A model of uranium uptake by plant roots allowing for root-induced changes in the soil
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ABSTRACT:  We develop a model with which to study the poorly-understood mechanisms of uranium (U) uptake by plants. The model is based on equations for transport and reaction of U and acids and bases in the rhizosphere around cylindrical plant roots. It allows for the speciation of U with hydroxyl, carbonate and organic ligands in the soil solution; the nature and kinetics of sorption reactions with the soil solid; and the effects of root-induced changes in rhizosphere pH. A sensitivity analysis showed the importance of soil sorption and speciation parameters as influenced by pH and CO2 pressure; and of root geometry and root-induced acid-base changes linked to the form of nitrogen taken up by the root. The root absorbing coefficient for U, relating influx to the concentration of U species in solution at the root surface, was also important. Simplified empirical models of U uptake by different plant species and soil types need to account for these effects.
INTRODUCTION 
Increased dependence on nuclear power generation in many countries has prompted renewed interest in the behaviour of uranium (U) and other long-lived radionuclides in the environment1–3. Uranium may be accidentally released into soils, sediments and groundwater from nuclear power facilities; from geological disposal facilities; from natural geological deposits; from metal mining, milling and tailings operations; and from military uses of depleted U1–4. There is interest in the use of plants for biomonitoring or phytoremediation of contaminated soils5. But the processes controlling U uptake by plants are poorly understood. Existing models for predicting the fate and behaviour of U are mostly empirical, relying on simple transfer coefficients between concentrations in plants and concentrations in soils5. This may be satisfactory for the conditions in which models have been calibrated, but not for other conditions and predictive scenario testing.
Uranium forms a large number of chemical species of varying solubility and biological availability6,7. Hexavalent U(VI) is the stable form in oxic environments, and generally occurs in the hydrated state, for example in schoepite and related minerals, and as the soluble uranyl ion, UO22+. Under anoxic conditions, less-soluble U(IV) species are formed. The UO22+ cation is sorbed on the surfaces of soil minerals and organic matter, but complexation reactions with simple ligands such as carbonate and organic anions tend to increase its solubility8–11.  
Although U is not essential or beneficial to plants, most plants will take it up and to some extent translocate it into above-ground parts5. At sufficiently large concentrations in shoots, it is toxic, causing oxidative stress12,13. Under given conditions, the extent of uptake and root:shoot translocation vary between plant species5,12–14. Concentrations in plants are generally several orders of magnitude smaller than total concentrations in the surrounding soil15–17. But there are no simple relations between uptake into plants and total soil concentrations, or how this varies with soil type5. Uptake is better correlated with concentrations of UO22+ and its complexes in the soil solution12–14. Studies in nutrient culture show that U uptake and translocation from roots to shoots are pH dependent, both being greater at low pH where the proportion of UO22+ in the external solution is greater15–17. It is not known how far these differences reflect differences between U species in root transporter specificities or accumulation in roots. Plant uptake of U is enhanced where roots are colonized by mycorrhizal fungi, but root-shoot translocation is often impeded18–20. The enhanced U uptake is thought to be due to uptake by and translocation within mycorrhizal hyphae21,22, but is possibly also due to solubilisation in the rhizosphere by fungal action23,24 and direct uptake of the solubilised U by roots. These processes are poorly understood.
In this paper we develop a mathematical model of U uptake by plants growing in soil with which to investigate the mechanisms of U uptake. The model accounts for soil transport processes, root-induced changes in soil biology and chemistry affecting U mobility, and uptake across root surfaces. We focus on U but our approach could also be applied to other radionuclides with similar complex speciation chemistries.
THE MODEL
Processes in the root environment affecting U uptake are summarised in Figure 1A. The rate of uptake into a root will depend on the rate of transfer from the soil solution outside the root across the root wall, versus the rate of transfer through the soil to the root surface by convection and diffusion. Rates of convection and diffusion will depend on the interchange of U between the soil solution, in which it is mobile, and the soil solid, in which it is largely immobile. This interchange is sensitive to root-induced changes in the chemistry of the rhizosphere soil. Particularly, changes in pH associated with the plant’s cation and anion intake, and, potentially, changes in CO2 pressure and the concentrations of organic ligands associated with root deposits and rhizosphere microbial activity. 
Nye25 showed that, because CO2 diffuses rapidly through the soil air, processes generating CO2 in the rhizosphere will not, in fact, raise the CO2 pressure much above that in the surrounding soil. But root-induced pH changes due the plant cation-anion balance are often as much as 1–2 pH units25,26. A plant absorbing its nitrogen (N) as the nitrate anion (NO3-) will tend to take up a net excess of anions over cations, and release bicarbonate (HCO3-) into the soil to maintain charge balance across the root-soil boundary25. Whereas a root absorbing its N as ammonium (NH4+) will tend to release H+ to maintain charge balance. Given the sensitivity of U solubility in soil to pH and CO2 pressure, it is important to allow for such processes in a mechanistic description of U uptake.
In brief, the model allows for the transport of U species through the soil to an absorbing root with simultaneous desorption from the soil solid, and the simultaneous transport of acids and bases through the soil in response to acid-base changes caused by the root and by U reactions in the soil. In the model, transport equations for U species and soil acids and bases are solved, ensuing charge and mass balances in the soil and root. The equations and boundary conditions are as follows (the nomenclature is explained in Table 1).
Interchange of U between the soil solid and solution. Consider a soil that initially contains Ca2+ (representing exchangeable cations), H+, H2CO3, HCO3-, CO32-, Cl- (representing non-adsorbed inorganic anions) and L- (representing U-complexing organic ligands) in the soil solution and Ca2+ in the soil exchange complex. To avoid undue complexity we do not consider other ions, but we note that in some soils, uranyl phosphate and sulphate complexes are also important. The salt UO2Cl2 is added to the soil and allowed to equilibrate. We consider the reactions governing the equilibrium distribution of U species between the soil solid and solution as follows.
Complexation reactions in solution. Equilibrium speciation calculations using MINTEQ27 for typical soil solution compositions show the important U-containing species will be UO22+, UO2OH+, UO2CO3, Ca2UO2(CO3)3 , CaUO2(CO3)32- and UO2L+. The total concentration of U species in the soil solution is therefore:
	



