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Introduction

Owing to the geochemical similarity of chorium and uranjum, i is necessacy in the chap-
ters on cach element to refer to the geochemisty of the other, The chaprer on uranium (92)
specifically considers & number of topics perwining to both elements, namely: the contri-
bution of radioactive elements to beat flow; auroradiography; fractionation of thorium and
vranium during weathering and the usc of Th{U ratios as indices of sedimentary depositional
environmens; and the utilization of nuclear fuels as energy cesources. This chapter on
thorium includes a discussion of age dating by disequilibrium methods involving both the
thorium and vranium series; the Th/U rate in igneous rocks; and the regional variation in
the sbundances of radioactive elements inr igneous rocks and the pecrologic conclusions
which can be drawn from these vatiations. A discussion of ThfFb and U/Pb dating can be
found in Chapter 82 (lead), Sectior B,

Reviews of the geocbemisrey of chorium have been published in & number of places.
The present writers presented a review of the geocbemistey of thorium and uranium (Apans
ef al., 1959), and Pereraan (1963) prepaced a preliminary version of a very deaailed descrip-
tion of the abundances of thorium and uranium in verous materials. A bibliography of the
geology of uranium end thorium has been published by Er Smazry (1962). The present
sections 90-B to 90-O are based primarily on world-wide literawure publisbed prior to 1965
with & few refecences to later papers. In the case of some papers which are difficule to obrain
or ate il a language other than English, German, or French, the dara reporied in this chaprer
have been taken feom PerErsman’s 1963 summary,
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90-B. Isotopes in Nature

Only two long-lived isotopes of thodum occur in nature, The major one is Th*32,
which is the patent nuclide of a long decay series terminating with Pb*%, The half-
life of Th®2 is 1.39 x 10" years, which is considerably longer than thatr of either
U or U3, The other important narural isotope of thorium, Th %P, is generally
present in minerals which contain uranium. Tbherium-230 is the decay preduce of
U2, an intermediate in the decay of U2, The haif-life of Th®? is 80,000 vears.

The fact that thorium and uranium are geocbemically separable during sedimenta-
tign and other surficial processes permits discquilibrum dating of sediments in
which some of the isotopes accur. The vatious rechniques are summarized in a
number of papers, including Rosuorr er ol (1961, 1962), RaosHoLT and ANTAL
(1963), Sackerr and Potratz (1963), Sackerr (1965), and Trumeer (1965). In
outline form, the various dating technigues are as follows:

(1) Uranium is precipitated from sea watcr in calcarecus organisms or other forms
of calcium catbonate. The caleium carbonate does not incorporate the thorium
daughter products, and thus the rate of accumulatjon of Th®® is 2 measurc of the
age of the precipitated carbonatc.

(2) The limited amounts of Th®¢ and Pa®™ in sea water are absorhed in clay sedi-
ments, Because the thorium and protezctinium are unsupported by their parent
uranium, which is not incorporated in the sediments, the rate of disappearance of
thorium and protoactinium can be used to date the formation of the sediment. The
ratio Pa®!{Th®™?® has a half-life of 60,100 years.

(3) The excess of U4 commonly found in sea warter above the amount required
for secular equilibrium permirs a check on other metheds of dating. The 15 percent
excess of U2¥ gradually disappears in deposited sediments which incorperate uranium
in any form, such as in the calcium carbonate lattice. The rate of establishment of
sccular equilihrium pecmits dating the sediment,

In addition to the two thorum isotopes discussed, four other shore-lived isotopes
also occur naturally:

.Th** — a member of the U*® decay sedes
Th®! — a member of the U3 decay series
Th=2 — a member of the Th™®? dccay series
Th®? — a2 member of the U** decay seties.
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90-A. Crystal Chemistry

L. Introduction

Thorium belongs o the seties of actinide elements which are characterized by an
incomplete 5f sbell, analogous to the rare earth elements with incomplete 4f shells;
such clements, therefore, may occur in a variety of valeace states. Thonum is pre-
dominantly seable in the tetravalent state buc is sometimes 3-valentand 2-valeat in some
halides and chalcogenides. It is the largest of the tetravalent cadons with an ionic
radius comparable to that of U and Ce?t (sea Table 12-8 of Volume I of this hand-
book; also SHANNON and PreEwrrT, 1969).

The similadties in jonic size, outer electron configuration and bond character
are the main reasons for the close relationship between the crysml chemistry of tho-
mum, cequm, vranium and zirconium. Thetre are maay examples for isostructural
compounds, e.g. ThS, US, CeS, ZeS(WNaCl-type); ThO,, UQ,, CeO., ZrO, (Auorte-
type); ThSiQ,, USIO,, Z:5i0, (zrcon-rype); ThGeO,, UGeO,, CeGeQ,, ZrGeO,
(scheelite-type); and BaThQ,, BaUQ,, BaCeQ,, BaZrO, (perovskire-type). Although
there is a definite preference by Th for 8- and 6-fold coordination in nonmeeallic
compounds, higher coordination numbers such as 9, 10 and 11 are also found. Pure
thodum minerals, like thonznite (ThQO,) ot thodte (ThSiO,), are rather rare, but
this alement occurs as a minor constituent of 2 latge qumber of minerals containing
uranium and rate earths as monazite (see Section 90-D-2; also FronDEL, 1958).

II. Metallic Compounds, Borides, Carbides, Nitrides, etc.

Elemearal thorum exists in rwo modifications. The face-centered cubic a-form
is stable from toom temperature upto 1,400° C. Above this cemperaruze it transforms
teversibly inro the body-centered cubic g-modification. The exstence of many inrer.
metzallic compounds of thorium, varying greatly in composition and structure, has
been reported by Makarov (1959) and Nevrrr (1963); most of these structures are
close-packed with high coordination numbers for thotinm,

The stable carbides of thorium are ThC (NaCl-type like other IV-B group car-
bides) and ThC, (strucrurally closely related ro NaCl). The C,-groups instead of
Ci-stoms change rheir orienration with remperature and ThC, is cherefore known in
three modifications: monoclinic from room temperature to 1,430° C, tetragonal
from 1,430—1,480° C, and cubic abave 1,480° C (Bowman es a/l., 1968). Thbe silicides
of thonum have compositdons ThSi, ThSi, and Th,Si, (Jacosson, Freeman, THare
and -Searcy, SR 1956, 191).

The niuide ThN erystallizes in the NaCl-structure, Th,N, in the hexagonal
A-type structure of the rare earth sesquioxides (ZacHArIAseN, SR 1949, 172), and
ThyN, in a special close-packed configuration of thorinm atoms where nimrogen
occupies octahedral and tetrahedral holes (Bewz, 1966). This structure is closely
related to thar of Th,N,O where the thorium aroms are in hexagonal close-packing,
The compounds Thy(N, O)X (X = P, §, As or Se) crystallize in the Ce,Q,S structure
which is related ro Th,N, (BENZ and ZACHARIASEN, 19G9).

\[ Springer-Veilag Berlin + Heidelberg 1974
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. Oxides and Oxosalts

The very stable oxide ThO, (thorianite} cryseallizes in the Auorite structure;
natural thorianite conmins varying amounts of UQ, aod also rare excth oxides
(Rommvson and SABINA, 1955). On the other hand thorium is usually present in the
minerals uraninire (UO,) and cerianite (CeO,). A contiquous series of solid soludons
exists between the isostructural oxides ThO, and UO,. Thorium oxide may also form
defect fluorite-type phases with Y,O, (ScHusterIUs and Paburov, SR 1935, 377)
and with rare earth oxides (GingericH, SR 1961, 493). At higher sesquioxide con-
centrations the strucrure changes to the C-type of the rare earth oxides.

Various compounds between ThO, and other oxides, and also oxosalts of tetra-
valent thortum, are known. A compilation of such compounds is given in Table
90-A-1; in a few cases the erystal structure is not known. Oxide and silicate minerals
eontaining thorium as a major constivuent ace listed in Subsection 90-D-3, Table
90-D-2; many of such minerals occur in the metamict state.

Thorium germanate crystallizes in the scheelite structure below 1,100° C and in
the zircop structure above this temperature, The high temperature form of ThTL O, .
is isostruerural with UTL,O, and with the mineral brannerite. The linking of the
(TiO,) octahedra is similar to that in anatase. Thoro-aeschynite and thorbastnaesite,
which are listed in Svbsection 90-D-3, conwmin wpto 30% ThO, and 47% ThO,

Table 90-A-1. Oxidr compornds and oxvralts of thorium

Compound Coordination Reference

number

of Th
ThO, 8 GoLDscHMIDT and THOMASSEN

_ (SB 1913—28, 208)

a~Th[GeQ,] 8 BerrauT and Durir (SR 1954, 451)
B-Th[GcQ,] 8 Berravr and Duwir (SR 1954, 451)
a-ThTi.O, 642 Hananr and THeRY {1969)
B-ThTi,O, G RuH and WabDsLEY {1966)
«-ThMo0,0, 8 THOAEY ¢f df- (1970)
§-ThMo,0, 8 THORET e af, (1968)
ScThO,, BaThO,, PhThO, 6 NaraT-5zaso (SR 1947/48, 456)
Thy(OH}, [NO, 15 (H.O), 1 Jonansson (1968)
Th[NO,],-5 H,O 11 TAYLOR #f al. (1966)
Th[NO,], 6 H,O 8 TExpPLETON 1nd [YAUBEN,

{SR 1951, 278)
Th[P,O,] [ BurbpEese and Boarera
(5R 1960, 405)

NaTh.[PO,],, KTh.[PO,], 9 Marxovic o of. (1970)
CaTh{PO,],, 9 Bowic and Honrwe (SR 1953, 540)
{Ca, Ce, La, Th)[PC,)
- Me*Th[PO,], o ScHwaRz {(1965)
Me*Th[AsO,]. D Scuwanz {1965)
MeMTh[VO,], 8 Scuwarz (1965)
(Me2+ == Cd, Ca, Sc, Ba, Ph) :
Thy[VO,], 8 Le FLEu of of. (1965)
Th{V,0,] 8 QuaRTON, ¢ al. (1970)
Th{OH),[50,] 8 Lu~pcren (SR 1950, 327)
Th{OH),[CrO,)- H.O 8 Lunpcren and Sicpen (SR 1949, 254)
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respectively (Es’kova ¢/ ai., 1964 ; PAVLENKO ¢f ai., 1965), Cheralite, (Ca, Ce, La, Th)
[PO,], and its synthede analogue CaTh[PQ,), are isostructural with huttonite,
Th$iO,. Table 90-A-1 demonstrates the importance of thorium-conmining phospha-
tes and their corresponding vanadates. Thy[VO,], crystailizes in the zircon structure
with partly unoccupied Zr posidons; PbTh[VQ,], occurs in three modificadons,
scheelite, huttonite and zircon.

