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Abshact

Teruggite has the chemical formula, 4CaO.MgO.6B,O".As,Oo.20HO. The cell constants
arei a = 15.675(13), b - 19.920(14), c := 6.255(4) A, F,- 99" 2U(5'); V t- 1927 4",
spaco group PL/a, density(calc) = 2.192, density(obs) : 2.20, structural formula
CanMg[AsBuOo(OH)'],. l4H,O, Z:- 2. The crystal structure has been solved by direct methods
from three-dimensional X-ray diffractometer data and refined by least-squares methods to
R = 0.030 for 2192 independent reflections. Nineteen out of twenty hydrogen atoms have
been located. Tho crystal structure of teruggite contains monomeric polyanions

[As&O.(OH)u]* formed by three six-membered boron-oxygen rings, two rings consisting
of two tetrahedra and one triangle and the third ring being formed by three tetrahedra.
Tho arsenic atom, which has tetrahedral coordination, is linked by sharing one oxygen to
the ring of three B-O tetrahedra. The polyanions are connected by Ca atoms to form a
three-dimensional framework which has cavities occupied by magnesium atoms. Magnesium
atoms are octahedrally coordinated by water molecules which in turn are linked to the
polyanions through hydrogen bonds, Several other hydrogen bonds consolidate the con-
nection among the polyanions. One water molecule is not directly bonded to any cation;
it is linked to the structure only through hydrogen bonds.

Introduction

Teruggite was first found in the Loma Blanca
deposit, province of Jujuy, Argentina, and described
by Aristarain and Hurlbut (1968). The sample used
in this investigation was collected at the Hisarcik
open pit mine of the Emet borate deposit in the
province of Kiitahya, Turkey (Ozpeker, 1969). The
most abundant mineral in the deposit is colemanite;
the other minerals are ulexite, hydroboracite, terug-
gite, celestite, realgar, gypsum, and calcite. Terug-
gite is rare and occurs in cauliflower-shaped nodules
containing countless minute white euhedral crystals.

Experimental Data

The crystal of teruggite used in this investigation
was a colorless prismatic fragment elongated along
the c axis and about 0.04 x 0.07 x 0.23 mm in
dimensions. The space group P21/a reported by
Aristarain and Hurlbut (1968) was confinned. The
cell parameters were redetermined and refined using
the least-squares method applied to fifty high order
reflections with 2'0 > 120". The cell constants so

'Present address: I.T.U. Maden Fakultesi. Macka, Istan-
bul, Turkey.

obtained are: a : 15.675(13), b : 19.920(14),
c : 6.255(4) A and F : 99"2O'(5').

The powder X-ray diffraction data and the optical
properties of teruggite are given by the authors
mentioned above. No chemical analysis was made
for the teruggite sample used in the present study.
The crystal structure determination confirms the
chemical composition reported by Aristarain and
Hurlbut (1968) except for the water content which
consists of twenty molecules instead of eighteen.
The structural formula is Ca+Mg[AsBoOrr (OH)o]z'
14I{2O, Z :2.

The intensities of 3901 reflections, out of the 4398
possible with CuKa radiation, in the range 20 =
'7o 1.53", were measured with a four-circle
Wooster difiractometer. The crystal was mounted
with c parallel to the 9 axis. Ni-filtered Cu radiation
was used with a scintillator counter. The o-scan
technique with a scan angle of 1o and a scan speed
of. 2" /min was employed. Measurements of a ref-
erence reflection were repeated after every group
of 100 reflections, but no significant difference was
observed. Only 2192 reflections with a net intensity
ranging from 500 to 240,000 counts were considered
as observed. The data were corrected for Lorcntz
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and polarization factors. No corrections were made
for absorption (p t= 81.7 cm-') or for extinction.

Determination of the Structure

Teruggite has two calcium, one arsenic, six boron,
and twenty-four oxygen (including hydroxyl ions
and water molecules) atoms in the general fourfold
positions, 4e, and one magnesium atom in the two-
fold special position, 2a, of space group P21/a. The
structure was solved by direct methods. The phase
prograrn applied (Long, 1965) is based on the Sayre
relationship for centrosymmetric structures and uses
normalized structure factors. For the sign determi-
tion 346 reflections with lEl ) 1.8 were used. The
statistical averages obtained with the data confirm
a centrosymmetric space group. The positions of
Mg, Ca( 1), and twelve oxygen atoms were deter-
mined from the E+nap. Starting from the structure
factors calculated with the coordinates of these
atom$, several three-dimensional Fourier syntheses
were computed and the positions of As, Ca(2),
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boron atoms, and the remaining oxygen atoms were
determined. At this stage the residual index R :
> lAFl/> lF.l was 0.14. The f-curves for neutral
atoms of Mg, Ca, As, O, and 3 given by ffansen,
Herman, Lea, and Skilman (1964) were used in
structure factor calculations.

The parameters derived from the last Fourier
synthesis were refined, using isotropic temperature
factors, for three cycles of full matrix least-squares
calculations, performed with the Busing, Martin,
and Levy (1962) computer program oRFLs. The R
value decreased to 0.049. At this stage it was de-
cided to use anisotropic thermal parameters and
to apply the correction proposed by Zachariasen
(1963a) for the secondary extinction (final value
I : 7.2 x 10-?). After one cycle of refinement
using anisotropic temperature factors, and taking into
account anomalotrs dispersion for As, the R value
was 0.033.