where the K terms are the respective conditional equilibrium constants adjusted for activity coefficients and subscript L indicates the liquid phase. [CO32-]L is found from the pH and CO2 pressure. This leaves two unknowns in eq 1 ([UO22+]L and [Ca2+]L) so we require a second equation. We use, from the requirement for electrical neutrality in the soil solution:
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Fast sorption reactions. We use the generalized surface complexation model of Davis et al.8. This gives semi-empirical equations for reversible U sorption on soils in terms of the formation of bidentate complexes of UO22+ with hydroxyl groups on the soil solid:
	Soil–(OH)2 + UO22+ = Soil–O2UO2 + 2H+
	(3)


Hence we describe U sorption on fast-reacting sites with the mass-action equilibrium equation
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where [U]S1 = [Soil–O2UO2]S, [X]S1 = [Soil–(OH)2]S, Kf is a conditional equilibrium constant and [U]S1 + [X]S1 is constant:
	[U]S1 + [X]S1 = [S1]
	(5)


In Davis et al.’s model8, weak, strong and very strong sorption sites are distinguished. Here we consider only a single, composite sorption site.
For a given total U concentration in the soil, soil pH and CO2 pressure, we therefore have four unknowns: [U]L, [UO22+]L, [U]S1 and [X]S1. These are found with the following four equations: eq 4; eq 5; and from eq 1:
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where  is the term in the curly bracket in eq 1, which is function of pH and CO2 pressure; and from the mass balance of U in the whole soil:
	[U] = θ [U]L + ρ [U]S1 + ρ [U]S2 
	(7)


where θ is the soil volumetric moisture content, ρ is the soil bulk density and [U]S2 is the concentration of slowly-reacting U in the soil solid, as calculated in the next section.
Slow sorption reactions. It is generally found that there is a continuing slow equilibration reaction between U in surface complexes and that in more-slowly reacting forms in the soil solid28–31. We assume reversible first order kinetics for this equilibration, and obtain for the rate of the forward reaction 
	

	(8)


where [U]S1 and are [U]S2 the concentrations of fast- and slow-reacting U and k1 and k2 are forward and backward rate constants, respectively.

