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*The ancient philosophers, who considered our rlobe as the center of the
material universey and the sun, on the contrary, merely as a nlanet destined,
like the others, to a periodical circumvolution round the earth, flattered
themselves that they had discovered a preat mystery of Nature, in the arree-
ment of the seven celestial bodies, which they assumed for planets, with
the .ovin motals knowh in those times . Ir consequence of the vari?gs hy=
eothoacc which they fourded on this surposed mystery, they alloted to each
metal a certain plngot, by whose astral effluvia its reneration and maturatic
were to be promoted. In like manner, they took from these planete their
names and symbols, to cdesignate the metals subordirated to them, Rut as the

above number of metals has long since been increased by later recearches,

and as the discovery of new planets has not kept pace with that of metals,

' the metals newly found out have been deprived of the ronour of receivinc

| their names from planetscecccee Of late, seventeen metallic substances have

been acknowledged as distinct metals, each of a nature peculiar to itself.

The design of this essay is to add one to that number,."
Flaproth's account of the discovery and

naning of Uranium, 1792, Translated

anonymously intc "nrlish, 1201,
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ABSTRACT

Analysed samples oi' uraninite were x-rayed, annealed by heating
to 550° and 900° for various times in a nitrogen atmosphere, and x-
rayed again. A decrease in unit cell size was generally observed.
Calculations on the basis 61‘ Vegard's Lav showed that the ordering of
the interstitial oxygen ions could account for the decrease in cell
size on annealing. The inﬁrstitm oxygens are not necessarily
completely disordered before annealing. The degree of original dis-
order is dependent on the Rare Earth/ThO, ratio; for high ThOs ona

lov rare earths, the interstitial oxygens are completely random.
The degree of disorder apparently depends solely on the composition,
and not on the past history of the sample; this implies that the
oxygens are being continuously disordorod,. perhaps by alpha particles,
to the equilibrium point determined by the R.E./ThO, ratio. The degree
of ordering of the interstitial oxygens also accounts for the difference
in cell sisge between vein pitchblendes and those from the sediments of
the Colorado Plateau.

A study vas also made of the degree of oxidation of uraninites.
Although the uranium in many pegmatitic uraninites is more oxidised
than can be obtained with the cubic UO

2
_atoms proxying for uranium are calculated into the structural formula,

phase in the laboratory, if the

and the lead is assumed to be radiogenic and calculated as original
uranium, almost all pegmatitic uraninites fall into the range of inter-
stitial oxygen content obtainable in the laboratory. This fact supports

the auto-oxidation hypothesis.



Many of the vein and sedimentary pitchblendes have compositions
close to U308’ although they are cubic. They may have crystallized
as 0308, tnen decomposed to the cubic phase ind an amorphous ﬁhase.
This suggests that the stability range of 0308 includes only very ex-
ceptional natural conditions. :

Vegard's Lav calculations, studies of zoning in crystals, differ-
ential leaching, polished section textures, and other lines of evidence
indicate that lead, includirng radiogenic lead, is exsolved from uran-
inite. A study of x-ray line intensities indicates that it exsolves as
oriented -ono-oiocular layers of orthorhombic PbO (massicot) -iﬁng cube
planes in the uraninite, separating the uraninite crystallites so that
the x-ray reflections interfere destructively to different degrees for

different reflections.
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CHAPTER I

THE PRObLEM

Uraninite has played a spectacular role in the nistory of' science.
From the discovery of uranium itselr to the most recent work on age
determination, scientists have used the mineral uraninite, or its
varietal form pitchblende, as thne starting place for many investiga-
tions. It is no exaggeration to say that tnese tave ali'ected every
branch of science and altered the very course oi civilization.

Pitchblende had long been known from the mines of Joccﬁimighnl and
Johanngeorgenstadt, in tie Erzgebirgg, viicih have been operated since
medieval times for silver. The name 'Pechblende’, 'blind pitch', is a
miner's term, referring to its pitchy lustre and the iact that it
yielded no silver. In his systematic mineralogy, \lerner described it
under iron ores as 'Eisenpecherz (Ferrum ochraceum piceum)'.

In 1789, Martin Klaproti. subjected a sample of pitchblende from
Johanngeorgenstadt the qualitative analytical procedures of his day.
He dissolved the sample in aqua regia and added ammonia, precipitating
vhat is now known to be a mixture of uranium trioxide nydrates. He
sub jected this biight orange precipitate to a variety of bead tests,
obtaining results inconsistent with.any known element. He concluded
that the substance was new to science, and that the most important
constituent of pitchblende was a nev element, whicia he named ‘Uran’.
However, he thougnt that U02, which he obtained by reduction witi. carvon,

wvas the free form of the new element; this error persisted in the

chemical literature for fifty years until Féiigot prepared uranium

metal in 18k2.
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In 1868, J. N. Lockyer, studying the photosphere of the sun
spectroscopically, discovered a yellow line wnici could not e identi-
fied with any element known to occur on earti. He named tne new
element ‘helium’. An intensive search {or terrestrial helium was
finally rewarded with success in 1395, wnen Ramsay discovered it in
Norwegian uraninite. Several years before, Hillebrand (1391) had
noted that some uraninite crystals effervesced while dissolving in
acid; ne believed the gas to be nitrogen. Ramsay showed that it was,
to use his word, the "nypothetical"” element helium. A somewhat similar
case is plutonium, which vas found in nature as minute traces in
uraninite, after being created artificially in atomic piles.

In 1896, Becquerel discovered radio‘;tivlty while investigating
the phosphorescence of potassium uranyl sulfate. In a systematic in-
vestigation of the periodic table, the Curies tound tnat the radio-
activity of uranium minerals, among them uraninite, was many times
higher than could be explained by their known constituents. Polonium,
radium and redon were isolated and identit'ied from residues ol' tue mill
at Joachimsthal.

As the experimental and theoretical investigation of' radioactivity
progressed, the question arose as to ti:e end product of' the radioactive
disintegration. Since geologic time is not availuole or lavoratory ex-
periments, it was necessary to nhave recourse to natural uraninite.
Boltwood (1907) studied tie available analyses of uraninite and siowed
conclusivel; that the end product was lead, ratier tuan obarium or
bismuth, which had been mentioned as possibilities.

In connection with his study o: the radioactive disinterration



series, Soddy (1914) proposed the concept of isotopes, as well as the
name. He also proposed a crucial experiment for his isotope hypothesis;
the lead resulting from the disintegration of .urmiun should have an
atomic weight of 206.0 rather than the accepted value of 207.2 for or-
dinary lead. Therefore, the lead extracted from uraninite should be
significantly lighter than ‘common’ lead. This was brilliantly confirmed
by Richards (1914) and Honigschmid (1914). The first use of radiocactive
isotopes as tracers wvas reported by von Hevesy in 1920. He used Radium
D, or in modern notation P20, to 'label’ lead in a study of the
diffusion of molten lead through itself. Later he used ‘labelled’ lead
to study the up-take of lead by plants. The 210 yus cbtained from the
3 only convenient source, as an inseparable part of the lead extracted
from uranium minerals.
um&, there are the methods of geologic age determination, vhich
| depend on the decay of redicactive elements. It is generally agreed that
| the determinations on uraninite are by far the most reliable, and provide
| standards by which nev determinations and methods can be Jjudged.

Some of the ablest scientists in history have studied uraninite;
and it may seea presumptucus to undertake still another investigation.

However, there are still many unsolved problems associsted with this
'mineral, including some rather pedestrian ones.

In the first place, the very formula of the mineral is still open
'to question. All published analyses of uraninite show a content of U &
émiu from 10 to 80% of the total uranium. This has lead to a nusber
(of proposed formulse for uraninite such as (U0,);(V0,),, vhich vas
|suggested by Comstock in 1880, and supported by Blomstrand (1864b) and



Schoep (1923). Blomstrand (1304a) also proposed that lead was an
essential constituent of certain uraninites, suggesting the formula
U7Pb(uoé)5. u3o7, U,0.,and Uzoshave also been proposed. Kirsch (1925)
wvas so convinced that oxygen in excess of two atoms per uranium atoa

vas an essential constituent, that ne postulated an unoxidized mineral,
which he named "ulrichite". Well-crystallized uraninites which showed
excess oxygen on analysis were described by him as "uraninite, pseudomor-
phous after ulrichite". As late as 1951, Katz and Rabinowitch could
write, for the presumably authoritative National Fuclear Energy Series,
that uraninites were oxidized UO,, and pitchblendes were U3°8‘ This is
not true; all pit.c’nbhndu vhich give discernible x-ray patterns give
the cubic 002 pattern. 0308 has not been reported as occurring naturally.

Many wvorkers believe that vein and sedimentary pitchblendes are
more oxidized than pegmatitic uraninites. This may e true, in a general
wvay; however, it will be shown that both types cover the entire range.
The least oxidized sqle. to be discussed comes from the veins of
Joachimsthal.

In addition to. varying widely in oxygen content, uraninite varies
in composition by including different amounts, up to several percent, of
thorium, the rare earths, lead, calcium and vi.iadium. The extent to
vhich these affect the properties of tne mineral, the amount which can
be accomodated, and tne positions they occupy in the crystal structure
(if they are indeed in solid solution) are problems which snould be ex-
plored.

Uraninite exhibits an extraordinarily great variation in unit cell

size. Since it also varies greatly in composition, workers such as
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wumafoin (195k) and Brooker and Nuffield (1953) have proceeded on
the assumption that uraninite follows Vegard's Law. This lav states
that the unit cell size of an isometric solid solution varies as a
straight line function of composition,. expressed molecularly. These
i writers assumed that they could substitute an x-ray measurement for
the long and difficult chemical analysis of uraninite. Unfortunately,
the data were not available to support this assumption. Up to t;he
beginning of this investigation, no one had published the unit cell
sise of an analysed matural uraninite, or the complete analysis of an
;-;wd one. Only the values for synthetic materials were available.
' It will be shown that the unit cell size depends on other factors in
§ addition to the composition. :
| Wasserstein (1954) set up three types of uraninite, alpha, beta
' and gamma, maintaining that the relationship between unit cell size and
!! composition is different in the three types. This work will also ‘
' divide uraninites into three types, by mode of occurrence; pegmatitic
é;uram.nﬂzu, vein pitchblendes and sedinéntary occurrences. These are
not strictly Wasserstein's classes, but certainly each one has its own
|set of relationships between composition and unit cell size. In his
!,nhort note, Wasserstein raised other issues, concerning tne valence of
;rdiogenic lead, and the original state of oxidation of crystallizing

%_unninitc. These problems need to be re-examined in the light of
additional data.

- Brooker and Nuffield (1952) have also made a contricution which

@mlmo both valuable information and perplexing provlems. They heated

]

itchblendes in air and in evacuated silica tubes. They found that the
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cell size decreased and the x-ray lines sharpened when tiie sample was
neated in the evacuated tubes at intermediate temperatures. At higher
temperatures, the sample decomposed in various ways, depending

apparently upon the composition. One of the products could not be
identified.

In the laboratory, an can be oxidized by heating in the atmos-
phere until 002 32 is obtained. Thne series is continuous. Any attempt
to oxidize beyond 002 32? nowever, produces phases related to U303.

How is it possible, then, to account for tne cubic gran,inites with

“compositions ranging up to 002 a‘! One suggestion is that the excess

oxygen vas contributed by the process of auto-oxidation, in which U°2'

by radioactive disintegration, turns to FoO and an extra oxygen, wnich

is available to oxidize additional 002 to UO Tuis hypothesis seems

3
plausible, but it has not been sufficiently tested by application to
specific analyses of available samples.

There are many other problems still unsolved; wihether certain

pitchblendes with weak x-ray patterns can correctly be termed metamict;

wvhether some of the excess U"6 is present as an amorphous phase; vhy

308’ vhich is so easily formed under laboratory conditions, nas not

. been reported in nature.

In this thesis, thirty-two analysed uraninite samples and synthe-
tic 002 will be studied in an attempt-to clariiy, ii’ not to solve, some
of these problems, for it is clear that additional data is badly needed.

The author wishes to acknowledge the help and advice, firstly, of

%Prof. Clifford Frondel, his thesis advisor; of Mrs. Alice Veeks, who

idirected the work as part o. a project for the United States Geological

|



Survey; of George Switzer, of the United States National Museum, who
lent chips from a sizeable proportion of the reliably analysed samples
of the literature; of the chemists, Harry Kramer of the U. S. Geological
Survey and Jun Ito of the University of Tokyo and Harvard; of the
spectroscopist, Katherine Valentine of the U. S. Geological Survey;

of Michsel Fleischer, Loren Stieff, Thomas Stern and George Phair of the
U. S. Geological Survey; of Prof. Robert Garrels and Prof. Cornelius
Hurlbut; and of Richard Collette and Ivan Barnes, without whose help
and experience the author would still be trying to get his tnert-.

atmosphere furnace to work.
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CHAPTER 2

THE URANIUM-OXYGEN SYSTEM

At least twenty-two different phases rave been reported in the
uranium-oxygen system. Quite possibly as many as thirieen actually
* exist. One is known to occv.u.' in nature. This ciapter is intended
as a partial synthesis of the data available in the chemical liter-
ature on this systen.

U-Uo
' Uranium metal was first prepared by Peligot (13:2) who reduced
UCl, with potassium metal. Previously, it was believed tnat UO,,
vhich had been prepared by Klaproth, was the native element.

There are three different forms of uranium metal in the solid
state; an «-form, which is orthorrombic, a tetragonal 8-form and a
cubic yform. The transitions are gradual over several degrees,
occurring at different temperatures on heating and on cooling, and
affected not only by impurities but also by the past history of the
working of the metal. In e-extruded uranium, the transitions are
somsvhat delayed, both on heating and on cooling. In Yeextruded
uranium, thcy’ begin without delay.

Kats and Rabinowitch (1952) give a table of determinations of
the transition points. The results of Dahl and Van Dusen (1947 )are
close to the average and are reproduced in table 1. .
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Teble 1. Transition points of Uranium (Dahl and Van Dusen, 1947)

4 6671°%.
V adi 4 T2
V-3 ()
p®«x 645

A vide variety of values have been quoted for the melting point.
Perhaps the most reliable determination is that of Dahl and Cleves (1949)
at the National Bureau of Standards. Their value is 11334 2°C.

-uranium is orthorhombic. It is one of the few atypical metals
vhich do not crystallize in cubic or hexagonal closest incking. The
lattice parameters are as follows:

Table 2. Unit Cell Dimensions of &’-uranium

% 2.8'6& ‘ot 0001’
b  5.8565
o
¢ 4.9476

The specific gravity of «-uranium is 19.050.

Structures comparable to the #-form of uranium can be studied at
room tesperature by means of uranium-chromium or uranium-molybdenum
alloys quenched from the #-range. Pure/-uranium cannot be quenched.

A The structure remained unsolved, however, until Thewlis (1952)
Succeeded in taking a powder photograph of un-alloyed uranium at 120°c.
ﬁ determined that thed-form of uranium is tetragonal, with a,

e 10.759 A.4 0.001, c, » 5.6561\..,_0.001. )

The density of S-uranium is 18.11 at 720°C., and the unit cell
contains 30 atoms. '
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Table 3. X-ray powder diffraction patterns of & and @ -uranium.

« -uranium (Wilson, 1933) /A-uranium at 720°(Thewlis,1952)

1) 1 a (A.) 1 hkl
25 15 2.827 10 002
L 50 2.69 b ko
2.25 106 i ; i
1.76 100 2.612 70 410
1.52 75 2.5% 5 -
1.43 50 s " i
1.38 % a0 i
e a2 2.370 100 811
1.15 50 i o
1.1 50 2.270 20 a5
1.01 25 2.175 19 s
1.712 1 W32

1.526 45 ¥13

1513 ko 333,60

1.500 42 612

Y -uranium wvas studied in a heating camera at 785°C. by a growp
at Battelle Institute, reported by Katz and Rabinowitch (1951). This
form of uranium has a body-centered cubic lattice with a cell edge

a8 3.48 A. at 785°C. Like # -uranium, it cannot be quenched to room

temperature if pure.
Solid uranium metal tolerates only infinitesimal amounts of

oxygen in solid solution.

!
i
@
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UC forms os a grey cowbing on tne swrince ol uraniwm metal on pro-

atmospieres. UO > is invariably present, Lut under “nlonged neating in
"vacuun", the proportion oi UO to UO, increases. A preparation that mey
fxave veen as much &s one-third UO was prepared vy heating a U-UO powder
misxture to 1900°C.

UO has an NaCl-type cubic luttice with u unit cell edge a,% 4.91 A.
The extent of variation of oxygen content in this pnase is unaxknown.

All data on UO is from Katz and Raoinowitcn (1951). WK

Bivalent U has not ueen reported in nature, althou;in There ure
environments, such as those o: meteorites and volcanic guses, winich are
prooably sufficiently reducing. However, UO is isostructwral and pro-
vavly isomorphous with Ca0 and l{g0; if bivalent U occurred, it provably
would be camouflaged as Ca or bg.

U3, (10, 33)

Nordenskiold (1379) descrived a mineral, whici he named “cleveite”,
oceurring as lustrous olack cubes in Norwegian pegmatites. He advanced
the hypothesis, on morphological grounds, that it was a member of the
spinel group, with the formula .U3°1+' It has since veen sihown that
cleveite is synonymous with uraninite.

%0 0y, 75)

Uuo7 was announced vy Ze..chariasen in & still-clussiiied report

written in 1947. Katz and Zacioriasen (1951) report thut ne round a

cubic phase intermi:ed with an , vut with the somewhizt larger cell

- size ay= 9.400 A. Zachariagen called it vo, o on tihe basis of extra-
3 Y )
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polation ot tne cell size i'rom UO,. Katz discusses tre possioility of
a continuous series between UO, 1, @nd U0, in uis book (1951). More

recently, in a controversy witi Wasserstein (19)4), Katz and Hoekstra

pointed out that the evidence for tne existence ot UO rests entirely

1.75
- on- X-rays, that no-ciemical data are available, and the relationship be--

tween composition and cell dimensions in the cubic 002 phase is not well
established or understood. Tie extrapolation to U01.75 is unwarranted,
and the existence of tnis phase is extremely doubtful.
«0 v

uo, is us;mlly obtained as a t'ine, brownish-black powder by re-
ducing U30g vitn hydrogen or ammonia. Evelman (1843) obtained visible
crystals by fluxing 00280“ in &012 in a covered crucible. A variation
of this method was used bo produce the synthetic sample discussed later.

o#-U0, was found by Goldschmidt and Thomassen (1923) to have a
fluorite-type structure. Rundle (1948) gives the cell constant as
8,-5.4692 ¢ 0.0005 A. at 25° C. The calculated specific gravity is
10.96. UO, takes up additional oxygen without changing its structure
vhen heated to 200-300°C. in air. This oxidation has been studied by
Biltz and Muller (1927), Gr¢nvold and Haraldsen (1948), Jolibois (1947)
and many others, but the most complete and reliable data was obtained
by Alberman and Anderson (1949). They found that pure UO, remained
cubic as it oxidized, unt.i]: a composition of 002‘2 is reacned. Above
an. o» oOne of the axes gradually became longer than the other two, and
the material became tetragonal. This tetragonal phase continued to
U02.32. Any attempt to oxidize it further at one atmospnere causes tne

appearance of a second phase, related to U30;3.
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When Th is present, the tetragonal pnase is suppressed, and the
cubic phase continues to (U,Tu)o, 30 The subscript 2.32 remains vir-
tually constant, until Th substitutes tor nalf the U. At the mid-point
of the series, it is possible to oxidize to (U o. 5 9.5 )0 2,34+ The rare
earths ngy behnwc similarly. The highest, subocript for thangxssn
which can be reached in a laboratory experiment, as tne end of a con-
tinuous series witn an, will be referred to as the laboratory limit.
In particular, there will be a discussion of natural uraninites above
the laboratory limit. As all experimentation to date .nas been at
pressures of'vi}tually one atmosphere, tnis is incorporated inﬁ;—the
definition. As the series moves from the mid-point toward tnoria, the
laboratory limit falls from 2.34 to 2.0.

