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It has long been known that uraninite varies widely in both composition and properties.

This paper is an attempt to describe and explain the variation in properties in terms of the

variation in composition. Analyzed samples of uraninite were r-rayed., annealed by heating

to 550' C. and 900" C. for various times in a nitrogen atmosphere, and o-rayed again.

A decrease in unit cell size was generally observed. Calculations on the basis of Vegard's

Law showed that the ordering of the interstitial oxygens could account for the decrease in

cell size on annealing. The interstitial orygens are not necessarily completely disordered

before annealing. The degree of original disorder is dependent on the Rare Earth/Thoz

ratio; for high ThO: and low rare earths, the interstitial oxygens are completely disordered.

The degree of disorder apparently depends solely on the composition, and not on the past

bistory of the sample; this implies that the oxygens are being continuously disordered,

perhaps by alpha particles, to an equilibrium point determined by the R.E./ThOz ratio.

The degree of ordering of the interstitial oxygens also accounts for the difierence in cell

size between vein pitchblendes and those from the sediments of the Colorado Plateau.

A study was also made of the degree of oxidation of uraninites. Although the uranium

in many pegmatitic uraninites is more oxidized than can be obtained with the cubic UOr

phase in the laboratory, if the atoms proxying for uranium are calculated into the struc-

tural formula, and the lead is assumed to be radiogenic and calculated as original uranium,

almost all pegmatitic uraninites fall into the range of interstitial oxygen content obtainable

in the laboratory. This fact supports the auto-oxidation hypothesis.
Many of the vein and sedimentary pitchblendes have compositions close to UrOr,

although they are cubic. They may have crystallized as UaOe, then decomposed to the

cubic phase and an amorphous phase. This suggests that the stability range of UsOs

includes only very exceptional natural conditions.
Vegard's Law calculations, differential leaching, and other lines of evidence indicate

that lead, including radiogenic lead, is exsolved from uraninite. A study of *-ray line

I Contribution from the Department of Mineralogy and Petrography, Harvard Uni-

versity, No. 375 This paper is a condensation of a Ph.D. thesis prepared under the direc-

tion of Prof. Clifiord Frondel. The original thesis contains detailed descriptions of speci-

mens, equipment and technique, and extensive summaries of the literature, which have

necessarily been greatly reduced or eliminated in this condensation. Copies of the thesis

are available in the Harvard Library.
2 Published by permission of the Director, U. S. Geological Survey.
3 Present address, Westinghouse Bettis Plant, Pittsburgh 30, Pa.
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intensities indicates that it exsolves as oriented monomolecular layers of orthorhombic
PbO (massicot) along cube planes in the uraninite, separating the uraninite crystallites
so that the r-ray reflections interfere destructively to difierent degrees for difierent direc-
tions.

Suulrrrnv ol RELATToNSHTps BETwEEN CERTATN URANTUM Oxrors

At least twenty-two difierent phases have been reported in the urani-
um-oxygen system. Quite possibly as many as thirteen actually exist.
One is known to occur in nature. This section is intended as a partial
synthesis of the data available in the chemical literature on this system.

UEOz, UOt.zt

The list of phases pertinent to the present discussion, in order of in-
creasing oxidation, begins with UaOz. Zachariasen announced this phase
in a still-classified report issued in 1947. Katz and Rabinowitch (1951)
report that they found a cubic phase intermixed with UOz, but with the
somewhat larger unit cell a6:5.483 A. Zachariasen called it UOr.zs on
the basis of extrapola"tion of the cell size from UOz. Katz and Rabino-
witch discuss the possibility of a continuous series between UOr.zs, and
UOz. Wasserstein (1951) postulated that certain uraninites may have
crystallized &s UO1.75, and been oxidized from there. More recently, in a
controversy with Wasserstein (1954), Katz and Hoekstra pointed out
that the evidence for the existence of UOr.zs, rests entirely on r-rays, that
no chemical data are available, and the relationship between composition
and cell dimensions in the cubic UOz phase is not well established or
understood. The extrapolation to UOr.zr is unwarranted, and the exist-
ence of this phase is extremely doubtful.

a-UOz

a-rJOz is usually obtained as a fine, brownish-black powder by reduc-
ing a higher oxide with hydrogen or ammonia. It was found by Gold-
schmidt and Thomassen (1923) to have a fluorite-type structure. Rundle
(1948) gives the unit cell edge as ao:5.469210.0005 A at 25" C. UOz
takes up additional oxygen without changing its structure when heated
to 200-3000 C. in air. This oxidation has been studied by Biltz and
Muller (1927), Grlnvold and Haraldsen (1948), Jolibois (1947) and
many others, but the most complete and reliable data were obtained by
Alberman and Anderson (19a9). They found that pure UOz remained
cubic as it oxidized, until a composition of UOz.z is reached. Above
UO2.2, on€ of the axes gradually became longer than the other two, and
the material became tetragonal. The tetragonal phase continued to
UOz.az. Any attempt to oxidize it further at one atmosphere causes the
appearance of a second phase, related to UaOs.
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When Th is present, the tetragonal phase is suppressed, and the cubic
phase continues to (U, Th)Oz.az. The subscript 2.32 remains virtually

constant, until Th substitutes for half the U. At the mid-point of the
series, it is possible to oxidize to (Us.6Th6 5)Oz.an. The rare earths may

behave similarly. The highest subscript for the oxygen which can be
reached in a laboratory experiment, as the end of a continuous series

with UO2, will be referred to as the laboratory limit. As the series moves
from the mid-point toward thoria, the laboratory limit falls from 2.34

to 2.0.
The efiect of increased pressure on the oxidation limit has not been

studied. Ilowever, R. Collette (pers. comm.) in an attempt to synthesize

coffinite, subjected UsOs and silica in a sealed gold capsule to pressures

of 4000 atm., and a temperature of about 700' C. The capsule was re-

covered in a sealed condition; there was no opportunity for hydrogen
generated by the steel bomb walls, or any other reducing agent, to affect

the sample. The r-ray pattern of the run showed qvartz and a cubic
phase which evidently must have had the composition UOz.oz. UrOa,
which is stable under atmospheric pressure, cannot react to high pres-

sure by emitting oxygen gas. Increased pressure favors a reaction that
decreases volume. The specific gravity of UsOe is 8.39, and that of UOz
is 10.96.

The excess oxygen is interstitial. The fluorite-type structure has holes

approximately the diameter of the oxygen ion, at the (!, 0, 0) and (f,

|, |) positions. If all these holes could be filled, the composition would

be UOs. However, the interstitial oxygens are surrounded by eight other
similarly charged oxygens. The mutual repulsions set up probably repre-

sent the structural control that determines the laboratory limit.
In a-UOz, the interstitial oxygen has little or no efiect on the cell size.

The repulsion of the oxygen ions around it is balanced by the shrinkage

of the U+a to the U+6 ion. Alberman and Anderson could not detect any

significant change in the dimensions of the unit cell from UOz o to
rJOz.z. Biltz and Muller (1927) did not use #-ray diffraction, but their

chemical and specific gravity data show that the mean molar volume did
not change. And f.nally, the unit cell size of pegmatitic uraninites can
be predicted from the composition if one assumes (among other things)
that the state of oxidation does not affect the unit cell size.

