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NINGYOITE, A NEW URANOUS PHOSPHATE
MINERAL FROM JAPAN*
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ABSTRACT

Ningyoite, Ur_"Car_,R.E.2"(POn), . |-2IJ2O, where r is about 0.1 to 0 2, is a new uranous
mineral which occurs in an unoxidized zone of the Ningyo-toge mine, Tottori Prefecture,

Japan. It coats pyrite and other minerals, or fills cavities and cracks in the ore Ningyoite
is acicular or elongated lozenge-shaped, and is very fine grained. The color is brownish
green or brown in transmitted light, and faint pleochroism, darker in tbe Z direction, is
observed. Extinction is parallel with positive elongation. The index of refraction varies
and is about 1.64. Double refraction seems to be low. The r-ray pattern of the mineral
resembles that of rhabdophane, R.E.POr'HzO, but whereas rhabdophane has hexagonal
symmetry, ningyoite is pseudohexagonal, orthorhombic, and the space group is probabiy
P222 (Drt) .  The uni t  cel l  has dimensions o:6.78*0.03 A,  b:12.10+0.05 A,  and c:6.38
+ 0.03 A, and contains 3 formuia weights.

A similar compound, UCa(POD: 1.5HrO, was synthesized from slurries composed of
uranous phosphate and calcium phosphate in sealed glass tubes at 150' C., and 185" C.
at pH 1.4 to 4.8. The synthetic compound was not obtained at 100' C. and 130" C., nor
when the HCI concentration was greater than (1*10) The synthesized acicular crystals
are green in transmitted light. Pleochroism is Z:green rtr4 11:pale green. Extinction is
parallel, elongation positive. a is between 1.69 and 1.70, and 7 is between 1.70 and 1.71,
but they are variable. The r-ray powder difiraction patterns of the samples of the synthetic
compound are almost the same as that of the natural ningyoite, except for slight difierences
in line spacings. The cell dimensions are a:6.73!0.03 i\, b:12.13+0 05 A, and c:6.36
+0.03 A.

Upon heating at 800' to 900' C. in argon, both the natural mineral and the synthetic
compound changed to a monazite-type structure which has a smaller cell size than that of
natural monazite and is close to that of cheralite.

The properties of ningyoite and the synthetic mineral are compared and the effect of
the presence of rare earths on the properties of the former are discussed.

The mineral was named for the locality.

IwrnooucrroN

The uranium deposit in Ningyo Pass, Tottori Prefecture, Japan, was
found in November 1955, by the carborne radiometric survey of the Geo-
Iogical Survey of Japan. Since the discovery, the area has been explored
by the Atomic Fuel Corporation, Japan, and it is now the biggest uran-
ium mine in Japan. Originally, only autunite was known as the ore min-
eral, but in March 1957, a more radioactive black ore was found in the

+ Publication permitted by the President, Atomic Fuel Corporation, -fapan. Publication
authorized by the Director, U. S. Geological Survey.

1 Atomic Fuel Corporation, Tokyo, Japan.
2 U. S. Geological Survey, Washington 25, D. C.
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unoxidized zone by members of the Atomic Fuel Corporation, Japan.
After the discovery of this black ore, Tadashi Nluto and Toru Nlurano

were assigned to study the mineralogy of the black ore, and found that
the uranium in the ore was not in known minerals. The nature of the new
mineral, however, could not then be determined because of the extreme
fineness of the crystals and the difficulty of obtaining a pure sample of
this mineral.

In March 1958, Muto was sent to the U. S. Geological Survey where he
and members of the U. S. Geological Survey resumed the study of this
mineral after a purer sample was prepared. Subsequent r-ray, spectro-
graphic, and microchemical analysis revealed the nature of the mineral.
However, as a pure fraction of the mineral could not be separated,
synthesis of the mineral was undertaken.

The new mineral, ningyoite, is named for the locality, Ningyo Pass.

OccunnBNcp or NrNGYorrE

The geology of the Ningyo-toge mine was described by Katayama and
Sato (1957), and Sato (1958). The Tertiary conglomerate where ningyoite
occurs is called the Ningyo-toge formation, and overlies the eroded sur-
face of Cretaceous granite. The pebbles are mainly granite and andesitic
rocks. Ningyoite occurs in the unoxidized zone, usually as a thin coating
on pyrite and apatite or filling cavities, especially in the matrices of the
conglomerate or on the surface and along the cracks of the pebbles. IIin-
erals associated with ningyoite are pyrite, marcasite, sphalerite, apatite,
chlorite, gypsum, qu.artz, feldspar, hypersthene, biotite, rutile, calcite,
kaolinite, montmorillonite, and traces of unidentified minerals. At least
the first six minerals seem to have been brought in after the sedimenta-
tion along with ningyoite, which is apparently the last phase except for
gypsum. A photomicrograph of a thin section of the ore is shown i1 ! ' io 1

Pnvsrcer eNr Oprrcar, PRopERTTES oF NrNGyorrE

The ore containing ningyoite is black or gray, and is very friable.
Cavities are abundant. Because of its extreme fineness and contamina-
tion with other minerals the specific gravity and hardness of the mineral
cannot be measured. It sinks in methylene iodide.

