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REFINEMENT OF THE CRYSTAL STRUCTURE OF A 
MONOCLINIC FERROAN CLINOCHLORE 
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Madison, Wisconsin 53706 

Abstract-A monoclinic lIb-2 clinochlore from Washington, D.C., contrary to previous studies, is pri
marily a ferroan rather than a ferrian chlorite. Disorder of tetrahedral Si,AI cations is indicated because 
of unsuccessful structural refinements in subgroup symmetries. The true space group is C2/m. Slight 
ordering ofMg, Fe2+, and Fe3+ over octahedra M(I) and M(2) within the 2:1 layer (mean M-O,OH = 

2.092 and 2.084 A, respectively), complete ordering of trivalent Al into the centrosymmetric octahedron 
M(4) of the interiayer sheet (M-OH = 1.929 A), and ordering of primarily divalent cations (Mg and Fe) 
into the two interlayer M(3) octahedra (M-OH = 2.117 A) exist. The excess of negative charge above 
unity due to tetrahedral substitution of Al for Si (1.378 atoms) is compensated entirely within the 
octahedral sheet of the 2: I layer. 

Ordering of a trivalent cation into one octahedron in the interiayer should be universal for all stable 
trioctahedral chlorites. In this specimen the ordering is due to (1) minimization of cation-cation repulsion 
by layer offsets which provide more space around the trivalent element, and (2) energy minimization by 
localization of the source of positive charge on the interiayer sheet in one octahedron rather than two. 
In other structures or for different compositions additional factors can be important also. Most chlorites 
of the lib and Ib (fJ = 90°) types are expected to show disorder of the tetrahedral cations. The b positioning 
of interlayer and layer provides no preferential driving force for concentration of Si and Al in any 
tetrahedron as a consequence of the expected ordering of the interiayer cations. The monoclinic lIb-2 
polytype is less abundant in nature than the triclinic lIb-4 and lIb-6 structures, because only half as many 
possible superpositions of layers exist that will produce monoclinic symmetry. Crystallization factors 
must also be important, because the lIb-2 chlorite is much less abundant than predicted by this purely 
geometrical argument. 
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INTRODUCTION 

Only two studies (Steinfink, 1958, 1961; Brown and 
Bailey, 1963) involving structural refinements oftrioc
tahedral chlorite species have reported ordering oftet
rahedral Si,AI cations. Both refinements were based on 
film data and, because of the limited computer facilities 
available at the time, achieved only a moderate degree 
of refinement. One of these studies was ofa chromian 
clinochlore from Erzincan, Turkey, having the Ia-4 
stacking arrangement. Ordering of both tetrahedral and 
interlayer cations was reported (Brown and Bailey, 
1963). Subsequent refinement of this chromian clino
chlore, using the same crystal as the earlier study, con
firmed the ordering of the interlayer cations, but found 
complete disorder of the tetrahedral cations (Bailey, 
1986). The present study re-examines the second trioc
tahedral chlorite for which ordering of tetrahedral cat
ions was claimed. 

Steinfink (1958, 1961) reported ordering of tetra
hedral, 2: 1 layer octahedral, and interlayer octahedral 
cations in a ferroan clinochlore (labeled prochlorite) 
from a waterworks tunnel excavation in Washington, 
D.C. An interesting point about the chemistry of this 
specimen is that an old chemical analysis (Clarke and 
Schneider, 1891) reported 17.77% FeO and 2.86% 
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Fe20 3, but a later analysis by the Shell Research Lab
oratory (Steinfink, 1958) indicated a complete reversal 
of the valencies, that is 2.7% FeO and 20.0% Fe20 3• 

Steinfink believed the specimen had oxidized at some 
time after its original collection and used the ferric 
composition for discussion of its structure and crystal 
chemistry. A Mossbauer analysis of the specimen by 
Lisa Heller-Kallai (Department of Geology, Hebrew 
University, Jerusalem, personal communications, 1982 
and 1985), however, found the iron to be predomi
nantly ferrous. A microprobe analysis of the sample 
by Bailey (1972) indicated oxide totals close to those 
of the 1891 analysis, and the Fe2+ /FeH ratio is taken 
in this paper to be the 6.9 value determined in the 
latter analysis. 

