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" The labile pool of MoO2�
4 in amended soils was observed to decrease with age in soils.

" A strong linear relationship was observed between E and L value results.
" Labile MoO2�

4 in Mo contaminated soils was <10% of the total Mo in soils.
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a b s t r a c t

Aging reactions in soils can influence the lability and hence bioavailability of added metals in soils
through their removal from labile pools into pools from which desorption is slow (non-labile pools).
The aims of this study were to examine the effect of aging reactions on the lability of soluble molybdate
ðMoO2�

4 Þ added into soils with varying physical and chemical properties and develop models to predict
changes in the labile pool of MoO2�

4 in soils with incubation time. Soils were spiked with soluble
MoO2�

4 at quantities sufficient to inhibit barley root growth by 10% (EC10) or 90% (EC90) and incubated
for up to 18 months. The labile pool of MoO2�

4 (E value) was observed to decrease in soils with incubation
time, particularly in soils with high clay content. A strong relationship was observed between measures
of MoO2�

4 lability in soils determined using E and L value techniques (R2 = 0.98) suggesting E values pro-
vided a good measure of the potential plant available pool of MoO2�

4 in soils. A regression model was
developed that indicates clay content and incubation time were the most important factors affecting
the labile pool of MoO2�

4 in soils with time after addition (R2 = 0.70–0.75). The aging model developed
suggests soluble MoO2�

4 will be removed into non-labile pools more rapidly with time in neutral to alka-
line clay soils than in acidic sandy soils. Labile MoO2�

4 concentrations in molybdenum (Mo) contaminated
soils was found to be <10% of the total Mo concentrations in soils.

Crown Copyright � 2012 Published by Elsevier Ltd. All rights reserved.
1. Introduction

Molybdenum is a trace element with an average concentration
of 1–2 mg kg�1 in the Earth’s crust (Taylor and McLennan, 1985).
The water-soluble Mo concentrations in uncontaminated soils are
generally <0.1 mg kg�1 (Brennan and Bruce, 1999). Molybdenum
is an easily oxidised element with the dominant redox state being
Mo(VI) in solutions at EH > 0 V and pH > 5 (Anbar, 2004). The dom-
inant soluble species found in oxygenated environments is the tet-
rahedrally coordinated oxoanion molybdate ðMoO2�

4 Þ.
The toxicity of soluble MoO2�

4 added into soils has recently been
investigated using plants, invertebrate and microbial processes
(Buekers et al., 2010; McGrath et al., 2010; Van Gestel et al.,
012 Published by Elsevier Ltd. All r
2012). Total carbon content or ammonium oxalate extractable iron
(Feox) concentrations in soils were found to be the best predictors of
toxicity threshold values (50% effective dose) for MoO2�

4 obtained
using four plant species (Brassica napus, Trifolium pratense, Lolium
perenne, Lycopersicon esculentum) (McGrath et al., 2010). McGrath
et al. (2010) suggested the strong relationship between toxicity val-
ues and Feox concentrations in soils indicate sorption of MoO2�

4 on
Fe-oxides, which is pH dependent, has a large influence on MoO2�

4

toxicity in soils. The major soil properties governing MoO2�
4 toxicity

in soils have recently been reported to be pH and clay content for
plants and clay content for invertebrates and microorganisms
(REACH Chemical Safety Report for Molybdenum, 2012).

The dominant sorbents of Mo in soils are oxides (e.g. iron (Fe),
clay minerals, and organic matter) (Bibak and Borggaard, 1994;
Goldberg et al., 1996, 2002). Molybdenum sorption onto soils and
minerals has been shown to decrease with increasing pH (acidic to
ights reserved.
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alkaline) (Bibak and Borggaard, 1994; Goldberg et al., 1998). Bibak
and Borggaard (1994) found the sorption of Mo onto synthetic Al-
and Fe-oxides and extracted humic acids to have a maximum at
pH � 4. The sorption of Mo was found to decrease strongly with
increasing pH for humic acid and decrease more gradually with
increasing pH for Al- and Fe-oxides (Bibak and Borggaard, 1994).

When soluble metals are added into soils, there is an initial fast
reaction for sorption onto solid phases (Ma et al., 2006a,b; Wen-
dling et al., 2009). This initial fast reaction is followed by slower
reactions that can remove metals from labile pools into a pool or
pools from which desorption is slow, a process referred to as
‘aging’. The immobilised metal can often still be measured using
conventional techniques for bulk chemistry analysis but has essen-
tially become unavailable for desorption/dissolution into soil solu-
tion, thus rendering it inaccessible to soil biota. Consequently,
toxicity may decrease with time as the amount of actual metal
exposure is reduced.

The aging of added Mo compounds into soils or oxide phases has
been demonstrated by Brennan (2002, 2006) and Lang and
Kaupenjohann (2003). Brennan (2006) found the residual value of
a MoO3 fertilizer added into soils to decrease with increasing con-
tact time using wheat as a test crop. This decline in residual value
was found to be more pronounced in the acidic soil, which had a lar-
ger capacity to sorb Mo. Hence, even if models are devised to assess
the toxicity of soluble MoO2�

4 at any one time, regulators will still
require models that can predict the effect of aging on metal lability
in soils and its relationship to bioavailability and toxicity. This de-
crease in the labile or potential available pool of MoO2�

4 with incu-
bation time in soils has also been reported for other anions such as
arsenate and phosphate (Barrow, 1974; Song et al., 2006).

