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The Crystal  Structure  of Chlorite.  I. A Monocl in ic  Po lymorph*  
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Detailed analysis of the crystal structure of an iron-rich monoclinie chlorite shows that  it belongs 
in space group C2. The Si-O tetrahedra show a distinct rotation about an axis through the apex 
and perpendicular to the plane of the basal oxygens. It  is found that  the isomorphous replacement 
of magnesium and silicon in the octahedral and tetrahedral sites respectively is restricted to fixed 
positions in the structure. The hydroxyls of the brucite layer form a hydrogen bond with the basal 
oxygens of the talc layer which is 2.92 A long. It  is shown that  the net negative charge on the talc 
layer in the unoxidized sample arises from replacement of silicon by aluminum in the tetrahedral 
sites, which is neutralized by excess positive charge on the brucite sheet. 

Introduct ion 

The chlorite minerals  are formed by  the al ternate  
stacking of mica- or talc- type units  of composition 
A2_aB4010(OH)2, where A is usual ly  Mg, A1, Fe, and 
B is Si and Al, followed by  bruci te- type layers of 
composition Ag_a(OH)6. The sequence of atomic layers 
was first correctly deduced by  Paul ing (1930) from 
the (00l) in tens i ty  da ta  which he obtained from single 
crystals of pennini te  and elinochlore. An a t t empt  at 
a more detailed explanat ion of the chlorite structures 
was under taken  by  McMurchy (1934), using powder 
diffraction methods. He confirmed Paul ing 's  atomic 
parameters  along the c axis of the uni t  cell and he was 
also able to arrive at a reasonable structure in the 
other two dimensions. However, a large amount  of 
uncer ta in ty  still remained since the powder diffraction 
da ta  provided no spectra with ]c ~: 3n, so tha t  y 
parameters  other t han  those which repeat  at intervals  
of ½b could not be uniquely  determined.  Thus in the 
f inal  structure, even though it provided a reasonable 
model, m a n y  atomic coordinates were subject  to large 
uncertainties.  

The next  detailed invest igation of these minerals  
was carried out by Brindley,  Oughton & Robinson 
(1950). They employed single crystals of well ordered 
pennini te  in which the diffraction m a x i m a  with ]c =~ 3n 
appeared as sharp spots. This allowed them to discover 
several polymorphic forms, a l though only two, a 
monoclinic and a triclinic variety,  appear  to be 
commonly encountered. If  the discussion is restricted 
to the two polymorphs ment ioned above, which have a 
uni t  cell approximate ly  14 /~ high, then there can be 
only one mica- type and one brucite- type layer in this  
uni t  cell. These authors then show tha t  the poly- 
morphism must  be caused by variat ions in stacking 
of the two Si-O networks relative to each other within 
the individual  mica- type layer. Fig. 2 of their  paper  
i l lustrates the possible Si-O stacking sequences, which 
are designated L, M, and N. The authors show tha t  
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a r rangement  L has the required monoclinic s y m m e t r y  
and M is the structure of the triclinic polymorph.  
The fair  agreement  between observed and calculated 
intensit ies for these two arrangements  based on 
idealized atomic coordinates, suggests tha t  the pro- 
posed monoclinic and triclinic structures are correct. 
Nevertheless, invest igat ions of micaceous minerals  
have shown tha t  deviat ions from the idealized ar- 
rangement  occur in these structures and tha t  there is 
also extensive isomorphous subst i tut ion tak ing  place 
in the te t rahedral  and octahedral  layers of these 
minerals.  This invest igation is a imed at the determina- 
tion of both the distortions and the locations of the 
isomorphous replacements  which exist in the struc- 
tures. 

