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Abstract

The mineralogy and geochemistry of soils developed over the unmined Coles Hill uranium deposit (Virginia) were studied to

determine how phosphorous influences the speciation of uranium in oxidizing soil/saprolite systems typical of the eastern US.

Results from this study have implications for both uranium remediation (e.g. in situ stabilization) and uranium resource exploration

(e.g. near-surface geochemical sampling). The primary uranium ore (coffinite and uraninite hosted in quartzo-feldspathic gneiss)

weathers to saprolites containing the same uranium concentration as the underlying ore (approximately 1000 mg U/kg saprolites).

In these water saturated (below water table) saprolites the uranium is retained as uranyl phosphates of the meta-autunite group

(mainly meta-uranocircite). Above the water table the soils overlying the deposit contain approximately 200 mg uranium per kg

soil (20 times higher than uranium concentrations in similar soils formed from unmineralized rocks adjacent to the deposit). In

these unsaturated zone soils uranium is retained by two processes: (1) incorporation into barium–strontium–calcium aluminum

phosphate minerals of the crandallite group (mainly gorceixite), and (2) sorption of uranium with phosphorous onto iron oxides that

coat the surfaces of other soil minerals.

Thermodynamic calculations suggest that the meta-autunite group minerals present in the saprolites below the water table are

not stable in the unsaturated zone soils overlying the deposit due to the drop in soil pH from ∼6.0 down to ∼4.5. Mineralogical

observations suggest that, once exposed to the unsaturated environment, the meta-autunite group minerals react to form U(VI)-

bearing aluminum phosphates and U(VI) surface complexes or nano-precipitates associated with ferric oxides. These results

therefore indicate that models predicting U(VI) speciation in phosphate amended soils must simultaneously account for variations

in pH, ion activities (aluminum appears to be particularly important) and surface complexation with iron oxide mineral surfaces.

© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Geochemical and mineralogical associations of

uranium and phosphorous in uranium-rich soils have

important implications for both remediation and urani-

um resource exploration. Studies of both natural

analogues and experimental systems have shown that,

under certain geochemical conditions, uranium in

contaminated soils may be stabilized by reactions with

phosphate amendments (e.g. Murray et al., 1983; Arey

et al., 1999; Naftz et al., 1999; Bostic et al., 2000; Fuller

et al., 2002, 2003). When uranium concentrations are

high enough, this in-situ stabilization process involves

Journal of Geochemical Exploration 91 (2006) 56–70

www.elsevier.com/locate/jgeoexp

⁎ Corresponding author.

E-mail address: Jerden@cmt.anl.gov (J.L. Jerden).

0375-6742/$ - see front matter © 2006 Elsevier B.V. All rights reserved.

doi:10.1016/j.gexplo.2005.12.003

mailto:Jerden@cmt.anl.gov
http://dx.doi.org/10.1016/j.gexplo.2005.12.003


the precipitation of relatively insoluble U(VI) phosphate

minerals that may persist over geologic time scales (e.g.

hundreds of thousands of years) (Jerden et al., 2003).

This technique therefore represents an effective and

potentially cost-saving alternative to soil treatment

techniques that involve excavation and removal (e.g.

Conca et al., 1999). Furthermore, geochemical and

mineralogical studies of soils that have formed within

and around uranium mineralized regions can reveal

important geochemical markers or signatures that may

be used in similar geologic settings to locate uranium

resources through surfical sampling.

An excellent natural laboratory for studying geologic

associations between uranium and phosphorous is the

Coles Hill uranium deposit located in the south-central

Virginia Piedmont (Fig. 1). This deposit presents a

unique site for study because it was extensively

characterized (by bedrock coring), but was never

mined. We therefore have extensive knowledge of the

mineralogy and geochemistry of the primary deposit as

well as access to an undisturbed soil profile developed

from the host rocks. This paper focuses on the

unsaturated soil horizons formed from the deposit.

Based on the bulk geochemical data and mineralogy

(discussed below in Section 3.2) the soils studied are

classified as ultisols based on the Comprehensive Soil

Classification System (Soil Survey Staff, 1975).

The samples that were characterized for this study

were extracted from auger holes drilled adjacent to

bedrock wells from which we have continuous core

down to approximately 300 m below the surface. In the

study area the deposit extends from the top of the

bedrock zone (base of the weathering profile) down to

depths ranging from 200 to 300m below the surface. The

overlying weathering zone varies from 25 m thick under

topographic highs to 10 m thick below surrounding low

lying pastures. The weathering zone contains the water

table, which also varies in depth as a function of

topography. A generalized geologic map showing the

deposit and locations of auger holes is shown in Fig. 1.

The Coles Hill deposit is a coffinite/uraninite

orebody hosted in quartzo-feldspathic gneiss (Jerden

Fig. 1. Location of the Coles Hill Uranium Deposit and drill holes from which soil samples have been extracted (adapted from Jerden et al., 2003).
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and Sinha, 2003). The primary coffinite/uraninite ore

zones are also enriched in apatite, which can exceed 25

vol.% in some mineralized veins. Studies of the

chemical weathering of the Coles Hill deposit by Jerden

and Sinha (2003) and Jerden et al. (2003) showed that

C-horizon saprolites that formed from the deposit

contain as much uranium as the primary ore (800–

1400 mg U/kg soil). This indicates that uranium was not

leached from the lower (groundwater saturated) portion

of the weathering zone during oxidation and weathering

of the primary ore. Studies of the geochemistry and

mineralogy of the Coles Hill saprolites (Jerden et al.,

2003) showed that uranium was naturally immobilized

during oxidation and weathering by the precipitation of

sparingly soluble U(VI) phosphate minerals of the meta-

autunite group. However, the meta-autunite mineral

assemblages were found only in samples from below the

water table.

Uranium concentrations in soil samples from above

the water table are approximately 600 mg/kg lower than

those from the saturated zone (Jerden et al., 2003).

However, as shown in the present study, the uranium

content of these unsaturated (pedogenic) horizons is still

approximately 20 times higher than concentrations

measured in corresponding horizons off the deposit.

