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Introduction 
The geochemistry of uranium is intimately associated with that of thorium. Consequent

Iy, the: preparation of separate: chapters on thorium and uranium has nc:ce:ssimte:dasulxfivi
sion of topics involving these: two e:Je:me:nts. In this chapter on uranium, the: writers have 
included :l discussion of both thorium and uranium in connection wid! heat production 
in the: earth, auroeadiographie studies, fracrionatlon ofthorium and uranium during weather
ing and sedimentation, and the udiixation of nuc:.lt::ar e:nergy. The chapter on thorium (90) 
includes II. discussion of age: dating by means of radioactive discquihbeia, Th/U ratios in 
ignc:ous rocks, and the general proble:m of the: relationship of thorium and uranium to igne
ous pe:trology. The chapeee on lead (82) Section B includes a discussion of U/Pb and Th/Pb 
age: dating. 

A number of reviews of the:geoche:mistry of thorium and uranium have be:cn published. 
ADAMS, OHIOND, and ROGElU prepared one: in 1959. DYBEK (1962) reviews rhe gecchemlstry 
ofuranium and EL SHAZLY (t962) provides a de:taiJedbibliography. An extensive review now 
in preparation hy PETERMAN was available in prc:lirninary fonn in 1963. Owing to the e:nor
mous volume of published material, no elfort is made in this cbapeer to refer co all papers 
dealing with tbe geoehemletry of uranium. Re:ferencc i.$: made to those papers from which 
numerical daea have: been ohrained and to recent summary papers which will Introduce 
readers 10 specific sub-topics. 

Reriled ..,."ua<:rip' o=i....l: J..Jy 18th, 1961 

<0 Spriosor-Vcrlr.R Bc.~a· Hrjddbcl'lt 1969 
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92-B. Isotopes in Nature; Heat Production 
in Common Rocks 
I. Varieties of Isotopes 

Naturally-occurring uranium consists of three different isotopes: U2:lS, U235, and 
U234., The UIl::lB:md U235:Lte parent isotopes foe two separate decay series which ulti
mately yield Pb!08 nod PbZ01 eespeeeivelv. No natural isotopic fractionation of U238 
and U235 has been observed, and roday all natural materials have a ratio of UR7S/UrJJ 
equal to 137.5± 0.5. In rhe pasr this ratio has systematically increased to the present 
value, owing co the fact thar U~ has a half-life of7.1 X lQ8 years, which is much less 
than that ofUz:J:J (4.5 X lOt years). The U!:l9!U235 ratio 4.5 X109years ago, rhe presumed 
age of rhe earth, was 3.45. The third isotope of uranium, UU4, is an intermediate in 
rhe decay series of U:!)8 and ;s formed from V~ by emission ofan alpha followed by 
two beta particles; consequently, the abundance ratio of U\l;:ulU2:l8 is proportional 
to the ratio of their half-lives. The half-life of U2:lI is 2.5 X lOS years, making UZH 
equal to 0.005(J percent of total D:l.tural uranium, 

Uranium, but generally nor its daugbter products, is incorporated from sea water 
into calcium carbonate shells and ocher ptecipitates. As a result of this selective 
fixation, rhe daughter of UU4 (Th2:lO by alpha decay) is largely absent in freshly 
deposited carbonate, and thus the race of building of ThUll can be used to date the 
carbonate materials; (see THURBER, 1965, for a review). For reasons not wholly 
understood, sea water contains abour 15 percent more U~ th:m would be expeceed 
to be in secular radioactive equilibrium with rhe U2.:l'I in the water. Apparently the 
intermediate daughters formed in the decay plUcess permit ehemieal fraetion:uion 
of the U:,)8 and U~. Consequendy, rhe tate at which the UU4!U~ ratio approaches 
that of secular radioactive equilibrium in carbonate shells may be used to check 
U234.rrh~ dating (Tl-IlJRBER, 1965). RIC.HAR.OSON (1%4) detected a IS percent de
ficiency in U23lo in weathered samples of the Conway granite, New Hampshire. This 
dc6ciency in U\l;3& correlates well with the apparent excess of U2:lI in sea warer. 

ll. Heat Production in the Earth 
The study of the flow of heat through the earth's surface has recently assumed 

great importance 1, As examples, two of the questions involved are: 1) determination 
of whether or not the earth has the bulk composition of cbondeldc meteorites (the 
"chcndddc hypothesis"); and:z) comparison of oceanic and continental heat flows, 
possibly for the purpose of establishing compositional differences in the upper mantle 
uoderlying conrinenru] and oceanic areas .. Studies of heat flow in the earth have 
recently been summarized by a number of writers, including BIRCH (1965):llld LEE 
and UYEDA (19(5): 

One major line of evidence for the chcndridc hypothesis is the fact that the total 
terrestrial heat flow can be accounred for by the heat generated by radioactive elements 

See Chapter 6, Section V in Volume 1 of this handbook. I 
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92-A. Crystal Chemistry 
The 5-f element uranium in the ground state has the probable electronic structure 

5£3 6d17s· and the formal valence states vary between 2+ and 6+. In minerals, 
however, only the valences 4+, 5+ and 6+ are known. With many elements (e.g. C, 
N, Si, P, S eec.), binary compounds of uranium are semimetallic and often non
stoichiometric. 

I. Metallic Uranium 
Metallic uranium (melting point 1,1320 C) has three crystalline modifications; 

e-uranium (below 6600 C) crystallizes onhorbombic, and each umnium atom is 
coordinated by twelve neigbbors at dlstanees between 2.75 and 3.34 A (STVRCKEN 
and POST, SR 1960, 240). ,B-umnium (between 6600 and 7600 C) is probably tetragonal 
and ncn-centrosymmetric, and the coordination number of the six structurally 
different uranium atoms is between 12 and 15 (THEWLIS and SIttl'LE, SR 1954, 304: 
STEEPLE and ASHWORTH, 1966).Because of some uncertainties in the inde:::cing ofthe 
powder data (DONOHUE and EINSPAHR, 1971), it is possible that rbe serucrcre derer
mination is not quite correct. The phase ,..-uranium (from 7600 C upro the melting 
point) is cubic, body-centered (THEWLls, SR 1951, 123) with U-U distances of 
3.oA(Sx). 

II. Formally Di-, Tri- and Penta-valent Uranium 
One example of a compound with divalent uranium is va, crystallizing in the 

Nad-type (RUNDLE ~fal., SR 1947-1948, 220). 
For trivalent uranium the structures of some artificial halides are the best known. 

Tbe layer structure of UF~ is isotypic with CeFJ ; in the bexagcnal arrangement the 
uranium atoms have a [2+3+6] coordination of fluorine. The fluorides AUFG 

(A = Sr, Ba, Pb) with formally tetravalent uranium are isotypic with UF3 and the 
atoms A and U seem to be randomly distributed over the mew sites (ZACHARIASEN, 
SR 1949, 164). Va, and UBr3 crystallize in the Y(OH)3 structure type. Uranium is 
surrounded by nine halogen neighbors at nearly equal distances, e.g. U-Cl,...". 2.9 A 
(ZACHAIUASEN, SR 1947-1948, 277). The fourth haloge.nide, ill, crystallizes ortho
rhombic and eacb U is coordinated by 8 iodine neighbors (ZACHARlASEN, SR 1947
1948,282). 

Pentavalent uranium occurs in two tetragonal modifications of UF$' In the e-form 
each uranium is coordinated by six fluorine nelgbbcrs in the form of an octahedron 
with distances U-F ,...". 2.2 A. The ,B-form shows a seven-fold coordination to ura
nium, with U-F dlsrancea between 2.18 and 2.29 A (ZACHARlASP.N, SR 1949, 169). 
In UCI~ the uranium atoms are coordinated ocrahedrally by six chlorine atoms 
(U-Cl distances between 2.43 and 2.70 A); two such octahedra share an edge ro 
form U2d1D units (SMITH n al., 1967). 
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In the system involving U02 and U~08 (which is only tentatively known 
GRONVOLD, 1955), the crystal structures of only a few compounds have been deter
mined. U92 crystallizes in the CaF2~t)'pe (see below) and the compound U.O,has 
been reponed to crystallize in a cubic supersrrvcrure of U02 with 4 times the V02 
cell dimensions (MASAKI and DOl, 1972). In U308 there are two cryst::illogrnphically 
different uranium atoms: V(t) is coordinated by six oxygcos with V-O distances 
nEZ.O? (2x) and 2.18A (e x) (after A..'IDR..E.SEN, SR 1958, 296) and is peccvalecc, 
U(2) has the typical [2+5] coordination of hexavalent uraniumwith Uc-Odistances 
nE2.0? (z x), 2.17 (2x), 2.21 and 2.42 (2x). The system V-O is very complex 
and deviations from stoichiomeay are me rule, but only the U02 to U308 region seems 
to be significant for me natural occurrence of uranium oxides. 

m. Formally Tetravalent Uranium 
The structures of two halogenides are will-known. UP4 crystallizes in a mono

clinic structure, isotypic with ZrF" and uranium is coordinated by 8 fluorine atoms 
(ZACHARIASEN, SR 1949, 168). va, is tetragonal with four chlorine atoms at 
distances of2.41 A, and Four ar 2.09 A (MooNEY, SR 1949, 166). 

The coordination number of oxygen around U (IV) is six or eighr and examples 
lUC given in Table 92-A-1. In minerals with structures similar to columbite, (pe, Mn) 
(Nb, Ta)p" (STURDrvANT, SB 1928-1932, 337), tbe atoms (Fe, Mn) with six-fold 
coordination (octahedral) can probably be partially substituted by uranium. In the 

Table 9Z-A-l. Slrtl&lNTtZi dolt: of mmt II/'fJnium (IV) lompofl1ltU 

Mineral Chemical	 Coordlcaocn Dum- 0-0 References 
name formula	 bee and form of distances 

the polyhedron (A) 
about uranium 

Coffinite U[SiO,l	 [4+4} two-fold 2.32 (4 X) FUCHS and Gaeswr 
dispbenolde 2.52 (4X) (SR 1958, 504) 

Utllninite UO! [8] cube 2.37 (8 X)	 several authors (58 
1913-1928,148 and 
212) 

UT1:0,· [6] octahedron ..... 2.3 (6 X)	 RUH and WAOSLEY 

(1966) 

UGeO t	 [8] two-fold ...... 2.300 !?URIF (SR 1956, 283) 
dispbenoidc 2.5 (8 X) 

U[SO,](OH)!	 [8] square AJ:cbi- ..... 2.3 (8 x) LUNDGIlEN (SR 1952, 
median 287) 
acdpeism 

U,O,[SO,J.(OH),	 [8J square AJ:cbi- ...... 2.3 (8X) LUNDGIlEN (SR 1952, 
median 287) 
andpeism 

U[SO,ls.4 Hp	 {8] square An:hi- ..... 2.4 (8 X) KIERKEGMIlO (SR 
median 1956,354) 
anriprism 

• UT~O, is isorypic to brannerire, (U. Ca, Th, Y) (Ti, Fe).o,. 
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pyrochlore-Iike structures, (Ca, Na)~(Nb, Ta.)~08 (0, OH. F) (several authors; SB 
1928--1932, 340), uranium can probably occupy the position of (Ca, Na) with a 
[2+6] coordination of oxygens. In both these minerals, the vdeoey state of the 
substituting uranium is not known exactly. 

IV. Fonnally Hexavalent Uranium 
The compound UF8is orthorhombie and each uranium is octabedrally coordinated 

by six Hucrines at distances between 2.01 and 2.13 A (HOARD a.nd STROUPE, 1958). 
The uranium. atoms are arrangcd in the occabedral holes of the double-hessgoeal 
close-packing of fluorine atoms. In V08 the chlorine atoms form a neatly perfect 
octahedron about uranium with U-Cl distances of2.4A (ZAClIARIA.SF.N, SR 1947
1948, 479); the chlorine atoms. are arranged in a bexagonal close-packing. 

The coordination number of bcsavalear cranium against oxygen is six, seven or 
eigbt. Two oxygens having significantly shorter distances to the central arom (2.0 A 

" 

, ,,0.56 

,, , 

e.ss 

O.U 

,, 
; ,
 

Fig. 92-A-t. Ahemathyirl::. projection of a. single [UO~]-[AS04] sheet of (001). The num
bas are the.:t paramerers of the atoms in the tetragonal arrangement ((0= 18.13A). The 

As-A.oms in the center of the tetr.Lhedra with z = 'Ii are not drawn 
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Table: 92-A~2. Stmcltrral dala of ramt lIranium(VI) (o1lJpoldllh ~ 

Mine:ral name: Che:mical formub U-D diatancea 
in the uranyl 
group (A) 

U-D distances in the plane 
perpendicular-eo the: uranyl 
group (A) 

References 

A) C(xmJillPlion n_brr [2+4J 
Abe:rnathyite: K[UO,] [AsOI ] · 3 HID 1.81 1.70 2.35 

(4 x) 
Ron and EVANS (1964) 

Meta-autunite CaluOIJ~[PDfJ,·6HIO 1.99 1.79 2.32 
(4 x) 

MAKAROV and IVANOV 
(SR 1960, 412) 

Meta-iorber Cu[UO:lMPO~1.·8H,O
nice 

Me:ta~:te:une:tite: Cu(UO,J.[AsOth"8 HIO 

1.82 

1.80 

1.94 

1.77 

1.94 

1.78 

2.33 
(4 x) 
2.31 
(4 x) 

2.18 
(4 x) 

Ross tJ al. (1964) 

HANlc (SR 1960, 415) 

c: 
"•0 

c 
3 

Ba[UO,IO, 1.90 1.90 2.12 
(2 x) 

2.22 
(2 x) 

SAMSON and SILLEN (SR 
. 1947-1948,441) 

Mg[UO,10, 

K,(UO,JO, 

Rb,[U°:llO, 

u,tUO:JD, 

1.92 

1.90 

1.91 

1.91 

1.92 

1.90 

1.91 

1.91 

2.16 
(2 x) 

2.17 
(4 x) 
2.17 
(4 x) 
2.19 
(4 x) 

2.20 
(2 x) 

ZACHARIASEN (SR 1954, 
463)IKovaa "./. (SR 1958, 
320) 
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(4 x)
 

a.-LiJ[UO~102 1.89 2.89 1.98
 

p.Na.[UOil°. 1.93	 2.12 IKov.. ,J .1. (SR 1958, 321)(4 X)
 
Gi.NlI![UO~lOI 1.90 i.so 2.24
 

(4 X)
 

NH,IUO~1[AsOt1' 3 Hp 1.81 1.73	 2.37
 
(4 x)
 

) Ross end EVA"' (1964) K(HP)[UO.h[AsOtl.· 6 HiO 1.77 1.70	 233
 
(4 x)
 

Cu[UO~]O. 1.90 BO	 2.15 2.24 SIEGEL and HOE"STRA 
(2 x) (2 x) ('''')	 

C
P-[UO~)(OHh 1.81 2.81	 2.21 232 BANNISTER lind TAYLOR "(2 x) (2 x)	 (1970) •

" 0
[UOI]P.(OH)~ b 1.83 1.83	 2.07 2.42 SIEGEL et (11. (1972) 3

(2 x) (2 x) 

Ca~[UO:]Ot e 2.02 i.si 2.26 2.16 2.24 
(2 x) } RIl':TVELD (1%6) 

Sr~[UO~lO, e 1.86 1.85 2.39 2.11 2.42 2.36 

B) Coordi/llJHo'j numb" [2+51 
"Anhydrous ~[UOlli[VIOIJ	 2.2 2.4 ApPLEMAN and J;VANSI.' 1.' '0
carnotite"	 (5 x) (1965) 

Curlenke Pb[UO.l.[V.O.]·5 HIO	 1.67 1.66 2.39 2.37 2,30 2.29 2.27 BORENE andCESllRON (1971) 

Dumontite Pb2[UOI1~[PO.MOH)t·3 Hpb 1.76 1.76 2.33 237 2.32 PIRer.MEUNIER, LEONARD 
(2 x) (2 x) end VAN Ml!ERSCHE (SR 

1962, 583) 
~ 
~, 
l>, 
'" 



Mineral name Cherniea] formula 

Table 92-A~2 (eontinued) 

U~O distances' U-O distances in the plane References 

li5, 
>, 
m 

in the uranyl perpendicular to the uranyl 
group (A) group (A) 

]achimovite CuH~[UOI11[SiO']~'5HIO." 1,90 1.87 2,27 2.63 2.36 2.26 2.45 PJlUIT-~UNIEIt and van 
MURSCHE (1963) 

Kasolhe Pb[UO~][SiO']'H~O 1.71 1.72 2,22 2.15 2.50 2.21 2.47 MOKEEVA (19640) 

SlclodowskilC MgH~[UOIJI[SiO&11·6 HIO"· 1,7 1.7 2,2 a3 2,5 2,7 MOILEEVA (1964b) 
(2 x) 

