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X-RAY STUDY OI' AUTUNITE

Yurro T-Lr.a.No, Institute of Earth Science, College of General
Ed,ucati,on, Llniversity oJ Tokyo, Tokyo, Japan.

Assrnlcr
'Ihe autunite-meta-autunite I-meta-autunite II series was studied by r-ray diffraction.

In America and Europe, autunite is usually found as the meta-autunite I phase, whereas in

Japan it occurs as autunite. By studying the process by r,,r'hich autunite is dried and heated

until it finally forms a high temperature phase, the writer has determined the difiraction

pattern of each phase. Single crystals r,vere analyzed by the Weissenberg method, and the

lattice constants and space groups were determined. The large cell proposed by Donnay

and Brichard for meta-autunite was not found. Meta-autunite II is orthorhombic, with

oo:6.55, bo:7.05 and co:3 16 A. This 60 value is smaller than the 60 of meta-autunite I,

contrary to the values hitherto reported.

INrnorucrroN

The first r-ray study of autunite was attempted in 1938 by J. Bein-

tema, who found it to be tetragonal. X-ray study of this mineral has

been active since 1955, and reports have been published by G. Donnay

and J. D. H. Donnay (1955); C. Frondel, D. Riska and J. W. Frondel
(1956 ) ;P .8 .  Gechebe  (1957 ) ;and  H .  B r i cha rd  and  H .  B rasseu r  (1958 ) ,

and others, One of the latest is A. Volborth (1959), who studied strontian
meta-autunite. Table 1 summarizes the r-ray data on the autunite series.

The crystal structures of the members of the autunite series have not
yet been determined, and the views on the hydration state of each phase

are varied. Most of the research since 1955 has been concentrated on

meta-autunite, which is regarded as the most stable mineral in this series,

and very l itt le data on autunite and meta-autunite II have been pub-

Terr,e 1. Splcn Gnoup enn Cnr,r- DrwNsroxs or AuruNrtn Spnrrs

Name Autunite

C Ca(UO)z(POa) 2lQ-l2H2Q
formula

Crystal
system

'Ietragonal

Space
group

Ce]l
dimen-
SlONS

I4/mmm

O o

bo
C 0

6.989

20.63

Meta-autunite I Meta-autunite II

Ca(UO:)z(PODQ-6H2OCa(UO:)z(POr)zO-2HzO

812
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lished since Beintema's work. Hence, the writer's study was focussed on
these lesser-known minerals.

TneNsrtroNar Rorerrox

The samples used in the present study are from Ningyd pass, on the
border between okayama and Tottori prefectures, Japan, and from the
Daybreak Mine, Washington, U.S.A. The samples are all micaceous,
tetragonal platy crystals. Those from Ningyd pass are light greenish
yellow and transparent, or yellow and translucent, mostly 4 mm. in the
maximum diameter, having tetragonal outl ines, whereas those from
Daybreak are yellow to dark green or greenish black and many of them
are rectangular and platy, occasionally as large as 1 cm. or more in diam-
eter. of the Daybreak mine specimens, only the yellow portions were
selected and used in the experiments. From these samples, pure thin
flakes of crystals were separated under petrographic and binocular
microscopes. The flakes were ground in a mortar , and *-rayed with a
diffractometer operated as follows: Cu/Ni,35 K.V.. 15 M.A.. and scan_
ning speed 1o per  1 ' .  The resul ts  ( lower par l  o f  F ig.  1)  d isc lose that  a l -
most all the samples from both Ningyd pass and Daybreak are autunite.
According to volborth (1959), most of the autunites occurring in nature
are supposed to be meta-autunite, but the writer has found that the sam-
ples from Ningyd Pass in humid Japan are autunite, and contain almost
no meta-autunite. Moreover, the Daybreak samples, collected at the
same locality as those by Votborth, gave more difiraction patterns of
autunite than of meta-autunite, when the samples were examined in
Japan' Hence the geographical situation of Japan is favorable for this
kind of experiment. Accordingly the writer has carried out various ex-
periments in order to obtain difiraction patterns of pure autunite. Figure
1 shows the results of one of these experiments, in which a powdered
sample was placed in a holder, water was then added, and gradually
allowed to dry up. rn this experiment, the samples from both localit ies,
when soaked in water, f irst showed difiraction patterns of low tem-
perature type autunite, but gradually changed into meta-autunite r, be-
ginning with a dried part. This fact indicates that autunite, which re-
mains reiatively stable in Japan, becomes meta-autunite r without being
heated when it is pulverized and soaked in water. The samples that have
gone through this transitional process become autunite again if water is
added, but as they dry up the transition from autunite to meta-autunite
r takes place at a faster rate than before. on the other hand, if autunite
samples were not soaked in water they would remain stable for more than
ayearl even after they were pulverized. when a sample that has transi-
tionally aitered to meta-autunite r is placed in the air bath at 110o c. to
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Frc 1. X-ray dift-ractometer traces of transition in the autunite series. Samples from