Stable and radioactive isotope dilution techniques have been
used with success to assess the labile or potentially bioavailable
pool of cations and anions in soils (e.g. cobalt (Co), copper (Cu)
and phosphorus (P)) (Hamon and McLaughlin, 2002; Oliver et al.,
2006). The labile pool of metals in soils can be directly assessed
by sampling the solution phase (E value) or through the use of a
biological component (e.g. plant or earthworm) grown directly in
the labelled soil (L value) (Scott-Fordsmand et al., 2004; Oliver
et al., 2006; Wendling et al., 2009).

The aims of this study were to examine the effect of aging reac-
tions on the lability of soluble MoO2�

4 added into soils and develop
models that can be used to predict changes in MoO2�

4 lability and
hence potential bioavailability in soils with incubation time. The
effectiveness of the E value technique to measure the potential bio-
available pool of MoO2�

4 in soils was assessed by comparing con-
centrations with those measured using isotope dilution with a
plant biological component (ryegrass) (L value).
2. Materials and methods

2.1. Soil physical and chemical characteristics

Fifteen soils with varying physical and chemical characteristics
were selected for this study (Table 1). These soils were collected
from various locations in Europe and Australia. The soils were se-
lected to cover a range of physical and chemical properties (e.g.
pH and Feox content) likely to be important in the partitioning
and availability of MoO2�

4 in soils (Table 1). All soils were collected
from the top 20 cm of the soil profile. The soils were air-dried at
25 �C and sieved to <2 mm.
2.2. Soil spiking with soluble MoO2�
4

Soils were spiked with soluble MoO2�
4 (Na2MoO4�2H2O) at

quantities sufficient to inhibit barley root growth by 10% (EC10)
or 90% (EC90). The ECx values for the ten European soils were sup-
plied by Rothamsted Research, United Kingdom (Table 2). The EC10

and EC90 concentrations for the five additional soils (four Austra-
lian and Vault de Lugny) were estimated by comparing their Feox

contents with European soils for which EC10 and EC90 values for
MoO2�

4 had been determined (Table 2). Air-dried soils were wetted
to 60% of their moisture content at pF 2.0 and stored at 25 �C in
4.5 L polypropylene containers for the duration of the aging exper-
iment. Soils were maintained daily at 60% of their moisture con-
tents at pF 2.0 through the addition of ultrapure deionized water.
The spiked soils were aged for 0, 0.5, 1, 3, 6, 12, and 18 months
at 25 �C in a temperature controlled environment.

2.3. Porewater MoO2�
4 concentrations in soils with age

Porewater samples were collected from soils using the proce-
dure outlined in McLaughlin et al. (1997). Triplicate 20–30 g sub-
samples (equivalent dry mass basis) for each soil at aging periods
were weighed into 20 mL syringes containing acid-washed glass
wool. The syringes were placed into 50 mL centrifuge tubes with
a plastic stopper placed in the bottom and ultra pure deionized
water (Milli-Q, Millipore) added to each soil to increase their water
content to pF 1.7. After 24 h the syringes were centrifuged at
1200 g for 40 min and the supernatants filtered to <0.2 lm (Sarto-
rius). Total Mo concentrations in filtered solutions were deter-
mined using inductively coupled plasma-optical emission
spectroscopy (ICP-OES) (SPECTRO ARCOS) (Zarcinas et al., 1996)
or inductively coupled plasma-mass spectrometry (ICP-MS) (Agi-
lent 7500ce) (helium collision cell gas = 4 ml min�1; double
charged < 2% (m z�1 70/m z�1 140) and oxides < 1% (m z�1 156/
m z�1 140)).

2.4. Ammonium nitrate extractable MoO2�
4 concentrations in soils

with age

Triplicate 10.0 ± 0.02 g sub-samples (equivalent dry mass basis)
for each soil at each aging period were weighed into 50 mL centri-
fuge tubes and mixed on an end-over-end shaker for 2 h with
25 mL of 1.0 M ammonium nitrate (NH4NO3) (Sigma). Samples
were then centrifuged at 1200 g for 20 min and supernatants fil-
tered to <0.2 lm (Sartorius). Total Mo concentrations in filtered
solutions were determined using ICP-OES or ICP-MS.

2.5. Ammonium Bicarbonate – diethylenetriaminepentaacetic acid
extractable MoO2�

4 concentrations in soils with age

Triplicate 5.0 ± 0.02 g sub-samples (equivalent dry mass basis)
for each soil at each aging period were weighed into 50 mL vials
and shaken for 15 min with 15 ml of ammonium bicarbonate-
diethylenetriaminepentaacetic acid (AB-DTPA) (pH 7.6) (Sims,
1996). Samples were centrifuged at 1200 g for 20 min and super-
natants filtered to <0.2 lm (Sartorius). Total Mo concentrations
in filtered solutions were determined using ICP-OES or ICP-MS.

