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AbMnwi—TlwrawdyiiuBic prepotict tf 32 dmoNed tborium qwdei and 9 thofitta>'b(*riii( lolid 
pham have been colkcted rrotu the Hlcrature, cntically evaluated and ettimatcd where necessary for 
33°C and i atm pressure. Although the data are incomplete, especially for thohtim minerals and organic 
complexes, wme tentative concluiiont can be drawn. Dissolved thorium it almoft invahably completed 
is natural waters. For eiample, baaed on ligand conoentratioas typksl of pound water (£Cl • lOppm, 
£FaOL3ppm, XSOt-lOOppin. and SPO4 • 0.| ppm), the predominant thorium tpedes are 
111(504)$, ThF}*. and ThtHPO*); below pH « 4.3; Th(HP04)i- from abwit pH4,5 to 7.S; and 
Th(OH)J above pH 7.5. Based on stability constants for thorium citrate, oxalate and EDTA oompIcMS, 
it seems likely that organic complexes pr«iominalc over inorganic oompleies of thorium in organic-rich 
itream watcrv twamp waters, soil horizons, and waierjoggcd recent sedimenu. The thorium ditsolved m 
leawaier is probably present in organic complexes and a* Tli(OH)S The tendency for thorium 10 itam 
strong complexes enhances its potential for transport is natural waters by many erden of magnitude 
below pH 7 IB the case of inorganic eompiexin^ and below about pH > wbto organic oomplcxing is 
important. Hie existence of complexes in addition to those formed with bydroxyL is apparent from the 
fact thai measured dissolved thorium in fresh surface waters (pH values generally S-t) usually ranges 
from about OJOl to 1 ppb and in surface leawater (pH • I.I) is about 0.00064 p ^ , This may be con­
trasted with the computed solubility ef thorianiie m pure water which is ooly OiOOOOl ppb Th as 
Th(OH)S above pH 3. Although compiexing increases the solubility of thoriunhbcaring heavy minerals 
below pH I. maximum thorium ceocentraiiont in natural wa«en are probably limited in genAal by the 
paucity and slow solution rate of these minerals and by aorption prooessca, iwher than by mineral-
aoiutioB equilibria. 

n^moDUcnoN 
r 

f i u iHEtuooYHAMic propertie* of dinolved thorium 
species and thorium minerals can be used to cotnpute 
solutioit-mincia] equilibria relations. These theoreti­
cal oakulaticaii tell much about the poscible con­
ditions for and etimit of thorium mobility. Such infor­
mation helps ut to undertund controls on thorium 
concentratioiu ID grouod water, and to predict the 
risk of thoriiuB rekaae in kachates froiB mining ac­
tivity and radioactive wattea. 

Thorium ia found in pature only u a tetravakat 
catioa The clement uwally occurs in geologic ma-
teriaU as a trace constituent is solid solution in ph06-
pbate. oxide and libcate mtneials, and lorfaed onto 
days and other adl ooUuds (HANSEN, 1970; DON-
DiEm, 1974X It occurs aa a major q w d a only in a 
few rare mineiab audi aa tborianite (ThOj), and ibot' 
ite (11iSi04). The ronner mineral is isomorphous with 
uraninttc the latter tsnth zircon. For this reaion a 
large part of naturally occurring tborium is found 
iiMOrporated in the zircon ttructure: The chief source 
of thorium is monazite (Cc La. Y, Th) PO4 which 
tiaually contains 3-9% and tip to 20% HiOi . Akog 

with zircon, mcoazitc t> oonoentiiled with other re-
Bstant heavy minerals in itftam and bench sands 
(RANKAMA and SAHAMA. 19S8), Igneous UOj o n 
form a complete solid solution «ith ThOj (ROGERS 
and ADAI6,1969). Most Th host minerals are highly 
rtfiactoiy to weathering and thmium has long been 
considered a very insoluble and immobile element in 
natural walen. 

Data on dissolved thorium concentrations in 
natural waten is generally of poor <luality or nonexist­
ent. Few reaeardiers have distinguished carefully or 
at all bettMcn the thorium in true aolutioo, and that 
associated with suspended matter. For this reason it 
must usually be assumed that reported thorium con-
centiations are the maximum posvble amounts dis­
solved-

MoastE and SACSXIT (1964) nmaauied a00064 
± 0.00Q2 ppb Th in two centiifuged Atlantic Ocean 
surface water samples. Because this is among the low­
est seawater values reported (see ROGEKS and ^ I > A I C 
I969X and because the salinity and cations present in 
aeawatcr tend to flocculate colloidal materials, this 
vahie ahould closely anroximate the dissolved thor­
ium preaeDL StMAYAniU) and GOLDKRG (1966) 
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fmmd O.00O33 ppb Th in one Pacific Ocean surface 
water sample. They did not filter or centrifuge their 
aanyles, and determined the thorium value indirectly, 
ao that this value is approaimate at best Moore and 
Sackett, and Somayajulu and Goldberg reported Th 
oonoentrations in deep waters in the two oceans 
which were sometimes higher and sometimes lower 
than their smface ocean values. 

KAMATH «f aL (1964) obtained 1.1-2.7 ppb Th in 
five suf^ace waters from Mm-uraniTerout areas in 
India. The samples were pnawd thi«a |^ a 10 ;dn filter 
before chemical analysis. MIYAIQE et oL (1964) found 
0,0087-0.045 ppb Th in ten Japanese river waters. 
Samples were passed through a S/im filter before 
analysis. Based on a sampling of (filtered?) waters 
from five lakes and deven streams in California, 
Nevada and Utah, TkiuMER (I96S) reported 
O08-0.4 ppb Th with a few values <0.03 ppb-

DoaNrrcv and SYRosfYA-muov (196S) measured 
Th in aome spring and weD waten in granite, weath-
ered mantle and alluvium on granite. For 6, clear 
(unfiltered) ground waters, they obtained 0^-0.9 ppb 
Th. whereas. 2 anomalous water* showed 7 and 
40 ppb. Both OskiOND (1964) and KAMATH et aL 
(1964) studied thorium in ground waters of different 
temperatures. Osmond presumably analyzed unfil­
tered waters from carbonate rocks. Kamath and his 
coworkers passed their samples through a 10 >im filter 
before analyas. Both studies reported Th concen­
trations increasing with grotud water temperature. 
Osmond obtained 01 to 2 ppb Th in 4 waters having 
temperatures from about 25 to 91*C, respectively. 
KAMATH et of. noted that Th ooncentratioQS tncreaaed 
from 0.27 to 0.74 ppb in three ^>ring waters with tem­
peratures from 47 to S6°C, respectively. 

In four suiface and groiuid waten from eteas near 
uranium mining, KAMAIH et ol. (1964) found 
1.9-5.4 ppb Th. Baaed on the Russian liteniture, 
DROZOOVSKAVA and McLVaK (1968) conduded that 
as much as Qil-lOppb Th can occur in 'ground and 
mine waten*. Even h i^e r Th otmcentrations (up to 
3fippm) have been recorded in seeps and ground 
waten associated with uranium mining and milling in 
the U.SA and Canada (see KAURIAN et aL, 1976; 
M o m i T and TEXXOK, 1978), These liniatioas are do-
icribed in deuil later in this paper. 

