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Abstract

Heavy metals in agricultural soils pose significant risks to human and animal health by
contaminating crops. Chromium (Cr) is particularly concerning, as its reduced state is
relatively immobile and less harmful, whereas its oxidized state, Cr (VI), is toxic.

This study investigates Cr availability and solubility in paddy soils, focusing on the role of
redox potential (Eh), pH, soil organic carbon, clay content, microbial activity, and ligands in
iron plaque formation and metal translocation within rice plants. In addition, other metals
such as iron (Fe), manganese (Mn), arsenic (As), and aluminium (Al) will be investigated
as their presence affects Cr availability.

For this study, rice was grown on soils from agricultural paddy fields in Italy and India with
varying levels of Cr contamination. A ligand in the form of citric acid was added to one
group to assess its influence on metal availability. Pore water was analysed for metal content
over time, root plaque was extracted to measure metal concentrations, and plant segments
were digested using aqua regia and analysed to measure metal translocation. Additionally,
an artificial root setup was performed to get an insight into iron plaque formation.

Results showed higher Fe and Mn levels in the pore water of the contaminated Indian soil
compared to the Italian soil, but lower Cr levels, despite high Cr concentrations in the total
soil digestion. Ligand addition increased Cr levels in Italian soils but decreased Fe and Mn
levels. The highest plaque formation was observed in the Indian treatments, with slightly
higher metal contents in the ligand group compared to the Mili-Q (MQ) group. Chromium
contents in the plaque were higher in the ligand treatments for all three soils. Fe, Al, and
Cr predominantly accumulated in the root biomass and were not translocated to other plant
segments, whereas Mn concentrations were highest in the leaves.

This study provides insights into the complex processes that metals undergo in paddy soils
and can help predict metal contamination in grains. However, to understand the specific

effects of each factor, controlled experiments on individual factors are necessary.
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Zusammenfassung

Schwermetalle in landwirtschaftlichen Boéden kénnen gesundheitsbeeintrachtigende Nachteile
hervorrufen, indem die Feldfriichte kontaminiert werden. Chrom (Cr) ist eines dieser Metalle,
im reduzierter From (Cr III) relativ immobil und weniger toxisch als in der oxidierten Form
(Cr VI). Diese Arbeit untersucht die Verfligharkeit und Loslichkeit von Cr in gefluteten
Reisboden, und belichtet welche Rolle das Redox Potential (Eh), pH, Kohlenstoff- und
Tongehalt des Bodens, mikrobielle Aktivitat und Liganden spielen, auch mit Auswirkungen
auf die Bildung von Eisenplaques sowie den Metalltransport innerhalb von Reispflanzen.
Zusétzlich werden die Konzentrationen anderer Metalle wie Eisen (Fe), Mangan (Mn), Ar-
sen (As) und Aluminium (Al).

Fiir diese Studie wurde Reis auf Boden aus landwirtschaftlichen Reisfeldern in Italien und
Indien mit unterschiedlicher Cr-Kontamination angebaut. Einer Gruppe wurde ein Ligand in
Form von Zitronensaure hinzugefiigt, um dessen Einfluss auf die Metallverfiigbarkeit zu bew-
erten. Das Porenwasser wurde im Zeitverlauf auf Metallgehalte analysiert, Eisenplaques von
den Wurzeln wurden extrahiert, um die Metallkonzentrationen zu messen, und Pflanzenseg-
mente wurden mittels Aqua Regia aufgeschlossen und auf den Metalltransport innerhalb
der Pflanzen hin untersucht. Zuséatzlich wurde ein Aufbau mit ”kiinstlichen” Wurzeln aus
Silikonschlauchen erstellt, um Einblicke in die Bildung von Eisenplaques zu gewinnen.

Die Ergebnisse zeigten hohere Fe- und Mn-Gehalte im Porenwasser des kontaminierten in-
dischen Bodens im Vergleich zum italienischen Boden, jedoch niedrigere Cr-Gehalte, obwohl
die Gesamtbodenanalyse hohe Cr-Konzentrationen ergab. Die Zugabe von Liganden erhchte
die Cr-Werte in italienischen Boden, senkte jedoch dessen Fe- und Mn-Werte. Die hochste
Plaquebildung wurde in der indischen Gruppe beobachtet, wobei die Metallgehalte in der
Ligandengruppe leicht hoher waren als in der Mili-Q (MQ)-Gruppe. Die Chromgehalte in
den Plaques waren in den Topfen, welche mit Liganden bewassert wurden, fiir alle drei

Boden hoher. Fe, Al und Cr akkumulierten iiberwiegend in der Wurzelbiomasse und wur-
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den nicht in andere Pflanzensegmente transportiert, wiahrend die Mn-Konzentrationen in
den Bléattern am hochsten waren. Die Metallgehalte der Pflanzen waren deutlich hoher als
in den Eisenplaques.

Diese Studie liefert Einblicke in die komplexen Prozesse, die Metalle in Reisanbauboden
durchlaufen, und kann helfen, Metallkontaminationen in Kornern zu verstehen. Um jedoch
die spezifischen Auswirkungen der einzelnen Faktoren zu verstehen, sind kontrollierte Ex-

perimente zu den jeweiligen Faktoren notwendig.
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1. Introduction

“But man is a part of nature, and his war against nature is inevitably a war against himself.”

— Rachel Carson [1].

For centuries, in the pursuit of valuable minerals and resources, humankind has exploited
the globe to fuel the growing industries and sustain an increasing population’s standard of
living. Unfortunately, this often occurs without sufficient regard for the environment or the
well-being of local communities, leading to pollution and health issues. This seems to repeat
itself over decades, as these impacts frequently arise without learning from past mistakes.
One of these valuable and demanded resources is Chromite (FeCryOy4). It is used in alloys to
inhibit corrosion and oxidation and plays a key role in stainless steel production, developing
pigments, leather processing, and more [2].

Chromite can be found in geological formations around the world. The biggest mines are
situated in South Africa (18 million metric tons), Turkey (6.9 million metric tons), Kaza-
khstan (6.5 million metric tons), India (4.2 million metric tons) and Finland (2.2 million
metric tons) [3].

In my master’s thesis, I will focus on a chromite mine in the Sukinda Valley in Jaipur District
in Orissa, India. It spreads over 420 km2 [4] and produces almost 8% of Indian chromite ore
[5].

During the mining process, 11.73 tons of Cr(VI) are released into the environment annually,
making it one of the most polluted places in the world [6]. Additionally, the agricultural
soils in the vicinity have been heavily polluted, a problem especially for the rice paddy fields
[6]. Heavy metal contamination of agricultural soils not only poses a threat to the biosphere
but also to the microsphere, animals, and humans. Heavy metals can be very persistent in
both aquatic and terrestrial environments [7].

The high metal contents found in the Sukinda Valley soil originate from the ultramafic com-

plexes from the Precambrian age, which also contain the chromite minerals. These minerals



mainly consist of iron (Fe) and Cr-oxides [4]. The elevated Fe content found in the soil is
attributed to the presence of hematite, goethite, and chromite minerals.

The soil samples that used in this study originate from an agricultural irrigation ditch in
the vicinity of the mine, with total Cr concentrations in the soil of 499 mg/kg. These values
are lower than those reported by Das et al. 2013, who sampled directly from the mine’s
location, which ranged from 1715 to 9548 mg/kg [4].

These values are a lot higher than the Cr concentrations under natural conditions in un-
polluted sites, ranging between 10 and 50 mg/kg [8]. However, depending on the substrate,
these values can increase dramatically, e.g. in basalt watersheds in China over 250 mg/kg
Cr has been recorded [9].

To compare the findings from the Indian soil samples used in this study with unpolluted
soils, samples were also collected from rice fields from the Po region in Northern Italy. Out-
crops of mafic rocks are present in this region, leading to slightly higher Cr content due to
this geological background [10] compared to the European average of around 70 mg Cr/kg
[11]. Nevertheless, in my study, only around 14 to 18 mg/kg Cr were measured in the
samples, which is also less than the numbers from Beone et al. 2018, who analysed metal
concentrations in the Lombardy region, reporting 32 mg/kg Cr [10].

The Cr content in the Italian soils doesn’t only originate from the natural degradation of
the geological substrate, but also from the use of heavy metal-containing substances such as
pesticides and fertilizers [12].

In both India and Italy, rice is an important carbohydrate in the diet. India, the largest
rice-cultivating country, accounts for approximately 20% of the world’s rice production [13].
The rice cultivation in the eastern region of India, where the Sukinda Valley is situated,
has the highest intensity in the country, implicating how essential these soils are and how
hazardous it can be polluting them [13].

As the primary food source for over two-thirds of India’s population, rice is not only im-
portant for food security, but also plays an important role in the economy [14]. In Asian
countries, it is also considered to be a major source of heavy metal intake [15, 16].

While Italy’s rice production is smaller in comparison, it is the biggest rice producing coun-



try in Europe, with rice fields covering over 80,000 hectares as of 2015 [14]. In terms of

global production, European milled rice amounts to just 0.4% [14].

Rice is mostly cultivated in paddy soils, which undergo periodical flooding and draining
stages [17]. The flooding affects the pore oxygen content in the soil, depleting it rapidly,
which leads to the respirational reduction of oxidized soil components by microorganisms in
the order of nitrate (NO3 ), Mn oxides, Fe oxides, and sulphate (SO3 ) [18]. These microbial-
mediated reduction processes can lead to significant changes in soil redox potential (Eh) and
pH, which itself can influence the metal concentration in the pore water [19].

Based on growth morphology and physiological characteristics, the development of rice is
categorized into five stages: the tillering stage (Days 1-20), the jointing stage (Days 21-40),
the flowering stage (Days 41-60), the filling stage (Days 61-75), and the maturing stage
(Days 76-100) [20].

Heavy metals can exist in various forms with varying levels of solubility. They could be
dissolved in the soil solution, exchangeable within organic and inorganic components, in-
corporated into the structural lattices of soil, and insolubly precipitated with other soil
constituents [21]. Metals in soil undergo a series of different processes, resulting in precipi-
tation, mobilization, redox reactions, adsorption, plant uptake and many more.

One of the important players governing metal transformation processes in the soil is organic
matter (OM). It is mostly present as a solid phase and plays an important role in both the
sorption and the mobility of many (heavy) metals. OM is the result of the decomposition
of plants and animal remains, containing a ”diverse and heterogeneous mixture of poly-
functional groups” [22].

