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pale-yellow microscopic fibrous aggregates but also profusely as thin

lath-like single crystals ranging in length up to 2 to 3 mm' I'Iaintaining

the orientation defined by the r-ray cell, the crystals are elongated

along [001], with large (100) and somewhat less dominant (010). Cleav-

age parallel to (010) is perfect and a secondary less perfect cleavage

paraliei to (001) was noted. The crystals are frequently striated on (100)

parailel to [00i] and often form radiating clusters resembling bundles of

straws. Color of the crystals varied, the majority being pale yellow, while

some appeared amber orange in clusters and brownish when separated.

A few examples were found which showed a brown core surrounded by a

pale-yellow envelope. Within the limitations of observations' neither the

opticai properties nor the r-ray powder data varied with the color of the

crystals. All of the crystals appeared to be growing on a uraninite sub-

strate and were intimately associated with lemon-yeilow becquerelite

and orange masuyite crystals.
Rutherfordine is orthorhombic, biaxial positive, with slight pleo-

chroism, strong birefringence (0.030) and moderate 2V (53o, calculated).

The indices of refraction and optical orientation determined in the pres-

ent study are l isted in Tabie 1, together with the other values reported in

the literature. Agreement for the two lower indices is satisfactory. Ac-

curate measurement of the maximum index requires that the crystals lie

flat on (010); any deviation wil l result in observation of a lower index' It

would therefore be expected that the larger value found by us, which is in

good agreement with that f ound by Larsen and Berman (.1934), would be

more nearly the correct one.

Tenr-n 1. Oprrce.r- Dere lon Rurnrnrototwe

Orthorhombic, biaxial ({)

Frondel and Meyro-

witz (1956)
1 . 7 3 0  1 . 7 6 0

r . 7 2 8
to

l . l +

Orientation

X : b
I:c (elongation)
Z:a (normal to (100))

I along elongation
Z normal to flattening

I'along elongation
Z normal to flattening

53" (calc )

not given

large

not given

2V

1 . 7 5 +  1 . 8 0 none grven
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Rplnacrrvn INorcns aNn Cnysrer, Srnucrunr

Since the init ial investigations of Born (1915) and Bragg (I924a, b) on
the relations between indices of refraction and crystal structure, many
examples of layer struclures have been studied (Bunn, 1946 p. 282). In
general it is found for biaxial crystals that two higher indices, close in
value, correspond to vibration directions parallel to the layers, whiie a
lower index occurs for the vibration direction normal to the layers. Such
crystals consequently are biaxial negative with moderate to large bire-

RUTHERFORDINE

Frc. 1. Structure of a layer in UOzCOa, parallel to (010) (after Christ et al., 7955). The
UO2+2 groups lie normal to the plane with the uranium atoms lying in the hexagonal holes
formed by the carbonate groups. Each uranium atom has six bonds in the plane, with dis-
tances U:Orrr  @):2.52 A,  U-Ot (2) :2.43 A,  and two bonds normal  to the plane wi th
U-Orr :1.67 A lCto-er  and Harper,  1955 b).

f r ingence.  Examples are aragoni te wi th a:1.530,  A:1.687,  l : I .686,
and  KNO3 w i th  a :1 .335 ,  B :1 .506 ,  and ' y :1 .506  (Bunn ,  1946 ,  p .282 ) .

Rutherfordine, although having a layer structure, is biaxial positive,
w i t h  a :1 .715 ,  P :1 .730 ,  and  t : 1 .795  (Tab le  1 ) .  The  c rys ta l  s t ruc tu re  o f
rutherfordine consists of layers of carbonate groups parallel to (010) with
linear uranyl, (O-U-O)+'9, ions normal to (010), as shown in Fig. 1. Each
uranium atom lies in a layer surrounded by six oxygen atoms and is
bonded to two additional oxygen atoms at I.67 A above and below the
plane. The lowest index of refraction occurs for the vibration direction
normal to the layers, i.e. X:0. This is in agreement with the results
found for other layer structures. However, the two remaining indices for
vibration directions parallel to layers differ considerably. It seems likely
that this difierence must be ascribed to the optical anisotropy of the
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uranium-oxygen bonding in the layer. The six U-O bonds f ormed within

the iayer are not all equivalent in length or in directional efiect on the

electric vector in the two principal optical polarization directions' Two of

the bonds l ie very nearlyparallet to [tOO] with length 2.4 L, while the

other four l ie at approximately 45o to both [100] and [001] with length

2.52 h. Light vibrating parallel to the two short bonds would be expected
to induce greater  mutual  polar izat ion and hence greater  retardat ion
than light vibrating normal to these bonds. The other four bonds would

be expected to contribute equally to the [001] and [100] vibration direc-
tions. Qualitatively, then, a satisfactory explanation of the difference in

indices of refraction and the positive birefringence can be based on the
known bond lengths and directions. The coupling in the l inear uranyl
ion, (O-U-O)+2, undoubtedly exerts some influence on the value of a,

but the nature of this influence is not clear at present.
The vaiues of the six U-O bond lengths were not determined directly

(Christ et at., 1955) but were based on the assumption of an equilateral
triangular carbonate ion with C-O bond lengths oI 1.25 A (Brown,

Peiser, and Turner-Jones, 1949). Confirmation of the validity of this as-

sumption follows from the work of Cromer and Harper (19556). Using
the values of the U O bond lengths given and following the method of
Zachariasen (1954), they calculated the length of the U-O bond in the

uranyl  ion to be 1.68 A;  thei r  measured value is  1.67+0.0s A.

