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In studying the structure of hydrates related to the clay minerals it

was a matter of some importance to reexamine the vermiculites' Grunerl

using r-ray powder difiraction data showed that these minerals are

for-1d of iilicate layers, similar to those of talc,2 with water molecules

introduced between the layers. such a structure accounts for the be-

havior of the vermiculites upon heating, and while the following work

introduces essential revision in detail, this feature remains unchanged'

ExpBntuBNrar PnocnnuRE AND SouncB ol Matnnrals

Dr. C. S. Ross of the U. S. Geological Survey kindly gave us several

analyzed.samples of vermiculite. The two used for the larger part of this

*ori *"r" Specimen ff3 and.fiS as described by C' S' Ross, E'.V' Shannon'

andF .A .Gonye r .3Bo thwerec lea rye l l ow ishg reenva r i e t i es f ree f rom
apparent impurities between the cleavage planes'^ -Si.rgt".ryrtul, 

suitable for study by r-ray diffraction methods were cut

from iarge plates. After cutting, the crystals were compressed with mod-

erate force in order to align the plates which were very flexible and easily

d.istorted. These were ,rr"d to oltuitt Weissenberg goniometer and rotat-

ing crystal photographs about the a and b axes' Lattice dimensions ob-

tuirred from these photographs and' from measurements of d (001) against

(001) of P AI2OB as reference are:

d(001):28 'S0+ ' l0A c:28 '85+ '104
d ( l oo ) :  5 ' 32+ 'o5A  b :  9 ' 18+ 'o5A

;: rl,ii,', ,',',^
The monoclinic angle p was estimated on equatorial zone,Weissenberg

photographs about the b axis. More accurate values were obtained from

1 Gruner, J.W., Arn. Mineral., vol. 19, pp. 557-575' 1934'
2 Pauling, Linus, Proc. Nat. Acail. J6xi., vol. 16,pp. 123-129,1930'
s Econ. Geol., vol. 23, p. 536, 1928.

851



852 S, B. HENDRICRS AND M. E. IEFFERSON

the measured spacings of (20 26) and (20 26;. Values of a, b,and. c are es_
sentially in agreement with those found by Gruner, while B is about 4o

tion from sample f3 were estimated. to have the same relative values as
the corresponding reflections of sample 15.

Er,scrnoNrc Drsrnrsurrow Nonruar, ro (001)

rntegrated reflections and corresponding values of F1s0r) for various
orders of (001) are listed in Table 1. probable signs of F<oorr given in the
table were calculated on the basis of Gruner's structure with the further
assumption that the water molecules are crystallographically equivalent
and have z: .208. There is but little doubt, irrespective of poor absolute
agreement between observed and calculated F16sr) values, that the signs
are essentially correct since they chiefly are determined by the Mg and
Si contributions.

Distribution of electronss normal to (001) is given by

1 @
p(r) :  ,  EF,.*p(- 2zr i  nz)

Q. _@

1 r
:-lps|2F2 cos 4rzl2Fa cos 8zraf . . . ]d '

where d: dro61;, z is the coordinate jn the c direction, Fs is the total num-
ber of electrons in the unit of structure, assumed tobe916, and p (z) is

a J. Sci. Instrum., vol. 10, p. 233-242, 1933.
6 Compton, A. H., and Allison, S. L.: X-Rays in Theory and Experiment, p.460, 2nd

edition, Nezu York, 1g35.
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T,qlr,u 1 h.rrncn,rtno Rllr,rctroxs nnn Cer-culernr F Ver-rrrs ron (001) Rnrr-rcrroxs
or VstMrcur,rr:n, Seulr,n f,5

Integrated I
ReflectionX 106

vs FeKc

InS

6 2 . 0
8 0 . 0
3 . 6

1 1  0
3 . 2
7 )

t 2 . 0
2 . 7
6 . 9
0 3
/ . J

2.4  MoKa
4 . 8
2 . 4
0 . 0
0 . 5
1 . 0

Absolute F

Observed

161
222
54

106
62
o t

t J  /

65
97
t8
69
51
/ o

JO

00
28
48

Probable sign Calculated

2
4
o
8

10
12
L4
16
1 8
20
22
24
zo
28
30
?')