Ningyo-Pass.
A-autunite; B-meta-autunite I; C-meta-autunite II.
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I4/mmm
ao:6.969 A co:2o.76 A (Ningyo-pass)
ao:6.872 A co:20.73 A (Daybreak Mine)

Calculated values Ningyd-Pass Daybreak Mine Mt. Spokane

d (A) d (A) d r A )

002
101
00,1
1 1 0
103
112
105
200
202
204
213
r07
008
215
220
206
222
1 1 8
1)4,

310
109
312
2 1 7
208

0 .  0 .  1 0
314
JUJ

1 . 1 . 1 0
219
307

1 . 0  1 1
2 . O . 1 0

325

10.37
6 . 6 1
5 . 1 9
4.92 \
4.er l
4.45
J . J O /

3.486
3.304
2.893
2.842
2 . 7 2 9
2 . 5 9 8
2 492
2.464\
)  A<LI

2.397
2.299
2 . 2 2 5
2.203
2.187
2 . 1 5 7
2.146
2 .0s0\
2 .o76)
2.028\
2.028j
1 . 9 1 4
1 .854
r .829
1 . 8 2 2
1 . 7 8 4
1 .755

10.48
6 . 7 4
5 . 1 9

4 . 9 1

4.46
3 . 5 6 5
3 . 4 9 5
3 -317
2.899
2.861
2 . 7 2 7
2 . 5 9 6
2 . 4 9 5

2.440

2.080

2.033

1.917
1 . 8 5 7
1 . 8 3 5
I .820
1 . 7 8 5
|  754

1 0 . 3 1
6 . 5 2
5 . 2 1

4 . 9 3

4 4 6
3 . 5 7 4
3 .495
3 . 3 1 5
2 . 9 1 5
2 854
2 . 7 2 2

2.492

2.454

2 4r1

2 . 2 1 4
2.203
2 . 1 7 7

2 . 1 4 6

2 . 0 7 2

2.033

10.4
6 . 6 7
5 . 1 9

4 . 9 6

4 . 4 8
3  . 5 8
3 . 5 1
3 .33
2 . 9 1
2 . 8 6
2 . 7 3
2 . 6 0
2 . 5 0

2 . 4 8

2 . 4 1
2 3 0
2 . 2 2
2 . 1 9
2 . t 7

2 . 1 5

2 . 0 8

2.039

1 . 9 1 8

1 .834

1 . 7 8 7
r . 7 6 1

100
6
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4b
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9
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29
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5b
o
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4b

o

.)

6
1 l
t 1
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1 5

7

5

4

.)

2 . 4 1 8
2.299
2.219
2 . 1 9 3
2 . 1 8 t
2 . 1 6 1 \
2 .143)

160
10
84

J J

15
83
18
22
8

I J

t6
5
J
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29
70
3 1
28
8

t2
1 '

3
.l

8
5
8

10
9

1 2

24

9

5

I D

9
14
26
22
l o

r7
45

9

10
5b
.)n
4b
5b
4b 1 . 7 5 1

7

2

n

4

be heated intermittently for short periods, and then cooled, the resulting
r-ray difiraction pattern gradually shows the phase of meta-autunite II.
The transitional process, as shown in the left side in Fig. 1, was deter-
mined by assuming that the samples used in the experiment are admix-
tures of the three phases, and by calculating the mixing ratio by the
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PL/nmm ao:6972 A co:8.47 A (Volborth)

Brichard (1958)Calcu

lated

values

Small
cell

Takano
(19s9)

Frondel
(1956)

Gechebe

( 1 9 5 7 )
Large

cellJ
Synthetic

001
101
1 1 0
1 1 1
002
1,02
200
201
112
211
003
202
103
2 1 2
220
1 1 3
2 2 1
301
3 1 0
203