Ningyoite is acicular or elongated lozenge-shaped. The color is brown-
ish green to brown, and slight pleochroism was observed, the color being
paler in the X direction. Extinction is parallel, elongation positive. The
crystals are so small (about 5p) that the index of refraction cannot be
measured exactly, but it is estimated to be about 1.64, and seems to
vary a" little from crystal to cgystal. The double refraction seems to be
Iow.
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SnpanarroN

Ningyoite is very difficult to separate because of its extremely small
crystal size and intimate association with pyrite, clay minerals, and other
contaminants. Radioactivity is higher in the finer-grained part than in
the coarser-grained part of the ore. The ore was crushed in a ball mil l for
about one minute, and then passed through a 40-mesh sieve. The coarser
part was discarded. The finer fraction was ground again in a ball mill for
about 15 minutes, and the - 100 mesh fraction was treated several t imes

Frc. 1. Photomicrograph of a thin section of a ningyoite ore. pyrite
(black mass) is coated by ningyoite growing towards a cavity.

on a wilfley table. The more radioactive black material was concen-
trated in the intermediate portion between pyrite and felsic minerals.
The ultrasonic separator was used to remove clays from the brack ma-
terial. Flotation, centrifuging in methylene iodide, and magnetic separa-
tion were used repeatedly and alternately. Most of the pyrite was re-
moved by flotation using the Mayeda cell. Quartz, calcite, and feldspar
were removed by bromoform. l\rlost of the apatite went to the nonmag-
netic side of the Frantz isodynamic separator at the intensity 0.5 ampere.
The final concentrate (sample no. c-1-l{) seemed to be about 60 to 70 per
cent ningyoite, and the remainder was found to be mostly hypersthene
and organic material, but still contained very small amounts of pyrite,
rutile, quartz, feldspar, and probably various phosphates of calcium,
manganese, aluminum, and iron, including apatite.
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CunlrrsrnY

As ningyoite could not be purified sufficiently, a preliminary leaching

was made on a sample (sample no. N-2-W), a lower concentrate (about

30 per cent) of ore taken from another place in the mine. About 200 mg.

of the sample, whose radioactivity was 1,574 counts per minute as meas-

ured by a Geiger-Miil ler counter, was treated with cold (1+ 1) HCl. After

10 minutes the green solution was filtered. The radioactivity of the resi-

Tnn1n 1. Snurqun+lrertvr Spngrnocnernlg AN.a.lvsrs or I Rrsrnup, Arron EvlpOne-

rroN' oF rHE (:I3,fi:lTEffi::"iT:-1;-e cowcnN-

Analyst: J. C. Hamilton, U' S. Geological Survey

Per centl Elements

>10
7
J

I  - . )

o . 7
0 . 3
0 .  15
0 .07
0.03
0 .015
0 003

C a U
P
Fe
C e Y
La Nd
Ba Dy Er Gd Mo Pr Sr

Al Mn Pb Sc Si Sm Yb

M g Z r

Cu
Be
Cr

I  Figures are reported to the nearest  number in the ser ies 7,3,1.5,0.7 '  0.3,0.15,  etc ' ,

in per cent. These numbers represent midpoints of group data on a geometric scale'

Comparisons of this type of semiquantitative results with data obtained by quantita-

tive method, either chemical or spectrographic, show that the assigned group includes the

quantitative value about 60 per cent of the time.

due was 96 counts per minute. By measuring the intensities of the char-

acteristic r-ray difiraction lines of the contaminating minerals using an

r-ray diffractometer, before and after the leaching, it was shown that

most of these minerals were not dissolved although the ningyoite went

into solution. The semiquantitative spectrographic analysis of the

residue, after evaporation, of the (1*1) HCI soluble portion is shown in

Table 1. It shows that the rare earths such as Y and Ce are present to-

gether with the major constituents Ca, U, and P of the dissolved fraction.

The purest concentrate, C-1-M, was dried at 110o C' for about a week,

in order to remove adsorbed water, before the infrared analysis The

dried sample was inserted between two sodium chloride plates with a

mineral oil. The curve is shown in Fig. 2. Peaks appearing at 3.4, 6.8,7 .2,

and 13.8 p are caused by the oil. Peaks at 3.0 and 6.1 pr represent water
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(Hunt and others, 1950) . A broad depression from 8 to 12 p having a
peak at 9.5 p seems to indicate the presence of phosphate. There is no
indication of the presence of the uranyl radical which should appear
sharply at 10.6 /, (R. G. Milkey, U. S. Geological Survey, oral commun-
ication, 1958). This strongly suggests that ningyoite is a quadrivalent
hydrous uranium mineral because all known sexivalent uranium minerals
contain the uranyl radical.