The results of an analysis of (UO sThg, D) 2.3y Would normally be
reported as follows.

Table 4. Hypotnetical analysis of (U0 5o, 1, () 2. 3

uo, 16.57% wt.
L.o7

uo3 3

Th02 ho.h6

If the Th ions are assumed to be in tue i oxidation state, tne
uranium must be present as U0, ... However, tae form (U). 5 )) 2. 3h
expresses more accurately tne structural condition oi’ tunc material.

The effect of increased pressure on t:c oxidation limit ras not
been studied. However, Collette (pers. comm.) in an attempt to syntue-

size coffinite, subjected U30£ and silica in a sealed gold capsule to

pressures of 4000 atm., and a temperature o. auout {009C. Tue capsule
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was recovered in a sealed condition; there was nu opportunity ror
nydrogen generated by the steel bomb walls, or any oti.er reducing
agent, to affect the sample. Tiie x-ray pattern ot tne run showed

quartz and a cubic phase which evidently must lxave had the composition

NLETS ,.;u...-...r..-nmt

: ,,m,‘,.,;é?._, 0305, vhich is stable under ..t.mospheric pressure, cannot
react to high pressure by emitting oxygen gas. Increased pressure
favors a reaction tihat decreases volume. Tne specific gravity of
U30g is 5.39, and that of uo, is 10.90.

The excess oxygen is interstitial. Tie tluorite-type structure

266
nas noles w3 A. wide, just tne diameter oi' tie oxygen ion, at the

(1/2’0,0) and (%/,,1/,,3/,) positions. It all these holes could be
filled, the composition would be UOJ.'B" However, the interstitial
oxygens are surrounded by eignt other similarly ciarged oxygens. Tne
mutual repulsions set up probably represent the structural control
that determines the laboratory limit.

In d-UOa, tne interstitial oxygen has little or no effect on the
cell size. The repulsion of the oxygen ions around it is oalanced by
the shrinkage of the U to the U Cion. The bonding to U9 is hignly
directional in character in many compounds. Zacrariasen (195i) showed
that, of four coordinating oxygens, one pair tends to move in closer than
the otner. He also srtowed, nowever, that this ei'Tect was :iguly varie-
able from compound to compaund, so tnat it was impossivle to assigun a
generally applicable U-O distance {or the uranyl ion. 1In any case,
for 002, the ei'fect is randomized so tinat tne maleriel remains isometric.
Alberman and Anderson tound tiat, witzin tae limicts ol error o.° Lie

measurement, tne dimensions of tune unit cell did not c.ange i'rom UO,

e\
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to U0, ,. Biltz and Muller (1927) did not use x-ray dirfraction, but
their chemical and specific gravity data shows that the mean molar
volume does not change. And finally, 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 aff¥ct ¢the~unit cell
size. (See chapter 5)

Under stmospheric conditions, as the temperature increases above
300°C., the cubic phase will tolerste less and less oxygen. At 1000°C.,
it departs very little from stoichiomstric UO,. If the material al-
ready has a composition between U0, and U0 o5, and it is heated to
1000°C. in vacuum, it decomposes into VO, and U,0g. This vas observed
in synthetic esamples by Alberman and Anderson, and in natural samples
by Brooker and Nuffield (1952).

Tetragonal uoz; o0, 3

At UO, ,, Alberman and Anderson found that the cubic form began to
develop anisotropy. The diffraction 1 $s8es became doublets, except for
the 111, 222 and 333 reflections, and the split gradually videned as
oxidation proceeded, until the laboratory limit wvas reached. The
lattice paramsters of 002.303 are given in table 6. The most easily
distinguishable lines, in addition to the regular U0, pattern, are given
in Table 5. '

On heating above 300°C., samples less oxidized than UOp o5 de-

composed into appropriate amounts of Uo, and U, 0,- Above WO,

9 .25’

u,‘og and Hoekstra's 002.5 phase appear.
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U3O7 (UO;? g 33)

In 1947, Jolibois reported tne results oi' neating U0, at various
“~
temperatures in a "heating balance", a device wiic: measures the weigit

of a sample as it is heated in air. As oxygen is absorved, ine sample

g.ins veight. He found that UO oxidized to UO at. ..10 C. No fur-

i 2 .33
t.her oxidation t.ook phce until a temperature of 300° was reacned, at

ot B b
AT

which a phase related to u30€> began to form. Jolibois ovtained an X-
ray pattern of the 002.33 and ‘ound that it was tetragonal. lie con-
cluded that it was a new compound with the stoichiometric composition
0307 , and that it forms a continuous series vith an. The obser?n-
tions are not in conflict with the data given by Alverman and Anderson
on their tetragonal phase. There is no doubt tnat the two pnases are
jdentical. Since Jolibois gives tne spacings of his powder pattern,
and Alberman and Anderson do not, tne data given in tavle ) are for

]
Jolibois 0307.
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Table 5. X-ray ditfraction patterns of U02, Uh°9 and

the lines of the tetragonal phase in addition
to the regular Uqa pattern. In Angstroms.

d Vo, d U0, 1 add'l ldnes of tetr. phase
‘ s
3.157 111 3.137 10
2.735 200 2.717 5 2.654 002
1.934 220 1.922 6
1.649 311 1.639 b 1.609 13
1.579 222 1.569 3
1.367 koo 1.358 2 1.331 00k
1.255 331 1.247 1
1.223 420 1.215 2 1.197 204
1.052 333 1.0u5 2
«9667 UkO
.924k 531
.9115 600
8647 620
-8340 533

8245 622
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DELTA PHASE

Grgnvald and Haraldsen (1943) found that U0, oxidizes continu-
ously to U0, 34 ot 150°C. in air. They noted that splitting of the
lines associated with the f'c:mation ot the. tetrogonal phase. .ihen
they raised this U0, j, to 200-250°C., the; observed a‘decrease in
density and in uxial ratio. They names this product the "delta phase".
They noted that it decomposed at 270°, and ascribed to it a "narrow
range of nomogeneit. around 002. ho." The suvscript 2.40 does not
seem to represent a chemical analysis, but rather a blank régio—r;—oi'
the spectrum in which a hitherto unknown stability i'ield could ve
fitted. The range of homogeneity seems narrow not only with respect
to composition but to temperature as well. Tnhe phase does rot i'orm
below 200° and it decomposes at 270°.

It is not clear, in the original paper, just how tne authors
ascertained that further oxidation took place on raising the temper-
ature. It seems strange that Alberman and Anderson, who did a large
part of their work between 200 and 250°C., did not f'ind tnis pnase.
The folloving table compares the cell dimensions of Alverman's
tetragonal phase at U0, 303 and Grgnvold's delta phase.

Table 5. Lattice parameters of tetragonal piases.

a.‘ . c.' (Ao)
002.303 9.39% )'56“
Delta Pnase 5.37 5.54
The two are almost certainly the same phase. Grgnvold provably
did not observe additional oxidation.
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When the oxidized cubic or tetragonal phase is neated to 1000°C.,
in an inert atmospiiere, it decomposes, and the lines o a cubic phase
wit: a cell edge a * 5.43, A. appear or tie x-ray piiotograpns. For
compositions above U0, -5, the UO, ; phase also appears. Compositions
below U0y o5 decompose into tie new pnase and e

Unfortunately, it has not been possible to obtain the new phase
pure oy neating material with a composition of' precisely 002.25. The
reasons ior this failure are not clear, vut there is little doubt that
the compositions of the new pnase is 002.25. et

Alberman and Anderson called it "/#8-U0," in their original paper,
and later (1954) rerer to it as U, 0. In their opinion, it is an

ordered phase, with the interstitial oxygens occupying the (1/ .1/2,1/2)
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 tnhe alpha phase. The unit cell is contracted in-
ward upon itself, while still rem~' ing isometric. Uh°9 has the U,‘Oa
unit cell of 002 wvith an extra oxygen in the hole in the middle.
UNKNOWN OXIDE X

Brooker and Muffield (1952) heated natural pitchblende samples to
1000° in evacuated silica tubes. The samples that fell between uo,
and 002.25 decomposed into Uo,, and "unknown oxide X"; tihose vetween
Uo,

2.25 3
of course U,‘OL . The x-ray patterns reproduced with the article show

and U°2.67’ into "oxide X" and U,0.. The unknown oxide X is

the UhO9 lines, at a sligitly nigher Erags angle tiian eacu of the U0,

lines.
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In the'r attempt to identil'y tne unkrown p:ase, irooker ard
Nuf't'ield studied tiie paper oi' Alverman and Anderso:, a.d proved ex-
perimentally the ract tiiat the tetragonal :'or:m was identical vo
Jolibois' 0307, but that their pnase was equivalent to neither. Tiis
is not surprising; tie tetragonal iorm is.unstable .above '3UO°,-,_>m
phase X vas produced at 1000°.

U205

U,0; vas first described by Pe€ligot (134k2). It was also re-
ported by Oeschsner de Coainck (1503), écnwartz (1920), Leueau.g}gee)
and many others, l;ut the most modern and complete work was doue cy
Rundle, Baenziger, Wilson and McDonald (1948). Most of these workers
decomposed compounds such as UOCl, at temperatures arowd 900°C.
They obtained a product that would absorb additional oxygen to become
0308. Rundle et al. prepared their samples by mixing appropriate
amounts of 002 and U3°8’ packing the mixture in a silica capillary
and heating. He then x-rayed the capillary to find ir he had a
single orthorhombic phase with spacings slightly larger than U3Od.
Hoekstra et al. (1955) point out, however, that it is very hard to

prevent additional oxidation from absorbed and entrapped oxygen

. after the powders are mixed. The state of oxidation can be deter-

mined accurately only by chemical analysis at'ter the heating run.

. Hoekstra is of the opinion that uzo5 probably does not exist, and

| that most of the reported occurrences are the phase ne descrives as

U0, g

U02.6

Hoekstra, Siegel, Fuchs and Katz (1955) neated mixtures of UO,
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and 0308 of appropriate composition to 1200°C. for several weeks in
evacuated glass tubes, then x-rayed and analysed the products. They
found no trace of the fluorite-type pattern ab;we U02.55. Instead,
between uo 2. 56 and UO 2,65 they found a single orthorhombic phase,

| with the lattice constants ag= 6.751 A., bo® 31.76 A., coe.8.286 A.

' They refer to the new product as the U0, ¢ phase. The cell contains
32 uranium atoms, and the calculated specific gravity is B8.36.

Single crystals of UO .6y vere prepared by heating 0308 in air to

1100-1500°C. At the higher temperatures, some volatilization occurred

. with condensation at the cooler part of the tube. (w1100°C.)

2.0
this", say the authors, "x-ray patterns show line shifts and intensity

The upper limit of the UD, . phase is set at UD, g5- “Above
changes...suggesting that this represents the transitional region to
U308."

Milne (1951) reports that his single crystal study of 0308 showved
two slightly different hexagonal unit cells, wnich he describes as in-
terpenetrating. Milne's hypothesis is not representative of nature.

| Hoekstra et al. point out that he almost certainly had a mixture of the
U0, ¢ phase and U;303. However, the crystals must have been parallel

intergrovths, and this indicates a two-phase region in which both are
stable, rather than a continuous transition between U02. 6 and 0308‘
It should be noted that Milne's material had stood for a while.
U303
U3°8 is the uranium oxide in stable equilibrium witn the atmos-
phere at temperatures between 500° and 1100°C. All lower oxides can

' be converted to precisely stoichiometric U3°8 for weigning, simply by
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heating over a Bunsen burner in an open crucible.

At room temperature, 0305 is ortiornombic, with the following
parameters; 8 ® 6.717 A., bye 11.97 A., co® 4.150 A (lloekstra et al.,
1955) The calculated density is £.39. The x-ray powder diffraction
pattern is given in table 7.

The ratio Petween tne axes b/a is 1.752. As the temperature is
raised, this ratio decreases until it reacies ¢/ 3 (1.732) at about
400°%C. At this point, UQO; becomes rnexagonal, and it remains so at
higher temperatures. Above 11009, U3°8 begins to lose oxygen; at
2000°C., UO, is stable in tne atmospnere.

Table 7. X-ray powder diffraction patters or U305

(General Electric Co., cited in A.S.TM. Card File)

d(A.) T d(A.) I
ST 10 1.77 S0
k.15 100 1.71 20
3.43 100 1.55 10
3.36 5 1.53 30
2.5 90 1.55 10
2.51 %0 1.k4 20
2.07 &0 1.42 30
1.9 20 1.33 10
1.95 40 1.32 20
1.20° 20 1.30 20
B -U3%:

As mentioned avove, Hueistra et al. (1953) prepared single crystals

o: UD., - by volatiliziing "',Ng at nigh temperatures. Trey; attempted to
- st Jd ¥
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prépare single crystals oi' U Oi by neating the crystals oi er.éh in
air to the mucih lower temperature oi {50°. They i'ound that the product
did not always give the conventional U3°8 pattern; occasionally, they
obtained an orthornombic phase with the cell dimensions ag* 7.0 A.,
T bge11.42A.; and e e 8.29 A- The calculated density is 0.35. They
named it A-U303.
This phase is apparently metastable. It disappeared on reheating
the samples to 750°. It could not be obtained simply by heating U30g-
A K U308-U§)3 S i A I - S DS
Hexagonal products intermediate between 0308 and Uo3 can be
f obtained by oxidatién of U3°8 at 450-000°C. under the pressure of 20-30
atmospheres of oxygen. Their structure is apparently related to U308,
with b/as ‘/-.
The best guide to the complete and utter confusion existing at
| UO3 is & paper by Perio (1953). Little more than a list of the various
phases can be offered here. First, there is amorphous UO3, which is
most easily prepared by heating uohzauao. Then there is the & -003 of
Zachariasen (1948). This was obtained by heating the amorphous phase
| to 500°C. for 8 hours under a pressure of 20 atmospheres of oxygen.
| It is hexagonal, with as 3.963* 0.00k A., and colh.ldoi 0.003 A.
Pério obtained this phase, and maintains that it is stoichiometric

06017’ thus adding another interesting ratio to our collection. This
phase is listed by Katz and Rabinowitch as uo3(1).

Next there is the so-called "Mallinkrodt" oxide, produced by the
- Mallinkrodt Chemical Co. by ignition oif uranyl nitrate. This is Katz

; and Rabinowitch's uo3(111) and Pério's UO3(I). It is orthorhombic,
}

i
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with the cell dimensions ay= 13.0C A., b = 10./2 A., Co= Tou1 A, It
is brignt yellow in color. Its powder pattern is given in iaule
After the Mallinkrodt oxide has stood for two years in air, Perio
found.the lines of a tetragonal phase appear, which Perio called UO3
(II). The lattice dimensions are a,= 5.11 A., cy= 2.3 A, Its iden-
tifiable lines are given in Table 3. When amorpi:ous UO3 is heated to
500-700° in oxygen under pressure, a orick-red phase 0i' unknown
structure appears. This is Perio's UO3(III) and nay be Katz and
Rabinowitch's U03(II). Katz and Rabinowitch mention the possivility
of two more phases, without giving details. All of these phases break
down to U303 and oxygen when heated above 400° in the atmosphere.
Zachariasen (1954) showed that it was impossible to give any one
value for the length of the U-O bond in the uranyl ion; it varies over
a considerable range, in an inverse relation to bond strengtn. This is
undoubtedly one of the factors which make the chemistry of uranium so
complicated. But there are others; uranium is a small, heavy ion, and
it is difficult, compared to other elements, to apply enough kinetic
energy to Jar it out of its metastable positions. Its envelope of 92
electrons has a complicated internal structure, giving many energy
levels close together. In crystals, where each of these energy levels
is broadened into a band, it can be seen that a wide variety of stable
and near-stable structures is possible. In some of the investigations
of solid phases in uranium chemistry, it seemed that every run produced

a nev phase, and it was impossible to construct any sort ot coherent

picture.
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Table 3. Powder patterns of UO3(I) and (I1)(Perio, 1953)

U03(1, Perio) U03(1I, Perio)
d (A.) hk1 d (A.) hkl
6.49 200 5.11 100
4.97 120 3.42 002
k.37 021 2.86 102
3.45 130 2.56 200
3.25 202,400 2.47 112
3.06 321,022 2.04 202
3.02 122
2.79 420
2.7k | 312
2.62 140
2.38 113
2.19 341
2.10 150

2.01 620
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CHAMUER 3

URARTIITE AS A MINERAL

Uraninite is a black mineral with pitchy %o eartny lustre. 1Its
wardness is »-o, and ihe speci.ic gravity ranges trom v., to 10.,. It
velongs to the isometric system, and is occasionally iound in
@whedral crystals in pegmatites. Tne crystal iorms most commonly seen
are tne cube, octahedron and dodecaiiedron. Uraninite is generally
opague, altnough occasionally weak orown internal rei'lections can be
seen in polished sections. It nas no cleavage, and e:xhibits a con-
cnoidal fracture. It is rather brittle. Uraninite .rom veins (pitch-
blende) sometimes occurs in botryoidal aggregates. Uraninite is solu-
ble in warmed strong acids. In dilute Bbiydrochloric and sulf'uric acid,
hexavaelent uranium may be differentially leached from tetravalent

uranium. UO2 itself is practically insoluble in cold, dilute, non-

oxidizing acids.

The most striking diagnostic cnaracteristic of' uraninite is its
intense radioactivity. ‘Except for some radiocolloid barite, it is the
most radioactive mineral.

Chemically, uraninite is U02 witn varying amounts of additional
oxygen. Lead is invariably present, from tne disintegration of' uranium
it from no otner source. The typical uraninite migiit contain 5% lead,
although, of course, it is diff'icult to generalize. In pegmatitic
uraninites, up to 13.5% TuO, has been reported (anal.o, appendix) and
up to 15.01% rare eartn oxides (anal.20). Vein and sedimentary pitcn-

blendes contain only trace amounts of ThCP and rare eartis, but unlike
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vhe pemmatitic uraninites, tney mav contairn several percent Za0. 1In
tize lavoratory, it is possivle tu mare a complete solid solution series

vetween erand T:0,, and also vetween hO2 and Ce0Oy; but in nature, the

o
series do not seem to be complete.

The assortment of lustres and textures exhibited by uraninite are
rather similar to many exhivited by ordinary coal, and it may be
possible to describe tiiem more explicitly by using the terms devised by
the coal petrologists tor megascopic textures of coal. Tre {our most
important terms are de:'ined by Cady (1939) as t'ollows:

Fusain is mineral charcoal. It is dull, sof't, and porous.

Vitrain is nighly lustrous, vitreous, "jet-like" coal, with a
concinioidal fracture. In distinction o f'usain, it is a "orignt" coal.

Clarain is also a "bright" coal, with a silky lustre. Generally,
good conchoidal fractures do not develop.

Durain is a "dull" coal, but in contrast to fusain, it is hard
and compact. It breaks unevenly and has a lumpy or matte surface.