Admittedly, much or most of the thorium reported 
in the above studies must be in suspended matter, not 
in true solutioiL Ncverthdest. even the surface aea­
watcr value measured by MOOKE and SAOCETT (1964) 
exceeds the solubility of tliorianite whidi is 
OJOQOOI ppb Th as Tb(OH)S above pH 5. The available 
d a u thotfofe stiggett that the coooentratioa o(Th in 
natural waten and therefore iti mobility, is greatly 
jncrraapd by tborium coinpkx fonnatioa. 

The behavior of thorium in aqueous systems has 
been summarized by AiMES and RAI (I97g) and RAI 
and SBRNE (1978)i They have published solubility vs 
pH diagrwna for thorianite, Tb(OH)4, ThF* and thor-
itnn phosphate solids However, their diagrams are 

computed ooiuidering only a few inorganic com­
plexes of thorium, and for simplified conditions. For 
example, they fix H j P O ; activity, while HjPOS, 
H P O i ' and P 0 2 ' are assivied xero activity regard-
leas of pH. 

This report contains a collection and critical evalu­
ation of the thermodynamic d a u for 9 solid and 32 
dissolved thorium species induding organic com­
plexes. These data are then used to evaluate the distri-
tiution ol thorium aqueous species and the lolubilily 
of thoiianite at various ligand oonontiations chosen 
to simulate those found in natural waten The impor­
tance of thorium complexes to thorium mobility, thus 
far a matter of relative ignorance, has been estimated 
Ihun these caJculationa, The repoil also indudes a 
brief discussico of the rok of aorptioo in thorium 
mobiUty. 

THE CHOICC OF OUGANIC 
UCANDS 

The selectim of inorganic ligands and oorrespondp 
ing thorium complexes for con«deration was rela> 
lively straightforward in that thermodynamic data for 
these ligands and complexes was accessible Also, 
typical concentrations of inorganic ligands in natural 
waters are well known. In contrast, both the identity 
and concentrations of organic ligands in such waten 
are poorly known. 

The bulk of the organic materid dissolved in 
natural waten has been described as humic sub­
stances. Aocording to REuiBt and PoiDtJE (1977) 
most of this material resembles the fulvic acids 
present in soils, A leprcacBtative ooncotration of 
humic substances in tuifaoe waten may be about 
l O m ^ (Ret/not and PEUMJE. Ibid.), whereas the aver­
age ooocentratioo of humic substances in shallow 
poimd waten may be nAi t r to Img/I. Higher 
amounts are likdy in most sol waten (lOOmg/1, cf 
MCKEACUE fff oL, 1976), The acidic functional groups 
present in natural fulvic adds (carboxyl and phenolic 
hydroxy! groups) vary in both strength and relative 
abundance (SCHNirzat and KHAM. 1978). Conse­
quently, stabilitica of metal fulvic complexes vary with 
solution composition and with pH, This makes the 
use of such stability data impractical in model calcu­
lations. For this reason we have selected dtrate 
(C^HiO?-), oxalate ( C , 0 J ' ) and EDTA 
(CjoH,}OaNt~) to exemplify the probable role of 
thorium-organic complexes in natural waten. 

The occurrence of oxalate and dtrate in soils and 
some natural waten supports our choice of these 
lipnds. Oxalate is present in many plants and is 
rdeascd upon organic decompositioo (LCAVDO, i960), 
tiND and HEM (1975) reported oxalic and dthc adds 
as two of the prindpal organic tdds in forest soils 
and litter, CRAUSTCIN et al. (1977) identified whewel-
lite and wedddlite, caldun salts of oxaKc add. as 
OMomoo phases in the htter layer of soils. The same 
obaerven naeaauied 900ppb of dissolved oxalate at 
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The Bwbihty of thorium ia aaivial waten I7SS 

20 cm depth in an Oregon forest soil and owchided 
that oxalic acid was the chief low molecular wdght 
organic add in solution at the base of the humus 
layer. LAXIN (1979) noted that plant root exudates (as 
cxcmpUfied by those from wheat) contain oxalic and 
dtric adds among others. He also showed that pine 
tree root exudates contain oxalic add. It is likely, 
therefore, that dtmtc and oxalate are not uncommon 
in natural waters, although thdr concentrations will 
usually be much bwer than those of humic lub-
•tanoea. 

EDTA was included in our study more as a type* 
ligand than as a specific constituent in natural waten 
EDTA was choaen as an example of a multidcntatt 
organic chelating agent which Ibrais an cxtremdy 
•trong Gompiex with thorium In fiut, one EDTA 
group can completely satisfy the coordination re-
quiremenu of the Th**^ ion. Communications with 
M A U X L M (1980) and W E K R (1980) suggest that 
E D T A may be equivalent in compiexing ability to 
tome aqueous humic species. Also, the present and 
proposed use of EDTA in deanaen and deconmmin-
anu in laboratory research and in large-scale deoon-
taminatim operations involving radionuclides at 
nuclear fadlities (d. AvkES, 1970; MEANS et al., 1978) 
makes its consideration here the more appropriate. 

The wastes from clean-up operations at such fadli­
ties are treated and disposed (tf in a variety of ways, 
but quite often end up in near-surface tanks or 
trenches at radioactive burial sites (C&utE and 
MEsntE, I970X There, a f n t s induding EDTA can 

continue to hold metals such as thorium in solubon 
and so enhance its mobility in kachates that escape 
the trenches. While oxalate and dtrate arc eventua|pj2|g||>jAi 
destroyed in biochemical pioccsses. EDTA can persixtr 
for long periods in sohition. MEANS rr el. (1978)' 
observed migration of ' ' 'Co and other radionuclides, 
induding thorium, Iran pits and trenches at the Oak 
Ridge National Laboratory burial dte. Hie mobile 
spedes were identified a* dissolved complexes of or­
ganic hgands. pnrticulariy EDTA. Theae authon 
found i n EDTA eooocnttatian of about 98 ppb in 
well waten near disposal trendies at Oak Ridge. 

THE THERMOCHCMICAL DATA 

The ihennodynamic data for thorium minerals and 
solutes at 2S'C and i ata total prexsatc ait given in Table 
1. Tabic 2 Kits thermodynamic data for aon-thorium Bin-
crab and solutes used to derive the data ia Table 1. Foot­
notes to the tables explain the data sources and methods of 
calculation. Such data was utuvailable for atnc add or 
EDTA, or for their thorium complexes. However, subihiy 
Gonstanu for these spedes were available and ait given in 
Table 3 The data in the ubies are considered internally 
consistent. 

