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STRUCTURES OF INTERGROWN TRICLINIC AND 
MONOCLINIC IIb CHLORITES FROM KENY A 

HONG ZHENG AND STURGES W. BAILEY 
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Abstract-Triclinic IIb-4 and monoc1inic IIb-2 clinochlore polytypes from Kenya are intergrown laterally 
in (00 I) platelets and are separated optically in some places by sharp lines of demarcation and in other 
places by embayed boundaries. Electron microprobe analyses show no compositional differences between 
the two polytypes. Structural refinements of each show that the 2: I layer is identical in the two structures 
with no tetrahedral or 2: 1 octahedral cation ordering in either ideal or subgroup symmetries. The two 
interlayer sheets differ only in the distribution of Al and Mg over interlayer sites M3 and M4, but not in 
the distribution ofFe3+, Fe2+, or vacancies. The monoclinic IIb-2 polytype is less ordered than the triclinic 
IIb-4 polytype. The mean M-O,OH bond length of 1.990 A indicates significantly less of the smaller 
AI present in the M4 site of IIb-2 than for the mean M-O,OH value of 1.957 A for the M4 site of IIb-
4. The textural relations and the structural refinements suggest that the monoclinic IIb-2 structure is 
inherently less stable than the triclinic form. This is in accord with the observed lesser abundance in 
nature of the monoclinic form. 

Key Words-Bond length, Cation distribution, Chlorite, Crystal structure, Polytype, Single crystal X-ray 
diffraction. 

INTRODUCTION 

Large, light-green platelets of chlorite from Kinyiki 
Hill, Mtito Andei, at the edge ofthe Rift Valley in the 
Mochako District, Kenya (Harvard Museum #97703, 
labeled corundophilite), were found to contain inter
grown triclinic IIb-4 and monoclinic IIb-2 polytypes. 
The chlorite platelets have been described as inter
grown with corundum and pink margarite and to occur 
near the contact of a dike-like intrusion of dunite into 
hornblende schists (Parkinson, 1947). Neither the rocks 
nor the chlorite appear to have been studied petrolog
ically. 

The polytypes are intergrown laterally in the plane 
of the large platelets. In places they are separated op
tically by a sharp line of demarcation. In other places 
the monoclinic form is embayed as a result of partial 
conversion to the triclinic form. Where a sharp line of 
separation exists, the two polytypes are in an oriented 
intergrowth with the line of separation parallel to [0 I 0] 
of the monoclinic form and to [110] of the triclinic 
form. 

The triclinic IIb-4 polytype is volumetrically more 
abundant in the Kenyan specimen, and its structure 
was refined by Steinfink (1958b) by film and Fourier 
methods in subgroup CI. Steinfink reported all of the 
octahedrally coordinated sites to have similar electron 
densities in two-dimensional projections; no segrega
tion of the heavy Fe + Cr cations was therefore ap
parent. Bond lengths were not reported, but were cal
culated by Bailey (1975) from the atomic coordinates. 
Bailey reported the four independent tetrahedra to have 
similar mean T-O values between l.67 and l.68 A, 

but the cis octahedron M3 to have a mean M-O,OH 
value 0.015 A larger than those ofMI and M2 in the 
2: I octahedral sheet and cation sites M4, M5, and M6 
in the interlayer sheet to have different mean values 
of2.047, 2.123, and 1.995 A, respectively. Despite the 
limited accuracy of Steinfink's (1958b) refinement (R 
= 14%), modem refinements of the IIb-4 structure by 
Joswig et al. (1980) and Phillips et al. (1980) confirmed 
the tendency for Mg and Al to order within the inter
layer sheet. The larger cis M3 site, however, is contrary 
to the normal ordering pattern in micas, in which the 
trans site MI is larger. 

The monoclinie IIb-2 polytype has been reported 
previously only from a waterworks tunnel excavation 
in Washington, D.C. (Steinfink, 1958a, 1961; Rule and 
Bailey, 1987) and from the Achmatov mine, Ural 
Mountains, U.S.S.R. (Joswig et al., 1989), although its 
apparent rarity may be in part related to the paucity 
of studies of chlorites by single crystal methods. We 
have also found this polytype in colorless crystals from 
Wood's mine, Lancaster County, Pennsylvania (Uni
versity ofWisconsin Museum #600211). Locating in
tergrown triclinic and monoclinic polytypes in the same 
platelet in the Kenyan crystals, and therefore of similar 
compositions and presumably subject to similar crys
tallization conditions, offered a unique opportunity to 
compare their cation-ordering patterns and to deter
mine if structural differences exist that favor one poly
type over the other. Additional refinements of chlorite 
structures are also desirable to determine if ordering 
occurs in the octahedral sites of the 2: I layer (none 
found by modem refinements to date) and to assess 
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Table 1. Microprobe data fOT Kenyan chlorite. 

