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ABSTRACT. An estimated 20,000 metric ton (MI) deposit of Th i s located 
near the sunmit of the Morro do Ferro, a h i l l near the center of the 
Poços de Caldas plateau in the State of Minas Gerais, Brazil. Most of 
the Th is contained in microscopic crystals of cheralite, monazite and 
zircon in a matrix of highly weathered alkalic igneous rock interlaced 
by a stockwork of magnetite dikes. Because of similarities in the 
chemistries of Th and Pu under many environmental conditions, a study 
of the rate of mobilization of Th from this deposit i s being undertaken 
to improve our understanding of how rapidly Pu would be mobilized from 
a nuclear waste repository that has been breached. The deposit also 
contains appreciable quantities of U and rare earth elements, and their 
mobilization rates are being investigated, but only the Th data are 
presented here. Mobilization i s being studied: a) by measuring the rate 
of Th transport by a stream that drains the h i l l , and b) by analysis of 
dated ¿a&l.r ¿rom sedimentary deposits in the drainage basin. The mean 
total Th concentration (dissolved plus suspended particulates) in 
samples of stream water collected during the past year was 0.39 ug/1. 
The standard error of the mean was 0.07 ng/1. To a f irs t approximation, 
the estimated annual mobilization rate of the Th deposit has been 
calculated to be 4 x 10~8 per year. If this rate of mobilization persists , 
the l i f e of the Th deposit would thus be about 25 million years. 

* Work p a r t i a l l y supported by FINEP, CHEN and U .S . Department 
of Energy. 
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RESUMO. Osa jazida estimada es 20.000 toneladas de Th está localiza
da perto do topo do Morro do Ferro, no centro do plato de Pocos de 
Caldas no Estado de Minas Gerais. A maior parte do torio esta es 
cristais microscópicos de cheralite, zonazite e zircon numa matriz 
de rocha alcalina bem estragada, interligada com diques de magnetite. 
Pela razão das semelhanças entre as propriedades químicas de Th e Pu 
em condições ambientais, un estudo da razio de mobilização de Th es_ 
tá sendo realizado para entender melhor quão rapidamente Pu seria mo 
bilizado de un depósito de lixo nuclear rompido. 0 depósito contem 
também quantidades razoáveis de ü e terras raras, e a mobilização 
destes está sendo investigada embora os dados relativos somente ao 
Th estejam apresentados aqui. A mobilização esta sendo estudada: a) 
pela razão do transporte do Th pelo riacho drenando o mcrro; b) pela 
análise dos caroços datados tirados da bacia de drenagem. A concen 
tração media de .ceaaamsgaeãe da)Th (dissolvido e partículas ea sus 
pensão) nas amostras recolhidas deste riacho no ano era de 0.39 ug/T. 
0 erro padrão¿ir* 0.07 "íig/1. Numa primeira aproximação a razão anual 
de mobilização era calculada em 4 x IO"** por ano. Se esta razão con 
tinuar, a vida do depósito será aproximadamente 25 milhões de anos. 
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1. INTRODUCTION 

The chemical similarities he^»"»i TL *ná Pu ** 

suggest that the two elements should behave alike under 

many environmental conditions. This has prompted a study 

of the rate of Th mobilization from a large ore body that 

has been in place for perhaps as long as 80 million years. 

The deposit is located on the upper slopes of the 

Morro do Perro (the Morro), a hill in the State of Minas 

Gerais, Brazil, near the center of the Poços de Caldas 

plateau (Fig.l). The external radiation levels near the 

summit range from 1-3 mR/hr. Two independent estimates give 

the size of the deposit as 12,000 and 30,000 metric tons 

(MT) of Th02 [1,2]. In this paper the size will be 

approximated as 20,000 MT. The deposit also contains an 

estimated 50,000 MT of rare earth oxides and - 100 MT of U. 

The mobilization rates of U, rare earths, and radium are 

also being studied but only data for Th will be reported 

here. 

The physical environment at the Morro is nearly 

ideal for such a study. There have not been major 

disturbances of the hill or its drainage basin by human 

activity, and the Th is distributed within a highly 

weathered matrix covered only thinly by soil and vegetation 

Average rainfall is about 170 csn/yr. The drainage basin is 

self-contained to a distance of several kilometers, and 

almost all flow is into a stream that originates at the base 

of the Morro (Pig.2). 