Under atmospheric conditions, as the temperature increases above

300" C., the cubic phase will tolerate less and less oxygen. At 1000" C., it

departs very little from stoichiometric UOr. If the material already has

a composition between UOz and UOg.zr, and it is heated to 1000' C. in

vacuum, it decomposes into UOz and UaOg. This was observed in syn-

thetic samples by Alberman and Anderson, and in natural samples by
Brooker and Nuffield (1952).
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T etragonol U Oz.z-U Oz.tz

At UOg.r, Alberman and Anderson found that the cubic form began to
develop anisotropy, and became tetragonal. The axial ratio cfa reaches
a value of about 1.04 at the laboratory l imit. When this tetragonal phase
is heated above 300o C., samples less oxidized than UOz 26 decompose
into appropriate amounts of UOz and UrOs. Above UOz x, UnOe and
Hoekstra's UOz.o phase appear.

UrOz (Uoz.zz)

In 1947 , Jolibois reported the results of heating UOz at various tem-
peratures in a heating balance. He found that UOz oxidized to UOz.ge at
210" C. No further oxidation took place until a temperature of 300o wa
reached, at which a phase related to UrOs began to form. The UOz.aa was
tetragonal, and Jolibois concluded that it was a new compound with the
composition UaOz. The observations are not in conflict with the data
given by Alberman and Anderson for their tetragonal phase. A compari-
son of the *-ray data given in the original references leaves little doubt
that the phases are identical.

Delta Phase

Grlnvold and Haraldsen (1948) reported a tetragonal 'delta phase'
formed by oxidation of UOs at 200" C. They noted that it decomposed
at 270", and ascribed to it a "narrow range of homogeneity around
IJOr.ao." The subscript 2.40 does not seem to represent a chemical anal-
ysis, but rather a blank region in which a hitherto unknown stability
field could be fitted. The following table compares the cell dimensions of

Tasrn 1. Lnrrrcn P.qlauerrns ol Trrn.q.coN.q.r, Pnesrs

UOz.soa
Delta Phase

s .3e6 A
. ) . J /

s. s64 A
5.  54

Alberman's tetragonal phase at UOz eos and Grfnvold's delta phase, and
shows the two are almost certainly the same phase.

p'UOz or UtOg

When the oxidized cubic or tetragonal phase is heated to 1000o C.
in an inert atmosphere, it _decomposes, and the lines of a cubic phase
with a cell edge oo:5.435 A appear on the r-ray photographs. For com-
positions above UOz 26, the UO2 e phase also appears. Compositions be-
low Uoz.zs decompose into the new phase and UOz. Alberman and Ander-
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son called this new cubic phase "F-UOr" in their original paper, and

later (1954) refer to it as UaOg. In their opinion, it is an ordered phase,

with the interstitial oxygens occupying the (|, f' |) positions only' In

this case, the forces of attraction and repulsion do not balance out, as

was the case with the randomly distributed excess oxygens of the alpha

phase. The unit cell is contracted inward upon itself, while still remain-

ing isometric. UaOg has the U+Oa unit cell of UOr with an extra oxygen

in the center. The 'unknown oxide X' of Brooker and Nuffield (1952) is

almost certainly UaOe.

Phases Rel,ated. to UeOa

In an article entitled "The Uranium-Oxygen System: UOz.r to IIrOe,"

Hoekstra, Siegel, Fuchs and Katz (1955) describe research leading to

conclusions which can be summarized as follows.

1. UzOs, which had been reported by many earlier authors, does not exist as a phase.

2. From UOz.sz to UOz.er, there is an orthorhombic phase, withb/a slightly above 1/3'

3. When heated in air, this phase absorbs oxygen and becomes U:Oe' At room temper-

ature, IIsOs is orthorhombicl however, on heating, or on further oxidation toward one of

the iorms of UOs, bf o reaches V3, at which point the phase becomes hexagonal'

4. The transition from the uoz.o phase to uaos is apparently continuous at higher

temperatures. Ilowever, Milne (1951) gives evidence of a mixture of UOz.o and UaOs,

intergrown in parallel position, in a sample that had stood for a while at room temperature.

A tentative phase diagram for the U-O system at one atmosphere

is presented as Figure 1.

SpBcrueNs IJsBo rN Tnrs SruoY

Reference will be made to individual specimens by means of the cap-

italized portions of the locality names given below. Most of the speci-

mens were taken from the Harvard collection, or were kindly Ioaned by

Dr. George Switzer of the U. S. National l\{useuml in these cases, the

museum numbers are given. The specific gravity and number of the anal-

ysis in the appendix are also included. \{ore complete descriptions are

available in the original thesis. Some of the uraninite samples analyzed

by Hil lebrand (1391) were included in Dr. Switzer's gift. These are indi-

cated below.

UneNrNrre SprcrunNs lnou Pncu.q'tttBs

BOQUEIRAO, Rio Grande do Norte, Brazil. H105716' G:7.80. Large, rough crystal,

with purple fluorite.
BRANCHVILLE, Conn. USNM 83567. G.-9.733. Anal. 2. Vitreous. Hillebrand (1891).

ELVESTAD, Norway. USNM 83568. G.:9.14. Anal 7. Shows xl. faces' With quartz,

muscovite. Hillebrand (1891).
GORDONIA, South Africa (HOLMES) II92341. G.:8.876. Anal 39, quoted in Holmes

(1934). Sub-vitreous, with brownish alteration products.
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Frc. 1. Tentative phase diagram of the UOTUO3 system.

GoRDoNrA, south Africa (usNM) usNM 103596. G.:7.32. Anal 42. Sub-hedral xrs,
sub-vitreous, imbedded in plagioclase.

GRAFTON, New Hampshire. H 105756. Anat 36. Altered to secondary mins. arong cracks.
HALE'S QUARRY, Portland, Conn. USNM 83566. G.:9.139. Anal 27. Sub-vitr. with

feldspar, muscovite. Hillebrand (1891).
HUGGENASKTLEN, Norway. usNM 83s70. c.:8.930. Anal 10. vitreous. Hillebrand

(18e1).
KARELIA, Soviet Union. H 106038. G.:8.41. Vitreous. With microcline.
MoRoGoRo Dist., Tanganyika. usNM 93290. G.:9.09. Anal 44. cube coated with

yellowish-brown alteration products.
NEWRY, Me. H 103038. G.:9.58. Anal 33. sharp octahedral faces. Lustre sub-metallic.
PORTLAND, Conn. H 76214. G.:10.15. Anal 32. Vitreous lustre.
SPRUCE PrNE, N. car. H 105712. G.:6.17. Anal 45. Vitreous. conchoidal fracrure.

Bluish iridescence.
STRTCKLAND Quarry, Portland, conn. H 106052, Lnal 24. Small crystals embedded

in orthoclase,
SUDBURY Dist., Ont. G.:8.6. AnaI 43. Vitreous, with quartz, biotite.
WILBERFORCE, Ont. H 105711. G.:10.25. AnaI 59 and 60. Dull, earthy. With purple

fluorite. Pitted crystal faces.

VnrN PrrcrrsrnNors

GRBAT BEAR LAKE, Eldorado Mines, N.w.T. H 106051. G.:7.19. Anal 52. Botrvoidar.
on quartz, chalcopyrite.
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JOACHIMSTHAL, Czech. G.:7.28. Anal 41. Vitreous. seams in dolomite. conchoidal

fracture.
KATANGA. USNM 94710. Anal 40. Dull matte lustre, with yellow alteration products

in cracks and crusts.
Lac PIED DES MONTS, Que. H 105713' Anal 38. Powder'

PRZIBRAM, Czech. H losTt+, G.:7.82. Anal 61. Vitreous botryoidal groups, with

galena, pyrite.
RD(-ATHABASKA mines, Lake Athabaska Dist., sask. H lo5717. G.:7.33. Fills cracks

in brecciated reddish limestone.
SCHMIEDBBERG, Silesia. Bergfreiheits Mine. H 104907. G.:7.46. Anal.63. Vitreous

veinlet in cleavable pink calcite.
THEANO POINT, Algoma Dist., ont. H 105710. G.:7. Anal 55. Sub-vitreous, in cal-

careous redish quartzite. With uranophane'
WOLSBNDORF, Bavaria. Anal 37. Dull, with purple fluorite.

wooD MINE, Central city, colo. usNM 100453. G.:6.77. Anal 62. Grayish porous

chunks. With pyrite.

