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The mobility of two emerging contaminants, gallium and indium, in the soil – 

plant system 

 

by 

Hayley Jensen 

 

Gallium (Ga) and indium (In) are non-essential trace elements present at low concentrations in 

Earth’s crust. They have a variety of applications, particularly in portable electronic devices such as 

mobile phones and portable computers. With increasing technological dependence, the risk of soil 

contamination is rising, through mining, extraction, and product disposal. Entry to the food chain 

could be detrimental to the health of humans and ecosystems. Relatively little is understood 

regarding behaviour in the environment, but both elements are believed to readily hydrolyse and 

precipitate in soil, with root retention further restricting movement into plant shoot biomass. This 

study aimed to determine the mobility of Ga and In in the soil-plant system.  

Batch sorption experiments were completed to quantify the degree of retention to the soil matrix. 

Perennial ryegrass (Lolium perenne L.) was grown in spiked soil to measure the capacity for uptake 

and translocation to above-ground biomass. Hydrolysis models were produced with a numerical 

equilibrium speciation model to estimate the predominant species in solution, providing an aid to 

understand of the processes occurring.  

Gallium and In were strongly retained by the soil matrix; distribution coefficients (Kd; measure of 

partitioning between solid and aqueous phases) averaged over a range of concentrations were 

approximately 400 and 2000 respectively. Mobility increased with pH (from pH 5.54-7.14, Ga Kd 

decreased 689-265 and In 1266-458), decreased with time, and relative mobility decreased with the 

concentration of Ga and In entering the system (Ga Kd increased 88-392 when application rose from 

1-30 mg L-1, though solution concentrations increased from 0.06-1.33 mg L-1). Ga/In(OH)3 

precipitation is believed to largely contribute to the sorbed fraction, and increased dominance of the 

anion (Ga(OH)4
-) is likely responsible for higher Ga mobility.  
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Low concentrations of both elements were present in shoot biomass; Ga reached 11.57 mg kg-1, with 

In plateauing at 0.015 mg kg-1 in the highest two treatments. Relatively little of the total mass applied 

to soil was harvested, peaking at 0.013% Ga and 0.0021% In. Even when the fraction retained to the 

soil matrix was estimated, there was little movement from solution to shoots, hypothesised to be 

attributed to sorption to outer root cells.   

Data showed that mobility of both elements were low, thus there is little risk of Ga and In 

contaminants entering the food chain via physiological uptake, though entry via other pathways such 

as atmospheric deposition (of aerosols, onto ingested foliage) cannot be ruled out. Strong retention 

in the upper soil profile is predicted. Future research is required to verify if these findings are 

applicable across a range of environmental conditions, along with the effect of other contaminants 

on soil mobility and plant uptake.  

Keywords: gallium, indium, soil, mobility, retention, sorption, hydrolysis, precipitation, distribution 

coefficient, partitioning, bioavailability, plant uptake, contamination.  
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Chapter 1 

Introduction 

Gallium (Ga) and indium (In) are metallic trace elements. They have the atomic numbers 31 and 49 

respectively, are present in group 13 of the periodic table, and predominantly form trivalent cations 

in solutions and complexes. There is no evidence that either element is essential for the completion 

of plant or animal life-cycles (Kabata-Pendias & Mukherjee, 2007; Ladenberger et al., 2015; 

Połedniok et al., 2012).   

Gallium and In are present at low concentrations in Earth’s crust, though elevated in sulphide 

deposits and Al-rich lithology. Crustal concentrations average at 15-19 mg kg-1 Ga, and 0.05-0.072   

mg kg-1 In (Kabata-Pendias & Mukherjee, 2007; Lokanc et al., 2015). Both elements are chalcophilic 

(strongly lithologically associated with S and other chalcophiles (Reeder et al., n.d.)) and rarely form 

their own minerals, but readily substitute for elements of similar ionic radii with hydrothermal 

enrichment in sulphide mineral deposits (Wood & Samson, 2006). Indium is frequently found with 

Zn, Fe, Cu, Pb and Sn, with elevated concentrations in sphalerite (ZnS; 5-100, ≤10,000    mg kg-1), 

chalcopyrite (CuFeS2; 10-50, ≤1500 mg kg-1) and stannite ores (Cu2FeSnS4; 5-500, ≤1500 mg kg-1) 

(Schwarz-Schampera, 2014; Tolcin, 2017; Weeks, 1973; White & Hemond, 2012). Gallium is also 

frequently enriched in sphalerite (40-50, ≤10,000 mg kg-1) with similar chalcophiles (Zn, Fe, Cu), but 

due to close similarities in ionic radii Al is the greatest determinant of Ga distribution (trivalent radii 

are 0.535Å and 0.620Å respectively (Shannon, 1976)). Gallium readily substitutes into aluminosilicate 

minerals, such as amphiboles, feldspars and micas, and bauxite is its greatest industrial source (10-

812, average 57 mg kg-1) (Butcher & Brown, 2014; Salminen, n.d.; Schulte & Foley, 2013; Weeks, 

1973). Concentrations are low compared to Al and Fe (79,600 and 43,200 mg kg-1), but Ga is of 

similar scale to associated trace elements (65 mg kg-1 Zn, 25 mg kg-1 Cu, 14.8 mg kg-1 Pb and 2.3 mg 

kg-1 Sn in the continental crust (Wedepohl, 1995)). Abundance is uneconomically low, thus Ga and In 

are extracted as by-products of other mining operations: In from Zn extraction (>95%) (Schwarz-

Schampera, 2014; Tolcin, 2017), and Ga from Al extraction (~90%) (Rongguo et al., 2016; Schulte & 

Foley, 2013).   

Gallium and In are used extensively in a variety of applications, predominantly industrial and 

electronic. Indium is predominantly utilized as the alloy indium-tin oxide (ITO); a highly transparent, 

heat reflective and electronically conductive compound used as thin-film coatings. ITO is present on 

liquid crystal displays (LCDs) (in televisions, portable computers and watches), plasma displays and 

touch screens. Indium is also used in semiconductors for photovoltaics/solar cells, light-emitting 
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diodes (LEDs) and laser diodes (LDs), along with frequent use in solders and fusible alloys for 

industrial processing (Cobelo-García et al., 2015; Ladenberger et al., 2015; Schwarz-Schampera, 2014; 

Waterlot et al., 2013). Gallium arsenide (GaAs) semiconductors are used extensively in wireless 

communications (e.g. mobile phones, GPS, wireless LAN) and optoelectronic applications (LEDs, LDs 

and infrared emitting diodes (IREDs) used in touch screens, night vision devices and solar cells). 

Gallium nitride (GaN) is frequently used in optoelectronic LEDs for televisions, portable electronic 

devices and lighting (Butcher & Brown, 2014; Maneesuwannarat et al., 2016a). Gallium nitrate and 

maltolate have the potential for pharmaceutical use (Babula et al., 2008; Bernstein, 2005). Many of 

these products are used on a daily basis in first-world countries.  

Usage of Ga and In is increasing, which increases the risk of environmental contamination through 

extraction and product disposal. Technological advances and societal structure evolution has led to 

increased use and dependence on the electronic devices which utilize these elements. Global laptop 

and tablet shipments increased from 220 million units in 2010 to 404.38 in 2014 (Statista, 2017). 

Gallium arsenide consumption increased 6% in 2015, attributed to smartphone production (Jaskula, 

2016), and primary Ga extraction also rose, from 78 to 280 tonnes in 2009-2013 (Bhavan, 2016). 

Consumption of primary In in the US increased from 30 to 120 tonnes 1991-2011 (Hines et al., 2013), 

and is expected to continue due to production of ITO-containing flat panel displays and solar cells 

(Ladenberger et al., 2015). Extraction (via mining and ore processing) is frequently responsible for 

elevated concentrations of Ga and In in the surrounding soil, water and air. Ha et al. (2011) recorded 

3.3-96.7 mg kg-1 In in the soil at various sites surrounding a Zn-Pb sulphide mine (versus 0.85 mg kg-1 

in a nearby uncontaminated site), from direct deposition of tailings to the surrounding land. 

Połedniok et al. (2012) observed elevated concentrations of Ga in soils surrounding Zn and Pb 

processing plants, with 437 & 382 mg kg-1 Ga versus 41.7, 109 and 218 mg kg-1 in agricultural areas. 

Ga and In have relatively low economic value ($400 and $240-340 kg-1 in 2016, versus $19773 kg-1 Pd 

and $40831 kg-1 Au (USGS, 2017)), and the mass in many products is small with a high cost of 

recycling. A mobile phone (105 g, 8% mass printed circuit board) may contain just 1.176 mg Ga, 

worth 0.047 cents (GSMArena, 2010; Luda, 2011; Oguchi et al., 2011; USGS, 2017). Thus many 

products are deposited into landfills from where they have the potential to leach into soil and water 

(Maneesuwannarat et al., 2016b). Associated compression and damage to casings increases the 

likelihood of liberation of the heavy metal constituents (Robinson, 2009). Steinberger (1998) 

calculated that damaged biospherically-exposed thin-film modules had the potential to increase soil 

In concentrations by 20 g kg-1.  

Gallium and In contamination has the potential to have adverse effects on plant and animal health if 

these elements are able to enter the food chain. One of the most likely pathways for the entry of Ga 

and In to animals is oral ingestion of plant material, via physiological uptake from soil. Little 
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investigation has been conducted regarding the safety of these elements, thus there are no known 

food or drinking water limits (ESPI Metals, 2015; ESPI Metals, 2016). Although assumed to have low 

oral animal toxicity (Kabata-Pendias & Mukherjee, 2007; Salminen, n.d.b), a few cases of severe 

toxicity have been documented. Ivanoff et al. (2012) reported that entry of Ga-halide complexes 

produced various symptoms, including increased heart rate, tremors and black-outs in a healthy 

young female. Reductions to plant growth have also been observed; Yu et al. (2015) measured a 65% 

reduction in the relative growth rate of rice seedlings exposed to 15.42 mg L-1 Ga. However, for Ga 

and In to enter the plant system they must be bioavailable (capable of uptake in physiologically 

active forms (Hooda, 2010)). Solubility is a prerequisite of bioavailability, with the concentration of 

soluble forms determined by the degree of which Ga and In are removed from solution via 

precipitation or adsorption to the soil matrix.    

Despite relatively little research into the behaviour of Ga and In in the soil - plant system, a few key 

processes have been identified. Gallium is naturally present at 3-70 mg kg-1 across a range of soil 

types, and In at 0.01-0.5 mg kg-1 (Kabata-Pendias & Mukherjee, 2007). In aqueous systems, both 

elements are acidic and undergo pH-dependant hydrolysis to the mononuclear species Ga/In(OH)2+, 

Ga/In(OH)2
+, Ga/In(OH)3

0 and Ga/In(OH)4
- (Bernstein, 1998). Ga/In(OH)3 is poorly soluble (Ksp of       

1.3 x 10-34 and 10-36.9 reported for the In analogue (White & Hemond, 2012)) and readily precipitates, 

thus little Ga and In are present in the soil solution. Both elements are assumed to be capable of 

adsorbing to the soil matrix, analogous to other trace elements (Hooda, 2010). Distribution 

coefficients (measure of the fraction in the solid relative to aqueous phase) of 210 to 200,000 Ga, 

and 180 to 11,000 In have been calculated (Sheppard et al., 2007). Reported above-ground plant 

biomass concentrations range from below detection limit (Eriksson, 2001), to 6.6 mg kg-1 Ga (Dursun 

et al., 2006) and 3.89 mg kg-1 In (Ha et al., 2011). Both elements are strongly bound by pectin in the 

walls of outer root cells, restricting entry to the inner root and xylem, thus limiting translocation to 

shoot biomass (Eticha et al., 2005; Horst et al., 2010; Kopittke et al., 2009; Mauseth, 2014). Syu et al. 

(2017) calculated <0.47 shoot:root Ga and In concentrations in rice seedlings. Excessive availability 

have been shown to cause rhizotoxicity (0.90 M Ga and 0.72 M In in solution reduced cowpea root 

elongation rates by 50%, in a study by Kopittke et al. (2009)), with suggestion of amelioration via 

organic acid exudation (Chang et al., 2017). Gallium is capable of inducing Fe deficiencies, by 

substitution of Ga3+ for Fe3+ in Fe acquisition compounds (Babula et al., 2008). 

However, the capacity for Ga and In soil contaminants to enter harvestable plant biomass remains 

relatively unknown. Some studies (Sheppard et al. (2007), Tyler & Olsson (2001) and Watmough 

(2008)) have quantified soil matrix retention, but in natural systems instead of contaminated, 

without an understanding on the effect of pH or concentration on the degree of retention. There is 

little translation of how chemical properties (e.g. tendency to hydrolyse) affect the physical and 
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chemical processes in soil. The capacity for Ga and In plant uptake across a range of concentrations 

or in agricultural species has been poorly documented (Syu et al. (2017), Yu et al. (2015), Eriksson 

(2001), Waterlot et al. (2013) are examples of the first and latter two respectively), with no research 

combining the two factors in a system where soil dynamics also influence plant uptake, to analyse 

the entire system. A quantification and understanding of Ga and In mobility is essential to evaluate if 

there is the potential for these elements to enter plant biomass at concentrations high enough to 

potentially pose risk to the health of humans and ecosystems, thus warranting further investigation, 

or whether contamination will lead to accumulation in the soil profile.   

When aqueous forms are added to soil, it is hypothesised that Ga and In will be quickly retained by 

the soil matrix. Plant uptake and translocation to shoot biomass will be extremely low, with little risk 

of these elements leaving the system.   

The aim of this study is to determine the mobility of Ga and In in the soil – plant system using 

experimentation and modelling. Batch sorption experiments were completed to investigate the 

capacity for retention to the soil matrix. Perennial ryegrass (Lolium perenne L.) was grown to 

measure the capacity for movement into shoot biomass. Data were extracted from a numerical 

equilibrium speciation model to aid interpretation of behaviour in the system.    

 



 5 

Chapter 2 

Background information 

2.1 Forms and partitioning of gallium and indium in soil 

2.1.1 Chemical properties 

Gallium forms the two stable isotopes 69Ga (60.4%) and 71Ga (39.6%) and various radioactive isotopes 

(such as 66Ga, 70Ga and 73Ga), with In as stable 113In (approximately 4%) and extremely slowly 

decaying 115In (96%, 4.41x1014 year half-life) (Audi et al., 2003; Salminen, n.d.; Salminen, n.d.b.).  

Much of the behaviour of these elements is attributed to properties such as their ionic radii and 

electron configurations, thus are presented in Table 2.1. 

Similarities to elements within the lower two sections is explanatory of geological associations. Ionic 

radius is particularly important, as the difference between elements must be ≤15% to enable the 

capacity for isomorphous substitution in mineral lattices (ions are only capable of replacing those of 

similar size, due to the tight network of atoms and bonds within the structure) (Ryan, 2014).      

Table 2.1 Chemical properties of Ga, In and associated elements. 

