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Crystal structure refinement of lawsonite
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Abstract

Lawson i te ,  Ca 6rA l ,  
"  S i r r l  O7(OH)r .HrO,  i s  found in  low- tempera ture ,  h igh-pressure  meta-

morphic rocks. I t  is a hydrous counterpart of anorthite. A specimen from the type local i ty,
T iburon  Pen insu la ,  Mar in  County ,  Ca l i fo rn ia ,  was  used fo r  an  X- ray  s tudy :  a  :8 .795(3) ,b :

5 .847( l ) ,  c  :  13 .142(6)A,  V :  675.3A,  Z  -  4 ,  Dcat . :3088 g .cm-3 ,  space group Ccmm.
Refinement of 865 F"m gave an R : 0.0256. The structure is based on a three dimensional
framework generated by cross-l inking r ibbons composed of edge sharing single chains of Al
coordination octahedra and lateral bridging si l icate groups The openings of the framework
accommodate  the  Ca a toms and the  water  mo lecu les .  The observed mean d is tances  are  S i  '  -

O  :  1 . 6 3 3 ,  A l '  O  :  1 . 9 1 3  a n d  C a '  -  O  -  2 . 4 2 1 A . T h e  h y d r o g e n  a t o m s  p a r r i c i p r r e  i n
bent  and b i fu rca ted  hydrogen bonds.  Ind iv idua l  ca t ion-an ion  d is tances  conform we l l  to  the
exLended electrostat ic valence rule.

Introduction

The crysta l  s t ructure of  lawsoni te,  CaAlrSi rO,
(OH) r .HzO,  was  de te rm ined  by  W ickman  (1947 )
in space group C222, .  The Si-O bond lengths in
the Si rO,  group as found by Wickman ranged f rom
1.59 to 1.72 A.  Subsequent ly ,  the st ructure was re-
f ined by Rumanova and Skipetrova (1959).  They
found that it could be described in the centric space
group Ccmm and that the Si-O distances were lying
in a narrow range:  between 1.65 and 1.69A. Recent ly
Pabst  (  1977) pointed out  that  lawsoni te is  denser than
anorth i te ,  i ts  anhydrous equivalent .  The volume per
oxygen  a tom in  l awson i re  i s  18 .74A ,  wh i l e  i n  ano r -
th i te  i t  is  20.944.  Lawsoni te is  one of  several  espe-
c ia l ly  dense hydrous s i l icates found in the Franciscan
Format ion,  Cal i forn ia.  I t  is  typ ical  of  a low-temper-
ature, high-pressure metamorphic paragenesis.

Experimental

A clear, almost colorless specimen of lawsonite
from the type locality, Tiburon Peninsula, Marin
County, California (USNM R3922) was divided into
two parts; one was ground into a sphere with a diam-
eter of 0.04 cm, the other was used for a microprobe
analysis. Data were collected on an automatic four-
circle diffractometer (trAgKa = 0.560834), using
procedures described by Baur and Khan (1970). The
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unit cell constants were refined from the setting of20
reflections measured on a single crystal X-ray diffrac-
tometer. The resulting cell constants agree closely
wi th those repor ted by Davis and Pabst  (1960).  Re-
ciprocal space was searched in a sphere of radius
sind/ t r  :  0 .844- ' .  The tota l  number of  measured
ref lect ions was I1,268,  which were averaged to y ie ld
1,928 unique ref lect ions.  Of  these 1,063 had an in-
tensity of less than two sigma, and were not used in
the refinement. The systematic absences (hkl only
present with I -t k : 2n; and Oklonly with I : 2n) are
consistent with space group Ccmrn as noted by
Rumanova and Skipetrova. The successful refine-
ment confirms this choice. Lorentz-polarization cor-
rections were applied, but because of the small l inear
absorption coefficient and the size of the crystal, an
absorption correction was not necessary. Scattering
factors were taken from the Internqtionql Tables for
X-ray Crystallography (1974). The refinement of the
865 observed unique structure factors started with the
parameters reported by Rumanova and Skipetrova
(1959 )  and  re f i ned  i n  a  f ew  cyc les  t o  an  R  ( :> l lF ' o l
- l rc l l  /> l ro l )  o f  0 .027 (wi th  anisot ropic  tem-
perature factors). A difference synthesis revealed
l ike ly  posi t ions for  the hydrogen atoms.  Upon fur-
ther  ref inement  inc luding the hydrogen atoms an
R of  0.0256 was achieved.  The posi t ional  (Table l )
and the thermal (Table 2) parameters were used to
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Table I  Lawsoni te,  posi t ional  parameters* 0.33 TiOr,  t races of  MnO and KrO. The sum in-
c luding 2HrO is  98.54 percent .  This  corresponds
to Cao n.,(Al,.ourFeo.o36Tio or3)Si2.orrOr(OH)r. HrO and
shows that the crystal is close to the ideal composi-
t ion CaAlrSi rO?(OH)r .HrO. This analys is  corrobo-
rates observations made on lawsonites from other
localities (see Davis and Pabst, 1960; Ernst eI al., l97O).