34
36
38
52

256
l0
68

145
304
97

10.5
92

106
198
100
158
50
84
88

110
100

+
-r

f
-r

+
-l-

-r
-r

+
+
+

-r
lo+
145

the electron density at (z). Calculated values for the summation, omit-

t ing Fa, Fu, Frr, F3s, &nd F62are shown in Fig. 1.
The electron distribution {rom 0.0 to 4.04 resembles that found for

muscoviteG which also contains pyrophyllite-talc-like layers. An attempt

was made to separate the distribution into several parts as shown in Fig.

1 by the dotted curve. Even though such a procedure is somewhat arbi-
trary it should lead to approximate values for the number of electrons

associated with each peak. Results of this analysis are shown in Table 2.

Since individual peaks such as those at .000 and .038 of Fig. 1 are

quite sharp the contributing atoms mus! be practically coplanar. Thus it

follows that the talc layer, (OH)zMgrSiaO16, must closely approach the

ideal structure put forward by Pauling. The peak at z: '208 which cor-

responds to the water molqcules between the pyrophyllite layers is also

quite sharp. It would seem that the water molecules could not deviate

by more than .24 from a plane and that they are probably coplanar.

Moreover, there are two or more water molecules in each layer, and two

such layers are present between each talc layer.

6 Jackson, W. W., and West, J., Zeits. Krist., vol. 76, p. 215,1930.
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Tant-x, 2. Axer,vsrs ol Er,ncrnox Drsrnrsurrox Nonuer- ro (001), Saurr.n 15

Coordinate

.000

.038

.095
- t t . )

.208

.250

Probable
Constituent

5.5 Mg+2,.5 Fe+3
3 Or,3(OH)-
AI+3, 3 Si+4
6 0 4
2 HrO, 1.4(OH)-
0.7 Ni+,

Totalnumber
of electrons

Number of
electrons
per atom

t24
63
4l
55
28
7 l

l t .7
1 0  . 5
10.2
9 . 2
8 . 2

T6

While the peak at .000 corresponding to the positions of the atoms
with octahedral coordination is considerably greater than that at .095,
which is formed by Al+: and Si+a in tetrahedral coordination, it is not
sufficiently large to accommodate much replacement of Mg+z by heavier
atoms. It will later be shown that such replacement is also inconsistent
with the chemical analysis. A Fourier analysis usually gives some spuri-
ous features and the small peaks rrear z:.15 and z:.18 areprobably of
this type. Ifowever, the peak at z:.25 is somewhat larger indicating
that a few atoms might be in that position. This would be expected for a
chlorite which is formed by combination of brucite-like layers with pyro-
phyllite-talc layers. Sample 15 is then probably a mixed chlorite-vermic-
ulite, being predominantly vermiculite with about one layer of chlorite
for seven layers of vermiculite.

Accurate structure factors cannot be calculated for a mixed layer
crystal since the distribution of the chlorite Iayers is not known. CaI-
culated F1667y values of Table 1 are for an assumed (OH)rMgrSinOr0.4H2O
structure. Lack of closer agreement between observed and calculated
absolute values arises in part from the mixed chlorite structure, but it
chiefly seems to be due to the ignoring of extinction and the tempera-
ture factor.

Appearance of a moderately intense (00 52) reflection further serves
to verify the atomic distribution along the normal to (001). All the atoms
of the pyrophyllite layer give their maximum contributions to this re-
flection as also do any possible atoms with z:.25. The water molecules
alsb give a positive contribution of 0.4 nf HrO to the structure where z is
the number of water molecules in the unit of structure. This reflection
was omitted from the Fourier analysis, since it could only cause a high
frequency variation in the curve which would be enhanced by omission
of other reflections, that although unobserved still might have moderate
Flss4 values.
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CouposrrroNs ol rrrE VBnutculrtBs

GrunerT has tabulated the analyses of a number of vermiculites and
has shown that their average composition can be represented as

22MgO . 5 AlzOa. FezOa. 2 2 S iOg.40HzO

which is similar to that found by Ross and Shannon.8 In this formula
Fe+2, Ni+2, and Ca+2 are considered as replacing Mg+'. A true vermiculite
is entirely free of potassium, and when potassium is present the resulting
mineral is one in which mica layers are present, as Gruner has shown.