2.6. Isotopically exchangeable MoO2�
4 concentrations in soils (E value)

with age

Quadruplicate 2.0 ± 0.02 g sub-samples (equivalent dry mass
basis) for each soil at each aging period were weighed into 50 mL
centrifuge tubes and mixed end-over-end for 48 h with 20 mL of
ultrapure deionized water (Milli-Q, Millipore). Samples were then
spiked with 100 ll of 99MoO2�

4 (t1/2 67 h) (25 kBq, ANSTO Radio-
pharmaceuticals and Industrials) and mixed end-over-end for a
further 72 h. After this spike equilibration period, samples were
centrifuged at 1200 g for 20 min and supernatants filtered to
<0.2 lm (Sartorius).



Table 1
Physical and chemical properties of the 15 soils selected for this study from Europe and Australia.

Soils Soil pH Oxalate-extractable (g kg�1) Native Mo Clay Silt Sand

(1:10 m/v CaCl2) Al Fe Mn (mg kg�1) (%) (%) (%)

Zegveld (Netherlands) 4.4 3.5 11.7 0.09 3 20 5 9
Kövlinge (Sweden) 5.0 2.1 1.9 0.04 1 3 9 78
Kasterlee (Belgium) 5.2 0.6 1.5 0.06 <1 2 9 79
Zwijnaarde (Belgium) 5.2 1.2 1.0 0.06 1 2 8 81
Woburn (United Kingdom) 6.3 0.6 15.3 0.17 1 27 16 43
Ter Munck (Belgium) 6.7 0.6 2.2 0.35 1 12 70 8
Souli (Greece) 6.8 0.7 0.7 0.47 2 33 11 51
Rots (France) 7.3 0.4 1.2 0.21 1 10 50 20
Nagyhörcsök (Hungary) 7.6 1.5 0.5 0.45 1 18 54 13
Guadalajara (Spain) 7.8 0.3 0.1 0.05 1 11 16 34
Vault de Lugny (France) 7.3 1.1 3.3 1.38 1 35 45 12
Inman Valley (Australia) 4.5 1.1 2.6 0.20 1 54 20 17
Innisfail (Australia) 4.8 0.9 3.2 0.24 2 22 13 64
Thorpedale (Australia) 4.4 3.0 3.3 0.19 1 46 31 15
Mt Shank (Australia) 4.9 11.6 3.0 0.14 1 19 17 52

Soil names eCEC Total nitrogen Total carbon Total organic carbon CaCO3 Olsen phosphorus
(cmol kg�1) (%) (%) (%) (%) (mg kg�1)

Zegveld 41.7 2.6 30.7 30.7 – 56
Kövlinge 4.2 0.1 2.0 2.0 – 74
Kasterlee 6.3 0.2 2.8 2.8 – 110
Zwijnaarde 4.1 0.1 1.8 1.8 – 90
Woburn 30 0.4 3.6 3.6 – 106
Ter Munck 12.2 0.1 0.9 0.9 – 59
Souli 14.2 0.1 0.6 0.6 – 4
Rots 14.3 0.1 2.8 1.3 13 61
Nagyhörcsök 24.8 0.2 2.7 2.1 5 10
Guadalajara 14.1 0.1 3.6 0.8 23 11
Vault de Lugny 26.2 0.19 2.2 1.47 6 –
Inman Valleya 23.4 5.2 5.2 5.2 – 47
Innisfaila 6.7 1.1 1.1 1.1 – 20
Thorpedalea 13.5 4.6 4.6 4.6 – 129
Mt Shanka 15 7 7.0 7.0 – 53

– Not determined.
a Converted from% mineral fraction to% texture on a whole soil basis by conversion of total organic carbon% to total organic matter% by multiplying by 1.72 then

subtracting from 100% the% CaCO3 and% organic matter content.

Table 2
Soil amendment doses to achieve total Mo (as MoO2�

4 ) concentrations sufficient for
10% (EC10) or 90% (EC90) inhibition of barley root growth.

Soils Total Mo (mg kg�1)

EC10 EC90

Guadalajara 3 1455
Souli 869 8573
Kasterlee 52 659
Zwijnaarde 83 408
Rots 27 159
Kövlinge 12 1232
Nagyhörcsök 31 595
Ter Munck 40 487
Zegveld 433 3376
Woburn 344 913
Vault de Lugnya 82 1000
Inman Valleya 91 1000
Innisfaila 139 1000
Thorpedalea 158 1000
Mt Shanka 265 1000

a ECx values estimated by their Feox contents with European soils for which EC10

and EC90 values for MoO2�
4 had been determined.
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In this study, the potential error due to the possible presence of
MoO2�

4 associated with colloidal material in soil suspensions was
corrected using a modified isotope dilution procedure as outlined
by Hamon and McLaughlin (2002) for the determination of labile
P concentrations in soils. Approximately 10 ml of <0.2 lm filtered
soil suspensions were pipetted into 15 mL centrifuge tubes with
approximately 0.2 g Amberlite IRA-400 (Cl-form) anion exchange
resin (Sigma). Samples were mixed end-over-end for 10 h, centri-
fuged at 1200 g for 20 min and the supernatants decanted. The res-
ins were rinsed twice with ultrapure deionized water (Milli-Q,
Millipore) and eluted with 5 ml of 0.1 M hydrochloric acid/0.1 M
sodium chloride solution.