wt.% 

SiOz 
Alz0 3 

MgO 
FeO' 
CrZ0 3 

NiO 
TiOz 
KzO 
CaO 
NazO 
Cl 
F 

IIb-2 

31.66 ± 0.10 
14.38 ± 0.11 
32.88 ± 0.11 
4.65 ± 0.03 
1.72 ± 0.04 

0.11 
0.06 
0.01 

<0.01 
<0.01 
<0.01 
<0.01 

IIb-4 

31.66 ± 0.08 
14.40 ± 0.12 
32.78 ± 0.11 
4.63 ± 0.03 
1.68 ± 0.03 

0.14 
0.01 
0.01 

< 0.01 
<0.01 
< 0.01 

0.02 

, Converted to FeZ0 3 and FeO by assuming the same 
Fe3~:Fe2+ ratio determined by Steinfink (I 958b). 

the validity ofthe predictions ofRule and Bailey (1987) 
as to cation ordering in chlorite (see below). The Ken
yan chlorite is anomalous also in having 1.7% Cr20 3 

and a green color rather than the usual purple color of 
Cr-bearing chlorite. On the basis of the optieal ab
sorption spectra reported by Neuhaus (1960), the green 
color indicates that the Cr is in the 2: 1 octahedral sheet 
and that it is coordinated primarily by oxygen rather 
than entirely by hydroxyl groups in the interlayer sheet. 
A similar co ordination for Cr is known in the green 
mica fuchsite. For ten purple, Cr-bearing chlorite sam
pIes studied by Phillips et al. (1980), e1ectron density 
projections showed the Cr to be in the interlayer sheet. 
It was therefore ofinterest to determine ifthe Kenyan 
green chlorite is an exception to this general trend. 

EXPERIMENT AL 

Crystals suitable for structural refinement were found 
by X-ray precession study. The crystals finally selected 
showed no stacking disorder and no consequent streak
ing of k * 3n reflections. The IIb-4 crystal measured 
0.75 x 0.4 x 0.01 mm in size, and the IIb-2 crystal 
measured 1.0 x 0.5 x 0.01 mm in size (University of 
Wisconsin Museum #1784/1,2). Unit-cell parameters 
of a = 5.328(1), b = 9.228(2), c = 14.368(4) A, a = 
90.46(2t, ß = 97.39(2)°, and 'Y = 89.96(2)° for the IIb-4 
polytype and a = 5.328(2), b = 9.228(3), c = 14.363(5) 
A, and ß = 96.82(3t for the IIb-2 polytype were de
termined by least-squares refinement of 14 high-angle 
reftections (28 = 65° to 87°). Two sets ofintensity data 
were collected: one in the fJ:2fJ variable-scan mode for 
the IIb-2 structure and one in the w-scan mode for the 
IIb-4 structure. In both sets intensities were measured 
over all octants to 28 = 60° with graphite-monochro
matized MoKa radiation in a Nicolet P2 , automated 
single-crystal diffractometer. Crystal and electronic sta
bility were checked by.monitoring two standard re
flections after every 50 reflections. The integrated in
tensity (I) was calculated from I = [S - (BI + B2)/ 

Br]Tr, where S is the sean count, BI and B2 are the 
background counts, Br is the ratio of background time 
to scan time, and Tr is the 28 scan rate in o/min. Re
flections were considered to be observed if 1 > 30"(1). 
Integrated intensities were corrected for Lp factors and 
for absorption by using the semi-empirical psi-scan 
technique ofNorth et al. (1968). For the I1b-4 polytype 
4252 observed reflections were merged into 2044 in
dependent triclinic reflections. For the IIb-2 polytype 
4271 observed reflections were merged into 1096 in
dependent monoclinic reflections. No reflections were 
removed from the_data sets du ring refinement. The 
sense of the Z axis for the triclinic polytype was de
termined by comparison of observed and calculated F 
values. 

The composition of the Kenyan chlorite was deter
mined as (Mg4.90Alo.7sFeH 0.17Fe2+ 0.07Cr 0.ls)(Si2.60-
AI L40)O IO(OH)s by Steinfink (I 958b) using wet chem
ical analysis. Bailey (1975) reported electron micro
probe analyses for the same sampie to give 
(Mg..69 Alo.67 FeH 0.26Fe2+ 0.11 CrO. I sNio.ot)(Si3 02 Alo.9s) 0 10 

(OH)s on the assumption of the same FeH : Fe2+ ratio 
(2.4) as found by Steinfink. New electron microprobe 
measurements ofthe present study found no significant 
chemical differences between the monoclinic and tri
clinic polytypes present in the same probe mount (Ta
ble 1), in accord with the similarity in the cell dimen
sions. Using the analysis for the dominant IIb-4 
polytype, the resulting formula on the basis of 28 pos
iti ve charges is (Mg.. 7lsAlo.694FeH 0.269Fe2+ 0.1 09Cr O.IZS

Nio.o" Do.o73)(Si3.os6Alo.944)O lo(OH)s, where 0 repre
sents a vaeancy. This formula is virtually the same as 
that reported by Bailey (1975) and differs from that 
reported by Steinfink (1958b) primarily by its tetra
hedral AI content. This chlorite is a clinochlore in the 
preferred terminology of Bayliss (1975). 