The processes by which uranium is retained in these

near-surface horizons is not well understood, but has

important implications for understanding the long-term

speciation of uranium at the geosphere–biosphere

interface. The purpose of the present paper is to elucidate

these processes by presenting new results from geo-

chemical and mineralogical studies of the unsaturated

portion of the Coles Hill weathered zone.

2. Materials and methods

Bulk soil samples from the area overlying the Coles

Hill uranium deposit, and control samples from off the

deposit were obtained by auger drilling. Approximately

1 kg soil was extracted from each sample interval. All

samples were dried immediately after collection within a

laminar flow, clean air (+100) environment. Intact (i.e.,

coherent) soil fragments that retain soil structures and

mineral reaction textures from each sample interval

were vacuum impregnated with epoxy and polished for

characterization and analyses by scanning electron

microscopy (SEM), energy dispersive X-ray analyses

(EDS) and electron microprobe microanalyses (EMP).

The remainder of each sample were well mixed and

divided into three subsamples. One subsample was

pulverized using a tungsten carbide shatter box and

digested for ICP-MS analyses. The ICP-MS analyses

were performed by an accredited commercial analytical

chemistry laboratory.

Another subsample was disaggregated to grain-size

using mortar–pestle and mineralogically fractionated

using a heavy liquid density separation technique. This

separation procedure involved mixing the granular

samples with bromoform (CHBr3) (specific gravity

8.9) in a separatory funnel and collecting the dense

mineral fraction. These dense separates were dominated

by phases with specific gravities N2.9; however, the

separation technique was not quantitative as evidenced

by minor quartz and kaolinite in the heavy mineral

fraction. The mineral fractions were analyzed by powder

X-ray diffraction (XRD).

Operating conditions for EMP analyses were: 15 kV

acceleration voltage, 20 nA beam current. For EMP

imaging the beam current was increased to 50 nA. All

SEM, EDS and EMP analyses were performed at the

Virginia Tech, Department of Geological Sciences,

electron microbeam facilities using a CAM-ScanII

electron microscope and Cameca SX-50 electron

microprobe. For the XRD analyses samples were ground

under ethanol and transferred to a “zero-background”

sample holder (single crystal oriented silicon). Diffrac-

tion patterns were obtained using Ni-filtered, CuK-alpha

radiation (30 kV, 15 mA).

The pH of each soil sample was measured using the

method of Hendershot et al. (1993). Ten grams of dried

soil (room temperature) was placed in a beaker, 20 mL

of distilled water was added and stirred for 30 min.

The mixture was allowed to stand for 1 h prior to

measuring the pH of the supernatant with a standard

pH probe. Replicates of each sample were within ±0.1

pH unit.

3. Results and discussion

3.1. Bulk geochemistry

Concentrations of key elements in soil samples from

auger holes PDH1 and PDH2 were used to elucidate the

processes that control the distributions of uranium and

phosphorous in the Coles Hill weathered zone. The

measured concentrations of key elements were corrected

for changes in the bulk mass (volume change) caused by

chemical weathering of primary minerals and leaching

soluble ions such as Ca2+, Na+, SiO2(aq) from the

pedogenic profile. The raw (uncorrected) data for auger

holes PDH1, PDH2 and the control profile PDH3 are

shown in the Appendix. The correction was done by

assuming that the element titanium is conserved during

the weathering process (i.e., is not leached by infiltrating
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fluids). This type of normalization has been used in a

number of other studies of soil profiles (e.g. Goldich,

1938; Krauskopf, 1967; Nesbitt and Wilson, 1992;

Langmuir, 1997; Nesbitt and Markovics, 1992) and is

justified in the present case due to the persistence of

primary titanium minerals from lower parts of the profile

in the upper horizons. These corrected concentration

profiles are shown in Fig. 2.

The normalization was done by multiplying the

concentration of uranium and other key elements in the

weathered sample by the normalizing ratio: CSap/CPed,

where CSap is the concentration (g/g) of titanium in the

saprolite sample from which the pedogenic horizons

formed and CPed is the concentration (g/g) of titanium in

the pedogenic horizons under investigation. The

saprolite samples (i.e., protoliths or starting material)

used for the normalization are from 18.3 m depth

(from ground surface) in auger hole PDH1 and 5.5 m

depth in PDH2. The raw chemical data used for the

normalization are presented in the Appendix. The

variation in depth to the protoliths reflects variations

in the thickness of the weathered zone in the study

area. The primary evidence that the samples chosen

for normalization represent protoliths for the pedo-

genic samples is that they share the same type of

textural and compositional anisotropy (i.e., relict

foliation and mineral layering).

The gradient in uranium concentrations within the

profiles PDH1 and PDH2 has been established by

hundreds of thousands of years of leaching and chemical

weathering of the underlying uranium source (the Coles

Hill uranium deposit). The age of the column was

estimated using a weathering rate of 20 m per million

years. This rate is from the work of Pavich et al. (1985)

and Pavich (1986, 1989) and represents the maximum

rate of saprolite (weathered rock) production for

weathering zones in the physiographic region of

interest. Using this weathering rate we estimate that

the Coles Hill soil column is approximately 900,000

years old (give the average thickness of 18 m). Based on

its advanced age, this soil system is interpreted to have

reached a steady state with respect to its uranium

retardation capacity. Results from this site can therefore

yield important insights into the long-term behavior of

uranium in well-developed soil profiles.

Uranium concentrations in profiles PDH1 and PDH2

can be divided into three zones (Fig. 2A and B,

respectively): (1) near surface (b0.5 m depth) where the

concentration is b100 mg/kg, (2) unsaturated zone

where (0.5–10 m in PDH1 and 1–3.5 m in PDH2)

uranium concentrations vary from 127 to 338 mg/kg

(generally increases with depth), (3) top portion of the

zone of water table fluctuation (N10 m depth in PDH1

and N3.5 m depth in PDH2) where uranium concentra-

tions increase abruptly to N700 mg/kg. Uranium

concentrations in the near-by auger hole PDH3, from

off the deposit, are all less than 13 mg/kg (Appendix).