SvNruBsrs oF NrNGYorrE

Various procedures for the synthesis were tried. The method by which
a comparatively pure sample was obtained will be described in detail.

Fifty milliliters of a 0.5 M solution of UOzCI2 was reduced in a Jones
reductor to UCI+ in the presence of excess HCl. Phosphoric acid (0.05
M) was added and the gelatinous precipitate was washed with water

t t t l l l l t t i
5 6 7 A 9 r o t l 1 2 t A h

WAVELENGTH ts ICRONS

Fro. 2. Infrared analysis curve of ningyoite. 1. Blank. 2. Ningyoite with oil.

several t imes, Ca(HzPOa)z.HzO (6.3 g) and water were added and mixed
well. The resulting siurry was divided into three equal parts. To each of
two parts were added 2.I g. and 6.3 g. of Ca(HzPOr):.H2O, none was
added to the third. The resulting mixtures have U:Ca atomic ratios of
l :2 ,  I :4 ,  and 1:1,  respect ive ly .  Glucose (0.015 g.)  was added to each
part as an antioxidant. Approximately 10-ml. portions of slurry were
sealed in 20-ml. glass tubes under nitrogen. Portions have the same
U:Ca ratio were run in quadruplicate, two being heated at 150o C. and
two at 18.5' C. After 18 days at 150' C. and 7 or 15 days for 185o C.,
the tubes were opened and the precipitates were filtered on a glass filter
and washed with (1*5) HCI and then with water to remove excess
calcium phosphate and uranium salts. This acid concentration was se-
lected to minimize the solution of the synthetic compound and to re-
move the contaminants as completely as possible.

The pH of each solution before and after heating is shown in Table 2.
The grayish-green precipitates were checked with an n-ray diffractome-
ter for the major lines of ningyoite. These lines were almost identical with
those for the natural ningyoite except for slight shifts of 2d. Differences
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in temperature and pressure during synthesis did not seem to affect the

x-ray patterns, but diflerences in composition of the original slurries did

affect the positions and the intensity ratios of the peaks. The sample

wi th U:Ca rat io  oI  t :2 ,  formed at  150" C.  (sample no.  Cup-E2-150) '
appeared to be most similar to the natural material.

A similar procedure, in which a 1: 1 U: Ca ratio was used with an init ial

pH of 4.8 and maintained at 100o or 130o C., failed to produce ningyoite.

Under the same experimental conditions, the synthesis, however, was

successful at 150o C. The precipitate formed at 1000 C' was almost

amorphousl that at 130' C. gave an r-ray difiraction pattern but not

TltlLn 2. Erlrcr ol Hra.rrNc oN pH ol Slunnrns Usno rN Svxrnnsrs

Temperature

f  c.)
Heating time

(days) U : C a : 1 : 1
(Cup-E1)

U : C a : l i 2
(Cup-E2)

U : C a : 1 : 4
(Cup-E3)

Unheated
185
185
150

0
7

15
l 6

1 . 6
1 . 5
I . J

t . 2

1 . 8
I . J

1 . 3
1 . 2

2 . t
L . l

t . 4
1 . 3

I Measured at room temoerature.

that of ningyoite. Ningyoite could not be synthesized using solutions

containing 1: 1 HCl. Under the same experimental conditions, uranyl
phosphate with glucose at pH 1.4 resulted in the formation of ningyoite,

but did not if the original slurry was dissolved in 1: 10 HCI' In both runs,

uraninite was also detected.
The synthesized compound is grayish green and extremely fine

grained. Its specific gravity was not determined because of the extreme

fineness of the material. Under the microscope, it is acicular crystalline,
and green in color. Extinction is parallel, elongation positive. Pleo-

chroism is recognized withZ:green, and X:pale green. The indices of

refraction vary, but d seems to be between 1.69 and 1.70 and 7 between

1.70 and 1.71. The r-ray pattern of the compound did not change after

heating in air to 160o C., but the average index of refraction dropped to

1.66. This effect can be explained by the existence of zeolit ic water as in

rhabdophane (Nfooney, 1950). The difierence in the indices of refraction

between natural and synthesized ningyoite seems to be caused by the
presence of rare earths in the natural mineral, and probably also by the

variation in the amount of zeolit ic water.
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ANaryrrcar PnocBnunBs

The selection of the methods used for the chemical analysis of the
natural material and the synthetic compound was guided by the qualita-
tive spectrographic analyses of the samples by K. V.Hazel and H. W.
Worthing, U. S. Geological Survey. Micro- and semimicro chemical
procedures were used for the various determinations. Approximately 50
mg. of the final concentrate of the natural material and 125 mg. of the
synthetic compound was available for chemical analysis. Both samples
were ana"lyzed by essentially similar methods.

