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SUMMARY 

The use of depleted uranium (DU) penetrators as armor-piercing projec- 
tiles in the field results in the release of uranium into the environment. 
Elevated levels of uranium in the environment are of concern because of 
radioactivity and chemical toxicity. In addition to the direct contamination 
of the soil with uranium, the penetrators will also chemically react with 
rainwater and surface water. Uranium may be oxidized and leached into sur- 
face water or groundwater and may subsequently be transported. In this 
report, we review some of the factors affecting the oxidation of the DU 
metal and the factors influencing the leaching and mobility of uranium 
through surface water and groundwater pathways, and the uptake of uranium by 
plants growing in contaminated soil s. 

The uranium in the DU penetrators is in the form of uranium metal 
a1 loyed with 0.75 wt% Ti to reduce the overall corrosion rate and to improve 
mechanical properties of the penetrator. Because urani um metal is thermo- 
dynamically unstable relative to more oxidized forms of uranium [U(IV) and 

U(VI)], it will react to form oxides when in contact with the earth's atmos- 
phere. The primary oxidation products are hyperstoichiometric U(1V) oxides 
of the form U02+,, where 0 < x < 0.4. Further oxidation to mixed U(1V) and 
U(V1) oxides and to U(V1) oxides may a1 so occur. A review of reaction rates 
suggest that the most rapid atmospheric oxidation of uranium metal occurs in 
contact with pure water vapor. The oxidation rates of uranium metal are much 
slower in dry air, C02, and 02 and water vapor. Under some conditions, the 
addition of 0.75% Ti to uranium metal appears to slow the oxidation rate by a 
factor of approximately 16. Corrosion rates for uranium metal under aqueous 
conditions, such as might exist in surface-water pools, tend to be higher 
than atmospheric oxidation rates. 

The potential for the migration of uranium depends on the chemistry of 
local soils and pore waters as well as on the oxidation products of the DU 
penetrator. The mobility of dissolved uranium will depend on the Eh, pH, and 
the presence of complexing ligands in local groundwaters. Uranium (VI) is 
more mobi 1 e than U (IV) because of aqueous compl exat i on react ions i nvol vi ng 
ligands commonly found in natural waters; carbonate and phosphate are 



considered the most important of these. The transport of dissolved uranium 
can a1 so be affected by attenuation reactions that can reduce urani um concen- 
trations in groundwater and surface waters. These reactions incl ude ion 
exchange and specific adsorption of urani um on organic matter, cl ay mineral s, 
and ferric oxides and oxyhydroxides commonly present in soi 1 s. 

An evaluation of the potential for the migration and uptake of uranium 
from DU penetrators at a particular site requires detailed field characteri - 
zation data for the chemical composition of the surface water, groundwater, 
and soil. Measurements for surface and pore waters should be made that 
include pH, Eh, and the concentrations of major cations, anions, selected 
trace metals, and organic compounds. In addition, the soils should be 
characterized for mineral type and content and for organic matter. 
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INTRODUCTION 

The addition of heavy metals to armor-piercing penetrators makes the 
penetrators more effective because of the higher kinetic energies on impact. 

Moreover, using uranium metal in a penetrator provides an additional 

pyrophoric qua1 i ty, making it more effective on the battlefield. Depleted 

urani um (DU) , because of its avail abil i ty and its reduced radioactivity 
compared to natural uranium, has been put to this use in ammunition manu- 

facture. However, test firing of DU alloy (DU - 0.75% Ti) penetrators in 

the field may cause contamination because uranium is released into the 

. environment. Small particles may be dispersed and deposited on soils as a 

result of the impact of the penetrator. Alternatively, if the penetrator 
does not impact a downrange target, it may come to rest relatively intact on 

or near the soil surface or in shallow surface water. In any case, not only 

will there be direct contamination of the soil with uranium, but the penetra- 

tors will also be subject to chemical interactions that are associated with 
weathering (i .e., dissol ution) reactions involving rainwater or surface 

water. 

Elevated levels of uranium (U) in soil are of concern because of radio- 

activity and chemical toxicity (Hanson and Miera 1976; Loewenstein 1980). 

Uranium may be oxidized and leached into surface water or groundwater and may 

subsequently be transported. These processes could lead to direct exposure 

to humans who ingest the contaminated water. Potentially toxic groundwater 

concentrations could result from leaching of the DU, depending on the rate of 

leaching of U by rainwater. In addition, U could enter the food chain 
through plants growing in contaminated sediment or soil, animals consuming 
the contaminated vegetation, and humans then consuming either the contami- 
nated vegetation or the contaminated animals. The potential dose from this 

exposure pathway would add to the dose from the direct ingestion exposure 
pathway. A final potential exposure pathway is from inhalation of contami- 
nated soi 1 particles. The re1 ative importance of these exposure pathways 

wi 1 1  depend on the 1 ocal environmental conditions. 

In this report, we review some of the factors affecting conversion of 

the DU metal to oxide, factors influencing the leaching and mobility of U 



through surface water and groundwater pathways, and the uptake of U by plants 
growing in contaminated soils. The concentration of dissolved U entering the 
soi 1 profile will be governed by the weathering reactions among the U metal 
particles, their oxidation products, and water. Therefore, the chemical 
kinetics of reactions involving the transformation of the U metal into 
U-oxides or other weathering products and the relative solubilities of those 
products in soil pore waters must be evaluated. In addition, both the 
presence of complexing ligands and the redox conditions of the pore waters 
affect the quantity of U leached from different U solids. These effects must 
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also be evaluated. Reactions between the dissolved U and the minerals and 
mineral surfaces in the local soils may attenuate U concentrations in the 
soi 1 prof i 1 e. Such reactions i ncl ude precipitation of secondary mineral s and 
adsorption reactions that can reduce the concentrations of U in soil pore 
waters. In this review, three factors affecting the mobility of U from spent 
penetrators are discussed: 1) the oxidation of U and DU alloy metal into 
more stable oxides, 2) the effects of the chemical composition of the soil 
pore waters involved in the weathering process, and 3) the attenuation of 
dissolved U by local soils. Finally, we review the factors influencing the 
uptake of U by plants growing in contaminated soils. 