Description of structure

The individual non-hydrogen atom positions deter-
mined in this refinement differ on the average by
0.05A l rom the posi t ions found by Rumanova and
Skipetrova (1959). The single largest discrepancy was
observed for O(h4) which has shifted in the course of
the ref inement  by 0.134.  The average change in the
indiv idual  Ca-O, Al -O,  Si -O,  O(h4)-O and O(w5)-
O dis tances is  0.05A.

The structure can be conveniently described as
composed of  edge shar ing chains of  Al  coordinat ion
octahedra (wi th Al  at  y  :  0 .25 and 0.75)  arranged
paral le l  to  the [010]  d i rect ion (F ig.  l ) .  The octahedra
in these chains share the edge O(3)-O(ha). The O(2)
vertices (which are not in the shared edges) of neigh-
boring octahedra are laterally bridged by sil icate
groups which alternate at heights _t : 0 and 0.5. The
symmetry of this ribbon of octahedra and tetrahedra
is  2,  and i ts  composi t ion is  Al rSiO,o(OH)r .  Simi lar
r ibbons have been found in vauxi te (Baur and
Rama Rao,  1968) where thei r  composi t ion is
AlFePO,(OH), .  Got tard i  (1968) has descr ibed analo-
gous r ibbons in i lva i te,  epidote,  pumpel ly i te  and
chevkinite. He makes the point that these octahedral
chains with lateral bridging tetrahedra can be consid-

* Estimated staDdard deviations are l isted in paren-
theses in units of the least significant digit. The
numbers of equivalent posj-tions and their point syn-
met r ies  a re  g iven fo r  every  a tom.  For  a tons  H(w) -
and H(oh)  .  see  tex t .  

geom
E I

calculate a final set of structure factors (Table 3').
The root-mean-square thermal  d isp lacements and
thei r  or ientat ions are recorded in Table 4.

Crystal data

Cel l  constants 4 :  8 .795(3) ,  b :  5 .847( l ) ,  c  :

l3.la2(6)A; V : 675.8A3; space group Ccmm, D"^t"
:  3 .0889 .cm ' ;  Z  :  4 :  p (AgKa)  :  8 .05  cm- l ;  t r rR  :

0.161.  A microprobe analys is  y ie lded (weight  per-
cent) :  31.09 Al ,O3,  37.75 SiO, ,0.90 Fe,O,,  17.18 CaO,

' To  ob ta i n  a  copy  o f  t h i s  t ab le  o rde r  Documen t  AM78-067
irom the Business Offrce,  Mineralogical  Society of  America,  1909
K  S t ree t ,  N .W. ,  Wash ing ton ,  D .C .20006 .  P lease  rem i t  $ l  00  i n
advance for  the microf iche.

Atom

Table 2 Lawsoni te,  anisotropic thermal  parameters* for  non-hydrogen atoms, isotropic thermal  parameters [or  hydrogen atom"

Bt ,  o r  B R,
I J

R
"23

R-12RR- 2 2

C a
A,Q,
S i
o (1 )
o ( 2 )

o  ( 3 )
o(h4)
o(w5)
H(w)
H ( o h )

0.  00300 (s  )
0 .  001s0 (s  )
0 . 0 0 1 4 0  ( 4 )
o . o o z 3 ( 2 )
0 . 0 0 2 4  ( 1 )

0 .  001-7  (1 )
0 .  0019 (1 )
0 . 0 0 4 0 ( 2 )
2 . 6 ( O . 9 )
7 . 0 ( 1 . 6 )

0 .  00530 (10)
0 .  00309 (1 r )
0 .  00343 (10)
0  .  0081 (4 )
0 . o o 4 7  ( 2 )

0 . o o 4 2 ( 2 )
o  .  0048 (2 )
0 . 0 2 2 6 ( 7 )

0  .00133 (2 )
o .  00106 (2 )
0 .  00099 (2  )
0 . 0 0 0 9  ( 1 )
0 .  0014 (1 )

0 .  0013 (1 )
0 .  0018 (1 )
0 .0014 (1 )

0
-0 .  00012  ( s  )

0
-0 .  0008  (1 )