311 222
004
213
302
104
1 1 4

8 4 7
5  . 3 8
4 9 3
4 2 6
4 . 2 4
3 6 2
3 4 9
3 2 2
3 2 r
2 9 3
2 . 8 2
2 . 6 9
2 6 2
2 5 1
2 4 7
2 1 5
2 . 3 7
2 2 4
2 2 1
2 . 1 9
2 1 3
2 1 2
2 0 9
2 0 1
2 0 3
1 .946

8 5 4

4 9 3
4 . 2 8
4 2 5
3 6 2
3 5 0
3 . 2 4
3 . 2 0
2 9 3

2 6 2
2 5 1

)  4 5

2 . 3 8
2 2 5
2 2 1
2 1 9

2 1 1
2 095
2 037
2.O20
1 943

8 .
5 3 9
4 9 2
4 . 4 2
1 . 2 5
3 . 6 4
3 . 4 8

3 . 2 3
2 9 3

2 . 7 0

2 5 2
2 4 7

2 . 3 8
2 . 2 4
2 2 1

2 . 1 3

2 . 1 0
2 0 5

8 . 5 2
5 . 4 1
4 . 9 5

4 . 2 6
3 6 4
3  5 1

3 2 4
2 9 4

2 . 7 0 5
2 6 2
2 5 2
2 4 8

2 3 8
2 . 2 5
2 215

2  . 1 4

2 . l 0
2 . 0 5

001
2 2 1
040
240*
o02
222
440

042
621

213*

323*

100
32
14
1 6
30
86
2 8
1 8
10
l 1

4 8
7

9
3
4
7
6

63
1 8
8

1 7
2 2

100
44
2 l

69
85
3 1
23

l 5

3 5
o
4
4
8
5

1 0

2 61,
2 5 1
2 4 7
2 4 5
2 3 7
2 . 2 4
2 . 2 1

2 . 1 1
2 . O 1
2  . O 1
2 . 0 2
1 9 4

10
7
5

6
8
9

8
4

1
3
2
2

3
2
3

3

3
3

2

d (A)
meas

8 . 4 7
s 3 8
+ . 9 3

1 2 3
3 6 1
3 . 4 8
3 2 2

2 . 9 3

d (L)
meas I

s
s
vf
m
m
s

s
m

vf

f

m

f

d (a)
meas

d (A)
meas

8  5 1
5  . 3 9
4 9 6

4 2 8
3 6 3
3 . 5 0

3 2 4
2 . 9 4

2 . 6 8
2 6 1
2 5 1
2 4 7

2 . 3 8
2 . 2 5
2 2 1

2 . 1 4

2 . 1 0
2 . 0 4

1 9 4

d (A)
meas.

5  . 9 8
5  . 3 5
4 . 8 4

4 1 2
3 5 6
3 4 4

3 1 9
2 . 9 8

2 . 5 8

2 -19

2 . O 8
2 . O 1

1 9 2

10
2
0 . 5

2
1 0
5

5
4

423*
523*
480

6 1 3  f

623
633"

* Where Brichard's indexing does not agree with Volbo-rth's, the IIKZ indices are marked rvith an asterisk

t In this table all calculated d values larger than 2.00 A for small cell are given.

{ Large cell, oo: 19 .72, co:8 47; by the transformation 220 /22O/O01.

Alexander Klug method. Unlike single crystals, transition of powder

samples occurs sporadicaily, beginning with scattered grains within the
holder, and continues as water escapes, unti l the transition is completed'

The above-mentioned experiments were repeated and diffraction pat-

terns of the respective phases were separated, as shown by Tables 2, 3

and 4. In the *ray data hitherto reported, autunite diffraction patterns

were generally commingled with several meta-autunite patterns, and
meta-autunite patterns contained some of autunite l ines. Consequently,
there may have been many cases where the diffraction pattern of one
phase was erroneously indexed as the other phase, so that the resultant
calculated values became identical incidentally. T'herefore, even about

the phase of meta-autunite I which has been studied best of all in this

series, discussions are sti l l  going on whether or not the o0 value should be
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Pmmm

ao:6 .55r4  bo :7 .05sA eo:g .16rA (N ingy6-pass)

