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Abstract

The hydrated magnesium borate mineral hungchaoite, MgO'2BrO, 9HrO, from Furnace

Creek borate area, Death Valley, Cali fornia, is tr icl inic, space group Pl, with cel l  dimensions:

a  :  8 .807( l ) ,  b  :  t0 .651(1) ,  c  :  1 .897( t )A ,  
"  

:  103.39( l  ) ,  B  :  108.53( l  ) ,  7  :  97 .  l8 ( l  ) ' ,  and

Z - 2. The crystal structure has been determined by the symbolic addit ion method and

difference Fourier syntheses, and ref ined by the method of least squares to an R-iactor of

0.049, based on 4860 ref lect ions measured on an automatic single-crystal X-ray dif fractome-

ter. Al l  hydrogens have been located and their posit ions ref ined.
The crystal structure consists of a molecular complex, [Mg(H,O)'B,O'(OH),] '  and two

water molecules, hydrogen-bonded into a three-dimensional framework; the molecular

complex consists of a IMg(HrO)r(OH)] octahedron and the tetraborate polyanion

IB.O5(OH).] 'z- (4:2A+27) sharing a common tetrahedral (OH) corner. The orientat ion of the

Mg-octahedron with respect to the tetraborate polyanion is f ixed by means of an intra-

molecular hydrogen bond between a water molecule bonded to magnesium and an oxygen

atom belonging to the tetraborate polyanion. The average Mg-O, B-O(tetrahedral),  and B-O
(tr iangular) bond lengths are:2.084, 1.476, and I 368A respectively. Al l  hydrogen atoms are

i n v o l v e d i n h y d r o g e n b o n d i n g . T h e a v e r a g e O - H , H . . O , a n d O - H . .  O d i s t a n c e s a r e 0 . 8 6 ,

1.94, and 2. '781A respectively. Al l  the hydrogen bonds are nearly straight (av. O-H . .  O

ang le  171 ' ) ,  except  one,  wh ich  is  bent  (O-H .  .  .  O ang le  l l  l ' ) .  The two iso la ted  water

molecules show a distorted tetrahedral coordination, whereas those bonded to magnesium

show a  d is to r ted  t r igona l  p lanar  coord ina t ion .

Introduction
The hydrous magnesium borate mineral hung-

chaoi te,  MgO.2BrO..9HrO, was f i rs t  repor ted f rom

salt lakes in China (Chu el al., 1964). No reliable

crystallographic data other than the X-ray powder

pattern were available for this mineral unti l i ts dis-

covery in the Furnace Creek area, Inyo County,

Death Val ley,  Cal i forn ia (McAl l is ter ,  1970).  In

Death Valley, hungchaoite occurs as an emorescence
on weathered colemanite, in association with two

other magnesium borate minerals, inderite and kur-

nakovite, both with the composition MgIB3O3
(OH), l .5HrO, and wi th u lex i te,  NaCa[BuO.(OH)" ] '
5HrO. The occurrence and description of hung-

chaoite from the Death Valley region wil l be pre-

sented in a forthcoming paper by Erd et al ' ( in prepa-

rat ion ) .
Experimental

A colorless transparent hungchaoite crystal (0.08

X 0.20 X 0.25 mm) from Death Valley was mounted

on the computer-controlled, single-crystal X-ray dif-

fractometer (Syntex PT). The cell dimensions were

refined by the least-squares method based on l5 re-

flections with20 values between 35 and 45" measured

with MoKa radiation (Table 1). Intensity data for

all reflections with U < 65' were collected by the

N-0 scan method, using MoKa radiation mono-

chromatized by reflection from a graphite "single"

crysta l ,  and a sc int i l la t ion counter .  The var iable scan

method was used.  the min imum scan rate being

2' /min (50 kV,  l5  mA).  A tota l  o f  4860 ref lect ions
were measured, out of which 1373 reflections were

less than 3 o(l), where o(1) is the standard deviation

of the intensity, as determined from counting statis-

ti cs.

These intensities were corrected for Lorentz and

polarization factors. Absorption corrections were ne-

glected, because the absorption coemcient of hung-

chaoi te for  MoKa radiat ion is  very smal l  (Table 1) .

An N(z) test based on the measured intensities in-

I 1 3 5



I  t 3 6 WAN AND GHOSE: HUNGCHAOITE

Table l .  Hungchaoi te:  crystal  data signs of the three following reflections with large E-
values were chosen to define the orisin:

i l u n g c h a o i t e ,  M g ( H r 0 ) r B O 0 ,  ( 0 H )  
O .  

Z t t r 1 :  F u r n a c e  C r e e k ,

I n y o  C o u n t y ,  D e a t h  V a 1 l e y ,  C a l i f o r n i a

C o l o r l e s s  t r a n s p a t e n t  p r i s n

67
30
8  l 0

I  E Sign
- l l  4 . 2 6  +
- 4  3 . 3 8  +
- 5  3 . 3 0  +

Tr ic l in ic ,  l

d :  8 .  8 0 7  ( 1 ) ;

b :  1 0 . 6 5 7  ( 1 )

c :  7 . 8 9 7 ( 1 )

q .  1 0 3 .  3 9  ( r )  "

B r  1 0 8 . 5 3  ( 1 )

y :  9 7  . 1 8  ( 1 )

C e l l  v o l u n e :  e O l . e Q ) L 3

Space group:  P  1

Ce11 conten t :  2 [ l . lg (H20)58405(Ot t )42 t t r01

D - , :  f . 7 o 6 ( 5 )  g  . r  
3  

{ R . c .  n r d ,
Pr iv .  Comun. )

D " t  1 . 7 0 0  g  c n - r

u ( M o K o ) :  7 . 1 9  c r - 1

In addition, the following three reflections with large
E-values were given symbols:

h k t

2 - 5 - 4
0 3 - 6
0 8 - 4

E Symbol

4.45 e
3 . 3 8  f
2 .84  c

dicated the presence of a center of symmetry and pT
as the correct space group.

Determination and refinement of the crystal structure

The crystal structure was determined by the sym-
bol ic  addi t ion method (Kar le and Kar le,  1966),  us ing
the computer program MULTAN (Germain et al.,
l97 l  ) .  E-values of  a l l  re f lect ions were calculated.  The

In addi t ion to these s ix  ref lect ions,  s igns and symbols
of 232 additional reflections with E-values ) 2.0 we re
determined.  Out  of  the e ight  resul t ing E-maps,  one
showed the correct structure, which yielded the posi-
t ions of  one magnesium, three boron,  and th i r teen
oxygen atoms.

