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ABSTRACT 

The known minerals that contain thorium are divided into 
two groups: those that contain the element as an essential 
constituent, and those that contain thorium as a vicarious 
constituent. The first group contains 6 distinct species, of 
which only the silicates, thorite and thorogummite, and the 
oxide, thorianite, are of importance, together with 16 minor 
chemical variants of these species that have been accorded 
varietal names. The second group, numbering more than 60 
minerals, in places contains variable and usually small amounts 
of thorium in solid solution. Some of these minerals, notably 
monazite, are of economic interest because of their occurrence in 
relatively large amounts. 

INTRODUCTION 

The average content of the element thorium in the 
outer crust of the earth is about 12 grams per ton. 
Thorium is a little less abundant than lead and about 
three times as abundant as uranium. Thorium in the 
lithosphere is contained chiefly in minerals in which it is 
a nonessential constituent. Of the six known thorium 
minerals, only the thorimll silicates-thorit.e and 
thorogummite-and the thorium dioxide, thorianite, 
are of potential economic interest. Most of the earth's 
thorium is dispersed in small and variable amounts in 
solid solution in other minerals as an occasional, 
vicarious constituent. The distribution of thorium 
in this manner is a selective process. The principal 
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ore mineral of thorium is the cerium phosphate, mon­
azite, which contains variable amounts of thorium in 
solid solution. 

The mineralogical expression and the geochemical 
distribution of thorium both as an ' essential and as a 
vicarious constituent show striking similarities, both 
genetically and economically, to certain other elements; 
namely, uranium, cerium, zirconium, and hafnium. 
The very similar elements hafnium and zirconium will 
be considered hereafter as a unit with the symbol Zr. 
In the present paper, the mineralogy of thorium will 
be characterized in context with these elemen ts, and 
the crystallochemical and other factors that influence 
their geochemical descent will be indicated. 

That close geochemical relations should exist among 
these elements is suggested by similarities in their 
general chemical behavior and, more fundamentally, 
by similarities in their electronic structures. In tho 
lanthanide series of olenlents ext.ending frOln nt.nmic 
nunlber 58 (Ce) to 71 (Lu), the bnek filling in t.ll" 41 
shell that causes the very close chemical resemblnnces 
in this series is paralleled in the actinide series of 
elements 90 (Th) to 96 (Cm) through back filling in 
the 5f (or 6d) shell. Quadrivalent Ce thus is similar to 
Th. Ce4 also is analogous to both Hf (72) and Zr (40), 
through filling of the 5d and 4d shells. Quadrivalent 
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uraniulll shows close analogies to thorium. The 
similarities between Th, U, Ce, and Zr are illustrated 
by the isostructural relation of their dioxides and 
orthosilicates and by the extensive mutual solid solution 
series in these and other groups of compounds. The 
mineralogical and geochemical disimilarities between 
these elements are due primarily to the small size of 
the Zr' ion as compared to Th" Ce4, and U4 as a group, 
and to the assumption by uranium of the sexivalent 
state and by cerium of the trivalent state-both stable 
states under geologic conditions-in addition to the 
quadrivalent states of these elements. 

THE DESCRIPTIVE MINERALOGY OF THORIUM 

The element thorium which was named after Thor, 
the Scandinavian god of war, was discoverd in 1828 
by the Swedish chemist J. J. Berzelius in a mineral 
from a pegmatite on the island of Lovo in the Langesund 
fiord, southern Norway. The name thorite was given 
to the mineral. Thorite and its hydroxyl-containing 
variant, thorogummite, and thorianite are the most 
important and widely distributed of the six known 
thorium nlinerals (table 1) . . 

Thorite ideally has the formula ThSiO., and rnaterial 
of tIlls composition can be readily synthesized. The 
composition of the natural mineral, however, always 
is greatly modified both by the entrance of other 
elements into solid solution, notably V, Fe, Ca, rare 
earths and P, and by secondary alteration. The 
alteration is of two types, which operate concomitantly. 
Thorite is radioactive, and alpha particles together with 
beta and gamma radiation are emitted by it or its 
decay products in the passage to the stable end element 
lead 208. The internal emission and absorption of 
alpha particles disrupts the normal crystalline structure 
of the mineral and causes it to become partly or com­
pletely disordered (metamict). This type of alteration 
occurs in many other thorium and uranium minerals 
and in recent years has been the subject of much 
investigation (Pabst, 1952; Pellas, 1951, 1952). This 
structural disintegration is accompanied by chemical 
alteration, involving hydration-commonly to the extent 
of 8 to 10 percent by weight of H20-and oxidation 
of Ut to ve and of FeZ to Fe3. A partial leaching of Si 
nlso lllay htke place at this st.age. These features of 
t horite, together with difficulties in the chemical 
:ullllY8i$ of tllt.~ llllllerru, hnve brought. much confusion 
ttl the de&'riptionof the species. So less than 14 
tIitrt~rt~H llUlWnUS de~ribed in the older literature as 
distiuct spedes are now known or thought to be 
ideuti"'lU with thorite or its T"ariant thorogummite 
tttlble 1). The analytical difficulties attending tborite 
led to the description of three supposed new elements 
carolinium, dona.rium, and berzelium. Zircon also ha~ 

a bulky nomenclntural halo of ill-defined or synonymous 
minerals that has arisen for similar reasons (table 6), 
and the analytical difficulties here resulted in the 
supposed Hew elements ostranium, norium, and jar­
gonium. 'l'he identity of the orange-yellow isotropic 
substance called orangite with thorite was established 
only after controversy in the period 1850-70. The 
description and discrediting of supposed new minerals 
in these categories unfortunately is still an active 
matter. 

Thorogummite is a recently established (Frondel, 
1953) variant of thorite in which tetrahedral groupings 
of four (OR) ions substitute vicariously for the (8iO.) 
groups of the structure. 'l'he formula may be written 
'fh(SiO~)1_x(OH)4x in which x is as much as 0.25 in 
natural material. In the uranium analogue, coffinite 
(Stieff, Stern, and Sherwood, 1955), U (Si04)t_x (OH).x, 
the value of x is about 0.5. Cyrtolite is an analogous 
hydroxyl-containing variety of zircon (table 4). 'fhe 
mechanisnl of hydroxyl substitution in these minerals 
is similar to that operating in the so-called hydrogarnets, 
in which a partial series in natural material and a com­
plete series in synthetic material extend frOln Ca3A12 
(Si04h by way of CaaAh(SiO.h-x(OH)4x to Ca3A12 
(OHh2' 'fhorogummite always appears to be a low­
temperature secondary mineral in nature, produced by 
the recrystallization of metamict thorite by the weather­
ing of other Inincrals, but the question of the entrance of 
(OH) into high-temperature pegmatitic or vein thorite 
and zircon remains open. 'fhorogummite and cyrtolite 
have been synthesized hydrothermally at temperatures 
as low as 1500 0, and the occurrence of (OH) in both 
synthetic and natural material has been verified by 
thermal and infrared analysis. 

Thorite and thorogummite are tetragonal in crystal­
lization and belong in the zircon structure type. 'fhe 
structure is based on isolated Si04 tetrahedra (nesosili­
cates) with the t.horium ions in 8-coordination with 
oxygen. Owing to its metanlict character, thorite 
affords only faint and diffuse X-ray diffraction effects 
or gives no X-ray pattern at all. When rnetamict 
thorite is heated to 800°-9000 C or higher, it roerystal­
lizes exothernlally to an aggregate of minute crystuls of 
either tetragollul or monoclinir- 'l'hSi04, or to a mixtm'(! 
of one or the other of these with '1'h02 • The nature of 
the recrystaIJjzatioll produets varies witll tlw f,(!JJ)Jwra­
ture and time of heatiug, the (:ompositioll of Ow ol'jgj,JU,1 
material, twd {JtJH~I' (utUJI'!; not d(~urly IJlJdl~I'H'()(HJ. 

The recrystulliztatiolJ fJl'ududs gin: sluJI]) X-ruy dif­
fraction effects, und tlJir; is 11 (:()/J V(!TJj(~1I t IIH:ltllb tlf idl~I'­
tification. Thorogummite gi \'(.'s X-ruy patlf~nJs jn 

unheated material. lVlwn tlJOI'{)gurnmilf~ is IJf~lttf~d, 
water including (OH) is lost, and a small amount of 
'rh02 may appear, but the diffraction pattern rernains 
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. ' ,:t! of letrngonal ThSiO". ~Ielftmict. dlOrite is iso­
' rclpic with n relatively low and variable index of re­
' :':\rtiOIl. Thorogummit.e is anisotropic, but the particle 
- 11.1' i~ mueh too small for satisfactory optical study and 
'11't iell} techniques generally are unsatisfactory as a 
' nt'HIlS of identifying these minerals. 

Following the discovery of thorite in 1828, the next 
'YI·Il-defined mineral containing thorium as an essential 
"nn~f ituent to be discovered was thorianite, Th02, in 
I !l1)4. This was followed by the description of pilbarit.e 
in 1910, huttonite in 1951, cheralite in 1953, and the 
l'I'definit.ion of thorogummite in 1953. The crystal 
.. tructure of thorianite is analogous to that of fluorite, 
CnF2, with the thorium ions in 8-coordination with 
I)\\"gen. The crystallochemical and mineralogical re­
I:ttions of U02) Ce02, and zr02 to Th02 are discussed 
in the following section. Natural thorianite contains 
"onsiderable amounts of other elements in solid solu­
t ion, particularly U and Ce, and like all thorium and 
Ilmnium minerals accumulates Pb due to radioactive 
deray. Helium also is present. The uranium is pres­
rnt n·s both U~ and U6. The content of U6 probal>ly is 
;;f'('ondary, owing to oxidation of U~ with a concommi­
tunt entrance of oxgyen into the vacant 8-fold position 
of the structure, as in partly oxidized uraninite, but no 
-;t udy of the effect has been made. The oxidation of 
synt,hetic solid solutions of the composition (Th,U)02 
hns been studied experimentally by J. S. Anderson and 
('oworkers (1954). Thorianite and uraninite, almost 
:1lone a.mong radioactive minerals, do not become 
metamict, apparently because of the inherent stability 
of the fluorite-type structure. . 

