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Iron distribution and structural order in synthetic calcic amphiboles
studied by Mtissbauer spectroscopy and HRTEM
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ABSTRACT

Temperature-dependent cation distribution among the four nonequivalent M(l) to M(a)
positions in synthetic calcic amphibole has been studied by means of Mdssbauer spec-
troscopy. Both stoichiometric and Ca-deficient compositions, with low FelMg ratios, have
been synthesized and annealed using hydrothermal techniques. Structural homogeneity of
the run products was confirmed by use of high-resolution transmission electron micros-
copy (Hnrervr). Results from Mdssbauer spectroscopy reveal that Fe2* is always present on
the M(4) site, including the results for the stoichiometric composition that was expected
to show the M(4) site entirely occupied by Ca. With decreasing temperature, Fe2* increases
on the M(4) site, decreases on the M(2) site, and remains constant on the M(l) + M(3)
sites. The exchange of Fe2* between the M(2) and M(4) sites is probably coupled with an
exchange of Mg in the opposite direction by the disordering reaction Fefln{o, + M8.rrr :

Mg.,o, * Fefr,{r,, in analogy with earlier studies of natural tremolite-actinolite. The nnrnu
studies reveal a high degree ofstructural order in the synthetic calcic amphiboles, in contrast
to earlier work on synthetic Fe-Mg-Mn amphiboles where high concentrations of chain-
width disorder and stacking faults have been found. These results imply that the compo-
sition influences the amount of structural imperfections found in synthetic amphiboles.

InqtnonucrroN

Cation distribution among the four nonequivalent M(l)
to M(4) sites in natural calcic amphiboles has been stud-
ied by X-ray single-crystal refinements (Papike et al., 1969;
Mitchell et al., 197 l; Ungaretti et al., 1983) and spectro-
scopic methods (Burns, 1970; Burns and Greaves, l97l).
Mdssbauer spectroscopy of actinolite has demonstrated
the presence of Fe2* on the M(4) site (Goldman, 1979).
Usually this site is assumed to be completely occupied
by Ca in ideal tremolite-actinolite (Ca,(Mg,Fe),Si8O22-
(OH),). Fe2* on the M(4) site of calcic amphiboles has also
been confirmed by X-ray structure refinements (e.g., Un-
garetti et al., 1983). The accommodation of Fe2* and Mg
on the large M(4) site in calcic amphibole reflects solubility
of a grunerite-cummingtonite component. In fact, Wones
and Dodge (1977), on surveying over 1200 amphibole
analyses, observed only 9 analyses that were close to the
Ca end-member composition. These authors also reported
the formation of diopside and quartz in synthesis exper-
iments starting with the ideal tremolite composition, in-
dicating that stoichiometric tremolite may not be a stable
phase above 700 "C. Incomplete yields of synthetic calcic
amphiboles with formation of pyroxene have also been
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reported by Oba (1980), Oba and Nicholls (1986), and
Raudsepp et al. (1987). In a recent paper, Jenkins (1987)

concluded that pressure, temperature, growth rate, and
bulk composition are not limiting factors in attempts to
synthesize ideal tremolite and that synthetic tremolite al-
ways has a cummingtonite component of about l0o/0.

As pointed out by Maresch and Czank (1983b), a num-
ber of studies of synthetic amphiboles have led to con-
flicting results regarding stabilities and phase relations'
Such results could be due to small-scale structural defects
that cannot be detected by conventional techniques. nn-
reu studies on synthetic Fe-Mg-Mn amphiboles by these
authors revealed two types of structural defects at the unit-
cell scale, chain-multiplicity faults (CMFs) and chain-ar-
rangement faults (CAFs). CMFs occur when the number
of subchains that are linked to form a multiple chain is
different from the two of normal double-chain amphibole
structures. This type ofdefect has also been called chain-
width disorder and has been extensively described in nat-
ural amphiboles (Veblen and Buseck, 1979, 1980). CAFs
are faults in the stacking sequence ofthe chains in the a*
direction. This type of defect is usually (100) twin planes

and can cause synthetic monoclinic amphibole to appear
orthorhombic in optical and X-ray studies.

