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Uranium 92-1

Introduction

The geochemistry of uraniurm is intimately associated with that of thorium. Consequent-
ly, the preparation of scparate chapters on thaorium and uranium has necessitated a subdivi-
sion of wpicy involving these two clements. In this chapter on uranium, the writecs have
ineluded 2 discussion of both thorium and uranium in connecrion with heat production
in the earth, autoradiographic studies, fracrionation of thorium and utanium during weather-
ing and sedimentition, and che udlization of nuelear cnecgy. The chapter on chorium {90}
includes a discussion of age dating by means of mdioacrive discquilibria, Th{UJ ratios in
igneaus rocks, and the general problem of the relationship of thorium and uraninm to igne-
ous petrology. The chapeer on lead (82) Section B ineludes a discussion of U/Pb and Th{Pb
age dating.

A number of reviews of the geochemistry of thorium and uranium have been published.
Apaus, Osstonn, and RocEas prepared one in 1959. DyBek (1962} reviews the geochemistey
of uranium and Er. SHazLy {1962) provides a demiled bibliography. An extensive review now
in preparation by PErERMAN was available in preliminary forn in 1963, Owing to the enor-
mous volume of published material, no effort is made in this chapeer to refer to ell papers
dealing with the geochemistry of uranium. Reference is made to those papers from which
numerici dam havc heen ohtined and to recent summary papers which will {ntroduce
readers 10 specific sub-topics,
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92-B-1 Uranium

92-B. Isotopes in Nature; Heat Production
in Common Rocks

I. Varietics of Isotopes

Naturally-occurting uranium consists of three different isotopes: U, U225 and
Uz, The U® and U2 ace parens isotopes for two separace decay series which uld-
mately vicld Pb*™ and Pb*07 respectively. No natural isotopic fractionation of [J2%
and U has been observed, and roday all natural marerials have 2 rado of URjjz=s
equal ro 137.54-0.5. In rhe past chis ratio has systemarically increased to the present
value, owing ro the fact thar U3 has a half-ife of 7.1 x 108 years, which is much less
than chac of U%? (4.5 X 10 years). The U {U% ratio 4.5 X 10° years ago, the presumed
age of rhe earth, was 3.45. The third isotope of uranium, U**, is an intermediate in
the decay series of U8 and is formed from U™ by emission of an alpha followed by
two bera particles; consequently, the abundance ratio of U U® i5 proportional
to the ratio of their halflives. The half-life of UM is 2.5 10° years, making UM
equal to 0.0056 percent of total narural uranium,

Uranium, but gencrally nor its daugbrer products, is incorporated from sea warer
iato catcium carbonare shells and orhet precipitares. As a resulc of this selective
fixaton, the daughter of U2 (Th23® by alpha decay) is largely absent in freshly
deposited carbonate, and thus the cace of building of Th®* can be used to date the
carbonare materials; {see THurBER, 1965, for a review). For reasons not wholly
understood, sea water conmins abour 15 percent more U than would be expected
o be in sccular radioactive equilibrivm with the U*® in the warer. Apparently the
intermediare daughters formed in che decay process permit chemical fractionation
of the U and U, Consequently, rhe cate at which the U234/U%8 ratio approaches
that of secular radicactive equilibrium in carbonate shells may be used to check
U2%fTh?¥ daring (Taurber, 1965). Ricuiansan (1964) detected a 15 percent de-
ficiency in U2 in wearhered samples of the Conway granite, New Hampshire. This
deficiency in U*™ correlates well with the apparent excess of U4 in sea water.

1. Heat Production in the Earth

The study of the How of heat through the carth’s surface has recently assumed
grear imporrance 1. As examples, two of the questions involved are: 1) determinadon
of whether of not the carth has the bulk composidon of chandritic mereacites (che
“chondide hypothesis™); and 2) comparison of oceanic and continental heat Aows,
possibly for the purpose of establishing compositional differences in the upper mante
underlying continental and oceanic areas. Studies of heat flow in the earth have
recently been summatized by a number of wrirers, including Birch (1965) and Lex
and Uyrzpa (1965).

One major line of evidence for the chondritic hypothesis is the fact that the total
terrestrial heat fiow can be accounted for by the heat generated by radioactive clemeacs

1 See Chapter 6, Seetion V in Volume L of this handbook.
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Uranium 92-A-1

92-A. Crystal Chemistry

The 5-f element uranium in the ground state has the probable electromnic structure
5£*6d' 7s® and the forma] valence states vary between 24 and 6+4. In minerals,
howevet, only the valences 44, 5+ and 64 are known. With many elemeats (e.g. C,
N, Si, P, § etc), binary compounds of urarmium are semimerallic and often non-
stoichiometric. '

I Metallic Uranium -

Metllic uranium (melting point 1,132° C) has three crysulline modifications;
e-uranium (below 660 C) crystallizes orthorbombic, and each uranivm atom is
coordinated by twelve neigbbors at distances between 2.75 and 3.34 A (STurCKEN
and Posr, SR 1960, 240). f-uranivm (between 660° and 760° C) is probably tetragonal
and non-centrosymmetric, and the coordination number of the six structucally
different uranjfum atoms is between 12 and 15 (TrHzwris and Steevie, SR 1954, 304
SrerpLe and AsHworTy, 1966). Because of some uncertaintes in the indexing of the
powder data (DoNoHUE and EmspanR, 1971), it is possible thar the structure deter-
mination is not quite correct. The phase y-uranium (from 760° C upto the meiting
point) is cubic, body-centered (TaEwLIs, SR 1951, 123) with U—U distances of
3.0 A (8x).

I. Formally Di-, Tri- and Penta-valent Uranium

One example of a2 compound with divalent uranijum is UQ, crystallizing in the
NaCl-type (RUNDLE ¢f of., SR 1947—1948, 220).

For trivalent uranium the structures of some ariificial halides are the best known.
The layer structure of UF, is Isotypic with CeFy; in the bexagonal artangement the
uranium atoms have 2 [24+346] coordinadon of fluorine, The Auorides AUF,
(A = St, Ba, Pb) with formally tetravalent uranium are isotypic with UF; and the
atoms A and U seem to be randomly distributed over the meral sites (ZACHARIASEN,
SR 1949, 164). UCL,; and UBr, crysullize in the Y{OH), structure type. Unanium is
sutrounded by nine halogen neighbors at nearly equal distances, e.g. U—Cl ~ 2.9 A
(ZacHartasew, SR 1947—1948, 277). The fourth halogenide, Ul, crystallizes ortho-
rhombic and each U is coardinated by 8 iodine neighbors (ZacHARIASEN, SR 1947—
1948, 282).

Pentavalenr uranium occuss in two tetragonal modifiations of UF,, In the ¢-form
each uranium is coordinated by six Auorine neigbbors in the form of an ocahedron
with distances U—F ~ 2.2 A, The 8-form shows a seven-fold coordination to ura-
nivm, with U—F dismnces between 2,18 and 2.29 A (ZacuARrraseN, SR 1949, 169).
In UCI, the uranivm atoms are coordinated octahedrally by six chlorine aroms
(U—Cl distances between 2.43 and 2.70 A); two such ocmhedra share an edge ro
form U,Cl,, units (SurrH ef o/., 1967).
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Q2-A-2 Uranium

In the system involving UQ, and U,0, (which is only tenratively known —
GronvoLp, 1955), the crystal structures of only a few compounds have been deter-
mined. UQ, crystallizes in the CaF.-type (see below) and the eompound U,Q, has
been reported to crystallize in a cubic supetsorucrure of UO, with 4 times the UQ,
cell dimensions {Masakr and Dox, 1972}, In U,O, there are rwo crysmllographically
different uranium atoms: U(1) is coordinated by six oxygens with U—O distances
of 2.07 (2x) and 2.18 A (4 x) (after AnprEsEN, SR 1958, 296) a0d is penavaleac;
U(2) has the typical [245] coordination of hexavalent uranium with U—Qdiseances
of 2.07 (2x}, 2.17 (2x), 2.21 and 2.42 {2x). The syscem U-~Q is very complex
and deviations from stoichiomerry ate the rule, but anly the UQ, to U;O, region seems
to be significant for the natural occurrence of uranium oxides.

OI. Formally Tetravalent Uranium

The structures of two halogenides are well-known. UF, crystallizes in a mono-
clinie structure, isotypic with ZrF,, and uranium is coordinated by B fluorine atoms
{Zacuariasen, SR 1949, 168), UCl, is tetagonal with four chlorine atoms at
distances of 2.41 A, and four ar 2.09 A (MoonEey, SR 1949, 166).

The coordination number of oxygen around U(IV} is six or eighr and examples
are given in Table 92-A-1. In minerals with structures similar to columbite, (Pe, Mn)
(Nb, Ta),O, (STurmrvanT, SB 1928—1932, 337), the atoms (Fe, Mn) with six-fold
coordination (octabedral) can probably be pardally substituted by uranium, In the

Table 92-A-1. Seructural daia of mme wranivwm (IV) compornds

Mineral Chemical Coordinadon num- U-Q References
name formula ber and form of distances

the polyhedron (A)

about uranium

Coffinite  U[SiQ,] [4+4] two-fold 232 (4 ) Fucnus and GEsERT
disphenoide 252 (4x) (SR 1958, 504)
Ueaninite UQ, {8] cube 237 (8 %) several authors (SB
1913—1928, 148 and
212)
UTL, O [6] octahedron ~23(6 %) Ruuand Waoster
(1966)
UGeQ, [8] two-fold ~2.3 o Durrr (SR 1956, 283)
dispbenoide 2,5 (8x)
U[SQ,J(OH), [8] square Archi- ~23(8x) Lunpcren (SR 1952,
median 287
andprism
U0 [50,],(CH), [8] square Archi- ~2.3(8x) Lunpcrex (SR 1952,
median 287)
antiptism
U[50,],.4 H.O (8] squate Atchi- ~2.4(8X) Kiernkecaano (SR
median 1956, 354)
andprism

a UTi0, is isotypic to brannerite, (U, Ca, Th, Y) (Ti, Fe},O,.



Uranium 923-A-3

pyrochlore-like structures, (Ca, Na),(Nb, Ta),0, (O, OH, F} (several authors; 5B
1928-—1932, 340), uranium can probably occupy the positon of {Ca, Na) with a
[2-}-6] coordination of oxygens. In borh these minerals, the valeney state of the
substituring uranium is net known exacrly.

IV. Formally Hexavalent Uranium

The compound UF, is orthothombic and each uranivm is ocrahedrally coordinated
by six fluorines at distances between 2.01 and 2.13 A (Hoarp and Stroure, 1958).
The uranium atoms are arranged in the octabedral holes of the double-hexagonal
close-packing of fluorine atoms. In UC], the chlodine atoms form a neatly perfect
octahedron about uranium with U—CI distances of 2.4 A (Zacmariasen, SR 1947—
1948, 479); the chlorine atoms, are atranged in a bexagonal close-packing.

The coordination number of bexavalent uranjum against oxygen is six, seven ot
eight. Two oxygens having significantly shorter distances to the cencral acom (2.0 A

Fig. 92-A-1. Ahemnathyice, projection of a single [UO,]—[AsQ,] sheet of (001}, The num-
hers are the 7 paramerers of the atoms in the retragonal arrangement {zg= 18,13 A). The
As-atoms in the center of the tetrabedra with z = ¥, are pot drawn



Table 92-A-2. Struchiral data of same wranivm( VI} conpounds

Mineral name

Chernical formula

U-O distances U-O distances in the plane

in the uranyl  perpendicular-to the uranyl

References

group (A)  group (A)
A) Coordingtion nwnber [24-9)
Abcrnathyite K[U0O,][AsD,]-3 H,O 1.81 1.70 2.35 Ross and Evans (1964)
(4 x)
Meca-avtunite  Ca[UOQ,L[PO]y 6 H,C 1.99 1.79 232 Makanov and Ivanov
4 x) (SR 1960, 412)
Meta-totber-  Cu[UO,]4[PO,];-8 H,O* 1.82 177 2.3 Ross ¢f ai. (1964)
nite (4 x)
1.80 1.94 2.31
(4 x)
Metw-zeunccice Ca[UO,],[A3O];-8 HO 194 1.78 2,18 Haxic (SR 1960, 415)
4x)
Ba[UQ,]0, 1.9¢ 1.90 212 222 Samson and StLLéx (SR
2x) (2x) _ 1947—1948, 441)
Mg[UO4]0, 192 192 216 2.20 ZacHARTASEN (SR 1954,
2x) (@x) 463)
K,{UO,]O, 196 190 217
(4x)
Rb,[UO,]O, 191 191 2.17 Kovsa ¢t al. (SR 1958,
) {4x) 320
GCs,[UQ,]O, 191 19 2,19

{4 x)
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§-Na,[UO,]0, 193 1.93 2.12
o {4 x)
-Li,[U . . .
=-11,[00,]0, 189 1.89 }492) Kovba ¢ al. (SR 1958, 321)
a-Ng,[UO,]0, 1.90 190 224
@ x)
NH,[UO,][AsO,)- 3 HO 1.81 1,73 2.37
@x)
K(H,0)[UO,1,[As0,);- 6 H,O L77 170 233 Ross and Evans (1964)
(4 x)
CulUQ,]0, 1.5¢ 1.90 2.15 2,24 S1ecer and HoExsTra
{(2x) (@x) (1968)
£-[UQ,)(OH), 1.81 1381 227 232 Bannisten and Tayron
(2x) (2x) (1970)
[UQ,],0,(0H),° 1.83 1.83 2.07 2.42 SiEGEL ef al. (1972)
2x) @x)
Ca,[U0.]0, = 202 1,91 2,26 216 224
(2 x) RizTvELD {1960)
5£,[UO,]O, ¢ 186 1.8B5 239 211 242 2.3
B} Coordipation number [24-5]
*Anhydrous K [UO L[V Oy) 18 1.8 22 wo 24 ArpLEMan and Evans
carnotite” (5x) (1965)
Curienite Pb{UQ,].[V,O]- 5 H,O 1.67 1.66 239 237 230 229 227 BorEnEand Cesanon (1971)
Durmontite Ph,[UQ,],[PO,),(OH), 3 H,OY 1.76 176 2.33 237 232 Prrer-MEUNIER, LEONARD
(2x) (2x) and vaxn MeerscHE (SR

1962, 583)

wniuesn
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Table 92-A-2 (continned)