The eluted resin solutions were analysed for 99mTc (t1/2 6 h) by
c-spectroscopy, the decay product of 99MoO2�

4 , to improve count-
ing efficiency (precision) and reduce spiking activities. Solutions
were analysed for 99mTc (t1/2 6 h) activities by c-spectroscopy after
3 d to prevent errors in E value determinations due to the parti-
tioning of 99mTc in samples.

The E values for MoO2�
4 accounting for the possible presence of

non-exchangeable MoO2�
4 in soil solutions were determined using

the following equation;

E value ¼ S
r�
� IR� v

m
ð1Þ

where, E values are reported in mg Mo kg�1; S = solution Mo con-
centration in mg L�1; r� ¼ 99MoO2�

4 solution radioactivity after
equilibration in Bq; IR = initial spiked 99MoO2�

4 radioactivity in Bq;
v = solution volume in mL; and m = sample mass in grams.

The solid: solution partitioning (Kd) values for added MoO2�
4 in

soils using the radioactive 99MoO2�
4 tracer were determined in non-

resin purified samples using the following equation:

Kd ¼
IR� r�

r�
� v

m
ð2Þ

where Kd values are reported in L kg�1; IR = initial spiked 99MoO2�
4

activity after 72 h in Bq; r� ¼ 99MoO2�
4 solution activity after
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equilibration in Bq; v = solution volume in mL; and m = sample
mass in grams. A larger Kd values indicate higher partitioning of
MoO2�

4 to soil solid phases.
2.7. Isotopically exchangeable/phytoavailable MoO2�
4 concentrations

(L values) in soils

Nine soils from two contaminated sites in Australia (n = 7) and
United States of America (n = 2) and four soils spiked with soluble
MoO2�

4 at EC10 (Innisfail, Inman Valley, Kingaroy, and Thorpedale)
concentrations aged for 12 months were selected to examine the
labile pool of MoO2�

4 in soils using rye grass (Lolium multiflorum
L.) (L value). These soils were selected because sufficient EC10

and EC90 spiked soils and Mo contaminated soils were available
to undertake L value plant growth studies.

Approximately 500 g of each air-dried soil was spiked with an
enriched 97Mo stable isotope tracer (92 atom%, Inorganic Ventures)
in 40% maximum water holding capacity determined using the
funnel method (Jenkinson and Powlson, 1976). The amount of
97Mo added into each soil was approximately 5% of the labile pool
of MoO2�

4 (E value). The soils were allowed to equilibrate with the
stable 97Mo spike at 25 �C in the dark for 3 d and then the volume
of water in soils was raised to 70% of their individual maximum
water holding capacities. The soils were further equilibrated for
7 d at 25 �C in the dark and separated into four replicate samples
of �120 g (dry mass equivalent basis).

Twenty ryegrass (Lolium multiflorum L.) seeds were sown into
individual pots just below the soil surface. Two mono-ammonium
phosphate granules were added to the centre of each pot below the
surface separated by �2–3 cm. All pots were transferred to a tem-
perature controlled growth cabinet where they were kept for 30 d
under day/night conditions of 14 h at 22 �C and 10 h at 16 �C. At
the end of the growth period, above ground plant tissues were har-
vested and dried at 60 �C. The plant tissues were digested using a
closed vessel microwave digestion procedure using concentrated
nitric acid and hydrogen peroxide. The digest solutions were di-
luted to 20 ml with ultra pure de-ionised water (Milli-Q, Millipore)
and filtered to <0.2 lm. Total Mo concentrations and 95/97Mo iso-
tope ratios were determined in filtered solutions using inductively
coupled plasma-mass spectrometry (Agilent 7500ce) (helium colli-
sion cell gas = 4 ml min�1; double charged < 2% (m z�1 70/m z�1

140) and oxides < 1% (m z�1 156/m z�1 140).
The accuracy of the digestion and analysis procedures were as-

sessed through the analysis of the standard reference material NIST
1567a Wheat Flour. The total Mo concentrations determined in the
wheat standard reference material were in close agreement with
the certified value (found = 0.46 ± 0.04 mg Mo kg�1; standard ref-
erence value = 0.48 ± 0.03 mg Mo kg�1).

Mass discrimination on 95/97Mo isotopic ratios during ICP-MS
analysis was corrected using an in-house natural abundance Mo
isotope standard. The measured 95/97Mo ratios were corrected for
mass bias using a linear model (Nolan et al., 2004). The 95/97Mo iso-
topic ratios were determined at 5 or 80 lg Mo L�1 ±5% depending
on the Mo concentration in filtered digest solutions.