Maresch and Czank (1983b) suggested that many syn-
thetic amphiboles may have higher concentrations of
CMFs and CAFs than their natural counterparts and
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thereby have different stabilities and phase relations. CMFs
commonly decrease the M(4ytM(l) + M(2) + M(3)l ratio
to less than the ideal %by formation of "wide-chain pyr-
ibole." Because M(4) is the only site that can accept Ca,
the resulting "pfribole" is unable to accommodate as much
Ca as the ideal double-chain amphibole. In synthesis ex-
periments, the compositional change causes a residual
composition equivalent to diopside to be left over from
a starting mixture of tremolite composition. High con-
centrations of CMFs in synthetic calcic amphiboles could
in this way explain the problems in obtaining the Ca end-
member.

Exchange of Fe2* and Mg among the nonequivalent
octahedral positions in the amphibole structure has been
studied in natural Fe-Mg and calcic amphiboles. Using
hydrothermal techniques and Miissbauer spectroscopy,
Skogby and Annersten (1985) and Skogby (1987) showed
that the Fe-Mg exchange in calcic amphiboles occurs be-
tween the M(2) and M(4) sites only, following the disor-
dering reaction

Fefln{., + Mgrrrr: Mg*,., * Fefro-fr,. (l)

In the present paper we describe further study of the
Fe'z* distribution and exchange in synthetic calcic am-
phibole produced under controlled temperatures and with
special emphasis on the Ca content. This study is restrict-
ed to calcic amphiboles with low Fe content, which give
well-resolved low-temperature Mdssbauer spectra from
which the distribution of Fe among the M(l) + M(3),
M(2), and M(4) sites can be determined. Structural ho-
mogeneity of the synthetic and annealed phases is con-
firmed using HnrEvr.

ExprnrunNTAL pRocEDURE

Synthesis

Three different calcic amphibole compositions were
prepared for the synthesis experiments, one with M(4) :
2.00 Ca,

Ca, ooFeo rrMg4 6rSi8 ooOrr(OH)2,

and two Ca-deficient compositions,

Ca, rrFeo.rMg4 13Si8 ooo22(OH)2

and

Ca, ,rFeo urMgo 6osi8 ooO22(OH)2.

The starting material consisted of oxide mixtures of re-
agent-grade FerOr, CaO, MgO, and SiOr. After mixing,
the charges were heated in a H, atmosphere until the red
color ofFerO. disappeared, reducing the Fe3* to Fe2*. The
oxide mixtures were then seeded with 6 wto/o natural ac-
tinolite (sample 679, Skogby and Annersten, 1985) and
thoroughly mixed by grinding in acetone. Approximately
180-mg portions of these mixtures were then sealed in Au
capsules, together with I 5 wo/o doubly distilled water. The
capsules were checked for leakage by weighing before and
after each run. Bufering techniques were not used, but

TABLE 1, Experimental conditions and results from synthesis
runs

Starting
composition in

Run M sites

Dura-
f tion

fc) (days)

I

4
2
o

1 0

9

t3t
1 7  1
1 e J
14  I
1 6 [
1 8 [
20 1

Run products

Synthesis expedments

ca2@Feo$Ms.s 333 '3i[?i +i33ii l'ff1i."'S13
500 189(4) T(96) + Tlc(3) + Cum

Ca,e2FeosMg4,3 600 105(2) T(97) + Tq3)
700 87(1) T(97) + Fo(2) + Cum
500 184(21 T(95) + Tl{3) + Qurn +

Ca, 75Feo 65Mgo6o Di
600 112(11 T(99) + Cum

Annealing experiments
800 3 r(100)
?Rn ' T(100)

Ca,e,Feo3sMgo'3 ;00 6 T(100)
650 8 r(100)
800 3 Tr(98)+Cum(2)

cali5Feo65Msom lZZ I +;[8ti+ 3;fr8i
650 I r(96)+Cum(4)

ivotei The charges were seeded by 6 wt% natural tremolite. Composi-
tions are given for M sites only; for total composition SismOp(OHL should
be added. The digit in parentheses in the "duration" column denotes the
number of times the charge was restarted. Run products in estimated
percentage of the detected phases, as obtained from X-ray diffraction. +
denotes amounts smaller than 2%. Abbreviations: Tr : tremolite-actinolite;
Tlc : talc; Di : diopside; Cum : cummingtonite (or anthophyllite); Fo :
forsterite.

the Ni-containing alloy of the pressure vessels is assumed
to give an oxygen fugacity comparable to the NNO buffer.
In addition, the degree of Fe oxidation in the run products
was determined by the subsequent Mdssbauer analysis.