Elevated OM content in the soil can lead to reducing conditions, as the increased decom-
position consumes more oxygen, creating a more anoxic environment [23]. This can lead to
a higher reduction rate of metals such as Fe, which has further implications for the soil’s
geochemistry. Reducing conditions on the other hand enhance the dissolution of OM [24].

Moreover, OM can bind and immobilize metals, which has been shown for Fe(III)[25]. For



instance, inorganic carbon (COj3) can precipitate with Fe and immobilize it (FeCO3), a typ-
ical process especially in wetlands [26].

Additionally, organic and inorganic carbon not only change abiotic factors but also affect
the microbial activity in the soil. High levels of organic carbons in the soil encourage mi-
crobial activity and reductive dissolution of Fe-oxyhydroxides can take place faster, as does
the Mn reduction [27]. This could be also depth-dependent, with increasing reduction with
increasing depth [27]. It is important to mention that not only Fe and Mn are affected, but
also other metals and their speciation.

Another important soil parameter is the clay content. Since clay is a very small particle it
has a relatively high surface area, resulting in many possible adsorption sites which play a
role in the availability of metals in the soil [28].

At high pH values, exposed edges of the soil particles can become increasingly negatively
charged due to OH™ ions, and more positively charged at low pH values [29]. This could
lead to metal interaction with soil particle surfaces at high pH values, but also affects the
buffer capacity of the soil.

Among the processes affecting soil heavy metal availability discussed previously, pH plays
a particularly crucial role. It significantly influences the solubility, speciation, and thus the
movement and bioavailability of metals [21]. Lower pH levels are associated with higher
metal content in pore water solutions, due to dissolution processes under these conditions
[30].

Another important player in the biogeochemistry of soils is sulfur. While sulfur is relatively
non-toxic, its redox cycle plays a crucial role in soil acidity and the mobilization of toxic
metals [31, 32]. In addition to being a key nutrient [33], sulfur acts as an essential agent for
biochemical electron transfer, especially under anaerobic conditions [34]. The redox state
and distribution of sulfur can impact the mobility and therefore also the toxicity of trace
metals [32].

Cr mainly exists in two oxidation forms; reduced as Cr(III) and oxidized as Cr(VI). Cr(III)
is relatively immobile and therefore not as toxic as the more mobile hexavalent Cr. These

oxidation states are influenced by many factors, some of them already mentioned, and ad-



ditionally also by the redox chemistry with other metals in the pore water such as Fe and
Mn.

Chromate (CrO3"), bichromate (HCrO; ), and dichromate (Cr,O2) are the most common
forms of Cr(VI) in soil. These can be weakly bound to soil particles and easily replaced by
other anions, leading to high mobility in the subsurface, particularly in neutral pH environ-
ments with other oxyanions present [35, 36]. In contrast, Cr(III) is much less mobile, often
precipitating as Cr(OH)sz or forming Fe-Cr complexes.

Fe, being one of the most abundant elements in agricultural soils, with an average con-
centration ranging from 20 to 40 g/kg total Fe [37], is an important player in the soil’s
geochemistry. It primarily exists in two oxidation states: ferrous (Fe(II)) and ferric (Fe(III))
iron. Fe(Il) is mainly found in primary minerals, whereas Fe(IIl) plays a significant role
in pedogenetic processes and can be coordinated with water and hydroxyls [38]. In neutral
pH conditions, ferrihydrite precipitation is promoted, while acidic pH conditions favour Fe
mineral mobilization.

Most crystalline and poorly ordered Fe minerals can interact with other soil components,
such as inorganic and organic colloids, to form complex aggregates with new surfaces [39].
Fe(II) has a higher solubility than Fe(III), making it more bioavailable and abundant [40].

The reduced sulphide (HS™) can precipitate with Fe(II) to form Fe-sulphide such as pyrite.
High concentrations of HS™ imply low Fe(II) contents in pore water, as Fe(II) precipitates
out of the solution [41].

This process can also lead to the co-precipitation of other metals, such as Cr. However, sul-
phate can compete with chromate for adsorption sites on soil particles, potentially lowering
the distribution coefficient (Kd) for Cr adsorption [42].

Kd is defined as the ratio of a compound content bound to the solid phase to the compound

concentration in aqueous solution [43].

Amount of solute adsorbed onto solid phase (mol/g)

K, = (1.1)

Concentration of solute in solution (mol/L)

Manganese (Mn), the twelfth most abundant element in the Earth’s crust [44], is also preva-



lent in agricultural soils. It exists in various oxidation states ranging from 0 to +7, with
Mn?*, Mn3*, and Mn** being the most common in natural systems. Of these, only Mn?+ is
soluble in aqueous solutions [45, 46]. The reduction of Mn is energetically more favourable
than that of Fe, with the reduction of MnO, to Mn?* yielding +578 mV, compared to the
reduction of Fe(OH)3 to Fe*™, which yields only +59 mV [27].

An additional factor affecting the biogeochemistry in soils is the presence of plants which
can exudate ligands and lead to oxygen input. Since in this experiment rice seedlings were
planted into the soil, ligands will play a role in the distribution of metals.

Low molecular weight organic acids (LMWOAs) are the main active components of rice root
exudates and significant sources of soil organic carbon [47]. These exudates are secreted by
rice roots to maintain charge balance; plants release protons when they absorb more cations
than anions and take up protons when more anions are absorbed [48]. The composition
and types of these secretions depend on plant species, physiological conditions, and the soil
environment [49].

LMWOASs play multiple roles in soil nutrient and metal interactions. They act as acidifying,
bridging, complexing/chelating agents, compete with ions for adsorption sites, enhance the
reduction and dissolution of compounds, and also affect the microbial community [50, 51].
These processes influence ion mobility, bioavailability, transformation, and cycling [52]. The
carboxyl groups in LMWOASs can carry negative charges, displacing anions from the soil
matrix [53]. Plant exudates mainly consist of anions, protons, organic compounds, and en-
zymes [54]. They have a significant capacity to reductively dissolve Fe-oxides, and therefore
can impact the iron plaque (IP) formation [55].

Citric acid (CA), a representative LMWOA, has a high density of carboxyl groups and
greater acid strength compared to other organic acids [56, 57]. It can solubilize phosphate
at a high rate, which is crucial for plants [58]. In soil, CA degrades quickly, with degradation
kinetics influenced by soil mineral phases, particularly Fe oxides that adsorb CA [59].

The CA concentration used in this experiment was 10 mM, which is within the natural
range of rhizosphere organic acid concentrations (1-100 mM) [60]. However, unlike natural

systems where exudates are only localized to the rhizosphere, the entire soil was irrigated



with CA in this experiment. Additionally, the citric acid was titrated to pH 7 using potas-
sium hydroxide. An increase in pH following CA addition was observed for the Italian soils,
similar to findings in other studies with delayed effects [61].

Since rice is a hydrophyte, a plant adapted to aquatic environments [62], rice roots exhibit
radial oxygen loss (ROL), a process in which oxygen is actively transported from the leaves
to the roots to support metabolic activities. While most of this oxygen is used up inside
the plant [63], some diffuses through the aerenchyma and the outer root surface into the
surrounding rhizosphere [64]. The quantity of oxygen diffusing into the rhizosphere depends
on the rice species, root porosity, aerenchyma structure, and exodermis layer [65].

ROL can change the local chemistry by making the environment more oxic. This affects the
Eh and pH [66], leading to the oxidation of metals and the formation of IP on root surfaces,
primarily through the precipitation of crystalline and/or amorphous Fe minerals [67].

IPs are not uniformly distributed along the roots; immature, young roots show less IP for-
mation than mature, thick roots [68]. Local physical and chemical soil properties can also
impede plaque formation [67]. IPs can contain heavy metals like Mn, Arsenic (As), Cr,
Nickel (Ni) or Aluminium (Al). Parameters such as sulphur and dissolved organic carbon
content can enhance Fe-oxide precipitation on the root’s surface by improving the surface
characteristics and molecular structures of Fe-hydroxides in IPs, thereby increasing the bind-
ing affinity for heavy metals [67].

IPs can also alter the mobility of heavy metals and contaminants, affecting their uptake by
plants [67]. This barrier can be both chemical and physical, depending on root proportions,
Fe-hydroxide speciation, and new root development without IP formation [67]. The extent
of IP formation can influence the uptake of potentially phytotoxic metals into the roots [69].
A heavy coating of IP may suppress the uptake and accumulation of Lead (Pb) [70], Zinc
(Zn) [71], As [72], and Cr [73, 74] in rice.

IP formation is influenced by both abiotic and biotic factors. Abiotic factors include plant
physiology and soil characteristics like organic matter composition, soluble Fe abundance,
Fe-oxide binding capacities, soil sulphur content, and Fe/Mn availability [67, 74, 75].

High OM content can lead to higher IP formation since more OM decomposition creates



anoxic conditions, enhancing Fe reduction, which is then oxidized on the root surface. How-
ever, OM can also bind Fe(III) and immobilize it [25]. The ratio between OM and IP depends
on the degree of OM decomposition and anoxic conditions around the root surface [76].
Sulphur exists in both inorganic and organic forms, with most of it being organic [77]. El-
emental S can induce Fe and Mn plaque formation, while sulphate (SO3;~) influences IP
formation [75]. This occurs since the S?~ content from the reduction of SO~ by sulfur-
reducing bacteria can increase, which might have been present at high concentrations in the
ligand pots. S*~ reduces Fe(III) to Fe(IT), which is then used in IP formation.

In my study, the plant species was the same for all setups, but Fe/Mn/S availability, OM

content, pH, Eh, and soil composition differed among soil types and irrigation groups.

Plants take up metals from the soils, many needed as important nutrients, while others
might be harmful to the plants, depending on their concentrations. Heavy metal uptake by
agricultural plants and their accumulation might also endanger human health, especially in
the grains of rice.

The uptake of a metal by plants primarily depends on its mobility and availability in the
soil. These are governed by adsorption and desorption characteristics of the soil, which in
turn depend on soil properties such as pH, OM content, cation exchange capacity (CEC),
Eh value, as well as the presence of clay minerals, calcium carbonate, and Fe and Mn oxides
[21].

Numerous factors influence metal translocation from soil through IP into plants, including
plant and metal specificity, redox states, reactive surface area [69], metal concentrations,
rhizosphere pH, Fe phases, and the development of new roots [63]. New roots can undermine
IP advantages by taking up water and nutrients without IP [78].

The primary objective of this thesis is the evaluation of how Cr behaves under different
geochemical surroundings (soil with high/low Cr content, ligand addition, plant addition).
I will also analyze and discuss the IP formation and its composition, both from real plants
and artificial roots, and how extensive ligand addition affects the IP.