A numba of Russian authors have proposed that tbor-
hxn carbonate complexes are important in alkaline waten 
(cf. SHOKxaiKA and AXAUXOV, 19(7). No thermodynamic 
daU exist for luch species, which in any ease art unlikely 
to ever be significant. Thus, at alkaline pHi. thorium 
occurs chiefly as the strong neutral ThtOH)! complex 
which will have Uttk tendency to assodaie with carbonate 
ion. 

In Fi^ I are plotted oitropses <S* values) of thorium 
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Table 1. ThowwiheaMcal d a u for thorium minerals and aqueous q i c d a at 25*C and 1 atm total pressure. &HJ, &CJ and 
S* are the free cvergy and enthalpy of formation from the elements and the entropy, respectively, Parentheses enclose 
•pprokimate or atimatcd valwei, or values derived from them. An asterisk denotes a value derived from measurements in 

solution at an ionic strength greater than lero (see footnotes) 

Mineral or aqueous species (kcal/mol) 
AC? 

(knl/moQ (eaV^nddeg) 

ORI IINAL 

S e u r a 

••Thlc) 

ThOH»* 

ThfOH^* 

TWOHir 
Th«OH)J 
Th^OH)?* 

Tii.(OH)T; 
ThtOHU 
ThO,(c) 
ThO](c) thorianite 

Th$i04(c) thorite (huttonite) 
ThF** 
TTiFj* 
I h T J 
ThFS 
ThF«|e) 
ThF« 2JH,0(e ) 
Tha»* 
ThOj* 
Thar 
TTiCIJ 
Th<n«(c) 
ThSOj* 
Th(SO«); 
Th<SO«B-
Th(SO,f i ' 
T h H j P O ; * 
ThHjPOi* 
Th(H,P04)i* 
T h H P O j * 
Th(HPO»)J 
T h ( H P 0 4 ^ -
Th(HPO.) , 4H,0(C) 
ThCjOj* 
Th(C,04)! 
Th(C,04)}-

0 

- I U . 8 

(-24fc2) 

(-306.5) 

(-368.4) 
(-4M.4) 
(-489.4) 

(-1224) 
(-2019) 
(-449.5) 

-293.12 

-265.13 
-M6.i 
-427.1 
^508,1 
-501.4 

(-6812) 
-223.7 

-283.6 
-397JI 
- 6 l l i ) 

(-4303) 
(-7613) 

(-1070) 

-168.4 

-2207 

-272J 

(-322.S) 
-3715 
-441.8 

-1098.3 
-I I I0.6 
-408.0 
-273J 
-279J3 

- 2 4 < L 7 0 
-32152 
-396.2 
-468.2 
-478.9 

(-624.7) 
-201.3 
- 2 3 1 3 
-264.8 
-29S.6 
-261.6 
-3S3.8 
-537.6 
-716.6 
-891.8 
-444.1 • 
-444.9 
- 7 2 0 9 
-443.5» 
- V O J * 
- 9 9 1 1 ' 
- 9 5 1 5 * 
- 3 4 1 2 
-515.9 
-686.8 

12.76 

-101 

- 7 9 -

-53» 

(-36) 
(-24) 
- I47» 
-173* 
-160" 

(34) 

1559 

(255) 
^72 
- 4 9 
- 3 4 
-24 

33.95 
(S&O) 

-83 
— 
— 
w. 

(43.5) 
- 5 9 
- 2 2 
— 
— 
— 
— 
— 

(-60) 
(-24) 

(89) 

— 
— 

FtfOEB and OCTTINC 
(1976) 
Fucca and OETUNC 
(1976) 
Ftnnt and OETTINO 
(1976) 
Fixza and OCTUNC 
(1976) 
See footnotes 
See footnotes 
BACS and MCSMEX (1976) 
• A B and M i s t « (1976) 
BASS and MESMEX (1976) 
See footnotes 
Seefeomotea 
CODATA (1977), 
WAGMAK f t d . (1977) 
See footnotes 
WACMANer 01(1977) 
WAOMAN et aL (1977) 
WAGSSAN et al. (1977) 
WAOMAN rt a'. (1977) 
WAGSSAK««/,<1977) 

WACMAN et aL (1977) 
WAassAi>iMaMi977) 
WAOMAN ei al. (1977) 
WAOMAM « I OL (1977) 
WAOMAN M d . (1977) 
WACMAN «t al. (1977) 
WAOMAN « r d (1977) 

WACMAN(r«L(1977) 
WAOMAN <r d . (1977) 
See footnotes 
WAOMAN et oL (1977) 
WAfBiAN<ra(.(l97^ 
See footnotes 
See footnotes 
See footnotes 
Sec footnotes 

W A O I U N el al. (1977) 
WACMAN el al. 0977) 

•-Thtc); S ' supported by RAND(1975)^ CODAtA (1977), and WACMAH et oL (1977V Th**: Properties determined by 
T v a m and OCTTINC (1976), adopted by WAOMAN et of. (1977). ThOH** and ThtOH)!": S" values based on potcniio-
menric raeuurcmenu ia I M NaC10« (BACS and MiSMxa, 1976) ThjOH)?: AC, based on estimated iC value (BAES and 
MESMia, 1976). S* estimated from Fig. 1 ThlOHji: AC^ baaed on K from BAES and Mcswa (1976). S" estimated from 
Fig. 2. Thi(OH)i*.Tlu(OH)i* and T h t ( O H ) ] j T F values baaed on potentiometric measurements in 1M N a O O . (BACS 
and MPMEK, 1976). Th(OH)«; AC/based on solubility of 'active' or "hydrous' ThOj given by BAES and MISMEK (1976), 
auuming ACJ » 0 for: ThOj (aaivt) * 2 H ] 0 - Th(OH)«, 5* estimatoil using Latimer's method with component entro­
pies from NatMOV « aL (1974X ThOi(c): AC, > -273.2 baaed on solubility given by BAES and McSMElt (1976V 
ThSiO«(c): Huneoiie is apparently the stifle polymorph at all tcmperBiura (Hoaaa and ADASB, 1969). S* it estimated as 
the sum of values for ThOi(c) and $iOi(c) quartz. ThHiPOl* ; ACy computed from K - 10' ** measured at / - 2 for: 
Th* ' + H , P 0 2 - ThH,K3l* (KATX and ScAaoac, 1957) ThHPOj* through T M H P O , ) ! ' : AOj values based on 
stability oonataau measured at f • 035 (MOSKVIN et d., 1967) S" valuei csdii^ted from Fig 2. TVHPO^Ii • 4H,0(c): 
6lGj based on solubility awatwed by Mosavm ei al. (1967) at / » 0.33. 5* estimated by Latimer's BKthod with com-
pnoent catropiea: S« (Hi) > 15.9. S* (HPO«) - 15 and S* (H^O) - t a ? . 