Radiobiological studies on the Morro have resulted 

in a series of publications [3,4,5,63 that summarize the 
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external radiation levels and the doses received by the 

indigenous flora and fauna. 

2. THE GENERAL INVESTIGATIVE APPROACH 

The research is proceeding along two separate but 

interrelated methods of investigation. 

The first method, which we call "prospective", 

depends on measurement of Th in the stream water that drains 

the hill. The stream flow is being measured continuously at 

a flume constructed for that purpose, and water samples are 

being collected at a rate proportional to stream flow 

(During the first year of the study, in the absence of 

stream instrumentation, duplicate monthly grab samples were 

collected at four stations). These data permit estimation of 

the annual runoff of Th. Since the mass of the deposit has 

been approximated, the fraction of the deposit that is 

mobilized annually can then be calculated. It is intended 

ultimately to develop a model that relates the mobilization 

rate to rainfall, geochemical and hydraulic factors. 

The second method depends on the observation that 

some of the material transported from the Horro is deposited 

in a swamp that extends from 1 km to 7 km downstream from 

the hill. The rate of sediment accumulation is being 

estimated by studies of dated cores taken from the swamp. 

This is the 'retrospective" method of estimating past 

accumulation r»tes of dobris from th.¿ hill. The method may 

provide clues as to how the mobilization rate his varied in 

the oast. 
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This report will be concerned primarily with our 

findings in the prospective study, i.e., the mobilization 

of Th as determined by analysis of stream water. 

3. GEOLOGY AND HYDROLOGY 

Geology 

,The geology of the region has been described 

previously by Almeida [7], Ellert [83, Bushee [9] , Wedow [lj, 

and Frayha [2~|. The Poços de Caldas plateau is roughly 

circular, and about 35 km in diameter. It has an average 

altitude of about 1300 meters and is surrounded by a fairly 

continuous rim of higher hills that reach heights of 1600-

1800 meters. The plateau surface consists of gently rolling, 

grass-covered hills. The summit of the Morro is at an 

altitude of 1540 meters, rising about 140 meters above its 

immediate surroundings. 

Brazilian geologists have interpreted the plateau 

as a deeply eroded caldera, meaning that the underlying 

rocks were originally a molten mass that punched its way 

upward into the surrounding ancient gneisses and that the 

center of the mass then collapsed. Age determinations by 

Bushee [if| show that intrusion took place over a long period; 

phonolites and tinguaites give ages between 75 and 87 million 

years, and foyaites 63 to 64. Thus the bo3y. oí igneous rocks 

was built up by piecemeal additions ever some 20 million r 

years toward the end of tho Cretaceous period. The caldera 

(if this is the right interpretation) must have formed later, 

without much regard for thn distribution of rocV tyo.-og. 
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from drill cores, preserved from exploratory work 25 

years ago. The cores show extensive alteration, due in 

part to weath^ing and in part to hydrothermal activity. 

Material fresh enough for identification is tinguaite 

(fine-grained nepheline syenite), partly massive and 

partly brecciated. 

The only rock outcrops at the Horro are magnetite, 

which occurs as a set of subparallel dikes up to a few 

meters in thickness on the sorth face pf the hill. Much r.., 

of the magnetite is so massive and free of cracks that it 

has resisted weathering except for surface films of 

limonite. 

Numerous analyses given by Wedow [l] indicate 

that the Th and rare earths are widespread in the surface 

material and are especially concentrated near some of 

dike contacts. However, the Th-rich ziaterial is apparently 

not directly related to the magnetite. The depth of Th 

mineralization remains uncertain: Wedow's analyses 

suggest that the concentration of Th is greatest within a 

few meters of the surface, but examination of the cores 

showed local concentrations of radioactivity at much 

greater depths, even to near the bottoia of the 200-meter 

core. 

Many questions remain unanswered in present 

reconstructions of the Morro's geological history. The 

reason for the concentration of Th and rare-earth metals 

in this one spot is a major mystery-these elements 

commonly show slight enrichment in alkalic rocks, but the 

large concentrations at Morro aro extraordinary. Wedow 
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reported that bastnaesite, thorogummite, and cerianite 

have been identified, but only as secondary minerals. 