Uranophanc G{H~O)~[UO;1;[SjO,1~'3H~O 1.91 1.91 2,5 2,3 2,2 SMITH, GRUNEIt end LIPS
(2 -o (2 X) K.OMB (SR 1957, 338) 

p-Urnnophnne G[UO~](UOOH]{Si04][SiOaOH]·4 HIO"1.77 

t76 

1.81 

1.81 

2.27 

2.26 

2.35 

2.34 

2.38 
(2 x) 
2.35 

2.41 

2.38 2.48 

SMITH and STOHL (1972) 
c; 
OJ 
" 

CsI[UOIMSO,]~ 1.74 1.74 2.37 2.47 2.46 Ross end EV'\NS (SR 1960, 
c 
3 

(2 x) (2 x) 389) 

Cs~[UOI1~[VI081 1.77 1.77 2,40 2.37 2.38 2.25 2.29 AI'PUMAN and EV'\NS 
(1965) 

Ni[U01lz[VPa]·4 HzO 1.79 1.84 2,33 2.29 2.34 2.35 2.21 BORb'!!. end Cl'SBRON (1970) 

uvo,» 2.05 2.07 2.34 2.18 2.25 CHEVALI'ER and GASI'£RfN 
(2x) (2x) (1970) 

[UOlhO~(OH}lb 1.74 1.78 2.48 2.33 2.27 2.31 2.40 SIEG£L tl et. (1972) 

C) Coordi/ltlli'", rlJllnbtr [2+6] 
Cliffordite [UOI]Te~01" 2.04 2,04 2.30 FISCHER et al. (1969) 

(6 x) 
1.96 1.96 2.51 GAL'>' and !-fEUNI£R (1971) 

(6 x) 



Dumcnure Pb a[UO gh[POtMOH).-3 HgOb 1.76 1.76 211 
(2 xl 

2.73 
(4 x) 

PIREJ'.Mi!UNIER. LEONAJU) 
and VAN MEEIlSCHE (SR 
1962, 583) 

Rutherfordin IUOg][CO~] ...... 1.9 ...... 1.9 ...... 2.5 ...... 2.4 CHRIST, C'-ARK and EVANS 
(4 x) 

u[UOt]Og 1.91 1.91 2.29 
(6 X) 

Se[UO,lO, 1.91 1.91 2.33 

(2 X) (e~p. CROMER and HARPER; 
SR 1955, 425) IZAO""''''N (SR 1948, 
'23) 

(6 x) 

[UO,][NOtl.·6 Hp 1.77 1.75 . 2.50 
(2 X) 

2.55 
(2X) 

2.40 
(2X) 

TAYLOR and MUELLER 
(1965) C 

;; 
Rb[UOgl[NO~]~ 1.78 1.78 2.48 

(6 X) 
BARCLU ~/IlJ. (1965) 0 

c 
3 

[UOglNbP8 bb 1.95 1.95 2.42 2.57 CHEVALIER and GASl'ERIN 
(4X) (2 x) (1968) 

[UOtlTiNbPa 1.79 1.79 2.34 2.50 CHEVAL1ER and GASPER1N 
(4 x) (2 x) (1969) 

a.-[UO,](OH), 1.71 1.71 2.46 2.51 TAYLOR (1971) 
(4 X) (2 x) 

.. Two struCturally different Ij-postdons wirh essentially identical ccordinsdon. 
b For one of the tWO strueruraUy different U-positions. 
a Uranium (VI) compounds with an insignificant "uranyl-group," 
&II. The bond of the two H atoms is unknown. 
bb Valency of V and Nb with respect to U not clearly defined by composition. 

ill 
t 
~ 



92-A-8 Uranium 

and Jess) compared to the oth~t atoms (between 2.2 and 2.5 A) are cha.racteristic for 
the so-called "uranyl-group". The o-U-O angle within this gtOUp is 180" 
(meta.zeunecite) Ot nearly this value (Ni(VO:MV20a] · 4~0). Equal distances of 
the two oxygens lead to a symmetric Vat-group as in rutherfordine. An asymmetric 
UO:-group has been found in rneea-zeunerite, abeecechyire and meta-torbernite 
where the other oxygens of the uranium polyhedron are lllranged in a plane, pet
pendicuIar to the axial direction of the linear uranyl gtoup. 

To summarize, EVANS (1963) has made an attempt to explain the different tela
tiona in the coordination ofhexavalentumaium. Thisauthor also tabulated the crystal. 
structures wieh uranyl groups according to the varying coordination within these 
groups; similarly, the coordination and U-O distances of some uranium{VI) 
compounds are listed in Table 92-A-2. 

In the minerals of the torbernice group, isolated [2+4] uranium polyhedra, and 
[P04l or [As04] tetrahedra are linked together in two dimensions (Fig. 92-A-l). 
Intezlayered water and partially hydrated metal-atoms connect these sheets in the 
third direction. For the Firsr rime, BEINTEMA (SB 193B,24) bas described these Struc
tural elements in the proposed crystal. structure of autunite. 

A large number of synthesized "uranares" shew the same [2+4] coordination 
principle. In Mg[U02]0:. the uranium pclybedra linked by two shared edges form 
endless chains in one direction. Ba{U02]O: has a layer srructure built up by uranium 
octahedra with four shared corners. 

The {2+5] coordination plays an impcrtanr role in uranyl vanadates and silicates. 
In curienire and also in Cs:?(V02MV20al, the Cs-analogue of carnotite (cf. Fig. 23
A-5, this Handbook), the uranium polyhedra share edges, forming U:1.o12 units. 
Ureccpbene and p-uranophane show typical sheer-structures, in which uranium 
polyhedra and silicon tetrahedra are connected in two dimensions. 

[VO:JTe:,07 contains U02 groups in a (Te:,07)2- framework; cliffordite crystal
lizes in the same structure type. Rutherfordine has a sheet-srrucrure in which the 
carbonate groups and {2+6] coordinated uranium atoms share edges. Synthetic 
(VO:] [N02] 2 • 6H:0 is characterized by two 0-0 edges ofN02 groups belonging 
to the coordination polyhedron around UI5+; a similar coordination is found in 
Rb[VO:] [NO~h where three edges of nitrate groups coordinate one uranyl group. 

Several forms of uranium trioxide are known. IX-VO~ crystallizes hexagonally, and 
each uranium is coordinated by eigbt oxygens (U-0:2.0B (2x), 2.39 (6x); 
ZACHARIASEN. SR 1947-1948, 224), but the structure now seems to be more com
plicated (LOOPSTRA and CoRDFUNKE, 1966) than described here. The form p-V03 bas 
five structurally different uranium atoms, with [6} and [7] coordination of oxygens 
and U-O distances between 1.52 and 2.77 A (DEBETS. 1966). In r-VO~ the oxygens 
form distorted octahedra around uranium (ENGMANN and WOLFF, 1%3) and 6-U02 
is said to beisostructural with Re02 (WAlT, SR 1955, 356). Finally, in a high pressure 
form of V03 uranium h.as a seven-fold coordination with V-O distances from LBO 
ro 2.56 A (SIEGEL rlo/.• 1966). 
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in an earth having the composition of an average choodrice. Taking into account 
regional variations in heat Row, the average Row through the earth's surface each 
year is about 2 X1020 calories for the entire earth. The total amount of heat produced 
by radioactive decay in a chondritic earth can be calculated From the avemge con
centrations of radioactive elements in chondrites. Tables 92-C-l and 90-C-l show the 
average uranium and thorium concentrations in chondrites as approximately 10-2 

and 4 X10-2 ppm respectively. (The data. OfSTAIlIK and SHATS (1956) are not included 
in the averages beeause their values are so markedly different fcom those of other 
wcrkers.) The average eoncenrrarion of potassium in chondrites is 0.1 percent. The 
amcune of heat generated by one gram of the metal of each of these three elements 
plus the daughtet produces in secular radioactive equilibrium with the uranium and 
thorium is: 

potassium 2.7 X10-6 calfgmfyr 
thorium 0.20 cal/gmfyr 
uranium 0.73 calfgmfyr. 

From these data plus the mass of the earth, the total heat produced hy radioactivity 
in a chondritic earth would be approximately 2 X102D calories per year, a figure which 
matches that of the observed heat flow. 

Most studies seem to indicate an approximate uniformity of heat flow in oceanic 
and continental areas. Consequently, any models proposed for the crust and upper 
mantle must provide roughly the same coral amount of radioactive material under
lying equal surface areas of continents and ocean basins. The heat produced by rocks 
commonly used in sucb models is shown below in terms of the amount of heat 
generated in one ycar in a column of rock one kilometer long and having a cross
sectional area of one squate centimeter. Thorium and uranium concentrations are 
taken from Tables 90-E-l and 92-E~1 respeedvely, and potassium eoncenrratlons are 
from Chapter 19 (courtesy of Dr. K. S. HEIER). 

Th U K H~, 

ppm ppm ppm C3llcm~/yr for 
metal 1 km of rock 

Ganite (> 70% 5iO:> 18 4 3.' x 10' 2.0 
Oceanic rhclellric basalt 0.18 0.10 0.17 x 10' 0.05 
Pb.tau basalt 1.96 0.53 0.75 x 10' 0.3 
Dunite end perldcure <0.05 0.01 10-20 0.01 
Pipe eclogue 0.22 0.05 0.1-0.2x 101 0.03 
Eclogitc in metamorphic reeeaines 0.46 0.20 0.1-0.2x 10' 0.1 

The table dearlv shows the extreme concentration of radioaerive elements in 
continental-type rocks. Thus, an approximate equality of heat flow in continental 
and oceanic areas presumably indicates that the upper mantle under the oceans con
tains a higher concentration of radioactive elements than it does under the continents. 
This Face has been used to argue against a continental drifting by means of some 
simple shifting of continental masses over a mote plastic mantle (see discussion by 
BIIlCH, 1965, and MACDONALD, 1965). 
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Comparison of average concennarious of thorium and uranium in chondrites 
(Tables 90-C-1 and 92-C-1) with the concenuations in crustal rocks shown above 
clearly indicates extreme outward migration of thorium and uranium in the earth. 
TILTON and REED (1963) point out that the abundances of radioactive elemenrs in 
chondrites are much lower than those required to account for the observed oceanic 
heat Bow, which must come largely from the mantle, unless the oceanic upper mantle 
has undergone considerable fractionation from a. chondritic earth. A mantle with 
the composition of the average duaire also would not be sufficiently radioactive to 
account for oceanic heat flow, and fuTON and REED conclude thar eclogites may be 
importaar constituents of the oceanic upper mantle. 
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92-C. Abundance in Meteorites, Tektites, 
and Lunar Materials 

I. Meteorites 
The exeeprionaily low concentrations of radioactive elements in meteorites h.:lVe 

made their determination difficult. The refinement of neutron activation techniques, 
however, has made it possible ro estimate the small concentrations ptesent even in 

the iron meteorites. The concentrations of uranium in a variety of meteorites are 
given in Table 92-C-l. Measurements of the concentration of thorium in meteorites 

are far less abundant than those of uranium. The thorium concentrations and Th/U 
ratios where available are given in Table 9Q..C-1. 

Table 92-C-1. eM/Mit of J6DIliW1f in mdtoritu 

N",,< a... No. V Method Reference 
symbol of 10· X ppm 

sam
pl~ 

SfOlUl 

A{hoMrifu 

Angn des Rcis A. , 19.85 N MORGAN and LOVERING 
(1964) 

Binda Ap , '.TI N MORGAN and LOVERING 
(1964) 

Bishopville A< , 0.517 N MORGAN and LOVERING 
- (1964) 

Cumberland Falls A< 1 1.0 R DAVIS (1950) 
Ellemeet Ab , 0.151 N MORGAN and LOVERING 

(1964) 
Johnstown Ab , 0.22 N KtsNtG and WANkE (1959) 

1 1.1 N	 BATE and HUIZENGA (1963) 
z	 1.15 N MORGAN and LOVERrNG 

(1964),Moore Co. Ap. 1.96 N MORGAN and LOVERmG 
(1964) 

Nokb12 Ado a 4.92 N MORGAN and LOveRlNG 
(1964) 

Norton Co. A< I 1.00 1 PA'ITERSON {/ 01. (1953) 
Nuevo Laredo Ap I 12.6 N HAMAGUCHI {I 01. (1957) , 15.5 N ReED {/ 01. (1960),fragmenrIT 13.2 N MORGAN and LOVEIUNG 

(1965a) 
fragmenrm a 13.9 N MORGAN and- LOVERlNG 

(1965a) 
P:asamome AD< 1 5.42 N KtsNIG and WXNIrn (1959) 
Sioux Co. Ap 1 6.30 N KtsNIG and WANKE (1959) 
Scarce Pas' Yanoe A< 17-18 Land N STARIK and SJ-IAT5 (1960) 

~ Spti"ll....Vull~ fl<Nn' H.i<ltlbefs 1969 
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N=, 0= 
symbol 

Cbondritu 
Abee C, 

Aka'" 

Beardsley CH 

Breicscheld 

Bruderbeim CL 
Elenovka CL 
(toW) 

chcndrules 
=<ri> 

Ergheo CL 

FO!CSt City CH 

Holbcook CL 

Hvittls C, 

In""'" C, 

Karoonda CHL 

Kcnashak 
Mighci ce, 

Moa CL 
Modoc CL 

Mokoill CHL 

Murray Co, 
Orgueil Cc 

Peltusk CH 
o,CL 

Uranium 

Table 92-C-1 [continued) 

Reference 

REm rt at. (J960) 
GoLES and ANDERS (1%2)
 
HEI\NEGGER ll.Ild WANKE
 
(1957)
 
EBERT It al. (1957)
 
REno rt »t. (1960)
 
KONIG and WXNKE (1959)
 
I-l£au<iEGGER and WANKE
 
(J957)
 
EBERT tlal. (1957)
 
KONIG and W;{NIU (1959)
 
GOLl!S and ANDERS (1962)
 
STA,RlK and SHATS (1960)
 

SURlJ<. and SHATS (1956) 
STARlK and SHA.TS (1956) 
GOLES and ANDERS (1962) 

H.urA,GtlCHI rl al. (1957) 
Rean tl at. (1960) 
H.ul:AGtlCHt tt al. (1957) 
REED tlal. (1960) 
LOVllRING and MORGA"I 
(1964)
 
REED II at. (1960)
 
GOLl!S and ANDEIIS (1962)
 
LOVllRlNG and MORGA,N
 
(1964)
 
STA,Rlll: and SHA,TS (J956)
 
REED tl al. (1960)
 
GOLES and ANDERS (1962)
 
GOLBS and ANDERS (1962)
 
PATTE.IIS0N a ai: (1953)
 
HAMAGtlCHI tl at, (J957)
 
REED It al. (J96O)
 
PATl'ERSON in HoUfAGtlCHr
 
rt et. (1957)
 
K6N1G and W;{NIU (1959)
 
LOVERING and MORG~
 

(1964)
 
GOLBS and ANDElU (1962)
 
RJ!D) rIal. (1960)
 
LoVERING and MORGAN
 
(1964)
 
EIHJATtIQI. (1957)
 

K6NIG and W:iNa (1959) 

No. D 
of 
,=. 
plee 

3 
2 
1 

1 
3 
1 
1 

1 
1 
3 
1 

2 
2 
1 

1 
2 
Z 
4 
2 

I 
3 
Z 

4 
1 
2 
1 
I 
1 
4 
4 

1 
Z 

3 
Z 
Z 

1 

10' X ppm 

1.10 
1.50 
0.9 

0.8 
1.20 
1.13 

I.' 
1.23 
1.24 
1.50 

11.0 

21.4 
28.6 

2.1 

1.02 
1.50 
1.26 
1.60
 
0.6J9
 

1.6
 
0.'
 
t.37 

22.7 
1.6 
1.4 
1.1 
1.1 
1.08 
1.40
 
27
 

1.04 
1.40 

2.00 
0.8
 
242
 

1.20 

1.23 

Method 

N 
N 
N 

N 
N 
N 
N 

N 
N 
N 
Land N 

L nnd N 
L and N 
N 

N 
N 
N 
N 
N 

N 
N 
N 

Land N 
N 
N 
N 
1 
N 
N 
1 

N 
N 

N 
N 
N 

N 

N 
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Table 92·C-1 (Continued) 

N=, Class No. U Method Reference 
symbol of 109 X ppm 

sam
ples 

Richardton CR 2 1.22 N HAMAGUCHI ~J al. (1951) 
1 1.3 N GOLES and ANOERS (1962) 

Saratov (tool) CL 8.5-9.0 LandN STARlit and SHATS (1960) 
Chondnilcs 1 20.0 Land N STARn:. and SHATS (1956) 
Matri:c:. 1 33.2 L andN STARn;: and SHATS (1956) 

Sr. Marks C, 1 0.9 N GOLES and ANDERS (1962) 
Sralldalen CH 1 1.1 N GOLES and ANOERS (1962) 

o,CL 

SJ01ry ironJ 

Antofagasro. P 1 1.0 R DAVIS (1950) 
(metal) 

Brenham P I 0.79 R DAVIS (1950) 
(olivine) I <0.09 R DAVIS (1950) 
(mew) 1 0.06 R REAsBECIt and MAYNE 

(1955) 
(stone) I 0.64 R RuSBECK and MATNE 

(1955) 
(mew) I 0.0005 N REED ~J al; (1958) 

1 0.012 N Raao ~J al. (1958) 
Salta P 

(mew) 1 1.9 R DAVIS (1950) 
(olivine) 1 0.12 R DAVIS (1950) 

/rOM 

Caiion Diablo 0. 0.0005 to N REED tt al. (1958) 
0.0014 

(metal) 1 <0.06 N GOLES end AN"DERS (1962) 
(reoilire) I 

1 
0.35 
a.' 