Snorunrranv Prrcrrnr-uNors

BIG INDIAN Wash, San Juan Co., Utah. Continental Uranium Co' Mine' H 106050'

AnaI 35. Grayish, dull material, permeated by calcite.
HAPPY JACK Mine, White Canyon, Utah. Lent by L. Stieff and T' Stern' G':9'1'

Anal 25. Fine powder.
MI VIDA Mine, san Juan co., utah. H 106040. G.:6.84. Anal 34. Massive, with seam

of calcite, few grains chalcopyrite.
SHINARUMP NO. 3 mine, Sevenmile Dist., Grand Co', Utah. H 106039' DuIl, pulveru-

lent, in gray sandy limestone.
ROYAI CLAIMS, Indian creek, san Juan co., utah. H 106037. Grayish, earthy material

permeated with calcite.

Many of the samples had already been chemically analyzed, and anal

yses were obtained on some of the others. X-ray diffraction patterns

were made of all the samples, using a ThOr internal standard. The r-ray

film was measured on a spectrographic comparator equipped with a

metric scale.

C. Frondel and E. Berman have collected the unit cell measurements

of many uraninites. To these the author has added his own data, and the

resulting distribution bar graphs are shown in Fig. 2' The median value

for the pegmatitic uraninites is 5.470 A. 1'tre median for vein uraninites

is very ionsiderably Iower; 5.437 A. The-median cell size for uraninite

from sedimentary occurrences is 5.406 A, which is smaller than the

smallest unit cell of the 105 pegmatitic uraninites measured. Differences

in composition cannot fully account for the variation in unit cell sizes'

There are apparently three different relationships between composition

and cell size for the three modes of occurrence. It is therefore convenient

to retain the varietal term'pitchblende'to refer to the vein and sedi-

mentary occurrences.

In an inert atmosphere, uraninite heated to lhe vicinity of 550o for
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Frc 2 Distrib'tiH:: 
1?,1 ;:ll:?::$ :r,Tf;:il 

according to

several hours undergoes a change that will be called 'annealing., The
lines of the powder pattern sharpen, and the unit cell decreases as much
as 0.04 A. The duration of heating necessary to complete the operation
(i'e. until the unit cell stops changing) varies considerably from sample
to sample, but 24 hours is usually safely in excess. rn certain of the more
oxidized samples, UaOe lines appear, particularly on long runs. These
may actually be the l ines of the uozo phase, but Hoekstraer al. (1955)
failed to include the powder pattern of uoz.o in their original description
of the phase, and the criteria are therefore lacking for distinguishing the
two phases in an ordinary powder photograph.

. when the samples are heated to 900o, more of the samples decompose
into a cubic phase and an orthorhombic one related to lroe. The results
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depend on the state of oxidation, and perhaps on the content of thorium
and other elements. The annealing studies described in this paper were
done in a muffie furnace through which a constant stream of prepurified
nitrogen was passed.

In certain of the calculations given later, it was necessary to adopt a
value for the atomic weight of the 'average rare earth.' A value of 130
was chosen, largely on the basis of the compilation of geochemical data
by Green (1953).

PBcuarrrrc UnaNrNrrns

The degree of oxidation was computed for all available pegmatitic
uraninite analyses which distinguish between U+a and U+6. The degree
of oxidation is expressed as the subscript of the oxygen in the formula.
The term'm value'wii l be used to denote the subscript UO*; 'n' is used
for the subscript of (U, Th)O,; 'p' is used for (U, Th, R.E.)Op, and 'q'

is used for (U, Th, R.E., Pb)Oq. A distribution bar graph of 'rra,' 'rr, '
' p ' and 'q ' i s  shown  as  F ig .  3 .

The 'm' value is the best indication of the actual state of oxidation of
the uranium atom-that is, to what extent the average uranium atom
has adjusted its electron configuration and its ionic radius. Of course,
the thorium, rare earth, lead, and even to some extent the oxygen ions
make some adjustment, but the major change as oxygen increases is the
reduction in ionic radius of uranium ions as U+a changes to U+6.

As will be shown, the thorium and rare earth ions occupy uranium
positions in the structure. The amount of interstitial space in the struc-
ture is indicated by the total amount of uranium, thorium and rare
earths. Therefore it is the 'p' value which indicates the stability or the
degree of oxygen saturation of the structure, as it indicates the amount
of oxygen actually in the interstitial spaces.

It will also be shown that the Iead is not in the uranium positions.
However, if auto-oxidation is the explanation for the uraninites that are
oxidized above the laboratory limit, then the 'q' subscript would indi-
cate the original oxidation state of the uraninite, the oxidation state that
was in equilibrium with the environment when the uraninite crystallized.
However, if non-radiogenic or previously existing radiogenic lead was
incorporated into the sample when it crystallized, the 'q' value will be
lower than the original oxidation state-perhaps even lower than 2. Non-
radiogenic lead is a more serious problem in pitchblendes than in peg-
matitic uraninites.

In general, the 'm' values are distributed from 2.14 to 2.80, with a de-
crease in frequency of occurrence above 2.50. A very considerable portion
is above the laboratory limit of UOr.sr. In the calculation of 'p' values,
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Frc. 3. Formula subscripts calculated for available pegmatitic uraninite analyses.

however, many of the more oxidized samples are shown to be structurally
near or slightly above the laboratory limit; only five pegmatitic urani-
nites out of 34 have'p'values above 2.40.In other words, as all the im-
purities proxying for the uranium are taken into account, the subscripts
edge closer to permissible values.

The process is virtually completed by the 'q' values. 30 out of 34 peg-
matitic uraninite analyses have 'q' values between 2.00 and 2.33, the
laboratory stability range. Of the exceptions, one is slightly below the
range and two are slightly above. The Spruce Pine sample, with a 'q'

value of 2.488, is the only sample that still remains deep in forbidden
territory.

Ellsworth (1924) proposed a process, which he called auto-oxidation,
to explain the oxidation of uraninites above the laboratory limit. As
each UO2 formula unit disintegrated to PbO, it released an oxygen atom

U'

3
!
t-
m
(t

(u , rh ,R.D. )op

(u, rh,R.E. , pb) oq
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which was available for oxidizing additional UOr to UOr. The data of

the present study indicate that most pegmatitic uraninites crystallized

within the limits of the stability field of the cubic form, as outlined in

the laboratory. Auto-oxidation can satisfactorily account for the addi-

tional oxidation which places some analyses outside these limits.

UNrr CBr,r Srza Bnnono eNp AlrBn ANNner-rNc

X-ray powder photographs were taken of the samples before and after

annealing. Table 2 lists the furnace runs and the resulting unit cell size

of the cuLic phase. If lines belolging to a phase related to UaOs appeared,

their intensity is given, relative to the cubic phase.

These observations agree in general with those of Brooker and Nuffield

(1952) and Robinson and Sabina (1955). They can be summarized as fol-

lows: in pegmatitic uraninites with relatively large unit cells (5'47 to

5.49 A), ihe,r.rit cell decreases 0.03 to 0.035 A on annealing in an inert

atmosphere. For those with smaller unit cells, the decrease is less, but

the difference is not sufficient to wipe out the very considerable range in

unit cell sizes.
Table 2 also shows a great disparity in the ease of annealing' The

Gordonia (USNM) sample had virtually completed its annealing after

2 hours at 500" c., whereas the wilberforce sample had not completely

annealed af.ter 26 hours at 550' C. The difficulty of annealing seems to

vary as the ThOr content, and inversely as the rare earth content.