Of the remaining thorium minerals, pilbarite is an 
ill-defined substance found sparingly as a secondary 
millernl in t.1lC weathered outcrop of a pegmatite in 
'Vest-ern Australin. It needs further study. Huttonite, 
t he monoclinic polymorph of ThSiO., is known as 
deU'ital grains in the heavy-mineral fraction of beach 
~l1nds in New Zealand. It may be more widely dis­
l ributed as 8.n a.ccessory mineral in black sands than 
is known. Hut.tonite has not. been found in place, but. 
it. proba.bly ocelll's in pegmatites and quartz-segregation 
v('ins in metamorphic rocks. rrhe factors that influence 
t IH~ formation of huttonite and thorite are not known. 
Both phases have been synt.hesized by sintering of 
Th02 and Si02• the formation of huttonite being fav­
Ol'ed at higher temperatures, and bot.h phases have been 
obtained hydrothermally between 4000 and 7000 C by 
reaction of coprecipitated gels of Th02 and SiO, in the 
presence of ThF4. Cheralite is monoclinic and iso­
st.ructural with both monazite and huttonite. It rep­
resents an intermediate member of the system ThSiO~­
CeP04-CaTh(PO~)2. In this system a considerable 
range of solid solution exist.s by the substitut.ion of Ce8 

385115--56----37 

and Th" with vnlenee compensation effech\d by t itt' 
coupled substitution of Co.2 for Ce8 or of Si~ for P5. J\{a­
terial in this series near monazite in composition is quit.e 
common, but huttonite and cheralite are rare. 

The first large-scale use for thorium came with the 
development by Welsbach about 1884 of the in­
candescent gas-mantle, composed of Th02 with about 
1 percent of Ce02. Thorium now also finds use a,s a 
catalyst, in refractories, and in thoriated tungsten 
filaments. It is of potential importance in the field of 
atomic energy, since the natural isotope of thorium, 
thorium-232, can be converted by neutron bombard­
ment to thorium-233, which yields uranium-233, a 
fissionable isotope. The' thorium for gas mantles was 
obtained from monazite. The radioactive element 
meso thorium is a byproduct. The occurrence of 
thorium in monazite was first described by Kersten in 
1839. The amount of thorium present varies widely, 
although roughly constant in the material from a 
given locality or area, and thorium-free monazite is 
rare. The usual content is less than 8 to 10 percent 
by weight of ThO" but in some specimens the content 
is as much as 30 percent ThO,. Monazite, it is said, 
averages about 1 part UaOs per 50 parts ThO,. The 
manner in which the thorium is contained in monazite 
is discussed extensively in the literature. It was long 
thought to be present as mechanically admixed thorite 
or another thorium compound, and a few such occur­
rences have been observed, but it is now believed that 
the element is present in solid solution in ·substitution 
for Ceo 

'Other minerals in addition to monazite contain 
thorium as a vicarious constituent. Table 2 lists 
about 60 minerals-some are ill defined-that have 
been found at times to contain more than 0.1 percent 
by weight of Th02• A great many minerals, including 
several in which thorium could be expected to oc('ur 
for crystallochemical reasons, never have been ex­
amined for this element. The minerals that con tain 
vicarious thorium are chiefly silicates, oxides, and 
niobate-tantalates. Almost all these minerals are 
primary, and occur chiefly in pegmatites associated 
with alkalic or granitic igneous rocks. Only five of 
them, monazite, xenotime, allanite, zircon, and, to a 
less extent, pyrochlore, have a wide distribution as 
accessory minerals in igneous or metamorphic rocks. 
The cations that occur associated with Th in these 
minerals are typically Ce and other rare earths, Zr, 
Ca, and U. The main factors involved in this associa­
tion are geochemical and crystallochemical. The 
former tend to associate these elements with thorium 
in the parent solutions or melts from which the minerals 
have formed, and the latter determine the entrance of 
thorium into the various mineral phases that are formed. 
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The most effective host minerals for Th are ('ompounds 
of U, Zr, or Ce that are isostructural with thorium 
compounds, such as zircon, uraninite, and monazite, 
or compounds in which mechanisms of coupled subst.i­
t.ution are available for the housing of large, polyvalent 
ions, such as the niobate-tantalates and monazite. 

COMPARISON OF THE MINERALOGY OF THORIUM, 
URANIUM, CERIUM, AND ZIRCONIUM 

Thorium, uranium, cerium, and zirconium are 
markedly oxyphile, and the known minerals of these 
elements all contain oxygen with the exception of a 
few rare fluorides of cerium. Sulfides, sulfosalts, 
tellurides, and the native metals are not known as 
minerals. Thorium and uranium form synthetic sul­
fides and carbides, and the oxysulfides ThOS and 
UOS, but the formation of these substances in nature 
is unlikely on thermochemical grounds. 

The common minerals that contain Th, U, and Zr as 
essential constituents are oxides and silicates. Cerium 
differs in that it does not occur directly as an oxide, 
although Ce02 is a well-known synthetic compound, 
and Ce, is commonly present, sometimes in large 
amounts, in solid solution in natural U02 and Th02• 

Cerium is carried in Ininerals chiefly as phosphates and 
silicates. As vicarious constituents, Th, U, Ce, and Zr 
again are found principally in oxides and silicates. 
Thorium also is an important vicarious constituent. in 
the cerium phosphate, monazite. Further, these four 
elements are characteristic constituents of the niobate­
tantalates. 

The principal differences in the mineralogy and geo­
chemistry of Th, U, Ce, and Zr stem from the valence 
states taken by these elements in nature. Thorium 
and zirconium always are quadrivalent. Uranium 
occurs both as quadrivalent and sexivalent ions, and 
cerium both as quadrivalent and trivalent ions. The 
diversity of the mineralogy of uranium-about 70 dis­
tinct species containing uranium as an essential con­
stituent are known as compared to 6 for thorium and 
15 for zirconium-is due primarily to the stability of 
the sexivalent U8 ion. More properly, Ue should be 
described as the uranyl ion. In crystal structures, U8 
ordinarily is in distorted 6-fold or 8-fold coordination, 
and the two apical oxygen ions of the coordination 
group are more closely associated with the Ue to give 
a linear complex cation, {U02)-2. In (U02){COa) the 
U6 is in 8-fold coordination with 6 oxygen ions in a 
plane and 2 apical oxygen ions (Christ, Clark, and 
Evans, 1955). The U8 in partly oxidized U02 presum­
ably is in distorted 8-fold coordination. The bivalent 
w'anyl ion is of sufficient stability to preserve its iden­
tity in solution. The known uranium minerals are 
listed in table 7. All the primary uranium minerals, 

including W'allillite and coffinite, which cont.ain U ns 
an essential constituent, and the many Ininerals that 
contain U as a vicarious constituent, house the ele­
ment only in the quadrivalent state, so far as is known. 
The 68 or so remaining minerals that contain U as an 
essential constituent are built of the uranyl ion. All 
801'0 of secondary origin. None of these minerals have 
analogues containing Th, Ce, or Zr in place of U. This 
is due to the large size and unusual shape of the uranyl 
ion, which has no counterpart in the cOlnpounds of 
Th, Ce, or Zr. It is only quadrivalent uranium that 
forms compounds isostructural with compounds of TIt, 
Ce, and Zr. In these Ininerals the iOllS involved all 
are of tho same charge and are of spherical shapo with 
comparable radii (table 3) so that they play the same 
erystallochemical role. It also may be noted that the 
uranyl ion, so far as is known, does not occur as an 
important vicarious constituent in other minerals. 
This strongly contrasts with the behavior of Th, Zr, 
quadrivalent U, and both quadrivalent and trivalent 
Ceo This behavior again is due to the siz~ and shape 
of the uranyl ion, which does not allow it to proxy 
l'eadily for the ordinary iOlls of l'rystal structures. 
The entrance of sexivalent uranium into solid solution 
in the structure of the silicates of igneous rocks u,nd 
pegmatites also would be influenced by other flw tors , 
including the thermal instability of the uranyl ion at 
high temperatures and the oxygen content of the 
magma. Some rock silicates show a weak uranyl 
fluorescence at liquid air temperatures. 

Uranium differs from thorium and zirconium in that. 
it occurs in large amounts in hydrothermal deposits 
formed at relatively low temperatures. In hydJ'other­
mal veins, uraninite is typically associated with sul­
fides, arsenides, and sulfosalts of Cu, Fe, Ni, Co, Zn, 
Bi, Ag, and other elements. These deposits are gener­
ally very low in their content of Th, Ce, and Zr. On 
exposure to weathering, uraninite readily oxidiz(',s to 
the uranyl ion, and the other minerals oxidize to rela­
tively soluble sulfates and other oxysalts. This results 
in the formation in the oxidized zone of such deposits 
of a large variety of hydrated uranyl oxides, sulfates, 
al'senates or phosphates, for the most part also con­
taining Cu, Ca, Mg, Ba or other cations in addition 
to the uranyl ion. The alkaline-earth catiOlls and the 
phosphate content are in part derived front associated 
gangue minerals but mostly come from the wall rock 
or the meteoric circulation. The uranyl oxysalts in 
general are relatively soluble and occW' typically in 
gossans, as efflorescences on outcrops and the walls of 
mine workings, and in caliche-type deposits. Large 
amounts of uranium can be lost during oxidation by 
solution in the meteoric circulation, particularly in 
acid waters (Phair and Levine, 1953). This again 
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('olltrfl.sts wit.h till' Iwhavior of Til unci Zr. The pri­
mHr,Y rom pounds of t.hese rlements nre ('iH'mieally 
;;tnhle and quite insoluble, and ,during the w('athrring 
('yd(' tend to accumulnte ill the det.rit.nl r('sidues. 801-
IIl>lr snIts of thes(' dements hydrolyze rca.dil,v to insol­
uhl£' hydrous oxid(,s. hil'('onium does not forln minrrals 
in the ZOlW of wrnth('ring, nnd tJlOrium nnn cerium 
ollly v('ry rurdy. 