Another important pattern recorded in the bulk

chemical data is the existence of a zone of relatively

low soil pH (b5.0) extending from 1.0 to 5.0 m depth in

PDH1 and from 0.5 to 3.3 m depth in PDH2. These low

pH zones corresponds to intervals depleted in calcium,

sodium and silica.

The upper part of the PDH1 profile is enriched in

phosphorous, strontium, barium, and cerium. The two

samples most highly enriched in these elements (samples

from 0.6 and 2.1 m depth) are also enriched in uranium

(relative to surrounding samples). As discussed in the

next section, these enrichments are caused by a relatively

high volume percent of aluminum phosphate minerals

that formed during chemical weathering of primary and

secondary phosphate minerals. In profile PDH2 there is a

dramatic enrichment in phosphorous, calcium, stron-

tium, barium and cerium at 3.4 m depth. This enrichment

is also associated with a relatively high volume percent

of aluminum phosphate minerals. The influence of

agricultural lime amendments is evident in PDH1 (Fig.

2A) where the pH profile shows an abrupt decrease in

soil acidity in the upper 0.6 m.

3.2. Mineralogy of uranium stabilization

X-ray diffraction and thermal gravimetric analyses

were used to determine the dominant soil minerals in

these unsaturated horizons (Jerden, 2001). The most

abundant mineral in all samples is kaolinite, however its

abundance decreases in shallower samples in which

gibbsite is present. The shallowest soils (b0.5 m below

surface) contain up to 5% gibbsite, 60% kaolinite and an

abundance of relict quartz grains concentrated at the

within the upper 10 cm. Soils from 0.5 to 5 m depth are

dominantly kaolinite (∼80%) and montmorillonite

(∼20%) with minor (b1%) gibbsite, vermiculite and

quartz. Soils from 5 down to 10 m depth (near water

table) are also dominantly kaolinite (∼70%), but also

contain abundant rock fragments of partially weathered

quartz-feldspar gneiss. Nearly all soil minerals are

coated with a 0.5–5 μm thick multi-granular armoring

of iron oxides. The dominant iron oxides present in

these mineral coatings are goethite and hydrous ferric

oxide (ferrihydrite). The goethite was identified by its

optical characteristics and morphology (e.g. presence of

pleochroic acicular crystals) and by X-ray diffraction

peaks. The ferrihydrite was distinguished from the
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goethite by its colloidal (sub-micrometer) grain size,

color (goethite is yellow, ferrihydrite is black to dark

red) and amorphous nature (broad X-ray diffraction

peaks).

Based on SEM characterization, Jerden et al. (2003)

suggest that uranium retention within the unsaturated

zone is due to the incorporation of uranium into an

aluminum phosphate mineral and surface complexation

Fig. 2. (A) Soil pH and bulk soil chemistry depth profiles for key elements in the Coles Hill unsaturated zone. These data are for auger hole PDH1. (B)

Soil pH and bulk soil chemistry depth profiles for key elements in the Coles Hill unsaturated zone. These data are for auger hole PDH2.
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with iron oxide and oxy-hydroxide mineral coatings.

These uranium uptake processes are confirmed and

quantified in the current study using XRD and EMP

analyses.

Microscopic characterization of all representative

samples from the unsaturated sample profiles (PDH1

and PDH2) indicate that the main sink for uranium in

these samples are the aluminum phosphate minerals,

which range in size from 20 to 300 μm in diameter.

Fig. 3 shows a typical XRD scan from a heavy

mineral separate from the pedogenic soil profile (PDH1,

1.5 m depth) and one from the saturated zone for

comparison (PDH1, 16.8 m depth). These results

indicate that the unsaturated zone contains abundant

strontium, and barium bearing aluminum phosphates of

the crandallite group. The XRD scan shows strong

peaks for the minerals goyazite (SrAl3(PO4)2(OH)6:H),

and gorceixite (BaAl3(PO4)2(OH)6:H). However, EMP

results (discussed below) suggest that these peaks may

be from the same mineral, which is a compositional

solid solution of goyazite and gorceixite (closer to the

gorceixite end member).

The phosphate mineralogy of the pedogenic soil

samples are distinct from samples from the saturated

Fig. 3. Powder X-ray diffraction patterns for samples from the Coles Hill unsaturated zone (top scan) and underlying saturated zone (bottom scan).

The samples are from the same profile (top: PDH1, 1.5 meters depth, bottom: PDH1, 16.8 m depth) and are representative of other XRD patterns. The

2-Theta range shown was chosen to clearly demonstrate the presence of crandallite group peaks and the lack of meta-autunite group peaks in the

unsaturated soil sample.

Table 1

Electron microprobe analyses (concentrations in wt.%) of crandallite group minerals with inclusions of manganese oxide, quartz and kaolinite

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11)

Al2O3 31.21 31.18 31.14 30.83 30.59 30.54 30.41 30.19 27.93 29.19 30.3 (±1.0)

P2O5 22.85 26.51 26.11 26.01 25.95 26.47 25.65 25.90 23.27 16.62 24.5 (±3.1)

MnO b0.10 b0.10 b0.10 0.11 0.37 b0.10 b0.10 0.36 2.21 b0.10 0.8 (±1.0)

SiO2 9.83 5.12 5.83 5.38 5.10 5.18 5.15 5.31 3.86 16.61 6.7 (±3.8)

CaO 2.12 2.30 2.33 2.26 2.26 2.37 2.23 2.32 2.30 1.57 2.2 (±2.0)

Fe2O3 0.88 0.96 1.00 0.84 0.95 1.04 1.01 0.85 0.97 1.28 1.0 (±0.1)

SrO 3.25 2.49 2.37 2.54 2.25 2.56 2.51 2.36 2.97 2.52 2.6 (±0.3)

BaO 12.18 15.85 15.41 15.07 16.00 15.93 15.72 15.33 13.31 8.05 14.3 (±2.5)

UO3 1.03 1.36 1.29 1.32 1.34 1.23 1.19 1.25 1.08 0.72 1.2 (±0.2)