Mineral name

Chemical formulz

in the uranyl

U-O distances U-O distances in the plane

perpendicular to the uranyl

9-v-2h

References

group (A)  group (A)
Jachimovire CuH,[UQ,],[5i0,]),- 5 H,Ose 1.9¢ 1.87 2,27 2.63 235 226 245 Pirer-Meurizer and van
Meersche (1963)
Kasolite Pb[UQ,][Si0,] H,O L oL72 2.22 215 250 221 247 Mokeeva (1964a)
Sklodowskite MgH,[UQ,1,[5i0,],+6 H,Oas 1.7 1.7 2.2 23 25 27 Moueeva (19641b)
' 2x)
Uranophane Ca(H,0),[UQ,1,[5i0,1,- 3 H,O 1,91 19 2.5 23 22 Smrra, Gruner and Lies-
@x) (2x) xome (SR 1957, 338)
f-Uranophane Ca[UO,)[UQOH][Si0,][5i0,0H]-4 H,0= 1,77 1.81 2.27 235 238 241 Surri and Stanc (1972) c
2>} =
176 181 226 234 235 238 248 S
s, [UQL[SO, ], 1.74 1.74 237 2.47 245 Ross and Evans (SR 1940, 5
(2x) (2x) 385)
Cs,[UO,1,[V,04] 177 177 2.40 237 238 225 229 Arrixman and Evans
: {1965)
Ni[UO,],[V,0,]-4 H,O 179 1.84 233 229 234 235 221 BorEng and Cesaron (1970)
uvo,m 2.05 207 2.34 218 225 CHEvALIER and GASPERIN
(2x) (2x) (1970)
[UO,].0.{0OH),® 1.74 1.78 248 233 227 231 240 S1ecey ef al. (1972)
C) Coordination number [Z46)
Cliffordite [UQ,]Te,0,0 204 204 2,30 FISCHER ¢ al. (1969)
{6x)
1.96 1.96 25 GaLy and Mevnies (1971)

{6 %)




Dumontite Pb,[UO,),[PO,1,(OH),- 3 H,O®

Rutherfordin JUQL][CO,]

CalUG,L]O,
Se[UO,]0,-

[UQ,][NO,],6 H,0
Rb[UG,][NO;],
[UO,}Nb,0,th
[UG,]TiNb,O,

a-[UO,)(OH),

1.76

~19 ~19

191
1.9

1.717

1.78

1.95

L79

1.71

1.76

1.91
1.9

175 -

1.78

1.95

1,79

17

211
(2x)

~2-5
4 x)

2,29
(6 x)
2,33
{6 %)
2.50
(2 x)
2.48
6 x)
2,42
{4 x)
2.34
4x)

2.46
{4 x}

2.73
(4 x)

~24
(2 x)

255 240
@Zx) @x)

2.57
2>}

2.50
2x)

2.51
{23

Prrer-MEUNIER, LEONARD
and van MEErscre (SR
1962, 583)

Cunist, Cuark and Evans
{resp, Caomer and HarpeR
SR 1955, 425)

ZacHAaniasEN (SR 1948,
323}

Tavror and MUELLER
(1965)

BARCLEY ¢f af. (1965)

CHEvALIER and GAsSPERIN
{1968)

CHEvVALIER and GASPERIN

{1969)
Tarror (1971)

* Two structurally different U-positions wirh. cssentially identical coordination,

b Por one of the two structunlly different U-positions.

o Uranium (V1) compounds with an insignificant “uranyl-group,”

88 The bond of the two H atoms is unknown.

b Valency of V and Nb with respect to U not clearly defined by cornposition.

wniuean
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92-A-8 Uranium

and less) compared to the other atoms (between 2.2 and 2.5 A)are characteristic for
the so-called “uranyl-group”. The O—U—O angle within this group is 180°
(metazeunerite) or nearly this value (Ni{UQ,)[V.Og] - 4H,0). Equal dismnces of
the two oxygens lead to a symmetric UQ,-group as in rutherfordine. An asymmetric
UQ,-group has been found in mera-zeunerite, abernathyite and mera:-torbernite
where the other oxygens of the uranium polyhedron are arranged in a plane, per-
pendicular to the axial direction of the linear uranyl group.

To summarize, Evans (1963) has made an attempt to explain the different rela-
tions in the coordinaton of hexavalent vranium, Thisauthor also tahulated the crystal
structures with uranyl groups according to the varying coordination within these
groups; similarly, the coordinarion and U—Q distances of some uranium{VI)
compounds are listed in Table 92-A-2.

Ia the minerals of the torbernite group, isolated [24-4] uranium polyhedra, and
[PQO,] or [AsQ,] tetrahedra are linked rogether in two dimensions (Fig. 92-A-1).
Interlayered water and pardially hydrated metal-atoms coanect these sheets in the
third direction. For the first time, BEmnTEMA (5B 1938, 24} has described these struc-
tural elements in the proposed crystal structure of antunite,

A large number of synthesized *“uranares” sbow the same [244] coordination
prnciple. In Mg[UQ,]O,, the uranivm polybedra linked by two shared edges form
endless chains in one direction. Ba[UQ,]O, has a layer structure built up by uranium
octahedra with four shared corners.

The {2+5] coordination plays an important role in uranyl vanadares and silicates.
In curienire and also in Cs,[UQ,],[V,O4], the Cs-analogue of carnotite {(cf. Fig. 23-
A-5, this Handbook), the uranium polyhedra share edges, forming U,O,, units.
Uranophane and f-uranophane show typical sheet-structures, in which uranium
polyhedra and silicon retrahedra are conneeted in two dimensions.

[UQ,]Te;O; conmains UOQ, groups in a (Tey0,)*~ framework; cliffordite erysral-
lizes in the same seructure type. Rutherfordine has a sheet-srructure in which the
carbonate groups and {246] coordinated uranium atoms share edges. Synthetic
(UQ,] [NQ,], - 6H,O is characterized by two O—O edges of NO, groups belonging
to the coordination polyhedron argund US*; a similar coordination is found in
RbB[UQ,] [NO,]; where three edges of nitrate groups coordinate one uranyl group.

Several forms of wranium trioxide are known. 2-UQ, crysellizes hexagonally, and
each uranium is coordinated by eight oxygens (U—O:2.08 (2x), 2.39 (6x);
ZacHaniasen, SR 1947—1948, 224), but the structure now seems to be more com-
plicated (Loorstaa and CorpFUNKE, 1966) thaa described here. The form §-UQ, bas
five structurally differenr uranium atoms, with [6] and [7] coordination of oxygens
aad U—O distances between 1.52 and 2.77 A (DesETs, 1966). In 9-UO, the oxygens
form distorted ocrzhedra around urapium (EneMann and Worrr, 1963) and §UQ,
is said to be isostructural with ReQ, (Warr, SR 1935, 356). Finally, in a high pressure
form of UQ, uranium has a seven-fold coordination with U-—QO distances from 1.80
ro 2.56 A (SiEGEL ¢/ af., 1966).

Warnscript recefved; Augus 1572
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in an earth having the composition of an average chondrite. Taking into account
tegional variations in heat flow, the average flow through the earth’s surface cach
year is about 2 X 10% calories for the entire earth. The total amount of heat produced
by radioactive decay in a chondridc earth can be calculated from the average con-
centrations of radioactive elements in chondrites. Tables 92-C-1 and 90-C-1 show the
average uranium and thorium concentrations in chondrires as approximately 10-2
and 4 X 10-2ppm respectively. (The data of Startk and SHaATs (1956) zre not included
in the averages beeause rheir values are so markedly differenc from those of other
workers.) The average concentration of potassium in chondrites is 0.1 percent. The
amount of hear generated by one gram of the meral of each of these three elements
plus the daughter products in secular radicactive equilibeium with the uranium and
thorium js: -

potassium 2.7 X 10-% calfgm/yc
thotium 0.20 cal{gmfyr
ucanium 0.73 cal{gm{yr.

From these data plus the mass of the eacth, the rotal heat produced hy radioactiviry
in a chondritic earth would be approximately 2 X 10* 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 rhe same coral amount of radioactive material under-
lying equal surface areas of contineats and ocean basins. The heat produced by rocks
commonly used in such models is shown below in terms of the amount of heat
generated in one year in 2 column of rock one kilomerter long and having a cross-
sectional area of one square cendmeter. Thorium and uranium concentrations are
taken from Tables 90-E-1 and 92-E-1 cespeetively, and potassium concentrations are
from Chaprer 19 (courtesy of Dr. K. 5. He1er).

Th U K Heat
ppm  ppm  ppm calfem?fye foc
metal 1 km of rock
Granite (> 70% S5i0. 18 4 36 x10t 20
Oecanic tholelific basale 018 0.10 0.17 x 10* 0.05
Plateau basalc 196 053 0.75 x 10* 0.3
Dunite and peridouite <005 001 10—20 0.01
Pipe celogite 0.22  0.405 0.1—02x10t 0.03
Eclogite in memmorphic teceaines 046 020 0.1—-02x10¢* 0.1

The tahle clearly shows the extreme concentration of radioaetive elements in
continental-type rocks. Thus, an approximate equality of hear flow in continentat
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 fact has been used to ergue against a continental drifing hy means of some
simple shifting of contncntal masses over a more plastic mantle (see discussion by
Bincn, 1965, and MacDowarp, 1965).
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Comparison of average concenuations of thorium and urznium in chondrites
(Tables 90-C-1 and 92-C-1) with the coacentrations in crusml rocks shown zbove
clearly indicates extreme outward migration of thorium and vranium in the earth.
Tirrow and Reep (1963) poinr cut thar the abundances of radioactive elemencs in
chondrites are much lower than those required to account for the ohserved oceanic
heat flow, which must come largely from the mantle, uness the oceanic upper maate
has undergone considerable fracdonation from a chondritic earth, A mantle with
the composition of the average dunite also would not be suffidenty radioactive to
account for oceanic heat flow, and Truyon and REED conclude thar eclogites may be
importanr constituenrs of the oceanic vpper maantle.

Revisd mapuscript dexeived: July 1681h, 1947
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92-C. Abundance in Meteorites, Tektites,
and Lunar Materials

1. Meteorites

‘The exeeptionally low concentrations of radioactive elements in mereotites have
made their determination difficult. The refinement of neutron activation techniques,
however, has made it possible ro estimare the small concentrations presenc even in
cthe iron meteorites. The concentrations of uranium in a variety of meteorites are
given in Table 92-C-1. Measurements of the concentration of thorium in meteorsites
are far less abundanr than those of uraninm. The thorium concentrations and Th{U
ratios where available are given in Table 90-C-1.

Table 92-C-1. Contents of uranisem in meleorites

Name Class No. U Method  Reference
symbal of 10! % ppm
sam-
ples
Stonss
Acbondrites . .
Angra dos Reis Aa 2 19.85 N Morcan and LoveRiNG
(1964)
Binda Ap 2 2,27 N MonGan and LovERING
(1964) '
Bishoprille Ac 2 0.517 N Morcan and Lovering
T (1964)
Cumberland Falls Ac 1 1.0 R Dawvis (1956)
Ellemeer Ab 2 0.151 N MoRrcan and LovERING
(1964)
Johnstown Ab 2 0.22 N Kénie and Winke (1959)
1 11 N Bare and Hurzenca (1963)
2 1.15 N MoRrGaN and LovERmNG
(1964)
Moore Co. Ap, 2 1.96 N Morcan and LovERmG
(1964)
Nakhla Ado 2 4.92 N MonrGan and LovERING
(1964) -
Norton Co. Ae 1 1.0a 1 ParTERSON ¢f al. (1953)
Nuevo Laredo Ap 1 12.6 N HasacucH ¢f af, (1957)
2 15.5 N REED ¢&f al. (1960)
fragment II 2 13.2 N Morcan and LOVERING
(1965a)
fragment I 2 139 N MonrGan and- LOVERING
(1965a) .
Pasamonce Aor 1 5.42 N Kdrc and Winke (1959)
Sioux Co. Ap 1 6.30 N Kérie and Winke {1959)
Suaroe Pay’ Yanoe Ae 17-18 Land N Stamx and SHats (1960)

L Springer-Verlag Berlin » Heidelberg 1969
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Table 92-C-1 (continued)
Nzme Class No. U Method  Reference
symbol of 10" X ppm
sam-
ples
Chondrites
Abee Ce 3 110 N REED ¢ al. (1960)
2 1.50 N Gores and ANDERS (1962)
Alaba 1 0.9 N HeaneGGER and WinkE
{195
i 0.8 N EBERT ¢# o/, (195T)
Beardsley CH 3 120 N REmD # of. (1960)
1 1.13 N Knig and Winke (1959)
Brrirscheid 1 1.5 N HeewecGer and Winke
{1957
1 1.23 N ERERT #f af. (195T)
1 1.24 N Kénig and Winke (1959)
Bruderheim CL 3 1.50 N GoLEs and ANpers (1962)
Elenovka CL 1 11.0 Land N  Srtarix and Suats (1960)
{toral)
chondrules 2 214 Land N Srarix and Suars (1956)
matrix 2 286 Land N Srtarix and Snats (1956)
Ergheo CL 1 21 N GorEs and ANDERS (1962}
Forest City CH 1 1.02 N HawagucHr ¢ al. (195T)
2 1.50 N Reep o al, (1960)
Holbroak CL 2 1.26 N Hamagucat ef al. (1957)
4 1.60 N REED ¢t ai. {1960)
Hrvitris Ce 2 0.419 N LovarING and MonGan
(1964)
Indarch Ce 1 1.6 N REED ¢t af. (1960)
3 0.9 N GoLrs and ANDERs {1962)
Karoonda CHL 2 1.37 N LoVERING and MonGaN
(1964)
Kunashak 4 227 Land N Stawik aod Suats (1956)
Mighei Cg 1 16 N REED # of. (1960)
2 1.4 N Gores and ANDERS (1962)
Mocs L 1 1.1 N GoLEs and ANDERS (1962)
Medoc CL 1 11 I PatTERSON ¢f af, (1953)
1 1.08 N HasagucHr e al, (1957)
4 1.40 N REeED e af. {1960)
4 27 I ParreasoN in Hamacuchr
e af. (1957)
1 1.04 N Kbtmic and WANKE (1959
Mokoia CHL 2 1.40 N LovermG and MorGan
(1964)
Murray Cea 3 2.00 N GoLEs and ANDERs (1962)
Orgueil Cc 2 08 N REED ¢/ o/, (1960)
2 242 N LovermnG and MORGAN
(1964}
Pultusk CH 1 1.20 N EBRRT ¢f al. (1957)
or CL
1 1.23 N KO6nIG and Winge (1959)
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Table 92.C-1 (Cohtinuec_:l}