('c'rium, like urnnium. cliff('J's from thorium nnd 
zil'collium in t.hat. it. poss('ssps two vnl('l1crs that arc 
~tnhl(l under geologic conditions. Ce4 nnd Cc3, Both 
ions nre mirl('ralogica.ll~r importallt. Tlw Ce" ion h('ar'S 
n clos£' crystallochcmica.l J'cs('mbla.ner to t.he Th4 
nnd V" in pnrt.icula.r. It has not. yet heen found in 
minerals ns nn essentiuI const.ituent nlthough the oc­
currence of Ce02 and CcSiO. analogous to Th02 and 
ThSiO. could be r-xpected. Ce4 does occur, however, 
clisppl'sed in solid solution as a, vicarious constituent 
in ura.nium, thorium, and other minerals. It may be 
noted in this relation that cerium apparently often 
hns been reported in mineral analyses in the trivalent 
st.ate, ns Ce203, without knowledge of its actual vaJen~A 
state in the minernl. The Ce3 ion is considerably larger 
t.han the Ce4 ion (table 3) and has no mineralogically 
stable counterpart in Th, U, or Zr. The mineralogy of 
the Ce3 ion therefore stands alone among these elements, 
Trivalent cerium occurs in minerals both as an essential 
nnd as a vicarious constituent (tables 2 and 5) and it 
occurs in significant alnounts as a vicarious constituent 
much more widely than does Zr, although Zr is roughly 
five times more abundant than Ce in the lithospher~. 
This is due partly to the fact that the Ce3 ion is rela­
tively close in size to certain ot.her clements and enters 
l'('adily into solid solution in their compounds. These 
('lements include the trivalent rare earths and partic­
ularly the common element Ca., Calcium is bivalent, 
and the substitution of Ca2 by Ce3 requires a con­
eomitant substitution to compensate for the change in 
ya.lence. In cerian fluorite, the substitution of Ce3 

for Co. is compensated by the entrance of additional F 
into structural vacancies; in apatite and the apatite­
type mineral britholite and its numerous analogues 
the substitution of Ce3 for Ca2 is compensated by a con­
comitant substitution of Si4 for pll; in sphene the en­
trance of Ce3 is compensated by the substitution of 
AJ3 for Ti4. The initial content of Ce, and especiaUy 
of Y, in alkalic igneous rocks retained in the magmatic 
stage of crystallization is much larger than that of Th. 
Y is taken into solid solution in accessory sphene, 
apat.ite, fluorite, und ga.rnet more readily than m 
monazite (Sahama ancI Vahatalo, 1939). 

Although Zr is a relatively abundant element, its 
mineralogy both as an essential and as a vicarious con­
stituent is very much restricted. This is due primarily 

to tilt' high ('.hnl'gp nncl intt')'IlH'ciint(' siz(' of t,he Zl'~ iOIl 

(table 3). Among the g~ologicall'y important qundl'i­
valent. el~ments, hI' clor-s not suhst.itute apprc('.inbly 
for Si into the fm.nlework of silientl's or for Ti becnust' 
of the la.rge differencc in size. hI' ordinarily is 8-
eoordinat<>u with oxygen, whereas Si and Ti nre 4-
und 6-coorclinated, l'f'spcct.ivdy. Among other gpo­
logicnlly important elpllwllts, where bivalent Fe, Cn, 
nnd ~{g a.nd the univnl('llt alkalies come into considrl'U,­
t ion, there is a somewhat closer approximation in ionie 
size to Zr\ hut tlwre is a la.rgrr difference in ionic chm'g'p, 
involving 2 or 3 units inst.ead of but 1 as in the pnil' 
Ce3-Ca:2. This latter circumstance severely limits the 
extent of a possible coupled substit.ution through 
both the demands of local electrostatic (Pauling rule) 
bnlance in the crystal st.ructure and the lack of small, 
low-charged cations that can substitute concomitant.ly 
either for the central ion (Si, AI, P, As, S) of the anionic 
framework or for other cations in order to effect valence 
compensation, Actually the great bulk of Zr in 
nature is contained in but a single mineral, zircon, 
ZrSi04. Almost all t.he known minerals containing Zr 
as an essential or vicarious elCInent are silicates (table 
6). None of these minera.Is, aside from zircon, at'e 
known t.o carry appreciahle amounts of Th in solid 
solution, although minerals ront,ailling Ce3 commonly 
contain small amounts of Th". Th4 is much closer in 
si7.e to Ce3 t.han to Zr4. 

The dioxides of Th\ U\ and Ce4 nre isostructural, in 
t.he CaF2 structure type, and form a complete solid­
solution series between all end cOlnpositions, (Th, U, 
Ce)02 at high temperatures in synthetic material 
(Magneli and Kihlborg, 1951; Riidorff and Valet, 1952; 
Trzebiatowski and Selwood, 1950). In natural ma­
terial, Oe02 or solid solutions with Ce> (Th, U) is not 
known, but Ce4 is present in solid solution in consider­
able amounts in both natural U02 and Th02, Zircon­
ium oxide has several polymorphs. The form stable at 
natural conditions is the monoclinic phase, baddeleyite, 
with a distorted CaF2-type structure, but one of the 
high-temperature polymorphs, not known in nature, is 
isometric with the CaF2 structure. In the synthet.ic 
system U02-Zr02 a. series (Lambertson and Mueller, 
1953) extends from U02 to about 40 percent by weight 
of Zrt>2, with a diphase region extending to about 50 
percent by weight of Zr02 and u tetragonal series 
extending from that point to zr02. There also is evi­
dence of solid solubility of Th in synthetic monoclinic 
zr02. Very much smaller amounts of Zr occur in solid 
solution in natural Th02 a.nd U02. There is question 
whether the Zr reported in some analyses of pegmatitic 
uraninite is present in solid solution or as admixed 
zircon, ce02 forms only a partial series with zr02 in 
synthetic material (Duwez and Odell, 1950). The 
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solubility relations of the dioxides of '1'h, U, and Ce on 
one hand and of Zr on the other clear! v show the effec t 
of the relatively small Zr ion. Trjv~lent rare earths 
such as La and Y go into limited solid solution ill 1'h02 

in both natural and synthetic material (Brauer and 
Gradinger, 1951). The C-type polymorphs of Ul.20 a, 

Y 20 a, and such, have a structure related to that of 
Th02, but with certain cation positions vacant, and 
the series from Th02 involves the coupled entrance 
of vacancies to provide valence compensation. 

In natural material the series between Th02 and U02 

apparently has a large central gap . In general, the 
uraninite of pegmatites contains relatively large 
amounts of Th and Ce in solid solution, whereas the 
uraninite of hydrothermal veins and black-ore sandstone 
deposits of the Colorado Plateau is notably deficient in 
~hese elements. This is a problem of geochemical 
association rather than of the temperature dependency 
of the solid solubility. 

Besides the dioxides, some of the elements under 
consideration form otlHlr oxides . Ce forms Ce2031 not 
known as a mineral; U fol'lus U;iOS, several polymol'phs 
of VOa, and otber anhydrous oxidp-s. None of these are 
known as minerals, although VaOs 1night be expected 
to occur in nature. Vranium also forms a number of 
hydrated uranyl oxides, in part also containing Ba or 
Pb, that are widp-spread in small amounts. None of 
these uranium cmnnonucis havp- countm'parts with Th, 
Ce, or Zr. 

The econonlic importance of the oxides of Th, V, Ce, 
and Zr varies widely. Vraninite (here referred to as 
V02 but actually departing considerably from this 
composition owing to part.ial oxidation and solid solu­
tion) is the principal ore mineral of uranium. Ce02 
does not occur in nature, and cerium is obtained ahnost 
wholly from the cerium phosphate, mon.azite. Th02 is 
not an important actual or prospective ore mineral of 
thoriulll, although it is probably widely distributed as a 
vcry 1ninor aceessol',Y minerlll in beach and river sands. 
Smn.1l n.mounts of thoria.ni te , hO\\'cvcr, have been ob­
t.nillcd ill Ceylon . Blldddcyit,e, ZrO;! , ulthough HIl 

extremely rare lllineral HoS compared to zircon, is an 
important ore 1nineral at one locality, in the Po~os de 
Caldas, Brazil (Guimaraes, 1948), where it occurs in 
large amounts with zircon as fibrous crusts in hydro­
thermal veins derived fl'Olll and situated in syenitic 
igneous rocks. The parent rocks contain much Zr as 
eudialyte and as a vicarious constituent in alkalic 
pyroxenes and other silicates. The complex Zr silicate 
eudialyte occurs in large deposits in alkalic rocks in 
sou thern Greenland (B~ggild, 1953) and the Kola 
peninsula and is a potential source of Zr; it contains 
some Ce but lacks significant amounts of Th. Thoria­
nite, Th02 , does not occur in hydrothermal deposits 

analogous to baddelcyite. Sodi um metll,soJllu,tism III 

alkalic rocks may result in tIl{' liheration , and hydro­
thermal concentration. of Zr and certain othcr poly­
valell t ions (Luchi tski, 1947) . 

The principal silicates of the elements here COll­

sidered are those of the thorite and thorogummite 
groups (table 4) . :rhe available evidence indicates a 
very limited solid solubility bctween the isostructural 
phases ThSi04 and ZrSi04, extending perhaps to a few 
mol percent under natural conditions. III thc ternary 
system USi04-ThSi04-ZrSi04 there is extensive solid 
solubility of U into ThSi04 and a very limited solid 
solubility, apparently of the order of a few at.omic 
percent, of U into ZrSi04 • Anhydrous USi04 does 
!lot OCClli' in nature and has not been synthesized 
in spite of r epeated attempts, but the solid solution 
(Th,U)Si04 extends from ThSi04 toward USi04 .at 
least as far as Th:U=l:1. CeSi04 also does not. occur 
in nature and has not yet. been synthesized . The ill­
defined mineral freyalite may represent aTh-containing 
variety of CeSi04 or its hydroxyl-containing nnalogue. 
Cerium is COllUllOllly present in considerable amounts in 
thorite and thorogummit.e but is lacking or presenf 
only in small amounts in zircon. The mutual solubilit~ 
in the system ThSi04-USi04-ZrSi04 and the en tranci 
of Ce4 into the phases of this system clearly illustrat, 
the role played by ionic size. The extcnt of solil 
solubility of V in both natural and synthetic matcriB 
appears to be greater in thorogummite and cyrtolit 
than in anhydrous thorite and zircon. 'rhorium j 

lacing in the uranium lllember of the thorogummit 
group, coffinite, in the Colorado Plateau area hut th 
is due to the lack of thoriUlll in this geoehcmic: 
prOVll1ce. 