Since vermiculites consist of interleaved talc and water layers their
compositions can be discussed on the basis of the talc formula,
(OH)rMgaSla0ro, with isomorphous replacements. The fundamental struc-
tural principle is that only AI+r and Si+a ions have tetrahedral coordina-
tion, there being four such positions, aII of which must be filled, for each
twelve oxygen and hydroxyl ions. Positions with octahedral coordina-
tion, later referred to as ) octahedral, can be filled by Al+a, ps+3, Ti#,
Mg+2, Ca+r, Li+, Na+, Ni+2, Fe+2 and they are limited to three for every
four tetrahedral positions. As Al+3 replaces Si+a in tetrahedral positions,
O-2 can be replaced by (OH)-.

Gruner's average formula reduces to

(OH)3 ( Mgr.zsFe rs+3 (Alr.zsSiz. zr,) Og'3. 5HzO.

However, if each analysis is considered separately 2.75 it, immediately
appears that in five of the seven samples, including sample f5, 2
octahedral is greater than three, as can be seen in Table 3. fn some sam-

Terr-n 3. Mor,ncur-en Colposruows ol Soun Vnnurcur-rrns

)  A l andS i
Mg
Fe+3
Fe+2
Ca
Ni

4.00
2 . 4 6
o . 2 7
0.04
0.00

2 . 7 7
YeIIow
brown

4.00
2 . 7 0
0 . 6 8
0.05
0 . 0 3

3 4 6
Yellow
brown

4.00
2 .09
0 . 1 5
0 .06
0 0 0
0 . 1 3
2 .43

Green
yellow

4.00
2 . 8 +
0 .  16
0 .03
0 .o2
0 . 2 1
s . 2 6

Green
yellow

4.00
2 . 0 7
0 .  16
0 .03
0 0 3
t . t 6
3 .45

Apple
green

4.00
2 .49
0 .29
0.09
0 .01
0 .  13
3 .01

Yellow
green

4.00
2 . 8 2
0 . 2 0
0 . 0 5
0 . 0 5
0.45
3 . 5 7
Clear
yellow
green

11

4.00
2 .82
0 .24
0.04
0 .01
o.02
J . I J

CIear
pale

yellow

4.00
2 . M
0 .45
0 .01
0 .  16

r Samples I to 7 are listed by Gruner (loc. ci.t.), #3 and f5 by Ross, Shannon, and
Gonyer (l'oc. cit.).

7 Gruner, J.W.,l,oc. ci,t,.
8 Am. MineraJ., vol ll, p. 92, 1926.

)  M g t o N
Color

3 . 0 6
Golden
yellow
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ples, particulaily 4, it is probable that impurities between the vermicu-
lite plates enhance ) octahedral, but this cannot possibly be the case for
clear varieties such as 7 and ffS.

A logical explanation for the apparent surplus of atoms with octahe-
dral coordination is that they are partially present in brucite-like layers,
Re+2 (OH)o, between the talc layers thus forming a chlorite-like structure,
as also is indicated by the Fourier analysis and permitted by the ob-
served densities. There is no reason why ) octahedral cannot be less than
three for a true vermiculite and for such samples it is possible that part
of the aluminum has octahedral coordination.

Arourc DrsrnrsurroN rN THE o AND D DrnncrroNs

Attention is now turned to the manner in which the talclike layers are
superimposed in the vermiculites. With Gruner it is found that reflec-
tions from (hkl) are present only if (h+k) is even, and from (h\l) iI h and
I are even. The space group, therefore, either must be C2fc-CznE or
Cc-C"4, the former being assumed by Gruner.

