (10) 2.16 (17) 2.4 (3)
O10 * 1.17 (6) 1.10 (6) 1.15 (6) 1.14 (9) 1.02 (14)
Note: Xps = Fe3+ /(Fe3+ + Al – 2); errors in parentheses represent 2s * without H.

FIGURE 13. Calculated O-O distances for the proposed second
hydrogen bridge that is responsible for IR band 2 in zoisite. Calculations
are based on IR (a) and XRD data (b). In both cases there is a good
inverse correlation with iron content, with a slight positive offset
between zoisite I and II. The distances calculated with the XRD data
are somewhat larger, which is explained by the bifurcated underlying
hydrogen bridge (see text for explanation).
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The transformation from zoisite I to zoisite II is therefore best
classified as an isosymmetric displacive phase transition in-
duced by solid solution. An isosymmetric displacive transfor-
mation induced by temperature has been reported for malayaite,
CaSnSiO5, (Bismayer et al. 1999), a rare mineral isostructural
with titanite and found in skarn deposits (Higgins and Ribbe
1977). The latter transformation is characterized by a tumbling
motion of the SnO6 octahedra (Bismayer et al. 1999; Zhang et
al. 1999).

The principal mechanism by which the zoisite I and II struc-
tures response to the stress caused by the substitution of the
larger Fe3+ ion for Al is identical to that reported for the expan-
sion of the zoisite structure as a function of T and P (Comodi
and Zanazzi 1997; Pawley et al. 1998; Grevel et al. 2000).
Relative individual deformations as a function of iron content
in zoisite I and II vary in the order b/b0 > c/c0 >> a/a0, with a/a0

< 0 (subscript 0 denotes the lattice constants of iron-free zoisite
I and II, respectively), individual expansivities and
compressibilities in the order c > b >> a (Pawley et al. 1998).
The analogy between substitutional- and temperature-induced
deformation is also highlighted by the fact that a gets shorter
both with increasing iron content and with increasing tempera-
ture (Pawley et al. 1996). Such an analogy between the effects
of temperature and composition is also found in leucite. Palmer
et al. (1997) showed that the substitution of the larger Cs or Rb
atom for K in leucite produces the same style of framework
distortion as that associated with increasing temperature.

Because of the similar effects of composition, temperatures,
and pressure on distortion of the zoisite structure, the zoisite I–
zoisite II transition should not only depend on composition but
also on P and T (Heaney 2000). This would be in analogy to
the leucite system in which a phase transition occurs that can
either be induced by temperature or by solid solution, although
the transition in the leucite system is not isosymmetric but in-
cludes a change from cubic (high-T form) to tetragonal (low-T
form) symmetry (Martin and Lagache 1975; Palmer et al. 1997).
The transition temperature in leucite decreases with increasing
size of the substituted cation and with increasing Cs or Rb con-
tent (Palmer et al. 1997). Combining the data from the leucite
system with our results, (1) the zoisite I–zoisite II transition
should not only be induced by solid solution but also by P and
T, (2) zoisite II should be the high-temperature, low-pressure
modification, and (3) the transition temperature from zoisite I
to zoisite II should be negatively correlated with the iron con-
tent.

A reevaluation of the published P-V-T data for zoisite (Hol-
land et al. 1996; Pawley et al. 1996; Comodi and Zanazzi 1997;
Pawley et al. 1998; Grevel et al. 2000) in the light of our new
results, unfortunately did not show any clear discontinuities in
lattice parameters due to varying P or T that would point to the
zoisite I–zoisite II phase transition. This can either be due to
the small differences between zoisite I and II that might be
masked by the analytical uncertainties, or to the fact that the P-
T conditions of the phase transition simply lie outside the stud-
ied P-T ranges. We therefore emphasize that future studies on
zoisite should focus on the determination of the P-T-X condi-
tions of the zoisite I–zoisite II phase transition. This knowl-
edge will help to constrain the stability fields of zoisite I and II

and the phase relations between zoisite and minerals like
clinozoisite, lawsonite, and grandite.
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