The structural type of this chlorite also makes the 
sample of special interest because it is a regularly 
stacked, one-layer IIb-2 polytype having monoclinic 
symmetry. The ideal space group of C2/m for this 
polytype was reported by Steinfink (1958) to be low
ered to C2 symmetry as a consequence of the cation 
ordering. The lIb arrangement oflayers and interlayers 
is the most abundant and most stable form of trioc
tahedral chlorite, estimated to represent about 80% of 
all natural specimens (Bailey and Brown, 1962), but 
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Figure I. (a) Definition of I and 11 sets of octahedral cation 
positions above OH plane in the interlayer sheet relative to 
a fixed set of hexagonal axes. (b) Interlayer sheet slants in 
opposite directions for cations occupying the I and II posi
tions. (c) Superposition patterns a and b of interlayer cations 
relative to a hexagonal ring in adjacent 2: I layer. (d) Six 
positions providing interlayer hydrogen bonds if center of a 
hexagonal ring at base of repeating 2: I layer is placed over 
one of the numbers. Double circles are OH groups in upper 
anion plane of interlayer sheet, and arrow is the direction of 
a/3 shift within the first 2: I layer and lies on the symmetry 
plane of that layer. 

most specimens are ofthe triclinic polytype Ilb-4 (=IIb-
6). All recent structural refinements ofthe triclinic IIb-4 
form have found complete disorder oftetrahedral Si,AI 
cations (Phillips et al., 1980; Joswig et aI., 1980), and 
Phillips et al. (1980) suggested that this disorder gives 
the most favorable balance of charge around the site 
ofthe ordered R 3+ cation present in the interlayer sheet. 
The monoclinic I1b-2 polytype is rare, but the rela
tionship of its reported ordering to its stability is of 
considerable interest. The original refinement was of 
only moderate accuracy, as indicated by its residual of 
R = 13.1 %, and further refinement of the structure is 
warranted. 

A portion of the same sample used by Steinfink was 
obtained from the V.S. National Museum (sample 
#45875) for the purpose ofa new structural refinement. 
The goals of the present study were: (l) to determine 
the degree of cation ordering by a refinement of greater 
accuracy, (2) to relate any ordering found to the local 
charge balance and stability of the monoclinic I1b-2 
polytype, (3) to determine the hydrogen bonding sys
tem by location of the H+ protons of the OH groups, 
and (4) to determine the reason for the scarcity of the 
IIb-2 structure in nature. 

-------- Z 

x 

Figure 2. [0 I 0] diagrammatic view of IIb-2 structure. Ar
rows within circles indicate slant directions of octahedral sheets. 
Interlayer sheet has opposite slant to that of the octahedral 
sheet in the 2:1 layer for 11 type chlorite. Vertical dashed lines 
show alignment of an OH group in interlayer with the centers 
of6-fold rings of the tetrahedral sheets below and above found 
in the b relative position of inter layer to 2: I layers. Alignment 
differs for a relative positions. 

THE IIb-2 CHLORITE POL YTYPE 

The IIb-2 structure is one of 12 possible ideal one
layer chlorite polytypes derived by Bailey and Brown 
(1962). Its symbol in the terminology of Lister and 
Bailey (1967) is -x,-IIb-2. In one-layer chlorites the 
orientation and the position of the interlayer sheet rel
ative to the 2: 1 layers below and above are the only 
variables in the structure; they are specified in the struc
tural symbol. In the IIb-2 symbol, the 11 means that 
the orientation of the interlayer sheet is such that its 
slant is opposite in direction to that of the octahedral 
sheet in the initial 2: I layer (Figures la and I b; Figure 
2). Next, the interlayer sheet is located in the b position 
(Figure I c) above the initial 2: I layer so that long hy
drogen bonds form between adjacent oxygen and hy
droxyl surfaces. This b position of the interlayer does 
not superimpose cations and is inherently more stable 
than the alternative a position, in which direct super
position of interlayer cations on tetrahedral cations 
causes cation-cation repulsion. 
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Table I. Chemical composition. 

Oxide Wt. % Atoms 

Si02 25.50 2.622 } 4.000 
Al20 3 22.23 { 1.378 

1.316 
MgO 18.58 2.847 

} FeO 17.83 1.533 5.920 
Fe20 3 2.87 0.222 
Cr20 3 0.03 0.002 

Analysis by ARL EMX microprobe. Each value is an av
erage of measurements on five grains. A 15-kV, 0.02-I'A beam 
was used and focused at 10 I'm to avoid specimen damage. 
Standards: wollastonite (Si), hematite (Fe), MgO (Mg), co
rundum (AI), and chromian chlorite (Cr). Corrections were 
made by the ZAF method. Allocation to a structural formula 
assumed 28 positive charges and the Fe2+/Fe3+ ratio of 6.9 
determined by Clarke and Schneider (1891). M. Brauner, an
alyst. 