IV. Silicates

In spite of the elose crystal chemical relationship between thorium and zireonium,
only a few thorium silicates are known so far as compared to the large number of
Zr-conmaining silicates (see Subsection 40-A-IV). By far the most imporrant silicare is
the orthosilicate ThSiQ, and its substiruted derivatves. It occurs in two modifica-
tioos, in the teumgonal stucnure of zircon as thorire, and in the monoclinic
structure of monazite as huttonite. Contrary to expectation the denser huttonite strue-
ture is stable at high temperature and is formed irreversibly from thorire above
1,225° C (FmveH #fal., 1964). The more abundanr thorite is usually found ia the
metamict state and frequently contains U, RE, Pb or Zr e.g. uranothorite, calciotho-
rite, cucrasire and thorogummite (Papst, SR 1951, 307). A continuous sedes of solid
solutions probably exists berween USIO, and ThSiO, in the zircon strucrure
(FucHs and Gebery, 1958); also pardal replacemenr of [SiO,)* by [OH,]* is found
in the thorte-variety thorogummire, as in zircon (FroNDEL, SR 1953, 565; FRoNDEL
and Corerte, 1957). The monoclinic huttonire form seems to be inherenty much
mote stahle and is nor 5o easily decomposed to 2 mertamice state as thorite.

The metamict silicate, thorosteenstrupine, contains thorium instead of the race
carth elemenrs in sreenstrupine (see Table 90.13-2). The rate mineral ekaoite, (Th, U)
{Ca, Fe, Pb),SiyO.,, is also found in the memmict state; it recrystallizes above 650° C
to some unknown phases and to hurtonite (ANDERSON ¢f /., SR 1961, 538). A new
thorium-beryllium-silicate, ThBe,Si,Og, is probably srructurally relzted to ancrthire
{GrEBENSHCHIKOV, 1964).

V. Chalkogenides, Phosphides and Halides

A large number of thorium sulfides, selenides and tellurides is krown. ThS and
ThSe crystallize in the NaCl-structure and ThTe in the CsCl-structure (ZACHARIASEN,
SR 1949, 139; D'EvE e af., SR 1952, 135; Feano, SR 1955, 289); ThS. occurs ia
the orthorhombic PbCL, structure (ZACHARIASEN, SK 1949, 155) as is ThSe, {D'ErE,
SR 1953, 257). A typical layer structure (PbFCl-type) is present in the compounds
ThOS (Fig. 90-A-1), ThOSe, and ThOTe (ZacuariaseN, SR 1949, 2I7; Fearo,
SR 1955, 289). Th,S, and Th,Se; are isostrucrural with 8b,S, (ZAcHArrAsEN, SR
1949, 381), and Th,S;; and Th,S¢;, have a special structure type with 8- and 9-fold
coordinated thotium (Zacuarzasen, SR 1949, 184; D’Eve, SR 1953, 257).

Most of the phosphides, arsenides and antimonides of thorium are also iso-
structural (Ferro, SR 1955, 57 and SR 1956, 37), e.g. ThP, ThAs, ThSb (NaCl-type),
ThAs,, ThSb,, ThBi, (and-Fe,As-type), and ThyP,, ThyAs,, Th,Sb,, ThyBi, (cubic
ThyP,-type). )

The simple halides of thorum are listed i Table 90-A-2.
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Fig. 90-A-1. The atomic arrangement in ThOS (PbFQ-structure} projected along one of
the a-axes (Ferno, SR 1955, 289)

Table 90-A-2. Thorior balides

Compound Swuc-  Coordinaden Reference

ture oumber
type of Th
ThF, UF, 8 ZacHanrasen (SR 1949, 168} ]
Thd, ua, 8 MoonEY (SR 1949, 167) MUCKER e¢f of. (1969)
Thir, ud, 8 D'Exs (SR 1950, 188)
ThI, CdI, 6 Anperson and D’Exx (SR 1949, 159)
ThOF CaF, B Rannon and Lucas (1969)
ThOy By LaF, 11 Ranwon and Lucas (1969)
ThOF, LaF, 1 ZAcHARIASEN (SR 1949, 165)

Complex thorium fluorides have been reported representing a wide variety of
compositons aad structures: CaThF,, SrThF, BaThF, PbThF, (LaF-type;
ZacHarIASEN, SR 1949, 165); (NH), ThF, (Ryan ef al., 1969); (NH, )}, ThE, (PENNE-
MANN £# al., 1971); (Na, Li}ThFy (BrunTton and SEARS, 1969); a-KTh,F,,; (Baun-
ToN, 1972); RbThyF,, (Brunton, 19712); and K, ThyFy (BrunToN, 1971b).

Revimed maonecript fecenred: March 1973
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90-C-1

90-C. Abundance in Meteorites, Tektites,
and Lunar Materials

1. Meteorites and Tektites

The abundance of thorium and the Th{U ratios in meteorites are shown in Table
90-C-1. The vraniuvm values from which the Th/U mtios are calculated ace given in
Table 92-C.1. Owing 1o the grearer difficulty in analyzing for tharium than umnium,
there are many more analyses for uranium than for thorium.

The average concentration of thorium in chondritic mereorites is in the mage of
0.04 ppm. The average for achondrites is higher and the mnge is much greater than

Table 90-C-1. Contenis of thorium and THilJ ratior in meteorites

Name Class No.of Th Th{U Me- Reference
symbol sam- 10" X ppm thod

ples
Stones
Achondrites
Angra dos Reis  Aa 2 96.7 488 N  Morcan and LovERING (1964)
Binda Ap 2 6.31 278 N  MorcaN and LovERING (1964)
Bishopviile Ae 2 4.46 8.61 N  Monrcan and Lovering (1964}
Ellemeet Ab 2 0.379 251 N  MorcanN and LovERING (1964}
Johnstown Ab 2 0.57 N Bate ¢/ 4. (1957, 1959)
Juvinas 1 60 R Rowe ¢ af. (1963)
Moore Co. Ap 2 6.20 316 N  Monrcan and LovERING (1964}
Nakhla Ado 2 19.0 3.86 N  Morcan and LovERING {1964)
Nuevo Laredo  Ap 1 54 N BATE &f a/. (1957)

2 47.6 N Barte er al. (1959)

1 47 R RowE & 4l (1963)

fragment IT 2 45.9 3.5 N  Monrcan and Lovermve (1965)
fragment 111 2 49.2 3.5 N  Monrean and Lovering (1965)

Pasamonte Aor 1 52 R RowE ¢/ af. {1963)
Sioux Co. Ap 1 kL R Rowe ¢ af. (1963)
Stannern 1 50 R Rowe ¢ al. {1963)
Chondrites
Beardsley CH 1 43 N Bate e/ 2/, (1957

1 477 N DBate ¢ af. (1959)
Forest City CH 2 4,35 N Bate e /. (1957)

1 387 N  Bate # 2/, (1959)
Holbrook CL 2 3.80 N DatE et a/. (1959)
Hvitis Ce 2 in 502 N LoveriNg 2nd Morgaw (1964)
Karoonda CHL 2 5.66 4.13 N  Lovenng and Morcaw (1964)
Modoc CL 1 4.5 N DBarte efal. (1957)

2 392 N Bate e/ af. (1959)
Mokoia CHL 2 6.05 432 N  Loveamc and Moncan (1964)
Orgucil Ce 2 6.48 2.6 N  Loverm and Morgan (1964)
Richardcon CH 2 3.80 N  DBate & of. (1959)

O Sprioger-Verlag Borlin « Heidelberg 1967
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Table 90-C-1 (conunued)

