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Abstract: Amphiboles have been synthesized by hydrothermal techniques at 500–600 °C, 1 Kbar P(H2O) and low oxygen fugacity
(close to NNO) at nominal compositions along the join ferri-clinoholmquistite [�Li2Mg3Fe3+

2Si8O22(OH)2] – ferri-clino-
ferroholmquistite [�Li2Fe2+

3Fe3+
2Si8O22(OH)2]. SEM-EDS and X-ray powder diffraction show that at 500 °C, amphibole is the

dominant phase in the run assemblage, together with minor clinopyroxene + quartz, in the Fe-rich side of the join, up to ~50 mol. %
ferri-holmquistite component in the system. For higher Mg contents, an assemblage consisting of predominant clinopyroxene +
quartz is obtained, and amphibole is only a minor phase. At 600 °C, the situation is reversed: amphibole is the predominant phase in
the Mg-rich side of the join (~60–100 mol. % ferri-holmquistite component in the system). X-ray powder-diffraction patterns can be
indexed in space group C2/m and cell parameters show well-defined linear trends as a function of nominal amphibole composition.
Mössbauer spectra show that Fe3+ is strongly ordered at the M2 site, whereas Fe2+ is disordered over the B and C sites. The infrared
OH-stretching spectra of intermediate compositions show fine structure caused by ordering of Mg and Fe2+ over the M1 and M3 sites
in the amphibole; this fine structure consists of four main bands assigned to the four local combinations of (Mg,Fe2+) at M(1,3). The
relative intensities of these bands show that there is almost complete Mg-Fe2+ substitution at M(1,3) in ferri-clinoholmquistite and
that there is no significant short-range ordering (cluster and/or anti-clustering) between these two cations at the M(1,3) sites. The IR
spectra show, in addition, four minor components that are assigned to (Fe2+,Mg) at M(4), indicating that the amphibole composition
departs from the nominal one following the vector M4Fe2+ M2Mg M2Fe3+

-1
M4Li-1.
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Introduction

Holmquistite is a member of the Mg-Fe-Mn-Li amphibole
group and has [B]Li > 1.00 apfu (atoms per formula unit)
(Leake et al., 2004). It has been reported from several locali-
ties around the world (e.g. Deer et al., 1999), typically oc-
curring at the contact of Li-rich pegmatites with country
rocks (Deer et al., 1999; London, 1986). During the last few
years we have devoted much effort to the crystal chemistry
of this amphibole as a function of T, P and fO2 (Iezzi et al.,
2003a, 2003b, 2004). Iezzi et al. (2003a) showed that, in the
Mg-free system, ferri-clinoferroholmquistite is obtained up
to 500 °C; at 600 °C, the Li-bearing amphibole is complete-
ly replaced by Fe3+-rich spodumene, magnetite and quartz.
Iezzi et al. (2004) showed that, in the Mg-bearing system,
ferri-clinoholmquistite crystallizes at T & 600 °C, whereas
for lower temperatures (500 °C), it is replaced by Fe3+-rich

spodumene, taeniolitic mica and quartz. The upper thermal
limit of ferri-clinoholmquistite is 800 °C; at 900 °C, the am-
phibole disappears and is replaced by Fe3+-rich spodumene
and enstatite (Iezzi, 2001). According to Iezzi (2001), the
pressure conditions in the range 0.1 < P < 0.7 GPa have no
significant effect on the stability of the amphibole, whereas
the oxygen fugacity during synthesis plays a major role on
the final composition (particularly the Fe2+/Fe3+ ratio) of the
mineral (Iezzi et al., 2004).