The coordinates of nineteen out of twenty hy-
drogen atoms present in the asymmetric unit were

TesrE, 1. Atomic Parameters (Standard Deviations in Parentheses) and Equivalent
Isotropic Temperature Factors after Hamilton (1959)

Aton gL yh. y's n"tiz)

UC
AB
c a ( r )
c a ( z )
a ( r )
B ( 2 )
B (  i )
B ( 4 )
B ( 5 )
B (5  )
o (  1 )
o ( 2 )
o ( 3 )
o ( 4  )
o ( 5 )
o ( 5  )
o ( ? )
o ( 8 )
o ( 9 )
o ( 1 0 )
o ( 1 1 )
o ( 1 2 ) *
o (  1 i ) *
o ( 1 4 ) *
o ( 1 5 ) *
o (  t s  1 x
0 (  1 7 ) *
o (  1 8 ) * *
0 (  t 9 1 x r
o (  z o 1 * *
o ( 2 1  ) x *
o ( 2 2 ) * x
o ( 2 3 ) * *
o (  z 4 ;  x *

o.o000
o .74892 (  I  )
0 . 71005  (  ,  )
o . 94885  (  r  )
o . 2956  (  I  )
o . 4502  (  I  )
o . + q q z (  l )
0 . 1 6 4 1  (  l  )
0 . 5 1 4 2 (  l )
0 . 6067  (  I  )
o . 2 9 1 8 ( 2  )
0 . 1 6 9 9 ( 2  )
o . J 7 2 o ( 2 )
o .4475 (? )
o . r 220 (2 )
o . r z rB (2 )
o .5007  (  2  )
o . 6 4 9 7 ( 2 )
o,7296(2)
0 . 8 1 5 0  (  2  )
o .786? (2 )
o . z z l t Q )
0 .1508  (  2  )
o . 4 l z l ( 2 )
o . 4 5 0 7 Q )
0 . 5 1 9 6  (  2  )
o , 6 i 9 9 ( z )
0 .8020  (  2  )
o . 6 9 9 j ( z )
o .6295 (2 )
o .5477 (2 )
o . 5 J o 7 Q )
0 . 1 7 9 0 ( 2 )
o .+s t t ( z )

o. ooo0
o .0489o (  2 )
o . z t z o l  ( + )
o .4 to5o  (  4  )
o . 1 1 6 1 ( 2 )
0 .2778 (2 )
o .oT98  (2  )
o . 1 7 2 9 Q )
o . 1 7 2 2 ( 2 )
0 . 0 9 8 1  ( 2 )
o . r e 3 r ( r )
o .oa ro ( r  )
o .2458  (  1  )
0 . 1 4 ? 4 ( r )
o .osgz (  r  )
0 .2450 (  1  )
o . 1 5 9 0 ( 1 )
o . o + r a  (  r  )
0.0295 (  1 )

-o.oo52( 1 )
o . ' t 2 7 G ( ' t  )
o . 1 o d 8 ( 1 )
o . r 3 ? r ( r )
o . o e : t ( r )
o . 3 4 5 1 (  1  )
o . 1 1 5 5 ( 1 )
0 . 1 1 6 4 ( 1 )
o . t g g g ( z )
o . 2 7 7 6 ( 2 )
o.2756(2)
o  . 4 i i 1  ( 2 )
o . 4 1  1 5 ( 2 )
o . 4 6 5 i Q )
o . 2 J 3 2 ( 2 )

o .oo00  1 .56
0 . 4 9 1 0 5 ( 8 )  o . 9 o
o . z r e + Z ( r 3 )  1 . 1 4
o . ? 1 5 0 8 ( 1 2 )  0 . 8 5
o .o rs+ (z )  1 .05
0 . 4 3 8 4 ( 8 )  1 . 1 5
o . t t s t Q )  0 . 8 5
o . : l + r  ( z )  o . 7 9
0 .4224 (7 )  o .77
0 .1774 (7 )  0 .9 j
o . 1 t q z ( + )  1 . l o

- o . o o r + ( q )  o . 9 1
0 . 1 8 5 9 ( 5 )  1 . 2 8
o . z g o l ( + )  o . 8 o
0 . 0 8 4 9 ( 4 )  o . 9 ,
0 .4525 (4 )  1 .o5
o . l o 1 4 ( 4 )  1 . o 8
o . l 2 l 9 ( 4 )  1 . 1 9
0 . 7 1 7 6 ( 4 )  1 . 4 o
o . + o r l ( l )  1 . 6 4
o .+ tss (s )  1 .75

- 0 . 1 2 8 5 ( 5 )  1 . 6 7
o . r 4 7 2 ( 4 )  1 . 3 1
0 .3271 (4 )  o .99
0 . 4 7 7 2 ( 5 )  1 . 5 9
0 ,6299 ( ' )  1 . 34
o . o t z z ( + )  1 . 1 5

- 0 . 0 9 8 2 ( 5 )  1 . 3 2
0 .5224 (6 )  l . l 3

-0 .0216 (7 )  3 .84
o . z 9 J 4 ( 5 )  2 . 8 2

-o .1  505  (5  )  3 . 15
o . o l 2 8 ( 5 )  2 . ' t 8

_ 0 . 0 9 2 6 ( 5 )  2 . J l

The sign (*) Darks the oxygen atons belongiag to hydroxyls. Tbe sign (i*) 4arkr
those be long ing  to  water  no lecu les .
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Ring Angles, Planes, and Deviations from Plane Tlsr-e 4. Boron-Oxygen and Arsenic-Oxygen Distances
of Ring Oxygens (Standard Deuiations in Parentheses)

Ring a tonsR i m B-0-B aryles ( i  20r)

B (  1  ) - o (  1  ) - B ( 4  ) - o ( 4 ) - B ( l ) - o ( 2 )

B(  6  )  -0 (  ? )  -B(  r  ) -o (  4  ) -B(  I  ) -o (  5  )

B ( 2 ) - o ( l ) - B ( 4 ) - o ( 4  ) - B ( 5 ) - o ( 6 )