REFINEMENT 

The atomic coordinates of Phillips et al. (1980) for 
the Day Book Body chlorite were used as a starting 
point for refinement of the triclinic IIb-4 polytype as
suming the ideal Cl space group and those ofRule and 
Bailey (1987) for the monoclinic IIb-2 polytype assum
ing the ideal C2/ m space group. Scattering faetors from 
Cromer and Mann (1968) eorresponding to 50% ion
ization were used in the refinement. Complete cation 
disorder was assumed at the start for the overall com
position and modified according to the ordering pat
terns found as refinement progressed. Unit weights were 
found to be more appropriate than sigma weights dur
ing refinement, as is usually the case for phyllosilicates. 
A modified ORFLS program (Busing et al. , 1962) was 
used to re fine the scale factor, atomie coordinates, 
isotropie B values, and then anisotropie values. After 
refinement ceased, bond lengths and differenee-elec
lron-density (DED) maps were used to determine any 
ordering of cations and to loeale the positions of the 
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Table 3. Observed bond lengths (Ä) of Kenyan chlorite. 

Triclinic IIb-4 
In 2: I layer 

To Tl o I-Tl 1.641(3) ToT2 02-T2 1.636(3) 
03-Tl 1.655(4) 03-T2 1.657(4) 
04-Tl 1.657(3) 04-T2 1.659(3) 
05-Tl 1.656(4) 05-T2 1.657(4) 
Mean 1.652(2) Mean 1.652(2) 

In TI 01-03 2.713(5) In T2 02-03 2.709(5) 
01-04 2.712(4) 02-04 2.712(5) 
01-05 2.714(5) 02-05 2.713(5) 
03-04 2.685(5) 03-04 2.678(5) 
03-05 2.683(5) 03-05 2.689(5) 
04-05 2.678(5) 04-05 2.684(5) 
Mean 2.698(2) Mean 2.698(2) 

ToMI Ol-MI 2.087(3) x 2 ToM2 01-M2 2.081(3) 
02-MI 2.090(3) x 2 02-M2 2.089(3) 
OHI-MI 2.066(3) x 2 OHI-M2 2.071(4) 
Mean 2.081(2) 01-M2 2.090(3) 

02-M2 2.083(3) 
OHI-M2 2.071(3) 
Mean 2.081(1) 

In MI shared 01-02 2.825(4) x 2 In M2 shared 01-01 2.8~0(6) 
OHI-OHI 2.791(4) x 2 Ol-OHI 2.791(4) 
02-OHI 2.798(4) x 2 02-01 2.825(4) 
Mean 2.805(2) 02-02 2.827(6) 

OHI-02 2.798(4) 
OHI-OHI 2.755(6) 
Mean 2.804(2) 

In MI unshared 01-02 3.078(5) x 2 In M2 unshared 01-02 3.069(4) 
Ol-OHI 3.076(5) x 2 Ol-OHI 3.076(5) 
02-0HI 3.074(4) x 2 02-OHI 3.076(5) 
Mean 3.076(3) 01-02 3.078(5) 

Ol-OHI 3.074(4) 
02-OHI 3.076(5) 
Mean 3.075(2) 

In interlayer 
ToM3 OH2-M3 2.081(3) ToM4 OH2-M4 1.957(3) x 2 

OH2-M3 2.077(4) OH3-M4 1.962(3) x 2 
OH3-M3 2.080(4) OH4-M4 1.949(3) x 2 
OH3-M3 2.079(3) Mean 1.956(2) 
OH4-M3 2.074(3) 
OH4-M3 2.078(3) 
Mean 2.078(1) 

In M3 shared OH2-OH2 2.797(6) In M4 shared OH2-OH3 2.619(4) x 2 
OH2-OH3 2.619(4) OH2-OH4 2.601(4) x 2 
OH3-OH3 2.794(6) OH3-OH4 2.607(4) x 2 
OH3-OH4 2.607(4) Mean 2.609(2) 
OH4-0H4 2.797(7) 
OH4-0H2 2.601(4) 
Mean 2.703(2) 

In M3 unshared OH2-OH3 3.157(5) In M4 unshared OH2-OH3 2.915(4) x 2 
OH2-OH4 3.154(5) OH2-OH4 2.915(5) x 2 
OH2-OH3 3.159(5) OH3-OH4 2.915(5) x 2 
OH2-OH4 3.163(5) Mean 2.915(3) 
OH3-OH4 3.163(5) 
OH3-OH4 3.154(5) 
Mean 3.158(2) 

OHI-HI 0.80 
OH2-H2 0.90 
OH3-H3 0.86 
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Table 3. 