N 
N 

GOLES and ANDERS 
REED ~J al. (1960) 

(1962) 

1 0.9 1 PATIERSON ~J al. (1953) 
Co,bo Om 0.0003 N REEo ~J at. (1958) 

to 0.007 
Chebankol 0. 1 1.68 LandN STARnt and SnATS (1956) 

Chinghe
G=, 

(metal) 

D 
Of 

1 

I 

1.73 

<0.05 

Land N 

N 

STARn;: and SHATS (1956) 

GOLES and ANDERS (1962) 
(troilite) 1 0.65 N GOLES and ANDERS (1962) 

Sardis (eroilire) I 0.65 N GOLES and ANDERS (1962) 
Sikhote-Alin H 2 2.19 Land N STARIl';: and SHATS (1956) 

1 <0.002 N FIREYAN and FISHER (1961) 
Sorori (rroilire) uncl. I 1.7 N GOLES end ANDERS (1962) 

Thunda 0.0005 N REED tl al. (1958) 
to 0.032 

Tnluca Om 
(mew) 2 <0.015 N GoLES and ANOERS (1962) 
(troilitc:) 1 1.0 N GOLES end ANDERS (1962) 
(troilitc:) 1 <1.3 N REED tJ al. (1960) 
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With regard co the various types of meteorites, the abundance of uranium is 
particularly low in the irons. Early determinations in the range of hundredths of a 
pan per million uranium in the irons are probably nor accurate, and thl; more rcccne 
data are in the range of tenths of a part per billion. The abundances of uranium in the 
ston}' mcreorltes are higher than in the irons, with the chondrites averaging 0.01 to 
0.02 parr per million of me metal, roughly two orders of magnitude greater than in 
the irons. The achondrites may contain slightly more uranium than the chondrites. 

II. Tektites 
The abundances of uranium in various tektites are shown in Table 92-C-2. 

Comparable values for thorium and the Th/D ratio are given in Table 90-C-2. 
Tektites are interesting in view of the possibility that they might be of extraterrcarria! 
origin. The concentrations of radioactive: elements in tektites, however, are at least 
two orders of magnitude greater than in meteorites. In fact, concentrations of radio
active materials in tektites are rather similar to those found in surficial materials on 
the earth. This similarity, of course, does not peeve terrestrial origin but is at least 

'Table 92-C-2. COil/mil of l(1'altill", in UkJilu alld glalltr 

No. of 
samples 

Australite 

Bediasire 

Billitonite 
Ivory Cease Tekrire 
Indochinite 

Mcldavhe 

Philippinitc 

Darwin glaS$ 

Libyan glass 
Peruvian Glass 
Tektites A ve. 

2 
4 
I 
6 
1 
8 
4 
2 
10 
1 
1 
2 
I 
3 
4 
5 
4 
1 
2 
2 
I 
1 
1 
1 
12 
I 
1 
1 
2 

U 
ppm 

2.' 
1.6 
1.74 
2.0 
2.7 
2.1 
1.3 
1.5 
1.' 
2.7 
0.91 
1.7 
2.24 
2.2 
2.1 
2.2 
2.7 
1.8 
1.9 
2.2 
2.1 
1.6 
2.5 
1.85 
2.6 
1.4 
1., 
0.8 

18.4 
1-2 

Method 

R 
L 
I 
R 
R 
R 
L 
R 
R 
R 
L 
L 
L 
L 
R 
R 
R 
L 
L 
L 
R 
L 
L 
R 
R 
R 
L 
L 
R 

I{~ferem;c 

DUBEY (1933)
 
hnAM~ (1956)
 
TILTON (1958)
 
CHEIlRY (1962)
 
CHERRY and ADAMS (1963)
 
BALACEI:: end ADurs (1966)
 

ADAMS (I c/. (1959)
 
CHERRY and ADAm (1963)
 
BALACEI:: and ADA~I~ (1966)
 
DUBEY (1933)
 
FRIEDMAN (1958)
 
AOAM~ (1956)
 
HEIDE (1%1)
 
SURlK (I Ill. (1961 b)
 
CHERRY and ADAloiS (1963)
 
BALACEK and ADA~IS (1966)
 
DUBEY (1933)
 
ADA}IS (I Ill. (1959)
 
HEIDE (1961)
 
SURI" fI a/. (1961 b)
 
CHERRY and ADAMS (1963)
 
ADA~IS (1956)
 
SURIt.:: ~/al. (19lilb)
 
CHERRY and ADA~IS (1%3)
 
BALACE" and ADAMS (1966)
 
DUBEY (1933)
 
ADAMS (1956)
 
STAlUK ~t at, (1961 b)
 
CHERRY and ADA~IS (1963)
 
ADAMS (1956)
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a strong indication of that possibility. Regional differences in the abundances of 
thorium and uranium in tektites have recently been summarized by BAI.ACEK and 
ADAMS (1966), who also report a large number of new analyses. The origin of these 
regional differences has Dot been established. 

IkTixd f'IdtnI>Cripl r<alycd: July 1967 

ill. Lunar Materials 

The results from approximately 700 uranium analyses of lunar rocks can be found 
in the literature, but it is very difficult to summarize them in a meaningful way. The 
reason for this is that rock types are often ill defined or form only small portions' of 
larger rocks, e.g. breccias. An additional problem with many analyses is that the 
samples analyzed were very small and far from being representative for a particular 
hand specimen or rock type. On the other hand, it seems that at each landing site the 
U concentration of a particular rock type keeps dose to a specific concentration level 
with rather small variation. The large number of analyses therefore, probably pro
vides a good estimate of the U concentration of the various petrographic units. 
Agreement between average concentrations obtained by neutron aerivation, mass 
spectrometry, y-ray spectrometry of natural radioactivity and occasionally fission 
track counting is good. Spark source mass spectrometry in many cases yields clearly 
deviating values and therefore these data. were not used. 

Table 92-C-3 lists che average uranium concentrations, their range and standard 
deviations for the various rock types encountered at each landing site. The grouping 
of the rocks is co a very large degree arbitrary and an example of this is the melt 
rocks. They comprise the so-called ancechosinc, trocrolitic, very high aluminia and 
Apollo 14 KREEP basales which contain dam or xcnohrhic materials and frcquendv 
show evidence of shock or reaction with che melt matrix containing them (IRVING, 

1975, P VJ. 363)1; the Apollo 15 and 17 KREEP basalts were also included with 
this group. It is certainly possible to subdivide a particular group on petrographic 
grounds. bur in most cases there is either no consensus on the classification or the 
differences arc not borne out in the uranium concentrations, c.g. for rhe mare basalts. 

Table !>l-C-3. UraniWII in lunar rOfk.r 

M,m Range , Number References 
ppm U ppm U of analyses 

Apbllo 11 

Soih 0.56 0.29-1.2 0.17 22 15,22, 26, 28, 49, 60, 
67,69,77,78,85,88,90 

Breccias 0.56 0.36-0.69 0.08 31 26,27.49,59,67,69,77, 
85 

Higb-K b:l.5a1ts 0.75 0.47--0.88 . 0.12 29 26,27,31,49,59,60,66 
67,69,77,85,86 

Low-K b:l.5a1ts 0.23 0.14-0.41 0.06 27 26,27,49,59,60.67,69, 
77,85 

1 The abbreviations P I to P VI refer to the Proceedings of the First to Sixth Lunac Science 
Conferences, Geoehim. Cosmcchim. Aem Suppfemenea 1 to 6 (1970-1975). 
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Table 92-C·3 (continued) 

M= Range s Number References 
ppm U ppm Ij of analyses 

Apcilo 12 

Soib 1.85 0.9-3.27 0.54 42 4,13.23,38,57,61,63, 
65, 72. 80, 86, 90 

Breccias 5.25 2.19-10.3 3.02 11 23,51,57,61,63.72,87 
Basalts 0.23 0.11--0.37 0.05 52 4,9,13,37,38,51,57, 

61,63,65,72,86 

Apollo 14 

Soils 3.34 2.1-4.07 0.39 24 8,16,21.41,42,62,71, 
73, 81, 89 

Breccias 3.52 1.24-5.4 0.93 28 5,16,21,29,37,81,89 
Melt rocks 3.15 2.6-3.9 0.37 11 5,16,37,41,62,71,74 
Basalt 14053 0.58 O.52-(J.64 0.05 4 37,71,74 
t Anonhosleic 0.58 1 33 

fn.gment 14161 

Apollo IS 

Soils 1.11 0.51-1.89 0.26 42 3,20,25,37,41,58,62, 
81 

Breccias 0.83 O.3S-i.46 0.32 12 35,37,58 
KREEP-rich 3.15 2.9-3.28 0.17 4 37,62 

breccias 
Melt rocks 1.51 1.17-1.84 2 35 
Basalts 0.15 0.10-0.20 0.03 12 3. 29, 37, 58, 62, 83 
Anonhositcs 0.0076 0.0015-0.043 0.0065 5 33,37,83 

Apcllo 16 

Soila 1.11 0.51-1.89 0.26 42 29,40,50,52,53,75, 
82, 91 

Breccias 0.57 0.062-1.31 0.37 49 6,12, 17, 19, 29, 3~, 39, 
50, 53, 83, 54 

KREEP-deh 235 1.7-3.2 0.45 B 6,12,17,39,45,53 
breccias 

Melt reeks 0.61 0.28-1.10 0.34 11 2,3,12,17,19,35.53 
Anortho~i(e3 0.026 <0.0006--0.101 0.31 11 12,35,52,53,75,83, 

84,91 

ApoJJo 17 
Soils 0.46 0.16-1.0 0.26 66 6. 11, 18, 19. 25, 39, 52, 

54.64,84 
Breccias 1.27 0.51-2.06 0.41 27 7,18,25,35,39,55, 

83,84 
Melt rocks 0.29 0.20--0.41 .0.06 12 35,56 

""'"" 0.13 0.07--0.22 0.Q3 33 7,18,25.- 54,83,84 

LliM 16 

"'"' 0.29 0.1-Q.36 0.10 6 1,34,73,79 

LliM 20 

Soils 0.32 0.22-0.41 0.07 6 2, 48, 68, 70, 75 
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Rt!tUnUl: Abbreviations P I to P VI = Proceedings of the Lunar Science Conferences, 
Gc:ocbim. er Cosmochim. Acta, Supplements 1 (0 6~ GCA = Gc:ochim. ec Cosmochim. Acu; 
EPSL = Earth Planet. Sci. Letters. 
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11. CHURCH, S. E. tf 01. (1974), P V, 1389. 12. CL,\RK, R. S. tf a/. (1973), P IV, 2105. 
13. CuFF. R. A. tf 01. (1971), P II, 1493. 14. CROSAZ, G. tI 01. (1972), PIll, 1623. 15. CRO
sxz, G. etal, (1970), PI, 2051. 16. ELDRIDGE, J. S. et al, (1972), Pill, 1651. 17. ELDRIDGE, 
J. S. tt al. (1973), P IV, 2115. 18. ELDRIDGE,]. S. tJ 01. (1974), P V, 1025. 19. ELDRIIlGI!, 
J. S. tI al. (1975), P VI, 1407. 20. FIELDS, P. R. tJ 01. (1973), P IV, 2123. 21. FIELDS, P. R. 
tt al. (1972), P m, 1637. 22. FIELDS, P. R. eJal. (1970), P I, 1097. 23. FIELDS. P. R. tf 01. 
(1971), P II, 1571. 24. FLEISCHER, R. L. 0 01. (1971), P u, 2559. 25. FRUCHTER,]. S. 0 al. 
(1975), P VI. 1399. 26. GOLES, G. G. tJ 01. (1970). P I, 1177. 27. GOLES, G. G. tJ al. (1970), 
PI, 1165; 28. GOPI\UN, K. tJ a/. (1970), PI, 1194.29. GRH, H. tJ 01. (1973), P IV, 2145. 
3D. H,\INES, E. L. eJ01. (1971), EPSL 12, 145. 31. HERZOG, G. F. tJ ~/. (1970), PI, 1239. 
32. HUBURD, N. J. etal. (1972), P III, 1161. 33. HUBURD, N. J. dol. (1971), EPSL 13. 71. 
34. HUBBI>flD. N.]. tI al. (1972), EPSL 13, 423. 35. HUBB,\flD, N. J. tt aJ. (1974), P V, 1227. 
36. HIlTCHEON,I.D. tfal. (1974), PV, 2597. 37. KEITH, J. E. n at, (1971), Pill, 1671. 
38. KH"'RKAR, D. P. tt al. (1971), P II, 1301. 39. L"'UL, J. C. tJ al. (1974). P V, 1047. 
40. L"'UL, J. C. tJ 01. (1973). GCA 37, 927. 41. L"'UL, J. C. et a/. (1972), P ill, 1181. 42. LIND
STRO~I, M. M. tJ 01. (1972). Pill, 1201. 43. LOVERING, J. F. tJ a/. (1970), P I. 627. 44. LoVE
RlNG, J. F. tJ a/. (1971), P rr, 151. 45. LOVERING, J. F. tf 01. (1975), P VI, 1203. 46. LOVE
RING, J. F. tJ 01. (1974), EPSL 21, 164. 47. LOVERING, J. F. tl 01. (1971), P II, 39. 48. MOR
GAN.]. W. tfa/. (1973), GCA37, 953. 49. MDRRlSON,G.H. et at, (1970). PI, 1383. 
50. MOIUUION, G. H. et al, (1973), P IV, 1399. 51. MORRISON, G. H. esat, (1971), P II, 1169. 
52. MULLER, O. (1975), P VI, 1303. 53. NUNES, P. D. tJal. (1973), P IV, 1797. 54. NUNES, 
P. D. tl 01. (1974), P V, 1487. 55. NUNES, P. D. tJ 01. (1974), EPSL 23, 445. 56. NUNES, 
P. D. tf 01. (1975), P VI, 1431. 57. O'KELLEY, G. D. tJ 01. (1971), P II, 1159. 58. O'KELLEY, 
G. D. tf 01. (1972), PIlI. 1659. 59. O'KELLEY, G. D. tJ a/. (1970), PI, 1407. 60. PERKINS, 
R. W. tJ 01. (1970), PI, 1455. 61. RANCITELLI, L. A. tJ 01. (1971), P II. 1757. 62. R"'NCI
TELLt, L. A. tJ a/. (1972). Pill, 1681. 63. REED,G. \VI. tJ 01. (1971), P II, 1261. 64. RHODES, 
J. M. dol. (1974), P V, 1097. 65. ROSHOLT, J. N. tJal. (1971), P II, 1577. 66. SCHONFIELD, 
E. tt 01. (1972), Pill, 1379. 67. SlLVER, L. T. (1970), PI, 1533. 68. SURIl:ov. Yu. A. tJ al. 
(1973), P IV, 1437. 69. TATSUMOTO. M. (1970), PI, 1595. 70. TATSU~fOTO. M. (1973). 
GCA37, 1079. 71. T ...rsUMOTO,M. et ol, (1972), Pill, 1531. 72. TATSUMOTO,M. tJal. 
(1971), P U, 1521. 73. TER"', F. tJ al. (1972), EPSL 13, 457. 74. TEU. F. tJ 01. (1972). 
EPSL 14, 281. 75. TERA. F. d al. (1972), EPSL 17, 36. 76. THLI!L, K. tJ al. (1972). EPSL 16, 
31. 77. TUIlEK:IAN, K. K. tJ al. (1970), P I, 1659. 78. TURKEYICH, A. tf aJ. (1971), P II. 
1565. 79. VINOGRADOV, A. P. (1971), P II, 1. BO. VOBECK:Y. M. tlal. (1971). P II, 1291.' 
81. WXNKE, H. tf a/. (1972), P III, 1251. 82. WANKE, H. tJ at, (1973). P IV, 1461. 83. WXNKE, 
H. tJ d. (1975), P VI, 1313. 84. WXNKE, H. tl al. (1974), P V, 1307. 85. WXNKE, H. tf al. 
(1970), PI, 1719. 86. WXNKll. H. tf 01. (1971), P II, 1187. 87. W...K:IT....H. d al. (1970), 
EPSL 9, 169. 88. WANLESS, R. K. tJ al. (1970), P I, 1729. 89. \VIm:. H. B. et al. (1973). 
EPSL 17, 365. 90. WRIGLEY. R. C. (1971), P II, 1791. 91. WRIGLEY, R. C. (1973), P IV, 
2203. 