PAST STUDIES 

Several studies have measured U contamination in soi 1 s and groundwater 
that was a result of impacts of DU penetrators at target ranges. For exam- 

ple, observations at a DU-explosive testing site at the Los Alamos Scientific 
Laboratory (LASL) have found U concentrations in standing water in the 
detonation crater in the range of 87 to 280 ppm (Hanson and Miera 1977). 
After a rainstorm, concentrations in runoff water 100 and 250 m from the site 
were 52 and 37 ppb U, respectively. Thus, migration of dissolved U in sur- 
face water is an important factor in U transport at the LASL site. Concen- 
trations of U in the soils at the LASL testing site were highest (average of 
4500 ppm) in the uppermost 2.5 cm of soil at a distance of 0 to 10 m from the 
detonation point. The concentration of U decreased to about 700 ppm at a 
distance of 50 to 200 m from the detonation point. However, the U had also 



penetrated the soil to depths of 30 cm. A value of about 50 ppm U in the 
soil is considered chemically toxic to plants (Hanson 1974). 

Stoetzel et al. (1983) have reported soil and surface water measurements 
of uranium concentrations for two target areas (the B-3 and Ford's Farm 

ranges) at the Aberdeen Proving Grounds in Mary1 and. Average concentrations 

of U in the soils ranged from 1.3 ppm at the B-3 range (open-air soft target 
range) and 3.6 ppm at the Ford's Farm site (open-air hard target area). (a) 
These concentrations are only slightly higher than those in several U.S. 

soils in which the natural U concentration is expected to be "normal," that 
is, uranium concentrations in the range of 0.6 to 1.6 ppm (Hanson and Miera 
1976, 1977). 

Water samples collected from the 8-3 range and the Ford's Farm site 

contained U concentrations between 0.03 and 43 ppb and between 0.13 and 

59 ppb, respectively. Typical river waters, contacting igneous rocks and 

clay, contain about 0.5 ppb, while waters in contact with carbonates can be 
higher. Normal maxima are around 0.2 ppm (Hanson 1974). Thus the U concen- 
trations at the Aberdeen Proving Ground are somewhat high. However, in 

general, the total U concentrations in both the soil and local waters 
measured at the Aberdeen Proving Grounds are considerably less than the con- 

centrations reported for the LASL site. Clearly, the variations in the 
environmental conditions at testing sites are reflected by the differences in 

mobility of dissolved DU. As will be discussed in the following sections, 
the mobil ity of DU in the environment is influenced by environmental condi - 
ti ons and complex processes, such as oxidation, aqueous compl exat i on, pre- 
cipitation, and adsorption. 

OXIDATION OF URANIUM AND DU - 0.75% Ti ALLOY 

The U in the DU penetrators is in the form of U metal alloyed with 
0.75 wt% Ti to reduce the overall corrosion rate and to improve mechanical 

properties of the penetrator. Because U metal is thermodynamically unstable 

(a) Open-air testing at Ford's Farm was discontinued in 1980, and subsequent 
test firing was conducted in an enclosure. All test firing of DU 
penetrators at Ford's Farm was discontinued in 1985. 



w i t h  respect t o  more oxid ized forms o f  U [U(IV) and U(VI)], it w i l l  r eac t  t o  

form them when i n  contact w i th  the earth 's atmosphere. The a b i l i t y  o f  water 

t o  d isso lve  U depends on the ox idat ion s ta te  o f  the U. 

Pub1 ished work on the ox idat ion o f  U metal has p r i m a r i l y  focussed on 

ox idat ion a t  the  r e l a t i v e l y  h igh temperatures found i n  reac to r  environments 

o r  i n  f i r e s  (approximately 100°C t o  1,000 'C) . However, some data are 

ava i lab le  f o r  the ox idat ion o f  U metal i n  contact w i t h  d r y  a i r ,  moist  a i r ,  

water vapor, and carbon d iox ide a t  temperatures less  than 100aC (R i tch ie  

1981; Tyzack and Cowen 1976). The primary ox idat ion products are hyper- 

s to ich iomet r i c  U(1V) oxides o f  the form U02+x, where 0 < x  < 0.4. The 

ox ida t ion  react ions are: 

Further ox idat ion t o  mixed U(1V) and U(V1) oxides (e.g., U409, U307, and 

U308) and t o  U(V1) oxides (UO3=nH2O) may a1 so occur (R i t ch ie  1981; Bloch 

e t  a1 . 1982; Aronson e t  a l .  1957). 

Two l i m i t i n g  cases bound the r a t e  o f  ox idat ion o f  the U metal contained 

i n  a  penetrator  fo l l ow ing  a  t e s t  f i r i n g :  e i t h e r  1) the U metal ox id izes 

immediately and completely upon t a rge t  impact, o r  2) none o f  the U metal 

ox id izes u n t i l  i t  i s  on the ground. The f i r s t  case most c lose ly  represents 

the  impact o f  a  penetrator  on a  hard ta rge t  (such as a t  the Ford's Farm 

s i t e ) .  The second case most c lose ly  represents the landing o f  an i n t a c t  

penetrator ,  o r  l a rge  pieces o f  a  penetrator, on the s o i l  o f  a  s o f t  t a rge t  

range (such as a t  the 6-3 range). The actual behavior (w i t h  ox idat ion 

occurr ing before and fo l lowing deposi t ion) depends on the d e t a i l s  o f  the 

impact (whether w i t h  a  target ,  other mater ia ls,  o r  the ground), i nc lud ing  the 

,temperatures reached dur ing impact and the size/frequency d i s t r i b u t i o n  o f  the 

dispersed pa r t i c l es .  For the purposes o f  t h i s  review, we consider the 



bounding case i n  which ox ida t ion  does no t  occur u n t i l  a f t e r  impact o r  

depos i t ion  onto t h e  s o i l .  Our ca l cu la t i ons  prov ide  a lower est imate o f  t h e  

r a t e  a t  which U(1V) and U(V1) become ava i l ab le  f o r  leach ing i n t o  water. 