The experiments were performed in cold-sealed pres-
sure vessels at 2-kbar pressure and temperatures of 500
to 800 "C. All samples were ground and rerun up to four
times to improve the amphibole yield. The first mn pe-
riods were started by a fast increase in temperature to 850
"C (in about I h). The charges were kept at I kbar and
850 .C for 4 h before the actual run temperature and
pressure were established. This procedure was used to
avoid formation of metastable talc. The temperature was
continuously recorded, and the errors in temperature and
pressure are estimated to be 10. I kbar and +5 oC re-
spectively. All experiments were quenched in a stream of
compressed air, resulting in a temperature drop of about
200 'Clmin. Experimental conditions and run products
are shown in Table l.

Phase identification and characterization

The run products were analyzed by X-ray powder dif-
fraction after each run using Ni-filtered Cu.. radiation.
After the first period of hydrothermal heating, multiphase
products were common. Even though amphibole was the
dominating phase, talc and diopside were also present.
Minor amounts of forsterite and Fe-Mg amphibole also
occurred. Because there was only one weak reflection due
to Fe-Mg amphibole (d : 3.05 A;, it was not possible to
determine whether this phase represents monoclinic cum-
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Fig. 1. Miissbauer spectrum of synthetic calcic amphibole
(run 20) obtained at77 K.

mingtonite (d.,0) or orthorhombic anthophyllite (4,0). Re-
peated grinding and hydrothermal heating improved the
amphibole yield.

To estimate the detection limits for other phases present
in the synthetic products, mixtures of synthetic amphibole
with natural talc, diopside, and anthophyllite were pre-
pared and studied by X-ray diffraction. Minimum detec-
tion limits were 1-2 wto/o for talc and about 24 wto/o for
the other phases. X-ray data for these mixtures were also
used to estimate the modal abundances of the phases ob-
tained.

Cell parameters of the final calcic amphiboles were cal-
culated using a least-squares fitting program and the l0
peaks suggested by Cameron (1975) for characterization
of amphiboles. The diffraction patterns were calibrated
against an external Si standard.

Most of the final synthetic products were studied by
HRTEM, using a Philips EM 400r instrument operated at
100 kV and equipped with a field-emission gun source.
Samples were prepared by suspending the synthetic am-
phibole on C-coated Cu grids (Veblen, 1985). Image in-
terpretation followed the procedure described by Veblen
and Buseck (1979, 1980).

Mdssbauer spectroscopy was used to determine the dis-
tribution of Fe among the different octahedral positions
in the amphibole structure. All measurements were made
with the sample kept at liquid-N, temperature, which in-
creases spectral resolution for amphiboles. The measure-
ments and the fitting procedure of the spectra were similar
to those described by Skogby and Annersten (1985), with
assignment of the absorption doublets as suggested by
Goldman (1979) and indicated in Figure l.

Fe-site occupancies were calculated from the area ratios
ofthe absorption doublets and the Fe content ofthe charges.
It is important to note that in the runs that did not result
in a pure calcic amphibole product, other Fe-containing
phases present will add to the absorption pattern of the
calcic amphibole. Talc has a very low solubility of Fe and
will not contribute appreciably to the spectra. Diopside
has a higher solubility of Fe, but has M6ssbauer param-
eters different from those of the calcic amphibole (Ban-

Fig. 2. Scanning-electron-microscopy image of calcic am-
phibole synthesized at 500'C (run 10).

croft et al., 197 l). Diopside patterns were not detected in
any spectra. Coexisting synthetic cummingtonite and ac-
tinolite contain roughly the same amount of Fe (Cameron,
1975), but the Fe in cummingtonite is strongly fraction-
ated to the M(4) site (Hafner and Ghose, l97l). Therefore,
cummingtonite co-existing with calcic amphibole will
considerably increase the absorption doublet of the M(4)
site, and run products containing cummingtonite will not
represent the true Fe distribution for the calcic amphibole.

Rnsur,rs AND DISCUSSIoN

Hydrothermal run products

Acceptable yields of synthetic tremolite-actinolite could
be obtained only after hydrothermal runs 2-6 months long
(Table l). Highest yields were obtained for Ca-deficient
compositions. For the composition with Ca : 2.00 syn-
thesized at 500 "C, the amphibole yield was only 850/o
after 148 d of heating, and appreciable amounts of diop-
side and talc remained. The synthetic amphibole crystals
are commonly 0.3 x 5 pm in size, but longer fibers occur
in run products at 500'C (Fig. 2).

