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The mechanism of Cl incorporation in amphibole

Ronnnu Onrnr6 LucraNo UNclnnrrr, Er,ro Ct'tNtLtoo FnlNr C. H,q.wrHoRNEx
Centro di Studio per la Cristallochimica e la Cristallografia, via Bassi 4, l-27 100 Pavia, Italy

Ansrnlcr

The crystal structure of three calcic C2/m amphiboles with different Cl contents have
been refined to R indices of -2o/o using MoKa X-radiation. The monovalent anion site is
split into two distinct sites, 03 and 03' that are separated by -0.5 A along [100] and are
occupied by (OH,F) and Cl, respectively. The variation in bond lengths to the 03 and 03'
sites as a function of cation and anion site populations can be interpreted in terms of a
strong preference for Fe2*-Cl short-range order. Bond-strength arguments and observed
interatomic distances indicate a significant bonding interaction between K at the A site
and Cl at the 03' site. The expansion ofthe octahedral sheet caused by the incorporation
ofCI requires a concomitant expansion ofthe tetrahedral chain that occurs partly by chain
straightening but primarily by the increased substitution of larAl for Si. The details of the
incorporation mechanism indicate that increasing Cl content in amphiboles requires in-
creasing Fe2*, K, and lorAl; compositional correlations of this sort are observed in Cl-
bearing amphiboles.

INrnonucrroN

Fluids are an important feature of most geochemical
processes. They control the dissolution, transport, crys-
tallization, and alteration of minerals, and their character
has a major effect on the stability and composition of
their coexisting minerals. Halogens are particularly im-
portant fluid components in many environments, as they
can greatly affect the stabilities of minerals with mono-
valent anion components (OH , F , Cl ) and can greatly
enhance the solubility and transport of specific metals by
means of complexation in the fluid phase. As the fluid is
normally a fugitive phase, we rely on the compositions
of halogen-OH-bearing phases to give an indication of
the fugacity ofthe halogen species present in the original
fluid. In the ideal case, such minerals would have con-
stant composition, exerting no compositionally variable
constraints on halogen-OH incorporation. Unfortunately,
this is not the case, and most work has involved micas,
amphiboles, and apatite, all of which show extensive
compositional efects.

Until recently, Cl tended to be ignored as a significant
component of amphiboles and was only reported as an
oddity (Krutov, 1936; Dick and Robinson, 1979; Ka-
minemi et al., 1982; Gulyaeva et al., 1986; Suwa et al.,
1987) despite its documented importance in common
geological environments (Buddington and Leonard, 1953;
Borley, 19621'I-eelanandam, 1970). More recent work (Ito
and Anderson, 1983; Mevel, 1984; Volfinger et al., 1985;
Vanko, 1986; Castell i , 1988; Morrison, 1991; Enami et
al., 1993) has shown that Cl contents of amphiboles from
associated parageneses can vary widely, and there are in-

* Permanent address: Department of Geological Sciences, Uni-
versity of Manitoba, Winnipeg, Manitoba R3T 2N2, Canada.

dications of complex crystal-chemical constraints exerted
by the amphibole structure on the incorporation of Cl at
the 03 site. However, several sometimes conflicting re-
lationships have been proposed between amphibole com-
position and Cl content. Here we examine the structural
aspects of Cl substitution in amphiboles and attempt to
resolve the principal compositional constraints on Cl in-
corporatlon.

ExppnrNrnNr.q.L

The Cl-bearing crystals used in this work are from the
Sesia-Lanzo marbles, Western Italian Alps [Castelli, 1988,
AN-2 and AN-4 corresponding to samples Cl(l) and Cl(2)
of this studyl; their crystal-chemical behavior was com-
pared with that of a Cl-free amphibole of similar com-
position from a contact-metamorphosed pelitic carbon-
ate found in the Nuptse Glacier moraine, Everest Massif,
Nepal [sample Cl(O)]. All samples crystallized around
500 "c.