The mass load ing  (amount o f  mass present i n  a p a r t i c l e  per  u n i t  sur face 

area) and t h e  o x i d a t i o n  r a t e  (mass ox id ized per  u n i t  sur face area per  u n i t  

t ime) govern t h e  r a t e  a t  which U metal i s  converted i n t o  U(1V). The mass 

load ing can be ca l cu la ted  from t h e  size/frequency d i s t r i b u t i o n  o f  dispersed 

-i p a r t i c l e s  o r  p ieces o f  a penetrator .  I n  the  absence o f  adequate in format ion  

regard ing size/frequency d i s t r i b u t i o n s ,  we prov ide t r i a l  c a l  cu l  a t i ons  f o r  

1 kg o f  U metal d i v i d e d  i n t o  N spheres o f  equal mass. The choice o f  spher i -  

c a l  geometry i s  a r b i t r a r y  and w i l l  a f f e c t  t h e  r e s u l t s  o f  t h e  c a l c u l a t i o n  by 

on ly  a f a c t o r  o f  approximately 2. Urani um metal has a molecular weight o f  

238,029 mg/mol e, and a no1 a r  volume o f  12.497 cm3/mol e (Robi e e t  a1 . 1978). 

Table 1 shows t h e  mass (M), surface area (A), and mass load ing (M/A) o f  each 

U metal sphere. 

Note t h a t  as t h e  p a r t i c l e  s i z e  decreases, t h e  same amount o f  mass has 

more sur face area. For example, t h e  combined sur face area o f  1 m i l l i o n  

spheres each o f  1 mg mass and 0.00678 cm2 sur face area i s  6,780 cm2. Thus, 

f o r  a g iven ox ida t ion  ra te ,  g reater  amounts o f  U metal w i l l  be ox id ized per  

u n i t  t ime as t h e  average p a r t i c l e  s ize  becomes smal l e r .  For example, 

hypothet ica l  DU penet ra tors  t h a t  are 5/8 i n .  (1.59 cm) i n  diameter and 14 i n .  

TABLE 1. Mass Loading o f  Spherical U Metal P a r t i c l e s  

N Area (cmL) M/A (rnq/cmL) 



(35.56 cm) 1 ong have a mass of 1,345,000 mg , a surface area of 181.6 cm2, and 
the surface loading ratio is 7406 mg/cm2. 

Atmos~heric Oxidation 

Oxidation rates are given in units of milligrams of U metal oxidized per 
2 square centimeter per hour (mg/cm -h). Table 2 lists oxidation rates for U 

metal (Ritchie 1981) under various conditions. A review of reaction rates 

suggest that the most rapid oxidation of U metal occurs when U metal is in 

contact with pure water vapor (Ri tchie 1981 ; Tyzack and Cowen 1976). At 
2 25"C, this rate is approximately 0.024 mg U/cm -h. The oxidation rates are 

much slower in dry ai r (0.000026), CO2 (0.000001), and 02 and water vapor 

(0.00041) . The reaction rates are exponent i a1 functions of temperature, 

approximately doubl ing as the temperature increases from 25°C to 35°C. Note 

that in Table 2 we used the approximation that the rate law applies below 

40°C to extrapolate rates for the oxidation of U at 25°C in the U-dry air and 

U-02-water vapor systems. The oxidation rate of U - 0.75% Ti alloy has been 
2 measured at 74% and 75% relative humidity as 3.3 x mg U/cm -h 

(Loewenstein 1980). Under such conditions, the addition of 0.75% Ti to U 
metal appears to slow the oxidation rate by a factor of approximately 16. 

TABLE 2. Atmospheric Oxidation Rates of U Metal 

Rate at 25°C 

Svstem T e m ~  ("C) Rate Law 2 (mq/cm -h )  

U-dry air 40 < T 2 300 (6.9 x 10~)ex~(-18,300/~~) 2.6 x 

U-water vapor 20 < T 2 100 (3.2 x 10~)ex~(-13,800/~~) 2.4 x lo-' 
(100% RH) 

U-02-water vapor 25 5 T 2 100 (4.6 x 10g)exp(-17,800/~~) 4.1 x 
(100% RH) 

U-0 -water vapor 40 < T < 130 (4.8 x 1 0 ~ ~ ) e x ~ ( - 2 5 , 0 0 0 / ~ ~ )  2.2 x (I to 90% RH) 
For the rate laws, T is temperature in degrees Kelvin, and R is the gas 
constant in cal/mol-deg. 



These data i l l u s t r a t e  the importance o f  the presence o f  oxygen and r e l a t i v e  

humidity on the corrosion r a t e  o f  U metal. I f  the r e l a t i v e  humidity i s  l ess  

than 90%, the ox idat ion r a t e  i s  s i g n i f i c a n t l y  reduced t o  near ly  t ha t  o f  

water-free a i r .  The e f f e c t  o f  water vapor on the corrosion r a t e  between 50 

and 75°C has also been found t o  be small (Bennett and Pr ice 1981). The 

higher ox idat ion r a t e  i n  wet, oxygen-free environments i s  be1 ieved t o  be a 

r e s u l t  o f  the s t r uc tu ra l  d i s rup t ion  o f  the metal caused by the formation o f  

uranium hydride, which i n  t u r n  i s  a r e s u l t  o f  the absorption and reac t ion  o f  

hydrogen t h a t  i s  produced by the react ion t ha t  exposes addi t iona l  surface. 