Tenlr 4. Arourc Coonorxaus ol Sol,m Possrer,n VnnMrcur-rrp Smucrunns Relrnnno
:ro Grlrlner, Posrrroxs or, Sp.rcn Gnoup Cc

Atom

Mg
Mg
Mg
(oH)
(oH)
o
o
o
o
o
o
o
o
o
o
Si
Si

Si

0
0
0
.04

- . 0 4
.04

- . 0 4
.04

- . 0 4
. l l J

- . I I J

.  I  l . . }

-  . 1 1 5
. I I J

-  1 1 5
.095

- . 0 9 5

.095
- 095

Possible methods of superimposing talc-like layers are the same as
those previously described for talc,e and for the sake of brevity it will be

e Hendricks, S.B , Zeits. Krist.,vol.A(99),pp 264-274,1938.

0
t / J

2/3
1/2
s/6
s/6
t /2
r/6
r/6
1 / L
a  / r n

3/4
7 /12
0

r/3
s/6
r /2
2/3
2/3

0
0
0

. 1 8 0
180

. 1 8 0

.180

.180

. 1 8 0

.048

.048

.452

.452

.202

.202

.196

.196

.304

.304

0
0
0

-  . 1 5 4
. 1 5 4

-  . 1 5 4
l J {

-  . 1 5 4
| .)4

.117

- 382
.382

-  .132
-  l . t z

-  . 1 3 8
. 1 3 8
.362

-  .362
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assumed that the other work is at hand. Atomic coordinates for struc-
tures 2 and 2'are given in Table 4. For these the (OH)rMgrSiaOro layer
has a center of symmetry and if the space group is C2/0, the translation
Y is zero. Structures 2 and 2'differ in that the upper (Si2O5), sheet of an
(OH)rMgrSiaOl6 layer is shifted by *, or -r. with respect to the lower
(Si2O5)" sheet. Gruner's structure corresponds to 2/ when his coordinates
are referred to the correct mcnoclinic angle B. Structures 1 and 1'are ob-
tained if the centers of symmetry are between the silicate layers.

Reference to Table 5 shows that structures 1, 1', and2'cannot possibly
explain the observed intensities. Structure amplitudes were calculated,
ignoring possible contributions of water molecules and chlorite layers.
These structures, however, are safely eliminated even allowing for a
maximum detrimental effect of the omitted atoms. Agreement between
observed and calculated intensities for structure 2 is entirely satisfactory
as can be seen in Tables 5 and 6. The structure can be accepted with con-
fidence and only the possible arrangement along the 1 axis remains to be
considered.

Tesr-e 5. Car.culerno F/8 Var-uns ol Sov.e (iOl) Rlrr.ncrroNs loR Possrsr-B

Vunlrrcultrn ST nuc'runes, CuKo
Vaiues considered to be impossible are indicated by asterisks.

Observed
Intensity
Sample 15

Structure

6 J /

7 l
Gruner

z

2AA
202
202
204
204
206
206

MS

ms

S

m
VS

- 6

39
l . )

- 4

3 1
l . )

6
2 4

35
72+

-  t J

_4*

z,t

- 6
-12
l4

A

30
15

()
24

- 1 1

35*
-  l J

28

Weissenberg goniometer photographs show that (hkl) reflections are
difiuse unless ft is a multiple of three. This is illustrated by the photo-
graphs of the equatorial zone and the first layer line about the a axis
reproduced in Fig. 2. Il k is a multiple of three the reflections are sharp
and have intensities that can only be explained if the translation I/ of
Table 4 is a multiple of l/6. It also is observed as was the case for talc
that (hhl\ reflections with k:3n and I odd are absent which also requires
Y : n / 6 .
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Tesrc 6. C.qr,cur.emo F/8 Verrrns* enr Esrruarno INrnNsn:rns lon Soun (Z0l) Ro-
llEcrroNs ol Vrnucurtru, CuK Srnucrunr 2, Saurr.r 15