X-ray data measurement

Crystals were selected for unit-cell and intensity mea-
surements on the basis of optical clarity, freedom from
inclusions, and equant shape. All crystals were mounted
on a Philips PW I100 automated four-circle diffractom-
eter and studied with graphite-monochromated MoKa
X-radiation; crystal quality was assessed by means of the
profiles and widths of Bragg diffraction peaks. Unit-cell
dimensions were calculated from least-squares refine-
ment of the d values obtained for 48 rows of the recip-
rocal lattice by measuring the center of gravity of each
reflection and of its corresponding antireflection in the d
range between - 30 and * 30'; values for the crystals used
in the measurement of the intensity data are given in
Table 1.
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Trele 1. Selected structure refinement data

c(0) c(1) c(2)

I  89s(1)
18 .1  19 (1 )
5 332(1)

1 05.1 7(1 )
922 6
30

C2lm
289

1287
1 269
2 .1
1 4
1 . 5

TreLe 2. Atomic coordinates and equivalent isotropic displace-
ment factors (A2)

c(0) cr(1) c(2)a (A)
b (A)
c (A)
B f )
v (A')
d.., f)
Space group
Number.
No.  o f  lF l
No. of lF. l
R"y^ (o/")

R"". (%)
R" , (% \

9.884(1 )
18.143(5)
s.332(1 )

1 04.86(1 )
924.2
40

C2ln
399

1 506
987
2.3
2.3

9.922(1 )
18 .219 (1 )
5.360(1 )

1 04.81 (1)
936 7
40

Czlm
398

1 540
991
z-5
1 . 8
4 .1

0.1 051 (1 )
0 .091 1(1)
0.2141(2)
0.79
0.1 1 99(1 )
0.1 756(1 )
0.7358(2)
0.70
0.1 097(2)
0
0.712O(4)
0.84

0 3686(1)
0.2499(0)
0 7924(2)
0.82
0 3490(1)
0.1 392(0)
0 1 087(2)
0.87
0.3426(1)
0 1 1 9s(0)
0 6046(3)
0 9 1
0.3336(2)
0
0 2887(4',)
1 . 2 1
0 27s1(1)
0 0860(1 )
0 3026(1 )
0.45
0.291 1(1)
0 1732(1\
0  8140(1)
0.46
0
0 0897(1 )
V2
0.58
0
0.1 780(1 )
0
0.50
0
0
0
0.53
0
0 2808(1)
th
0.75
0

0
2.20
0 0336(6)

0 0734(8)
1 .74
0
0 4714(6)
0
4.05
0.1 579(2)
0
0.7603(2)
1 .53

0.1 062(1 )
0.0903(1 )
0.2139(3)
0 8 9
0 1210(21
0.1 754(1 )
0.7343(3)
0 8 4
0.1061(2)
0
0 7076(3)
1 .03
0 1 596(3)
0
0.7332(41
1.64
0.3679(2)
0.2495(1 )
0.7944(3)
0.90
0.3484(2)
0.1363(1 )
0.1 007(3)
0.96
0.3426(2)
0.1 201(1 )
0.5978(3)
1 0 2
0.3359(3)
0
0.291 1(5)
1 . 2 2
0.2789(1 )
0.0854(1)
0.2996(1 )
0.52
0.2909(1 )
0 1729(1)
0.81 00(1)
0 5 3
0
0.0921 (1)
V2
0.69
0
0  1787 (1 )
0
0.60
0
0
0
0 7 3
0
0 2796(1 )
V2
0.93
0
Vz
0
4.58
0.041 2(6)
Y2
0.0945(8)
4 . O O

0
0.461 4(6)
0
3 0 0

0.1 039(1)
0.091 5(1 )
0.21 31(3)
0.86
0.1 21 5(1 )
0 .1777(1)
0.7365(3)
0.80
0 1031(2)
0
0.7021(3)
0 9 3
0 1 61 1(3)
0
0 7337(5)
1 2 2
0.3690(1)
0 2499(1)
0.7947(3)
0.92
0.3474(1)
0 1363(1)
0.0985(3)
0.89
0 3423(1 )
0 1220(1)
0.s977(3)
1 0 1
0 3338(2)
0
0.2977(41
1.33
o.2779(1)
0.0861 (1 )
0.3006(1 )
0.49
0.291 1(1 )
0.1735(1 )
0 .81  13(1)
0.54
0
0.0944(1 )
Vz
0.73
0
0.1 792(1)
0
u.5v
0
0
0
0.71
0
0.2806(1 )
Y2
0 8 5
0
Y2
0
2 7 5
0 0344(4)
1/^

0.0707(71
3 3 8
0
0.4645(6)
0
4.72
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' Number in the amohibole data bank at Pavia.