One portion of each sample was used for the total water and carbon
determinations, another for the HrO(-), (1+1) HNOg insoluble, total
uranium, PzOr, CaO, and FeO determinations, and a third portion for
the UOr determination.

The first portion, approximately 25 mg. for each sample, was dried to
constant weight at 110o C. and then boiled with acid to determine the
insoluble residue. An Emich microbeaker and sintered glass filter stick
was used for the separation of the insoluble residue which was dried to
constant weight at 110o C. The synthetic compound was boiled with
(1+1) HNOa and the residue was washed with dilute nitric acid and
water before drying to constant weight. The insoluble residue in the syn-
thetic material was found to be sil ica, which seems to come from glass
filters used in the synthesis.

To minimize the solution of pyrite during the decomposition of the
natural material for the subsequent determination of the major con-
stituents of the mineral, the natural material was boiled with (1*3)
HCI instead of (1{1) HCI as was done in the preliminary leaching ex-
periment described above. The appearance of the insoluble material re-
maining after boil ing with (1+ 1) HCI did not seem to differ greatly from
the appearance of the natural material before boiling. The solution was
Iight yellow. To insure the solution of most of the ningyoite present,
concentrated HNO3 was added and the mixture boiled again. The boil ing
was continued until most of the black material was decomposed. The
solution was now dark yellow and the residue contained some black
dense material but the major part of the residue appeared to be fluffy
and brown. The residue was mostly noncrystall ine sii ica; hypersthene,
quartz, and pyrite were present. The residue was washed with dilute
nitric acid and water before drying to constant weight.

Aliquots of the filtrate from the acid insoluble determination were used
for the total uranium, P2O5, FeO (total iron), and CaO determinations.

Total uranium was determined spectrophotometrically by the am-
monium thiocyanate procedure in acetone-water medium. PzOs was de-
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termined spectrophotometrically as molybdovanadophosphoric acid.
A standard curve was made using known PzOs solutions containing ap-
proximately the same concentration of uranium present in the aliquot
of sample solution taken for the determination of PzOs. Total iron was
determined spectrophotometrically by the o-phenanthroline procedure.
CaO was determined by flame photometry (wavelength:554 mp).
The solution was compared to standard calcium solutions containing
approximately the same concentrations of uranium and phosphorus as
present in the solution analyzed.

The UOr was determined volumetrically after solution of an 18-mg.
portion of the synthetic compound in boil ing (1+3) HzSO+. The dissolved
sample was titrated with approximately 0.03 N. standard KN{nO1; UO3
was calculated by difference. Carbon and total water were determined
by use of a modified microcombustion train of the type used for the de-
termination of carbon and hydrogen in organic compounds; 30 mg.
synthetic compound and 20 mg. of natural material were decomposed
by ignition at 900o C. in a stream of oxygen.

ANarvrrcnr Rnsur-rs

Table 3 shows the results of spectrographic analysis of the purest
concentrate of natural material, the acid soluble portion (approximately
70 per cent of original) , and the acid insoluble portion. One-milligram
samples were used. Table 4 shows the results of the microchemical anal-
ysis of the natural material and the synthetic compound. These results
indicate that the chemical formula of the synthetic compound is CaU-
(POr ) r . 1 .5HrO.

From Table 3 it appears that all the phosphorus, yttrium, barium,
boron, and ytterbium, and most of the calcium go into solution along
with the uranium. As most of the rare earths shown in Table 1 were not
detected in sample C-1-M by qualitative spectrographic analysis (Table
3) owing to the smallness of the sample and the limitations of the method
(Stich, 1953) , an r-ray fluorescence analysis was made by J. M. Axelrod,
U. S. Geological Survey, on the acid soluble part of a specimen less con-
centrated than C-l-N{. \{inor amounts of Y, La, Ce, Nd, Er, Sr, Pb, Mn,
and Cr, and possible minor amounts ol Zn, Cu, and Gd were detected
together with major amounts of U, Ca, and Fe. The total amount of rare
earths seemed to be a few per cent.