B ( r ) - o ( 1 ) - B ( 4 )
B ( 4 ) - 0 ( 4 ) - B ( t )
B ( l ) - o ( 2 ) - B ( 1  )

B ( 5 ) - 0 ( 7 ) - B ( 5 )
B ( 5 ) - 0 ( 4 ) - B ( l )
B ( l ) - o ( 5 ) - B ( 6 )

B ( 2 ) - 0 ( l ) - B ( 4 )
B ( 4 ) - 0 ( 4 ) - B ( 5 )
B (  5  ) - o ( 6  ) - B (  2  )

B ( 1 )  -  o ( 1 )
B ( r )  -  o ( 2 )
B ( 1 )  -  o ( 1 2 )

Average

B ( l )  -  o ( 2 )
B ( l )  -  0 ( 4 )
B ( i )  -  o ( 5 )
B ( l )  -  o ( i 4 )

Average

1 . 3 6 4 (  r )  i
1 . 379 (5 )
1 . 3 6 4 ( 5 )

IE.e -

r . + z r  (  l )  i
1 . 5 2 3 ( 5 )
1 . 4 4 0 ( 5 )
1  . 47o (  5 )

T:m-

B ( 2 )  -  o ( l )
B ( z )  -  0 ( 6 )
B ( 2 )  -  0 ( 1 r )

AYerage

B ( 4 )  -  o ( 1 )
B ( 4 )  -  0 ( l )
B ( 4 )  -  o ( 4 )
B ( 4 )  -  0 ( 1 1 )

Average

r . t z r ( i )  i
1 . 1 4 3 (  5 )
1 . 3 8 5 (  5 )

r. l5---

1 . 4 5 6 ( 5 \  i
1 . 4 5 8 (  r )
1 . 5 1 5 ( r )
1 . 4 4 6 ( 5 )
1T-

1 1 7 0  7 l
1 : r 1 0 3 1  |

1 2 4 o  6 ,
1 1 9 0 1 0 '

1220i81
1 1 8 0  B r
1 2 4 o 1 6 '

RinC aEles  be tween

r in€-p l i les

4 . 7 0 9 2 1  1  l . ? 1 6 4 0  - 4 . 1 7 2 1  1
- 0 . 5 8 2 4 0  1 2 . 2 1 2 1 1  - 4 . 6 1 1 7 1

2. i4471 '1.56190 -5. '18581

2 . 9 5 9 1 2
0 . 1 t 8 2 0
o . 5 7 ? 6 1

1 ^ 2  =
2  ^ )  =

Rire l
D e v i a t i o n ( A )

2 1 0
1 9 o
2 4 0

B ( 5 )  -  o ( 4 )  t . s s r ( s )  i
B ( 5 )  -  o ( 5 )  r . 4 ? o ( 5 )
B ( 5 )  -  o ( ? )  1 . 4 o 9 ( 5 )
B ( 5 )  -  o (  1 6 )  1 . 4 ? 1  (  5 )

Average 1:n j

l s  -  o ( 8 )
A s  -  o ( 9 )
A s  -  o ( 1 0 )
l s  -  o ( l )

AVerage

B ( 5 )  -  o ( 5 )  t . c 7 ? G )  " ^
B ( 5 )  -  o ( T )  1 . 4 j 2 ( j )
B ( 5 )  -  o ( 8 )  j . r 4 1 ( 5 )
B ( 5 )  -  o ( 1 ? )  1 . 4 4 8 ( r )

AYerage T.4?t-

1 .7 )5Q)  "A .
1 . d 5 4 ( l )
1 . 6 7 9 ( l )
1 . 5 8 1 ( l )

l:5-eo 
-

Ring 1
Aton Devj.at ion(A) Aton

RinA 2
Deviat ion(A) At@

B ( 1 )
B ( l )
B ( 4 )
o ( 1 2 )
o (  1 1 )
0 ( 1 4 )

+ 0 . 0 5 4
- 0 . 4 4  I
- 0 . 1 2  1
+ O . 2 1 2

- 1 . 9 0 5

B ( 4 )
B (  5 )
o ( r 5 )
0 (  1 1 )
0 ( 1 6 )

+ 0 .  1  l 7
{ . 1 8 7
- o .  I  i 5
+ 0 . 4  l 2
- 1 . 8 0 9

B(l) -o.2'to
D ( 5 )  - o . t 8 t
B ( 5 )  - 0 . 1 4 9
o ( 1 4 )  - r . 6 5 0
0(16)  -1 .827
o (  1 7 )  + 0 . 8 1 5
o(B)  -1 .118

*The eqEtions are of the fom Ax + BL + cz = D whe.e x,  I ,  z are
atonic coordin4tes in A uj . t€ and D is the distece of the planes
the or igin in A ui ts.

of  5  t r iangu lar  B-O d is tances  1 .168 A.

o f  15  te t rahedra l  B-0  d is tances  1 .47 ,
t h e

fron

Average

Average
o
A .