The final consideration in describing the polytype is 
articulation of the repeating 2: I layer with the top of 
the interlayer sheet. Six positions exist that yield op
timum hydrogen bonding between adjacent surfaces. 
These positions are numbered according to the position 
that the center of a tetrahedral ring in the repeating 2: I 
layer can take in projection onto the upper plane of 
hydroxyls of the interlayer sheet (Figure Id). In the 
Ub-2 structure, the repeating 2: I layer is positioned 
such the center of a hexagonal ring of basal oxygens 
projects onto position 2. This position, along with po
sitions 4 and 6 (all of the even numbers), produces 
b-type relative arrangements of the interlayer and the 
repeating 2: I layer, i.e., the interlayer sheet is then 
symmetric in that it has b positions relative to the 2: I 
layers both below and above (Figure 2). Because 
position 2 lies on the mirror plane of the initial part 
of the structure, the mirror relationship holds for the 
entire structure. The resulting symmetry is monoclinic 
C2/m. Positions 4 and 6 do not fall on the initial mirror 
plane and thus produce resultant triclinic polytypes of 
ideal symmetry Cl. The center of an hexagonal ring 
in position 2 is offset by a/3 across the interlayer rel
ati ve to an hexagonal ring at the top of the 2: I layer 
below, i.e. , the rings do not oppose each other as they 
do in micas. To retain the standard fJ angle of 97°, the 
+ XI direction in Figure 2 has been reversed relative 
to the fixed initial direction used in Figure I to define 
I and II octahedral sites. This configuration gives a 
resultant offset of a/3 for the repeating layer, rather 
than 2a/3. 

EXPERIMENTAL 

A bright green crystal (University of Wisconsin Ge
ology Museum #1769/6), about 0.24 x 0.20 x 0.05 
mm in size, from the waterworks tunnel specimen was 
chosen for study because of its sharp extinction under 
the polarizing microscope. All X-ray diffraction spots 

on Weissenberg photographs of this crystal, as well as 
all other crystals examined, showed some streaking due 
to a visible curved growth of the crystal. The hkl dif
fraction spots with k *" 3n were as sharp as hkl spots 
with k = 3n, however, indicating that the stacking 
arrangement was well ordered. True X and Y directions 
determined from Weissenberg photographs were par
allel to the optical extinction directions on (00 I). The 
chemical composition (Table 1) as determined by elec
tron microprobe analysis and assuming Fe2+ /FeH of 
6.9 and 28 positive charges is (Mg2.s47Fe2+ L533Fe3+ 0.222 
All .) 16Cro.002Do oso)(Si2.622AII .37S)OIO(OH)s· 

Unit-cell parameters of a = 5.350(3), b = 9.267(5), 
c = 14.27(1) A, and (3 = 96.35(5)° were determined by 
least-squares refinement of 15 low- to medium-angle 
reflections. Intensities of 4447 reflections were col
lected over all octants as far as 20 = 60° with a Nicolet 
P21 automated single-crystal diffractometer in the 0:20 
variable-scan mode using graphite monochromated 
MoKa radiation. These reflections were merged into 
767 independent, monoclinic, non-zero reflections. 
Crystal and electronic stability were checked after every 
25 reflections by monitoring one standard reflection. 
The integrated intensity (D was calculated from I = 
[S - (BI + B2)/ Br]Tr, where S is the scan count, Bl 
and B2 the background counts, Br is the ratio of back
ground time to scan time, and Tr is the 20 scan rate in 
o/min. Reflections were considered to be observed if 
I > 20"(1). Integrated intensities were corrected for Lp 
factors and for absorption by using the semi-empirical 
psi-scan technique of North et al. (1968) . 