In our study of thin sections of some of the 

deeper '..ores, zircon, raonazite and cheralite, a rare 

monazite-like mineral., were found to be present. The 

zircon is present as crystals on the order of 100 um 

that appear to be a primary phase in the rock, ft is a 

minor element (1-10% as the oxide) in the zircon and 

monazite. The monazite and cheralite are both present as 

grains of 1-5 um dimensions appearing as aggregates of 

10-50 um diameter. The cheralite also occurs in veins With 

dimensions of 10 x 100 um. 

Thorium is a major constituent of cheralite. Op 

to 50% as the oxide has been seen in our thin sections 

and concentrations of up to 30% have been reported 

elsewhere in the literature |10|. Cheralite and monazite 

have the same crystal structure and are thought to form a 

complete solid solution, so that their occurrence 

together in the same rock is anomalous. The habit of the 

cheralite, which appears to be the dominant host for the 

thorium, is suggestive of its being secondary, although 

quite possibly as a late stage in the intrusive cycle. 

Hydrology 

The average annual precipitation in the area is 

approximately 170 cm/yr, with approximately «3% of the 

precipitation occurring during the wet season, from 

October through March, 

Weathering has produced a zone of higher 

permeability in the upper 150 ir> of the ore deposit, which 
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should permit uniform ground water flow. Locality,however, 

in the vicinity of magnetite dikes, which are in part 

resistant to weathering, flow may be controlled primarily 

by fractures. 

The groundwater table can be assumed to be a 

subdued replica of the surface topography with recharge 

from precipitation at relatively higher elevations and 

discharge into a network of closely spaced streams at or 

near stream level. A network of 10 wells are being drilled 

which should make it possible to obtain more definite 

information during the 1981-32 rainy season. 

4. METHODS OF WATER SAMPLING AND ANALYSIS 

Grab samples have been collected at monthly 

intervals since July, 1979 from four points along the 

"South Stream" that drains the south face of the Morro. 

The stations are located within about 0.75 km of the 

stream head and 5-20 liter samples have been taken,either 

singly or in duplicate. In more recent months, water 

samples have also been collected from a) the ''North Stream" 

which drains the north slope of the hill, b) the "Opposite 

Ridge" which drains the hill opposite the south face of 

the Morro, and c) a site outside the plateau in the town 

of São João da Boa Vista. 

In the spring of 1981 a flume was constructed at 

the location shown in Fig. 2 and a continuous flow 

recorder and proportional water sampler were installed.The 

samples have been collected in 20«liter carboys and in the 

past have been taken to a nearby laboratory for Eh and pH 
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measurements 1-2 hours after collection. The samples are 

then filtered (within a few hours of collection) through 

a 0.45 ym Millipore membrane filter. It is recognized 

that the Th that passes this filter may not be in true 

solution and thus we designate the two fractions as 

"filtrate" and "filterable". The filtrate is acidified 

by addition of 80 ml of cone. HNC>3, and evaporated to 1 

liter or less on hotplates before being sent to a distant 

laboratory for analysis. Estimates of the sediment load 

(mg/1) are made by weighing previously tared filters. 

The acidified filtrate and the filter are analyzed 

232 228 230 
radiochemically for ' ' Th. More recently, analyses 

for 2 3 8f 2 3 5' 2 3 4u n a v e b e e n included. Analysis of the water 

228 226 
samples for rare earths, barium, Ra and Ra will 

begin in the next few months. The data to be reported here 

will be limited to Th. 

The analytical procedure has been modified from 

that of Sill et al. [11,12]. In brief, a sample is 

solubilized by a fluoride followed by a sulfate fusion. 

The cake is dissolved in dilute HCl, and the Th separated 

by co-precipitation on BaSO-, which is filtered and 

dissolved in HC10,. The Th is purified by extraction into 

Aliquat-336 (General Mills), washing with 9 M HNOj, and 

stripping from the Aliguat with 10 M HCl. The HCl solution 

is boiled to dryness, and any aliquat or other ofganics 

carried over in the extraction are wet-ashed with 

perchloric-nitric acid. The Th is co-precipitated on 

cerium fluoride from a 1 M HCl solution of the residue and 

mounted on a Tuffryn (Gclman) filter for alpha counting. 