A difference Fourier synthesis calculated subse-
quent ly  y ie lded the posi t ions of  an addi t ional  boron
and three oxygen atoms. The three symbols e, f, and g
turned out  to  be * ,  f  ,  and -  respect ive ly .  Four

Table 2a.  Hungchaoi te,  Mg(H,O),BnOu(OH! 2H,O: posi t ional  and thermal  parameters of  non-hydrogen aroms
(standard deviat ions in parentheses)

Aton r ' 1 1 u22 u . .u1zu - -

Ms 0 .  82907  (6 )

B (1 )  0 .7812 (2 )
B ( 2 )  0 . 2 2 4 2 ( 2 )
B  (3 )  0 .2786 (2 )
B  (4 )  0 .4629  (2 )

o ( 1 )  0 . 1 9 1 s ( 1 )
0 ( 2 )  0 . 2 7 3 7 ( r )
0 ( 3 )  0 . 4 4 3 7 ( 7 )
0 ( 4 )  0 . 3 4 1 2  ( 1 )
0 ( s )  0 . 1 s 4 s ( r )

0 ( o H r )  0 . 0 s 0 e ( 1 )
0  ( 0H2 )  0 .20s4 (2 )
0 ( 0 H 3 )  0 . 2 s 3 e ( 1 )
0 ( 0 H 4 )  0 . 6 1 3 2 ( 1 )

0 ( l { I 1 )  0 .6108 (2 )
0 ( w 2 )  0 . 8 8 7 6 ( 2 )
0  (w3 )  0 .7246 (2 )
0  ( l { 4 )  0 .74 rs (2 )
0 ( l { s )  0 . s268 (2 )
0 ( w 6 )  0 . 3 9 7 s ( 2 )
0  (w7 )  0 .  8s19  (2 )

0 .22643 (s )  0 .73238 (7 )

0 . 3 0 1 7 ( 2 )  0 . 4 8 3 s ( 2 )
0 . 0 8 3 0 ( 2 )  0 . s 2 6 9 ( 2 )
0 . 2 7 6 7 ( 2 )  0 . 7 9 2 6 ( 2 )
0  . 4094  (2 )  0  . 6887  (2 )

0 .  1 6 1 4  ( r )  0 .  4 1 0 6  ( r )
o . 1 3 2 2 ( 7 )  0 . 7 1 6 3 ( 7 )
0 .  3s56  (1 )  0 .  82 re  ( 1 )
0 . 3 8 s 3 ( 1 )  0 . s 2 0 2 ( 7 )
0 . 3 1 8 8 ( 1 )  0 . 6 s 9 6 ( 1 )

0 . 3 5 0 s ( r )  0 . 3 3 9 1 ( 1 )
0 . 9 s 1 7 ( 1 )  0 . 4 4 2 8 ( 2 )
0 .  28s3  (1 )  0 .9977  (2 )
0 . 4 8 e 1 ( 1 )  0 . 7 3 2 6 ( 2 )

0 . 1 1 4 8 ( 1 )  0 . s 2 7 2 ( 2 )
0 . 0 4 s 3  ( 1 )  0 . r 4 2 s  ( 2 )
0 .2792 ( t )  0 . 3387  (2 )
0 . 3 9 s 0 ( 1 )  0 . 7 0 7 7 ( 2 )
0  . 2 2 6 7  ( r )  0  . 9 2 s 7  ( 2 )
0 . 1 s 0 3 ( 1 )  0 . 2 0 3 9 ( 2 )
0 .4 i 04  (1 )  0 .6640 (2 )

0 . 0 1 6 s  ( 2 )

0 . 0 1 5 5 ( 7 )
0 .  0200  (8 )
0 .  0 1 s 2  ( 7 )
0 . 0 1 3 8 ( 7 )

0 . 0 2 0 7  ( s )
0 .  0236  ( s )
0 . 0 1 2 7  ( s )
0 .  01  38  ( s )
0  . 0724  (4 )

0 . O r s 1 ( s )
0 .  Oses  (9 )
0 . 0 2 2 s ( s )
0 .  0 r 6 3  ( s )

0 .  0183  (6 )
0 .  0198  (6 )
0  . 0204  (6 )
0 , 0 2 7 4 ( 7 )
0 . 0 2 3 7  ( 6 )
o  . 0226  (6 )
0  . 02s2  (6 )

0 .  0 1 e 3  ( 3 )

0 . 0 1 s 1 ( 8 )
o  . 0 1 7 2  ( 8 )
0 . 0 1 6 1  ( 8 )
0 . 0 1 7 1 ( 8 )

0 . 0 1 s 9  ( s )
0 .  0148  ( s )
0 .023r (6)
0 . 0 2 r 8  ( 6 )
0 . 0 1 8 0 ( s )

0  . 0162  (6 )
0  .  0163  (6 )
0 .  0203  (6 )
0  . 027e  (6 )

0 . 0 2 s 1  ( 7 )
0 . 0 2 r r  ( 6 )
0. .026e (7)
0  . 0 2 2 7  ( 7 )
0 . 0 3 3 6  ( 7 )
0 .  0298  (7 )
0 .  02ss  (6 )

0 . 0 1 8 1  ( 2 )

0 . 0 1 s 1  ( 7 )
0 . 0 1 7 9  ( 8 )
0 .0737  (7 )
0 . 0 1 s 3  ( 8 )

0 .  0144  ( s )
0 . 0 1 4 s  ( s )
0 . 0 1 4 s ( s )
0 .  0 r 4 s  ( s )
0 . 0 1 s 2  ( s )

0 . 0 1 8 6  ( s )
0 .  0194  (6 )
0  .  0136  ( s )
0 . 0 1 s 8  ( s )

0  . 0304  (7 )
0 . 0 3 1 1  ( 7 )
0  . 0236  (6 )
0 . 0 3 r r  ( 7 )
0 .  o r99  (6 )
0  . 0260  (7 )
0 .  03se  (7 )

o  . 0028  (2 )

0  . 0019  ( s )
0 . 0 0 s 3 ( 6 )
0 . 0 0 2 7  ( 6 )
0 . 0 0 2 r ( 6 )

0 .004s  (4 )
0 .0042 (4)
0 .  0001  (4 )
0 .  0016  (4 )
0 .  0043 (4)

0 . 0 0 1 4  ( 4 )
0  . 0091  (6 )
0 .  000s  (4 )
0 . 0 0 s 6 ( 4 )

0 . 0 0 s 4  ( s )
0 .  0028  ( s )
0 . 0 0 2 9 ( s )
0  .  0093  ( s )
0 . 0 0 r 2  ( s )
0 . 0 0 8 0  ( s )
0 . 0 1 0 s  ( s )

0 . 0 0 5 s  ( 2 )

0 .  003s  (6 )
0 . 0 0 s 3 ( 6 )
0 .  0048  (6 )
0 .  00s3  (6 )

0 . 0 0 s 0  ( 4 )
0 .  0049  (4 )
0 . 0 0 2 s ( 4 )
0 . 0 0 2 7  ( 4 )
0 .  00s2  (4 )

0 . 0 0 0 0  ( 4 )
0 .  0082  (6 )
0 . 0 0 7 9  ( 4 )
0 .0037  (4 )

0 .  0 0 1 9  ( s )
0 .  0040  ( s )
0 .  0072  ( s )
0 . 0 0 4 4  ( s )
0 . 0 0 9 0  ( s )
0 . 0 1 1 2 ( s )
0 .  0143  (6 )

0 .0067  (2 )

0 .  0060 (6)
0  . 0061  (7 )
0 . 0 0 4 8  ( 6 )
0 . 0 0 4 3 ( 6 )

0 .  0060  (4 )
0 .  00ss  (4 )
0 . 0 0 8 7  ( 4 )
0 .0077  (4 )
0 .0064  (4 )

0 .  0080  (4 )
0.  00ss (s)
0 . 0 0 4 0  ( 4 )
o .  0080 (s)