Since IP might inhibit the uptake of heavy metals, its formation under ligand addition is an



important aspect to understand when wanting to make predictions about the heavy metal
contamination of rice grains. Many factors play a role in these processes, and I will explain

these regarding the data of the experiment that has been conducted over the last year.

I hypothesize that treatments with ligand addition will result in higher metal concentrations
in the pore water, as ligands can enhance metal mobility depending on their speciation.
However, citric acid may negatively impact plaque formation.

Furthermore, another Hypothesis is that rice plants grown in Indian soil will exhibit higher Fe
and Mn concentrations in the pore water, plaque, and plant segments, given the significantly
higher total concentrations of these metals in Indian soil compared to Italian soil. For Cr,
despite its higher concentration in Indian soil, I anticipate lower mobility under the reducing

conditions, making it less likely to follow the same trend.

To study the mentioned processes, rice was grown in both Italian and Indian soils, with the
[talian soils having low total metal contents compared to the Indian soil which originated
from the vicinity of the Sukinda Valley Cr mine. The Italian soils were collected directly

from a rice field, while the Indian soil originated from an irrigation ditch next to a field.

For each soil, three treatment groups were set up:

1) Control group without plants, irrigated with MilliQ water

2) MilliQQ group with rice plants, irrigated with MQ water

3) Ligand Group with rice plants, irrigated with ligand solution in the form of 10 mM citric
acid.

For the Italian soil duplicates for the MilliQQ and the ligand group were set up, this could
not be done for the Indian soil since the amount of soil that was shipped to the University

was limited.



2. Methods

All the experiments have been conducted at the Environmental Geochemistry Laboratory of
the Centre for Microbiology and Environmental System Science (CMESS) at the University

of Vienna.

2.1 Soil Origin and Sampling

The Indian sediments utilized in the experiment were sourced from Sukinda Valley, India
(21° 3’ 10.91” N, 85° 46’ 6.85” E). The samples were collected from the upper 20 cm of an
irrigation ditch close to a rice-growing agricultural site and were shipped to Vienna.

The Indian soil samples were already sieved, dried, and grounded.
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Figure 2.2: Centre Richerche su Rise, Veronica and Bozzole sampling locations
(©Encyclopaedia Britannica, Inc., Google Maps

2.2  Soil Physico-chemical Analysis

The physico-chemical analysis of the soil samples was conducted by applying a variety of dif-
ferent methods. To estimate the soil composition, an estimation by hand has been performed
according to the protocol DIN 19682-2 by ” Geologischen Dienstes Nordrhein-Westfalen” [79].
The soils have been slightly wetted and the estimation of the composition according to the

result path of the method was conducted.

Aqua regia digestion was conducted to analyze the total metal concentrations in the soil,
according to the Script for the MES3 Laboratory and Field Course ”Groundwater and
Pollutants” from the ”Department of Environmental Geosciences Center for Microbiology
and Environmental Systems Science”, University of Vienna. The soil samples underwent a
preparatory process involving drying, sieving, and pulverization before digestion. Approxi-

mately 30 to 40 mg of each sample were weighed into digestion vessels, with three duplicates
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prepared per sample. The empty weight of a 50 ml centrifuge tube was determined for each
sample and each blank. For digestion, 1.5 ml of HCI and 0.5 ml of HNOj3 were subsequently
added to each digestion vessel within a fume hood. The mixture was then heated incremen-
tally on a hot plate to 80 °C, starting from 50 °C in 15 °C steps, on a hotplate. Following
completion of the reaction, the vials were tightly sealed and heated to 120 °C for 90 minutes.
Subsequently, the temperature was reduced to 80 °C, the vials were opened and the caps
flushed using small amounts of MQ water. The open vials were gradually heated again to
140 °C until the samples were desiccated. After cooling, 1 ml of HNO3 and 2 ml of MQ
water were added to the samples. This solution was poured over the acid-resistant filters
(Glass Microfiber filters, 934-AH Whatman GE Healthcare Life Sciences 47 mm diameter),
and both the vessels and the filters were rinsed with MQ water into the 50 ml tubes, which
were then filled precisely to 50 ml on a scale with MQ water and mixed.

For analysis, two sets of samples were prepared: undiluted (5 ml of sample into a 15 ml tube)
and diluted (1 ml of sample and 4 ml of MQ water into a 15 ml tube). Additionally, three
blanks were prepared. All samples underwent measurement using ICP-OES (CirusCCD,
SPECTRO Analytical Instruments GmbH, Germany) to assess the total metal concentra-
tion.

The vessels used in the process were cleaned by rinsing with MQ water, followed by the
addition of aqua regia in the fume hood and heating to 120 °C for 2 hours. The solution was
then discarded, and MQ water was added, and heated to 100 °C for an additional 2 hours.

Finally, the vessels were rinsed with MQ water.

X-ray diffraction analysis was conducted to assess the mineralogical characterization using
the Benchtop Rigaku MiniFlex 600 diffractometer, with a Cu Ka radiation source (A=1.54
A, X-ray tube operated at 20 kV and 15 mA).

The dried soil samples were very finely ground and carefully placed on the sample holder.
The measurement was conducted using a long scan setting with parameters set as follows:
Start angle 5°, stop angle 80°, step size 0.04°, and scanning speed of 0.4° per minute. The

collected data was analysed using Profex software, version 5.2.4.
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The measurements of total carbon (TC), total organic carbon (TOC), and total inorganic
carbon (TIC) were conducted using the LECO Carbon Analyzer. One sample from each
soil was grounded, dried and 150 to 300 mg weighted into a ceramic boat. Using the Ramp-

method, the samples were heated up to 1000 °C.

During the initial weeks, dissolved Fe speciation analysis was conducted using a plate reader
(Infinite M Plex, Tecan, Switzerland). For the Italian soil samples, 500 pl of filtered sample
were combined with an equal volume of 1 M HCI in 1.5 ml tubes. Subsequently, 50 pl of
this solution was transferred to 100 nl of 1 M HCI in 96-well plates for Fe(II) analysis. For
Fe(total) analysis, 100 ul of the sample was added to 50 ul of 1M HA-HCI in the well plate,
resulting in a 1:2 dilution, followed by an additional 1:3 dilution, yielding a total dilution of
1:6.

For the Indian samples, higher dilutions were employed due to their elevated Fe content.
Specifically, 375 nl of the sample was mixed with 1125 pl of HCI, resulting in a 1:4 dilution,
followed by an additional 1:3 dilution, resulting in a total dilution of 1:12.

Ferrozine was utilized as a dye for the measurements. Each measurement included standards

and two blanks for calibration and control purposes.

For the colorimetric dissolved sulphide quantification according to the protocol by Cline 1969
[80], samples at timepoint 129 (duplicate TP 84) and duplicate timepoint 97 were taken and
conserved in 100 nl 0.1 M Zn-acetate. The 0.1 M Zn-acetate was prepared by adding 0.88192
g of Zn(CH3COO0), (Merck KGaA) into 40 ml of MQ water.

The cline solution was prepared by adding 1 g N,N-Dimethyl-p-phenylenediamine, and 1.5
g of ferric chloride hexahydrate in 50 ml of 37 % HCI.

For the stock solution of 100 mM, 0.7804 g NayS was added into 99.7 ml anoxic MQ water
inside the Glove box. This stock solution was diluted to 10000 pM and 1000 pM as further
stock solutions, and then the actual standards were diluted from that: 100 pM (highest
standard), 50 pM, 25 uM, 12.5 pM, 6.25 pM, 3.125 pM, and 0 pM NayS. The standards
were diluted in 0.1 M Zn-acetate to a final volume of 1 ml each.

Then 180 pl of the standards and the samples were pipetted into a 96-well plate, and in each
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well 20 pl of Cline solution was added as a colorant. The plate was incubated in the dark

for 1 h before the absorbance was measured in the plate reader at 670 nm wavelength.

2.3 Rice Growing and Sample Analysis

The rice seeds from cultivar Oryza Sativa japonica were germinated following the ”Ronald
lab rice growing protocol (February 2020)” from the University of California, with some
alterations. First, the husks were removed manually and immersed in a 1:3 bleach solution
(DanKlorix) for 30 minutes. Following this, the seeds were rinsed with MQ water and placed
on a kimwipe for several hours to dry. The Murashige and Skoog (MS, M5519-10L) media
was prepared by dissolving 2.2 g of MS powder, 20 g of sucrose, and 8 g of agar in 1 liter of
MQ water. The solution was thoroughly stirred and autoclaved at 121 °C for 15 minutes.
Once sterilized, the hot solution was poured into 100 ml beakers, and after cooling, up
to three seeds were carefully placed into each beaker, ensuring they were not buried too
deeply. Before placement in the climate chamber, the chamber was thoroughly cleaned with

a disinfectant (Virkon, LANXESS) to prevent mold growth.

The soils were prepared for the rice growing process by adding 1 liter of each sieved soil
into a 2-liter beaker, to which 5 g of grass fertilizer (Bambus und Gréserdiinger, Gardol)
was added and mixed with MQ water. All beakers were filled with MQ water up to a 2 cm
overlaying water line and left for two weeks to establish anoxic conditions. After 14 days,
three germinated seeds were introduced into each of the pre-wetted, anoxic soils.

Two rhizon samplers (19.21.22F, Rhizosphere Research Products B.V., Netherlands) were
deployed in each pot, one positioned at the surface at a depth of 0 to 5 cm between the three
plants (referred to as the ”Rhizosphere”) and the other placed on the side at a depth of 5
to 10 cm (referred to as the ”"Bulk”) throughout the experimental period. Pore water was
extracted weekly using 5 ml syringes, with the initial 1-2 ml discarded and the subsequent
2-3 ml of sample was filtered (0.2 pm, Minisart Syringe Filter, sartorius) and collected in 15

ml tubes (or smaller centrifuge tubes). The collected samples were then acidified with 1 %
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HNOj3 (22 pL for a 2 ml sample) for preservation at 4°C before metal analysis via ICP-MS.
A watering system was employed to maintain a constant 2 cm overlying water level. After
30 days, a ligand solution consisting of 10 mM Citric Acid at pH 7 (titrated with 6 M KOH)
was added following the removal of the overlying water layer.

Plant sampling was initially scheduled for 90 days, which corresponds to the rice maturing
stage [20]. However, due to plant mortality in the ligand solution, the plants of this treatment
were harvested earlier, with the Indian soil ligand treatment being harvested at TP 91. The
MQ group was harvested at a later time point (day 129). Duplicate samples were harvested
after 105 days.