Structure  de terminat ion  of the monoc l in i c  
p o l y m o r p h  

The single-crystal diffraction da ta  for the structure 
determinat ion of the monoclinic form was collected 
from a chlorite specimen which had  been obtained 
from the U.S. Nat ional  Museum and was labeled 
'Prochlorite No. 45875'. The sample location is given 
as 'waterworks tunnel ,  Washington  D.C.'. The chem- 
ical analysis  obtained in this  laboratory for this  
mater ia l  is shown in Table 1 and the chemical formula,  

Table 1. Analysis 

Constituent % %* 
SiO 2 21.7 25.40 
MgO 17.0 19.09 
F%O a 20.0 2.86 
FeO 2-7 17-77 
A1203 24.4 22.80 
CaO 0.4 - -  
H20 - -  12.21 

* Analysis by Clarke & Schneider (1891). 

based on this analysis and assuming 10 oxygen atoms 
per formula unit ,  is 

(Mg2. 6 Fe'0~2Fe~.'5' All.e)(Si2.2All.s) O10 (OH)s. 
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I t  is no tewor thy  t ha t  the Fe"/Fe'" rat io in these 
two determinat ions  is almost completely reversed. 
This is probably  due to the oxidat ion of the iron after 
the sample was removed from its location. 

The optic sign* of this  sample of prochlorite is (+ ) ;  
2 V = 32 ° 48' measured on the universal  stage by the 
direct method;  both nx and n r  lie between 1.6080 
and 1-6209 with the probable value of nx = 1.610 
and the probable value of n r  = 1.615. 

X-ray  diffraction da ta  from a single crystal  with 
dimensions of approximate ly  0.1 by 0.15 by 0.05 mm. 
were collected with both Weissenberg and precession 
cameras using Cu K a  and Mo K a  radia t ions  respec- 
t ively.  No corrections for absorption were made on 
the data.  The diffraction symbol was 2/mC, and space 
group C2 was chosen as being probably  correct. The 
subsequent  ref inement of the s t ructure showed t ha t  
this space group is correct. The unit-cell dimensions 
are 

a = 5.37_+_+0-01, b = 9.305=0.02, c = 14-255=0.02 A, 
fl = 96 ° 17'5=10'. 

There are two 'molecules' of the above composit ion 

½0ct.~ 

0 
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Fig. 1. The (Okl) electron-density projection of prochlorite. 
Contours in intervals of approximately 2 e./k -~, beginning 
at 4 e./~ -~. The broken contours are in intervals of 5 e.A -z. 
Crosses mark the final locations of the atoms. 

* The optical properties were obtained through the co- 
operation of M. Friedman of E. and P. Research Laboratory. 

in the uni t  cell; the calculated densi ty is 2-80 g.cm. -a 
as compared with the observed densi ty 2-85 g.cm. -3. 

The most promising project ion for analysis would 
be down the short  a 0 axis of the  uni t  cell. The ideal 
coordinates, as published by Brindley et al., were 
assumed and the assumption was also made t h a t  the  
octahedral  scattering mat te r  was equally dis t r ibuted 
between the talc and brucite layers. The origin of the  
L structure model was placed off the mirror  plane so 
t ha t  the  coordinates were acentric. I t  was hoped t h a t  
the coordinates which are subsequent ly recovered 
from the Fourier project ion would show deviat ions 
from the ideal parameters  and thus fix the space 
group uniquely.  The (Okl) Fourier  which was recovered 
from this set of phases showed t ha t  all the a toms were, 
as expected, in essentially correct positions. A notable  
feature was the ra ther  low" peak at  y = ½ ,  z = ½  
(Fig. 1), which showed t ha t  the assumption of equal 
scattering ma t t e r  in all the octahedral  positions was 
not  correct. A serious drawback of this project ion is 
the lack of resolution of two oxygen atoms which are 
par t  of the base of the SiO¢ te t rahedron.  Since a dis- 
tor t ion  of this te t rahedron was suspec ted- -and  this 
Fourier indicated tha t  a distort ion was present,  

1 
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Fig. 2. The (hk0) electron-density projection of proehlorite. 
Contours in approximately 10 e.A -2 intervals, beginning at 
10 e.A -~. Crosses mark the final locations of the atoms, and 
the numbers give the value of the z parameter of the atom. 
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because  t he  cen te r  of g r a v i t y  of t he  superposed  
oxygens  h a d  sh i f ted  0.14 /~ f rom t h e  ideal  v a l u e - - i t  
was dec ided  to  i nves t i ga t e  th is  s t r u c t u r e  by  p ro j ec t ing  
d o w n  t h e  long c axis. E v e n  t h o u g h  the re  is a g rea t  
a m o u n t  of superpos i t ion  these  cr i t ical  basal  oxygens  
shou ld  a p p e a r  r e a s o n a b l y  well  resolved.  The  f inal  (0/el) 
p ro j ec t ion  is shown  in Fig.  1. 