Continuity equations for uranium and acidity transport and reaction. Consider a cylindrical plant root of radius r = a surrounded by a cylindrical zone of influence in the soil of radius r = b. For a regular parallel array of roots of length per unit soil volume LV, the mean radius of the zone of influence is .
Uranium. The continuity equation for U transport and reaction in the soil is: 
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where [U] and [U]L are the concentrations of U species in the whole soil and soil solution, respectively, DLU is the diffusion coefficient of U species in free solution, f is a diffusion impedance factor for the soil and v is the water flux through soil into the root. Combining with eqs 7 and 8:
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The partial derivative is defined by eqs 4–7.
The boundary conditions for solving eq 10 are as follows. (1) The flux of U into the root at r = a is taken to be proportional to the total concentration of U species in the soil solution at r = a, i.e. FU = [U]L where FU is positive into the root and  is a root absorbing coefficient for U. In reality,  may vary in response to growth conditions and internal plant processes. Such effects are beyond our scope but could be allowed for in a complete model of plant U relations. (2) There is no transfer across the far-field boundary r = b. 
Soil acidity. Changes in pH in the region of a root are propagated away by diffusion of mobile acid-base pairs in the soil solution: acids move from regions of low pH to high pH and bases in the opposite direction. The two main acid-base pairs are H3O+–H2O and H2CO3–HCO3-; the concentrations of pairs containing U are small by comparison. A small portion of soil may gain acidity by access of H3O+:
	Soil–M + H3O+  =  Soil–H + M+ + 2H2O 
	(11)


or lose acidity by the arrival of HCO3- and formation of H2CO3, followed by removal of CO2 through the soil air:
	Soil–H + M+ + HCO3-   =  Soil–M + H2CO3
	(12)


where M+ represents an exchanging cation (Ca2+ in our simulations). Note that H+ exchange in these reactions is distinct from its production in the U sorption reactions (eq 3). Therefore, the continuity equation for changes in soil acidity is (after Nye25) 
		

	(13)



	(13)



where [HS] is the concentration of titratable acidity, as measured by the amount of strong base consumed per unit soil volume in increasing the soil solution to a standard pH; DLH and DLB are the diffusion coefficients of H+ (i.e. H3O+) and HCO3- in free solution; and R is the rate of H+ production in the U sorption reactions (i.e.  in the reactions in eq 3). 
It is convenient to make pH the working variable in eq 13. In most soils, changes in acidity are proportional to changes in pH over wide pH ranges. Hence
	

	(14)




where bHS is the soil pH buffer power. Combining eqs 13 and 14 and remembering and gives
	

	(15)




	Because CO2 diffuses rapidly through the soil air, its profile through the soil is uniform. Also, equilibration between CO2 in the soil air and dissolved CO2 in the soil solution is rapid compared with diffusion through the solution. Hence, where K1 is the apparent first dissociation constant of H2CO3, KS is the solubility of CO2 in water and isthe partial pressure of CO2.
The boundary conditions for solving eq 15 are (1) the flux of H+  across r = a (FHS; note, for consistency with eq 15, FHS is negative for H+ away from the root and positive for HCO3- away from the root), is constant; and (2) there is no transfer across r = b. 
Electrical neutrality. We assume that the concentration of balancing anions in the soil solution – in most soils these are mainly the non-adsorbed anions Cl‑ and NO3- 32 – is constant. The profile of exchangeable cations, represented by Ca2+, in the soil solution is then found by balancing ionic charges for electrical neutrality using eq 2. The mass balance of Ca2+ in the whole soil is then implicit in eqs 11 and 12 and the mass balance of soil acidity. This approach means the problem of defining the correct equations for Ca2+ diffusion with simultaneous cation exchange on the soil solid is avoided (cf 33). 
Diffusing ions are electrically coupled, such that slower ions tend to be speeded up by faster ones and vice versa. However the effects are small for ions whose concentrations are small compared with the total solution concentration34, as is the case for the U species, H+ and HCO3- in our system compared with Ca2+ and Cl-. Therefore we do not consider this further. 

Solution of the equations. In the model, eqs 10 and 15 are solved subject to the initial and boundary conditions using the Crank-Nicolson finite-difference method. Time and distance steps were chosen such that  and the mass balances of U and soil acidity across the root and soil are conserved to within 5%. Copies of the program, written in FORTRAN, are available from the corresponding author.
Model parameter values. Unless otherwise stated we made runs with the following standard parameter values, discussed below. The simulated time was 5 days, during which it is reasonable to set constant bulk soil conditions.