eeraplexcs n their charge, where the entropy vdues are [x is the number of thorium atoms is the pdymer, and the 
reasonably well known based on calorintetric or potentio- diarge of complex (plotted) m charge of polymcr/z]. 
metric measurementa, This plot was uaed to estimate t n \ n - Table 3 lists the cumulative formation oonstanu of thor-
pica of other menomeric eomplexea of the tame valence. S* ium oomplexca with their formation reactieiu written 
values for the OH polymen arc also ^ n e d for compari-
aaBptirpeteaiaFig l . w h c r e S * ( p f o t ^ ) - 5 ' p d y m c r / x ; Th** + nt*" - T h Z ^ - - . 
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The mobility of thorium in naiunl waters 

Tabic 2. Thermochemical data for non-thorium minerals and aqueous species at 25'C and 
1 atm total pressure. Values in parentheses are estimates or have been computed using 

oiimated values (tec Ibotnotas) 
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MiDvalor 
•queeus species (kcal/moll 

6G} 
(kcal/mol) (Gd/nmldei) Souite 

Hi(g) 0 0 3)J07 CODATA (1976) 
OHg) 0 0 49J005 CODATA (1976) 
H,0(l) -68.315 -56.687 16,71 CODATA (1976) 
O H ' -54977 -37.604 -1560 CODATA (1976) 
H f -76.97 -71.68 2109 PAaut <t «l. (1976) 
F ' -8015 -67J4 -3.15 PAHKEK <t d. (1976) 
a - -39,933 -31379 13.56 CODATA (197«) 
K>i- -305J -243.5 -S3 WAOMAH «t al. 09tt) 
HPOi ' -308.83 -260.34 -8.0 WACMAN «of. (1968) 
HiPO; -309J2 -270.17 2 U Seefoottwiet 
H»POi -307.92 >273.t0 37J WAOMAN <r«! (1968) 
SiOifdquam -217.64 -20«.66 9.91 CODATA (1976) 
SiOi(affl) -215.33 -20191 11.8 See feotnoiea 
H^SiO: -348J0 -31158 4S.I Sec footnotes 
H,SiO: -34118 -299.18 20.7 BtncY and MEBca (1977) 
HjSiOi- — - 2 a i J l — BACS and MesMEn (1976) 
SO{- -217.40 -J77.95 4S0 CODATA (1977) 
HSO4- -21116 -180.67 31.2 See footnotes 
HiCiOS -194.7 -168.6 44A See footnotes 
HCjOi -195.6 -)6&93 35.7 WACUAN ff al, (1968) 
CiO{' -197.2 -161.1 10.9 WAOMAN « al. (1968) 

H^PQ^: WAGMAN el al. (1968) gi>t AC/ = - 260.17 kcal mol. which is apparently a 
misprint. The tabulated value it consistent with well established ttabiliiy ctmstani data 
and with the Ubulaied AH? and S* values. SiOilara): AC* bavd on the stability of 
amorphous silira from 0-2J0T. written SiOitam) + WjO m H«$iOS, for which log 
[H4SiOS] molar •= -0.2}9-73lT(K) (FOOINIEH. 1976). KILOAY and PaosN (1973) 
measured A/f, '«Z22 l0.07kcal/n>el for SiO^quanz) > SiO)(affl) from which 
Aff̂  - -215.33 and combined with AC? from FOUXNEK (I976X S* - 11.8ca]/mol te. 
The temperature function of Foi.niNiEii (1976) leads to S" m lO.Scal/mol dcg. H^SjOT 
Data based 00 logtH.SiOS] molar » 0.394-1310/7'(IC) from 2S-2S0 C for quam soiu-
biUty written SiO]<quartz) + 2H2O - H4SiOS (Moacv et al, 1962). H S O L : Aff?. AC^ 
and 5* adtjuttcd relative to values for SOi~ assuming properties for the reaction 
H* -f S02 ' " HSO4 unchanged from properties computed using values given by WAG-
MAN H al. (1968) H X . 0 3 : MA»TEU. and SMITH (1977) list log K - 1.252 and 
6Mf - a9 ± 0.1 kcal/mol for H* 4 HC^O*' - H,CiOS. The dau for HiC,o; art eon-
puted from Ibis information and ubulated results for HC1O4 and C}Q2~. The properties 
of HtCiOj listed by Wagman ei al. arc in error. 

In this cxprcsaioo L is the ligand d valeace 1 and n is the 
number of ligand groups in the complex. In seme cases, for 
comjMriton purposed more than a single source and eon-
sunt art listed in Table 3. Sources of the data chosen for 
incluaiofl in Table I ate indicated in the "Source' column d 
that ubie. The subtbiy cotistanu and entropies of the 
Th-OH oofflpjextf given by BAES and Mcami (1976) have 
been adapted here. These authors provide a more complete 
description of the Th-OH system than do WAGMAN et cl. 
(1977), who give only daU for ThOH**, Th(OH)i* and 
the dimcT ThjiOH)**. Entropies of the first two fo these 
spedes given by Wagmas et al. are -82 and - 52 cal/mol 
deg respeeiivcly, in good areemeat with the ubulated 
valuer 

Dau are unavailable for complexes between T h " and 
H4SiOS or HtSiO;; however, such complexes arc hkely to 
be important in acMl, silidi-rich waten No empiricd 
thermodynamic values are available for thorite 

Writing the solubility of ThO|(thorianite) as 
TbOj + 2H,0 m Th** •¥ M M ' 

pcmits OS to eompart the subihties d ThOj and 
Th(0H)4. Thus. K^ [Th(OH)43 - lO'** *: and JC^ 
[ThOj(e)] » 10"*" based on solubility measurements 
reported in BAES and MEBCOI (1976) and 10''*-' com­
puted from the C O D A T A (1977) AC/ value for tborianite. 
The disparity between iheae Ian 2 values it tfitiurMag 
However, the full range of K^ values of 7.6 fog uniu separ­
ating the amorphous and cryiulline Th oxides and hy-

UW.4I/1I-4 

droxides is perfectly poitibie for a quadravalent cation 
such as Th**. Approximate soiubilita of Th<0H)4 and 
Th0i(c) as a function of temperature to near 300X are 
reported by ROBINS (1967) 

DISSOLVED THORIUM SPECIES 

Cumulative formation constanu of the complexes 
vs ligand number arc plotted in Fig. 2, In general, the 
stronger the I: I complex, the more likely that an im­
portant 1 ;2 and 1:3 oonplex will also exist. Weak 1:1 ' 
complexes i s are formed with Cl~, N O j , and HjPOS 
indicate that higher order complexes will also be 
unimportant Strong complexes are formed with 
HjPO*. S02~ and F~. The strongest oonunon in­
organic complexes are Eormed with OH~ and 
HPOl~. Hie organic species, oulate, dtrate and es­
pecially EDTA, form strong complexes with thorium. 