Atorns

Tesle 5. Oxygen-Boron-Oxygen and Oxygen-Arsenic-Oxygen Angles
(Standard Deuiations in Parentheses)

Angles Atons Angles

o ( 1 ) - B ( r ) - o ( 2 )  1 2 1 o l . 6 t ( 2 1 . )
0 (  1 ) - B (  1  ) - o (  1 2 )  1 ' t T o z o t  ( z 1 t )
o ( 2 ) - B ( 1 ) - o ( 1 2 )  1 2 1 o  2 t ( 2 2 t )

o ( 3 ) - B ( 2 ) - o ( 6 )  1 2 2 o 1 1 t ( 2 1 t )
o ( l ) - B ( 2 ) - 0 ( 1 5 ) ' ' ' ' 6 o 3 7 t ( 2 1 ,  )
o ( 6  ) - B ( 2 ) - o (  1 5 )  1 1 9 0 1 ' r  ' , r ' '  ' ,

0 ( 2 ) - B ( t ) - 0 ( 4 )
o ( 2 ) - B ( 3 ) - o ( 5 )
o ( 2 ) - B ( l ) - o ( 1 4 )
o ( 4 ) - B ( 3 ) - o ( r )
o ( 4 ) - B ( j ) - o ( 1 4 )
o ( 5 ) - B ( l ) - o ( 1 4 )

o ( 4 ) - B ( 5 ) - o ( 6 )
o ( 4 ) - B ( 5 ) - o ( 7 )
o ( 4 ) - B ( 5 ) - o ( 1 5 )
o ( 6 ) - B ( 5 ) - o ( ? )
o ( 5 ) - B ( 5 ) - o ( 1 5 )
o ( 7 ) - B ( 5 ) - o ( 1 6 )

1 0 7 0 l g r ( 1 8 i )
1 0 8 0 4 9 ' ( 1 8 r )
1 O 9 o 1 J r ( 1 8 i )
1 1 6 o  3 r ( 1 g r )
1 1 0 o 1 2 ' ( 1 8 r )
1 1 O o 4 8 i ( 1 8 r )

1 O ? o  5 r ( 1 6 ' )
1 6 9 o 2 2 r ( 1 9 , )
1 0 3 o 1 6 ' ( 1 8 ' )
1 1 0 0  1 ' ( 1 8 ' )
1 1 O o 5 9 ' ( 1 9 ' )
1 . 1 5 o 1 1 r ( 1 g r )

o ( r ) - B ( 4 ) - o ( l )
o (  1  ) - B ( 4 ) - o ( 4 )
o ( r ) - B ( 4 ) - o ( r t )
o ( 3 ) - B ( 4 ) - o ( 4 )
o ( l ) - B ( 4 ) - o ( 1 1 )
o ( 4 ) - B ( 4 ) - o ( 1 3 )

o ( 5 ) - B ( 6 ) - o ( T )
o ( 5 ) - B ( 6 ) - o ( B )
o ( 5 ) - B ( 5 ) - o ( 1 7 )
o ( ? ) - B ( 6 ) - o ( 8 )
o ( ? ) - B ( 5 ) - 0 ( 1 ? )
o ( 8 ) - B ( 5 ) - o ( i 7 )

1 0 5 0 5 4 ' ( 1 8 r )
1 o g o 1 4 r ( 1 8 , )
1 1 2 o 4 2 t  ( 1 9 1 )
. ' 6 6 o  5 r ( t g , )
1 1 J o 1 " r , t r ' ,
1 O ? o 3 5 ' ( t g ' )

1 1 3 0 2 7 r ( 1 9 i )
1 0 J o 2 t r , ' t t ' ,
1 1 4 0 1 0 . ( 1 g r )
, '  . , 9 "54 ,  (  t  g .  )
1 0 4 0 1 5 r ( 1 B r )
, ' 1 9 o 2 6 r ( t g . )

o ( B ) - A s - o ( 9 )
o ( 8 ) - A s - o ( 1 0 )
o ( 8 ) - A s - o ( r 1 )
o ( 9 ) - A s - o ( i o )
o ( 9 ) - A s - o (  1  r  )

o ( 1 0 ) - A s - o ( 1 1 )

1 0 4 0 5 7 1 ( 7 t )
1 0 6 o 1 2 t  ( 7  |  )
1 O 9 o 2 ' t , r ' ,
t 1 Z o 1 O , ( g r )
1 1 2 o 4 2 i ( 8 r )
1 1 O o 1 9 i ( 9 r )
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Ftc. 1. Projection along [001] of the crystal structure ofteruggite. Unconnected bonds are to atoms related by ] 1 in z to
those shown.

S E E
F I G  2

determined from the three-dimensional difierence
Fourier synthesis on the basis of chemical considera-
tions and taking into account the O-O distances.
The hydrogen atoms were included in the structure
factor calculation with isotropic temperature factors
fixed at 3.0 A'. The reliability index for the observed
reflections decreased to a final value R = 0.030
after one least-squares cycle in which the parameters
of the hydrogen atoms were not refined. All the
observed structure factors were weighted equally.

The positional and thermal parameters with their
standard deviations are listed in Table 1. The ob-
served and calculated structure factors are listed
in Table 2.'z

'To obtain a copy of Table 2 (26 pages), order NAPS
Document 02202 from National Auxiliary Publications
Service of the A.S.LS., c/o Microfiche Publications, 305
East 46th Street, New York, N. Y. 10O17; remitting in
advance $1.50 for microfiche or $5.00 for photocopies.

AsOo

B03(OH)

BO2(OH)

' r " r ' ' ,or ' Hzo

( o  H )

Description of the Structure
The main structural features of teruggite are illus-

trated in Figure 1. The polyanion, [AsBoOu (OH) o]'-,
consists of one AsO+ tetrahedron, four BOB(OH)
tetrahedra, and two BOr(OH) triangles arranged
to form three six-membered B-O rinp (Figure 2).
Two of them are formed by corner-sharing among
two tetrahedra and one triangle; the third one is
formed by corner-sharing of three tetrahedra. One
oxygen atom, O(4), is common to three tetrahedra
and is the central point of the three six-membered
boron-oxygen rings. A similar feature @curs in the
structures of tunellite (Clark, 1964), macallisterite
(Dal Negro, Sabelli and Ungaretti, 1969), and
aksaite (Dal Negro, Sabelli and Ungaretti, l97I).