Intensity data were measured for the monoclinic equiv-
alent pairs hkl and hkl in the Laue group 2/m using the
step-scan profile technique oflehman and Larsen (1974).
Full details of the data measurement procedure are given
in Ungaretti (1980) and Ungaretti et al. (1981). The in-
tensity data were corrected for absorption by the method
of North et al. (1968), corrected for Lorentz and polar-
ization effects, averaged, and reduced to structure factors.
A reflection is considered as observed ifits intensitv ex-
ceeds that of 5 sd, based on counting statistics.

Structure refinement

Fully ionized scattering factors were used for nontetra-
hedral cations, whereas scattering factors for both neutral
and ionized atoms were used for the tetrahedral cations
and the O atoms (Ungaretti et al., 1983).

All the refinements with no weighting were done in
space group C2/m and converged to R indices of -2o/o
(Table 1) for observed reflections. As repeatedly observed
in the course of the crystal-chemical study of a very large
number of amphiboles (see also Ungaretti, 1980, p. 44-
46), full-matrix refinement of scale factor, secondary ex-
tinction coemcient, atomic positions, site occupancies, and
anisotropic displacement parameters can be carried out
without any problem of correlations between the variable
parameters; the final results are independent of the scheme
used in varying the parameters to be refined. Details of
the 03 site refinement are discussed in a later section.
Atomic coordinates and equivalent isotropic displace-
ment parameters are given in Table 2, selected interatom-
ic distances are given in Table 3, site-scattering results
are given in Table 4, and observed and calculated struc-
ture factors are listed in Table 5.'

Electron microprobe analysis

The crystals used in the measurement of the intensity
data were subsequently analyzed by electron microprobe

I A copy of Table 5 may be ordered as Document AM-93-531
from the Business Ofrce, Mineralogical Society of America, I 130
Seventeenth Street NW, Suite 330, Washington, DC 20036,
U.S.A. Please remit $5.00 in advance for the microfiche.
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Trsle 3. Selected interatomic distances (A) and angles (')'

c(1 ) c(2)

TaaLe 4. Refined site-scattering values (electrons) compared
with numbers of electrons calculated from normalized
formulae (EMP)

c(0) c(1) c(2)

M 1
M2
M3
>  (M1 ,  M2 ,  M3 )
EMP (M1 ,  M2 ,  M3 )
M4
EMP M4
A
EMP A
> (o3, o3')
EMP 03

392
3 9 3
21.2
99.7

100.4
39.4
3 9 5

9 .6
10 .6
16 .0
I  o . J

42.1
37.2

101.7
102 1
38.7
38.6
13.2
1 1 8
21.5
21  3

47.0
38.6
24.9

1  10 .5
109 .5
38.8
38.6
15 .4
14.1
25.2
25.O

wavelength-dispersive mode. Details of experimental
conditions and standard settings are given in Oberti et al.
(1992). Each grain was analyzed at a minimum of 12
points to check for compositional zoning and to obtain a
representative composition for the whole crystal used in
the measurement of diffraction intensities. Data reduc-
tion was done with the 6b4 method (Pouchou and Pi-
choi r ,  1984,  1985).

The formula unit was calculated from the electron
microprobe analyses on the basis of 24 (O, OH, F, Cl)
assuming 03 : OH + F + Cl, with OH derived by cal-
culation from this constraint. FerO. contents were cal-
culated from a relationship between mean bond length
and the constituent cation radius for the M2 site, com-
bined with the results of site-scattering refinement. Final
formulae are given in Table 6.

Srrn populATIoNS

The site-scattering results (Table 4) are given in terms
of the total number of electrons per formula unit of the
atoms at each site; in order to derive site populations,
these must be assigned to specific cations and anions.
From these results, we may calculate the numbers of elec-
trons at the sites corresponding to the A-, B-, and C-group
cations; we may also calculate these values from the for-
mula unit derived from the electron microprobe results.
The measure of agreement between these two sets of re-
sults (Table 4) is a check on both the crystal structure
refinement and the electron microprobe analyses. For the
B- and C-group cations, the agreement is extremely good,
being 0.1 and 0.7 electrons (e), respectively. The agree-
ment for the A-group cations is less satisfactory, being
1.2 e. The site populations were then obtained by taking
into account all information from the EMP analyses and
the structure refinements.