Name Class No. of Th ThfU Meth- Reference
symbol sam- 10X ppm od
ples
Srony frons
Breaham P
(metad) 1 <0.07 R Reasgnck and Marne (1955)
(scone) 1 5.3 R Reassecxk and Marne (1955)
{olivine) 1 i1 N BATE ¢r /. 1958)
Irons
Arispe 1 1 0.0015 N Bare et al, (1958)
Arispe IT 1 D.000D58 N BATE ¢f af, (1958}
Sandia M=, 1 0.001 N Baxest al, (1958)
Table 90-C-2. Contenis of thorium ornd Th{U ratios in iektites and glasses
Name No. of Th Th{U Method Reference
sam- ppm
ples
Aunatralite 2 11.7 4.8 R Duorer (1933}
1 9.19 5.28 I TrrTon (1958)
6 9.4 3.0 R CHERRYT (1962) )
1 12.9 4.8 R CHErrY and Apams (1963)
1 12.2 R Rowe ¢ al. (1963)
8 12.7 6.1 R Baracex and Apawms (1966)
Bediasite 3 4 3.3 R Abpawms ef af. (1959)
2 8.6 5.9 R CHERRT and Apars {1963}
2 o.0 R Rowe & af. (1963)
10 T.2 19 R Baracek and Apasis {1966)
Billitonie 1 9.6 6 R Duger (1933)
Indochinite 2 10.5 6.5 R Apams (1955)
4 13.9 6.4 R Cuerry and Abawms (1963)
1 {19 R RowE ef al. (1963)
5 12.7 5.9 R Baracek and Apans (1966)
Moldavite 4 15.4 5.8 R Duser (1933)
1 11 G R Apams (1958)
i 5.8 4.7 R CHERRY and Apaws (1963}
Philippinite 1 15 9 R Apnams (1956)
1 15.7 8.5 R CHerrY and Anaus (1963)
4 -14.7 R Rowe e al. (1963)
12 14.6 5.8 R Baracex and Apams (1966)
Darwin glass 1 1.3 8.1 R Duzey (1933)
- Libyan Desert glass 1 3.3 R RowE ¢/ ai. (1963)
Peruvian glass 2 3.6 0.2 R CHERRY and Apans (1963)

for the chondrites. The thorium contenr of iron mereorites is extremely small. The
average Th{U mrio for all of the stony meteorites is in the range of 34, wich a
few exceptional ones outside of this mnge. The average ThfU ratio is presumed to



Tharium 80-C-3

be the fundameneal rato for the salar system, and calculadons of the age of the eacth
based on lead isotope data are generally based on the assumption of a primordial
Th{U ratio of 3.5. The reporred values of Th/U matio are, in some cases, based on
uranium measurcments by one invesugator and thorium measurements on other
picces of the same meteorite by another investigarer. The combination of separate
values clearly vields less precision than determination of the Th{U ratio by measure-
ments by the same investigator on the same sample; Table 90-C-1 reports ThiU
ratios oaly for measurements on the same sample.

Thotium concentrations in tektites are teported in Table 90-C-2, and comparable
uranium values ate given in Table 92-C-2. The thatium concentrations in tektites ate
much higher than in metwortites and average about 8 to 10 ppm, which is very close
o the average concentration in the continental crust. The Th{U ratios for tektites
are also rcported in Table 90-C-2, and the uranium values on which they arc based
are given in Table 92-C-2. The ThfU ratios in tektites are on the order of 4 te 5 and
seem to be somewhat highee than in mereorites ot in most crustal materials. The origin
of these slighty higher ratios is unknown. As discussed in Chapter 92, the high tho-
rium and uraniom conrents of tektites are difficult to explain in terms of an extma-
tertestrial origin.

Revised manuseripe recxived: July 1967

I1. Lunar Materials

More than 500 analyses of thorium io lunat racks obrained by neutron activation,
y-ray spectroscopy of natural radioactivity, and mass spectromctry have been sum-
marized in Table 90-C-3 (spark source mass spectrometey data were not included).
As the distribution of thotium in lunar tocks is intimately associated with that of
uranium, the same tocks as in Table 92-C-3 are grouped together. The same problems,
that cxisted with uranium with propet classification of rock types and with the in-
adequacy of the sample sizes also exist with thotium. The tock groups of Table 90-C-3
could certainly be atranged in many other ways. The variation within a rock group
ar one particular landing site is, in gencral, smaller than between similar rock groups
of different landing sites. If the tocks are classified as in Tahle 90-C-3, che relative
standard deviations from the means in 67% of the cases are less than 30% and exceed
50% oalv in 19% of the cases. Although hardly anv sample can be claimed ro be
representative of a rock type, the latge number of analyses and the remarkable agree-
ment of the results by different analytical methods on rocks of the same group per-
mits some generalizations to be made.

The lowest Th content, 0.0032 ppm, was found in an anorthosite, the highest,
34.2ppm, in a granitic portion of a breccia. The average anorthosite contains
0.09 ppm Th and the average low-K mate basalt 0.7 ppm Th. The Th cootent of the
other rocks is dominated by theit KREEP component, the hypothetical tock which
besides K, REE and P is cnriched in other incompatible clements like U and Th. The
different proportion of KREEP in the soils, breccias and melt rocks (anorthosiric,
trocrolitic, vety high alumina basalts and Apolle 14, 15 and 17 KREEP basalts) is
reflected by their varying Th content.

The geochemical coherence of Th and U in lunar samples is even more pro-
nounced than in terrestriat rocks, This is demonstrated by tlie constancy of the Th{U

D Springers-Verlag Berlin - Heidelberg 1578
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Thorium

Table 90-C-3. Téorismr in limar rocks

Mean  Range 3 Number of References
ppm Th ppra Th apalyses

Apoile 11

Soils 205  1.31-23 030 12 16, 20, 39, 44, 46, 53, 60,
™4, 66

Breccias 2.50 1.90-3.72 0.65 6 38, 44,60

High-K basales 333 280403 038 117 21, 3B, 39, 44, 46, 60, 61

Low-K basalts 082 0.53-1.08 019 12 38, 39, 46, 60, 61

Apolfs 12

Suils 6,73 3.2-135 108 30 2,9 17, 34, 40, 49, 53,

: 55, 61, 63, 66 :

Breccias 16485 845-34.2 845 13 17,19, 31, 36, 40, 49,
62, 63

Basalts 0.50 0.24-2.19 031 58 2,9, 19, 24, 31, 36, 40,
43, 40, 55, &1, 63

Apolla 14

Soils 1330 11.3-159 1.38 23 6, 10, 15, 27, 28, 41, 48,
50, 56, 65

Breccias 1414  4.2-21 3.65 21 3, 10, 15, 24, 56, 65

Melt rocks 1137 8.6-13.3 129 11 3, 10, 24, 27, 41, 48, 51

Basalts 219  1.98-238 0.18 4 24, 48,51

Apalis 15

Soils 407 1.8-7.35 1.05 44 1, 14, 18, 24, 26, 27, 37,
41, 56, 58

Breccias 339 2.0-5.9 .19 11 24, 37

KREEP-rich 12.25 12.0-12.6 0.30 4 24, 41

breccias

Basalts 0.52 0.40-0.70 0.10 i 1,24,37,41,58

Anorthosites 0.065 0.028-0.102 — 2 24

Apollo 16

Soils 191 0.51-2.77 050 &5 1, 4,8, 11, 13, 26, 30, 32,
52, 57, 58, 67

Breccias 210 0.22-7.8 1.68 50 4, 8,11, 13, 22, 25, 30,
32,58, 59

KREEP-rich 9.15 4.1-10.34 0.82 B 4,8,11,25,29,32

breccias

Maelt rocks L3 0.63-3.55 1.16 7 1,8,11,13,22, 32

Anorthosites 0.096 0.0032-0.49 0.18 7 8, 22, 32, 52, 67

Apalle 17

Soils 1.69 0.3-3.0 0.87 33 4, 7,12, 13, 18, 25, 33,
42, 58, 59

Breccias 448  1.86-6.05 129 26 s, 12, 18, 22, 25, 34,
58, 59

Melt rocks 103 04149 029 1 22,25,35

Basals 0.38 0.17-0.79 0.t1 32 5,12, 13, 18, 25, 33, 58

Lima 15

Soils 0.94 0.47-1.23 0.33 4 23,50, 54

Lina 20 ’

Soils .09 0.73-1.54 0.29 5 26, 45, 47, 52
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W =] L

ratia for whole rock samples. The meaa and median Th{U racio of 477 determinadons
on the same rock samples (for refecences see Table 90-C-3} is 3.65, with 67% within
+ 0.3 of this value. The smallest ratio reported is 1.8 in ap anorthosite of Apollo 16
and the largest 6.1 in a breccia of Apollo 11. However, on 2 small scale thece exist
differences of two orders of magnimde: apparendy U and Th concentrate during
ceystallization differentiation and are enciched in intersddal residval liquids. They
eoter discrere minerals only in the very last stage of crystllization; it is then that
the two cldments segregate. BuanerT ef of. (1971, P II, 1503)? repore ThiU ratios for
zircon of between 0.2 and 3.6, for a Zr-Ti-mineral of 2.9, for apatite ~5 + 1 and for
whitlockite, of between 6.8 and 20. ANDERSEN of of. (1972, EPSL 14, 195) found
Th{U ratios of 0.5-0.8 in zircon, 0.5 in baddeleyite, 1.6-1.7 in zitkelite, 2.2 in a Ti-Zt

1 The abhreviations PIto P VI cefer 1o the Proceedings of the Firsc to Sixth Lunar Science
Conferences, Geochim. Cosmochim. Acta Supplements 1 1o 6, EPSL means Earth and
Planecary Science Lerrers.
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silicate, and 5.5 in REE phosphate and 20 ia a whitlockite. BuscHE ef af. (1972,
EPSL 14, 313) report Th{U ratios of berween 1.8 and 2.6 for a mineral which is
probably zirkelite and HAINEs ef af. (1971, EPSL 12, 145 and 1975, PVI, 3527) report
ratios of 8-14 in whitlockite and 1.5 in a REE-rich Zc-Ti phase (in this the highest
Th content of 4.1% was found). From these data it is obvious that Th js preferably
incorporated in phosphates and U in Zr-minerals, These differences probably explain
pare of the spread for whole rock Th{U ratios berause many of the samples analyzed
were extremely small.

The orbital p-ray mapping experiment (METZGER ¢/ 4/, 1974, P V, 1067) yielded
average Th concentrations of 0.9 ppm for the highlands, 3.2 ppm for the maria, and
2.2 ppm as an average for the surface. Although these numbers are very different
from those thac may be calculated from the soil data of Table 90-C-3 they are prob-
ably more representative. The reason for this is that the orbial data for the least
heterogeneous landing sites (Apello 11 and 16) agree well with the averages of the
soils. As is the case with uranium, these concentrations are due te strong entichment
in the lunar crust, Many models for che evolution of the moon (for refarences see
Sect. 92-C-IIT) arrive at ~0.06 ppm U as the average for the entire meen. Under the

_ assumption that the ratio ThfU =3.65 is constant this implies that the average Th
content of the moen is ~0.2 ppm.