It is impossible to get the exact chemical formula of ningyoite from
the analysis shown in Table 4 because of the impurities. However, as dis-
cussed below, the *-ray data indicate a similarity of structure of nin-
gyoite, the synthetic compound, and rhabdophane which has the ideal
formula R.E.(PO4).H2O (Palache and others, 1951). This suggests that
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Tesr,E, 4. Mrcnocrleurcal ANar,vsns or CoNcENTRATB or Nrncyorrr (C-l-M)
aNo Syxrunsrzrn ColrpouNo (Cup-E2-150)

Analyst: Robert Meyrowitz, U. S. Geological Survey

Molecular ratio Cup-E2-150 Molecular ratio

CaO
UOz
UO,
PzOr
FeO

Rare earths
Acid insoluble
HzO (total)

Total
H ,O( - )

C

6 . l r
z J  .  J " '

N.D 3

1 6 . 8 r
4 .8 r ' 4

N .D .3
30 .9
9 . 3

9r .2
1 9
L . J

0 .92
o . 7 3

1 . 0 0
0 .56

I  I  - . )

5 0  . 8
0 . 7

2 9 . 4
N D 3
N.D.3

1 . 0
5 . 4

98 .8
t 2
0 . 1

0 . 9 9

0 . 9 2

1 . 0 0

I  A <

I Acid soluble.
2 Total uranium as UOz
3 Not determined.
a Total iron as FeO.

ningyoite has a formula close to CaU(PO+)z'2HzO, in which the rare
earths of rhabdophane are substituted for by equivalent amounts of
calcium and quadrivalent uranium.

In interpreting the results in Table 4, excess calcium may come from
the contaminating apatite and calcite. Iron seems to come mostly from
pyrite and hypersthene and partly from the soluble phosphate minerals.

Although one cannot calculate the molecular ratio of the rare earths
from the available spectrographic data, it may be estimated that the
mineral contained a few per cent rare earths. This would be equivalent
to a molecular ratio of a few tenths or less. Hence, excess phosphorus
can be accounted for by rare earths, apatite, and possibly other soluble
phosphate minerals. The high content of water seems to be derived from
the organic material in which hydrogen has been oxidized to water.

There is no direct proof showing that uranium and calcium coexist
with rare earths in the same mineral, but this seems reasonable, when we
consider the deviations of the unit cell of the natural ningyoite and the
synthetic compound from the hexagonal unit cell of rhabdophane. The
comparison wil l be described later.

The chemical formula of ningyoite can be presented as
Car-,Ur -R.E.r,(POr, l-2H2O,

where r is about 0.1-0.2.
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X-Rav powonn DrlrnacrroN parrnnNs

x-ray powder diffraction films were made on the final concentrate of
ningyoite (C-1-M) and on the synthetic compound (Cup_E2_150). They
resemble that of rhabdophane, a hexagonal hydrous iare eartir phos_
phate (Hildebrand and others, 1957). Figure 3 shows firms of rhabdo-
phane (from Salisbury, Conn.), ningyoite, and the synthetic compound.
The diffraction lines of the ningyoiie and the synthetic .o-poood ur"
sotroad that their crystallinity seems to be poor.

rt was necessary to assume orthorhombic symmetry to index the
patterns of ningyoite and the synthetic compound, though they are
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Teelr 5. X-Rav Powoon Du'ltq'cttoN D'{u, rN A, lon Rnn'noo-

rrraNe, NrncvorrE, AND :trre Svxtnr'lrc Coupouxo

Rhabdophane
(Salisbury, Conn )

d(obs.)l I d(calc.) hh.l2 hhls J(obs)a I d(calc ) d(obs.)a I d(calc.)

Ningyoite
(c-1-M)

Synthetic comPound
(Cup-E2-150)

010 12
100 6 .8
001 6 .35

020 5 .99
110

0 1 1  5 . 6 5
120 4.49

021
l r l  4 .33

030 4.02

130 3 .45
200 3 .38

0 0 2  3 . 1 9

131
201 3.02
040
220

022
t lz  2 .81

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

t32  2 .35
202 2 .33

f  12 .10
t  6 . 7 8
vw 6 .38

wb 6 .05
5 . 9 2

vw 5 .64
v w  4 . 5 1

4 . 3 9
m  4 . 3 4

f  4 . 0 3

w  3 . 4 7
mb 3 .39

f  3 . 1 9

3 . 0 5
vsb 3 .00

3 . O 2
2 . 9 6

2 . 8 2
s  2 . 8 1

v w  z . l J

vw 2 .69

w  2 . 3 5
I  a z J

t2
6 . 8
6 .33

6 .03

5 .68
4 .48

4 .30

4.04

3 .46
3 . 3 6

3 . 1 8

3 . 0 2

1 2 . 1 3
o .  / J

6 . 3 6

wb 6 . 0 7
5 .89

5 .64
4 . 5 0

4 . 3 9
4 . 3 2

4 . 0 3

J . + r

3 . 3 6

3 . 1 8

3 .03
2 . 9 7
3 .03
2 .92

2 . 8 2
2 .80

2 .74
2 .63

n 2 A

2 . 3 1

o . u /

+.40

3 . 4 9

3 . O 2

2 . 8 3

3 . 4 9 1 1 . 0

3 . 0 6

3 . 0 2

2 . 8 2

2 . 7 3

2 . 3 6

mb

f

to.2
2 .80

f
2 . 3 6 2 . 3 5

2 .30

Orcler of decreasing intensities: vs, s, m, w, vw, f I b:broad'