0 . 0 0 2 s  ( 6 )
o  . 0104  ( s )
0 . 0 0 6 6  ( s )
0 . 0 0 s 2  ( 6 )
0  . 003s  (6 )
0 .  00e3  (6 )
0 . 0 1 r 0 ( 6 )

*Anisotropic tenperature

exp  L -2 r ' ( u - -h ' a * '  +-  1 l

factor  expression:

u r r k 2 b r z + u r r l z . r 2 + 2 u r r h k a * b * c o s . t * + 2 u r r h l a * e * c o s S * + 2 u r r k L b x c x c o s a * ) )
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u IAtom

Table 2b.  Hungchaoi te:  posi t ional  and thermal  parameters o l

hydrogen atoms (standard deviations in parentheses)

H ( 1 )  0 . 0 7 7  ( 3 )
H ( 2 )  0 . 2 2 7  ( 3 )
H ( 3 )  0 . 2 9 3 ( 3 )
H ( 4 )  0 . 6 1 s ( 5 )
H ( s )  0 . s 1 8 ( 3 )
H ( 6 )  o . 6 o e ( 5 )

H  (7 )  o .  858  (3 )
H ( 8 )  0 . e s 4 ( 3 )
H ( e )  0 . 6 1 7  ( 5 )
H ( 1 0 )  0 . 7 6 2 ( 3 )
H ( l i )  o . 7 7 6 ( 3 )
H (12 )  0 .649 (2 )

H ( 1 3 )  o . o 3 0 ( 3 )
H ( 1 4 )  0 . 8 8 3 ( 3 )
H ( 1 s )  0 . 3 4 0  ( 3 )
H ( 1 6 )  0 . 3 s 7 ( 3 )
H ( 1 7 )  0 . s 7 s ( 3 )
H ( 1 8 )  0 . 8 s 8 ( 3 )

iFor hydrogen atoms, the isotropic temperature

B:  8 r2u

cycles of least-squares refinement using isotropic tem-
perature factors, and two cycles using anisotropic
temperature factors for all atoms reduced the R-fac-
tor to 0.06. A difference Fourier synthesis calculated
at this stage yielded the positions of all (18) hydrogen

atoms. Subsequent least-squares refinement was car-

ried out using isotropic temperature factors for hy-

drogen atoms and anisotropic temperature factors

for all non-hydrogen atoms. The scattering factors

for Mg, B, O, and H were taken from Cromer and
Mann (  1968).  Anomalous d ispers ion correct ions
were made according to Cromer and Liberman

f i970) .
The final R-factor for 4860 reflections is 0.049' The

atomic positional and thermal parameters are l isted

in Table 2. Table 31 compares observed and calcu-
lated structure factors. The bond lengths and angles

are l isted in Table 4. The average standard deviations
in Mg-O, B-O, and O-H bond lengths are 0.002,

0.002, and 0.034 and in O-Mg-O, O-B-O, and

H-O-H angles 0.06, 0.13, and 2.6o respectively'
The Fourier and least-squares refinement pro-

grams incorporated in the X-RAY SYSTEM-72
(Steward et al.,1972) were used for the calculations.

Description of the structure

The crystal structure of hungchaoite consists of a

neutral molecular complex, [Mg(HrO)'B4O'(OH)4],

I  To obtain a copy of  th is table,  order document AM-77-056

from the Business Office, Mineralogical Society of America, 1909

K Street ,  N.W, Washington,  D C. 20006 Please remit  $ l  00 in

advance for  the microf iche.

formed by a [Mg(HrO)'(OH)]+octahedron and a tet-

raborate polyanion [B4O.(OH)4]2- sharing a common
(OH) corner, and two crystallographically distinct

water molecules.

The tetraborate polyanion

The tetraborate polyanion, [BrOu(OH)'] (4: 24

+ 2T)2 consists of two BO3(OH) tetrahedra and

two BO,(OH) t r iangles shar ing corners (F ig.  l ) .  The

highest point-group symmetry this polyanion can

have is mm2, the two-fold axis passing through the

oxygen atom O(5), shared by the two borate tetra-

hedra. This symmetry is only approximated by the

tetraborate polyanion in hungchaoite, where the true

point-group symmetry is 1. The deviation from the

point symmetry mm2 is most pronounced in terms of

the terminal  O-H di rect ions (F ig.  1) .

The average B-O bond distances within the borate

triangles and borate tetrahedra are 1.368 and 1.477 A,

respectively. Within each borate tetrahedron, the

B-O bond involving an oxygen bonded to a triangu-

lar boron (av. 1.4984,) is significantly longer than the

B-O bond involving an oxygen bonded to a tetrahe-

dra l  boron (av.  1.456.4) .  The [B.O{OH) ' ]polyanion
found in K,IB,O'(OH)ol'2H,O (Marezio et al.,1963)

shows a similar trend. This is a reflection of the fact

that the triangular B-O bond is more covalent than

the tetrahedral B-O bond. The average terminal O-H

bond distance is 0.83A, and the average B-O-H angle

2 Notat ion suggested by Chr ist  and Clark (1977) 4:  tetraborate;

A:  borate t r iangle;  7. :  borate tetrahedron.

Fig. l. A view of the neutral molecular complex [Mg(HrO)u
BoOu(OH).1 in hungchaoite, made up of the tetraborate polyanion

and the Mg-octahedron shar ing a corner.  Note the intra-molecular

hydrogen bond between H(8) and O( l ) .

0  . 413 (2 )
o .  907  (3 )
0 .  366  (3 )
o  . s20  (2 )
0 . r 2 7  ( 2 )
0 . 0 2 8  ( 3 )

0 .  s87  (3 )
0 .  ose  (2 )
o  . 2 r7  ( 2 )
0 .  291  (3 )
0  . 4 7 s  ( 3 )
0 .  3e0  (2 )

0 .  2s0  (3 )
0 .  169  (3 )
0 .  1 s 6  ( 2 )
0 . 1 9 2  ( 3 )
0  . 379  (3 )
0  . 403 (2 )

0 .  346  (3 )
0 . s r 0 ( 4 )
0 .04e  (3 )
0 . 6 s 1  ( 3 )
o .  866  (5 )
0  . 877  (4 )

0 . 1 7 8 ( 4 )
0 .  208  (4 )
0 .  300 (5)
0 . 4 3 2 ( 4 )
o .  r 80  (4 )
0 . 0 2 3 ( 3 )

0  . s47  (4 )
o .823 (4 )
0 .  268  (3 )
0 . 1 3 3 ( 4 )
0 .  66s  (4 )
o .  7ss  ( 3 )

0  . 0 s 5  ( 7 )
0  . 0 6 3  ( 8 )
0 . o s s  ( 7 )
0 .040  (6 )
o .  049  (7 )
0 .  06s (8)

0 .064  (8 )
0 . 0 s 7  ( 8 )
0  . 0 s 8  ( 7 )
o .  062  (8 )
0 .06s  (8 )
o  . 036  ( s )

o .  os8  (8 )
0 .0s9  (8 )
0  . 0s0  (7 )
0 .  064  (8 )
0 .060  (8 )
o .  oso  (7 )