Total 83.33 85.76 85.48 84.37 84.81 85.32 83.87 83.86 77.89 76.54 83.1

PbO, K2O are below detection limit of 0.1 wt.%. Totals do not equal 100% due to H2O in mineral structure (gorceixite may contain up to 15.0 wt.%

H2O). SiO2 values and high Al2O3 values are from quartz and kaolinite contamination of analyses. (1)–(4) are from DH1, 0.6 m depth; (5)–(10) are

from DH1, 2.1 m depth. Relative standard deviations of raw data (calculated from counting statistics) are 5% or less. Data in column 11 are the

average compositions and associated standard deviations (n=10) for analyses (1)–(10).
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zone such as the typical sample from PDH1 (16.8 m

depth) shown in Fig. 3. Saturated zone samples contain

abundant uranyl phosphates of the meta-autunite group

including meta-uranocircite [Ba(UO2)2(PO4)2(H2O)7]

and meta-autunite [Ca(UO2)2(PO4)2(H2O)6]. The dis-

continuity in phosphate mineralogy within the study

area indicates that meta-autunite group minerals are not

stable in the unsaturated zone of this type of soil profile.

The mineral compositions of phosphates from the

unsaturated zone were characterized by EMP to

determine the amount of uranium associated with

these minerals (Table 1). Uranium rich iron oxide

mineral coatings in the unsaturated zone (identified by

SEM-EDS) were also characterized by EMP analyses to

determine uranium content (Table 2). The crandallite

group mineral grains analyzed by EMP are from

different depths with in PDH1 (Table 1). This mineral

is thus identified as strontium–calcium–uranium-bear-

ing gorceixite. Silica, iron and manganese are also

recorded in these analyses due to the presence of quartz

and manganese/iron oxides that are intermixed with the

gorceixite.

The gorceixite analyses (EMP spots) with the highest

uranium concentrations (1.2–1.4 wt.% as UO3) have

Al2O3 and P2O5 contents that most closely approach

those of an ideal gorceixite formula (29.9 and 27.7 wt.

%, respectively) (Fig. 4). These uranium concentrations

are thus interpreted as representative of the gorceixite-

type (i.e., Sr, Ca, U bearing) phase present in these soils.

The uranium concentrations for spot analyses with

lower than ideal Al2O3 and P2O5 concentrations are

lower than the representative values of 1.2-1.4 wt.%

(reported as UO3) due to “contamination” of the

analyses by other soil minerals (e.g. iron and manganese

oxides and kaolinite). These results indicate that the

aluminum phosphate gorceixite plays an important role

in the retention of uranium within the unsaturated soils

over the Coles Hill deposit.

The observation of uranium being sequestered by an

aluminum phosphate mineral is consistent with the

results of Arey et al. (1999). Their experiments, which

involved batch reactions of hydroxyapatite with urani-

um-rich sediments, showed that apatite amendment

leads to the re-speciation of uranium from a labile form

Table 2

Electron microprobe analyses (concentrations in wt.%) of manganese-rich inclusions within crandallite group minerals

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10)

Al2O3 27.67 27.20 23.66 21.75 20.78 15.41 10.30 8.99 7.90 7.75

P2O5 22.99 22.76 20.35 17.49 16.58 11.04 3.58 5.18 5.08 5.45

MnO 2.80 4.24 9.06 12.74 11.84 20.04 29.48 25.20 19.90 24.42

SiO2 3.49 3.36 3.29 3.47 2.36 1.76 0.97 1.11 38.94 1.07

PbO b0.10 b0.10 b0.10 b0.10 0.14 0.21 0.13 0.19 b0.10 0.13

CaO 2.30 1.86 1.95 1.59 1.31 0.95 0.33 0.48 0.59 0.51

Fe2O3 1.25 1.60 2.22 3.31 3.51 4.30 4.18 6.44 4.70 5.49

SrO 2.94 2.65 2.75 2.28 1.62 1.14 0.31 0.54 0.16 0.48

BaO 13.85 13.03 12.75 11.64 11.60 10.31 6.52 8.72 6.88 8.21

UO3 1.31 0.98 0.98 0.75 0.68 0.40 b0.10 b0.10 b0.10 0.25

Total 78.59 77.68 77.01 75.01 70.41 65.55 55.80 56.85 84.15 53.75

K2O was below detection limit of 0.1 wt.%. (1)–(8) are from PDH1, 0.6 m depth; (9) and (10) are from PDH1, 2.1 m depth. Relative standard

deviations of raw data (calculated from counting statistics) are 5% or less.

Fig. 4. Electron microprobe data for uranium-bearing gorceixite from

the Coles Hill unsaturated zone. Note that the highest UO3

concentrations are found in the purest gorceixite. Error bars reflect

X-ray counting statistics.
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(i.e., readily extractable) to a residual form (i.e.,

associated with an aluminum/iron phosphate). Our

field study results suggest a similar process and thus

underscore the potential importance of aluminum

phosphates in uranium speciation in relatively low pH

(4–6) soil/sediment environments.

The analyses of manganese-rich inclusions that occur

within the uranium bearing gorceixite grains are shown

in Table 2. Average compositions for these analyses are

not given because of the significant variation. This

compositional variation is caused by the fine-scale (sub-

micrometer) mineralogical heterogeneity of these

phases. The MnO content of these inclusions vary

from 2.8 to 29.5 wt.% depending on how much gorcei-

xite (or other surrounding soil minerals) was also present

in the microprobe interaction volume. The uranium

content (as UO3) of inclusions containing N10.0 wt.%

MnO varies from below detection (b0.1 wt.%) to

0.75 wt.%. This indicates that, for this mineral

assemblage, uranium is more strongly partitioned into

the aluminum phosphate gorceixite relative to the

intermixed manganese oxides.

Table 3 shows electron microprobe analyses of iron

oxide minerals that form coatings on other minerals in

the soil. Both uranium and phosphorous are present in

these iron oxide coatings in significant amounts (up to

7.5 wt.% UO3 and 7.7 wt.% P2O5); however, their

concentrations vary spatially. Despite the spatial varia-

tions there is a general positive correlation between

uranium and phosphorous. The EMP and SEM

characterization of these samples can not distinguish

whether the uranium and phosphorous associated with

these iron coatings are present as surface complexes or

surface precipitates, but in either case this association

appears to have played and important role in retaining

uranium within this zone for hundreds of thousands of

years.