In this paper, we report the synthesis of amphiboles along
the join ferri-clinoholmquistite – ferri-clinoferroholmqui-
stite, and characterize the obtained products by means of in-
frared and Mössbauer spectroscopies. Taking into account
the results of Iezzi et al. (2003a, 2004), we planned two sets
of experiments at 500 and 600 °C, and at constant PH2O = 0.1
GPa and NNO fO2 conditions. It is known that at 500 °C, the
oxygen fugacity of the experiment cannot be properly con-
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2 µm 203 

trolled, due to the low permeability of the gold capsule to
hydrogen at this temperature. Thus at 500 °C, the synthetic
system is “internally buffered” and the redox conditions in-
side the charge are not determined (Chou, 1987; Iezzi et al.,
2003a). At 600 °C and a run duration of several days, kinetic
equilibrium between the buffer (either a solid-state buffer or
an Ar-H2 gas mixture) and the charge within the capsule is
attained, allowing control of the redox condition of the ex-
periment. In the present work, 600 °C experiments were
buffered at NNO for two reasons: (1) the redox conditions of
the 500 °C synthesis are probably very close to the NNO
buffer, considering the Fe2+/Fe3+ ratio of the resulting am-
phiboles (Iezzi et al., 2003a), and (2) the work of Iezzi et al.
(2004) showed that at fO2 < NNO + 1, the final amphibole
yield is maximized and the occurrence of Fe3+-rich spodu-
mene and other additional phases is minimized; this allowed
us to use the bulk powder for spectroscopic analysis.

A common problem in amphibole synthesis is the very
small size of the crystals obtained, which normally prevents
EMP analysis and/or single-crystal X-ray diffraction. A sec-
ond problem with regard to amphiboles is the need to char-
acterize short-range order (SRO) in addition to long-range
order (LRO), as knowledge of SRO is essential in develop-
ing reliable geological applications in geothermometry or
geobarometry based on amphibole composition. As shown

Fig. 1. SEM image of sample 203.The scale bar is 2 µm.

Table 1. Sample labels, nominal compositions, experimental conditions and run products along the join �Li2(Fe2+
XMg3–X)Fe3+

2Si8O22(OH)2.
Amph = amphibole, cpx = clinopyroxene, tc = talc, qz = quartz, i.b. = internally buffered (see text).

Label Nominal octahedral
composition

Temperature
(°C)

Pressure
(GPa)

Oxygen
fugacity

Time
(days)

Obtained
assemblage

201 Fe2+
3Fe3+

2 500 0.1 i.b. 12 amph, qz
202 (Fe2+

2.4Mg0.6)Fe3+
2 500 0.1 i.b. 12 amph, qz

203 (Fe2+
1.8Mg1.2)Fe3+

2 500 0.1 i.b. 12 amph, qz
204 (Fe2+

1.5Mg1.5)Fe3+
2 500 0.1 i.b. 12 amph, qz

13f4 (Fe2+
1.5Mg1.5)Fe3+

2 600 0.1 NNO 12 cpx, amph, qz
13f5 (Fe2+

1.2Mg1.8)Fe3+
2 600 0.1 NNO 12 amph, cpx, qz

13f6 (Fe2+
0.4Mg2.4)Fe3+

2 600 0.1 NNO 12 amph, cpx, qz
13f8 Mg3Fe3+

2 600 0.1 NNO 12 amph, tc, cpx, qz

by Della Ventura et al. (1999), IR spectroscopy has great po-
tential in this regard, even if several problems still persist, es-
pecially when attempting quantitative treatment of the data
(Hawthorne et al., 2000; Reece et al., 2002). Iezzi et al.
(2003a, 2004) recently showed that combined use of IR and
Mössbauer spectroscopies allows characterizing the composi-
tion of the synthetic product with a high degree of confidence.
This work represents further application of this approach for
intermediate (Mg,Fe)-holmquistite, where the analytical
problems are exacerbated by the simultaneous presence in the
system of a multi-valence cation (Fe) and two light elements
(H and Li), which cannot be directly measured.