t/h

0 vrv -6 mw 13
2 ms 14 mw -13

4 s 3 0 m - 1 3
6 v s 3 7 w 9
8 m 1 6 m 2 3

10 ms 10 w -12

1 2 m s 1 5 0 - 5
14 s-ms 27 0 4
16 m-ms 23 mw 23
1 8 0 0 m w 2 9
2 0 w m w
22 vw vw
2 4 w 0
2 6 m w 0
2 8 0 w
3 0 v w w

mw 19
m 24 ms -12

rv 16 vw -4

0 5 m 1 5
0 0 m s 1 8
v w w 8
w w 2
v w m 1 8
0 m-ms 30

ms 30

m-ms 37 ww 7
m 2 4 w w 1
0 2 w w 2
v w 5 w 1 0
mw L7 vw
m 2 6 0
w 1 3 w
0 - 5
0 - 4
0
ww

w
0
0
mw
mw
0

* Water molecules between layers were ignored in obtaining the calculated values.

Tasrn 7. Cancur-ernn F/8 Vlr,uns .lxn Esrruerno Ilr:rrNsrtrss roR Solm (0ft1)
Rllrucrroxs or Vnnurcuurn, CuKa Srnucrunr 2, Sauprr #5

10* 12g8*A *2+t./h

0
2
4
6
8

10
1 2
l4
l6
18
,,n

22
24

l 1m s /
)

m
m1v
0
0
0
0
0
0
0
0

) r
I

mw/
)

mw

mw-w
0

0
0
0
0
0

I/S JJ

ms 25
m l l
0 0
W J

m 1 5
mw 11
0 - 3
w - 9
0 2
w-mw 23
mw-m 28
mw 13

l r
v w I

0
0
0
0
0

1 1 m 2 2w /
J m w r { +

0 2
0 0 - 3
0 w 8
0
0
0

* Reflections having these indices are lengthened and diftuse.
1 These reflections are not sufficiently resoh'ed for estimation of separate intensities.
2 Intensities estimated for CuKB line, all others are for CuKd.
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Attempts to explain (O2l) and (041) intensities with a particular value
of ra were unsuccessful and there can be no doubt but that the vermicu-
Iites have the type of random structure along the b axis found for dick-
ite,ro talc,e and pyrophyllite.e This is a structure in which the various
talcJike layers of the vermiculite structure would have random shifts
of. n/6 along the b axis. Such a structure should only give weak (hhl) re-
flections with kl3n, as was observed to be the case. Ilowever, the reason

6 0
2-  4  HzO

u S f e - n  r * 3 6 0 - 2 X  (  O H )

d ( o o ' )

Frc. 1. Electronic distribution normal to (001) of vermiculite. This particular crystal

contains some chlorite layers.

for the diffuseness of these reflections is not very apparent although it is
quite probably related to the random structure. A possible reason is that
the absence of a regular periodicity in the structure for these planes is
equivalent to a reduction of the lattice thickness. Ilowever, the conse-
quences of an irregular structure have not been carefully thought
through.

Atomic positions in neighboring silicate layers of a unit of structure
have coordinates required by space group Cc-C"a. However, the posi-
tions along the D axis are not the same from one unit of structure to an-
other and thus the space group is only a pseudo one.

10 Ilendricks, S.8., Am. Minual,., vol. 23, pp. 295-302, 1938.
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Drscussron

Consideration of possible arrangements of water molecules in the a
and 6 directions is deferred to the following paper. They have but small
effect on the intensities of (hkl) reflections and thus cannot be located by
strict argument.

r.u)

!'rc. 2. Weissenberg goniometer photo-
graphs shoiving difiuse reflections from
planes with h+3. (a) Equatorial zone
about o axis, specimen 13. (b) First layer
line about o axis, specirnen f5.

(b)

The muscovite, revised vermiculite, talc, pyrophyll ite, and possibly
the chlorite structures have the same type of relative shift of the (SizOs),
sheets of the silicate layers. Oxygen atoms in the upper part of one talc-
like layer and the bottom of another have nearly the same arrangement
in projection on (001) for vermiculites and talc, even though they are
separated by 7.8 and 2.84, respectively, in the two structures along the
normal to (001). Figure 3 of the previous papere on talc thus holds ap-
proximately for vermiculite, the relative shifts of the hexagons along the
a axis being -0.214 and f0.07A, respectively. This figure also shows
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the probable translations of talc layers along the b axis of the vermiculite

structure.
Random structures of the type found in dickite, pyrophyllite, talc, and

the vermiculites possibly are present also in related minerals, such as the

chlorites. I:lowever, before a general conclusion can be reached each case

must be examined on the basis of as extensive data as can be obtained.