r Measured on f-ray powder difiraction film, camera diameter 114'6 mm' CuKa radia-

t i on , ) , :  1 . 5418  A ;  d1obs . )  cu t - o f f  a t  12  A .
2 Indices of the hexagonal sYstem.
3 Indices of the orthorhombic system.
a Measured with r-ray diffractometer, using CuKa radiation, X:1'5418 A' 1"/-itt' '

time constant 4 sec., scale factor 2.

(Contdnued' on nerit Page)
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Tesre 5 (conti,nued)

04.)

Rhabdophane
(Salisbury, Conn.)

d(obs.)1 I d(calc.) hk.lz

2 . 2 8  v w

2 . l S  s

2 . 0 2  f

2 .29  2 l  .O

2 . 1 5  2 r . l

2 . 1 3  0 0 . 3

2 .O2 30.0

1.920 w 1 .923 30 .1

1 . 8 5 9  m  1 . 8 5 9  2 1  2

r .741 20 .3
L743 vwb

r . 7 4 6  2 2 . 0

1 .704 vw 1 .705 30 .2

1 . 6 7 5  v w  1 . 6 7 8  3 1 . 0

Ningyoite
(c-1-M)

Synthetic compound
(Cup-E2-150)

hkls d(obs.)a I d(calc.) d(obs.)a I d(calc.)

150
240
310

151
241
3 1 1
003

060
330

061
331

152
242
312

o43
223
260
400

o62
332

170
350
420

2 . 2 6  I
) ) )  f

2 . 2 8
2 . 2 6
2 . 2 2

2 . 1 5
2 . 1 3
2 . 1 0
,  1 l

2 . 0 2
1 . 9 7 3

1.923
1 .885

1 .853
1.842
1.824

1 . 7 3 9
1 . 7 2 7
I .  / J J

1 . 6 9 6

1 . 7 0 4
r . 6 7 8

1 . 6 7 5
1 . 6 5 2
1 .633

2 . O I  f

r .926 t
1.903 vw

1 . 7 4 O  w
1 . 7 2 8  f

7 . 6 9 2  w

2 . 2 8
' )  ) <  c  I  1 <

2 . 2 0

2 . 1 2  s  2 . 1 2
2.08  f  2  08

2 . 1 2

2 . 0 r  f  2 . 0 2
r .961

|  .926 I  1 .926
1.899 vw 1 .875

1.844
1.842 q/b 1.838

1.814

1 . 7 4 0  v w  1 . 7 3 7
r . 7 2 2  t  1 . 7 2 0

I .  / J J

1.688 w 1 .682

1 . 7 0 6
r .669 f  t .669

1 . 6 7 8
1.647 vw 1 .646

L.621

t .542 I
1 . 5 0 6  f
1 .449 t
1 .346 vw
1.304 vw

r . 2 6 2  f
1 . 2 4 6  t

1.653 vw
r .634  I

I .  J + /  V W

1 . 5 0 5  f
1 . 4 5 1  I
1.343 vw
1.307 vw

1 . 2 6 2  t
r . 2 4 7  f
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ideal hexagonal system. Table 6 shows that the deviation of the ratio is

greater in the synthetic mineral than in ningyoite.

Pnasn CneNcns oN HEATTNG

Both ningyoite and the synthetic compound were heated at various

temperatures. Ningyoite ignited at 800o C. for 15 minutes and the syn-

thetic compound ignited. at 900o c. for 10 minutes (both in argon)

changed to a monazite-type structure as indicated by their r-ray powder

patterns. Table 7 shows their *-ray difiraction patterns together with

those of natural monazite and the synthetic cheralite, CaTh(POa)2, one

TAum 6. CBr-r, Drl,mnsror.ts or RnesnopraNn, Nrncvotrn,

AND THE Svxrnmrc CouPoulo

CuKa radiat ion,  I :  l  .  5418 A

Rhabdophane
(Salisbury, Conn.)