Tl and T2 sites

The (Tl-O) and (T2-O) distances indicate significant
IalAl ordered at the Tl site. The various predictive curves
for torAl based on (T-O) bond lengths (Hawthorne, 1983;
Ungaretti and Oberti, unpublished manuscript) give good
agreement for samples Cl(0) and Cl(l) but slightly over-
estimate the tatAl at high Cl [crystal Cl(2)].

c(0)

T1-O1
T1-O5
T1-O6
T1-O7
(11-o)
r2-o2
T2-O4
T2-O5
T2-O6
(r2-O)
M1-O1 x 2
M1-O2 x 2
M1-O3 x 2
M1-O3'  x 2
(M1-O,O3)
(M1-O ,O3 ' )
M2-O1 x 2
M2-O2 x 2
M2-O4 x 2
(M2-O)
M3-O1 x 4
M3-O3 x 2
M3-O3' x 2
(M3-O,03)
(M3-O,03' , )
M4-O2 x 2
M4-O4 x 2
M4-O5 x 2
M4-O6 x 2
(M4-O)
A-O5 x 4
A-06 x 4
A-O7 x 2
(A-O)
Am-O5 x 2
Am-OS x 2
Am-OO x 2
Am-O7
Am-O7
Am-O7
(Am-o)
A2-O5 x 2
A2-06 x 2
A2-O7 x 2
(A2-O)
M1-M1
M1-M2
M1-M3
M1-M4
M2-M3
M2.M4
o5-06-05
T1-O5-T2
T1-O6-T2
T1-O7-T1
o3-o3'
A-O3
A-O3',
Am-O3
Am-O3'
A2-O3
A2-O3',

1 .665
1.688
1 .681
t . o c /

1.672
1 636
1.606
1 645
1.658
1.636
2.058
2.152
2 . 1  1 0

2.107

2.060
2.066
1.967
2.031
2 . 1  1 9
2.100

2 112

2.417
2.343
2.657
2.541
2 489
3.063
3.137
2.531
2.986
3.148
3.040
2.835
2.534
3.310
2.605
2 944
2.652
2.804
2.584
2.680
3.249
3.1  10
3.122
3.463
3.225
3.252
164 5
134.7
138.9
140.3

3764

3.414

| .ocz
1 .680
1 676
1.654
1.666
1 .625
1.598
1.648
1 660
1 .632
2.062
2.124
2.126
2.412
2.104
2  199
2.088
2 076
1.967
z,vqo

2 . 1  1 5
2.091
2.380
2 107
2203
2 408
2 345
2.732
2.533
2.505
3.010
3.171
2.516
2.976
3.127
z vv5
2 791
2.511
3.189
2.642
2.907
2.467
2.737
2 611
z ou3
3.341
3.095
3.146
3.403
3.242
3.234
167  1
135.9
139 .1
139 .0
0.51
3.804
3.300
3.373
2.863
3.868
3.373

1.672
1 694
1 689
1.665
1.680
1.629
1.606
1.643
1.656
1.633
2.060
2.140
2 147
2 462
2 . 1  1 6
2.221
2.O78
2.078
1.959
2.039
2 132
2.105
2.400
2.123
2.221
2.408
2 355
2.747
2.508
2 504
3 025
3  2 1 2
2.571
3.009
3.127
2 985
2 913
2 585
3.302
2.632
2.952
2.521
2.803
2.651
2 658
3 440
3.093
3.184
3.393
3.264
3.256
168.7
136.5
139.7
140 I
u.co

3.853
3.300
3.490
2 933
3.907
3.363

3.800

. Standard deviations are <1 in the last dioit.

(EMP) techniques. The crystals were mounted in piccolite
in small holes in a l-in. perspex disk containing a crystal
of tremolite (specimen 56 of Hawthorne, 1983) to check
for analytical accuracy.

Electron microprobe analysis was done on a fully au-
tomated Cameca SX-50 instrument operating in the
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formulae
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c(0) c(1) ct(21
c(0) c(1) c(2) 2.O9

1.91
4.00
0.91
1.09
0.54
0.24
o.37
0.78
0.07
0.34
0.66
0.01
1.93
0.06
0.30
0.38
0.00
0.27
1.73

2.44
1.56
4.00
0.71
1.29
0.76
0.33
0.32
0 5 6
0.03
0.26
0.74
0 0 6
1.74
0.20
0.46
0.36
0.56
0.27
1 1 7