H-bonds OH2-05 2.906(5) 
OH3-03 2.906(5) 
OH4-04 2.857(5) 
Mean 2.890(3) 

Monoc1inic IIb-2 
In 2:1 layer 

ToTl o I-Tl 1.637(3) 
02-Tl 1.658(2) 
03-Tl 1.653(4) 
03-Tl 1.663(4) 
Mean 1.653(2) 

ToMI OHI-Ml 2.073(5) x 2 
01-MI 2.089(3) x 4 
Mean 2.084(2) 

In MI shared OHI-01 2.796(5) x 4 
01-01 2.822(6) x 2 
Mean 2.805(3) 

In MI unshared OHI-Ol 3.083(6) x 4 
01-01 3.080(7) x 2 
Mean 3.082(4) 

In interlayer 
ToM3 OH2-M3 2.061(4) x 2 

OH3-M3 2.070(4) x 2 
OH3-M3 2.062(3) x 2 
Mean 2.064(2) 

In M3 shared OH2-OH2 2.746(10) 
OH3-OH3 2.645(7) 
OH2-OH3 2.638(5) x 2 
OH2-0H3 2.757(5) x 2 
Mean 2.697(5) 

In M3 unshared OH2-OH3 3.129(6) x 2 
OH2-OH3 3.119(4) x 2 
OH3-OH3 3.130(4) x 2 
Mean 3.126(3) 

OHI-Hl 0.82 
OH2-H2 0.88 
OH3-H3 0.74 x 2 
Mean 0.80 

H-bonds OH2-02 2.873(5) 
OH3-03 2.901(5) x 2 
Mean 2.892(3) 

H+ protons associated with the OH groups. Final re
finements with revised scattering factor tables and in
corporating (but not varying) the H + positions reduced 
the residuals to R = 4.2% for the triclinic IIb-4 polytype 
as Cl and R = 5.9% for the monoclinic IIb-2 polytype 
as C2/ m. DED maps were Hat at all atomic positions 
at this point. Observed and calculated structure am-

Continued. 

OH4-H4 0.88 
Mean 0.860 

OH2-H2-05 1730 

OH3-H3-03 1670 

OH4-H4-04 1710 

In Tl 01-02 2.713(5) 
01-03 2.711(5) 
01-03 2.717(5) 
02-03 2.687(5) 
02-03 2.678(5) 
03-03 2.684(1) 
Mean 2.698(2) 

ToM2 OHI-M2 2.067(4) x 2 
01-M2 2.081(4) x 2 
01-M2 2.090(3) x 2 
Mean 2.079(2) 

In M2 shared OHl-OHl 2.749(10) 
01-01 2.822(6) 
OHI-Ol 2.796(5) x 2 
01-01 2.823(6) x 2 
Mean 2.802(3) 

In M2 unshared 01-0HI 3.074(4) x 2 
01-01 3.074(4) x 2 
Ol-OHI 3.074(6) x 2 
Mean 3.074(3) 

ToM4 OH2-M4 1.992(5) x 2 
OH3-M4 1.989(4) x 4 
Mean 1.990(3) 

In M4 shared OH2-OH3 2.638(5) x 4 
OH3-OH3 2.645(7) x 2 
Mean 2.640(3) 

In M4 unshared OH2-OH3 2.982(6) x 4 
OH3-OH3 2.971(8) x 2 
Mean 2.978(4) 

plitudes may be obtained from the authors upon re
quest. Atomic coordinates and thermal parameters are 
listed in Table 2, bond lengths and angles in Table 3, 
and orientations of the thermal ellipsoids in Table 4. 

The final residual values of 4 to 6% are reasonab1e 
for the quality ofthe crystals used, but sufficiently high 
that ordering in subgroup symmetry was examined for 
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Table 4. Orientations ofthermal ellipsoids ofKenyan chlo- Table 4. Continued. 
rite. 