92-C-3

Name Class No. U Method  Reference
symbol of 107 X ppm
sam-
ples
Richardion CR 2 1.22 N HamacucHI ef af, (1957)
1 1.3 N Gores and Anpenrs (1962)
Saracov (rocal} CL 85—90 LandN Sramk and SHars (1960)
Chondrniles : 1 20.0 Land N Sramx and Snats (1956}
Matrix 1 332 Land N Sranix and Suats (1956)
St. Marks Ce 1 0.9 N Goues and A~pERrs (1962)
Stilldalen CH 1 1.1 N Gores and Anoers (1962)
or CL
Stomy irons
Antofagasta P 1 1.0 R Davis (1950)
{metal)
Brenham P 1 0.79 R Davis (1950)
(clivine) 1 <009 R Davis (1950)
{metal) 1 0.06 R REeaspeck and MATNE
(1955)
(stone) 1 0.64 R Reasneck and MarnNE
(1955)
(metal) 1 0.0005 N REED ¢ af. (1958)
1 0.012 N REED #f al. (1958)
Salea P
(metal) 1 19 R Davis (1950)
{olivine) 1 0.12 R Davis (1950)
Irons .
Cafion Diablo Og 0.0005t0 N REED ¢/ af. (1958)
0.0014
(metal) 1 <006 N Gouss and ANDERs (1962)
{troilice} 1 0.35 N GoLes and ANDERrs (1962)
1 0.4 N REED #f af. (1960)
1 0.9 I PaTTERSON ef af. {1953)
Carbo Om 0.0003 N REED ¢f of. (1958) -
to 0.007
Chebankol Og i 1.68 Land N  Stanix and Smats (1956)
Chinghe D 1 1.73 Land N  Starik and SHaTs (1956)
Granc Oof
{metal) 1 <005 - N Gores and ANDERs (1962)
{roilite) 1 0.65 N Gores and ANDERs (1962)
Sardis (troilite) 1 0.65 N GpLrEs and ANDERs (1962)
Sikhote-Alin H 2 219 Land N Stamk and Suars (1956)
I <0002 N Fireuman and Fisuen (1961)
Sorod (troilite) uncl. 1 1.7 N Gores and Axpenrs (1962)
Thunda 0.0005 N REED ¢/ al. (1958}
to 0.032
Toluca Om
(metal) z2 «<0.015 N Gotres and AncEers (1962)
(trotlite) 1 1.0 N Gotes and AnNDERs (1962)
(troilite) 1 <13 N REED ¢f af. {1960)
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With regard to the various tvpes of meteorites, the ahundance of uranium is
partdculacly low in the irops. Early determinations in the range of hundredihs of a
part per million wranium in the teons are probably not accurate, and the more rocene
data are in the range of tenths of a pact per billion. The abundances of uranium in the
stony meteorites ate higher than in the itons, with the choadrites averagiog 0.01 to
0.02 parc per million of the meral, roughly two orders of magnirude greater than in
the irons. The achondrites may contain slightly more vranium than the chondrites.

II. Telktites

The abundances of vtzaium in various tekdtes ace shown in Table 92-C-2.
Comparahle values for thorium and the Th{U rado are given in Table 90-C-2.
Tektites are interesting in view of the possibility that they might be of extratercestrial
otigin, The concentrations of radicactve elements in tekdtes, however, are at least
two orders of magnitude greater than in meteorites. In fact, concentrations of radio-
activc materials in tekttes are rather similac to those found in surficial materials on
the earth, This similarity, of course, docs not prove tecrestrial origin but is at least

Table 92-C-2. Contents of wraniwm in tekiites and glasses

Name . No. of U Method  Heference
samples  ppm

Australice 2 2.6 R Duezy (1933}

4 1.6 L Apaws {1956)

1 1.74 I Tivron (1958)

6 2.0 R Cuzrery (1962)

1 27 R CHERRY and Apaxs (1963)

8 21 )i Bacacex and Apaxss {1966)
Bediasite 4 1.3 L ADams #f of, (1959)

2 1.5 R Cuennr and Aoass (1963)

10 19 R Baracek and Apaus (1966)
Billitonite 1 27 R Dusey (1933)
Ivory Coast Tekrite 1 0.91 L FrieDMaAN (1958)
Indochinite 2 1.7 L Aoams (1956)

1 2.24 L HenE {1961)

3 2.2 L StarIK ¢ al. (1961h)

4 2.1 R CHERRY and ADAMS (1963)

5 2.2 R Baracek and Apams (1966)
Moldavite 4 2.7 R Dueey (1933)

1 1.8 L ADpauMSs o al. (1959}

2 1.9 L Heoe (1961)

2 2.2 L Srartk e af. (19616}

1 2.1 R CuEernay and Apams {1963)
Philippinite 1 1.6 L Apays (1956)

1 2.5 L Svarne ¢f al (1561 0)

1 1.85 i3 Cuenrny and A oaus (1963)

12 2.6 R Baracex and Apams (1966)
Darwin glass 1 14 R Dusey {1933)

1 19 L Apasts (1956)
Libyan glass 1 0.8 L STARIK ¢f af. (1961Db)
Peruvian Glass 2 18.4 R CHeErRY and Apams [1963)

Tekeites Ave. 1—2 Apars (1956)
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a strong indication of that possibility. Regional differenees in the abundances of
thorium and uranium in tektites have recently been summarized by BaLacex and
Apawms (1966), who also reporr a large number of new analyses. The origin of these
regional differences has not been established.

Rorised mrobrmuscript received: July 1947

IO. 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 a2 meaningful way. The
reason for this is that rock types are often ill dehned or form only smail 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 represenrative 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 close to a specific concentration level
with rather small variation. The large number of analyses therefore, probably pro-
vides 2 good estimate of the U concentmtion of the varions petrographic units.
Agreement between average concentrations obrained by neutron aetivation, mass
spectromerry, y-ray spectrometry of natural radicactivity and occasionally fission
track counting is good. Spark source mass spectrometry in many cascs yields clearly
deviating values and therefore these data were not uscd.

Table 92-C-3 lists the average uranium concentrations, their range and standard
deviations for the various rock types encountered ar each landing sive. The grouping
of the rocks is to a very large degree arhitrary and an exampie of this is the melt
rocks. They comprise the so-called anorthasitic, trocrolitic, very high aluminia and
Apollo 14 KREEP basalts which coneain clases or xenolithic materials and frequeatly
show evidence of shock or reaction with the melt matrix concaining them (Irving,
1975, P VI, 363)1; the Apollo 15 and 17 KREEP basalts were also included with
this group. It is cerrainly possible to subdivide a particular group on petrographic
grounds, bur in most cases there is cither no consensus on the classification or the
differences arc nor borne ont in the uranium concentrations, c.g. for the mare basalts.

Table 02-C-3. Uraninm in frouar rocks

Mean  Range 3 Numhber References
ppm U ppmU of analyses
Apollo 11
Soils 0.56 0.29-1.2 017 22 15, 22, 26, 28, 49, 60,
67,69,77,78, 85,88, 90
Breocias 0.56 0.36-0.69 0.08 31 26,27, 49, 59, 67, 69,77,
85
Higb-K basalts 0.75 0.47-0.88. 012 29 26, 27, 31, 49, 59, 60, 66
67, 69, 77, 85, 86
Low-K basalts 0.23 0.14-0.41 0.06 27 26,27, 49, 59, 60, 67, 69, .
77, 85

-

! The abbreviations P I to P VI refer to the Proceedings of the First to Sixth Lunar Science
Conferences, Geochim. Cosmochim, Act Supplements 1 wo 6 (1970-1975).

@ Springer-Verlag Berlin - Heidelterg 1978
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Uranium

Table 92-C-3 {continued}

Mean  Range s Nuomber References
ppm U ppmU af analyses
Apolls §2
Soils 1.85 0.9-3.27 0.54 42 4, 13, 23, 38, 57, 61, 63,
65, 72, 80, BG, 90
Breccias 525  219-103 302 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
Apolle 14
Soils 3.34 2.14.07 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, 8D
Melt rocks LN 2.6-3.9 0.37 11 5, 18,37, 41,62, 71, 74
Basale 14053 0.58 6.52-0.64 0.05 4 37,71, 74
1 Anorthositie 0.58 — — 1 33
fragment 14161
Apollo 15
Soils 1.11 0.51-1.89 026 42 3, 20, 25, 37, 41, 58, 62,
. 81
Breceias 0.83 0.35-1.46 0.32 12 35, 37, 58
KREEP-rich 315 2.9-3.28 0.17 4 37,62
breecias .
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, B3
Anorthosites 0.0076 0.0015-0.043 0.0065 5 33, 37,83
Apolla 16
Soils 1.11 0.51-1.89 0.26 42 29, 40, 50, 52, 53, 75,
82,91
Breceias 0.57 0.062-1.31 037 49 6,12, 17, 19, 29, 35, 39,
50, 53, B3, B4
KREEP-tich 235 1.7-3.2 0.45 8 6, 12,17, 39, 45, 53
breccias
Mele rocks 0.61 0.28-1.10 034 11 2,3,12,17, 19, 35,53
Anorthgsites 0.026 < 0.0006-0.101 0.31 11 12, 35, 52, 53, 75, 83,
84,91
Apello 17
Soils 0.46 0.16-1.0 0.26 66 6, 11, 18, 19, 25, 39, 52,
54 64 84
Breccias 1.27 0.51-2.06 041 27 7,18, 25, 35, 39, 55,
83, 84
Mele rocks 0.29 0.20-0.41 006 12 35, 56
Baszalrs 0.13 0.07-0.22 .03 33 7, 18, 25, 54, 83, 84
Lima 16
Soils 0.29 0.1-0.36 019 6 1,34,73,79
s 20
Soils 0.32 0.22-0.41 0.07 [ 2,48, 68,70, 75
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Referencer: Abbreviations P1to P VI=Proceedings of the Lunar Science Conferences,
Geochirn. et Cosmochim. Acra, Supplements 1 o 6; GCA = Geochim. er Cosmochim. Actz;
EPSL = Earth Planer. Sci. Latters.

1. ALseg, A. L. &2 af. (1972), EPSL 13, 353. 2. Bansat, B. M. & o/, (1972), EPSL 17, 29.
3. Barnes, L L. efal. (1973), P1V, 1197. 4. BaunrFert, A. Q. # 4f, (1971}, PII, 1281.
5. BRUNFELT, A. Q. et of, (1972), P 111, 1133, 6. Brunrewr, A. O. #f 4f. (1973), P IV, 1209,
7. BRUNFELT, A. O. ¢t of. (1974), P V, 981. B. BrunrerT, A. Q. ¢4/, (1971), EPSL 11, 351;
9. BurnerT, D. ¢f af. (1971), P11, 1503. 10. Boscwue, F. D. o4l (1972), EPSL 14, 313,
11. Cuuncu, S.E. ezal (1974), PV, 1389, 12. Crark, R. 8. #f a2l (1973), P IV, 2105,
13. Cuirr, R. A. ef af, (1971}, P11, 1493, 14, Crosaz, G. ¢ of. (1972), P II1, 1623. 15. Cro-
saz, G. ef af. (1970), P I, 2051. 16. ELpRTDGE, [. 3. &f 2/, (1972), P III, 1651. 17. ELDRIDGE,
]. 5. et af. (1973), P IV, 2115. 18. ELDrIDGE, J. 5. ¢f af. (1974), PV, 1025. 19. ELDRIDGE,
J. S. ez al. (1975), P V1, 1407. 20. Fierps, P. R. ef al. (1973), P IV, 2123, 21. Frerps, P. R,
et al. (1972), P III, 1637. 22, Fierps, P. R. ¢/ al. (1970), P I, 1097. 23, Fiewps, D. R. ef al,
(1971), P I, 1571. 24. FLesscuzn, R, L. ¢ af, (1971, P 1L, 2559. 25. FRUCHTER, J. S. ¢f al.
(1975), P V1, 1399. 26. Goiss, G. G. & of. {1970}, P 1, 1177. 27. Goies, G. G. ¢ 2/ (1970),
PI, 1165; 28. GorarLan, K. ¢f al. (1970), P I, 1194.29. GRaF, H. et al, (1973), P 1V, 2145,
30. Hamves, E. L. e/ af. (1971), EPSL 12, 145. 31. Herzog, G. F. & ol (1970), P I, 1239,
32. Huspanp, N. ). efal. (1972), P HI, 1161. 33, Hupsanrp, N. J. ¢/ al. (1971), EPSL 13, 71.
34. Hueearp, N. . ¢ al. (1972), EPSL 13, 423, 35. Hussarp, N. J. ¢ af. (1974), P V, 1227.
36, Hurcueon, 1. D. e ol (1974), PV, 2597. 37. KEeitH, J. E, ef 2l (1971), PIII, 1671.
38. Kuankar, D.P. &al. (1971), PII, 1301. 39. Laor, ]J.C, er gl (1974), PV, 1047.
40, Lave, J. C. et af. (1973), GCA 37,927, 41, LauL, J. C.ef al. (1972), P I, 1181. 42, LinD-
stroM, M. M. et of, (1972}, P ITT, 1201, 43. LoverINg, J. F. & al. (1970), P I, 627. 44. Love-
RING, ]. F. ¢ al. (1971}, P II, 151, 45. LOvERING, ]. F. ¢f al. (1975), P VI, 1203. 46. Love-
AmNG, ]. F. et of. (1974), EPSL 21, 164, 47, LoveRING, J. F. ¢f o/, (1971), P 11, 39. 48. Mor-
Gan, J. W. ot afl. (1973), GCA 37, 953. 49. Mbprruson, G.H. «ral (1970), P11, 1383.
50. Morrston, G. H. &7 /. (1973), P IV, 1399. 51. Morrisan, G, H, ¢ 2/, (1971), P II, 1169,
52. Murcer, Q. (1975), P V1, 1303, 53, Nuwes, P. D. &/ o/, (1973), P IV, 1797. 54. Nunes,
P.D. etad. {1974), PV, 1487. 55. Nunes, P. D. et af. (1974), EPSL 23, 445, 56. Nunes,
P. D. er al. (1975), P VI, 1431, 57. O'KEeLLEY, G. D. ef af. (1971}, P II, 1159. 58. O’KELLEY,
G. D. et al. (1972), P 111, 1659. 59. O'KerLey, G. D. ef al. (1970), P I, 1407. 60. PERKINS,
R. W. etal. (1970), P1, 1455. 61. RanciteLLy, L. A, eraf. (1971), PII, 1757. 62. Rancr-
tELLr, L. A, ef ol. (1972), PIIT, 1681. 63. Reen, G. W. ef al. (1971), P IT, 1261. 64. RrtoDes,
J. M. et al. {(1974), P V, 1097. 65. RosxoLr, J. N. #f af. (1971), P II, 1577. 66. SCHONFIELD,
E. erof. (1972), P I, 1379. 67. Swver, L. T, (1970), P I, 1533. 68. Sunkov, Yu. A. ¢/ al.
(1973}, P IV, 1437, 69. Tatsumoro, M, (1970), PI, 1595 70. Tatsusmoro, M. (1973},
GCA 37, 1079, 71, Tatsumoto, M. & af (1972), P IITI, 1531, 72. TatsusmoTto, M. et al.
(1971), P I, 1521. 73, Tera, F. et 2l (1972), EPSL 13, 457, 74. Tena, F. eral (1972),
EPSL 14, 281. 75. Tera, F. ¢ af. (1972), EPSL 17, 36, 76. Tu1iew, K. ¢ of. (1972}, EPSL 16,
31, 77. Tumekian, K. K. &/ o/, (1970), P I, 1659, 78. Turkevicn, A. o of. (1971), P II,
1565, 719. VingGrapov, A.P. (197T1), PII, 1, 80. VoseckY, M. ¢/ 4l (1971), PO, 1291,
B1. Winke, H. er o/, (1972), P I1I, 1251, B2, Winks, H. &7 2/, (1973), P IV, 1461, 83. WinkE,
H. ef ad. (1975), P VI, 1313, 84, WANkE, H, «f 2/, (1974), PV, 1307. 85. Winre, H. ¢/ al.
(1970), PI, 1719. 86. Winke, H. «f o/, (1971), P II, 1187, 87. Waxrra, H. ¢ al. (1970),
EPSL 9, 169, 88. Wancess, R. K. er2l. (1970), P1, 1729. 89. Wuxk, H. B. ez 2/ (1973),
EPSL 17, 365. 90. Waicrey, R. C. (1971}, P I, 1791, 91, WaicLEY, R. C. (1973), P 1V,
2203,