R.E.PO4'HrO
(generalized formula)

Hexagonal unit cell

a :6 .73+0 .03  A
b : 1 2 . 1 3 1 0 . 0 5  A
c :6 .36+0 .03  A
d :  b : c :0 .555 :1 :0 .524
V :51e .2  A3
Sp. gr .  (calc. ) :4.75

a :6 .98+0 .03  A
(b :12 .10+0 .0s  A ) *
c :6 .39+0 .03  A
(a ib i c :0  . 577  i  1  : 0  . 528 ) *
y :269 .4 As, (S39. 7 As)*

Ningyoite
(c-1-M)

Car-"Ur-,R.E.:, (POn)r' I-2H2O

Orthorhombic unit cell

o :6 .78+0 .03  A
b : 1 2 . 1 0  + 0 . 0 5  A
c :6 .38+0 .03  A
a:b ic :0 .s f f i i1- :o .527
Y :5X .4  Aa

Synthetic compound
(Cup-E2-150)

CaU(POr)z '1.5HzO
Orthorhombic unit cell

* The figures in parentheses show those of the orthorhombic lattice which were trans-

formed from the hexagonal lattice'

of the monazite-type minerals (Bowie and Horne, 1953). Very weak lines

of uraninite in the film of the ignited ningyoite and a few additional

lines presumably of an unknown phase, are omitted in Table 7.

The cell size of synthetic cheralite is most similar to that of the ignited

ningyoite among the minerals having a monazite-type structure. The

cheralite cell is slightly larger than the cell of the ignited ningyoite. This

seems to be a result of the ionic radii of the elements involved, given in

Table 8. The ionic radii of U+4, Th+4, Ca+2, and rare earths are given in

Table 8. The fairly good similarity of the n-tay pattetns of the ignited

ningyoite and synthetic compound may indicate that the average ionic

radius of the rare earths contained in natural ningyoite approaches the

average ionic radius of quadrivalent uranium and calcium, where as

natural cheralite from Travancore, south India, has a Iarger cell size

than that of the synthetic cheralite because natural cheralite has large



Monaziter
(from Magnet
Cove, Ark.)

d(obs.)

1 1 1
200
120
210
r12 ,012

202
2 l l
212,  l t2

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

J . . ) l

3 .30
3 .09
2 . 9 9
2 . 8 7

2 . 6 r
2 . 4 4
2 . 4 0
2 . 3 4
2 . 2 5

2 . 1 9
Z . I J

2 . r 3
2 .O2
1.961

1 933
1 .895
1 .870
1 .859
t .797

r .762
l .  / - t /

I  .689
1 .64.5
1 .600

1 .53.5
1 .463

I  .386
1 . 3 6 8
| 339
1 . 3 2 9
1.307

1 .280
| . 2 6 1
1 . 2 4 5
| 233
1 . 1 8 9

I J

6
18
25
I

Z J

50
r00
1 8

1 8
18
4
4
z

1 8
25
25

z

25

6
t . )

1 8
1 8
9

1 8
25
13
6
6

13
4

J

4
o
9
2

o
2
3
9
3

o
3

Tesln 7. x-Rev Pomnn D-rr'necrrow Dau, rN A, o'MoNezrrE, A syNTHETrc cnnne-
Irrn, Icwrmn Nrxcvorru, ero Ibnrr:ro SyNrrrnrrc ioupouro

CuKa radiation, I: 1.5418 A, came.a diameter: 114.6 mm; d(obs ) cut_off at 12 ft
l

Synthetic
cheralite2

(CaTh(POr)r)

|snitea I Ignited synthetic
nrngyoite I compound
(c-1-M) I (Cul>E2-1s0)

d(obs.) d(obs )

5 1 8
4 . 6 7

4 . 1 2

J  + l

3 . 2 4

2 . 9 4
2 . 8 3

2 5 8
2 . 4 1

2 1 6
2 . t l

1 . 9 4 1

5 . 1 8
+ . t J

4 . 6 2
4 1 5
4 . O 2

3 .45
3 . 2 5
3 . 0 4
2 . 9 3
2 . 8 2

2 . 5 9
2 . 4 1
2 . 3 6
z , J l

2 . r 5
2 . t l
2  .08

1.933

1 . 7 4 0
|  . 7 1 0
1 .658
1 .603
1 . 5 7 8

1 . 5 1 7

r .347
1 . 3 2 3
1 . 3 1 3

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

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

2  . 5 8
a  i 1

2 . 3 6
z , J z

2 . 2 2

2 . 1 6
2 1 2
2 .08
1 .989
1.929

1.907
1 .870
1 .845
1 .834
1 . 7 7 4

r . 7 4 3
| . 7 1 3
1 . 6 6 4
1 .608
1 .580

1  . 5 1 9
| .444

| . J + l

1 . 3 2 3
1  . 3 1 3

1.268
1 . 2 5 9
1 . 2 3 2
1 . 2 1 6
r . 1 7 2

w
m

f
f

m
m
m
fb
s

f

m
m

m

w
f

w
m

wb
S

VS

f
f
vwb
m
f

vwb
S

VS

fb
VS

w
f
f

w

w

s
vs

VS

ms
mw

mw

mb

f
wb

f

1.872 vvw
1.846 msb

w

i
f

r . 7 4 0
1 . 7 1 8
1 . 6 6 7
1 . 6 2 9
1 .583
1 ..s56
1  . 5 1 7

| . 2 1 7

fb

w

f

f
vwb
fb

f
f

f
t

I From Carron and others, 1958, n. 264-265.z - t ' rom Bowie and Horne.  1953. D.  97.