10 

The U is reduced to the +4 state by addition of 

TiCl. with further addition of chromium (II) chloride to 

hold the U in the +4 state. In this reduced state, U is 

carried on barium sulfate, which is then followed by 

Aliguat-336 extraction similar to the Th procedure. The 

chemical extractions for Th and U are traced internally 

229 232 by the o-emitting radioisotopes, * Th and U. The 

final assays are by alpha spectrometry. 

The lower limit of detection at the 95% confidence 

level for 232Th is about 0.12 ug of 232Th, or about 0.006 

yg/1 for a 20-liter water sample. 

5. RESULTS OF WATER ANALYSES 

Table I symmarizes the results of Th analysis of 

all water samples analyzed. Of these, only 12 are from 

locations other th?n the South Stream. A surprising 

finding is that the total Th concentration of the South 

Stream water is not significantly different from.the other 

locations sampled. However, the South Stream filtrates are 

3 to 4 times higher than the North Stream and Opposite 

Ridge, and about 13 times that of water from São João da 

Boa Vista, which is outside the plateau. It is also seen 

that at all locations, the bulk of the Th is being 

transported in suspended solids. 

,(<•-•< / The concentration of Th in the water samples is 
'• — • — t y _ .... • '•• 

thus highly dependent on the concentration of suspended 

solids. The water from São João da Boa Vista has the 

highest concentration of filterable Th but also, by far, 

the highest concentration of suspended solids. The latter 
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is a function of the characteristics of the drainage basin 

soils and hydraulic factors. TO eliminate this source of 

bias, the Th concentrations are normalized as (ng Th/l)/ 

(mg suspended solids/l). When this is done, the 

concentrations of Th in the filterable .naterial from the 

South and North Streams are both slightly higher than 

from water from the Opposite Ridge. The concentrations 

are about six times higher than São João da Boa Vista. 

The data from the four stations on the South 

Stream were examined to determine if there is a 

significant difference due to sampling location or time 

of year. Six complete sampling sots were available, two 

collected during the rainy season and four during the dry 

season. The effects of sample location and sample month 

were tested separately under the null hypothesis that 

neither time nor space affected the Th concentration in 

any of the sample fractions or in the whole sample It was 

found that the Th concentration of the South Stream 

samples are independent of sampling location (a = 0.05). 

Sample month, however, has a highly significant effect on 

the total Th content of the streair water and the filtrates 

(P < 0.005 in both cases}. No effect due to time of year 

of sampling is observed for the filterable fraction (a * 

0.05) . 

The filtrates and filterable samples were analyzed 

by alpha spectroscopy which orovided an opportunity to 

ascertain the 228Th and 232Th ratios. 230Th was also 

measured, but this nuclide, being part of the U series, 

will not be discussed at this time. 
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The summarized data are given in Table II. The 

228/232 ratio for the filtered solids appears to be 

slightly greater than unity, and the filtrates are 

considerably greater than unity.,All data are highly 

variable. 
228 

Th is the 1.9 year daughter of the 5.7 year 
228 

Ra, a beta-emitter. The latter element is relatively 
soluble and should be mobilized more rapidly than its 

232 parent, Th. Because of the relatively short half life 

228 of Th, this nuclide will begin to form in detectable 

228 amounts within months after the Ra As.produced. These 

circumstances would be expected to result in an apparent 
228 

enrichment of Th in the filtrates. However, the degree 

of enrichment is apparently not sufficient to result in 
228 

depletion of Th in the solid fraction. The fact that 

the ratio for the solids exceeds unity could be due to the 
228 

fact that the Ra is adsorbed on particulate surfaces 

228 where it decays to Th. 

pH and Eh Ranges in South Stream Water 

The ranges of pH and Eh values observed in the 

South Stream were 4.1 to 7.2 and 380 to 620 mV, 

respectively. The mean pH = 6.2 and mean Eh = 490 mV. The 

pH range falls within the typical range (pH 4-9) for 

natural waters. The South Stream water is thus 

characterized as being a slightly acidic system tending 

towards oxidation. 