The variation within each group at one particular landing site is, in general, smaller
than between analogous rock groups of differeor 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 pcher rocks, except the anorthositic
ones, can be approximared by a two-component mixing model wich varving pro-



92-C-8 Uranium

portions of the end-members (e.g. ScronmEewp, 1974, PV, 1135). For Apollo 11
these are low-K (£ 0.06% K, ~0.2 ppm U} and high-K (~~0.25% K, 0.75 ppm U)
mare basalt. For the other lunar landing sites the end-members are low-K mare basait
and the hypothetical rock KREEDP. The latter is very rich in K, REE, P and other
incompatible elements like Th and U which are present du¢ o concentration by
diffetencdiation processes. In general, the U content of a rock is dominated by its
KREPP component which provides up to 34 ppm U in some breccias. No pure
KREEP, however, has ever been found, The highest U eoncentration of 6-10 ppm
was encountered in a gmnide differentizte (white portion of breccia 12013), the
lowest of < 0.0006 ppm U inan almost monomineralic anorthosite (roek 63315). The
average for anorthosites is 0.02 ppm U. The emezald green glass of Apollo 15, which
is considered a representative of the least differentiated mare basalt conrains 0.045ppm
U (average of 445 fission track analyses, FLEISCHER of o/, 1974, PV, 2251; STorzER
et al,, 1973, P IV, 2363), average low-K mare basalis ~0.2 ppm U and high-K mare
basalts ~~0.75 ppm U. The melt rocks are all uranium-rich types with uranium con-
tents around | ppm.

Geochemically the uranium in luaar rocks is characterized by its stronger co-
herence with Th than in terrestral rocks. 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 that the uranium content of the rock-forming min-
erals is extremely low: Pyroxenes, feldspars, olivines, cristobalites and ilmenizes con-
tin < 5 ppbk U (BurNETT ¢ of., 1971, P II, 1503; Crosaz e al., 1970, P I, 2051;
LovERING ¢f al., 1970, P I, 627), Most of the uranjum in voleanic racks is localized
in indeterminarte inteesticial areas of possibly glassy material enriched in Si, K, P It
probably represents a quenched residual magmatic liquid which concenrrares ura-
nium uptil the very last stage of erystallizatian. Only then does the uranium enter
discrete phases leaving the glassy matrix essenually devoid of vweanium (Buanerr
ef al.,, 1971, P II, 1503; Lovening ¢f af., 1970, P I, 627; 1971, P II, 151, and 1972,
PIIT, 281; RicE ef 2, 1971, P11, 159). These phases are baddeleyite, zircon, tranquil-
lityite, a mineral which perhaps is zirconolite, whitlockite and apatite. In lunar brec-
cias the uranium is less strictly confined to certain phases of interstitial material
(LoveamNg et al., 1970, P 1, 627) and the distributed uranium may amount vp to 95%
(GRrAF et o/, 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 ef of,, 1974, PV, 1067) yiclded
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 surfzce, Since the Th{U ratio on rhe moon is very con-
stant at 3.65 4 (.3, these data permit the conelusion to be drawn 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 from the values for the soils of Table 92-C-3 they are probably
representative, since for the least heterogencous landing sites (Apollo 11 and 16) the
otbital data are close to the averages of the soils. The U and Th concentrations in
the crust are due to strong enrichment. Based on element correlations, geochronology
and heatflow measurements (LANGSETH ¢f al., 1972, The Moon 4, 390) and depending
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Table 92-C4, U content of U concentrating phasess

Mineral Typical Range No. Rock References®
values ppm U of grains numbers
ppm U analyzed
Apatite 40-60, 31430 27 1084, 12013, 14305, 9, 30, 36, 76
100-200 14321, 72315, 72395
Whitlockice 2080 10-880 4 12013, 12040, 14301, 9, 29, 30, 36
14318, 7225
Monazire 270 — 1 10047 46
Zircon 100—400 < 1D-1,500 24 10084, 12013, 14301, 9, 14, 24, 30
14311
Baddeleyite 50-150, ~10-1,500 =20 10047, 10057, 10069, 9, 14, 24, 43,
300450 12002, 12020, 12022, 44

12028, 12040, 12051,
12053, 14301, 14306,
14314, 14311

Tranquilli- 50~300 40— 1,000 > 13 10047, 10057, 10069, 44, 47
tyie ) 12002, 12020, 12022,

' 12051, 12053
Zirkelired) 2,000 1,900-2,200 5 12036 - 10

* Besides the minerals listed, there are other major U carriers which were not yet iden-
tified. They ace 2ll Ze-Ti or phosphate minerals which probably are tranquillicyite, zickelite
or zitconalite and unresolved intecgrowths of apatite and whitlockice. The highest U
concentration (1.6%) was reported for a Zr-Ti mineral in rock 12013 conmining also
much Fe, ¥, Nb, REE, Th and Ph (Reference 30).

b For references see footnote of Table 92-C-3.

o Pel* (Zt + Y)»Ti;S1;00,

a4 CaZrTiO,,

‘Table 92-C-5. Uraniwm balance in the fumar rocks 12013 and 12040 (Taken from reference 9

of Table 92-C-3)

Phase 12013 12040

U o of U % of

{ppm) to=l U (ppm) ol U
Apatite 170 25 s s
Whitlockite 190 25 104 78
Zircon 330 17 . .
Baddeleyire e » B40 10
Zr-Ti phasc 2,000 10 1,300 5
Distributcd o) 20 79

97 100

& Not present.
U Dark arcas rich in P.
¢ From major minerals, both from buried sources and diseributed.

oo the model of lunar evolution, overall uranium concenteations of beeweea 30 and
86 ppb were estimared, with values of around 60 ppb being the most probable ones
{PAPANASTASSIOU & al., 1971, Earth Planet. Sci. Lerters 11, 37; SoLomoN ef 4/, 1973,
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Phys. Earth Planet. Interiors 7, 15; Toxséz ef af., 1973, The Moon 7, 251;
WANKE ¢f af., 1973, P IV, 1461; SCHONFIELD ¢f o/, 1974, P V, 1135; GANAPATHY
et al., 1974, PV, 1181; HuBsARD &f &/, 1975, P VI, 1057; ConeL &f af., 1975, The
Moon 14, 263). '

The 3 {B51] ratio in lunar tocks is the same as in resrestrial samples: 137.84-0.3
(BARNES ¢f ol., 1972, P III, 1465 and 1973, P IV, 1197; Fierns &2 4/, 1970, P 1, 1729
and 1972, P 111, 1637; RosHouT ¢f 4l., 1970, P 1, 1499 and 1971, P I, 1577; WanLEss
ef af,, 1970, P I, 1729). As 2 107 yeat difference in the time of nucleosynthesis of the U
isotopes would be reflected in 2 1% difference in the 23U{25U racios of lunar and
tertestrial uranium, this implies that the U in the two bodies has 2 common origin
within 4 5 million years, ‘The 231) daughter is in radioactive equilibrium with patent
28] in the lunar rocks (RosHoLT ef af., 1971, PII, 1577).

Mupuacript recsived: January 1977
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92-D. Abundances in Rock Forming Minerals (I),
Uranium Minerals (II)

Uranium occurs in a varicty of minerals but characeeristically is concentrated in
a few species of minor abundance. Where uranium is present as trace quantities in
such major minerals as quartz and the feldspars, its mode of occurrence is uncereain,
though the following possibilities may be listed: (1) isomorphous substitution in
the lattice, (2) concentrarion in lattice defects, (3) adsorpuon along crystal imper-
fections and grain borders, and (4) inclusion as microcrysmals of uranium minerals,
Table 92-D-1 summarizes the abundances of urapium in rock-ferming minerals and
uranifercus accessories in igneous rocks, Comparable concentrations of thorium and

I

Th{U ratios are given in Table 90-D-1.

Table 92-D-1. Contents of uranium in minerals in igneous rocks

U in ppm References
(No. of samples)
Major minerals
Quartz 1.7 P20
0.1-10 A3, CQ); D(); F(2); L©);
M (3); P (20); Q(2); R (2); V(D)
Feldspar {including potassium 27 P (42
feldspar and plagioclase) 0.1-10 A C3):; D); F@); L (©);
M (3); N (2); P42); Q(7: R{2);
um
Biotite 8.1 P (23)
1-60 A CO);F@;LE6G); M3
N(2); P (23); Q(5); R(2); U
Muscovite 2-8 C(); M(2); P(4)
Homblende 1.9 P%
0.2-60 A); C2y LM#); PAY; QG
R(2; U (D)
Pyroxene 3.6 P{11) .
0.1-50 A P(1); Q) R(D)
Olivine {from dunire) ~0,05 T (20)
Aecessory minerals
Allanite 200 ] (10)
30-1,000 B (1); C(1); J(10); L (6); M (3);
N(2); P(10); R(2): S(5); U (1)
Apatiee 65 H (29)
10-100 €(2); D (1); F (2); H (29); L {6);
M@);NQ@EsPA:QIH UM
Epidote 43 H@©
20-200 H (9); P (3)
Garnet 6-30 C(2); P4

) Soriager-¥etlng Berlin - Hoidelberg 1959
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Table 92-D-1 (Continued)

U in ppm References
{No. of samples)
Huttonire Ix10P—7 x 10" V {individual grains from one rock)
Magnerite (and other opaque 1—30 A(12); C(@2); D (1); F (2); L (6);
minerals) i\jl((i);N (@) P(23); Q@); R(1);
)
Monazite 3000 H {11
500—3000 C(2; H(11); K (4); M (3); N (2);
P@;R()
Sphene 280 H (25)
10—-700 DM); F@); H@5); L (6):; M (3);
“@
Thorianite and Uraninite varies from ThO, 10 UO,
Thorite and Uranothorite varies from ThSiO, to USiO, (2)
(solid solution may not be complete)
Xenotime 300—4 x 10 C(2; P
Zircon 1330 H (43)
100—6000 C (3 D(1); G(21); H43); L (6);

M@3);NEP4:; QM: UQ);
v

Ranges of concencrations shown are those within which uranium values commonly lie,
rather than the excreme values of the vardous mineeal suites. Average values are reported
for; major minerals in several batholiths of the western U.5.A. analyzed by reference P,
using fluorimnetric methods; accessory minerals from a sampling of North American granites
hy reference H, using gamma-spectrometric metbods; and a suite of allanite separates by
reference ], using radiomerric methods, References listed below are cited for each mineral,
and the numbers in parentheses in the tahle by each reference indicate the number of samples
analyzed.

f\. Keevis {1944); B. Hutron (1951); C. LARSEN JR. and Puarn (1954); D. Ticron ef af,
(1955); E. Lanrsen Ja. ef af. (1956); F. Tauson (1956); G. WEnBER #f o/, (1956); H. HunrEY
and Famsaian (1957); J. W. L. Ssuth ef of, (1957); K. Tieron and Nicoraysen (1957);
L. Leonova and Tauson (1958); M. Caentsov (1959); N. Baranov and Du (1961); P, Lag-
sEN | R, and Gorrruiep (1961); Q. Lronova and Pocravova (1961); R. MELIKSETYAN (1961);
S. LEonova (1962); T. Heter and Carrer (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 GorrraieD and LarseN Jr. (1954); LarseN JR. (1954); Paamr (1955);
and Puaatr (1956).

A major method of investigation of alpha-emitting elements in rocks is auto-
radiography. It is possible to eonstruer auroradiographie techniques which dis-
cfiminate between uranium and thorium, but the eommon and easily used methods
involving thin films or plates of alpha-sensidve emulsions do not permit such a
disdnction. Modern techniques have been summarized by Racranp (1964), who
also gives an extensive bibliography of autoradiographic investgations. The prin-
cipal conclusions denved from autoradiographic studies of igneous rocks may be
summarized as follows: (1) Most granites have a major portion of their alpba activity
eoncentrated in small grains of accessory minerals. In many granites, however,
there is also appreciable eoncentration on grain borders or disseminated through the
major minerals. (2) Gabbros and other basic igneous rocks have their alpha acdvity
distributed fairly evenly among the various major constdtuents. {3) Volcanic rocks
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have a uniform disrribution of radiocactivity among their consdeuent phases. These
facts lead to the conclusion that most minerals coneaining appreciable concentrations
of thorium and uranium form quice late in the igneous crystallization sequence, In
addidon ta the summary by Racranp (1964) ciced above, other papers whieh might
be consulted for an introducton to the field are those of MERLIN ef 4/ (1957),
RoGers and Apams (1957), Speans (1961), and Correns (1950).

Vadation of thorium and uranium abundances within individual crystals of
accessory minerals has recently been demonstrated by Stwven and Devtscr (1963).
By selecuvely dissolving various lavers of zircon grains, they showed variations in
abundances of thorinm and uraninm from place to place io single grains by as much
as an order of magnicude. AHRENS {1965) has receatly proposed a lognormal fre-
quency distribution of uranium concentrations in accessory zircons of granites,

II. Uranium Minerals

The most abundanr uranium mineral is uraninite, with a formula varying from
UOQ, to U,0, The variability of chemical composition apparently results largely
from oxidation of UQ, to U,O; after deposition, and all composidons between the
end members are found. Some geologists use che term ““pitchblende” as synonomous
with uraninite, whereas others restrict it to the more oxidized Form. Uraninite is the
common black ore of uranium and occurs in hydrothermal vein and disseminared
deposics and also in sedimenrary rocks throughout the world. A more complete
mineralogic descripdon of uraninite is given by Pavacue ef o (1944).