The variation within each group ~t one particular landing sire is, in general. smaller 
than between analogous rock groups of differeur landing sites. 

With respect to many incompatible elements, e.g. K and U, the composition of 
the great majority of the soils, breccias and most other rocks, except the ancrrhosieic 
ones. can be approximated by a two-component mixing model with varying pre
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pornona of the end-members (e.g. SCHONFIELD, 1974, P V, 1135). For Apollo 11 
these an: low-K (:5 0.06% K, ,.....,0.2 ppm U) and high-K (,-.,,0.25% K, 0.75 ppm U) 
marc basalt. For the other lunar landing sires the end-members are Iow-K mare basalt 
and the hypothetical rock KREEP. The latter is very rich in K, REE, P and other 
incompatible elements like Th and U which are present due to concentration by 
differentiation processes. In general, the U content of a rock is dominared by its 
KREPP component which provides up to 3-4 ppm U in some breccias. No pure 
KREEP, however, has ever been found. The highest U eoucentration of 6-10 ppm 
was encountered in a granicic dijlerenuaee (white portion of breccia 12013), the 
lowest of < 0.0006 ppm U in an almost monomineralic anorthosite (coek65315). The 
avenge for anorthosites is 0.02 ppm U. The emerald green glass of Apollo IS, which 
is considered a representative of the least differentiated mare basalt contains 0.045ppm 
U (average of 445 fission track analyses, FLEISCHER el al., 1974, P V, 2251 j STORZER 
tJ al., 1973, P IV, 23(3), average low-K mare basales ,-.,,0.2 ppm U and hlgh-K mare 
basalts ......0.75 ppm U. The melt rocks are all uranium-rich types with uranium con
tents around 1 ppm. 

Geochemically rhe uranium in lunar rocks is characterized by its stronger co
herence with Th than in terrestrial racks. This is probably due to the absence of 
hexavalent uranium on the moon, which prevents a possible separation of the two 
elements. Fission track studies have shown, that uranium in lunar rocks is very in
homogeneously distributed and thar the uranium content of the rock-forming min
erals is extremely low: Pyroxenes, feldspars, ollvines, crisrobalires and ilmenites con
tain < 5 ppb U (BURNETT et 01., 1971, P II, 1503; CROShZ et pl., 1970, P I, 2051 ; 
LoVERING tI 01., 1970, P I, 627). Most of the uranium in volcanic rocks is localized 
in indeterminate intersticial areas of possibly glassy material enriched In Si, K, P, It 
probably represents a quenched residual magmatic liquid which concentrates ura
nium until the very last stage of erystallization. Only then does the uranium enter 
discrete phases leaving the glassy matrix essentially devoid of uranium (BURNEIT 
er01., 1971, P II, 1503; LOVERING et 01., 1970, PI, 627; 1971, P II, 151, and 1972, 
PIlI, 281; RICE et 01., 1971, P II, 159). These phases are baddeleyirc, zircon, tranquil
lityite, a mineral which perhaps is zlrconolite, whitlockite and apatite. In lunar brec
cias the uranium is less strictly confined to certain phases of intersticial material 
(LoVERING etol.. 1970, PI, 627) and the distributed uranium may amount up eo 95% 
(GRAF et til., 1973, P IV, 2145) of the total. Table 92-C-4 gives an indication of the 
uranium content in the uranium concentrating minerals and Table 92-C-5 is an 
example of the uranium balance in two lunar magmatic rocks. 

The orbital y-ray mapping experiment (METZGER et al., 1974, P V, 1067) yielded 
average Th concentrations of 0.9 ppm for the highlands, 3.2 ppm for the maria and 
2.2 ppm as an average for the surface, Since the Th/U ratio on the moon is very con
Stant at 3.65 ± 0.3, these data permit the conclusion to be dra wn that on average the 
highlands contain ...... 0.25 ppm U, the maria 0.9 ppm U and the average crustal rock 
on the lunar surface 0.6 ppm U. Although these numbers deviate from averages that 
may be calculated fcom the values for the soils of Table 92-C~3 they are probably 
representative, since for the least heterogeneous landing sites (Apollo 11 and 16) the 
orbital data are close to the averages of the soils. The U and Th concentrations in 
the crust arc due to strong enrichment. Based on element correlations, geochronology 
and hcatfl.ow measurements (LANGSETH et at., 1972, Tbe Moon 4, 390) and depending 
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Table 92-C-4. U ton/til/ of U tonan/rating phases" 

Mineral	 Typical Range No. Rock References II 
values ppmU of grains numbers 
ppm U analyzed 

Apatite 4<>-<50, 31-430 27 1084,12013,14305, 9.30,36,76 
100-200 14321,72315,72395 

Whitlocki[e 2o-so lQ-880 3' 12013,12040.14301, 9,29,30,36 
14318.7225 

Monuhe	 270 1 10047 .6 
Zircon 10D-400 <10-1,500 24 10084, 12013, 14301. 9,14.24.30 

14311 
Baddeleylre 50-150, ..... 10-1,500 >20 10047, 10057, 10069, 9,14,24,43, 

3D0--450	 12002, 12020, 12022, 44 
12028, 12040, 12051, 
12053,143(11,14306, 
14310,14311 

Tranquilli- 50-300 40--1,000> 13 10047,10057,10069, 44,47 
tyite C) 12002, 12020, 12022, 

12051, 12053 
Zirkclite") 2,000 1,900-2,200 5 12036 10 

.. Bcsid.::!l the minerals listed, there arc other major U carriers which were nee yet- iden

tified. They are all Zr-Ti or pho1pbate minerals which probably arc rranquilliryite, zirkelite
 
or eirconclite and unresolved Inrergrowehs of apatite and whhlocklce. The highest U
 
concentration (3.6%) was reponed for:1 Zr-Ti mineral in rock 12013 comaining also
 
much Pe, Y, Nb, REE, Th and Pb (Reference 30).
 
b For references see footnote of Table 92-C-3.
 
a Fe:+ (Zr +Y)~Ti;SiIOu '
 
<1 CaZrTiO,.
 

Table 92-C-5. Uranium baIM'~ in the Itmar rod:t 1201} ami 12040 (Taken from reference 9 
of Table 92-C-3) 

12013 1204(1 

U 
(ppm) 

% of 
tool U 

U 
(ppm) 

% of 
total U 

Apatite 
Whitlockite 
Zircon 
Baddeleylee 
ze-rt phase 
Distributed 

170 
190 
330 
• 

2,000 
60) 

25 
25 
17 
• 
10 
20 

• 
10'
• 
840 

1,300 

• 
78 
• 
10 
5 
7') 

97 100 

.. Not present.
 
b Dark areas rich in P.
 
C From major minerals, both from buried SOUR:.::!I and distrihuted.
 

on the model of lunar evolution, overall uranium concenrraeicns of between 30 and 
86 ppb were estimated, with values of around 60 ppb being the most probable ones 
(PAPANASTASSIOU tt al., 1971, Earth Planet. Sci. Letters 11, 37; SOLOMON tt a/., 1973, 
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Phys. Earth Planet. Interiors 7, 15; TOKSOZ eJ aI., 1973, The Moon 7, 251; 
WANKE eJ 01., 1973, P IV, 1461 i SCHONFIELD et al., 1974, P V, 1135; GANAPATHY 

et 01., 1974, P V, 1181; HUBBARD et 01., 1975, P VI, 1057; CONEL et 01.• 1975, The 
Moon 14, 263). 

The ~U/lWU ratio in lunar rocks is the same as in terrestrial samples: 137.8±0.3 
(BARNES et 01.,1972, r rrr, 1465 and 1973, P IV, 1197; FIELDS eJal., 1970, P 1,1729 
and 1972, r m, 1637; ROSHOLT et 01., 1970, PI, 1499 and 1971, P n, 1577; WANLeS 
et 01., 1970. P I, 1729).As a 107 year difference in the time of nuclecsynrhesis of the U 
isotopes would be reflected in a 1% difference in the 238UrWU ratios of lunar and 
rerreserial uranium, this implies that the U in the two bodies has a common origin 
within ± 5 million yeats. The 23IU daughter is in radioactive equilibrium with parent 
1:J1U in the lunar rocks (ROSHOLT et 111.. 1971, P Il, 1577). 
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92-D. Abundances in Rock Forming Minerals (I), 
Uranium Minerals (II) 

I. 
Uranium occurs in a variety of minerals but characteristically is ccncenrratcd in 

a few species of minor abundance. Where uranium is present as trace quantities in 
such major minerals as quartz and the feldspars, irs mode of occurrence is uncertain, 
though the folLowing possibilities may be listed: (1) isomorphous substitution in 
the lattice, (2) concentration in lattice defects, (3) adsorption along crystal imper
fections and grain borders, and (4) inclusion as microcrysrals of uranium minerals. 
Table 92-D-t summarizes the abundances of uranium in rock-forming minerals and 
uraniferous accessories in igneous rocks. Comparable concentrations of thorium and 
Th/U ratios .are given in Table 90-D-1. 

Table: 92-D-1. CMltntr of uraniWII in min"a!r in ign((J1U rO'i!.r 

U in ppm	 References 
(No. of samples) 

Major minerals 

Q~ 1.7 P (20) 
0.1-10 A (3), C (3), D (I), F (2), L (6), 

M (3); P (20); Q (2); R (2); U (1) 
Feldspar (induding potassium 2.7 P (42) 

feldspar and plagioclase) 0.1-10	 A (5); C (3); D (1); F(2); L (6); 
M (3); N (2); P 42); Q (7); R(2); 
U (I) 

Biotite	 8.1 F (23) 
1-60 A (1); C (3); F (2); L (6); M (3); 

N (2); F (23), Q(5), R (2), U (I) 
Muscovite 2-8 C(I);M(2),F(4) 
Hornblende 7.9 P (19) 

0.2-60 A(I), C (2), L (4), P(19); Q(5); 
R(2); U (1) 

Pyroxene '.6 P (11) 
0.1-50 A(t); P(tt); Q(l); R(2) 

Olivine: (from dunite) .......0.05 T(20) 

A"usrJry m;n,ra!r 

Allanite 200 )(10) 
3()...1.000 B (1); C (1); J (10); L (6); 11 (3); 

N (2); P (10); R (2); S (5); U (1) 
Apatite 65 H (29) 

1()...100 C (2); 0 (l);.F (2); H (29); L (6); 
M (3); N (2); P (14); Q(7); U (1) 

Epidote 43 H (9) 
2()...200 H (9); F (') 

Garnet 6-30 C (2); P (4) 

10 SpriaIa•.,... IOlIll<rliD· Hc:i<ldbctB 1969 
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Table: 92-0-1 (Continued) 

Huttcnite 
Magnetite (and other opaque: 

minerals) 

Monazite: 

Sphene 

Thorianite and Uraninire 
Thorite: and Uranothorite 

Xe:notime: 
Zircon 

U in ppm References
 
(No. of samples)
 

3 X 10~-7 X 101 V (individual grains from one: rock) 
1-30 A (12); C (2); D (1); F (2); L (6); 

M (3); N (2l; P (23); Q (6); R (1); 
U (1) 

3000 H (11) 
500-3000 C (2); H (11); K (4); M (3); N (2); 

P (4); R (1) 
280 H (25) 
10-700 D (1); F (2); H (25); L (6); M (3); 

Q (4) 
varies from Th02 to U02 

varic:s from ThSi06 to USiO, (?) 
(solid solution may not be: complete) 

300-4 X 106 C (2); P (3) 
1330 H (43) 
100-6000 C (3); D (1); G (21); H (43); L (6); 

M (3); N (2); P (14); Q (7); U (1); 
V (1) 

Ranges of concentrations shown arc those within which uranium values commonly lie, 
rathe:r tban the extreme values of the various mineral suites. Average: values are reponed 
for: major minerals in several batholiths of the western U.S.A. analyzed by reference P, 
using Hucrimereic methods; accessory minerals from a sampling ofNotth Americ:m granites 
hy reference: H. using gamma-spectrometric metbods; and a suite of allanite separates by 
reference J, using radiometric methods. References listed bdow are: cited for each mineral, 
and the numbers in parentheses in the: tahle by ecce reference: indicate: the number of samples 
analyzed. 

A. KEEVIL (1944); B. HUTTON (1951); C. LARSEN JR. and PHAIR(1954); D. TILTONet al. 
(1955); E. LARSEN JR. et al. (1956); F. TAUSQN (1956); G. WEJJBEUI al. (1956); H. HURu:Y 
and FAIR8AIRN (1957); J. W. L. S~IITH tl al. (1957); K. TILTON and NICOLAYSEN (1957); 
L. LEONOVA and TAUSON (1958); M. CHENTSOV (1959); N. BARANOV and Du (1961); P. LAR_ 
SENJR. and GOTTl'lUlW (1961); Q.LEONOVA and POGTlILOVA (1961); R.MELIKSETYAN (1961); 
S.LEONOVA (1962); T. HEIER and CARTER (1964); U. LEONOVA and RENNE (1964); V. RI
CHARDSON (1964). 

Four papers which give: preliminary data on mineral compositions hut which are not 
cited in the table are GOTTFRIED and LARSEN JR. (1954); LARSEN JR. (1954); PHAIR (1955); 
and PHAIR (1956). 

A major method of investigation of alpha-emitting elements in rocks is auto
radiography. It is possible to eonsnuer autoeadiographie techniques which dis
criminate between uranium and thorium, but the eommon and casily used methods 
involving thin films or plates of alpha-sensitive emulsions do not permit sueb a 
distinction. Modern techniques have been summarized by RAGLAND (1964), who 
also gives an extensive bibliography of autoradiographic investigations. Tbe prin
cipal conclusions derived from auroradiogmphic studies of igneous rocks may be 
summarized as follows: (1) Most granites have a major portion of their alpbu activity 
eoncenrrated in small grains of accessory minerals. In many grantees, however, 
there is also appreciable eoncenrrarion on grain borders or disseminated through the 
major minerals. (2) Gabbros and other basic igneous rocks have [heir alpha. activity 
distributed fairly evenly among the various major constituents. (3) Volcanic rocks 
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have a uniform dlsrriburion of radioactivity among their constituent phases. These 
facts lead to the conclusion that most minerals containing appreciable concentrations 
of thorium and uranium form quire late in the igneous crystallization sequence. In 
addition [0 the summary by RAGLAND (1964) eked above, other papers which might 
be consulted for an introduction to the :field are those of MERUN et nt. (1957), 
ROGERS and ADAUS (1957), SPEARS (1961), and ~Ol'PENS (1950). 

variation of thorium and uranium abundances within individual crystals of 
accessory minerals has recently been demonstrated by SU.vER and DEUTSCH (1963). 
By selectively dissolving various layers of mean grains, they showed variations in 
abundances of thorium and uranium from place to place in single grains by as much 
as an order of magnitude. AHRENS (1965) has recently proposed ~ lognormal fre
quency distribution of uranium concentrations in accessory zircons ofgranites. 

II. Uranium Minerals 
The most abundant uranium mineral is uranlnire, with a formula varying from 

UOt to U~08' The variability of chemical composition apparently results largely 
from oxidation of UOt to U30a after deposition, and all compositions between the 
end members are found. Some geologists use the term" pitchblende" as synonomous 
with uraninlte, whereas ethers restrict it to the more oxidized form. Uraninite is tbe 
common black ore of uranium and occurs in hydrothermal vein and disseminated 
deposits and also in sedimentary rocks throughout the world. A more complete 
mineralogic description of uraninite is given by PALACHE er 0/. (1944). 

-A characteristic feature of uranium is its ability to be oxidized to the highly 
soluble uranyl ion (U0lt++). This ion is easily mobilized in surface and near-surface 
waters; consequently, regardless of their origin. most uranium deposits contain an 
assemblage of supergene minerals which are Invariably bright yellow, green, or 
orange and are generally fluorescent. In SOme cases these minerals arc: widely dispersed 
and not obviously associated with the original, primary mineralization. The various 
minerals in this category consist of carbonates, phosphates, vanadates, silicates, 
sulfates, erc., commonly in combination with uranium plus some other cation. A 
complete lisr of uranium minerals is given in Table 92-D-2; the list represents an 
addition of some 25 new species to those given by FRONDEL (1956). 