The AsOa tetrahedron is linked through the O(8)
oxygen atom (Fig. 2) to the ring formed by three
B-O tetrahedra. The atoms shared by tetrahedral
or triangular cations are not hydroxyl ions.
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Trsrn 7. Oxygen-Oxygen Distances within the B-O
Polyanion

(Standard DeDiations in Parentheses)

Triangle arowd B( I ) Triangle aromd B(2 )

H (  l )
a o ( r )  -  o ( 2 )

o ( r )  -  o ( i 2 )
o ( 2 )  -  0 ( 1 2 )

o
2 . 3 7 8 ( 4 )  A
2 .372 (4 )
2 . 3 5 1  (  4  )

2 . ) s 4 ( 4 ) i  o ( l ) - o ( 6 )
2 . i r o ( 4 )  o ( l )  -  o ( 1 t )
2 . 1 8 7 ( 4 )  0 ( 6 )  -  o ( 1 5 )

Tet rahedron aromd B(  3  ) Tetrahedron aromd B( 4 )

o ( 2 )  -  o ( 4 )  2 . 4 i 7 ( 3 )  ̂
o ( 2 )  -  o ( r )  2 . ] 6 7 ( ] )
o ( 2 )  -  o ( r 4 )  2 . t 9 8 ( 4 )
o ( 4 )  -  o ( 5 )  2 . 4 2 8 ( J )
o ( 4 )  -  o ( i 4 )  2 . 4 5 5 ( 4 )
o ( 5 )  -  o (  1 4 )  2 . 3 9 5 ( 4 )

o ( l )  -  o ( l )
o ( 1 )  -  o ( 4 )
0 ( 1 )  -  0 ( 1 1 )
o ( l )  -  o ( 4 )
e ( 3 )  -  o ( r l )
s ( a )  -  o ( t 3 )

2 . 1 1 4 ( 4 )  A
2 . 4 2 2 ( 3 )
2 . 4 1 5 (  4 )
2 . 4 1 4 ( 4 )
2 . 4 3 1 ( 4 )
2 . t 8 8 ( 4 )

Tet rahedron aromd B(5) Tetrahedron aroud. B( 6 )

o ( 4 )  -  o ( 6 )
o ( 4 )  -  o ( 7 )
o ( 4 )  -  o ( i 5 )
o ( 6 )  -  o ( 7 )
o ( 5 )  -  o (  1 6 )
o ( 7 )  -  0 ( 1 6 )

2 . 4 1 1  ( l )  i
2 . 4 o 2 ( 3 )
2 . 3 7 5 ( 4 )
2 . 3 5 9 t 4 )
2 . 4 2 4 ( 4 )
2  . 4 4 5 (  4 )

o ( 5 )  -  o ( ? )
o ( 5 )  -  o ( 8 )
o ( r )  -  o ( 1 7 )
o ( 7 )  -  o ( 8 )
o ( T )  -  o ( i 7 )
0 ( B )  -  0 ( 1 7 )

2 . 4 4 5 ( 3 )  ̂
2 . 3 6 4  (  I  )
2 . 4 5 1  ( 4 )
2 . 4 6 6 ( 4 )
2 . 2 9 4 ( 4 )
2 . 4 5 7 ( 4 )

Frc. 2. Projection of the [AsBoOu(OHu]5- unit along [001].

The main difterence between the B-O polyanion

found in teruggite and those found in macallisterite
and aksaite is the presence, in the former case, of
one ring built up by three tetrahedra instead of two

tetrahedra and one triangle.
The angles between the normals to the planes

of bridging oxygen atoms are 21", 24", and 19"
(see Table 3), with a mean value of 21'. This situa-
tion is quite similar to that found in aksaite.

Hydroxyl ions show the greatest deviations from

the p lanes of  the r ings,  O(14) ,  O(16) ,  and O(13)
on one s ide and O(I2) ,  O(15) ,  and O(18)  on the

opposite side. In this way there are three hydroxyls

Tasre 6. Boron-Boron Distances within the
Polyanion

(Standard Deuiations in Parentheses)

above the planes of the rings and three below, the
polyanion assuming therefore the well known con-
figuration [B60?(OH)6]'- found in tunellite, macal-
listerite, aksaite, and rivadavite (Dal Negro, Sabelli
and Ungarettl, 1973).

All interatomic distances and angles with their
standard deviations wers calculated by using Busing,
Martin, and Levy's (1964) program oRFFE. The
superscripts in Figures 1, 3, and 4 and in Table 9
refer to the following equivalent positions relative to

TlsrE, 8. Magnesium-Oxygen and Calcium-Oxygen

( s t a n d a r d o,f;illii,ii, p ar e n t h e s e s)

r i s - o ( 2 1 )  2 . o 7 0 ( l ) n x z
r , I s  -  o ( 2 2 )  2 , 0 9 1  ( J )  x 2
M s  -  o ( 2 1 )  2 , 0 6 0 ( J )  x 2

B ( r )  -  B ( l )
B ( 1 )  -  B ( 4 )
B ( 2 )  -  B ( 4 )
B ( 2 )  -  B ( 5 )
B ( l )  -  B ( 4 )
B ( 3 )  -  B ( 5 )
B ( l )  -  B ( 5 )
B ( 4 )  -  B ( t )
B ( 5 )  -  B ( 5 )

Average

2 .487 (6
2.482(6
2 .497 (6
2 .492(6
z  . i 9 1  ( 5
2 .656(6
2 . 5 7 1 ( 6
2 . 6 1 o ( 6
2.527rc

c a ( 1  )  -  o ( 1 ' )
c a ( t ) -  o ( l ' )
c a ( 1 )  -  0 ( ? )
c a ( r )  -  o ( 1 1 )
c a ( 1  )  -  o ( 1 7 )
c a ( 1  )  -  o ( t 8 )
c a ( 1  )  -  o ( 1 9 )
c a ( 1  )  -  o ( 2 0 )