Si
AI
Si
Mg
Fe2*
Mg
Fe2*
AI
Fe3+
Ti4*
Mg
Fe2*
(Mn,Fe)

Na
NA
K
cl
F
oH-

2.15
1.85
4.00
0.36
1.64
0.62
0.30
0.34
0.72
0.o2
0.08
0.92

1.85
0 . 1 5
0.36
0.54
0.98
0.14
0.88

sio,
Al,o3
Tio,
Fe"O"*
FeO
MnO
Mgo
CaO
NarO
KrO
F
cl
H.O'"
o : F , c l

Total
Si
AI
> T
AI
Ti
Fe3*
Fe2+
Mn2n
Mg
> c

N a
Z B
N A
K
> A
F
cl
(oH)
) 0 3

38.95
12  35
0.56
6.61

15.09
0.59
7.47

1 1 . 5 1
1 . 1 7
1 .94
0.55
0 0 0

(1 65)
-0 23
98.25

6.094
1 .906
8.000
0.372
0 066
0.778
1 975
0 078
1 .742
5 .012
0 .012
1.930
0.058
2.000
0.297
0.387
0.684
027

1 .73
2.00

41.22't0.71

0.24
3.39

19.67
0.26
o.oo

10 34
2 1 6
1.77
0.54
2.12
(1 .12)
0.s8

99.63
6.473
1.527
I 000
0.456
0.028
0.401
2.583
0.035
1.559
5.062
0.062
1.740
0.1 98
2.000
0.460
0 355
0.815
o.27
u.co

1 . 1 7
2.00

38.24
1 1 . 8 1
0 1 6
J  / O

20.17
0.24
4.31

10.64
1.64
2.60
0.27
3.60
(0.81)

-0.75
99.50
6.18s
1 .815
8.000
0.437
0.020
0.701

0.033
1.039
4.958

1.844
0.156
2.000
0.358
0.537
0.895
0 . 1 4
0 9 8
0 8 8
2.00

T1

T2
M 1

M3

M4

A

o3

Note: Atoms per formula unit.
* Fe3+lFe2+ ratio derived from structure refinement results.

-.Calculated assuming (OH + F + Cl) : 2 apfu.

The Ml and M3 sites

These sites are occupied by Mg and Fe2* (plus mrnor
amounts of Mn2", which we will include with the Fe2*,
as they have very similar scattering powers for X-rays).
The constraint that these sites be completely occupied
allows us to derive the Mg and Fe2* site populations di-
rectly from the refined site scattering powers ofTable 4;
the resultant values are eiven in Table 7.

The M2 site

The t6lTi4+ content is very low in these crystals and is
very unlikely to be related to the Ti4* + 2O2- = (Mg,Fe2*)
+ 2OH- substitution (see Oberti et al., 1992); hence I6rTi4+
was assigned to the M2 site. Reliable estimates of the Mg,
A1, Fe2*, and Fe3* contents at M2 can be obtained by
taking into account the following crystal-chemical con-
straints: full occupancy of the site, observed scattering
powers, (M2-O) distance, overall neutrality of the for-
mula unit. A system of four equations was solved, in
which the observed values for these quantities were con-
sidered to be a linear combination of the values observed
for a single cation occupancy multiplied by the relative
unknown populations (see Ungaretti et al., 1981, for fur-

'Calculated assuming complete monovalent anion occupancy at 03.

ther details). The resultant M2 site populations are given
in Table 7. Note that the t6rAl values in the formula unit
from EMP analyses (Table 6) and the M2 site populations
(Table 7) are independent estimates; their good agree-
ment indicates the accuracy of both sets of measurements
and ofthe Fe3'/Fe2* ratios.

The M4 and A sites

The M4 site shows negligible occupancy of small di-
valent cations (Table 7) but small amounts of Na are
present, as indicated by both the formula unit (Table 6)
and the refined site-scattering (Table 4). In all cases, the
A site is more than half-occupied, with approximately
equal amounts of Na and K.