6. DISCUSSION 

Langmuir and Herman [13] cite three reports of Th 
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measurements in surface waters from the southwest U.S., 

Japan, and India. The reported concentrations of 

"dissolved" Th range from 0.08 to 0.4, 0.0037 to 0.045 and 

1.1 to 2.7 pg/1 in these studies. All three sets of 

analyses were of filtered samples with 5 ym a& the 

smallest reported pore size. In view of the difficulties 

of Th analyses at such low levels, and in the absence of 

any reported laboratory intercomparisons, it is difficult 

to assess the significance of these three reports. 

Recent Th measurements of Hudson River water are 

more appropriate for comparison with our data. Three 40-

liter samples processed in the same fashion as this study 

gave total Th concentrations that ranged from 0.057 to 

0.375 wg/1, with 98+% associated with the filterable 

component [14^. When the Th concentration of the 

filterable fraction is normalized to the sediment load, 

the mean ratio is 0.009 (pg/l)/(mg/l), which is similar 

to the normalized values for the Sao João and Opposite 

Ridge stations. The South and North Streams yield ratios 

higher by a factor of 7 to 8, respectively. 

A major disappointment is that mobilization of Th 

from the ore body is being partially masked by Th 

originating from the Th-elevated soils of this part of the 

Poços de Caldas plateau. In most parts of the world, the 

Th content of soils ranges between 5 and 10 wg/g. In the 

Morro drainage basin, other than on top of the ore body, 

the soils have been found to contain 40-300 vg/g. The ore 

body contains from 1,000-10,000 ug/g ThO,. As noted, the 

mass of the deposit is approximated as ?0,000 MT, and we 
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estimate that an additional 47000 MT of Th exists in the 

drainage basin> 

An upper limit of the mobilization rate of Th 

from the Morro do Ferro deposit can ue obtained by 

assuming that all of the Th passing across the flume 

originates from the ore body. This leads to an upper 

limit because we know that thorium is draining into the 

South Stream from sources oth^x than the ore body. The 

mean Th concentration in South Stream water was found to 

be 0.39 yg/1 and the annual flow across the flume is 

9 estimated to be 2 x 10 liter per year. The mass of Th 

removal is thus 800 g per year. If the mass of the deposit 

is taken to be 2 x 10 g, the annual mobilization rate 

can be estimated in this way to be less than 1 x 10 ' per 

year. 

The bulk of the mobilized Th is known to be in 

particulate form and it can be assumed that most of this 

component originates from the action of rainfall on the 

soil surfaces. To a first approximation, we can assume 

that the particulate transport will be proportional to 

the concentration of Th in soil and the area presented to 

falling rain,, We took the average soil concentration above 

the ore body to be 1,000 ug/g and in the remaining portion 

of the drainage basin to be 70 yg/g. From examination of 

aerial photographs, we take the projected area of the ore 

2 body to be 49,000 m and the area of tho remaining portion 

6 2 
of the drainage basin to be about 1.2 x 10 m . From these 

assumptions, it is possible to estimate that the ore body 

itself contributes 70% of the total rrobilized Th. The 
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contribution from the ore body would thus average 0.27 

—8 
yg/1 and the mobilization rate would be 2.8 x 10 /yr. In 

the same manner, it is possible to estimate that thet 

mobilization rate of Th located elsewhere than in the ore 

body is 1.2 x 10~8/yr. 

Such calculations, of course, neglect many factors. 

For example, the amount of soil runoff will be dependent 

on the slopes of the surfaces as well as the voiuaso of 

rainfall. Nor has it been established that soil particle 

size and density on the Morro do Ferro is the same as 

elsewhere in the drainage basin, It may be possible to 

improve the calculation by using one of the rare-earth 

metals as a "fingerprint" to provide a clue to the 

fraction of the measured Th that originated from the ore 

body. This remains to be determined. 

The use of these findings for the purpose of 

improving our knowledge of Pu mobility requires assurance 

that the Pu under Morro do Ferro conditions would exist 

in the +4 state. 

The chemical similarity between Pu and Th' has 

been noted by many investigators, The outstanding 

difference between the two elements is the ability of Pu 

to exist in several oxidation states, whereas Th is 

restricted to the single valence of -H». One might expect, 

then, that Pu compounds would exhibit greater solubility 

than Th compounds under extreme oxidizing or reducing 

conditions, but that in the moderate range of Eh and pH 

that characterizes most natural environments the behavior 

would be very similar, It is difficult to evaluate the 
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degree of similarity in detail because thermochemical data 

for the two elements are inconolete and in some cases of 

uncertain validity. 