Element Oxidation 
states 
(main 
state)a 

Atomic 
massb 

Ionic 
radius 
(Å)c 

Ionic 
potential 
(z/r)f 

Electro-
negativityb 

Ionization 
energy 
(eV) (1st 
electron)d 

Electron 
configuration 

Electron 
configuration 
(ion)e 

Gallium 
(Ga) 

+3, +1, +2 69.723 Ga3+ 
0.620 

4.84 1.81 5.9993 [Ar] 3d10 4s2 
4p1 

[Ar] 3d10 

Indium  
(In) 

+3, +1, +2 114.818 In3+ 
0.800 

3.75 1.78 5.7864 [Ar] 3d10 4s2 
4p6 4d10 5s2 
5p1 

[Ar] 3d10 4s2 
4p6 4d10 

Similarities in geological distribution, soil and physiological behaviour 

Aluminium 
(Al) 

+3 26.982 Al3+ 
0.535 

5.61 1.61 5.9858 1s2 2s2 2p6 
3s2 3p1 

1s2 2s2 2p6 

Iron  
(Fe) 

+3, +2, 
+4, +6 

55.847 Fe2+ 
0.78 

2.56 1.83 7.9025 [Ar] 4s2 3d6 [Ar] 3d6 

Fe3+ 
0.645 

4.65 [Ar] 3d5 

Similarities in geological distribution 

Zinc  
(Zn) 

+2 65.39 Zn2+ 
0.740 

2.70 1.65 9.3942 [Ar] 3d10 4s2 [Ar] 3d10 

Copper 
(Cu) 

+2, +1 63.546 Cu2+ 
0.73 

2.74 1.9 7.7264 [Ar] 4s1 3d10 [Ar] 3d9 

Cu+ 
0.77 

0.77 [Ar] 3d10 

Lead  
(Pb) 

+2, +4 207.2 Pb2+ 
0.86 

2.33 2.33 7.4167 [Ar] 3d10 4s2 
4p6 4d10 4f14 
5s2 5p2 5d10 
6s2 6p2  

[Ar] 3d10 4s2 
4p6 4d10 4f14 
5s2 5p2 5d10 
6s2 

Tin  
(Sn) 

+4, +2 118.71 Sn4+ 

0.690 
5.80 1.96 7.3439 [Ar] 3d10 4s2 

4p6 4d10 5s2 
5p2 

[Ar] 3d10 4s2 
4p6 4d10 
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aKabata-Pendias & Mukherjee (2007), ‘main state’ refers to the oxidation state most common in the environment (thus 
extremely stable in many forms); bBarbalace (2007); cEffective ionic radius for high spin (where applicable) atoms with VI 
coordination number (octahedral complex), Shannon (1976), documented for the most and extremely common oxidation 
states; dMartin et al. (2013); eFor the main/common oxidation states; fCalculated from (main-or-common oxidation 
state/respective ionic radius). 

2.1.2 Forms of gallium and indium in soil 

2.1.2.1 Aqueous speciation  

The aqueous chemistry of Ga and In is dominated by hydrolysis of poorly-soluble oxides/hydroxides. 

Gallium and In have the highest stability in the +3 oxidation state in aqueous solutions (Table 2.1), 

and form octahedral hydrated cations. Ga3+ and In3+ are acidic, and donate protons to form 

Ga/In(OH)2+, Ga/In(OH)2
+, Ga/In(OH)3

0 and Ga/In(OH)4
- (stoichiometric hydrolysis is shown in 

Equation 2.1). Ga/In(OH)3
0 is poorly soluble, therefore most precipitates to amorphous 

Ga/In(OH)3(am), which ages to higher crystallinity GaO(OH)(c) and the In analogue. High 

temperatures and/or pressure in hydrothermal, geomorphic and industrial environments enable 

transformation to -GaOOH, -Ga2O3 and various other minerals (Pokrovski et al., 1997). Solubility 

product constants (Ksp) within literature are not consistent, decreasing with time and increasing with 

temperature. Modelling at 25oC, pH 2-10, in pure water has estimated that 10-9.3-10-2 M 

GaO(OH)(c)/-GaOOH is capable of dissolution, and 10-7.3-10-1 M In(OH)3(c) with Ksp in the range of 

1.6-40-1.3-34 reported (Bernstein, 1998; Wood & Samson, 2006). Gallium and In precipitates are 

amphoteric, capable of accepting and donating protons. Ga/In(OH)4
- is tetrahedral, but the other 

mononuclear ions are octahedrally coordinated. Various polynuclear species (such as 

[GaO4Ga12(OH)24(H2O)12]7+ and In4(OH)6
6+) are also present, but less of their chemistry is understood 

due to measurement difficulties (Pokrovski et al., 2002; Wood & Samson, 2006). With the exception 

of various crystalline compounds, forms of Ga, In and Al are analogous (Greenwood & Earnshaw, 

1984).  

Ga(H2O)6
3+ + H2O ↔ Ga(H2O)5(OH)2+ + H3O+ 

Ga(H2O)5(OH)2+ + H2O ↔ Ga(H2O)4(OH)2
+ + H3O+ 

Ga(H2O)4(OH)2
+ + H2O ↔ Ga(H2O)3(OH)3

0 + H3O+ 
Ga(H2O)3(OH)3

0 + H2O ↔ Ga(H2O)2(OH)4
- + H3O+ 

Equation 2.1 Acidic hydrolysis equations for Ga (Bernstein, 1998). 

pH is determinant of the aqueous forms present, thus has a strong influence on the solubility of Ga 

and In. Within an aqueous system at 25oC, the dominant Ga species are Ga3+ at pH <3, Ga(OH)2+ at 

approximately 3-4, and Ga(OH)4
- >5-6. In3+ dominates at pH <4, In(OH)3 at 5-9, and In(OH)4

- at >9.5 

(Figure 2.1) (Bénézeth et al., 1997; Diakonov et al., 1997; Kabata-Pendias & Pendias, 2001; Wood & 

Samson, 2006). The lesser-charged cations have a lower frequency and stability, partially due to the 

high dielectric constant of water (Bénézeth et al., 1997). Solubility is lowest when formation of 

Ga(OH)3 and In(OH)3 and thus precipitation peaks. Bernstein (1998) reported a minimum total Ga 
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solubility of 10-7.2M at pH 5.2, and Wood & Samson (2006) 10-9.3M at pH 4.3, in pure water at 25oC. 

10-7.3 was the lowest for In, spanning across pH 4.5-9, reflective of the dominance of In(OH)3 (Wood & 

Samson, 2006).      

The ability to hydrolyse, and differences between Ga, In and Al, is attributed to their ionic potential 

and strength of the effective nuclear charge. Hydrolysis occurs when the - O atom in a surrounding 

water molecule is highly electrostatically attracted to the metal cation, decreasing the Me-O bond 

length, repelling the + H atom and reducing the quantity of energy required to break the bond 

(Barysz et al., 2004). These 3 elements have high oxidation states and relatively small ionic radii, 

allowing them to readily hydrolyse, however Ga is more acidic than Al and In (pKa values of 2.6, 5.0 & 

3.9 respectively (Grzybkowski, 2006)). Gallium has a higher effective nuclear charge than Al (Ga3+ 

contains a d10 orbital which provides lesser shielding than the s and p orbitals in Al3+ (Greenwood & 

Earnshaw, 1984)) and smaller ionic radius than In (0.620 versus 0.800Å (Table 2.1)), which causes the 

nucleus to be more polarizing. Therefore, a larger fraction Ga is hydrolysed to the anionic form within 

particular pH range. This is responsible for differences in species and soil partitioning, restricting the 

use of Al as an analogue to explain behaviour. 

Ga(OH)4
- is expected to be the dominant species in the soil solution, with In predominantly as 

In(OH)2
+ and In(OH)3

0. Most soils are pH 4-8 (Hooda, 2010), with 5.5-7.0 generally optimal for plant 

growth (and thus predominant in agricultural systems) (DeSutter & Godsey, 2010; McLaren & 

Cameron, 1996), equating to those species on the model in Figure 2.1. However due to the lower soil 

temperature in many temperate climates (e.g. 7.6-15.2oC across New Zealand (NIWA, n.d.)), larger 

fractions of less hydrolysed species are expected in many soils, particularly the trivalent cation. Other 

ligand species are not accounted for. 

 
 

Figure 2.1 Monomer speciation of Ga and In in aqueous systems, from Wood & Samson (2006). 
Light grey and dark grey segments indicate standard (pH 4-8) and optimal (pH 5.5-7) soil pH ranges. 
Model formed at 25oC in pure water. 
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2.1.2.1.1 Types of ligand associations 

2.1.2.1.1.1 Inorganic ligands 

Gallium and In may bind to various inorganic anions, particularly halides, when availability is not 

limiting. Gallium forms stable F-, SO4
2- and PO4

3= compounds, while In predominantly complexes with 

Cl-, F- and HS-. These compounds are usually rare in the soil system, due to the low abundance of Ga 

and In, competition from other elements (e.g. Al3+, Na+, Ca2+, K+ & NH4
+) and high availability of water 

as a competing ligand. Indium chloride complexes are believed to be relatively abundant in natural 

systems, especially at high concentrations of Cl- or low OH-; InCl2+ and InCl(OH)+ have been 

particularly frequently documented (Kabata-Pendias & Mukherjee, 2007; Kopittke et al., 2009; 

Ritchie & Raghupathi, 2008; Wood & Samson, 2006). Less is understood regarding anionic inorganic 

complexes; little stability constant data has been recorded (Tuck, 1983; Wood & Samson, 2006). Few 

literature pieces refer directly to soils. Complexation is assumed to be dependent on the availability 

of other elements in the system, and increases total solubility through removal of pure ionic forms 

(Wood & Samson, 2006).    

Differences in complexation are attributed to the hardness of the cations. Both elements are 

classified as hard acids (dense electron clouds with low polarizabilities), which predominantly bind 

with hard bases such as oxygen-containing groups (hydroxide and carboxylate) and halogens 

(Pearson, 1963; Stumm & Morgan, 2009; Wood & Samson, 2006). However, In is softer; In3+ has a 

larger ionic radius (0.800 Å) than Ga3+ (0.620 Å), valence electrons are further away with less 

electrostatic attraction to the nucleus, and binding is less ionic/polar. Complexes with similarly softer 

bases such as Cl- and HS- have greater stability than Ga analogues. 

2.1.2.1.1.2 Organic ligands 

A large portion of Ga and In is complexed with dissolved organic matter. Forms vary, though acetic, 

oxalic, malic and citric organic acids, rich in hydroxyl and carboxyl groups, have been frequently 

reported in literature (Boros et al., 2014; Chang et al., 2017; Ritchie & Raghupathi, 2008; Salminen, 

n.d.b). The short chain length (2-6 C) and high hydroxide content (O/C 1-1.25) causes these 

molecules to be highly soluble, and are released through root exudation (Chang et al., 2002). Organic 

acids have a high capacity to form stable multi-dentate complexes. Bernstein (2005) reported that 

citrate is effective at reducing hydrolysis and formation of insoluble Ga(OH)3 compounds. 

2.1.2.2 Non-aqueous speciation   

2.1.2.2.1 Precipitation 

A large fraction of Ga and In is in the form of precipitated hydroxides, though other insoluble 

compounds may be formed. Ga(OH)3
0 and In(OH)3

0 are readily formed from hydrolysis in a typical 
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agricultural soil pH range, but are poorly soluble thus excess readily precipitates. Crystallinity 

increases and dissolution potential decreases with aging, heat and pressure (Bernstein, 1998; 

Ladenberger et al., 2015). Other precipitates such as GaPO4, In2S2, and In(CO3)3 have been reported 

(Bernstein, 1998; Salminen, (n.d.b), and are also deemed poorly soluble (Ksp of 10−73.24, 10-15, and     

10-25-1021.63 were measured for In2S3, In2(CO3)3 and InPO4 respectively (White & Hemond, 2012)). In 

particular, precipitation as sulphide minerals in anoxic conditions is highly likely, due to the 

chalcophilic behaviour of both elements (Alloway, 2013; Kabata-Pendias & Mukherjee, 2007).  

2.1.2.2.2 Soil colloidal sorption  

Four types of colloid sorption are believed to occurs. Trivalent cations undergo hydrolysis to various 

extents within the pH range predominant of soils (versus divalent, at pH 6 – 12 (Grzybkowski, 2006)), 

thus analogues cannot fully explain the behaviour of Ga and In within this section.  

2.1.2.2.2.1 Outer-sphere adsorption  

Frequency and strength of outer-sphere binding depends on the speciation of hydrolysed Ga and In, 

though is generally of low importance to trace elements. Outer-sphere adsorption consists of 

electrostatic attractions between superficial colloidal functional groups (silanol, inorganic hydroxide 

or organic) and oppositely charged hydrated ions (Bradl, 2004; Ryan, 2014). The size of this fraction is 

pH dependent, due to its role in the types of Ga and In hydroxyl speciation, and its determination of 

the charge of amphoteric functional groups (especially on Fe and Al hydroxides (McLaren & 

Cameron, 1996)). Hypothetical explanations can be made, though there is a lack of adequate 

literature for validation. When present, Ga3+ and In3+ should theoretically form strong bonds and be 

poorly affected by competition from other elements. Indium sorption is likely low in most soils; 

exchange site protonation limits its mono and divalent forms in acidic soils, with precipitation of 

In(OH)3 limiting as the pH rises. Gallium is hypothesized to sorb well to anion exchange sites in most 

soils, though the anion exchange capacity (AEC) decreases as the pH and deprotonation increases. 

McLaren & Cameron (1996) claim that macronutrients outcompete and severely limit outer-sphere 

adsorption by trace elements, due to concentration differences; thus other adsorption mechanisms 

are more determinant of Ga and In behaviour.   

2.1.2.2.2.2 Inner-sphere/specific adsorption 

Specific adsorption consists of a complex involving one or multiple chemical bonds between a 

dehydrated ion and a functional group, and is poorly reversible. The ion may be directly bound to the 

surface oxygen atom, often causing deprotonation (chemisorption) or may replace a (predominantly 

hydroxyl) superficial function group (ligand exchange) (Bradl, 2004; Goldberg, 1997; Shaheen et al. 

(2013). Uncertainties remain regarding various characteristics of Ga and In sorption, including the 

species adsorbed from solution at normal soil pH ranges; the pH range at which sorption occurs; the 
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effect of hydrolysis on sorption, and whether Ga is specifically adsorbed as an anion. Fischer et al. 

(2007) reported that Al was specifically adsorbed as Al(OH)2+ instead of its trivalent cation, with 

adsorption starting at the pH it began to be formed. Shaheen et al. (2013) state that Cu adsorption 

increases with the formation of the CuOH- speciation, due to its stronger binding than Cu2+. Lin et al. 

(1997) recorded the formation of monodentate SO(Ga/In)OH+ and bidentate (SO)2(Ga/In)+ complexes 

on goethite, which occurred at a higher pH for In, but the pH ranges in the study (1.5-4.0) were much 

lower than most natural soils, with only trivalent cations involved. Adsorption of TEs generally 

increases with pH, due to the increasingly negative net charge and associated electrostatic attraction 

(increased ease of binding and site proximity), but Ga(OH)4
- may induce repulsion and decrease its 

sorption capacity. Hooda (2010) reported that anions such borate (BO3
3-) could specifically adsorb 

through ligand exchange, but anion adsorption decreases with pH, therefore it is unknown whether 

most soils have the capacity to specifically adsorb large quantities of Ga(OH)4
- when it is 

predominantly present.    

2.1.2.2.2.3 Occlusion and absorption 

Gallium and In are theoretically susceptible to occlusion and absorption into the soil matrix. No 

literature was uncovered discussing these processes in respect to Ga and In directly, thus there is 

also no information indicating behavioural differences to other trace elements. Both processes utilize 

ions which have become specifically adsorbed; weathering-induced mineral dissolution is required to 

release these, and allow movement.   

2.1.3 Partitioning of gallium and indium in soil 

Within the soil profile, Ga and In are present in solution, precipitated, or partitioned between four 

distinct soil matrix fractions via various sorption types. The aqueous fraction is also inclusive of outer 

and weakly inner-spherically sorbed species, as they form a bioavailable dynamic equilibrium with 

the concentration in the soil solution. Manganese and Fe hydrous oxides are abundant in the profile, 

capable of occlusion and absorption in addition to adsorption, due to their redox dynamic behaviour. 

As there is evidence of plant uptake (Table 2.6 and Table 2.7), Ga and In are present within, along 

with adsorption to organic material. Their chalcophilic behaviour is responsible for an association 

with parent and neoformed sulphide minerals. Both elements are capable of sorbing to, though Ga is 

more prone to originating from aluminosilicate minerals. Połedniok (2012) measured the partitioning 

of Ga, and Boughriet et al. (2007), Hou et al. (2005) and Waterlot et al. (2013) measured In in a 

variety of environments. 

In most environments, the fraction associated with the soil matrix far exceeds the aqueous fraction. 

The distribution coefficient, Kd, is a quantification of the partitioning of an element between the soil 

matrix/soil phase and solution, used to compare the strength of retention and mobility between 
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different elements and environmental conditions. Though relatively few, reported Kd values range 

from 880-1,999,999 for Ga, and 180-11,000 for In (Table 2.4 and Table 2.5). Other studies, such as 

Hou et al. (2005), also measured partitioning and although the sensitivity of presented data was too 

low for calculation of distribution coefficients, 53-78% Ga and 40.5->99% In was unavailable to plants 

(Table 2.2 and Table 2.3).  

Table 2.2 Compilation of measured Ga soil solution/exchangeable fractions. 