I n  the presence o f  oxygen, the oxide f i l m  formed i s  more p ro tec t i ve  and the 

base metal i s  not  disrupted. 

Using the data provided i n  the Tables 1 and 2, the a v a i l a b i l i t y  o f  U(1V) 

can be ca lcu la ted using the mass o f  U metal oxid ized t o  U02 per u n i t  time. 

For example, i f  1000 pieces from a 1-kg disrupted penetrator  average 1 g 

each i n  mass (Table l), and i f  the react ion r a t e  i n  the presence o f  02 and 

water vapor a t  100% r e l a t i v e  humidity i s  appropriate (0.00041 mg u/cm2-h; 

Table 2), then 0.28 mg o f  U metal w i l l  be oxid ized each hour. The estimated 

1 i f e t ime  o f  1 kg o f  U metal under these condi t ions w i l l  be about 410 years. 

I n  making t h a t  estimate, i t  i s  assumed t h a t  the surface o f  the metal i s  

uni formly exposed i n  a humid a i r  environment and t h a t  atmospheric ox idat ion 

dominates. For an i n t a c t  DU penetrator having a mass o f  1.345 kg, 0.075 mg 

o f  U metal would be oxid ized t o  U02 each hour, and the  estimated l i f e t i m e  o f  

the penetrator  would be around 2100 years. I n  e i t h e r  case, w i t h i n  a matter 

o f  hours the amount o f  U02 ava i l  able t o  be leached by rainwater exceeds 

several mi l l igrams. Under some environmental condit ions, the s o l u b i l i t y  o f  

U02 i n  water i s  on the order o f  a few micrograms o f  U per l i t e r  o f  water. 

Therefore, the r a t e  a t  which U metal i s  oxid ized t o  U(1V) oxide probably does 

not  l i m i t  the m o b i l i t y  o f  U i n  the subsurface pathway. 

Aaueous Corrosion 

For aqueous condit ions, such as might e x i s t  i n  surface-water pools o r  

along a shore1 ine, corrosion ra tes  tend t o  be higher than atmospheric oxida- 

t i o n  ra tes.  For instance, i n  contrast  t o  the ra tes  given f o r  atmospheric 

react ions i n  Table 2, the corrosion r a t e  o f  U i n  5% NaCl so lu t ion  was 



2 observed t o  be 27 mils/year (mpy, o r  0.15 mg/cm -hr)  and t h a t  of  U - 0.75% Ti 
2 t o  be 9.1 mpy o r  0.05 mg/cm -hr (McIntyre e t  a1 . 1988). Crevice a r e a s  (which 

have low oxygen concentra t ions)  promoted U - 0.75% Ti corrosion t o  r a t e s  o f  

30 mpy. The presence of  ch lo r ide  i s  important because concentra t ions  a s  low 

a s  0.005 M (178 ppm ch lo r ide )  can des t roy p a s s i v i t y  and cause p i t t i n g  (Levy 

e t  a1 . 1973). Once p i t t i n g  has begun, areas  w i t h  low oxygen content  and an 
a c i d i c  environment wi 11 develop and acce le ra te  t h e  corrosion r a t e .  

The reac t ion  products of  U metal i n  water a r e  probably s i m i l a r  t o  t h e  

oxidat ion products i n  water vapor (equation 2) ,  and hydrogen would be pro- 

duced i n  t h e  absence of  oxygen. The corrosion r e s i s t a n c e  of  metals  can be 

measured a s  t h e  e l ec t rode  po ten t i a l  r e l a t i v e  t o  the standard calomel 

e l ec t rode  (SCE) . Large negative potenti  a1 s a r e  associa ted  with high cor-  

rosion r a t e s .  Table 3 1 ists t h e  e l ec t rode  p o t e n t i a l s  of  var ious  metals  i n  

deionized water and in  a NaCl solu t ion  a t  29°C. A1 though U metal is anodic 

t o  AISI 4340 carbon steel in  t h e  NaCl so lu t ion ,  t h e  n e t  corrosion r a t e  f o r  

t h e  U metal i s  lower ( 8  mpy) , possibly because more adherent f i lms  have 

formed (McIntyre e t  a1 . 1988). Aluminum i s  normally anodic t o  U - 0.75% Ti 

i n  chl o r i d e - f r e e  so l  u t ions ,  but in  chlor ide  so lu t ions  t h e  p o t e n t i a l s  reverse .  

However, even i n  t h i s  case ,  t h e  corrosion r a t e  of t h e  U a l l o y  i s  low, near  

3 mpy (McIntyre e t  a l .  1988). 

TABLE 3.  Electrode P o t e n t i a l s  f o r  Metals ( i n  V )  a t  29°C (Briggs 1985) 

5.0% NaCl a t  DH 6.8 

304 SS t o .  234 

Ag -0.084 
C U  -0.276 

S n -0.482 

4340 s t e e l  -0.678 

DU -0.768 

5083 A1 -0.770 

U-.75 Ti -0.838 

Z n -1.050 

Deaerated, D i s t i l l e d  water a t  DH 5.8 

Ag t o .  126 
304 SS t o .  102 

Cu t o .  070 

S n -0.142 

DU -0.163 

U -  .75 Ti -0.206 

4340 steel -0.442 

Zn -0.658 

5083 A1 -0.820 



FACTORS AFFECTING SOURCE-TERM URANIUM CONCENTRATIONS 

Most pub1 i shed in format ion about the occurrence and m o b i l i t y  o f  U i n  the 

natura l  environment has focussed on the geochemical condi t ions o f  format i  on 

o f  uran i  um ore. deposits, the adsorption and ion-exchange o f  urani  um on so i  1 

mineral s, and the  aqueous sol  ubi  1 i ti es o f  urani  um mineral s . The ca l  cu l  a t  i on 

o f  uran i  um concentrat ions r e s u l t i n g  from e i t h e r  sol  u b i l  i t y  equi 1 i brium w i t h  

any urani  um sol  i d  o r  adsorption o f  uran i  um on s o i l  minerals i s  dependent on 

the se t  o f  thermodynamic data used i n  the ca lcu la t ion.  Langmuir (1978a, b) 

has c r i t i c a l  l y  reviewed the thermodynamic propert ies o f  dissolved U and the 

mineral - so lu t ion  equi 1 i b r i  a re levant  t o  the formation o f  U ore deposits. 