Huttollite, a 1110noclinic polyulOrph of ThSi04 iSI 

structural with monazitc, has no known analogues in 1 
Oe\ 01' Zr silicates. Anlong the eight monoclinic aI 

tet.ragonal poIymorphs possible between ZrSi04 , 'J'hSiC 
YP04 , Ilnd CeP04, it lUay be noted t.Lat t.he tetragon 
structure is taken by the small ions Zl' and Y and t 1 

monoclinic structure by the lll.l'ge ion Ceo Only T 
intermediate in size, develops both pol,Ylnorphs. Pu 
CeSiO" presumably would be monoclinic alld isost.J'lI 
tural with huttonitc. In synthetic materia.l tb e sol 
solubility of U in monoclinic ThSi04 appears to be l( 
than that in tetragonal ThSi04 • 

Thorium forms no natural silicates other than thori 
thorogummite, huttonite, and the ill-defined mine 
pilbarite. Uranium forms no silicates that cont1 
solely U\ other than coffinite, but does form a numl 
or uranyl silicates (table 7). All of these are second! 
in origin, and none have analogues with Tb, Ce, or 
in place of U. Ceriulll forms silicates contain 
essential Ce3, and Ce3 enters as a vicarious f'lf'ment il 



\oil ill 1,1 t.1~n; (1. H.t,I'~~ 'L H.flfj ;J ) . StJHI'~ 1:'~rilJm t;ili(:tlt(~ \ fou~d v.;th fluorite in pegmatite; and ~ some ~ein ~('­
IO('fltaiu Th H.JltI t: in I..t.,lid ~,lllti(m. lJI]'. (JtJH'":' F-~d) at; \ ~l~, and the flu~arbon8t.es of c.enum are typl~81 

~rit.f~, h8.V/~ nl,t y~t hf!(!Jl ohserv~d to earry significant 8&.~18tes, but fluonne does not O{'cur as an essenhAl 
l.lfnf)IHlt.~ (J{ t.l j (~ f~l~m(~nt-o Allanit ..... a ("Qm.mon illicat(' constituent in any thQriuDl mineral. 
flf th~ ('pidot~ group. ("8.rri~ C€'. Th. 8nd r in solid : 
~,b~l(1n . The €'l€'m€,Tlt~ Ca, La. and Y 815(l 8rt' d()5.(' 
associates of Ce in silicates. In addition to zircon, 
zirconium forms a considerable number of silicates 
(table 6). lVlost of these are complex in const.itution, 
and sHare rare. Further, none of them have analogues 
wit.h Th, Ce, or U. The complex zirconium silicates 
genf'raHy contain alkalies in their composition; this 
fpature is less marked with the cerium silicates and is 
In<>king with uranium silicates. 

U and Zr have not been found as phosphates. Th 
forms a silicate-phosphate, cheralite, that has already 
heen discussed. Small amounts of (P04) are commonly 
found in thorite and thorogummite substituting for 
(Si04). This series, with accompanying valence com­
pensation hy substitution of Ce3 for Th, leads to a 
hypothetical tetragonal polymorph of CeP04 isostruc­
tural with xenotime, YPO" and zircon. Compared to 
monazite, xenotime carries negligible amounts of Th. 
Cerium has a marked a,ffinity for P as compared to 
U\ Th, 8nd Zr. ~foua.zite is a very common mineral, 
and other cerium minerals contain P as an essential or 
vicarious constituent (tables 2 and 5), Some of these 
magmatic or pegmat.itic minerals including britholite, 
abuknmalite, beloyite, and inelanocerite are structural 
derivatives of apat.it,e. The vicarious Th content of 
these apatitelike minerals is of interest in connection 
with the occurrence of U· in small amounts in the 
apat.ite of phosphate rock. The substitution of Th is 
much larger tha,n that of U, in part probably owing to 
fadm's favoring the entrance of compensating Si into 
magmatic rather than sedimentary apatite. Both the 
Th a,nd t.he U substitute into the Co. positions of the 
apatit.e structure. I~ late magmatic and pegmatitic 
apatite the amount of substitution for Ca is in the order 
Ce3>Th>U>Zr. This is not t.he order of closeness of 
approach in ionic size to Ca, but it is the order of 
increasing electronegatiyity of the ions. In an isostruc­
tural group of phases, as in the present instance, 
increasing electroncgativity of the cat.ion is in a general 
way accompanied by a less ionic and weaker bond with 
the anion held in common. The entrance of Ce3 into 
~olid solution in apatite is favored both by this factor 
a.nd by the relative ease of valence compensation. The 
observed enrichment of Ce and other rare earths in 
pegmatitic rather than early magmatic Ca minerals 
also appears to be related to the rela,tive electronega­
t,ivity of the ions (Ringwood, 1955). 

The only natural halogen-containing compounds of 
Th, U, Ce, and Zr are those of Ce (table 5). Thorite is 

The many uranyl carbonatES indude ruth~l'l'\\\nt' 
and 8 ronsidenble numbe-I" (\f complex ~oon.t~ 
containing the ura,nyl ion together with other cations, 
chiefly Cu, Ca, Mg, and N a. These minerals, together 
with the carbonat~fluoride-sulfate schroeckingerite and 
with lanthanite, a,re l'<>la,tively soluble secondary 
minerals that occur chiefly as efilorescences. The 
numerous fluorocarbonat.es of cerium, on the other hand, 
are relatively insoluble and form . at much higher 
temperatures. These minerals appear to contain 
relatively little thorium in solid solution as compared 
to the silicates and phosphates of cerium . . 

The niobate-tantalates are characterized as a group 
by the presence, often in large amounts, of Th, U, Zr, 
Ti, Fe3

, and rare earths. The relative amounts of 
these elements vary widely through mutual substitution, 
and commonly a distinction between essential and 
vicarious constituents is not significant. The yttrium 
group of rare earths usually predominates over the 
cerium group. The diverse and large content of ions 
of high valence in the niobate-tantalates offers oppor­
t.unities for mutual substitution that are not available 
to the same ions as they occur individually in silicat.es 
and other compounds dominated by the presence of 
bivalent and univalent cations. The niobate-t&ntalates 
are not of economic importance as sources of Th or U, 
because of their rarity and refractory chemical nature. 

GEOCHEMISTRY AND OCCURRENCE OF THORIUM 

The geochemistry of Th, U, Ce, and Zr, as these 
elements appear in igneous rocks, is similar and is 
governed largely by the low concentration and high 
valence of their ions. The activation energy of migra­
tion of their ions (E-value of Wickman, 1943) is rela­
tively high, which would tend to freeze the ions in the 
main stage of crystallization of the magma, but their 
concentration is in gen~ral too low to permit the appear­
ance of phases in which these elements are essent.ial 
const.ituents. In broad terms, they either concentrate 
in residual solutions or are included in solid solution in 
the minerals that form the bulk of the rock. In the 
case of gallium, an element of roughly the same abund­
ance as thorium, the identity in valence and near iden­
tity in ionic radius with aluminum causes virtually all 
of this element to become dispersed in solid solution in 
aluminosilicates of the magmatic stage. In thorium 
and uranium, however, the high charge and large size 
of their quadrivalent ions do not permit entrance int.o 
the normal rock minerals, and as crystallization pro­
ceeds the residual solutions hecome enriched in the~e 



574 GEOLOGY uF URASIl.)l\[ AXD THORlr~[, IXTERX..\TIO:\".\L COXFEREr\~E. 19:);) 

eleInents. ZirconiUln, nluch commoner than uranium 
and thorium, in part crystallizes in the magmatic stage 
as accessory zircon and may then house a certain alllOunt 
of Th and U, a circumstance on which the age-determin­
ation method of E. S. Larsen, Jr., is based. Both 
monazite and xenotilllC, however, appear ,to house Th 
and U more readily than zircon (Hutton, 1947). Zir­
conium and the rare earths, notably Ce4

, together with 
other polyvalent elements such as Nb and To. also tend 
to concentrate in the residual solutions. Thorium, 
cerium, and uraniUlll have a marked affinity for alkalic 
rather t.han granitic or internlediate igneous rocks in 
the broad course of Inagmatic differentiation. The 
bulk composition of the magma also influences the 
11lineralogical expression of trace elements. The ratio 
of alkalies to aluminUln was emphasized in this regard 
by A. E. Fersman and V. ~L Goldsclllnidt in their 
concept of plumasitic and agpaitic magmas. Zirconiurn 
appears to be responsive to this factor. In highly 
aluminous magmas it crystallizes directly as a phase, 
zircon, but in highly alkalic magmas the excess of 
strongly electropositive elements cOlnplexes the Zr, · 
which is comparable in electronegativity to AI, as a 
vicarious substitute for Al in silicates. Thorium and 
uranium, less electronegative and much larger in size 
than aluminum, are not as markedly dispersed in this 
way in the silicates of alkalic rocks. 

The main types of deposits that carry concentrations 
of thorium minerals are pegmatites, hydrothermal 
veins, and detrital deposits. Pegmatites associated 
wi th alkalic igneous rocks, particularly nepheline 
syenites and their variants, are notably rich in thorium. 
Well-known and important occurrences of this type are 
in southern Norway (BrlSgger, 1890), the Kola penin­
sula of Russia (Fersman, 1926; Fersman and Bohnstedt, 
1937) and southern Greenland (Bfl'ggild, 1953). These 
pegmatites also are relatively high ill content of rare 
earths, with the cerilllll earths predominating over the 
yttrium earths, together with Zr, Nb, Co., P, and F. 
Tantalum and uranium are minor constituents. These 
peglnatites are feldspathic but. generally lack quartz 
and may contain nepheline (often altered to zeolites)" 
together with pyroxenes and a variety of complex sili­
cates containing Zr. Apatite is a characteristic accessory 
mineral in the pegmatites, and it sometimes occurs 
separately, as in the Kola peninsula (Antonov, 1934), 
as very large deposits associated with alkaJic igneous 
rocks. This apatite typically eontains C(~ amI Hi and 
very small amounts of Th. Pegmatites derived from 
granitic rocks tend to contrast with those from alkalic 
rocks in ('ontaining, on the whole, a smaUer amount of 

Th and in being relatively enriched in Y over Ce, To. 
over Nb, and U over Th. The granite pegmat.ites 
generally are quartz-rich, with Zr presen t, chiefly as 
zircon. A small production of thorite has been obtained 
from alkalic pegmatites in Norway, but these deposits 
in geIteral are not potential large-scale sources of Th. 
Thorium may possibly be obtained as a byproduct in 
the utiliza.tion of magmatic apatite, analogous t.o the 
production of uranium from sediment.ary phosphate 
rock. 