In the section in wnich the specimens used in this study are
described, terms such as "vitrain-like" and "durain-like" will be used.
It is noped that these terms will make the descriptions not only shorter
an. less repetitious, but more nearly exact.

SPECIFIC GRAVITY

Specilic gravities of the samples studied were determined on the
Eerman Ealance, using the basket attachment wnere necessary. The peg-
matitic uraninites nave specit'ic gravities ranging from 7.32 to 10.25.
Vein pitcrblendes cover tne mucn smaller range vetween .77 and [.c2.

Tre distribution shows a strong "cluster" in the vicinity ot 7.3.
e T N
,/4,- .."."_r._.{ oo

P
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Sedimentary pitchblendes were generally too porous to measure meanihg-
fully, although the value of 0.5k for the Mi Vida sample is probably
reliable.

The theoretical density of UO,, based on a cell edge of 5.4092A.
(Rundle, 1948), is 10.96. All measured natural uraninites fall con-
siderably below this. Even the hard, lustrous, compact crystals from
pegmatites were seldom much above 9. The analyses show some of the
reasons for the discrepancy. The total U, expressed as U02, is gener-
ally no more than 80%. Thorium would not tend to decrease the specific
gravity, and the rare earths would have a comparatively minor effect.
But the excess oxygen associated with the presence of 0‘6 would tend to
decrease the specific gravity, as would iron, silica, calcium and water
(-&and-); vhich are recorded in most analyses. Furtnermore, there are
microscopic and sub-microscopic voids, and, as will be shown, amorphous
regions of disordered structure which probably have a considerably re-
duced density.

OCCURRENCE

Uraninite has three main types of occurrence; in pegmatites, veins
and in sedimentary uranium deposits.

Uraninite from veins is generally hard, compact, and lustrous. It
is often euhedral. The sample from Wilberforce, Ont. included in tnis
study is a single crystal two inches across, showing good dodecanedral
faces. These uraninites are associated with the usual pegmatitic
minerals; coarse potash feldspar, quartz, muscovite, biotite, zircon,

and other, rarer minerals.

The vein pitchblendes occur in either calcareous or siliceous
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gangue, ot'ten with pyrite and dalena. Their grain sizc ~as been es-
timated at 10~ cm. from x-ray lire breadth studies. (Crort, 10-4)
The sedimentary uraninites of' the Colorado Plateau occur as sooty
deposits in sandstone and limestone. They are associated with coffinite,
vanadium minerals, selenides, and other rare species in a very unusual

assemblage that has been the subject of much recent study.

The oxidation products of uraninite a.so {orm part of all the
above associations. Uraninite readily alters to secondary uranium
minerals, in which the uranium is in the hexavalent state. The altered
material in contact with the uraninite is usually the mixture of' orange
hydrated oxides formerly known as gummite (Frondel, 1G5v), whicih is now
known to consist primarily oi' fourmarierite and vandendriesscnite.
These in turn alter to yellow and green uranyl silicates, suliates,
pnosphates and carbonates. The black uraninite, orange oxides, and
yellow or green uranyl compounds form concentric rings in some specimens;
elsewhere, the oxidation products invade tne main vbody o. the uraninite
along innumerable fissures, as at Grafton, N. 4., so taat it is almost
impossible to obtain a pure sample of the uraninite. On the Colorado
Plateau, where the primary uranium minerals are porous and tne water
table low, the primary uranium minerals oi' entire ore vodies have veen
completely changed to tne vanadium-vearing mirerals carnotite and
tyuyamunite, which were mined for man; ears oei'ore the primary minerals
wvere discovered. On the Colorado Platea., uraninite is oi'ten assocliated
witn organic matter, wnich may have oveen tne localizinc ‘actor iu taoe

ore deposition.
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THE TERM "PITCHELENDE"

In this work, the term "pitchvlende" will be used as a varietal
name, ror uraninite from veins and sediments. This rollows best
current usage.

Many workers nhave used the terms "uraninite" and "pitcnblende"
as the names of two separate mineral species. Katz and Rabinowitch
(1951) distinguished Letween tnem on the basis of cnemical composition,

maintaining that uraninite was oxidized 902, and pitcholende U3°é°

Ellswortn, Kirsch, and otaers distinguisiied between the two on the
basis of presence or lack of crystal form; Croft (195%) on the basis
of grain size, as revealed by line breadth in x-ray pnotographs.
Rogers (1947) resurrects tie old term "mineraloid", meaning an amor-
pnous material of indet'inite composition, and applies it to pitch-
blende in contrast to uraninite. "Mineraloid" is a term suggested by

Niedzwiedzki in 1909 to cover such things as limonite and wad.

EXTENT OF OXIDATION
Tne extent of' oxidation of uraninites is one of the main subjects
of this study, and detailed data on the samples’ examined and on the
aﬁalyses appearing in the literature will be given in later chapters.
The degree of oxidation will be’'defined in terms ot the subscript ot
the oxygen in the formula. The letter "m" will be used to refer to tie
subscripts of UOy; "n" will be used ior (U,Th)O,; "p" will be used ror

(U,Th,R.E.)0,; and "q" will be used tor (u,rh,a.s.,s'u)cq,

The 35 availaole analyses of pegmatitic uraninites wnich distin-

- !
guisin between U 4 and U*b rave values of' m ranging i‘rom 2.143 to 2.201%
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Only 1% ot the 3, {all velow the laboratory limit oi" 2.33. The q
values range i'rom 1.903 to 2.4.0. Only one sample is velow 2.00; this
case is almost certainly due to non-radiogenic lead. Ot the remaining
34, 31 tall in the laboratory range 2.00-2.33.

There are 29 suitable vein and sedimentary pitchblende #nalyses
available which distinguish between U*4 and U’6. In these, m varies
trom 2.000 to 2.850. Only 7 of the 29 fall below the laboratory limit
of 002.33. Since many of these analyses are partial, it is possible to
give a value of q in only 15 cases. Five out of the fifteen rall in
the range 2.00-2.33.

The generalization that pitchblendes are more oxidized than
pegmatitic uraninites is unwarranted. The generalization that the
degree of oxidation can be estimated by the texture is also very dubious.
Most of the pegmatitic uraninites below the laboratory limit are about
equally lustrous on comparable surfaces.

All available analyses are given in the appendix.

UNIT CELL EDGE

C. Frondel and E. Berman have collected the unit cell measurements
of many uraninites. To these the author has added nis own data, and
the resulting distribution bar graphs are shown in Figure 2.

Tne cell edges of the 105 pegmatitic uraninites range from 5.415
to 5.500 A. The median is 5.470 A. The 101 vein uraninites have cell
edges ranging from 5.370 A. to 5.495 A. The median unit cell size for
vein pitchblende is 5.437 A., which is 0.033 A. lower than the median

for the pegmatitic uraninites. The unit cell sizes of all 100 pitch-
L]
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blende samples from sediments, virtually all from the Colorado Plateau,
range from 5.36 A. to 5.47 A. The highest value is at the median of
the pegmatitic uraninite range; t.e median cell size of the sedimentary
uraninites, 5.406 A., is below the bottom of the range of the pegmatitic
uraninites.

The high values of the pegmatitic uraninites can in part be ex-
plained by the presence of thorium; but these samples contain rare
earths as well, and rare earths tend to decrease the unit cell size.
The difference between the vein and sedimentary pitchblendes cannot be
explained by chemical factors, for there is no essential chemical dis-
tinction between them, as far as can be detected from the available
analyses.

BEHAVIOR ON HEATING

When uraninite is heated above 400°C. in air, it changes quickly

to U3°8' Since Th308 does not exist, Th should decrease the stability

field or U 08 in favor of UO,, and retard the oxidation of nigh-thorium

3
uraninites. But this is speculative; all samples tested were U3°8
after heating to redness in air.

In an inert atmosphere, uraninite heated to the vicinity of 550°
for several hours undergoes a change that will be called "annealing".
The lines of the powder pattern sharpen, and the unit cell size de-
creases as much as 0.04 A. The duration of heating necessary to com-
plete the operation (i.e. until the unit cell stops ci:anging) varies
considerably from sample to sample, but 24 hours is usually safely in
excess. In certain of tne more oxidized samples, U3O3 lines appear,

perticularly on long runs. These may actually be tue lines of thne
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UO, ¢ Phase, but Hoekstra et al. (1955) failed to includc the powder pat-
tern of 092.6 in their original description of the phase, and the cri-
teria are therefore lacking for distinguishing the two pnases in an
ordiﬁlry powder photog: apn.

When the samples are heated to 900°, more of the samples dispro-
portionate into a cubic phase and an orthorhombic one related to u3oa.

_ The results depend on the state of §x1dation, and perhaps on the content
of thorium and other elements.

The work of Alberman and Anderson (1949) on syntnetic material, and
that of Brooker and Nuffield (1952) on naturai material suggests that,
at high temperatures, pitchblendes with no thorium and little excess
oxygen should decompose into an and Uuog. This phenomenon was not
observed in this study.

STRUCTURE

Goldschmidt and Thomassen (1923) found that U0, has a fluoritetype
.structure. Each uranium ion is surrounded by eignt ox;zen ions, at.the
corners of a cube cof which the uranium ion occupies tiie center. Each
oxygen is surrounded by iour uranium ions, at tie corners of a teira-
hedron. The other four corners are vacant. The cavities are large
enbugh for an ion with a radius of 1.32 A. Oxygen will just [it it.

So will divalent lead.

Table 9 is a list of 47 substances witn the [luoritet,pe structure.
They include fluorides of divalent elements, oxides oi rare earths and
the actinide series, sulfides, selenides, tellurides, and an asﬁort-

ment of 2:1 alloys. Among trem are the minerals uraninite, thorianite,

cerianite, fluorite, and digenite (high-temperature ci.alcocite.)



Figure 2, The structure of uraninite, “hite-oxygen. Dark-uranium,
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to occurrence. (In part after C. Frondel.)
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Digenite may have a sligntly distorted pseudo-cubic structure.

The cubic ZrO2 listed is not baddeleyite.

Table 9. Substances with fluorite-type or anti-fluorite structures.
Halides Oxides Sulf ides Alloys, etc.
CaF, (Fluorite) Lis0 Li S Mg,Si
SrF, CeO, (Cerianite) Na,S Mg, Sn
BaF, Pro,, K S Mg, Pb
RaF, Ro,0 Rb,S MgoGe
CdF, Zro0, CuES(digenite) PtAl,

PbF2 HfO2 PtGa2
CuF, AcOF HySe Ptln,
EuF, Thoz(Thorianite) Li,Se PtSn,
SrCl, uo, (Uraninite) Na,Se AuAl,
Na,UF, NpO,, K,Se AuGa,,
PuO, Aulny,

Am02 L12Te BezCz

K2Te Cu2Si

IrSn2
BiCuMg

In actinium oxyfluoride, AcOF, the i'luorine and oxygen occupy

equivalent positions.

alloy BiCuMg, and Na,Urg.

A similar mechanism presumably operates in the

This structure permits a number of different mechanisms of solid

solution to operate.

appropriate compensation veing afi'ected elsewhere.

In some, ions it into the vacancies with

Fluorite, CaFy»
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takes up additional fluorine in the vacan:ies as Y'3 is substiluted
-
. 4+ P s . z . v
ror Ca “. Tre series is continuous :'rom Cai, Lo (N<a)r .9 @b wilel
point the interstitial vacancies are exhausted. Goldscunit suggested

that the iptake of fluorine in jyttroiluorite and oI oxygen in uraninite
5

were comparable, with compensation being ai'tected vy y¥= goling to U 7.
+3 Le FJ
SrF, can also take up La - to (bGTG‘JE&ﬁﬂ;’ Each 0! these interstitial

fluorines is surrounded oy eight other similarly ci.arged {luorires.

The fluorite structure also permits omissions. Ca0 can be sub-
stituted into cubic Zr0, up to 4L0%Z molar; for every Ca ion included,
one oxygen must be omitted. CaO can also be suvstiituted into U02 JAp
to 47 molar percent at l6§0°C. Here there is a croice o. two mechan-
isms. Either an oxygen can be omitted, or U'h can go to U’G. It
calcium is present, the material can contain an equivalent amount o.
U.6 without any ol the interstitial positions being occupied uy oxygen.

Digenite, Cua_xs, can exist at room temperature i’ some oi tne
copper positions are vacant. Compensation is presumavly by means of
cupric ion.

When fluorine or oxygen ions are placed in interstitial vacancies,
each one is surrounded in close coordination by eignt otner similarly
charged ions. The mutual repulsion can apparentl; ve overcome uy
fluorine, which nas a cnarge oi' -1. The oxygen ion :as a charge
twice as strong, however, and the mutual repulsion is provaoly Lne
controlling factor that will not permit tne oxygen Lo occupy all tue

interstitial vacancies up to an o
e i

When [luorite is subjected to x-reys or radioe=tlive vonverdment,

eitnher naturally or artii'icially, it may uvecome purple diw: Lo Lue 1'or-
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mation ot 'F-centers'-distorted areas or vacancies in t:e structure in
which electrons can be trapped in a metastable state, suci: tuat tney
can absorb energy corresponding to visible ligat. Tiae x-ray lines are
broadened. These eff'ects are removed by heating, under conditions
comparable to the annealing of uraninite. In the case oi i"luorite,
there is no question of oxiuation being involved; the distortion of the
structure is certainly due to radiation. Although the sharpening of
lines is similar to that in uraninite, im fluorite there is no decrease
of the unit cell on annealing. (Berman, izziuas)
DESCRIPTION OF SPECIMENS

Descriptions of the 33 specimens included in tnis study are given
below. Since most of them were taken from museum collections, they al-
ready had been assigned Specimen numbers. To avoid confusion, and to
ease the task of anyone who wishes to locate these analysed specimens
in the future, it was decided not to assign additional numbers (such as
1 to 33). The specimens will be identified by the locality name, some-
times somewhat condensed. Terms such as "Strickland", "Katanga",
"Wilberforce" and "Mi Vida" will be used as specimen names. In this way,
it is hoped that some referring back and forth in the text can be
eliminated, and that a "locality" column can be eliminated from many
tables.

URANINITE SPECIMENS FROM PEGMATITES
specimen

BOQUEIRAO. This is/ 105716 of the Harvard collection.

The locality is Boqueirao, Rio Grande do Norte, Brazil. It consists of

dense, clarain-like chunks weighing about 130 grams together. The

specific gravity is 7.30. The largest piece, about 3X2X1 cm., shows
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dodecahedral crystal faces with rounded intersections. Veathered surtfacc
are 4ull, and covered witn eart.uy vrowWwnisi material. Calcite is present
as irregular patcnes in a racture. Also, lhere are some masses, about
5 mm wide, of deep purple :'luorite, riddled with cleavages.

BRANCHVILLE. Tinis is a portion of USIM 33907, kindly loaned by
George Switzer of the U.S. National Museum. It is {rom brancinville, Comr
It consists of chips up to 2 mm. across, weighing together avout hall’ a
gram. It was described and analysed by Hillebrand in Bulletin 76 of the
U.S. Geological Survey (1391). It is listed as analysis VI. Hillebrand
states tnat it was received t'rom G. J. Brusi and E. 5. Dana of Yale, and
was "the residue of the material from whicn Comstock nad taken his for
analysis". He furtner descrives this sample as "by t'ar the purest of
any material obtained from any locality, the crystals being brilliant
and well-defined and almost aosolutely free of impurity". Hillebrand
gives the specific gravity as 9.733.

ELVESTAD. This is also one of Hillebrand's specimens. It is a

specimen

portion of / 83565 of the National Museum. The locality is Elvestad,
near Moss, Norway. This sample is Hillevrand's analysis XIII or XIV in
Bulletin 73. It is almost certainly XIII, bvecause XIV contains about
15% insoluble columbite, and this specimen apparently does not. In any
case, the analyses are almost.identical, except or insolubles.
Hillebrand gives tne specific gravity ot XIII as 9.14%; tihis specimen
was measured as 9.13. The sample at liarvard weigus about 3 grams, and
consists of durain-like chips of' uraninite. It includes a rood crystal

some -0 mm across, with rounded edges. The faces are dodecaiedrons.

A few chips of quartz, muscovite, and brownish i'eldspar are included



-

38

with the sample. Hillebrand obtained the material from Brabger.

GORDONIA (HOLMES). This is Harvard's sample 92341, from Gordonia,
South Africa. It was obtained from Hecht, vub states that it is the
analysed material of Holmes. The analysis was made by E. D. Mountain
and quoted in Holmes (1934). About 25 grams of material are available
at Harvard. This includes a hopper-shaped cast about 2 cm. X 2 cm.,
coated with a layer of brownish alteration products. The material is
compact and clarain-like on a fresh surface; it has an uneven fracture,
but is rather lustrous, Holmes gives the specific gravity as 8.87?.

GORDONIA (USNM). This material is from the same locality. It
is specimen No. 103596 of the National Museum. About 150 gm. of this
material was available. I% is similar in texture to Holmes' material,
and consists of subhedral crystals up to 1 cm. across, embedded in
coarse brown plagioclase. A crystal with a square cross-section, 15
mm. across, is included. Tne specific gravity is 7.32.

GRAFTON. This is specimen 105756 from the Harvard collection.
It is one of several polished slabs, about 20 cm. across, from the
Ruggles Mine, Grafton, N. H. The lustrous black uraninite is in
patches 2-3 mm. across, riddled by cracks filled with alteration
products, chiefly gummite and uranophane. There is also some greenish,
brilliantly fluorescent autunite, and cyrtolite. The groundmass is
quartz. It was necessary to stage-grind the material to 100 mesh
(0.15 mm.) for grain picking. Even after all other permissible
separation methods had been tried, less than 2% of the concentrate
wvas suitable for inclusion in the sample. Virtually every grain nad

specks and fissures of secondary uranium minerals. Acid could not be
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used; it would nave removed tne unwanted minerals, but it would also
have changed the composition of tne uraninite oy diitere:tial leaching.
After a month of work, 40O mg. of sample was collected, and #§r. .un
Ito undertook a partial analysis on tu.is quantity. Tune analysis does
not include a determination of TnO,.

HALE'S QUARRY. This specimen, No. 53500 trom tue U, S. hational
Museum, is from Hale's Quarry, Portland, Conn. It is }:illeorand's
analysis I-"which led to all subsequent work"-tne sample in wiich
nitrogen, later shown to be partly nelium, was f'irst observed, xe?
corded and measured. The original sample was a rouaded, distorted
cubic crystal about 15 mm. across. About 10 gm. oI material was sawed
off one end of the crystal for this present work. It nas a clarain-
like lustre. Hillebrand gives its specific gravity as 9.139. It is
associated witn reddisn teldspar, quartz, yellow muscovite, and
columbite.

HUGGENASKILEN. Tnis is a portion of specimen C3570 of tue
National Museum. It is from Huggenaskilen, near Moss, Norway, and is
Hillebrand's analysis XVI. Approximately 5 gm were obtained f{or study.
It has a vitrain-like lustre; it is considerably more lustrous, in a
side-by-side comparison, than the Hale's Quarry sample, wunicn 1s mucu
less oxidized according to the chemical analyses. T.e cample is in
chips about 2 mm across. Hillebrand gives the specil'ic gravit; as
8.930. Tne sample is pure except for a little reddic:u material on
wveathered surfaces.

KARELIA. Harvard's specimen 106035 is irrom Karelia, in tne USSR.