Application of the staMity constant data shows 
that thorium in natural waters is usually complexed 
with sulfate, fluoride, phosphate, hydroxide and or­
ganic anions. These complexes greatly increase the 
aohibtlity of thorium minerals and the mobility of 
thorium in suiface, sd l and ground waters. To 
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Table 3- Cumulative fonnatieo constants of Th** complcies al 2S*C 
PaiTBthctet denou estimated values. Whcrt more than one value for a 
complex is shown, an asterisk indicates the value chosen for inclusion in 

Table I 

Compla 

TM>H»* 

T1<0H)J* 

ThfOH),* 
Tt(OHjfi 
ThF** 

ThF{* 

ThF,* 

ThF: 

Tha»* 

TbCIJ* 
ThG,* 
ThCiS 
ThHPOj* 
Th(HP04)f 
Th(HPO»)|-
ThH.POJ* 
Th(H,PO«)i* 
TTlHjPOi* 
ThSOr 

Tmso.is 
•nfso^r 

TTK$0«tf-

ThNOj * 
Th(NO,){* 
ThCjOj * 
Th(C,0.)S 

ThC»H,o; 
TTKC,H,0,) i-
ThEDTA* 
ThHEDTA* 

T h O ' * ; At / = 

U t K 

H).8» 
102 
21.07* 
21.23 

(30.3) 
401 

8.44' 
i.03* 

IS.06 
14.25' 
19.81 
18.93* 
23.17 
2131* 

1J5 
IX»* 
aso 
1.65 
1,26 

10.8 
218 
31.3 
4.52 
8,88 
1.91 

(6.17) 
545* 

(9.39) 
9.73» 

(10.34) 
10.50' 
(827) 
8.48* 
0.94 
1.97 
9.30 

18.54 
25.73 
13.00 
2097 
25.30 
17.02 

. 0.5 KATZ 

1 

0 

e 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
OJS 
OL33 

035 
0 
0 
2 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0.5 
QJ 
01 
01 

Source 

BAES and M O M U (1976) 
W A O M A N «r A/. 0977) 
BAES and MESMEK (1976) 
W A G M A N er e l (1977) 
BACS and M E S M E * (1976) 
BAES and McsMia (1976) 
B A U M A N (1970) 
WACSSAN et of. (1977) 
BAL 'MAN (1970) 
W A G M A N «r aL (1977) 
B A U M A N (1970) 
W A G M A N #1 dL (1977) 
BAtniAN (1970) 
W A G M A N et oL (1977) 
See footnotes 
W A G M A N CT « 1 . (I9T7) 
WAGSSAN et a l (1977) 
WAGMAN r i a l (l9TI) 
WAOMAN f t <it (1977) 
MosKvm et at (1967) 
M08KviN(raL(l967) 
hfGOitviN et aL (1967) 
WAGMAN et at (1977) 
WAGMAN n aL (1977) 
KATZ and SEAaoac (1957) 
See footnoiet 
WAGMAN *t aL (1977) 
See footnotes 
WAGMAN i t aL (1977) 
See footnotes 
WAGSSAN ff at (1977) 
See foouotet 
WAOMAN cr at (1977) 
WAGMAN «f at (1977) 
WAOMAN t t oL (1977) 
WAGMAN n at (1977) 
WAGMAN ft oL (1977) 
WAGMAN et aL (1977) 
Sec footnotes 
See footnotes 
Scefoottotes 
Sec footnotes 

and SEABOac (I9S7I give K , - 2.24 for 
Th"** + CI' • ThQ**. Correction to I - 0, auumiog the some activity 
eoeffident behavior as observed for ThOH'* in perchlorau media (AMa-
UNO et aU 1973), gives K, • 1 0 ' " . ThSOt* through Th(S0. | l-: 
ALUN and MCDOWELL (1963) meaiured log K« - 0.73 and fog 
JC4 • -107 for the successive tubiiity oonstaau of Th(S04)i~ and 
Th(S04)i~ respectively at I « 0 AHRLAND et oL (1973) give log 
JC] - 142 for / - 1 Rough correction to / * 0 gives log K, * 3.41 
These dau lead to stepwise differences of log (Kj,X4) * 182 and log 
ift /Kt) - 1 6 7 . Assuming the average t t 175 applies to fog (JCi/X,) 
kads to log K, - 6LI7 at / » O Values based on these calculations a n 
shown in parentheses in Table 3. Th-dtrate: NtatL and UasAN (1966) M 
reported in SILLEN and MAWTta (l97lV tb-EPTA and Th-HEPTA: 
BOTTAW and ANINJUECC (1967X as leported m SILLEN and MAftTUt 
(I971V 

are 
assi 
dea 
plo 

D<5 

1 
fen 
the 

typ 

properly judge the relative importance of these com-
ptesea, we must compare their amounts in solutions 
that contain typical conoentratioos of the compiexing 
Unnds. 

The thermochemical data in Tables 1-3 have been 
wed to construct the diagrams in F t p 2-11. Math­

ematical ntethods needed to develop the peroBtage 
distribution of complexes in Figs 3-8 and die mineral 
solubility diagrams in Figs 9-11 are described by 
B i n u a (1964). Creation of the more complicated dia­
grams was accomplished by programming the calcu­
lations on an IBM 370/168 computer. The diagrams 
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ORIGINAL 

1 2 3 4 
Ligand Number 

Fi( 1 Cumulative formation constants of mooomertc Th** complexes at 25*C plottad against their 
ligaitd numbers. Consunu are for xcro ionic strength taoept where indicated 

are preaented in terms of Th q x d e s ooncatratioos. 
assuming ionic strengths and activity cocfRdenu 
defined by the total ooooaitraticms ^lecified for each 
plot 

iMnrsftitfie*! (|f OfisMtis vecics 

The distribution of aqueous thorium species for dif­
ferent water compostions iras calculated to establish 
the relative importance of the various complexes in 
typical Mtural waters. Since the degree of thorium 

oomplexation is independent of its total concen­
tration when a compiexing ligand is in hrge eaoess 
over thorium, these distribution diagrams apply to a 
range of thorium ooncentntioas depending upon 
ivhich t ipnd is of interest. The calculations were 
made for OiOlppb total thorium, a conctntration 
much smaller ttiui that for any of the anions. 

Figure 3 shows the range of predominance of dis-
soWcd thorium species in pure water. Free T h ' * ion 
dominates at pH's below 3. From about pH 3 to 4.5, 

xreotlage 
w m i n e n l 
crfbed by 
icMcddto-
thecaleiK 

4 6 8 
pM 

Fig. 3. DisVihiitiott of thorium-hydroxy oompleses vs pH at 25*C with STh • OLOI ppb in pure water. 
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100 

Th(504»- pH 
Fig 4. Distribution of thorium-hydroxy and sulfau complexes vs pH at 2S*C with £Th • OJOI pph and 

XSO4 - lOOppm, 

the 1:1 and 1:2 hydroxy complexes predoninate. 
Above pH 4.5. Th(OK)S is the major species. Figures 
4-6 show the ttistribution of speciet in solutions of 
common inorganic ligands, sulfate, fluoride and phos­
phate, respectively. The anitm concentrations used in 
each case are typical of those in natural waters. In a 
•olutiOT of 100 ppm toul sulfate. Th(SO«)$ is vastly 
more important than other sulfate complexes or free 
Th** ion. Above pH S. Th(OH)i| is the most impor­
tant aqueous spcciei Total fluoride equal to 0.3 ppm 
makes ThFj * the nkajor fluoride complciu although 
the 1:3 and 1:1 complexes are also significanL 
Th(OH)S dominates the pH region above about 5.5. 
ThHjPOi*. Th(HP04)S.Th(HP0«)-;-, and Th(0H)2 
cadi in t u n predominate as pH increases in a 
Oil ppm total {rfKMphate solution. 