REFINEMENT IN IDEAL SPACE GROUP C2/ m 

Atomic positions for the monoclinic IIb-2 chlorite 
stacking arrangement on the basis of undistorted sheets 
(Bailey and Brown, 1962) were used as the starting 
point for refinement in ideal space group C2/m, as
suming complete cation disorder and using a modified 
least-squares program ORFLS (Busing et aI., 1962). 
Scattering factors from Cromer and Mann (1968) cor
responding to 50% ionization were used in the refine
ment. Space group C2/ m requires that all tetrahedral 
positions be equivalent, and the centers of symmetry 
allow only two unique octahedra in each of the octa
hedral sheets. 

A few cycles of refinement indicated that unit weights 
were more appropriate to the data than sigma weights, 
and these were used for the balance of the refinement. 
After five cycles of refinement (residual unweighted 
R = 17.0%) a difference-electron density map (DED 
map) was made which showed a small amount of or
dering between M(I) and M(2) in the 2: 1 layer octa
hedral sites and a larger difference of about six electrons 
between the M(3) and M(4) interlayer octahedral sites. 
Scattering factor tables were revised accordingly, and 
one more cycle of refinement brought R to 16.5%. Both 
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Table 5. Summary of octahedral and tetrahedral parameters. 

2: I layer octahedra Interl"yer OCtahedra 

Composition 

Mean M-O,OH bond length (A) 
Calculated M-O,OH (A) 
Electron density observed 
Electron density calculated 
Octahedral sheet thickness (A) 

Octahedral flattening (0) 
Octahedral rotation (") 
RMS deviation 15 internal octahedral 

angles from ideal (") 
RMS deviation 36 external octahedral 

angles from ideal (") 
Tetrahedral sheet thickness (A) 
Tetrahedral rotation angle a (") 
Tetrahedral angle T (0) 
Basal oxygen cormgation tll (A) 

M(l) 

0.50 Mg 
0.39 Fe2+ 

0.07 AI 
0.040 

2.092(4) 
2.091 

15.0 
15.3 

58.84 
0.00 

5.04 

3.43 

angles in Table 4. Observed and calculated structure 
factors may be obtained from the authors upon request. 

SUBGROUP SYMMETRIES 

Space groups C2, Cm, Cl, and cl are all possible 
subgroup symmetries of the ideal space group C2/m. 
Primitive space groups are not considered because there 
are no violations of C -face centering observed on films. 
Refinements in the two triclinic space groups, Cl and 
cT, were not attempted because the data had no tri
clinic characteristics [i.e., F(hkl) = F(hkl) within error 
for all but five sets of reflections]. In addition, a triclinic 
DED map was prepared using the final atomic posi
tions from refinement in space group C2/m, but with 
the data merged according to triclinic symmetry. No 
significant cation ordering or violations of monoclinic 
symmetry were detected. 

Ofthe two monoclinic subgroups, C2 and Cm, space 
group C2 is more likely and is the one reported by 
Steinfink (1958). For completeness, however, refine
ments were attempted in both space groups C2 and 
Cm. Both subgroups are acentric, and two different but 
enantiomorphic tetrahedral cation ordering models are 
possible in each. 

Refinement in space group C2 

Three different refinements in space group C2 were 
attempted. The first two trials had starting atomic po
sitions obtained from the distance-least-squares (DLS) 
program OPTDIS (Dollase, 1980). Final atomic po
sitions from refinement in the ideal space group were 
used as input into this modeling program. The two 
tetrahedral sites were modeled so that T( 1) was large 
and AI-rich and T(2) was small and Si-rich in the first 

M(2) M(3) M(4) 

0.59 Mg 0.64 Mg 0.965 AI 
0.26 Fe2+ 0.32 Fe2+ 0.0350 
0.08 AI 0.04 AI 
0.068 FeH 

0.002 er 
2.084(3) 2.113(3) 1.929(3) 
2.079 2.089 1.921 

14.8 14.7 11.1 
14.9 14.9 Il.l 

2.166 2.024 
58.71 61.43 58.33 
0.32 7.60 0.00 

4.95 9.13 4.44 

3.43 6.37 3.04 
2.265 
8.5 

111.1 
0.01 

trial and reversed for the second trial. Other atomic 
positions were modified slightly to avoid pseudosym
metry. In least-squares refinements of both models, the 
tetrahedral sites returned to their disordered arrange
ments with final residuals of 12.7% with isotropic tem
perature factors (anisotropic refinements were attempt
ed but these failed). DED maps were prepared, but no 
cation ordering in addition to that identified in the ideal 
space group was found. All final refined atomic posi
tions were the same within experimental error as those 
refined in the ideal space group. The third attempt at 
refinement in space group C2 used Steinfink's final 
atomic coordinates as a starting point. But after a few 
cycles of refinement it became clear that all atomic 
positions were oscillating along Y, and the refinement 
was stopped with R = 15%. The final atomic positions 
approached disorder, confirming the fact that C2 is not 
the COrrect space group. 