Study Compared 
variable 

Categories Fraction sorbed 
to soil matrix 
(%) 

Elemental 
source 

Połedniok 
(2012) 

Location, soil 
type and pH 

Industrial, brown, 
weakly acidic-
neutral 

78 Contamination 

Agricultural, white, 
acidic 

53 Natural 

Połedniok et 
al. (2012) 

Location Industrial 71 Contamination 

Agricultural 67 Natural 

Table 2.3 Compilation of measured In soil solution/exchangeable fractions 

Study Compared 
variable 

Categories Fraction sorbed 
to soil matrix 
(%)  

Elemental 
source 

Hou et al. 
(2005) 

Soil type Andosol 68-97 Spiked 18 
months prior Cambisol >96 

Fluvisol >99 

Regosol >92 

Boughriet et 
al. (2007) 

Range of soil types >97 Contamination 

Waterlot et al. 
(2013)  

Soil use Kitchen garden 
(food production) 

40.5-94.5 Contamination 

Lawn (recreational) >95 
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Table 2.4 Compilation of measured Ga and In distribution coefficients. 

Study Compared 
variable 

Categories Kd Elemental 
source 

Tyler & Olsson 
(2001) 

pH 5.4 219,779 Natural 

7.1-7.8 1,999,999 

Watmough 
(2008) 

pH 3.8 2000 Natural 

7 100,000 

Tyler & Olsson 
(2002) 

Range of soil types 14211 Natural 

Sheppard et 
al. (2009) 

Soil type peat, fen 1300 Natural 

peat, former fen 7800 

sandy till, oak 
forest 

5900 

clay gyttja, fen 9400 

clay gyttja, open 
fen 

7800 

clayey till, fen 2600 

clayey till, arable 14,000 

Statistical value 
(from separate 
data) 

Mean 13,000 Natural 

5th percentile 880 

95th percentile 110,000 

Sheppard et 
al. (2007) 

Statistical value Mean 11,000 Natural 

Minimum 210 

Maximum 200,000 

Table 2.5 Compilation of measured Ga and In distribution coefficients. 

Study Compared 
variable 

Categories Kd Elemental 
source 

Tyler & Olsson 
(2002) 

Range of soil types 967 Natural 

Sheppard et 
al. (2007) 

Statistical value Mean 2800 Natural 

Minimum 180 

Maximum 11,000 

 

2.1.4 Soil factors affecting concentrations of gallium and indium in solution 

2.1.4.1 Soil solution pH 

pH is a large influencing factor on Ga and In adsorption and precipitation. Most trace element cations 

decrease in solubility with increasing pH, but due to the amphoteric properties of Ga and In and 

anionic presence in the normal soil range (particularly Ga), this assumption may not fully apply. This 

factor is naturally and anthropogenically dynamic. 
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Hydroxide precipitation is pH dependent, and responsible for increased bioavailability at extreme pH 

ranges. As the pH increases, hydrogen ions in Ga/In(H2O)6
3+ are more prone to separation, with 

attraction to increasing concentrations of OH-, thus more hydrolysis occurs. Amphoteric trihydroxide 

is particularly stable and precipitates; above and below its peak occurrence the concentration of 

aqueous Ga and In increases. Wood & Samson (2006) modelled that increasing the pH from 5.5 to 7 

increased total Ga solubility from approximately 10-8.3 to 10-7.1 M, in a 25oC aqueous system.  

Sorption is expected to increase with increasing pH, with associated decreasing bioavailability, 

though the exact dynamics remain unclear. Precipitation of Fe and Al (Fe >3.5, Al >5.5) (Hooda, 2010) 

increases the quantity of binding sites, and decreases competition for those sites (along with less H+), 

decreasing solution concentrations. Deprotonation of hydroxide groups (predominantly on humus, 

Fe/Mn hydrous oxides and aluminosilicate clay edges) increases with pH, increasing the negativity of 

the net colloidal charge (Alloway, 2013). In cationic forms this causes outer-sphere adsorption, and 

attraction for proximity to aid initiation of specific adsorption, to increase, decreasing solution 

concentrations. As In(OH)4
- formation occurs at a higher pH range, it is expected to behave similarly 

to many other trace elements and predominantly decrease in availability. Gallium has the competing 

processes of increased cation and decreased anion sorption, with the later process potentially 

leading to an increase in availability in non-acidic soils.  

Only a couple of studies demonstrated differences in Ga and In soil behaviour with pH. Tyler & 

Olsson (2001) showed a large decrease in soil solution Ga as the pH rose from 5.2 – 7.8, however the 

gradient was relatively gentle and levelled out at high pH values. Little explanation was offered, but 

Al and Fe were also shown to decrease in concentration via precipitation, which is likely to be 

partially responsible. Ritchie & Raghupathi (2008) discovered that increasing the pH from 3 to 6 

removed toxicity to wheat cells, as Ga was hydrolysed to less phytotoxic speciation.      

2.1.4.2 Redox potential and dissolution  

The redox potential of the soil solution does not directly affect Ga and In, but reduction and 

oxidation of other elements is responsible for dissolution or formation of compounds associated with 

Ga and In, thus influencing aqueous concentrations.   

Both Ga and In are stable in only the +3 oxidation state in aqueous solutions. The monovalent state is 

also possible in soil, though details of its compounds and formation were not uncovered (Boros et al., 

2014; Ladenberger et al., 2015). Standard electrode potentials show favoured formation of the 

trivalent states (trivalent: +0.56V Ga & +0.34V In, monovalent: no appropriate value Ga, +0.18V In) 

(Greenwood & Earnshaw, 1984). Changes in the soil redox potential will have no effect on the 

oxidation states of these two elements.    
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Iron and Mn are sensitive to changes in the redox potential, with dissolution of Fe and Mn hydrous 

oxides and increased solution Ga and In in anoxic soils. At redox potentials bellow 100 – 200 mV and 

-100 - -200 mV, Mn4+ and Fe3+ respectively are reduced to their divalent oxidation states. These have 

much higher solubility, thus dissolving the precipitates and releasing the compounds contained or 

adsorbed into solution. (Alloway, 2013; Hooda, 2010). A large fraction of Ga and In is associated with 

these elements. Fe2+ and Mn2+ also increase competition for sorption sites. When the redox potential 

rises, reprecipitation and adsorption occurs (if elements are still available). Less amorphous 

compounds have lower sensitivities to redox changes.  

In extremely anoxic soil, formation of sulphides decreases solution Ga and In. Sulphur is relatively 

stable in its +6 oxidation state, and sulphide minerals readily oxidise to form high-solubility sulphate 

compounds upon expose to oxygen and water, above 0 - -150 mV (Alloway, 2013). Insoluble sulphide 

compounds reform below that threshold, with various elements (including Ga and In) bound in the 

structure. However, this is reliant upon the availability of S; most S is stabilized in organic matter 

(>90%) and sulphate is poorly retained by soil colloids thus leached (McLaren & Cameron, 1996).     

Overall, the concentration of Ga and In in the soil solution increases with decreasing redox potential, 

but the extent of this increased availability is dependent on other elements and the environment. 

Dissolution of Fe and Mn hydroxide oxides generally occurs before sulphide mineral formation. A 

subsequent decrease in availability requires S, a long period of anaerobic conditions, and a lack of 

other suitable electron acceptors remaining. The response of Ga and In to redox is similar to many 

other trace elements, except for the increased chalcophilic affinity for sulphides. Soil redox potential 

usually poses little significance, except in particularly wet weather or poor-draining soils. 

2.1.4.3 Parent material supply 

The material the soil is formed from-elemental composition and ease of weathering-predominantly 

determines the total quantity of Ga and In which can potentially be released into the soil solution, in 

uncontaminated enviroments. Trace elements may also be naturally added through atmospheric 

deposition via forest fires and volcanic eruptions (Hooda, 2010), but both are believed to not add 

much Ga and In to soil (lack of inclusion in literature, and low concentrations in air in non-urban 

areas (<0.14 ng m-3) (Kabata-Pendias & Mukherjee, 2007)). Particularly high concentrations of In are 

found in soils overlying sulphide mineral deposits, and Ga in Al-rich soil. Topsoil and source-rock Ga 

concentrations varied by less than 37% in 11/15 Californian soils sampled by Shiller & Frilot (1996). 

Ladenberger et al. (2015) demonstrated that throughout Europe, elevated In concentrations were 

closely related to ZnS mineral deposits in the underlying lithology.     
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2.1.4.4 Colloidal chemical composition 

The composition of the colloidal phase is determinant of the quantity and capacity of binding sites to 

adsorb Ga and In, and is thus highly determinant of the amount of these elements present in the soil 

solution. These two factors can frequently qualitatively describe much of the variation in partitioning 

between soil types, such as that observed in Hou et al. (2005) when the allophane-rich Andosol 

retained more In than the Cambisol, Fluvisol and Regosol.  

Finer textured soils have a larger colloidal surface area and are able to remove more Ga and In from 

the soil solution. As the surface area increases, the quantity of superficial functional groups able to 

outer-spherically and specifically adsorb various ions also increases. Coarser textured soils may have 

a higher capacity for absorption, but this process is relatively slow and requires space inside the 

mineral matrix for elements to diffuse into. Short-range-order amorphous aluminosilicate allophane 

and imogolite have proportionally large surface areas, at 200-300 m2 g-1, compared to crystalline 

compounds at just 15-70 m2 g-1 (Violante et al., 2005). Banin et al. (1981) reported significant 

decreases in grass uptake for multiple elements as the clay content and thus surface area increased 

(e.g. Cd concentrations were 0.75, 0.58 and 0.37 mg kg-1 in soil containing 6.5, 16.6 and 33.7% clay 

respectively).  

The point of zero net charge (pzc) determines the capacity of the colloidal fraction to adsorb Ga and 

In, and varies across constituents. Pzc is the pH where the sum of the positive and negative charges 

on a compound equates to zero. Dissociation constants of hydroxyl and carboxyl groups vary across 

different compounds, due to the arrangement of atoms and bonds (Bradl, 2004). Compounds with 

low pzcs readily deprotonate with high cation adsorption, therefore decreasing the bioavailability of 

Ga and In when the pH is low, increasing when high, with a higher retention of less-anionic In. 

Organic matter and Mn hydrous oxides have low points of zero charges (2-4 and 1.5-4.6 respectively 

(Alloway, 2013; Qin et al., 2015) while Fe and Al oxides are generally higher (7-9.5 and 8-9.2 (Violante 

et al., 2005)), such as allophane, goethite and gibbsite at approximately 5, 6-7 and 10 respectively 

(Ryan, 2014). Bénézeth et al. (1997) pointed out that goethite (pzc 7.8) had a higher capacity for Ga 

sorption than kaolinite (pzc 4.6), above pH 4.5 when a large fraction was present as Ga(OH)4
-.     

2.1.4.5 Other soil factors  

Soils are complex systems, and many other factors influence the concentration of Ga and In in 

solution. Competition from other elements limits sorption and increases availability, particularly 

when these elements are present as low valency speciation. Precipitation/dissolution with pH alters 

the quantity of binding sites and competition. Climate is determinant of the rate at which Ga and In 

are released via dissolution, and leached down the soil profile. The microbial population is able to 

drastically modify the behaviour of almost any element, through production of compounds to 
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increase or decreasing availability depending on physiological requirements, and is concentrated 

near the rhizosphere. Total organic matter content is of high importance for many soil properties, 

and increases the retention of cationic Ga and In. 

2.2 Physiological plant uptake of gallium and indium  

There is there is no evidence that Ga and In are essential or have a physiological role (Kabata-Pendias 

& Mukherjee, 2007; Ladenberger et al., 2015; Połedniok et al., 2012), but there is a small amount of 

data showing that low concentrations can be taken up by plants; this has been compiled in Table 2.6 

and Table 2.7. Up to 30 mg kg-1 Ga has been reported in natural systems, and 3.89 mg kg-1 In. Ga3+ 

and In3+ are generally accepted to be bioavailable (Tyler, 2004a), but there is a lack of literature 

comparing aqueous species.    

Table 2.6 Reported concentrations of Ga in plant material (natural and experimental systems). 

Species Concentration 
(mg kg-1 DM) 

Contamination? Reference 

Above-ground; natural  

Wheat grain <0.001 Possibly-sewage 
sludge 

Eriksson (2001) 

Barley grain 0.0010 Possibly-sewage 
sludge 

Eriksson (2001) 

European beech 
leaves 

0.031-0.032 Highly likely-
atmospheric 
deposition 

Tyler (2005) 

Hylocomium 
Splendens (glittering 
woodmoss) 

0.14-16 (average 
1.1) 

- Berg & Steinnes (1997) 

10 various wild 
Vietnam species 
(shoot biomass) 

0.36-3.38 
(average 1.3) 

Yes, Pb-Zn mine Ha et al. (2011) 

Wild edible 
mushrooms 

1.4-6.6 - Dursun et al. (2006) 

Above-ground; experimental  

Rice  ≤74 - Syu et al. (2017) 

Rice  ≤48  Yu et al. (2015) 

Possibly below-ground 

Various Soviet Union 
native species 

0.02-5.5 - Gribovskaya et al., 
1978, as cited in 
Kabata-Pendias & 
Pendias, 2001, p. 196 

Various 0.05-5 - Połedniok et al. (2012) 
Ectomycorrhizal 
European beech roots 

0.06 - Tyler (2004a) 

10 various wild 
Vietnam species (root 
biomass) 

0.52-6.43 
(average 3.47) 

Yes, Pb-Zn mine Ha et al. (2011) 
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Various US native 
species 

3-30 - Shacklette et al., 1978, 
as cited in Kabata-
Pendias & Pendias, 
2001, p. 196 

Table 2.7 Reported concentrations of In in plant material (natural and experimental systems). 

Species Concentration 
(mg kg-1 DM) 

Contamination? Reference 

Above-ground; natural  

Wheat and barley 
grain 

<0.005 Possibly-sewage 
sludge 

Eriksson (2001) 

European beech 
leaves 

0.0002 Highly likely-
atmospheric 
deposition 

Tyler (2004a) 

Fruit tree and tomato 
leaves 

0.00064-0.0018 - Fergusson, 1990, as 
cited in Kabata-
Pendias & Mukherjee, 
2007, p. 344 

Lettuce leaves 0.004 - Waterlot et al. (2013) 

Ryegrass shoots 0.0065 - Waterlot et al. (2013) 

Lettuce leaves 0.0119-0.015 Yes-near previous 
smelter 

Waterlot et al. (2013) 

Ryegrass shoots 0.0161-0.0509 Yes-near previous 
smelter 

Waterlot et al. (2013) 

Various grasses 0.08-2.1 (FW) Yes-unrinsed from 
industrial areas 

Połedniok (2007) 

10 various wild 
Vietnam species 
(shoot biomass) 

0.14-3.89 
(average 1.13) 

Yes, Pb-Zn mine Ha et al. (2011) 

Above-ground; experimental  

Rice  ≤151 - Syu et al. (2017) 

Possibly below-ground  

Ectomycorrhizal 
European beech roots 

0.0008 - Tyler (2004a) 

Various 0.03-0.07 - Połedniok (2007) 
Various vegetables 0.03-0.71 - Fergusson, 1990, as 

cited in Kabata-
Pendias & Mukherjee, 
2007, p. 344 

Beets 0.08-0.3 - Fergusson, 1990, as 
cited in Kabata-
Pendias & Mukherjee, 
2007, p. 344 

10 various wild 
Vietnam species (root 
biomass) 

0.28-1.59 
(average 0.729) 

Yes, Pb-Zn mine Ha et al. (2011) 

Various 1-2 - Kabata-Pendias & 
Mukherjee (2007) 
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2.2.1 Shoot:root partitioning  

Translocation of Ga and In above-ground is low, due to strong retention within root biomass. Due to 

their large ionic potentials, trivalent forms of both elements bind strongly to and are retained by    

de-esterified carboxylate groups in pectin (a cell-wall component) in epidermal and outer cortex 

(outer root) cells, severely restricting movement through the root and into the xylem (the pathway 

for shoot transport) (Eticha et al., 2005; Horst et al., 2010; Kopittke et al., 2009; Mauseth, 2014). This 

process is non-specific, and analogous to Al and other strong cations (e.g. La3+, Gd3+, Sc3+ and Ru3+) 

(Kopittke et al., 2009).  

Few studies have compared the partitioning of Ga and In between shoot and root biomass. 