The label of the Minerals Excrange bureau, Leningrad, reads "Urarinite
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in Microcline. Xarelia. White Sea". 1t consists or turee tabular
chunks, weighing together 15 grams. It is compact and vitrain-like.
The specific gravity is 8.41. Except for a little microcline on the
surface, the material is pure. Some of the sample was sent to Katz
for age determination studies.

MOROGORO. The National Museum's records showed that specimen
93290, of which this is a part, vas from East Africa and had been
analfsed by Marckvald. Apparently, it is from the Morogoro District
in the Uluguru Mountains, Tanganyik;. There are several analyses, and
it is uncertain which one this material represents; but the analyses
are very similar, and it was arbitrarily decided to use the one listed
in Doelter's Handbuch as No. 41. It is the only Morogoro analysis

2
agreement between calculated and measured values in the Vegard's Law

differentiating between UQO,and UO3. This assumption produced good

calculations.

The crystal is a cube, about 2 cm. on a side, with one face being
the cast of a hopper-shaped crystal. The surface is covered with a
coating of brownish-yellow alteration products. The texture is durain-
like. The specific gravity is 9.09.

NEWRY. This is No. 103038, the finest uraninite specimen in the
Harvard collection. It is from Newry, Me. It is an octahedral crystal
with the edges truncated by sharp, narrow dodecahedral faces. The
crystal is about 2 cm. on an edge, and is embedded in a matrix of gray
orthocluse.. The lustre is vitrain-like, almost sub-metallic. The

specific gravity is 9.58.



L1

PORTLAND. Tuis is No. 10214 ot tie ijarvard collection. Tue
locality is Stricrland qQuarry, Portland, Conn. Tne sample consists ot
several crystal {ragments, witi laces, weiéhing about nhali’ a gram each.
They have a vitrain-like lustre. The specit'ic gravity is 10.15.

SPRUCE PINE. This specimen is about 2X3 cm., and consists of' 75
gn. of uraninite i'rom Spruce Pine, L. C. It is No. 105712 of the
Harvard collection. It is covered by a brownisn crust 2-3 mm. thick,
consisting of muscovite, r'luorescent autunite, torbernite and brown ortho
clase. Tne uraninite is vitrain-like, with well-developed conchoidal
fractures and a bluish iridescence. The specific gravity is very low--
1 b

STRICKLAND. lHarvard's specimen 100052 is from Strickland Quarry,
Portland, Conn. It is a piece of coarsely crystalline orthoclase 7-8
cm. across. On one surface, tnere is rairly large crysfal ot' uraninite,
about 5 mm. across, embedded in the feldspar, also a somewhat smaller
one and a scar from which a third nad been plucked. The material is
very similar in appearance to the "Portland" sample, whicn came from
the same locality, and the "Hale's Quarry" sample, which was found a
mile avay. It is unfortunate that so many of the analysed samples
come from Portland, Conn. and the vicinity of Moss, Norway.

With the specimen, there is a letter ‘rom A. C. Lane, stating that
tnis material was analysed by Hecht, and that tne results are given in
Foye and Lane (1934). The article gives the microanalysis of one large
and two smaller crystals. The analyses are virtually identical except
for the state of oxidation. A little material was removed from tne

larger crystal for tnis work. Presumably it corresponds to Foye and
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Lane's analysis 2.

SUDBUR® This sample was obtained from the Public Sample program
of the U. S. Geological Survey, which had assigned it the number RW-5060.
Correspondence stated that the material was obtained from a pegmatite in
the Sudbury district, Ontario. The sample consists of a kilogram of
crushed rock, largely quartz, coarse reddish feldspar and biotite, from
which about 35 gm. of uraninite crystal fragments were extracted. They
are about 1 mm. across, on the average, vitrain-like, and have a specific
gravity of 8.6.

WILBERFORCE. Harvard's specimen 105711 is one of a number of
large uraninite crystals from Wilberforce, Cardiff Township, Ontario.
Originally, the specimen was about 7 cm. across, and weighed 100 grams.
It has a durain-like texture, and is associated with deep purple fluorite
and brown, powdery feldspar. The specific gravity is the highest for
any of the natural samples studied--10.25. The crystals are pitted,
distorted dodecahedrons with rounded edges.

VEIN PITCHBLENDES

ELDORADO. Tnis is Usht "P§*¥¥Y}e3, from the Eldorado mines, Great
Bear Lake, N.W.T. A partial analysis was performed by Marble (1937)
for age determination purposes. Unfotunately, tne sample is badly con-
taminated with calcium carbonate, and its usefulness was rather limited.
It consists of 5 grams of very fine powder.

GREAT BEAR LAKE. This is Harvard's specimen 100051. It is
“rom the 125' level of the east section of the No. 2 vein, Eldorado

Mines, Great Bear Lake, N.W.T. The specimen is about 2 cm. across, and
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weighs 200 grams. It consists mostly o! gray and reii's: quartz witn
some carbonate, and witn disseminated chalcopyrite turougnout tne wall
rock. One surface of' the specimen is covered with a layer oi' pitch-
blende up to 1 cm. thick, botryoidal in character witi: the coalescing,
somevwhat flattened groups naving diameters up to 1 cm. The lustre is
vitrain-like. The specif'ic gravity is 7.19.

JOACHIMSTHAL. This was specimen 346 in the collection of A.
Berger of Vienna. It is from Joachimsthal, Bohemia. Tine specimen
weighs about a kilogram, and is about 10 cm. across. It exhibils two
seams of vitrain-like pitchblende, one about 2 cm. wide, and one
averaging 3 cm., extending the length of the specimen. lordering tiese,
is a "comb structure" of parallel reddisn-gray dolomite crystals.
Between the pitchblende seams, there are portions o: wall rock, a gray
mixture of quartz and carbonates witn dispersed pitchblende and prrite.
Material from the seams was used. Its specific gravity is [.2C.

KATANGA. Specimen 94710 of thne National Museum consists of 13
grams of durain-like pitchblende, seamed with ochre-yellow alteration
products, apparently mostly becquerelite. The only locality in:orm-
ation available is "Katanga"; it is presumacly irom thec nines at
Sninkolobwe. The material is somewant porous, and a 7ood specii'ic
gravity determination could not be made.

PIED DES MONTS. Thnis is 105713 of the Harvard ccllectiion, .rom
Lac Pied des Monts, Quevec. It consists o!" 90 grams oi’ powder on

Wwhich some person had begun an analysis. The analysis was completed

by Harry Kramer of the U. 5. Geolosical Jurve,. Tie powdered saaple
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contained a consideravle amount oi calcium carvonate.

PRZIBRAM. This is 105714 of the iarvard collecction. It is
from Przibram, Bohemia. It consists oi a specimen, 4X0 cm, with one
side polished, weighing 110 grams. Tne polished side shows clearly
that the specimen is made up of vitrain-like botryoidal groups of
pitchblende up to C mm. in diameter, with galena along cracks and
concentric shells. Pyrite and galena rill the space between botry-
oidal groups. The specific gravity is T7.02.

RIX ATHABASKA. This 1s.P7c‘!59717 from the Harvard collection.
It is from the Rix Athabaska mines, Athabaska Lake, baskatchewan.

The specimen is about 15 cm. long. About nalf of it, by volume, is
brecciated reddish limestone wall rock. Pitchblende fills the space
between the fragments. It has a somewhat greasy lustre, and shows
pisolitic groups up to 1 mm. in diameter on some surfaces. The
specific gravity is 7.33.

SCHMIEDEBERG. This is Harvard specimen 104907, from the
Bergfreiheits mine, near Schmiedeberg, Silesia. It is about 15 cm.
long. It consists of a vein of vitrain-like uraninite in cleavable
pink calcite. The vein is irregular, averaging about 3 cm. wide, and
extends the length of the specimen, replacing the calcite along cleavage
planes. The uraninite shows some botryoidal aggregates about 3 mm. in
diameter. The specific gravity is 7.46.

THEANO POINT. This is Harvard specimen 105710, from Theano
Point, Algoma District, Ontario. It consists of clarain to vitrain-
like uraninite in tabular veins up to 1 cm wide, in somewhat calcareous

reddish quartzite. The wall rock has irregular powder; coatings and
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stainings of canary yellow uranophane. The specific gravity of the
pitchblende is variable and extremely low--about 5.

WOLSENDORF. This specimen, weighing abéut 200 grams, consists
of "fetid" purple fluorite and pink quartz, with a seam of grayish
durain-like uraninite about & mm. wide extending the 10-cm. length of
the specimen. It is from Wolsendorf, Bavaria. The fluorite has been

described as sample F-1 in an earlier paper by the author. (Berman,
1957)

in-preos)
WOOD MINE. Sample 100453 of the National Museum is from the

Wood Mine, Central City, Colo. It consists of 200 gm. of gray, fusain-
like, porous, pulverulent uraninite, with small grains of pyrite.
Washing with water reveals that part of the sample is reasonably com-
pact; this is the portion that was used in the present work. The
specific gravity of the compact material is 6.77.
“ IDIMENTARY PITCHBLENDES

BIG INDIAN. Harvard specimen 106050 is from the Continental
Uranium Co. Mine, Big Indian Wash, San Juan Co., Utah. It consists of
tvo seams of gra).rish, fusainlike material permeated by calcite, which
shows as reflecting cleavages in the pitchblende. The seams are 1/2
and 1 cm. wide, and separated by a 2 cm. band of gray, sandy limestone.

HAPPY JACK. This sample, from Happy Jack Mine, White Canyon,
Utah, was part of a sample analysed for Stieff and Stern of the U. S.
Geological Survey. They kindly lent the author a few hundred milli-
grams. The material was in the form of a fine black powder.

MI VIDA. This sample, No. 106040 of the Harvard collection, is
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from the Mi Vida Mine, San Juan Co., Utah. It is a nearly solid mass
of charcoal-like uraninite, weighing nearly a kilogram. There is a
small seam of calcite, and a few grains of chalcopyrite. The uraninite
is high in vanadium, which may be present as a separate phase. The
specific gravity is 6.84.

SHINARUMP NO. 3. Sample 106039 of the Harvard collection is from
Shinarump No. 3 mine, Sevenmile District, Grand Co., Utah. It is about
6 cm. across, and consists of dull, pulverulent pitchblende in gray
sandy limestone. Orange-yellow alteration products occu at one cor-
ner of the specimen. Cleavages of permeating calcite are visible in
the pitchblende.

ROYAL CLAIMS. Sample 106037 of the Harvard collection was found
at the Royal Claims, Indian Creek, San Juan Co., Utah. It consists of
grayish, fusain-like uraninite permeated with light gray calcite.

SYNTHETIC SAMPLE

Uo, crystals were prepared synthetically following the method of
Ebelman (1842) with a f;:v modifications, largely for convenience. T
grams of anhydrous MgCl, and 2 grams of (002)(N03)2.6}120 were ground
and mixed, and packed into a carbon crucible, which was then covered
and heated for half an hour in a forced gas flame. The results, after
cooling, consisted of a crust of coarse magnesium chloride crystals.
Between the crystals and next to the carbon were dendritic groups of
cubic an crystals, black and very lustrous, with the largest cubes

about half a millimeter across. The measured specific gravity is 10.75.



Table 10.

Name
Location

BOQWEIRAO
Brazil

BRANCHVILLE
Conn.

ELVESTAD
Norway

GORDONIA (HOLMES)
S. Africa

GORDONIA(USNM)
S. Africa

GRAFTON
N. H.

HALE'S QUARRY
Portland, Conn.

HUGGENASKILEN
Norway

KARELIA
U.S.S.R.

MOROGORO
Tenganyika

NEWRY
Me.

PORTLAND
Conn.

SPRUCE PINE
NQCO

STRICKLAND
Portland,Conn.

LHA

Collection
Number

Summary of Samples Used.

Sp. Gr.

Anal

PEGMATITIC URANINITES

H 105716
USNM 83567
USNM 83568
H 92341
USNM 103595
H 105756
USNM 83566
USNM 83570
H 106038
USNM 93290
H 103038
H 16214

H 105712

H 106052

7.80

9.733

9.145

8.876

7.32

9.139

8.930

8.41

9.09

9.58

10.15

6.17

39

k2

10

33

32

k5

2k

Chem

Mountain

Ito

Marckwald

Ito

Ito

Hecht

Remarks

Large, rough x1

xls, vitr.

altered along
cracks

vitr.

Hoppershaped

vitr., x1

xl frags.

iridescent
vitr. ?



bl o g bRl e

SUDBURY
Ont.

WILBERFORCE
Ont.

ELDORADO
Gt. Bear Lake

GREAT BEAR LAKE

L6B

RW 5050 D.0

H 105711 10.2)

VEIN PITCHBLENDES

USNM 103133

N.W.T. H 106051 7.19
JOACHIMSTHAL

Czech. BER 346 T.28
KATANGA '

Belg. Congo USNM 94710
PIED DES MONTS

Que. H 105713
PRZIBRAM

Czech. H 105714 T.62
RIX ATHABASKA

L.Athabaska,Sask.H 105717 T.33
SCHMIEDEBERG

Silesia H 104907 T.46
THEANO POINT

Ont. H 105710
WOOD MINE 6.77

Central City,Colo. USNM 100453
WOLSENDORF

Bavaria F-1

b3

00’

52

41

Lo

69

25

37

Marble

Ito

TE

TE

TE

TE

TE

TE

Ito

vitr.

w. purple
Tluorite

botryoidal

w. dolomite

dull

botryoidal

in ls.breccia

vitr.

Porous

w. purple
fluorite
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SEDIMENTARY PITCIHBLENDES

bIG INDIAN
Utah H 100050 35 Ito
HAPPY JACK
Utah TWC 2232 25 TE
MI VIDA )
Utah H 106040 0.0k 34 Ite
SHINARUMP No. 3
Utah H 105039
ROYAL CLAIMS
Utah H 105037
ABSREVIATIONS
H Harvard Collection
Hb Hillebrand
Anal Number of analysis in appendix
TE Laboratory of the U.S.G.S. Washington, under contract to AEC

USNM Collection of the U. S. National Museunm



CHAPTER 4
DESCRIPTION OF CERTAIN TECHNIQUES

Most of the techniques used in this stﬁdy were the orthodox,
accepted and recommended methods, and need only be listed. A few will
be described in greater detail.

PREPARATION OF SAMPLE

The sample was stage-ground in an agate mortar, first to 0.93 and
then to 0.24 mm. No. 000 and No. 6 bolting cloth was used to sieve out
coarser particles for regrinding. These correspond roughly to 20 apd
75 mesh. In some cases, it was possible to pick the sample from the
20 mesh without further grinding, A piece of bolting cloth was dis-
carded when contamination became likely.

The ground sample was washed in a porcelain casserole with water
and Alconox detergent; this removed much of the clinging earthy secon-
dary minerals. If quartz and other light materials were present, they
were removed by the use of methylene iodide in separatory funnels. The
Frantz magnetic separator was occasionally used to advantage. As
mentioned before, acid was not used.

The one-gram sample for chemical analysis was grain-picked from
the resulting concentrate. A binocular, dissecting-type microscope
vhich magnified about 10 diameters was used. A piece of paper was
placed on its stage; on this, a microscope slide, and on this about half
a gram of sample concentrate. Suitable grains were pushed off the edge
of the glass slide, on to the paper, with a steel needle. At intervals,

the glass slide was lifted off and the grains on the paper were trans-
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ferred to a small zlass vial. The tinal sample was repic.;ec;.; tiis
time, the undesirable grains were pushed off the side. Preparing a
one-gram sample for analysis was, on the average, four days' work.

The paper used in handling the sample is one of the tools of th
druggist's trade, and it should be more widely used by mineralogists.
It is glassine powder paper, a translucent material with a hardened,
glazed surface specifically designed not to retain any sample. The
powder must be dry.

Specific gravity was determined on the Berman balance, using

toluene.
X-RAY

Spindles for x-ray powder photography were made with collodion.

A small amount of 'I.'ho‘2 was incorporated into each spindle as an in-
ternal standard--roughly 15% of the sample. ThO, gives extremely

' sharp reflections that can easily be measured throughout the film.
The unit cell size of this particular batch was determined by means
of the symmetrical back-reflection camera to be 5.5977 A ‘& .0001 at
25° c.

Eastman Type K -x-ray film and 114-mm. diameter cameras were used.
Exposure \;as 4 to 8 hours to Ni filtered Cu ra diation. The x-ray tube
was run at 45 KV, 20 MA. Development of the film followed the
manufacturer's recommendations.

) The films showed the sharp cubic pattern of T'nO2 , and, at a
slightly higher Bragg angle than each ThO, line, the corresponding line

of the uraninite sample. The distance between the lines was mneasured

to 0.01 mm. At first, a shrinkage correction was applied, but this
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was {ound not to affect the final value significantly.

The films were measured on an ARL spectrographic comparator.

This machine has a movable carriage with holders for two glass plates.
Below the carriage is a light source. Above the carriage, two separate
optical systems project the images of the plates on a screen, side by
side, enlarged 20 diameters. A contact print of a metric scale on a
glass plate was placed in one holder. The film was sandwiched between
two x-thin glass plates stripped of emulsion, and inserted in the
other holder. The original engraved Metric scale, made by Hilger, is
unfortunately too thick for the comparator.

As the carriage is moved, film and scale are translated together
across the viewing screen. A transparent vernier is taped directly to
the screen; several different designs were used during the course of
the work.

The internal intensity distribution of the X-ray diffraction
lines is clearly v.isible , and there is no difficulty in setting the
mark scribed on the screen in the center of each line. The mark can
be checked for tangency to the film line by translating the film
transvers;ly to the length of the carriage. ".e film is held flat by
the glass plates. There is no danger of moving the {ilm by contact
with a sliding rider. The rigidly aligned and collimated optical
systems virtually eliminate parallax effects, and many other sources
of error are eliminated, not the least of these being eyestrain and
the limited patience of the operator. Unless otherwise stated, unit
cell measurements in this study are accurate to +0.002 A. In a few

cases, the uraninite lines were too broad, or could not be observed at

4
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nigh enough angles, to permit tihis accuracy.
IUERT ATHOSPHERE FURNACE

In order to study annealing and disprﬁportionation erfects on
analysed samples, it was necessary to have a furnace in which the
samples could be heated in vacuum or in an inert atmosphere.

How complete must the exclusion of oxygen be to prevent ad-
ditional oxidation? The literature provides only a single piece of
data. Biltz and Muller (1927) found that uo,_ 3 U0, ¢ and oxygen at
& partial pressure of 10 mm. of mercury were in equilibrium at 1300°C.
This 1s the top of the range at which the laboratory-limit oxide is in
equilibrium with the atmosphere at this temperature. From 10 mm., the
range of pres;ue extends down, perhaps several orders of magnitude.

If the oxygen partial pressure is anywhere in this range, 002 will
oxidize to 002.3. Oxides below the laboratory limit will tolerate less
than the bottom of the range. At temperatures below 1300°, presumably
more oxygen can be tolerated, bnt the limit is probably not high.

Conybeare and Ferguson (1950) observed some of the annealing and
disproportionation .efrects. They assured a non-oxidizing atmosphere by
putting a cover on their crucible. This method is probably inadequate
{or our present purposes.

Likewise, the method of Brooker and NutTield (1y52) leaves their
results open to eerious guestion. Their sanples were pluced in a silica
tuce witn one end seuled. The other end was attuciied tc a4 vacuum pump,
wnicn evucuated tne tuve continuously us the tuve was pluced in u {lame.
Unl'ortunately, silicu vecomes permeuvle Lo Jases ot i temperatures,

and the pwap may nave simply been drapcirg: ciygen over thne samples.
p P J (&



Pirure L. Inert atmosriore furiace.