The  first  set  of phases  for t h e  (h/c0) s t r u c t u r e  fac tors  
was aga in  c o m p u t e d  on the  a s s u m p t i o n  t h a t  all 
o c t a h e d r a l  pos i t ions  c o n t a i n e d  equa l  s ca t t e r ing  m a t t e r .  
W i t h  th is  a s s u m p t i o n  (h/c0) ref lec t ions  for wh ich  h 
a n d / c  are  b o t h  odd  do no t  con ta in  a n y  i n t e n s i t y  con- 
t r i bu t ions  f rom the  o c t a h e d r a l  ion popu l a t i on  a n d  it  
was  n o t e d  t h a t  even  t h o u g h  the  d i s c r e p a n c y  coeff icient  
for  all (h/c0) ref lec t ions  was a b o u t  0.28, t he  va lue  of R 
for t he  ref lect ions  of h a n d  ]c bo th  odd  was approx-  
i m a t e l y  0.45. The  (h/c0) p ro j ec t ion  qui te  def in i t e ly  
showed  u n e q u a l  peaks  for t he  o c t a h e d r a l  ions, a n d  the  
d i s to r t ions  of the  p a r a m e t e r s  of t he  basal  oxygens  were  
qu i te  ev iden t .  Also t he  h y d r o x y l s  of t h e  b ruc i te  l ayer  
m o v e d  a cons iderab le  d i s t ance  f rom the  ideal  posi t ions.  
This  p ro j ec t ion  (Fig. 2) was re f ined  b y  means  of dif- 
ference  syn theses  un t i l  t h e  d i s c r e p a n c y  coeff icient  for  
t h e  obse rved  s t r u c t u r e  fac tors  h a d  dec reased  to 0-124. 
As can be seen f rom the  f inal  coord ina tes  l is ted in 
Tab le  2, t he  pos i t ions  where  i somorphous  r e p l a c e m e n t  
h a d  occur red  could  be c lear ly  located .  

Table  2. Final atomic coordinates of prochlorite 

AI* Mg 
A2 
Aa 
A4 
A5 
A6 
T1 
Te 

Atom x y z 
0 0 0 

0-75 Mg-t-0.25 Fe 0 0.333 0 
0.9 Fe 0 0-667 0 
0.75 A1+0.25 Fe 0 0.500 0.500 
0.75 A1~-0.25 Fe 0 0.167 0.500 
0-75 Mg 0 0.833 0.500 
0.30 Si-}-0-70 A1 0.226 0.500 0.193 
0.80 Si+0.20 A1 0.226 0.167 0-193 
O 1 0.190 0.170 0.072 
O 2 0.190 0.500 0.072 
O a 0.017 0.068 0.235 
O 4 0.517 0.117 0-235 
O s 0.192 0.328 0.235 
OH 1 0.707 0-314 0.072 
OH~ 0.117 --0.025 0.435 
OH a 0.157 0.333 0-435 
OH 4 0.117 0.683 0.435 

* A -~ octahedral ion, T ---- tetrahedral ion. 