The two elements in solution in most natural 

environments should be limited by the solubility of the 

oxides Th02 and PuO, in the absence of complex!ng agents 

other than 0H~. Commonly quoted values for the solubility 

products at 25°C are about 10 and 10* , respectively. 

These figures refer to well crystallized forms of the 

oxides: corresponding values for freshly precipitated 
-45 

amorphous or hydrated forms are much larger, up to 10 

-52 
for Th and 10 for Pu. The simple solubility products 

are, however, a poor measure of maximum concentrations, 

because both elements exist in solution largely as hydroxy 

complexes rather than the uncomplexed ions. A great many 

of these complexes have been identified, both mononuclear 

and polynuclear, but in the very dilute solutions of 

concern here only the former are important. 

The principal Th hydroxy complex at pH's over 5 is 

the neutral Th(0H)°4, and between 3 and 5 Th(OH)
2+

2 [li]. 

Contact with crystalline ThO» keeps the equilibrium 

-14 
concentrations at very low values, 10 M at pH's over 

4.5 and rising to only about 10" M at a pH as low as 3. 

These concentrations can be as much as five ord^x» vl 

magnitude higher in equilibrium with amorphous oxide, and 

even higher if complexes are formed with such ions as F~, 

'/- 2-
SO." , and HPO. , or with arganic compounds. Thus the 

theoretical concentrations of Th in dilute natural solutions 

-9 
(pH range 4-9) should normally be below 10 M (about 
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0.2 yg/1) r but in soiae circumstances can be well above 

this figure. Actual measured concentrations nay differ 

widely from the theoretical not only because of complexing 

but because of slow rates of solution and the presence of 

mobile colloidal oxide particles. 

It is noted that the measured concentrations of Th 

in the filtrates, low as they are, are orders of magnitude 

higher than predicted from thermodynamic considerations. 

This is not surprising, considering the uncertainties in 

the thermodynamic data. Moreover, it is possible that the 

filterable portion consists of colloids or complexes. 

The situation is more complicated for Pu because of 

oxidation-reduction reactions, and is best shown by an Eh-

pH diagram for crystalline PuO? (Fig. 3), constructed from 

data given by Aliará et al. £l5]. Other diagrams that have 

appeared recently [16,17,18] differ in detail because 

different basic data were used or because amorphous rather 

than crystalline oxide was assumed, but all show the same 

general relationships. 

4+ 
Notable on such plots is the tiny fields of Pu , 

at approximately pH = 0 and Eh = 1.0 volt. At higher pH's 

and lower En's, this ion disproportionates into Pu and 

PuO, . although some may persist for a time because of 

slow reactions. Also, Pu with this valence may be present 

in solution in the form of stable complexes. The right-hand 

side of the diagram, showing solubility in alkaline solution 

as Pu(OH).~, is questionable because (as indicated by error 

bar3) the existence of this ion is uncertain. The uncertainty 

would be magnified, of course, if amorphous or hydrated 

forms of the oxide w.rs considered also. When the stable 
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hydroxy-carbonate complexes of hexavalent Pu are 

represented on such a diagram, they occupy fields near the 

upper boundary two or three times as large as those now 

shown for Pu02(OH)°2 and Pu02(OH>3~. 

Lines on the diagram outline fields in which 

-9 
concentrations of total dissolved Pu are less than 10 

and 10~ M (corresponding to 0.24 ug/1 and 0.00024 ug/1). 

For this particular situation (pure water in equilibrium 

with crystalline oxide), the solubility of Pu under most 

Eh-pH conditions is closely similar to that of Th. Only 

under extremely oxidizing alkaline conditions, or extremely 

reducing acid conditions, would Pu be markedly more 

soluble. Such conditions are not likely in a repository 

environment. 

Solubilities calculated from thermochemical data 

have only limited applicability to natural environments. 