Experimental methods

Starting products were prepared as gels, following the method
of Hamilton & Henderson (1968). Iron was added by mixing
stoichiometric amounts of metallic Fe (Fe0) and Fe-nitrate
(Fe3+) (Monier & Robert, 1986; Iezzi, 2001). Intermediate
compositions were prepared along the (pseudo)-binary join
ferri-clinoferroholmquistite [�Li2Fe2+

3Fe3+
2Si8O22(OH)2] –

ferri-clinoholmquistite [�Li2Mg3Fe3+
2Si8O22(OH)2] by mix-

ing end-member gels in steps of 0.6 apfu of the substituent
cation. Compositions and sample labels are given in Table 1.
Hydrothermal synthesis was done using internally heated
pressure vessels equipped with a Shaw membrane (Ag60Pd40),
for duration of 12 days (see Iezzi et al., 2004 for details).

Run products were studied using X-ray powder-diffrac-
tion, SEM-EDS, Mössbauer spectroscopy and FTIR spec-
troscopy in the principal OH-stretching region. A complete
description of the analytical techniques used was given in
Iezzi et al. (2003a, 2004).

Results

Run products

The amphibole crystals obtained along the studied join are
systematically acicular with a width between 0.2–0.5 µm,
and a length between 2–3 µm (Fig. 1); very few crystals ex-
ceed these dimensions. It must be noted that Iezzi et al.
(2004) were successful in obtaining larger crystal in this
system only at temperatures much higher (800 °C) than
those used here; one of their samples could be studied by
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Fig. 2. Schematic thermal stability field (stippled area) of ferri-clino-
holmquistite as a function of the Mg content in the system. For ex-
perimental conditions and sample labels, see Table 1. Filled sym-
bols: amphibole dominant, hollow symbols: clinopyroxene domi-
nant. Circles: this work, triangles: data from Iezzi (2001).

single-crystal X-ray diffraction, and some of their results
will be used below as a basis of comparison. Optical- and
electron-microscopy, coupled with powder X-ray diffrac-
tion, show that the run products obtained at 500 °C in the
range 0 e Mg/(Mg+Fe2+) e 0.5 consist of more than 90%
amphibole, plus additional quartz and very minor pyroxene
(Table 1). For higher Mg contents in the system, the amount
of amphibole in the run assemblage decreases significantly,
and clinopyroxene is the dominant phase. Experiments at
600 °C gave an assemblage of amphibole ( ' 80%), Fe3+-
rich spodumene (10–15%) (Cámara et al., 2003) and quartz
(10–5%) in the range 0.5 < Mg/(Mg+Fe2+) e 1.0 (Table 1).
A slightly higher yield was obtained for the nominal ferri-
holmquistite end-member, and at this composition, a minor
amount of talc is also present in the assemblage. At this tem-
perature, clinopyroxene is the dominant phase for
Mg/(Mg+Fe2+) < 0.5. A schematic stability field for
(Mg,Fe)-ferri-clinoholmquistite is given in Figure 2.

Table 3. Mössbauer parameters for ferri-clinoferroholmquistite 202, 203 and 204.

Sample Isomer shift
· (mm/s)

Quadrupole split-
ting
2 (mm/s)

— FWHH
(mm/s)

Site I Relative site
distribution

(%)

u 2

201 1.13±0.01
1.12±0.01
0.40±0.01

2.84±0.01
2.23±0.01
0.26±0.01

0.28±0.01
0.32±0.01
0.32±0.01

M1 Fe2+

M3 Fe2+

M2 Fe3+

36(1)
25(2)
39(1)

1.91

202 1.13±0.01
1.11±0.01
1.22±0.01
0.37±0.01

2.81±0.02
2.32±0.01
1.78±0.1

0.28±0.01

0.28±0.01
0.31±0.01
0.44±0.01
0.34±0.01

M1 Fe2+

M3 Fe2+

M4 Fe2+

M2 Fe3+

34(4)
18(7)
6(4)

42(1)

1.31

203 1.13±0.01
1.12±0.01
1.12±0.06
0.38±0.01

2.80±0.01
2.38±0.01
1.95±0.1

0.26±0.01

0.26±0.01
0.29±0.01
0.43±0.01
0.32±0.01

M1 Fe2+

M3 Fe2+

M4 Fe2+

M2 Fe3+

31(1)
15(3)
6(2)

48(1)