Hydrothermal vein deposits containing thorium have 
become known only during the past few years. They 
differ frOl11 the base-Inetal sulfide types of veins, in 
which thoriulll is lacking in significant amounts, and 
they show resemblances to the cCl'ium- and thorium­
rich pegmatites associated with alkalic rocks. The 
Powderhorn district, Gunnison County, Colo., contains 
veins and mineralized shear zones carrying thorite or 
thorogummite with calcite, dolomite, quartz, barite, 
cerian fluorapatite, and bastnaesite, according to J. C. 
Olson and S. R. Wallace (written cOlnmunication). 
The deposits occur in and near alkalic igneous rocks, in­
cluding the Iron Hill stock, that are notably rich in rare 
earths, Ti, Nb, Ba, and Sr. Concentrations of perov­
skite occur in the area. In the Mountain Pass area, 
San Bernardino County, Calif. (Olson, Shawe, }>ray, 
and Sharp, 1954), large veins and irregular bodies con­
taining bastnaesite with calcite, dolomite, barite, 
parisite, and sahamalite occur in association with alkalic 
igneous rocks. The deposit contains Th in slnall 
amounts as a vicarious constituent. In the Salmon 
Bay area on Prince of Wales Island, Alaska (Wedow 
and others, 1953), veins carrying thorite with car­
bonates, hematite, and monazite are assoeiated with 
other veins lacking Th but carrying carbonates with 
parisite and bastnaesite. Smne deposits of bastnaesite, 
as in the fluorite-barite veins of the Gallinas Moun­
t.ains, N. Mex. (Glass and Smalley, 1945), and the con­
tact metamorphic deposit at Bastnaes, Sweden, do not 
carry appreciable amounts of thorium. Vein deposits 
containing thorite or thorogummite but lacking rare 
earths are also known. In the Wet. Mountains in 
Custer and Fremont Counties, Colo., a very large area 
contains veins containing a thoritelike mineral together 
with hematite, quartz, barite, carbonates, and Ininor 
fluorite and sulfides (R. A. Christman, written cOln­
munication). The deposits appear to be related to 
albite syenite intrusive bodies~ Quartz-hematite veins 
with a thoritelike mineral and minor amounts of mona­
zite and allanite also occur in districts in east-central 
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Tdnho IIlld southwcstern ~lontana (Trites and Tooker, 
1 fl5~ ) . Thp-se ycin dr-posits of Th and Ce minerals in 

I H'l'fl 1 nre pxtrpmely low in V, Zr, Y, Nb, and Ti. 
T"(I~- show thnt tIl(' geochemical deser-Ilt of Th a.nel Ce, 
lik(1 t htl t of tT. {'ollt.illll('S into the hydrot.horlnal st.age. 
TIl(' bnddt'll'yitt' dr-posits of Brazil nre roughly' analogues 
of t h(' Tit nlHl r vein deposits, but Zr ill general is ro­
tailll'd ill lligh-t.l'mpernture minerals. The separation 
(If rand (Th. t\\) in the h~-dl'OtlH'l'mfll stnge rmllains 
1I11(·xplnilled . l~rnnium apparently curries further into 
tllt' lowl'r-illt(,ll~it~· hydrothenllnl ZOlH'S. togpther with 
~ . A~. 1\11(1 lll'ay,\" luetals. 

Thorium nlso occurs as a Yt~ry Ininor ('ollstitupnt in 
dt'l}()~its ot her thnn yeins and p('gmntites, sHch as with 
.\h ill enrhollntitf's and in n few contact metamorphic 
d(~p()sits. In the sedinlentary cyde, thoriUlll (Koczy, 
19·Hln. 1!l49h): unlike urallilllll, is not a significnnt COIl­

stillwllt of t.lH' ('Rrhonac('ous marillc blaek shales and 
nppun'lltly (ltw~ lIOt. play an important biogeochemical 
role. Zirconium is like thorium in this respect and is 
depositc'ti ('hi('fiy as detritrnl zircon in lIearshore clastic 
s(~diml·lIt~. [II SPU wntpl', ul'flnium is ('nridwd relative 
to thoriulIl. 

Alluvial deposits eont,ain the largest known reserves 
of thorium. The thorium-con taining mineral, mona­
zite, occurs widely distributed as an accessory mineral 
in igneous and Jnetamorphic rocks and in pegmatites. 
The content in gneiss and. schist sometiInes nlns ns high 
as 0.1 percent by weight of monazite, but efforts to Inine 
a.nd concentrate the mineral directly have been un­
successful. The high specific gravity, hardness, and 
gt\Bernl stnbility of nlonazite cause it, when frepd by 
weathering, to become mechanically concentrated in 
nlhlyiul cl{'posits. Important d{'posits of this kind are 
found in Trnvancore, Ceylon, the States of Bahia and 
Espil'ito. Santo in Brazil, New South 'Vnles, and Queens-
1and. In the United States, alluvial deposit.s of mona­
zite a.re found in Florida, the Appalachian region, Idaho, 
and elsewhere. The monazite is assoeiated with ilmen­
ite, zircon, magnetite, and ganlet chiefly, and is sep­
arated and concentrated by magnetic methods. Thor-it.e 
(Hutton, 1950) and thorianite are widespread in trace 
mllounts in alluvial deposits. The known deposits of 
monazite sands aro very large, and the world's supply of 
tJlOrium is now and proba.bly will continue to be large1y 
dl'8wn from t·hem. 

T.\:Ru: l,--Jhnerals cOl/lair/ll/g thorium as an essential con.'1litllent, with their varieties and synonym8 

Name Composition Content of Th02 (percent) 

~~IH'l'H lit.· . ___ __ ___ ___ _____ ___________ _ (Th,Ca,Ce) (PO •. Si04) ___ .. _ ____ __ __ _ 30, variahle _______________________ _ 
Hllttollitt, ___ _____ ______ __ .. ___ ____ ___ .. Th (SiO.) _______ __ __ _____ .. ___ . .. ____ _ 81.5 (ideaP) _______ __ _______ _______ _ 
Pilbarit,f! ___ . __________ .. ____ .. ________ _ Th02,V03·l'bO·2Si02·4H20 ___ - .-___ -- 31, variable ___ ______ _______ __ _____ _ 
Thul'ianitf' . __ ... ___ ____ ___ _________ _ _ ThO

z 
____ __________ ___ ___ __ ___ ___ _ Series to V0

2 
_____ _ ____ . _ ___ _ ______ _ 

Thori t·£' ___ _________ . ____ ____ ________ _ _ Th (SiO.) ______ __ .. __ __ __ _ .. _____ .. ___ _ 81.5 (ideal 2) ___ ____ .. ____ . ______ __ __ _ 
ThoroJlllllllllitt' __ .. ____ _______ _______ _ _ Th(Si04)I.a(OH).K ____ _ -- __ ___ ._ .. _ - -- 24 to 58 or more __ .. __ . . __ ____ . _______ _ 

Farielies and synonyms 
Aidullit I' _ _ ______ .. . _ ____ .. _ __ _ _ __ ____ _ Variety of thorinnite high in Pb and V content ___ ___ _____ ________ __ ___ __ __ _ 
:\ lIerlitt ,_ Vari('ty of thorite or thorogummite relatively high in (PO.) content._. ____ ____ _ _ 
Calciothori t f' _ . ___ ._ .. _ ____ ____ .. ________ _ 
Chlomthol'it.(' __ ___ ___ ___ ___ __ . __ _____ .. _ 
Ellalitf' _ _ _ _ _ _ _ __ . _ .. __ _____ ___ _ 

Variety of thoritc or thorogummite relatively high in Ca content- _________ __ _ 
Synonym of thorogummite _____________________________ ____ __________ __ _ 

Variety of thorite or thorogummite relatively high in content of V, rare earths, 
and (PO.)? ________________________________________ . ___ ____ __ __ _____ __ _ 

El1rm~itf ' _ Variety of thorite or thorogummite relatively high in content of ea and rar(' 
t·art.llf' _____ ___________________________ ___ __________________ . ________ _ _ 

Ff ~rrot.horit f' _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ __ 
Freynlih' _ ___ .. ___ _ . __ __________ __ . ____ _ 

Variet.y of thorite or thorogummite relatively hip:h in Fe3 contcnL ________ __ _ _ 
Variety of thoritc or thorogummite very high in Ce content ____ __ __ .. __ ___ __ _ 

H y hli h' _ __ _ _ ___ ___________ . _ _ _ _ _ 
H~·dl·othori h' ___ __ _ . ___ ____ __ ____ ___ . 

Synonym of thorogummite; apparently contnins Rome (SO.) .. ___ ____ ___ _____ _ 
S~'nollym of thorogummite ________________ ______ _____ ____________ _____ _ _ 

~I ne kill t 0:-; hit t' _ _ _ _ _ _ _ __ ___ _ _ _ __ .. __ _ _ _ 

:\ r ni 111l mli t.(' . _ _ _ .. __ _ _ __ _ ___ _ . __ ___ ___ _ 
SYnonvm of thorogummite. Contains U. __ ____ ___ _______ ______ ___ _ 
Synou}'m of thorogummite. Uelatively high in V· and Pb content .. ___ ___ .. __ _ 

Xicolnyitf' Syn()n~-Ill of thorogummite_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ __ __ _ _ _ _ __ 
Ora IIp:i tf' __ __ . . _ _ _ . _ _ _ _ _ _ _ ___ __ . __ Varietal name for yellow to orange metamict thorite __________ ____ .. __ .. __ 
l"rnnothorinnitt, _ . ___ . ______ ____ _____ _ 

l."1':lllothOl'itf' __ _____ _____ _ 

Varietal name for thorin.nite high in content of uranium [uranoan thorianite, 
(Th, ,[")0

2
] _. ________________________________________ . ______ _ . ______ ____ _ 

Vari('tal nllme fOl' thol'ite high in content of uranium [uranoan thorite, (Th, U) 
(SiO.)] _ .. __ . ___ ___ ___ _ .. __ _ .. . ____ ____________________________ . __ __ . __ __ __ _ _ 

\r i sa k i'() n itt, __ __ ___ ___ __ .' _ _ __ _____ __ _ _ S~'lIony III of t hori h~ _ . ________________ _ . __ _ ___________ _____ __ ____ ___ _ _ ___ _ _ 

I Rrfl'rt'IIC'1'~ ('\tN\ at l'nd of table 2. 
~ Psulllly l('~~ hf'r:l\I!\e of substitution of IIUll'r ''It'rmmts for thoriulIl. 