"A characteristic feature of uranium is its ability to be oxidized to the highly
soluble uranyl ion (UQg++). This ion is easily mobilized in surface and near-surface
waters; consequently, regardless of their origin, rmost uranium deposits eontain an
assemhlage of supergene minerals which are invariably bright yellow, green, or
orange and are generally luorescent. In some cases these minerals are widely dispecsed
and not ohviously associated with the original, primary mineralizadon. The various
minerals in rhis category consist of carbonates, phosphates, vanadares, silicates,
sulfates, erc., commonly in combination with uranium plus some other cadon. A
complete list of uraninm minerals is given in Table 92-D-2; the list represents an
addition of some 25 new species to those given by FrRonnzL (1956).

Table 92-D-2. Minerafr containing wraniem as an essential comytituent

Oxider

Becquerelite U0, - H,O

Billietite BaQ -+ 6U0, - 11H.O

Clackeice (Na, K, Ca, Pb),U0,0, - nH,O
Compreignacite KO - 6U0Q, - 11H,O {(ProTAs, 1964)
Curire 3PbO - 8UOQ, - 4H.O

Fourmarierite - PbO - 4U0Q, - TH.O

Ieathinite U0O, - 500, - 10.56 H.O (GurLLEmin and ProTas, 1959)
Masuyite s U0y - 2H.O

Richetite Hydrated oxide of U and Pb {2)
Schoepire 2U0, - 5H.O

Utraniotee U0,

Uranospherite (BiQ)} (U0 (OH}, ()
Vandenbrandeire Cu (UQ,)0, - 2H,O
Vandenddesscheite PbO -700; - 12H,O
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Table 92-D-2 (Continued)

Carbonates

Andersonite NayCa (UO,) (COy)y - 6HLO

Bayleyite Mg, (UO.) (COy), - 18HLO

Diderichite Idencical with rutherfordine

Licbigice Ca, (UO,) (COs)s - 10— 11H,0

Rabbirtite Ca,Mg5(UO,):(CO,),(OH), - 18H,0

Rutherfordine (UO,)(COs)

Schroeckingerite NaCa,{UO,}(CO,):(SO)F - 10H,0

Sharpite (UO,)(CO,) - H,O(?)

Studtite Pb, uranyl carbonate (?)

Swartzite CaMg(UO)COy); - 12H,0

Voglite Ca, Cu, unnyl carbonate (?)

Wyartite 3Ca20 - UO, - 6UO, - 2C0O, - 12—14H,0
{GuiLrEMmIN and Proras, 1959)

Sudfates

Johannite Cu(UO)4{SO,J,(OH), - 6H,O

Meu-uranopilice Doubrtful basic ucanyl sulfate

Peligoute Identiczl with johanaite

Uranopilite (UO)(SO,)(OH),, - 12H,0

Zippeite Nar 2UQ, - SO, - SH,0 -

Phospbases- Arsenater

Abernathyite K4(UO,),(AsO,), - 8H,O

Arsenunnylite Ca(U0,),{AsO,},(OH), - 6H,O (Berova, 1958)

Autunite Ca(UO,(PO,), - 8—12H,0

Bassctite Fe(UO,)y (PO - 8H,0

Bergenite Ba{UO,},(PO)(OH), - 8H.O (BiiLrestany and Mor, 1959)

Dewindtite Doubtful Pb, uranyl phosphate

Dumentite Ph{UQ (PO, (CH), - 3H,O

Frizscheite Doubtfil Mn, urany! phosphare-vanadacee

Hallimondirte Pb,{UOJ(ASO,), * nH,O (WaLENTA and WIMMENHAUER, 1961)

Heinrichice Ba(UO),(AsO,), + 10—12H,0 {Gross ¢ ai., 1958)

Hiigelite Pb,gBJIO,),{ASO.),(OH}, - 3H,O {(\WaLENTA and WIMMENHAULR,
1961)

Kahlerite Fe(UOp{AsDy), - 8H.O

Lermonrtovite
Meta-aurunice
Metaheinrichite
Metakahlerite
Meta-kircheimerite
Metanovacekite
Metatorbernite
Meta-uranacircice
Meta-uranospinice
Metazeunerite
Novacekite
Parsonite
Phosphuranylice
Prxhevalskice
Renardite
Sahupalie

Salecite
Torbemite
Troegerite

(U, Ca, TR) (PO, - 6H,O (G. and 5., p. 199)
Ca(UO,),(PC,), - 6—8H,0
Ba{UO,),(As0,), - BH,O (Gnoss # al., 1958)
Fe(UO,),(AsO,), - BH,O (WALENTA, 1958}
Co{UO,)y(AsO,), - BH,O (WaLENTA, 1958)
Mg(UQO,);(AsO,), ' 8H,0

Cu(UO,),(PO,); - 6—8H,0

Ba(UQ,),(FO,), - BH.O

Ca(UQ,),(AsOy), - BH.O (WALENTA, 1958)
Cu(UO,),(As0,), - 8H.O

Mg(UO,),(AsO,), - 8—10H.O
Pby(UO,(PO,),(OH), - TH.O
Ca(UO,),(PO,),(OH), - TH,O
Ph(UO,),(PO,), - 2H.O (G. and §., p. 213)
Pb(UQO.)(PO,).(OH), - TH,O
HAKUQ,),(PO,), - 16H,O

Mg(UO)4(PO,), - 8—10H,0O
Cu{UQNL(PO,), - 12H,0

H,(UOY,(AsO,}, - 8BHO
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Table 92-D-2 (Continued)

Berz-uranophane
Boltwoodite
Cofiinite
Cuprosklodowskite
Gastunire
Kasolice

Orlice

Pilbarice
Ranguilire
Sklodowskite
Soddyite
Uranopbane
Ursilite

Weeksite

Uramphite NH,(UONPQ,) - 3H.O (Nekrasova, 1957)
Uranocireite Ba(UG,).(PO,), - 8—10H,O
Uranospathite Cu(UON(AsO,, POY, - 16 HO (7)
Urancspinite Ca(U0O,).(AsO,)s - 10HLO
Walpurgite Bi {UONAsC,), - 3H,O
Zcunerice Cu{UO,)(AsO,), - 8—10H,O
Vanadater
. Carnotite K(UOI(VO). - 1—3H,0
Ferphanite Us(VG,), ' 6HO
Francevillire {Ba, PbY{LI0O,),(VO,}, - 5H.O (BrANCHE ¢¢ af., 1957)
Metatyuyamunite Ca(U0O,),(VQ,), - 5—7TH,O
Rauvite Ca0 - 200, 2V,0, - 16 H,0 ()
Sengicrite Cu{UONVO)OR)-4—5H,0
Tyuyparaunite Ga(UQ)(VO,). - 7—11H,0
Uvanite U,V O,y - 15HLO (D)
Vanuralite ALD, - 2V,0, 4UQ, - 17H,O (BrancHE ¢ al., 1963)
Sifteates

Ca(U0,)4(510,),(OH), - 5H,O }

Ko (U0,),(8i0,)4(OH), - SH,O (Fronuved and I1a, 1956)
U(SIO)1—(OH)ux

Cu(UQ,)4{8i0,),(CH). - 5H.O

Ca, Pb, uranyl silicate

PR(UO,)(SI0,)OH),

3PhO - 3UQ, - 4510, - 6H,0 (G. and 5., p. 230)

U0, : PbO - ThD, - 25i0, - 4H,0 (?)

1.5Ca0 - 2UQ, - 45i0, - 12H,0 (o Abereao, 1960)
Mg(UO,)($i0,),(CH), - SHO

(UO,)5(510,),(OH), - 5H.O

Ca(UO,)(Si04)(OH]}; - 5H,O

2(Ca, Mg) - Q.2UO, - 5510, - 9 —10H,O (Chernikov of af., 1957}
K, (UQ,)4{Si.05); - 4H:O

Niokater — Tantalas Titanates

Betafite (U, Ca)(Nb, Ta, Ti);O, - alL,O

Brannerite UTi,Q,

Lodochnikovite 2(U, Th)O, - 3UQ, - 14 TiQ, (Gerasnovsky, 1956)
(Lodochnikite)

Pisekite U, Ti, Th, rare-carth niobatc-tancalare

Molybdates

Calenrmolite Ca{UO,){(MoQ,),(CH), - 11H,0 (Feoerov, 1963)

Iriginite UQ, - 2Mo0Q, + 4H,0 (G. and 5., p. 197}

Moluranite UQ,: 300, : TMoQ, - 20H,0 (G. and 5., p. 196)

Mourite formula uncerrain; tontains U and Mo (Korcune~ovs ef af., 1962)

Umohoite (UO)(MeD,) - 4H,O

Mineral formulas arc chose given by FRonDEL (1956) excepr in the case of minerals
discovered since 1956 or minerals whose formulas have been modified by larer work, Refer-
ences are given in each case of moce cecent discovery or new description. G. and 5. cefer-
to GETsEVA and Savar’gva (1957}, Papers consulted only secondarily theough summaries
in the American Mineralogist are shown in the reference list with a parenthetical ceference
to volume and page in the American Mineniogist.

Revised manuseripe eeciveds July 18th, 1967
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92-E. Abundances in Common Igneous Rocks

The abundances of uranium in igneous rocks ate discussed under three subbead-
ings. The first is a generalized discussion of the content of uranium in rocks beoadly
classified as granites, basalts, eic. The second category for discussion concerns the
variation in abundances of urznium in cogenetc suites of rocks, and the third
caregory discusses the variaton of abundance of uranium wirhin individual plutcns.

I. Abundances in Major Rock Types

The face that the uranium and thorium concentrations of ignecus rocks are both
so closcly related to the composidons of those rocks makes it difficult o subdivide
igneous rocks inro meaningful radiometric groups. For example, the phrase “ura-
nium centent of basalt’ is a meaningless term because the basalts clearly do not
rcpresent one petrological populadon, and sufficient work on conrents of radio-
active maretials has been done to indicate radiometric differences between different
varietics of basale. The data given in Table 92-E-1, therefore, represent only average
compositions of those groups of rocks which might possibly be considered single
populations. Indced, many of the groups shown in Table 92-E-1 probably do not
actually represcat oue homogeneous population. Similar groups are used in Table
90-E-1, which gives the contents of thotium 2nd the Th{U ratios in igneous rocks.

Table 92-E-1 shows rhe general tendency for uranium to increase in abundance
roward the more silicic variedes of igneous rocks. The average uranium conrenc of
various igneous rocks is summarized graphically in Figs. 92-E-1 to 92-E-2. In view
of the marked concentration of uranium roward the ourer parts of the earth (see
Section 92-B), che fact thar uranium increases in abundance toward the later members
of igncous rock secies furtber demonstrates rhe rendency of uranium to become
segregated from other rock-forming constiruents during general petrologic evoludon.

The average concentradon of uranium in the earth’s condnental crust can be
variously estimared according to the proportions of rock types assumed to constitute
the crust. As discussed by Rocers (1966), there is a general tendency to over-
estimate the abundance of granice in cratonic areas. Assuming thar granites consttute
about half of the continental ceust, and that the remainder of the crust contains little
radioactive material, the average concentration of uranium in continental masses
must lie in the range of 1—4 ppm and is probably somewbere near the middle of this
range. Praarn and GorrerieD {1964) esdmate an average uranium content of 2.8 ppm
for continental areas. _

The concentration of uranium in duaites and orher uirrabasic rocks is extremely
low. The average of 0.014 ppm from the dam of Hrer and Cartzr (1964) is about
one ordcr of magnitude below rhar estimared for the wpper mantle from heat Aow
srudies (Birer, 1965). The dunites and peridorites included in this average come both
from major intrusive bodies and from inclusions in basaits. Most of them, rhough nor
all, are from concinental arcas, and it is possible that they represent che upper mantle

4 Springer-Verlag Beilin + Heidelberg 1969



92-E-2 Uranium

Tables 92-E-1. {ranium contents of selected igneonr rock siiites

Suite No. U Mazthod Reference
of ppm
sam-
ples
Granitic rocks
Franse
Luzy granites (Palcozoic) 167 4.2 L Courowms (1959)
Palcozoic granites B14 6.1 L Hussenw  (1961) and
of western France Couromp (1959)
Ruisia
Precambrian mica granites 100 5.7 emana-  Fioipeov and
of Ukrainian shield cion Kourev (1959)
{Middle Dncpr zrea)
Tertiacy Megrinsk intru- 16 5.1 MEeLksETYAN (1961)
sions of Southern Armenia;
alkalic granodiorites
to alkalic granires
of 2nd intrusive phage
Paleozoic Susamyr batho- 152 34 cmana- TausoM ¢ af. (1958)
lith of Tien Shan; grano- don
diorites 1o granites
Northern Tieo Shan; 4.1 : Karrov (1963)
weighted average of all
crystailine roclks
Paleozoic granites and 47 39 radio-  ABmramovicH (1959
syenites of Central and ' chemical
western Tuva
United Stater
Conoway granire, New 1051 15 R RoGexs ¢ al. (1965)
Hampshice; Triassic,
alkalic
New England granites 123 6.2 R Rogers (1964)
Enchanted Rock batholith, Bl 3.5 R Rocens (1964)
Texas; granite
Precambrian granites of 38 5.0 L Pramn and GorrFRIED
Front Range, Colo. (weighted) (1964}
Latamide stocks of Front 27 76 L Puamm and GorrFRIEQ
Range, Colorado {1964)
Laramide stocks wesc of 2 22 L Paawm and GoTrFRIED
Front Range, Calo. {1964)
Precambrian granites of 25 2.2 L Puair and GorrrrieD
Middle Rocky Mountains {1964)
1dsho hatholith; Lammide;
tonalites and granodio- 23 23 L Larsen Jr. and
rites GotrrrIED {1961)
qrz. monzonites and 9 37 L
granites
Siecra Nevada batholith, 20 54 vardous Rogens (1964)

Cal.: granodiorites to
granites; Jurrassic
Laramide granites of Idaho 38 2.5 various RoGERs (19564)
and Boulder bacholiths
and norhem Washingron




Uranium 92-E-3
Table 92-E-1 (Conrinued)
Suite No. U Method Referenca
of ppm
sam-
ples
Granites and granodiorites 54 2.4 varicus RogERs (1964)
of Southern California
batholith; Cretaceous
Gabbroic and uliramafic rocks
General average for “gabbroid” 34 0.84 various Heren and Cazren (1964)
rocks
Dunite (intrusive and nodules) 24 0.014 various HEeier and CartER (1964)
Dunite nodules (Hawaii, Germany, 3  0.003 Iand N Triiton and Reep (1963)
Arxizona) to 0.009
Eclogites
Pipe eclogite {Africa) 10 0.26 R Herer (1963)
Pipe cclogite {Africa-1; 4  0.052 N LovERNG and MoORGAN
Australiz-3) (1963)
Eclogite nodules {Hawaii) 2 0.030 I Ticron and Reep (1963)
to 0.043
Average cclogire from 9 0.20 various Heier and Cantes (1964)
metamorphic termines (Nor-
way and central Europe)
Alkaline infrasive rocks
Nephelioe syenires from 16 0.04 R Heier (19624a)
northerm Norway
Variscan alkalic syenites 26 14 L Leonova (1964)
and ncpheline sycnites of
southeen Tien Shan
Lovozero massif, Kola Peninsula, SaprYxINA (1959)
Russia:
first intrusive phasc 14 929 L
(neph. syenites}
second intrusive pbase 25 153 L
(lujavcites, urtites,
and foyzires)
third intrusive phase 19 19.7 L
(mainly lujavrices)
fourth intrusive phase 2 238 L
{monchiquirtes)
Silicic extrisive rocks
Rhyolites and dacires 116 5.0 —_ Coats (1956)
of western. ULS.AL
Baialtic rocks
Oceanic tholeiitic basalts 22 D10 1 Tarsvmero ef aol. (1965}
Basalts and basaltic 20 056 L Gorrratea & al. (1943)
andesites of Mariana Islands
Tholeiitic basalts of Hawaii 6 0.18 R Heten er af. (1964)
L Larsex, 3d, and