The  d i s c r epancy  coeff icient  for the  (0/el) zone is 
0.868 (R(Okl) for  t he  cr i t ical  re f lec t ions  /c ve 3n is 
0.114). W h e n  the  coord ina te s  o b t a i n e d  f rom these  two  
zones are used  to c o m p u t e  R(hOl) t he  va lue  0.148 is 
ob ta ined .  Ca lcu la ted  a n d  obse rved  va lues  of IFl are  
l is ted in Table  3. The  a tomic  sca t t e r ing  fac tors  as g iven  
by  J a m e s  & B r i n d l e y  were  used,  excep t  for oxygen ,  
whe re  t he  va lues  g iven  by  M c W e e n y  were  employed .  
W e i g h t e d  sca t t e r ing  fac tors  were  used  for the  octa-  
hed ra l  a n d  t e t r a h e d r a l  posi t ions.  The  t e m p e r a t u r e  
f ac to r  B was e v a l u a t e d  g raph ica l ly  and  was 1.7 A ~ 

2 f rom the  (hkO) d a t a  a n d  1.5 /~ f rom the  (Okl) da ta .  

Tab le  3. F values 

h k 0 IFcl Fo 0 k Z IFcl Fo 
0 2 0 77 78 0 0 1 61 52 

4 15 18 2 124 132 
6 209 212 3 96 101 
8 15 48 4 205 198 

l0 21 23 5 106 109 
7 63 64 

1 1 0 18 15 9 46 49 
3 51 58 l0 81 87 
5 17 * 12 84 76 
7 27 25 14 75 60 
9 9 * 16 87 60 

11 19 18 
0 2 0 77 78 

2 0 0 28 44 1 31 16 
2 44 48 2 52 54 
4 32 44 3 47 35 
6 10 18 4 42 37 

5 34 33 
3 1 0 33 32 7 40 39 

3 36 39 
5 41 46 0 4 2 47 39 
7 7 * 3 26 29 
9 9 * 4 32 39 

6 47 45 
4 0 0 112 l l0  8 49 47 

2 40 39 10 35 35 
4 6 * 11 30 33 
6 61 67 13 35 37 
8 18 18 

0 6 0 209 212 
5 1 0 28 37 1 31 23 

3 31 35 2 95 101 
5 12 * 3 39 43 
7 29 28 4 80 76 

5 45 49 
6 0 0 43 58 6 58 60 

2 6 * 7 22 25 
4 14 18 10 75 7O 

l l  36 35 
12 48 47 
14 54 52 
16 61 52 

0 8 6 33 31 
10 27 29 

0 12 0 65 68 
2 23 29 
4 32 37 
6 27 27 

• Reflection not observed. 

D i s c u s s i o n  

The  de ta i l ed  inves t iga t ion  of these  mine ra l s  was unde r -  
t a k e n  wi th  t he  fol lowing a ims  in m i n d :  (1) To w h a t  
e x t e n t  do t he  a tomic  coord ina tes  for  t he  monoc l in i c  
a n d  t r ic l inic  chlor i tes  differ  f rom the  ' ideal '  s t r uc tu re s  ? 
(2) W h a t  is t he  d i s t r i bu t ion  of ions which  rep lace  p a r t  
of the  m a g n e s i u m  a n d  silicon wi th in  t he  ta lc  a n d  
bruc i te  layers  ? Is t he  subs t i t u t i on  r a n d o m  or is t h e r e  
p re fe ren t i a l  c o n c e n t r a t i o n  of these  ions in ce r t a in  
sites ? Will  it  be possible to de t ec t  a l u m i n u m  ions in 
t he  t e t r a h e d r a l  sites, where  t h e y  m i g h t  o c c u p y  def in i te  
posi t ions  in the  s t ruc tu re ,  or are  t h e y  s t a t i s t i ca l ly  
d i s t r i bu t ed  over  the  t e t r a h e d r a l  holes ? 

A C 11 14 
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The results tha t  have become available from this 
invest igat ion seem to supply definite answers to these 
problems. Figs. 1 and 2 show tha t  the peak heights 
of the ions in octahedral  coordination are not uniform. 
When  this information was subsequent ly  used in the 
computat ion of structure factors the agreement be- 
tween Fo and F~ rapidly  improved over what  it had 
been when the phases were computed on the basis of 
uniform scattering in all octahedral  sites. Not only 
was it possible to differentiate between the scattering 
mater ia l  in the brucite and the talc layers, but  within 
the octahedral  positions of each unit  the (Fo-F¢) 
syntheses showed a decided ordering of ions in definite 
sites, as shown in Table 2. Of part icular  interest is the 
distr ibut ion of bond distances in the te t rahedral  layer. 
One set of distances has an average value of 1.726 
and  the other three distances show an average of 
1.64 J[ (Table 4). This strongly implies tha t  there is 

