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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Z. E.: unpublished, personal communication {1963); based on dawa from Larsen and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Southern California Batholith, U.5.A. [From Pereamawn, Z.E.: unpublished, personal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,




90-E-10 Thorium

2r
R ;Lh ] a? .. e
1k = Thild 5
1
4 = o
ast
“ - o
[+] - a
0‘ L 1 =~ ol L3 i
a9 5 0 ©@ 20 2% 30 Th
0 1 2 3 4 5 6 U
o 1 2 3 4 5 6 ThiU

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
feldspar o plagioclase). (From Rocersand Racrann, 1961)
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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-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.

O Springes-Yerlag Berlin - Hridelborg 1969



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

wnuoy |



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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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.
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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. 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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