Gorrrrien (1960)




92-E-4 Uranium

Table 92.E-1 (Continued)

Suite No. U Method Reference
of ppm
2=
ples
Alkali basales of Hawaii A 0.99 R Hemr of af, (1964)
L Larsen, 3d, and
. Gorrrriep (1960)
Japan:
tholeiitic basales 2 0.15 R Heter and Rogers {1963)
high-alumina basalrs 2 0.22 R Heler and Rocens (1963)
alkali-olivine basals 2 0.53 R Hzizr and Rogers (1963)
Caribbean Island arc:
spilites 6 022 R Rocens and DoxxerLy
(1966}

intrusive keeatophyres 5 0.77 R RocEees and DownELLY
{1966)

extrusive keratophyres 4 Q.29 R Rocens and DpnNeELLY
- {1966}

basaltic andesites 12 0.79 R RoGERs and DonNNELLY
_ (1966)

Plateau basales (ave.) 26 0.53 various Haer and Carrer (1964)
Columbia River 2 0.36 R Heier and Rocers (1963)
Palisades diabase {New York) 5 .35 R Hewer and Racers {1963)

Ultrarnaficrochs
{duriles serpentintes,  — —-— —- - — — —
ecleaites elc)
Malic rocks (basalts,gabbros gte } - —— —— ——
Intermediate rocks (andesites, dacites, N ———
rhyedacies diories,quartz dionles,
granoduonie s, eic |
Silicic rocks (quarkz latites, rhyolites, A
L qua'tz manzonites.granites)
CoO1 oo (0} 1 10
Uranium {ppm)

Fig. 92-E-1. Generalized distcibudion of umnium in varions broad groups of igneous rocks.
[From PErER3AN, Z. E.: unpublished communication {1963)]

under the continent that has been depletcd in thorium and uranjum during separation
of the cratonic materials. Dat ace not yer adequate ro determine whether oc not there
are differences between oceanic and continentai dunires and peeidotites. Itis interest-
ing to note that the concentration of 0.2 ppm found by Herer and Canren for pipe
eclogites is comparable to rhat presumed for the upper mantle (also see TirTon and




Uranium 92.E-5

REeED, 1963). With regard to upper mantle studies, Morcax and LoveriNg (1965b)
have recently reporred the uranium and thorium abundances in the basalr of the
Guadalupe experimental Mohole. This basalt contained 0.195 ppm uranium.

The alkaline rocks reported in Table 92-E-1 are merely 2 fcw represenracives of
a broad sampling of such rocks that have bcen studied radiometrically, The wide
variahility of uranium concentrations in such alkaline rocks is discussed in more
detail by Pereryan (1963). The areas which have been primarily stmudied inglude
the Kola Peninsula of Russia (Table 92-E-1 summarizes data on 60 samples by

Ofc

25+

. N R

O [ A B - J
O 10 20 30 40 50 &0 70 80 90 00 MO 120
Uranum {pgr)

Fig. 92-E-2. Histogram of uranium coneentrations in silicic igneous rocks. Plot represents

242 individual analyses and 3 average values for volcanic cocks and 194 individual analyscs

and 96 avcrage values for plutonic and hypabyssal rocks. [From Porersiaw, Z.E.:
unpublished communicatioa (1963); dar are summarized variously in Table 92.E-1]

Saprrrmia, 1959), several suites of rocks from the southern Urals and Tien Shan
area (e.g., see YES'HOVA ¢f al., 1962), the rocks of Stjernoy in northera Norway
(Heren, 19622}, a suite from Magnet Cove, Arkansas (ERickson and Brapg, 1963)
(Fig. 90-E-3), and rocks from Virginia and Texas (GorTrRiED #f o, 1962) (Fig.
90-E-6). The extreme varability between and within groups makes averaging almost
useless, and the only valid generalization concerning the uranium conrent of alkaline
rocks is that it is generally high, It should be noted in chis regard thar the K{U ratio
varies only slightly between igneous rocks of wide petrologic differences (Hemm
and Rogers, 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 tocks of
“compositional equivalence. The chances of occurreace of very large concentrations
of uranium ate, of eourse, higher for intrusive than for excrusive rocks.



92-E-6 Uranium

II. Variattons within Rock Suites

The almost universal teadency for the concentration of uranium 10 increase
roward che larer members of an igneous differentiacion series has heen documented
repeatedly. Many of these investiganons are thoroughly summarized by PeTERMAN
(1963). In his manuscript, the sequences in Table 92-E-2 show a tendency toward
increasing wranium content during igneous differendation (Figs. 92-E-3; 90-E-3 to
90-E-G). Note chat some differentiation sequences do not show the tendency to

Table 92-E-2. Sequences of igneoxs rocks shoping increase in wratinm content jaward the younger rocks

Exirutive series

Lassen Volcanic National Park (Aoaxs, 19535; Larsen, 3d, and GorrFrien, 1960}

Modoc area, California (GoTrFRIED and LARseEN JR., 1958 ; LARsSER, 3rd, and GorrrrieD, 1960}
San Juan Monnuins, Colorado (Lansen Jr. & af., 1958)

Valles Mounains, New Mexico (Larsen, 3d, and Gorrrriep, 1960) (Fig. 90-E-5)

Chaine des Puys, France (GoLpszremn end GuiLLErsio, 1061)

Big Bend Nadonal Park, Texas (GoTTFRIZED ¢/ af., 1962) (Fig. 90-E-6) (part intrusive)
Marianas Islands (GoreFrieD of of., 1963) (Fig. 90-E-4)

Me. Garibaldi acea, British Columbia (GoTTFmED ¢f af., 1963)

Strawberry Mountains, Otegon (GOTTPRIED # &f., 1963)

Sille and sballow intrusives (Fig. 92-E-3)

Dillsburg sill, Pennsylvenia (Gorrrries, 1959)
Skaergaard, Greenland (Hamirron, 1959}

Duluth gabbra, Minnesota (Herzr and Rocers, 1963)
Auvgusta Couney, Virginia {GorTFRIED ¢ af., 1962)

DPlutonic requences

Southern California Bathglith (Larsen, 3d, and Gorrrriep, 1960; Larsen Jr. and Gorz-
FRiED, 1961; Whrrrtern ef af, 1959: Rocers and Racranp, 1061; Heter and Rocens,
1963) (Fig. 90-E-7)

White Mpurezin magma scries, New Hampshire (Burrer, [961; RoGers and RAGLAND,
1961: Agaus ef af., 1962)

Oliverian series, New Hampshire (RoGers and Racrano, 1961; Lyons, 1961)

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

Plots of uranium contear against some rype of differenuiadon index are much
smoother in extrusive sequences than in intrusive ones. Most extrusive series show
consistent trends when plotted against silica conteat, the Larsen differentiadon index,
and potassium conteat. In intrusive rocks the scacter of values is quite high in plots of
uranium ahundance 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 KfU rado is aboue 104 in ali crustal materials (Herer and RoGens, 1963).
The use of this ratio for the earth’s mande, however, creates difficuldes in explaining
the earch’s thermal history; (sce calculadons of MacDonaLp, 1965). Discrepancies
between the KfU ratio of chondrites and the apparent ratio for the whole earth are
discussed by Gasr (1960).
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Fig. 92-E-3. Variadon of thorium and uranium concentrations in three gabbro-granophyre

sequences. [Fram Pereryan, Z. E.: unpublished, personal communication (1963); data on

the Skacrgaard intrusion, Greenland, are from Hasiwton, 1959; data on the Dillsbucg sill,

Pennsylvania, U.S.A. are from Gorrrrieo, 1959; dara on che Duluch complex, Minnesota,
U.S.A. are from Heier and Rocers, 1963]

HI. Variation within Batholithic Complexes

Economic interest in uranium has led to cousiderable investigation of the discri-
bution of uranium within individual plutons and associated wallcacks and also wichin
complex batholiths. In many complexes such as that of the Colorado Front Range
(PeAIR and Gorrpriep, 1964), vaciability iu uranium contear within plutons and
betwcen members of the pluignic complex is not simply related 1o some differentiarion
index. In some smdied plutonic complexcs or individual plucons there are progressive
changes in uranium conceatration toward wallrocks. Most of the work on these
problems has been done by Russian workers; rheir studies are summarized by
PerEryaN (1963). Surficial redistribution of uranium makes detecdon of areal
trends difficulr (c.g., see Fig. 92-E-4),
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Abundances inparts per million {togarilhmic scaie)
»

l 1 5 20 50 80 95 99
Cumaulative frequency {probability scate)
Fig. 92-E4. Cumulative percenage plor of uranium concentrations in graniic rocks of
New England, U.5.A. The lognormality shown on chis logarithmic-probability dizgram
may indicate the importance of surficial processes in redistributing wraninm. (From Rocens,

1964)

Rerised manuscript reerived: Julp 1Bth, 1967



Uranium 92-F-1

92-F. Behavior during Processes Connected
with Magmatism

As mentioned above in Sectior 92-D, uranjum commonly occurs in veins as the
mineral uraninice or pitchblende. Uraninite has also been found in pegmatites along
with uranium-bearing varieties of such rare earth minerals as samarskite and euxenite.
The economic geology of uranium jn magmatically-derived ore deposits is summariz-
¢d by 2 number of workers. A discussion in Englisb is pravided by McKeLveY ef o/,
(1955) along with a description of the general economic geology of uranium. Korryar
(1961) has published a summary in Russian of the various types af uranium depaosits.

Revised mamusctipt reccived: July 18tb, 1967
@ Seringer.Verlag Berin + Heidelbery 1969



92-5-1 Uranium

92-G. Behavior during Weathering and Rock Alteraton

Few studies have been oriented directly toward an undersranding of the behavior
of uranjum during weathering and alteration. The tendency of.uranium co be oxidized
to the comparadvely soluble uranvl ion pecmits uranium to be mobilized easily in
sucficial processes. This oxidadion is primacily responsible for the wide vadations
in ThfU ratios sbown by surficial material, The comparadvely insoluble thorium
is concentrared in resistate minerals or is adsorbed oa clays, whereas uranium is
redistributed in surface and ground waters. The solubilities and oxidation potendals
pertinent to these processes are given in Secton 92-H.
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Fig, 92-G-1. Varizcion in thorium and uranium concentrations in the weathering zone in
the granodigrite on Flagsaa§i Moundain, Colorado, U.S.A. (From PrLnsr and Apawms,
1962b)

One study of the hehavior of uranium during weathering was made by Prrrer
and Apams (1962h) (Fig. 92-G-1). In the Pennsylvanian weathering profile on a
granodiorite at Flagstaff Mounmin, Colorado, the varation in both thorium and
uranium contents can be investigated throughout the soil profile. The profle is
somewhat lateritic and clearly results from humid, subtropical weathering. The
. urzajum which is rerained in the soil is held primarily in resistate minerals such a5
the zircons, whereas thorium is incorporated both in resistate minecals and also in
clays formed dudng che weathering process. The highest concentradons of borh
elements ace found in the residual clays at the rop of the soil profile. Artificial leaching
experiments on the granodiorite with dilute acid indicate that the vast bulk of the
uranivm was removed by natural leaching whereas the thorium was less atfected
(Fig. 92-G-2). These results correlate well with the enrichment of thorium relatve 1o
uranium ia the soil zone. A generalized study of weathering by Harriss and Apans

(D Spriagee-Verlaiy Beslin « Heidelberg 1965
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Fig. 92.G-2. Variadon in the percentage of [eachable thorium and uranium in the weathering
zone in the granadiorite on Flagsaff Mounuin, Colorado, U.S.A. (From Prirer and

Apams, 1962b)
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Fig. 92-G-3. Varation of thorium and uranium concentrations in a sail zone compared
wirh variations in abundances of other clements. Tishomingo granite, Oklahoma, U.5.A.
(From Hanriss and Apasis, 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 chis study are roughly similar to those
found by PLier and Apams (1962b) and indicate the generally greater ease of
mobilization of uranium rhan of rhotium.

Investgations of the radioactivity of the Conway granire, New Hamsphire, have
invoived the drilling of cores inro unalrered rock below surfidally weathered
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Fig. 92-G-4. Variation of thorium and uranium concentrations in a soil zone compared
with variadons in abundances of other clements. Elberton granodiorite, Geaegia, U.S.A.
{From Harriss and Apaus, 1966)

material, Data reported by Ricrarpson (1964) and RoGERs ¢f o/, (1965) indicate a
near-surface depletion of uranium exeepr in a few zones where the mobilized uranium
is redeposired by circuladng ground warer. In some arcas, the remobilization of
uranjum extends ro depths of several hundred feet, generally in zones of fracruring
and ground warer movement. As reported by RicHarDson (1964), in some of the
weathered rocks the U2?¥ isorope is about 15 perceat less abundanc rhan ir should be
for secular equilibrium wirh U8,

Surficially deposired uranium minerals consist of rhe complex uranyl salrs
listed in Section 92-D.

Revicd manuscripe eeaived: July 18:h, 1967



Uranium 92-H-1

92-H. Solubilities in Waters; Valence States

The solubility and redox dam pertinent to the disuibution of uranium wnder
surficial conditions are:

U0, L4 Hv 4 2e-=2 UM 42H,0 = 1062y,
UOH),=UH4+40H- K, =10-%,

The uranyl {(UOF ™) ion is almost completely soluble, whereas the uranous (U+)
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 laboratoty prep-
ararions. The carbonate ion strongly complexes the uranyl ion and inhibits pre-
cipitation; a dissociation constant of 10-2° (approx.) has been proposed for the uranyl
carbonate complex (UO,) (CO,); ~ Uranyl salts coprecipitate with ealcium phosphares,
but the true solubility products of namurally-occurring uranyl phosphates and other
salts are unkoown.