8t7

Calculated values Ningy6-Pass Mt. Spokane

001
100
011
110
111
002

o20
200

112
2to
t2 l
003
202
013
103
300
033
004
Z L J

230

040
005
401
025

8 .  1 6
6 .  5 5
5 3 5
4. 805
4 . 1 4
4 . 0 8

3 535
3 . 2 8

3 . 1 1
2 972
2.907
2 . 7 2 2
2 . 5 5 5
2 . 5 3 9
2 . 2 2 0
2.182
2 . 1 5 7
2.041
2 .008
1 . 9 1 4

r . 7 6 8
r .633
I O(r.)

t .482

100
6

9
32
57

I J

6

+
8
5

74
A

4
5
4
4

10
6
3

3
6

8
A

8 . t 7
6 . 5 7
5 .30
4 .  8 1
4 . 1 4
4 . 0 8

3 . 5 1
3 2 8

3 . 1 0
2.963
2 . 9 2 6
2 . 7 1 8
2 . 5 5 6
I  < i 1

2.205
2 . 1 7 9
2 . 1 5 6
2.O40
2 007
1 . 9 1 6

1 . 7 7 8
1 630
1 .601
1.480

8 . 2 r
6 .  5 8
) . J J

4 8 1

4 . 0 8
3 6 0
3 . 5 3
3 . 2 7
3 . 2 1
3 . 1 2
2 . 9 7

2 . 7 2
2  . 5 8

2 . 2 1

7 .90

5 . 2 5
4.42

4 . 0 3

3 5 0

3 2 1

2 . 9 4

2 . 6 9

I

150
9
9

l 1

70
5

8
o

2b
10

1 6
2

d

10

2

10

.)

4

4

7

7

2

5
3
3

2 . 0 2

r . 8 7
1 . 8 4
r . 7 4
1 6 3

1 . 4 7

21/2 times as great. The writer's experiments by x-ray diffraction may
give a fairly precise answer to the above question.

Aurunrro

Detailed numerical data on autunite have been very few since the
study of Beintema (1938). rt is probably because of the fact that autunite
seldom occurs in nature as it easily alters to meta-autunite rr. unless the
region where autunite occurs is moist and relatively cool, like Japan and
soviet Russia, experiments on natural autunite at room temDerature are
difficult.
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Table 2 shows the r-ray diffraction patterns of autunite obtained from

the above-mentioned experiments. The experiments reveal that the sam-

ples from Ningyd Pass have slightly larger cs values than those from Day-

break. At room temperature in Japan, each of the samples showed the

(001) peak of meta-autunite I on the outer side of (002). This phenome-

non was especially noticeable in the Daybreak samples. Nevertheless, in

the experiments on the samples fully soaked in water (Fig. 16-2), this

peak disappeared, and it coincided with the diffraction pattern of meta-

autunite I. Thus, it has been confirmed that the peak does not belong to

the autunite phase.
Small flakes of autunite were separated from the Ningyd Pass samples

and more than sixty flakes were tested by r-ray oscillation photographs.

Autunite flakes, no matter how thin, are considered to consist of aggre-

gation of parallel crystals with interspaces parallel to (001). It is, there-

fore, very difficult to obtain specimens suitable for single crystal tests.

The writer was able to find seven such autunite flakes, and made a- and

c-axis Weissenberg photographs. The cell dimensions of autunite were

conf i rmed o.s a() :6.97,  cs:20.76 A.  Only ref lect ions wi th h lk* l ' :2n

were found. Hence the space group is I4f mmm, and the indexing of the

powder patterns was confirmed. Figure 2 shows the 0-level Weissenberg
photograph with rotation around the o axis.

Mnr,q.-AuruNrrE I

Table 3 shows the experimental values obtained by the writer from the

Ningyd Pass samples and the values converted from the calculated values

of Volborth (1959). With a marked increase of data on meta-autunite I,

two different theories concerning the value ol an ate being advocated;

one is represented by Beintema and Volborth who maintain that ao is

6.97 h, while the other is supported by Donnay and Brichard who insist

that ao is 19.8 A, which is 2t/2 times the former. However, the present

experiments were convenient for studying this problem, for the writer

was observing the transitional stages of autunite. The experiments re-

vealed, as indicated in Table 3, that the index (B) of large cell of meta-

autunite I reported by Donnay, Brichard and others corresponds to in-

dex (A)  of  autuni te,  i .e . ,  B(240) is  Ai t tz ; ,  B(213) is  A(107),  B(613) is