Accessible data is compiled below (Table 2.8 and Table 2.9). Up to 9.73 was calculated from Ha et al. 

(2011), but data are too few to concede if this is a severe anomaly; that study compared species 

which were naturally found on, thus may have adapted to, the high Ga and In soil.   

Table 2.8 Reported Ga shoot:root plant concentration ratios (natural and experimental systems). 

Species Shoot:root Contamination? Reference 

Naturally observed  

Barley/wheat stem 0.0279 - Sheppard et al. (2011) 

10 various wild 
Vietnam species 

0.0578-1.71 
(average 0.549) 

Yes, Pb-Zn mine Ha et al. (2011) 

Experimental 

Arabidopsis thaliana 0.082-0.223 - Chang et al. (2017) 

Rice <0.01-0.47 - Syu et al. (2017) 

Rice 0.0183 - Yu et al. (2015) 

Table 2.9 Reported In shoot:root plant concentration ratios (natural and experimental systems). 

Species Shoot:root Contamination? Reference 

Naturally observed  

10 various wild 
Vietnam species 

0.174-9.73 
(average 2.24) 

Yes, Pb-Zn mine Ha et al. (2011) 

Experimental 

Rice <0.01-0.44 - Syu et al. (2017) 

 

2.2.2 Gallium and indium phytotoxicity  

High bioavailability of Ga and In can cause reductions to root growth, produce root lesions/ruptures, 

and reduce the maximum above-ground biomass, though due to a lack of studies there is no 

consensus on the thresholds which cause this behaviour. Symptoms and thresholds of toxicity are 

summarised in Table 2.10 and Table 2.11. Accumulation of Ga and In in the outer root cells near the 

meristem (root tip, where growth occurs) causes rigidification, reducing elongation rates, and lesions 
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form from the force of inner cells expanding faster than outer (Kopittke et al., 2009). Water and 

nutrient accessibility is thus reduced. As trivalent cations bind the strongest and analogous Al toxicity 

is only susceptible in acidic soil, Ga3+ and In3+ are believed to be the predominant phytotoxic 

speciation (Ishikawa et al., 1996; Kinraide, 1997). Toxicity via Ga/In13
7+ (and other >2+ valency 

polynuclear species) is limited by concentration (Kopittke et al., 2016). However, weakly anionic 

analogous Al(OH)4
- has also reportedly caused toxicity, at a high pH range as the dominant species 

(Brautigan et al., 2012). Though this is the most likely mechanism behind symptoms in Table 2.10 and 

Table 2.11, other processes cannot be ruled out.   

Table 2.10 Reported Ga toxicity symptoms and thresholds, in various plant species. 

Species Symptoms Lowest 
concentration 

Notable 
concentrations 

Reference 

Arabidopsis 
thaliana 
(thale 
cress) 

Reduction in root 
elongation, root fresh 
weight and shoot fresh 
weight. 

6 M Ga in 
solution, no soil; 
lowest 
concentration. 

30 & 60% 
reduction in 
root length at 

250 & 500 M 
Ga. 

Chang et al. 
(2017) 

Onion Reduction in root 
elongation and 
mitosis. 

6 x 10-4M GaCl3 
(only 
concentration 
used). 

Root elongation 
stopped after 6-
9 hours. 

Clarkson 
(1965)  

Cowpea Reduction in root 
elongation and root 
lesions/rupturing.  

Root 
elongation: 0.67 

M Ga in 
solution, no soil; 
lowest 
concentration. 
Rupturing: 1.7 

M Ga. 

50% reduction 
in root 
elongation rate 

at 0.90 M Ga. 
 

Kopittke et al. 
(2009) 

Rice Reduction in relative 
growth rate, 
transpiration rate and 
water use efficiency 

1.07 mg L-1 Ga 
in solution, no 
soil; lowest 
concentration. 

- Yu et al. (2015) 

Chara 
corallina 

Reduction in cell 
growth, and cell death. 

20 mmol m-3 Ga 
petri dish 
treatment. 

- Reid et al. 
(1996) 

Cucumber  Root growth inhibition. 80 M Ga in 
solution, no soil. 

 Johnson & 
Burton (2007) 

Wheat Reduction in root 
elongation.  

2.5 M Ga in 
solution, no soil 
(only 
concentration 
used). 

- Snowden et al. 
(1995)  
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Table 2.11 Reported In toxicity symptoms and thresholds, in various plant species. 

Species Symptoms Lowest 
concentration 

Notable 
concentrations 

Reference 

- Not specified; 
observed mainly in 
roots. 

1-2 mg L-1 - Kabata-Pendias 
& Mukherjee 
(2007) 

Onion Reduction in root 
elongation and 
mitosis. 

4 x 10-4M InCl3 
(only 
concentration 
used). 

Root elongation 
stopped after 6-
9 hours. 

Clarkson 
(1965) 

Cowpea Reduction in root 
elongation and root 
lesions/rupturing. 

Root 
elongation: 0.36 

M In in 
solution, no soil; 
lowest 
concentration. 
Rupturing: 12 

M In. 

50% reduction 
in root 
elongation rate 

at 0.72 M In. 

Kopittke et al. 
(2009) 

Rice Reduction in root 
length, shoot height, 
root and shoot 
biomass, and 
chlorophyll content.  

0.04 mg L-1 In in 
solution, no soil; 
lowest 
concentration. 

10% growth 
inhibition at 
0.17 mg L-1; 10% 
growth 
retardation at 

15.4 g plant-1 
shoot height, 
10.6 for total 
biomass. 

Syu et al. 
(2017) 

Wheat Reduction in root 
elongation. 

2.5 M In in 
solution, no soil 
(only 
concentration 
used). 

- Snowden et al. 
(1995) 

2.2.3 Organic acid entry restriction  

Entry of Ga and In can be reduced by organic acids in toxic environments, and there is evidence 

suggesting these elements may stimulate production. Multi-dentate complexation of phytotoxic 

species via acids such as citrate, oxalate and malate exuded from plant roots is a well-accepted 

strategy for ameliorating Al toxicity in acidic soils, rendering Al3+ non-physiologically active and/or 

incapable of entering the plant (Brunner & Sperisen, 2013; Kochian et al., 2004). Chang et al. (2017) 

reported a large increase in the expression of Al-activated citrate and malate transporting genes in 

Arabidopsis thaliana under toxic levels of Ga, doubling citrate root exudation in one treatment. 

Chang et al. (2017) and Ritchie & Raghupathi (2008) found that citrate (present in solution) was 

effective at detoxifying Ga, exhibiting behaviour very similar to Al. Many sources (Boros et al., 2014; 

Chang et al., 2017; Ritchie & Raghupathi, 2008; Salminen, n.d.b) have mentioned the capacity of both 

elements to be complexed by organic acids. Thus this process is highly likely to reduce Ga and In 
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uptake; directly-when concentration and acidity thresholds are crossed, or indirectly-when 

production is stimulated by Al toxicity at low soil pH.  

2.2.4 Gallium substitution of iron 

Gallium can replace Fe in many biological compounds, including ferric-chelate reductase (FCR) and 

phytosiderophores, which can induce Fe deficiencies. Ga3+ and Fe3+ have very similar ionic radii 

(0.620Å and 0.645Å), electronegativities (1.81 and 1.83) and ionic potentials (4.84 and 4.65, Table 

2.1), causing similarities in chemical behaviour, notably binding strength, allowing substitution 

(Bernstein, 2005; Kelson et al., 2013). Though abundant, availability of Fe in many soils is low 

(Pestana et al., 2013), thus plants have evolved strategies to increase acquisition. One of the 

mechanisms employed by Strategy I plants (most species excluding the Gramineae family) is 

increased activity of FCR, an enzyme which releases Fe3+ from chelates for uptake (Johnson & Burton, 

2007; Robinson et al., 1999). Strategy II plants release phytosiderophores, Fe3+ chelating compounds, 

and have a high affinity for their uptake (Römheld, 1987). Binding of Ga, to these compounds in 

particular, can greatly reduce uptake and cause deficiencies (Babula et al., 2008). Indium has a larger 

ionic radius, and is less likely to act as an Fe analogue (Boros et al., 2014). Essén et al. (2007) is one 

demonstration of Ga binding with siderophores. Syu et al. (2017) measured 36% and 57% reductions 

in root and shoot Fe concentrations respectively from addition of 15 mg L-1 Ga to a growing solution 

in rice plants. 
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Chapter 3 

Materials and methods 

3.1 Soil  

A high fertility vegetable growing topsoil was used in this study. Soil was collected from 0-0.25m 

depth in Pukekohe, northern New Zealand (37o13’18.92’’S 174o52’5.94’’E), and dried, ground and 

sieved (Al Mamun et al., 2016). The soil was slightly acidic (pH H2O 5.95), with a high cation exchange 

capacity (22.00 meq 100g-1), high base saturation (70.00%) and low organic carbon content (2.10%). 

Further chemical properties are present in Valentinuzzi et al. (2015).  

Varying concentrations of lime were applied to soil used in the batch sorption experiments to alter 

the pH. Lime was lab-grade (CaCO3, Thermo Fischer Scientific NZ Ltd.), and applied to soil in July 

2014. Concentrations and pH values of the treatments are in Table A. 1. 

3.2 Batch sorption experiments 

Stock solutions containing 1000 mg L-1 Ga or In, used throughout the batch sorption experiments, 

were prepared by addition of 367 mg gallium nitrate (Ga(NO3)3) or 262 mg indium nitrate (In(NO3)3) 

to 100 mL volumetric flasks made to volume with DI water. Calcium nitrate (Ca(NO3)2) extractant 

solution, 0.05 M, was prepared by dissolution of 11.80 g Ca(NO3)2 in 1 L DI water. Some of the 

extractant solution was then spiked by Ga or In, by replacement of 10 mL Ca(NO3)2 with 10 mL of 

stock solution, producing 1 L of 10 mg L-1 Ga or In(NO3)3/0.05 M Ca(NO3)2.  

The standard procedure involved 30 mL Ga or In(NO3)3/0.05 M Ca(NO3)2 dispensed into a centrifuge 

tube with 5 g T1 soil, 2 hours in an end-over-end shaker, 10 minutes in a Kubota centrifuge at 3,000 

rpm, and filtering into 30 mL pottles via Whatman 51 filter papers and funnels. Extracts were stored 

in a fridge or freezer until chemical analysis.  

Initially, 30 mL Ga(NO3)3/0.05 M Ca(NO3)2 and In(NO3)3/0.05 M Ca(NO3)2 were each added to 18 

tubes, 15 containing 5 g soil. Three were on the end-over-end shaker for 30, 60, 120 and 240 minute 

durations, with six tubes, including those without soil, remaining for 480 minutes. These tests proved 

that sorption was relatively stable after 120 minutes (Figure A. 1), thus was used as a control for the 

other treatments.   

To test the effect of pH on partitioning, 5 g of T2, T3, T4 and T7 soil were added to 6 tubes, differing 

in the concentration of lime applied (Table A. 1). Half were supplied with 30 mL Ga or In(NO3)3/0.05 
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M Ca(NO3)2, and half with pure Ca(NO3)2. Another three tubes were supplied with Ga/In and pure 

extractant solution.  

To test the effect of contaminant concentration on partitioning, calcium nitrate extractant solutions 

containing 1, 3, 30 or 100 mg L-1 Ga or In were prepared. The 100 mg L-1 solution was formed by 

addition of 25 mL Ga or In stock to a 250 mL volumetric flask and levelling with pure Ca(NO3)2. Then 

2.5 mL of this solution was pipetted and levelled into another flask to gain a 1 mg L-1 solution. The 30 

mg L-1 solution was produced from 7.5 mL stock in 242.5 mL Ca(NO3)2, and 3 mg L-1 from 25 mL of the 

30 mg L-1 solution into a fourth flask. Solutions were dispensed; 30 mL each in six tubes; three 

containing  5 g T1 soil and three without.  

3.3 Plant uptake experiments 

Solutions were prepared by dissolution of 14.67 g Ga(NO3)3 and 262 mg In(NO3)3 in 100 mL DI water, 

transferred to spray bottles, and evenly incorporated in 2 kg of soil. Thus the concentration increased 

by 2000 mg kg-1 Ga or 200 mg kg-1 In. Then 1 kg was set aside, and 1 kg of fresh soil evenly 

incorporated; this process was repeated until ≥1 kg of soil contained 2000, 1000, 500, 250, 125, 62.5, 

31.25 and 15.125 mg kg-1 added Ga, and 200, 100, 50, 25, 12.5, 6.25, 3.125 and 1.5125 mg kg-1 In. Soil 

was then partitioned, with 250 g of each soil treatment in four filter paper-lined pots with saucers, in 

addition to four without Ga or In added. 

Pots were transferred to a growth chamber, and sprayed overhead daily until water had emerged 

from the bottom of the pot, for three days. On the fourth day, the soil surface remained damp thus 

the saucer was filled with water for four days.  

One week after soil spiking, surfaces were roughened and 0.10-0.12 g perennial ryegrass seed 

(Lolium perenne, var. Arrow) was evenly sprinkled over top.  

Saucers were filled with water daily, approximately 20-28 hours apart, for 6 weeks. A sheet of clear 

plastic placed overhead was removed after 6 days when all pots had visibly germinated. 40 mL of 

10,000 mg L-1 urea was applied to each pot 4 weeks after sowing, to ameliorate the nitrogen 

deficiency symptoms (reduced growth rates and yellower leaves) observed in pots with <500 mg kg-1 

Ga or In NO3
- salt.  

After 6 weeks, foliage was harvested to approximately 1.5-2 cm above the surface, rinsed with DI 

water, and placed in separate paper towels and bags in a drying oven for 7 days. Samples were 

weighed and ground to a fine powder with a small portable grinding-machine. 
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3.4 Chemical analysis 

Inductively coupled plasma mass spectrometry (ICP-MS) was used to measure the chemical 

composition in both sections of this study. Gallium and In batch sorption extracts had 1.41 ± 1.98 mL 

and 2.78 ± 0.07 mL of concentrated nitric acid (HNO3) respectively applied prior to measurement, 

producing a dilution factor of 5. Plant samples underwent microwave digestion (0.1996-0.2023 g with 

2 mL 69% HNO3, 2 mL 30% H2O2, and made to 10 mL volume), before 1 mL was diluted with 4 mL 

strong HNO3, also producing a dilution factor of 5, prior to ICP-MS analysis. Ga and In were 

measured, in addition to B, Na, Mg, Al, Si, K, Ca, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, Ge, As, Zr, Nb, Mo, 

Cd, Sb, Ta, W, Re, Pb, Rh.    

3.5 Data analysis 

3.5.1 Batch sorption 

Solution and soil matrix concentrations were extracted to calculate the distribution coefficient; 

equations in Appendix A.1.1. Correction factors were applied, to account for the mass retained in 

filter paper and other equipment.  

3.5.2 Plant uptake 

Shoot biomass concentrations were calculated (Equation A. 7), and negative values (lower than     

ICP-MS blank average) were removed from analysis. 

3.5.3 Presentation 

Correlation analysis, summary statistics and graphs were produced in Excel. Correlations utilized data 

from control pots and soil spiked with the respective elements; r=0.329 was the significance 

threshold (Biology For Life, n.d.). Error bars on graphs consisted of the treatment standard 

deviations. One-way ANOVA (analysis of variance) and post-hoc Fisher's Unprotected LSD (least 

significant differences) tests were completed in Genstat 16th edition. 

3.6 Modelling 

Visual MINTEQ 3.1 is a numerical equilibrium speciation model. It utilizes equilibrium and solubility 

constants for chemical reactions between present elements, to estimate the concentrations of 

aqueous and precipitated species in an aqueous system (Gustafsson, 2016).    

Modelling was completed to estimate the relative abundances of the hydroxide species present, in 

the Ca(NO3)2 extractant solution with 10 mg L-1 Ga or In added. Species inputted and parameters are 

listed on Table A. 2.  
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Chapter 4 

Results  

4.1 Retention of gallium and indium to the soil matrix   

Most of the added Ga and In was retained by the soil matrix. When averaged across a range of 

concentrations with the standard procedure (T1 soil and 120 minutes shaking time), In had a much 

higher distribution coefficient at 2021.4, compared to Ga at just 408.13 (Figure 4.1).  