Iug {t-t,o), 84 05(oH)4]
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Table 4 Hungchaoite, Mg(HrO)uB.O,(OH)n 2HrO: interatomic distances (A) and angles ( ')  (standard deviatrons in parentheses)

The Mg - Octahedron

M g  -  0 H ( 1 )  2 . 0 7 s ( l )  o H ( l )  -  M s  -  0 ( w 2 )  9 2 . S 1 ( 5 )
Ms -  o (w l )  2 .o72( I )  oH(1)  -  Ms -  o ( i , r3 )  90 .00(5)
M s  -  o ( w 2 )  2 . 0 7 2 ( 2 )  0 H ( 1 )  -  M s  -  o ( W 4 )  9 3 . 6 8 ( 5 )
Ms -  0 (w3)  2 .722(2)  oH(1)  -  Ms -  o (w5)  91 .53( : r
Ms . -  o (w4)  2 .068(2)  o (w1)  -  Ms -  o (w2)  84 .64(5)
M s  -  0 ( w 5 )  2 . 0 7 4 ( 2 )  o ( w 2 )  -  M s  _  o ( w 3 )  8 9 - 9 3 ( 6 )

Mean 2 .081 o(Wt)  _  ug  -  0 (w4)  88 .87(5)
o ( [ r 1 )  -  M 8  -  0 ( w 5 )  8 8 . 4 8 ( 6 )

o H ( l )  -  0 ( w 2 )  3 . 0 0 3 ( 2 )  0 ( i r 2 )  -  M g  -  o ( w 3 )  8 9 . 0 4 ( 6 )
0H(1)  -  o (w3)  2 .968(2)  o (1 , /3 )  -  Ms -  o (w4)  aa .e : i z )
o H ( r )  -  o ( w 4 )  3 . o 2 r e )  o ( w 4 )  -  M s  _  o ( w s )  s z . s e ? )
0 H ( 1 )  -  o ( w s )  2 . 9 1 2 ( 2 )  o ( w s )  -  M g  -  o ( w 2 )  8 s . 5 7 ( 7 )
0 ( W 1 )  -  0 ( w 2 )  2 . 7 9 0 ( 2 )  M e a n  E 9 . 9 8
0(wr )  -  0 ( rd3)  2 .964(2)
o(w1)  -  0 (w4)  2 .899(2)
0(w1)  -  o (w5)  2 .892(2)
0 ( w 2 )  -  0 ( w 3 )  2 . 9 4 0 ( 2 )
0 ( w 3 )  -  0 ( w 4 )  2 . 9 2 1 ( 2 )
o(w4)  -  o (ws)  2 .994(2)
o( r {s )  -  o (w2)  2 .920(2)

Mean 2 .941

The B( 1)-Tetyahedpon

B ( 1 )  -  0 ( 1 )  1 . 4 e 8 ( 2 )  0 ( 1 )  -  B ( 1 )  -  o ( 5 )  1 0 e . 1 9 ( 1 4 )
B ( 1 )  -  0 ( s )  1 . 4 s 8 ( 2 )  o ( 1 )  _  B ( 1 )  _  0 ( 4 )  1 0 8 . 4 5 ( 1 3 )
B ( 1 )  -  0 ( 4 )  7 . 4 9 3 ( 2 )  o ( 1 )  -  B ( r )  -  o H ( 1 )  1 0 7 . 4 7 ( 1 0 )
B ( r )  -  0 H ( 1 )  r . 4 5 9 ( 2 )  o ( s )  -  B ( r )  -  o ( 4 )  1 0 8 . 1 4 ( 1 0 )

M e a a  r . 4 1 7  o ( s )  _  B ( 1 )  _  o H ( l )  1 1 3 . 6 s ( 1 3 )
o ( 4 )  -  B ( 1 )  _  0 H ( 1 )  1 0 9 . 8 4 ( 1 4 )

o ( 1 )  -  0 ( s )  2 . 4 0 9 ( 2 )  M e a n  1 0 9 . 4 6
o ( 1 )  -  o ( 4 )  2 . 4 2 6 ( 2 )
0 ( 1 )  -  0 H ( 1 )  2 . 3 8 4 ( 2 )
o ( 5 )  -  0 ( 4 )  2 . 3 6 9 ( 2 )
0 ( 5 )  -  o H ( 1 )  2 . 4 4 r ( 2 )
o ( 4 )  -  o H ( 1 )  2 . 4 r 5 ( 7 )

Mean 2 .41 I

The D(J) - :r,etrahedton

B ( 3 )  -  o ( 2 )  1 . s 0 1 ( 2 )  0 ( 2 )  -  B ( 3 )  -  o H ( 3 )  1 0 s . 7 8 ( 1 4 )
B ( 3 )  -  o H ( 3 )  L . 4 4 5 ( 2 )  0 ( 2 )  -  B ( 3 )  -  o ( 3 )  1 0 8 . 4 4 ( 1 3 )
B ( 3 )  -  0 ( 3 )  r . 4 e 9 ( 2 )  o ( 2 )  -  B ( 3 )  _  o ( 5 )  1 1 0 . 1 8 ( 1 0 )
3 ( 3 )  -  0 ( 5 )  r . 4 5 7 ( ' , | )  o H ( 3 )  _  B ( 3 )  _  o ( 3 )  1 1 1 . 0 7 ( 1 0 )

M e a n  1 . 4 7 6  0 H ( 3 )  -  B ( 3 )  -  o ( s )  1 1 3 . 0 1 ( 1 4 )
0 ( 3 )  -  B ( 3 )  -  0 ( 5 )  1 0 8 . 2 6 ( 1 4 )

o ( 2 )  -  0 H ( 3 )  2 - 3 4 9 ( 2 )  M e a n  1 0 9 . 4 6
o ( 2 )  -  0 ( 3 )  2 . 4 3 4 ( 2 )
o ( 2 )  -  0 ( s )  2 . 4 2 5 ( 2 )
o H ( 3 ) - o ( 3 )  2 4 2 8 ( 2 )
o H ( 3 )  -  o ( s )  2 . 4 2 0 ( 2 )
0 ( 3 )  -  o ( 5 )  2 . 3 9 5 ( 2 )

Mean 2 ,409

1'he B(2) - Triangle

l ! ? )  
-  o r r l  1 . 3 6 8 ( 2 )  o ( 1 )  -  B ( 2 )  -  o H ( 2 )  t r 6 . 7 2 ( 1 4 )

B ( 2 )  -  o H ( 2 )  r . 3 6 6 ( 2 )  O ( 1 )  _  B ( 2 )  _  o ( 2 )  7 2 2 . 3 I ( \ 4 )
B ( 2 )  -  o ( 2 )  L . 3 6 7 ( 2 )  o H ( 2 )  _  B ( 2 )  _  o ( 2 )  1 3 1 . 5 6 i 1 7 )

Mean 1 .367 Mean 120.00

0 ( 1 )  -  0 H ( 2 )  2 . 3 2 0 ( 2 )
o ( 1 )  -  0 ( 2 )  2 . 3 9 6 ( 2 )
0 ( 2 )  - -  0 H ( 2 )  2 . 3 8 5 ( 2 )