RMS Angles (") with respect to 
RMS displacement 

disPlaxement 
Angles (") with respeet to Atom Axis (A) X Y Z 

Atom Axis ( ) X Y Z 
Tl Rl 0.082(3) 177(9) 87(14) 81(5) 

IIb-4 R2 0.092(3) 88(15) 14(8) 104(8) 
MI Rl 0.043(8) 39(5) 128(5) 87(4) R3 0.109(3) 93(4) 104(7) 163(7) 

R2 0.094(4) 51(5) 41(7) 104(14) OHI Rl 0.088(11) 25(17) 90(0) 122(17) 
R3 0.107(4) 89(10) 103(12) 165(14) R2 0.108(10) 90(0) 0(0) 90(0) 

M2 Rl 0.048(5) 38(4) 128(4) 92(3) R3 0.114(9) 115(17) 90(0) 148(17) 
R2 0.092(3) 52(4) 39(4) 105(7) OH2 Rl 0.111(10) 90(14) 90(0) 173(14) 
R3 0.109(3) 93(5) 100(6) 165(7) R2 0.120(9) 90(0) 0(0) 90(0) 

M3 Rl 0.042(6) 39(4) 129(4) 93(2) R3 0.140(9) 180(13) 90(0) 83(14) 
R2 0.091(3) 51(4) 39(4) 98(4) OH3 Rl 0.115(7) 125(33) 102(14) 135(36) 
R3 0.123(3) 90(3) 93(3) 172(3) R2 0.123(6) 138(33) 104(16) 45(36) 

M4 Rl 0.068(5) 39(5) 128(5) 92(3) R3 0.143(6) 70(13) 160(13) 92(13) 
R2 0.108(4) 51(5) 39(5) 100(7) 01 Rl 0.083(8) 168(12) 82(15) 74(9) 
R3 0.127(3) 90(5) 96(6) 170(7) R2 0.106(7) 82(16) 12(32) 83(37) 

Tl Rl 0.067(4) 40(3) 129(3) 89(2) R3 0.115(6) 98(11) 80(38) 162(18) 
R2 0.109(3) 50(3) 40(4) 102(8) 02 Rl 0.123(9) 72(17) 90(0) 169(17) 
R3 0.124(3) 90(5) 99(6) 168(8) R2 0.131(9) 90(0) 0(0) 90(0) 

T2 Rl 0.068(4) 40(3) 130(3) 90(2) R3 0.147(9) 162(17) 90(0) 101(17) 
R2 0.109(3) 50(3) 41(4) 103(7) 03 Rl 0.123(6) 163(12) 106(13) 89(46) 
R3 0.125(3) 91(5) 100(6) 167(7) R2 0.129(6) 93(45) 101(17) 11(13) 

OHI Rl 0.078(8) 34(7) 124(7) 95(6) R3 0.153(6) 73(7) 161(10) 101(12) 
R2 0.120(6) 121(8) 138(11) 60(18) 
R3 0.135(6) 103(10) 111(14) 150(18) 

both crystals. Bond lengths in the ideal space groups 
OH2 Rl 0.104(7) 54(11) 143(11) 87(16) 

indicated disorder ofthe tetrahedral Si,AI cations (Ta-R2 0.122(6) 91(28) 82(23) 11 (31) 
R3 0.131(6) 144(11) 126(12) 80(32) ble 3), in accord with the finding ofPhillips et al. (1980) 

OH3 Rl 0.106(6) 33(12) 121(11) 85(15) and Rule and Bailey (1987) that little or no driving 
R2 0.124(6) 104(24) 92(34) 7(29) force exists in the IIb structure to favor localization of 
R3 0.131(6) 120(15) 149(11) 95(38) Al in any of the tetrahedral sites. Major interest thus 

OH4 Rl 0.092(7) 38(6) 128(6) 95(9) focused on ordering of octahedrally coordinated cat-
R2 0.125(6) 90(12) 90(14) 7(13) ions in subgroups Cl for IIb-4 and C2 or Cm for IIb-2. R3 0.141(6) 128(6) 142(6) 85(17) 

Atomic coordinates for ordered models in these 
01 RI 0.075(8) 35(7) 125(7) 90(6) 

R2 0.117(6) 55(9) 41(20) 114(39) subgroups involving both tetrahedral and octahedral 
R3 0.123(6) 97(23) 109(32) 156(39) cations were determined from the distance-least-squares 

02 Rl 0.074(8) 38(7) 127(6) 92(6) program OPTDIS ofDollase (1980), and then refined 
R2 0.120(6) 53(8) 40(12) 110(27) by ORFLS. One atom was held constant in all refine-
R3 0.130(6) 97(17) 104(22) 159(27) ments in these noncentrosymmetric subgroups. The 

03 Rl 0.124(6) 61(8) 150(9) 91(17) atomic coordinates of all cations refined to their po-
R2 0.139(6) 86(16) 86(17) 12(16) 

sitions within the ideal space groups. Thus, the ideal R3 0.156(6) 150(9) 119(8) 78(16) 
04 Rl 0.111(7) 35(5) 124(5) 88(9) space groups appear to be correct for both specimens. 

R2 0.141(6) 97(10) 86(10) 5(10) These space groups are both in accord with the obser-
R3 0.164(6) 124(5) 146(5) 86(11) vati on by Guggenheim et al. (1983) that this sampie 

05 Rl 0.124(6) 144(14) 68(11) 110(15) did not produce a positive optical second harmonic 
R2 0.142(6) 117(24) 86(42) 20(17) generation response, suggesting, but not proving, that 
R3 0.147(6) 112(24) 157(14) 93(43) the sam pie is centrosymmetric. 