Refinement in space group Cm 

DLS program OPTDIS was also used to model the 
atomic positions for refinement in subgroup Cm. Only 
one of the two enantiomorphic models was refined 
because, in the absence of anomalous scattering, both 
would yield the same result. After six cycles of refine
ment the atoms returned to their disordered positions, 
with R = 12.7%. Therefore, this space group is also 
incorrect. 

Correct space group 

We conclude that the ideal space group of C2/ m is 
the COrrect symmetry for this chlorite. Refinement in 
both C2 and Cm subgroup symmetries resulted in the 
atoms returning to the disordered arrangement. Tri-
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Figure 3. Interlayer octahedra in projection onto tetrahedral 
sheet (stippled) of lower 2: I layer. Note distortion of large 
octahedron M(3) and kink in hydrogen bond OH3-H3--03 . 

clinic refinements were not attempted because the data 
were monoclinic. The final R value for the ideal space 
group, 7.6%, is higher than one would expect for the 
correct space group, but this can be attributed to the 
poor crystal quality resulting from curved crystal 
growth. 

DISCUSSION 

Octahedra 

Table 5 lists the observed octahedral bond lengths, 
octahedral compositions (as inferred from consider
ation of the observed M-O,OH and M-OH bond 
lengths, observed electron densities, and bulk com
positions), calculated octahedral bond lengths and elec
tron densities, and calculated octahedral distortions. 
The empirical mean bond lengths found by Weiss et 
al. (1985) for octahedral Mg, AI , Fe2+, Fe3+, and va
cancy in micas were used to calculate bond lengths 
expected for the inferred compositions. 

The trans octahedron M( I) and the two cis octahedra 
M(2) in the 2: 1 layer are similar in size and amount 
of distortion (Table 5). M(2) is slightly smaller than 
M(l) because all the ferric iron is concentrated there. 
All the Fe in M(1) is ferrous . The negative charge on 
the tetrahedral sheets due to substitution of AI for Si 
is 1.378, and the excess of this charge above unity is 
compensated within the octahedral sheet of the 2: 1 
layer. 

Octahedron M(4) on a symmetry center in the in
terlayer sheet is considerably smaller than M(3) and 
contains only AI (Table 5). Similar ordering of a tri
valent element into the centrosymmetric octahedron 
in the interlayer sheet has been found in all triocta
hedral chlorites studied in detail (Phillips et al. . 1980; 
Joswig et al.. 1980; Bailey, 1986). Bish and Giese (1981) 
determined on the basis of electrostatic energy calcu
lations that concentration of a trivalent ion in inter-

layer site M(4) increases the stability of the IIb-4 struc
ture; such a relationship is likely for the IIb-2 structure 
as well. Due to the difference in size between the M(3) 
and M(4) octahedra, M(3) is distorted considerably 
(Table 5 and Figure 3) because it must share opposite 
diagonal edges with a small M(4) on one side and a 
large M(3) on the other side. The interlayer sheet is 
thinner (2.024 A) than the octahedral sheet within the 
2: I layer (2.166 A) because of the concentration of 
smaller trivalent elements in the interlayer. 

The agreement between observed and calculated oc
tahedral bond lengths and electron densities in Table 
5 is very good. Although Fe1+, Fe3+, Mg, Al, and va
cancies may be distributed in many ways over the six 
available octahedral sites, the observed bond lengths 
and electron densities set definite constraints on the 
distribution. The total of the assigned octahedral com
positions is (Mg2.96Fe2+ 1.55Fe3+ 0. ,4AI1.28Cro.00l00.D75) 
relative to the analyzed composition of (Mg285-
Fe2+ 1.53Fe3+ o.22AI, .32Cr 0.00200.08)' 