Combining thex anion oonoentrations to create a 
typical groundwater and calculating the correspond-

ing distribution of thorium species in such a solution 
resulte in Fig. 7, lUfSO.);, ThFj*. TTi(HP04)S, 
Th(HP04)J~, and Th(OH)S are each in turn the most 
abundant aqueous species as pH increase*. 

Similar distribution calculations nude for each tjf 
the organic ligands considered individually showed 
generally that the thorium-organic complexes pre­
dominate over Th-OH complexes below about pH 7, 
Figure 8 is a percent dissolved total thorium vs 
pH diagram calculated for a water with all the anitmt 
previously considered as present The HiEDTA** 
complex clearly dominates among the aqueous 
species up to ai^iroximately pH 8. 

SoliAility c{ thorianite 

Sohibtlity diagrams were generated asuming equi-
Ubrium with thorianite. A more abundant mineral 
auch as monazite, with thorium m solid solution. 

MlOO r 
Th(OH)J 

£F .3 ppm 

^Th(OH)J 

Fig. 5. 6istribution of thorium-hydroxy and fluoride complexes vs pH at 25*C with ZTb - 0.01 nob 
a « > I F - 0 3 p p m 
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Fig. 6. Distribution of thorium-hydroxy and phosphau eompkxct vs pH at 2S*C with ITh " OOl ppb 
and £P04 • 0.1 ppnL 

(0 

60 I -

- I ^ - | 1 
Th(HP04)! 

" t — > * 1 
'̂ TIXOH)! 

X 

.Th(S0Jf 
0"hFJ* 

'Th(HPO,)', 

^ 
§ 

Th?'* / V V*̂ t 

' 2 VThSOJ* 4 

A 
1 11 

IF 4ppm 
XCl 10 ppm 
IPO. -Ippm 
ISO. 100 ppm 

. 

-

-

/ \ 

I . I . . J — ^ J 1 
10 

Fig. 7. Distrilmtiop of tborium complexes vs pH for some typical ligand concentrations in ground water 
at 25'C with £Th <- 0.01 ppb. 

8 100 • — I r 
Th(C,^„0,N,)» 

IF 
SCI 
IPO, 
ISO. 
INO, 
iCrO. 

.3 ppm 
10 ppm 
.1 ppm 

100 ppm 
2.5 ppm 

Ippm 
XCitrate .1 ppm | 
SEDTA .ippm 

Th((5^4)r 

Th(OH)J . 

6 10 

Fig. 8. DittrilNnion cf thorium complexes vs pH in a solution omtaining inorganic and organic species 
at the oonoentrations indicated and 25'C with ZTb - 001 ppb. 
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ORIGIM 

m 

I -5 
10 ppmK ' . ^SO. « 100 ppm 

I . i p p m s ; ^ 

" - 1 0 

9 

-IS -

: t p p b 

.01 ppb 

1 1 1 r 

Thorinnite (ThO,) Solubility 

I F > 0.2 ppm 

XPO« • 0.1 ppm ~ 

pH 
Fig 9 The cffiBct of ihorium-f ulfaie. fluoride and phosphate compiexing on the aotubility of thorianite, 
ThOi(cX as a function of pH at 25*C The cross-hatched curve denotes the solubility of thorianite in 
pure water. The curvet indicating thorianite solubility as affceted by coinplexing have been coeatnieted 

atwiniing each Hymd prtsent in the absence of the others. 

could not be oonsiderBd because of a lack of theimo-
dynamicdata. 

The individual eflecu of Q ' and NOJ ions on 
thorianite solubility are negligiWe. Even in sea water 
(pH 8.1) with a - 19.000ppm. Th<CI' oomplcxing is 
insig^ficani relative to hydroxyl compiexing. For 
nitrate ooncentraliofu up to 1000 ppm, T h - N O ; 
complexes never approach 1% of total T h - O H ' con^ 
plexes. Sulfate increases thorianite solubility befow 
pH5, as shown in Fig. 9. Dissolved thorium is 
increased by three orders of magnitude at pH 3 in the 
pitsenoe of 100 ppm total sulfate alone in soIutioiL 
However, except in acid mine water and raflinatea, 
and acid sulfate soils and H^SOa kachatcs from 
hydrothermal uranium orea, increaaes in ThO^ solti-
biUty due to sulfate oompieung would generally be 
tmimponant Even in seawater with SO4 = 2650 
ppm, sulphate complexes are ina^f lcant relative to 

O r 

hydroxyl c o m i c s . Fluoride abo increues ThOi 
solubility in the low pH range (Tig. 9) and does so 
signiScantly more than does sulfate alone at the same 
concentration. Thus, 2 ppm total fluoride can increase 
dissolved thorium from 10~*ppb to lOppb at pH4. 
Phosphate can increase thotianiie solubility tip to 
pH 7 (Fig. 9), For eaample, at pH4, a i ppm total 
phosphate increaaes ThO, solubility by a thousand-
fold. 

In ^ e r a l , organic hgands greatly oihanoe the 
solubility of thorianite at pH*! bdow 7. Aa shown m 
Fig. 10,1 ppm total oxalate increaaea T h O | solubility 
by 10'' times at pH4. Only 1 ppb total EDTA (not 
shown in Fig 10) simtlaily increases thorianite aolu-
bility by neariy 10* times at p H l Corresponding cal­
culations for cjtraic show it to be a lens important 
oomplexer than oxalate mt EDTA. The final solubiUty 
diagram in Fig. 11 despictt the cffcct of the oombined 

1 
S 

H -10 

? 

-15 

[ 10 ppm 

1 .1 ppm 

I ippb 

: Olppb 

r 1 1 

- XCiO««1.0ppm 

U. \ ^ 

: 1 1 

Thorianite (ThO,) Solubility * 

N ^ ^ ' ' ' \ ^ ^ ^ IEDTA*0 .1ppm " 

- I 1 1 1 

pH 

Fig 10. The dfect of ihorium-oxalaie vs ihorium-EDTA compiexing on the solubiUty of thorianite, 
Th02(c), at a function of pH at 25°C. The crest-hatched curve denotes the solubility «f (hmianite in 
pure water. The curvet indicating thorianite solubility aa alfeciBd by compiexing have been ffnttnirtfrf 

liming each ligand present in the absence of the other. 