 

 

 

Figure 4.1 Partitioning of Ga and In between the soil matrix and soil solution. Mean values of each 
treatment presented (n=3), differing in the concentration of Ga or In added. Error bars denote 
standard deviation of soil solution and matrix for each concentration category.  

y = 408.13x - 37.121
R² = 0.992

0

100

200

300

400

500

600

0.01 0.1 1 10

So
il 

m
ax

tr
ix

 G
a 

co
n

ce
n

tr
at

io
n

 (
m

g 
kg

-1
)

Soil solution Ga concentration (mg L-1)

y = 2021.4x - 83.016
R² = 0.928

0

100

200

300

400

500

600

0.01 0.1 1

So
il 

m
ax

tr
ix

 In
 c

o
n

ce
n

tr
at

io
n

 (
m

g 
kg

-1
)

Soil solution In concentration (mg L-1) 



 26 

4.1.1 Factors affecting rentention  

4.1.1.1 Solution pH 

Retention of both elements decreased as the pH of the solution increased (Figure 4.2). Kd of Ga 

decreased from 689 at approximately pH 5.54, to 265 at 7.14. Indium decreased from 1266 to 458 

across the same scale, and though the trendline was of similar shape Kd was consistently 73-153% 

higher than Ga. 

 

Figure 4.2 Effect of extractant solution pH on Kd of Ga and In. Mean values of each treatment 
presented. Error bars denote standard deviation of Kd and pH categories. 3 replicates, except n=2 
Ga Kd pH 6.04, n=5 In Kd pH 7.02, n=1 In Kd pH 6.80 (experimental error).  

4.1.1.2 Concentration added  

Retention of Ga and In logarithmically increased with the concentration added to the extracting 

solution (Figure 4.3). Gallium’s distribution coefficient rose from 88 to 392, and In 163 to 3187 over 

the range tested in this study. Both 10 and 30 mg L-1 (458 and 1812 Kd) In treatments were not 

consistent with the trendline, but the other three treatments fit the Ga analogous curve well.   
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Figure 4.3 Effect of extractant solution Ga and In concentration on Kd Mean values of each 
treatment presented (n=3), differing in the concentration of Ga or In added. Error bars denote 
standard deviation of Kd for each concentration category.  

4.2 Gallium and indium hydrolysis modelling data 

Visual MINTEQ 3.1 data predicted that Ga and In ions would hydrolyse in solution, with variation in 

aqueous speciation and degree of Ga precipitation across the pH range tested. Figure 4.4 and Figure 

4.5 demonstrate differences in the relative concentrations of Ga and In mononuclear hydroxide 

species in identical solutions; Ga hydrolysis was predicted to occur at a lower pH range than In, with 

greater prominence of mono and divalent cations. Aqueous Ga(OH)3 was absent from the model, 

though precipitation of both forms (Ga(OH)3 and GaOOH) was modelled to peak at pH 5 (Figure 4.6). 

Sufficient In precipitation data was unable to be extracted. Ga(OH)4
- was predicted to be the 

predominant species in all extractant solutions in this study, accounting for >93% of aqueous Ga, 

though monovalent cation dominance increased with acidity (Table 4.1). Precipitation steadily 

decreased as pH increased. Indium was predominantly as In(OH)3 (aq), though monovalent In(OH)2
+ 

was modelled to also be particularly abundant in the T1 soil treatment (Table 4.2). Extremely little 

(<1%) of the anion was predicted to be present.    
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Figure 4.4 Approximate relative concentrations of aqueous mononuclear Ga hydroxyl species in 

extractant solution, generated from Visual MINTEQ 3.1.  ◆ denotes the lower and upper limits of 
the pH range tested in batch sorption experiments. Concentrations are relative to the total 
concentration of mononuclear hydroxyl species.   

 

Figure 4.5 Approximate relative concentrations of aqueous mononuclear In hydroxyl species in 

extractant solution, generated from Visual MINTEQ 3.1. ◆ denotes the lower and upper limits of 
the pH range tested in batch sorption experiments. Concentrations are relative to the maximum 
total concentration of mononuclear hydroxyl species.    
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Figure 4.6 Approximate relative saturation index of Ga hydroxyl precipitates in extractant solution, 

generated from Visual MINTEQ 3.1. ◆ denotes the lower and upper limits of the pH range tested 
in batch sorption experiments. Saturation index is relative to the maximum of GaOOH when all 
generated saturation index values were raised to ≥0 (6.999 added).  

Table 4.1 Approximate relative concentrations of aqueous mononuclear Ga hydroxyl species and 
saturation index of precipitates, in extractant solution at pH tested, generated from Visual MINTEQ 
3.1.  Saturation index = log IAP (ion activity product) - log Ks (solubility constant).    

Soil 
type 

pH Aqueous species (% of total concentration) Precipitated species 
(saturation index) 

Ga3+ Ga(OH)2+ Ga(OH)2
+ Ga(OH)4

- Ga(OH)3 (am) GaOOH(s) 

T1 5.54 <0.001 0.218 6.223 93.558 2.07 4.173 

T2 6.04 <0.007 <0.007 0.661 99.332 1.596 3.699 

T3 6.80 <0.001 <0.001 0.019 99.98 0.833 2.935 

T4 7.02 <0.007 <0.007 <0.007 99.993 0.613 2.715 

T7 5.54 <0.004 <0.004 <0.004 99.996 0.499 2.601 

Table 4.2 Approximate relative concentrations of aqueous mononuclear In hydroxyl species, in 
extractant solution at pH tested, generated from Visual MINTEQ 3.1.  

Soil 
type 

pH Aqueous species (% of total concentration) 

In3+ In(OH)2+ In(OH)2
+ In(OH)3 

(aq) 
In(OH)4

- 

T1 5.54 0.064 0.579 9.419 89.921 <0.017 

T2 6.04 0.029 0.062 3.203 96.704 <0.002 

T3 6.80 <0.002 <0.002 0.563 99.264 0.171 

T4 7.02 <0.001 <0.001 0.339 99.376 0.284 

T7 7.14 <0.001 <0.001 0.261 99.369 0.369 
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4.3 Physiological uptake of gallium and indium by ryegrass 

4.3.1 Concentration of gallium and indium in shoot biomass  

Low concentrations of Ga and In were present in ryegrass shoots, logarithmically increasing with soil 

concentrations (Figure 4.7). Gallium uptake increased consistently from 0.06 to 11.57 mg kg-1 DM as 

soil concentrations increased to 2000 mg kg-1 (Figure A. 5). Indium concentrations also increased with 

soil addition above 25 mg kg-1, but plateaued at 0.015 with 100 mg In kg-1 soil (Figure A. 6). Uptake by 

Ga was much higher than In; the size of the difference increased with concentration, from 36% at 

1.5625 mg kg-1 to 23,372% at 2000 mg kg-1.   

Control treatments (0.11 mg kg-1 DM Ga and 0.0058 mg kg-1 DM In) were assumed indicative of the 

division of treatments above and below the detection limit, as shoot concentrations consistently 

increased with soil concentrations above these thresholds. Thus they were used as an approximation 

of the detection limit in this study. The 15.625 mg kg-1 Ga and 1.5625, 3.125, 6.25, 12.5, and 25       

mg kg-1 In treatments were below the detection limit.  

 

Figure 4.7 Effect of the concentration of Ga and In added to soil on ryegrass shoot concentrations. 
Mean values of each treatment presented (n=4). Error bars denote standard deviation of biomass 
concentration for each category. Detection limit assumed equal to control, 0.11 mg kg-1 DM Ga and 
0.0058 mg kg-1 DM In, thus 0 mg kg-1 Ga and 0-6.25 mg kg-1 In treatments not shown.   

4.3.1.1 Uptake relative to soil application  

Little of the total mass of Ga and In applied was present in the shoot biomass. Gallium uptake 

increased linearly from 0.0027% to 0.013% (Figure 4.8), while In decreased exponentially from 

0.0021% to 0.000039%. Uptake of In was much lower, even when the effect of increased soil 
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retention was removed, though is not directly comparable due to different trendline curves (Figure 

4.9). 

 

 

Figure 4.8 Effect of the mass of Ga and In added to soil on the mass in harvested ryegrass shoot 
biomass. Mean values of each treatment presented (n=4).  
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Figure 4.9 Effect of the predicted soil solution mass of Ga and In added to soil on the mass in 
harvested ryegrass shoot biomass (n=4). Mean values of each treatment presented.  

4.3.2 Effect of gallium and indium on elemental uptake 

4.3.2.1 Correlations with other elements 
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positive correlations with the concentration of Ga in ryegrass shoots, and K, Si, Mo, Fe, As, Ge, W, Co 

and Cu were negatively correlated (Table 4.3). Almost 80% of the variation in Mg could be explained 

by the degree of Ga uptake. Indium showed positive correlations with Cd, Mo and B, but with the 

exception of Cd, In formed much weaker relationships than Ga and no significant negative 

relationships were found (Table 4.4). 
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Table 4.3 Significant correlations between Ga and other elements in ryegrass shoots. p≤0.05; 
r≥0.329 significance threshold. 36 samples, 9 treatments.  

Positive relationship 

Element Correlation 
coefficient 

Mg 0.893 

Ca 0.801 

Zn 0.711 

Cd 0.691 

Mn 0.690 

Na 0.683 

Ni 0.338 

Negative relationship 

Element Correlation 
coefficient 

Cu -0.340 

Co -0.480 

W -0.552 

Ge -0.590 

As -0.598 

Fe -0.643 

Mo -0.664 

Si -0.754 

K -0.833 

Table 4.4 Significant correlations between In and other elements in ryegrass shoots.  p≤0.05; 
r≥0.329 significance threshold. 36 samples, 9 treatments.  

Positive relationship 

Element Correlation 
coefficient 

Cd 0.710 

Mo 0.352 

B 0.344 

 

4.3.2.2 Interaction between gallium and indium 

There was not a significant relationship between Ga and In shoot biomass concentrations in soil 

spiked with the opposing element; r correlation coefficients were 0.087 and 0.137 in Ga and In spiked 

soil respectively, below the 0.329 significance threshold (Biology For Life, n.d.). 

4.3.2.3 Correlation with iron 

Concentrations of Fe in ryegrass shoot biomass decreased with uptake of Ga, from 90.6 to 37.5       

mg kg-1 as Ga increased from 0.11 to 11.5 mg kg-1 (Figure 4.10). No significant relationship was 
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observed with In (Figure 4.11). One-way ANOVA produced p values of <0.001 and 0.024 respectively 

for the two sets of data. 

  

 

Figure 4.10 Relationship between the concentration of Ga and Fe in ryegrass shoot biomass.  Mean 
values of each treatment presented (n=4). Error bars denote standard deviation of biomass 
concentration for each Ga concentration category and controls.  

 

Figure 4.11 Relationship between the concentration of In and Fe in ryegrass shoot biomass.  Mean 
values of each treatment presented (n=4). Error bars denote standard deviation of biomass 
concentration for each In concentration category and controls.  
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Chapter 5 

Discussion 

5.1 Partitioning of gallium and indium between the solid and solution 
phases in soil 

Gallium and In were strongly retained by soil colloids. Approximately 400 and 2000 times more Ga 

and In were retained by the matrix versus present in the extractable fraction (Figure 4.1), and across 

a range of treatments mean Kd never fell below 82 (3 mg kg-1 Ga), peaking at 3187 (100 mg kg-1 In) 

(Table A. 3). Due to the small size of the fraction remaining in solution, both elements are thus 

expected to have low mobility and bioavailability. This trend is consistent with findings from all 

applicable partitioning studies (measured the concentration of aqueous relative to solid-phase Ga or 

In), such as Boughriet et al. (2007), Sheppard et al. (2009) and Tyler & Olsson (2001), listed in Table 

2.2, Table 2.3, Table 2.4 and Table 2.5. Despite presenting insufficient data for calculation of Kd, in 

another soil-spiking study Hou et al. (2005) found that after 18 months, ≤8% of In applied to the 

surface of Cambisol, Fluvisol and Regosol soil tubes in-field was exchangeable. 62-95% remained in 

the uppermost 2 cm.    

5.1.1 Factors affecting the degree of partitioning   

5.1.1.1 Time after application  

Retention of both elements was rapid, with sorption expected to slowly continue beyond the range 

measured (Figure A. 1). The shaking time gradient was completed to validate that sorption was 

relatively stable after 120 minutes, thus was a suitable parameter for the other tests. However, it 

was valuable at demonstrating that sorption increased with time. Increased incorporation with 

associated exposure to superficial sorption sites is the hypothesised mechanism. The relationship 

between sorption time and Kd was strongest for Ga (R2 0.976 versus 0.038), but due to similarities in 

chemical properties and soil behaviour (Chapter 2.1) In is expected to follow a similar trend, with 

error the believed cause of poor fit. The treatment range only extended to 480 minutes, thus longer 

experimentation is required to identify when sorption peaks or increments are statistically 

insignificant-though poorly feasible with the methodology used.  

5.1.1.2 Soil solution pH 

5.1.1.2.1 Prediction of aqueous species and precipitation 

Data from Visual MINTEQ 3.1 predicts that Ga(OH)4
- and In(OH)3 were the dominant aqueous 

speciation in this study. Figure 4.4 and Figure 4.5 show the effect of increasing pH on the degree of 

hydrolysis, with the differences in ranges of transformation (pH 2-6 Ga, 3->10 In) consistent with 
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earlier theory that ionic Ga is more acidic than In due to its smaller ionic radius (Chapter 2.1.2.1). 

Table 4.1 and Table 4.2 show that Ga(OH)4
- and In(OH)3 dominated in the 5.54-7.14 pH range in this 

study, accounting for 93.6->99.9% and 89.9-99.4% of aqueous Ga and In respectively.  

The model is not completely reflective of the complex soil system, thus should only be used as a 

qualitative guide to aid in understanding the processes contributing to the mobility characteristics. 

Soil contains many behaviour-defining species other than Ca(NO3)2, Ga/In(NO3)3, H2O and CO2 

inputted (Table A. 2), along with colloids and organic material, though due to extensive variation in 

form and concentration it is infeasible to measure nor guess all other constituents for use in the 

model. A few common examples include aqueous complexation of In with Cl (producing InCl2+, InCl2+ 

and InOHCl+), availability-limiting Ga F complexation, and acidity-exacerbated organic acid sorption 

(Chang et al., 2017; Kabata-Pendias & Mukherjee, 2007; Wood & Samson, 2006; Chapter 2.2.3). Staff 

et al. (2010) simulated complexation of all aqueous Ga at pH 3-5 by EDTA 

(ethylenediaminetetraacetic acid) and citrate when present. Figure 25 in Wood & Samson (2006) 

demonstrated the complexity of an In solubility model arising from the addition of just two extra 

elements, S and Cl. In this study, only the hydroxyl species were modelled. Water is abundant, and 

guaranteed to influence behaviour. Complexes with other elements are substrate-concentration 

limited, in aqueous systems (Wood & Samson, 2006), with sorption further limiting availability in soil. 

Another factor contributing to inaccuracy is temperature; the degree of hydrolysis at a particular pH 

value increases with heat. Though temperature can be inputted to the model, it was not measured 

during experimentation and varied throughout and between days, thus the 20oC inputted was 

inaccurate. However, over relatively small ranges the effect is expected to be relatively small; Wood 

& Samson (2006) modelled that a 225oC increase was required for In(OH)4
- abundance to rise from 

0% to 50% at pH 7.    

Unexplained differences between this model and literature data further emphasise its 

recommendation to only be used as a guide. Although the solubility of Ga (particularly Ga(OH)3) is 

reportedly extremely low (Bernstien, 1998), a small aqueous fraction should be present on Figure 4.4 

(the hydrolysis graph). Wood and Samson (2006) calculated that Ga(OH)3 (aq) composed 

approximately 10% of aqueous Ga at pH 4.4, and Kopittke et al. (2009) modelled 10% at pH 3.7 and 

40% at pH 4.3, using PhreeqcI. Temperature could be partially responsible-a 5oC lower value was 

inputted to the model-but is likely to only cause a slight reduction, inferred from the graphs in Wood 

and Samson (2006). Differences were also observed among relative fractions of cationic Ga species. 