Table 92-D-2. MiJrrrais ronlajnjngJdaniwn as an usmlial ronllit/~nf 

OxiJu 
Becquerelite 
Blllledte 
Clarkeire 
Comprelgnaoee 
C"'"'
 
Fourmarierire
 
Iecehinite
 
M.a.suyitc:
 
Richedte
 
Sc:hoe:pirc:
 
Uraninite
 
Uratlosphe:ritc:
 
Vandc:nbrandc:ire:
 
V andendeiesscheiee
 

7UO~' H"O
 
BaO' 6UO~ ·11H~O
 

(NlI., K, Ca. Pb)~Ut07· nH~O
 
~O • 6UO~ . 11H20 (PROTAS. 1964)
 
3PbO· 8UO~' 4H~O
 

- PbO· 4UO~' 7H~O 
UOg . SUO,, 10.56H:O (GUU.LE-MIN end PROTM, 1959) 
>:os UO,· 2H~O 

Hydrated oxide: of U and Pb (?) 
2UO~' SH~O 
VO, 
(BiO) (UOJ (OH)~ (?)
 
eu (UOJOe ' 2H~O
 
PbO· 7UO, ·12H~O
 



Carbol1l11u 

Andeescnne 
Bayleyiee 
Dide:richite: 
Llebfglre 
Rabbitrire 
Ruthe:ri"ordine: 
Schroeckingerite 
Sharpire 
Srudrire 
Swartzite 
Voglire: 
Wyanire: 
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Table 92-D-2 (Continued) 

N~Ca (UO,,) (COJ)~ . GH:O 
Mg, (UO,,) (CO~h· 18H:O 
Idendcal with rurherfordine 
cs, (UO,,) (CO~)3· 10-11H,O 
Ca,M~(UO,,):(CO,MOH),• 18H.O 
(UOJ(CO,) 
NaCa,(UO,,)(CO,MSO,)F ·10H.O 
(UOJ(CO,)· H,o(?) 
Pb, uranyl carbonate: (?) 
CaMg(UO,,)(CO.),·' 12H,O 
Ca, Cu, uranyl carbonate: (?) 
3CaO· UO,· GUO.· 2CO.· 12-14HP 

(GUILLEMIN and PROl'AS, 1959) 

SuljaJu 

}ohannire: 
Meta-umncpilice 
Peligcriee 
Uranopilitc: 
Zlppeite 

Cu(UOJ,(SOlM0H), . (j H:O 
Doubtful basic uranyl sulfate: 
Idential with jchannite 
(UOJ,(S04)(OH)IO· 12H.O 
Near 2UO,· S~· 5H,O 

PhorplH1Jt/-AflMa,,, 

Abernathyite 
Arse:nurnnylite: 
Autunite: 
Basseuie 
Bergenire 
Dewindtire 
Dumontite 
Fricascheite 
Hallimondire: 
Heinrichire 
Hiigdire 

Kehlcriee 
Lermontovite 
Meta-aurunire 
Metaheinrichite 
Metakahlerire 
Meta-k ircheimeeite 
Meranovecekite 
Mecatcrbemire 
Meca-uranocircire 
Meta_uranospinire 
Metazeuneriee 
Novecekire 
Paesonire 
Phosphurany!ire 
pr:zhev:t1skire: 
Renardire: 
SlIhuglllite: 
Saleeire 
Torbernire 
'Troegeriee 

K,(UO:MAs0lh . 8 H:O 
Ca(UO.MAsOlMOH), . 6H,O (BELOVA, 1958) 
Ca(UOJ.(PO,h· 8-12H:O 
Fc:(UO:MPOlh · 8H,O 
Ba(UO:MPOJ.(OH).· 8H:O (BiiLl'£}IANN and MOH, 1959) 
Doubtful Pb, uranyl phosphaee 
Pb:(UO,,),(POJ.(OH). ·3Hp 
Doubtful Mn, urnnyl phcsphare-vanadaee 
Pb.(UOJ(AsOI ) , · nH:O (WALENl'A:l.Cld WU.lMENHAUER, 1961) 
I3a(UOJ.(AsOI ) . · 10-12H.O (GROSS tJ oJ., 1958) 
Pb.(UOJ.(AsOlMOHh· 3H.O (WALENTA and WIMNENHAUJ:R, 

19(1) 
Fe(UOJ.(AsOt)t . 8H:O 
CU, Ca, TRMPOJt . 6H,o (G. and S. , p. 199) 
Ca(UOJz(PO,h·6-8H,o 
Ba(U0Jz(AsOJ,· 8H:O (GROSS tt aI., 1958) 
Fe(U0.Jz(AsO t ) , · 8H tO (WALENl'A, 1958) 
Co(UO,,).(AsO,),· 8H:O (WAu:Nl'A, 1958) 
Mg(U0.Jz(AsOth . 8H:O 
Cu(UO,,):(PO~>:. 6-8H.O 
BaCUOJiPO,)z . BH:O 
Ca(UO:MAsO~)z·8H:O (WALE"..rA, 1958) 
Cu(UOJ,(AsO,}z . 8H~O 

Mg(U02MAsO,),·8-10H:O 

Pb:(UO:MPO,M0H)•• 7H 20 

Ca(UO:MPOtMOH)•. 7 H~O 
Pb(UO:MPOj):· 2H:O (G.:l.Cld S., p. 213) 
Pb(UO:MPO,MOH)•• 7H 20 

HAl(UOJ.(PO.), . 16H20 

Mg(UO:MPOtl:·8-10H:O 
Cu(UO:MP01) : · 12H~O 

H:<UOJ1(AsOl)~ . 8Hp 
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-rset, 92-D-2 [Continued) 

Urarnphire NH.(UO:)(PO,)' 3H:O (NE.KIlASOVA, 1957) 
Uranocirckc £l:l(Uo"MPO.):,8-lOH:O 
Uranospathite Cu(UO:MAsO., POI)' . 16H:O (?) 
Uranospinire G(U0.J.(AsO,h· 10Hp 
W<klpurll'irc Bi,(UO,)(AsO,J•. 3 H.O 
Zeunerire Cu(UO.).(AsO.),· 8-10H.O 

VaffadottJ 

. Can'\oUte K.(UO,).(VO,)2· 1 3H .O 
Ferghanite U.(VO~h· GHp 
Franeevillire (Ba, Pb)(UO:MV01): · 5H.O (BRANCHE IJ al., 1957) 
MeC!.~·uvamurrite G(UO.MVO,h· 5-7H.O 
Rauvite CaD· 2UOe ' 2V.D•. 16H:O C") 
Sengierire Cu(U0.J(VO I )(OH) · 4  5H p . 
TYUI'~murute G,(UO:h(V01) : • 7 -11 HtO 
Uvanite U.V.On ·lSHp (I) 
Vanuealire AI.O.· 2V.05 ·• 4UO.· 17~0 (BR,<\NCIUl d al., 196) 

Silitaiu 

Bera-urancphane 
Boheoodlre 
Coffinitc 
Cuprosklodowskite 
GM.tunirc 
}(zolice 
Orlice 
Pilbarire 
RAnquilire 
Sklodowskire 
Soddyite 
Uranopbane 
Urstlite 
Weeksitc 

NiDbqJu - TaKtalaJII -

Betafite 
Brannerite 
Lodoclmikovitt 

(Lodoehnikire) 
Piseklre 

Mo/ybdatu 
Cafcnrmolite 
Iriginiee 
MoLllnIlite 
M01.lritc 
Vmohoite 

G(UO,J,(SiO.MOH):·SHtO 
K.(UO.MSiO:)z(Oli)" . 5HtO (FRONOEL :lnd ho. 1956) 
U(SiO.)I_.(OH)•• 
Cu(UO,MSiO,MOHl:·5H.O 
C:1. Ph. uranyl silicate 
PbeU°.JeSiO.)eOH).
 
3PbO· 3UO.· 4SiO.· 6H.O (G. and S., p. 239)
 
UO,' PbO· That' 2SiO.· 4HP (?)
 
1.50..0· 2UO,' 55iO,' 12H,O (0£ AIlELEOO. 19(0)
 
:Mg(VO,J,(SiO,M°H).·5Hp
 
(UO.Js(SiO,MOH)t· SH.O
 
Ca(UO:MSiO.):(OH): . 5 Hp
 
2(Ca, illg) . O.2UOl . 55iO. - 9-lOH:0 (CHERNIKQVtlal., 1957) 
Kt(UO,J.<Si:05h·4- H:O 

ri'anafu 

(V. Ca.)(Nb. 'ra, Ti)~O~ . nlI~O
 

U'Ti..o.
 
2(U. Th)O.· 3 UO~· 14rio, eGERAsIMOVSKY. 1956)
 

U. Ti, Th, rare-earth niobate-tantalate 

Ca.{UO.),(MoO.MOHh· tlHP (FEO£ROV, 19(3)
 
VO.· 2MoOJ ' 4H:O (G. acd S., c- 197,
 
UOt . 3 UO~ . 7.L\IoOt ' 20Hp (G. and S., p. 196)
 
formula uncertain; Contains U and Mo (KOI'CliESOVA tt 01., 1962)
 
(UOJ(MoO,)' 4H.O
 

Mineral.formula.s arc chose given by FIlONOEL (1956) except in the case of minerals 
discovered since 1956 or minerals whose formulas have been modificd by jarer work. Refer
ences are given in each case of mote eecene dbcove~y or ne.... description. G. <lnd S. refer
to GETSEVA and SAVAL'£VA (1957). Papers consulted only secondarily through summaries 
iu the Amcrian Mineralogist ace shown in the reference list with :t parenrhcrical reference 
co volume :md page in {he Amecie:to Minenlogisr. 



Uranium 92-E-l 

92-E. Abundances in Common Igneous Rocks 

The abundances of uranium in igneous rocks are discussed under three subhead
ings. The first is a generalized discussion of the coneenr of uranium in rocks bcoadly 
classified as granites, basalts, etc. The second etegory for discussion concerns me 
variation in abundances of uranium in cogenetic suites of rocks, and the third 
caregory discusses rbe variation of abundance of uranium wirhin individual plutons. 

I. Abundances in Major Rock Types 

The face that the uranium and thorium concentrations of igneous rocks are both 
so closely related to (he compositions of those rocks makes it difficult to subdivide 
igneous rocks inro meaningful radiometric groups. For example, the phrase "ura
nium content of basalt" is a meaningless term because rhe basalts clearly do not 
rcpresent one petrological population, and sufficient work on conrenrs of radio
active marerials has been done to indicate radiometric differences between different 
varieties of basalt. The data given in Table 92-E-l, therefore, represent only average 
compositions of those groups of rocks which might possibly be considered single 
populations. Indeed, many of the groups shown in Table 92-E-l probably do not 
actually represent one homogeneous population. Similar groups are used in Table 
90-E-l, which gives the contents of thorium and the Th/U ratios in igneous rocks. 

Table 92-E-l shows rhe general tendency for uranium to increase in abundance 
reward the more silicic varieties of igneous rocks. The average uranium conrenr of 
various igneous rocks is summarized graphically in Figs. 92-£-1 to 92-£-2. In view 
of thc marked concentration of uranium toward me curer parts of me earth (see 
Section 92-B), the fact thar uranium Increases in abundance toward the later members 
of igncous rock series furtber demonstrates rhe tendency of uranium to become 
segregated from other rock-forming constituents during general petrologic evolution. 

The average concentration of uranium in the earth's continental crust can be 
variously esrimared according to the proportions of rock types assumed to constitute 
the crusr. As discussed by ROGERS (1966). there is a general tendency to over
estimate the abundance of granite in cratonic areas. Assuming thar granites constitute 
about half of the continental cruse, and that the remainder of the cruse contains little 
radioactive material, the average concentration of uranium in continental masses 
must lie in me range of 1-4 ppm and is probably somewbere near tbe middle of this 
range. PHAIR and GOTIFRIED (1964) estimate an average uranium ccnrenr of2.8 ppm 
for continental areas. 

The concentration of uranium in dunites and orher ulrrnbasic rocks is extremely 
low. The aver2ge of 0.014 ppm from the data of HEIER and CARTER (1964) is about 
one order of magnitude below rhar estimared for rhe upper mantle from heat flow 
srudies (BIRCH, 1965). The dunires and peridotites included in this average come both 
from major intrusive bodies and from inclusions in basales. Most of them, though nor 
all, are from concineatal arcas, and it is possible that [hey represent [he upper mantle 
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Tables 92-E-1. Un<;/Iiul1I aJnlmls of It!e,Nd igptlJ/Uro,1: milu 

Suite: No. 
of 
sam
ples 

GrQ/ljJjt rrxlu 
F_ 

LllZY granites (Paleozoic) 167 
Paleozoic granites 814 

of western France 

fUulia 
Precambrian mica grenires 100 

of Ukrainian shield 
(Middle: Dnepr area) 

Tertiary Mc:grinsk imru 16 
sions of Southern Armenia ; 
alkalic granodiorites 
to alkalic granlres 
of 2nd intrusive phase: 

Paleozoic; Susamyr bathe- 152 
lith of 'rten Sban, grano
diorites to grani.tes 

Northern Tieo Sb:w; 
wdghted average: of ali 
crystalline: rocks 

Paleozoic gnn.itcs and 47 
syl:D.ircs of Cc:ncral and 
western Tuva 

United SlaW 

Conway granite, New 105t 
Hampshire; Triassic, 
.JW' 

New England granites 123 
Enchs.nu:d Rock batholith, 81 

Texas; J;r.mite 
Preearnhrian granltc::r of 38 

Front Range. Colo. 
Laramide 5todu of Front 27 

Range, Colorado 
Laramide stocks wesc of 25 

Front Range, Colo. 
Preeambrisn granites of 25 

Middle Rocky Mouncaina 
Idaho hatholith; Laramide; 

ronalites and granodio- 23 
rites 

qcs. monzonites lind 9 
gnuti= 

Siet'I1l Nevada batholith. 20 
Gll.: grancdicritea to 
granires ; [urrasslc 

Laramide granites of Idaho 38 
and Boulder batholiths 
:L<Id coebeec Washington 

V 
ppm 

4.2 
6.1 

5.7 

5.1 

3.4 

4.1 

3.9 

15 

6.2 
3.5 

5.0 
(weighted) 
7.6 

2.2 

2.2 

2.3 

3.7 

5.4 

2.5 

Method 

L 
L 

emana
don 

etnana
cion 

radio
chemical 

R 

R 
R 

L 

L 

L 

L 

L 

L 

various 

various 

Reference 

CoULO~tB (1959) 
HUUElN (1961) and 

CoULOMB (1959) 

F1LIPPOV and 
Kold.L.EV (1959) 

MEuIUEn'AN (1961) 

TAU50N If al. (1958) 

Kartov (1963) 

MRAMOVICH (1959) 

ROG£It$ tJ al. (1965) 

ROGERS (1964) 
ROGERS (1964) 

PHAIR and Gcr-enrso 
(1964) 

PHAIR and GoYTFRIEO 
(1964) 

PHArRand GOn"FRIED 
(1964) 

PHAIR lind Gcrrsnreo 
(1964) 

LARSEN JR. and 
GoT-rFRIEO (1961) 

ROGERS (1964) 

ROGERS (1964) 
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Table 92-E-l (Cominued) 

Suite No. 
of 
nm~ 

ples 

U 
ppm 

Method 

Granites and granodlomes 54 2.4 v:uious 
of Southern C2llfocn1t 
batholith; Cretaceous 

Gflhbroit filii ulJrDmofit rodu 

Geneeal sveeage for" gabbroid" 
rotks 

Dunite (intrusive and nodules) 

34 

24 
Dunire nodules (Hawaii, Germany, 3 

92~E-3 

Reference 

ROGERS (1964) 

HErERand CAltl'ER (1964) 

HEIERand CARTER (1964)
 
TILTON and REED (1963)
 

I-lEJER (1963) 
LOVERING and MOH.GAN 

(1%3) 
TILTON and REW (1963) 

H£J£J!. and CARTEH. (1964) 

HEIER (1962a) 

LOONOVA (1964) 

SAPRrKINA (1959) 

Coats (1956) 

T Al'SU~IOTO " ,I. (1965) 
Gcrrrarec et ,I. (1963) 

HEIEH. rial. (1964) 
LARSEN, 3d, and 

GOTI'FRtEO (1%0) 

Arizona) 

Etiogitts 
Pipe eclogite: (Africa) 
Pipe eclogite (Mrica~l; 

Austl:l.llit.-3) 
Eclogite nodules (thwaii) 

Average eclogite from 
tnetamcrpbic terraines (Nor
way and central Europe) 

Alblillr illJrmillr rodu 

Nepheline syeoires from 
nonhero Norway 

Variscan alkalic syeoiteS 
and nepheline syenites of 
southern Tien Shan 

Lovozero massif, Kola Peninsula, 
Russia:
 

first intrusive phase
 
(nepb, syenites)
 

second intrusive pbase 
(lujavehes, urtites, 
and foyaires) 

third intrusive phase 
(mainly lujavrites) 

fourth inrruaive phase 
(monchiquires) 

Silitic tXln/Ji~'r roch 
Rhyolitea and daeirea 

of western U.S.A. 