Clr-cularpp Varuns FoR rHE Uwrr Cnr,r- Srzns

If the uranium-oxygen system, as studied in the laboratory, is ex-

amined for behavior comparable to this annealing efiect, a striking paral-

lel is found in the transition from oxidized a-UO2, with random oxygens

in the interstices, to g-UOz, or UaOe, in which the interstitial oxygens

are ordered. The transition is brought about under the same range of

conditions-heating the sample above 500o in an inert atmosphere or

vacuum. The transition is characterized by a contraction of the unit cell

of 0.34 A, from 5.469 to 5.435 A. These values are strongly reminiscent

uranium is present as a-UOs, then as B-UOz. Certain other assumptions

must be made; they are discussed at some Iength in the thesis, but here

their main justification must be that they work. The assr/mptions are as

f ollows.
1. The validity of Vegard's Law.



Tl.sr-n 2. Urarr Cnr,r, Srzos or Pscuarrrrc UneNrNrrrs, BBlone awo
Alrnn ANxBnr-rNo RuNs

Sample Time, hr. Temp.,'C. or, L A ao, A UeOe lines

Boqueirao unheated 5.488
12 540 5.474

2+ 900 5.4s5 .033
Branchville unheated 5.476

2t -550 5.448 .028

Elvestad unheated 5.494
s+ 500 5.465

r (! <nA)

i+ s' ;;oi s'4ss 'o2e weak

unheated 5.491
Gordonia (Holmes) 21 550 5.474

2 900 5.463 .028
Gordonia (USNM) unheated 5.454

2 500 5.438
4+ 500 5.438

10 500 5.438
28 500 5.438
2+ 900 s.435 .019

Grafton unheated 5.443
4 440 5.433 .010

20 540 Exclusivelv

Hale's Quarry unheated 5.484
2 900 5.451
7 500 5.451 .033

Huggenlskilen unheated 5.470
6 500 5.454

L ^9 !9q\ s.MT .033 weak\*zo 6s0I
Karelia unheated 5 .491

24 540 5 . 490 .001 Weak
4 900 Cubic pattern, Iines too broad

Morogoro unheated 5.445
24 540 5 . 435 .010 Moderate

Newry unheated 5.480
25 550 5.446 .034

Portland unheated 5.478
24 550 5.448 .030

Spruce Pine unheated 5.431
6 500 5.422 .009

Strickland unheated 5.488
12 570 5.448 .040

Sudbury unheated 5.437
6 500 5.428

23 650 5.429 .008

Wilberforce unheated 5.486
26 550 5.467
2 900 5.460 .026

Mean probable error, t + 20 0.002
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2. The cell edges of the pure end members: a-UO2, 5.469 A. !-UOr,
5.435 A.  ThOr,  5.601 A.

3. For the putative end member (R.E.)O:, the cell size, for purposes of
calculation, is 5.38 A.

4. Excess or deficiency of oxygen does not affect the unit cell size of
o o5 0-UOz.

5. Lead, including radiogenic lead, is not in the uraninite structure.
In Table 3, the results of these calculations are compared with the

measured unit cell sizes of analyzed pegmatitic uraninites, before and
after annealing.

The measured value after annealing and the calculated value assuming

B-UOz agree extremely well. Indeed, considering the complexity of the
substance, the difficulties of analysis, and the limitations of r-ray meas-
urement, the agreement could hardly be any closer.

The author therefore maintains that pegmatitic uraninites after an-
nealing are p-UO2. The interstitial oxygens, which were more or less ran-
domly arranged, order themselves on heating. The oxygen ions are simi-
Iarly charged and repel each other. When thermal motion provides the
opportunity, they tend to follow Pauling's rule and move as far apart as
possible.

The interstitial positions they take up tend to be evenly spaced, so
that, perhaps for distances of several unit cells, they can be considered
as occupying the middle of the unit cell. The result is the p-UOz or UaOs

Tasrn 3. Cercurlmo exo Mresunno UNr:r Cerl Srzrs, A

SampIe
Calculated
assumrng

a-UOr

Measured
before

annealing

Calculated
assumrng

p-UOz

Measured
after

annealing

Hale's Quarry
Branchville
Elvestad
Portland
Newry
Strickland
Wilberforce (outer)

5.482
5 . 4 7 9
5 . 4 7 9
J . 4 + / )

5 . 4 7 5
5.474
5 .487

5.484
5.476
5.484
s . 4 7 8
5 480
5 . 4 8 8
5.486

s .452
5.448
5.450
5.442
5.4+2
5.442
5 .460

5 .451
5.448
5 .445
5.448
5.446
5.448
5.460

lluggeniiskilen
Gordonia (USNM)

Sudbury
Morogoro

5 . 4 7 7
5.468
5 .458
5.466

5 .470
J . Z+J+

J . 4 J '

5.445

5.446
5 .438
5.430
5 .433

5 . 4 + l

5.438
5.429
5 .435

Gordonia (Holmes)

Spruce Pine
5 . 4 7 8
5.463

5.491
5 .431

5 .450
5.434

5 . 4 7 4
s . 4 2 2
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structure, perhaps with an excess or deficiency of oxygens. The annealing
process is therefore a disorder-order transformation.

Before annealing, some of the samples have unit cell sizes correspond-
ing to a-UOz; these are the first group listed in Table 3. Presumably, the
interstitial oxygens are completely disordered in these samples. The sec-
ond group of samples in Table 3, before annealing, have values inter-
mediate between a- and B-UOr. When they are annealed, they complete
the rest of the journey to the calculated value for B-TJOl It is reasonable
to assume that these samples reach us in a partially ordered condition.

The samples in the second group have smaller cells after annealing
than those of the first group; the more ordered a sample is in its original
condition, the lower the unit cell after annealing. But the unit cell after
annealing is entirely a function of the composition. In Table 4, the de-
gree of disorder, as indicated by the measured contraction of the unit
cell divided by the theoretical calculated contraction, is compared to the
rare eafthfThOz ratio.

The degree of ordering of a sample as it is found in nature is apparently
determined by the R.E./ThO, ratio-in other words, by the composi-
tion, and not to any great extent by other factors. One would think, for
instance, that the past history of the material would have some effect;
surely samples can be annealed naturally. But there is no evidence in
Table 4 that the past history influences the degree of annealing.

Radioactivity may have the effect of disordering samples which are

Tesrn 4. R.E./ThO, Rerro ar.ro Dronnn or,On_onmxc

Sample
R.E. Actual contraction

ThOr Theoretical contraction

Branchville
Portland
Newry
Hale's Quarry
Strickland
Wilberforce (outer)
Elvestad

Huggeniiskilen
Gordonia (USNM)
Sudbury
Morogoro

Completely disordered samples
N0

^,0
^,0

0 .06
0 . 1 1
0 .  14
0 .  19

Partially ordered samples
0 . 2 2
0 .90
4 . 7
.) .u

0 .90
0 .90
1 .03
0.90
1 . 2 5
0 .96
r  . .14

0 .74
0.  53
0 . 2 9
0 .30
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completely ordered. The R.E./ThOz ratio may fix an equilibrium in the

order-disorder scalel samples more disordered than the equilibrium

would be annealed as a result of radioactivity, whereas those more or-

dered would undergo disordering. Here again, it is inconceivable that

temperature should not be a factor, but there is no evidence of it in the

data. Apparently, equilibrium has been attained under surface or near-

surface conditions, and this in turn indicates that geologic time is not

required to reach equilibrium.