Refer­
ellc(' 
."'0. 1 

1,4 
1,5 
],6 
1,2 
1,2 
1.7 

1, fI 
1 

1, 18 
7 

1. 18 
1 

I. ]8 
1,7 
1,7 
1.7 
1,7 
1.7 

1, 18 

10 
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TABLE 2.-Minerals containing thorium as a vicarious constituent, with their varieties and synonyms 

Name 

Abukamalite __________ _ 
Allanite ______________ _ 
Alvite ________________ _ 
Ampangabeite _________ _ 
Bastnaesite ___________ _ 
Betafite ______________ _ 
Blomstrandine _________ _ 
Brannerite ____________ _ 
Br6ggerite ____________ _ 

Cappelenite ___________ _ 
Calciosamarskite _______ _ 
Carrocerite ___ -- _ - __ ---
Cerlanite _____________ _ 
Chinglusite ___________ _ 
Cordy lite _____________ _ 
Clarkeite _____________ _ 
Cyrtolite _____________ _ 

Davidite ______________ _ 
Euxenite ______________ _ 
Eschynite _____________ _ 
Ferauaonite _______ -- _ --
FeJ'8mite ______________ _ 
Formanite ____________ _ 
Fourmarierite _________ _ 
G ummite _____________ _ 

Hagatelite ____________ _ 
Hokutolite ____________ _ 

Irinite ________________ _ 

Johnstrupite __________ _ 
Khlopinite ____________ _ 
Lovchorrite ___________ _ 
Lovozerite ____________ _ 
Lyndochite ___________ _ 

Melanocerite __________ _ 
Microlite _____________ _ 
Mosandrite ___________ _ 
Muromontite __________ _ 
Monazite _____________ _ 
N aegite _______________ _ 
N uolite _______________ _ 
Orthite _______________ _ 
Oyamalite ____________ _ 

Perrierite _____________ _ 
Pisekite ______________ _ 

Pyrochlore ____________ _ 
Polycrase _____________ _ 
Polymignyte __________ _ 
Priorite _______________ _ 
Rinkite _______________ _ 
Rinkolite _____________ _ 
Samarskite ____________ _ 
Steenstrupine _________ _ 
Tanteuxenite __________ _ 
Thalcnite _____________ _ 
Thucholite ____________ _ 

Tritomite _____________ _ 
Tschefl'kinite __________ _ 

. Tengerite _____________ _ 
Uraninite _____________ _ 

Uranophane ___________ _ 

Composition 

(Ca, Y,Th)a(Si,Pl..AIO.)a(O,F) ________________ __ _ - - - - --
(Ca,Ce, Thh(Al,,ll"e, Mgh.SiaOI,(OH) ____________ ___ ___ _ 
Ill-defined substance, near zircon _____ __ _____________ _ 
~ (Y,Er, U,Ca,Thh(Nb,Ta,Fe,TihOls ____________ - - _ - __ 

(Ce.z!A) (COa)F -- - -.-': - - - - - - - - - - - - - - - - - - - - - - - - - - - - - --
RI (u,Ca) (Nb,Ta,Tl)a09.nH.0 _______________________ _ 
Synonym of priorite -: __________________ ____________ _ 
~ (U,Ca,Fe, Th, Y)a TlaOul- - - - - - --- - - - - - - - - - - - - - - - - - - - -

Variety of uraninite relatively high in content of rare 
earths and thorium. Thorian u~aninite. 
~Bay,BI(Si04)a012(OHh------- -------- -- ---- - - -- - --
Variety(?) of samarskite relatively rich in Ca _________ _ 
F:$ (Ce,La,Th,Ca)a(Si,B)a(O,OH,F)JI __________________ _ 

~(rla~~~:(M~;Ca)6(Ti:Z;)~Sil~o;I:9ii,O_-_ ~ ~ = = = = = = = = = = = = (Ce,La),Ba(COahF _______ - ___ - ____ - _____________ - --
RI (Na,Ca,Pb),U,(O,H,Oh __________________________ _ 
Altered zircon containing H,O and often small amounts 

of U and Th. 
(Fe,Ce,U) (Ti,Fe,V,Cr)a(O,OHh_ - - _ -- - - __ - - ____ - - - - --
(Y, Ca, Ce, lIt Th) (Nb, Ta).. Ti) ,0, - - - - - - - - - - - - - - - - - - - - - - -
(Ce,Ca, Fe, ".l"h) (Ti,Nb),u. ___________________________ _ 
(Y,Er,C~eJ U, Th) (N~ Ta,Ti) 0. _______________________ _ 
(CaJ...CeJ~a) (Nb,Ti,,ll"e)..Al)'(O,OH,F)._ - - -- - - - - - - - - - - - --(Y,J!jr).. u, Th) (Ta,Nb)u. _____________________________ _ 
:::::: Pbu. 4 U Oa.5H.0 _________________________________ _ 

Generic term for orange-red to yellowish alteration 
products of uraninite; chiefly fourmarierite and van­
dendriesscheite. 

Variety of zircon containing rare earths, Nb.1.. Ta, and Th_ 
Radioactive variety_ of barite containing l'b and prob­

able also Ra, U, Th. 
Thorian varietl': of lop~rite (perovskite) with composi-

tion (Na,Ce,Th) (Ti,Nb) (O,OH)a. 
Silicate of Ce,Ca, Ti,Zr,N a __________________________ _ 
F:$ (Y,U,Th)a(Nb,Ta,Ti,FehOJO ______________________ _ 

:::::: Ce4CalO TisShoOa,F 1- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
RS (Na,K),(Mn,Ca)ZrSi.0

11
.3H.0 ____________________ _ 

Variety of euxenite-polycrase relatively high in Ca 
and Th. 

:::::: (C~ Y,La,Ca)a(Si,BJ,.P)a(0l..0H,F)u- - - ---- -- - - --- -- -­
(Na,vah(TaJN.bhOI(~J,.OHA,ll")----- ---- - - - - - - - - -- - - - --
:::::: NaC .. Ce2~Tl,Zr),SI7uU(uH,Fh _______ - ___ - ____ - - _ -_ 
Apparently a variety of allanite high in Be content. ___ _ 
(Ce, Y, La, Th) (PO.) ________________________________ _ 

Variety of zircon containing rare earths, U, and Th ____ _ 
Ill-defined mixture _________________________________ _ 
Synonym of allanite _______________________________ _ 
Variety of zircon containing rare earths, (PO.), and Th 

(s:::s 1 percent) 
Perhaps identical with allanite ______________________ _ 
Niobate-tantalate with U, Th, rare earths. Th present, 

amount not known. 
N aCa(Nb, TahO,F ________________________ :.. ________ _ 
(Y]Ca,Ce, U,Th) (Ti,N~L..Tah06- _____________________ _ 
:::::: ~Ca,Fe,Y,Zr) (Nb,Tl,Ta)04 ________________________ _ 
(Y, Er, Ca, Fe, Th) (Ti, Nb) ,0,- _____ ____________ ____ ___ _ 
:::::: (Na,Ca)I2(Ce, TihSis(O,Fh, __ - __ - _ - - _ - - - - - _ - - - - - - -_ 
:::::: (Ca,Na) "Ce.(Si, Ti) loOI8(F,OH)s- _____ - - __ - _ - - - - - - -_ 
(YJEr,Ce, lLFe, Th) (Nb,Ta),OI ____ : _________ - - - - - - - __ 
:::::: ~Na, Ca,ve,La, Th)a(Mn,Fe, Ta) (SI,Be,Ph(O,OH,F) 12- __ 

Variety of euxenite relatively rich in Ta ______ __ ______ _ 
y 4Si.0

1S
(OH). _________________________________ - _ - _ -

Hydrocarbon mixture containing much U, Th, and rare 
earths in the ash. 

Silicate with Bt. F, Ce, La, Ca, Th ___________________ _ 
Silicate of Ce, La, Th, Fe, Ti, Ca ____________________ _ 
::::::Ca Y.(COs).(OH)a.3H,O ___________________________ _ 

UO, (ideally); usually partly oxidized, with Ce, Y, Pb, 
Th, etc. 

Ca(UO,h(SiOah(OHh·5H,O ____ - - - - - - - - - - - - - - - - - - - - --

Content of Th02 (percent) 

< 1_ _ _ _ _ __ __ ___ .. _________ _ 
o to :::::: 3_ _ _ _ _ _ _ ____ ______ _ 
15 in one analysis __ ___ .. __ __ _ 
1 to 2 ______________ ____ __ _ <1 _____________________ _ _ 
o to :::::: L. ___ ___ _____ ______ _ 

o to 12 ___________________ _ 
14 ____________________ ___ _ 

<1 _____________________ _ _ 
2 to 3 ____________________ _ 
13.6 in one analysis ________ _ 
~5 ______________________ _ 
<1 ______________________ _ 
<.1 ______________________ _ 
2.4 in one analysis _________ _ 

<1 __________________ ___ _ _ 
o to Rl5 __________________ _ 
o to 17 ___________________ _ 
o to s:::s 5 __________________ _ <1 ______________________ _ 
Rll ______________________ _ 

smalL ___________________ _ 

:::::: 1.5 ___________________ _ _ 

<1 ______________________ _ 
2.2 in only analysis ________ _ <1 ___ ~ __________________ _ 
small amount _____________ _ 
s:::s5 ______________________ _ 

1. 7 in one analysis _________ _ <1 ______________________ _ 
<1 ___ ___________________ _ 
::::::1 ______________________ _ 
o to Rl30, u8ually 10 to 12 __ _ 
2.8 ______________________ _ 
2 to 4 ____________________ _ 
o to F:$ 3 ___ _______________ _ 

4.6 ______________________ _ 

o to ::::::5 __________________ _ 
1 to 5 ____________________ _ 
3.9 in one analysis _________ _ o to s:::s 8 __________________ _ 
<1 ________ _____ _________ _ 
SDlall ____________________ _ 
o to Rl4 __________________ _ 
2 to 7 ____________________ _ 
2.8 in one analysis _________ _ < 1 ________ . ______________ _ 

:::::9 __ .. ___________________ _ 
o to 20, usually :::::: L _______ _ 
s:::s1 ______________________ _ 

o to 14 at least ____________ _ 

F:$ 2 in one analysis ________ _ 

Ileference No. 