One important reason is the common presence in natural 

solutions of many complexing agents besides OH~. Even in 

minor amounts, some of these agents form complexes stable 

enough to increase solubilities markedly, sometimes by 

orders of magnitude. In judging the chemical similarities 

4+ 4-4* 
of Th and Pu , the relative stabilities of complexes 

are an important consideration. Again, the available data 

are far from satisfactory, but a rough comparison is 

possible between numbers given in the compilations for Th 

by Langmuir and Herman [Í13J and for Pu by Cleveland [19] . 

Pertinent comparisons are assembled in the Table III, the 

numbers representing logarithms of equilibrium constants 

for the reactions 
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M4 + Ln~ = ML4"n (kx) ML4~n f Ln" = ML4~2n<k2) 

The data given by Langmuir and Herman are mostly for zero 

ionic strength, while those in Cleveland's paper refer to 

ionic strengths of 0.5M to 2M. Very roughly, these latter 

would require correction by a factor of 10 or 100 to 

convert them to zero ionic strength. In the table, a 

factor of 10 is assumed. 

Despite the uncurtain quality of some of the data 

and despite the very uncertain correction for ionic 

strength, the similarity in constants for the two elements 

is striking. Except for the sulfate complexes, the 

differences axe in the direction that would be expected 

4+ 
theoretically-slightly more stable complexes for Pu , 

because its ionic radius (0.98 A) is a little smaller 

than that of Th (1. 07Ü, . Especially notable in the table 

are the high values for the two organic compounds, 

reflecting the fact that the solubilities of both elements 

are markedly enhanced by the presence of organic materials. 

Even though Pu is similar to Th under a wide range 

of environmental conditions with respect to solubility and 

complex formation, a close analogy between the two 

elements under conditions as oxidizing as those in Morro 

do Perro surface water can be questioned because Pu may 

assume higher oxidation states in which its compounds 

would be more soluble. Although it is seen in Fig. 3 that 

the measured range of Eh and pH in the stream water is 

indeed within the field where Pu)~ is highly insoluble,one 

can visualize circumstances In which the Pu would be 

oxidized to a more soluble form. This possibility is 
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indicated by recent work of Rai et al. {2flQ • which shows 

the probable presence of oxidized Pu (chiefly Pu02
+) in 

near-surf ace soil solutions froia contaminated areas at 

Hanford. A more complete understanding of the relationship 

between environmental factors and the oxidation state of 

Pu is needed before it will be possible to say to what 

extent the Morro do Ferro observations are applicable to 

other locales. 

However, exposure to surface water of Pu located 

in a geologically isolated repository is highly unlikely, 

whatever kind of accident might happen in the remote 

future. Much more probable would be the incursion of 

groundwater into a repository, so that the Pu would be 

exposed only to the reducing, neutral to slightly alkaline 

conditions generally encountere-i in a deep groundwater 

environment. In this situation the Pu would remain very 

insoluble, in a reduced state, and the analogy with Th 

(which, of course, is indifferent to oxidizing or 

redi'cing conditions) would br¿ valid. Thus the behavior of 

Th at Morro do Ferro should be a reliable guide to the 

behavior of Pu in a repository invaded by groundwater at 

depth. Estimates of Pu mobility based on such an analogy 

should, in fact, be highly conservative, because organic 

complcxing agents would be more abundant at the surface 

than at depth and would enhance the mobility of Th. 

It is tempting to speculate about the implications 

of these measurements relative to the mobilization of Pu 

from a geological repository that has been breached by 

hydraulic action. Let us assume 1) that conditions in a 
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repository are such that plutonium will exist as Pu , 

and 2) that the chemical and physical characteristics of 

the waste fon are comparable to those of thorium on the 

Horro do Ferro. It now becomes possible to estimate the 

maximum quantity of plutonium that could exist under 

Horro do Perro conditions without exceeding the 

permissible concentration of plutonium in the streams that 

drain the hill. Gram for gram, the concentration of 

plutonium in the water would be the same as for thorium. 