1.03

204 1.13±0.01
1.13±0.01
1.26±0.03
0.37±0.01

2.82±0.01
2.42±0.01
1.79±0.05
0.28±0.01

0.27±0.01
0.31±0.01
0.42±0.01
0.34±0.01

M1 Fe2+

M3 Fe2+

M4 Fe2+

M2 Fe3+

28(5)
17(7)
7(3)

48(1)

1.28

At the 50:50 Mg-Fe2+ composition (samples 204 and
13f4, Table 1), the same kind of amphibole is obtained at
both 500 and 600 °C, judging from their cell parameters and
IR spectra. However, at higher T (600 °C, sample 13f4, Ta-
ble 1), a lower yield was obtained. Therefore, we selected
the 500 °C run-powder (204) for further analysis.

Cell dimensions

Table 2 gives the unit cell parameters for the amphiboles
synthesized in the Mg-Fe series, and Figure 3 shows their
variation as a function of nominal XFe2+ = Fe2+/(Mg+Fe2+).
All cell dimensions show a well-defined linear increase as a
function of increasing Fe in the system (Fig. 3), reflecting a
continuous increase in Fe2+ (r = 0.78 Å) substituting for Mg
(0.720 Å, Shannon, 1976) in the amphibole structure. A
slight linear decrease is observed for the q angle, suggesting
a change in M4 occupancy along the series, since it is known
that the q angle is particularly sensitive to the aggregate size
of the M4 site (e.g. Iezzi et al., 2003b).

Mössbauer spectra

The 500 °C samples only (201, 202, 203 and 204, Table 1)
were analysed by Mössbauer spectroscopy (Fig. 4), as these
run-powders consist of amphibole with minor quartz (see

Table 2. Refined cell parameters for synthetic amphiboles along the
join �Li2(Fe2+

XMg3–X)Fe3+
2Si8O22(OH)2.

Sample a (Å) b (Å) c (Å) ß (°) V (Å3)

201 9.482(3) 18.006(7) 5.320(2) 101.32(5) 890.63
202 9.476(4) 17.984(9) 5.317(3) 101.40(5) 888.23
203 9.469(3) 17.955(8) 5.314(3) 101.62(5) 884.95
204 9.469(3) 17.947(7) 5.308(2) 101.64(4) 883.49
13f5 9.452(3) 17.948(7) 5.305(2) 101.82(4) 881.14
13f6 9.445(3) 17.909(7) 5.298(2) 101.91(4) 876.86
13f8 9.445(4) 17.882(10) 5.295(3) 102.04(5) 874.63
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Fig. 3. Variation in unit cell parameters along the (Mg,Fe2+) – ferri-
clinoholmquistite join.

above). The 600 °C samples contain variable but significant
amounts of Fe-bearing clinopyroxene in addition to the am-
phibole, and these were not analysed. Four Lorentzian quad-
rupole-doublets were fitted to adequately describe the reso-
nance absorption patterns, and the refined parameters are
given in Table 3. These doublets are assigned to Fe3+ and
Fe2+ at the available sites (e.g., Iezzi et al., 2003a, 2003b;
Della Ventura et al., 2005 and references therein). In partic-
ular, the doublet with the largest quadrupole splitting (QS
2.7–2.8 mm/s) is assigned to Fe2+ at the M1 site, the doublet
with QS in the range 2.4–2.5 mm/s is assigned to Fe2+ at the
M3 site, and the doublet with QS in the range 1.98–1.75
mm/s is assigned to Fe2+ at the M4 site (Hawthorne, 1983;
Redhammer & Roth, 2002; Iezzi et al., 2003a). The doublet
with the smallest isomer shift and quadrupole splitting (QS
around 0.25 mm/s) is assigned to Fe3+ at the M2 site. Rela-
tive Fe2+-Fe3+ site-populations at the B and C sites, calculat-
ed from the fitted band intensities, are given in Table 3.