Uraninm is known to be adsorbed from solution by organic material (see Swan-
50N, 1963) and also by clays {Gorbszraus and Wey, 1955). The amounrt adsorbed by
clays is proportional to the normal base exchange capacity of the clay, and Goip-
szraus and WEY report the following grams of uranium adsorbed from a 1-percent
solution of uranyl nitrate:

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

Rerised manyuerps reccived: fulp Beh, 1967
4 SprngerNerlae Berlin « Heidelborg 1967
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92-1. Abundance 1n Natural Waters

Uranium concentrations are constanc in sea water and are in the range of 1—4 %
102 ppm (1—4 ppb) (Table 92-I-1). These values may be compared with an average
of 10-5 to 10-° ppm for thorium (Table 90-I-1); it is clear that the Th{U ratio in sea
water is extremely small. The geochemistry of uranium in sea water is discussed in
various papers by F. Koczy and coworkers and also by TatsumoTo and Govrprers
(1959).

Coaceatrations of uranium in fresh warer are considerably more variable than
in the oceans. The concenmadons are clearly conerolled by 2 vadety of factors, such
as rock type leached by the water, rate of flow and rate of evaporation, etc. The con-
centrations of a number of samples of continental waters are shown in Tahle 92-1-2.
Variability in concentrations of uranium in continental pround and underground
waters has been used for commercial purposes such as prospecting for uranium
{see, for example, Cannon and Kreminamrr, 1956; Trtscey, 1957). Some efforts have
also been made to provide mass balances of uranium in sontce areas and in surface
and ground waters (for example, Agamrnov, 1965; LoraTema, 1964). The general
concentratoa of uranium in most fresh waters may be somewhat less than in sea
water,

Table 92-I-1, Contntr of straniuns in sea wafter

Location u Method  Reference
ppb

Adantic, Pacific 1.5 L Forn er af, (1939)
Adantic, Pacific 1.1—1.5 L G. Koczy (1950)
Pacific {deep ocean) 282 L Naxawisur (1951)
Pacifie (mouth of Ito Bay) 1.18 L Naxawisur (1951)
Pacific (surface, 1 km 0.46 L NaxanrsHr {1951)

off Aomori Prefl}
North Adantic 0.3—1 L Rona and Urrr {1952)
Atlantic 1.15 L Smrru and Grimarpr (1954)
Gulf of Mexico 3.15 L Smrry and GrimaLpr (1954)
Pacific 2.5 L SrewaRrT and BenTLEY (1954)
Atlangic, Pacific, 3.3 I Rona of ol (1956)

Gulf of Mexico
Baltic Sea 0.8—59 L F. Koczy ¢f af. {1957h)
Beting Sea 22 L Stanrix ¢f af, (1958)
Barents Sca 1.6 L STARIK ¢r af, {1958)
\Whitc Sea (castern) 14 L STARIK ¢/ af. (1958)
White Sea (Onezh Bay) 1.8 L STARIK ¢ al, {1D58)
Sea of Azov 33 L Starix # al. (1958)
Caspian Sea i—10 L STARIK #f al. (1958)
Indian Ocean (SW pact} 2.7 L Baranoy and Kurrstranava (1959}
Indian Ocean {ceneral) 1.8 L BaraNov and Kurrstranwava (1959)
Black Sea 2 L NIxoLAEY ef al. (1960)
English Channel and 33 various  Wisow of af, {1960)

Ray of Biscay

@ Springer-Verhar Berlin » He{delbarg 1963
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Table 92-1-2. Contenis of uranium in continemtal waters

Location U Method Reference
: ppb

Colerado ground warer 0.4—34 Bruce and Fercusown (1951)
llinois ground water <03 Bruce and Fercuson (1951)
Flarida ground water <10 Bruce and FErRGuson (1951)
Three N. American Rivers - 0026 RonNa and Urry (1952)
River warer, by calculation 0.09—1.1 Howranp and Kure (1954)
Great Sale Lake, Umah 4.8 STEWART and BEnTLEY (1954)
Texas ground water 2.3—10 Juosow and Osmono (1955)
Wisconsin and Illinois 0.8 Jupson and Osmonp (1955)

ground warters
Minemlized Aquifer 100—460 Juosow and Osmonp (1955)
Mineralized Aquifer 10—250 Denson er al. (1956)
Mineralized Aquifer 20-—200 Fix (1956)
Thermal Springs - <7 Frx (1955)
U.5.A., Alaska, regional average 0.1 Fix (1956)
Colotado Plateau 0.5—3 Fix (1956)
France, Springs 0.35—7.68 Juramw (1957)
Baltic region, igncous drainage =~ 0.5 Koczy ¢t al. (1957 b)

Baltic region, sedimentary drainage 1—13

Koczy et al (1957h)
Llano Estacado, Texas ground water  0.9—446

Banxen and Scorr (1958)

Iplelalalalelalalial ol ol ol ol il ol al ol ala B ol o 0 5l 2 2 2 5

New Mexico ground water 1.2—4.37 Banker and Scorr (1958)

Austria, Vienna Basin; Sprngs 1.4—12 Hecur et al. (1958)

Austria, Tyrol; Springs 0.25—40 HEcHT ¢4 af. (1958)

Austria, Danube River 0.5—23 HEcHT ¢/ a/. {(1958)

Austria, Tyrol; Rivers - 0.2—28 HecHTt ¢ al. (1958)

Wales, Spring 1.3 Ssirre and CHanoiER (1958)

Jamaica, Rivers 1.5—5.9 SayrrH and Crianoren (1958)

Ugands, Spring 1.3 Sstrra and CHanpLER (1958)

England, Cornish Warers 0.6—40 Surry and Crranpier (1958)

Germany, Saale River 0.34—4.27 Heipe and Prorr (1959)

dissolved
Germmany, Saale River 0.03—0.28 'Heroe and Prorr (1959)
suspended

Great Central Plains, Wells 9.5 L Lanois (1960)
(ground water)

Great Centeal Plains, Springs 11.3 L Lanprs (1960)
{ground watee)

Pacific NW, ground water in <01—10 L Barker and Scort (1961)
silicie, subsilicic rocks

Pecific NW, ground warer in <01-13 L Banrker and Scorr (1961)
Idaho batholith

Pacific NW, ground water in <bhl—26 L Barker and Scorr (1961)
Snake River basale

Pacific NW, ground water in <01—06 L Banrker ard Scort (1961)
Columbia River basalt

Nevada (Truckee Meadows) 0.1—43 L Conen (1961)

England, surface warers =11 L Peacock (1961) .

U.S.A. (general) <01—120 L Scorr and BARKER (1962)

India, surface water 003—-42 L KAMATH ¢f af. (1964)

River water of Japan 034—123 L MIYAKE ef af. (1964)

Warers of Flarida 0.5 R Osmonp (1964)

Terised manusripe receivend: July LEih, 1967
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92-K-1

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, for ¢xample, the term “graywacke” means different things
to different geologists. (For definiton see Chaprer 8 of Volume 1 of this Handbook.)
The names used for varicus rocks in this section are thought to be reasonably stand-
ard, and the zbundances of uranium in different types are listed in Table 92-K-1. A
correlative summary of thorium values is given in Table 90-K-1.

Table 92-K-1. Contents of rranium in sedimentary racks

Sweden

Rock type No.of U Mecthed Reference
sam- ppm
ples
Sandrionzss
Orthoquartzites
North American av., 16 0.45 R Murray and Anass (1958)
Mesa Verde 8 1.7 R Priczr and Apams {1962a)
Gulf Coast beach sands 29 0.59 R Mangavt (1964)
Atlantic Coast beach 54 321 R Mannoavr (1964)
sands
“Voleanic” graywackes
Caribbean 14 0.5—1 R RocEas and DoNNeLLY (1966)
Umpqua {Oregon) 4 13 R Recens (1966)
Other graywackes 21 RoGers and RicranpsoN
(estimzted average) {1964)
Arkoses {estimared 1.5 RogERrs and RICHARDSON
average) (1964}
Shades )
Narth American gray 52 3.2 L ADpaxs and Weaves (1958)
. and green
Russian plgtform 178 41 emana- BaRranav ef al. (1956)
{comp) “tion
Mancos 102 17 R Purer and Apass (19622)
Red and yellow 10 ~2 L Acaus and Weaver (1958)
Black (averapge) numer- 8 various Swanson (1961)
ous
Black Skaler .
Marine black shales 20 L Swanson (1961}
{excluding geo-
synclinal)
All black shales 8 L Swanson (1961)
Chattanaoga 79 L Swanson (1961)
Alum shale; Cambnan; 309 168 L from summary by

.» DATES and STRAHL (1958)

@ Sptinger-Yeelag Berlin « Heidelberg 1969



Uranium

Table 92-K-1 (Continued)

92-K-2

Rock type No.of U Method  References
sam-  ppm
ples
Reedsville; Ord; 4 4 L » BaTes and Strame (1958)
Pennsylvania
Obio shale; Devonian; 220 10 L ,» BATES and Strasc (1958)
Ohio
Woodford; Devonian; 116 9 L »» BATES and Staamc {1958)
New Mexico
Hamilcon; IDevonian; 6 6 L »» BATEs and Stranr (1958)
Pennsvlvania
Chemung; Devonian; 4 3 L ,» BATEs and StrauL (1958}
Peansylvania ’
5t. Hippolyte; Carb.; 150 1244 L ,» BATES and StrauL (1958)
France
Allegheny; Penn.; 34 4 L .» BATES and StranL (1958)
Pennsylvania
Kansas shale; Pean.; 21 16 L .» BATES and StrauL (1958)
Kansas
Kupferschiefer; Perm. ; 4 39 L » BATEs and StrauL (1958)
Germany
Baiocites 29 11.4 R Aoams and RicHARDSON
(1960)
Bentonites 64 5.0 various  Aoams and Weaver (19538)
Limestones
North American av, 25 2.2 Land R Aocaums and Weaver (1958)
{comp)
Russian platform 128 21 emana- BaraNov ef af. {1956}
{comp) tion
Eniwetok cores
calciee D.3s Sackerr and Porrarz (1963)
aragonite 23 Sacxerr and Porrarz (1963)
Eniwetok core E-1 21 234 Sackerr and Porrarz (1963)
Miscellaneous 49 2 Bewr (1963)
Dolomites
Dolomites and dolomide 100 0.03—2.0 L DEemimcER (1964)
limestones
Plosphale rock mostly L foom summary by McKer-
Marine phosphorites . 50—300 vex {1956), based on a
Residual phosphorites 50 variety of published and
River-pebhle deposits unknown; unpublished measurements
probably low
Guano negligible
Phosphatized rock negligible (2}
Fossil bone 50—300
Evaporites ]
Esdmarte of pure =< 0.1 Berz (1960}

cvaporice minerals




92-K-3

Uranium

Table 92-K-1 (Continued)

Rock type No.of U Method  Reference
sam-  ppm
ples
Parific ocean sediments mostly L summary by Bapanov and
Kunistranova (1963)
Sands 5 30
Muds 3 23
Claycy rouds 6 27
Siliceous and diatomaceous 7 3.6
muds and clayey muds
Pelagic clays 13 40 various  summary by Baranov and
Kuristianova {1963)
Pelagic clays 5 1.5—2.5 L Hanorer and Hecur (1954)
Indian ocean sediments
Various muds 0.2—0.5 various  sumumary by Baranoy and
KurisTranova (1960)
Atlantic ocean sediments
Globigerina oozes 5 D.74 L RosHoLr ¢f o/, (1961)
Cartbbean sediments
Globigerina oozes 17 1.0 L RosHoLT #f af. (1961)
Black sea sedimnis
Muds 41 37 STanrIk ¢f al. (1961a)
Organic malicr
Lignite; Great Plains, ) L Ve (1956)
U.S.A.
Coal; Eocene; Wyoming 30 L Vine (1956)
Coaly shale; Crer,; Idaho 20 L VmE (1956)
Coal and coaly shale; < 6000 L VINE (1956)
Cret.; New Mexico
Lignite; Tertiary; Nevada < 50 L Vine (1956)
Coal; Upper Paleozoic mastly < 10 L VINE (1956)
eastern U,S.A.
Qil; renges of regional L Hypen (1956)
averages:
Mid-continent, U.5.A. 36 5—77 inash
(0.17—10) > 10—
in oil
Rocky Mts., U.5.A. 61 4—40 in ash
(0.4—3.1) x 10-3
in oil; omitting
one very large
value
California 10 4.5 i ash
7.0 x 1073 in oil
Asphalts fram western 45 10—3760; L Harw ¢ al. (1956)
U.S.A, normal rnge of
100—500
Black muds; Norwegian 10 36 L Swanson (1963)
Fjords {13—060 cange)
Black and gray muds; 10 48 Swanspn (1963)

Baltic Sea

(22—103 range)




Uranium 92-K-4

I. Sandstones

Sandstones are subdivided into three cacegories in Table 92-K-1. The average
concentradon of uranivm in the orthoquartzites is reasgnably well known because
the range of values among various orthoquartzitie suites is comparatively small. In
orthoquarczites, uranivm may occur both disseminated in the quartz or as heavy
resistate grains, The sites of radioaedvity have been invesdgated hy both Murray
and Apass (1958) and Rocers and Ricuaroson (1964). Both investigations showed
that most of che uranfum is held within the quariz grains themselves.

Two special groups of graywackes are reported in Table 92-K-1 in additon 1o
an estimated “average” for all graywackes. The Caribhean “volcanie” graywackes ate
imporant because they represent the average eomposition of rneks of the Caribbean
orogen. As RoGERs and DonngrLy (1966) have pointed out, the low thorium and
uranium contents of engeosynclinal marerials indicares derivadon from rearly un-
differenuiated material of the upper mande. The Umpqua graywackes of Oregon are
similar geologically and also radiometrically to the Caribhean orogenic wackes.
The average graywacke estimate in Table 92-I-1 includes both the highly-volanic,
generally uranium-poor, graywackes of the Casibbean and QOregon arezs and also
some more-highly radioactive rocks of the type which are generally elassified as
graywacke simply because of their high clay conrear. Arkases have not been well
studied, and the estimate in Table 92-K-1 for their uranium contenc is highly ten-
mative.