I'Ie^^ 2.367

The B(4) - Trtangle

B ( 4 )  -  o ( 3 )  7 . 3 6 6 ( 2 )  o ( 3 )  _  B ( 4 )  _  o H ( 4 )  1 1 6 . 2 7 ( 1 2 )
B(4)  -  0H(4)  r .373(2)  o (3)  -  B(4)  -  o (4)  r23 .o7 i r3 )
3 ( 4 )  -  0 ( 4 )  r . 3 6 7 ( 2 )  o H ( 4 )  -  B ( 4 )  -  o ( 4 )  r 2 o . 6 6 a u )

Mean 1 .369 Mean 12O.0 tJ

0 ( 3 )  -  o H ( 4 )  2 . 3 2 6 ( 2 )
o ( 3 )  -  0 ( 4 )  2 . 4 0 3 ( 2 )
0 H ( 4 )  -  0 ( 4 )  2 . 3 8 1 ( 1 )

M e a n  2 , 3 1 0

B - B Sepa"dtion

B ( 1 )  -  B ( 2 )  2 . 4 9 L ( 3 )
B ( 1 )  -  B ( 3 )  2 . 4 0 9 ( 3 )
B ( r )  -  3 ( 4 )  2 . 4 4 3 ( 2 )
E ( 2 )  -  B ( 3 )  2 . 4 4 6 ( 2 )
B ( 3 )  -  B ( 4 )  2 . 4 7 8 e )

B - O - B A l q L e s

B ( 1 )  -  o ( s )  -  B ( 3 )  1 1 1 . 5 s ( 1 2 )
B(1)  -  0 (1)  -  B(2)  120.62(13)
B ( 1 )  -  o ( 4 )  -  B ( 4 )  1 1 7 . 3 3 ( 1 4 )
B ( 2 )  -  0 ( 2 )  -  B ( 3 )  1 1 7 . 0 2 ( 1 3 )
B ( 3 )  -  o ( 3 )  -  B ( 4 )  1 1 e . 5 9 ( 1 r )

HydroryL ,0H(1)

H ( 1 )  -  0 H ( 1 )  0 . 8 6 ( 3 )
n ( 1 )  -  o ( w 7 )  1 . 8 9 ( 3 )
0 H ( 1 )  -  0 ( w 7 )  2 . 1 5 2 ( 3 )

H|dtatl lL, AH(2)

H ( 2 )  -  o H ( 2 )  0 . 7 8 ( 3 )
H ( 2 )  -  o ( w 3 )  2 . 0 0 ( 3 )
oH(2)  -  o (w3)  2 .78r (2 )

Hydror l lL ,0H(3)

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

Hydroryl, OH(4)

H ( 4 )  -  0 H ( 4 )  0 . 8 0 ( 3 )
H ( 4 )  -  o ( 4 )  1 . 9 3
o H ( 4 )  -  o ( 4 )  2 . 7 2 L ( 2 )

llatex moLecule, W(1)

o ( I { 1 )  -  H ( 5 )  0 . 8 s ( 2 )
o ( w 1 )  -  H ( 6 )  0 . 9 2 ( 3 )

H ( s )  -  o ( 2 )  2 . 1 2 ( 2 )
H ( 6 )  -  0 ( w 6 )  1 . 8 4 ( 3 )
0 ( w 1 )  -  o ( 2 )  2 . 9 6 4 ( 2 )
0( r4 I1 )  -  0 (w6)  2 .7s6(2)

Water molecule, W(2)

0 ( w 2 )  -  H ( 7 )  0 . 8 6 ( 3 )
0 ( w 2 )  -  H ( 8 )  0 . 8 e ( 2 )
H ( t )  -  o ( 2 )  1 . 9 e ( 3 )
H ( 8 )  . -  0 ( t _ )  r . 9 3 ( 2 )
0 ( w 2 )  -  0 ( 2 )  2 . 3 5 3 ( 2 )
0 ( w 2 )  -  o ( 1 )  2 . 1 4 5 ( 2 )

Wdter nalecule, trl(3)

0 ( w 3 )  -  H ( 9 )  0 . 8 8 ( 3 )
o ( w 3 )  -  H ( 1 0 )  0 . 8 7 ( 3 )
H ( 9 )  -  o ( w 6 )  1 . 8 1 ( 2 )
H ( 1 0 )  -  0 ( w 7 )  r . \ t ( 2 )
0(w3)  -  0 ( r^16)  2 .670(2)
o ( I , 3 )  0  o ( w 7 )  2 . 7 0 9 ( 2 )

tlateP maleqLe, W(4 )

o ( w 4 )  -  H ( 1 1 )  0 . 8 1 ( 2 )
o ( w 4 )  -  H ( 1 2 )  0 . 8 6 ( 2 )
H ( 1 1 )  -  o ( 5 )  2 . 1 6 ( 2 )
H ( 1 2 )  -  o ( 3 )  1 . 9 1 ( 2 )
0 ( w 4 )  -  0 ( s )  3 . 0 2 6 ( 2 )
o ( r , r 4 )  -  o ( 3 )  2 . 1 6 6 ( 2 )

ilater naLecule, w(5)

o ( w 5 )  -  H ( 1 3 )  0 . 8 6 ( 3 )
o(1^1s)  -  H(14)  0 .83(2)
H ( 1 3 )  -  0 H ( 3 )  r . 9 1 ( 3 )
H ( 1 4 )  -  o H ( 2 )  2 . 0 3 ( 2 )
o ( w 5 )  -  o H ( 3 )  2 . 7 6 9 ( 2 )
0(w5)  -  0H(2)  2 .858(2)

ila[er nolecule, l ' l(6)

o ( w 6 )  -  H ( 1 5 )  0 . 8 2 ( 3 )
o ( w 6 )  -  H ( 1 6 )  0 . 8 2 ( 3 )
H ( 1 5 )  -  o ( 1 )  1 . 9 8 ( 3 )
H ( 1 6 )  -  o H ( 3 )  1 . 9 3 ( 3 )
0 ( w 6 )  -  o ( 1 )  2 . 1 9 8 ( 2 )
o ( w 6 )  -  o H ( 3 )  2 . 7 4 5 ( 2 )

w 4 t € t  n o L e e u L e ,  w ( /  I

0 ( r 4 r 7 )  -  H ( 1 7 )  0 . 8 4 ( 3 )
0 ( w 7 )  -  H ( r 8 )  0 . 8 8 ( 3 )
H ( 1 7 )  -  0 ( s )  1 . 7 8 ( 3 )
H ( 1 8 )  -  o H ( 4 )  2 . 4 1 ( 3 )
o ( w 7 )  -  0 ( s )  2 . 6 2 7 ( 2 )
0 ( w 7 )  -  0 H ( 4 )  2 . 8 5 8 ( 2 )

Hldrogen Bands

o H ( l )  -  H ( 1 )  -  o ( W 7 )  1 7 2 ( 2 )
B(1)  -  0 I r (1 )  -  H( r )  108( r )
Ms -  o t l ( l )  -  H(1)  115(1)

0 H ( 2 )  -  H ( 2 )  -  0 ( w 3 )  1 7 s ( 3 )
B(2)  -  oH(2)  -  H(2)  116(2)

0H(3)  -  H(3)  -  oH(4 . )  166(2)
B ( 3 )  -  0 H ( 3 )  -  H ( 3 )  1 1 6 ( 2 )

o H ( 4 )  -  H ( 4 )  -  o ( 4 )  1 7 2 ( 2 )
B ( 4 )  -  o H ( 4 )  -  H ( 4 )  1 1 3 ( 1 )