For annealing experiments with the Ca : 1.92 com-
position, the products from runs 4 and 6 were mixed,
annealed at 800 "C for 3 d, and then subsequently at lower
temperatures. The durations of the experiments were long
enough to ensure intracrystalline equilibrium according
to a kinetic study on natural tremolite (Skogby, 1987).
This procedure resulted in very pure amphibole products
(Table l).

The same procedure was repeated for runs 9 and l0 of
the most Ca-deficient composition (Ca' 

"), 
but these an-

nealing runs also contained a Fe-Mg amphibole. This re-
sult indicates that the bulk composition is in the misci-

- 4 . 0  - 3 . O  - 2 . 0  - 1 . O  O . O  1 . 0  2  0  3  0  4 . o
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Fig. 3. nnrnv image of synthetic amphibole (run 4) viewed
along the [ 10] direction. The bright spots correspond to ..tun-
nels" oflow electron density, i.e., the vacant A-positions on line
in the viewing direction (cf. Fig. 4). The planes doo, : 5.1 I A and
d1rc:  8.41 A are indicatec.

bility gap in the amphibole quadrilateral (cf. Cameron,
1975). With decreasing annealing temperature, the amount
of exsolved Fe-Mg amphibole increases, reflecting the in-
creasing miscibility gap at lower temperatures.

Refined amphibole cell parameters were obtained for
the run products with the highest amphibole yield for each
composition (cf. Table 2). The Fe/Mg ratios and Ca con-
tents were estimated using the method of Cameron ( I 975).
In this method the b-axis dimension is used to determine
the Fe/Mg ratio, and the B angle and the d,oo value are
used to determine the average radius ofthe ions occupying
the M(4) site. The small range of compositions for the
present synthetic calcic amphiboles is almost within the
precision of the method. Even so, the b-axis dimension
increases with increasing Fe/Mg ratio of the starting mix-
ture, and the B angle decreases with increasing initial Ca
content (Table 2). However, the d,oo value method to es-
timate the Ca end-member component (Cameron, 1975)
gives values l5-20o/o lower than the starting composition
and Mdssbauer spectroscopy. This discrepancy could be

TABLE 2. Cell parameters for synthetic calcic amphiboles

F--=----{

Fig. 4. Schematic projection of I-beam modules in the am-
phibole structure and the viewing direction I I 1 0] in Fig. 2. Circles
represent the vacant A-positions.

due to the large diference in Fe/Mg ratio for the present
samples compared to those the method was calibrated
against and suggests that the method is not generally ap-
plicable for measuring compositions of synthetic calcic
amphiboles.

Electron microscopy

HRTEM study of the samples described here reveal a
much higher degree of structural order than for the pre-
viously studied Fe-Mg-Mn amphiboles (Maresch and
Czank, 1983a, 1983b). CMFs occur only sporadically in
the approximately 50 studied structure images (Figs. 3-
7). Nevertheless, there is weak streaking in the 0k0 di-
rection of the electron-diffraction patterns for a few am-
phibole crystals. Because of orientation problems, the [010]
direction required for the study of CAFs occurred only
rarely, and in these cases, no stacking defects were ob-
served. As discussed by Maresch and Czank (1983b), it
is difficult to quantify the average state of structural dis-
order for a synthetic product. The disordered volume in
the present samples is, however, estimated to be signifi-
cantly less than a few percent. Thus, the concentration of
the four different octahedral sites should be close to ide-
ality. Compositional changes due to chain-mutliplicity
faults should, therefore. not occur for the studied samples.

Mtissbauer spectroscopy

All the amphiboles synthesized have Fe2* distributed
over all four octahedral sites (Fig. 1, Table 3). A few runs
contain minor amounts of Fe3", which is assumed to oc-
cupy the M(2) position (Skogby and Annersten, 1985).
The Xffal site occupancy is not well correlated with Ca
deficiency of the starting mixture (note that runs 9 and

Starting composition
Run in M sites a (A) b (A) c (A) v(A1

F€*.
(p.t.u.)Bf )

7 Ca"ooFeo *Mgn u.
17 Car e2Feo 3sMg473
18 Ca, ruFeo u.Mgouo

9.832(4)
e.820(3)
9.821(3)

1 8.078(1 0)
1 8.079(6)
1 8.089(6)

5.279(3)
s.282(2)
s.284(2)

104.62(41
104.s9(3)
1 04.51(3)

908.0(1 4)
907.s(9)
e08.7(e)

o.42(17)
0.44(10)
0.61(10)

/Votej Cell parameters were refined using a least-squares fitting program and the 10 peaks suggested by Cameron (1975). Values within brackets
are calculated standard deviation of the last digit. Fed is Fe atoms per formula unit in actinolite calculated trom the b-axis dimension. The diffraction
patterns were calibrated against an external Si standard.