The L values for MoO2�
4 using stable 97Mo tracer were deter-

mined using the following equation (Nolan et al., 2004);

L value ¼ R� AWðMonatÞ
AWð97MoÞ �

IRsp � IRmeas

IRmeas � IRnat
� ðIRnat þ 1Þ ð3Þ

where L values are reported in mg Mo kg�1; R = total 97Mo concen-
tration added to soils (mg Mo kg�1); AW (Monat) = atomic mass of
natural Mo; AW (97Mo) = atomic mass of 97Mo; IRnat = natural abun-
dance ratio of 95/97Mo (1.667); IRsp = abundance ratio of 95/97Mo in
spike solution (0.0103); and IRmeas = abundance ratio of 95/97Mo in
samples determined by ICP-MS.
2.8. Isotopically exchangeable MoO2�
4 concentrations in contaminated

soils

Soils contaminated by Mo were sourced from Australia (n = 16),
United States of America (n = 2), and Austria (n = 8). Total concen-
trations of Mo in soils were determined using closed vessel micro-
wave extraction (Milestone) with aqua regia (3 mL hydrochloric
acid: 1 mL nitric acid). The acid extracted solutions were filtered
through 0.2 lm syringe filters and total Mo concentrations in solu-
tions determined by ICP-MS. The labile pool of MoO2�

4 was deter-
mined using the E value procedure and calculated as described
previously (Eq. (1)).
2.9. Statistics and regression modelling

Simple correlation analysis was undertaken to examine rela-
tionships between measurements of MoO2�

4 lability (E value) and
potential availability in soils (porewater, AB-DTPA- and NH4NO3-
extractable concentrations). Linear regression analysis was used
to examine the effectiveness of the E value technique to measure
the potential bioavailable pool of MoO2�

4 in soils using a biological
component (rye grass) (L value).

Stepwise multiple linear regression analysis was used to deter-
mine if significant relationships exist between isotopically
exchangeable MoO2�

4 concentrations, incubation time and soil
properties (e.g. soil pH, clay content, etc.). Regression coefficients
quoted (R2) represent the percentage of the variance accounted
for by the regression models.

Parameterised regression models were develop that incorpo-
rates processes of MoO2�

4 precipitation/nucleation and possible
micropore diffusion of MoO2�

4 on solid surfaces. The parameters
in the regression models were optimised by minimizing the sum
of the squares of the residual variation of the data points from
the model (Ma et al., 2006a,b). Statistical analyses were conducted
in Genstat software (Genstat 10th ed., VSN International, Hemp-
stead, UK).
3. Results and discussion

3.1. Solid-solution partitioning of added soluble MoO2�
4 in soils with

age (Kd value)

Isotopic Kd values for soluble MoO2�
4 in EC10-amended soils ran-

ged from 0.13 L kg�1 to 809 L kg�1 and <0.1 L kg�1 to 92 L kg�1 in
EC90-amended soils (Figs. 1 and 2, Supporting information). The
Kd values for MoO2�

4 found in this study were in general similar
to those previously reported for added MoO2�

4 in soils: 10 and
100 L kg�1 for more acidic soils and between 1 and 100 L kg�1 at
pH 6, except for soils with high Fe contents (Karimian and Cox,
1978; Buchter et al., 1989; Goldberg et al., 2002).

Higher solid phase partitioning for MoO2�
4 was observed at all

aging periods in soils with pH < 5.0 in both EC10- and EC90-amended
soils (Fig. 3, Supporting information). In the majority of soils, espe-
cially soils with pH < 5.0, solid phase partitioning of soluble MoO2�

4

was found to increase with incubation time (Figs. 1 and 2, Support-
ing information). An increase in solid phase partitioning of soluble
MoO2�

4 was observed with increasing Feox concentration in soils up
to�3.3 g kg�1 (Fig. 4, Supporting information). This increasing solid
phase partitioning trend for soluble MoO2�

4 with increasing Feox

content was not observed with the highest Feox content soils,
Zegveld (Feox concentration = 11.7 g kg�1) and Woburn (Feox

concentration = 15.3 g kg�1) for both EC10- and EC90-amended
treatments. There was no relationship observed in soils between
Kd values for MoO2�

4 at the different aging periods and other soil
properties (e.g. clay content or organic carbon content).



Fig. 1. Changes in labile MoO2�
4 (E values) concentrations with incubation time

expressed as a% of total Mo added in EC10-amended soils (error bar 1 standard
deviation).

880 J.K. Kirby et al. / Chemosphere 89 (2012) 876–883
The dominant sorption phases for MoO2�
4 in soils have been re-

ported to be oxides (e.g. Al, Fe, and Mn), clay minerals, and organic
matter (Goldberg et al., 1996, 2002; Bibak and Borggaard, 1994).
The mechanism of MoO2�

4 sorption on Al- and Fe-oxides has been
suggested to occur through ligand exchange with surface hydroxyl
ions (Ferreiro et al., 1985). As found in this study, MoO2�

4 sorption in
soils and minerals has been reported to decrease with increasing pH
(Bibak and Borggaard, 1994; Goldberg et al., 1998). The sorption of
MoO2�

4 by clay minerals appears to be less than oxides and has been
found to decrease with the removal of amorphous Al- and Fe-oxides
(Jones, 1957; Theng, 1971). Molybdate sorption on clay minerals
has been found to show pH-dependent sorption behaviour similar
to oxides with an adsorption peak at pH � 4 (Jones, 1957; Mikko-
nen and Tummavuori, 1993). The sorption of MoO2�

4 onto Al- and
Fe-oxides and the reactions of MoO2�

4 with clay minerals have been
suggested to occur mainly, at the broken edges where Al–OH and
Fe–OH groups are exposed (Fontes and Coelho, 2005).