H ( 5 )  -  o ( w 1 )  -  H ( 6 )  1 0 s ( 2 )
o( r , r1 )  -  H(5)  -  0 (2)  172(2)
0 ( w 1 )  -  H ( 6 )  -  0 ( w 6 )  1 7 5 ( 3 )
M s  -  0 ( w 1 )  -  E ( s )  1 3 8 ( 2 )
Ms -  o (w1)  -  H(6)  U6(s)

H ( 7 )  -  0 ( w 2 )  -  H ( 8 )  1 0 6 ( 3 )
0 ( w 2 )  -  H ( 7 )  -  0 ( 2 )  1 7 4 ( 2 )
o ( w 2 )  -  H ( 8 )  -  0 ( 1 )  1 5 1 ( 2 )
M s  -  0 ( w 2 )  -  H ( 7 )  1 , 2 5 ( 2 )
M s  -  o ( w 2 )  -  H ( 8 )  1 0 9 ( 2 )

H ( 9 )  -  0 ( w 3 )  -  H ( 1 0 )  L O 4 ( 2 )
o(w3)  -  H(9)  -  0 ( r ,16)  165( r - ,
0 (w3)  -  H(10)  -  0 ( r {7 )  161(3)
Mg . -  0 (w3)  -  H(9)  r r5 ( t t
l f s  -  o (w3)  -  H(10)  rL2(L ,

H ( r l )  -  o ( w 4 )  -  H ( r 2 )  1 0 8 ( 2 )
o ( w 4 )  -  H ( 1 1 )  -  0 ( s )  1 7 5 ( 3 )
0 ( w 4 )  -  H ( 1 2 )  -  0 ( 3 )  L 7 2 ( 2 )
Ms -  0 (w4)  -  H(11)  131(2)
Ms -  o (W4)  -  H(12)  I2a( r )

H ( 1 3 )  -  o ( w s )  -  H ( r 4 )  1 0 9 ( 3 )
o(w5)  -  H(13)  -  oH(3)  774(3)
o ( w 5 )  -  H ( 1 4 )  -  0 H ( 2 )  r 7 1 ( 3 )
M s  -  o ( w 5 )  -  H ( 1 3 )  L 2 4 ( 2 )
Mg - o(ws) - H(I4) IL9(2)

H(15)  -  o (w6)  -  H(16)  101(3)
0( r ,16)  -  H(15)  -  o ( r )  776(2 . )
0 ( w 6 )  -  H ( 1 5 )  -  0 H ( 3 )  1 7 8 ( 3 )

H ( r 7 )  -  o ( w 7 )  -  H ( 1 8 )  1 1 4 ( 3 )
o ( w 7 )  -  H ( 1 7 )  -  o ( 5 )  1 7 6 ( 3 )
0(w7)  -  H(18)  -  0H(4)  rQ( '2 )
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A

1

r
Fig 2 A v iew of  the hungchaoi te structure showing the three-dimensional  network of  hydrogen bonds between the

[Mg(H,O),B.O,(OHr]  molecular  complexes and two isolated water molecules '  W(6) and W(7)

I  139

?.-
q

\\

is  1 13 ' .  The d ihedral  angle between B( l )B(2)B(3)  and
B( l )B (3 )B (4 )  p lanes  i s  87 .8 " .

The I M g( H"O )'( O H )] octahedron

The magnesium atom is surrounded by five water
molecules and a hydroxyl  ion at  the corners of  a
nearly regular octahedron, with point symmetry 1.
However,  one of  the Mg-O dis tances [Mg-W(3),
2.122A) is significantly larger than the others, which
average 2.072A. The reason for this deviation from
regular octahedral symmetry is not clear.

With in the l igand water  molecules and the (OH)
ion, the O-H distances average 0.86A, H-O-H angles
106' .  The Mg-O-H angles are h ighly  var iable and
average 121o.

The I Mg( HrO )EB4O"( OH )n] molecular complex

The tetraborate polyanion IBrOu(OH),] 'z shares a
common (OH) corner  wi th the [Mg(HrO) ' (OH)]+

octahedron, thereby forming a molecular complex

IMg(H,O),BnO,(OH)o] with zero charge. The config-

urat ion of  th is  molecular  complex is  f ixed through an

int ra-molecular  hydrogen bond between H(8)  be-

longing to a water  molecule,  W(2)  bonded to Mg,

and a corner oxygen atom O(l) of the tetraborate

polyanion (F ig.  1) .  Such a molecular  complex can be

formed at low temperatures by the following reaction

of the tetraborate polyanion and a hydrated magne-

s ium ion,  presumably ex is t ing in  the solut ion:

[Mg(H,O)J'?+ + [BoOb(OH),] '-
In  solut ion 

[Mg(Hro) ,B4ob(oH), ]  + H,o.
crystal

A similar molecular complex, [Mn(H'O)u8406(0H)4],
occurs in the structure of MnBnOr'9HzO (Berzinya

et al.. 1975).
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Fig:  3 A part ia l  v iew of  the hungchaoi te structure showing the hydrogen-bonded chains of  the isolated water molecules,  W(6) and
W(7), parallel to c- and a-axes respectivelv.

Hydrogen bonds

The hydrogen bonding plays a very important r6le
in the structure of hungchaoite. All l8 hydrogen
atoms are involved in a three-dimensional network of
hydrogen bonds and account for the existence of
hungchaoi te as a sol id  phase (Figs.  2 and 3) .  Some of
the inter-molecular hydrogen bonds between two
centrosymmetrically-related molecular complexes are
reminiscent of such hydrogen bonds in organic mole-
cules [e.s . ,  oH(4)-H(4)  .  .  O(a) ;  OH(2)-H(2)  . . .
w(3) ;  w(2)-H(7)  .  .  .  O(2)  and so on in  F is .2 l .

The two isolated water molecules W(6) and W(7)
occur within the voids left by the packing of the
molecular complexes, and form linear hydrogen-
bonded chains parallel to the c- and o-u^., respec-
tively (Fig. 3). These two isolated water molecules are
also the acceptors of two hydrogen bonds each (Fig.
4), and show a tetrahedral coordination around the
oxygen atom. In contrast, the five water molecules

which serve as l igands to Mg show approximately
t r igonal  p lanar  coordinat ion (F ig.   ) .

All the hydrogen bonds except one are straight,
w i t h  H . . .  O  d i s tances  va ry ing  f rom l . 8 l  t o  2 .16 .4
(av .  1 .97A)  and  O-H . . .  O  ang les  va ry ing  f rom l5 l
to  l78o (av.  171") .  The except ion is  the bent  bond
W(7 ) -H (18 ) .  .  .  OH(4 ) ,  whe re  the  H .  .  .  O  d i s tance
i s  2 .41A  and  O-H  .  .  .  O  ang le  i s  l l l . .  F i gu re  4  i n -
d icates that  the envi ronment  around W(7)  is  such
that  one of  the two hydrogen bonds involv ing the
nearest hydrogens has to be a bent bond.