Since 1978, more recent thermodynamic data have been re-evaluated and com- 

p i led ,  and a l t e rna t i ve  viewpoints re levant  t o  the aqueous behavior o f  U(1V) 

o r  U(V1) have been presented i n  other reviews by Krupka e t  a l .  (1983, 1985) 

and T r i pa th i  (1984). Krupka e t  a1 . (1983, 1985) reviewed thermodynamic data 

f o r  the  aqueous behavior o f  U(1V) and U(V1) and evaluated experimental data 

f o r  the s o l u b i l i t i e s  o f  some uranium minerals. A review o f  thermodynamic 

data f o r  U(V1) was a lso discussed by T r ipa th i  (1984) who used the data t o  

model experimental measurements o f  the adsorption o f  U(V1) on goethi te .  

A1 though the spec ia t ion scheme used by Langmuir (1978a, b) d i f f e r s  from 

the l a t e r  reviews o f  the speciat ion behavior o f  U(1V) and U(VI), the f i e l d  

descr i  p t i  ons and ca l  cu l  a t  i ons re1 evant t o  the occurrence o f  urani  um i n  nature 

presented by Langmuir (1978a,b) are s t i l l  useful as a guide t o  the possib le 

weathering react ions t h a t  may occur between s o i l  pore waters and corrosion 

products o f  spent DU penetrators.  Therefore, much o f  the fo l low ing  discus- 

s ion i s  based upon the ca lcu la t ions  presented by Langmuir (1978a,b). The 

reader should be aware, however, t h a t  the ca lcu la t ions shown i n  the subse- 

quent sect ion o f  the repo r t  may d i f f e r  subs tan t ia l l y  i f  another speciat ion 

scheme f o r  the aqueous behavior o f  uranium i s  used t o  ca lcu la te  the mineral 

s o l u b i l i t y  e q u i l i b r i a .  

Uranium occurs i n  sol  i d s  and i n  groundwater i n  two primary ox idat ion 

states,  U(1V) and U(V1). Redox condi t ions therefore  determine the form o f  

d issolved U i n  groundwater and the type o f  U sol  i d s  formed. The chemical 

composition o f  s o i l  pore waters also determines which U sol  i d  w i l l  be 



thermodynamically stable and the source-term concentration of dissolved U, 

because dissolved urani um concentrations are affected by the presence of 

compl exing 1 igands, such as OH-, C1 ', C O ~ ~ - ,   PO^^-, F- , H4Si040,  SO^^-, and 
soi 1 organic acids. 

The stability of various U solids and the resulting U concentrations in 

groundwater have been described by Langmuir (1978a,b) in terms of mineral 

solubility equilibria. An assumption made here is that the source-term con- 

centrations of U are sol ubi 1 i ty-1 imi ted by the interactions of near-surface 
waters and U-oxide corrosion products of DU. A review of the solubilities of 
U sol ids as a function of re1 evant geochemical parameters wi 11 provide 
information on the range of U concentrations that can be expected from the 

leaching of the oxidation products of the weathering of DU penetrators. 

The most common U ore minerals in reduced environments are the U(1V) 

minerals, which include uraninite (U02), coffinite [U(Si04)1-~(OH)4~], and 

(in some ore deposits in Japan that contain a source of phosphate) ningyoi te 
[(U,Ca,Ce)2(P04)2*1-2H20] (Muto 1965). Uranium (IV) in solution exists as 

the uranous ion (u4+) and is compl exed in reduced groundwater mainly in the .. 

form of several hydrolysis species, sulfate, chloride, and phosphate, and it 

is compl exed by fluoride at pH val ues 1 ess than 4 (Langmui r 1978a). Figure 1 

shows the distribution of these species for typical groundwater 1 igand con- 
centrations, as calculated by Langmuir (1978a). Urani urn (IV) complexes 
i nvol vi ng chloride, sul fate, and phosphate are insignificant over the pH 
range shown. Between pH values of 5 and 8, the important U(1V) complexes 
include the U(OH)~' and U(OH)5- hydrolysis species. At a pH of less than 3, 
the U(1V) fluoride complexes are dominant. 

As discussed in the previous section, one of the first products expected 
from oxidation of spent DU penetrators is UO2. Figure 2 shows the change in 

urani um concentrations versus pH, cal cul ated for the sol ubi 1 i ty of urani ni te 
in water (Langmuir 1978a). In the range of pH values common to most reduced 

groundwaters (pH 5 to 8), the solubility of uraninite is very low and dis- 
solved U concentrations are generally below 0.1 ppb (Figure 2). Figure 2 
also shows the effect of fluoride complexation on uraninite solubility at low 

pH values. More recent review and recalculation of the thermodynamic data 



Figure 1. Distribution of the significant U(1V)  complexes as a 
function of pH at 25'C calculated for the ligand 
concentrations shown (Reprinted with permission, from 
Langmui r 1978a) . 

fluoride 
absent 

Figure 2. The solubility of uraninite (U02) as a function 
of pH at 25"C, showing the effect of dissolved 
fluoride (Reprinted with permission, from 
Langmuir 1978a). 



involving U(1V) aqueous species and calculations of uranini te sol ubil i ty has 
shown that above pH 6 the solubility of uraninite may be as much as two 

orders of magnitude smaller than that shown in Figure 2 (Krupka et al. 1983). 
Thus, in a reduced environment where U02 is a stable solid, source-term con- 
centrations of U at typical groundwater pH values and ligand concentrations 

would be expected to be very small. 