A v e r a g e

2 . ' t o g t 3 )  A
2 . 4 5 3 1  3  )
2 . 4 2 1  |  3  )
2 . 4 0 1  (  I  )
2 . 4 3 7 1 3 )
2 . 4 3 4 \  3  )
2 . 4 2 8 1  4  )
2 . 3 5 5 \ 3 )

2 , 4 7  4

ca (2 ' )  -  o ( z " t l )
c a ( z )  -  o ( : " ' ' )
c a ( 2 )  -  o ( t " )
c a ( z )  -  o ( 8 "  )
c a ( 2 )  -  o ( 1 1 ' )
c a ( 2 )  -  o ( 1 4 ' )
c a ( 2 )  -  o ( 1 4 "  )
c a ( 2 )  -  o ( 1 6 ' )

A v e r a g e

z . + o q ( l )  I
2 . 4 4 3 ( 3 )
2 . 6 8 9 ( 3 )
z .  t o +  ( :  )
2 . 4 4 7  \  3  )
2 . 4 4 7 \ 3 )
2 . 4 J 4 \  3  )
2 . 3 5 1  (  3 )

o
A

2 . 5 4 8
? . 4 5 5 2 . 4 4 8
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the reference atoms at x, y, z: TlsrB 9. Distances Related to the Hydrogen Bonds

AtoEs(')
(")
("')
(iv)
(v)
(vi)
(vii)

B-O distances in teruggite (Table 4), for both
triangular and tetrahedral boron coordination, are
within the range of the values found in other borates.
For the triply linked oxygen atom, O(4), the three
tetrahedral B-O distances are 1.523, 1.515, and
1.551 A (all * 0.005); the average of 1.529 A is
slightly higher than for tunellite, macallisterite, and
aksaite, but this difierence can be explained by the
fact that O(4) is receiving additional positive charge
from a hydrogen atom of the O(24) water molecule
lo(24)-o(4) = 2.e67 Al.

The O-B-O angles (Table 5) fall within the
expected ranges.

Ftc. 3. Schematic view of the Ca(2) polyhedra linked to
form an infinite chain along c direction.

o - - - H  0 . . . . . . 0

o(  r4 ) - - - - - -s (  r  )  - . . . . .o (ev) . .  o .s rz  i
o ( r 5 ) - - - - - - H ( 2 ) . . . - . . 0 ( 1  1 - ' )  o . g + e
o ( 1 6 . , ' ; _ _ _ _ H ( l ) . . . . . . 0 ( r ? ) .  1 . 0 4 8
0 ( r 2 . ) - - - - - - H ( 4 ) . . . . . . o ( r o " )  o . 9 ?  ]
o ( r ? ) - - - - - - - H ( 5 ) . . . . . . 0 ( 9 i , ' )  0 . 9 3 4
o ( 1 3 . . . ; - - - - H ( 6 ) . . . . . . 0 ( 1 2 )  0 . 9 4 4
o ( 1 8 ' ) - - - - - - H ( 7 ) . . . . . . 0 ( 2 4 )  1 . 0 1 4
0 (  1 8 ) - - - - - - n ( 8 )  . . .  .  .  . o (  1 1  '  .  ' ;  1  . o l ?
o ( 1 9 ) - - - - - - - H ( 9 ) . . . . . . 0 ( 6 )  1 . 0 0 8
o ( 1 9 ) . .  . o ( 1 j , )
o ( 2 0 ) - - - - - - - H ( 1 o ) . . . . . o ( 2 4 )  0 . 9 8 4
o(2o) ; - - - - - -H(  r  1 ) . . . . .0 (  12 . ' . )  1  .o l4
o ( 2 1 : . : ) - - - - H ( r 2 ) . . . . . 0 ( 1 0 : )  o . e 6 8
o ( z r " ) - - - - - n ( r r ) . . - . . 0 ( 1 r " )  0 . e 8 8
o ( 2 2 ) - - - - - - - n ( r + ) . . . . . 0 ( 1 2 ' )  0 . 9 8 9
O ( 2 2 ) - - - - - - - H (  1 5 ) . . . . . 0 (  1 5 '  I  r )  0 . 9 ? ?
o ( 2 1 . ) - - - - - H ( 1 6 ) . . . . . o ( r o )  1 . 0 1 1
o ( 2 1 ' ) - - - - - t t (  r z ) . . . .  . o ( 9 .  ,  ' ;  0 . 9 6 1
o ( 2 4 ) - - - - - - - H (  1 8 ) . . . . . o ( A )  1  . 0 1  1
o ( 2 4 ) - - - - - - - H (  1 9 ) . . .  - . o (  t 5 ' , . )  0 . 9 ? 5

2 . 7 3 4 ( 4 )
2 . 6 2 9 ( 4 )
2 . 8 4 9 ( 4 )
2 . 6 3 5 ( 4 )
2  .Bo7 (4 )
1 . 1 4 8 ( 4 )
2 . 7 7 0 ( 4 )
l . o o 5 ( 4 )
2 .765(4)
2 . 9 0 1  ( 4 )
2 .796(41
2 . 8 8 6 ( 4 )
2 . 7 3 6 ( 4 )
2 .982(4)
2 .997(4)
2  . 7 8 1  (  4 )
2  . 7 7  1  ( 4 )
2 .739(4)
2 .967(4)
3 . 0 1 9 ( 4 )

The As-O distances in the arsenic-oxygen tetra-
hedron are given in Table 4; the values of the dis-
tances are within the expected ranges, except that
bond length As-O(8) is longer than the others.
Oxygen atom O(8) is shared by an arsenic atom,
a boron atom, and the Ca(2) atom. The Ca-O
bond distance (2.364 A) is rather short and there-
fore the associated B-O (1.541 A) and As-O
(1.735 A) distances are considerably larger than
usual.