Antisotropic thermal vibration

The thermal  v ibrat ion e l l ipsoids of  the [Mg(HrO),
BrOu(OH)o] molecular complex are shown in Figure 5
(see a lso Table 2) .  The thermal  v ibrat ions of  the
boron atoms are nearly isotropic, the triangular bo-
rons being slightly more anisotropic than the tetrahe-
dral borons. Within the tetraborate polyanion, the
bridging oxygen atoms are slightly anisotropic, the
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Fig.  4.  Coordinat ion of  the water molecules in hungchaoi te.  Note that  the water molecules [W(l)  through W(5)]  bonded to Mg show

tr igonal  p lanar coordinat ion,  whereas the isolated water molecules W(6) and W(7) show tetrahedral  coordinat ion.

I  1 4 l

maximum vibration direction being normal to the
B-O-B plane.  The non-br idging terminal  (OH)
groups are strongly anisotropic, the maximum vibra-
tion direction being normal to the B-O bond. The
OH ( l )  group,  which is  br idging B( l )  and Mg,  is
nearly isotropic. The thermal vibration of the Mg
atom is nearly isotropic, whereas those of the five
ligand water molecules are strongly anisotropic, the
maximum vibrat ion d i rect ioh being normal  to the
Mg-O bond. The two isolated water molecules show
fairly strong anisotropic thermal vibrations, com-
parable in magnitude to those of the l igand water
molecules.

Discussion

Comparison with other tetraborate structures

A synthet ic  monocl in ic  phase of  Mg[B.Oa(OH)6] .
6HrO, isochemical with hungchaoite, reportedly con-
tains a triborate polyanion, consisting of two tetra-
hedra and one triangle modified by an additional
borate triangle sharing a tetrahedral corner, accord-

ing to a structure determination by Abdullaev and

Mamedov (1969).  Al though th is  polyanion is  crysta l -

chemically plausible, our interatomic distance calcu-
lation, based on the unit-cell dimensions, space
group,  and atomic posi t ions g iven by Abdul laev and
Mamedov, revealed a number of impossibly short
(<2A) oxygen-oxygen contacts, throwing consid-
erable doubt on the validity of this structure.

The isolated [B'O'(OH)r] polyanion was first

found in borax,  NarBnOu(OH)4'8HrO (Mor imoto,

1956). In borax the tetraborate polyanions are hydro-
gen-bonded to edge-sharing Na-octahedral chains. In
tincalconite, Naz[BnOu(OH)o]. 3HrO, the tetraborate
polyanions (with point symmetry 2) occur in the cavi-
ties of a framework of Na-polyhedra (Giacovazzo et

al., 1973). In K,[B,O'(OH),] .2H2O, columns of K-
polyhedra are l inked by isolated tetraborate poly-

anions and water molecules (Marezio et al., 1963).ln

the st ructure of  RbrSrB8O14. l2H2O, two crysta l lo-
graphically-distinct hydrated tetraborate polyanions

occur within eight-membered rings of Rb-polyhedra
and Sr-octahedra (Ivchenko et al.,1975). A partially-
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Fig 5 The [Mg(H,O),B.O,(OH). ]  complex in hungchaoi te,
showing the el l ipsoids of  thermal  v ibrat ion

hydrated isolated tetraborate polyanion, IBnO,
(OH)r]'- with point symmetry m occurs in roweite,
CaMnr(OH)n[BnOr(OH ) , ] ,  (Moore and Araki ,  I  974) .

Kerni te,  NarB'O.(OH)r .  3HrO, conta ins borate
chains (Giese, 1966; Cialdi et at., 1967; Cooper et al.,
1973) formed by the polymerization of tetraborate
polyanions:

r[BaOu(OH)a], - [B{O6(OH),]; + H,O

(Chr is t  and Garre ls ,  1959).
Anhydrous tet raborate polyanions,  [BoOr]r - ,  form

two separate interpenetrating three-dimensional net-
works by sharing corners of borate triangles with
corners of borate tetrahedra in LirBnO, (Krogh-Moe,
1968) and isostructural borates, MgB,O, (Bartl and
Schuckmann,  1966),  CdB4O? ( Ihara and Krogh-Moe,
1971),  ZnBoO, (Mart inez-Ripol l  e t  a l . ,  1971),  and
MnBoO, (Abrahams et al., 1974).

M olecular complexes inuoluing borate polyanions

Molecular complexes of zero charge involving a
borate polyanion and a hydrated metal cation,
such as the one found in hungchaoite and in Mn
B4O?.9HrO, are relatively rare. A neutral molecu-
lar complex [Mg(H,O).BsOs(OH)b], formed by a
[Mg(OH),(HrO)n] octahedron sharing two tetrahe-
dra l  (OH) corners of  a t r iborate oolvanion.
IBsOs(OH)5] '  ,  occurs in  the st ructure of  inder i te

dral (OH) corners of a hexaborate polyanion,
[B6O?(OH)6]' (6:34+3?') (Dal Negro et al., 1969).

Paragenesis of hungchaoite at Death Valley,
California

At Death Valley, hungchaoite occurs in association
with inderite, kurnakovite, and ulexite. The crystal
structures of inderite and hungchaoite indicate that
these two minerals have crystall ized from aqueous
solutions at relatively low temperatures. The crystal
s t ructure of  kurnakovi te consists  of  [BrOs (OH)r ] r -
groups sharing (OH) corners with [Mg(OH),(H,O)n]
octahedra, forming chains (Corazza, 1974). Ulexite
conta ins the pentaborate polyanion [BuO.(OH)u]3-
shar ing (OH) corners wi th edge-shar ing chains of  Ca-
polyhedra and Na-octahedra (Clark and Appleman,
1964;Ghose et  a l . ,1977). In aqueous borate solut ions
in the pH range encountered under natural condi-
tions, triborate, tetraborate, and pentaborate poly-
anions are present  ( Ingr i ,  1963),  and one k ind of
polyanion can be readily derived from another. Fol-
lowing Chr is t  et  a l .  (1967),  the t ransformat ion of
hungchaoite to ulexite can be written in terms of the
polyanions as:

5 [ B 4 O ' ( O H ) o ] " -  t  2 ( O H ) -  *  H 2 O  -

hungchaoi te 4[B 'O6(OH)6 j3- .
u lexr te

So increasing pH will favor the formation of ulexite.
The phase re lat ions of  the borate minerals  wi l l  a lso
depend on the type of cations present and their con-
centrat ion in  the aqueous solut ion.

Acknowledgements
The generosi ty of  Richard C. Erd,  U S Geological  Survey,

Menlo Park,  Cal i fornia,  in donat ing high-qual i ty  hungchaoi te
crystals made th is research possib le We are indebted to Dr.  Joan
R Clark and Dr.  C.  L.  Chr ist ,  U S.  Geological  Survey (Menlo
Park) ,  for  a cr i t ical  review of  the paper and to Floyd Bardsley,
Univers i ty  of  Washington,  for  the diagrams.

References
Abdul laev,  G. K.  and K.  S.  Mamedov (1969) Crystal  s t ructure

of  magnesium diborate,  Mg[B.O"(OH). ]  6H,O ( in Russian).
Materialy, 28-32.