Because soil pore waters interacting with DU penetrators may be oxidiz- 

ing, the stability of U02 must be examined as a function of redox potential 

(Eh). In addition, the oxidation of U to form U(V1) oxides, their relative 
solubilities, and the aqueous complexation scheme for U(V1) must also be 

reviewed. The oxidation of U(1V) to U(V1) may modify the source-term con- 

centrations and mobility of dissolved U entering a soil profile, both 

because U(V1) is strongly complexed by ligands commonly found in groundwater 

and because the solubilities of U(V1) minerals are generally 1 arger than that 
of UO2. 

Dissolved U(V1) exists in solution as the uranyl ion (uo~~+), and forms 

complexes with OH-, C O ~ ~ - ,  F-, poq3-,  SO^^-, and organic ligands. In Fig- 

ure 3, the distribution of the significant uranyl species calculated by 

Langmuir (1978a) is shown for 1 igand concentrations typical of the Wind River 
Formation (primarily sandstone units located in Wyoming). The uranyl ion is 

complexed primarily by fluoride at pH less than 4, and it is strongly com- 

plexed by phosphate between pH values of 4 and 7.5. At higher pH, dissolved 
uranium is present predominantly as the uranyl carbonate complexes shown in 
Figure 3. More recent work by Maya (1981) and Maya and Begun (1981) has 

shown evidence for additional hydroxocarbonato species that were not 

included in the calculations by Langmuir (1978a). The effects of the addi- 

tional species on the U(V1) speciation scheme and on the adsorption of U(V1) 

were further evaluated by Tripathi (1984). 

Both the proportion of the total dissolved U that is divided into U(1V) 
and U(V1) aqueous complexes and the effect of the speciation scheme on the 

re1 ative stabil i ties of the U(1V) and U(V1) minerals will depend on the Eh 

and the ligand concentrations in the soil pore water. Of the complexing 

1 igands known to affect the concentrations of uranium in oxidized 



Figure 3. Distribution of significant U(V1) complexes at 25°C as 
a function of pH for a g oundwater having the foll owing 
composition: pco6=10 -2-5 atm, F4.3 ppm, C1=10 ppm, SO4=lOO ppm, P O p  .1 ppm, SiO =30 ppm (Reprinted with 
permission, from Langmuir 197 C a). 

ground-water, dissolved carbonate and phosphate are considered the most 

important (Langmuir 1978a). The examples in Figures 4 through 6 illustrate 

some of the effects that the Eh and complexing ligands have on dissolved U 

concentrations involving UO2 sol ubi 1 i ty . 
Figure 4 is an Eh-pH diagram showing the stability fields for uraninite 

and for the dominant U(1V) and U(V1) aqueous species at a CO2 partial pres- 
sure (pCOp) of atm (the atmosphere has a pCO2 of 10 -3.5 atm) and a total 
U concentration of M (0.24 ppm) . The diagram shows the dominance of the 
uranyl carbonate species at pH values above 6 and that uraninite is stable up 

s to Eh values of about +lo0 mV in the neutral pH range at this U concentra- 

tion. The effect of dissolved carbonate on U concentrations resulting from 

the solubility of U02 is shown in Figure 5 at a pH of 8 for two C02 partial 
. pressures. In more oxidized groundwater, the increase in U02 solubil ity is a 



Figure 4. Eh-pH diagram i n  the system U - 02 - C02 - Hz0 a t  25*C, 
showing the  s t a b i l i t y  f i e l d  o f  U02 f o r  a t o ta l .  U con- 
cen t ra t ion  o f  0.24 ppm and a pC02 o f  0.01 atm 
(Reprinted w i t h  permission, from Langmuir 1978a). 

r e s u l t  o f  t he  complexation o f  the uranyl i on  by dissolved carbonate. At any 

Eh value above -200 mV, an increase i n  pC02 r e s u l t s  i n  a l a r g e r  u ran in i t e  

sol  u b i l  i t y .  A s i m i l a r  p l o t  (Figure 6) f o r  two phosphate concentrat ions shows 

the  increase i n  u r a n i n i t e  s o l u b i l i t y  a t  h igh Eh values t h a t  occurs because o f  

complexation o f  uranyl  i o n  by phosphate. Therefore, source-term concentra- 

t i o n s  o f  U r e s u l t i n g  from U02 s o l u b i l i t y  w i l l  depend on the Eh, pH, and 

concentrat ion o f  compl exing 1 igands i n  the near-surface waters. Typical 

surface waters i n  equ i l  i brium w i t h  the atmosphere have Eh val  ues between t250 

and t500 mV, suggesting U02 i s  l i k e l y  t o  be more soluble than U(V1) minerals. 

Under these condi t ions,  U(V1) minerals may be more s tab le  and consequently 

may con t ro l  aqueous U concentrat ions a t  lower values. 



Eh (volts) 

Figure 5. The solubility of UO at 25'C and pH 8 as a 
function of Eh and p f 02 (Reprinted with 
permission, from Langmuir 1978a). 

Figure 6. The solubility of U02 at pH 6, pC02=0.01 atm, and 
25 "C for two phosphate concentrat ions (Reprinted 
with permission, from Langmuir 1978a). 



ATTENUATION BEHAVIOR OF URANIUM 

Other reactions between 1 ocal soils and groundwater may a1 so affect the 
concentrations of U transported through a soi 1 prof i 1 e. These reactions 

include. precipitation of secondary U minerals, ion exchange of U on clay 
minerals, and specific-ion adsorption of U on mineral surfaces. All three 
types of mass-transfer reactions could decrease the concentration of U in 

groundwater migrating through a soi 1 prof i 1 e. 