The pH and Eh levels were periodically measured during the length of the experiment
using a Mettler Toledo Five Easy ph Meter and an HQ40d Portable Dissolved Oxygen
& Conductivity/TDS/Salinity Environmental Monitoring Package (HACH, Unites States)
instrument, respectively, by direct insertion into the soil.

After the growing phase, the plants were carefully removed from the pots, and both roots
and leaves were gently cleaned with M(Q water to remove any soil particles or organic debris.
Subsequently, the roots and seeds were separated from the plants, placed in aluminum foil,
and dried in an oven at 75 °C for 48 hours. Following the drying process, the dry roots were

weighed.

To extract the IP, the dithionite-citrate-bicarbonate (DCB) method was employed according
to the protocol from Taylor et al. 1983 [81], with some alterations. Initially, a solution was
prepared by dissolving 0.125 M NaHCO; (Carl Roth GmbH) and 0.03 M sodium citrate
dihydrate (Merck KGaA) in M@ water. Subsequently, 30 ml of this solution was added
to 50 ml centrifuge tubes along with the roots and silicon tubes and placed on a rotary
shaker for 1 hour. Following this, 1.5 g of NayS,0,4 (Sigma Aldrich) was added to each tube
and shaken for 10 minutes. The resulting solution was transferred into 100 ml flasks, and
the root rinse solution was added. The flasks were then filled to a volume of 100 ml with
MQ water. Approximately 9 ml of this solution was filtered (0.2 pm) into 15 ml tubes and
acidified to 1% HNOs.
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The conductivity of these solutions was measured to determine the total dissolved solids
(TDS) content as a percentage, enabling the calculation of the necessary dilution rates for

subsequent ICP-MS measurements (with a maximum TDS of 0.1 %).

An artificial root setup was constructed to simulate plaque formation on rice roots resulting
from the radial oxygen loss (ROL) of the rice plants. Peristaltic pump silicon tubes (Ty-
gon pump tubing LMT-55 1.52 ID, Saint-Gobain) and a wider silicon tube (3.0 x 0.75 mm,
Fisherbrand) were submerged into pre-wetted Indian soil between 2 to 26 days. Oxygenated
water was pumped through the tubes using a peristaltic pump (0.05 ml/min). The water
was oxygenated by bubbling oxygen through it and cooling the bottle to maintain higher
saturation levels.

After carefully removing the tubes from the soil, they were rinsed with MQ water to remove
soil and dirt, dried at room temperature, and the plaque was extracted using the DCB-
method. These extractions were acidified and analysed for metal concentrations using the
same method as for the dried root analysis from the rice plants.

The pore water samples and the DCB extractions from the rice and artificial roots were
analysed using an Ion Coupled Plasma Mass Spectrometer (ICP-MS) ((ICP-MS 7700, Ag-
ilent Technologies, United States) to determine the concentrations of Fe, Mn, Al, Cr, As,
and Ni. The samples were diluted based on the specific trace metal, ranging from 1:10000 to

1:20. The limit of detection (LOD) was calculated using two different approaches [82, 83]:

- For counts per second (CPS), it was determined as the

mean(Blanks) + 1.65 - standard deviation(Blanks) (2.1)

- For concentrations (ppb, ppm) it was calculated as

3 - standard deviation(Blanks)
slope of calibration curve

(2.2)

In most cases, both approaches yielded consistent results.

To assess the metal concentration in the rice biomass, the plants were divided into sections
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of roots, stems, and grains (if present). These sections were then washed with MQ water
and dried in the oven at 75 °C for 2 days. Subsequently, the dried sections were ground as
finely as possible, placed into aluminum bags, and dried again at 75 °C for 2 days.

In the next stage, 30-40 mg of the ground plant material was weighed into digestion vessels
in triplicate, if sufficient material was available, and underwent the same procedure as the

soil samples described in section 2.2. Unfortunately, a third of the samples got lost.
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3. Results and Discussion

3.1 Soil Properties

The soil samples were characterized based on their textural and chemical properties. The
Bozzole soil was classified as soil type Su3/SI12, indicating that loamy sand was the predom-
inant fraction. The soil contained 10-40 % silt and less than 8 % clay, a relatively low clay
composition.

The Veronica soil, sourced from a rice field close to the Bozzole site, exhibited a slightly
different textural composition. Classified as a S13/St2 soil type, this soil also consisted pri-
marily of loamy sand but had a lower silt content (0-40 %) and a higher clay content (5-17
%).

The Indian soil type was characterized as Lu/St3, indicative of a sandy loam texture. This
soil contained 0-15 % silt and 17-25 % clay, a higher clay content compared to the Italian
soils (Fig. 3.1). The clay content of the analysed soils in this experiment goes India >

Veronica > Bozzole, from high to low.

e
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Figure 3.1: Soil texture triangle [84]
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3.2 XRD Analysis

X-ray diffraction analysis revealed a high quartz content in all three soils (Fig. 3.2). Ad-
ditionally, small amounts of plagioclase were detected in the Veronica soil, and possible
clinochlore was identified in the Indian soil. Das et al. 2013 also conducted an XRD analysis
on soils from the vicinity of the Sukinda Valley chromite mine, additionally found chromite,

hematite and goethite additionally to the quartz in the soil [4].
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Figure 3.2: XRD of the Indian and Italian soils, paired with quartz
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3.3 Total Carbon Measurement

The Bozzole soil had the highest organic carbon content, with 2.43 %, followed by the Indian
soil with 1.7 %, and the Veronica soil with 1.03 % (Fig. 3.3). The inorganic carbon content
was relative to the organic content very low, with 0.1 %, 0.02%, and 0.06% (for Bozzole,

India and Veronica soil, respectively).

Carbon Content per Soil type
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Figure 3.3: Inorganic, organic, and total carbon content for the three soils
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3.4 Total Soil Digestion

The total soil digestion was performed using aqua regia, providing a measure of the total

metal content.

Total soil metal concentration
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Figure 3.4: Total metal concentrations of aqua regia extraction from the three soils

Figure 3.4 illustrates the concentrations of Fe, Al, Potassium (K), Phosphate (P), Cr, Mn,
Zink (Zn) and As in the soil samples following aqua regia digestion. The Fe and Al concen-
trations in the Indian soil (60.7 g Fe /kg and 27.6 g Al/kg) significantly exceed those in the
Italian soils (9 and 7.5 g/kg). The K content is 1.3 g/kg in the Sukinda soil and around 0.5
g/kg for the Italian soils.

The Indian soil also exhibits significantly higher concentrations of Cr and Mn, with 0.5 g Cr
g/kg and 0.26 Mn g/kg, compared to the Italian soils, which both contain around 0.016 Cr
g/kg and 0.093 Mn g/kg. The As concentrations in the soils are 0.037 g/kg in the Indian
soil and around 0.014 in the Italian ones. The levels of Cr and As in the Indian soil exceed

the threshold values set by ONORM L1075 (2004), which are 0.1 g/kg and 0.02 g/kg, re-

spectively [85].
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The higher metal content in the Indian soils could be derived from the mining activity and
the high geological background in the area [4]. Aqua regia extracts metals up to the residual
phase; however, not all phases are valuable to our study, which focuses on the bioavailable

fraction of metals.

3.5 pH Data over Time

Bozzole Soil pH
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Figure 3.5: pH over time of the three groups control, ligand, and mq of the Bozzole soil

Figure 3.5 displays the pH values for the Bozzole soil across the three groups, including
duplicates. Following the addition of citric acid at timepoint (TP) 31, which was normalized
to pH 7 before the irrigation, a significant increase in pH was observed in the ligand group.
It rose from 6.10 at TP 0 to 9.09 at TP 80. In contrast, the pH in the MQ group started at
6.23 at TP 0 and remained relatively stable throughout the experiment, with a variance of
approximately 1 pH unit.

The control group lacked duplicates, and the first measurement of this treatment group was

taken at TP 32. At this point the pH was recorded at 4.96, subsequently increasing to 6.73.
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Figure 3.6 presents the pH values for the three groups of Veronica soil, including duplicates.

Veronica Soil pH
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Figure 3.6: pH over time of the three groups control, ligand, and mq of the Veronica soil

Similar to the Bozzole soil pH trends, the pH in the ligand group starts at 6.40 and increases
over time following the ligand addition, reaching a maximum of 8.82 at TP 88, after which
it remains constant.

The pH in the MQ group starts at 6.38 and, despite some variation between duplicates,
gradually decreases to 4.77 by TP 90. In the control group, the pH starts at a very low
value of 4.21, rises rapidly to 6.48 by TP 53, and then slowly decreases to 5.58 towards the
final measurement point.

The reduction of Fe(III)-oxides can increase pH, as this process consumes large amounts of
protons. Fe(IIl)-oxides are quantitatively the most important electron acceptors in paddy
soils [86]. This could explain why the pH in the Italian soils rose after the ligand addition,
which can serve as a carbon source for Fe-reducing microorganisms, over the experimental

period.
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Figure 3.7: pH over time of the three groups control, ligand, and mq of the Indian soil

The pH values for the Indian soil are depicted in Figure 3.7. Duplicates were not performed.
The pH values remain relatively stable around 6.5 across all groups, showing a small variation
on day 68. After the addition of the ligand, which significantly affected the Italian soils, the
pH in the Indian soil remained relatively constant, with a slight increase to pH 7.11 towards
the later TP. In contrast, the pH in the M(Q and control groups decreased to approximately
4.6 and 5.88, respectively, by TP 94.

As mentioned before, the Fe-oxide reduction can increase the pH. Since the Indian soil has
the highest Fe content, and therefore also the most Fe-oxides, this could lead to a higher
buffer capacity against pH-lowering processes, resulting in the relatively stable pH values in
the Indian soils compared to the Italian ones.

Several other factors also contribute to soil buffer capacity, including the type of clay present
and the organic matter content in the soil. Organic matter can act as a buffer since it has
weakly acidic carboxylic and phenolic functional groups [87]. This effect might not be
as strong as the buffering effect from the clay minerals, since no significant difference in
total carbon content could be measured between the Italian and the Indian soils. Clay

minerals have two buffering reactions, being able of protonation and deprotonation of edge
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sites, additionally to the proton exchange reaction of their basal sites [88]. The higher clay
content in the Indian soil could explain why in the ligand group the pH didn’t increase as

pronounced as in the Italian soils.

3.6 Iron Content in the Pore Water
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Figure 3.8: Bozzole pore water Fe concentrations of the three groups control, ligand, and
mq over time

Figure 3.8 illustrates the Fe concentrations in pore water samples over time for the Bozzole
soil. Error bars represent the variation between the two rhizon samplers placed at different
depths in each pot.