The 03 site

The electron microprobe analyses show the 03 site to
have small amounts of F-, the principal variations across
the series involving Cl and OH (Table 6). The effects
of the Cl- + OH substitution are shown in Figure I by
a series of Fourier maps through the 03 site in the (010)
plane. In sample C1(0), with Cl :0.0 apfq the 03 density
is fairly isotropic, showing only a slight elongation, ap-
proximately along [00], that is due to the presence of
major (O) and minor (H) scatterers - I A apart in this
direction. With increasing Cl, the 03 density becomes
much more anisotropic, showing a strong elongation sub-
parallel to [00]. In sample Cl(l) (Fig. lb), the principal
center of density is still close to the 03 : OH position,
with a weaker lobe extending away from the normal 03
position and also away from the coordinating Ml and
M3 cation positions (not shown). In sample Cl(2) (Fig.
lc), with the maximum amount of Cl, the elongation of
the density is more uniform, with the center of maximum
density displaced away from the normal 03 position and
a slightly weaker lobe extending toward the normal 03
oosition.
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1A

c (a) (b) (c)

Fig. 1. Fourier maps through the 03 site on (010) in am-
phiboles: (a) crystal C(0), (b) crystal Cl(l), (c) crystal Cl(2). Cir-
cles indicate the position of the O atom, squares that of Cl, and
the diamond that ofH. Contours are drawn at 5. 10. 15. 20. and
25 e/A' .

We interpret Figure I in terms of a split 03 position
(O3 and O3'), whereby 03 is occupied by OH- and F-,
and 03' is occupied by Cl-. In order to get a better idea
of the local environments around 03 in each of these
cases, the 03 anion was split into two sites, 03 and O3',
that were refined independently; the refined data of Ta-
bles 2, 3, and 4 are for this split-site model. There is a
significant separation of the two split sites of -0.5 A, and
this separation is subparallel to [100].

In order to make the following discussion about the
struclural effects of Cl substitution at 03 clearer, Figure
2 shows the geometrical relationships among 03, O3',
and the other parts of the amphibole structure.

CrrENarcA.r, coRRELATIoNS AND
PROPOSED MECHANISMS

It has long been known that all Cl-rich amphiboles are
potassium hastingsite, rich in K and Fe2* (Krutov, I 936;
Dick and Robinson, 1979; Kaminemi et al., 1982). Van-
ko (1986) showed that Cl-bearing amphiboles were en-
riched in totAl relative to Cl-free amphiboles in metabas-
ites from Mathematician Ridge, East Pacific Ocean.
Similar relationships were found by Suwa et al. (1987),
Castell i  (1988), Morrison (1991), and Enami et al. (1993)
for coherent suites of amphiboles. Gulyaeva et al. (1986)
and Suwa et al. (1987) showed high Cl values only in Fe-
rich amphiboles; Castelli (1988) showed a very well de-
veloped correlation between Fe and Cl contents in a suite
of amphiboles from the Sesia-Lanzo marbles, from which
samples CI(l) and Cl(2) were taken, and similar correla-
tions were shown by Volfinger et al. (1985) and Enami et
al. (1993). Morrison (1991) showed an inverse correlation
between Cl and Mg contents of amphiboles. As only Mg
and Fe2* occupy the Ml and M3 sites, and the absolute
and relative amounts of the small octahedrally coordi-
nated trivalent cations that occupy M2 do not exhibit
large variations, then this inverse correlation between Mg
and Cl is equivalent to a direct correlation between Fe2*
and Cl. Castelli (1988) also showed a strong correlation
between Cl and K in a chemically and petrologically sim-
ilar suite of amphiboles, and Morrison (1991) and Enami

a,

Fig.2. A projection of the amphibole structure on the (001)
plane, showing the steric relationships among 03, O3', and the
other structural sites.

et al. (1993) showed similar but more scattered correla-
tions in amphibole suites of much more disparate com-
position. Thus the principal correlations established for
Cl-bearing amphiboles are increases in Fe2*, K, and tatAl

contents with increasing Cl content.
Volfinger et al. (1985) have proposed a geometrical

model for Cl incorporation into micas and amphiboles;
here we will discuss only the application to amphiboles.
They stated that the substitution of Fe2* (for Mg) in the
octahedral sheet enlarges the structure and therefore leaves
more room for the incorporation of Cl. The substitution
of Fe2* for Mg does enlarge the octahedral strip but en-
larges it only in the amount required to incorporate Fe2*
instead of Mg; it does not result in any more room for a
larger 03 anion than in the Mg-bearing unit. Volfinger et
al. (1985) also argued that the tetrahedral chains must
straighten to allow more room for the Cl anion to be
incorporated and that this is promoted by the reduction
in I4rAl content. It is certainly not established that Cl-
requires a Iarger A cavity, and this argument does not
agree with the positive correlation between I4rAl and Cl
observed by Vanko (1986), Suwa et al. (1987), Castelli
(1988), Morrison (1991), and Enami et al. (1993).