Wood & Samson (2006) showed that GaOH2+ was a much more dominant species than Ga(OH)2
+ at 

low temperatures, the opposite of the suggestion by Minteq, with modelled data produced by Staff 

et al. (2010) showing further variation. Theoretically, when only hydroxide species are considered, 
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speciation dominance should be similar. The type of modelling software used (age, structure, data) is 

likely predominantly responsible.  

The soil matrix-associated fraction could not be separated into adsorption and precipitation, limiting 

understanding of the behaviour of these elements. Precipitated and strongly adsorbed Ga and In are 

both not likely to be bioavailable, thus not extracted by Ca(NO3)2 in the methodology used. 

Unfortunately, Minteq modelling did not provide sufficient insight; Figure 4.6 shows that Ga 

precipitation decreases above a peak at pH 5.0, but data could not be extracted comparing the 

concentration relative to the aqueous hydroxyl species available for potential sorption, nor the effect 

of increasing concentration on the fraction precipitated. Of the pH range tested In(OH)3 was 

reportedly the dominant species, but precipitation data was not extracted. Literature indicates that 

precipitation is extremely frequent-low solubility thresholds have been reported, such as 0.069723 

mg Ga L-1 at pH 7.4 and 25oC from Berstein (1998), and 2-15 x10-6 mg In L-1 in European streams from 

Ladenberger et al. (2015)-but does not quantify it relative to sorption processes, which are also 

believed to remove notable quantities of ions from solution. Thus understanding of the processes 

causing the immobility of Ga and In is limited.  

Sequential extraction procedures are a possibility to provide some clarity in future research, but are 

incapable of fully separating sorption and precipitation. This process quantifies the partitioning of 

elements between 4-5 fractions; exchangeable and/or carbonate (soluble and bioavailable), 

reducible (oxide forms), oxidisable (sulphides and organic matter), and residual (silicates and 

resistant oxidisable material). It appears relatively frequently in literature, predominantly based of 

the methodology developed by Tessier et al. (1979) using extractants of various strengths and 

chemical properties. Połedniok (2012) is a Ga example, and Waterlot et al. (2013), Boughriet et al. 

(2007) and Hou et al. (2005) measured In. The fraction sorbed to organic material, sulphide and 

residual/resistant minerals can be separated from precipitation. However, the reducible fraction 

cannot be partitioned into oxide precipitation versus Mn and Fe oxides/hydroxides sorption, thus the 

key limitation is still present. In French soils contaminated from Pb and Zn smelters, Boughriet et al. 

(2007) measured 59% reducible In, and Waterlot et al. (2013) 52.1-90.1% in 11 garden with >75% in 

11 lawn samples. Both authors believed In oxide compounds to predominate this fraction, but were 

unable to quantify the extent. Total and extractable Ga followed a similar distribution pattern and 

was strongly associated with Fe within a Haplic Pozdol soil profile, in data collected by Tyler (2004b), 

which shows that precipitation likely does not compose the entirety of that fraction.    

5.1.1.2.2 Variation in retention with pH  

Distribution coefficients of Ga and In decreased with increasing with pH, though responsible 

mechanisms can only be speculated. Figure 4.2 shows that has pH increases, retention by the soil 
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matrix decreases, causing these elements become more mobile in the system and susceptible for 

plant uptake.  Adsorption and precipitation processes independently vary with pH. Gallium 

precipitation decreases linearly above and below a peak at approximately 4.3-5.2 (Figure 4.6, 

Berstein (1998), Wood & Samson (2006)), and In outside the 4.5-9 pH range (Wood & Samson, 2006). 

Gallium and In soil sorption specifics remain unclear (Chapter 2.1.2.2.1) but cation adsorption is 

widely accepted to increase with pH, with anion adsorption decreasing. Models provide sufficient 

predictions of the relative abundance of various species, but cannot separate the two key processes 

nor indicate the species involved in each process (for example, the polyvalent cation fraction is more 

susceptible to sorption than monovalent cations).   

Hypotheses were formed involving partitioning between the tri and tetrahydroxide species, which 

could potentially partially explain the slope of the pH distribution coefficient graph (Figure 4.2). Kd of 

In decreased particularly rapidly from pH 6.80 to 7.14 (910 to 458). Within that range, the fraction of 

In(OH)3 was modelled to remain relatively similar (99.264-99.376%, Table 4.2), but In(OH)2
+ 

decreased from 0.563 to 0.261%, and In(OH)4
- increased from 0.171 to 0.369%. Thus it is interpreted 

that the anionic species was lesser retained by the matrix. This is consistent with Ga data; retention 

was continually lower across the pH gradient (Kd ≥193 less), which can be attributed to the 

continually smaller cation fraction. When the distribution coefficient decreased 26% pH 6.80-7.14, 

Ga(OH)4
- was modelled to increase from 99.98% to 99.996%. No literature sources were found to 

compare cationic and anionic Ga and In sorption and thus verify this theory.     

The polynomial trendline in Figure 4.2 is not unexpected considering the curvilinear nature of the 

hydrolysis models, but poses difficulties for extrapolation beyond the pH range used in this study. pH 

5.54-7.14 is common across most agricultural soils, as optimum growth for many species occurs 

within this range (DeSutter & Godsey, 2010; McLaren & Cameron, 1996), but can differ on 

unimproved soils, which are more susceptible for disposal of waste due to their decreased growth 

potential, or be altered by contamination. Up to pH 8.2 was measured on contaminated soils 

containing 0.08-1.56 mg kg-1 In from previous Pb and Zn smelters (Waterlot et al., 2013). Oxidisation 

of 9 year old Pb-Zn tailings caused the pH to drop to 4.93, recorded by Wong et al. (1998). Thus data 

produced cannot be used to predict the relative mobility at extreme soil pHs. 

Contrary to this data, other literature found that the distribution coefficient of Ga increased within a 

similar pH range, thus further analysis is required to reach a consensus. Aqueous Ga decreased and 

calculated Kd rose from approximately 0.06 µg L-1 and 333,333 respectively, to 0.015 µg L-1 and 

1,333,333 as the pH increased from 5.37 to 7.25, in a study by Tyler & Olsson (2001) which modified 

the pH of natural soil (uncontaminated and uncultivated, unlike the heavily cultivated horticultural 

soil in this study) via CaCO3 additions. However, the curve of the trendline suggested solution 
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concentrations and thus mobility could increase if the range was expanded, and was poorly fitting. 

The authors offered little explanation of mechanisms, but mentioned the strong relationship 

between Ga and Al; Al and Fe solubility decreased rapidly, which could contribute through increased 

quantities of sorption sites. Watmough (2008) found that the distribution coefficient of Ga 

logarithmically increased with pH, from approximately 10,000 at pH 4 to close to 100,000 at pH 7. 

Though opposite to the findings in this study, their linear trendline was also a poor fit (R2 = 0.44), 

implying that the curvilinear partitioning of ionic species and precipitates also influenced data. pH 

was strongly statistically explanatory of Kd data from clayey and peat Swedish soils, but Sohlenius et 

al. (2013) hypothesised that the reduction in Kd with pH could be due to higher rates of weathering 

which cause natural acidification, thus increasing the rate at which Ga is released from mineral 

compounds into the exchangeable fraction. This may contribute to data from Watmough (2008) as 

natural soils in several different counties were used. In contrast, this study investigated variation 

from Ga and In freshly added to the soil, suggesting the effect of pH on retention could differ 

between natural environments, and contamination. Thus more studies involving spiking are required 

to properly assess the effect of pH on the relative mobility of Ga and In arising from extraction and e-

waste.     

5.1.1.3 Concentration added  

The distribution coefficient unexpectedly increased with the concentration of Ga and In added to the 

extractant solution, though it plateaued within the upper half of the values tested. Total solution 

concentrations, thus mobility and bioavailability increased with addition to the extractant solution 

(Figure A. 4), though the relative increase in the immobilised fraction was larger. Generally, Kd 

decreases with increasing elemental concentrations, as sites capable of sorbing the investigated 

elements become saturated thus a larger fraction must remain in solution (Shaheen et al., 2013). 

Shaheen et al. (2015) measured 68.8-99.5% reductions in Kd when Zn application increased from 32.7 

to 392.4 mg L-1 in solution across 11 soil types. Therefore, the increase in Kd observed on Figure 4.3 

was unexpected and dissimilar to most trace elements.     

Dominance of precipitation with relatively little adsorption is possibly explanatory for this trend. 

Above a threshold, precipitation and thus the concentration associated with the soil matrix increases, 

thus Kd increases as continually relatively less is present in the solution, though the total mobile 

concentration is little effected. For most trace elements, the distribution coefficient decreases with 

saturation of suitable sorption sites, but there is no quantitative evidence, within this study or 

literature, that adsorption plays a significant role in the behaviour of Ga and In. It was assumed to 

occur earlier (Chapter 2.1.2.2.1) utilizing evidence from other elements, but this study has 

demonstrated that even small differences in ionic radii and electronegativities caused drastic physical 

differences between Ga and In, thus assumptions are likely to not apply. The precipitation threshold 
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of both elements is extremely low (>0.03 µg L-1 -GaOOH, pH 4.3 and 25oC modelled by Wood & 

Samson (2006); Ksp 10-73.24-10-15 measured In(OH)3, In2S3, In2(CO3)3 and InPO4 reported by White & 

Hemond (2012)), increasing its importance in the system and the likelihood of this theory, though it 

cannot be verified. Staff et al. (2010) modelled that hydrolysis and species formed were not affected 

by concentration-speciation graphs for 4 mM and 0.07 mM Ga were identical-implying more total 

precipitation with concentration. Extractable Ga concentrations were just 0.5 mg L-1 different despite 

the industrial soil containing 49.1 mg kg-1 more, in research by Połedniok (2012), suggesting that 

excess above a threshold may have precipitated and contributed to the 175% larger oxide fraction. 

This theory could also be explanatory of the narrow concentration range in drainage and stream 

water within a Pb-Zn mine contaminated area, with 0.03-0.16 µg L-1 Ga and 0.02-0.04 µg L-1 In, 

despite soil In concentrations varying from 1.37-101 mg kg-1 (Ha et al., 2011). Indium water 

concentrations were equal to, with Ga slightly lower than the uncontaminated site (0.03 µg L-1 and 

0.25 µg L-1 respectively).   

Increased hydrolysis at high salt concentrations may also contribute to increased Kd, but insufficient 

measurements were completed to test this hypothesis. When hydrolysis occurs, hydrogen ions are 

released and the solution acidifies (Equation 2.1). The buffering capacity of the soil was assumed 

strong enough to prevent pH change, however pH was not measured within the concentration 

gradient. Acidification was associated with increased soil matrix association (Figure 4.2).      

Variation in Kd observed by Watmough (2008) could be attributed to increasing concentration, in 

addition to the pH causation. Total concentrations of Ga increased with pH (R2 = 0.28), thus could be 

partially responsible for increased Kd measurements with pH if the trend identified in this study 

applies across other environments. However, it is impossible to separate the effect of these two 

variables on the data supplied. Notably, the increase in matrix partitioning was particularly rapid 

from pH 4 to 5, close to the point of peak precipitation reported by Berstein (1998) and modelled on 

Figure 4.6, implying a dominating effect of precipitation within this range.   

5.1.2 Comparison of data with previous literature  

Despite limited measurement of Ga and In, this study and previous literature are in agreement these 

elements are strongly retained by the soil matrix. Less than 50% of both elements were present in 

the solution/exchangeable fraction in sequential extraction studies (Table 2.2 and Table 2.3). 

Distribution coefficient values varied dramatically, but data produced generally fell within the 

reported range, albeit on the low end of the scale. Across all treatments, In Kd ranged from 163-3187 

with a mean of 860, almost fitting entirely within the 180-11,000 range across 112 Canadian soil 

types surveyed by Sheppard et al. (2007). Ga values were 82-689 (mean 310), of which three 

treatments (30 minute shaking time, 1 and 3 mg L-1) fell below the minimum, with the measured 
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maximum less than all but one value in Table 2.4. However, due to variation in distribution 

coefficients across environments with a multitude of factors including pH, concentration, age and soil 

type, quantitative values are of lesser importance than a qualitative understanding of the direction in 

which they affect Kd, which the pH and concentration treatments in this study aimed to achieve. 

Knowledge has the potential application of aiding in reducing mobility, to ameliorate the risk of Ga 

and In leaving the contaminated soil.          

5.1.3 Other factors affecting partitioning 

5.1.3.1 Long time-scales  

The degree of Ga and In soil matrix retention increases with time, and is believed the predominant 

reason why calculated Kd values were lower than most literature. Aging increases the crystallinity of 

Ga and In precipitates, and increases the capacity of trace element occlusion and absorption, with 

both processes decreasing solubility and causing Kd to rise (Wood & Samson, 2006). Figure A. 1 

showed that retention increased with time, but the range was relatively short and didn’t reach a 

peak. The length of time in even the highest treatment is much shorter than all data on Table 2.4 and 

Table 2.5. Hou et al. (2005) also spiked soil, but 18 months prior to measurement. Thus mobility of 

Ga and In contributed from contamination is expected to be greater than that in natural soils, which 

have indefinite time to form an equilibrium between the solid and solution phases, with leaching of 

many soluble compounds. Insufficient data is available to test this claim with Ga and In, but Sheppard 

et al. (2009) measured that Kd was 87.5% and 99.9% lower in soil spiked with Cl and I respectively 

before analysis, versus natural soil, though concentration was also likely a contributing factor.   

5.1.3.2 Soil type/composition   

Though not analysed in this study, differences in soil type have been extensively attributed to 

variation in Kd and mobility across literature, though difficult to compare due to the complexity of 

this parameter. Though pH was considered the overwhelming determinant factor, Sohlenius et al. 

(2013) showed that clay and Al were associated with increased retention of Ga (across various 

Swedish soils), and organic C with lesser retention, which was explanatory of the lower distribution 

coefficients in peat versus clayey soils. Theoretically, this was due to the close association between 

Ga and Al in clay minerals where the former is immobile, and similarities in the net charge (negative) 

between the dominating ionic species and sorption sites. If proved correct, this hypothesis will 

demonstrate that solid phase partitioning is significantly different between natural and 

anthropogenically added Ga and In; the latter is believed to be predominantly present in hydroxide 

precipitates and superficially adsorbed, as substitution into minerals is considered to be a slow 

process. Contrastingly, Sheppard et al. (2009) reported a much smaller distribution coefficient in a 
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clayey till than a peat soil (2600 versus 7800), but the former contained 25% DW (dry weight) CaCO3 

thus had a much higher pH, attributed in this study to decreased retention.     

5.1.4 Presence of other elements  

Though this study has investigated the mobility and behaviour of Ga and In, contamination is 

extremely unlikely to occur alone, thus other trace elements are expected to affect Kd and must be 

considered within the system. Abundance of geochemically associated and chalcophilic elements, 

such as Al, Zn, Fe, Cu, Pb and Sn, are also elevated when contamination arises from mining or 

extraction. 369-650% more soil In arising from Pb and Zn smelters was also associated with 300-

1150%, 750-1180%, 1471-1765%, 61-90%, and 43-49% increments in Pb, Zn, Cd, Cu and Sn 

respectively, in a study conducted by Sterckeman et al. (2002). Gallium and In are predominantly 

utilized as alloys in electronic equipment and applications, particularly with the trace elements As 

and Sb (Ga) (Butcher & Brown, 2014), and As, Bi, Cd, Cu, Pb, Sb, Se, Sn and Te (In) (Schwarz-

Schampera, 2014). A median of 140 mg kg-1 Ga in mobile phone printed circuit boards was 

accompanied by 330,000 mg kg-1 Cu, 19,000 mg kg-1 Ba, 13,000 mg kg-1 Pb, 2600 mg kg-1 Ta and 440 

mg kg-1 Bi in data from Oguchi et al. (2011). Steinberger (1998) calculated that 16 µg kg-1 and            

20 µg kg-1 increases in Ga and In soil concentrations from a damaged copper indium diselenide thin-

film module were accompanied by 10 µg kg-1 Cu, 83 µg kg-1 Cd, 300 µg kg-1 Se, 2200 µg kg-1 Mo and 

2200 µg kg-1 Zn.   