Prrcnnr-oNons

Pitchblende difiers from pegmatitic uraninite in having low or absent

ThOz and rare earths, high CaO, small crystal size and small unit cell

size.
Table 5 shows the average ThOz, rare earths, and CaO content for

the pegmatitic uraninite and pitchblende analyses in the appendix, ex-

cluding a few known to be contaminated with calcite.

Alberman, Blakely and Anderson (1951) investigated the UOTCaO

system. They found that CaO could be incorporated into UOz to the ex-

Tanr,n 5' Avrnecr ThOz, Ranu Ealrn e.r'ro CaO Colrrollt' Wr' /6

ThOz R.E. oxides CaO

Pegmatitic uraninites
Pitchblendes

6.00
0 .  1 8

4 . 0 5
o . 9 2

0.43
1 . 9 6

tent of 20 molar per cent at 1650o C', and up to 47 molar per cerit at

2080" C. As the CaO content rose, the unit cell decreased somervhat'

Calculations showed, however, that it was not enough to account for the

difierence in cell size between pegmatitic uraninites and vein pitch-

blendes. The calciumlcan at best be one of many contributing factors.

In nearly half the pitchblende analyses, only UOz and UOa determi-

nations are available, and therefore only the 'm' subscript can be calcu-

Iated. A distribution graph of these'm' values for the pitchblende anal-

yses in the appendix is given as Figure 4.

Trre UOr.o Crusrnn
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Tenrr 6. Axar,vsos wrru 'm' Valurs BnrwmN 2.6 etn 2.7

Anal Locality tmt

23
J I

46
47
55
68
6 l

Cerro Blanco, C6rboda, Argentina
Wolsendorf , Bavaria
Monument No. 2 mine, Apache Co., Ariz.
Happy Jack mine, San Juan Co., Utah
Theano Pl., Algoma Dist., Ontario
Martin Lake, Lake Athabaska Dist., Sask.
P r zibr atn, Czechoslovakia

2 .670
2.636
2 .635
2.610
2.667
2.600
2.610

Samples available for study italicized.

this peculiar cluster are listed in Table 6. rn addition, a pegmatitic uran-
inite, the Grafton sample, may also be included; it has an ,m' value of
2.681. The author suggests that the samples forming this ,high' in the
distribution curve crystallized as UsOs.

Whatever these samples may have been originally, they are not now
U3Os. Of the eight samples, including the Grafton sample, those from
Wdlsendorf, Przibram, Theano Point and Grafton were r-rayed in the
course of this study; the samples lrom the Happy Jack and Monument
No. 2 mines were #-rayed by the U. S. Geological Survey in Washing-
ton, and the x-ray pattern of a seventh, from n{artin Lake, Sask., is
available in Brooker and Nuffield's (1952) article as their Fig. 5.

The seven samples of the 'UO: 6 cluster' have compositions falling in,
or close to, the stability range of the phases related to uror. In the distri-
bution curves, there is evidence that they may have been UrOs at one
time. Except for the Wcilsendorf sample, however, the available powder
patterns showed only the cubic phase. The Wd,lsendorf sample gave no
pattern. The fact that these samples are no longer U3Os seems to cast
considerable doubt on the possibility of finding this phase as a primary
mineral under the temperature, pressure and oxygen availability condi-

2 . 0 0  2 . 2 0 2 . 4 0 2 . 6 0 2  . 80

o
l!
J
c
=
a

o
z

Frc. 4. Distribution of'm'subscripts in analyzed pitchblendes.
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tions of the normal geothermal gradient. High temperatures and low
pressures are apparently required. UaOe may possibly occur as a contact
metamorphic product in areas of recent volcanic activity; even here, the
usual product would probably be hydrated uranyl compounds.

Conybeare and Ferguson (1950) report some 'metamict' uraninites
from Saskatchewan, presumably similar to the Wcilsendorf sample. This
sample was the only one examined in this study which gave no pattern.
After heating in an inert atmosphere, it gave the pattern of UsOs. Its
radioactivity is not remarkable. This sample is distinguished from most
others by its composition, which suggests that it crystallized as UrOe
and decomposed. Other 'metamict' vein uraninites should be analyzed;
it may be that the destruction of the structure was caused primarily by
chemical change rather than by radioactivity. Alpha particles may be
capable of disordering interstitial oxygen ions, but the structural oxy-
gens seem to remain in place.

Ur.rr Crr-r- SrzB BuonB AND AT.TER ANuBer-rNc

As with the pegmatitic uraninites, the pitchblendes were r-rayed be-
fore and after heating in an inert atmosphere. The results of the furnace
runs are given in Table 7.

To summarize, the vein pitchblendes have unit cell sizes of approxi-
mately 5.425 A. On annealing, they behave much as the pegmatit ic
uraninites. The unit cell contracts as much as 0.035 A, resulting in values
of 5.39 or 5.40 A. Sedimentary pitchblendes from the Colorad.o Plateau
have significantly smaller unit cells before heating. In these cases, the
values are close to 5.40 A. Otr annealing, they contracr comparatively
little, about 0.01 A. They behave like partially or almost completely
ordered specimens. The vein pitchblendes behave like samples with ran-
dom or nearly random interstitial oxygens.

After annealing, the unit cell sizes of the two types of pitchblende fall
in the same range. The chemical analyses of the two types are also simi-
lar, the various determinations covering the same range. It is necessary
to call upon some mechanism other than composition to explain the dif-
ference in cell size before annealing. The ordering of interstitial oxygens
is both necessary and sufficient to explain the difierence. When this fac-
tor is eliminated by annealing both types, there no longer is a difierence.
Therefore, it is possible to think of sedimentary pitchblendes of the
Colorado Plateau as corresponding to annealed vein types in structure.

Table 7 shows that the Joachimsthal sample does not contract on an-
nealing. The analysis, No. 41 in the appendix, shows that the sample
contains no U+6. The analysis was checked by two independent methods,
one based on the reduction of ceric ion. and the other on the solubilitv of



Tesrt 7. Umt Cnr.r, Szr, 4., ol PrrcsslElrDas Brl'onn aNo
Arrpn FunN.q.ct Rur,cs

sample tlT."' t:t:'' oo, A. + Aas, A

Vein Pitchbl'end.es

Great Bear Lake unheated 5.425 .005

14 540 5.406 .002 .019

Joachimsthal unheated 5.418 .005
20 550 5.418 .002 .000

Katanga unheated 5.448 .005
8 500 UaOs

Katanga leached 40 hr. in
0.4 N HrSOr 5 550 5.435 .002 .013

Pied des Monts unheated 5.468 .005
7 500 5.454 .002

10 600 5.450 .002 .018

Przibram unheated 5.413 .005
15 540 5.381 .002 .O32

Rix Athabaska unheated 5.431 .002
10 550 5.392 .002 .039

Schmiedeberg unheated 5.430 .005
6 500 5.401 .002 .029

Theano Point unheated 5.405 .005
6 540 5.390 .002 .015

Wdlsendorf unheated no Pattern
9 540 UaOa

Wood Mine unheated 5.448 .005
8 540 5.413 .002 .035

Big Indian

Happy Jack

Mi Vida

Royal Claims

S ed,iment ar y Pi,tc hbl endes

unheated 5.39 .01
540 5 .38  .01  .01

unheated 5.407 .01
535 UaOe

unheated 5.399 .005
540 5.391 .O02 .008

unheated 5.40 .01
440 5.38 .01 .02

74

10

7

4

Shinarump No. 3 unheated 5.399 .005
7 540 5.391 .002 .008
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UFo and insolubility of UF4 in acid. One possible source of difficulty is
the iron. The analysis reported 2.4OTo FezOs, which is rather high for
uraninites. But even if all of this iron were Fe+2, and all of it were oxi-
dized by the ceric sulfate, and the actual amount of U+6 was precisely
the quantity necessary to escape detection, there would still be only
4.370 UO1, as compared to 66.1/s UOz. The 'm', value would be 2.058,
and the Joachimsthal sample would still be far less oxidized than any
uraninite heretofore reported. The annealing behavior seems to indicate
that there are no interstitial oxygens to order or disorder. Although it is
difficult to reconcile a completely unoxidized sample with the auto-oxi-
dation hypothesis, the author feels compelled to accept the analysis as
correct,

Tnn Rdrn or LBen

In Table 3, it was shown that the unit cell of pegmatitic uraninites
could be calculated from the analyses, if one assumes that lead does not
proxy for uranium in the uraninite structure. In itself, this is a power-
ful piece of evidence. It is reinforced by other, completely independent
arguments.