A(217) and A(312),  and B(633) is  A(0 '0 '10)  and B(302).  As the d i f f rac-

tion patterns representing large cells are all weak, it may be appropriate

to think that autunite phase is included there, and the small cell theory

of Volborth seems to be right. The samples from Ningyo Pass even

showed (111),  (112) ,  (203)  and (213)  l ines which do not  occur  among the

experimental values by Volborth although they are found among his

calculated values. In addition, almost all diffraction lines which did not

disappear, were those of the space group P4f nmm, whereas no difirac-



X-RAY STU DY-OF A{ITLIN IT]i:,

2C l0 20 30 {0 46

Frc. 2. X-ray difiractometer traces of transition in the autunite series Samnles from
Daybreak Mine.

A-autunite; B-meta-autunite I; C-meta-autunite II.

tion lines supporting the large cell theory of Donnay and others were
found.

MBra-AuruNrrE If

Important new data on meta-autunite II have been contributed by a
recent study by Leo (1960). Since he did not index the powder photo-
graphs, the present writer has carried out the indexing. The results are
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\

\

c X  a I  c

Frc. 3. Weissenberg photograph of autunite; O-level, rotation around @ axis. Symbols:

O-very strong; !-strong, Q-medium; A-weak; o-faint.

shown in Table 4, along with the new data obtained in this paper. The
cel l  d imensions obta ined @o:6.55,  bo:7.05,  and rs:8.16 A;  space group
Pmmm. According to Crystal Data (Donnay and others, 1954), as
:6 .97 ,  6o :8 .65 ,  and  c6 :6 .45  A ,  wh i l e  Be in tema  repo r ted  a0 :6 .45 ,
bo:6.97,  and ca:S.65 A.  However,  in  the wr i ter 's  prec ise exper iments '
the basal reflection (001) of meta-autunite II appeared as one of the
double l ines on the outer side of (001) of meta-autunite I. It has become
clear, therefore, that c0 of meta-autunite II should have a smaller value
than cs:3.47 A of meta-autunite f . Thus, co of meta-autunite II becomes
8.16 A,  instead of  8.65 A.

Using the lattice constants of meta-autunite II obtained in the present
experiments, indices cannot be assigned to 3.60 and 2.31 A of Leo's data.
However, (102) and (201) of meta-autunite I are fairly strong reflections,
and roughly correspond to the two above-mentioned values, so it is pos-

sible that Leo's data resulted from the mis-indexing of these reflections.
When meta-autunite II is measured at high temperatures, difiraction

patterns of a different lattice having 7.6 to 8.0 A basal reflections can be
obtained. This cell is probably an orthorhombic cell in which oo:5.58,
bo:6.36 and co:7.95 A. Its lattice constant becomes shorter with in-
crease in temperature, and when cooled it returns to the init iai state of
meta-autunite If.

DrscussroN

As r-ray study of single crystals of autunite has been limited, in many
cases reflections have been assigned indices impossibie for an I latt ice.
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fn powder data for fully hydrated autunite by Leo (1960, Table 6), the
reported indices (009), (140) and (029) are an example. rn the writer's
experiments (1959) using Buerger's precession camera, it seemed that the
(hk0) reflections appeared with h+k+l:2r+I. However, when
(hk1) and hk2 levels were obtained, it was found that reflections.from
more than one level were being recorded. An autunite plate may look like
a single crystal because of the very perfect cleavage, but in fact it is an
aggregation of several pseudo parallel-grown crystals with markedly
iarge dimensions of co. Consequently, reciprocal lattice points of different
levels of other slightly inclined crystars give such effect as mentioned
above.

Previously the writer made precise measurements of the crystal struc-
ture, morphology and optical character of xanthophyllite, and found
that pseudo-hexagonal plates of the mineral consists of many-sectored
structures of varied orientation (Takano and Takano, 195g, Fig. 4). Then,
in micaceous autunite having such structures, he unraveled a similar rela-

It is important, but very difficult, to determine quantitatively the de_
gree of hydration at each stage of the autunite series, because the min-

ical value 12 H2O, as a result of intermixture of some meta-autunite f.
The writer has entrusted M. Tsuboi and K. Takano with the measure-
ment of the hydration state of autunite by infrared absorption, so the
result will be reported in the near future.
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