0
-0 .  00007 (2 )
o .  00002 (2 )

0
-0 .  0003 (1 )

0 .  0003 (1 )
0 .  0004 (1 )

0

0
0 .00003 (4 )

0
0

o.  0004 (1 )

0
0
0

0
0
0

* The anisorropi.c rhermal paramerers are defined by exp[-(Brrt.2 + g2|k2 a B3zL + 2ltZhk + 2Btgfrl + }lzSkl)]
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Atom Axis Displacement
Angle with axis

[1oo] [oro] [oo1]

Table 4.  Lawsoni te,  thermal  e l l ipsoidsx mined here, with those reported by Haga and Take-
uchi  (1976) for  i lva i te ( in  parentheses) :  8.795(8.818),
5.847(5.853) and 13.142( 13.005 )4.  Strunz concluded
that lawsonite and ilvaite are isostructural despite the
fact that their spacegroups are different (Pcmn for
i lvaite versus Ccmm for lawsonite). The similarity in
the b cell constant is due to the length of the repeat
unit of the octahedral-tetrahedral ribbons. It corre-
sponds to the height of two octahedra sharing an
edge. Similar repeat units ranging in length from 5.6
to 5.9A can be observed in epidote, pumpellyite, per-
rierite and chevkinite. The similarity of the other two
cell constants, however, is fortuitous because the ar-
rangement of the ribbons relative to each other is
clearly different in lawsonite and ilvaite as has been
shown by Got tard i  (1968).

The relatively high density of lawsonite as com-
pared to its anhydrous counterpart anorthite (Pabst,
1977) is related to the fact that Al is octahedrally
coordinated in lawsonite but only four coordinated in
anorth i te .  Analogous changes in densi ty  accom-
panying changes in coordinat ion number are wel l
known from many pairs of low-pressure high-pres-
sure phases (for instance quartz and stishovite).

Hydrogen atom positions

The distance O(ha)-H(oh) based on the refined
coordinates of  H(oh)  is  only  0.47(5)4.  The corre-

Fig l .  Lawsoni te,  v iew paral le l  [010] .  Next  neighbors are
indicated by broken l ines for  one each of  the Ca, H(w) and
H(oh) atoms. The heights of  some atoms are indicated in l00y
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* Root-mean-square therDal displacements along principal
axes  and the i r  o r ien ta t ions  re la t i ve  to  a ,  b  and c .

ered as the building blocks of structures such as law-
sonl te.

Within one of its repeat units each of the octahe-
dral-tetrahedral ribbons is l inked through four O(3)
atoms to neighboring ribbons by connecting the sil i-
cate tetrahedra directly with neighboring octahedra
and through two O(l) atoms which connect two each
of the tetrahedra into an Si2O7 group. Therefore the
fusion of the ribbons results in a three dimensional
framework of composition AlrSirO?(OH)r. This
framework is sufficiently open to accomodate one
calcium atom and one water molecule per formula
uni t  thus resul t ing in  the overal l  composi t ion
CaAlrSi ,O,(OH)r .H,O.

The Ca atom has six near neighbors at 2.400 to
2.494A in the form of a distorted octahedron (Table
5) .  Two addi t ional  O(3)  atoms at  a d is tance of
2.976A are too far removed to be counted into the
coordination sphere. Consequently the formula of
lawsoni te should be wr i t ten as CaLBrAlr l . ,  S i r 'o  O'
(oH), .H,O.

Strunz (1937) has pointed out that the cell con-
stants of lawsonite and ilvaite are very similar. This is
true when we compare the cell parameters deter-
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s i - o ( 2 )  r . 6 L 6 ( 2 )
s i - 0 ( 3 )  r . 6 4 7 ( 1 )
s i - o ( r )  r , 5 5 4 ( 1 )
nean I .633

o_s i_o

o ( 2 ) - o ( 2 )  2 . 6 5 9 ( 1 )  1 1 0 . 7 ( 1 )
0 ( 2 ) - o ( 3 )  2 . 7 2 4 ( 1 , )  r L 3 . 2 ( 7 )
0 ( 2 ) - 0 ( r )  2 . 6 6 1  ( 1 )  1 0 9 . 0 ( r )
o ( 3 ) - 0 ( l )  2 . 5 5 2 ( L )  r 0 r , 3 ( t )

Eeans 2 .664 109.4

si-0 (1) -si

2 .  A t

H ( o h ) - 0 ( h 4 )  [ 0 . e 8 0 ]
H ( o h ) - o ( h 4 )  2 . 1 6 9
0 ( h 4 ) - 0 ( h 4 )  2 . 7 5 2 ( 2 )
o  ( h 4 ) - H  ( o h ) - o  ( h 4 )  1 1 6 . 7