Root parameters. For a graminaceous root uninfluenced by its neighbours: a = 0.002 dm and b = 0.1 dm26. The root absorbing coefficient for U, , is set such that a is equal to the U diffusion coefficient in the soil solution:  = = 2.28 × 10-6 dm s-1. This is equivalent to influx into the root being limited by diffusion through transport channels in root membranes with a diffusion coefficient comparable to that in the solution in the soil pores. Values smaller than that imply active exclusion of U; larger values imply active uptake. The flux of H+ or HCO3- across the root, FHS = ± 3 × 10-10 mol dm-2 s-1, which is realistic for a plant growing well and absorbing its N as either NH4+ (FHS negative) or NO3- (FHS positive) 25. To avoid undue complexity, we use v = 0 (i.e. no convective movement of solutes around the root).

Basic soil parameters. Realistic values for a well-drained, fertile, arable or grassland soil are ρ = 1.3 kg dm-3 (soil), θ = 0.3, f = 0.2, [Cl-]L = 20 mM, [L-]L = 0.1 mM, pHinitial = 6.5, = 0.4 kPa and bHS = 0.01 mol dm-3 (soil) pH-1 26.



Complexation and fast U sorption reactions. Average U concentrations in uncontaminated soils worldwide are 1–11 mg U kg-1 35. We take for a moderately contaminated soil 250 mg U kg-1, i.e. [U] = 8 × 10-4 mol dm-3, as standard. For the sorption parameters, [S1] = 0.005 mol kg-1 (soil) and Kf = 1.26 × 10-6 mol dm-3 (solution) 8. Figures 1B and 1C show the dependence of speciation and sorption on soil pH and with these parameter values. The -dependent bell-shaped form of U sorbed vs pH plots is typical8,36,37. It is due to the combined effects of increasing UO22+ sorption as pH increases versus increasing complexation with CO32- in solution as pH increases above approx. 5.5, depending on . Complexation with organic ligands in solution also increases with pH above approx. 4.5 



Slow U sorption reactions. Measurements of U desorption from soils28 and sediments29–31 show that after an initial rapid release lasting a matter of hours there is often a continuing slow release which may last for months. The half-time for the slow desorption reaction is(from the integral of eq 8 at constant [U]S1). Thus for  1.6 d, k2 = 5 × 10-6 s-1 17. At equilibrium, k1[U]S1 = k2[U]S2 (from eq 8 with ), i.e. k1/k2 = [U]S2/[U]S1. So if [U]S2/[U]S1 =1, which is realistic, k1 = 5 × 10-6 s-1.

With these standard parameter values the calculated influxes of U per unit root surface, FU, are 3 and 5 × 10-11 mol dm-2 s-1 for H+ and HCO3- efflux, respectively (Figure 2). Corresponding uptakes per unit root fresh weight (=in time t, assuming unit root specific density) are 3 and 5 mg U g-1. Such concentrations are typical of experiments in which plants are grown for a few days in nutrient culture at moderate U concentrations (e.g.15,17,38,39), so our parameter set is realistic.
RESULTS AND DISCUSSION
Figures 2 and 3 show the sensitivity of predicted U uptake, soil U depletion and soil pH to 100-fold changes in the important soil (Figure 2) and root (Figure 3) parameters for a root exporting either H+ or HCO3-, and Figure 4 shows the corresponding concentration-distance profiles around the root. The following effects are shown.
Effects of soil parameters. 
Initial pH. Figure 2 show U uptake is strongly affected by the initial soil pH in the range initial pH 5.5–7.5 (i.e. 10-fold increase or decrease in [H+]L). Uptake changes non-monotonically with the initial pH, and has a minimum at pH = 6–6.5. This is the pH range in which U sorption is maximal (Figure 1B) and so a smaller proportion of total U is in the soil solution and available for root uptake. There are corresponding changes in soil U depletion at the root surface and away from it (Figure 4). 

pH buffer power. The effect of increasing bHS is to lessen the pH change at the root surface and its spread into the soil (not shown). However these effects are smaller than those of the initial pH and, and the resulting changes in U uptake (Figure 2) and depletion are small (Figure 4). For a constant flux of acidity across the root (i.e. FHS constant, as in our simulations), the mean pH change in the soil in a given time decreases as bHS increases. Also, the effective soil acidity diffusion coefficient, 
	

	(16)


(see eq 15), is inversely proportional to it, so the spread of the pH change away from the root decreases as bHS increases. 