Cl-clrroN INTERACTIoNS

Ml and M3 sites

The Cl occupying the 03' site is bonded to two Ml
and one M3 cations in the octahedral strip (Fig. 2). As
expected for the large Cl anion, the Ml-O3' and M3-
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03'bonds are greatly elongated (Table 3) relative to the
corresponding bonds to 03 in these (and all other) am-
phiboles: -2.4 as compared with -2.1 A. ttre Ml-O3'
and M3-O3' lengths of 2.38-2.46 A tatt ln the typical
range of Fe2*-Cl distances in inorganic crystals (e.g., 2.38
A in Feclr.4HrO, Penfold and Grigor, 1959;2.39-2.58
A in erythrosiderite, Bellanca, 1948). However, the high
Fe2+ contents at the Ml and M3 sites, at least in crystal
Cl(2), indicate most Ml-O3' and M3-O3' interactions to
be Fe'?*-Cl bonds, and the observed distances are in ac-
cord with that.

From sample Cl(0) to Cl(2), the Ml and M3 sites be-
come more enriched in Fe2*, with a concomitant increase
in the mean cation radii at Ml and M3. However, the
bonds not involving 03 or 03', namely M1-O1, Ml-O2,
and M3-O I , do not show any significant increase in length
with increasing cation radius. Hence the necessary ex-
pansion ofbond length as a result ofthe substitution of
Fe2* for Mg2+ must occur primarily in the bonds Ml-O3,
Ml-O3'. M3-O3. and M3-O3'. This is evident in the in-
crease in Ml-O3 and M3-O3 in sample Cl(2) relative to
sample Cl(0), as presumably must also occur in the Ml-
03' and M3-O3' bonds, although that effect is obscured
by the large increase in length caused by the Cl + OH-
substitution. It is notable that despite a small increase in
Fe2* at M3 in sample Cl(l) relative to sample Cl(O) (Table
7), the average value of the M3-Ol and M3-O3 bond
lengths decreases slightly; this suggests local ordering of
Fe2*-Cl and Mg-OH .

There are no bond-valence curves available for Fe2*-
Cl bonds. However, we can estimate the relative strengths
of the interactions by simple geometrical arguments. When
03:  OH or  F,  03 receives -1 vu f rom 2Ml + M3
cations, the case for crystal Cl(0). However, in samples
Cl(l) and Cl(2), rhe Ml-Ol, Ml-O2, and M3-Ol bonds do
not lengthen with the substitution of Fe2* for Mg, and
these bonds must therefore become stronger. That re-
quires a weakening of the bonds to O3', which thus re-
ceives < I vu from its coordinating 2Ml * M3 cations.

A sites

As discussed above, Cl at 03' receives < I vu from the
cations of the octahedral strip. It therefore must bond to
another cation; the only possibility is the alkali cation in
the A cavity, which can occupy the three A, Am, and ,A.2
positions (Oberti et al., 1992). The geometry of the A
cavity and the distances between cations A, Am, and A2
and anions 03 and 03' are given in Table 3. It is im-
mediately apparent that the 03' site is much closer to the
alkali cation than the 03 site. In particular, the very short
Am-O3' distance (2.86-2.93 A) observed in Cl-bearing
amphiboles implies a strong bond interaction. Also the
A-O3' distance (3.30 A) and A2-O3'distance (3.36-3.37
A) are in the range of typical K-Cl distances in inorganic
compounds [cf. t6r3.l5-3.27 in KrSnClo.HrO; 1213.44 in
K,PtClu; 1"13.46-3.57 A in freb'r(NOr)ol.A Na-Cl in-
teraction is also feasible (cf. t6t2.82 A in NaCj, but the
A-O3' and A2-O3' distances, combined with the ob-

served site preference of K for Am, are in favor of K as
the bonding A cation.

TnB rNconpoRATroN oF Cl INTo rHE
AMPHIBOLE STRUCTURE

There are two ideal models by which the amphibole
structure can accommodate Cl- replacing OH at 03: (1)
the octahedral strip could maintain its normal dimen-
sions, and the Cl anion would occupy a hole that is too
small and project into the A cavity; (2) the octahedral
strip could expand such that the large Cl anion could be
more or less coplanar with the other anions of the strip.