Table 5 Lawsoni te,  interatomic distances (A) and angles ( . )*

3 .  C a

posi t ion,  ca l led H(oh)" '  in  Table l ,  p laces H(oh)  a l -
most equidistantly between H(w) and a centrosym-
metrically related H(oh). It also places H(oh) within
2.18A of two O(2) atoms thus creating a bifurcated
hydrogen bond (see Baur,  1965).  Actual ly  H(oh)  is
even closer (2.169A) to an O(h4) atom, but since the
angle O(h4)-H(oh)-O(ha)  is  I16.7 '  i t  is  assumed that
this contact does not represent a hydrogen bond.

The hydrogen atom positions as located by X-ray
diffraction differ by 0.3A [distance from H(w) to
H(w)*"o- l  and by 0.5A [ f rom H(oh)  to H(oh)" , ]  f rom
the calculated positions. The true hydrogen atom
positions as they could be determined by neutron
diffraction are expected to be closer to the calculated
values than to the experimental X-ray values. The
hydrogen bonds formed in lawsonite are long, bent,
and bifurcated. therefore the thermal motion of the
hydrogen bonds must  be large,  thus making thei r
localization by X-ray diffraction diff icult.

The hydrogen positions derived here by geometric
and electrostatic arguments are consistent with the
infrared measurements and their interpretation re-
por ted by Labotka and Rossman (1974) on lawson-
i te .  These authors concluded f rom the p leochroism
of absorption spectra that all oxygen-hydrogen
bonds in lawsoni te are located in  p lanes paral le l  to
(0 r0).

Bond distances and balance of valences

The mean d is tance Si-O of  1.6334 (Table 5)  is
close to the value of 1.630A calculated from the re-
g r e s s i o n  e q u a t i o n  ( S i - O ) m e a n  1 . 6 2 1  +
0.0037CNM - 0.0046NC, where CNM is the mean
coordinat ion number of  a l l  oxygen atoms in the s i l i -
cate tetrahedron and 1/C is the number of bridging
oxygen atoms per tetrahedron (Baur, l976). The indi-
vidual Si-O bond lengths conform reasonably well to
the extended electrostatic valence rule (Baur, 1970) as
can be seen from the calculation shown in Table 6. It
is apparent that the variations in Si-O bond lengths
reflect the variations in bond strengths caused by
different coordinations of the individual oxygen
atoms.  Analogous calculat ions of  the other  bond
lengths y ie ld for  Al -O(h4)  1.880,  Al -O(2)  1.900,  Al -
O(3) 1 .960, Ca-O(2) 2.393, Ca-O(w5) 2.421 and Ca-
O( l )  2 .5314.  The largest  d iscrepancy occurs for  Ca-
O( l )  (0.037 A; ,  wtr ic t r  is  not  surpr is ing s ince pre-
dicted bond lengths for atoms with a low formal
charge usual ly  g ive less accurate resul ts  (Baur,  1970).

The shared edge O(3)-O(h4) between the two Al
coordination octahedra is much shorter (2.460A\
than the average of the octahedral edges around Al.

4 ca-o(2)
I  Ca-o(w5)
1  ca-o(1)
2  ca-o(3)

nean of 6

nean o f  8

2 .400 (1 )
2 .433(2)
2 . 4 9 4 ( 2 )
2 . 9 7 6 ( 7 )

2 , 5 6 0

Ar . -o (h4)  I .867(1)
A! . -O(2)  1 .913(1)
A! . -o (3)  1 .960(1)

Eean 1 ,913

0 ( h 4 ) - 0 ( 2 )  2 . 6 5 2 ( 1 )
o ( h 4 ) - o ( 2 )  2 . 6 9 4 ( 1 )
o ( h 4 ) - o ( 3 )  2 . 4 6 0 ( 2 )
0 ( h 4 ) - 0 ( 3 )  2 . 9 3 2 ( r )
0 ( 2 ) - o ( 3 )  2 . 7 4 0 o - )
0 ( 2 ) - 0 ( 3 )  2 . 7 3 8 ( r )

neans  2 ,703

H ( o h ) - o ( 2 )
o  ( h 4 )  - o  ( 2 )
o (h4) - I1 (oh) -o (2)
H ( o h ) - H ( o h )
H ( o h ) - H ( w )

H ( w ) - o ( w s )
Ir(w)-0 (ws)-H(w)
s ( w ) - H ( w )

2 .  1 8 0
2 .  9 3 3  ( 1 )

r 3 2 . 6
1 . 9 3 9
2 .  0 0 3

[ 0 .  e 6 0 ]
[ loe  .  o ]