Sato et al. (1997) found that the long-term retention

of uranium in the iron oxide rich soils overlying the

Koongarra uranium deposit in Australia involved an

initial adsorption stage (i.e., uranium surface complex-

ation with iron oxides) followed by a precipitation stage

(i.e., the formation of uranyl phosphate minerals). Our

results suggest a similar process involving the uptake of

uranium on iron oxides and the precipitation of

thermodynamically stable uranium bearing phosphate

minerals (crandallite group). Our results therefore,

reiterate the importance of both mineral precipitation

and surface complexation in the long-term retardation of

uranium in iron oxide rich soils.

3.3. Activity and reaction path modeling

The mineralogical observations described above

allow us to model the solid and aqueous phase

speciation of key elements in the Coles Hill unsaturated

zone. We have taken an equilibrium thermodynamic

approach to this problem using the software “Geo-

chemist's Workbench” (Bethke, 1998). Although the

system we are studying does not maintain chemical

equilibrium, and kinetic effects are not accounted for

(e.g. microbial activity), we deem this modeling

approach instructive because it allows us to quantify

the thermodynamic driving forces influencing the

system. That is, it indicates the directions of key

reactions through Gibbs free energy minimization and

allows us to predict how the system would respond

(e.g. mineral dissolution/precipitation) to changes in

chemical conditions.

Key assumptions for the modeling are as follows: the

activities of aluminum and iron are set by gibbsite and

ferrihydrite. Gibbsite is chosen as it appears to be the

most stable aluminum phase in the most highly

weathered samples. Although ferrihydrite is probably

Table 3

Electron microprobe analyses (concentrations in wt.%) of uranium and phosphorous rich iron oxides that coat other soil minerals (mainly kaolinite

and quartz)

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10)

Al2O3 4.77 4.50 2.90 6.73 4.21 4.22 6.53 12.59 18.44 14.19

P2O5 6.07 7.69 4.20 5.74 5.00 4.79 4.60 2.12 0.55 0.33

K2O b0.10 b0.10 b0.10 0.11 b0.10 b0.10 0.11 0.27 0.27 0.18

SiO2 20.47 10.24 33.02 16.33 10.54 13.17 16.26 32.78 34.36 22.38

CaO 0.42 0.41 0.38 0.32 0.25 0.29 0.27 0.25 0.24 0.04

Fe2O3 31.88 42.31 26.52 36.10 43.75 35.88 35.56 29.49 10.91 4.89

UO3 7.55 6.22 5.44 3.26 2.56 2.47 2.37 0.32 b0.10 b0.10

Total 71.15 71.36 72.45 68.58 66.31 60.82 65.70 77.82 64.77 42.00

SrO, BaO, PbO are below detection limit of 0.10 wt.%. Totals do not equal 100% due to H2O in mineral structure. All analyses are from auger hole

PDH1, 2.1 m depth. Relative standard deviations of raw data (calculated from counting statistics) are 5% or less.
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not the most stable iron mineral, it was chosen to control

the iron activity because it has the highest reactive

surface area of the iron minerals present and thus likely

dominates surface complexation reactions. The con-

centrations of calcium and sodium are set by assuming

concentrations of 1×10−3 M. This assumption, which

was also used by Lindsay et al. (1989) in their

assessment of phosphate speciation in soils, is based

on the indication that these elements are being leached

from the soil profile (i.e., their activities are not

solubility controlled). The activities of phosphorous,

barium and uranium are controlled by mineral

precipitation and surface complexation. To test the

model sensitivity to lower sodium and calcium

concentrations we also ran the model using a 10−4

m concentration for these elements. The results of this

alternative model run were found to have no effect on

uranium speciation and are therefore not discussed in

detail.

The thermodynamic data used for our modeling was

as follows: the equilibrium constant for gorceixite was

calculated from the standard free-energy of formation

data of Schwab et al. (1989, 1993). This calculation

results in a standard free energy value of −5628.7 kJ/mol

for gorceixite. This standard free energy yields a logK

(solubility product) of −0.693 for the reaction: BaAl3
(PO4)2(OH)6:H+7H+=3Al3++2HPO4

2−+Ba2++6H2O.

The solubility data for the barium uranium phosphate

meta-uranocircite is from Vochten et al. (1992). These

data yield a logK of −27.088 for the reaction Ba[(UO2)

(PO4)]2:6(H2O)+2H
+=Ba2++2(UO2)

2++2(HPO4)
2−+6

(H2O). The solubility data used for gibbsite and veriszite

are from Vieillard et al. (1979), the data for hydroxyap-

atite, goethite and strengite are from Robie et al. (1979),

and the data for ferrihydrite are from Wagman et al.

(1982). The thermodynamic data for auxiliary species

(including uranium) are from the Nuclear Energy Agency

data bank (Grenthe et al., 1992; Guillaumont et al., 2003).

All thermodynamic calculations were performed

using the software package “Geochemist's Work-

bench” (Bethke, 1998) employing an extended form

of the Debye-Huckel equation (the “B-dot” equation)

for the calculation of activity coefficients (Helgeson,

1969). Surface complexation reactions were modeled

using a double layer theory (diffuse layer theory)

approach employed by “Geochemist's Workbench”

(Bethke, 1996, 1998). We used the surface complex-

ation data base of Dzombak and Morel (1990) which

assumes a surface area of 600 m2/g for the surface

reactive species (ferrihydrite) and site densities of

0.005 and 0.200 mol of surface sites per mole of

ferrihydrite for the strongly and weakly binding

surface sites, respectively (g(s)FeOH and g(w)

FeOH). The use of ferrihydrite for the surface reactive

species is justified by the observation that it has the

highest reactive surface area of any mineral in these

soils (due to its pervasiveness in mineral coatings and

colloidal grain size).