364 SKOGBY AND FERROW: MOSSBAUER AND HRTEM STUDY OF CALCIC AMPHIBOLE

b*

Fig. 5. nnrru image of(0k0) fringes and diffraction pattern
of synthetic amphibole (run l0), viewed in a direction perpen-
dicular to the b axis. The bright fringes correspond to the centers
of the amphibole double chains. The diffraction pattern shows
weak streaking due to chain-multiplicity faults.

l0 have higher total Fe). According to Jenkins (1987),
synthetic Fe-free tremolite has a fixed composition close
to X$;,0, : 0.90, independent of starting composition. Since
the present data indicate -ffii; site occupancies of 0.04-
0.06 for the two most Ca-rich compositions, and this site
also will contain some Mg, an Xft@\ value close to 0.90 is
also reasonable for Fe-bearing tremolite-actinolite.

Fig. 6. nnreu image showing chain-multiplicity faults (ar-

row) corresponding to triple chains (run 8).

The distribution of Fe in the samples synthesized at 500
'C is not completely consistent with earlier results from
experiments on natural actinolite-tremolite (Skogby and
Annersten, 1985). The most important difference is that
for the natural samples, Fe2* is strongly ordered on the
M(4) site at lower temperatures, whereas synthetic sam-
ples grown at 500 "C are not ordered to the same extent.
This result might suggest that the amphiboles synthesized
at 500 'C grew under nonequilibrium conditions regarding
the Fe2* intracrystalline distribution.

TrEr-e 3. Fe site occupancies for synthetic calcic amphibole obtained from M6ssbauer spectroscopy

Starting composition
Run in M sites rrc) )a,ffi )(Fff; )(.ifti In KoXiit'i"r.r

8

4
2
o

1 0
I

1 2

1 5
1 7
1 9
1 4
1 6
1 8
20

-3.20
-3.30
-3.54
-3.86

500
600
500
600
700
500
600

800
750
700
650
800
750
700
650

Ca, ooFeo"uMgouu

Ca, e2Feo3sMgn 73

Ca, ,uFeouuMgn uo

Ca, 
"rFeo ".Mgo13

Ca, ,sFeosMgo *

Synthesis experiments
0.0544 0.0390
o.o374 0.0617
0.0403 0.0437
0.0425 0.0321
o.0277
0.0679
0.0526

0.0470
0.0437
0.0388
0.0350
0.0682
0.0614
0.0552
0.0481

0.0609
0.0945
0.' t241

0.0s27
0.0494
0.0602
0.0637
0.0546
0.1061
0.0988

0.0485
0.0506
0.0520
0.0511
0.0923
0.0940
0.0949
0.0918

0.0022
0.0017

0.0041
0.0038
0.0032

Annealing experiments
0.0547
0.0553
0.0582
0.0633
0.1183
o.1225
0.1274
0.1 387

Notei The spectra were obtained at liquid-N, temperature. The distribution coefficient is defined as
K": t)(F.6(1 - XE"F) - )('^ff;)1/l(1 - )f,6Df^ffd1,

where a fixed X8"6, value of 0.90 is used.
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Fig. 7. HRrEM image of run 4. Arrow indicates a talcJike slab
in the amphibole structure with multiplicrty m:11. The re-
peating distance ofthe subchains, 4.5 A, is barely visible.

Intracrystalline exchange

For the two annealed compositions, it can be seen that
Fe2* increases on M(4) and decreases on M(2) with de-
creasing temperature, whereas Fe2* remains approxi-
mately constant on M(l) + M(3) (Fig. 8). This behavior
is the same as in experiments with natural actinolites-
tremolites (Skogby and Annersten, 1985), which showed
that Fe-Mg exchange occurs only between M(2) and M(a).
The most Ca-deficient composition (Carrr, runs 14, 16,
18, 20) also yields a slightly increasing amount of Fe-Mg
amphibole with decreasing temperatures (from 2 to 4 wt$.
The increase in M(4) intensity for these runs is accentuated
by exsolved Fe-Mg amphibole, and these results do not
represent a precise intracrystalline distribution for the cal-
cic amphibole.

