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soils were characterized with XPS. Figure 2a,b shows pre- and post-
experiment soil samples from corn pot of soil#1. The postexperi-
ment sample contained Fe2+ (~709.0 eV Fe2+ 2p3/2, ~722.5 eV Fe2+ 

2p3/2) and Fe3+ (~711.6 eV Fe3+ 2p3/2, ~725.3 eV Fe3+ 2p3/2), whereas 
the initial soil contained only Fe3+ (~711.4 eV Fe3+ 2p3/2, ~724.6 eV 
Fe3+ 2p3/2), with a satellite peak at ~719.5 eV (Figure 2a,b).57,58 The 
presence of reduced iron in soil at the end of the experiment is from 

Figure 2. a) Oxidation states of iron in the initial sample (Soil#1, corn), b) oxidation 
states of iron in the postexperiment sample (Soil#1, corn) observed with XPS, c) di-
thionite extractable iron for both soils and crops, and d) uranium and arsenic con-
centrations in both soils (average of all crops and error bar is standard deviation). 
For Soil#1, which had less amount of Fh and is shown here, two peaks humps were 
observed in the postsoil sample indicating the presence of two different forms of 
Fe2+ and Fe3+.57,58 Similarly, the amount of extractable iron is also less in the postex-
periment sample compared to the presample. Trace contaminant concentration has 
also been reduced in the postexperiment samples for both soils.
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The initial concentration of Fh in soil correlated strongly and sig-
nificantly with arsenic (r = 0.81, p < 0.01) and uranium (r = 0.98, 
p < 0.01) uptake in soybean. A significantly strong correlation was 
observed for uranium (r = 0.97, p < 0.01) uptake in corn. Plant iron 
concentration showed significant correlation with plant arsenic (r 
= 0.88, p < 0.01) and uranium (r = 0.97, p < 0.01) concentration 
for soybean, but no such relation was found among corn crops. This 
may be due to the difference in the uptake mechanism of iron for 
both crop types. Soil#1 had less arsenic and uranium to start with 
and showed less plant available to arsenic and uranium, which is ev-
ident from the lower amount that has been taken up by both crops 
compared to soil#2 (Figure 3). Arsenic seems to be more bioavail-
able compared to uranium and more affected by Fh reductive disso-
lution67 and shows a significantly (p < 0.05) different uptake amount 
between soil#1 and soil#2 for both crop types, and uranium con-
centration in soybean showed a significant (p < 0.05) difference be-
tween soil#1 and soil#2. Higher Fe2+ in the pore water correlates 
with higher uptake by the crop regardless of the soil. However, corn 

Figure 3. Uptake of arsenic and uranium by the entire crop (soybean and corn) for 
both soils. The asterisk (*) shows significantly different uptake concentrations in the 
same crop type under two different levels of Fh in the starting soil.
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plants can take up Fe3+ directly by solubilizing iron,68 even though re-
duced iron was observed in this study. Crop demand for iron can ex-
plain reduced iron in the unsaturated rhizosphere of legumes such 
as soybean, as iron reduction is the main source of this micronu-
trient for legumes.51,52 However, for grasses such as corn, the main 
uptake mechanism is chelation, not reduction,51,52 which makes the 
latter unlikely to serve as the main source of reduced iron. This in-
dicates that localized redox sites existing at the root zone-soil-pore 
water interface contribute to reductive iron mobilization irrespec-
tive of iron plant uptake mechanism (Figure 4). Anoxic microsites 
are generated due to the higher water potential at zones within the 
soil, while the soil as a whole remains unsaturated.   

Anoxic microsites can harbor microbes, and microbial processes oc-
curring within these microsites may be responsible for the presence 
of reduced iron in the pore water.27 Artificial soils, even under strict 
sterile conditions, are known to support microbial activity.36,69 Mi-
crobes, which are required for rhizosphere processes, can be present 
in the root zone-soil-pore water interface70−72 and presumably utilize 
iron reduction for electron shuttling,21 which can possibly explain the 
presence of Fe2+ in corn. The increase in arsenic mobilization has been 
linked to iron-reducing bacteria in the rice rhizosphere under flooded 
conditions.73 Similar microbial processes can occur under transiently 
saturated conditions during a short irrigation period within the an-
oxic microsites.74,75 The reduction of iron in the porous unsaturated, 
semiarid bulk soil due to the presence of anoxic microsites is the pri-
mary outcome of the present study. The release of contaminants such 
as arsenic from the reductive dissolution of ferrihydrite is a conse-
quence of the presence of anoxic microsites in the unsaturated soil. 
Our results highlight that the dynamics of reactive iron minerals can 
control the availability of nutrients and trace elements in unsaturated 
soil. For these processes, contributions of anoxic microsites in par-
tially saturated irrigated soils need to be considered. The presence of 
anoxic microsites in the root zone-soil-pore water interface can con-
trol important redox-sensitive reactions at the rhizosphere. Iron min-
eral transformation at these interfaces is one of the key biogeochemi-
cal reactions of the rhizosphere, mainly because of iron requirements 
of the crops and the ability of iron oxides to control the mobility of 
trace element contaminants. 
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While the concentration of Fh used in this experiment was compa-
rable to field soils, nevertheless, downstream experiments under ac-
tual field conditions are needed to validate the results of this study. 
These results, however, provide the framework for future field stud-
ies examining the role of Fh in trace element contaminant mobiliza-
tion and bioavailability under unsaturated conditions. Iron reduction 
in soils under sprinkler or subsurface drip irrigation can have major 
implications for iron and trace element mobilization and for the bio-
geochemical cycles of carbon and phosphorus in the root zone. These 
processes need to be understood at a mechanistic detail because nu-
trients and contaminants mobilized in the root zone can be taken up 

Figure 4. Conceptual model of ferrihydrite (Fh) reduction in semiarid surface soil in 
root zone-soil-pore water redox hotspots. In partially saturated irrigated conditions, 
soil is generally dry (arid to semiarid). Crops grown in these conditions need iron for 
proper growth, and the roots take up iron either by chelation or reduction ferrous 
iron. These processes for iron uptake require anoxic microsites near the root zone, 
which provide conditions for reductive dissolution of iron minerals such as Fh. Fh 
is known to chemisorb a plethora of trace elements (black circles in the figure) that 
are mobilized due to this transformation at the root zone, rendering them available 
for crop uptake or prone to subsequent leaching into the unsaturated zone below.   
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by crops or infiltrate the groundwater. Finally, the redox-driven iron 
pathway in unsaturated soils under semiarid to arid conditions ap-
pears to be crucial for water and food security.  
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