Activity diagrams plotting phosphate activity as a

function of pH for the system P–Al–Ca–Ba–Fe are

shown in Fig. 5. For this plot the activities of both

calcium and barium are set at 1×10−3 and aluminum

and iron concentrations controlled by gibbsite and

goethite, respectively. This calculation predicts that

gorceixite is the most stable phase from pH 4.0 to 6.8.

Above this pH range hydroxyapatite becomes most

stable. If a more soluble mineral is used to control the

iron activity (e.g. amorphous hydrous ferric oxide) the

low pH portion (pH 4–5.3) of the gorceixite field is

replaced by the iron phosphate strengite (Fig. 5b). The

plot showing the gorceixite field extending to lower pH

(Fig. 5a) is more consistent with mineralogical observa-

tions from the Coles Hill soil samples. The speciation of

uranium in the P–Al–Ca–Ba system was studied by

reaction path modeling.

The reaction models shown in Figs. 6 and 7 were

calculated by assuming controls on the concentrations of

key elements and varying the pH from 4 to 7. The model

accounts for activity coefficients, mineral precipitation,

dissolution of atmospheric gasses and aqueous specia-

tion. Fig. 6 shows the solid and aqueous phase

speciation of uranium and phosphorous in the P–Al–

Ca–Ba–Fe–U system when no surface reactive minerals

(e.g. no iron oxide surface complexes) are present. Fig. 7

shows how the model results change when surface

Fig. 5. Activity diagrams for the P–Al–Ca–Ba–Fe system assuming

that O2(g) and CO2(g) fugacities are 0.2 and 0.01, respectively, Ca2+

and Ba2+ activities=10−3 and Al3+ and Fe3+ are controlled by gibbsite

and ferrihydrite, respectively.
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complexation is accounted for. That is, for the model

shown in Fig. 7, ferrihydrite is present as a surface

reactive phase that adsorbs both phosphate and uranium

species. The model inputs are as follows: aluminum and

iron concentrations were set by gibbsite and ferrihy-

drite, oxygen fugacity was fixed at 0.2, CO2(g) fugacity

was fixed at 0.01 (assumed higher than atmospheric due

to CO2(g) production in soils e.g. Langmuir, 1997),

barium and calcium set at 1×10−3 m, total uranyl set at

1×10−9 m and total phosphate set as 1×10−4 m.

The model that does not include surface complexa-

tion on ferrihydrite (Fig. 6) predicts a solution saturated

with respect to meta-uranocircite from pHN7 down to

5.5. Below pH 5.5 gorceixite becomes the dominant

barium phase. For our model system the dominant

aqueous phosphate species at high pH (∼6.5) are

H2PO4
−, HPO4

2− and CaHPO4(aq) and at low pH (∼4.0)

are AlHPO4
+, and H2PO4

−. Uranium speciation at high

pH (∼6.5) is dominated by UO2(CO3)2
2−, UO2PO4

−,

UO2CO3
0, UO2HPO4

0 and at lower pH (∼4.0) by

UO2HPO4
0, UO2

2+, UO2H2PO4
+.

Our uranium and phosphate speciation calculations

agree with the results of Sandino and Bruno (1992)

showing that phosphate complexation of uranium is

more important than carbonate complexation when the

Fig. 6. Speciation plots for the P–Al–Ca–Ba–Fe–U system assuming

that O2(g) and CO2(g) fugacities are 0.2 and 0.01, respectively, Ca2+

and Ba2+ activities=10−3 and Al3+ and Fe3+ are controlled by gibbsite

and ferrihydrite, respectively. The top diagram shows saturation

indices (log Q/K) as a function of pH (Q=the reaction quotient and

K=the equilibrium constant). The lower plot shows the corresponding

aqueous speciation of phosphorous and uranium.

Fig. 7. Speciation plots for the P–Al–Ca–Ba–Fe–U system in which

ferrihydrite is included as a surface reactive species (i.e. is available for

surface complexation). The model assumes 1 g ferrihydrite/L of

solution, a ferrihydrite surface area of 600 m2/g and site densities of

0.005 and 0.200 mol surface site per mol ferrihydrite for strong and

weak binding sites, respectively. The model also assumes that the O2

(g) and CO2(g) fugacities are 0.2 and 0.01, respectively, Ca
2+ and Ba2+

activities=10−3 and Al3+ and Fe3+ are controlled by gibbsite and

ferrihydrite, respectively. The top plot shows saturation indices (logQ/

K) as a function of pH (Q=the reaction quotient and K=the

equilibrium constant). The lower plot shows the corresponding

aqueous speciation of phosphorous (include surface complexes) and

uranium (include surface complexes).
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ratio of phosphate(total)/carbonate(total) exceeds ∼1.0.

This observation is also supported by the field results of

Yanase et al., 1995 who found that the most significant

uranium mobilization in the weathered zone overlying

the Koongara uranium deposit in Australia occurred

where groundwaters contained relatively low concen-

trations of phosphate (e.g. 0.1 mg/L) relative to

bicarbonate (e.g. 180 mg/L).

When ferrihydrite is present as a surface reactive

phase (Fig. 7) the pH stability field of meta-urano-

circite is compressed to a range of N7–6.5. This is

caused by the lowering of the activities of aqueous

uranyl species due to uranium uptake onto the

ferrihydrite sorbent. Thus, this model predicts that

gorceixite is the dominant barium mineral over the pH

range 6.5 down to 4.5. This prediction is consistent

with the mineralogical observation that, as the soil pH

drops below 6.5, meta-uranocircite is unstable and

gorceixite and ferrihydrite mineral coatings become the

dominant uranium sinks.

For the surface complexation model the ferrihydrite

surface charge of varies from 2.1 μC/cm2 at pH 4.0 to

−0.5 μC/cm2 at pH 7.0 with a charge of zero μC/cm2 at

around pH 6.0. The dominant phosphate species

predicted when the ferrihydrite sorbent is present are

g(w)FeHPO4
−
g(w)FePO4

2− at high pH (∼6.5) and g(w)

FeH2PO4 and AlHPO4
+ at low pH (∼4.0). For uranium,

the dominant model species at high pH (∼6.5) are g(w)

FeOUO2
+ and g(w)FeOHUO2(OH)4

2− and at low pH

(∼4.0) is g(s)FeOUO2
+. For this model, (w) and (s) refer

to weaker and stronger binding sites (stronger site has

higher affinity for sorbate) the strength of which are

quantified by equilibrium constants (logK values) that

account for surface charge density and surface potentials.