Figure 5. Sennle holder and thermocounle for inert atmosnhere furnace.
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It wus decided vo neat Lue surnles in pre-purivied nitrogen, at
a presswre sligntly zcove une zinosphere, oo Limt =) Lew.acC in Lne
system would ve outwarad.

The jjus wis admitied to ine system rom a 240 cu. Jt. tani,
through a single-gland reducing valve. It then pussed through a 1 1/2"
Vycor combustion tube 24 inches long, which was packed, except for the
ends, with scrap copper. It was heated to #50° in a mufi'le i'urnace.
The ends of the tube were suiiiciently lar removed :<rom the {urnace to
maze it possible to use rubver stoppers. The gas then passed i'rom this
purification furnace into.a second furnace containing tne sample. This
furnace was of the 12-inch, hinged-mufrle type used in organic combus-
tion trains. It was regulated by a Variac. The internal diumeter wus
1 3/8", and it was fitted with a sillimmnite ilcDecnel combusticn tube.
A Fisher fitting was attached to the wide end of the tube so that the
rubber hose from the purification furnace could be attached. This
fitting is made with a cobalt-glass window, which was removed to provide
an opening for the thermocouple and the sample holder.

A length of stiff Nicirome wire was wrapped around and through tne
nandle of a large combustion bout in sucn a way that the voat could be
held rigidly in position vy tne ends ol the wire, as vy an extension ol
the handle. The assembly was then attucned to the end J.I' a length of
nall-inch alundum thermocouple tuuing vy means ol cvther pieces oif Stily

" nicnrome wire, wnich were wounl uround the voat wires &nd the tuoing,
and twisted tight with pliers. A chromel-zlumel tnermocouple wus ritted
into the tubing, such tast no contact wus rxde wit: bue "structural"

wiring, and that the junction was close ¢ tne vurt. 'fne other end ol



52

the thermocouple tubing was murked so that the ovoat could ve kept up-
right while inserting and removing th~ assemoly from the rurnace. The
sample was placed in a small combustion boat which fitted inside the
large boat. After a sample was inserted in the furnace, wag was used
to seal the space between the tubing and the edges of the opening
where it leaves the furnace, as well as the openings where the thermo-
couple wires leave the tubing. The wires are connected to a millivolt-
meter from vhich the temperature may be read directly.

A tube from the rear (small)end of the McDanel tube connects with
a gas trap. This consists of two five-liter bottles partially filled
with water and connected by a glass-tube siphon. The space above the
water in the first bottle is part of the inert gas system; that above
.the water in the second bottle is open to the atmosphere. The differ-
ence in level indicates the pressure in the system, provides a back-
pressure to cut the flow from the reducing valve to the minimum
necessary, and provides a reservoir in case of valve failure. The trap
is an additional safeguard against diffusion back through the system,
keeps the amount of nitrogen released into the room at a minimum, and
also has safety valve features. The liquid in the trap was boiled
distilled water, with a quart-size packet of MQ photographic developer
dissolved in it to scavenge any oxygen remaining in the solution or
diffusing back through the siphon.

THE 'AVERAGE RARE EARTH'

In many of the analyses, including all those specifically requested

for this study, the rare earths are grouped and given as a single

i quantity, or as cerium and yttrium earths. For many of the calculations,
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it was necessary to use molar quantities, and for tnese an atomic .
weight was necessary. It was assumed that the rare eurtis in uraninite
nave the same relative abundance as in grani£es, altnouga there is some
evidence that the yttrium earths are nigher in uraninite than this
would indicate. The compilation of Green (1953) was most convenient,
and on the basis of his tables, an atomic weight of 143 was calculated
for the "average" cerium earth, 122 for the "average" yttrium earth,

and 130 for the "average" rare earth.



CHAPTER 5

URANINITE FROM PEGMATITES

The analyses of uraninites from pegmatites, and tables of
their 'm', 'n', 'p', and 'q' subscripts, are given in the appendix. For
convenience, the subscript data for the pegmtitic ura.ninites .1n this
study are tabulated below.

Table 11. Oxygen formula subscripts for pegmatitic uraninites.

Sample Analysis n n P q
Boqueirao
Branchville 2 2.148 2.136 2.136 2.075
Elvestad T 2.321 2.287 2.282 2.120
Gordonia (Holmes) 39 2.496 2.438 2.384 2.222
Gordonia (USNM) 42 2.777 2.669 2.461 2.224
Grafton 36 2.681
Hale's Quarry $7 2.261 2.233 2.226 2.176
Huggenaskilen 10 2.436 2.401 2.3T4 2.215
Karelia
Morogoro i 2.530 2.527 2.488 2.349
Newry 33 2.163 2,156 2,156 2,084
Portland 32 2.156 2.149 2.149 2.092
Spruce Pine Ls 2.801 2.767 2.607 2.483
Strickland 24 2.156 2.152 2.149 2.092
Sudbury 43 2.389 2.381 2.26 2.048
"ilgﬁi'ﬁ?r?;n. 65 2.337 2.281 2.248 2.093

Core (215 mm from ]
( surface) 66 2.400 2.331 2.319 2.155
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The distribution of subscripts for all the pegmatitic uraninites
for which analyses are available is given by means of bar graphs in Fig. ¢

The 'm' value, the subscript of UO,, 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 conrigi.nrection and its
ionic radius. Of course,.the thorium, the rare earth, the lead, and
even to some extent the oxygen ion make some adjustment, but the major
change as oxygen increases is the reduction in diamster as lfu ions
change to 0'6.

As will be shown, the thorium and rare earth ions occupy wanium
positions in the structure. The amount of interstitial space in the
structure is indicated by the total amount of uranium, thorium and rare
earths. Therefore it is the 'p' value ((U,Th,R.E. )op) vhich indicates
the stabilify or the degree of oxygen saturation of the structure, as 11".
indicates the amount of oxygen actually in the interstitial speaces.

It will also be shown that the lead is not in the uranium position.
However, if auto-oxidation is the explamation for the uraninites that
are oxidized above the laboratory limit, then the ’q" subscript
((U,Th,R.B.,Pb)Oq)-voum indicate the original oxidation state of the
uraninite, the oxidation state that was in equilibrium with the environ-
ment when the uraninite crystallized. A word of caution 1is necessary;
if non-radiogenic or ‘ordinary' lead was incorporated into the sample
vhen it crystallized, the 'q' value will be lower than the origimal
oxidation state--perhaps even lower than 2. Non-radiogenic lead is a
more serious problem in pitchblendes than in uraninites.

In general, the 'm' values are distributed from 2.14 to 2.80, with
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a decrease in irequency O OCCWITEINCE aLuve . . . .u meubioned velore,
& very considerable portion is above the luvoratory limit os Uu:.Jj. Ia
the calculation of the 'p' values, aowever, many o. the aore oxidized
samples are shown to be structurally near or slisatly avove the labora-
tory limit; only rive pegmatitic uraninites out of 34 have 'p' values
above 2.40. 1In other words, as all the impurities pro:ying ror the
uranium are taken into account, the suuscripts ed_e closer to 'permissivle
values.

The process is virtually completed by the 'q'values. 30 out ot 3i
pegmatitic uraninite analyses have 'q' values between 2.00 and 2.33,
the laboratory stability range. ' the exceptions, one is sligntly ve-
low the range, and two are slightly above. The Spruce Pine sample, with
a 'q' value of 2.433, is the only sample that still remains deep in for-
bidden territory.

Auto-oxidation, therefore, can account satisfactorily for peg-
matitic uraninites oxidized above the apparent stability limit. It can
be said, cautiously, that a study of the available analyses reveals no
great objection to the auto-oxidation hypothesis, and gives it a certain
amount of rather negative support.

The 'q' values, the indicies of the original oxidation state, form
a bimodal distribution curve with very sherp cutoffs at 2.00 and 2.25,

. Of the 34 analyses, © fall between 2.05

9
and 2.10, making a distinct peak cn the distribution curve (Fiz. ).

the values for 002 and Uho

The number of samples is not large enougn to insure thzt the peak is

significant, but possible explanations suggest themselves. The samples
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near the U02.25 cutoff may have crystallized as Uuoz, tnose ol tne
U02_05 peak as UO,. The displacement of the U02-05 peall may nhave been
due to environmental oxidetion arter crystallization.

The distribut:on of "q" values lends some support to Wasserstein's
(1955) hypothesis that uraninites crystallized as UO2 or uho9, and were
auto-oxidized from there. However, it is probably not true of all
uraninites.

REGIONAL SIMILARITIES

The unrepresentative concentration of analyses i'rom the Connecticut
Valley and from the Moss District, Norway, is unfortunate. However, it.
provides an opportunity to study the analyses for regional similarities.

The pegmatites of the Connecticut Valley have been assigned ages
averaging about 300 million years (Acadian). Those of tne Moss District
and of Wilberforce, Ontario are approximately 1000 million years old.
(Mid-precambrian) The analyses therefore show far more PvO in the
Norwegian samples than in those from Connecticut, and the PvO quantities
are fairly uniform within the group, averaging about 3% lor the
Connecticut semples and 9% for the Norwegian samples. Also, as might ve
expected from auto-oxidation, the Norwegian samples are consideravly
rmore oxidized; however, when a correction is made for auto-oxidation
(the 'q' values), there seems to have been no great difference vetween
the two groups, although those from Norway may still have veen more
oxidized originally.

Beyond these similarities, which are imposed vy the piysics of
radioactivity, there are no characteristic 'eatures ol unalyses oI one

disirict which clearly distinguish them from those of the otiher.
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Table 12 (Cont)

Analysis m q ThO2 R. E. PoO Locality

Wilberforce, Ont.

14 2,439 2.136 10.60 k.02 10.95 Wilberforce
18  2.3k2 2.067 11.40 k.56 10.40 Wilberforce
65 2.337 2.098 13.5 1.9 9.47 Wilberforce
66  2.400 2.155 13.4 0.7 9.47 Wilberforce

UNIT CELL SIZE BEFORE AND AFTER ANNEALING

X-ray powder photographs were taken of the samples before and aft
heating in the inert atmsphere. furnace. Runs were continued until
sharp lines showed far into the back reflection region; experience in-
dicated that no further change in the unit cell could be expected afte
this stage. Table 1@ lists the furnace runs and the resulting unit ce
size of the cubic phase. If lines belonging to & phase related to 030
appeared, their intensity 1s given, relative to the cubic phase.
Teble 13. Unit cell sizes of pegmatitic uraninites, before and after

furnace runs.

Sample Time, hr. Temp., °C. a, A U3°8 lines
Boqueirao unheated 5.488
21/2 900 5.455
Branchvilile unheated 5.476
21 550 5.448
Elvested unheated 5.484
5 1/2 500 5.465
fs 1/2 500
Gordonia (Holmes) unheated 5.491
2l 550 5.474

2 900 5.463
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Sariple Tine, hr. Temp., °C. ay, A. Ujod Lines #4,, A
Gordonia (USN1) unieated Se45it
2 ' 500 T Dew3C
i 1/2 500 5.430
10 500 5.430
28 500 5.435
21/2 900 5.435 .019
Grafton unneated Se443
L L4O 5.433
20 540 exclusively
Hale's Quarry unneated 5.4k
2 900 5. 1#5_1 .033
7 200 5.431
Hugzenaskilen _ unneated 5.470
o 500 S.454
o} 500 - i
f,eo 550 PRy W .033
Karelia wneated 5.491
24 540 5.490 W .001
i 900 Cubic pattern,
lines too broad
Morogoro unheated 5.445
24 540 5.435 M .010
Newry unheated 5.400
25 550 S.446 034
Portland unheated 5478
2k 550 5.448 .030
Spruce Pine unheated 5.431
6 500 5.422 009
Serickland unneated 5.403
12 570 5443 .00
Sudoury unheated 5.437
5 500 Del20
¥:loert.rce ~ uanezted et
20 250 240
2 200 5.400 .026

Mear provacl@ error o 1/4 20 0.002
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These observations agree in general with those oi' vrooker and
Nuffield (1952) and Robinson and Sabina (1955). They can ve summarized
as follows: 1in pegmatitic uraninites with relatisely large unit cells
(5.47 to 5.49 A.), the unit cell decreases 0.03 to 0.C35 A. on anneal-
ing in an inert atmosphere. For tnose with smaller unit cells, the
decrease is less, but the ditference is not sufficient to wipe out the
very considerable range in unit cell sizes. An attempt is made to pre-
sent this information graphically in Fig. 7.

Table 13 also shows a great disparity in the ease of annealing.
The Gordonia (USNM) sample had virtually completed its annealing arter
2 hours at 5000C., wnereas tne Wilberforce sample had not completely
annealed after 26 hours at 550°C. The difficulty of annealing seems to
vary as the Tho2 content, and inversely @s the rare earth content.

CALCULATED VALUES FOR THE UNIT CELL SIZES

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

examined for behavior comparable to this annealing effect, a striking

parallel is found in the transition from oxidized q-U0,, With random
oxygens in the interstices, to p-uoa, or Ulsog’ in vhich the interstitial

oxygens are ordered. The transition is brought about under the same
range of conditions--heating the sample to 1000°C. in an inert atmos-
phere or vacuum; presum2bly lower temperatures would be sufficient.
The transition is characterized by a contraction of the unit cell of
0.034 A., from 5.469 to 5.435. These values are strongly reminiscent

of many of the annealinz results.

As a possible hypothesis, it is suggested that natural uraninites

correspond to a-U0,, and on annealing become the ordered phase ﬁ-an.
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The fact that the uait cell sizes of the natural waninites ao
not correspond precisely to those of ¢ und p-UO;_, can ve atirivuted vo
the other elements that the natural materiels contuin in solid solution.
The hypothesis can be tested oy calculating whether tunese impurities can
account for the difference.

Vegard's Law (Vegard and Dele, 1923) provides an empirical method
for calculating the unit cell size trom the composition. scrietly
stated, Vegard's Law maintains that the unit cell size or isotropic
substances varies as a straignt line function ot the composition, ex-
pressed molecularly. Zen (1950) nas raised objections on theoretical
grounds, pointing out that a straight line function can be expected only
for very similar substances, or close to one of the end members; however,
Vegard's Law will be used in this x;rork as a satisfactory empirical
approximation.

Theoretical unit cells sizes will be calculated ror each of the
analysed pegmatitic uraninites, first assuming that the uranium is
present as «-UO, , and then as p-UOe. These calculated unit cell
sizes will then be compared to the measured cell sizes before and after
annealing.

It is first necessary to rix the values of the end members of the
solid solution series. The unit cell size of e -UO, is 5.469 A.; that
of @-U0,, 5.435 A. ThO, has a cell edge of 5.601 A.

For calcwation purposes, it is onee again necessary to assign a
value to the "average rare eartn". Pure CeO, has a cell edge of 5.426 A.,
but the presence of other rare earths decreases the cell size consider-

| ably; ordinary, impure cerium dioxide has a cell size or 5.40 or less.
} :
i
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PrO2 has a cell edge of 5.372 A. A value oi .30 A. Jor tae cuvic
"average rare eart:n'" dioxide was used in tuese culiullilionos.

" Evidence has already been presented that tue cell size o d-Uu:
does not change appreciavly as oxygen ions lodge in tihe structurai in-
terstices. A similar assumption will be made ror p-uoz, altnougsh
there is no direct evidence for this. However, it .us veen ovserved
that the unit cell of UhOQ is nearly constant, and unless it is asswued
that this phase is restricted to & single fixed composition, it can ve
inferred that deficiency or excess of oxygen hus litt.e eisect on the
unit cell size. There is apparently & neat vbalance beiwveen the extra
oxygen ion, which would tend to expand tne structure, and the change
from U’u to U’6, vhich contracts it.

No such mechanism is available in the casedf lead. Allowing ior
lead in the calculations was a provlem; it was uncertain whicii or the
various lead oxides to use as an end member. There is even some doubt
as to the valence of the lead. Furthermore, none or tne oxides are
isometric or isostructural with uraninite. Vegard's Law could at best
be applied only loosely. However, ex?loratory calculations showed that
it was not necessary to make any correction for the lead; the lead
content, like the excess oxygen, apparently has no effect on the unit
cell size. The lead was therefore assumed for calculation purposes, not
to be in the uranium positions in the structure, althousn some ot it
must certainly have come into existence there with the disintegration
of the uranium atom. This and several other independent lines ol

evidence all show that radiogenic lead exsolves. The proolem will ve

discussed further in Chapter /.

03 Freim s
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The principal assumptions underlying the calculations can be
listed as follows:
1. The validity of Vegard's Law.
2. The cell edges for the pure end members:

« U0,, 5.469 A. @-U0,, 5.435 A. ThO,, 5.601 A.

2
3. For the putative end member (R.E.)O,, the cell size, for

23

purposes of calculation, is 5.30 A.
4. Excess or deficiency of oxygen does not affect the unit
cell size of &« or 8 -U0,.
5. Lead, including radiogenic lead, is not in the uraninite
structure.
A sample calculation, for the Hale's Quarry specimen, is presented ‘
as table 1k.

Table 14. Sample Vegard's Law Calculation. Hale's Quarry.

Hillebrand's Relative No.
Analysis (1591) of metal atoms
Wt.%
uo 59.13 21694) '
2 ) 20612
Uo3 22.08 7718)
ThO, ( Ce02) 9.09 3442
(La,Y)203 0.55 351
Assuming alpha 002 Assuming beta U02
No. atoms X end member 2, No. atoms X end memoer ao
U 29012 5.559  10194c 29012 5.435 160941
Th 3442 5.601 19279 19279
R.E. 357 5435 1921 1921
173/98 1v2.19/

Toray 334/



Table 14 (Cont)

Tot.33411 16314s 33411 102141
163145 P
- 5.452 lc2lsl . .
330 3L T
Measured unit cell sizes ior Hale's «uarry sunple
Before annealing .4k Al
After annecling S«451

Table 15 lists the calculated and measured unit cell sizes for tue

analysed pegmatitic uraninite samples.

Tagle 15. Calculated and measured unit cell size, A.

Calculated Measured Calculated Measured
assuming ver'ere assumin,; ui'ter

Sample o -U0o annealing ’S-UO2 annealing
Hale's Quarry 5.482 5.454 2452 5451
Sranchville 5.479 5.476 PRI 50445
.Elvestad 5.479 5. 484 5.450 S ll5
Portland 5.475 5.47c S.442 Slliz
Newry 5.4°75 5.400 Seltie2 S.446
Strickland S.4Th 5.452 942 5440

Wilberforce

(outer) 5.4 5. 4o 24400 200
Huggenaskilen ST 2470 Dot PRy
Gordonia (USNM) 5.4oc Seliih Yelt3u Delh 3
Sudoury 5.450 5.437 2ot 30 Doty
M;rogoro 5 400 2. 445 o435 Jelt3y
Gordonia(Holmes) Y.470 ekl o0 PREIvR

Spruce Pine 5elt03 SeH31 IR SeipldD
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The measured value after annealing and the calculated value
assﬁming A-an agree extremely well. I.deed, considering the com-
plexity of the substance, the difficulties of analysis, and the limit-
ations of x-ray measurement, the agreement could hardly be any closer.

The author therefore meintains that pegmatitic uraninites after
annealing are p-uoa. The interstitial oxygens, which were more or less
randomly arranged, order themselves on heating. The oxygen ions are
similarly charged and repel each other. When thermal nption 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 con-
sidered as occupying the middle of the unit cell. The result is the
ﬁ -UO2 or U“O9 structure, perhaps with an excess or deficiency of oxygens.
The annealing process is therefore a disorder-order transformetion. It
does not reverse on cooling; the disordered state is metastable.