OH-stretching FTIR spectra

The OH-stretching spectra of ferri-clinoholmquistites with
variable (Mg,Fe2+) contents at the M(1,3) sites are shown in
Figure 5. The spectrum of end-member ferri-ferroclino-
holmquistite (sample 201, Fig. 5 bottom) shows a single
sharp band at 3614 cm-1, which is assigned to the local con-
figuration M(1)Fe2+ M(1)Fe2+ M(3)Fe2+-OH-A� (Iezzi et al.,
2003a). This spectrum indicates that this amphibole has an
ordered structure, with Fe2+ at M(1,3), Fe3+ at M2 and Li at
M4. As expected (Strens 1966; Burns & Strens, 1966; Della
Ventura, 1992; Della Ventura et al., 1996; Reece et al.,
2002), intermediate compositions give rise to four main

Fig. 4. Selected Mössbauer spectra for the amphiboles synthesized at
500°C. The doublet with the smallest quadrupole splitting, which is
assigned to ferric iron, is shown in grey.
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Figure 5. FTIR spectra in the OH stretching

the (Mg, Fe
2+

)-ferri-clinoholmquistite join.  
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bands (labelled A to D) at 3662, 3647, 3631 and 3614 cm-1,
respectively (Fig. 5); these bands can be assigned to the four
combinations of (Mg,Fe2+) cations distributed over the
M(1,3) sites. The separation of the components is not con-
stant, but increases slightly with decreasing wave number,
from A-B 2 ˆ = 15 to C-D 2 ˆ = 18 cm-1. Similar behaviour was
noted by Della Ventura et al. (1997), and is probably related
to the increasing aggregate covalence of the M(1,3)-O3
bonds in the A configuration (MgMgMg-OH-A�) relative
to the D configuration (Fe2+Fe2+Fe2+-OH-A�). The spec-
trum of end-member ferri-clinoholmquistite (sample 13f8,
Fig. 5, top) shows the same quartet of bands, indicating that
this sample has Fe2+ at M(1,3), and hence its composition
departs from the nominal composition (M(1,3)Mg3). It also
shows a very sharp band at 3675 cm-1 and a very broad low-
frequency component centred at 3608 cm-1. The sharp band
at 3675 cm-1 is due to talc (Wilkins & Ito, 1967), which was
identified, in the run assemblage by powder X-ray diffrac-
tion (see above). The broad band at 3608 cm-1 is assigned to
small amounts of a Fe3+-bearing phase, possibly Fe(OH)3 in
the run-powder, but in insufficient quantity to be detected by
powder X-ray diffraction.

The composition of the synthesised amphiboles

General considerations

The nominal composition of the system examined here is as
follows: A�M4Li2

M(1,3)(Mg,Fe2+)3
M2Fe3+

2Si8O22(OH)2. The
spectroscopic results indicate that the amphiboles synthe-
sized depart from this ideal composition, and we need to
carefully examine the constraints that this data and the elec-
troneutrality principle provide in calculating the composi-
tions of these amphiboles. A key observation is that the in-
frared spectra show no sign of any Li at the A site or at the
M3 site in these amphiboles (see Iezzi et al., 2004), and thus
A� = 1.0. Similarly, neither the Mössbauer nor the infrared
data show any sign of TFe. This being the case, we may write
the possible range in structural formulae of these amphi-
boles in the following way:

A�M4[Li2-x-y Fe2+
x Mgy]

M(1,3)(Mg,Fe2+)3
M2[Fe3+

2–u-v Fe2+
u

Mgv] Si8O22(OH)2 (1)

where all the variable terms involving possible heterovalent
substitutions are enclosed in square brackets. Note that the
electroneutrality principle requires that x + y = u + v; in oth-
er words M4Li apfu must be equal to M2Fe3+. Unlike the ex-
periments of Iezzi et al. (2004), the syntheses described in
this work did not provide crystals of a size suitable for X-ray
single-crystal refinement and/or micro (EMP) analysis, thus
estimation of their composition must be based exclusively
on spectroscopic methods. However, single-crystal X-ray
structure refinement done by Iezzi et al. (2004) on a sample
(amphibole 152) with a composition very close to those re-
lated here, shows that in this amphibole M2Mg >> M4Mg,
whereas Fe2+ is completely ordered at M(1,3) and M4. The
Mössbauer spectra of Figure 4 do not exclude minor
amounts of M2Fe2+ in the samples, due to the extensive band