The distances between boron atoms are given in
Table 6. The average B-B separation of 2.548 A
is similar to values found in borate structures where
one oxygen atom is linked to three boron atoms,
as in tunellite and macallisterite; the three largest
B-B separations (2.591, 2.656 and 2.63A A) are
around the triply linked oxygen. In addition there
are two long B-B distances (2.571 and 2.527 A)
from the boron atom B(6) which is an element of
the ring formed by three B-O tetrahedra.

In Table 7 are listed the O-O distances within
the B-O polyhedra. All distances fall within the
expected ranges. The fairly short O-O distances
correspond to edges shared with the Ca-O polyhedra.

Ca4 Coordination

There are two crystallographically non-equivalent
Ca2* cations. Both have eight-fold coordination.
Ca(1)-O and Ca(2)-O distances (Table 8) range
from 2.36 to 2.45 A, except for one in each poly-
hedron which has a value around 2.70 A. The

l / 2 + x  l / 2 - y
r / 2 - x l 1  l / 2 + y

x y
x - l / 2  r / 2 - y

l - x  - y

1 / 2 - x * r  r / 2 * y
r / 2 * x  r / 2 - y

l - z
z - 7

l - z

l l z

o
A
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Ftc. 4. Clinographic projection of the crystal structure of teruggite showing
some [AsB.O"(OH)"]"- polyanions, some MgOe octahedra, and one Ca(l) sur-
rounded by its water molecules. All the hydrogen bonds are also shown.

Aton x/a

Tesrn 10. Fractional Coordinates of
Hydrogen Atoms

average value is 2.455 A in the Ca(l) polyhedron
and 2.448 A in the Ca(2) polyhedron.

Ca(1) is coordinated by four oxygen atoms, three
water molecules, and one hydroxyl ion. It links two
polyanions that are equivalent through a glide plane
(see Figure 1), but is otherwise isolated in the
structure.

Ca(2) is coordinated by four oxygen atoms and
four hydroxyl ions. It links two centrosymmetrically
related polyanions, sharing three oxygen atoms
with each of them, and it is bonded through two
oxygen atoms to a third polyanion in the adjacent
cell along c. Thus it builds up a three-dimensional
network in the structure. In addition, two centro-
symmetrically related Ca(Z) polyhedra share two
edges, O(14,)-O(14") and O(5")-Q(5'it; to
create an infinite chain along the c axis as shown in
Figure 3. In this way all polyanions are linked to-
gether through the Ca Polyhedra.

4sv/!

x ( r )
H ( 2  )
s ( t )
H ( 4 )
H ( 5 )
H ( 5  )
n ( z )
H ( 8 )
H (  9 )
H (  1 o )
H ( 1 r )
H (  r 2 )
H ( 1 t )
H (  r 4 )
H ( 1 5 )
H (  1 6 )
H (  1 7 )
H (  1 8 )
H ( 1 9 )

o . 3 7 7
o .  1 9 4
0 . 5 8 9
o . 2 2 5
0 . 5 8 0
o . ? 9 5
o .  1 5 9
0.790
0 . e 3 6
o.567
o . 6  5 5
o.o92
0 . o 1  5
0 . 5  9 1
o.502
o . 8 5 4
o . 8 l  l
0 .  4 5 1
o . 4  8 1

o. oo4
o . 1 5 4
0 . 1 4 1
o .075
0 . 0 8 4
0 . 1  l 4
o . 2 7 6
o . 1 5 8
o . 2 6 6
o . z 7 o
0 . 1 1 8
o - o l +
0 .  o80
o . 4 0 1
0 .  1 8 6
o . o 2 7
0 . 0 2 6
0 . 2 1 0
o . 2 0 4

o.295
0 . 4 5 ]

-o'z]7
-o.245
-o.070
- o  . 4 1  5
-o. o98
-o.197
o.497

-o.070
-o.o80
o . 4 1 5
o .  1 5 7

-0 .  1  48
- a  ) 1 q

o .  1 7 0
-o.090
o.  o4o

-o .  1  9 l



MS-O Coorditntion

Six water molecules are coordinated to magne-
sium in the form of a regular octahedron. It is
linked to the polyanions only by hydrogen bonds
(seo Figure 4). The six water molecules link ten
polyanions through their hydrogen atoms. The Mg-O
distances are given in Table 8.

Hydrogen Bonds
Nineteen hydrogen atoms in the structure were

located using a three-dimensional difference Fourier
synthesis and chemical considerations. The twentieth,
associated with the O(19) water molecule, did not
appear on the difference Fourier synthesis. Its pres-
ence was inferred from the value of the O(19)-
O(13') distance of 2.901 A.

There is one hydrogen bond between the poly-
anions as shown by the dashed line joining co(ners
O(15) and O(11iv), in Figure 4. In addition to
the linkages formed through the Ca(2) polyhedra
that share two oxygen atoms, each polyanion has

CRYSTAL STRUCTURE OF TERUGGITE lo4l

three hydrogen bonds with the adjacent polyanions
along the c axis; these are between O(13'')-O(I2),
0(1,6" ' )4(17 ),  and O (17 >4 (9").

The hydrogen bonds associated with the oxygen
atoms of the Mg-octahedron (see Figure 4) corre-
spond to the dashed lines linking: 0(22)4(15"'),
o(22)-O (12') ,  O(23' ,)-O( 10),  O(23' ,)419' , ' ,7,
o(21i")-o(10') ,  and o(21*)-o(15k).  The Mg-
octahedron is thus linked to four polyanio,ns in the
two adjacent cells along the c axis, in addition to
the six surrounding polyanions shown in Figure 1.