The isotopic composition of lvpar therium was studied by Rosuort ef 4/, (1970,
P I, 1499 and 1595; 1971, P II, 1577). They measured the *WTh/®¥Th ratio by
#-particle specerometry. Comparison of the measured ratio with the ratio which has
to be mapecred from the #*Th and 3*U contents revealed excesses at the o-particle
energy of the ¥0Th 4.68 MeV peak in some crystalline rocks. This excess seems to
increase with the KREEP component and may reach 80%. As the effect cannet be
explained by disequilibrinm in the 28U-24U-*0Th decay scquence, the existence of
an isomer of 22Th (¥?mTh) is suggested which emits e-partictes of ~4.7 MeV and
which s accompanicd by a decay series collateral co the regular decav series for
#3Th, It is possible that a variahle cosmogenic hisrory for **Th and *#¥mTh may
exisr,

roeved: [ aTr
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90-D. Abundance in Rock Forming Minerals (I);
Thorium Minerals (IT); Phase Equilibria (ITI)

I. Rock Forming Minerals

The coneentrations of thosium in various rock-forming minerals are given in
Tahle 90-D-1. The Th{U ratios shown in the table are calculated wich the aid of che
uranivum data given in Table 92-D-1. As discussed in Chapter 92, Secrion D, the
precise location of radioacrive ¢lements in rock-forming minerals is uncertain. In
minerals such as allanite, hutronite, and monazite, the thorium clearly occupics one
or more of the cation sites in the lartice as a major constituent. In zircon it may be
presumed that thorium substitures for zirconfum, and in fact che Th{Zrt ratio is rela-
tively constanr for a variery of crustal materials (for discussion see ApaAnts ¢7 ¢/, 1959).
In minerals such as epidote or potassium feldspar, it is uncertin whether thorium
occurs in Jaccice sites, inrerstitial positions, submicroscopic defects, or perhaps in the
form of individual small grains of thotium minerals,

The ThfU ratios of the various minerals reflect the ability of crvstal lactices co
discriminate between thotium and urantum. Thus allanite, huttonite, and monazite
are primarily thorium minerals and have high Th{U rarios, whereas xenotime is
primarily a uranium mineral. Zircon and sphene, common accessory minerals in
granite, have ThfU ratios of 1-2, which contrasrs with the general 3.5-4 watios for
whole igneous rocks. Whether thesc low ratios for zircon and sphene retecr differ-
ential inclusion ot uranium in the mineral or possibly precipitation from an eariy
magma of lower Th{U ratio than the magma from which the final rock crystallized
is uncermin,

II. Thorium Minerals

Thorium is a major cation in a variery of minerals, none of which ure at all com-
mon. Table 90-D-2, based largely on Froxper (1956}, lists the various thorium
minerals., The scarcity of thorium, its ability to subsdtute for other elemenrs in
crystal Jartices, and the absence of a geochemical method of concentration of the
element all combine co render chorium a highly dispersed marerial. Dispersal con-
trasrs markedly with the rendency of uranium to hecome concentrated by precipiea-
tion from waters carrving the soluble, oxidized uranyl ion (see Chapter 92). Thorivm
occurs naturally only as rhe comparatively insoluble tetravalent ion.

Mineral formulas are those given by FronpeL (1956) except in the casc of minerals
discovered since 1956 or minerals whose formulas have been modified by jater work.
Refercaces arc given in each case of more recent discovery or new description. Papers
consulted only secondarily through summaries in the American Mineralogist are
shown in rhe reference )ist wich a parenchetical reference 1o volume and page in the
American Mineralogise.

I Springer-YVerleg Beilin - Heidelbog 1969
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Table 90-D-1. Contents of thorinum and ThiU ratior in minerals in igncons rocks

Th in ppm Th/U  References
(no. of samples)

Major mineralr

Quarz 0.5—10 1—5  A@HECA):J©); K(5): M)

Feldspar (including porassium 9.5—10 1—6 A (5); C(1); ] (6); K (5);
feldspar and plagioclase) M (1}

Biotite 0.5—50 0.5—3 A(1);](6); K (5); M (1}

Homblende 5—50 2—4 AQ;TEnMQ)

Qlivine (from dunie) 0.02 low L (2)

Accerrory minerals

Allanite 9100 high G (10)
1x10%to 2 104 high B (1); F(#); G (10); J (6);
K (5); M (13; N (1}

Apatite 70 1.3 E (29)
50—250 ~1 C(1): E (29); J (6); K (3);
M)
Epidote 200 4.8 E®
50—500 2—10 E (9)
Hurconite nearly pure Th5i0, N (individual grnins in
one rock)
Magnetite (and other 0.3—20 ' A(12y; C(1); ) (6); K (5);
opaque miinerals) M(1)
Monazite 125,000 high E (15}
49,700 ~25 E (12)
2x104t0 - high E (11): F (15); H (4)
2 x 108
Sphene 510 1.7 E (25}
100-—1,000 1—3 C(1); E (25); ] (0); K ()
Thoranite and Urninite vardes from ThQ, to UO,

Thorite and Uranothorice varies from Th5i0, to USiQ, (&}
(solid solution may not be complete)

Zircon 560 0.4 E {(43)
100—104 0.2—2 C(1); D (21); E (43); ] (6);
K (5}

Ranges shown in the table are those within which thodum coocantrations znd ‘Th{U
rtios commoenly occur rather than the extreme ranges for suites of samples. Averages are
given only for: suites of minerals separated from North American rocks and reported by
reference E, using gamma-radiometric methods; monazites reported by reference F, using
dilution; and allanices reported by reference G, using mdiomewic methods.

A: KeeviL (1944); B: Hurron (1951); C: Tivron ef ¢ (1955); D: WesBER ¢ of, (1956);
E: HurLEy and Famreatri (1957); F: MuraTA ¢ al. (1957); G: W. L. Ssurh e of. (1957);
H: Tirrom and Nicoravsen (1957); J: Leonova snd Tauson (1958); K: Leonava (1962);
L:Heer and Carrer (1964); M: Leonova and Ranne (1964); N: Ricetarnson (1964).

Data on Th{U rarios are given by Hurcey and Fammsarrn (1955), and preliminary data
on accessory allanite is provided by Prarr (1955).

ITI. Phase Equilibria

Muspron and Roy (1961) have investigated the system ThOy~UQ,—S5i0, both
dry and in the presence of water. A preliminary diagram of the system is shown in
Fig. 90-D-1. Their conclusions may be summarized as follows:
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1. Huttonite {monoclinic) is the stable form of ThSiO, at all temperatures, and
thorite (tetragonal) is metasmble,

2. Thorite dissolves rot more than about 35 mol percent “USIO,” (which does
not exist as a separare phase), although other workers have reported considerable
isomorphism between ThSiQ, and the hypothetical “USIQ ",

3. ThO, and UO, are compietely isomorphous at high temperatures; (experiments
were performed at 1,350 degrees C.).

4, ThSiQ, melts incongruently near 2,000 degrees C. to ThO, and $iQ,; (this
conclusion is a cination of the work of another author).

5. Zircon dissolves less than 1 mol percent ThS5i0, and 5 mol percent “USIi0O,".

The frequency distributon of thorium cancenmations in zircons has been smdied
by AHRENS (1965). The presumed logrormality of this distribution is also characres-
istic of uranium.

Table 90-1-2. Minerals condaining thorium as o mafor constituwent

Brockitc Cag.4a 50004 Ba6.01 Ty 1R Eg.yy (PO Joeaa (CO3)ons * 0.9 HyO
(Fisusa and Meyrowrrz, 1962) :

Cheralite (Th, Ca, Ce) (FO,, SIO,)

Ekanire (Th, U) (Ca, Fe, Pb},5i,0y (ANDERsON &f al., 1961)

Huttonitc ThSiO,

Monazite (Ce, Y, La, Th) PO,

Thorbastnacsite Th(Cay RE) 5)(CO): Fy - 3 HyO (PAvLENEKD &f ail,, 1965)

Thorianite ThO,

Thorite ThSiO,

Thomgummirc Th (SiO‘Jl_x(OHJ{K

Thotostcenstrupine (Ca, Th, Mn}y5i,{Q; =Foesha s’ 5 H.O

Thotutite (Smirnovite)
Uranothorianite

{Kurriranova ef af., 1962
ThTi.0, (GormAN and KHAPAEY, 1958)
{'rhr U) O!

Uranothorite

(Th, U}Si0O, solid solution may be incomplete

UOZ Male—"fo Th02

Fig. 90-D-1. Possible, though noe completely verified, phase diagram of che ThO,—UQ.—
810, system in the neighborhood of 1350° C. {From Muaeron and Ror, 1961)

ivcd: July 18th, 1967



Thorium

80-E-1

90-E. Abundances in Common Igneous Rocks

Thorium concents and the ThfU radios in various types of igneons rocks {Table
90-E-1) ace discussed under several subheadings. This section includes a deseription
of the average thoriuvm content and Th/U ratios of various major rock geoups, the
variation in thorium content and Th{U rarios in differennadon sequences, the re-
cognition of provinces of high thorinum and uranium abundance, 2nd various prob-
lems concerning the homogencity of the distdibution of thorium and uranium
within the earth. The Th{U rarios shown in Table 90-E-1 are calculated nsing uraninm

data presented in Table 92-E-1.