CO2 pressure. Uranium uptake (Figure 2) and depletion (Figure 4) increase sharply as  increases in the range shown. This is because U sorption decreases with as the concentration of non-adsorbed uranyl-carbonate complexes in the soil solution increases, and so the flux of U towards the absorbing root increases. There is a further effect of on the soil pH change. The effective soil acidity diffusion coefficient increases with as [HCO3-]L increases (eq 16), therefore the spread of the pH change away from the root increases (Figure 4). So for H+ export from the root, the pH at the root surface increases with increasing, whereas with HCO3- export, it decreases. There are corresponding effects on U sorption and therefore U uptake and soil U depletion.



	The range of values tested (0.04–4 kPa) is appropriate for non-submerged soils. The CO2 pressure in the soil air is generally at least an order of magnitude above atmosphericbecause, on the scale of a soil pedon – as opposed to the rhizosphere – the escape of CO2 formed in root and soil respiration is limited by rates of diffusion through the soil air spaces. The main factors influencingare therefore the soil moisture status, the soil organic C content, and root and microbial activities. 
Organic ligands. Dissolved organic anions in the soil solution have a strong affinity for the UO22+ cation (Figure 1B) and they therefore strongly affect U sorption and mobility. Figure 2 shows that U uptake by the root is correspondingly sensitive to [L-]. 
Note we did not include the LH–L- acid-base pair in our treatment of soil acidity movement because its concentration will in general be far smaller than those of the H3O+–H2O, H2CO3–HCO3- pairs. Therefore [L-] does not influence the soil pH profile. Also, in reality, the concentration of organic anions in the rhizosphere is likely to be greater than in the bulk soil because of deposition of organic substrates from the root; that is, soluble exudates, insoluble secretions and detrital root material. The resulting gradient of [L-] across the rhizosphere will depend on the flux from root versus diffusion away with simultaneous sorption on the soil solid and decomposition by microbes. This could be allowed for in the model. But we considered the additional complexity unjustified. Concentrations of dissolved, metal-chelating organic ligands in the rhizosphere of the order of 1–100 μM are realistic40,41.
Sorption parameters. Plant uptake strongly decrease as the extent of U sorption increases and there is a near linear decrease in uptake and soil U depletion with increase in the U sorption parameter [S1] over the 100-fold range of [S1] shown in Figure 2. The smaller [S1], the greater is the proportion of total U in the soil solution, and hence the greater is root uptake and soil depletion. 
The effect of U sorption on the local pH is negligible (Figure 2). This is because the rate of H+ production in the U sorption reactions (R in eq 15) is far smaller than addition or removal of acidity across the roots, and therefore bHS|ΔpH| >> 2ρ|Δ[U]S1|. Sorption starts influencing the local pH if bHS is 103 × smaller than the standard value (Supporting Information 1). 


Slow desorption. As k2 decreases for a given k1, slow desorption contributes increasingly little to uptake. A hundred-fold decrease in k2 from the standard value (i.e. increasing from 1.6 d to 160 d) resulted in up to a 50% decrease in uptake (Supporting Information 2). Note the importance of slow desorption also depends on [U]S1/[U]L (eq 8), and so is sensitive to soil pH and , and their interactions. Experiments on U desorption from minerals pre-loaded with U show reactions are complete within minutes to hours, indicating kinetics limited by surface chemical reactions42–44. Whereas slower desorption kinetics are found for soils28 and sediments29–31,43 with half-times of a few to tens of days. Slow diffusive access to or from concealed sorption sites, e.g. in dead-end pores or between clay lamellae, can explain such kinetics45. Such reactions may be important on the time-scale of root uptake, and require further investigation. 

Soil moisture content. Rates of diffusion increase with soil moisture content, θ, both because the cross-sectional area for diffusion increases with θ and the tortuosity of the diffusion pathway – represented by the inverse of the impedance factor, f – decreases. Hence U uptake increases with θf. (Figure 2). Note the direct effect of θf on U uptake is modified by its effect on the propagation of the pH change through the soil (Figure 2) as that affects U sorption. Note also the effect of θf on  discussed above (not allowed for in the model). Hence the pH change is dispersed through the soil faster as θf increases, diminishing its effect on U sorption and uptake. 
Effects of root parameters. 