The Mossbauer pattern is best interpreted as one 
major octahedral Fe2+ doublet and one minor octa
hedral Fe3+ doublet (Lisa Heller-Kallai, Department of 
Geology, Hebrew University, Jerusalem, personal 
communication, 1985). All the Fe3+ has been placed 
in octahedron M(2) in accord with the single local en
vironment indicated by the Mossbauer spectra; but all 
the Fe2+ cannot be placed in a single kind of octahedron 
without gross violation of the observed bond lengths 
and electron densities (Table 5). The apparent single 
Fe2+ doublet must consist of unresolved doublets due 
to Fe2+ in M(1) and M(2) of the 2: I layer and M(3) of 
the interlayer sheet. Support for this interpretation 
comes from Mossbauer spectral studies of several Fe
bearing chlorites by Ballet et al. (1985) and Townsend 
et al. (1986). Both sets of authors found they could not 
distinguish Fe2+ ions in cis and trans octahedral sites 
of the 2: 1 layer and in octahedral sites of the interlayer 
sheet. Townsend et at. (1986) attributed this lack of 
resolution to broadening of the Fe2+ magnetic-hyper
fine spectrum as a result of an inhomogeneous distri
bution of Fe over the available octahedral sites (im
plying the presence of magnetic and nonmagnetic 
domains at certain temperatures) and random next
nearest-neighbor substitutions of other ions and va
cancies (as documented in Table 5 for this specimen). 
The mean M-O,OH bond lengths observed in the pres
ent study confirm that the Fe present is dominantly 
ferrous and suggest also that the Fe 2+/Fe3+ ratio is even 
slightly higher than the 6.9 value given by the analysis 
of Clarke and Schneider (1891). 

Phillips et at. (1980) pointed out for the triclinic IIb-4 
structure that cation-cation repulsion between the tri
valent cation in interlayer site M(4) and the cations in 
the tetrahedral sheets immediately above and below 
causes offsets of the latter two sheets in opposite di-
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-y 

Figure 4. Lower OH plane (large open circles) of interlayer 
in b position above upper tetrahedral sheet (large stippled 
basal oxygens and small solid T cations) of first 2: I layer. 
Small open circles are interlayer octahedral cations. Tetra
hedral sheet offset parallel to dashed arrow is due to cation
cation repulsion between Al in M(4) and adjacent T cations. 

rections. The directions of offset are diagonal to the X 
and Yaxes along [110]; hence, that the crystallographic 
(3 angles for the two specimens are increased by 0.24° 
and 0.42° relative to their ideal values near 97.1°, and 
the crystallographic a angles are increased from 90° to 
90.45° and 90.53°. The offsets provide slightly smaller 
T -M distances around the divalent M(3) cation for two 
of its four T neighbors (4.71 A vs. 4.74-4.75 A), than 
around the trivalent M(4) cation (4.74-4.75 A), and 
the possibility of lessening cation-cation repulsion in 
this manner appears to be one of the reasons for the 
ordering ofa trivalent cation into M(4). 

For the monoclinic IIb-2 structure, similar offsets of 
the tetrahedral sheets occur, but the directions of offsets 
are different from those in the IIb-4 structure because 
of the different position of the repeating 2: 1 layer (2 
vs. 4). The offsets are parallel to [100] rather than [110]; 
hence, only the crystallographic (3 angle is affected. The 
(3 angle is decreased to 96.35° from its ideal value of 
(3 = arc cos(-a/ 3c) = 97.18°. The offsets are shown in 
Figures 4 and 5. Two of the four T(1)-M(3) distances 
are decreased (4.66 A x 2 vs. 4.72 A x 2) relative to 
the four T(1)-M(4) distances (all 4.72 A). This means 
that the offsets help minimize the cation-cation repul
sion resulting from localization of a trivalent element 
in M(4) by providing more space around M(4) at the 
expense of M(3). The localization is favored also by 
the point symmetry 2/m for M(4) rather than 2 for 
M(3). In other words, a whole Al cation can occupy 
site M(4), but only a hybrid Alo.sR2+o.s cation can oc
cupy each of the M(3) sites on average. 

The difference in offset directions of the tetrahedral 
sheets in the IIb-4 and IIb-2 structures and the suc
cessful rationalization of the offset directions as a con-

Figure 5. Basal oxygens (large stippled circles) of repeating 
2: I layer in b position relative to upper OH plane (large open 
circles) of interlayer. Dashed arrow indicates both direction 
of a/ 3 tetrahedral shift within lower 2: I layer and offset of 
tetrahedral sheet resulting from cation-cation repulsion be
tween Al in M(4) and adjacent T cations. Hexagonal ring of 
repeating layer is in "2" position. 

sequence of the difference in positions of the sheets 
relative to the M(4) cation lend validity to the proposed 
explanation. Even though repulsion between cations 
separated by 4.7 A cannot be large, it must be remem
bered that the tetrahedral sheets are constrained in 
position only by relatively weak interlayer bonds. 