23 

2 
3 

1,2 

18 
2 

18 
24 
15 
3 
1 

1 
2 
2 
2 

2 
1 

17 
3 

13 

1,2 
2 

16 
14 
2 

]8 
1,2 

18 

3 
20 
2 

17 

21 
1 

1,2 
2 
2 
2 

16 
-16 

2 
22 

2 

11, 12 

18 
19 
3 

1,2 



MINERALOGY OF THORIUM 577 

TARLE 2.-Minerals containing thorium as a vicarious comtituent, with their varieties and synonyma-Contillued 

Name Composition Content oj ThO, (percent) ReJerence No. 

Vandendriesscheite ___ __ _ ~PbO.7U03.12H20 ___________ __ ___ __ __ ___ _____ ______ _ small ___ __________ ______ _ _ 
Vudyavrite ______ _____ _ Altered variety of lovchorrite ___________ __ _____ __ ______ _ ~1 ______ ___ ___ _____________ _ _ 16 

2 
:l 
8 
2 
2 

Wiikite _____ ___ ___ _____ _ Ill-defined mixture_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ __ _ _ __ _ _ _ _ __ o to 3. L __ _ __ ___ ____ __ __ _ 
X enotime __ _____ ______ _ Y (PO.) _______________ ___ __ _____ _____ ____________ ___ _ o to 2.5 _______ ______ _______ _ 
Y tt.rialite _______ ______ _ ~ (Y, ThhSi20 7 _ - _____ - _ - _ - - - - - _ _ - - - - - __ - _ - __ __ _____ _ 

~12 _____________ ______ __ _ 
yu,rocrasite ____ ___ ___ _ _ 
Yttrot.ant.aJit.e ___ __ __ ___ _ 

~(Y,Th,U,Cah(Ti,Fe, W)40U- _ - _ --- - - ___ - - __ -- - ___ _ _ 8.75 in only analysis ____ ___ _ 
~(Fe,Y,U,Ca)(Nb,Ta)O. ______ ________ _ _ ___ __ ____ ~_ «1 ______________________ _ 

zircon ____ __ ___ ____ ___ _ Zr(SiO.) ________________ _____ _ _ usually « 1 or none; some 
varieties higher. 

Zir'kplitf' _____ _____ ____ _ ~ (Ca,Fe,Th, Uh(Ti,ZrhO~ _____ ___ ________ _______ ___ _ 7.3 in only analysis ________ _ 2 

Reference8 Jor table8 1 and 2 
1_ Frondel, Mineralogy of uranluUl (in preparation). 
2. Palsche, Berman, and Frondel, Dana's system of mineralogy, 7th ed., v. I, 1944. 
3. Palscbe, Berman, and Frondel~ pana's system of mineralogy, 7th ed., v. 2, 1951. 
4. Bowie and Horne, Mlneralog. Mag., v. 30, p. 93, 1953. 
5. Pabst, Am. Mineralogist, v. 36, p. 60, 1951; and Hutton, Am. Mineralogist, v. 

36, p. 66,1951. 
Ii. Simpson, Chem. News, v. 102, p. 283, 1910. 
i. Fronde), Am. Mineralogist, v. 38, p.l007, 1953. 
S. Hats, lost. Phys. Chem. Research Tokyo, Sci. Papers, v. 34, p. 455, 1938. 
\I . Bespalov, Problems Soviet Geology, no. 6, p. 105, 1941. 
Ifl. Hutton, Am. Mineral~lst, v. 39, p. 825, 1954. 
11. Davidson and Bowie, Great Britain Geol. Survey, Bull. 3, p. I, 1951. 
I:? BarthRUf\r. Rulf~, Rnd Pearce, Am. MineralogJst, v. 38, p. 802,1953. 

FaI-

TABLE 3.-/onic radii oj certain elements 

(Goldschmidt's values, In kX units] 

Usual coordination number with oxygen 
ence 

4 6 8 8 or higher 

-l Si V Ti W Zr Ce· U Th 
0.39 0.61 0.64 0.68 0.87 1.02 1.05 1.10 

3 Al AI Fe3 Y La Cel 
0.57 0.57 0.67 1.06 1.22 1.18 

2 Be 
0.34 

Mg Fe' Ca 
0.78 0.83 1.06 

Na K 
0.98 1.33 

TARLE 4.-Telragonal nesos'ilicates oj Th, U, Ce, and Zr 

Thorit~ group Thorogummite g1'OUP 
Th(SiO.), thorite_ _ _ _ __ Th(SiO.)t-.(OH).., thorogummite. 
U(SiO.) [not knownl_ _ _ U(SiO.)I-",(OH)h; coffinite. 
Ce(SiO.) [not knownJ___ (Ce,Th)(SiO.h-",~OH)b, freyalite? 
Zr(SiO.), zirron___ _ _ _ _ _ Zr(SiO.)I-",(OH) .. , cyrtolite. 

T.-\RI.}~ 5.-Minerals containing cerium as an essential or important 
vicarious constituent (data supplement table i!) 

.Vame Comp08it'ion 
ESSENTIAL CONSTITUENT 

Fllloceritc_ _ _ _ _ _ _ _ _ _ (Ce,La)F3 
Tysonite_ _ _ _ _ _ _ _ _ _ _ _ Synonym of fluocerite. 
Sahamalit.e__ _ _ _ _ _ _ _ _ (Mg,Fe)(Ce,Lah(C03). 

Bastnaesit.e _ _ _ _ _ _ _ _ _ CeFCOa 
Parisite___ _ _ _ _ _ _ _ _ _ _ Ce2Ca(C03hF~ 

Roentgenit.(> _ _ _ _ _ _ _ _ _ CeSCa2( COahF 3 

Synchisite_ _ _ _ _ _ _ _ _ _ CeCa(COahF 
Cordylite_ _ _ _ _ _ _ _ _ _ _ Ce2Ba(COahF2 
.\ncylite_ _ _ _ _ _ _ _ _ _ _ _ (Ce,La).(Sr,Ca)3(COah(OH).·3H20 
Calcio-ancylite_ _ _ _ _ _ (Ce,La).(Ca,Sr)a(COah(OH) •. 3H20 
Lanthanite_ _ _ _ _ _ _ _ _ _ (La,Ce),(COah ·8H20 
Am bat.oarinit,e_ _ _ _ _ _ _ Carbonate of Ce, La, and Sr. 
W eibyite _ _ _ _ _ _ _ _ _ _ _ Near ancylite in composition. 
Beiyinite _ _ _ _ _ _ _ _ _ _ _ Ill-defined rare-eart.h carbonate. 
Ohorite___ _ _ _ _ _ _ _ _ _ _ Ill-defined rare-earth carbonate. 
Rhabdophaue _ _ _ _ _ _ _ (Ce,La, Y) (PO.) .H20 
Florencite_ _ _ _ _ _ _ _ _ _ _ CeAI3(PO')2(OH)o 
Cerite_ _ _ _ _ _ _ _ _ _ _ _ _ _ (Ce,CahSi(O,OHh? 
Lessingite____ _ _ _ _ _ _ _ A calcium-rich variety of cerite. 
Tornebohmite_ _ _ _ _ _ _ Near cerite in com~sition. 
Hellandite_ _ _ _ _ _ _ _ _ _ Ca,(Ce,La,Y,AI,Fe)eSi.01g(?) 
Cenosit.e___ _ _ _ _ _ _ _ _ _ Ca,(Ce,YhSi.OI2(C03)·H20 

::I8~ 1 :>-56---38 

13. Borodin and Kazakova, Ab(l. Nauk SSSR. Doklady, v. 97, p. 725, 1954. 
14. Geraslmovsky, Acad. scI. U. S. B. R., Comptes Rendus 25, p. 7~J.1939. 
15. Geraslmovsky, Acad. scI. U. S. S. R., Bull. Service Geol. 163, l'cfdlS. 
16. Borneman-Stsrynkevlcb, Mal Geocbem. 'Khibina Tundra, Acad. scI. 

. USSR, p . .a, 1953. 
17. Kimura, Japanese Jour. Chemistry, v. 2, p. 82,84,1926. 
18. Brijgger, Zeltscbr. KrJstallogrspbie, v. 16, 1800. 
19. Kauilman and Jaile, Am. Mineralogist, v. 31, p. 582, 11146. 
20. Shibata and Kimura, Chern. Soc. Japan lour., v. 42, p. 1, 1921. 
21. Bonattland Gottardl, Rend. Soc. Min. Itsl., v. 9J.p, 242,1953. 
22. Btlgglld, Mineralogy of Greenland, Meddel. om urtfnland, v. 149, no. 3,1953. 
23. Hats, lost. Phy!. Chem. Research Tokyo, Bel. Paper'S, v. 34, p. 1018, 1938. 
24. Graham, Am. Mineralogist, v. ~. p. 560,1955. 

TABLE 5.-Mineral8 containing cerium a3 an essential or important 
vicarious comtituent (data supplement table .e)-Continued 

Name Comp03ition 
VICARIOUS CONSTITUENT 

Abukumalite ___ ____ _ 
Britholite __________ _ 
Cerorthite __ _______ _ 
Churchite_ _ _ _ _ _ _ _ __ 
Codazzite __ _______ _ _ 
Erikite _____ ____ ____ _ 
Gadolinite ___ ____ __ -__ 
Ishikawaite __ _____ _ _ 
Kalkowskite _ __ __ __ _ 
Knopite ____ __ . __ ___ _ 
Metagadolinite __ __ __ _ 
Nagatelite _____ __ __ _ 
W einschenkite ____ __ _ 
Yttrocerite ____ ____ _ _ 

(Ca, Y)a(P,Si)aOI2(OH,F) 
(Na,Ca,Ce)II(P,Si)aOJ,(OH,F) 
Variety of allanite rich in Ceo 
Y(PO.) ·2H,O 
Cerian variety of dolomite. 
Near abukamalite in composition. 
BezFe Y 2Si2010 
(U,Fe,Y) (Nb,Ta)O. 
Fe2TiaOg 
Cerian variety of perovskite. 
Ill-defined silicate of Fe and rare earths. 
Ca2(Ce,La),Al.Fe,(Si,P).025(OH) 
Synonym of churchite. 
Cerian variety of fluorite. 