In the MQ group, the Fe content is higher than in the other two groups from the first mea-
surement point, despite the ligand group also being irrigated with water until TP 31 and
no ligand addition during this period. Since plants had not yet developed, all three groups
initially experienced identical conditions, yet the metal contents differed greatly. This shows

the high fluctuation in natural systems and that the results of this study have to be taken
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with caution.

The Fe concentration in the M(Q group increases over time, reaching up to 19 ppm. In
contrast, the control group’s Fe level remained relatively stable at around 1 ppm. The Fe
content in the ligand group shows fluctuations over time, starting at 500 ppb at TP 0, peak-
ing at 5000 ppb at TP 73, and then decreasing to 727 ppb at the final measurement point.
The high error bars reflect the differences between the rhizosphere and bulk soil samplers,
with Fe content generally higher in the bulk soil, which was sampled from a deeper depth.
Between TP 30 and TP 100, the correlation coefficient is greater than 0.05 (r=0.16), indi-

cating no significant difference between the two samplers.
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Figure 3.9: Dissolved Fe concentrations measured in pore water of Veronica soil of the three
groups control, ligand and MQ over time (top plot), and Fe content of Veronica pore water
Bulk and Rhizosphere sampler (bottom plot)

The Fe concentrations in the Veronica soil (Fig. 3.9), display a similar trend to those
observed in the Bozzole soil, except with significantly lower Fe content in the ligand group.
In the pore water of the Veronica soil, the Fe content in both the control and ligand groups
remained stable over time, with around 200 ppb. Similar to the Bozzole soil, the group with

plants irrigated with M(Q water exhibited the highest Fe content, peaking at nearly 4000
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ppb at TP 80. However, the error bars are quite substantial, often exceeding the mean value
between the two samplers.

A closer examination of the Bulk and Rhizosphere samplers shows that the Fe content in the
Rhizosphere sampler is significantly higher than the Bulk sampler (r value of 0.003 between
TP 30 and TP 100, Fig. 3.9).

Overall, the Fe concentrations in the pore water of the Veronica soil were up to three times
lower than those in the Bozzole soil. An increase in pH can lead to a decrease in Fe(II) in

solution due to the rapid precipitation of dissolved Fe as Fe-oxyhydroxides [41]:

4Fe** + Oy + 6H,0 — 4FeOOH + 8H* (3.1)

This could explain the lower Fe content measured especially in the ligand group of the Italian
soils, which had high pH values (Fig. 3.8,3.9), but not the low values in the control group,

since in this treatment the pH did not increase as significant as in the ligand treatment.
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Figure 3.10: Dissolved Fe concentrations measured in pore water of Indian soil of the three
groups control, ligand, and M(Q over time

Figure 3.10 displays the Fe content (in ppm) for the Indian soil groups. The pore water
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Fe concentrations are significantly higher than those observed in the Italian soils. All three
groups (control, ligand, and MQ) exhibit a similar trend, starting at approximately 250 ppm
at TP 0 and decreasing to 50-100 ppm by TP 94. The standard deviation between the two
samplers is relatively low, indicating no significant difference between the rhizosphere and
bulk samples.

Notably, in contrast to the Italian pore water concentrations, the ligand group and not the
MQ group has the highest Fe content. The Fe concentrations of all treatment groups decline
towards the end of the measurement period. These results will be discussed together with

the Mn results in the following chapter.

3.7 Manganese Content in the Pore Water

The Mn concentration measurements were conducted by ICP-MS analysis from the pore

water samples.
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Figure 3.11: Dissolved Mn concentrations measured in pore water of Bozzole soil of the three
groups control, ligand, and M(Q over time
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Figure 3.11 displays the Mn concentrations over time for the Bozzole soil. In the MQ group,
the Mn content is higher than in the other two groups from the first measurement point. A
similar trend to the Fe concentrations is observed, with the Mn content in the MQ group
increasing until the end of the experiment, reaching 421 ppb at TP 94. The standard
deviation between the two samplers in each pot is notable, indicating significant differences
between rhizosphere and bulk Mn content (p-value of 0.01 between TP 30 and TP 100), with
higher Mn concentrations in the bulk soil. Interestingly, the Mn content in the rhizosphere
does not increase over time, while the bulk concentrations do.

The control Mn concentrations remain very stable throughout the experiment, at levels
around 50 to 100 ppb, while the ligand Mn content rises to 277 ppb at TP 39 but decreases

again to 81 ppb by the end of the experiment, similar to the initial values.
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Figure 3.12: Dissolved Mn concentrations measured in pore water of Veronica soil of the
three groups control, ligand, and MQ over time

The Mn concentrations in the Veronica soil are depicted in Figure 3.12. Initially, the Mn
concentrations of the three groups range from approximately 384 (control) to 553 (MQ)

ppb. Over time, the MQ group shows an increase in Mn content, reaching 693 ppb at TP
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94, while the control and ligand groups exhibit a relatively stable decrease, reaching 200
ppb and 247 ppb, respectively, by TP 94. Overall, the Mn concentrations in the Veronica
soil are higher than those in the Bozzole soil. Additionally, there is no significant difference

between the bulk and rhizosphere Mn concentrations.
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The Mn concentrations in the Indian soil, as shown in Figure 3.13, are significantly higher—more
than ten times—than those in the Italian soils. Similar to the Fe content trend, the Mn
concentrations for all groups start at comparable levels, around 20 ppm. Subsequently, all
groups exhibit a decreasing trend. After the addition of the ligand at TP 32, the ligand
group’s Mn concentration stabilizes, while the MQ and control groups drop to 4.65 ppm and
3.5 ppm, respectively. There is no significant difference between the rhizosphere and bulk

Mn concentrations.

The CA addition did not increase Fe or Mn concentrations in the Italian soils; in fact, the
MQ group, which most probably has some ligand content from root exudation [89], exceeded

the ligand group’s Fe content towards the end (Fig. 3.8,3.9). This contrasts with other
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findings where CA addition increased Fe concentrations significantly from 180 to over 900
ppm [61]. The unaltered and therefore low pH in those studies might explain the difference.
In my study, the high pH of the ligand treatment could influence the microbial activity and
therefore the Mn concentration in solution by enhancing oxidizing conditions. Also, the Mn
concentrations in the pore water of Italian soils differ from those of Zou et al. 2024, where
the total Mn content increased with CA addition to values between 17.1-105.3 ppm during
the first 5 days, which are in the range of the Indian’s pore water Mn content.

However, control treatments that were conducted in the Liu et al. 2020 paper with low
pH HCI did not show increased soluble Fe and Mn, suggesting that chemical and microbial
dissolution of Fe/Mn oxides, rather than low pH, is the main driver of metal mobilization
[56]. On the other hand, the Indian ligand treatment had higher Fe and Mn levels towards
the last timepoints compared to the control or MQ results. In the Zou et al. 2024 paper,
the total Fe content was similar to the Fe(II) content, indicating that there was almost no
Fe(IIT), aligning with my speciation analysis results [61].

Lower concentrations of organic ligands can result in reduced Mn availability since less fuel
for the microbes is available [27]. This could explain the low Mn content in the Italian
control groups. The ligand group is supposed to have the highest ligand concentration but
also has a low Mn content. Here the high pH can influence microbial activity and therefore

the Fe and Mn concentration in solution by enhancing oxidizing conditions.
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3.8 Chromium Content in the Pore Water
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Figure 3.14: Dissolved Cr concentrations measured in pore water of Bozzole soil of the three
groups control, ligand, and M(Q over time

Figure 3.14 displays the Cr concentrations over time for the Bozzole soil. At Timepoint 0,
the three groups start with similar Cr contents, ranging from approximately 2 to 3.4 ppb.
Over time, Cr concentrations increase to around 4.4 ppb in the control group and 4.8 ppb in
the MQ group. In the ligand-irrigated group, the pore water Cr content rises significantly
after the addition of citric acid, reaching 25 ppb at TP 94.

The standard deviation of the later TP’s are quite high, with more Cr content in the rhi-
zosphere. However, the p-value between TP 30 and TP 100 (0.19) is too high to indicate
statistical significance. The high standard deviation observed in the control group at TP
18 may be attributed to the addition of a new rhizon sampler that week, which had not yet

stabilized in the environment and showed much lower Cr content.
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Figure 3.15: Dissolved Cr concentrations measured in pore water of Veronica soil of the
three groups control, ligand, and M(Q over time

The Cr concentrations differ among the various groups in the Veronica soil from the start,
as shown in Figure 3.15. The control group exhibits the highest Cr concentration (14 ppb)
in the pore water at TP 0, but also the highest fluctuation throughout the experiment. This
variability is partly due to the addition of the second sampler. At TP 0, the ligand and MQ
groups have Cr concentrations of 8.7 ppb and 3.4 ppb, respectively.

While the Cr content in the MQ group remains stable throughout the experiment, the
control group concentrations increase until TP 45 before decreasing to 6.5 ppb at the end.
The ligand group’s Cr content increases significantly from TP 68 onwards, reaching almost
40 ppb by the end of the study.

Overall, the Cr concentrations in the pore water of the Veronica soil are higher in all three
groups compared to the Bozzole soil. There was no significant trend observed between the

rhizosphere and bulk samplers.

Only under high pH conditions (pH 8.0), Cr(III) oxidation by oxygen or MnOs is significant[90],

which could explain the high Cr contents in the ligand group of the Italian soils, where lower
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Mn content (roughly) corresponds to higher Cr concentrations (Fig. 3.113.12). Higher MnOy
content also leads to higher mobility of Cr in the pore water by decreasing its adsorption
tendency, resulting in lower Kd [20, 91]. At lower pH values (5-7), Cr(IIl) oxidation by
MnOs is slower due to Cr(III) precipitation on the MnO, surface [92]. Cr oxidation can be
catalysed by Mn-oxides, while with Oy alone, it is very slow [43].

In the Veronica pore water samples, the lowest Cr content was found in the MQ pot, which
also had the lowest pH values ( pH of 4.5 to 5.5 between timepoints 39 and 94). In water-
logged soils, with low pH values and under reducing conditions, Fe-oxides undergo reductive
dissolution. This increases the hydroxide ion content which can form Cr-hydroxides, which
have a high affinity for the soil colloids and are therefore scavenged out of the soluble phase
(93, 94]. A similar trend, with lower Cr contents, was observed in the Bozzole samples, but
with slightly higher pH values (5.2 to 5.9).