Root radius. A 10-fold decrease in the root radius, a, produces approximately a 1.5-fold increase in U uptake per unit root surface (Figure 3). Uptake per unit root fresh weight = for unit root density. Therefore, a 1.5 fold increase in uptake per unit surface with a 10-fold decrease in radius implies a 30-fold increase in uptake per unit root fresh weight. 
	While we have not modelled mycorrhizal effects directly, the large effect of root radius on uptake per unit fresh weight shown here indicates the potential efficiency of fine mycorrhizal hyphae in absorbing U. A rule of thumb is that each doubling of root surface due to root hairs or mycorrhizal hyphae translates into a doubling of the flux of solutes into a root system46.
	Root absorbing coefficient for U. The root absorbing coefficient, , determines the influx into the root for a given concentration in the soil solution at the root surface. As influx increases, U depletion increases, so the effect of increasing  is limited. Values larger than the standard had little effect on influx, but a 10-fold smaller value gave 3-fold smaller influx (Figure 3). Our boundary condition for U uptake treats all U species in solution as being equally well absorbed into the root. The evidence for uptake of different species is not definite, but it appears roots will absorb U as uranyl carbonate complexes as well as UO22+ 15–17.
Acid-base flux. Export of HCO3- causes increased U uptake and depletion (Figures 3, 4) because the pH near the root increases making U more soluble, so that uptake increases. Note that this effect depends on the pH in the soil bulk relative to the pH at which the soil acidity diffusion coefficient is minimal (eq 16). In the case of H+ flux, the U flux has a minimum at or near the standard pH (6.5), and increases far from it. This is because of increased sorption at pH = 6–6.5. 
[bookmark: _GoBack]Corroboration. A rigorous test of the model would require measurements of U uptake rates by plants growing in soil with independent measurements of all the model parameters. We do not have such measurements. However partial corroboration is provided by the data of Duquène et al.47 who measured U uptake by ryegrass in 38 soils with a wide range of properties governing U availability (mineralogy, pH, soil organic matter content), and found a log-log relationship between uptake – as gauged by plant U concentration – and the sum of U species in the soil solution ([U]L) measured in the unplanted soils. We found a corresponding correlation between FU and the initial value of [U]L using the data from our sensitivity analyses (Supporting Information 3). Given the wide range of soil conditions covered by Duquène et al.’s data, this is good evidence that the model correctly accounts for the important processes and variables.




Implications. The sensitivity of the model to most of its input parameters over realistic ranges indicates a model at least as complicated as this is needed to account for uptake mechanistically. Both root and soil input parameters are important. Uptake per unit root mass is sensitive to root radius, indicating root hairs and fine mycorrhizal hyphae are likely to be strong sinks for U. The sensitivity to root-induced pH changes indicates the importance of the form of N taken up by the root: for slightly acid or neutral pH soils, fast-growing plants absorbing their N as nitrate are expected to solubilise U in the rhizosphere and hence increase their root uptake. Of the soil parameters, uptake is sensitive to both and θ individually, so, since is sensitive to θ, the effect of soil moisture content on uptake is reinforced. The effects of U sorption and its kinetics are complicated and influenced by pH and. It is important to allow for pH andeffects on sorption to predict how root-induced changes in the soil will affect U uptake.
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Table 1. Nomenclature.
	Symbol
	Meaning
	Units

	a
	radius of root 
	dm

	b
	radius of cylinder of influence of root 
	dm

	bHS
	soil pH buffer power, equal to –d[HS]/dpH
	mol dm-3 (soil) pH-1

	DL
	diffusion coefficient in free solution, subscripted U for UO22+, H for H3O+, B for HCO3-
	dm2 s-1

	FHS
	flux of acidity
	mol dm-2 s-1

	FU
	flux of U species
	mol dm-2 s-1

	f
	diffusion impedance factor
	

	[HS]
	concentration of titratable acidity in the soil 
	mol dm-3 (soil) 

	[ion]L
	concentration of ion in the soil solution where ion = U species, Ca2+, L-, LH, H3O+, HCO3-, Cl-
	mol dm-3 (solution)

	Kf
	equilibrium constant for fast U sorption (eq 4)
	

	KS
	solubility of CO2 in water
	mol dm-3 (solution) kPa-1

	K1
	apparent first dissociation constant of H2CO3
	mol dm-3 (solution)

	

	CO2 pressure in soil air
	kPa

	R
	rate of H+ production in the U sorption reactions
	mol dm-3 (soil) s-1

	r
	radial distance
	dm

	[S1]
	concentration of fast-reacting U sorption sites in the soil solid
	mol kg-1 (solid)

	t
	Time
	s

	[U]
	concentration of U in the whole soil
	mol dm-3 (soil)