5.1.4.1 Effect of other elements on partitioning  

Sorption competition arising from labile forms of other trace elements is likely to reduce the 

distribution coefficients of Ga and In, though has not been analysed. Elements are prone to out-

competition from suitable binding sites when similar or higher valency ions are present in solution, 

reducing the magnitude of retention to the soil matrix (Shaheen et al., 2013). Shaheen et al. (2013) 

measured 6.5-94.5% reductions in Cd Kd across a range of concentrations and soil types when 

elevated Zn was present, with the greater differences at high concentrations indicative that sorption 

competition was responsible (54-89% less at 224.8 mg L-1 solution Cd, versus -122 – 82% less at 

28.1mg L-1 Cd). Theoretically mobility of Ga and In is also susceptible to increase from this factor. 

However, effects vary with pH and ionic charge-trivalent cations are accepted to bind more strongly 

than divalent-and is dependent on the contribution of sorption to distribution coefficient. Earlier 

discussion suggested that precipitation may contribute more than sorption, which is not unanimously 

expected to decrease via competition (predictions are complicated; precipitation may increase or 

decrease dependent on the species involved, with production of aqueous complexes (e.g. InCl(OH)+), 

precipitated complexes (e.g. InPO4), or out-competition and thus increased hydroxide precipitates). 
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No literature was found to appropriately compare the Kd of Ga or In between low and high 

concentrations of other elements.  

5.1.4.1.1 Comparison of gallium and indium mobility to other elements   

Though In was measured to be less mobile than Ga, there is insufficient data to feasibly compare 

mobility relative to other trace elements likely to enter the soil - plant system. Though Kd values have 

been calculated numerous times for most elements, this study demonstrated drastic variation with 

just three of many environmental factors-pH, concentration and time-emphasising the unsuitability 

of comparison across literature. None of the multi-elemental literature pieces uncovered compared 

Kd at the same concentration. Sheppard et al. (2009) and Watmough (2008) calculated distribution 

coefficients from natural soil background concentrations, but elemental ratios differ to mining 

residues and electronic equipment. Pb/In and Cu/In averaged 993 and 11 respectively in sites 

contaminated from a Pb-Zn mine, in contrast to 98 and 48 in uncontaminated sites (Ha et al., 2011). 

Sn/Ga and Sr/Ga values of 250 and 3 in mobile phone printed circuit boards (Oguchi et al., 2011) 

differ from 0.04 and 9, naturally in soil (Kabata-Pendias & Mukherjee, 2007). Sheppard et al. (2007) 

and Tyler & Olsson (2002) produced much higher Kd values for Ga than In (mean Kd Ga 11000 and 

14211, with In 2800 and 967 respectively), opposite to the observations in this study. However, Ga 

and In retention was found to increase with concentration (Chapter 4.1.1.2). Both the soil matrix and 

solution in the latter study had less In than Ga (In: 0.029 mg kg-1 matrix 0.030 µg L-1 solution; Ga: 5.4 

mg kg-1 matrix, 0.38 µg L-1 solution), in contrast to the identical concentrations in this 

experimentation. As Sheppard et al. (2007) used natural soil, Ga is also expected to be more 

abundant and possibly explanatory of the higher distribution coefficients.   

5.2 Physiological uptake of gallium and indium by perennial ryegrass 

Ryegrass was capable of taking up and translocating small but statistically significant (p<0.001) 

quantities of Ga and In into shoot biomass. Gallium reached a maximum of 11.57 mg kg-1 DM (dry 

matter), and In 0.015 mg kg-1 DM (Figure 4.7). Just three In treatments appeared to be above the 

detection limit (consistently increased above the control) (≥50 mg kg-1), with all but one of the Ga 

treatments above that threshold (≥31.25 mg kg-1). Uptake was consistently lower for In, even within 

the comparable concentration range (15.625-200 mg kg-1 soil addition). The mass of both elements in 

shoot biomass was extremely low compared to the mass applied (maximum of 0.013% Ga, 0.0021% 

In (Figure 4.8)), which is consistent with the findings from the previous section that both elements 

are highly immobile in soil, with In mobility lesser than Ga. However, two separate factors are 

involved; availability in soil, and capacity for shoot translocation. Due to the absence of a consensus 

on the oral toxicity threshold and food safety standard for each element, it cannot be evaluated 

whether these values are ‘high’ or ‘low’ in respect to the potential effect on the food chain.  
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Indium shoot concentrations plateaued within the range tested, but the exact cause is unknown. 

Uptake plateaued at 0.015 mg kg-1 DM, measured in soil spiked with 100 mg kg-1 In. Doubling 

concentrations produced an insignificantly small reduction (0.00019 mg kg-1, p>0.05 in one-way 

ANOVA post-hoc LSD). The highest measurement in non-processed data was 0.021 mg kg-1. Without 

further experimentation, it cannot be determined if this threshold is attributed to the maximum 

physiological capacity for In uptake, related to In availability in soil, or a result of toxicity (limiting the 

rate of further uptake). Data from Waterlot et al. (2013) shows that ryegrass was capable of 

containing higher concentrations of In. 0.0161-0.0509 mg kg-1 was recorded, despite much lower 

total soil concentrations than used in this study (0.23-0.54 mg kg-1, versus 1.5625-200 mg kg-1) and a 

similar experimental setup (6 week trials, sheltered from the environment). Thus bioaccumulation 

factors (BCF; concentration in plant/total concentration in soil) in this study were approximately two 

scales lower, and inferred much lower mobility in the soil-plant system. No other literature was 

found which measured In or Ga in ryegrass or pasture species.   

Gallium uptake did not peak within this study. The highest concentration recorded was 13.65 mg kg-1, 

with the slope indicative of increased uptake beyond the range measured. Thus, from the findings 

that total solution concentrations increased with addition (Figure A. 4), soil availability was a 

predominant factor limiting movement to foliage. Experimentation utilizing higher concentrations is 

required to identify when peak uptake occurs. Yu et al. (2015) and Syu et al. (2017) recorded 

maximum concentrations of ~48 mg kg-1 and 74 mg kg-1 respectively in rice seedlings exposed to     

15-15.42 mg L-1, also likely to continue beyond their ranges, however neither study is comparable 

due to physiological species differences and the hydroponic setup of both experiments. Syu et al. 

(2017) also measured peak In of 151 mg kg-1 in 10 mg L-1. The recentness of these two studies, in 

addition to Chang et al. (2017) who investigated physiological responses to Ga toxicity, suggest that 

awareness of Ga and in contamination is increasing, with the potential for further findings in the 

upcoming years.   

5.2.1 Effect of soil partitioning on plant uptake 

Decreased soil mobility was calculated to be only partially responsible for lower concentrations of In 

than Ga, in ryegrass shoot biomass. As the soil used in this section of the study was the same type 

and unlimed, the pH and distribution coefficients were assumed to be the same as the T1 treatment 

in the batch sorption experiments; pH 5.54, Kd 689 Ga and 1266 In. As Kd was 46% smaller and thus a 

larger applied fraction remained in solution, it is unsurprising that Ga uptake was much higher than 

In. Sheppard et al. (2011) demonstrated that plant uptake was negatively correlated to Kd, with the 

R2 of -0.45 particularly significant considering the variety in plant organs (roots, shoots and grains), 

species (wheat and barley) and essentially of elements included. However, when solution 
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concentrations were estimated from Kd (Figure 4.9), Ga uptake was still higher across most of the 

comparable concentration range (though poorly comparable due to the different trendline shapes). 

2.23% Ga was estimated to be utilized versus 0.049% In at 0.039 mg in solution. Thus soil partitioning 

is not the only factor contributing to lesser In mobility in the system.    

An estimate of the mass in solution could be calculated to aid in understanding, but is not accurate. 

Unfortunately, solution concentrations were not measured directly. The distribution coefficient 

varies with pH (Figure 4.2), and while assumed identical to T1 soil treatments no measurements were 

completed. Kd increases with concentration (Figure 4.3); 10 mg kg-1 in the extractant solution is 

equivalent to 60 mg kg-1 for the 5g of soil used, falling within the 1.5625-200 mg kg-1 In and 15.625-

2000 mg kg-1 Ga ranges. Therefore, availability was underestimated at low concentrations, and 

overestimated at high. Retention increases with time (Figure A. 1), also contributing to 

overestimating availability. The total amount of biomass was not quantified; 1-2 cm height was left 

after harvesting and some material was lost in processing. Figure 4.9 contributes to our knowledge of 

Ga and In mobility in the system, but should only be used qualitatively.  

Variation in soil mobility is likely a major contributor to the differences in plant:soil ratios in similar 

species within literature. This study and Waterlot et al. (2013) both measured In ryegrass shoot 

relative to total soil concentrations, but Kd was not calculated in the latter thus uptake relative to the 

bioavailable fraction could not be compared. Rapid retention of both elements, and variation across 

environments shows that total soil concentrations are poorly indicative of the concentration 

available for plant uptake. Indium’s BCF was initially much smaller, but rose from a mean of 0.000586 

to 1.50 when the estimated solution mass was considered, higher than their total soil BCF of 0.0814. 

Bioaccumulation factors were also scales higher (1738-4777% higher for Ga and In respectively) in 

data presented by Tyler (2005) regarding uptake by Beech forestry in a Haplic Podzol. High soil 

mobility is believed responsible; though not measured, Kd is expected to be relatively low. pH was 

3.2-3.6, where Figure 4.5 and Figure 4.6 predict just 0.01-0.17% of precipitation-prone In(OH)3 to be 

present, and 69-84% of maximum Ga precipitation. Soil was an O horizon, abundant in organic 

carbon, which Sohlenius et al. (2013) associated with decreased retention. Ha et al. (2011) 

demonstrated that physiological differences between species was also a contributing factor, but In 

BCFs were the same scale for the four plant types tested (approximately 0.14-0.20).    

5.2.2 Causes of low plant uptake 

Despite no evidence that ryegrass uptake was close to peaking, the fraction of bioavailable Ga 

present in shoot biomass was extremely low-a maximum of 9.19%. Even accounting for experimental 

error and inaccuracy in the Kd value used, this value is particularly small. Thus it is implied that other 
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physical processes or plant physiology restricts movement into the shoot. Though insufficient data 

was produced for verification, three likely causes are outlined below.  

5.2.2.1 Leaching of gallium and indium from soil 

Gallium and In have a small capacity to be leached from soil, though not investigated nor believed 

largely responsible for low plant uptake. In solution, elements have the capacity to move downwards 

through the soil profile, and may be removed via groundwater. Anions are generally more 

susceptible, due to the predominantly net negative charge. This pathway of removal was not 

evaluated in this study. The likelihood of leaching is expected to be low relative to other elements, 

due to the strong association of Ga and In with the soil matrix. Two studies have demonstrated the 

capacity of this process. Hou et al. (2005) measured that ≤40% of artificially applied soluble In 

leached from a 35 cm soil column in 18 months, and only 5-38% had moved below the top 2 cm. 

Total Ga was reportedly 7.24 mg kg-1 higher in the upper B versus the overlying E horizon in a Haplic 

Podzol analysed by Tyler (2004b), with long time periods and extensive weathering responsible for 

this movement. Leaching is not believed to be significant in this study; saucers collected leachate 

(retaining aqueous species in the system), and the root network was extensive and believed to 

penetrate most of the soil, as evidenced by extrusions from the bottom of the pots for most 

treatments.        

5.2.2.2 Increased retention of gallium and indium to the soil matrix 

Mobility and thus bioavailability were shown to reduce with time (Figure A. 1). There was a huge 

temporal difference between the 120 minute time period used to calculate the distribution 

coefficient, and the 7 week duration in this section of the study, inclusive of 7 days before seeds 

were planted. Cumulative increases in retention are believed to have occurred, but the magnitude is 

unknown.    

5.2.2.3 Retention of gallium and indium in root biomass 

The predominant cause of low movement to shoots is believed to be root retention. Strong sorption 

to outer root cells is the best understood physiological process, severely limiting movement into 

above-ground biomass (Chapter 2.2.1). Thus in the little suitable literature, shoot:root concentration 

ratios are usually below 1 (Table 2.8 and Table 2.9). Data is of similar scale to the shoot:soil solution 

ratios in this study (<0.01-1.71 shoot:root, versus shoot:soil solution of 0.017-0.092 Ga, 0.00049-

0.026 In), implying that most unaccounted matter could be retained in roots, despite an absence of 

root concentration measurements. Syu et al. (2017) and Yu et al. (2015) are recent examples which 

clearly demonstrate extensive root retention in rice seedlings; the former reported a tenfold increase 

in root relative to shoot Ga and In, with the latter reporting that 98.2% of plant Ga was found in the 

roots. 
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5.2.3 Relationship between uptake of gallium, indium and other elements 

5.2.3.1 Nutrient deficiencies observed  

Nitrogen deficiencies were experiences in treatments containing In and low concentrations of Ga. 

Nitrate was the anion in the salts used, with 3 units per unit of Ga or In applied. Nitrogen levels in the 

soil were insufficient for optimum plant growth as the experiment progressed, thus after 3 weeks 

pots with high concentrations of NO3
- added, partially 500, 1000 and 2000 mg kg-1 Ga, had visibly 

higher growth rates and greener leaves (indicative of more chlorophyll and higher photosynthetic 

rates). Deficiencies were not ameliorated via urea until 4 weeks after sowing, and as they were of the 

severity to produce visual symptoms, large physiological disruptions had occurred. Foliar analysis was 

not completed, but the reversal of symptoms when urea was applied and absence of symptoms from 

treatments with ≥1000 mg kg-1 Ga(NO3)3 are clear evidence that N was limiting. Thus the severity of N 

deficiency varied across treatments, in addition to exposure to Ga and In.  

Phosphorus deficiency is also believed to have occurred, but the initial supply was consistent across 

treatments. Relatively late in the experiment purpling was observed at the base of shoots of most 

treatments, with several purple leaves observed in treatments with large biomasses, a common 

deficiency symptom (McLaren & Cameron, 1996). Supply (forms and concentrations initially present 

in the soil) was the same across all treatments. Inconsistencies were observed and symptoms more 

pronounced in the highest Ga treatments, due to the relatively higher biomass arising from the 

absence of N deficiency.   

Water stress was inconsistent across treatments, also attributed to nitrogen availability. 

Transpirational potential and water requirements increase with leaf area, usually closely correlated 

to total biomass. As the experiment progressed, the treatments with the highest biomass-high Ga-

had consistently lesser, then an absence of water in saucers when checked daily. The predominant 

physiological effect is reduced biomass accumulation (decreased leaf area to intercept light, and 

decreased CO2 entry through stomatal closure), though osmotic adjustment also occurs in many 

species and alters the partitioning of elements and compounds within the plant.  

5.2.3.1.1 Effect of nutrient deficiencies on elemental correlation data  

Details of the variation in elemental concentrations between treatments cannot be used to 

understand the effect of Ga and In, due to the nitrogen deficiencies experienced. Several strong 

correlations were observed (Table 4.3 and Table 4.4) with Mg and Ca uptake particularly closely 

related to Ga (R2 0.797 and 0.641 respectively), as determined by the concentration of Ga(NO3)3 

added to soil. The effect of the second independent variable, N availability, on elemental uptake 

could not be separated from the variation attributed to Ga and In. Interactions between elements 

(increased or reduced uptake of macronutrients, micronutrients or toxic contaminants) could be 
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important to plant growth rates and the heath of animals consuming the product. Table 5.1 

compares differences in nutrient uptake between this study and Syu et al. (2017). As the latter 

reportedly had consistent and sufficient nutrients, the differences in trends could be attributed to 

higher nitrogen uptake; particularly reductions in shoot K, and increased Mg, Ca and Zn, though 

cannot be verified.      

Table 5.1 Differences in rice and ryegrass shoot nutrient concentrations, under high and low Ga 
and In treatments. Highest and lowest Ga and In treatments were 0-15 mg L-1 Ga and 0-10 mg L-1 In 
Syu et al. (2017); 0-2000 mg kg-1 Ga and 0-200 mg kg-1 In this study. Shaded cells were significantly 
different (p<0.05) in one-way ANOVA LSD tests. 