The three water molecules-O( 18), O( 19),
O(20)-of the polyhedron around Ca(l) partici-
pate (l) in two hydrogen bonds, O(20)-O(12')
and O(19)-O(6), to link two glide-plane equivalent
polyanions and (2) in another hydrogen bond,
O(18)-O(11"'), to link a c-translated polyanion.
Two of these water molecules, O(20) and O(18'),
acting as donors, form hydrogen bonds with the
water molecde O(24), which in turn acts as a donor
in the hydrogen bonding with O(4) and O(ld').

TABLE 11. Charge Balance

B ( 1 ) .  B ( 2 ) '  B ( l ) . *  B ( 4 ) r r  B ( i ) r r  B ( 5 ) r r  A s t *  t / z ' ! i , s . z +  c o ( t ) 2 *  c a ( z ) ? +  t t  b o n d  H *

o (  t  )  1 . o l
o ( 2 )  0 . 9 8
o ( t )
o ( a )
o ( 5 )
o ( 5  )
o ( z )
o (  8 )
o ( 9  )
o ( r o )
o ( 1 1 )

( o H )

o (  1 2 )  1 . o l
o ( t l )
o ( r q )
o ( 1 5 )
0 ( 1 6 )
o (  r z )

Hzo

o (  1 8 )
o (  1 9 )
o ( 2 0 )
o ( z t  )
o ( 2 2  )
o ( 2 1 )
o ( 2 4 )

6 a A

0 . 9 9

n Q 2

t:!t --

u .  t o
0 . 9 6  -

o . ? B

o . 7 5
o.67 o:1,

:: o:lu

"l:. _

l r l l

l r J I

1  tF .

0 . 1 5
o . 2 7

o .25  
_ -_

0 . 2 5 + 0 . 1  6

u . , r b
0 . ? 8

A ) a

o . 2 6
o . 2 6
o.? ,9  

:_

1  . 9 4
) 4 1

1 . 9 9
)  i A

1 , 9 9
2  . 00
1  . 9 4
2 . 0 6
2 . 0 0
1  . 9 ?
I  . 9 5

2 . O 2
|  . t  I

r  n l

2 . O ?
2 . 0 2
2  . 0 4

|  . 1 +

l . 0 0  2 . 0 6
1 . 9 6
1 . 9 8
2 . O 2
1 '96
2  1 A

o.i,
n A n

0 . 5  l

olu,

o .  1 0

0 . 2 0

o  j 6 9
0 . 6  5
0 . 4 l

-: :: o.r, J:31
O.25+o .25  O . '17

1 . 0 6
O ; 2 9  0 . 9 8

o  . 2 6  0 .  9 7

1 . 5 8
0 .  8 0

j  . 6 5
1 . 7 0
1 . 6 ?
)  1 A

n  1 )

o  ) /

l . 0 o  l . o o  1 . 0 0  l . o o  2 . 9 9  l . o o 4 . 9 9  0 . 9 9  2 . 0 0 2  . 0 0 r 9 . 0 0  1 . o o  4 7 . 9 7
iTr iangr lar  B

r rTe t rahed ra l  B
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Therefore the O(24) water molecule does not par-
ticipate in any coordination around the cations.
The same feature has been already observed in
other hydrated borates, such as macallisterite and
rivadavite.

The presence of a water molecule linked only
through hydrogen bonds explains the doubts of
Aristarain and Hurlbut (1968) about whether to
assign 18 or 20 water molecules to the chemical
formula of teruggite, because the O(24) water mole-
cule can be easily removed from the structure by
a small increase in temperature. In fact, the behavior
of this water molecule linked to the rest of the
structure only through hydrogen bonds does not
differ from that of the adsorbed water. Several tra
and orc curves (rate of temperature increase varying
from 0.3 to 10'C min-') revealed a continuous
weight loss in the range 40-125'C (40"C was the
temperature of incipient weight loss). A new deter-
mination of the density was performed in order to
verify the structural results; by using heavy liquids
a specific gravity of 2.20 (i0.03) has been obtained
which is in good agreement with the yalue of 2.192
g/cm' calculated for the formula 4 [CaO.MgO.
6BzOg.AszOb.20H2Ol.

In Table 9 are listed all the distances related to
the hydrogen bonds, and in Table 10 are listed the
fractional coordinates of hydrogen atoms.

Charge Balance Considerations

On the basis of the suggestions given by Donnay
and Allmann (1970), a curve for bond-lengths os
bond-strengths was computed for the cations B, As,
Mg, Ca. For the hydrogen-oxygen bonds the corre-
lations given by Zachariasen (1963b) were used.
As shown in Table 11, the range in valence units
for the oxygen atoms is 1.92 to 2.10, and the sum-
mation of 47.97 for anions and cations is within the
validity conditions (i0.1) generally accepted.

In compiling the table, one proton of the O(19)
water molecule was considered not to be participat-
ing in hydrogen bond formation, and for this reason
a value of 1.0 was assigned to the O(19)-H bond.

Temperature Factors

As Table 12 reveals, t}te atoms in the teruggite
structure do not have large thermal anisotropies.
The largest thermal motion is exhibited by the water
molecules and, among the hydroxyls, by O(12)
and O(15), which are not linked to the calcium

Tlsrr 12. Analysis of the Anisotropic Thermal Parameters'

U a  U b  U  c

o ( l )  0 . 0 8 5 ( 8 )
o . i  1  I  ( 6 )
o . 1 ? t ( 5 )

o ( 4  )  o . o 8 4 ( 5 )
0 . o 8 8  (  z  )
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atorns. As expected, among the oxygen atoms, the
smallest thermal amplitude is shown by O(4) which
is linked to three boron atoms, and among the
hydroxyls, by O( 14) which is linked to two calcium
atoms.
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