Before annealing, some of the samples have unit cell sizes corres-
ponding to f-UO,; these are the first group listed in Table .¥. Pre-
sumably, the interstitial oxygens are completely disordered in these

samples. The second group of samples in Table lr, before annealing,

" have values intermediate betweend and p-uoa. When they are annealed,

they complete the rest of the journey to the calculated value for @8 -UO,.

| It 1s reasonable to assume that these samples reach us in a partially

ordered condition.

One index of the degree of ordering is the amount of the decrease
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of the unit cell size on annealins In Fig. (, tne cecll sizes verore
and at'ter annealin;; are plotted egainst this quantity. They tend to
ralllalong two straight lines (which, of course, diverge; tine graph is
somewhat tautological). The totally disordered samples fall to the
right in this graph; they have contractions of .035 A. or thereabouts
on annealing. The partially ordered samples, from the second group of
Table 14, contract less on annealing, and fall along the rest of tne
lines.

The calculations have shown, nowever, that tihe cell size of the
annealed samples is entirely (for practical purposes) & function of
composition. Since the degree of annealing varies s tihe annealed cell
size, it also is a function of composition. The samples which reach us
with completely disordered interstitial oxygens have large unit cells
even after annealing. This can be explained if they have high thorium
compared to rare earths. If the rare earths are higher than usuel
compared to the thorium, the samples have small unit cells after
annealing; these are the samples that are already partially ordered be-
fore annealing.

In table 16, two quantities are compared. One is the weight per-
cent of rare earths divided by the weight percent Th02. The other is
the degree of disorder, as indicated by the actual contraction of the

unit cell divided by the theoretical (calculated) contraction.
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Tadble 16. R.E./T'no2 ratio and degree ol ordering.
R.E. Actual contraction
Sample Tho,, Theoretical contraction

COMPLETELY DISORDERED SAMPLES

Branciville ~0 0.90
Portland ~0 0.90
Newry () 1.03
Hale's Quarry 0.06 0.90
Strickland 0.11 1.25
Wilberforce (Outer) 0.14 0.96
Elvestad 0.19 2.34

PARTIALLY ORDERED SAMPLES

Huggenaskilen 0.22 0.7h
Gordonia (USNM) 0.90 0.53
Sudoury v 0.29
Morogoro 5.0 0.30

The degree of ordering of a sample as it is found in nature is
epperently determined by the R.E. /Tho2 ratio--in other words, by the
composition--and not to any great extent oy other factors. One would
think, for instance, that the past nistory of the material would have
some effect; surely samples can be annealed naturally. But there is
no evidence in Table 1"that the past nistory influences the degree of
innealins.

Radioactivity may nave the eifect of disordering samples, which
ere completely ordered. The R.E./T’nO2 ratio may fix an equilibrium
in the order-disorder scale; sarples more disordered than the equili-

trium would be annealed as u« result o. radiocactivity, wherees those
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more ordered would under;o disorderin;. Here again, it is incon-
ceivable tuat temperature snould not be u facter, but there is no evi-
dence o it in the duta. Appurently, equilibrium has been attained under
surface or near-surface conditions, and this in turn indicates that geo-
logic time is not required to reach equilibrium. It may be interesting
for someone to re -examine the annealed camples several years hence.
They are being left with the specimens in the confidence that Harvard
will continue its present policy oi never throwing anything away. The
work was done in the sprin; «nd summer of 1956.

Tnorium dioxide is an extremely refractory substgnce. It haus a
very stable structure, with strong inter-atomic bonds. The presence
of thorium in solid solution would, tnerefore, tend to stabilize the
uranium dioxide structure. Furthermore, §ince the ordered phase Th,‘O9
is unknown, thorium would tend to lodge by preference in the -c{-Uba
structure, and enlarge its stability field. The fact that Th 02
nas a unit cell size more similar to the ¢f than the @ form would tend
also to increase the stability of the & form, out this effect is
proovably slight.

The rare earth dioxides, on the other hand, are much less stable
than U02. They are known in a pure state only for Ceﬂé and Proa.
They nave unit cells closer to the beta form. The presence of rare
eartns would tned to make the alpha structure less stable, and easier
to transiorm into the ordered pnase.

Tne R.E./T‘no2 ratio may control not only the degree of annealing
under natural conditions, out also the ease of annealing the sample the
rest oi’ the wey in the lavoratory.

Tnere remain tne samples of tne small third ;roup ol Table 14, whic

.-
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do not fit tne calculated values satistactorily. A numver of possible
explanations can be otfered; poor analyses, non-uniform samples, and

tné existence of an amorphous pnase with a disproportionate amount of
certain elements. In certain of the samples, a very high therium con-

tent may have prevented complete annealing.



CHAPTER 6

PITCHELENDE

Pitchblende is a varietal term covering the vein and sedimentary
occurrences of uraninite. Pitchblende differs from pegmatitic urani-
nite in having low or absent ThO, and rare earths, high Ca0, small
crystal size and small unit cell size.

Table 17 shows the average ThOp, rare earth, and CaO content for
the pegmatitic uraninite and pitchblende analyses in the appendix.
Analyses for which there were indications of serious contamination
of CaCO3 wvere excluded.

Table 17. Average ThO,, rare earth and Ca0 content. Wt. %

ThO, R.E. Ca0
Pegmatitic uraninites 6.00 k.05 0.43
Pitchblendes 0.18 0.92 1.96

The possibility of the substitution of Ca in the U positions of
UO2 must thererore be considered. The Ca +2 ion has almost the same
atomic radius as the o ion; for a coordination number of 6, the radius
of both is 1.0l A., according to the tabulation in Dana's System (7th
ed.). However, the charge differs by two units. There are two possible
mechanisms of compensation; either a structural (in contrast to an in-
terstitial) oxygen must be omitted, or a Uﬁ’ ion must be oxidized to 0’6.

Alberman, Blakely and Anderson (1951) have mvesﬁigated the U0,-Ca0
system. Appropriate amounts of UO2 and CaQ were mixed, pelletized, and
heated to 1650-2500°C. by a filament in a vacuum furnace. The product
was then x-rayed to determine whether the two phases had combined com-
pletely. They found that CaO could be incorporated into U0, to the

extent of 20 molar percent at 1650°C., and up to 47 molar percent at

-~
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2080°C. As the CaO content rose, the unit cell decreased somevhat.
Table 18 gives the unit cell sizes measured after runs at 2080°c.
Table 18. Change of unit cell with Cal content. 2080°C.,
presumably measured at room temperature.

(Alverman, Blakely and Anderson, 1951)

Mol. % CaO 8 A.
0 5.4683
5.4 5.4626
20 5. 4427
30 5.4325
40 5.4229
47 5.4202

This decrease is probably due to exygen vacancies in the structure.
The vacuum was probably high enough to prevent, at this temperature, any
valence compensation by the oxidation of Uﬂ‘. Certainly the decrease |
shown in the figures above is not sufficent to account for the low unit
cell sizes of natural pitchblendes. It may be that compensation in
natural material is effected by oxidation and contraction of the uraniux

ion, rather than by oxygen omissions.

DISTRIBUTION OF SUBSCRIPTS -

Since pitchblendes contain insignificant amounts of rare earths and
thorium, the 'm', 'n', and 'p' subscripts are virtually identical. The
q values are known, in many cases, to be influenced by non-radiogenic
lead.

In nearly half the cases, only U0, and UO3 determinations are avail
able, and therefore only the 'm' value can be calculated. A distributio

graph of these 'm' values for the pitchblende analyses in the appendix 1
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gilven as Fig. 8. Not enou;n unalyses are avuilavle tu construct o
meaningiul grepn o 'g' vuiuves. Toole 1o gives tie suwoseriots ol
analyzed pitcholendes zviilavle ror study.

Table 19. Suuseripts i'or studied sumples.

Anal m

Q
Vein
37 Wolsendorr 2.030 2.030
36 Pied des Monts 2.21y 2.01
LO Katanga 2. (42 2.4l
41 Joacnimsthal 2.000 Llovile
©2 Great Zear Leke 2.320 2.190
55 Theano Point 2.007 2400
67 F zibram 2.010 2e421
68 Wood Mine 2.202 2,200
69 Scnmiedevberg 2.311 2.100
Sedimentary
25 Happy Jeck 2.35¢ 2.34y
34 Mi Vida 2.172 2.15%
35 Big Indian 2.33k 2.314

THE U0, ., CLUSTER

Twenty-one out of tnirty-two pitchnolende analyses nzve 'n' values
velow 2.50. Only one nas = value Lvetween 2.50 wnd 2.00; o sunple fron
Rio “ranco, Minzs Gerais, .razil nas un 'm' value or 2.524%. Tuls muses
a very sherp saddle in tne districution curve, ior | sunples aave 'n!

values vetween 2.60 and 2.7(U. UJO is 30, oo
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L
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L - s =S ‘_L
2,00 2.20 2.40 2.60 2.80 3.00

Figere 8, Distribution of 'm' subscripts in analysed pitchblendes.
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The semples included in this peculiar cluster are listed in Table 20.

Table 20. Analyses with 'm' values between 2.0 and 2.7.

Anal Locality m
23  Cerro Blanco, Cdrdoba, Argentina 2.670
37 Wolsendorf, Bavaria 2.636

L6 Monument No. 2 mine, Apache Co., Ariz. 2.635

47  Happy Jack mine, San Juan Co., Utah 2.610
55  Theano Pt., Algoma Dist., Ontario 2.667

59  Martin Lake, Lake Athabaska Dist.,Sask. 2.600

67  Przibram, Czechoslovakia 2.610

Samples available for study are underlined.

When the author began this project, there was considerable dis-
cussion of the possibility that a sample of uraninite might be found
with a composition in, or close to, the actual stability field U3°8'

It now appears that such samples are fairly common; out of the thirty-
two pitchblende analyses available, seven fall into this group. A
pegmatitic uraninite, the Grafton sample, may also be included; it

has an 'm' value of 2.681. The author suggests that the samples form-
ing this 'high' in the distr‘ibution curve crystallized as 0308‘ (002.667)

Whatever these samples may have been originally, they are not now
U3°8° Of the eight samples, including the Grafton sample, those from
Wolsendorf, Przibram, Theano Point and Grafton were x-reyed in the course
of this s.tud.y ; the samples from the Happy Jack and Monument No. 2 mines
were x-rayed by the U. S. Geological Survey in Washington, and the x-ray
pattern of a seventh, from Martin Lake, Sask., is available in Brooker

and Nuffield's (1952) article as Fig. 5.

4
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None of these patterns show U308 lines. All except tne Wolsendorr
sample show somewhat weak and diffuse UO2 patterns. livc pattern was
obtainable from the Wolsendorf sample. On annealinz, tne Theuno Point,
Martin Lake, Przibram and Grafton samples showed a sharp cubic pattern
with a decreased cell size, and, in ad:iition, a strong, U3°6 pattern.

The Wolsendorf sample showed the U3O8 pattern exclusively. The other
samples were not available for annealing. If these samples crystallized
as U_O,, they have since dissociated into tne cubic pnase and an amor-

38

phous phase richer in ‘6. The cubic pnase anneals in the usual manner,
while the amorphous phase is crystallized into U308. Tne Wolsendorf
sample probably represents an incomplete stage in the dissociation, in wh.

the cubic phase has not yet crystallized in large enouch grains to pro-

duce a good powder pattern.

'METAMICT' URANINITE

Conybeare and Ferguson (1950) report some 'metamict' pitchbliendes
from Saskatchewan. As iy metamict zircons or niobate-tantalates, tne

x-ray pattern wvas very faint or nonexistent. On neatin;, a strong

pattern developed. As in other metamict minerals, it was not necessarily

the pattern of the original material. Like the otner metamict minerals,

it is strongly radioactive. The Wolsendorf sample is presumadly an

example of this 'metamict' uraninite.

Is it correct and proper to apply tne term 'metemict'? Tecnnically,

' the Wolsendorf sample falls within the definition, for tne definition,

quite properly, refers only to observable phenomena and not to mechanisme

or causes. (Brsgger, cited in Pabst, 1l99z.) Hevertueiess, tue autnor



%6

does not believe that the mechanism of the structural disordering of
the Wolsendorf sample wes analogous to the metumictization of' an allanite
or a fergusonite.

Metamictization is a process comparable to the disordering of the

§Mterst1tia1 oxygens by alpha particles, as suggested in the last chap-
;ter. Alpha particles are capable of breaking the weaker interatomic
}bonds and disrupting some structures. The fact that the structural
;mqgens remain in place suggests that the uraninite structure itself
i:l.s not subject to this type of self-disruption. All of the uraninite
!puples are virtually as radioactive ss the Wolsendorf sample, but
Fn the others give x-ray patterns.
i The Wolsendorf sample is peculiar not in its radioactivity but in
its composition, which indicates that it crystallized with a structure
which became unstable under changing conditions. It would be mislead-
ing to use the term 'metamict® in this case.

The seven samples of the 'U308 cluster' have the right composition

to form U30g. In the distribution curves » there is evidence that they
}nar have been 0308 at one time. The fact that they are no longer U3°8
Lom to cast considerable doubt on the possibility of finding this phase
La a primary mineral under the temperature, pressure and oxygen avail-
ability conditions of the normal geothermal gradient. High temperatures
’rnd lovw pressures are apparently required. U3°8 may possibly occur as a
lfontact-mta.mrphic product in areas of recent volcéanic activity; even

|
here, the usual product would probably be hydrated uranyl compounds.
i



UNIT CELL SIZE BEFORE AND AFTER ANNEALING

As with the pegmatitic uraninites, the pitchblendes were x-rayed

before and after heating in an incert atmosphere.

furnace runs are given in Table 21.

Table 21. Unit cell size, A., of pitcholendes before and after

furnace runs.

Sample
Great Bear Lake

Joachimsthal
Katanga

"  leached 40hr in
O.LN H230h

Pied des Monts

Przibram

Rix Athabaska
Schmiedeberg
Theano Point
Wolsendorf

Wood Mine

SEDIMENTARY PITCHBLENDES

Big Indian

Vein Pitchblendes

Time (hr.)

unheated

1k 540
. unheated

20 550
unheated

3 500

2 550
unheated

T 500

1G6 600
unheated

15 540
unheated

10 250
unheated

6 500
unheated

6 540
unheated

9 540
unheated

8 540

unheated
14 sko

Temp. (OCO)

The results of the

ag(A.) £ Qs ,A.
5.425 .005 .019
5.406

5.418 .005

501‘1&1 000
5.“&8 .005

U308

5.435 .013
5.468  .005

5.4

5.450 .018
5.413 005

5.381 .032
5.431 .002

2.392 .039
5.430 .005

5.401 «029
5.405 005

5.390 .015
no pattern

U308

5.448 .005

5.413 .035
5439 0l

5.38 0l .01
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Table 21 (Cont.)

Vein Pitchblendes .

Happy Jack unheated 5.407 .01

10 535 U305
Mi Vida unheated 5.399  .005

7 540 5.391 .006
Royal Claims unheated 5.40 .01

L 440 5.38 .01 .02
Shinarump No. 3 unheated 2.399 .005

T 540 5.391 .003

To summarize, the.vein pitchblendes have unit cell sizes of approxi-
mately 5.425 A. On annealing, they behave much as the pegmatitic uranin-
ites. The unit cell contracts as much as.0.035 A., resulting in values
of 5.39 or 5.40 A. Sedimentary pitchblendes from the Colorado Plateau
have significantly smaller unit cells before heating. In these cases,
the values are close to 5.40 A. On annealing, they contract comparatively
little, about 0,01 A. They behave like partially or almost completely
ordered speé¢imens.. 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 pitch-

f blende fall in the same range. The chemical analyses of the two types
. are alsc similar, the various essential determinations covering the same
- range. It is necessary to call upon some mechanism other than composi-

tion to explain the difference in cell size before ennealing. The order-

ing o' interstitizl oxygens is both necessary and sufficient to explain

the difference. When this factor is eliminated by annealing both types,

| there no longer is a difference. Therefore, it is possible to think of

sedimentery pitchblendes or the Colorado Plateau as corresponding co
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annealed vein types in structure,

The same mechanism cannot be used to explain the difference in
unit cell size between the pegmatitic and vein types, although the
difference is about the same in magnitude. Vein types are not annealed
pegmatitic types because they themselves anneal. Once the interstitizl
oxygens are ordered, they caennot be still further ordered.

An examination of the analyses suggests three chemical components
that might explain the small unit cell of pitcnblendes; calcium, iron
and silicon. Calcium, as has oeen pointed out, is somewnat higher in pitch-
blendes than in pegmatitic ;raninites. From the data of Tazble 10, it
is possible to derive the unit cell of a nypotnetical ':Iluorite type
Ca0 end memper' for calculzation purposes. This hypotnetical material
would have a unit cell of 5.365 A. This velue was applied in Vegard's
Law calculations to six pitcholende samples. The results 2re compured
| with the measured cell sizes in Table 22.

Table 22. Calculated and measured unit cell sizes, 2, in A.

Sample 4Ca0 alculated assuming Heasured
d‘-UO2 A-U0, vafore ufter

Vein pitchblendes = wnnealing
Katanga 0.40 5466 5.433 5.6 5e435
Joachimsthal 4.28 5.443 5.418 5418 5.41c
Great Bear Lake Sel S.443 5417 5425 56400

Sedimentary pitchblendes

L 4

Happy Jack 2,22 54457 5.hat SIIToY A
Mi Vide 3.0 5.453 Skl 2.405 9ei0L
8ig Indian L.h Sl PP A 939 e 30

It will oe snown tnat the Joucnimsthul cample is orouvzouly « -LO ,

and tuerefore the ugreerent wilu tue czlceulacged la-(,u,, viue 1o nrouviuly
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fortituous. Aside from this, and the Katanga specimen which contains
little CaC, the measured values are considerably lower than the calcula-
ted values. The Ca0 can account for only a fraction of the lowering of
the unit cell size, although usually it is a substantial fraction.
The neat agreement between calculated and measured values in the case
of pegmtitic uraninites is lacking in the case of pitchblendes, so
that it cannot be proven that Ca0 actually does account in part for the
unit cell size. One can say with certainty only that it is not the
only factor.

It is possible that there are structural factors other thzn order
end disorder of the interstitial oxygens. The fluorite-type structure
itself may be defective in the pitchblendes. Attempts were made to observe
a second round of annealing effects by heating at the top of the range
of the furnace, 900°C., for several hours. Unfortunately, the
equipment was not sufficiently impermeable to prevent additional
.oxidat:lon under thes: extreme conditions, and the sampies were slowly
converted to 0308.

The Joachimsthal sarple.

The Tth edition of Dana's System of Mineralogy states, in its

article on Uraninite, "Uranium dioxide, UO,. The natural material
~alwvays is more or less oxidized, and the actual composition lies

between 002 and U308." On the basis of the anrlyses available in the
literature at the time the article was prepared, the least oxidized
sample was about UOQ

2.15°
contain % reflected the published and unpublished opinion of

The statement that natural uraninite always

virtually all workers in the field. It seemed to follow necessarily
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from the auto-oxidation nypotnesis.