For example, for the reaction g(s)FeOUO2
++H+=g(s)

FeOH+UO2
2+, the equilibrium constant K is calculated

by: Kexp[ΨF/RTK] =m[g(s)FeOUO2
+]a[H+]/m[g(s)

FeOH]a[UO2
2+], where Ψ is the surface potential of the

sorbent, F is the faraday constant, R is the universal gas

constant and TK is absolute temperature (Dzombak and

Morel, 1990; Bethke, 1996).

The stronger binding sites dominate at lower pH

because at low pH the most abundant surface site is

protonated [g(w)FeOH+H+
→g(w)FeOH2

+] and thus

unavailable for complexation with the positively charged

uranyl ion. However, a fraction of the stronger surface

sites remain unprotonated at the lower pH values and

are thus available for complexation [g(s)FeOH+H++

UO2
2+
→g(s)FeOUO2

+]. Correspondingly at the higher

pH the weaker (and more abundant) surface sites are

unprotonated and are thus available for complexation

[g(w)FeOH+H++UO2
2+
→g(w)FeOUO2

+].

Phosphate adsorption is distinct from uranium

because of its anionic nature. The key surface reactions

predicted by the surface complexation calculations are

shown in Table 4.

Our surface complexation modeling has relatively

large uncertainties due to lacking thermodynamic data;

however, the results are believed to be useful in a semi-

quantitative way because they show how the presence of

surface species will strongly influence uranium and

phosphate speciation in soils containing abundant (from

a surface area stand point) ferric oxides.

Results from our mineralogical characterizations of

Coles Hill soils suggest that a potentially important type

of surface complex that is not accounted for in our

modeling are uranyl-phosphato complexes (Payne et al.,

1996). It is possible that aqueous complexes UO2PO4
− or

UO2H2PO4
+ may interact with the iron oxide substrate to

form a stable uranyl-phosphate surface species that may

contribute to the retention of uranium in the unsaturated

zone. The formation of uranyl-phosphato ternary

surface complexes as a process that enhances uranium

sorption onto iron oxides is supported by the work of

Payne and Waite (2001).

It is also possible that the association of uranium and

phosphorous with iron oxide mineral surfaces is caused

by the presence of nano-scale uranyl phosphate

precipitates. This process plays an important role in

uranium retention in the weathered zone associated with

the Koongara uranium deposit (Sato et al., 1997;

Murakami et al., 1997). With in Koongara soils, 2–50

nm uranyl phosphate crystals were found within layers

and nodules of goethite, hematite and ferrihydrite (Sato

et al., 1997; Murakami et al., 1997).

This similarity between our results and those from

the mineralogical studies of the soils overlying the

Table 4

Reactions of the phosphate and uranyl species with the goethite

mineral surfaces

Surface reactions logK a

pH~4

g(w)FeH2PO4+H2O=g(w)FeOH+H2PO4
−+H+

−11.76

g(s)FeOUO2
++H2PO4

−=UO2HPO4(aq)+g(s)FeOH −3.97

g(s)FeOUO2
++H+=g(s)FeOH+UO2

2+
−5.20

pH ~7

g(w)FeHPO4
−+H2O=g(w)FeOH+H2PO4

−
−5.86

g(w)FePO4
2−+H2O+H+=g(w)FeOH+H2PO4

− 1.81

g(w)FeOUO2
++H2PO4

−=g(w)FeOH+H++UO2PO4
−

−7.93

g(w)FeOHUO2(OH)4
2−+2H++H2PO4

−=g(w)FeOH+

UO2PO4
−+4H2O

13.87

a Log K calculated from the relationship: K exp[ΨF/RTK]=m[≡(s)

FeOUO2
+] a[H+]/m[≡(s)FeOH] a[UO2

2+], where Ψ is the surface

potential of the sorbent, F is the faraday constant, R is the universal

gas constant and TK is absolute temperature.
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Koongara deposit indicate that uranium distribution in

iron oxide rich soils containing abundant phosphate

will likely involve both surface complexation (i.e.,

uptake on iron oxide minerals) as well as mineral

precipitation processes (i.e., formation of sparingly

soluble uranyl phosphates or uranium-bearing alumi-

num phosphates). This has important implications for

uranium transport studies and uranium exploration by

near-surface sampling in potentially mineralized

regions.

4. Conclusions

Soils developed from the unmined Coles Hill

uranium deposit (hosted in quartzo-feldspathic gneiss)

are enriched in uranium relative to soil profiles

developed from unmineralized bedrock adjacent to

the deposit (200–1000 mg/kg U in soils overlying the

deposit vs. 5–15 mg/kg U in adjacent soil profiles).

Uranium enrichment is greatest in the saturated zone

saprolites where uranium concentrations are equal to,

or higher than, the average concentration in the

primary ore (∼1000mg/kg U in the saturated saprolite

vs. 960 U mg/kg in primary ore). Uranium in the

primary ore is present as coffinite and uraninite

(Jerden and Sinha, 2003) and in the saturated

saprolites, as meta-autunite group mineral (Jerden et

al., 2003). The present paper focused on the

unsaturated soil horizons developed from the uranium

rich saprolites.

Bulk chemical analyses show that the unsaturated

zone soils overlying the Coles Hill deposit are also

enriched in uranium relative to surrounding soil

profiles, however, the level of enrichment is lower

than in the underlying saprolites (∼200 mg/kg U in

the unsaturated soils vs. ∼1000 mg/kg U in the

saturated saprolites). This discontinuity in uranium

concentration corresponds to an abrupt change in

uranium mineralogy at the water table. In soils above

the water table uranyl phosphates are absent;

however, uranium is still closely associated with

phosphate. The two main uranium sinks in the

unsaturated zone soils are: (1) a barium–strontium–

calcium aluminum phosphate of the crandallite group

(composition and XRD patterns most closely match

that of gorceixite), which contains 1.1 wt.% uranium

and (2) phosphate-rich iron oxide mineral coatings

which contain up to 6.3 wt.% uranium (uranium

concentrations determined by EMP). In the iron oxide

mineral coatings uranium is positively correlated with

phosphorous. Electron microprobe analyses of manga-

nese oxide inclusions within the uranium-bearing

gorceixite show that uranium is preferentially parti-

tioned into the aluminum phosphate relative to the

intermixed manganese oxides.