IIb-2 
MI Rl 0.065(9) 116(9) 90(0) 113(9) DISCUSSION 

R2 0.077(8) 90(0) 0(0) 90(0) 
R3 0.101(6) 106(9) 90(0) 157(9) Disorder of tetrahedral cations 

M2 Rl 0.064(6) 173(6) 90(0) 76(6) The independent tetahedra Tl and T2 in the triclinic R2 0.081(5) 90(0) 0(0) 90(0) 
IIb-4 polytype from Kenya are identical in size (mean R3 0.102(4) 97(6) 90(0) 166(6) 

M3 Rl 0.052(8) 180(4) 90(0) 83(4) T-O = l.652 A, Table 3) in the ideal space group Cl, 
R2 0.074(6) 90(0) 0(0) 90(0) and ordered models with four independent tetrahedra 
R3 0.106(4) 90(4) 90(0) 173(4) in subgroup Cl refined to the disordered positions. 

M4 Rl 0.128(4) 180(2) 90(1) 83(8) Only one independent tetrahedron exists in the ideal 
R2 0.134(4) 90(1) 0(1) 90(0) space group C2/m of the monoclinic IIb-2 polytype 
R3 0.153(4) 90(8) 90(0) 173(8) 

(mean T -0 = 1.653 A), and ordered models containing 
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two independent tetrahedra in subgroups C2 and Cm 
refined to disordered positions. The ordered model in 
subgroup Cm is unreasonable also in that it requires 
the two tetrahedral sheets in the same 2: 1 layer to be 
of different compositions. Thus, both structures are 
disordered and agree in this respect with all other I1b 
structures refined by modem methods. 

The observed mean values of 1.652 and 1.653 A for 
an Ajlv content ofO.944 atoms per formula unit com
pare favorably with mean T-O values for similar tet
rahedral compositions of chlorites found by other 
workers (e.g., 1.652 and 1.654 A for AlIV = 0.98 by 
Phillips et al., 1980; 1.651 and 1.650 A for AlIV = 0.84 
by Joswig et al., 1980; 1.650 and 1.652 A for Ajlv = 

1.00 by Bailey, 1986; 1.656 and 1.661 A for Ajlv = 

1.01 by Phillips et al., 1980). They are not in accord 
with the higher Apv value of 1.4 reported by Stein fink 
(19 58b) for the same specimen. According to the results 
of Rule and Bailey (1987), a tetrahedral Al content of 
1.4 corresponds to a mean T -0 bond length'of 1.668 A. 

The thermal ellipsoids of the basal oxygens (Table 
4) are oriented so that the direction: of maximum vj
bration is normal to the T -Ob bonds in both structures. 

Ordering %ctahedral cations 

Sites MI and M2 in the 2:1 octahedral sheet are 
similar to one another in size in both structures in the 
ideal space groups, within experimental error, and the 
two cis octahedral cations did not refine to different 
positions on uncoupling via ordered models in subgroup 
symmetries. Thus, these cations are disordered also. 
The larger size of one cis octahedron in the Kenyan 
IIb-4 structure of Steintink (I 958b) is therefore an ar
tifact due to limited data and incomplete refinement. 

The Cr could not be located unequivocally, except 
that it is in octahedral rather than tetrahedral coordi
nation, due to the presence of a larger amount of 
FeH. Initial retinement cycltts indicated cation disorder 
over the MI and M2 octahedral sites of the 2: I layer 
for both structures, but cation ordering over the M3 
and M4 interlayer sites, with about twice as many heavy 
atoms in the interlayer sheet as in the 2: llayer. Because 
of the green color of the platelets, Cr was assigned to 
the octahedral sheet ofthe 2: llayer, assuming disorder 
along with FeH and Mg over sites MI and M2. At no 
stage of the refinement did DEO maps indicate any 
segregation ofheavy and light atoms over sites MI and 
M2. The composition that gives the best fit between 

observed and calculated values of bond lengths and 
electron densities for MI and M2 is (M&J.90SCrO.043-
FeHo.os2)o.o95+ . A mean M-O,OH bond length calcu
lated for tbis composition using the ionic radii of 
Shannon (1976) is 2.082 A, and an electron density 
calculated assuming 50% ionization is 12.2 e- . These 
values compare favorably with observed mean bond 
lengths of MI = M2 = 2.082 A for IIb-4 and MI = 
2.084 and M2 = 2.079 A for Ilb-2 and an observed 
electron density of 11.5 e- for both sites in both struc
tures. DEO maps calculated on the basis of a random 
distribution of the composition shown above showed 
fiat residuals for both the MI and M2 sites. No sig
nificance is attached to the slightly different sizes of 
MI and M2 in the IIb-2 structure, and the 2: I layer is 
considered identical in the two polytypes. 