Fig. 5. FTIR spectra in the OH-stretching region for amphiboles syn-
thesized along the (Mg,Fe2+) – ferri-clinoholmquistite join.

overlapping. However, coupling our Mössbauer data with
the X-ray diffraction data of Iezzi et al. (2004), we can con-
fidently assume u = 0 in our samples. This being the case,
the electroneutrality requirement reduces to x + y = v, and
the above equation can be simplified as:

A�(Li2-xM
2+

x)(Mg,Fe2+)3(Fe3+
2-xMgx)Si8O22(OH)2, (2)

where M4M2+ = (Fe2+,Mg), with strong preference for Fe2+

(Iezzi et al., 2004). This formula shows that the composition
of the synthesized amphiboles is ultimately ruled by the
M2Mg M4(Mg,Fe2+) M2Fe3+

-1
M4Li-1 exchange vector already

described by Iezzi et al. (2004) and Della Ventura et al.
(2005).

Cation distribution at M(1,3)

Hawthorne et al. (1996) showed that the binary site-occu-
pancies x (=Mg/Mg + M2+) and y (= M2+/Mg + M2+]) at M1
and M3 in the amphibole structure are related to the ob-
served intensities of the four component bands in the princi-
pal IR OH-stretching spectrum, provided that there is no
variation in molar absorptivity with frequency (Skogby &
Rossman, 1991) within a single sample. Using the original
equations of Burns & Strens (1966):

The (Mg,Fe2+) substitution in ferri-clinoholmquistite, �Li2(Mg,Fe2+)3Fe3+
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Fig. 6a. Example of resolved spectra for two intermediate amphi-
boles synthesized along the (Mg,Fe2+) – ferri-clinoholmquistite join
(samples 13f5 and 204, see Table 1). Resolved bands are vertically
displaced for clarity; observed intensities are shown by the hollow
squares, and the line following the observed intensities is the enve-
lope of the sum of the fitted component bands.

M(1,3)Mg = 3IA + 2IB + IC
M(1,3)M2+ = IB + 2IC + 3ID (with M2+ = Fe2+)

where IA-D are the intensities measured for the correspond-
ing A to D bands, one can derive the (Mg,M2+) site occupan-
cies at M(1,3) with a high degree of confidence (e.g. Della
Ventura et al., 1996). The digitised spectra were fitted by in-
teractive optimisation followed by least-squares refinement
(Della Ventura et al., 1996); the background was treated as
linear and all bands were modelled as symmetric Gaussian
curves (Strens, 1974). The spectra were fitted to the smallest
number of peaks needed for an accurate description of the
spectral profile.

Typical examples of fitted spectra are shown in Figure 6a.
Preliminary refinement, fitting four components only, gave
significant residuals (Fig. 6b), and careful examination of
the results showed the presence of resolvable shoulders on
the higher-frequency side of each main band, suggesting the
presence of additional minor peaks. A satisfactory repro-
duction of the spectral envelope could be achieved only with
the introduction of four minor peaks (A*-D*, Fig. 6a, b),
each one associated with a main band. Peak-shape parame-
ters for these minor absorptions were fixed during the first
refinement cycles; at convergence, peak positions were re-
leased and the peak widths were constrained to be approxi-
mately similar to those of the corresponding main bands. It

Fig. 6b. The FTIR spectrum of sample 13f5 resolved using (a) an
eight-band or (b) a four-band model. The residual from the four-band
fitting shown in (b) is given in (c), and corresponds to the additional
A*-D* bands needed for a complete description of the experimental
profile (see text for an explanation). Observed intensities are shown
by the hollow squares, and the line following the observed intensities
is the envelope of the sum of the fitted component bands.

is worth noting that the presence of additional minor peaks
was noted in the spectrum of natural holmquistite (Law &
Whittaker, 1981). Final refined peak positions, widths and
relative band-intensities are summarized in Table 4.