3.2. Isotopically exchangeable MoO2�
4 (E value)

The labile pool of MoO2�
4 (% of total Mo added) in both EC10- and

EC90-amended soils was observed to decrease with increasing
incubation time in soils (Figs. 1 and 2). The decrease in labile pool
of MoO2�

4 after 18 months aging in EC10-amended soils ranged
from 30% in Ter Munck to 75% in Vault de Lugny (12 month aging)
soils; and in the EC90-amended soils from 40% in Zegveld to 75% in
the Vault de Lugny (12 month aging) soils. These results indicate
an initial rapid partitioning of MoO2�

4 into non-exchangeable pools
within 0.5 month followed by slower fixation processes in both
EC10- and EC90-amended soils (e.g. Souli EC10-amended: �100%
at 0 month, 58% at 0.5 month; 39% at 6 month, and 37% at
18 month). This rapid decrease in the labile pool of MoO2�

4 follow-
ing addition to soils is consistent with previous findings for soluble
metals added into soils (Ma et al., 2006a,b; Wendling et al., 2009).
In general, there was no difference found between the EC10- and
EC90-amended soils in the percentage labile pool of MoO2�

4 (% total
Mo added) at the different aging periods (Figs. 1 and 2).

The decrease in E values for MoO2�
4 observed with age following

addition of soluble MoO2�
4 was consistent with previous findings

that have reported the solubility or availability of Mo to decrease
in soils or mineral phases with incubation time (Barrow and Shaw,
1974, 1975; Barrow et al., 1985; Brennan, 2002, 2006; Lang and
Kaupenjohann, 2003). Barrow et al. (1985) found the relative effec-
tiveness of Mo applied as a fertiliser was about 50% of its current
application after 2 years, while Mo applied 2–3 years earlier was
about 20% effective. Brennan (2002) found a Mo fertiliser (MoO3)
applied 5 years previously was about one-third as effective as cur-
rently applied Mo determined by measuring Mo concentration of
dry herbage or Mo content of dry herbage. Barrow and Shaw
(1975) suggested in general the decrease in Mo concentrations
with time may be due to stronger bonds between Mo and soil
phases. These authors suggested a possible mechanism may be ini-
tial solid phase reactions that involve one of the hydroxyl groups of
the MoO2�

4 ion and then slow aging occurring as a result of slow
reactions between the second hydroxyl group and soil compo-
nents. In this study, the observed decrease in the labile pool of
MoO2�

4 in soils may also be due to the diffusion of MoO2�
4 into

micropores of soil solid phases with incubation time.
Simple correlation analysis was undertaken to determine rela-

tionships between E values and other common measurements of
MoO2�

4 availability in soils (e.g. porewater, AB-DTPA- and
NH4NO3-extractable MoO2�

4 concentrations). There were good
correlations found between E values for MoO2�

4 and AB-DTPA
extractable MoO2�

4 concentrations in EC10- and EC90-amended soils
(Table 3). A positive relationship was found between E values for
MoO2�

4 , NH4NO3-extractable MoO2�
4 , and AB-DTPA-extractable
MoO2�
4 concentrations in EC90-amended soils (Table 3). The pore-

water MoO2�
4 concentrations were found to be poorly correlated

to E values or chemical extractions (Table 3). The data in this study
indicate porewater MoO2�

4 concentrations were a poor predictor of
the labile and hence potential bioavailable pool of MoO2�

4 in soils at
the different aging periods.

A highly significant regression (P < 0.001) was found between E
values for MoO2�

4 and AB-DTPA extractable MoO2�
4 concentrations

from the combined dataset for EC10- and EC90-amended soils
(R2 = 0.60) (Fig. 5, Supporting information). The AB-DTPA reagent
has been used with success in predicting the availability of Mo in
non-contaminated and Mo contaminated soils (Pierzynski and Ja-
cobs, 1986; Wang et al., 1994). The finding of a good relationship
between E values for MoO2�

4 and AB-DTPA extractable MoO2�
4 con-

centrations in EC10-amended soils, and not NH4NO3 extractable
MoO2�

4 or porewater MoO2�
4 concentrations suggests a stronger

association of Mo in these soils with solid phases (e.g. lower poten-
tial for leaching). In contrast, the correlations between E values for
MoO2�

4 , AB-DTPA extractable MoO2�
4 , and NH4NO3 extractable

MoO2�
4 concentrations in EC90-amended soils suggests a weaker

association of MoO2�
4 in these soils with solid phases (e.g. higher

potential for leaching).