Element K Mg Ca Fe Zn Mn 

Difference 
from lowest 
(%) 

Gallium; Syu et al. (2017) 11.2 1.6 3.4 -57.0 -12.9 22.7 

Gallium; this study -42.8 101.1 91.1 -58.6 120.3 94.6 

Indium; Syu et al. (2017) -5.5 -35.9 -38.9 -48.8 -19.5 -11.7 

Indium; this study 2.3 31.4 36.0 -27.9 60.6 -4.0 

 

5.2.3.2 Effect of gallium on iron uptake  

Addition of Ga significantly reduced the concentration of Fe in ryegrass shoots. Uptake decreased 

exponentially, with reductions peaking at 59-64% when Ga concentrations rose above 3 mg kg-1 

(Figure 4.10). Due to findings in previous literature (Chapter 2.2.4), this relationship is believed 

predominantly attributed to Ga, versus NO3
-. The absence of a consistent strong trend with In (Figure 

4.11) further increases the likelihood that replacement in phytosiderophores and other Fe3+ 

physiological compounds is responsible. Syu et al. (2017) also measured large Fe shoot reductions, in 

Strategy II rice plants placed in a Ga solution. Their trend was less consistent-57% less was observed 

in 1 and 15 mg L-1 Ga, with just 41% in 5 and 10 mg L-1-but significant, and may have plateaued at <1 

mg L-1. Unlike this study, reductions were also observed under elevated In, but this was probably 

related to rhizotoxicity, restricting the rooting area and total nutrient availability. 

Both sets of experiments had few repeats, which limited data accuracy and trendline fit, but was 

sufficient for interpretation of trends to achieve the aims. Just 3 samples were completed for each 

batch sorption treatment, and 4 for each plant uptake treatment. Thus possible outliers could not 

justifiably be removed, as there was not enough evidence to establish an accurate threshold 

between natural variation, natural anomalies, and methodological error. Each measurement had 

large leverage, thus possible outliers significantly reduced the accuracy of the data produced. Mean 

Ga Kd at pH 5.54 increased from 689 to 809 when one measurement (448) was removed, and the 

concentration of In in control shoot biomass decreased from 0.0058 mg kg-1 to 0.0025 mg kg-1 with 

removal of a 0.016 mg kg-1 measurement. Though this likely contributed to low R2 values for many 

trendlines (such as In in Figure 4.3), figures were able to effectively qualitatively evaluate the 

capacity for soil retention and plant uptake, and show the response to the treatments. Accuracy of 
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quantitative values was of relatively little importance, particularly for Kd, as Chapter 5.1.2.2.2 

demonstrated that it couldn’t be feasibly compared across various environments. Nitrogen 

deficiencies more severely reduced the quality of data produced in plant experimentation.  

5.2.4 Phytotoxicity 

Potential toxicity symptoms were not able to be identified and isolated in this study, due to the 

variation in growth and physiology attributed to nitrogen deficiencies. Excessive Ga and In availability 

is accepted to cause reductions in root and shoot biomass through strong sorption to outer root 

cells, reducing water and nutrient uptake (Chapter 2.2.2). In this study, biomass variation was not 

able to be delineated between the effects attributed to elevated Ga and In, versus those related to 

nitrogen availability, thus was not analysed. Toxicity-induced growth rate reductions greatly reduce 

mobility in the plant aspect of the system, movement of these elements into the food chain, and the 

capacity for contaminated land to be used for agriculture; therefore it is an important area to 

research. Syu et al. (2017) attributed a plateau in the total mass of In in rice seedlings to toxicity, with 

reductions in root biomass theoretically limiting uptake of In and other essential elements. Thus 

toxicity may be responsible for In uptake plateauing at 0.015 mg kg-1 in this study, particularly since 

Waterlot et al. (2013) showed that ryegrass is capable of containing up to 0.0509 mg kg-1 In, but 

cannot be verified from the nitrate effect. 

Previous studies suggest that In has a lower toxicity threshold than Ga, which may further contribute 

to higher uptake of Ga. Lesser rhizotoxicity theoretically allows greater total uptake (via optimal 

physiological root functioning and larger area of soil covered) and translocation to shoot biomass. 

Research comparing these two elements in identical environments is limited, but all applicable 

papers agreed with this claim. Syu et al. (2017) found that 0.08 mg L-1 In in solution caused 

statistically significant reductions in root and shoot length and biomass, with 15 mg L-1 Ga increasing 

the size of all four components. Kopittke et al. (2009) recorded reductions in root elongation at 0.36 

M In versus 0.67 M Ga, with 50% reductions in elongation rate at 0.72 M and 0.90 M 

respectively. Clarkson (1965) observed greater reductions in root elongation rates from Ga, but 50% 

high concentrations were added with just 22% lesser elongation. Hydrolysis is hypothesised to be a 

partial underlying cause; In3+ is abundant in a much larger pH range than Ga3+ (the predominant 

rhizotoxic speciation; Chapter 2.2.2), with >10% in this form at pH ≤4.7 versus Ga with a ≤4.1 10% 

threshold, as modelled by Minteq (Figure 4.4 and Figure 4.5). Minteq also predicted trivalent In to be 

10-fold that of Ga within the pH range of 4.8-5.0 employed by Syu et al. (2017) (though not adjusted 

for other species present in that study). Table 2.10 and Table 2.11 shows that there is not enough 

toxicity data, for either element, to form a threshold consensus.   
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5.2.5 Comparison with other contaminants  

Contamination is extremely unlikely to only involve Ga and In, thus physiological interactions with 

other contaminants are expected in the environment. Chapter 5.1.2.2 listed several key elements 

also likely to enter the system via processing or product disposal, though many more are susceptible, 

dependant on the composition of mineral deposits and waste products. In addition to the direct 

effects of associated elements on shoot biomass composition and growth rates, uptake of Ga and In 

may be affected, along with the potential for biomass concentrations to cross their toxicity 

thresholds. Arsenic, the element used in the most common Ga alloy, reduced the root length of lentil 

from ~3000cm to ~1000cm when 10 mg L-1 was present in irrigation water (Ahmed, 2006), which 

would likely decrease total availability and thus shoot concentrations of Ga if also added in the 

system. Organic acids are frequently produced in response to Al toxicity, believed capable of also 

binding and restricting uptake of Ga and In (Chapter 2.2.3). Many other examples are present. 

However, no papers were found to directly investigate Ga and In uptake relative to spiking of other 

elements. This study and other recent research have investigated Ga and in mobility and 

physiological interactions, but the next step is to evaluate their potential risk relative to other 

contaminants.   

5.3 Other pathways of transport of gallium and indium to the food chain 

As movement from soil to shoot biomass was found to be very little, physiological uptake is unlikely 

to be a major source of Ga and In to the food chain, but there is the possibility for oral ingestion via 

other pathways. 

5.3.1 Atmospheric deposition on foliage 

Large quantities of Ga and In may be deposited on foliage as aerosols, and is a likely pathway, 

particularly near industrial sites or urban areas. Both elements are naturally present at low 

concentrations in the atmosphere (<0.001 ng m-3 Ga and <0.08 ng m-3 In) but are anthropogenically 

elevated through mining, smelting, product manufacture and coal burning, with up to 1 ng m-3 Ga 

and 1200 ng m-3 In reported (Kabata-Pendias & Mukherjee, 2007; White & Hemond, 2012). Thus 

atmospheric deposition is likely to be a major source, if Ga and In are retained during transport (not 

easily removed by rainwater or in food processing). There is an absence of literature suitably 

demonstrating this, particularly its importance in comparison to physiological uptake, but is 

theoretically possible. A lack of measurements of natural plant uptake (Table 2.6 and Table 2.7) limits 

the ability to determine if elevated concentrations near processing plants are due to atmospheric 

deposition. Tyler (2005) found that in beech leaves, ≥21% of Ga was deposited as it was able to be 

removed by washing. In a Norway moss survey, 76% of the variation in Ga concentration was 

explained by its proximity to an Al smelter (Berg & Steinnes, 1997). Mean Ga and In Swedish moss 
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concentrations varied 0.30-0.09 mg kg-1 and 0.0110-0.0013 mg kg-1 in 1975-2000, attributed to the 

degree of aerosol production (Rühling & Tyler, 2004).    

5.3.2 Presence in drinking water 

Regardless of their capacity for entry, due to their poor solubility drinking water is unlikely to be a 

major source of Ga and In. Both elements are naturally present at low concentrations in waterbodies 

(e.g. 11-15 pmol kg-1 dissolved Ga and 0.07-4.5 pmol kg-1 In in oceanic basins (Alibo et al., 1999)), but 

are capable of increased entry through soil leaching (Chapter 5.2.2.1) or atmospheric deposition 

(White & Hemond, 2012). However, due to their poor solubility, upon entry Ga and In are predicted 

to readily precipitate. Particularly low concentrations are expected in drinking water. The 

aesthetically recommended pH range is 7.0-8.5 (Ministry of Health, 2008), which falls within the peak 

precipitation range of In (~4.5-9, Wood & Samson (2006)) with relatively reasonably high 

precipitation of Ga (Figure 4.6; 1 µM solubility calculated by Bernstein (1998)), with precipitates likely 

removed via filtration. Further research is required to verify this claim. The concentration of Ga 

dissolved, relative to the concentration associated with suspended solids was extremely low in 

Californian streams sampled by Shiller & Frilot (1996), at 4.72 x 10-8 - 2.59 x 10-7.   
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Chapter 6 

Conclusions  

This study aimed to determine the mobility of Ga and In in the soil-plant system, through 

investigation of their strength of retention to the soil matrix and capacity for uptake by perennial 

ryegrass. Both elements were found be poorly mobile, with relatively little present in the soil 

solution, and low rates of transport from soil to shoot biomass.  

Immobilisation to the soil matrix is rapid, increases with acidity, and proportionally increases with 

the concentration of soluble Ga and In applied. Average distribution coefficients were approximately 

400 and 2000 for Ga and In respectively. Precipitation of poorly-soluble, neutral hydroxide 

compounds produced by hydrolysis is believed to be a major contributing factor, particularly causing 

Kd to increase with concentration. Formation of the poorly-sorbed anionic species is likely 

responsible for Kd decreasing with pH.   

Translocation to shoot biomass is extremely low, relative to the abundance in soil and the soil 

solution. The mass in harvested foliage proportional to application peaked at 0.013% Ga and 

0.0021% In. Strong retention within roots is believed to greatly reduce mobility. Additionally, 

bioavailable Ga significantly reduces Fe uptake.   

Gallium has a greater mobility than In in the soil-plant system. Lesser matrix partitioning (averge Kd 

1600 smaller) and higher translocation (0.48 mg kg-1 at 125 mg kg-1 added to soil, versus 0.015 mg kg-

1 In at 100-200 mg kg-1) were calculated in identical environments.  

Overall, there is little risk of Ga and In contaminants entering the food chain via physiological plant 

uptake, with both elements predicted to accumulate in the upper soil profile.      

Future research should verify that the trends identified, both regarding soil mobility and plant 

uptake, are replicable across many environmental conditions (with variation in pH, concentration, 

time, clay and organic carbon content), and extent beyond the ranges tested in this study. Data 

collection involving phytotoxicity, root and shoot concentrations across a range of plant species is 

recommended, to fully evaluate the capacity for Ga and In to enter the food chain under severe 

contamination. Retention and uptake dynamics should be investigated under elevated 

concentrations of associated elements-such as As, Zn, Fe, Cu, Pb and Sn-to assess the relative toxicity 

of Ga and In, and predict the effects of contamination with higher accuracy.  
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Appendix A  

A.1 Materials and methods 

A.1.1 Calculation of Kd 

M = Ca x (Va/1000) 

Equation A. 1 Calculation of extractant mass. M = mass of extractant in extract (µg), Ca = extractant 
concentration with acid (µg L-1), Va = volume of extract and acid (mL).    

C = (M/(V/1000)) x 5 

Equation A. 2 Calculation of the extractant concentration. C = extractant concentration (µg L-1), V = volume of 
extract (mL). 

Solution correction factors, found from Figure A. 2 and Figure A. 3. 

Cc = 4.3493 x C0.7015 

Equation A. 3 Ga correction factor. Cc = corrected concentration (mg L-1), C = extractant concentration (mg L-1).  

Cc = 4.4355 x C0.6785 

Equation A. 4 In correction factor. Cc = corrected concentration (mg L-1), C = extractant concentration (mg L-1).  

S = ((Ci – Cc) x (V/1000))/0.005 

Equation A. 5 Calculation of the soil matrix-bound concentration. S = soil matrix concentration (mg kg-1), Ci = 
concentration in Ca(NO3)2 solution.  

Kd = S/Cc 

Equation A. 6 Calculation of Kd. 

A.1.2 Calculation of ryegrass shoot elemental concentrations 

Elements measured: Ga, In, B, Na, Mg, Al, Si, K, Ca, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, Ge, As, Zr, Nb, Mo, 

Cd, Sb, Ta, W, Re, Pb, Rh.   

Cp = ((Cm – Cb) x 5 x Vd)/Ms 

Equation A. 7 Calculation of ryegrass shoot elemental concentrations. Cp = shoot concentration (µg kg-1), Cm = 
ICPMS concentration (µg L-1), Cb = average of ICPMS blanks (µg L-1), Vd = digest volume (mL), Ms = sample mass 
(g).   
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A.1.3 Effect of shaking time and Kd 

 

Figure A. 1 Effect of shaking time on Kd. Mean values of each treatment presented. Error bars 
denote standard deviation of Kd for each shaking time category (n=3). In trendline does not include 
30 minute treatment.  

A.1.4 Measurement of soil solution pH 

Table A. 1 Lime application and pH of extractant solutions for each soil treatment.  Lime 
application data from Valentinuzzi et al. (2015). pH measured with a pH electrode in 5 g soil shaken 
with 30 mL un-spiked Ca(NO3)2 extractant solution for 120 minutes.  

 Soil 
treatment 

Lime applied 
(wt%) 

pH  

Sample 1 Sample 2 Sample 3 Average 

T1 0 5.53 5.54 5.54 5.54 

T2 0.31 6.05 6.03 6.03 6.04 

T3 0.61 6.79 6.81 6.81 6.80 

T4 1.25 7.01 7.03 7.03 7.02 

T7 10.00 7.11 7.14 7.16 7.14 

No soil - 5.31 5.29 5.4 5.33 
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A.1.5 Identification of correction factors 

  

Figure A. 2 Identification of the Ga correction factor. Mean solution concentrations of 
concentration gradient treatments without soil plotted on the x-axis (n=3).  

 

 

Figure A. 3 Identification of the In correction factor.  Mean solution concentrations of 
concentration gradient treatments without soil plotted on the x-axis (n=3).  
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A.1.6 Parameters used in the MINTEQ model  

Table A. 2 Species inputted and parameters on the Visual MINTEQ 3.1 models. 

Species Concentration 

Ca2+ 0.05 M 

NO3
- 0.100484 M 

Ga3+/In3+ 10 mg L-1 

CO2 0.00038 atm 

Temperature 20oC 

pH measurement interval 0.1 

 

A.2 Results 

A.2.1 Distribution coefficient data 

Table A. 3 Mean distribution coefficients of Ga and In for each treatment. 

Treatment Mean Kd 

gallium 
Mean Kd 
indium 

Shaking time gradient 

30min 186 581 

60min 238 421 

120min 265 458 

240min 297 602 

480min 366 534 

pH gradient 
T1, 5.54 689 1266 

T2, 6.04 485 983 

T3, 6.80 360 910 

T4, 7.02 344 679 

T7, 7.14 265 458 

Concentration gradient 

1 mg L-1  88 163 

3 mg L-1   82 339 

10 mg L-1   265 458 

30 mg L-1 280 1812 

100 mg L-1   392 3187 
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A.2.2 Variation in solution concentrations with added gallium and indium 

 

Figure A. 4 Effect of the concentration of Ga and In added to the Ca(NO3)2 extracting solution on 
the concentration in the soil solution. Mean values of each treatment presented (n=3). Error bars 
denote standard deviation of soil solution concentrations for each category. Plant uptake data, 
normal axes  

 

Figure A. 5 Effect of the concentration of Ga added to soil on ryegrass shoot concentrations, non-
logarithmic axis. Mean values of each treatment presented (n=4). Error bars denote standard 
deviation of biomass concentration for each category. Detection limit assumed equal to control 
(dashed line), 0.11 mg kg-1 DM Ga. Control value not included in the trendline.  
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Figure A. 6 Effect of the concentration of In added to soil on ryegrass shoot concentrations, non-
logarithmic axis. Mean values of each treatment presented (n=4). Error bars denote standard 
deviation of biomass concentration for each category. Detection limit assumed equal to control 
(dashed line), 0.0.0058 mg kg-1 DM In. Control value not included in the trendline.  
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