,o £a 

Table 4. Bond lengths and angles 
Tt-O 5 1-73 A T2-O 5 1.63 A 
Tt-O 4 1.72 T2-O 4 1.68 
T1-O a 1.73 T2-O a 1.62 

Average T1-O 1-72 s Average T2-O 1.64 

T1-Og. 1-71 T2-O 1 1.71 

A r e  1 2.08 A A~-O 1 2.05 A As-OHm. 2.14 /~ 
A1-O~. 2.05 A~-O~ 2.07 As-OH a 2.04 
A1-OH 1 2.24 A~-OH 1 1.98 As-OH 4 2.17 
A2-O 1 2-04 A4-OHg. 2-17 A6-OH 2 1.77 
A~-O 2 2.07 A4-OH 3 2.04 A6-OH 3 1.97 
A~-OI-I 1 1-98 A4-OH 4 2.07 As-OH 4 1.82 

Average O-H-O 2.92 A 
Average / O-T-O 110"8 ° 
Average /_ T-O-T 133"8 ° 

a preferential  concentration of a luminum ions in 
a l ternate  sites in the te t rahedral  layer, and if one 
makes use of the curve published by Smith (1954) 
then there is approximate ly  70% a luminum in tetra- 
hedral  position 1 and about  22 9/0 A1 in the other site. 
I t  is not possible to resolve the interesting question of 
whether this represents a stage wherein the a luminum 
is tending toward a random tetrahedral  distr ibution 
or whether it is a stage in the reverse process whereby 
the a luminum from an originally random distr ibut ion 
is segregating into definite locations in the structure. 
The similar problem of the position of te t rahedral  
a luminum presents itself in the structure of muscovite 
mica, where one out of three sites is occupied by  alu- 
minum.  Unfor tunate ly  no precise determinat ion of 
this structure has ever been published. 

Some of the atomic parameters  of Table 2 deviate 
considerably from the ' ideal '  values previously used 
for this structure. The deviations for the oxygen para- 
meters forming the base of the te t rahedral  layer are 
produced by  a rotat ion of the (Si, A1)-O tetrahedron,  
as shown in Fig. 3. Another  marked  deviat ion exists 
for the parameters  of the hydroxyls  of the brucite 
layer. As a result, the  hydrogen bond between the 

Fig. 3. The Si-O net and the brucite OH positions in pro- 
chlorite projected on the basal plane. The arrows indicate 
the amount of shift of the atoms away from the 'ideal' 
position to the location determined in this study. 

te t rahedral  basal oxygen and the hydroxyl  of the 
brucite layer becomes much  stronger and the distance 
between the two layers decreases to an average value 
of 2.92 • as compared to a distance of 3.07/~ when the  
' ideal '  coordinates are used. The shift  of the hydroxyl  
groups also gives rise to another interesting observa- 
tion. From the peak heights i t  had been determined 
tha t  octahedral position 6 in the brucite layer, marked 
by a cross in Fig. 3, was occupied on the average only 
three-fourths of the time. The bond distances com- 
puted for the magnesium located in this site and its 
octahedrally coordinated hydroxyl  groups are con- 
siderably shorter than  the distances observed for the 
bonds between OH groups and the ions in the other 
two sites. Thus the two triads of OH groups tend to 
draw closer together around the par t ia l ly  occupied 
octahedral site and at the same t ime by this shif t  
approach the basal oxygen atoms above and below 
them to form a t ighter hydrogen bond than  would 
otherwise be possible (Fig. 3). The bond length be- 
tween the te t rahedral  ion and the apical oxygen which 
part icipates also in octahedral coordination is 1-71 A. 
The O-(T)-O angles are te t rahedral  and the (T)-O-(T) 
angle is 133.8 ° . 