Tetrahedra 

The tetrahedral Si,AI cations must be disordered in 
this specimen because no ordering was detected in any 
of the subgroup symmetries. The calculated T-O bond 
length of 1.670 A for the composition of Si2.622AIL378 

is in good agreement with the observed mean bond 
length of 1.668 A. Phillips et al. (1980) noted that a 
disordered Si,AI distribution gives the most favorable 
balance of charge around the ordered trivalent site M(4) 
for the IIb-4 structure. This interpretation is consistent 
for any b position of the interlayer relative to a 2: 1 
layer because it places two adjacent tetrahedra equi
distant from the trivalent M(4) site. Thus, neither tet
rahedron is favored for concentration of Si or Al as a 
result oflocal charge balance involving ordering of the 
interlayer cations. Special factors may be required to 
promote ordering of tetrahedral cations in chlorites, as 
in the micas. It is believed most lIb and Ib «(3 = 90°) 
chlorites will have disorder of tetrahedral cations as a 
consequence, whereas the interlayer trivalent and di
valent cations will be ordered. 

The tetrahedra are rotated by 8.5° to fit better with 
the smaller lateral dimensions of the 2: 1 octahedral 
sheet. Because M(1) and M(2) are so similar in size, 
no tilting is required of the tetrahedra to coordinate 
with the octahedra. The basal oxygen and interlayer 
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surfaces are essentially planar. The direction of rotation 
moves the acceptor basal oxygens closer to the donor 
OH groups (Figure 3) to shorten hydrogen bond con
tacts. These directions (in projection) also move the 
basal oxygens toward the positions of the 2: 1 octahe
dral cations (which control the rotation directions com
pletely in micas), but away from the interlayer cations 
(Figure 3). This is also true in the IIb-4 structure. 

Comparison of sheet and layer thicknesses 

A total of five trioctahedral chlorites have now been 
refined by diffractometer techniques. The chlorite of 
this study differs from the others chemically in its high 
Fe content (1.755 atoms vs. 0.08-0.29 range in the 
others) and in its high net tetrahedral charge (-1.378 
vs. -0.84 to -1.01 range). The influence of the high 
Fe content is manifest in a 2: 1 layer that is thicker than 
for the other four chlorites (6.696 vs. 6.641-6.653 A 
range) and an interlayer sheet that is thicker (2.024 A) 
than those of the three chlorites with Mg,Al interlayers 
(1.976-1.995 A range) but thinner than that of the 
Erzincan specimen with a Mg,Cr interlayer (2.031 A). 
The high tetrahedral charge draws the interlayer much 
closer to the adjacent basal oxygens, however, so that 
the separation distance is only 2.731 A relative to a 
2.807-2.827 A range for the other chlorites. The net 
result is that the d(OO 1) value of 14.182 A for the 
chlorite of this study is moderately smaller than for the 
others (14.238-14.332 A range). A similarly high tet
rahedral charge in an iron-poor chlorite should cause 
an appreciably smaller d(OO 1) value. 

Hydroxyls 

The H+ protons are located 0.9-1.0 A from the cen
ters of their respective oxygen host atoms. The OH(l)
H(1) vector in the 2: 1 octahedral sheet makes a rho 
angle of88.2° with the (001) plane. This vector points 
slightly toward the divalent M(l) site because the hy
drogen proton is repelled from the two M(2) octahedral 
cations due to the trivalent FeH content of the latter 
sites. 

The hydrogens in the interlayer octahedral sheet form 
long hydrogen bonds (2.774 A and 2.831 A x 2) with 
the basal oxygens of the tetrahedral sheet. The OH(2)
H(2)-O(2) bond angle is nearly straight, but the two 
OH(3)-H(3)-O(3) angles are bent to 146.1°. The posi
tions of the H+ protons do not follow the pattern es
tablished for lIb chlorite by Joswig et al. (1980) by the 
more accurate neutron diffraction technique, and it is 
considered that their positions in the present study are 
inaccurate. 