3.3. Isotopically exchangeable/phytoavailable MoO2
4 (L value)

A strong positive linear relationship was observed for labile
MoO2�

4 as determined using the E and L value techniques



Fig. 2. Changes in labile MoO2�
4 (E values) concentrations with incubation time

expressed as a% of total Mo added in EC90-amended soils (error bar 1 standard
deviation).
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Fig. 3. E value concentrations for added MoO2
4 vs. L value concentrations for added

MoO2
4 in selected soils (error bars 1 standard deviation).

Table 3
Simple correlation coefficients (r) between concentrations of labile MoO2�

4 (E value)
and concentrations of AB-DTPA, NH4NO3 extractable, and porewater MoO2�

4 concen-
trations for EC10-and EC90-amended soils (n = 89).

AB-DTPA-extractable NH4NO3-extractable Porewater

EC10 soils
E value 0.73a 0.28a 0.16
AB-DTPA-extractable 1 0.18 �0.05
NH4NO3-extractable 1 0.17
Porewater 1

EC90 soils
E value 0.82a 0.75a 0.17
AB-DTPA-extractable 1 0.62a 0.14
NH4NO3-extractable 1 0.33a

Porewater 1

* Two-sided test of correlations different (P 6 0.05) from zero probabilities.
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(R2 = 0.98) (Fig. 3). This strong positive correlation using ryegrass
as a biological component suggests E values for MoO2�

4 at the dif-
ferent aging period provide a good measure of the potential plant
available pool of MoO2�

4 in soils.
In theory, E and L values should be equivalent for a given metal

in a given soil because they measure the same pool of metal in soils
(Wendling et al., 2009). If differences are observed between E and L
values in soils this has been suggested to occur as a result of the
modification of the soil rhizosphere by plants and associated
microbial communities that can mobilize non-exchangeable
metals (E value < L value), irreversible fixation of the added isotope
tracer (E value > L value), or the presence of non-exchangeable col-
loidal material in soil suspensions (E value > L value) (Wendling
et al., 2009).

3.4. Regression models to predict labile MoO2�
4 concentrations in soils

with age

The E values for MoO2�
4 (% total Mo added) in EC10- and EC90-

amended soils were found to decrease with increasing incubation
time (Figs. 1 and 2). In this study, multiple linear regression anal-
ysis indicated the E values for MoO2�

4 in soils could be significantly
(P < 0.001) explained by incubation time, clay content, and soil pH
in EC10- and EC90-amended soils (R2 = 0.42). The addition of other
soil properties (e.g. Feox, aluminium (Al) and manganese (Mn) oxi-
des and total organic carbon content) did not significantly contrib-
ute to an improvement in the variation explained by the regression
model. The multiple linear regression equation for EC10 + EC90

amended soils was found to be;

MoO2�
4 E value ¼ 110� ð0:55� clay contentÞ � ð4:33� pHÞ

� ð0:061� tÞ ð4Þ

where, E values are reported as a% total Mo added; clay content is a
percentage of texture on a whole soil basis, soil pH is measured in
0.01 M CaCl2, and t is incubation time in days.

When soluble MoO2�
4 is added into soils, it partitions quickly be-

tween the solid and solution phases, followed by aging processes
that gradually decreases the lability of the added MoO2�

4 . The initial
processes which led to decreased lability of the added MoO2�

4 (e.g.,
decreased E value) can likely be attributed to the precipitation/
nucleation of MoO2�

4 on soil solid surfaces (e.g. formation of precip-
itates with divalent cations in soil solutions e.g. calcium, Cu, Fe, or
lead). Based on the processes of MoO2�

4 precipitation/nucleation
and possible micropore diffusion of MoO2�

4 on solid surfaces,
parameterized regression models of the aging of soluble MoO2�

4

added into soils were developed. We found the aging of added
soluble MoO2�

4 in soils could be described by the following rela-
tionship (Ma et al., 2006a,b);

MoO2�
4 E value ð% total addedÞ ¼ A� ðB� clay contentÞ

� ðC � soil pHÞ � F � Ln ðtÞ

where A is a coefficient which represents the E value of added
MoO2�

4 at time 0 (i.e. Eadd value = 100%); B and C are coefficients
related to the effect of precipitation/nucleation; clay content is in



Fig. 4. Experimental derived E values (% total Mo added) and predicted E values (%
total Mo added) for added MoO2�

4 with incubation time in: (A) EC10-amended
(R2 = 0.73; n = 104) and (B) EC90-amended (R2 = 0.75; n = 104) soils (dashed
line = 1:1).
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percent particle size composition, pH is measured in 0.01 M CaCl2; F
is a coefficient related to the effect of micropore diffusion, and t is
incubation time in days.