TABLE 6.-Minerals containing ziroonium as an essential or 
important fJicariou8 constituent 

Name Composition 
E8S"~NTIAL CONS'1'ITUENT 

Baddeleyite __ __ _ 
Catapleiite __ ___ _ 
Dalyite _____ ____ -- - -
Elpidite _____ __ ___ --
Eucolite ___ __ __ __ _ 
Eudialyte_ .. _____ ____ _ 
Guarinite ____ ___ - - __ 
Hiortdahlit.e __ ___ __ - _ 
LA venite __ ___ _ - __ - ---
Lovozeritc . ____ ___ _ _ 
Loranskitc ___ _____ __ _ 
Oliveiraite ___ ____ --__ 
Rosenbuschitc ______ _ 
Wadeite _ _ _ ____ ___ _ 
Wohlerite _____ - ___ - -
Zircon ____ __ __ __ - - - - -
Zirkelite ____ ______ _ _ 
Zirfesite _____ _____ __ _ 

Zr02 
(N a, Ca) ZrSiaOg·2H20 
K2ZrSi.015 
N a,ZrSiOOI5·3H20 
Variety of eudialyte 
Na.(Ca,Fe)3ZrSi,017(OH,CI)2(1) 
N &, Ca, Zr fluosilicate (ill-defined) 
(Ca;..Na)13Zr3Sig(O,OH,Fhs(?) 
N aliA2ZrSi,OsF (1) 
(Na;..K)2(Mn,Ca)ZrSi.O ... 3H20 
(Y,lie,Ca).ZraTa.O,,(?) 
ZraTi20JO'2H20 (doubtful species) 
(C~Na)a(Zr, Ti)SiaOsF(?) 
K2liaZrSi.01, 
NaCa2(Zr,Nb)Si20.(O,OH,F) (?) 
ZrSiO. 
(Ca,Fe) (Zr,TihOI 
Hydrated silicate of Zr and Fe. 

VICARIOUS CONSTITUENT 

Acmite _ _ _ _ _ _ _ _ _ __ _ _ Synonym of aergirine 
Astrophyllite_ _ _ __ _ _ _ _ (Na,K)2(Fe,Mn).TiSi40 1.(OH) 
Aegirme_ __ _ _ _ _ _ _ _ _ _ NaFeSi,O. 
Betafit~ __ - _ - - - - - - - - (U,Ca) (Ntc Ta,~i)30g·nH20 
Beckehte_ _ _ _ _ _ _ _ _ _ _ Caa(Y,Ca, e).SlaOII 
Chinglusitc_ _ _ _ _ _ _ _ _ Na.MnIiTiaSit.04l'9H20 
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TABLE 6.-MineraI8 containing zirconium as an e8sential or 
important vicario-us constituent-Continued 

Name Composition 

VICARIOUS CONSTITUEN'l'-Continued 
Fergusonitc ________ _ 
Giannettitc ________ _ 
Hainite ____________ _ 

(Y,Er,Ce,Fe) (Nb, Ta, Ti)O. 
Na,Ca,Mn,Ti,Zr silicatc 
Silicate of Na,Ca,Ce,Ti,Zr 

Lamprophyllite _____ _ N a2SrTiShOs 
M urmanite ________ _ 
l>ennaite ___________ _ 
Polymignite ________ _ 

Na,Ti,Mn,Ca silicatc . 
Na,Ca,Mn,Ti,Zr silicate 
(Ca,Fe,Y) (Nb,Ta,Ti)O. 

Pyrochlore _________ _ 
Samarskitc _________ _ 
Titanocerite ________ _ 
Yttrotantalite ______ _ 

(Na Ca),(Nb TahO,F 
(Y,Er,Ce, U,Fc, Th) (Nb, Tah06 
Ti, rare-earth, Zr silicate 
(Fe, Y, U,Ca) (Nb, Ta,Sn) O. 

SYNONYMS AND VARIETIES OF ZIRCON AND CYBTOLITE 

Alvite. Altered thorian varicty of zircon. 
Auerbachitc. Altered zircon, or cyrtolite. 
Adclpholite (part). Altered zircon, or cyrtolite. 
Azorite. Synonym of zircon. 
Anderbergite. Synonym of cyrtolite? 
Beccarite. Synonym of zircon. 
Calyptolite. Synonym of zircon. 
Cyrtolite. Hydroxyl-substituted variant of zircon. 
Engelhardite. Synonym of zircon. 
Diocroma. S.xnonym of zircon. 
Hagatelite. Variety of zircon with Nb, Ta, Th, and rare earths. 
Jargoon. Synonym of zircon. 
Jacinth. Synonym of zircon. 
Hyacinth. Synonym of zircon. 
Malacon. Altered zircon, or cyrtolitc. 
Meta-zircon. Altered zircon . . 
Naegite. Variety of zircon with Th, U, Nb, Ta, and rare earths. 
Ostranite. Synonym of zircon. 
Polykrasilite. Variety of zircon. 
Oyamalite. Variety of zircon with PO. and rare earths. 
Orvillite. Altered zircon, or cyrtolite? 
Oerstedtite. Altered zircon, or cyrtolite? 
Pseudo-zircon. Altered zircon, or oyrtolite? 
Yamagutilite. Variety of zircon with PO. and rare earths. 
Zirconite. Synonym of zircon. 
Zirconoid. Altcred zircon. 
Ribeiraite. Variety of zircon. 
Tachyaphaltitc. Altered thorian zircon or cyrtolite. 

TABLE 7.-kJinerals containing uranium as an essential constituent 

Name Composition 

OXIDES 
U rani ni te ______________ _ 
Ianthillite _____________ _ 
Epi-ianthinitc __________ _ 
Becqucrelite ___________ _ 
Schocpite ______________ _ 
Richctite ______________ _ 
Masuyite ______________ _ 
VandendrieS8cheite _____ _ 
Fourmarierite __________ _ 
Curite ________________ _ 
Billictite ______________ _ 
Vandenbralldeite _______ _ 
Uranospheritc _________ _ 
Clarkeitc ______________ _ 

CARBONATES 
Rutherfordinc __________ _ 
Diderichite ____________ _ 
Liebigite _________ :.. ____ _ 
Voglite ________________ _ 
Andersoni te ____________ _ 
Bayleyite _____________ _ 
Rabbittitc _____________ _ 

(U02) (COa) 
Identical with rutherfordine 
Ca2(U02) (C03h·lO-11H20 
Ca,Cu, uranyl carbonatee?) 
N ~Ca(U02) (COah·6H20 
Mg2(U02) (C03h·18H20 
CaaMga(U02h(COa)e(OH) •. 18H20 

TABLE 7.-Minerals containing uranium (1S at~ es.selltial 
constituent-Continued 

Name Composition 
----------_ ... _ .. _--_ .. .. -

CARBONATEs-Continued 
Swartzite__ _ _ _ _ _ _ _ _ _ _ _ _ _ CaMg(U02) (COa):1·12H!O 
Sharpite___ _ _ _ _ _ _ _ _ _ _ _ _ _ (U02) (COa) .H20(?) 
Studtitc_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ Pb, uranyl carbonatee?) 
Schroeckingeritc____ _ _ _ _ _ NaCa3(U02) (C03h(SO~) F.lUH20 

Uranopilite _______ .. .. .. __ 
Meta-uranopilit.e _______ _ 
Zippeite _______________ _ 
Johannitc __ .. __________ _ 
Peligotite ______________ _ 

(U02),(S04) (OH>'o·12H 20 
Doubtful basic uranyl dllifat.(! 
Near 2UOa·SOa·5H20 
CU(UO:t)2(SO.)2(OH)2,6H20 
Identical with johannite 

PHOSPH.~ TES-ARSENATES 
Autunite ______________ _ 
Mcta-autunite . ________ _ 
Torbernitc ________ _____ _ 
Metatorberllitc _________ _ 
Zcunerite ______________ _ 
Metazeuncrite _________ _ 
uranocircite ___________ _ 
Meta-uranocircite ______ _ 
Saleeite _______________ _ 
Bassetitc ______________ _ 
Uranospathitc _________ _ 
Kahleri te ______________ _ 
. Nov aceki te ____________ _ 
Metanovacckitc ________ _ 
Abernathyit.e ___________ _ 
Troegerite _____________ _ 
Urano~pinite ___________ _ 
Sabuga1ite _____________ _ 
Ii'ritzscheitc ____________ _ 

Parsonite ______________ _ 
Renardite _____________ _ 
Phosphuranylitc ________ _ 
Dewindtite ____________ _ 
Dumontite ___ _________ _ 
\Valpurgite ____________ _ 

YANADATES 
Carnotite ______________ _ 
TyuyaJDunite __________ _ 
Mctatyuyalllunitc ______ _ 
Sengierite _____________ _ 
Ferghanite ____________ _ 
Rauvite _______________ _ 
Uvanit,e __________ " ____ _ 

SIMCATES 
UranophallC ____ .. _______ _ 
Sklodowskite ____ .. __ .. ___ _ 
Cuprosklodowskite _____ _ 
Bcta-llranophane _____ .. __ 
Soddyite __________ . ___ _ 
Kasolite ______ ________ _ 
Pilbarite _____ .. ____ ____ _ 
Coffinite _______ ________ _ 
Gastunit.c ___ . ___ __ ____ _ 

NIORATE-TANTALATES 
Betafite _______________ _ 
Brannerite ___ _ . ______ _ 
Pi8ekite _______ .. _______ _ 

Delorcnzitc __ . ___ .. _____ _ 

(U,Ca) (N2t Ta, TihOIl,"H!O 
(U Ca Fe, Th, Yh Ti50 IS(?) 
U, Ti, Th, rare-earth lliobate-t.anta­

late 
(tT, Y,Fe) (Ti,SIl)aOs 
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