303041 

aohiti 
organ 
magn 
pH5. 
pH8, 
effect 

Qi 
auggt 
thori 
than 
icsul 
audi 

M 
teria 
ofsu 
tion 
cent 
radi< 
vohi 
with 
afog 

the 
dier 
(197 

mat) 
obts 

Tl 
orgs 
prac 
btti< 
tion 
hgai 
pres 
thoi 
ont( 
tion 



s iMMMUMkNtaM 

iocs 10 
sesame 

l p H 4 . 
«p to 

IB tO«U 

Miiand-

we the 
lowa in 
•hibtlity 
rA(nol 
teanhi-
ing cnl-

Dt 

Or 

The mobibty of thorium in sMtural wattrs 

r r -

1763 

X T T "T T~=l 
Thorianite (ThOi) Solubility 

organic and 
inorganic ligands -

< H n 111 iTa I I ^ 

ORIGINAl 
(Redj 

Fig. 11. The cfliKt of diorium complexiog on the solubility of thorianite. ThOj(c) vs pH at 25°C in a 
tolutioB of x a > 10 ppm, INO) * 15ppm, ISO* > 100 ppm, XF » 0.3ppa, tPO* » 01 ppm, Xex-

alatc « 1 ppm,Xcitiate « Ol ppm and XEDTA m 0.1 ppm. 

tohitioo' oompoaittoax. ThOi aohibility with the 
organic hgands present is increased five orders of 
magnittnie above the purely inorganic solubibty at 
pH 3. The range of inocased solubility extends up to 
pH8, whereas morganic ligands alone significantly 
eflect aohibility only below pH 7. 

QuaUtttive cakxilatioot by A M B and RAI (1978) 
suggest that in the presence of calcium phocphatesi, 
thorium phosphate solids may be even fc$s soluble 
than thoiianite above pH 6. However, because their 
results were obtained without considering complexes 
stKh a coodnaioo is IBIUOUS. 

S O R m O N OF THORIUM 

hloat studies of thorium-iorption onto natural ma­
terials have at best led to qualitative resulti The bulk 
of such work has involved measurement of a distribu­
tion ooeflicieat, K4. defined as the radionuclide con­
centration on the solid/weight of solid, divided by the 
radionucUde concentration in solution/solution 
volume. Such values have rarely been determined 
with adequate oonsideratioo of the detailed miner-
alogy and surface chemistry of sorfoent phases, or of 
the Bolution. including its spedatioo and reaction 
chemistry (cf. DAHLMAN rt «/.. 1976). AMES and RAI 

(1979. pp. 2>30) summarize some of the common defi­
ciencies in iuch work. Nevertheless, some useful infor­
mation Qo the sorption behavior of thorium has been 

The adaorption of thorium onto chiys, oxides and 
o r i ^ i c matter increases with increasing pH and is 
pnciically complete at pH 6.5 (BoNDiErti, 1974). Inhi-
bitioo of adsorption am) a tettdeocy towards deaorp-
tion is Csvored when strongly oomplexmg organic 
hpmds such as fulvic or citric adds, or EDTA ant 
present (BoNoiFm, ibid.). In neutral to add waterv 
thorium adaorption it kas complete onto days thnn 
onto BObd himiic suhftances. Converaely. the forma­
tion of thorium-organic oon^lexes kads to more 

complete tlesotptian of thorium from day than from 
organic matter. 

Because thorium ion it largely hydrolyxed at pH$ 
above J X it is evident that the hydroxy complexes are 
involved in the sorption process and that aquothor-
ium ion ffh*'^) is not as readily adsorlxd This will in 
pan reflect the tKt that Th*'^ must compete with 
protons for exchange sites (d. DAVIS and LGCKIE, 

1979V VYDSIA and G A U M (1967) found that only 
minor sorption of thorium onto silica gel occurred at 
pH^s below 2. but that sorption increased with pH to 
maximum values at about pH 5.5. Employing a mixed 
quartz-illite soil as aorbent, RANCON (1973) measured 
a Kt value of 5ml/g at pH2, but K4 rote to 
S X 10^ ml/g at pH 6. With « quanz-iliite-caldte-
organic matter soil, Rancon found that K^ decreased 
from 10* ml/g at pHB 10 lOOmt/g at pHlO. This 
reduction in sorption with increased pH was attri­
buted to dissolution of soil humic adds and the for­
mation of thorium-organic complexes. 

Unfortunately, the published research on thorium 
adsorption to date has been insufficiently tietailed to 
allow more than qualitative applicatiott of todi 
results to complex natural systems. Distribution oocf-
fideots have 00 accurate predictive value outside the 
laboratory systems employed for thdr measurement. 
Future reseaiii should instead be directed towards 
oeaturcflMnt <if tiicrmodyiukmically meaningful 
adsorption constants, which requhr a relativdy omn-
ptete knowleitge of the activities of dissolved spedes 
induding compkxes, and of ttie surface properties of 
sorbent phases (cf. DAVIS and LeCKlE, 1979; LANC-

M m and OZSVATH, 1980). 

•ELATIONSHir BITWEEN THE 
MOLAR CONCENTRATION OF THORIUM 

AND ITS RADIOACTIVITY f 

The iwdioactive isotopsc ootioentratian of a given 
element in water is usually determined frtmi the 
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water's radioactivity reported in psc»Curies 
( 1 0 ' " C i ) per liter. To convert the radioactivity 
mtMsurement to molar coooentration per liter, the 
pioo-<Airiet value must first be converted to decays 
per second (dpsX »here I p G • 0-037 dps. From the 
rtdiowrtive decay law. the cxpressioo T • (bt 2V;i is 
derived, whcra T it the half-bfe of the radionuclide in 
seconds and x is the probability thai the nuclide will 
decay within a given time. By definition; Disintegra­
tion rate (D) >• XN, where N it the number of radioac­
tive atoms present Then: S •̂  J)(dpsV>l(aec''^ "Sub­
stituting (In 2Vr for JL, and dividing the preceding ex­
pression by Avogadro's number (6.022 x 1 0 " atoms/ 
mol) to convert atoms per liter to moks per liter (M). 
kads to a general equation relating radioactivity to 
oonooitnitioo for any radiootidide-' 

M(mo|/I) - 10- »> •» fl(pCi/l) X Fdec) 

The prcdMninant thorium isotope (near 100% of 
total Th) is "^Th, with a half-life of 4.4 » 10*^sec 
The isotope " " ^ has a half-life of 2-5 x 1 0 " sees. 
Hatf-tives of the other thorium isotopes are given by 
ROBLER and LANCS (1972X The total thorium concen-
tntiort based on a ' " T h isotope analysis is given by 

"»Th(mol/I)« lQ-'**D{pCiA\ 

Similarly, the molar concentration of ^ ' ^ based on 
a ' " ^ isotope aaalysa it given by 

» » ^ ( a » o l / l > - lO-'»"/>(pCi/l) 

In order to predict the reaction chemistry of thor­
ium it it necessary to compute toul dissolved thorium 
frtMn an itotopic anslysis of " I h . " V n i it the most 
important thorium isotope in the (kcay series begin­
ning with ' '*U and the most important thorium iso­
tope in terms of its radioactivity in uranium mill tail­
ings (ANON., 1976) and in many ground waters 
affected by uranium mining, milling and tailings di^ 
posal (KAuniAN rr oL, 1976, M o n m and TeuJEa, 
1978^ The efltet of itaction cfaemittty on **"Th 
mobility can be estimated from iu molar concen­
tration ratio relative to "*Th. Without a ^ ' T h 
analysis, however, the aolution-reaction chemistry of 
* * ^ can only be qualitatively predkted. 