I  9 l {*  " l  
decreasing intensi t ie i : 'vs,  s,  ms,  m, mw. w. vw, vvw; b:broad.* Urder ol decreasing intensities: vs, s) m, w, vw, f; b:broad.
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Tasln 8. IoNrc Rlorr, rN A, or g+r, Th+a, Ca+2, -tltl Rlnn Eancrs'

Ircr,uorxc Avnnecr IoNrc Reorr w NrNovortn 'tNo CnBner'rrn

Elements
U
Th
Ca
Lar
Cer
Prl
Ndr
Smr
Eul
Gdr
Tb
Dyt
Ho2

Ahrens
(r9s2,

, 168-169)

Gold-
schmidt
11O(rt

p. 89)

Ahrens
(r9s2,
168-1

0 . 8 9
0 .  8 7
0 .86
0 . 8 5

0 .983

1  . 013

Gold
schmidt
(r9s4,
p. 89)

1  .03
1 . 0 1
1 . 0 0
0 . 9 9

1 .064

1 .084

o . 9 7
1 . 0 2
0 . 9 9
t . t 4
1 . 0 7
1 . 0 6
1 . 0 4
1 . 0 0
0 . 9 8
o . 9 7
0 . 9 3
0 . 9 2
0 .91

1 .05
1 . 1 0
1 . 0 6
1 . 2 2
1 . 1 8
1 . 1 6
I  . I J

1  . 1 3
1 . 1 2
1 . 1 r
1 . 0 9
r .o7
1 .05

Er2
Tm2
Yb,
Lu2

Minerals
Ningyoite

/  u+cu \ '
I  - l

\ z  /
Cheralite

/ rn+cu \'
t l
\ 2 /

1 Forms the monazite structure on heating (Carron and others, 1958)'

2 Forms the xenotime structure on heating (Carron and others, 1958)'

3 >>Tb:0.93 (Ahrens, 1952). Should form monazite structure. Agrees with experi-

ment.
a (Ttr:1.09 (Goldschmidt, 1954). Should form xenotime structure' Does not agree

with experiment.

amounts of rare earths such as lanthanum and cerium, which have

comparatively larger ionic radii.
TLe similarity between rhabdophane and ningyoite is demonstrated in

the fact that rhabd.ophane (from salisbury, conn.) was converted to

monazite by sealing the mineral in a silver crucible containing watel and

heating at 300' C. for 5 days (Carron and others, 1958, p' 273)' Carron

and others (1958, pp. 263-269) have also shown that the rare earths

having ionic radii laiger than that of terbium form the monazite struc-

ture when they react with phosphate in a sealed glass ampoule or silver

crucible, and ihose having ionic radii smaller than that of terbium form

the xenotime structure. This principle is applicable for cheralite and the

ignited ningyoite when Ahrens' data (1952) are taken' but is not if

Goldschmidt's data (1954) are taken' as shown in Table 8'

Ningyoite ignited at 950o C. for 15 minutes in argon gave the tr-ray

patterns of uraninite and a small amount of monazite' The uraninite

pattern of the ignited ningyoite seems to indicate the decomposition of

ihe phosphate. There is no line of uraninite in the ignited synthetic
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ningyoite at 900o C., indicating that the rare earths in natural ningyoite
possibly Iowered the temperature of the decomposition of the monazite-
type structure.

The synthetic ningyoite ignited at 600o C. in air for 5-10 minutes sti l l
retained the original orthorhombic structure without measurable change
of the cell size. Both the ningyoite and the synthetic compound when
ignited at 900" C. in oxygen changed in color and gave unidentified r-ray
patterns which are difierent from each other. They seem to have been
oxidized.

ColrpanrsoN wrrrr LnnlroNTOVrrE

Ningyoite resembles lermontovite, (U, Ca,R.E.)r(PO.r)+. 6HrO, (Sobo-
Ieva and Pudovkina, 1956, pp. 1S1-182) in color, chemical components,
and some optical properties, but difiers in the ratio of the elements and
birefringence. Lermontovite has a U: Ca ratio of 10:1, whereas ningyoite
has 1:1.  The rat io  of  cat ions to phosphorus is  3:4 in  the former and 1:1
in the latter. The birefringence of lermontovite is described as 0.14-0.15
and is much greater than that of natural ningyoite. No r-ray data are
available for lermontovite.
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