BailJllic rocks 

Oceanic tholeiitic basalts 
Basalts and basaltic 

andesites of Mariana Islands 
Tholeiitic basalts ofHawllii 

10 
4 

2 ,
 

,.
 
26 

14 

25 

19 

2 

ll6 

22 
20 

6 

0.84	 various 

0.014	 various 
0.003 IandN 
to 0.009 

0.26	 R 
0.052	 N 

0.030 I
 
to 0.043
 
0.20	 various 

0.04	 R 

1.4	 L 

,.,	 L 

15.3 L 

19.7 L 

2.8	 L 

5.0 

0.10	 I 
0.56	 L 

0.18	 R
 
L
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Table 92-E·1 (Continued) 

Suite	 No. 
of 
sam
ples 

Alkali basalts of Hawaii 

Japan: 
tholeiiric besaks 
high-alumina basnlrs 
alkali-olivine basalts 

Caribbean Island arc: 
spilires 

intrusive kerarophyres 

extrusive kerarcphyres 

basaltic andesites 

Plateau b:1salu (ave.) 
Columbia River 
P:ws",dcs di"b",se (N""" York) 

z 

2 
2 
2 

6 

5 

4 

12 

26 
2 
5 

V 
ppm 

0.99 

0.15 
0.22 
0.53 

0.22 

0.77 

0.29 

0.79 

053 
0.36 
0.35 

Method 

R 
L 

R 
R 
R 

R 

R 

R 

R 

various 
R 
R 

Reference 

Hzraa ~I al. (1964) 
L.-\Il.IES, 3d, and 

GOTl'FIl.IEO (1960) 

HEftI!. and ROCEIlS (1963) 
&IEIl. and ROGERS (1963) 
HEIER and ROGERS (1963) 

ROGERS and DONNELLl'" 
(1966) 

ROGEES and DONNELLY 

(1966) 
ROGERS and DONN£LLY 

(1966) 
ROGERS iU1d DONNJ:.LL'( 

(1966) 
H£IER and CART£R (1964) 
HEiER and ROG£RS (1963) 
H.Ei.ER and ROG£R.S (1963) 

UltramaficlOCkS 
(dunlles,:lcrpenlln'lcs, 
eclogltl'selc) 

'''''a!lcracks(basens.qabbros etc) -----..--

lrue-msdete rocks (andesltes.dacltes, 
rhyodaclles,dIQlltl'S.quarlz dentes, 
granod'JnleS,eIG) 

Silicic racks(qU1lrl4; lalltes,rhyolltes, 
qua:tzmon2onlle~.9r<lMesl 

COOl 001 01 
Uranium (ppm) 

Fig. 92-E-l. Generalized distriburinn of uranium in various broad groups of igneous rocks. 
[From P.r:TER"AN, Z. E.: unpublished commun;Cl.don (1963)] 

under the continent that has been depleted in thorium and uranium during separation 
of the cratonic rnarerials, Data ere not yet adeq\]ate to determine whether DC not there 
are differences between oceanic and conrinenral dunires and pceidotites. Itis interest
ing to note that tbe concenrrarion of 0.2 ppm found by HEIER and CARTER for pipe 
eclcgtees is comparable to chnt presumed for the upprr mantle (also see TJLTON and 
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RUD, 1963). With regard to upper mande studies, MORGAN and LOVERING (1965b) 
h:lve recently reponed the uranium and thorium abundances in the basalr of the 
Guadalupe experimental .....Iohole. This basalt contained 0.195 ppm uranium. 

The alkaline rocks reported in Table 92-E-l ate merely a few represenradvcs of 
a broad sampling of such rocks that have been studied radiometrically. The wide 
variability of uranium concentrations in such alkaline rocks is discussed in more 
detail by PETE~lAN (1963). The areas which have been primarily studied include 
the Kola Peninsula of Russia (Table 92-E-1 summarizes data. on 60 samples by 

20 

15 

10 

5 

00 10 20 30 4.0 50 
, " 

6.0 70 8.0 
1 

9.0 
t 1 

oc no 120 
Uranium (ppm) 

Fig. 92-E-2. Histogram of uranium concentrations in silicic igneous rocks. Plot represerus 
242 individual nnalvaes and 3 average values for voteante rocks and 194 individu:lL analyses 
and 96 average values for plutonic and hypabyss:l.1 rocks. [From PI3TER~I"'N. Z.E.: 

unpublished communication (1963); daD ate summarized variously in Table 92.E-1J 

SAPRTKINA, 1959), several suites of rocks from the southern Urals and Tien Shan 
area (e.g., see YE.S'HOVA tt al., 1962), the rocks of Stjernoy in northern Norway 
(HEIER., 196230), a suite from Magnet Cove, Arkansas (ERICKSON and BLADE, 1963) 
(Fig. 90-E-3), and rocks from Virginia and Tens (GOTTFIUED tt ot.; 1962) (Fig. 
90-&6). The extreme variability between and within groups makes averaging almost 
useless, and the only valid generalization concerning the uranium conrear of alkaline 
rocks is that it is generally high. It should be noted in chis regard that the K/U ratio 
varies only slighdy between igneous rocks of wide petrologic differences (HEIER 
and RocERS, 1963). 

The averages and general ranges of uranium concentrations shown in Table 
92-E-1 for various types of rocks are similar for intrusive and extrusive rocks of 

-compositional equivalence. The chances of occurrence of very large concentrations 
of uranium are, of eourse, higher for intrusive than for extrusive rocks. 
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II. Variations within Rock Suites 
The almost universal tecdencv for the coccecrearion of uranium [0 increase 

coward the later members of an igneous differentiation series bas been documented 
repeatedly. Many of these investigations are thoroughly summarized by PETERMAN 
(1963). In his manuscript, the sequences in Table 92~E-2 show 3. tendency toward 
increasing uranium content during igneous differentiation (Figs. 92-E-3; 90-E-3 to 
90-E-6). Note ebee some differeociatioD sequences do not show the tendency to 

Table 92-£-2. S,qUlntti oJigwrolll ,-odes lhowing jll~rglt in "ranium (onltnt toward the yaulIg" '0&11:.$ 

E:>:JfJlli,,( Jlriu 

Lassen Volcanic National Park (AOAMS, 1955; L"RSEN. 3d, and GOTTFRl£D, 1960)
 
Modoc: area, CaIifornia(GOTTI'RIE.D andLARSEN JR.,1958; LARSEN, 3rd.andGonl'RIED. 1960)
 
San Juan Mountains, Colorado (LAI\SEN JR. lJ 111., 1958)
 
Valles Mounoim, New Mexico (LAR~EN, 3d, and GOTTPRIE:D, 1960) (Fig. 9O-E-5)
 
Chaine des Puys, France (GOLDSZI'EIN IUld GUILLER!oro, 1961)
 
Big Bend Nsrional Park, Texas (GOTIFIUl!.D et al., 1962) (Fig. 90-E-6) (pan intrusive)
 
Mariaaas Islands (GOttFRIED tl al., 1963) (Fig. 90-E-4)
 
Mt.. Garibaldi area, British Columbia (GOTIFRU!D ,1 al., 1963)
 
Stawberry Mountains, Oregon (GOTTfRIED tt al., 1963)
 

Silil anti JOal/()gJ intrurillu (Fig. 92-E-3)
 

Dillsburg sill, Pennsylvania (GonFRlw, 1959)
 
Skaergaard, Greenland (HAMILTON, 1959)
 
Duluth gabbro, Minnesota (HEIER 2nd ROGI'.Il.S, 1963)
 
Augusm County, Virginia (GOTTFRIED tl al., 1962)
 

Pl:(/onj~ uq/ltnru 

Southern California B:uholirh (LAIl.SI'.N, 3d, and GOTTFRIED, 1960; LARSEN JR...md Gon_ 
FI'lIED, 1961; Wl-lrTFrELO et aI., 1959; ROGEII.S and RAGLAND, 1961; HI'LER and ROGERS, 
1963) (Fig. 9O-E-7) 

White MDumain magma series, New Hampshire (BUTLER, 1961; ROGUS and RAGLAND, 
1961; AOAMS tI aI., 1962) 

Olivc:rian series, New Hampshire (ROGERS and RAGLANO, 1961; LYONS, 1961) 

increase in uranium content toward younger rocks. Most such series merely show 
no detectable trends in composition, but the Honolulu series of Hawaii, studied by 
LARSEN, 3rd, and GoTrFRlBD (1960) shows a decrease in uranium with increasing 
silica content (Fig. 90-E-2). 

Plors of uranium content. against some type of differentiation index are much 
smoother in exttusive sequences than in Incrusive ones. Most extrusive series show 
consistent trends when plotted against silica content, the Larsen differentiarion index, 
and potassium content. In intrusive rocks the scatter of values is quite high in plots of 
uranium abundance versus silica content. The most consistent variadon of uranium 
in intrusive rocks is shown hy a comparison of uranium and potassium abundances. 
In fact the K/U ratio is about 1()& in ali crustal materials (HEIER.and ROGERS, 1963). 
The use of this ratio for the earth's mantle, however, creates difliculries in explaining 
the earth's thermal history; (see calculations of MAcDONALD, 1965). Discrepancies 
between the K/U ~atio of chondrites and the apparent ratio for the whole earth are 
discussed hy GAST (1960). 



Uranium 92-E-7 

20 

18 

16 

~ 
EO 
S:r2 
< 
~ 10 

/
om/,<i' 

0', 
, 

8 

6 

4 

2 
I, 

o~( 

o Duluth Gabbro 
• Skae-n;aro' 
e Dillsbun;Sill 

5 

4 

EO 
~ 3 
o 2 

, 

2 3 4 5 
Potassium (wl-%l 

Fig. 92-E-3. Variation of thorium and uranium concentrations in three gabbro-gmnophyre 
sequences. [From PETERMf>oN, Z. E.: unpublished, personal communication (1963); data on 
the Skaergaard intrusion, Greenland, are from Hf>o~IIJ.TON, 1959; data 00 the Dil.hburg sill, 
Pennsylvania, U.S.A. are from GOTTFRIEO, 1959; data on the Duluth complex, Minnesota, 

. U.S.A. are from HEIER and ROGERS, 1963] 

ill. Vadadon within Batholithic Complexes 

Economic interest in uranium has led to considerable investigation of the diseci
burien of uranium within individual plutons and associated wellrocks and also within 
complex batholiths. In many complexes such as that of the Colorado From Range 
(PHAIR and GorrPRIED, 1964), variability in uranium content within plutons and 
between members of the: plutonic complex is not simply related LO some differentiation 
index. In some studied pLutonic complexes or individual plutons there are progressive 
changes in uranium ccncentradcn coward wallrocks. Most of the work on these 
problems hQ.5 been done by Russian workers; rheir studies are summarized by 
PEI'ERMAN (1963). Surficial redistribution of uranium makes detection of areal 
trends difficulr (c.g., see Fig. 92-E-4). 



92-E-B Uranium 

IOOr 

70~ 

~ 
" ~ 

50 

30 
• 
.
• 

'~ 

g 

§ 
'E..••it 
.5 

i 
5 

7 

3 

20 

10 • 

• 
• 

• 
• 

• 

• •
• 

• 

•
• • 

u • • 
• 

~ 2 • 

152050809599 
CumlilatioR- frequem.y (probability scalt') 

Fig. 92·E-4. Cumulative: percentage pIa[ of uranium concentrations in granitic rocks of 
New England, U.S.A. The lognorrnaliry shown on rhis logarithmic-probability diagram 
may indicate: the importance of surficial processes in t'Cdistributing uranium. (From ROGEII.S. 

1964) 

Rc.n"<d """LlJCrip. m:.i."": Jul, le,h, 1967 
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92-F. Behavior during Processes Connected 
with Magmatism 

As mentioned above in Section 92-D, uranium commonly occurs in veins as the 
mineral uraninire or phchblende. Uraaiaire has also been found in pegmaeiees along 
with uranium-bearing varieties of such rare earth minerals as samaesklreand euxenire. 
Tbe economic geology of uranium in magmatically-derived ore deposits is surnmarlz
ed by a number of workers. A discussion in Englisb is provided by McKELVEY ef 01. 
(1955)along with a description of the general economic geology ofuranium. KOn.YAR 

(1961)has published a summary in Russian of rhe various rypes of uranium deposits. 

Rc-riO<d m:onuldip, recci'O"O<!: July IS'b, 1967 

'0 SpMgu.v..l.og 1luI.in' Hcidclb<l'll 1969 
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92-G. Behavior during Weathering and Rock Alteration 

Few Studies have been oriented directly toward an understanding of me behavior 
of uranium during weathering and alteration. The tendency of.uranium to be oxidized 
to the ccrnpecaeively soluble uranyl ion permits uranium to be mobilized easily in 
surficial processes. This oxidation is primarily responsible for the wide variations 
in Th/U ratios shown by surficial material. The comparatively insoluble thorium 
is concentrated in resistate minera.l.:s or is adsorbed on clays, whereas uranium is 
redistributed in surface and ground waters. The solubilities and oxidation potentials 
pertinent to these processes are given in Section 92-H. 
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Fig. 92-G.1. Variacicn in thorium and uranium concentrations in the: wcathl:dng zone ill 
the grancdierlte all Fbgscaff Mouncain, Colorado, U.S.A. (Prom PLlU;1I. and AOA~IS. 

1962b) 

One srudy of the behavior of uranium during weathering W3S made by PULER 

and ADAMS (1962b) (Fig. 92.G-l). In the Pennsylvanian weathering profile on a 
granodiorite at Flagstaff Mountain, Colorado, rbe variation in both thorium and 
uranium contents can be investigated throughout the soil profile. The profile is 
somewhat lateritic and dearly results from humid, SUbtropical weamering. The 
uranium which is retained in the soil is held prim.a.rily in resistare minerals such as 
the zircons, whereas thorium is incorporated both in resistate minerals and also in 
clays formed during me weathering process. The highest concentrations of born 
elements are found in the residual clays at the top of me soil profile. Artificia.lleaching 
experimems on the granodiorite with dilute acid indicate that me vast bulk of the 
uranium was removed by natural leachiag whereas the thorium was less affected 
(Fig. 92-G·2). These results correlate weU with the enrichment ofrhoriom relative to 
uranium in the soil zone. A geceealieed srudy of weathering-by fuRRISS and AOAMS 
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Fig. 92-G-2. Variation in (he percentage of Ieaeaabie thorium end uranium in the weathering 
zone in the granodiorite on FLagnaff Mounuin, Colorado, U.S.A. (From PLILER and 

ADAMS,1962b) 

4 

% 
2 

. 
05 .-.\ . 

.-.-.-............ Si(OOll·/ <,;)("" ~
 
.-. '\.. Ca 

02 • 
400 ............_. •
 
ppm."""" Mg 

/' ._Mn 
~. . 
100 

50 

20 

<; /".
• "<, 

~(\OO) 
/ <,_. Tl'I{-10) . . 

a'-·- - • .-, .-a-· • / Rb 

:_.-. """"Zn --. 
./ .

• 

._._a_._ • 
"",Cu(-21 

• 

Fig. 92-G-J. Variation of thorium and uranium concerurarions in a 50i1 acne compared 
with variations in abundances of other elements. Tishomingo granite, Oklahoma, U.S.A. 

(From HARRISS and AoA~15. 1966) 



92-G-3 Uranium 

(1966) (Fig. 92-G-3 and 92-G-4) provided information about the mobilization of 
thorium and uranium, and the results of this study are roughly similar to those 
found by PULER and ADAMS (1962b) and indicate the generally greater ease of 
mobilization of uranium than of rborium, 

Investigations of the radioactivity of the Conway granite. New Hamsphire, have 
involved the drilling of cores intO unaltered rock below sudicially weathered 
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Fig. 92-G-4. Variation of thorium and uranium concentrations in a soil zone compared 
with variations ill abundances of other elements. Elberton granodiorite, Georgia, U.S.A. 

(From fuRRISS and AO~lJs. 1966) 

material. Data reported by RICHARDSON (1964) and ROGERS et 01., (1965) indicate a 
near-surface.depletion of uranium e.'Ceepr in a few zones where the mobilized uranium 
is redeposired by circuladng ground warer. In some areas, me remobilization of 
uranium extends rc depths of several hundred feet, generally in zones of fracturing 
and ground water movement. As reported by RrCltARDSON (1964), in some of rhe 
weathered rocks rhe U20H isorope is about 15 pen:cor less abundant rhan ir should be 
for secular equilibrium wirh U:!1'I. 

Sw:6ciall.y deposited uranium minerals consist of rhe complex uranyl salts 
listed in Section 92-0. 