MooitE and SWAM (1972) suggest that the natural 
radioactivity ratio of ***Th to '**rh is about 0,8 in 
river waters and river sediments. This oonesponds to 
a molar concentration ratio of about 4.6 x 10~*A 
In ground waters, teepagea and injectioo well waters 
from the uraniferous Oranu K4ineral Beh in New 
hfexico (KAUFMAN n aL, 1976) the " * r h / » ' T h 
tadioactivity ratio averaged 431 and ranged from 0.96 
to 1607 in 6 waters for which analyses of both iso­
topes were above detection. Ckarty the radioactivity 
dtie to "^Th usually predotninanta in such waters. 
h theae mme waten the ooofleotraiioo ratio of these 
iaMOpes averaged I S x 10~' and ranged from 
6.8 X 10 '* to 9.1 X ) 0 ' \ indicating the predomi-
ttanoe of "*T)\ on a concentration basis. Unfortu-
natdy> chemica] and itotopic aoalyaet of ground 

Waters and related hydrologic geologic and mineral-
ogic data are not complete enough in this or in other 
published studies to allow quantitative prediction of 
the roto of thorium compkxing, solution-mineral 
equilibria, or thorium adtorpiioo <m thorium mobi­
lity in these natural systems. 

CONCLUSIONS A.ND DISCUSSION 

Theoretical calculations baaed on critically astcised 
therraodynamk d a u indicate that thorium omnplex-
ing can increase the mobility of dissolved thorium by 
many orders of magnitude below pH 8 relative to the 
tolubiljly of thorium-bearing mineralt in pure water 
as exemplified by the aoiubihty of thorianite (ThO}) 
above pH 5. «4tidi is only lO'* ppb Th a t Th(OH^. 
The important inorganic complexes of thorium with 
incnastttg pH are TlKSO*)?. ThFj*, TIKHPO4U. 
th(HPO«)J~ and Th(0H)5 R!q)ectivcly. Oipn ic 
oomptcxet as exemplilkd by those formed with 
dtrate. oxalate and EDTA mutt greatly predominate 
over inorganic thorium oomplexea in organic-iich 
waters including many soil waten. 

Studies by BtJtvDiETn (1974) and others show that 
adaorption of dissolved thorium increases markedly 
with pH above pH2, with maximum amounts t t 
thorium adaorption (95-100%) onto dayt. oxyhydrok-
ides and organic matter attuined at pH valua above 
5.5-6.5. Adsorption is more oompkte onto humic or­
ganic solids than onto clays. Organic l ig^dt such as 
dtrate and EDTA that form strong thorium com-
pkxea, inhibit adswptian and can kad to partial 
desotption of thorium (RANCOH. 1973; BohOXETn, 
1974) 

Thorium it concentrated in natural sediments 
largely dlher in detrital rcsisute mineralt tuch as 
monajtte. nitik and thorianite, or adsorbed onto 
natural coUoidat-sized materiali The tendency of 
thorium to be strongly adsorbed by days and oxy-
hydroxtdes aplaint its anonulously high mean con­
centrations in bauxites (49 ppm), bcntonites (24 ppm) 
and pelagic clays (30 ppm), and iU range in marine 
manganese noduks (24-124 ppm). Thorium in baux­
ites is apparently both sorbed and m resisute miner-
ais. These values nuy be compared to thorium con­
centrations generally less than 13 ppm in shalea. and 
less than 5-7 ppm in arkoses and graywadies. (Pre­
ceding data are from ROCEM and Atwoe, 1969.) 

Although thorium compiexing in natural waters in­
creases the solubiUty of thorium-bearing minerals and 
can lead to deaorption of thorium, thorium ooncen-
tnt iont in natural waters (pH5-9) rarely exceed 
1 ppb. This it equivalent to a radioactivity of a i pCi/1 
at ' ' ^ and aasnming a natural activity ratio of 0 8 
for »»Th/"*Th ( M o c u and SwAia. 1972) to 
(X06 pCiyI as * * ^ . Thia low total thorium conoen-
tration must reflect a combination of slow solution 
rates, paudty and insolubility of thorium-bearing 
minerals, and strong adsorption of thorium by 
natural materials in this pH lanfc 
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Thorium adsorption and the insolubility of thorium 
mineralt in ao-oaJkd 'bw acid dass* ground waten 
beneath an abandoned uranium tailings area at Eliot 
Lake, Ontario, may explain the (act that *"Th and 
* * ^ activities in the ground water were below 
detection ( M o n r r r and TCLUEX. 1976) In 'high add 
class' ground waten beneath the tailings, however, 
"*Th concentrations were at high as 38mg/l 
(4200pCi/l) and " "Th ooncatrations in the tame 
ground water up to Q.0028 mgfl (52,000 pCi/l). Prob­
ably the Ihcirium in these pound waten was 
present chiefly as tulfate complexes, released in the 
ca«e of ' * ^ by add leaching of thorium-bearing 
mineralt. The \JS. Eaviroimxntal Protection Agency 
(ANON., 1976) hat reported that watte milling solu­
tions (sulfuric add kach. pH 1.5-2) from the High­
land Uranium MiD in Wyotning oootained 
22j00OpCi/1 of " T h (l.lppbX These high »»Th 
values itflea the greater mobility under add con­
ditions of ' * ^ formed from the radioactive decay of 
" ' { J . TWt may be contrasted with a '**rh activity of 
llOpCi/l (0.0057 ppb) in alkaline (pH - 10) leach 
solutions diacharfcd from the Humeca Uranium Mill 
(ANON.. 1976). The alkaline pH values employed in 
the milling process tend to minimize both oompkxtng 
and the solubibty of thorium minerals and favor thor­
ium adsorption onto days, oxyhydroxides and other 
fine-sized materials in tailings from the mill 

The thermochemical data and adsorption results 
considered m this paper help to explain the behavior 
et thorium and itt iiotopei in natural waters, ledi* 
maau and wattea. However, published ttudiet of 
natural tystems have inevitably lacked sufRcimt geo* 
chemicaL miaeralogic, geologic and/or hydrologic 
data to permit an wtambiguous cxptanatiOD for, or 
prediction of. thorium behavior. Also needed for such 
prediction is solubility data for important thoriunt-
bearing mincnk such at OKmaate. thorite and 
uranothorite. FtnaHy, more tophisticated adsorption 
studies should be performed in which thorium 
adsorpbon is measured at a function of pH, thorium 
oomplexation, activities of competing cations and 
thdr eompkxct, and other solution properties, and 
with an understanding of the deuikd surface proper­
ties of the torbent phases. 
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