From the s tructural  analysis  of this chlorite spec- 
imen the cation distr ibution in the octahedral and 
te t rahedral  sites becomes 

(Mg2.hFe1.65All.5) (Si2.2All.s)010 (OH)s,  

which is in good agreement with the formula derived 
from the chemical analysis.  If the assumption is made 
tha t  most of the iron was originally present in the 
ferrous s t a t e - - and  the analysis by Clarke & Schneider 
(Table 1) supports this  a s sumpt ion- - then  the negative 
charge on the talc layer arises from the isomorphous 
replacement of tbe silicon in the te t rahedral  sites. All 
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the octahedral  sites of the talc layer are thus available 
to divalent  ions, but  the number  of divalent  ions in the 
brucite layer  is l imited, with the rest of the octahedral  
positions filled with t r ivalent  ions. The excess positive 
charge which is thus  impar ted  to the brucite layer 
neutralizes the charge on the talc layer in the same 
manner  as the potassium ion in the mica structure. 
In  the oxidized chlorite specimen, however, the charge 
dis t r ibut ion will be altered because most of the ferrous 
iron will become t r ivalent  and par t  of the excess 
negative charge in the talc layer is now compensated 
by the increased positive charge on the octahedral  talc 
layer. A possible mechanism for keeping the structure 
neutral  would be for some of the hydroxyl  groups of 

the brucite layer to lose hydrogen ions. Thus weather- 
ing of a high-iron chlorite could lead to a preferential  
a t tack on the brucite layer and subsequent ly  produce 
other types of clay minerals.  
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The crystal structure of the triclinic chlorite corundophillite differs from the monoclinic polymorph 
prochlorite in the stacking of the two Si-O layers in the talc portion of the structure. Shifting of the 
SiC 4 tetrahedra away from their ideal positions occurs also in this structure. The isomorphous sub- 
stitution occurs at random in this structure. The brucite layer is held to the talc layer by hydrogen 
bonds, which are 2.92 /~ long. The neutralization of the charge arising in the tetrahedral layer is 
compensated by isomorphous substitution in the octahedral positions of both the talc and brucitc 
layers. 

Introduct ion 

The analysis  of the structure of a chlorite in Par t  I 
(Steinfink, 1958) has confirmed the L structure postu- 
lated for it by  Brindley,  Oughton & Robinson (1950), 
bu t  in addit ion has demonstra ted  tha t  a rotat ion of 
the Si-O tetrahedra,  together with other deviations 
from the ideal coordinates, exist. I t  has also shown 
a ra ther  high d e ~ e e  of ordering of cations which 
replace the magnesium and silicon ions in the octa- 
hedral  and te t rahedral  sites respectively. The struc- 
tural  invest igat ion of a triclinic polymorph with a 
composition very close to tha t  of an ' ideal '  chlorite 
should thus  provide informat ion about  the influence 
of isomorphous subst i tut ion on ordering and on the 
extent  of deviat ion of atomic parameters  from their  
ideal values. 

E x p e r i m e n t a l  de terminat ion  of the s tructure  

The single-crystal diffraction da ta  for the structure 
de terminat ion  of the triclinic po lymorph were col- 

* Publ ica t ion  No. 134. 

leered from a chlorite specimen obtained from the 
H a r v a r d  Univers i ty  collection. I t  was labeled 'Corun- 
dophill i te from the Mochako District,  Kenya ' .  The 
chemical analysis  obtained in this laboratory is shown 
in Table 1 and  the chemical  formula,  based on this  

Table 1. Analysis 

Const i tuent  % 

SiC 2 27.4 
F%O a 2.4 
F e e  0-8 
A1203 18-9 
Cr~O 3 2.3 
MgO 34.O 

analysis and assuming 10 oxygen atoms per formula 
unit ,  is 

M A1 F " '  F . . . . . . .  . g4.9 0.75 %.17 e0.07(~:r0.18)(Si2.6All.a)O10(OH8) 

The optic sign of this sample of chlorite is (+) :  
2 V - - 4 4  ° 45', and was measured on the universal  
stage by  the direct method;  both nx and ny ]ie 

14" 