Uranium 92-H~1 

92-H. Solubilities in Waters; Valence States 

The solubility and redox dare pertinent to the distribution of uranium under 
surficial conditions ate: 

£0= +0.62 v,UOoz+++4H++2e-,=:U'''''+2H20 

U(OH),,-FU'""+40H- K.?=10-~2. 

The uranyl (UO;'"+) ion is almost completely soluble, whereas the uranous (U"H) 
ion can be precipitated easily in alkaline solutions. The uranyl ion precipitates in 
nature only in the uranyl salts listed in Table 92-E-1 and in certain laboratory prep
arations. The carbonare ion strongly complexes rhe uranyl ion and inhibits pre
cipitation; a dissociation constant of 10-10 (approx.) has been proposed for the uranyl 
carbonate complex (UOJ (CO:J;-. Uranyl salts copeccipimee with calcium phosphates, 
but the true solubility products of naturally-occurring uranyl phosphates and other 
salts are unknown. 

Uranium is known to be adsorbed from solution by organic material (see SWAN

SON. 1963) and also by clays (GoLDSZTAOli and WEC. 1955). The amount adsorbed by 
clays is proportional to the normal base e.l:change capacity of the day, and GOLD

SZTAUB and WEY report the following grams of uranium adsorbed from a I-percenr 
solution of uranyl nitrate: 

montmorillonite 7.5 g/100 g calcined clay 
kaolinite 2.0 g/100 g calcined clay. 

Rc~i><d ","n"l,:r,p' ~1"<d, 1"1, 18,~. 1%7 

" Sprin_~e<·\·"bc B<,I;n' Hddclbc:'1'- 1%9 



92-1-1	 Uranium 

92-1. Abundance in Natural Waters 

Uranium concentrations arc consrane in sea water and arc in the range of 1--4 X 
10-3 ppm (l-4ppb) (Table 92-1-1). These values may be compared with an average 
of tO~ to 10-8 ppm for thorium (Table 90-1-1); it is clear that the Th/U ratio in sea 
water is e.'ttremelY small. The geochemistry of uranium in sea water is discussed in 
various papers by F. Kocer andcoworkers and also by TA'I'SUMOTO and GOLDBERG 
(1959). 

Coace..auatioas of uranium in Fresh water are considerably morc variable than 
in the oceans. The concentrations are clearly controlled by a variety of factors, such 
as rock type leached by the water, rate of flow and rate of evaporation, etc. The con
ceacarions of a number of samples of continental waters arc shown in Table 92-1-2. 
Variability in concentrations of uranium in continental. ground and underground 
waters has been used for commercial purposes such as prospecting for uranium 
(see, for example, CANNON and Ku:.rNHAMPL, 1956; 1usLEY, 1957). Some efforts have 
also been made ro provide mass balances of uranium in source areas and in surface 
and ground waters (for example, AGAMIROV, 1965; LoPATKmA. 1964). The general 
concentration of uranium in mose fresh waters may be somewhat less than in sea 
water. 

Table 92-1-1. CDIf/",'r 0/Nrani_ in Ita lValtr 

Locaeiun	 U Method Reference 
pph 

Atlantic, Pacific: 1.5 L Fm'N er al. (1939) 
Atlantic:, Pacific 1.1-1.5 L G. xocer (1950) 
Pacific (deep ocean) 2.82 L NAKANISlU (1951) 
.Pacifie (mouth of Ito Bay) 1.18 L NA"ANlslu (1951) 
Pacific (surface. 1 km 0.46 L NAKANISHI (1951) 

olf Aomori Prd'.) 
North Atlantic 0.3-1 L ROl<fA and URRT (1952) 
Atlantic 1.15 L SldITIf and GRIMALDI(1954) 
Gulf of Mexico 3.15 L SldITIf and GRIMALDI (1954) 
Pacific 2.5 L STRWART and BENTLEY (1954) 
Atlan~c. Pacific, 3.3 I RONA tl til. (1956) 

Gulf of Mexico 
Baltic Sea 0.8-5.9 L F. Keen tl al. (1957b) 
Bcring SCI. 2.2 L STARIK tl til. (1958) 
Bseeces SCI. I.. L STARIK rr til. (1958) 
White SCI. [eastern} 1.4 L STARIK tl til. (1958)
 
White SCI. (Oneah Bay) 1.8 L STARIK tl QI. (1958)
 
Sea of Azov 3.3 L STARIK tl al. (1958)
 
Caspian Sea 3-10 L STARIK tl al. (1958)
 
Indian Ocean (S\V" part} 2.7 L BARANOV and KIfRISTIANOVA (1959)
 
Indian Oeeen (central) 1.8 L BARANOV and KIfRISTIANOVA (1959)
 
B!ackSe.:l. 2 L Nn:OLAEv tI al. (1960)
 
English Ch:1.Q.Qe1 and 3.3 various \'VI1.roN tI al. (1960)
 

B:Ly of Biscay 

Q Sprin!l..·V<rl.>~ Berlin· Hddclber!>: 1969 



Uranium 

T:able 92-1-2. Conltnlr oj /irani"",;,/ tMfi,ttlltal lIJaftrr 

Location	 U Method Rc:feccnee 
ppb 

Colorado ground warer 0.4-4 L BRUCE and FERGUSON (1951)
 
lllinois ground water <0.3 L BRUCE and FERGUSON (1951)
 
Florida ground water <1.0 L BRUCE and F£RGl/SON (1951)
 
Three N. American Rivers 0.026 L RON,\. and URRY (1952)
 
River water, by calculation 0.09-1.1 L Hou..wD :and Kl/LP (1954)
 
Great Salt Lake, Utah 4.8 L STEW,\.RT and BENTLEY (1954)
 
Texas ground water 2.3-10 L Jl/DSON and OSAfONO (1955)
 
Wisconsin end Illinois 0.8 L JUOSON and OS~fONO (1955)
 

ground waters 
Miner:ilizcd Aquifer 100-460 L JUDSON and OS~fOND (1955) 
Mineralized Aquifer 10-250 L DENSON tl al. (1956) 
Mineralized Aquifer 20-200 L FIX (1956)
 
Thermal Springs <7 L FIX (1956)
 
U.S.A., /Lla$ka., regional average 0.1 L FIX (1956)
 
Colorado Plateau 0.5-3 L FIX (1956)
 
France, Springs 0.35-7.68 L JUUIN (1957)
 
Baltic: region, igneous drainage 0.5 L Kocer tJ al. (1957 b)
 
Baltic region, sedimentary drainage 1-13 L KDCZY et al. (1957b)
 
llano Estacadc, Texas ground water 0.9-46 L B,\.RnR and Scor-e (1958)
 
New Mexico ground water 1.2-4.7 L B,\.RK..ER and SCOTT (1958)
 
Austria, Vienna Basin; Springs 1.4-12 L HECHT tl at. (1958)
 
Austria, Tyrol; Springs 0.2S-41J L HECHT tl at. (1958)
 
Austria, Danube River 0.5-2.3 L HECHT tl al. (1958)
 
Austria, Tyrol ; Rivers 0.2-2.8 L HECHT tl al. (1958)
 
Wales. Spring 1.3 L SMITH and CHANDLER (1958)
 
Jamaica, Rivers 1.5-5.9 L S~IrrH and CHANDLER (1958)
 
Ugundll, Spring 1.3 L S~IITH and CH,\.NOLER (1958)
 
England, Cornish Waters 0.6-41J L SMITH and Cnlr.NOI,EIl. (1958)
 
Germany, Scale River 0.34-4.27 L HEIDE and PROFT (1959)
 

dissolved 
Germany, Scale River 0.03-0.28 'Herea and PROIT (1959) 

suspended 
Great Central Plains, Wells 9.5 L Llr.NDlS (1960) 

(ground water) 
Great Central. Plains, Springs 11.3 L Llr.NOIS (1960) 

(ground water} 
Pacific N\'V', ground water in <0.1-10 L Blr.RKER and SCOTT (1961) 

silicic, subsilicic rocks 
Pacific NW, ground water in <0.1-13 L Blr.RKER end Scor-e (1961) 

Idaho batholith 
Pacific NW, ground water in <0.1-2.6 L Blr.RKER and SCOTT (1961) 

Snake River besale 
Pacific NW, ground water in <0.1-0.6 L BARKER and SCOTT (1961) 

Columbia River basalt 
Nevada (Truckee Meadows) 0.1-43 L COHE.!'! (1961) 
England. surface warera ~1.1 L PElr.COCK (t961) 
U.S.A. (general) <0.1-120 L SCOTT and Slr.RKER (1962) 
India, surface water 0.03_4.2 L Klr.ArATH tJ al. (1964) 
River water of Japan 0.34-1.'23 L MIYlr.KE tJ al. (1964) 
Waten of Florida 0.' R OSMOND (1964) 

Rcoi>cd """llI<I'\p. =eioed, Jwy IBIh, 1961 

http:0.09-1.1


92-K-l	 Uranium 

92-K. Abundance in Common Sedimentary Rocks 

The concentrations of uranium in sedimentary rocks are difficult to summarize 
because of the various designations used by different authors to describe the rocks 
which they study. Thus, ror example, the term "graywacke" means different things 
to dilfetem geologists. (For definition see Chaprer 8 of Volume Iof this Handbook) 
The names used for various rocks in this section are thought to be reasonably stand
ard, and the abundances of uranium in different types 3[C listed in Table 92-K-1. A 
correlative summary of thorium values is given in Table 90-K-1. 

Table 92-K-t. Con/till! of flrtvliliM in J{dimm/rJry rluh 

Rock type	 No. of U Method Reference 
sam- ppm 
plee 

SlJIIdrJOIIU 

OrthO'luan:z.it<:S 
Noah American IlV. 0.45 R MURRAY and Aaors (1958) 
Mesa Verde: "8 1.7 R PLILER and AD.nrs (1962a) 
Gulf Coast beach sands 29 0.59 R MAHQAVl (1964) 
Adantic Coast beach 54 3,21 R MAHCAVI (1964) 

sands 
"Volcanic" gr.lywllckes 

Caribbean '4 0,5-1 R ROGERS and DO:-JNELLY(1966) 
Umpqua (Oregon) 4 '.3 R ROGERS (1966) 

Other graywackes 2.' ROGERS and RICHARDSON 
(esdmaeed average) (1964) 

AJ:koses (estimated 1.5 ROGERS and RICHARDSON 
average) (1964) 

Shalu 

North. Americ:u'l. l:!;l'IlY 52 3.2 L ADAMS and \\;tEAVER (1958) 
and green 

Russian platform 178 4.1 etaana- BARANOV d IJI. (1956) 
(comp) 'tion 

Mancos to2 3.7 R PLiUR and ADAliS (l962a) 
Red and yellow to _2 L AOAMS and WEAVER (1958) 
Black (average) numer- 8 various SWA,NSON (1961) 

0"' 
Blad:Sf,lJ/u 

Marine black shales 20 L SWA,NSON (1961) 
(excluding geo
synclinal) 

All black shales 8 L SWA,NSON (1961) 
Chattaoooga 79 L SWANSON (1961) 
Alum sh.a1e; Cambrian; 309 168 L rmm summary by 

Sweden	 .. BA,T£S and STRAHL (1958) 

C!:I Sprin~<","'u"8 Bertin' Heid<Ib<"" 196~ 



Uranium	 92-K-2 

Table 92~K-l (Continued) 

Rock type	 No. of U Method References 
sam- ppm 
plea 

Reedsville; Ord; 4 4 L .. BAns and STflAHL (1958) 
Pennsvlvania 

Ohio sh~e; Devonian; 220 10 L .. BATES end STIlAHL (1958) 
Ohio 

Woodford; Devonian; 116 , L " BATES end STflAHL (1958) 
New Mexico 

Hamilton; Devonian; 6 6 L " BATES and STIl.AHL (1958) 
Pennsylvania 

Chemung; Devonian; 4 3 L " BATES and STIl.AHL (1958) 
Pennsvlvania 

St. Hippolyte; Grb.; 15{/ 1244 L " BATES and STRAHL (1958) 
France 

Allegheny; Penn.: 34 4 L .. BATES and STRAHL (1958) 
Pennsylvania 

Kansas sh:l!e; Penn.: 21 16 L " BATES and STRAHL (1958) 
Kansas 

Kupferschiefer; Perm.; 4 39 L " BATES and STRAHL (1958) 
Germ3llY 

BallXi/u 2' 11.4 R AOAMS and RICHARDSON 
(1960) 

Bm/onitn	 64 5.0 various AOAMS and WUVER (1958) 

Umn/onn 

North American avo 25 2.2 Land R AOAMS and WEAVER (1958) 
(comp) 

Russian platform 128 2.1 emana- BARANOV d at. (1956) 
(comp) non 

Eniweeok cores 
calcite 0.35 SACKETT:l.nd POTRATZ (1963) 
aragonite 2.3 SACKETT and POTIl.ATZ (1963) 

Eniweeok core E-l	 21 2.34 SACKETT and POTRATZ (1963) 
Miscellaneous 2	 B£U. (1963) " 
Dolomi/u 
Dolomites and dclornidc 100 0.03-2.0 L DEll'Ul'lCER (1964) 

limestones 

Pborphaft rotA: mostlv L Foam summary by !'tIcKEt.

Marine phosphorites 50-300 VE1' (1956), based on a 
Residual phosphorites 50 variety of published and 
River-pebble deposits unknown; unpublished measurements 

probably [ow 
Guano negligible 
Phcapharized rock negligible: (?) , 
Fossil bone 50-300 

E~'aporitt1 

Estimate of pure <0.1 BELL (1960) 
evaporite minerals 



92-K-3 

Rock type	 No. of 
sam
plm 

Pflrijie oeeQII ndimmlJ 

S~<h 5 
Mu<h 3,C1ayC!y muds 
Siliceous and diatomaceous 7 

muds and clayey muds 
Pelagic el.a.ys 13 

Pelagic clays	 5 

Inditz1l oeetz1l sedimtllll 

Yarious muds 

AJltz1IJie OUtz1l udimmll 

Globigcelna oozes	 5 

CQribbwff scdimtllll 

Globigerirur. oozes	 17 

Blade JtQmfimrnls 

Mu<h	 41 

Orgtz1lie mflUrr 

Lignite; Great Plains, 
U.S.A. 

Coal; Eocene; Wyoming 
Coaly shale; Crer.; Idaho 
Coal and coaly shale; 

Crcr.; New Mexico 
Ligni~; Tertiary; Nevada 
Coal; Upper Paleozoic 

eastan U.S.A. 
Oil: t9llga of regional 

averega: 
Mid-continent, U.S.A. 36 

Rocky Mts.• U.S.A. 61 

California 10 

Asphalts rerun western	 45 
U.S.A. 

Black muds; Norwegian 10 
Fjords 

Black and gray muds; 10 
Baltic SC':l 

Uranium 

Table 92-K-l (Continued) 

U Method 
ppm 

mostly L 

3.0
 
23
 
2.7
 
3.'
 

4.0 various 

1.5-2.5 L 

0.2-0.5 various 

0.74 L 

1.0 L 

3.7 

80 L 

30 L
 
20 L
 
<6000 L
 

<50 L 
mosdy < 10 L 

L 

5-TT in ash
 
(0.17-10) X 10- 3
 

in oil
 
4-46 in ash
 
(0.4-3.1) X 10- 3
 

in oil; omitting
 
one very large
 
value
 
4.5 in :ISh 
7.0 X 1O-~ in oil
 
10-3760; L
 
normal range of
 
100-500
 
36 L
 
(13-60 eange)
 
48 L
 
(22-103 range) 

Refeeenee 

sUIIlIIlal:Y by B.\l\ANo\· and 
ICFiRISTIANOVA (1963) 

summary b~, BAItANOV and 
KHRlSTIANOVA (1963) 

HAHOFER and HliCHT (1954) 

summary by BARANOV and 
IU1RISTIANOVA (1960) 

ROSHOLT ef QI. (1961) 

ROSHOLT eJQ/. (1961) 

STAIUK tl QI. (196h) 

YlNE (1956) 

YINE (1956) 
YINE (1956) 
YINE (1956) 

VINE (1956) 
VlNE (1956) 

HYDEN (1956) 

HAIL ela/. (1956) 

SWANSON (1963)
 

SWANSON (1963)
 



Uranium 

I. Sandstones 

Sandstones are subdivided into three categories in Table 92-K-1. The average 
eoncencrarion of uranium in the orthoqaaeeaiees is reasonably well known because 
cbe range of values among various orthoquarrzitie suites is eomparatively small. In 
orthoquarraltes, uranium may occur both disseminated in the quartz or as heavy 
resistare grains. The sites of radioactivity have been Icvesdgaced hy both MURRAY 
and AD......MS (1958) and ROGERS and RICHARDSON (1964). Both investigations showed 
that most of the uranium is held within the quartz grains themselves. 