II. Shales

The abundance of uranium in eommon shales (Fig. 92-K-1) sbown in Table
92-K-1 is well established by several independent studies. Both Apaus and WeavEr
(1958), working with North American shales, and Baranov e7 <l (1956), working
wirh shales of the Russian placform arrived at almostidendeal values of approximately
3.7 ppm for the average uranium concent. It is interesting to note that borh the aver-
age thorium contents (Table 90-K-1) and uranium contents of ordinary shales are
very close to the values commanly cited for the average concentration in the cond-
neatal 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 Bares and Stranc (1958). The
black shales characteristically have a very high uranium conceatradion and compara-
tively low thorium content wich a consequently low Th/U rade. The high concentra-
don of uranium results presumably from absorpdon of uranium by organic material
in the shale andfor reducdon of uranyl ion in sea warter to the less soluble uranous
form by rhe decay of organic matter and consequear precipitaton of uranium oxide.
The red and yellow shales are comparadvely eatiched in thorium, and their relacively
low uranium content (1—2 ppm) gives them a high ThfU ratio. Depletion of uranium
in the red shales presumably results from the solubility of thc oxidized uranyl ion,
This discussion of sbales sbows the value of the ThfU rado for the interpretation of
the environment of formadon of sedimentary rocks (Fig. 92-K-2).
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Aggregate shaies of Ryssian platfarm

S2analyses i5vabes representing 4795 rocks

gray &green shales {Barangy,Ronov,Kunasbova 1956)
. 10 i w0 )
g Median=27ppm & Median=41ppm
g 5 Mean =32ppm g 5 Mean =41ppm
E=] (-]
=] L]
z 0 L] i L l_l L] Z 0 L 1

8] 2 4 & & 10 i2 0 1 2 3 4 S 6
U {ppm} Uippm)

Fig, 92-K-1, Histogram of umnium conceatrations in North American gray and greea
shales and Russian placform shales. (From Anasis and WEeaven, 1958; Russian placform daca’
from Baranov ef af., 1956)

Sea waler
Th/U=00002
Th=i0"*gm/gm

Evapontes

Limestones

Marine black shales

Coals
Law rati

& primary A
& © \deais K
g Gray-green shales rocks 3,

Intermediate ratio =9 6
20 T T T T T T
Conyunental ..-o
shales -_:;3‘

High ratio

Placer
Oxidized deposits
Hydralyzates

clay
Fig. 92-K-2. Generalized distribution of thorium and uninium in sedimentary rocks. (From

Abpans and Weaven, 1958)

Bavutes

Resistates

. Bauxites, Bentonites
Bauxites and bentonites are examples of the concentration of thorium and

uranium in clays. In bauxites, the average uranium content (11.4 ppm) and thorivm
content (45.6 ppm; Table 90-K-1) are both abnormally high. Presumably during
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weathering both the thorium and uranium have been concentrated in resistate residues
and adsorbed on clays. Some tendency for greater rerention of thorium than of
uragium is shown by the generally high Th{U ratios.

TV, Carbonate Rocks

Carbonate rocks (Fig. 92-K-3) have uranium concentrations in the range found
for typical caleareous organisms. The uranium in calcjum carbonate appatently
substitutes in the lattice in place of calcium, although some may accompany thorium
in the insoluble residue fraction of limesrones; (sce Section 90-K). Several smdies
have been made of the concentration of uranium in ealearcous organic material, and
reference may be made ro TatsustoTo and Gorpperg (1959), SAckETT and PoTatz

Individual carbonate rocks Aggregale carbonate rocks
‘ 13 Russian platform values
Median=2 3 ppm
tean =2ippm
2 Total samples=54 5475 rocks represenied
15 :::Edianf;az ppm [] 25North Americanvalues
ean =czpem Medan=iSppm
Mgan = 22ppm

516 racks represenied

one valug
o 1 1 : | s v B e | _1Bppm < N e (T

01 2 3 4 5 8 7 3 4 5 6 7 8
Ufppmy} U{ppm)

Fig. 92-K-3. Histogram of uraninm concentrations in aggregate samples of carbonace rocks.
(From Apams and Weaver, 1958; Russian platform daea from Baranov, Rowov, and
KunasHova, 1956}

No.of samples
=]
No of values
o U [+
o-_-ﬁ

b

.
9

(1963), Rosuorr and Awntavr {1963}, and BeLr (1963). Estimares of the average
uranium conteot of carbonate rocks are quite uniform at approximarely 2 ppm.
These estimaces include the North American limesrones studicd by Apawms and
Weaver {1958), the carbonate rocks of the Russian platform studied by Baranav
et al, (1956), and the highly assorted suite of limestones investigared by Bevr (1963).
DEeminGEr (1964) shows, in general, little variadon between limestones and dolo-
mites with respeet to uranium content.

V. Phosphates

Phosphate rocks, listed in Table 92-K-1, generally have 2 high concentration of
uranium, A large number of studics have been made on the uranium in phosphare
rocks and In apatite minerals because of the potental economic importanee of uranium
recovery from such rocks. The references are summarized in a paper by McKELvey
(1956} eited in the wble. :

V1. Oceanic Sedi.rnents_

Uranium contents are piven in Table 92-K-1 for a variety of modern oceanic
sediments. With the exceprion of srudies made primarily for the purpose of
dating cores by means of various disequilibria methods, not a grear deal of atten-
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Uranium 92-K-8

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

C,: Uranium in main mass of clastic mineral sediment, pamicularly clay minerals, but
exclusive of resistates,

C.: Uranium in tesisrates or heavy minerals, sucb as zircon, apatite, and sphene.

O,: Uraaium inherent to living plants or animals, cither land or marine cypes.

O,: Uranjum sorbhed from sea water by solid or colloidal carbonaccons remains of plankton
settling from sueface waters to bottom.

O, : Uranjum sorbed from scream warer and sea water by eicher solid or colloidal organic
matter derived from decaying land plancs of the humic type.

P,: Uranivm in phospbate precipitated on and within sediment as oolites and nodules
where hydrogen sulfide environmenc extands into overlying warter; also uranium in
phosphatic fossil shells and bones.

P,: Uranium in phosphate precipitated feom, serding through and exposed to sea waret
above sediment-warter inredface, and formed wherc hydrogen sulfhde environment
confined to sediment.

S;: Uraniurmn precipitated as colloidal-size uwrmninite(?) from connate water by hydrogen
sulfide formed and confined within sediment.

Syt Ucanium precipitated as colloidal-size uraninice(?) from sea water by hydrogen sulfide
generated within and above sediment by anacrobic bacreria, and diffused inro overlying
water.

tion has been paid to the radioacrive contents of oceanic materials. The low Th{U
ratios reportcd by Baranov and Kurisrianova (1963) cerrainly do oot match the
ratios obrained for similar sediments by other investigators.

In many sedimentary rocks uranium is eommonly associated with organic matrer.
A typical example of this occurrence is the Colarado Plareau Province of the western
United States, where uranium is found absorbed in petrified logs and also intimarely
admixed with asphalric bands in sandstones. The narure of the uranium mineral or
minerals in chese occurrences has been investigated in detail (KeLrey, 1963). On a
hroader 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-1). The site of uranium in these organic materials is uncertain.
Some asphaltic deposits contain admixed uraninire, but the organic phases themselves
also seem to be rich in wranium, which may be in the form of some organic complex.
The term ““thucholite” has besn proposed for mineraloids conmining thorium,
uranium, carbon, hydrogen, and oxyegen.

The reasons for the association of thorium and uranium with organic matedal
have ncver been fully ascertained. Experimental work has clearly demonstrated thar
wood and other organic material are capable of absorbing uranium from solution.
It has also been proposed that rhe radigactivity of the thorium and uranivm may aid
in polymerization of organic materials around the two metals. Organic uranium
geochemistry is discussed more fully by Brecer and Deuw (1956). Swansan (1963)
shows quantitatively the amounts of uranium contribured to black muds and shales
by various processes (Fig. 92-K-4).

Reviwd manuscripe meerived: July LBth, 1948
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92-L. Biogeochemistry

Uranium is nor known to be an essendal element for the life process of any
organism. The several parts per million concentration of uraninm in cacbenare shells
is probably explaioed by substitution of ugasium in the calcium cachonate lattice.
The concentration of uranium in woody and other planc residues is not easily under-
stood. Possibly the organic matter simply acts as a reducing agenc which causes
precipitation of the comparatively insoluble uranous form. It is also possihle, how-
ever, that the uranium occurs in some partcularly suable organo-merallic complexes.
Sulfate-reducing bacteria mny play a role in the reduction and fixation of uranium
(Jensen, 1963). The association of uranium with organic and woody material is
discussed in 2 number of papecs summarized by BReGER and DEur (1956). The bio-
chemical impoetance of uranium is summarized by F. Koczy (1963) and EnGineroM
(1966). Some analyses of animal and plant marerials are given by Horryann (1941,
1943). Bow!E and ATkiN {(1956) reporc 2,700 ppm uranium in an unusual fossil fish
skeleton.

Aevised manuscripe mecivel: July 6k, 1967
£ Sprinper-Verlar Beelin - Heidelbern 1960
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92-M. Abundance in Common Metamorphic Rock Types

The abundances of uranium have been derermined in 2 number of different
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 pareat materials uader a variety of condidaas, the
range of compositions is quite broad.

Herer and CARTER (1964) have summarized studies of cthe radiometry of various
edlogites from memmorphic environments. They find an average of 0.20 ppm
urapium and 0.38 ppm thorium in a toral of 14 samples analyzed by various methods.

Table 92-M-1. Contents of uranitm in nretamorpbic rocks

Rock type No.of U Method References
samples ppm

Gaeiss, Japan 1 23 R Evans and Goopyaxn (1941)
Augen Gneiss, Finland 1 21 R. Evans and Goopuan (1941)
Eclogite, Switzerland 1 0.2 R Evans and Goopaan (1941)
Amphibolite (Schwarzwald, 3 35 R Husmann (1956)
Germany)
Biotite-Horenbl. Paragaciss 2 20 R Husymann (1956)
{Schwarzwald, Germany)
Paragneiss (Schwarzwald, 4 7.0 R Husmann (1956)
Germany)
Granulite (Schwarzwald, 2 49 R Hussany (1956)
Germany)
Orthogneiss (Schwarzwald, 4 3.6 R Hussann (1956)
Germany)
Metatecrte (Schwarzwald, 4 4.8 R Hussann (1956)
Germany)
Diatectite {Schwarzwald, 4 i1.2 R Hussany (1956)
© Germany)
Cordierite Gneiss (Schwarz- 1 5.8 R Husmanw (1956)
wald, Germany)
Orthoclase meracrysts 1 45 R Husymann (1956)
(Schwaczwald, Germany)
Marhle 2 0.17 L PLiLen {1956)
Slate (mainly Michigan) 14 27 L PriLen {1956)
Phyllite {mainly Arizona — 7 1.9 L Prien {1956)
New Mexico)
Schist (New Mexico) 4 25 L Priier {1956}
Mafic Rocks (Terskei Ala a2 32 W KurrLov (1958)
Tau Mts,) (comp)
Idaho Barholith Gneisses 12 22 L Lansen [n, and Gorvrrrien
(1961)
{Almandine-Amph. Facies) 13 2.82 R BiLings (1962)

Gneiss (Texas)

& Springet-Veslig Heelin » Heidelberg 1265
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‘Table 92-M-1 (Condinued)

Uranium

Rock cype

Method Reference

(Almandine-Amph. Facics)
Amphibolite (Texas)

{Almandine-Amph. Facies)
Graphite Schist (‘Trxas)

Marble (Grenville Peovinee)

(Amphibolite Facies)

Light Gneiss (Langoy,
Norway)

(Amphibolite Facies)
Amphibolite {Langay)

(Rewrograde Gneiss)
Monzonite (Langoy}

(Retrograde Gneiss)
Graaice (Langey)

Biotite Schisc (Front Range,
Colomada)

Biptice Hornblende Schistand
Amphibolire (Front
Range) :

{High Geanulite Facics
Monzooite (Langey,
Norway}

(High Granulite Facies)
Baaded Gaciss (Langay)

{(Low Granulite Facies)
Gneiss (Langoy)

{High Amphibolite Fzcies)
Gneiss {(Langoy)

14

No.of U

samples ppm
033

3 349

2 0.36

5 <2.5

7 < 1.06

2 < 1.25

8 <0.94

9 4.7

4 4.7

3 0.61

4 0.22

5 . 0.88

3 1.22

R
R
L
R
R
R
R
L
L

R

Bruranes (1962)

Biroings (1962)

Dotz (1962)

Herer (1962 b)

Heen (1962b)

Hexer (1962b)

Heren (1962h)

Puar and Gorrrerien {1964)

Puamr and Gorrerrieo (1964)

Heren and Apass (1965)

HELER and Apaxs (1965)
Heser aod Apams (1945)

Herer and Abpaxs (1965)

Bevised mangacriph regzived: July 18ih, 1967



Uranium 92-N-1

92-N. Behavior in Metamorphic Reactions

The mobility of the uranyl ion in surface waters plus the tendency for pomssium
and uranium to occur together lead to the presumption that uraniom is highly involy-
ed in metasomatc actvity. Unfortunately, data for meramorphic rocks are not yet
adcquate to test the hypothesis. HErer and Apawms (1965) have proposed that high-
rank rocks in one arza in Norway are impoverished in uranium in comparison with
lower-rank rocks owing to upward movemenr of uranium. This evidence of mobility,
however, has nor been confirmed in other areas owing to lack of adequare samples.

Revised manascripe reorived: July 18, 1967

@ Sprioger-Verlag Berlin « Holdelberg 1949
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92-0O. Economic Utilization

Aside from very minor uses as a pigment and chemical reagent, the ¢conomic
utilizarion of uranjum has been dominated in the first 40 years of this century by a
demand for radium and since 1942 by a demand for fissionable macerials, The demand
for radium for medical and industrial purposes led to widespread exploration for the
parent uranium in the first quarter of this century, but this exploration was drastically
cut back after the discovery in 1923 of the rich uranium deposits in Katanga (then
the Belgian Congo). The Katanga source and the Great Bear Lake, Canada, sgurces
of rich pitchblende discovered in 1930 were more than adequate to meet the demand
for radium,

Beginning in 1943 a seeond widespread explorztion effore was initiated to develop
urznium supplies for milirary purposes. This military demand for uranium was sub-
stantially oversaturared in che U.5.A. by 1958, when guaranteed prices were cestricted
and rew import arrangements ccased to be made. A sready exploration effort contin-
ved in France, Sweden, and other countries,

As of this writing (1966) uranium-fueled nuclear reactors ire competitive in
many areas with conventonal power plants for the generaton of electriciry for civilian
uses. To the exrenc that this competidon eontinucs to shift in favor of the nuclear
teactors, 2 new and still larger demand for uranium will be created, leading to a
third widespread cxplomation cfforr,

The last vear for which world production figures of uranium .are reasonably
available is 1963. Amoog rthe countries reporiing producdon, the leader is the
Unired Srates, with 14,218 short tons of U;Oy during the year; the U.S. is followed
by Canada, with 8,141 shorr tons, and Sourh Africa, with 4,532 shotr tons. Other
countries rrporung signifiar productien are the Congo, France, and Porrugal.

Most of the uranium production in the United Stares 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 the Northwest
Territories, wirh large reserves in the Blind River conglomerate. South African
production is aimost exclusively a by-product of gold mining in the Witwatersrand
area, where pitchblende mineralization has apparently accompanied gold deposition.
The largest reserves are disseminated in sedimeants, usually sandstones. The majoriry
of smaller deposirs are pitchblende veins such as those of Grear Bear Lake, Canada;
Erzgebitge, Germany and Czechoslovakia; Kawmnga, Congo; and Portugal.
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