The main interest in the structures concerns the or
dering ofthe cations ofthe interlayer sheet. The smaller 
tri valent Al and Fe cations proved to be concentrated 
in site M4 located on a center of symmetry. This is the 
same ordering pattern found in alI other structurally 
refined trioctahedral chlorites, although the degree of 
ordering has been found to vary from specimen to 
specimen. Surprisingly, the degree of ordering differs 
in these intergrown polytypes as weil. The mean M
O,OH bond lengthsforM3 andM4 are 2.079 and 1.957 
A, respectively, for the triclinic IIb-4 polytype, but are 
2.064 and 1.990 A for the monoclinic IIb-2 polytype 
(Table 3). These are significant differences considering 
the errors involved. The compositions for the sites that 
give the best fit between observed and 'calculated bond 
lengths and electron densities are shown in Table 5. 

The ionic radius of a vacancy was taken as 0.82 A 
from the data of Weiss et al. (1985). These best-fit 
compositions when combined with those of the 2: 1 
Iayer agree exactly with the overall composition as de
termined from Table 1. 

The two structures thus differ only in the distribution 
of Mg and Al over sites M3 and M4 of the interlayer 
sheet. The monoclinic IIb-2 structure is less ordered 
in its interlayer sheet than the triclinic IIb-4 structure, 
despite the fact that the overall compositions are sim
ilar and that they occur immediately adjacent to one 
another in the plate1ets. The low degree of ordering is 
not dicta ted by the monoclinic structure itself, because 
a IIb-2 polytype from a different locality was found by 
Rule and Bailey (1987) to be completely ordered, with 
only Al in that site (mean M4-O,OH = 1.929 A). The 

Table 5. Compositions of best fits between observed and calculated bond lengths and electron densities. 

Polytype 
IIb-4 M3 x 2 

M4 x 1 
I1b-2 M3 x 2 

M4 x 1 

Compositions 
(Mg ' 0)° 
(AlO.694Fe3+ 0." 3Fe2+ 0. , 09Nio.o , ,Do.on)0.66 , + 

(Ms".9oAlo. '0)°· 10+ 
(Ms".2oA1o.494FeJ+ O." 3Fe2+ O.109Nio.o"Do013)0.46 ,+ 

M-O,OH 
Obs. 
2.079 
1.957 
2.064 
1.990 

(A) 
Calc. 
2.070 
1.947 
2.05 2 
1.983 

Electron density (e-) 
Obs. Calc. 
11.0 11.0 
13.8 12.8 
11.0 11.05 
15.0 13.7 
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Table6. Other important structural features ofKenyan chlo-
rite. 

Parameter Sites IIb-4 1I/J..2 

Octahedral distortion MI 4.74 4.82 
RMS (15) M2 4.76 4.81 

M3 8.45 7.76 
M4 5.66 6.18 

Octahedral distortion MI 3.28 3.33 
RMS (36) M2 3.29 3.33 

M3 5.99 5.52 
M4 3.96 4.35 

Octahedral rotation e) MI 0.00 0.00 
M2 0.04 0.09 
M3 5.03 3.10 
M4 0.00 0.00 

Octahedral flattening MI 58.6 58.7 
'lf oct e) M2 58.6 58.6 

M3 61.3 61.0 
M4 59.3 59.8 

Tetrahedral angle Tl 110.8 110.9 
T I<I e) T2 110.8 

Tetrahdral rotation 
ale. e) 6.9 6.8 

Sheet thickness (Ä) 
Tetrahedral 2.241 2.242 
2: I octahedral 2.171 2.168 
Interlayer 1.994 2.005 

Interlayer separation (Ä) 2.802 2.803 
ß'deal e) 97.1 97.1 
A yg. M3-T distances (Ä) 4.720 4.727 
Ayg. M4-T distances (Ä) 4.739 4.748 

monoelinic form is apparently in the process of being 
converted isochemically to the triclinic form. The tex
tural relations and the structural refinement suggest 
that the monoclinic form is less stable than the triclinic 
form, in accord with the much greater abundance in 
nature of the triclinic form. Rule and Bailey (1987) 
noted that the triclinic IIb-4 structure should be twice 
as abundant as the monoclinie IIb-2 structure if only 
the geometry oflayer superpositions is considered, and 
that other factors must also be important to account 
for the observed lesser abundance of the monoclinic 
form. The Kenyan specimens suggest that the other 
factors relate to the inherent energetics ofthe two struc
tures rather than to different environments of crystal
lization. 