1r.564)
0-A.4,-0

8 9 .  1  ( 1 )

9 0 .  9  ( r )
8 0 . 0  ( r )

100.  0  (1 )
9 0 .  0  ( 1 )
9 0 . 0  ( 1 )
9 0 . 0

t t ( w )  - 0  ( h a )  1 . 8 9 8
o ( w 5 ) - o ( h 4 )  2 . 6 6 9 ( I )
0 ( v 5 ) - H ( w ) - 0 ( h 4 )  r 3 5 . 4
H ( u ) - 0 ( 2 )  2 . 4 4 s
0 ( w s ) - o ( 2 )  3 . 2 2 9 ( 2 )
0 ( w 5 ) - H ( w ) - 0 ( 2 )  1 3 8 . 8

* The values in square brackeEs have been preset by assuning a
knom geometry for the OH and H.0 groups. The nunbers befote tne
atom designat ions are nult ip l ic i t ies per polyhedron. A11 distances
and angles involving hydrogen atoms are based on H(")*"o..  u.d

H ( o h ) e 1 .  ( T a b l e  1 ) .

sponding O(w5)-H(w) d is tance measures 0.78(4)4,
and the angle H(w)-O(w5)-H(w) is  l4 l (4) ' .  Whi le
there is no doubt that the hydrogen atoms are in the
general vicinity of these positions, it is also clear that
these refined positions are not as accurate as their
p rec i s i on  m igh t  imp ly .

The point symmetry of the site of the oxygen atom
of the water molecule is mm. Assuming that the hy-
drogen atom positions of the water molecule are not
disordered there are only four different orientations
possible for the molecule. In two of these the hydro-
gen atoms would be close to the Ca atom to which
O(w5) is  bonded.  This is  an unl ike ly  possib i l i ty
(Baur, 1972). Of the other two orientations one
would br ing H(w) wi th in 2.56A of  a Ca atom re-
moved by 7zb f rom O(w5) whi le  the remain ing one is
the most  l ike ly  choice (F ig.  I  ) .  In  th is  posi t ion,  ca l led
H(*)*"o-  in  Table l ,  H(w) is  located 1.898A f rom
O(h4). This distance could correspond to a bent hy-
drogen bond, since O(w5)-O(ha) measures 2.669A
and the angle O(w5)-H(w)-O(ha)  is  135.4 '  (see Baur,
l  96s ) .

The hydrogen atom of the OH group was located
by calculating its position of least electrostatic energy
employing the program MeNroc (Baur,  1965).  This
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o  ( 1 )
o ( 2 )
o (3)
o (h4 )
O(w5)

s i

2x4 /4
4 / 4
4 / 4

Ap (o )

H ( d )  H ( a )  t = p ( o )

2  ,  3 3 3 v .  u .
I /2x I /6  r .916

t l 6  2 . 1 6 7
5  /  6  1 . 8 3 3

2 x 5 / 6  2 . 0 0 0

d .  d .  l A d l
c a a c  o b s

p (o)

S i - o (1 )  2 .333v .u .
s i - o (2 )  1 .916
s i - o (2 )  1 .916
si-o(3)  2,L67
Dean 2.083

A,(,

2 /6
2 /6  3 /6

2x3l  6
2x3/6

2 / 6

0 . 2 5 0 v . u .  r . 6 5 3 4  1 . 6 5 4 8  0 , 0 0 1 4
- o . t 6 7  r . 6 1 5  1 . 6 1 6  0 . 0 0 1
- 0 . L 6 7  1 . 6 1 5  I . 6 1 6  0 , 0 0 1
0  .  0 8 3  1  .  6 3 8  r . 6 4 7  0 .  0 0 9

0  1 . 6 3 0  1 . 6 3 3  0 . 0 0 3

* l { (d) refers to hydrogen bond donors, H(a) to hydrogen
bond acceptors. The calculat ion of bond lengths is

b a s e d  o n  d - _ . -  =  d _ - - _  +  0 . 0 9 1 A p ( O ) ,  B a u r  ( 1 9 7 0 ) . -
catc mean

v a l e n c e  u n i t s :  v . u . ;  o b s e r v e d  s i - o  d i s t a n c e :  d o b " i

l n A l  =  l a  .  -  d  l ;  A p ( o )  i s  t h e  d e v i a r i o n  o f  L h e'  o o s  c a f c '
individual p(O) fron Ehe Eean p(O) for the polyhedron.

Other shared edges do not occur in this structure
unless one considers O(3) to be coordinated to the Ca
atom.
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