Thermodynamic calculations suggest that the

absence of meta-autunite group minerals in the

unsaturated soil horizons is primarily due to a drop

in pH of the pore fluids (soil pH in unsaturated zone

is b6.0, pH of saprolites ground waters in saprolites

≥6.0). One indication of this is that the modeled pore

water solutions become understaturated with respect

to meta-uranocircite at a pH of approximately 6.5

(Fig. 7).

Results from our mineralogical characterizations of

Coles Hill soils suggest that a potentially important

type of surface complex that is not accounted for in

our modeling are uranyl-phosphato complexes. It is

possible that aqueous complexes UO2PO4
− or

UO2H2PO4
+ may interact with the iron oxide substrate

to form a stable uranyl-phosphate surface species that

may contribute to the retention of uranium in the

unsaturated zone.

Overall our thermodynamic modeling supports the

field observations showing that, in well developed

saprolites/soil profiles typical of the mid-Atlantic and

south eastern US, the presence of phosphorous will

strongly influence both the solid and aqueous phase

speciation of uranium. The results of this study therefore

have important implications for uranium stabilization

strategies involving phosphate amendments and for

geochemical exploration for uranium resources in

phosphate-rich weathered regions.

The primary implications of this work are: (1)

secondary uranyl phosphates (e.g. autunite or meta-

autunite group minerals) may not be stable in unsatu-

rated soils with relatively low pH, and (2) even if uranyl

phosphates are not stable uranium may be retained in

relatively low pH soils (e.g. pH 4–6) through incorpo-

ration into aluminum phosphates and the formation of

uranium–phosphate surface complexes (or nano-pre-

cipitates) associated with iron oxides.
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Appendix A

(A) Raw chemical data for PDH1. Concentrations of Al2O3 and SiO2 are in wt.%, all others are in mg/k

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17)

Depth (m) 0.2 0.4 0.6 1.2 1.5 2.1 3.7 4.3 4.6 4.9 5.5 7.3 7.9 8.5 9.5 10.4 18.3

Al2O3 16.6 17.9 23.5 26.6 24.7 26.0 26.0 26.8 25.4 22.9 20.2 19.8 20.2 20.4 19.8 19.1 18.7

SiO2 68.6 66.2 50.4 52.1 55.0 54.7 57.4 54.0 56.0 59.9 64.6 64.5 63.8 61.5 63.9 64.0 65.5

Na 1112.8 1038.6 1038.6 964.4 964.4 964.4 148.4 445.1 593.5 593.5 5267.2 11,869.7 23,294.3 34,422.2 46,143.5 47,998.1 53,191.1

P 698.2 785.5 2967.5 1483.8 1658.3 2182.0 741.9 872.8 785.5 1047.4 960.1 916.4 611.0 785.5 611.0 741.9 3054.8

Ca 714.7 786.2 857.6 357.4 500.3 571.8 571.8 214.4 214.4 285.9 357.4 643.2 929.1 1286.5 1215.0 1357.9 7289.9

Ti 4220.5 3662.9 4490.3 4148.5 4442.3 3956.7 4628.1 5065.8 4274.4 3603.0 3609.0 3261.3 3147.4 3674.9 3585.0 3399.2 2973.5

Sr 98.7 119.0 596.1 190.8 205.4 291.9 54.5 56.1 28.2 112.6 81.2 82.0 30.9 83.0 46.8 44.0 103.6

Ba 446.8 502.7 2240.0 765.7 808.8 1050.0 393.1 354.5 344.5 652.2 458.2 492.6 370.2 561.5 308.4 456.9 579.1

Ce 99.4 111.9 430.4 200.5 194.9 315.2 130.7 117.0 90.9 144.5 130.9 132.1 68.5 147.6 91.4 88.5 87.1

U 48.1 61.5 237.3 146.8 217.2 337.5 162.7 213.2 192.0 207.5 242.5 247.1 268.2 338.4 272.9 862.6 1060.0

(B) Raw chemical data for PDH2 [(1)–(6)] and PDH3 [(7)–(12)]. Concentrations of Al2O3 and SiO2 are in wt.%, all others are in mg/kg

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12)

Depth (m) 0.6 1.5 3.0 3.4 3.7 5.5 0.3 1.5 4.6 5.5 7.0 8.5

Al2O3 25.6 26.2 22.3 23.0 19.1 17.5 27.7 25.9 24.5 27.5 22.7 21.4

SiO2 50.1 53.9 61.4 59.3 65.3 66.9 44.9 49.9 50.7 47.7 53.3 56.3

Na 296.7 593.5 7492.8 519.3 31,751.5 49,704.4 519.3 445.1 667.7 1187.0 741.9 1112.8

P 654.6 829.2 829.2 2443.8 960.1 741.9 567.3 741.9 872.8 872.8 872.8 829.2

Ca 500.3 214.4 214.4 643.2 500.3 1786.8 500.3 142.9 71.5 214.4 142.9 214.4

Ti 4340.4 3489.1 3633.0 3591.0 3189.3 2733.7 6168.9 8003.3 8447.0 6846.3 7673.6 7625.6

Sr 81.2 92.1 83.3 401.2 93.4 66.0 36.0 43.5 73.5 65.0 125.7 116.5

Ba 436.7 437.8 441.2 2560.0 554.7 366.0 394.1 1000.0 1880.0 1700.0 2410.0 2610.0

Ce 116.2 164.6 148.7 446.7 163.9 76.0 216.0 397.0 376.9 124.0 309.3 269.1

U 69.4 127.1 202.0 301.1 706.0 953.0 9.6 10.0 8.8 11.1 7.8 6.6
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