Table 90-E-1. Tloritwr contents and THU ratios of selected igneores rock suiter

Suite No. of Th
sam- ppm
ples

Th/U Method Reference

Granitic rocks

Russia:

Precambrian mica granices 100 33
of Ukranian shield

{middle Daepr area)

Tertiary Megrinsk intru- 7 32
sions of Southeen Armenia;

alkalic granodierires to

alkalic granitcs of 2nd

intrusive phase

Northern Tien Shan; — 15
weighted av. of ali

erystalline rocks

Paleozoic granites and 47 16.0

syenites of Cencra! and
Western Tuva

United States:
Conway granite, New Hamp- 1,265 36
shire, Triassic, atkalic

New Eugland granices 123 26
Enchanted Rock bacholith, )| 20
Texas, granite

Precambrian granites of k. 25.5
Front Range, Colorado

Laramide stocks of Front 23 30
Range, Colorado

Laramide stocks west of 25 0.7

Front Range, Colorado

6.3

3.7

4.1

37

4.0

4.5

crma-
nation

radio-
chemical

Firterov and Kouiev
(1959)

MeLiksETY AN (1961)

Krrrov (1963)

Arnavovicnu (1959)

Aoans & af. (1962);
RoGERs ¢f at (1963)

RocEers (1964)
Rocens (1964)

Pirair and Gorrraien
{1964)

Puirair and GOTTRRIED

(1964}

Puair and GorrrriED
(1964)

D Springer-Verlug Berlin « Heidelberg 1590
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Table 90-E-1 {Continued)

Suite No. of Th Th{U) Method References
sam- ppm
ples
Precamhbeian granites of 24 16 —_ C Prair and GortrrRien
middie Rocky Mts. (1964)
Idaho bachelith; Laramide:
tonzalites and 17 11 5.0 Linsen Jr. and
granodiorites Gorrruep (1961)
gtz. monzonites Y 17.8 4.7 LARSEN Jr. and
and granites Gorrrraep (1961}
Siecra Nevada batholith, 20 18 3.5 various RogErs (1964)
Cal.; granodiorites to
granites; Jurassic
Laramide granites of Idaho 38 16 4.7 various RogGems (1964)
batholith, Boulder bacholith,
and nottheen Washington
Granites and granodiorites 54 8 38 various Rocers (1964)
of Southern Cal. batholith;
Cretaceous
Guabbroic and uliromafic rocks
General average for 24 384 43 various HErer and Carter
' gabbroid™ rocks (1964)
Dunite (North America) 3 005 low  various Heer and CarTER
(1964)
Eclogites
Pipe cclogite (Africa) 10 044 23 R Heien (1963)
Pipe eclogite (Africa-1; 4 022 42 N Loveaing and
Australia-3) Morcan (1963)
Averape eclogite from 9 046 2.2 varipus HEerer and Carter
meamarphic terraines (Nor- (1964)
way and central Europe)
Alkaline intrusive rocks
Nepheline syenites 16 0535 4 R Heer (1962a)
(northern Norway)
Nepheline sycnites of Lovo- — 35 — c Poryaxov aud Kot
zcro massif, Kola Peninsula; (1964)
weigheed av.
Vatiscan alkalic sycnites 26 17 5.6 C Leonova {1964)
and nepbeline syenites of
southern Tien Shan
Varipus suites from Kola
Peninsula, Russia:
Lesnaya Varaka {olivinite) 2 0.65 Poryaxov and
Vorymers (1961)
Afrikanda (pytoxcnite) 10 21.5 Poryaxov and
VoLyNers (1961)
Lake Varaka {atkalic) 5 278 PoLrakov and

VoLymEers (1961)
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Table 90-E-1 {Continued}

Suite No. of Th Th{U Methad References
sarn-  ppm
ples
Basaltic rocks
Qceanic tholeiitic basalts 22 018 1.8 1 Tatsusoro of af, (1965)
Basalts and basaltic ande- 20 1.1 2.2 C Gorreriep ef afl. {1963}
sites of Mariana Islands _
Tholeiitic basalts of Hawaii 6 0.69 4.0 R HEIER ¢/ al. {1964)
23 0.95 3.0 C Larsen, 3d, 20d
Gorrrriep (1960)
Alkali basalts of Hawait 2 3.9 3.7 R Heier ¢f al, (1964)
7 5.4 31 C LArseN, 3d, and
Gatrrrieo (1960)
Japan
tholeiitic basalts 2 019 16 R Herer and Rocers
(1963)
high-alumina basalts Z 078 37 R Herer and RoGErs
(1963)
alkali-glivine basalts 2 3.9 1.6 R HEIER and RoGERs
(1963)
Caribbean Island arc
spilites & 026 1 R Rocers and DonwzLLY
{1966)
intrusive kecatopbyres 5 084 1 R BRogErs and DonnNELLY
(1966)
excrusive keratophyres 4 039 14 R RoGERS 2nd DONNELLY
(1966)
basaltic andesites 12 1.90 2.4 R Rogers and DonNELLY
(1966)
Plateau basales {av.) 21 196 42 varipus HEIer and CArTeR
{1964)
Caolumbia River 2 1.0 33 R Heier and RoGERs
{1963)
Palisades ) 5 1.8 5.3 R Heter and Rocers
{(New York) (1963)

I. Abundances in Various Rock Groups

Table 90-E-1 shows the thorium contents and Th{U ratios for a variety of groups
of igneous rocks. Thrse groups represeat suices of rocks or large assemblages of
similar rack types which may be considered as individual populations. No effort
has been made in Table 90-E-1 to summarize all of the measurements of thorium in
igneous rocks.

Although an average thorium eoncentration for granites, for example, is essenral-
ly unobcainable owing to the extreme variation in thotium content from one type
of granite to another, it is possible, nevertheless, to indicate the general range of
thorium concentradons for major rock types. As shown in Table 90-E-1 the thorium
content of graaite is in the range of 10—20 ppm and deereases steadily chrough the
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intermediate rock types to a conceatration in the range of 0.5—2 ppm for vacious
types of basalc and gabbro. The thorium concenrration thus shows the same increase,
in abundance as the uranium concentration toward the more perrelogically differen-
tiated rock types. In fact, the K/Th ratio has been found to bave a nearly conscant
value of approximately 3 X 10° in a large variety of ignecus rocks (Herer and Rocers,
1963). This constancy of the KfTh rado has been noted in sediments as well 25 in
igneous tocks by PLiLER and Apams (1962a), and the K/Th rado is, in general,
even more constant than the K{U rado in surficial materials, The extremely high
conceatraton of thorium in alkaline rocks is noteworthy in view of tbe general
tendency for thorium and pomssium to occur together. Table 90-E-1 shows no
significant differences between extrusive and intrusive rocks in regard ro their
thogium contents or their Th{lJ ratias,

The average thorium contenr of the continental cruse may be estimared from rhe
dama given in Table 90-E-1 providing thar the propordon of various rock types
composing the crust is known. This problem has been discussed by 2 number of
authors including PHAIR and GorrFriEn (1964) for therium and vranivm and
Rocers {1966) for the general problem of geochemical balances. The abundance of
granite in the earth’s crusc is almost cerminly less than 50 percent, and most of the
other rock types contain much less thorium and uranium than grapire. Thus the
average thorium content of the continental crust may be estimated in the range of
6—10 ppm, approximately one half the concentration in the highly differendated gran-
ites. As diseussed in Seedon 92-E, the uranium content of the continenta] crust is
approximately 2 ppm, and thus the Th{/U rado for the conunental crust should be
about 3—4,

The average Th{U ratio for igneous rocks is shown by Table 90-E-1 to be in
the mange of 3.5 to 4. As discussed in Section 90-C, 2 primordial Th{U ratio of 3.5 is
commonly used for calculations of the age of the earth by lead isorope methods.
The similaricy of crusml and cosmic ratios, bowever, does not indicarte that the crust
is a comprehensive sample of the cosmos. As pointed out, for example, by Gasr
{1960) and a number of other workers, the rato of K{U and K/Th in the average
chondritic mereorite is not the same as in crostal rocks. Furthermore, as discussed be-
low, the Th{U ratio in rocks derived directly from the upper mancde is generally in
the range of 1 to 2, thus indicating some type of preferential enrichment of thorium
in crustal marerials during igneous evolution.

The thorium and uranium contents and Th{UJ rados in the upper mande arc of
considerable interest in connecdon with heat flow studies, isotopic studies of lead,
and also in regard ro understanding the separadon of the continenaal ceust. The
subject of hear flow is discussed more completely in the chaprer on uranium (Sec-
don 92-B).

Obviously no direct measurements of the upper mantle are possible, buc the
study of primitive hasalts derived from the mantle gives soine information concerning
its composition. TATsUMOTO ¢ al, (1965) have determined the thorinm znd uranium
conteacs of some mid-oceanic tholeiitie basalts. As discussed in that paper and ref-
erences cited by it, these oceanic basalts appear to be the most primirive direct deriv-
atives from the upper mantle. The values obtained by Tarsumoro ef of. of approx-
imatcly 0.1 ppm uranium and (.18 ppm thorium in the tholeiitic basalts correlare
rather well with the thorium and uranium contents of the spilires reported by Rocers
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and DonnELLy (1966) from the Caribbean arca and some similar early-orogenic basals
from westeen Orcgon. Apparently, as discussed by RogErs and DonELLY, the eatly
stages of cugeosynclinal activity cepresent a tapping of relatively undifferentiated up-
per mante material. The thorium and uranium coateat of the Carzibbean and other
eugeosynclinal martcrials gradually inereascs from the low values found in the spilites
characteristic of early volcanic stages, and the orogenic sequenee presumably ter-
minates with the development of che typical silicic, highly radioactive rocks of a
continental cearon.

The thorium and uranium contents of the primitive oceanic tholeiitic basalts
and eugeosynclinal spilites are essendially identical to the abundances of the elements
estmated by heat Aow studies for the upper mantle (see, for example, Brrcu, 1965).