Ab rahams ,  S .  C . ,  Be rns te i n ,  J  L . ,  G iba r t ,  P . ,  Robb ins ,  M  and
R. C Sherwood (1974) Manganese diborate:  crystal  s t ructure,
magnet isat ion and thermal  ext inct ion dependence. J.  Chem

(Corazza, 1976). Another magnesium borate, mcal- Phys.,60, 1899-1905
listerite, Mgr[B.Or(OH)6]r.9HrO, contains the mo- Bul,l, 

T.; 
and W. Schuckmann (1966) Zur Struktur des Magne-

lecular 
"o'nptl^ 

[vtg(Hro)sB.or1oH;"1, formed b! a ;'#l;::'","', 
Mgo 2B,o.. Neues Jahrb Minerat. Monatsh.,

[Mg(Hro)'(oH)r]- octahedron sharing three tetrahe- s"rrin1,u,-i. n., yu K. ozols and A. F. revinsh (1975) crystal



WAN AND GHOSE,

structure of  manganese tetraborate MnBnOr.9HrO Sou. Phys
C rystallogr, 20, 255-256.

Chr ist ,  C L.  and J R. Clark (1977) A,  crystal -chemical  c lassi f ica-
t ion of  borate structures wi th emphasis on hydrated borates
Phys (hem Minerals.1,  in press.

-  and R M. Garrels (1959) Relat ions among sodium borate
hydrates of  the Kramer deposi t ,  Boron,  Cal i fornia.  Am J Sci  ,
257, 516-528

-,  Truesdel l ,  A.  H.  and R C Erd (1967) Borate mineral
assemblages in the system NarO-CaO-MgO-BrOr-HrO. Geo-
chim Cosmochim Acla, 31, 313-337

Chu, I -hua,  Hsien-te Hsieh,  Tze-Chiang Chien,  Lai-pao Liu (1964)
Prel iminary report  on the occurrence of  a new hydrous magne-
sium borate-hungchaoi te,  MgO 2BrO3 9H,O, in China ( in
Russian),  Sci .  Sin ica,  13,525-527

Ciald i ,  G. ,  Corazza,  E.  and C. Sabel l i  (1967) La strut tura cr is ta l -
l ina del la kerni te,  Na,B.O"(OH),  3H"O. Accad Naz.  L incei ,
Rend c l .  sc i  fs  mat.  nat . ,  42,236-251

C la r k ,  J .  R .  and  D  E .  App leman  (1964 )  Pen tabo ra te  po l yan ion  i n
the crystal  s t ructure of  u lexi te,  NaCaB.O(OH)u 5HrO. Science,
145, t295-1296.

Cooper,  W. F Larsen,  F.  K.  Coppens and R F Giese (1973)
Electron populat ion analysis of  accurate di f f ract ion data V
Structure and one-center  charge ref inement of  the l ight-atom
mineral  kerni te,  NarBoO.(OH), .3H"O. Am. Mineral ,  58,  2 l -31.

Corazza,  E.  (1974) The crystal  s t ructure of  kurnakovi te:  a ref ine-
ment. Acta Crystallogr., 830, 2194-2199.

-  (19'76) Inder i te:  crystal  s t ructure ref inement and re lat ion-
ship with kurnakovite, Acta Crystallogr., 832, 1329-1333

Cromer,  D.  T and D. L iberman (1970) Relat iv is t ic  calculat ion of
anomalous scat ter ing factors for  x-rays.  J Chem Phys. ,  53,
l 8 9 l - 1 8 9 8

- znd J B Mann (1968) X-ray scat ter ing factors computed
from numerical Hartree-Fock wave function Acta Crystallogr ,
A24 ,32 t -324

Da l  Neg ro ,  A ,  C .  Sabe l l i  and  L  Unga re t t i  ( 1969 )  The  c r ys ta l
st ructure of  macal l is ter i te,  Mg,[BuOdOH)6], .9H,O Acc.  Naz
Lincei ,  Rend. c l  sc i  J ts.  mat.  nat  ,47,353-364

Cerma in ,  G . ,  P  Ma in  and  M  M Woo l f son  (1971 )  The  app l i -
cat ion of  phase re lat ionships to complex structures I I I .  The
opt imum use of  phase re lat ionships Acta Crystal logr. ,  A27,
368-376.

HUNGCHAOITE 1 143

Ghose, S. ,  C.  Wan, and J.  R.  Clark (1977) Crystal  s t ructure of
ulexi te,  a natural  l ight  t ransmission f iber.  Abstract .  Program and
abstracts, American Crystallographic Association, Ser. 2, V.5,
p .  39 .

Giacovazzo,  C ,  S.  Menchett i  and F Scordar i  ( t973) The crystal
st ructure of  t incalconi te Am. Mineral . .  J8.  523-530.

Giese,  R.  F (1966) Crystal  s t ructure of  kerni te,  NarBnO(OH),
3H"O Science, 154, 1453-1454

Ihara,  M. and J Krogh-Moe (1966) The crystal  s t ructure of  cad-
mium diborate CdO 2B,Os Acta Crystallogr , 20, 132-134

lngr i ,  N (1963) Equi l ibr ium studies of  polyanions contain ing Brtr ,
Sirv! Gerv and VV. Suensk Kem. Tidskrift, 75,3-34

Ivchenko, N P.  and E.  N Kurkutova (1975) Crystal  s t ructure of
the Rb, Sr octaborate Rb,O SrO 4BzOs-l2H2O Sou. Phys.
C rystal logr, 20, 326-328.

Kar le,  J and I  L Kar le (1966) The symbol ic  addi t ion procedure
for  phase determinat ion for  centrosymmetr ic  and non-cen-
trosymmetric crystals Acta Crystallogr , 21,849-859.

Krogh-Moe, J (  1968) Ref inement of  the crystal  s t ructure of  l i th-
ium diborate,  L i ,O 2B,O3. Acta Crystal logr ,  824,  179-181.

Marez io ,  M ,  H .  A .  P le t t i nge r  and  W H  Zacha r i asen  (1963 )  The
crystal  s t ructure of  potassium tetraborate te l rahydrate.  Acta
Crystallogr, 1 6, 975-980.

Mart inez-Ripol l ,  M ,  S Mart inez-Carrera and S.  Garcia-Blanco
(1971) The crystal  s t ructure of  z inc diborate,  ZnBoO, Acta
C rystallog r., 82 7, 6'72-67'7.

McAl l is ter ,  J  F (1970) Geology of  Furnance Creek borate area,
Death Val ley,  Inyo County,  Cal i fornia Cal i f  Div.  Mines,  Map
Shee t  I I 4 , 1782

Moore,  P B and T Araki  (1974) Roweite,  Ca,Mn!+(OH)n[BaO,
(OHl] :  i ts  atomic arrangement.  Am Mineral  ,  59,  60-65.

Mor imoto,  N.  (1956) The crystal  s t ructure of  borax Mineral  J
( J a p a n ) , 2 ,  l - 1 8

S tewar t ,  J  M  ,  G  J .  K ruge r ,  H .  L .  Ammon ,  C .  D i ck i nson  and
S. R Hal l  (1972)The X-RAY SYSTEM-Version of  June 1972.
Tech Rep TR-192, Computer Science Center,  Univers i ty  of
Ma ry l and ,  Co l l ege  Pa rk ,  Md .

Manuscript receiued, April ll, 1977, accepted

for publication, June 29, 1977