Two special groups of graywaekes are reponed in Table 92-K-1 in addition to 
an estimated "average" for all graywackes. The Caribbean "volcanic" graywackes are 
important because they represent the average eomposition of rneks of the Caribbean 
orogen. As ROGERS and DONNELLY (1966) have pointed out, the low thorium and 
uranium ccnrenrs of eugeosynclinal materials indicates derivation from nearly un
differentiated material of rhe upper mande. The Umpqua graywackes of Oregon are 
similar geologically and also radiometrically to the Caribbean orogenic waekes. 
The average graywacke estimate in Table 92-1-1 includes both the highly-volcanic, 
generally uranium-poor, graywaekes of the Caribbean and Oregon areas and also 
some more-highly radioactive rocks of the type which are generally elassified as 
graywacke simply because of their high day conreor. Arkoses have not been well 
studied, and the estimate in Table 92-K-1 for their uranium content is highly ten
tative. 

II. Shales 

The abundance of uranium in eommon shaler (Fig. 92-K-1) sbown in Table 
92-K-1 is well established by several independent studies. Both ADAMS and WEAVER 
(1958), working with North American shales, and BARANOV el al. (1956), wotking 
wirh shales of the Russian platform arrived at almost identical values of approximately 
3.7 ppm fot the average uranium content. It is interesting to ncre [hat borh [he aver
age thorium contents (Table 90-K-1) and uranium contents of ordinary shales arc 
very close to the values commonly cited for the average concentration in the conn
nental crust. 

Both black and red sbales are distinct from the ordinary green and gray shales in 
thorium and uranium contents. The black shales have heen studied by numerous 
workers, and only summary reference is made in Table 92-K-1. A discussion of the 
economic significance of the black shales is given by BAn:5 and STRAHL (1958). The 
black shales characteristically have a vety high uranium concentration and compara
ci very low thorium content with a consequently low Th/U ratio, The high concenrra
non of uranium results presumably from absorption of uranium by organic material 
in the shale and/or reduction of uranyl ion in sea water to the less soluble uranous 
form by rhc decay of organic matter and consequenr precipitation of uranium oxide. 
The red and yellow shales are comparadvely enriched in thorium, and their relatively 
low uranium conrenr (1-2 ppm) gives them a high Th/U ratio, Depletion of uranium 
in the red shales presumably" results from the solubility of the oxidized uranyl ion. 
This discussion of sbalee shows the value of the Th/U ratio for the interpretation of 
the environment of Formation of sedimentary rocks (Fig. 92~K~2), 
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Fig. 92-K.1. Histogram of uranium ccncemenicns in North Ameeican groy and grl:en 
shales and Russian platform shales, (From AOA~IS and \X!EAVJ:R, 1958; Russi:ln platform data 

from BARANOV ~J QI., 1956) 
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Fig. 92·K-2. Generalized distribution of thorium and unnium in sedimentary rocks. (From 
ADAlllS and WEAVER, 1958) 

m. Bauxites, Bentonites 
Bauxites and bentonites ate examples of the concentration of thorium and 

uranium in clays. In bauxites, the average uranium content (11.4 ppm) and thorium 
content (45.6 ppm; Table 90-K-l) are both abnormally high. Presumably during 
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weathering both the thorium and uranium have been concentrated in rcsistate residues 
and adsorbed on clays. Some tcndency for greater retention of thorium than of 
uranium is shown by the geceeally high Th/U ratios. 

IV. Carbonate Rocks 
Carbonate rocks (Fig. 92-K-3) have uranium concentrations in the range found 

for typical calcareous organisms. The uranium in calcium carbonate apparendy 
substitutes in the lattice in place of calcium, although some may accompany thorium 
in the insoluble residue fraction of limestones; (sce Section 90-K). Several studies 
have been made of the concentration of uranium in calcareous organic material. and 
reference may be made [Q TATSiJMoro and GOLDDERG (1959), SACKETr and POTRATZ 
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(1963), ROSHOLT and ANTAL (1963), and BELL (1963). Estimates of the average 
uranium content of carbonate rocks are quite uruforrn at approximately 2 ppm. 
These estimates include the North Amedcao limestones studied by AD.... MS and 
WEAVER (1958), the carbonate rocks of the Russian platform studied by BAR!LNOv 
r/ al. (1956), and the highly assorted suite of limestones investigated by BELL (1963). 
DEININGER (1964) shows, in general, little variation between limestones and dolo
mites with respeet to uranium content. 

V. Phosphates 
Phosphate rocks, listed in Table 92-K-l, generally have a high concentration of 

uranium. A large number of studics have been made on the uranium in phosphate 
rocks and in apatite minerals because ofthe potential economic importance of uranium 
recovery from such rocks. The references arc summaciaed in a paper by MCKELVEY 
(1956) eited in the table. 

VI. Oceanic Sediments 
Uranium contents are givcn in Table 92-K~1 for a variety of modern oceanic 

sediments. With the exception of srcdies made prima.dly for the purpose of 
dating cores by means of various disequilibria methods, not a grear deal of arren
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Uranium	 92-K-8 

Fig. 92-K-4 (Continued). List of symbols: 

C1 : Uranium in maio. mass of clastic mineral sediment, panicularly clay minerals, but 
exclusive of resistares. 

°c,,: 
1 : 

Uranium in resis[3tes or heavy minerals, sucb as zircon, apatite, and sphene. 
Uranium inhe.cenr to Living plants or animals, either bnd or marine types. 

O!: Uranium sorbed from SCI. water by solid or coUoidal carbonaceous remains of plankton 
senling from surface waters to bottom. 

0,: Uranium sorbed from stream water and SCI. water by either solid or colloidal organic 
matter derived [rom decaying land planes o[ the humic; type. 

PI:	 Uranium in phosphate preciplcated on 30d within sediment as oolites and nodules 
where hydrogen sulfide environment extends intO overlying water; also uranium in 
phosphatic fossil shells and bones. 

P::	 Uranium in phosphate preclpimred [rom, seeding through 30d exposed to SCI. water 
above sediment-water interface, and formed where hydrogen sulfide environment 
confined to sediment. 

5,:	 Uranium precipimred as colloidal-size unUlinite(?) from connate water by hydeogen 
sulfide formed and confined within sediment. 

51: Uranium precipitated ILS colloidal-size uraninire(?) from Sel water by hydrogen sulfide 
generated within 30d above sediment by anaerobic bacteria, and diffused into overlying 
water. 

don has been paid to the radioactive contents of oceanic materials. The low Th/U 
ratios reponed by BAR.ANOV and KHRISTIANOVA (1963) certainly do not match the 
ratios obtained for similar sediments by other investigators. 

In many sedimentary rocks uranium is eommonJy associated with organic matter. 
A typical example of this occurrence is the Colorado Plateau Province of rhe western 
United Stares, where uranium is found absorbed in petrified logs and also intimarely 
admixed with asphaltic bands in sandstones. The narure of the uranium mineral or 
minerals in these occurrences has been investigated in detail (KELLEY, 1963). On a 
hroadcr scale, the general associarion of uranium wirh organic material is well docu
mented by the high uranium concentrations in black shales and also in coals, asphalts, 
and oil (Table 92-K-l). The site of uranium in these organic materials is uncertain. 
Some asphaltic deposits contain admixed uranlnlre, but the organic phases themselves 
also seem to be rich in uranium, which may be in the form of some organic complex. 
The term .. thuchollte " has been proposed for mineraloids containing thorium, 
uranium, carbon, hydrogen, and. oxygen. 

The reasons for the association of thorium and uranium with organic material 
have never been fully ascertained. Experimental work has clearly demonstrated that 
wood and other org:mic material arc capable of absorbing uranium from solution. 
It has also been proposed that rhe radioactivity of the thorium and uranium auy aid 
in polymerization of organic materials around the two metals.' Organic uranium 
geoc:hemistry is discussed more fully by BREGER and DEUL (1956). SWANSON (1963) 
shows quantitatively the amounts of uranium contribured to black muds and shales 
by various processes (Fig. 92-K-4). 
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92-L-1 Uranium 

n-L. Biogeochemistry 
Uranium is not known to be an essential element for the life process of any 

organism. The several parIS pet million concemracion of uranium in carbonate shells 
is probably explained by substitution of uranium in the calcium carbonate lattice. 
The concentration of uranium in woody and other plant residues is not easily under
stood. Possibly the ocgantc matter simply aces as II reducing agent which causes 
precipitation of the comparatively insoluble uranous form. It is also possible, how
ever. that the uranium Deems in some parrieularly stable organo-merallie complexes. 
Sulfate-reducing bacteria mn.y playa tole in the reduction and fi.:xation of uranium 
UENSEN", 1963). 'The association of uranium with organic and woody material is 
discussed in a number of p1pecs suounarized by BREGER and DEUL (1956). The bio
chemical Importance of uranium i~ summarized by F. Koczr (1963) and EDGINGTON 

(1966). Some analyses of animal and plant materials are given by HOFFMANN (1941, 
1943). BOIVIE and ATl>.lN (1956) report 2,700 ppm uranium in an unusual fossil fish 
skeleton. 

I) Sprin6",-V<tl>~Berlin· Heidel""",, 1969 



Uranium 92-M-l 

92-M. Abundance in Common Metamorphic Rock Types 
The abundances of uranium have been determined in a number of dijlerem 

metamorphic rocks, and the data are given in Table 92-M-1. The names used for 
rock designations are those given by the original authors. As might be expected for 

rocks derived from a variety of parent materials under :I. wriery of conditions, the 

range of compositions is quite broad. 

HillER and CARTER (1964) have summarized studies of the radiometry of various 
eclogites from metamorphic environments. They find an average of 0.20 ppm 

uranium and 0.38 ppm thorium in a total of 14 samples analyzed by various methods. 

Table 92-M-1. COlllmls oflira";lim;/1 /1Ulo/1/orphic rodu 

Rock type No. of U Method References 
samples ppm 

Gneiss, Japan 1 2.3 R EVANS and GOOD~IAN (1941) 
Augen Gneiss, Finland 1 2.1 R EVANS and GOODMAN (1941) 
Eclogite, SWitzerland 1 0.2 R EVANS and GOODMAN (1941) 
Amphibolice (Schwerawald, 3 3.5 R HUS~IANN (1956) 

Gem1llny) 
Biorirc-Hornbl. Paragneiss 2 2.0 R HUSMANN (1956) 

(Schwarzwald, Germany) 
Paeagneies (Sehwarzwald. 4 7.0 R HUSMANN (1956) 

Germw.y) 
Granulite (Schwarawald, 2 4.' R HUS~IANN (1956) 

Germany] 
Orthogneiss (Sehwarawald, 4 3.6 R HUS~IANN (1956) 

Germany) 
Meeaeeenee (Sehwarawcld, 4 4.8 R HUS~I_"NN (1956) 

Germ2ny) 
Diatecrire (Schwnrawald, 4 11.2 R HUSMANS (1956) 

Germany) 
Coedierlte Gneiss (Schwarz 5.8 R HUS~IA:-J:-J (1956) 

weld, Germany) 
Orthoclase metacrysrs 45 R Hl!5~I"'NN (1956) 

[Schwarawald, Germany) 
Marhle 2 0.17 L PLIIXI\ (1956) 
Slate (m:Linly Michigan) 
Phyllhe (mainly Arizona -

14 
7 

2.7 

I.' 
L 
L 

PLIIXI\ (1956) 
PLIIXI\ (1956) 

New Mexico) 
Schist (New Mexico) 4 2.5 L PLlIXR (1956) 
Mafic Rocks (Teeskei Ala 82 3.2 \V KRYLOV (1958) 

T.:JU .L\1ts.) (comp) 
Idaho Batholith Gneisses 12 2.2 L L"'I\~E:-J JI\. and GO"l'FII.IED 

(1961) 
(Almandine-Amph. Facies) 13 2.82 R BILLINGS (1962) 

Gneiss (Texas) 

<D SpMK"f_VC.l>K Il<tli,,· H.id.Jb<n; J%') 
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Rod type: 

(Almandine_Amph. Facies) 
Amphibolite: [Texas) 

(Almandine-Amph. Facies) 
Graphite Schist (Tcus) 

Marble (Grenville Province) 
(Amphibolite Facies) 

Light Gneiss (Langey, 
Norway) 

(Amphibolite: Facies] 
Amphibolite eLmS"}') 

(Retrograde Gneiss) 
Monzonite: (Lang"Y) 

(Retrograde: Gneis.s) 
Granite (L:mgey) 

Biotite: Schist (Front Range, 
Colorado) 

Biotite Hornblende Schiar and 
Amphibolite (Prone 
Range) 

(High Granulite: Facies) 
Monzonite (Lmgll)', 
Norway) 

(High GCllfiulitc Facies) 
Banded Gneiss (G.ng0Y) 

(Low Granulite: Facies) 
Gneiss (Langey) 

(High Amphibolite F~cies) 

Gneiss (Langey) 

Uranium 

Table 92-M-l (Condnued) 

Reference 

BILUNGS (1962) 

BILLINGS (1962) 

DOE (1962) 
HEIER. (1962b) 

HuEa (1962b)
 

HEiER (1962b)
 

Hlma (1%2b)
 

PHA.lil, and GOTTfRIED (1964)
 

PHAIR IUld GOTrFRIEO (1%4)
 

Hf.u.a and AOAMS (1965) 

HuEa and ADAMS (1965) 

&Ea and AOAMS (t 965) 

HEIERand AD,UIS (1965) 

No. of 
samples 

14 

3 

2
 
5
 

7 

2 

8 

9 

4 

3 

4
 

5
 

3
 

U 
ppm 

0.33 

3.49 

0.36 
<2.5 

< 1.06 

< 1.25 

<0.94 

4.7 

4.7 

0.61 

0.22 

0.88 

1.22 

Method 

R 

R 

L 
R 

R 

R 

R 

L 

L 

R 

R 

R 

R 



Uranium 92-N-1 

92-N. Behavior in Metamorphic Reactions 
The mobility of the uranyl ion in surface waters plus the tendency for potassium 

and uranium to oCCUt rogeeheelead to the presumption that uranium is highly involv
ed in metasomatic activity. Unfortunately, data for metamorphic rocks are not yet 
adequate to test the hypothesis. HEIER and ADAMS (1965) have proposed that high
rank. rocks in one area in Norway are impoverished in uranium in comparison with 
lower-rank. rocks owing to upward movement of uranium. This evidence of mobility, 
however, h:LS nor been confirmed in other areas owing to lack of adequate samples. 

il<n.cd ...........",:P' <o:rind: July llkh. 1961 

iO Spriopo-Votdog Balin' Hddell>erg ll.l69 



92-0-1 Uranium 

92-0. Economic Utilization 
Aside from very minor uses as a pigment and chemical reagent, the economic 

utilization of uranium has been dominated in the firSt 40 yeats of this century by a 
demand for radium and since 1942 by a demand For fissionable materials. The demand 
for radium for medical and induerrial purposes led to widespread exploration for the 
parent uranium In the first quartet ofthis century, but this exploration was drastically 
cue back after rhe discovery in 1923 of the rich uranium deposits in Katanga (then 
the Belgian Congo). The Kaesage source and the Great Beat Lake, Canada, sources 
of rich pitchblende discovered in 1930 weee more rhan adequate to meet the demand 
for radium. 

Beginning in 1943 a seeond widespread exploration effort was initiated to develop 
uranium supplies for milirary purposes. This military demand for uranium was sub
sranrially oversaturated in the U.S.A. by 1958, when guaranteed prices wcrc restricted 
and new import arrangements ceased to be made. A sready exploration effort contin
ued in France, Sweden, and other countries. 

As of this writing (1966) uranium-fueled nuclear reactors are competitive In 
many areas with conventional power plants for the gecerarioc ofelecrriciry for civilian 
uses. To the exrcnr that this competition eontinucs to shift in favor of the nuclear 
reactors, a new and still larger demand for uranium will be created, leading to a 
third widespread e.xplorution effort. 

The lasr year for which world production figures of uranium .are reasonably 
available is 1963. Among rhe eounrries reporting production, rhe leader is the 
Unired Srarea, wirh 14,218 short tons ofUaOg during the year; [he U.S. is followed 
by Canada, with 8,141 sborr tons, and Sourh Africa, with 4,532 shorr tom. Other 
countries rtporcing significanr production are the Congo, France, and Porcugal. 

Most of the uranium production in the United Scares is from mineralized sand
stones in the Colorado Plateau province centering around Wyoming. Urah, and New 
Mexico. Canadian production comes primarily from vein deposits in rhe Northwest 
Territories, wirh large reserves in the Blind River conglomerate. South AfriCln 
production is almost exclusively a by-prcducr of gold mining in the Witwatersrand 
area, where pitchblende mineralization has apparently accompanied gold deposition. 
The largest reserves are disseminated in sediments, usually sandstones. The majoriry 
of smaller deposits are pitchblende veins such as those of Great Bear Lake, Canada; 
Eeagebiege, Germany and Czechoslovakia; Karanga, Congo; and Portugal 
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