It is apparent from the split nature of the 03 site and
the larger x parameter of 03' relative to 03 (0. 16 vs.
0.1 l) that model I is at least partly operative. However,
inspection of the Ml-Ml distances (Table 3) shows that
the octahedral strip also expands in response to substi-
tution of Cl- for OH . The increase in Ml-Ml separation
from crystal Cl(O) to crystal Cl(2) is far greater than what
can be ascribed to the increase in Fe2* content of the
octahedral strip and must be due to the occurrence of Cl-
as the monovalent anion. However, the increase in Ml-
Ml across the series (-0.20 A; is less than the displace-
ment of the Cl at 03' relative to OH at 03 (-0.56 A),
indicating that model I is the more important of the two
mechanisms.

Venr,q,rroN IN UNIT-CELL DIMENSTONS wITH
Cl- + OH sussrrrurloN

The effects of the Cl- = OH substitution on amphi-
bole cell dimensions are most clearly seen by comparing
samples Cl(0) and Cl(2) [comparison with Cl(l) is com-
plicated by different {4rAl and I6lFe3* contents]. Not sur-
prisingly, there is a significant increase in cell volume
(Table l) with increasing Cl. However, the behavior of
the individual cell dimensions is distinctly anisotropic,
with expansions of 2.7, 5.5, and 5.30/0, respectively, for
a, b, and c. This is very interesting, as we have seen above
that the principal mechanism for the incorporation of Cl-
involves anion displacement along [00], rather than ex-
pansion of the octahedral strip in the (011) plane. This
means that, although the Cl- is displaced along [00] into
the A cavity, the A cavity does not expand along [00].
Of course, that is in line with the bonding interaction
between Cl and K observed at the A site; Cl comes closer
to the I cation, and hence the cavity does not expand to
any great extent.

ColrposrrroNAI, rMpLrcATIoNS oF THE
Cl rNconpoRATIoN MECHANTSMS

The A-O3 interaction

As indicated above, there is a bonding interaction be-
tween Cl- and the A catior^, especially involving the Am
position. The A cavity is very large, and the A-O3 dis-
tance is large, even in Cl-bearing amphiboles in which
Cl projects out ofthe octahedral strip into the A cavity
(Fig. 2). Hence this bonding interaction is greatly pro-
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moted by the occurrence of K as the,4 cation and because
K preferentially orders at the closer Am position. Hence
one expects a strong correlation between K and Cl con-
tents in amphibole structures, and this has been observed
frequently in the past (e.g., Suwa et al., 1987; Castelli,
1988;Enami et  a l . ,  1993).

The Ml.3-O3.3' interactions

As indicated above, the variation in Ml-O3, M3-O3,
Ml-O3', and M3-O3' distances across the series suggests
local ordering of Fe2* and Cl . This indicates that the
structure strongly prefers Fe2*-Cl pairs to Mg-Cl pairs,
accounting for the strong correlation between Fe2t and
Cl contents observed in previous work (Mevel , 1984;
Volfinger et al., 1985; Gulyaeva et a1., 1986; Suwa et al.,
1987; Castell i , 1988; Enami et al., 1993). It should be
noted here that this short-range order is not a geometrical
effect, but a local chemical effect, dictated by the prefer-
ence of Cl for Cl-Fe2* rather than Cl-Mg bonds.

Interactions between the octahedral strip and
tetrahedral chain

As Cl content increases, so does that ofFe,*, and that
has the effect of considerably increasing the dimensions
of the octahedral strip. That being the case, the tetrahe-
dral chain has to expand to remain linked to the octa-
hedral strip. This expansion may occur in two ways: (l)
straightening of the chain, as measured by the 05-06-05
angle; (2) substitution of I4rAl for Si, which increases the
size of the tetrahedra. Inspection of Table 3 shows that
there is significant straightening of the chain 1164.5 -
168.7'from crystal Cl(0) to Cl(2)1. However, the chain
cannot straighten any farther and maintain the necessary
coordination about the M4 site (cf. Hawthorne, 1983,
Fig. l8). Consequently, there must be significant substi-
tution of t+lAl for Si. In line with this argument, correla-
tions of t4rAl with Cl have been noted by Mevel (1984),
Vanko (1986), Suwa et al. (1987), Casrell i (1988), Mor-
rison (1991), and Enami er al. (1993).
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