239 
The maximum permissible concentration of Pu in drinking 

water, assuming the observed ratio of soluble to insoluble 

-4 
thorium, es 12.5 pCi/ml (21), equivalent to 2 x 10 

vg/ml. lie have found that 2 x 10 g Th results in a 
-3 

concentration of 0.39 x 10 ug/ml. Therefore, if the 

239 
above assumptions are valid, the mass of Pu that could 

be accomodated without exceeding the maximum permissible 

concentration in drinking water would be 2 x 10 

(2 x 10~4)/(3.9 x 10"4), or approximately 10i0 g. This 

239 
quantity would be S times greater than the Pu national 

inventory recently projected by the U.S. Department of 

Energy for the year 2050 under the extreme assumption that 

the plutonium would not be recycled (22). 

It must be emphasized that the above comparison is 

valid only if conditions are such as to preclude oxidation 

to Pu . While it is not possible at this time to provide 

such assurance in surface water, conditions underground 

would certainly be reducing, providing assurance that 

plutonium located in an underground repository would 

+4 
remain in the Pu state. 
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TABLE CAPTIONS 

TABLE I - Concentrations of Thorium in water samples 

TABLE II - Mean ratios of Th/ ' Th. 

TABLE III - Logarithms of equilibrium constants for 

various plutonium complexes. 



TABLE I 

Locations No. Samples Filtrate 

South Stream 46 0.12±0.03 

North Stream 4 0.025±0.011 

Opposite Ridge 4 0.04±0.01 

São João da 

Boa Vista 4 3.009+0.004 

Mean Th Concentrations 
(ug l~ t SE) i 

Suspended Solids \ Total 
As reported" Normalized* 

0 . 3 1 + 0 . 0 6 0 .065 0 .43±0 .07 

0 . 2 1 + 0 . 0 7 0 . 0 7 1 0 . 2 6 ± 0 . 0 8 

0 . 4 5 + 0 . 0 9 0 .014 0 .49±0 .10 

0 .47+0 .27 0 . 0 1 1 0 . 4 8 ± 0 . 2 7 

* See text for normalization procedure. 
i 



TABLE II 

Location Filtrate Filterable 

South Stream 

North Stream 

Opposite Ridge 

São João da 
Boa Vista 

6.9±7.1 

23.1121.5 

5.6±2.8 

13.5117.7 

2.2+3.7 

1.513.7 

1.410.2 

1.911.4 

TABLE III 

Complexing agent: F~ SO.2*"^) SO^2"(k2) HP04
2" CgHJ^3" EDTA 

Pu4+(I=0.5-2M) 7.8 3.8 

Pu (roughly 
corrected to 
1*0) 8.8 4.8 

2.8 12.9 15.0 25.7 

3.8 16.0 26.7 

Th 4+ 8.1 5.4 4.3 10.8 13.0 25.3 



FIGURE CAPTIONS 

Fig. 1 - Location of the Morro do Ferro in Brazil. 

Fig. 2 - Aerial photo of the Morro do Ferro. Solid lines 

are the radioactivity isopleths generated (cpm) 

from surface gamma ray surveys. The ore body is 

eaclised in the > 5000 cpm region. Dashed lines 

are altitude lines in 50 m increments. Arrow 

indicates location of flume. "Hotspots" are 

ŝ iall locations of elevated activity. These spots 

are insignificant in size when compared to the 

ore body. 

Fig. 3 - Eh-pH diagram for plutonium compounds and hydroxy 

complexes in equilibrium with crystalline PuO.. 

Light dashed lines show field of stability of 

water. Heavy solid lines outline field where total 

-9 dissolved plutonium is less than 10 M; heavy 

dashed lines outline field where total dissolved 

-1? plutonium is less than 10 M. Light double line 

marks the low-pH limit of the field where total 

-9 
dissolved thorium is less than 10 M; dashed 

doube line marks the low-pH limit of the field 

-12 
where total dissolved thorium is less than 10 M. 

Other light lines outline fields of dominance of 

dissolved plutonium species. Error bars on two 

lines indicate the degree of uncertainty in the 

basic data from which the diagram is constructed; 

unmarked lines have uncertainties similar to the 

left-hand error bar. In other words, the lines 



should properly be replaced by bands the width 

of these bars, but this would make the diagram 

illegible. The diagonal-barred rectangle shows 

ranges of Eh and pH measured in the stream below 

Morro do Ferro, and the dotted rectangle shows 

the ranges of Eh and pH commonly found in deep 

groundwater. Data for plutonium largely from 

Allard et al. [15] and for thorium from Langmuir 

and Herman [13J . 
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