For instance, Eckelmann and Kulp (1956) found that the various iso-
topic age determinations on samples of pitchblende from Lake Atha-
baska did not agree, and could be reconciled only if they assumed that
the radiogenic lead was exsolved during two separate periods of thermal
metamorphism.

Phair and Levine (1952) Ieached an oxidized pitchblende from Katan-
ga, and a less oxidized sample from Great Bear Lake, in sulfuric acid of
various concentrations ranging from 0.17 to 1.84 N. From time to time
during the 144-hour run, solution was drawn ofi and analyzed, and finally
the residual samples were analyzed. The results show a marked difier-
ential leaching of UO3 from UOz. The effect is much stronger in the more
oxidized sample. Aside from this, the results also show a significant dif-
ferential leaching of UOs and UOz from lead, which becomes concen-
trated in the undissolved portion. Of course, it is possible for a solution,
solid or otherwise, to be in equilibrium with another solution with a
higher, or lower, lead-uranium ratio. Methylene iodide, for instance, con-
taining little acetone, is in equilibrium with water containing much
morel therefore water can be used to remove acetone selectively from
methylene iodide, even though the acetone is in solution. The mere fact
of difierential leaching does not prove that the lead is not in solid solu-
tion. However, in the 144 hours of Phair and Levine's longest experi-
ment, there could not be enough difiusion in the solid state to be de-
tected. It must be concluded that the acid acted upon an inhomogeneous
surface.
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The behavior of certain specimens in this study provides addi-
tional evidence that lead does not proxy for uranium in uraninite.
For instance, the Huggeniiskilen sample is (U, Th, R.E.)Oz.aza, but
(U, Th, R.E., Pb)Oz.rru. On annealing, it decomposes into UnOe and a
smaller amount of UsOa. It behaves like UOz.azr rather than UOz.zu. The
'p' subscript, rather than the 'q' subscript, also seems to control the ex-
tent of differential leaching of UOa from UOz. The 'q' value provides a
clue to the original state of oxidation of the environment in which the
uraninite crystallized, but the'p'value more truly represents the present
structural condition of the material.

Where, then, is the lead? These specimens give the cubic uraninite
pattern. There are no lines left over. If the lead is not in the uraninite
structure, it seems convenient to consign it to an amorphous phase,
along with excess UOa and other things that cannot be made to fit. In
order to find if such an amorphous phase actually existed, a study was
undertaken of the intensities of *-ray difrraction lines.

ThOz is isostruptural with uraninite, and, since its unit cell is only a
little larger, corresponding lines have Bragg angles close together. The
reflectivity and absorption constants of the thorium and uranous ions are
very similar. ThO2 gives extremely sharp diffraction lines. It is a very
stable, refractory substance, and it seems reasonable to assume that it
is entirely crystalline. If, then, it were mixed with a chemically equiva-
lent amount of UO2, and the UOz were entirely crystalline, the r-ray
difiractometer pattern should show pairs of peaks, close together, with
almost identical areas under them. If the uraninite peak were less in-
tense, it would indicate that the uraninite sample was not completely
crystalline.

An amount of ThOz, chemically equivalent to the uranium, thorium
and rare earths, was weighed out and mixed with each analyzed sample.
It was expected that the intensity of the uraninite peaks would be a
definite proportion-say 85/6-of the intensity of the equivalent ThOr
peaks, and it would therefore be possible to state that the uraninite was
85/6 crystalline. Unfortunately, this is not the case. The measured
values are astonishingly low, on the order of 25 to 50/6, even for pegma-
titic crystals with good external faces and sharp *-ray patterns. Also, the
values are not uniform from line to line, so that a single percentage
quoted for the whole sample would have little meaning. There seems to
be a definite pattern of non-uniformity. In sample after sample, the per-
centage for the (111) peak was up to half again as high as those for the
(200) and (220) peaks. The ratios between the peaks for (200) and (220)
were almost identical. The measured values are given in Table 8.

The 'pattern of non-uniformity' has some structural significance. The
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Tenr,r 8. Anu ur.rort DrllnaqrtoN Px,txs, /s ol Anr.l urqonn
EQurvalnxr ThOz Pner<
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Sample 2201 1 1

Joachimsthal
Hale's Quarry
Hale's Quarry, annealed
Gordonia (USNM)

Theano Point
Sudbury
Great Bear Lake
Elvestad
Pied des Monts
Spruce Pine
Happy Jack
Mi Vida
Boqueirao
Wilberforce
Karelia
Schmiedeberg
Wood Mine
Rix Athabaska
Calculated (see text)

48
54
6l
34
42
M
56
44
27
23
l . )

r7
/.)
63
39
2 l
49
29
69

34
36
15

23

36
79
19

55

69

36
J i

4r
26
31
33
5r
J J

1 8
2 l
1 l

1',)

46
29
1 i

43
23
4.5

42
28
33
36
50
48
24
22
l o

l3

50
36
22
46
27
45

intensity of the uraninite Iines has been reduced, and some reflections

have been reduced more than others. There seems to have been some

sort of destructive interference which is greater in some directions than

in others. The author suggests that natural uraninite consists of a mosaic

of crystallites in parallel position. These are separated along cube planes

by'spacers,' monomolecular Iayers of massicot (orthorhombic PbO), the

thickness of the layer being the '6' axis of the unit cell. The tr-ray reflec-

tions from two adjacent crystallites interfere destructively to difierent

extents in difierent directions. The theoretical intensities calculated on

these assumptions are given at the bottom of Table 8. There is good

agreement with the highest of the measured intensities' such as those of

the Hale's Quarry sample. The lower intensities of most of the samples

can be attributed to a combination of this mechanism and the effect of

amorphous material. The proposed hypothesis seems fully competent to

explain the pattern of intensity variation.
Bystrom (1943) determined the structure of orthorhombic PbO. The

cdl l  d imensions are as fo l lows:  ao:5.476 A,  6o:  4.743,  co:5.876.  Except

for the 6 axis, it is similar in size to the UOz cell, which is cubic with oo
:5.469 A. Ii ttte lead positions only are considered, the cell of ortho-

rhombic PbO is very close to being face-centered. The oxygens ate ar-

ranged in puckered layers between the lead layers. The lead positions
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in orthorhombic PbO are related to each other almost exactly as the
uranium positions in UOz, except that the 'D' axis of the PbO is com-
pressed. It should therefore be possible to form oriented overgrowths of
PbO on UOz, such that the Pb positions on the (010) plane of the PbO
fit into the U vacancies on a cube face of the UOz. The overgrowth is only
one cell thick in this case; the UOr structure of the next crystallite fits
on the 'back' of the layer in the same way, and continues, so that, among
the (100) planes spaced 5.469 A apart, there is one pair spaced only
4.743 L apart, and reflections from one side of this 'spacer' are out of
phase with those on the other side. fntensities calculated on this assump-
tion agree satisfactorily with measured values, and, in combination with
the other evidence, would seem to indicate very strongly that PbO is ex-
solved from the uraninite structure.