Layer offsets 

For the two trielinic IIb-4 structures they refined, 
Phillips et al. (1980) noted that cation-cation repulsion 
between the trivalent cation in M4 and the tetrahedral 
cations in the sheets immediately above and below the 
interlayer sheet off sets the two adjacent tetrahedral 
sheets in opposite directions. The off sets are diagonal 
to the X and Yaxes along [110]; hence, the erystallo
graphie ß angles for the two specimens are 0.24° and 
0.42° larger than their ideal values near 97.1°, and the 
erystallographic a angles are 90.45° and 90.53° instead 

of 90°. Phillips et al. (1980) cited the possibility of 
moving the cations apart in this manner as one reason 
for the ordering ofa triyalent cation into site M4. This 
effeet is not possible with a trivalent cation in M3. A 
similar off set ofthe tetrahedral sheets was found in the 
monoclinie IIb-2 strueture by Rule and Bailey (1987), 
but the direction of off set was different because of the 
different position ofthe repeating 2: I layer (position 2 
vs. position 4). The offset was found parallel to [100] 
rather than [110], and only the crystallographic ß angle 
was affected as a result, decreasing to 96.35° from its 
ideal value of 97.18°. 

Similar off sets of the tetrahedral sheets occur in the 
two struetures ofthe present study, but the magnitudes 
are determined by the degree of ordering of the inter
layer eations. For the triclinic IIb-4 polytype the mag
nitudes of the off sets and the resulting values of the 
crystallographic angles are elose to those found by Phil
lips et al. (1980). The shift of adjacent surfaces of 2: 1 
layers, which are constrained in position by relatively 
weak hydrogen bonds to the intercalated interlayer 
sheet, is id~ally +0.333 a3 relative to hexagonal axes. 
But' the shift in the present study is changed by the 
off sets to +0.360 a3 vs. +0.357 a3 for the two struc
tures of Phillips et al. (1980). This layer offset when 
combined with an intralayer shift of +0.360 a2 pro
duces an overall shift of repeating layers along the re
sultant X and Yaxes of -0.347 a j -0.013 b j (ideally 
only -0.333 a j ) in this study vs. -0.348 a j -0.014 
b , and -0.345 a j -0.012 b , for the two structures of 
Phillips et al. (1980). For the monoclinic IIb-2 polytype 
of this study, however, the smaller concentration of a 
trivalent cation in M4 leads to a smaller shift of the 
surfaces ofadjacent layers of +0.347 a j and a resultant 
shift ofrepeating layers of - 0.320 a j • The correspond
ing values for the IIb-2 structure of Rule and Bailey 
(1987) that has complete ordering are +0.370 a j and 
-0.295a j • 

Tetrahedral rotation 

Tetrahedral rotation angles (a) of 5.0° to 8.5° to re
lieve the lateral misfit of tetrahedral and octahedral 
sheets have been found for the eight trioctahedral chlo
rite sampies refined to date. The two Kenyan speci
mens have a values of 6.9° and 6.8°. The equality of 
the two rotation angles in the Kenyan polytypes is 
another indication of their similarity in composition. 
In all chlorites the direetion of rotation moves the basal 
oxygens towards the OH donors in the interlayer sheet. 

Hydrogen bonding system 

Joswig et al. (1980) accurately located the H+ protons 
of the OH groups for the Ilb-4 polytype by neutron 
diffraetion and, on the basis of that distribution, pre
dicted the tilting modes of the OH dipoles for Ia. Ib, 
and IIa structural units. The H+ protons were located 
on DED maps in the present study as regions of small 
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excess density, about 0.8 to 0.9 A from the centers of 
their associated OH groups (Table 3). In alt samples 
the O .. H vectors of the interlayer hydroxyls are tilted 
slightly away from the vertical towards their basal oxy
gen acceptors to form bent hydrogen bonds. The 
O-OH distances range from 2.87 to 2.91 A. 

The probability of locating H+ positions accurately 
by X-ray diffraction in minerals of relatively poor crys
taltinity, such as the chlorites, is not high. For example, 
for the two IIb-4 chlorites refined structurally by Phil
lips et al. (1980), the H+ coordinates determined by 
X-ray diffraction for the Day Book Body specimen 
agree reasonably weIl with those found more accurately 
by Joswig et al. (1980) by neutron diffraction. The 
deviations amount to 0.06 to 0.08 A along the three 
axes. The coordinates for the H+ protons for the Sis
kiyou County specimen do not agree as weIl and must 
be considered largely artifacts ofthe DED maps. In the 
present study the position ofH2 for the IIb-2 polytype 
is reasonably dose to the position predicted by neutron 
diffraction, but those of Hl and H3 do not agree weIl 
with the predictions. For the IIb-4 polytype the posi
tions ofthe four H+ positions can be described as rea
sonably dose to those ofJoswig et al. (1980), but with 
deviations that average 0.05 A along X, 0.07 A along 
Y, and 0.10 A along Z. 
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