10r
8: © Basalls
gl ® Gabbrosand diabase
sk * Average for mafic rocks
af
3F
T
g ,l
E 3 o2
15
C o3
G B/'n
QB8r Z2# ql
oG
05]!]’11'!!! § . B | L1 i1 L1 4l rilid
o 02 03 04 0506 0810 15 20

Ulpprm}

Fig. 90-E-1, Thorium and uranium contents of s¢lected groups of mafic igneous rocks. Note
the general tendeucy toward Th/U ratios of 3.0 or less. [From Perersanw, Z. E,: un-
published, personal communicarion (1963)]

The similarity cannot, of course, result from bulk melting in the upper mantle,
and it must be concluded that the fractional melting of the basaltic lava in the mantle
takes place without fractionation of thorium and uranjum between the solid and
liquid phases. If chere is no fractonadon during pardal melting, then the Th{U
ratio of the upper maatle is the same as in the oeeanic tholeiitic basalts (approximate-
ly 2). In view of a cosmic Th{U rato of about 3.5, this ratio of 2 is pzabably not
tepresentacive of the mantle as a whole. Additional data arc needed, however, before
this eonclusion can be verificd.

The fact that the Th{U ratio of pumitive basalis is low (Fig. 90-E-1), plus the
dissimilariry of the K{U ratio between rocks of the contineatal crust and the presumed
bulk composidon of the earth (e.g., see Gast, 1960) indicate segregation of tadio-
active constituents during contincntal evolurion. It may be thac the coatinental
masses represent an uldmate suble segregare from the remainder of che earch, and
thus their thorium and uranium coneentmations and Th{U rario of 3.5 to 4 give a
comprehensive estimate of the radioacrivity of tercescrial material. [t is also possible,
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however, that diffierent elemenis such as thorium and wraninm diffuse upward out
of the mantle ar difierenc rates, and the coatinents may not represent the ultimace
diflerentiate. The fact that the Th{U} ratio in continenzal crusts is simifar to that
assumed for the universe as a whole probahly indicates that the craton is a smble
ultimate differentiate from the mantle, although considerable doubt must be attached
to this conclusion. :

II. Variation within Igneous Rock Series

As mentioned in the preceding section, the thorium concentration of igneous
rocks generally increases toward the silicic, more diflerendated members of a series.
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Fig, 90-E-2. Variation of thorium and uranivm concemrations and ThfU racios in tocks of

the Honolulu Series, Hawaiian Islands. The Honolulu Series is a group of alkalic basales

younger than the main choleiitic basalts. {From PerErvan, Z. E.: unpublished, personal
communication {1963); based on data from Larsen, 3rd, and Gorrentep, 1960]

Fig. 90-E-3. Distribution of uranium and thorium in rocks of the Magner Cove igneous

complex. Concenceations are plotted against CaQ content. Plots of thorium and uranium

concentrations against othee major elernent abundances show no better correlacion. [From

Pererman, Z. E.: unpublished, personal communicaton (1963); based on dam from
Ericxson and Braoe, 1363]

A large number of dificrentiation sequences is described by PerERMAN (1943), and
the only one in which cthorium conrent deereases towaeds the younger rocks is the
Honolulu scquence of Hawaii (Fig. 90-E-2). As meutioned in section 92-E, the
Honolulu series is also the only one in which uranium contenr deceeases with dif-
ferentarion. Plors of thorium content against silica content in differentiation se-
quences are generally more scattered (Flgs. 90-E-2 to 90-E-7) than plots of thorium
against other differsntiation indexcs such as the Larsen index or the porassium
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Fig. 90-E-4. Variztion of thorium and vrasium concentrations and Th{U ratios in volcanic
rocks of the Marianas [slands. [From Pereasian, Z. E.: unpublished, personal communication
(1963); based on data from GoTTrRIED ¢ of., 1963)
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Fig. 90-E-5. Vaciation of thorium and wrapium concentrations and Th{U racios in tocks
of the Valles Mounmins, New Mexico, U.S.A. [From Percrwman, Z. E.: unpublished,
personal communicarion (1963); based on data from LaRrsew, 3rd, and Gorrrrien, 1960)
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Fig. 90-E-6, Variation of thorium and uranium conceatrations and ThfU ratios in alkalic

volcanic and hypabyssal rocks of Big Bend National Park, Texas, U.S.A. [From PerERuan,

Z. E.: unpublished, personal communication {1963); based on dawa from Larsen and
GorrrrIED, 1960]

content. Plots of thorium against potassium are almosr invatiably quite linear, In
Perersian’s (1963) summary, the number of differentiation sequences in which
thorium has been studied is fess than the number in which uranium has been studied.
The sequences in which ucanium contenr increases with differendation are listed in
Table 92-E-2. Among those sequences are several in which tbe thorium cantent has
been found ¢ increase toward the younger members of the sequence; these are
listed in Table 90-E-2 (Figs. %0-E-5 to 90-E-8).

Variation in the Th{U ratios in igneous rock series has been a topic of consider-
able discussion, LaRsEN, 3rd and Gorrratep (1960) found no general relationship
between the ratos and posidon in several differentiation sequences, Among the
sequences summarized by PETERMAN (1963), bowever, some inerease jn che Th{U
ratio toward the younger members of che series is shown by the Whitc Mounrain
and Oliverian intrusive sequences, whereas the extrusive sequences in the Mariana

. Islands, Lassen Park, and the Valles Mounrains show a decrease in the Th/U cado
with increasing differendation. A general increase in the Th{ U ratio with differentiation
has been proposed in several papers. ROGERs and RaGraND (1961) found a weak,
though statisrieally valid, relationship berween Th{U ratios and potassium content for
a large suite of silicic intrusive rocks (Fig. 90-E-9). The increase in ratio with diffleren-
tiarion is attributed o the oxidation proposed by Oseoan {1959) as necessary for rhe
evolution of granitic magmas. Herer and RoGers (1963) found a linear relationship
becweea Th{U ratio and porassium content for various apparently primary basalts
(Fig. 90-E-10). As shown in Table 90-E-1, the ThfU racio for many basic rocks is
somewhat lower than for silicic ones.
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Fig. 90-E-7. Variation of thorium and uranium concentracions and Th{U racios for the

Southern California Batholith, U.5.A. [From Pereamawn, Z.E.: unpublished, personal

communication {1963); based on data from Laasen, 3d, and Gotrraieo, 1960; LarseN Jn.,

and Gotreeiep, 1961; WurrrieLp o of., 1959; RogERs and RacrLawo, 1961; HEeier and
Rocers, 1963; and personal communication from D. GoTrrriED]

Table 90-B-2. Sequencer of igreons rocks showing increare of thoriwn
cantent toward the yorasger rocks

Exrrusive scrics
Lassen Volcanic Narional Park (Aoawms, 1955; LARsEN, 3rd, and Gotrraien, 1960)
Modoc atea, California (GorrPRIED and LarseN Jr., 1958; Larsen, 3rd, and Gorr-
rRIED, 1960)
Valles Mountains, New Mexico (LaRrsEn, 3rd, and Gotreniep, 1960} (Fig. 90-E-5)
Big Bend National Park, Texas (GoTTFRIED ¢f ol., 1962) {part incrusive) (Fig. 90-E-6)
Mt. Garibaldi area, British Columbia (GoTTrateD of af., 1963)
Sceawberry Mountains, Oregon (GOTTFRIED #f 2/, 1963)

Sills and shallow intrusives

Augusta County, Vitginia (Gorrrriep ¢ al., 1962)
Duluth gabbro, Minnesora (HEeiEr and RocEens, 1963)

Plutonic scquences
Southern California batholith (Larsew, 3rd, and Gorrrriep, 1960; Lansen Jr. and
Gorreriep, 1961; WHITFIELD ¢ af., 1959; RoGERs and Racra~p, 1961; HErer and
Racens, 1963) (Fig. 90-E-7)
White Mountain magma series, New Hompshire {ButLen, 1961; Rogers and RAGLAND,
1961; Apams e af., 1962) .
Qlivecianseries, New Hampshire (Rocers and RacLanp, 1961 ; Lyoxns, 1961) (Fig. 90-E-8,
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Fig, 90-E-8. Variation of thofinm and uranivm concentrations and Th{U mtios in the Oli-
verian series of mantled gneiss domes, New Hampshite, U.5.A. with R (atio of pomssium
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Fig. 90-E-9. Th/U rmtio vs. che ratio of potassium feldspar o plagioclzse (R) for 77 pranitic

rocks, Rocks with R values of less than 0.01 are plotted along the £.01 line, The correlation

coefficient of the logarithms of the mtios is 0.31, which is significant at the 99% confidence
level. (From RoGErs and Racrann, 1961)

The peeceding paragraph indjcates a discrepancy in the variation of Th/U ratios
which has not been satisfactorily explained. Where rocks from a variety of plutonic
andfor extrusive sequences are compared, the Th/U ratio is generally higher in the
more differentiated rocks, i.c., in those conmining more silica or porassinom. The few
intrusive sequences which show systematic variadon in ThfU ratios also exhibit an
increase in the ratio with differendation. Where there is variaton in the Th/U rado
in extrusive sequences, however, the rado decreases toward the younger rocks,
despite the pronounced correlation hetween Th{U and potassium coutenr found for
appatently primary basalts. No comprchensive explanation of these observations is
vet available.
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Fig. 90-E-10. Relationship between Th{U racio and potassium content in varigus mafic
igneous racks. (From Heier and RoGeRs, 1963)

1. Provinces of High Thorium and Uranium Contents

High thorium and wranium concentrations appear to characterize the igneous
rocks formed over considerable periods of rime. within cermin areas. One excellent
example is the Colorado Front Range, studied by Prair and Gorrerren (1964).
Here thorium concentradons at least rwice as large as the average for craronic rocks
are found in igneous rocks ranging in age from Precambsian through Laramide,
Thorium concentrations of rocks wicthin the Front Range area conrrast markedly
with the concenttations in rocks of equivalent age outside of the province.