Thermal ellipsoids 

The shapes and orientations of thermal ellipsoids 
are presented in Table 3. All atoms have their major 
component of thermal vibration nearly parallel to the 

Z axis. This configuration is probably due to the fact 
that the crystal was so thin (0.05 mm) that the psi-scan 
correction for absorption was not adequate. The same 
effect has been noted for other refinements in this lab
oratory involving very thin platelets. 

CONCLUSIONS 

The monoclinic IIb-2 chlorite is disordered with re
spect to its Si,Al tetrahedral cations. This finding is 
contrary to the results from the less accurate study of 
similar material by Steinfink (1958, 1961). The inter
layer cations are ordered with trivalent Al located on 
a symmetry center at site M(4) and primarily divalent 
cations (Mg and Fe) in the two M(3) interlayer sites. 
A small degree of ordering of Mg, Fe2+, and FeH exists 
in the M(1) and M(2) octahedra within the 2:1 layer. 
The ratio of octahedral Fe2+IFe3+ cations is about 7.0 
for the crystal as a whole, based on consideration of 
the observed octahedral bond lengths and electron den
sities. The excess of negative charge above unity due 
to tetrahedral substitution of Al for Si (1.378 atoms) 
is compensated within the octahedral sheet of the 2: 1 
layer and the remainder within the interlayer. This 
magnitude of the negative tetrahedral charge is about 
average for trioctahedral chlorites (Bailey and Brown, 
1962), and the restriction of the positive interlayer 
charge to about + 1.0 is probably the most stable ar
rangement. 

Results to date suggest that ordering of a trivalent 
cation in the centrosymmetric interlayer site M(4) is 
universal in stable trioctahedral chlorites. Factors con
trolling the ordering are: (1) energy minimization by 
location of the source of the positive charge on the 
interlayer sheet in one octahedron rather than in two; 
this avoids disorder of divalent and trivalent interlayer 
cations over the M(3) sites or intermixed domainal 
structures; (2) lessening of cation-cation repulsion be
tween M( 4) and tetrahedral cations by tetrahedral sheet 
offsets; (3) higher crystal-field stabilization energy 
(CFSE) by location of certain trivalent transition met
als, such as Cr, in the less distorted octahedron M(4); 
and (4) possibly local charge balance by a trivalent 
cation in M(4) positioned exactly between ordered Al
rich tetrahedra in the sheets immediately above and 
below the interlayer for a positions of the interlayer 
sheet relative to the 2: 1 layers; this factor has not yet 
been proven. Only partial ordering of the interlayer 
cations was found by Joswig et al. (1980) for a IIb-4 
chlorite from an Alpine fissure vein. This probably is 
a consequence of the environment of crystallization, 
similar to the partial ordering found in the adularias 
of these veins. 

Disorder of tetrahedral cations is predicted for most 
lIb and Ib ({3 = 90~ trioctahedral chlorites, because the 
b position of the interlayer sheet relative to the 2: 1 
layers above and below provides no preferential driv-
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ing force for concentration of Si or Al in any tetrahe
dron as a consequence of the expected interlayer cation 
ordering. All five regular-stacking trioctahedral chlo
rites studied in detail to date have shown disorder of 
tetrahedral cations but ordering of interlayer cations. 

Most chlorites have a semirandom stacking oflayers 
and interlayers. For regular-stacking crystals the mono
clinic JIb-2 chlorite polytype is less abundant in nature 
than the triclinic I1b-4 (=I1b-6) structure. Triclinic lIb 
structures result from superimposing a hexagonal ring 
of the repeating layer over either positions 4 or 6 of 
Figure Id. A monoclinic structure results only from 
superposition over position 2. If the three positions are 
equally probable and provided no other factors control 
the superposition of layers, the regular-stacking tri
clinic structures should be twice as abundant as the 
monoclinic structure. In fact, however, only a few 
monoclinic IIb-2 chlorites are known to the authors. 
It is suspected that this apparent rarity is an artifact 
due to the paucity of study of chlorites by single crystal 
X-ray methods. The observations that (1) all regularly 
stacked chlorite crystals from the Washington, D.e., 
sample are IIb-2, and (2) the IIb-2 polytype has not 
yet been identified in samples for which the I1b-4 poly
type is abundant suggest strongly that other, as yet 
unknown, factors also are important in determining 
the resultant structures. These factors may be related 
to the environment of crystallization. 
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