DrrrnneNrrAt, LEACETNG

Some of the samples were ground and placed in 0.4 N HzSOr for 40
hours in an attempt to study the difierential leaching of U+6 from U+a.
ft was generally not possible to spare suffi.cient material from the ana-
lyzed sample itself; therefore, a two-gram sample was taken from the
concentrate from which the analyzed sample was picked. The resulting
samples were not pure, but it is reasonably certain that uraninite was the
only uranium mineral to survive the leaching process. The comparison
between the material before and after leaching will be made, not by
means of absolute quantities or weight per cent, but by means of the
state of oxidation, as shown by the 'm' formula subscript.

It was apparent, even without analyses, that the acid attacked some

T.qsrn 9. 'm' Sunscnpls Beronr ar.ro Arrnn Lracnrnc

Sample Before
Substantial
difierential
leaching

Gordonia
Katanga
Grafton
Przibram
Morogoro
Sudbury
Great Bear Lake
Wilberforce
Schmiedeberg
Wood Mine
Pied des Monts

2.681
2.610
2 . 5 2 9
2.389
2 . 3 2 7
2 . 3 3 7
2.317
2.282
2.219

2 .598
2.296
2.328
2 .325
2.432
2.330
2.400
2 .372
2.395
2 .234
2 . 2 7 7

-T

+
+
-t-
-r
+
?
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samples to a far greater extent than others. In some cases, the solution

showed the yellow color of uranyl ion as soon as the sample settled to

the bottom of the beaker; in others, virtually colorless acid was decanted

at the end of 40 hours. The 'm' subscripts before and after leaching are

given in Table 9. The analyses of leached material were made by Jun Ito.

Generally, the results in Table 9 show that samples above the labora-

tory limit (2.32) Iose a considerable amount of U+6, so that they ap-

proach UOr.rr. They do not move far past this point. Samples below the

Iaboratory limit showed little solubility and very little, if any, difier-

ential leaching. The results indicate that samples above the laboratory

limit have disproportionated into a cubic phase at the laboratory limit,

sparingly soluble in acid, and an amorphous phase, high in U+6 and

readily soluble in dilute acid.
In some of the samples, the subscripts appear to increase slightly on

leaching. Apparently, the samples were oxidized slightly at some stage

of the procedure.
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APPENDTX. ANALYSES or Uurrurrr
This appendix contains a compilation of partial analyses of uraninite used in this study ft includes almost

all availabLe analyses starting with Hillebrand's, providiag that the analyses distinguished between U+a and
Ut, A few were omitted because the samples were stated to contain oxidized secondary uranium minerals.
Some duplicate analyses were averaged, or in cases where one analysis was more detailed than another, they
were combined, with averaging of comparable items. In the case of analyses perlormed espaially for this study,
the partial analysis includes all the information available.

uo, s9.93
uo3 23.03
ThOz \
R.E. I
Pbo 3 .08
CaO o  11
FerOs O -29
s io ,  0 .  16

7 2 . 2 5  5 8 . 5 1  4 6  5 6
13.27  25 .26  44 .11

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

5 0 . 7 4  4 3 . 0 3  4 3 . 8 8
25.36  22  04  32 .00
8 . 4 8  8 . 4 3  8 . 9 E
o . 4 7  0  5 3

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

7 . 2 0  7  8 1

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

3 .04

o . 2 3

0 .  1 3

18l 4 1. ) 1 712t 1

uo ,  43 .38
UOr  35  54
Tho,  6 .63
R.E. 1 46
Pbo 9 .+4
CaO 0 41
F 'e rO,  O-32
s io ,  0 .49

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

o . 2 0
5 . 1 4  0 . 7 2

6 . 3 9  0 . 4 0  7  0 2
1 00  0  30  0 .69
o  2 1  0 . 1 0  0  1 5
0 . 5 0  0 . 0 9

39.10  48 .87
3 2 . 4 0  2 8 . 5 8
1 0 . 6 0  2 . 1 5
4 . O 2  2 . O 7

10.95  16 .42
1  0 1  0 . 4 6
0  4 3  0 . 3 0
0 . 1 9  0  0 5

34.49  53 .63  45  18
3 6 . 9 4  2 6 . 3 2  2 4 . 9 0
0 . 1 5  3 . 2 2  1 1 . 4 0
5 . 6 0  3 . r 7  4 . 5 6

19.50  11 .67  10 .40
0 . 7 2  0 . 4 1  0 . 2 6
T r  O . 1 7  0 . 5 8

o . 2 9  0  4 3

24232 221t 9

uo, 47.s
uo, 40 8
Tho,
R.E. 0 15
Pbo  7 .63
CaO 0 .58
FerO, 0.  15
sio,  0.47

55.40  41 .91
22.23  49  -21

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

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

23 rO 28 38
63 .00  6 r . t 2
1 . 6 7  0 . 2 5

5 0 0  5 2 0
0 .70  t r
t r

7 5 . 4 1  5 2 . 2 8
1 4 . 8 3  3 1 . 0 8
2,59  none
0 . 2 8
3 . 9 4  0 . 7 4
0 . 3 0  2  2 2
0 . 5 3  I . 2 r
0 . 0 1  2 . 8 7

4 2  . 4 9  5 9 .  1 3
2 0 . 5 8  2 2 . O 8
N.D.  9 .09

1 . 4 8  3 . 1 +
2 . 4 0  0 . 0 8
t . 9 3  | . 2 1
4 . 3 5  1 . 0 6

35343330

uo,  44 .18
UOr  26 .80
T h o e  4 . 1 5
R . E .  9 . 7 2
Pbo 10 95
CaO 0 .61
FerO 0-24
sio, 0 s0

23.07  19  89  44  r7
40.60  46 .75  20  89
4 . 6 )  7 . 5 i  6 . 6 9

1 2 . 2 4  l t  2 2  9 . 4 6
10.92  10  16  10 .08
0 . 8 6  ) . 3 2
1 . O 2  0  5 8  0 . 1 4

o . 4 6

7 4 . 1 5  7 6 . t 2  6 4 . 8
14.65  t5 .67  r4 .3
3 . 7 4  3 . 8 6

incl. in ThOr
4 . 0 3  5 . 1 6  0  9

3 0
0 . 6
3 . 0

5 2 . 3  2 6 . 0
2 7 . 8  5 8 . 7

1  . 0  2 . 3
4 . 4  0 . 3
0  8  0 . 2
2 5  0 . 3

45434 1

u o ,  2 1 . 1
UOr  44 .5
Thoz
R E .
PbO snall
C a O  8 4
FeaO,  3 .4
sio, 2.O

38 0  36 .42
1 1 . 3  3 7 . 9 4
o 2 7  9 3 2
2 . 2 9  3 . 2 0
6 . 1 0  9 . 4 8

1 5  9  0 . 6 3
0 . 5  1  3 6
1 . 1  0  7 3

1 8 . 9  7 0 . 2
5 7  . 7  < 0 .  1

< 0  0 3  0 . 0 8
0 . 2 3  2 . 1 7

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

2 . 4 0
0 . 8 5  4 .  l 7

20 .9  41 .6
4 1 7  2 8 1
9 . r 8  1 . 5 3
8 . 2 3  7 . 2 0

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

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

0  4  2 . 9 3
2  . O  5 . 9 0
7  . 2  5 . 4 1
0 . 5  0 . 5 0
0 . 7  1 . 0 r

0 . 7 3
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UO,  31 .86  31 .37  36 .43  40 .19  36 .92  44 .77  48 .69  42 '27  4 l '2O