	[U]L
	concentration of all U species in the soil solution
	mol dm-3 (solution)

	[U]S1
	concentration of fast-reacting U in the soil solid
	mol kg-1 (solid)

	[U]S2
	concentration of slow-reacting U in the soil solid
	mol kg-1 (solid)

	v
	flux of water into root
	dm s-1

	
	root absorbing coefficient for U
	dm s-1

	θ
	volume fraction of soil water
	dm3 (solution) dm-3 (soil)

	ρ
	soil bulk density
	kg dm-3 (soil)



Figure legends
Figure 1. A. Processes in the root environment affecting U uptake. The processes indicated are:
1. the balance between intake by the root of nutrient cations (particularly ammonium, NH4+) over anions (particularly nitrate, NO3-) and associated release of H+ or HCO3-;
2. release of organic substrates, represented as CH2O, from the roots and their consumption in microbial respiration forming CO2, and associated carbonate equilibria;
3. release of metal-chelating ligands from the root;
4. uptake of UO22+ by the root and accompanying desorption reactions in the soil solid;
5. complexation of UO22+ with carbonate and other inorganic ligands, increasing the total concentration of U in solution and hence increasing root uptake;
6. complexation of UO22+ with organic ligands, also increasing the total concentration of U in solution and uptake.
Note the protons (H+ ions) consumed or produced in these reactions will be buffered by proton-donating or -accepting groups in the soil solid.

B. Concentrations of indicated U species in the soil solution ([U]Li) as a fraction of all U in the solution ([U]L) as affected by pH with= 0.4 kPa. 


C. Concentration of U sorbed on the soil solid ([U]S) as a fraction of U in the whole soil ([U]) as affected by pH and ; numbers on curves are values of(kPa).

Figure 2. Sensitivity of the model to soil input parameters. A. H+ export from the root, as for a plant absorbing its N as NH4+; B. HCO3- export, as for a plant absorbing its N as NO3- (FHS = ± 3 × 10-10 mol dm-2 s-1). Each of the indicated parameters is varied in turn with the other variables at their standard values. [S1] = concentration of fast-reacting U sorption sites in the soil solid; = CO2 pressure in the soil air; [H+] = initial H+ concentration in the soil solution; bHS = soil pH buffer power; [L] = organic ligand concentration in the soil solution; θf = soil moisture content × impedance factor. 
Figure 3. Sensitivity of the model to root input parameters. A. H+ export from the root; B. HCO3- export (FHS = ± 3 × 10-10 mol dm-2 s-1). Each of the indicated parameters is varied in turn with the other variables at their standard values. FHS = flux of H+ of HCO3- from the root; a = root radius;  = root absorbing coefficient. 

Figure 4. Concentration-distance profiles around a root as affected by initial soil pH and (--- standard value, — standard value × 0.1, --- standard value × 10). A. H+ export from the root; B. HCO3- export (FHS = ± 3 × 10-10 mol dm-2 s-1). Other parameters values as standard.
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Figure 2. Sensitivity of the model to soil input parameters. A. H+ export from the root, as for a plant absorbing its N as NH4+; B. HCO3- export, as for a plant absorbing its N as NO3- (FHS = ± 3 × 10-10 mol dm-2 s-1). Each of the indicated parameters is varied in turn with the other variables at their standard values. [S1] = concentration of fast-reacting U sorption sites in the soil solid; = CO2 pressure in the soil air; [H+] = initial H+ concentration in the soil solution; bHS = soil pH buffer power; [L] = organic ligand concentration in the soil solution; θf = soil moisture content × impedance factor.
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Figure 3. Sensitivity of the model to root input parameters. A. H+ export from the root; B. HCO3- export (FHS = ± 3 × 10-10 mol dm-2 s-1). Each of the indicated parameters is varied in turn with the other variables at their standard values. FHS = flux of H+ of HCO3- from the root; a = root radius;  = root absorbing coefficient.
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Figure 4. Concentration-distance profiles around a root as affected by initial soil pH and (--- standard value, — standard value × 0.1, --- standard value × 10). A. H+ export from the root; B. HCO3- export (FHS = ± 3 × 10-10 mol dm-2 s-1). Other parameters values as standard. 
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