As for the natural tremolite, the exchange of Fe2* be-
tween the M(2) and M(4) sites is probably coupled with
exchange of Mg in the opposite direction, following dis-
ordering Reaction l. Because of the compositional un-
certainty, it is not possible to calculate the amount of Mg
on M(4) only on the basis of starting composition and the
Fe-site occupancies. However, if the fixed Xffio, site oc-
cupancy of0.90 suggested by Jenkins (1987) is assumed,
an estimate of XMtor can be calculated as XM?4\ : I -

W; - -Xft"). With this assumption, distribution coeffi-
cients defined as

Tempero ture . toCl

Fig. 8. Site occupancy of Fe'?* in annealed synthetic calcic
amphibole. (a) Composition Ca, rrFeo rrMg urSi, -Orr(OH)r, runs
13, 15,l7, and 19. Only calcic amphibole was detected by X-ray
diffraction. (b) Composition Ca, ,rFeo urMg uoSi, ooOrr(OH)r, runs
14, 16, 18, and 20. Calcic amphibole and small amounts of Fe-
Mg amphibole were detected by X-ray diffraction. The amount
ofFe-Mg amphibole increases from about 2 to 4olo with decreasing
temperature in the run series.

were calculated for the annealed samples of composition
Ca, rr. For these annealing experiments (runs 13, 15, 17,
l9), ln K" values and corresponding data for natural ac-
tinolite (Skogby, 1987) are plotted versus l/7 in Figure

o
Y
c
I

0.90 0.95 r.00 105 1.t0 t.ts

ro3f [x -]

Fig. 9. Equilibrium Fe'?* distribution among M(a) and M(2)
sites in synthetic (circles) and natural (squares) calcic amphibole.
The distribution coefficient is defined as: Ko : [)3f.j;(l - Fe'z;
- Xtrt4)l/l(l - Xl;i&X:,f,;)l.The data for the natural amphibole
represents actinolite from Zillertal (Skogby and Annersten, 1985).
The lines represent least-squares fits to the experimental data,
yielding correlation coefrcients of 12 : 0.99 for synthetic samples
and rz :0.97 for natural samoles.
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9. If the activity coefficients for Fe and Mg on M(2) and
M(4) are assumed to be equal to unity, these Ko values
will equal equilibrium constants for order-disorder Re-
action l, and the slope of the lines will correspond to the
enthalpy difference (4110) between the ordered and an-
tiordered states (Seifert, 1978).

These A1fl values are 8.9 kcal/mol for the synthetic
samples ar;,d 9 .2 + I .5 kcal/mol for the natural tremolite.
The essentially identical values indicate a similar intra-
crystalline ordering behavior of Fe and Mg, although we
must emphasize the large uncertainty for the synthetic
samples arising mainly from the estimation of ,l$70, dis-
cussed above.

CoNcr,usroNs

The results from the HRrEM studies of hydrothermally
synthesized calcic amphiboles show that it is possible to
synthesize such amphiboles with low concentrations of
chain-multiplicity faults (CMF$. The failures in attempts
to synthesize the Ca end-member are not due to high
concentrations of CMFs, and the doubt about the stability
of calcic amphibole wirh M(4) : 2.00 Ca (e.g., Jenkins,
1987) is supported by the present study. It seems that the
incorporation of Ca on the M(4) site of the amphibole
structure increases the small-scale structural order (fewer
CMFs), compared to Fe-Mg-Mn amphiboles. However,
the comparatively large Ca ion does not completely fill
all M(a) positions, possibly because of strain effects in the
structure, which can be reduced by substitution of the
smaller Fe and Mg ions.

The decreasing solubility of Fe-Mg amphibole in calcic
amphiboles with decreasing temperature is confirmed, in
ag.reement with the results of Cameron (1975) for com-
positions richer in Fe. The starting composition with Ca
: 1.75 atoms per formula unit is within the miscibility
gap but very close to the calcic amphibole field at 800 "C.

The intracrystalline Fe2*-Mg distributions in synthetic
and natural calcic amphiboles show the same temperature
dependence. Exchange of Fe2* and Mg occurs between
M(2) and M(4), with Fe2* increasing on M(4) as temper-
ature decreases and Fe2* on M(1) + M(3) remaining con-
stant.
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