Powonn Drrunacrrox Dare

An r-ray powder pattern was made of hand-picked pale-yellow crys-

tals. The data obtained from the pattern are given in Table 2, together
with the d-spacings and Milier indices calculated from the results ob-

tained in the previous single crystal study (Christ et al., 1955). The
powder data given by Frondel and X{eyrowitz (1956) are also included
in the table, and are in excellent agreement with ours. Powder data on

synthetic UO2CO3 have previously been given by \'Iiller, Pray, and

Munger (1949). Examination of their results indicates that the powder

was a mixture, one component of which was UO:CO3. In the present

study only a cursory attempt, which was unsuccessful, was made to ac-
count for all the lines listed. It was also obvious that there was a sys-

tematic error in their d-spacings for UOzCOa which were all too large.
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Tl^r;n 2. X-Rev Pomrn Dare: Rurnrnronnrur-UO:COa

Orthorhombic P mmn (Dz*3) ; a : 4.84r * 0.010, b : 9.20b + 0.008, c : 4.29 6 * O OO6 h

Frondel and Meyrowitz

Measured

CulNi d(A)

Present Study

Measured*
Calculatedt

I
100
70
30
40
25
6
9

t . )

20

I

10
8
6
9
4

1
2
J

dn*t
4 . 6 0
4 . 2 9
3 . 9 0
J . Z L

2 . 6 4

2 . 5 1
2 . 4 1
2 . 3 2

2 . 1 5

2 . O 5
1 .95
1 . 9 1 4
1 . 8 7 4
t . l J +

1 .658
1.603
1 .588

1  . 5 1 0

1 .435

1 .388

I . J / J

1.346

1 . 3 1 8

1 . 2 7 5

dw"t
{+.  or
4 . 3 0
3 . 9 2
3 . 2 3
2 . &
2 . 6 0
2 . 5 1 2
2.420
2.309

2 . 1 5 6

2.062
1 953
1.926
1 . 8 7 9
1 . 7 4 6
1. .723
1 . 7 0 r
1 . 6 7 0
1 .660
1 . 6 0 6
1 ..593
1 . 5 7 2
I  . . ) . )  /

1 . 5 1 4

1 . 4 3 5

1 . 3 8 8

r . 3 7 6
1 . 3 4 6

1.320

1 . 2 9 8

1 .280
1 . 2 2 4

d,nxt.
4.603
4.287
3 .893
3 .214
2 .635
2.592
2.497
2.423
2.301

Iz. t+s
\ 2 . r44
2.057
I  6 A 1

1.921
1 . 8 7 1
1 . 7 3 9
1 . 7 2 r
1 . 6 9 2
1.668
1 . 6 5 4

.607

.591

.570

.534
( r  < r z
1 ' ' . . '
I  1 . s 1 2

hkI
020
110
011
101
121
130
031
200
040
002
220
2 l l
022
r12
141
231
150
051
240
132
202
310
o42
060
222
301
321
25r
161
103
t J z

242
t z J

260
033
312
2 1 3

A

5
I

z

z

J

I
1
1

9

20
4

t . )

9
o
4
J

3
.)

3
z

6

3

J

6

2
2

I

2

3
J

1 . 4 3 6
| 1 .387

f  r  . JdJ

1 .373
1 .343

l t  .s ts
I  r . s ro
It .zse
\ r . zoo

1 . 2 7 8
1 . 2 2 2

Cu/Ni I :1.5418 A
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Tl.lr.tu. 2-kontinued)

Orthorhombic Pmmn (D2113) ; a : 4.84a + 0.010, b : 9.206 + 0.008, c : 4'296 + 0'0064

849

Frondel and Meyrowitz
Present Study

Measured*

CulNi I :1.54184
Calculatedt

I

< 2

< 2
<2

< 2

< 2

< 2

< 2

iJu"r

1 . 2 1 2

1.043

r.029

d*t hkl

I t  .zr+ 3so
\r.zrt 4oo
1.157 4rr
1 .116  271

Jt.oz+ oo4
I r.ozz 440

1.028 422

* Not corrected for shrinkage. Lower limit of 2d measurable: approximately 7"

(13 A for  CuK).

t dr,*r calculated for all planes for which /z*ft*l:2n down to 1.028 A, the smallest

observed value. Of these, only (420) with d:l.l7l A does not appear on the powder film.

Lines for which hlkll#2n are too weak to appear on film (see Christ el ol., 1955).

sisted in the optical determinations. This work was completed as part of

a program undertaken by the U. S. Geological Survey on behalf of the

Division of Raw Nlaterials of the U. S. Atomic Energy Commission'
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