UOr 5E.6E 51.95  29 .72  29 .27  36 .51  29 .99  49 .03  27  'OO 40 92

Thor 5 '02

R.E.  r .s7

?bo 13-02 8 .50

C a O  0 . 1 8

Feror 1 ' 01

s io ,  o .77

46 47 48 49 50 51 52 53 54

55 56 57 58 59 60 61 62 63

U O r  2 0 . 4  4 8 - 7  6 7 . n  ? 3 . 5 9  4 4 . 0  3 9  5  3 2 ' I  6 0 ' 7  5 1 ' 1

uo,  43 .2  25 .0  23 .59  16 .62  23 .7  27 .9  53 .2  25 .3  24 .4

T h O z  3 . S 0  3 . 7 8  1 3 . 5  1 3 . 4  < 0 ' 0 1  < 0 ' 0 1

R . E .  0 . 5 3  0 . 3 6  0 . 3 6  1 . 9  0 . 1  3 . 3  4 . r

P b o  5 . 2 s  6 . 4  3 . 6 5  3 . 6 3  9 . + 7  9 . 4 7  6 ' 0 1  0 . 8 2  3 . 0 8

C a O  1 3 . 2 4  5 . 1  0 . 3 1  0 . 3 1  O . O 2  0 . 0 2  O . 2 3  0 . 0 1  0 ' 5 4

Fezos  o '8  1 'oo  |  28  2  49

SiOz 2  60  1 .4

u+6
Analysis

Total UUO,
uo,
ThOc
R.E.
Pbo
CaO
FerOr
sio,

38.71
4t .33
5 . 0 3
2 . 6 1
8 . 3 9
0 . 3 5
1 . 2 4
o . 7 6

r7.4vo
20.2
40.2
60.0
7 8 . 5
8 5 . 0

65
66

68
69
70

1. Hale's Quarry, Portland, Conn Hillebrand (1891).

2. Branchville, Conn Hillebraud (1891).

3 Black Hawk, Gilpin Co., Colo. Hillebrand (1891).

4. Flat Rock Mine, Mitchell Co., N.C. Hillebrand (1891)'

5. Gustavsgruben, Annertid, Norway, Hillebrand (1891).

6. Gustavsgruben, Annerdd, Norway. Hillebrand (1891).

7. Elvestad, Noruay. Hillebrand (1891).
8. Elvestad, Norway. Hillebraud (1891).

9. Skutorp, Norway. Ilillebrand (1891).

10. Huggeniiskilen, Noruay. Hillebrand (1891).

1 1. Johamgeorgenstadt, Saxony. Hillebrand (1892).

12. Placet de Guadalupe, Chih., Mexico. Wells, (1930).

13. Shinkolobwe, Belgian Congo. Davis (1926).
14. Wilberforce, Ont. Ellsworth (1930).
15. Ingersoll Mine, Pennington Co., S. Dak. Davis (1926).

16. Sinyaya Pala, Karelia, U.S.S.R Nemdkevich (1926).

17. Parry Sound Dist., Ont. Ellsworth, quoted in Frondel (in press).

18. Wilberiorce, Ont. Todd, analyst, in Walks (1924).

19. Shinkolobwc, Belgian Congo. Rodden, analyst, in Ker (1950).

20. Iisaka, Abukana Range, Japau. Iimori (1941).

21. Rio Branco, Minas Gerais, Brazil. Florencio and Castro (1943).

22, 23. Cefto Blanco, C6rdoba, Argentina. Chaudet, analyst, in Ahlfeld and Angelelli (1948).

24. StricLland Pegmatite, Portland, Conn Hecht, analyst, in Foye and Lane (1934).

25. Happy Jack mine, White Canyon, Utah. G. Edgington, analyst; T. Stern, pers com.

26. Shimrump No. 1 mine, Sevenmile Canyon, Grand Co., Utah. G. Edgington, analyst Weeks, pers. comm.

27. Hale's Quarry, Portland, Conn. Hillebrand (1891).

28. Arenclal, Noruay. Hillebrand (1891).

29. Arendal, Norway. Lindstrom, analyst, in Nordenskiold (1878).
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30. Baringer Hill, Llano Co., Texas. Hidden and Mackintosh {1889).
31. Re-analysis of above umple by Hillebrand (1892).
32. Stricklaud Quarry, Portland, Conn. J. Ito, analyst, ThOr includes rare earths.
33. Newry, Me. J. Ito, analyst. ThOr includes rare earths.
34, Mi Vida mine, San Juan Co., Utah. J. Ito, analyst.
35. Big Indian Wash, San Juan Co., Utah. J. lto, analyst.
36. Ruggles mine, Grafton, N. I{. J. Ito, analyst,
37. Wdlsendorf, Bavaria. J. Ito, amlyst.
38. Lac Pied des Monts, Que. Kramer, analyst.
39. Gordonia, SoutM Africa, Mountain, analyst, in Holrnes (1934).
40. Shinkolobwe, Katanga, Belgian Congo. H. Levine, analyst.
41. Joachimsthal, Czechoslovakia. H. Levine, analyst.
42. Gordonia, South Africa. H. Levine, analyst.
43. Sudbury Dist., Ont. H. Levine, analyst.
44. Morogoro, Tanganyika. MarcLwald (1911).
45, Spruce Pine, N. C. H. Lwine, analyst.
46. Monumcnt No. 2 mine, Apache Co , Ariz- A Shemood, analyst.
47. Happy Jack mine, San Juau Co. Utah. A. Sherwood, amlyst.
4E. School Srction 36 mine, San Juan Co., Utah. A. Shemood, amlyst.
49. School Section 36 mine, San Juan Co., Utah. A. Shemood, amlyst.
50. Mi Vida mine, San Jmn Co., Utah A. Sherwood, amlyst.
51. La Sal sha.ft, San Juan Co., Utah. A. Sheffood, analyst.
52. Hidden Splendor mine, Emery Co , Utah. A. Sherwood, analyst.
53. Auselmyren, Norway. Core of crystal. Bakken and Gleditsch (1938).
54. Martapoera, Borneo. Chemik (1909).
55. Thqno Pt., Algoma Dist., OnL Analyst, H. Levine.
56. Eldorado Mines, Gt. Bar Lake, N.W.T. Analyst, J. Ito.
57-58. Strickland Quarry, Portland, Conn. Analyst, Heht, in Foye and Lane (1934).
59-60. Wilberforce, Ont. Analyst, A. Sherwood. No. 59 outer 4 mm. of large crystal. No. 60 core oI crystal.
61. Prizbram, Czechoslovakia. Analyst, A. Shemood.
62. Wood mine, Central Cjty, Colo. Analyst, A. Sherwood.
63. Schmiedeberg, Silesia. Analyst, A. Sherwood.
64. Moss, Norway Chernik (1909).
65. Nicholson nine, L. Athabaska Dist., Sask Brooker and Nufreld (1952).
66. Nicholson mine, L. Athabaska Dist, Sask. Brooker and Nuffield (1952).
67. Martin lake, L. Athabaska Dist., Sask. Brooker and Nufreld (1952).
6E. Martin Lake, No. 2 flow, L. Athabaska Dist., Sask. Brooker aud Nuffield (1952).
69. Donaldson Group, L. Athabaska Dist, Sask. Brooker and Nufield (19.52),
70. A. B. C. Group, L. Athabaska Dist., Sask. Brooker and Nufield (1952).