The precipitation of U(V1) minerals from an oxidized groundwater con- 

taining uranium that has been leached from corroded DU penetrators is one 

mechanism that could attenuate the subsurface migration of U. Which U(V1) 

minerals precipitate will depend on the pH and ligand concentrations in the 

groundwater. Some of the more common U(V1) minerals found in oxidized zones 

near uranium ore deposits are carnotite [K2(U02)2(V04)2*3H20], tyuyamunite 

[Ca(U02) 2 (V04) 2- 2.5-8H201, autuni te [Ca(U02) 2 (POq) 2 -  10-12H201, and uranophane 

[Ca(U02) 2Si 207*6H20] (Langmuir 1978a). Of these U(V1) minerals, carnotite 

and tyuyamuni te are the 1 east sol ubl e in groundwater containing small quanti - 
ties of dissolved vanadium. Figures 7 and 8 show the solubilities of 

carnotite and tyuyamunite as a function of pH, as calculated by Langmuir 

(1978a). In the pH range from 5 to 8, either solid could 1 imit the total 
concentration of dissolved U to levels less than molar (-2 ppb U) at 

atmospheric pCOp ( 1 0 - ~ * ~  atm). The uppermost curves in Figures 7 and 8 show 

the effect of increasing the partial pressure of CO2 gas. The higher solu- 
bil ity at any pH value illustrates the effect of complexation of the uranyl 
ion by di ssol ved carbonate. 

For groundwater that does not contain vanadium but does contain dis- 
solved phosphate, autunite is the least soluble U(V1) mineral that could 

limit the concentration of U (Langmuir 1978a). Figure 9 shows the solubility 

of autunite as a function of pH and pC02. In the pH range shown at either of 

the pCO2 values, autuni te is more soluble than the uranyl vanadate minerals 

(Figures 7 and 8). The mineral uranophane is more soluble than any of the 

uranyl vanadate or phosphate minerals discussed above at the vanadium and 



Figure 7. The solubility of carnotite at 25'C as a function 
of pH and pC02 for concentrations of K = 39 ppm 
and VO4 = 0.1 ppm (Reprinted with permission, from 
Langmuir 1978a). 

Figure 8. The solubil ity of tyuyamunite at 25'C as a 
function of pH and pC02 for concentrations 
of Ca = 80 ppm and VO4 = 0.1 ppm (Reprinted 
with permission, from Langmuir 1978a). 



Figure 9. The solubility of autunite at 25% as a function 
of pH and pC02 for concentrations of Ca = 80 ppm 
and PO4 = 0.1 ppm (Reprinted with permission, 
from Langmui r 1978a) . 

phosphorus concentrations expected in groundwater (Langmui r 1978a). There- 

fore, if groundwater source-term concentrations of U leached from DU penetra- 

tors enter a soil profile above the solubility 1 imits of the U(V1) minerals, 

precipitation of the U(V1) minerals could lower the concentration of dis- 
solved U. The re1 ative stabil ities of these minerals will depend primarily 

on the concentrations of dissolved vanadate and phosphate in the groundwater. 
The solubility-limited concentration of U transported through the soil 
profile will a1 so depend on the groundwater pH, Eh, and carbonate 

concentration. 

A second mechanism that can attenuate the transport of U through sedi- 
ments is the adsorption of dissolved U on mineral surfaces, by either ion 

exchange or specific adsorption reactions. The adsorption of the uranyl ion 

has been studied experimentally on a variety of surfaces including organic 

matter (peat), clay minerals, and ferric oxides and oxyhydroxides that are 

common in soils. 



In their description of the mineralization of U ore deposits in Japan, 
Doi et a1 . (1975) suggested that adsorption of U on organic matter was the 
most important factor in concentrating U on sol id surfaces. Doi et a1 . 
(1975) reported that in suspensions of 1 g of peat per 100 ml uranyl per- 

chloride acid solution (4 ppm U) between pH values of 3 and 8.5 up to 100% 

adsorption of urani um occurred. Above pH 8.5, the U was desorbed because 
NaHC03 was used to adjust the pH of the solutions, resulting in increased 

carbonate compl exati on of the uranyl ion. 

Several experimental studies have measured the affinity of the uranyl 

ion for different clay mineral surfaces commonly found in soils. Borovec 

(1981) measured the distribution coefficients (Kd) of U on kaolinite, illite, 
and montmorillonite in chloride solutions containing between lo-* and 

molar (2400-2 ppm) U(V1) at pH 6. For dissolved U concentrations less 
than molar, the Kd values measured increased from 50 to about 1000 ml/g 
in the order kaol inite < i l l  ite < montmorillonite. Ames et al. (1983a) 

performed similar measurements for the same clay minerals at pH 7 in NaCl 
solutions and pH 8-9 in NaHC03 solutions. Maximum Kd values in the NaCl 

solutions for illite, montmorillonite, and kaolinite were 500, 650, and 

700 ml/g, respectively. In the carbonate solutions, the cation exchange of 

uranyl ion on the clays was reduced because aqueous complexation reactions 

formed uranyl carbonate species. As a result, the maximum Kds for i l l  ite and 
montmorillonite decreased to 110 and 2, respectively. This pattern is con- 

sistent with the decreased affinity of clay mineral surfaces for the uranyl 

ion. Similar measurements were made by Ames et a1 . (1983b) for several mica 
minerals (biotite, phlogopite, muscovite) that are less prominent in 
weathered soi 1 s. 