On March 6, 1956, Harry Levine, of the U. 5. Geclogical Survey,
reported his analysis of the Joachimsthal sample, wiich is given as
analysis 41 in the appendix. According to this analysis, the Joachimstinal
sample is not oxidized. UO, was reported as 70.2%, and 003 as less tian
0.1%. This was clearly cdntra.ry to all past experience ard preconceived
notions. The fact that it was a rather dull, greasy-oppearing pitcn-
blende rather than a sharp, shiny crystal from a pe;mztite reinlorced
the opinion that the analyst was in error. The proulem was aiscussed
in several days of conference witn various personnel ol tae Geologiczl
sSurvey.

Methods of analysis were discussed in relation to tnis specitic
sample. The determination ol U0, and UO3 takes tue Uoim ol sepurcte
determinations for Uﬂ’ and total U. For tne Un determination, tue
’sa.mple is dissolved in sulfuric acid, and a Known uniount of ceric sul-
fate is added. The Uﬁ‘ is oxidized to U'6, and tne Ceﬁ*.ion is reduced
to Ce*3. The mixture is then titrated with 2 solution contuining rer-
rous ion, which reduces thne remainder of tie Ceﬂ‘ to Ce'3. Fronm the
quantity necessary, the amount of Ce"x+ consumed in o:iidizing tne Ty l+'
and therefore the amount of Uﬂ+, can ve calculated. In the cuse of
the Joachimsthal sample, the UH‘ was tound to be almost precisely equal
to tne total amount of U. If it had bLeen greater than tne total U, one
might suspect that some other ion veside uranium had veen oxidized uy

the ceric sulfate. It is hardly reasonable to expect it to vulince

exactly, however.

One possible source of difficulty is tne iron. Tie analysis re-



ported 2.40% Fep03, whicn is rather hign ror uraninitec. 3But even if
2ll of this iron were Fé'g, and all of it were oxidized uy the ceric
sulfate, and the actual amount of dr6 was precisely the quantity necess
to escape detection, there would still ove only 4.3% UO3, as compared to
66.1% UO,. The m value would be 2.058, and the Joachimsthel sample
would still be fer less oxidized thanamy analyzed sample reported in ti
literature. It was the opinion of the chemists that, if the iron was
present as pyrite, the reaction with ceric sulfate would ve too slow
to interfere with the uranium determination.

The author requested tnat the results oe conf;rmed Ly & different
metiod. The method of Brooker and Nuffield (1952) depends on the fact
that UFg is soluole and UFh is not. Ordinarily, when uraninite is
dissolved in hydrofluoric ecid, the UF), séparates out as a green pre-
cipitate which can be weighed. However, the chemists stated tnat un-
less tne sample contained some 6'6, it would not dissolve in the hydro-
fluoric acid. The test was tried; the Joachimsthal sample remained in
nydrofluoric acid on a steam bath for half an howr. It did not
dissolve.

Still further evidence is furnished by the behavior on annealing.
Before annealing, the unit cell was 5.4184 0.005.A. On annealing for
20 hours at 550°c., the lines sharpened somewhgt, but there was no
change in tne cell size. After annealing, the unit cell was 5.418
A.s 0.002. This is the only sample, with the possiole exception of
the one from Kereliz, which does not contract on annealing. This may

mean tnat the interstitizl oxygens are already fully ordered. Or it

mey mean thzt there ere no interstitial oxygens, 25 the chemical analys:

-
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indicates. It is indeed the type of benzvicr to ve e:pected iT the
analysis is correct.

During the discussions, ‘the cnemists mentioned ti:ot they nud

anglyzed a similar sample for Phair of the U. S. Geolosiczl Lurvey.
It was a pitchblende from tihe veins of Jamestown, Cclorudo, wnere it
occurs with purple fluorite. The sumple venaved in the same way and
was reported as having no U0s. Phair doubted tne validit; or the re-
sult, and continues to douct it. The anclysis wus never ruolisied.

It seems strange tict tnere are no sSuvlisred anzlyses distinuisn-
ing ocetween d’h and U’é for tne very irmporitunt locality a2t Joucuimstinl.
Amongz tne samples in the very generous ii't rrom tae lationel Museum
were several Jocchimstncl specimens mariced 'znwli zed o) !iillecrand!'.
put the analyses could not Le Jound in :ililleuvrand's nuclisned writin-s.
Instead, in the 1291 refe.ence (P.73) tuere is o nute re’errin: to
them 25 follows. "Owing to tae wicertuinty ol vein;: avle to determine
with any close approach to tne trutn tne nroportions ot U0, =xnd U03 in
the presence of sulpnides, tiie compounds of ursenic and vanadiun ol
unknown degree of oxidation, no quantitative anzljses nove uveen carried
out, out the attempt will yet ce :rde to solve taeir compusiticn.” Once
again, analyses were made, vut not puclisned. G5ince tue nwi.er ol
availsole pitcnulende anzlyses is so small, ore must ue wory ou elimi-
nating anezlyses veczuse 0o suvgjective judrment; tuere is & duners ol

roducing a serious statisticel vius into tune avziliole d2ée. Un-
oxidized pitcrulende may e «n unexception:l, even . Ja2irly common
phencmencn. The f{act thut they nave not cppezred in the literature oy

reflect tne limitoticns, not <o muc ol wxruninites, oot c. sclentiuu..
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I this analysis is accepted, now can it ve reccncileda Wiln wulu-
oxidation? The zuthor does not know tie wnswer to L.ls gquesticn. ne,

too, has his limitations.



CHAPIER 7|

THE ROLE OF LEAD

In chapter 5, it was shown that the unit cell size o: pegpmutitic
uraninites could ve calculated Irom the analyses, i cne ussumes that
lead does not proxy for uranium in the uraninite structwe. In itselrl,
this is a powerful piece of evidence. It is reinforced b, other, com-
pletely independent arguments.

For instance, Eckelmann and Kulp (1956) found tu:t tie various
isctopic age determina.fions on saemples of pitcnblende .ron Lake
Athabaska did not agree, and could be reconciled only ii' they assumed
that the radiogenic lead was exsolved during two :zevurate periods of
thermal metamorphism.

Phair and Levine (1952) leached an oxidized pitc‘nble;xde from
\Katanga, and a less oxidized sample from Great bBear L2ie, in sulfuric

'a.c:ld of various concentrations ranging from 0.17 to 1.3k II. From time
to time during the lil-hour run, solution was drawn oif and analyzed,
a._nd. finally the residual samples were anzlyzed. The results show a
marked differential leaching of UO3 from U02. The effect is much
stronger in the more oxidized sample. Aside from this, the results
also show a significant differential leaching of U03 and UO, {rom lead,
which becomes concentrated in the undissolved portion. Of course, it
is possible for a solution, solid or otherwise, to ve in equilivrium
with another solution with a higher, or lower, lead-uranium ratio.
Methylene iodide, for instance, containing little acetone is in equi-
1ibrium with water containing much more; therefore, water can be used

to remove acetone selectively from methylene iodide, even tuough the
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acetone is in solution. The mere fact of differential leaching does
not prove that the lead was not in solid solution. However, in the
144 hours of Phair end Levine's longest experiment, there could not
be enough diffusion in the solid state to be detected. It must be
concluded that the acid acted upon an inhomogeneous surface.

The behavior of certain specimens in this study provides addi-
tional evidence that lead does not proxy for uranium in uraninite.
For instance, the Huggenaskilen semple is (U,Th, R.E.)02.37h, out
(U,Th, R.E.,F0)03 2)5. On ennealing, it decomposes into Uj0g and a
smaller amount of U3°8' It behaves like U°2.37h rather than U02.215.
The 'p' subscript, rathan the %q' subscript, also seems to control

the extent of differential leaching of UO, from 002. The 'q' value

3
provides a clue to the original state of oxidetion of the environment
in vhich the uraninite crystallized, but the 'p' value more truly
represents the present structural condition of the materizl.

Where, then, is the lead? These specimens give the cuvic urani-
nite pattern. There are no lines left over. If the lead is not in
the uraninite structure, it seems convenient to consign it to an amor-
phous phase, along with excess UO3 end other things that cannot be mad
to fit. In order to find if such an amorphous phase actually existed,
a study was undertaken of the intensities of x-ray diffraction lines.

Th02 is isostructural with uraninite, and, since its unit cell is
only a little larger, corresponding lines nave 3ragg angles close to-
gether. The reflectivity and absorption constants of the thorium and
uranous ions are very similar. Th02 gives extremely shurp diliraction

lines. It is a very stable, refractory suostance, «nd it seems reason

.



871

able to assume tﬁt it is entirely crystalline. If, then, it were mixed
vith & chemically equivalent amount of UO,, and the U0, vere entirely
crystalline, the x-ray diffractometer pattern should show pairs of
pesks, clo;o together, with almost identical areas under them. If the
uraninite peak were less intense, it would indicate that the uraninite
saxple wvas not completely crystalline.

* A portion of each of the available analyzed samples was ground .
fine and weighed. An amount of 'moa, chemically equivalent to the
uranium, thorium, and rare earths, was weighed out and mixed with the
sanple in a porcelain dish with a steel needle, until the black sample
and vhite ThOa appeared as a homogeneous gray powder to the maked eye.

This mixture wvas tamped into a standard Norelco diffractometer
specimen holder with a small hand press. The sample was then run in
the vicinity of known pairs of lines, at 1/8° per minute, at various
appropriate settings, depending on conditions. The settings were never
changed between a ‘l'hoa line and the equivalent uraninite line. After
the diffractomster ruﬁ, lines were drawn on the chart representing
the local background for each pair of peaks, and any slightly over-
lapping peaks were divided in such a way that the areas suotended oy
the normal contour of the peaks were represented. The erea under each
peak was then measured. At first, a planimeter was used, but it proved
easier and more accurate to count the squares in the gruph paper of' the
chart. In some cases, analyses were not ready; these sarplec were mi:ed
vith 80% by weight of ThO,, and corrected mathemztically later.

It was expected that the intensity of the uraninite peals would be

a definite proportion -- say 85% -- of the intensity of the equivalent



'1‘!102 peaks, and it would therefore be possible to state that the urani-
nite was 85% crystalline. Unfortunately, this was not the case. The
measur;d values are astonishingly low, on the order of 25 to 50%, even
for pegmatitic crystals with good external faces and shorp x-ray patterns.
Also, the values are not uniform from line to line, so that a single per-
centage quoted for the whole sarple would have little meaning. Thére
seemed to be a.‘ definite pattern to the non-uniformity. In sample after
sarple, the percentage for the (111) peak was up to hal{ egain as high
as those for the (200) and (220) peaks. The ratio be.tween the peaks for
(200) and (220) were almost identical. For CuK alphe radiation, the (111)
veaks are at 28° 20, the -(200) are at 33°, and ae (220) are et 47°. The
measured values are given in Table 23.

Table 23. Area under diffrection peaks, % of ares under equiva-

lent Th02 peek.

hkl m 200 220 3

Sample

Joachimsthal 48 35 36

Hale's Quarry s 37 34 34
. " , annealed 61 2 kL 36

Gordonia (USNM) 34 28. 26 15

Theano Point L2 33 31

Sudbury L 36 33 - a3

Great Bear Lake . 5% 50 51

Elvestad Ly h8 35 36

Pied des Monts 27 2k 18 19

Spruce Pine 23 . oz 21 19

Happy Jack 15 15 1%

Mi Vida 17 13
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Table 23 (Cont.).

Semple hkl 111 200 220 31
Boqueirao 1 2 P 25
Wilberforce 63 50 Lo
. Karelia 39 36 29
Schmiedeberg 21 22 14
Wood Mine k9 ko 43
Rix Athabaska 29 27 23
Synthetic Sample 117 91 37 26
CALCULATED (SEE TEXT) 69 45 45 69

The 'pattern of non-uniformity*' has some structural significanc
The intensity of the uraninite lines has been reduced, and some refl-
tions have been reduced more than others. There seems to be some so
of destructive interference which is greater in some directions than
others. The author suggests ‘;;hat naturzl uraninite consists of a mo
of crystallites in parallel position. These are separated along cub:
planes by 'spacers,' monomolecular layers of massicot (orthorhombic
P20), the thickness of the layer being the 'b' axis of the unit cell

WTHFERE 26T Y

The x-ray reflections from two adjacent crystallites‘to different ex:
' tents for different directions. The theoretical intensities calcula!
on these assumptions are given at the bottom .of Table 23. There is K
agreement wi'th the highest of the measured intensities, such as those
the Hale's Quarry sample. The lower intensities ol most or the samp.
can be attributed to a combinution of this mechanism and the effect ¢
amorphous material. The proposed hypothesis seems {ully corpetent tc

explain the pattern of intensity variation from line to line.
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Bystrom (1943) determined the structure of orthorhombic 'yellow' |
PuO. (Massicot) The cell dimensions are wus follows; a = 5.476 A.,
Oy = 4.TH3 AL, ey = 5.876 A. Except for tie b axis, it is similar in
size to the U0y cell, which is cubic with o, = 5.469 A. If the lead
positions only are considered, thne cell of orthorhomoic PoO is very
close to veing face-centered. The oxygens are arranged in puckered
layers vetween the lead layers, and these layers decrease the symmetry
somewhot. The lead positions in orthorhombic PoQO are related to each
otner almost exactly as the uranium positions in UO2
'b" exis of the PbO is compressed. If ’ ﬂtihereforc, shohlé.‘Bz. aTble 1;.0

, except that the

form an oriented overgrowth on 002, such that the Pb positions in the
(010) plane fit into the U vacancies on a cuve face of the UO,. The
overgrowth is only one cell tnick in this case; the l.lO2 structure of
tne next crystallite fits on to 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 A. apart, and reflections from one
side of the ‘spacer' are out of phase with those on the other side.

The calculation of intensities assumes two identical crystallites
separated by a monomolecular layer of orthorhombic PvO, and corpares
the results with those for the crystallites joined together without the
PvO. If a situation is imagined in which only two crystallites are in
the veam in a Debye-Scherrer camera, and the crystallites are not equal
in thickness, the intensities at that moment would not ve as calculated;
but when the spindle revolved 180 degrees, the effect would be precisely
reversed, so that the integrated result on the film would Justify the
simplification. The same would apply to every other pair of crystallites

in the Leam.
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The culeulation Tor tine (111) plene is es follows. The displacemen
alon; the cuvie oxes is (5.409)-(4.743)= 0.720.A. The (111) plane is in
clined 5h0 kh' to the cuve axis, and there_ore. tne (111) plunes velow th
spacer ure 'out of step' by (.726) cos 54° hk., = (:720) (.018) = 0.592

The normal spacing of the (111) plunes is 3.153 A. I a (111) pla
in the reflectiné position is followed at 3.156 A. by another (1ll) pla:
the second plane would contrivute the full intensity of its reflective
power, here arbitrarily set at cos 360° - 1.00, to the intensity of 1
produced by the first plane, making a total intensity of 2. If, how-
ever, the second layer is ot 3.155-0.592 = 2.500 A., it is at 292.5°
rather tnan 360o in the harmonic cycle set up by the properly placed
(111) leyers, and its intensity contrivution is (cos 292.5) s 0.382.
Combined with the contrivution of the first layer, the total intensity.
is 1.302 instead of 2.000, as it would be for the perfect U0, struc-
ture. The (111) reflection therefore has only 69% of its theoretical
intensity. When this calculation is repeated for the (200) and (220)
Planes, it is found that tiey are reduced to 45% of their original in-
tensity by the PbO 'spacer'. These values account for the distributio
of intencities satisfactorily, and, in combination with the other evi-
dence, would seem to indicate very strongly that PLO has exsolved from
the uraninite structure.

Table 22 lists the intensities ocotained from the synthetic samp;e
described in Chapter 3. It is plainly not a completely crystalline UC
as was hoped. No explanztion is offered for the anomalous results; t.
are given for the sake of completeness, and 2s an examnle ot the sort

difficulty otrten encountered witih synthetic uranium compounds.
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It would be pleasant to say that, since 002 does not accommodate
leed in solid solution, all lead found in U0, must have originated in
it since crystallization. This would make age determinations very much
easier, but unfortunately, lead can be absorbed on the surface of a
groving crystal as oriented layers of orthorhombic Pb0, one or many
unit cells thick, and then be incorporated into the crystal as growth
continues. Instead of simplifying matters, the exsolution of lead makes
it extremely important to obtain fresh, uncontaminoled material for age
determination, and to purify it mechanically, without recourse to acids.

It should be mentioned that superstructures ofter znother possible
explanation for peculiar distributions of intensity. The explanation
advanced above, however, dispenses with the requirement of regu]_.arity
in the superimposed structure. It would work even if the crystallites
varied considerable in size.

ZONING OF LEAD

Variation in lead content between different layers of a uraninite
crystal has been recordeu. by Alter and Kipp (1936) and by Hecht and
Kroupa (1936) in crystals from Wilberforce, and by Hecht (1931) in a
crystal from Morogoro. These writers analyzed successive layers of
their crystals, from the swrface inward, dissolving the layers off with
acid. They found that the lead increased inward. The use of acid
leaves the results open to question, but the increase in lead is probaoly
real, at least in part. Bakken and Gleditsch (1938) used mechanical
means -- steel files and forceps -- to pick off successive layers of
a uraninite crystal from Auselmyren, Norway. The layers were cnalyzed

by microchemical methods. The results are given in part in Teble 2k.
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Table 24. Analysis of different layers o a crystal from Auselmyren,
Norway. (Bakken and Gleditsch, 1938)

Black, fresh-looking

material: o, Uog Pho
Core 48.43 32.75 13.02
Middle layer h7.61 33.57 12.86
Outside layer 46.35 34.40 12.66
Alteration products --- 53.22 20.65

The results showed thet oxidation increased outward, perhaps due to
atmospheric oxidation, althovzn the entire scomple is well above the '
laboratory limit. Thney 2lso showed that lead decreesed significantly
outward, until the oxidation products were reached; then it increased
sharply. Bakken and Gleditsch offer two possible explenations;- selective
leeching, and radon leakage. They poiut out that 90% or the radiogenic
helium has diffused out of the specimen. The helium, however, has been
difcusing for a billion years. The much heavier radon atom has a half-
life of four days, and could hardly have enough time to diffuse out.

It is possible that the lead itself has diffused outward. At least,

it would have an indefinite length of time to do so. In calculations

of the rate of solid diffusion, there is a factor, 2 function of the
difference of chemical potential, representing the tendency of ions to
move tnrouzn an interface in one direction rather than the other. The
secondary minerals, in this case, can almost certainly accommodate all
the lead necessary, while tne uraninite is provaoly vastly supersaturated.
The chemiczl potential of lead in tne alteration products is probably
consideravly lower tian in the uraninite, and solid diffusion of lead

from tie outer lzyers oif tne uraninite into the zlteration products mey
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‘well be sufficient to account for the zoning of the lead. Senitle and
Bracken (1955) discuss the possibility of isotopic tracticnation of lead
by outward diffusion.

An attempt was made to detect zoning in the Wilberforce specﬁnen,
which is a large, irregular crystal with dodecahedral taces. The
material within 4 mm. of the surface was removed by a diamond saw, and
a sample was purified for analysis; this is reported as analyses 65.
Material from the core of the specimen, more than 15 rm. from the sur-
face, was used for analyses 66. The results are different rrom those
reported by other workers. The lead content of the two sumples is identi-
cal. The only significant difference, aside from tne rare earths, vetween
the two analyses is the oxidation state of the uranium, 2nd in this cuse
the outside is less, rather than more, oxidized. There were no oxidized

alteration products on this specimen; the environment may have been

slightly reducing.