Additionally, Cr, in the opposite of Fe and Mn, is more mobile in its oxidized state [95].
This is consistent with the higher Cr concentrations found in the ligand groups towards later
timepoints (characterized by higher pH) compared to the control and MQ groups (which
had lower pH values) in the Italian soils (Fig. 3.14, 3.15), even though a higher pH doesn’t
necessarily mean the oxidation of species.

CA has multiple effects on the geochemistry of the soil, including solubilizing Cr(III) via
chelation, competing for adsorption sites on mineral surfaces, and liberating other anions
that compete with CrO3~, resulting in higher chromate concentrations in the ligand-irrigated
pore water [96]. It can also lead to the reductive dissolution of As-Fe oxide complexes, pro-
moting the mobility of these metals [97]. Additionally, it might be complexed with Fe- and
Mn-oxides and increase the desorption of metals from mineral surfaces [98]. This might
explain the increase in Cr and As concentrations over time in the ligand treatment of the
Italian soils, similar to the results of Liu et al. 2022 [56].

Other plant root exudates present in the soil may additionally enhance the reducing condi-
tions in the soil, which can immobilize Cr [99]. This could explain the lower Cr content in
the MQ groups of the Italian soils, where plants were grown, compared to the control groups

without plants.
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Figure 3.16: Dissolved Cr concentrations measured in pore water of Indian soil of the three
groups control, ligand, and M(Q over time

Interestingly, the Cr concentrations in the pore water of the Indian soil are very low, with a
mean of 1.9 ppb (Fig. 3.16). Throughout the experiment, no clear trends are observed for
any of the groups. Given that most values are below the LOD, drawing definitive conclusions
is difficult.

The low Cr content could be due to the high Mn and Fe concentrations in the Indian pore
water, which can lead to potential Cr(III) removal coupled with Fe(OH)s; and Mn(OH),
precipitation [91]. Rai et al. 1984 also states that the majority of solids controlling Cr(III)
solubility are either Cr(OH); or Cr(III) co-precipitated with Fe-oxides [100]. Hem et al. 1977
reported that the total Cr concentration in their samples was close to the CroO3 solubility
[101].

High geological background Cr content, such as present in the Sukinda Valley soil, does not
necessarily mean high Cr mobilization in the pore water. This plays a crucial role in the
prevention of Cr accumulation in rice grains [86] and could be due to the higher clay and

Fe-oxide content provides more adsorption sites for Cr. Cr(III), being a positively charged
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cation, can be more easily sorbed to negatively charged soil surfaces as a positively charged
cation, while Cr(VI), being present as a negatively charged anion (CrO3 "), is less adsorptive.
Other minerals like gibbsite and amorphous Fe-oxide, with high isoelectric points, can adsorb
Cr(VI) anions at neutral and acidic pH [42].

In my experiment, higher concentrations of As, Cr, and Ni—all negatively charged in their
oxidized forms—were measured in the ligand groups of the three soils. This might have likely
been due to the process in which CA interacts with clay minerals, increasing their negative
charge and decreasing the adsorption of negatively charged metal species, thus enhancing
their mobility [102, 103]. The Italian soils had relatively low clay content, whereas the Indian

soil had high clay content, potentially enhancing this effect.

Effect of Bacteria

CA can be utilized by microbes to mobilize insoluble nutrients and metals such as Fe, P, Zn,
and others [104]. Microbes can also use CA as an electron donor for the reduction of Cr,
Fe, Mn, and sulphate [105]. In one study, CA addition enriched the Fe-reducing bacteria
such as Clostridium and Desulfitobacterium [56]. For Zou et al. 2024, this shift to metal-
reducing bacteria led to increased Fe and As levels [61]. However, my data only showed an
increase in As after ligand addition. This increment of As could be more pH-dependent,
and the Fe liberated by microbial-induced dissolution (microbial presence was evident in my
ligand groups, which had a thick bacterial mat) might have undergone other precipitation
processes. This also occurred in the Geng et al. 2020 paper, where Fe-ions and Fe-complexes
with organic ligands precipitated [106]. It could have also been that Fe has been taken out
of the system by the removal of the mentioned bacterial mat, which has been done up to

once a week during its peak growing phase.

3.9 Sulphide Analysis Data

Sulphide analysis was conducted to assess the concentration of soluble sulphide in the pore

water solution. It was done towards the end of the experiment, where unfortunately the
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ligand group already has been harvested, while the duplicates and India soils lack a control
group. But from the data that is presented in Figure 3.17, a trend of higher sulphide content
in the ligand treatment can be seen compared to the MQ content.

In the Bozzole duplicate soil, the sulphide contents in the ligand treatment is 15.3 pM and
13.2 pM for the timepoints 84 and 97, respectively, and therefore significantly higher than
in the MQ treatment (with 1.6 and 1.4 uM). The amount of sulphide in the control groups
seems to be similar to the MQ group, both around 0.9 pM sulphide.

For the Veronica soil, the differences between the treatments are not as pronounced as for
the Bozzole soil. The ligand treatment still had higher values compared to the MQ one
but with 2 and 1.7 pM compared to 0.9 and 0.9 pM (TP’s 84 and 97) not as significant.
Interestingly, in the last timepoint of measurement, the sulphide content of the control group
(2.5 nM) exceeds the one of the MQ group (0.8 pM). The sulphide concentration in the MQ
pots is similar to those measured in the Bozzole soil, while the ligand treatment shows less
sulphide liberation than in the Bozzole soil.

There was no duplicate treatment done for the Indian soil. In the Indian control and MQ

treatments, the sulphide contents are quite similar, with 0.8 and 0.78 pM S?~.
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Figure 3.17: Dissolved sulphide content of the Veronica, Bozzole, and Indian pore water in
M

In the pore water of Veronica and Bozzole soils, sampled during later time points, sulphide
concentrations were observed to be lower in the MQ treatment compared to the citric acid
treatment. Concurrently, the Fe content in the pore water at these time points where higher
in the MQ group than in the ligand group (Fig. 3.8,3.9)

This trend suggests the occurrence of ligand-induced sulphate reduction, an important pro-
cess in anoxic soils which forms sulphide. As mentioned in the introduction, sulphide can
precipitate with Fe(II) to form pyrite. Higher content of sulphide in the ligand groups could
lead to enhanced pyrite precipitation, therefore decreasing the soluble Fe concentration in

the pore water [41], an effect noticed in the Italian soil data.

3.10 Plaque Data

As seen in Figure A.2, the root weight differs greatly among the harvested plants. The roots

of the plants irrigated with ligand solution show a lower mass, with 81 mg (Bozzole), 265
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mg (Veronica), and 41 mg (India). These plants exhibited symptoms of decay and had to be
harvested earlier than the MQ group. Despite the early harvest, the roots already showed
signs of decomposition, contributing to the low root mass and potential loss of plaque, which
will be discussed later. The roots were of a blackish color (A.5). The root mass of the MQ

group was higher, with 877 mg (Bozzole), 1017 mg (Veronica), and 383 mg (India).

3.10.1 Iron Content in Plaque
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Figure 3.18: Fe content in the whole root of each plant

The Fe content of the whole root in the ligand group was lower compared to the M(Q group
of the corresponding soil (Fig. 3.18). Interestingly, the Indian MQ sample had the highest
Fe concentration of 16.4 mg Fe, despite having a lower total root mass (383 mg) compared
to the Veronica (1017 mg) and Bozzole (877 mg) planted rice plants. Even the roots of the
Indian ligand group, which had the lowest weight in the setup (41 mg), yielded more Fe
than the Bozzole samples and nearly as much Fe as the Veronica MQ group (2.3 mg Fe for

India and 2.9 mg Fe for Veronica).
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Figure 3.19: Fe concentrations in pg per mg root of each plant

Given the substantial variation in root masses, the Fe concentrations were normalized to
each mg of root to allow for comparable Fe content in the root plaques. Figure 3.19 shows
that the root solution from the Indian soils has a significantly higher Fe concentration (56
ng/mg for India ligand and 43 pg/mg for India MQ) root compared to the Italian soils
(between 10 and 28 pg/mg).

Additionally, for both the Indian and Bozzole groups, the roots irrigated with ligand solu-
tions have higher Fe yields. However, due to their low root mass, as indicated by the dark
blue colour, the calculation error is high. The Veronica ligand group has a lower Fe yield

than its corresponding MQ group.
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3.10.2 Manganese Content in Plaque
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Figure 3.20: Mn concentrations in ng per mg root of each plant

The Mn concentrations per mg root in the DCB extraction solution are very low, as shown in
Figure 3.20. Similar to the Fe concentrations, the highest Mn content was measured in the
Indian ligand group with 0.48 pg/mg root, approximately double the content of the Indian
MQ group (0.27 ng/mg root) and 14 times more than the Bozzole ligand group (0.035 pg/mg
root). The Veronica ligand root’s Mn content was below the LOD, while the Veronica MQ
root had 0.0043 pg Mn/mg root.

Comparing the soluble Fe content in the pore water with the amount of Fe in the plaque
shows a positive correlation: India > Bozzole > Veronica (high to low content in both plaque
and pore water). The Mn content in pore water follows a different trend: India > Veronica
> Bozzole (high to low). Although Veronica pore water has more than twice the Mn content
compared to Bozzole, the Mn content in the plaque is similar (MQ group) or higher (ligand
group) for Bozzole. Mn plaque formation correlates positively with Fe plaques and Mn**

content in pore water, similar to Christensen et al. 1998’s and Crowder et al. 1993’s findings
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(107, 76].

In the Indian soil, higher IP formation was observed in the ligand group compared to the MQ
group, with double the Fe/Mn concentrations in pore water towards the end. Fe availability
seems to be the leading factor in IP formation for this soil (Fig. 3.10,3.19).

Fe speciation, which is an important factor for IP formation, is often controlled by redox
potential, making Eh a key variable affecting redox transformation during IP formation. The
optimal Eh for Fe reduction is assumed to be less than around 200 mV [71]. Unfortunately,
Eh measurements were not consistently taken throughout my experiment, but available data
show Eh ranging from -157 mV (control Bozzole) to -235.2 mV (control Veronica). The range
of these Eh values indicates Fe(II) as the favoured oxidation state according to the Eh-pH
diagram (Fig. A.3), which could enhance IP formation.