Perhaps the most important soil mineral surfaces with a strong affinity 
for adsorbing dissolved solutes are the surfaces of iron oxides and oxyhy- 
droxides. Ames et al. (1983~) measured the adsorption of uranyl ion on 

amorphous ferric hydroxide in NaCl solution at pH 7 and in NaHC03 solution at 
pH 8.7. Calculations from the measurements suggest that the Kd for U(V1) is 

greater than 2 x lo6 ml/g in NaCl solution and 3 x lo4 ml/g in NaHCO3 solu- 

tion. More comprehensive studies of uranyl adsorption by iron oxides and 

oxyhydroxides have since been published by Hsi and Langmuir (1985) and by 



T r i p a t h i  (1984). These studies discuss the adsorption o f  U(V1)  over a wider 

range o f  pH values w i t h  and wi thout  d issolved carbonate present. For exam- 

ple, Hsi and Langmuir (1985) showed t h a t  uranyl i on  i s  s t rong ly  adsorbed by 

hematite, goethi  te, and amorphous f e r r i c  oxyhydroxide a t  pH values greater  

than 5 t o  6 (Figure 10). Adsorption was greatest  on the amorphous 

Figure 10. Adsorption o f  uranyl ion versus pH a t  a t o t a l  U 
concentrat ion o f  molar (2.4 ppm) onto 1 g/L 

suspensions o f  f e r r i c  oxyhydroxides i n  
0.1 M NaN03 so lu t ions a t  25'C (Reprinted w i t h  
permission, from Hsi and Langmuir (1985). 



oxyhydroxide and 1 east on hematite. At total U concentrations of molar 
(2.4 ppm), essentially all U(V1) is adsorbed by 1 g/L of goethite and 
amorphous ferric oxyhydroxide above pH 5 in the carbonate-free system. 

Hematite adsorbed only about 80% of the U over the same pH range. In the 
presence of di ssol ved carbonate at concentrations of to lo-* molar 
(60-600 ppm), U adsorption was inhibited on all of the ferric oxide surfaces 

above pH 6.5. 

The results of the adsorption'studies of dissolved U on common mineral 

surfaces show that the iron oxides and oxyhydroxides have the strongest 

affinity for U(V1) adsorption. The affinity of these surfaces for the uranyl 
ion could reduce the concentrations of dissolved U in groundwater and thus 

attenuate its subsurface transport. The data a1 so show that dissolved car- 

bonate present at concentrations common in most groundwater could inhibit 

the attenuation of dissolved uranium because of complexation effects. As a 

result, an accurate assessment of the potential for the attenuation of the 

subsurface transport of urani um requires si te-speci f ic field characterization 

data relevant to the groundwater chemistry and to the types and quantities of 
mineral s present in 1 ocal subsurface soi 1 s. 

UPTAKE OF URANIUM BY PLANTS 

The uptake of radionucl ides by plants from soil s has been modeled using 
el ement-specific pl ant/soi 1 concentration ratios (CR) . In a review of CR 
values for U, Th, and Pb, Sheppard and Evenden (1988) recommended appropriate 

values for U to be used in environmental assessments. The mobility of U in 
the soil is an important factor governing the uptake by plants and is depen- 
dent on U solution species and on the particle size of the soil, which 
affects the soil adsorption/retention characteristics. The mobility of U is 
increased through complexation with the carbonate anion and, in some cases, 
by soil organic matter. It was suggested by Sheppard and Evenden (1988) that 

the uptake of radionucl ides by pl ants is correlated with radionucl ide concen- 

trations in the soil pore waters more strongly than with total concentrations 

in the soil. Existing CR data for radionuclides have limited application 

because such ancillary data as the soil pH and concentrations of organic and 

carbonate ligands are usually not reported (Sheppard and Evenden 1988). It 



is therefore difficult to interpret and categorize the CR data based on the 
chemical composition of the soils and soil pore waters.. These same limita- 

tions also apply to the environmental sampling data discussed above for the 

LASL site and for the ranges on the ~berdeen Proving Grounds. 

CONCLUSIONS 

The results of this review suggest there is a potential for U from spent 

DU penetrators that is dispersed in soils to become mobil ized and travel 
through the groundwater and surface water pathways. The oxidation of U metal 
to U(1V) oxide probably will not limit the mobility of U in the surface or 
subsurface water pathways. The potential for U migration depends on the 

oxidation products of the depleted U and on the chemistry of local soils and 

pore waters. Uranium (VI) is more mobile than U(1V) because of complexation 
reactions involving ligands commonly found in natural waters; carbonate and 

phosphate are generally considered the most important of these. The mobility,, 

of U in the environment therefore depends on Eh, pH, and the presence of 

complexing ligands. The transport of U may also be affected by attenuation 

reactions that could reduce U concentrations in local groundwater and surface 
water. These reactions include ion exchange and specific adsorption of U on 
organic matter, clay minerals, and ferric oxides and oxyhydroxides commonly 

present in soils. 

Evaluating the potential for U migration and uptake from spent DU pene- 
trators at a particular location requires detailed field characterization 
data for the chemical composition of surface water, and groundwater, and 

soil. We have shown that the concentrations of U to be expected in ground- 
water are strongly dependent on the chemical compositions of both the 
groundwater and local soils. The results of Sheppard and Evenden (1988) 

suggest that these same factors are also important to the uptake of U by 
plants. Because concentrations of total U in contaminated soils and ground- 
water were the only chemical measurements reported for the LASL and Aberdeen 

target ranges, it was not possible to develop a quantitative understanding of 
the differences between the measured U concentrations in the local ground- 
water at these sites. 



Interpretation of aqueous and soil U concentrations in terms of specific 

geochemical mechanisms is not possible without supporting data. It is not 
sufficient to report only U concentrations in surface water, groundwater, or 

soils. TQ develop an understanding of the processes control1 ing the cor- 

rosi on rate and the subsequent U migration requires additional measurements. 
Measurements for surface and pore waters should (at a minimum) include pH, 

Eh, and the concentrations of major cations, anions, specific trace elements 

(e .g . , V and P) , and di ssol ved organic compounds. The soi 1 s should be 
characterized for mineral type and content, organic matter, and amorphous 

iron hydroxide contents. Further si te-specific soi 1 experiments should be 
performed to quantify U attenuation. 
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