Another area of high rhorium concentration is the general New England region.
Here the dominancly alkaline granires ranging in age from Paleozoic through lower
Mesozoic have concentradions of therium as high as 50 or more ppm and equivalent
high abundances of uranium. The major example is the Triassic Conway granite of
New Hampshite (Apams ef af., 1962). Although the data are not adequate, there
seems to be some rendency for New England granites ro have a slighcly higher Th{U
ratio than those elsewhere in the United Srates (Rogers, 1964). High contents of
thorium and uranium had not been found in the rocks of the Pacific Coast area
until the compamtively recent work of WoLLENBERG and Surra (1964). It is possible
that the general iendency for granires from the western United Stares to be high in
sodium and comparatively deficient in potassium, whereas those of rhe eascern
Unired States are more potassic, is reflecred in the tendency for higher thorium and
uranivm conrents in the eastern granites. The concepr of thorium and uranium
provinces is discussed in mote derail by Pereruan (1963).

A possible relationship berween age and Th{U ratios has heen suggested by
WHITFIELD ef af. (1959) for granires in North America. In general, Precambrian
granites in this area have a slightly higher ThfU ratic chan granites of ocher ages.
This higher rario is primarily che result of slightdly lower uranium conrent, and it is
possible thar Precambrian rocks have suffered depletion of umnium owing to up-
ward migration of the element throughour geologic time.
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The homogeneity of rthorium and uranjum distributions in rthe silicic inceusive
rocks has been discussed by Rocers (1964) and Rocers ¢f @/, (1965) based on an
interpreration of frequency distribution of the elemeneal abundances. The discibu-
ton of thorium wichin homogeneous hodies such as the Conway granite of New
Hampshite was found to be homogeneous (lognormal}, although the diswibution of
uranium was non-homogeneous. Presumably the thorium distribution is related to
primary crystallizadon processes, whereas the vranium has undergone surficial
eedistribution which has altered che primary homogeneous distribution {Sectrion 92-G).
The thorium contencs of New England rocks are nat homogeneous for populations
which include several plutons owing to differences in the abundances of thorinm
in the separate bodies. The secondary surficial control of uranium, however, yields a
homogeneous disttibution from the surficial rocks of a population which includes a
large number of New England plutons (Fig. 92-E-2). The problem of distribution
of thorinm and vranium within relatively small areas of rock has also been discussed
in the Russian literarure; (see, for example, LEonova and REnNNE, 1964},

Revied i ived: July 18th, 1967
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90-F. Behavior during Processes Connected
with Magmatism

The tendency of thorium to be incorporated in primary minerals in igneous rocks
reduces its ability to concentrate in late-stage fluids. Thorium minerals, primarily
allagite, are found in some pegmadtes, hur high concentrations are oot common.
The isomorphism between uraninite and thorianire permits small concentrations of
thorium to accompany uranium in hydrothermal deposits, bur the Th{U ratio in
most such ores is extremely low. In North America only one major vein deposit has
heen discovered, the recently developed thorianite area ar Lemhi Pass on the Idaho-
Montana border. The geology of this deposit is discussed in dewil by ANDERsON
(1961).

Revised manuscript reccived: July 18th, 1967
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90-G. Behavior during Weathering and Rock Alteration

As discussed rore fully in the chapter on uranium (Secdon 92-G), thorium and
uranium are commoaly fractonated during sucficial processes owing to oxidation
of ucanium o the soluble uranyl ion. The reladvely immobile thorium becomes
concentrated in residual materials such as soil and weathered rocks. Two examples
may be cited of the residual accumutadon of rthorium. One is the high concentrarioa
in bauxire as reported by Apaus and Ricrarpson (1960), who found concenrtrations
in the general range of 50 ppm or more. Thorium in bauxites is contained lacgely in
resistate minerals such as zircon but also partly in the aluminum hydroxide minerals,
possibly by adsorption. Residual accumularions in clzys are also noted by Apass
and WEAvVER (1958).

A second example of retention of thorium during weathering and alieradon is the
Penosylvanian weathering profile on the granite of Flagstf Mountain, Colorado
{(Prier and Apams, 1962b). Thorium concencrations in this subtropically
weathered marerial are as high as 34 ppm in the most thoroughly kaolinized rock.
The thorium is partly in resistate minerals hue in large part avached 1o the clay
(Fig. 92-G-2).

Revised manwscrpe reccived s July 18¢h, 3947
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90-H. Solubilities in Waters; Valence States

Thorium occurs in nature only as the tetravalent ion. The close association of
thorium and potassium in a wide vadety of rocks, however, together with the
concentration of all radioactive matedials toward the outer part of the earth (see
Section 92-C), indicates that thorum is probably closely coordinated with oxygen
ions. This coordination complex provides the low density necessaty for upward
migration which the individual thorium ions would not show.

Thorium forms a large number of salts such as the sulfate, chloride, cte. which are
soluble in acid solurions, Slightly basic solutions however, hydrolyse the thorjum
ion to an oxide or hydroxide precipitate. The solubility is commeonly given in rems
of the solubility product of Th({(OH),, which is approaimarely 1042,

Revised maruseripe received: Jule 18¢h, 1967
0 Springtr-Yorlg Beelln - Heidclbeeg 1969
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90-I. Abundance in Natural Waters

The low solubility of thorium in narural waters is demonstrated in Table 90-I-1
for sea water and in Tahle 90-I-2 for fresh warer. Solubilities ace in the range of
10-% to 10~ ppm (10-2 to 102 ppb). Comparison with Tables 92-I-1 and 92-I-2,
which show comparable values for uranium, indicare a Th{U raco of ahout 10-2 ta
10-3 for most warers. The determinadon of thordut concentrations in warers is
excremely difficult and in some cases is inferenuial; the problem is discussed in various
papers by F. Koczy and co-workers.

Table 90-X-1, Contertis of thorism in sca waler

Locarion Th Mechod Refetence

ppb
Scandinavian waters < 0.5 w Fayn ¢ of. (1939
Scandinaviaa waters 0.00004 F. Koczr (1956)
Scandinavian warers <0.02 awtoradio- F. Koczy ¢ af. (1957}

graphic

Pacific (deep ocean) <0.05 R SACXETT ¢f al. (1958)
Indian Ocean 0.01 Basunov and Kuristianova (1959)
Black Sea 00022 W Starik e of. (1959)
Sea of Azov {central part) 0.004 R NrkoLagv & af, {1961)

‘Table 90-1-2. Contenis af thoritm in cantimnlal walers

Location No. of Th Method Reference
samples  ppb
River water 0.01 caleu- Koczy (1956)
lation
River waters of Japan 10 0.027 C Mrrake e af, {1964)
Waters of Floridza 7 0.4 R Qsuoneo (1964)

Bevised maruscripe recsived: July LBth, 1967
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90-K. Abundance in Common Sedimentary Rocks

As discussed in the chapter on uranium (Section 92-K), the major facrors controll-
ing the distribudon of thorium and uranium in sedimenrary rocks are:

1. The tendency of thorium and uranium to fractionate because of oxidation of the
uranium to the seluble uranyl jon,

2. The precipitation of uranium out of solution in reducing environments,
carbonates, etc.

3. The sclective adsorpcion of thorium in clays and its reteation in beavy resistate
rniperals.

A more complete discussion of the comparative geochemistey of thorium and
uranium in sedimencary rocks is given in Section 92-K. The present section considers
only the coacentrations of tborium and the Th{U ratios in various sedimentary
rocks. Dara ace given in Table 90-K-1, and comparable dara for ureninm are given
in Table 92-K-1.

The concentrations in sandstones showan in Table 90-K-1 ace based on reasonably
complete sampling of orthoquartzites, fair sampling of graywackes, and very poor
sampling of arkoses. The problem of sampling sandstones and also of establishing
valid sandstone populations is discussed by Rocers and RrcHambpson (1964).
The volcanic graywackes showa in Table 90-K-1 are impormant because they
. represent tbe average composition of rocks of the Caribbean orogen and thus give
an integrated average of the amount of radioactive material that has been derived
from igneous sources during eugeosynclinal activity.

Ordinary shales with colors of gray, green, ecc, have a thorium content of 12 ppm
aad a Th{U ratio in the range of 3.5 to 4 (Fig. 90-K-1). As discussed in Section 92-K,
these values are similar to those for the average granite, Black shales have a variable
thorium content but 2 low Th{U rato owing to their high eontenr of uranium. The
high concenrration of thorium in bauxites (Fig. 90-K-2) is discussed in Section 90-G.
"The concentration of thorjum in bentonirtes is high for the same reason as in bauxites.

Thorsium concentrations in limestone (Fig, 90-K-3) ace low because thorium does
not entee the carbonate lattice readily. A close celadonship has been established ber-
ween thorium concentration and insoluble residue contenc of limestones (Apass and
WEAVER, 1958), thus demonstrating that most of the thorium in imestones is in the
clay or heavy mineral fraetion. The Th/U ratio of limestones is obviously very
low. Thorium is almost completely absent from cvaporites.