The results of the application of the Burns & Strens
(1966) equations to the data of Table 4 are given in Table 5
and Figure 7 for both the A-D and A*-D* (normalized) data.
Inspection of Table 5 shows that the amount of Mg at
M(1,3), calculated using the A-D data, is slightly underesti-
mated, whereas the amount of Mg at M(1,3) calculated us-
ing the A*-D* data is generally slightly overestimated; this
is not surprising, considering the severe overlap between the
two sets of components. However, Figure 7 shows that there
is excellent agreement between the nominal and IR-derived
Mg/Fe2+ contents at M(1,3). This suggests complete
Mg/Fe2+ substitution at the M(1,3) sites in ferri-clinoholm-
quistite, in agreement with the variation in cell parameters
(Della Ventura et al., 1996). In addition, as already observed
for (Mg-Ni-Co)-substituted richterite (Della Ventura et al.,
1996), Figure 7 suggests that there is no significant variation
in integrated molar absorptivity with absorption frequency
in these synthetic amphiboles. Note also that the linear 1:1
trend of Figure 7 implies that there is not SRO (clustering or
anti-clustering, e.g. Law, 1976) between Mg/Fe2+ at M(1,3).
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Figure 7. Nominal vs IR-derived Mg at M(1,3), using (a) the A-D set of bands 

and (b) the A*-D* set of bands. 
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Table 4. Positions (cm–1), widths (cm–1) and relative intensities for
the component bands in the OH-spectra of synthetic amphiboles
along the join �Li2(Fe2+

XMg3-X)Fe3+
2Si8O22(OH)2.

Band Parameter 201 202 203 204 13f5 13f6 13f8

A Position – – 3662 3662 3662 3662 3662
Width – – 5.9 6.1 7.0 6.5 6.8

Intensity – – 0.06 0.09 0.23 0.40 0.55

B Position – 3647 3647 3647 3647 3647 3647
Width – 6.3 6.3 6.2 6.9 6.4 6.2

Intensity – 0.08 0.21 0.26 0.34 0.31 0.12

C Position – 3631 3632 3631 3631 3631 3631
Width – 5.5 5.6 5.9 6.8 5.9 5.8

Intensity – 0.29 0.33 0.32 0.23 0.09 0.01

D Position 3614 3614 3614 3613 3613 3612 –
Width 5.0 4.9 4.9 5.3 5.5 6.6 –

Intensity 1.00 0.48 0.25 0.18 0.04 0.03 –

A* Position – – 3668 3668 3668 3668 3668
Width – – 5.1 6.5 6.6 6.7 6.6

Intensity – – 0.01 0.02 0.05 0.09 0.27

B* Position – 3653 3654 3653 3653 3654 3654
Width – 6.6 6.6 6.4 6.7 6.6 5.9

Intensity – 0.01 0.05 0.06 0.07 0.05 0.05

C* Position – 3637 3637 3638 3639 3640 –
Width – 6.4 6.5 6.6 6.7 6.5 –

Intensity – 0.07 0.07 0.06 0.03 0.02 –

D* Position – 3619 3619 3619 3618 3618 –
Width – 6.2 5.3 6.2 6.7 6.6 –

Intensity – 0.07 0.02 0.01 0.01 0.01 –

The A*-D* bands

The A*-D* bands (Fig. 6a) deserve further attention. The
frequency separation between each minor band and the cor-
responding main band (A-A* 2 ˆ ,

B-B* 2 ˆ , etc.) is close to 6 cm-

1 and tends to increase (up to 8 cm-1) with decreasing wave
number. Visual inspection of the fitted spectra suggests that
the minor peaks A*-D* closely follow the same distribution
of relative intensities as the main peaks. Figure 7b shows
that the same result regarding the long-range order of Mg-
Fe2+ is obtained when using the relative intensities of the
A*-D* bands. This fact, coupled with the rather low-fre-
quency separation noted above, suggests that these bands
are related to some NNN (next-nearest-neighbour) local
configuration that affects all four A-D bands in the same
manner. Given the restricted chemistry of the system, the
only possibilities are: (1) the distribution of Fe3+-M2+