Micas and brittle micas would not be expected to have such random

structures, since the alkali or alkaline earth ions have twelve fold coordi-

nation which can only be met by one particular shift of the layers. Thq

stability of the single configuration is enhanced by the electrostatic at-

traction due to the ions between the layers.
Chrysotilell also has some random type of structure along the b bxis

which requires further study. A closely analogous situation has been

found for several compounds that form liquid crystals,l2 including.para-

zoxyanisole, p-azoxyphenetol, cholesteryl chloride, and cholesteryl bro-

mide. In these compounds, according to Bernal and Crowfoot, the difiuse

reflections are from planes that are normal to the characteristic long di-

rection of the molecules along which apparently there is some freedom

of translation in the lattice.
ft is not surprising to find that vermiculites form mixed structures

with the chlorites and micas. In fact, any mixture of mica, vermiculite,

chlorite, pyrophytlite, stilpnomelane (provided this is not a mixed struc-

ture) and talc layers would not be unreasonable. The list also might in-

clude kaolin and hydrated kaolin layers. The presence of vermiculite
layers in macroscopic crystals can best be recognized by a swelling pro-

duced upon heating, which also might be applied to microscopic crystals.

Mixed vermiculite-chlorites need not have 2 octahedral greater than

three, and thus might be very difficult to recognize.
The intermingling of mica, pyrophyllite, talc, kaolin, or hydrate kaolin

layers with vermiculite should greatly alter the (001) reflections. If the

mixing is a random one the resulting efiect would be similar to that dis-

cussed for montmorillonite in the following paper. This probably is the

case for the mixed vermiculite-micas studied by Gruner, a condition
which he rather recognized. Minerals of this type apparently are quite

common in soils and Dr. Drosdoff of these laboratories has isolated sev-

eral specimens. A sample of jefferisite from Brandon Quarry, the type

locality, gave the usual vermiculite diffraction pattern which indicates

that it is either a vermiculite or vermiculite-chlorite. Gruner previously

had described similar material as vermiculite-mica, so it is apparent that

considerable variation can be expected even in a restricted locality.

11 Warren, B. E., and Bragg, W. L., Zei,ts. Krist.,vol.76r pp. 201-210' 1930.
12 Bernal, J. D., and Crowfoot, D., Trans. Farad'ay Soc., vol. 29rpp. 1032-1049, 1933.
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JUMMARY

The crystal structure of vermiculites has been determined by use of
r-ray difiraction data from single crystals. Lattice dimensions for the
uni t  o f  s t ructure are i  a:5.334,  D:9.18A, c :28.85A, and B:93" 15 ' .  A
Fourier analysis of the (001) reflections leading to the electron distribu-
tion normal to (001) verifies the structure previously advanced by
Gruner insofar as it requires interleaving of layers containing water
molecules with silicate layers similar to those of talc.

Vermiculites have the same type of shifts in the a direction as found
in muscovite, talc, and pyrophyllite. They resemble the last two min-
erals and dickite in having a partially random superposition of structural
layers along the 6 axis.

Many of the minerals previously described as vermiculites are mixed
vermiculite-chlorites similar to the mixed vermiculite-micas described
by Gruner.

NorB. In carrying out the above analysis no attention was given
to alternative choices of the c axis and it was assumed that the angle B
as given by Gruner was somewhat in error due to the inherent difficulty
of interpreting powder diffraction data. Actually the only difference is
in the choice of the c axis and his structure corresponds to 2 above, in-
stead of 2', and the shift in the structure is difierent from that of mica.
The index transformations are:

- h : h t ,  k : k t , l : h t + l r

where the primes refer to the axes used by Gruner.