DIFFERENTIAL LEACHING

Hillebrand (1891) observed the differential solution of U0z in one
of his samples from Hale's Quarry (not the one re-examined). A 2-gram
portion of the sample was boiled in dilute HCl until 25.5% had dis-
solved. The analyses before and after leaching are presented below as
Table 25. The composition of the meterial removed has also been calculzted.

mable 25. Differential solution in a sample from Hale's Quarry,

Portland, Conn. (Hillebrand, 1891)

Before After Material
Leaching Leaching Dissolved
U0, 59.93 66.82 39.78
003 23.03 16.63 kl.71
*Earths’ 11.10 10.81 11.9

PbO 3.08 ~ © 3.02 3.25



95

Steinkuhler (1923) also observed the phenorenon when he leached a
specimen of Katanga pitchblende with HCl. He found tiat the material
dissolved had the formula U03.2H;0, and he interpreted it as admixed
becquerelite. Phair and Levine (1952) also studied a sample from
Katanga, as well as one from Great Bear Lake. The Katanza samples
showved the effects of differential solution very strikingly. The other
sasmples were less soluble in acid generally, and were differentially
leached to & much lesser extent. Since the material leached wes sub-
Muus amorphous UO3;, the more oxidized samples could be expected
to show the effect more strongly.

Differential leaching runs were made on some of the analyzed
samples of this study. It was génera.lly not possible to spare suffi-
cient material from the analysed sample itself; therefore, a two-gram
sample was taken from the concentrate from which the analyzed sample
wvas 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 m, not oy means of absolute quantities or weight
percent, but by means of the state of oxidation, as shown by the 'm’
formula subscript.

The samples were ground to pass 200 mesh, and leached for 40 hours
in 100 ml of O.k N HySO,. The samples were stirred once, about half
way through the run. After 40 hours in the acid, the samples were fil-
tered out, washed, dried, and analyzed for U0, and UO3. A C20 analyses
was also ordered in certain cases, since the acid also removed any car-

bonate impurity.
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It wvas apparent, even without enalyses, that the acid attacked
some 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; in others, virtually colorless acid was decanted
at tleend of 40 hours. The Mi Vida sample imparted a dark blue, inky
color to the acid, due to vanadium.

The *m' subscripts before and after leaching are given in Table 26.
The analyses of leached material were made by Jun Ito.

Table 26. 'm' subscripts vefore end after leaching.

Substantial Differ-

Sample Before After ential Leaching
Gordonia 2,777 2.598 +
Katanga 2.742 2.296 +
Gralton 2.681 2.328 +
Przioram 2.610 2.325 +
lMorogoro 2.529 2.4k32 4+
Sudbury 2.389 2.330 +
Greut Eear Lake 2.327 2,400 ?
Wilberforce 24337 2,372 -
Schmiedeberz 2.31 2.395 -
Wood Mine 2,262 2.234 -
Pied des lMonts 2,219 2.277 -
¥i Vida 2.172 2.100 ?
Joqueirao 2.413

Royal Claims . 2¢253

rarelia 2.%(8

Rixz Athoiashc 2.207
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Generally, the results in Table 25 shov that samples above the

laboratory limit ( 2.32) lose a considerable amount of U’6, 80 that

they appr .
Yy approach 002.32

belovw the laboratory limit showed little solubility and very little,

They do not move far past this point. Samples

if any, differential 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 0’6 and readily soluble in dilute acid.

In some of the samples, the subscripts appear to increase
slightly on leaching. It should be remembered that the ‘vefore' and
'after' analyses represent the work of two different persons on two
different samples of specimens that were not necessarily homogeneous.
However, even if the sample was permitted to oxidize slightly at some
stage during the preparation or analysis, the results are still '
siénificant.

In the course of the annealing process, the amorphous phase goes
to U3°8° The disproportionation sometimes observed on heating does
not necessarily occur in the furnace; the furnace simply makes it
observable. The actual disproportionation may have occurred long
before. If it were possible to take into account the lessened amount
of uranium in the cubic phase, the agreement between calculated and

measured unit cell sizes in the case of pitchblendes might have been

closer, in certain oxidized samples.



CHAPTER 8
SUMMARY

Uraninite is UO 59 with thorium, rare earths, additional oxygen,
and perhaps calcium in solid solution. an has a fluorite structure.
The thorium, rare earths, and calcium proxy for the uranium ion.

The extra oxygen fits into the interstices of the fluorite-type
structure, up to about (U, Th, R.E. )02. 33’ the limit to which the
cubic an phase can be oxidized by heating in the atmosphere. Some
samples have oxygen greatly in excess of this, but most of the oxygen
above the laboratory limit is contained in an amorphous phase which
separates out as the uraninite comes under surface conditions.
Under the conditions of formation, there are indications that the
cubic phase can crystallize with more oxygen than the laboratory
limit. There are also certain indications that some samples have
crystallized as U3°8’ then disproportionated into the cubic pha.se
and tﬁe amorphous phase. .

When uraninite crystallizes, its state of oxidation is such
that it is in equilibrium with its environment and with the other
minersls crystallizing at the same time. This can be expressed by
stating that the chemical potential of oxygen is the same in all
phases; if it were higher :Ln-onc than in another, oxygen would move
out of the first and into the second. One can think of the chemical
potential as & measure, a function, of the concentration. The
scale is different for each phase, so that all the minerals in an
equilibrium assemblage do not have the same amount of oxygen. But, for
a given temperature and pressure, for every partial pressure of oxygen,

there is a corresponding uranium oxide or oxides.
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Where the partial pressure of oxygen is zero, or very lou, tne purse
in equilibrium is metallic uranium. Eventu2lly a sinjle value (acout
].0']'82 atm. at 25°C., 1 stm. total pressure) for tuc concentration is
reached, at which both U and UO are in equilibrium with tne oxygen.
As the potential is increased alove this, it enters a ronge in wiich
only UO is in equilibrium with the oxygen, and tends neituer to oxidize
nor to decompose. Once agein, there is a single concentration ol
180

oxygen (also close to 10 atm.) at which UO and UO, can coexist,

2
without one changing into the other. Above tnis, nowever, tnere is a
range in which a graph of the formula subscript versus the potential
would not be made up of steplike vertical and horizontol lines. There
would be a slanted or curved line, representing tne Jact tnat, as tae
potential is raised, tne oxygen content of the cubic UO2 pnease increuses
continuously, until the 'laboratory limit' is reacned. Once agzin,

the composition r.emins cconstant as the oxygea in the enviroament

increases, until the conditions are reached under which tne U %pmses

. 3
are stable. It mey be that these conditions do not exist for pressures

much above one atmosphere, and the slanted curve reaches up above

an 667 without any discontinuity. At 25° C. and 1 atm. total pressure,

-J‘? atn.

t.i308 will form if the partial pressure of oxXygen exceeds 10
If one had a complete set of such data, for various temperatures,
pressures and compositions, and one could readily measure or control
the chamicd potential of oxygen, one could predict the oxidation state
of the uraninite that is crystallizing out. Once the uraninite has
crystallized, it may oxidize further, either by auto-oxidation,
_resulting from U0, going to FvO, or by atmospheric or other environ- .

mental oxidation. The resulting material does not correspond to tne

»
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equilibrium curve.

The oxygen in the interstitial positions may be in various states
of ordering, apparently depending primarily on the composition. When
the sample 1s heated to 550°C. in an inert atmosphere for several
hours, the interstitial oxygens become entirely ordered, and the
material corresponds to cubic Uh°9‘ A contraction of the unit cell
takes place. Ordinary uraninite is generally between alpha U0,, in
vhich the interstitial oxygens are random, and U,0y, in which they are
ordered. Sedimentary pitchblendes from the Colorado Plateau are
almost completely ordered; this accounts in part for their small
unit cell.

Lead, even radiogenic lead, does not seem to be in solid solution.
The anomalous x-ray intensities suggest that it exsolves as monomolecular
la}ers of orthorhombic PO, which separate crystallites of uraninite

along cube planes.

In drawving this work to a conclusion, the author realizes that
he has scarcely dented the mess of problems associated with this
mineral. But it is the duty of the laboratory worker to stop work

occasionally and render a report.
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APPEIDIX A

This appendix contains e compii&tion of tie urz=ninite analyses
used in this work. It includes almost all available analyses starting
with Hillebrand's, providing that the analyses distinguisn between
lru'and dﬁ6. A few were omitted because tne samples were stated to
contain oxidized secondary uranium ninerals. Some duplicate analyses
were averaged, or in cases where one analysis was more detailed tnan
another, they were combined, witn averaging of comparable items.
In zoning studies, except for the Wilbertforce sample, the analysis of
the core of the crystal only is given, to avoid distorting tne

statistics.
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.1. Hale's Quarry, .Portland, Conn. Hillebrand (1891). Rem. is He 2.41,
P05 0.02, F 0.0.
2. Branchville, Conn. Hillebrand (1891).
3. Vein deposit near Black Hawk, Gilpin County, Colo.
Hillebrand (1891). Contairsadmixed sulfides; ﬁvera.f;e of two
analyses. Rem. is ZnO 0.4k, Fe0 0.32, He 0.15, P05 0.23,
A8205 0.43, CuFeS, 0.12, FeS, 0.24.
4. Flat Rock Mine, Mitchell County, N. C. I!illebrand, (1891).
5. Gustavsgruben, Annerdd, Norway. Hillebrand (1891). Rem. is
He 1.17, P205 0.02.
6. Gustavsgn;ben, Annerdd, Norway. Hillebrand (1891).
7. Elvestad, Norway. Hillebrand (1891). Rem. is He 1.28, P205 0.0k4.
8. Elvestad, Norway. Hillebrand (1891). 'l'ho2 includes rare earths.
" Rem. is alk. 0.13, He 1.08.
9. Skraatorp, Norway. Hillebrand, (1891).
10. Huggenaskilen, Norway. Hillebrand (1891). Rem. is alk. 0.13,
He 1.08.
11. Johanngeorgenstadt, Saxony. Vein deposit. Hillebrand (1892).

Rem. is He 0.02, Na,0 0.31, B1i,0, 0.75, Cu0 0.17, P;0; 0.06, Asx0g

2%
2.34, (V,W,M0) oxide 0.75, 80, 0.19.

12. Placer de Guadalupe, Chihuahua, Mexico. Average of two analyses.
Wells (1930). Rem. is ‘1‘102 0.06, Aa205 0.06.

13. Shinkolobwe, Belgian Congo. Vein deposit. Davis (1926).
Rem. is He 0.159, N 0.076, O 0.005, BaO 0.06, Alk. 0.0l,
o0y 0.07, As;0, 0.09, P,0_ 0.03.

. Wilberforce, Halliburton County, Ont. Ellsworth (1930). Rem. is
He and other gases. H,0 includes 1120?0.05 and H,0- 0.65.

15. Ingersoll Mine, Pennington County, So. Dak. Rem. is He 0.08,
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Ba0 0.08, Alk. 0.02, M0O; trace, Asy0, 0.15, Py0; 0.05.
Davis (1926).
16. Sinyaya Pala, Karelia, U.S.S.R. Analysis steted to be mean of
material from this locality. Nenadkevitch (1926). Rem. is
Cl.
17. Parry Sound District, Ont. Ellsworth (1921).
18. Wilberforce, Ont. Todd, analyst, in Walker, (1924). Rem. is He.
19. Shinkolobwe, Katange, Belgian Congo. Rodden, analyst, in Kerr
(1950). Rem. is NiO 0.13, lb03 0.31. Vein deposit.

20. 1Iisaka, Abukame Range, Japan. Iimori (1941). Rem. is Cb2°5'

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

Hy0 is ignition loss.

22,23. Cerro Blanco, Cordoba, Argentina. Rem. is H,0, He, and in
anal. 23 P205 0.06. Chaudet, analyst, in Ahlfeld and Angelelli
(1948).

24, Strickland pegmatite, Portland, Conn. Hecht, analyst, in Foye
and Lane (1934).

25, Sedimentary uraninite. Happy Jack mine, White Canyon, Utah.
Contains quartz, pyrite, chalcopyrite, and cnalcocite as
minor impurities. C. Edgington, U.S.G.S., analyst. T. Stern,
pers. comn. Rem. is CuO 2.96, (Ba,Sr)0 0.15, V05 0.5k,

S 1.70, As 0.005, F 0.21. H20 includes H,0- 0.28. Total not
corrected for F = O.

26. Sedimentary uraninite. Shinarump No. 1 mine, Sevenmile Canyon,
Grand County, Utah. Contains pyrite, quartz, calcite, and
barite as minor impurities. G. Edgington, analysi; Weeks,
pers. comm. Rem. is Nij03 0.40, Coy03 0.6k, Ti0p 0.29, ZnO

B i.Q‘~‘&.O_.~5.?;’ &0 0.3“’ VZOS 0022’ S ‘h35, A«s 00013, Se




0.003, F 0.26. nzo includes H,0- 0.70. Total not corrected
F- 0.

27. Hale's Quarry, Portland, Conn. Two analyses combined. Hillebrand
(1891). Rem. is Cb,0;.

28. Arendal, Norway. Hillebrand (1891). Rem. is MgO 0.0k, alk.
0.15, He 1.2k.

29. Arendal, Norway. Lindstrom, analyst, in Nordenskiold (1878).
320 is ignition loss.

30. Baringer Hill, Llano County, Texas. Hidden and Mackintosh
(1889). H,0 is ignition loss.

31. Re-analysis of above sample by Hillebrand (1892). Rem. is He
0.5k.

32. Strickland Quarry, Portland, Conn. J. Ito, analyst. Rem. not’
given in detail. "I.'hO2 includes rare earths.

33. Newry, Me. J. Ito, analyst. Rem. not given in detail. '.I.‘h02
includes rare earths.

34. Mi Vida Mine, San Juan County, Utah. Sedimentary uraninite.

. J. Ito, analyst; rem. is V205.

35. Big Indian Wash, Sen Juan County, Utah. Anal. J. Ito. Rem.
is V205.

36. Ruggles Mine, Grafton, N. H. Analyst, J. Ito.

37. Wolsendorf, Bavaria. Vein deposit. Analyst, J. Ito.

38. Vein deposit. Lac Pied des Monts, Que. Kramer, analyst.
Conteins Caco3.

39. Gordoniz, South Africa. Mountain, analyst, in Holmes (1934).

40. Shinkolobwe, Katanga, Belgian Congo. Levine, analyst. Vein

deposit.
41. Jcachimsthal, Czechoslovakia. i3 ? Vein deposit.




51.

52.

23.

51’.
55.

MEU - T .

Gordonia, South Africa. Levine, analyst.
Sudbury district, Omt. " "
Morogoro, Tanganyika. Marckwald (1011).

Spruce Pine, N. C. Levine, analyst.

Monument No. 2 mine, Apache COl;.nty, Ariz. Sedimentary deposit.
Sherwood, analyst.

Happy Jack mine, San Juan County, Utah. Sedimentary deposit.
Sherwood, analyst.

School Section 36 mine, San Juan County, Utah. Sedimentary
deposit. Sherwood, analyst.

School Section 36 mine, San Juan County, Utah. Sedimentary
deposit. Sherwood, analyst.

Mi Vida mine, San Juan County, Utzh. Sedimentary deposit.
Sherwood, analyst.

La Sal shaft, San Juan County, Utah. Sedimentary deposit.
Sherwood, analyst.

Hidden Splendor mine, Emery County, Utah. Sedimentary deposit.
Sherwood, analyst.

Auselmyren, Norwey. Bakken and Gleditsch (1938). Core of
crystal.

Mertapoera, Borneo. Chernik (1909). Aversge of two analyses.

Theano Point, Algoma district, Ont. Analyst, Levine.

Nicholson mine, L. Athabeska dist., Sask. Vein deposit. iirooker
and Nurfield 1952.

Nicholson mine, L. Athavaska dist., Sask. Vein denosit. srooker
and Nuffield 19)-2.

Mertin Lake, L. Athaoaska dist., Sasx. Vein deposit. Lrooker and

Nuffield 1952.




A2

5%« ertin Leke, ilo. 2 flow, L. Atnovaske dist., Sask. Vein derosit.
Erooker and hu'iield. 19,2,

00. Doncldson Greup, L. Athooaske dist., Sask. Vein deposit. Erooke
and Nulfield 1952. . l

©l. A.3.C. Group, L. Atncbuska dist., Sask. Vein deposit. Brooker &
HNuffield 1352.

Y. Eldorado mines, Great Bear Lake, N.W.T. Vein deposit. Anal.

J. Itc.

63,04. Strickland Guerry, Portland, Conn. Hecht, anclyst, in Foye and
Lane, (193‘*)-

65,66. Wilverforce, Ont. Sherwood, anzlyst. 65- outer 4 rm. of
arge xl. 09, core of crystal.

07. Prziorcm, Czecnoslovakiz. Vein derosit. Sherwocd, 2nalyst.

8. Wood mine, Central City, Colc. Vein deposit. Sherwood, :nalyst.

09. Scumiedevers, sSilesi:. Vein deposit. Sherwood, analyst.

Moss, Norway.

Caernik (1909).




APPENDIX B. OXYGEN SUBSCRIPTS OF ANALYSED URANIHITES
Analysis = (UOy) ; n (U,Ta)o, ; b (U,T’n,R.‘.)OF; a (u,:t‘n,a.s.,P‘--:)O,_,s

Pegmatitic uraninites

b 2.231 2.208 2.199 2.159
2 2.148 2.136 2.130 O 2.075
b 2.472 2.453 2.453 2.371
5 2.365 24350 2.329 2.176
6 2.440 2.410 2.355 2.216
7 2.321 2.287 2.282 2,120
8 2.326 2.287 2.287 . 2,126
9 2.408 2.363 2.356 2.193
10 2.436 2.401 2.37T4 2.215
12 2,234 2.234 2.218 2.212
1% 2.439 - 2.380 2.307 2,13
15 2.3% 2.340 2.310 2.054
iﬁ 2.498 2.438 2.365 2.052
17 2.317 2.304 2.250 2.076
18 .2.382 2.293 2.218 2,67
20 2.275 - 2.261 2.059 2.0%7
2 2.156 2.152 2.149 2.092
27 2.261 2.233 2.220 2.176
28 2.364 2.343 2.172 2.025
29 2.624 - 2.580 2.293 2.128
30 2.689 2.597 ° 2.375 | 2,212
3 2.309 2.279 2,089 1.993
32 2.156 2.149 2.149 2.092
33 2.163 2.156 2,156 2,034 |
36 2.681

o
L ]
w
'
S
fo
N



2.7
2.389

. 24530

2.801

2.390
2.484

2.249
2.176

2.337
2.400

2‘%

2.290
2.262

2.400
2.448
2.52k

2.727

2.670
2.636
2.219
2.742

2.000

B-2

2.669
2.381
2.527
2.767

2.455
2.239
2.168
2.281
2.331
2.k71

Vein pitchblendes
P
2.288
2.262
2.391
2.445
2.524
2.712
2.668
2.636
2.164
2.736
1.975

2.461
2.246
2.488

2.607

2.h21
2.234
2.164
2.248
2.319
2.421

2.27h
2.152
2.270
2.305
2.415
2.600

2.559

2.636
2.012
2.451

1.915

2.224
2.048

2.349
2.488

2.273
2.178
2.112
2.098
2.155
2.273



Anelysis
25
26
34
35

2.359
2.3k
2.172
2.334
2.635

2.195
2.421
2.268

2.186

Sedimentary pitchblendes

q
2.345
2.2T7
2.156

2.314

Anelysis
k7
43
49
50
21
52

2.610
2.435
2.407
2.483
2.387
2.437
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