(where M2+ = Mg, Fe2+) at M2, or (2) the presence of (biva-
lent) cations other than Li at M4. This point has been dis-
cussed recently by Iezzi et al. (2004) who noted the same
minor component associated with the main absorption in
the spectrum of end-member ferri-clinoholmquistite and
assigned it to the presence of small divalent cations at
M4 and M2, i.e., to the local M1MgM1MgM3Mg-OH-
A�-[M4(M+)]-[M2(M+)] configuration. In our case, an addi-
tional piece of evidence is provided by the Mössbauer spec-
tra (Fig. 4), which show the presence of Fe2+ at M4. There-
fore, in agreement with Iezzi et al. (2004), we assign the

Table 5. Nominal and IR-derived Mg contents (apfu) at M(1,3) for
the amphiboles synthesized.

Sample 13f8 13f6 13f5 204 203 202 201

Mg at M(1,3) nom 3 2.40 1.80 1.50 1.20 0.60 0.00

Mg at M(1,3)
A-D bands

1.90 1.91 1.60 1.11 0.93 0.45 0.00

Mg at M(1,3)
A*-D* bands

0.91 0.39 0.32 0.24 0.20 0.09 0.00

Mg at M(1,3)* 2.81 2.30 1.92 1.35 1.13 0.54 0.00
Fe2+ at M(1,3)* 0.19 0.70 1.08 1.65 1.87 2.46 3.00
M2+ at (M4,M2)** 0.32 0.20 0.16 0.19 0.18 0.18 0.00

* calculated from the Burns & Strens (1966) equations consider-
ing that IA = IA+IA* etc.

** calculated from the data of Table 4, as (IA*-ID*)/(IA-ID)

Fig. 7. Nominal vs IR-derived Mg at M(1,3), using (a) the A-D set of
bands and (b) the A*-D* set of bands.

A*-D* bands to the NNN effect due to the coupled and si-
multaneous presence of a divalent cation (Mg and/or Fe2+)
at M4 and Mg at M2. We conclude that this coupled ex-
change determines a shift of the OH-stretching bands by ~7
cm-1 upward in frequency, in agreement of the work of Iezzi
et al. (2004). Note that this assignment also implies that the
IR spectra allow evaluation of the M4 and M2 populations.

The chemical composition of the synthesized
amphiboles

The chemical composition of the synthesized amphiboles
can be determined by combining the IR and Mössbauer
spectroscopic data. Regarding Mössbauer, we note however
that the area of the M4Fe2+ as well as that of M1Fe2+ and
M3Fe2+ doublets have very large standard deviations (Table
3), due to the severe band overlap. Hence, the evaluation of
Fe2+ at M1-, M3- and M4-sites from Mössbauer has a large
error, but the evaluation of the bulk Fe3+/Fe2+ ratio in the am-
phibole is reliable.

The amount of M2+ at M4 and M2 can be derived from the
relative intensity ratio of the (A*-D*)/(A-D) components in
the IR spectra. Table 5 shows that it is 0 for the Fe end-mem-
ber (sample 201, Table 5), it remains rather constant (0.16–
0.2 apfu) across the whole join and increases to about 0.3 ap-
fu for the Mg-rich ferri-clinoholmquistite (sample 13f8, Ta-
ble 5). Since the general composition of the amphiboles in
this system is ruled by the M2Mg M4(Mg,Fe2+) M2Fe3+

-1
M4Li-1

The (Mg,Fe2+) substitution in ferri-clinoholmquistite, �Li2(Mg,Fe2+)3Fe3+
2Si8O22(OH)2 739



exchange vector, these data suggest that the Mg-Fe2+ substi-
tution affects primarily the M(1,3) octahedra, in agreement
with the trends of Figure 7.
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