The pH values of the Italian soils are similar to each other, showing high values for the
ligand group and lower values for the M(Q group. In contrast, the Indian soil exhibits better
buffering capacity, as mentioned before. For both the Indian and Bozzole soils, the Fe
concentration per milligram of root is higher in the ligand treatment (high pH) compared
to the MQ treatment. This suggests that the role of citric acid as a Fe mobilizer might be
more significant for the IP formation than the high pH’s oxidizing effect, which can decrease
Fe concentration in the soil solution [107]. Additionally, CA might influence the dissolution
of pre-existing IP on the root and indirectly impact the root’s oxidizing capacity [108].

For the Veronica soils, the ligand group shows less Fe per milligram of root than the MQ
group. This indicates different soil processes and interactions, but could also be due to IP
formation being promoted in lower pH ranges. According to Boone et al. 1983, IP formation
is enhanced within a pH range of 3-5.3, which aligns with the Veronica MQ soil’s pH range
of 4.7-5 [109]. When the pH exceeds 5, the Fe(II) pool might be depleted due to oxidation
[110].

This presents a dilemma: at low pH, the roots’ oxidizing power is diminished, leading to
low IP formation, while at higher pH, Fe(II) is oxidized and becomes insoluble. As noted
by Mendelssohn et al. 1993, most plaques are found near the surface, where pH and Eh

are optimal for Fe reduction—not too low (as they decline with depth) and not too high
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[108]. However, this trend does not apply to the Bozzole soil, where higher plaque content
is observed in the ligand group (Fig. 3.19) with a high pH of up to 9, where Fe oxidation
occurs, but this treatment also had a significantly higher sulphide content (Fig. 3.17).

The ligand treatment in the Veronica soil yielded slightly lower Fe concentrations per mg
root than the MQ group, with a higher sulphide content in the ligand group, but at a much
lower concentration (2 uM, Fig. 3.17) compared to the Bozzole ligand group (exceeding 15
uM sulphide). As mentioned in the introduction, S>~ content influences the IP formation
by reducing Fe(III), leading to a higher Fe(II) content in solution, which could then be used
in IP formation, explaining these results.

A basic amount of S is essential for IP formation and can suppress toxic metals [75]. However,
excessive S?~ can deplete the Fe(IT) pool by precipitating as pyrite (FeSy) [111], which can
lead to co-precipitation of other metals, and also deplete oxygen and act as a toxin, reducing
root plaque formation due to decreased ROL [111, 112]. The S speciation can also influence
the barrier of TP against Cr uptake and its storage inside rice root tissues [74]. The decreased
root mass observed in pots with CA addition could be a sign of sulphide toxicity.
Precipitation of FeS can be reversed when oxygen input into the rhizosphere via ROL oxidizes
FeS precipitates near the roots, leading to "heavy” IP formation [63]. This could explain
the high Fe content per mg root in the Indian and Bozzole treatments, but the roots’ poor
condition suggests that active ROL during the final growth stages was unlikely. Visually,
less plaque was visible on the ligand group roots.

Unfortunately, data on the sulphide content in the Indian ligand treatment is unavailable;
however, the higher Fe content in the ligand root plaque compared to the MQ root plaque
suggests that CA irrigation likely enhanced the sulphide content, therefore enhancing the
reduction of Fe(III) to more soluble Fe(II). This Fe(II) could again precipitate as pyrite once

further away from the rhizosphere.
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3.10.3 Chromium Content in Plaque
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Figure 3.21: Cr concentrations in ng per mg root of each plant

Figure 3.21 displays the Cr concentrations on the root surfaces. Similar to the trends
observed for Fe and Mn contents, plants grown in the Indian soil show the highest IP Cr
content, with 10 ng/mg root in the ligand group, followed by 5 ng/mg root in the MQ group.
Interestingly, despite the minimal Fe and Mn measured in the Veronica ligand sample, some
Cr is present, with concentrations of 2.7 ng/mg root, which is more than double that of the
Veronica MQ roots, which have 1 ng/mg root. The Bozzole ligand and M(Q Cr contents are
similar to those of the Veronica samples, with 3.7 and 1.1 ng/mg root, respectively. The Cr
content in the plaque positively correlates with the Fe (p-value of 0.01, Fig. 3.22) and Mn

(p-value of 0.003) contents per mg root.
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Correlation of Fe and Cr content in plaque
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Figure 3.22: Correlation between the Fe and Cr content per mg root after DCB extraction

This could indicate that more Cr is adsorbed if more plaque is present, or that ligand
addition liberates Cr, as more Cr was measured in the ligand root plaque of all soils, even
though the Veronica ligand pot had less Fe than the Veronica MQ group (Fig. 3.19). This
was not observed in the artificial root treatment (whose results will be shown shortly), where
the ligand addition resulted in less IP formation on the tube surface compared to the MQ

treatment.

3.11 Plaque on Artificial Roots

The artificial roots, composed of silicon tubes due to silicon’s gas permeability, were sub-
merged in the Indian soil for 2-26 days and analysed for the metal content of the plaque
forming on their surface, using the DCB extraction. The metal contents of Ni, As, and Al

were below the detection limit and will not be discussed further.

Fe in artificial Plaque

The Fe content in the IP extraction solution of the different tubes is displayed in the following

Figure.
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Figure 3.23: Fe concentrations in ppm in IP on the silicon and peristaltic pump tubes

As illustrated in Figure 3.23, the silicon tube did not appear to promote the formation of
IP, as the Fe content in the DCB solution was only 0.9 ppm after 24 days. This is consistent
with the visual observations, as no discoloration was noted on these tubes. Conversely, the
peristaltic tubes exhibited some Fe content following DCB extraction, and visible reddish
precipitates were observed on the tubes A.6. After 14, 15, and 17 days of immersion in
the submerged, anoxic Indian soil, the Fe content in the plaque was 16, 35, and 30 ppm,
respectively.

Interestingly, the two tubes subjected to CA irrigation had lower Fe contents of 3.3 and 7.6
ppm after 7 and 26 days of immersion, indicating lower IP formation compared to the group
with MQ water irrigation. The low formation of IP on the silicon tube surfaces could be
due to lower gas permeability or unsuitable surface structure for Fe-oxide precipitation. The
peristaltic pump tubing also consisted of silicon but with substantial IP formation, indicates

different chemical-physical parameters between the tubing types.
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Manganese in artificial Plaque

The Mn content in the IP of the different tubes is shown in the following Figure.
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Figure 3.24: Mn concentrations in ppb in Fe plaque of the artificial roots

The Mn concentration per artificial root exhibits a similar trend to the Fe content, but with
significantly lower concentrations. The silicon tubes again demonstrated lower Mn content
than the peristaltic pump tubes, though the differences between the two types of tubing
were not as pronounced as those observed for Fe content. Specifically, after 24 days, the Mn
content was 25 ppb for the silicon tube compared to 128 ppb for the peristaltic pump tube
after 17 days (Fig. 3.24).

The peristaltic pump tubes again showed higher Mn concentrations when irrigated with
MQ water compared to those irrigated with CA solution. After 24 days in soil irrigated
with the CA solution, the Mn content in the extraction solution was 47 ppb, which is still
double that of the silicon tube sample with MQ irrigation. However, this decrease in metal
concentrations from the MQ to the ligand group is not consistent with the findings from
the real roots DCB extraction, where the Mn content was higher in the ligand than in the

MQ group for the Indian soil. As previously mentioned, it is challenging to compare these
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results directly due to several factors, including the low weight of the ligand roots and the
resulting high error.

Additionally, the oxygen pumped through the tubes might have been consumed by enhanced
bacterial sulfur reduction. Unlike real roots, artificial roots do not actively take up nutrients
and metals, which would bring Fe(II) ions closer to the root surface, promoting IP formation.
This process is absent in artificial roots, leading to Fe(IT) being oxidized and immobilized
before precipitating on the tube surface.

The fact that in the artificial root setup, the Fe and Mn concentrations in DCB extraction
solutions were lower in the ligand group than in the MQ group suggests that CA might not
be the main driver of IP formation. However, the total amount of plaque on the tubes could

not be determined.

Chromium in artificial plaque

The Cr content in the IP of the two tube types is shown in the following graph:
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Figure 3.25: Cr concentrations in ppb in IP of the artificial roots

The Cr content in the IP of the silicon tubing after DCB extraction is 2.6, 4.1, 1.8, and 3.4
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ppb after 2, 4, 9, and 24 days, respectively. The content in the peristaltic tubing is higher,
though not as significantly as the Fe and Mn content, with values of 4, 7.4, and 10.8 ppb
after 14, 15, and 17 days of settling in the soil. Again, the Cr content in the extraction
solution of the peristaltic tubes submerged in citric acid-irrigated soils is lower than those

in MQ-submerged soils, with 2.6 and 3.8 ppb after 7 and 26 days.

3.12 Metal Content of Plant Segments

The rice plant segments (roots, leaves/stems, and seeds) were digested in aqua regia to assess

the translocation of different metals within the plants.

Fe content in the plant segments

In the Veronica soil, the measured Fe concentrations ranged from 232 to 2268 mg Fe/kg of
plant biomass (Fig. 3.26). The highest Fe content was observed in the roots of the ligand
duplicate treatment. However, due to the limited biomass available, only 3.8 mg (instead
of the usual 30-40 mg) was used for digestion, leading to a high calculation error. A slight
decrease from 325 to 232 mg Fe/kg from leaves to seeds was noted in the MQ group. Given
the low concentrations and narrow range of values, no significant changes can be confirmed.
For the Bozzole soil, the MQ treatment was the only one where all segments (roots, leaves,
and seeds) could be measured. The highest Fe concentration was in the root biomass, with
3477 mg Fe/kg. In the leaves of both the MQ and MQ duplicate treatments, similar contents
were measured (186 and 158 mg Fe/kg, respectively), while the seeds showed only 50 mg
Fe/kg. The ligand treatment root biomass contained 953 mg Fe/kg.