The thorium content and Th{U ratios are given in Table 90-K-1 for a variety
of modern oceanic sediments. These sedimenrts are also discussed in section 92-K.,
It should be noted here that the low Th{U atios reported by Baranov and Kunisra-
NOVA (1963) are not easily explained in terms of sedirnentarion processes. In particular,
the finding of high thorium concentrations in pelagic clays and managanese-rich sedi-
ments (see, for example, GoLppERG and Ko1pE, 1962) seems incompatible with the low
Th{U ratios repocted in the sediments surnmarized by Baranov and Kuristranova.
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Table 90-K-1. Contents of thorium and TH{U ratiot in sedinmentary rocks

Rock type No. of Th Th{U Method Reference
samples ppm
Sandsianes
Oithoquartzirte
Nocch American av. i6 1.7 38 R Muansr and Apams (1958)
Mcsa Verde 8 2,7 1.6 R PLiLEn and Apams (1962a)
CGulf Coast beach sapd 29 1.49 2.53 It Marpavr (1964)
Atlantic Coast beach sand 54 9.0 2.82 14 Manpave (1964)
Voleanic graywacke
Caribbean 14 1—2 ~2 13 Rocers and Donwerry (1966)
Umpqgua (Oregon) 4 2.8 ~2 R RocGens (1966)
Other graywackes |
{cstimated average) 6.7 RoGuas and Riciannson (1964)
Arkose
{estimated averapge) 5 Racers and Ricitaroson (1964)
Shales
North American gray and green 52 131 4.9 R Apaus and Weavew (1958)
Russian platform 178 {comp) 11.0 2.7 emanartion Baranov ¢ af, {1956)
Mancos 102 10.2 31 R PriLen and Aoaums (1962a)
red and yellow 10 12—13 6—7 R ADAMs and Weaver (1958)
black nUmMerous law various Swanson (1961}; Bates and Strank (1958)
Basxites 29 48.9 5.1 R Aoass and Riciiarnson (1960)
Bentonites 64 24.0 5.8 various ~ Apanms and WEAvER (1958)
Limestones
North American av. 25 (comp) 1.1 0.7 R Apams and Weaves (1958)
Russian platform 128 {comp} 24 11 emanation Barawov ¢ af. (1956)
LEniwelok core E-1 21 0.05 0.02 SackErT and Pornarz (1963)

3'_)!'06
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Tablc 90-K-1 {Conrinued)

Rock wype No. of Th Th{U Mechod Reference
samples ppm
Plpsplote rocks 1—5 <01 various References summarized by Mo KELVEY {1956}
Pacific erean sedinents :
Sands 5 1.2 0.4 various Summacy by Baranov and Kunisrianova (1963
Muds 3 2.7 1.2 vatious Summary by Baaanov and Kuntstranova (1963)
Clayey muds d 4.8 1.8 various Summary by Baranov and Knristianpva (1963)
Siliccous and diatomaceouy 9 2.2 low varinns Summary by Baranov and Knristranova (1963)
muds and clayey muds
Pelagic elays 13 6.8 1.7 various Summaty by Bananov and Knrisriamova (1963)
Pelagic clays 5 31--85 2—4 radigchemical  Piccrorro and WiLcain (1954)
Pclagic clays 3 9.3—m.2 R GoLpeenrG and Koo (1962)
Munganese nodules 4 24—124 Cc Govrpeerc and PiccloTra (1955)
Tudian ovean sedinents
Various muds 1—2 3—45 vacious Summary by Baranoy and Knristranova (1960)
Atlantic oeean sediments
Pelagic clays 2 30 BuL Wakges and Riwsy (1961)
Globigerina oaues 5 5.1 9.9 R RosuoLr of ol {19G])
Caribbean sediments
Globigerina ocozes 17 5.5 5.5 R RosHoLT & of. (1961, 1962}
Black Sea rediments
Muds 44 7.3 33 STaARIK ¢f al. (1961)
{41 spls.)

wnuoy |
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90-K-4 Thorium
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Fig. 90-K-1. Histogram of therium concentrations and ThfU ratios in Nowh Amcrican
gray and green shales and Russian Platformn shales, (From Aoaxs and Weaver, 1958;
Russian Platform dac from Baranov, Ronov, and Kunasaova, 1956)
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Fig. 90-K-2. Histograms of thorivm concentcations and Th/U ratio in a world-wide
sampling of bauxites. (From Apaus and Ricranrosoxn, 1960)

Iz is possible, however, that some major sedimentary fractionation occurs on the
sea floor, yvielding high thorium concentradons in some varieties of clay and com-
paratively high uranium concentrations in other materials.



Thorium 90-K-5
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Fig. 90-K-3. Histograms of thorium concentrations 2nd Th/U rados in aggregate samples
of carbonate rocks. (From Apass and Weaver, 1958; Russian Platform data from Baranov,
Rowov, and Ku~asHova, 1956)
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90-L-1 Thorium

90-L. Biogeochemistry

Thorium is noc known to be an essential material in any organic process. Bowie
and AtxiN (1956) repore a thorium concentration of as mucb as 4,500 ppm in 2 fossil
fish skeleton, but most crganisms and organically decived marerials conrain essentially
no therivm. The problém of dealing wirh the exceptionally low therium concentra-
ticas which occur in organic mareral and the possible biological significance of
thorium is discussed bricly by Epcincron (1965).

Revised munuscripe recoived; July 18th, 1967
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Thorium 90-M-1

90-M. Abundance in Common Metamorphic Rock Types

The concentration of thorium in a variety of memmorphic rocks is shown in
Table 90-M-1, The Th{U rados are also shown in this table and ate based on uranium
dara given in Table 92-M-1. Concenrrations of thorium and the Th{U rdo are
highly varizble from one memmorphic rock to another and clearly depend on a
variety of factors, including parent rock composidon, memasomatic effeces, and the
possible sampling difficulties caused by segregadon during meramorphism. Herer
aad Apams (1965) have suggested that high-rank metamorphic rocks contain less
thorium and uranium than low-rank cocks as a eesult of selecdve remowal of these
materials from rhe deeper parts of the crusr. The darta for this conclusion, however,
are nor complete. Other generalizatons concerning the thorium and uranium conrenrs
of memamorphic rocks canpor be made from the small number of measurements
currently available.

Table 90-M-1. Contents of thoriem and ThIU ratios in metamerpbic rocks

Rock cype * No.of Th ThfU  Method Reference
samples ppm

Amphibolite 3 5 1.4 R Husarann (1956)
(Schwarzwald, Germany)

Biotite-Hornbl. Paragneiss 2 a7 13.5 R Husyann (1956)
(Schwarzwald, Germany)

Paragneiss 4 6.4 0.9 R Husmann (1956)
(Schwarzwald, Germany)

Granulite 2 21 4.3 R Husaann (1956)
(Schwarzwald, Germany)

Orthogneiss 4 5.5 1.5 R Husmann (1956)
{Schwarzwald, Gerrmany)

Metatectite 4 22 4.6 R Husnann (1956}
(Schwarzwald, Germany)

Diatecrite 4 3 0.3 R Husuann (1956)
{Schwarzwald, Germany)

Cordicrite Gnetiss 1 218 3.8 R Husmann {1956)
{Schwarzwald, Germany)

Orthoclase metacrysts i 67.7 1.5 R Husmann (1956)
(Schwarzwald, Germany)

Kinzigite 1 7 R Hussanw (1956)
(Schwarzwald, Germany)

Marble 2 0.03 0.2 R PrLicer (1956)

Slace 14 7.5 28 R Prirer (1956)
(mainly Michigan)

Phylite (mainly 7 5.5 2.8 R Pricen (1956)
Arizona-New Mexico)

Schisr {(New Mexico) 4 7.5 3.0 R Prier (1956)

Mafic rocks 82 10 3.1 W KryLov (1958)

{Terskei Ala Tau Mis.)
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90-M-2 Thorium

Table 90-M-1 {Continued)

Rock type No. of Th Th{U  Mlethod Reference
samples ppm

Gaeiss (Texas) 13 13.1 475 R Briues (1062)
(Almandinc-Amph. Facies)

Amphibolite {Texas) 14 0.31 0.79 R, Biiuings (1962)
(Almandine-Amph, Facies)

Graphire Schist (Texas) 3 6.16 266 R Brriings (1962)
(Almandine-Amph. Facics)

Light Goeiss (Langey, 5 1508 > 7.36 R Heier (1962b)
Norway)
{Amphibolitc Facies)

Amphibolite {Laagey) 7 42 ~ 38 I Heren (1962b)
(Amphibolite Facies)

Intermediate Gneiss 2 9.25 R HEerer (1962b}
(Langoy)
{Granulirc Facies)

Monzonite (Langoy) 2 33 > 28 R Hezen (1962b)
{Retrograde Gneiss)

Granite (Langay) 8 <144 >1289 R Hetes (1962b)
{Retrograde Gnriss)
Biatite Schise 11 18.8 W PHatr and GotT-
(Front Range, Colorado) rrI=D {1964)
Biotite-Hombl. Schist and 4 10.6 w Pramr and Gotr-
Ampbibolite (Front Range) FrIED {1964)

Monzonite (Langey) 3 -1.18 1.7 R Herer and Apans
(High Granulice Facies) {1965)

Banded Gneiss (Langoy) 4 0.85 307 R Heigr and ADaus
{High Granuiice Facies) ’ {1965}

Gneiss (Langoy) 5 4.09 30 I Hexer and Anams
(Low Granulite Facies) (1965)

Gaeiss (Langey) 3 9.39 13.4 R Heter and Apams
(High Amphibolite Facies) (1965)

Revised manuscript reccived: july LBeh 1967
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90-N. Behavior in Metamorphic Reactions

As mentioned in Secdon 90-M, there is some possibility that thorium and uranium
are depleted from high-rank rocks owing to upward movement cheough the crusc
during major meramorphism. No daca are available on the behavior of therium during
metamorphism either from laboratory studies or from complete sampling of meta-
morphic tecraios.

Revisrd manuseript received: July J8ch, 1967
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80-0-1 Thorium

90-0. Economic Utilization

Ax the presenc time thodum is of minor economic interest with angual producton
rarcly exceeding a thousand tons of metl. The metal is used in magaesium alloys
and incandescent gas mantles, Current research on the breeding of Th®? to make
fissionable U for power generatdon may lead to a gready expanded market.
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