In this study, there was no effect of spiking rate (e.g. EC10 or
EC90) found on the aging of MoO2�

4 in soils (Figs. 1 and 2). Hence,
the parameterised regression model for determining the labile pool
of MoO2�

4 in EC10- and EC90-amended soils with incubation time
can be described by the following equation;

MoO2�
4 E value ¼ 100� ð0:466� clay contentÞ � ð2:098

� soil pHÞ � 4:91� Ln ðtÞ ð5Þ

where E values are reported as a% total Mo added; A = 100%, B coef-
ficient = 0.466, C coefficient = 2.098, clay content in percentage of
texture on a whole soil basis, F coefficient = 4.19, and t is incubation
time in days. Note the pH coefficient is only slightly negative, and
does not play a major role in describing fixation e.g. a difference
of 4 pH units only changes labile MoO2�

4 by �8%. Incubation time
and clay content in soils had the greatest effect on MoO2�

4 fixation.
The effect of pH was linearised for the regression analysis to give an
overall negative relationship, but we observed a weak tendency for
greater fixation of MoO2�

4 in highly acidic and highly alkaline soils
i.e. the effect of soil pH was non-linear (as occurs for phosphate
in soils). This makes mechanistic sense in that fixation of MoO2�

4

may be greater at low pH due to sorption-driven fixation reactions,
and may occur at high pH as a result of precipitation reactions.

The relationship between E values for MoO2�
4 determined

experimentally and predicted by the parameterized regression
model in EC10-amended and EC90-amended soils for the different
aging periods can be found in Fig. 4. The model developed was
found to predict with good accuracy the labile pool of MoO2�

4 in
EC10-(R2 = 0.73) and EC90-(R2 = 0.75)-amended soils at the different
aging periods (Fig. 4). The aging model developed for MoO2�

4 sug-
gests soluble MoO2�

4 will be removed into non-labile pools more
rapidly with time in neutral to alkaline clay soils than in acidic
sandy soils. This more rapid aging of added MoO2�

4 in clay-rich soils
may be due to the higher sorption of MoO2�

4 on clay minerals
which has been found to show pH-dependent adsorption behav-
iour similar to oxides with an adsorption peak at pH � 4 (Jones,
1957; Mikkonen and Tummavuori, 1993).

3.5. Isotopically exchangeable MoO2�
4 concentrations in contaminated

soils

The rationale for examining the labile pool of MoO2�
4 in contam-

inated soils was that if labile MoO2�
4 (E value as a% total Mo) was

high (>80%) in soils that had been contaminated more than 1 year
previously, this would tend to have invalidated the aging model.
On the other hand, if labile MoO2�

4 was low (50% or less) in the
same soils, this would indicate that either significant aging of Mo
had occurred (supporting the aging model results), or that the
source of Mo contamination was non-labile Mo and little or no
mobilisation had occurred with time.

The labile pool (E value) of MoO2�
4 in Mo contaminated soils

from Australia and Austria were found to be <5% of the total Mo
concentration in these soils (Table 1, Supporting information).
The labile pools of MoO2�

4 in the two contaminated soils from the
USA were found to be approximately 10% of the total Mo concen-
tration (Table 1, Supporting information). The higher labile pool
of MoO2�

4 in the USA soils may be due to the source of Mo contam-
ination in these soils (possibly more soluble) and/or the properties
of the soils leading to less significant aging over time (e.g. lower
clay content).

The fact that the lability of MoO2�
4 in these field-contaminated

soils was low therefore does not invalidate the aging model devel-
oped in this study. The low MoO2�

4 lability in these soils is then
either a result of aging of soluble Mo contamination, or contamina-
tion of soils by a non-labile Mo source and little mobilisation over
time of this Mo. These findings provide initial indications that the
lability of MoO2�

4 will be low in soils exposed to ‘‘real’’ Mo contam-
ination sources and also that even if soil is contaminated by soluble
MoO2�

4 significant aging of MoO2�
4 will occur into pools that are less

available. The observation that E values in contaminated soils are
significantly lower than E values in soluble MoO2�

4 spiked soils
aged for 18 months suggests predictions of labile MoO2�

4 concen-
trations in soils based on the derived parameterized regression
model will be conservative (i.e. over-predict MoO2�

4 lability in
soils) for ‘‘real’’ Mo contamination sources in soils.
4. Conclusions

The labile pool of MoO2�
4 (E value) was observed to decrease in

soils with incubation time, particularly in soils with high clay con-
tent. The results indicate an initial rapid partitioning of MoO2�

4 into
non-exchangeable pools within 0.5 month followed by slower fix-
ation processes in both EC10- and EC90-amended soils. A strong
relationship was observed between measures of MoO2�

4 lability in
soils determined using E and L value techniques (R2 = 0.98) sug-
gesting E values provide a good measure of the potential plant
available pool of MoO2�

4 in soils. The parameterized regression
model developed indicates clay content and incubation time were
the most important factors affecting the labile pool of MoO2�

4 in
soils with time after addition (R2 = 0.70–0.75). This model suggests
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soluble MoO2�
4 will be removed into non-labile pools more rapidly

with time in neutral to alkaline clay soils than in acidic sandy soils.
Labile MoO2�

4 in Mo contaminated soils was found to be <10% of
the total Mo concentrations in soils. The observation that E values
in Mo contaminated soils are significantly lower than E values in
soluble MoO2�

4 spiked soils aged for 18 months suggests predic-
tions of labile MoO2�

4 concentrations in soils based on the derived
parameterized regression model will be conservative (i.e. over-pre-
dict MoO2�

4 lability in soils) for ‘‘real’’ Mo contamination sources in
soils.
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