In the Indian soil, no duplicates were performed, and the ligand group was harvested early
due to plant mortality. The Fe content in the roots of the MQ treatment was exceedingly
high, over 130,000 mg/kg. A reddish colour observed during sample grinding suggested the
presence of residual plaque, likely explaining the unusually high Fe content. The Fe contents

in the leaves of both the ligand and MQ treatments were similar (1873 and 1305 mg Fe/kg,
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respectively). Overall, roots generally had higher Fe contents than other segments, with the
rice plants in Indian soil exhibiting higher Fe levels than those in Italian soils, which had

similar Fe contents to each other.
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Figure 3.26: Fe concentrations in mg/kg biomass of the different plant segments and IP of
the treatments

Mn content in the plant segments

In the Veronica soil, the Mn concentrations ranged from 165 to 374 mg Mn /kg plant biomass.
Similar to Fe, the highest Mn content was found in the roots of the ligand duplicate treat-
ment, but with a high error due to limited biomass. A slight increase from 165 to 236 mg
Mn/kg from leaves to seeds was observed in the MQ group. Again, no significant changes
can be confirmed due to the narrow range of values. The Mn concentrations in the ligand
duplicate group roots were below the detection limit (Fig. 3.27). In the Bozzole soil, the
highest Mn concentration was found in the leaves of the MQ duplicate treatment, with 1703
mg Mn/kg. The Mn content in the roots of all three measured groups was low: 3 mg/kg
in the ligand, 11 mg/kg in the MQ, and 13 mg/kg in the MQ duplicate groups. The leaves

and seeds of the MQ group had 777 and 210 mg Mn /kg, respectively.
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In the Indian soil, the highest Mn content was found in the leaves of the ligand treatment,
with over 1650 mg Mn/kg. In the MQ treatment, the Mn content in the roots was 792 mg
Mn/kg, and 1055 mg Mn/kg in the leaves.

Overall, the Mn content trend differed from Fe, with leaves generally showing higher Mn
content than roots. The Veronica soil had the lowest Mn contents, while Bozzole and Indian

soils had similar concentrations.
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Figure 3.27: Mn concentrations in mg/kg biomass of the different plant segments of the
treatments

Higher levels of Fe in the biomass were observed in treatments where higher concentrations of
soluble Fe were detected in the pore water of the Italian soil. These findings are supported
by the ones from Zeng et al. 2011 [21]. In the Bozzole MQ soil, only 5.35 % of Fe was
translocated from the roots to the leaves, and an even smaller fraction, 1.44 %, to the seeds.
This decrease in Fe from leaves to seeds was also reported by Zeng et al. 2011. For Mn,
there was a slightly higher amount in the leaves than in the roots. In the seeds, the Mn
content decreased again. It appears that Mn translocation in the plant is higher compared

to Al, Fe, and Cr.
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Cr and Al contents in the plant segments

Cr concentrations in the Italian rice segments were below the detection limit. In the Indian
treatment group, the Cr content in the MQ group was over 40 mg/kg in the roots, and
around 5 mg/kg in the leaves for both MQ and ligand groups. Unfortunately, no data on
the Cr seed content is available. The difference between root and leave content suggests that
most Cr is not translocated and remains in the roots. This is supported by the findings of
Zeng et al. 2008, where Cr concentrations in plant segments were similar to those observed
in my study for both roots and leaves [113].

A possible explanation for the higher accumulation in the roots could be that Cr is immo-
bilized in the vacuoles of root cells, or that Cr(III) is reduced to the less mobile Cr(VI) by
the cells, thus being retained in the root cortex cells [114].

Zeng et al 2011 also found that ”the increase of rhizosphere pH and acid exudation would
cause more Cr accumulation in rice plants” [21]. Unfortunately, no data on the ligand-treated
root Cr content is available, but from the available data of the leaves of this treatment group,
no significant differences were observed compared to the MQ group.

Al concentrations followed a similar trend to Fe, with significantly higher contents in roots
compared to leaves and seeds. The Indian treatment showed higher Al content (up to
14,416 mg Al/kg in Indian MQ roots) compared to the Italian treatments (4,888 mg Al/kg

in Veronica Ligand root and 1,944 mg Al/kg in Bozzole MQ roots).
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4. Conclusion

This Master’s thesis aimed to evaluate metal concentrations in the pore water of paddy soils,
their interactions with plants and ligands, and how the composition of iron plaques (IP) are
influenced by different soils and treatment groups.

Rice was grown in soils from different locations with varying metal contents, and pore wa-
ter, IP, and plant segments were analysed for metal content. Three treatment groups were
established for each soil: a control group with no plants and MQ irrigation, a group with
plants and MQ irrigation, and a group with plants irrigated with a citric acid (CA) ligand
solution. An additional artificial root experiment was conducted to further understand IP
formation.

In the ligand treatment groups, a gradual increase in Cr concentration in the pore water was
observed, potentially due to MnO,-catalysed Cr(III) oxidation at higher pH or CA-mediated
Cr mobilization via chelation or competition for adsorption sites on mineral surfaces. Sig-
nificant differences were noted between the soils, particularly for the Indian soil, which
originated near a Cr mine and exhibited the highest metal content. Surprisingly, the Indian
soil showed lower pore water Cr concentrations compared to the uncontaminated Italian
soils, possibly due to Cr precipitation onto Fe, Mn, and Al oxides or clays.

IP formation was highest in the Indian soil, especially in the ligand-treated group. A cor-
relation between Cr and Fe content in the roots suggested that greater IP formation led to
higher Cr retention. In the artificial root experiment (using gas-permeable silicon tubes),
less IP formation was observed with CA irrigation, suggesting different processes influence
IP formation on real versus artificial roots.

Within the plant, Fe was concentrated mainly in the roots, with little translocation to the
stems and even less to the grains. Mn was more prevalent in the leaves, while Cr concentra-
tions in plant segments were below the detection limit, likely due to retention by the iron

plaques. The metal content in these plaques were significantly lower than the content in the
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plants, suggesting that most of the metal translocate into the plants.
The findings from this thesis provide insights into the geochemical processes affecting metal
behaviour in soils, with implications for understanding Cr contamination, particularly cru-

cial in the Sukinda Valley region.
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Limitations

Initially, all three groups of each soil experienced the same conditions, since no plant devel-
opment took place and the switch from MQ to ligand irrigation started at a later timepoint.
However, metal contents varied significantly in the early stages, reflecting the high variabil-
ity of these complex paddy soil systems. Due to limited soil availability, duplicates could
not be performed for all treatments, and plant mortality in the ligand treatment possibly
compromised data comparison across groups. Therefore these results should be taken with

caution.
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A. Appendix

Bozzole Rhizosphere Fe speciation
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Figure A.1: Fe(II) and Fe(III) concentrations in the pore water samples of the Bozzole,
Veronica and Indian soil
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Figure A.2: Root mass of the harvested rice plants (mg)
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Figure A.3: Fe Eh-pH diagram [115]
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(c) MQ setup top view (d) Ligand setup top view

Figure A.4: Rice growing setup, with the MQ treatments on the left side and the ligand
treatments on the right side
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(a) India MQ root (b) India ligand root

(c) Veronica MQ root (d) Veronica ligand root

Figure A.5: Roots of the Indian MQ and ligand treatment (top) and of the Veronica MQ
and ligand treatment (bottom)
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Figure A.6: Artificial roots after being submerged in anoxic soil for 14, 9, 4 and 2 days (from
top to bottom) with the tube on the top being peristaltic, the others are silicon tubes, with
visible reddish iron plaque

Table A.1: Total P, Cr, Mn, Zn and As concentrations of aqua regia extraction from the
three soils

| Metal(ppm) | India (ppm) | Bozzole (ppm) | Veronica (ppm) |

P 0.4495637 0.4794323 0.7475762
Mn 0.2625957 0.0959287 0.0919595
Cr 0.4986721 0.0147028 0.0180663
As 0.0369120 0.0123324 0.0169433
Zn 0.0298240 0.0227407 0.0352511

1)




Table A.2: Iron content in the pore water of the treatment groups over time, in ppb for
Italian soils and ppm for the Indian soil

Timepoint ‘ Group ‘ Bozzole Fe (ppb) ‘ Veronica Fe (ppb) ‘ India Fe (ppm) ‘

0 | Ligand 519.7 145.6 | 264.2
18 | Ligand 1009.8 139.9 | 180.4
25 | Ligand 2088.1 170.2 | 159.5
32 | Ligand 1316.1 180.1 | 126.6
39 | Ligand 3235.4 134.2 | 1434
45 | Ligand 1431.8 197.9 | 129.5
53 | Ligand 1677.2 162.8 | 126.3
62 | Ligand 916.0 92.8 | 57.1
68 | Ligand 1019.7 171.5 | 117.6
73 | Ligand 5007 .4 216.7 | 105
80 | Ligand 2379.4 106.4 | 108.7
88 | Ligand 1187.7 129.1 | 105.4
94 | Ligand 1010.3 298.2 | not measured

0 | Control 339.6 107.6 | 259.6
18 | Control 541.2 142.4 | 125.9
25 | Control 524.3 143.2 | 168.1
32 | Control 524.6 156.6 | 142.4
39 | Control 526.9 133.3 | 128.6
45 | Control 1053.2 579.3 | 116.7
53 | Control 789.5 305.9 | 106.2
62 | Control 924.6 114.0 | 71
68 | Control 1139.3 119.1 | 105.8
73 | Control 968.1 281.9 | 115.9
80 | Control 976.7 201.5 | 81
88 | Control 763.6 273.5 | 74.4
94 | Control 461.1 278.7 | 64.1

0| MQ 2081.8 251.0 | 275.2
18 | MQ 1175.7 150.3 | 184.8
25 | MQ 558.1 189.3 | 140
32 | MQ 851.3 452.7 | 158.3
39 | MQ 1871.1 1731.4 | 91.9
45 | MQ 1915.6 1572.7 | 88.5
53 | MQ 1210.0 944.1 | 79.9
62 | MQ 2808.5 1094.0 | 44.7
68 | MQ 2121.1 895.7 | 74
73 | MQ 3956.0 3024.5 | 63.7
80 | MQ 5508.4 3820.4 | 54.3
88 | MQ 9281.9 2778.8 | 39.1
94 | MQ 15254.6 3143.7 | 38.3
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Table A.3: Manganese content in the pore water of the treatment groups over time, in ppb
for Italian soils and ppm for the Indian soil

‘ Timepoint ‘ Group ‘ Bozzole Mn (ppb) ‘ Veronica Mn (ppb) ‘ India Mn (ppm) ‘

0 | Ligand 65.8 553.5 | 18.3
18 | Ligand 119.8 388.0 | 12.9
25 | Ligand 203.9 339.3 | 11.5
32 | Ligand 167.1 299.0 | 9.3
39 | Ligand 277.8 322.2 | 10.6
45 | Ligand 146.2 317.6 | not measured
53 | Ligand 132.8 258.0 | 9.8
62 | Ligand 119.4 150.6 | 10
68 | Ligand 116.9 229.0 | 8
73 | Ligand 218.2 254.8 | 9.7
80 | Ligand 139.9 282.8 | 8.6
88 | Ligand 81.1 251.0 | 8.6
94 | Ligand 81.7 247.0 | 9.5

0 | Control 52.7 384.3 | 194
18 | Control 99.5 410.2 | 11.5
25 | Control 69.2 392.0 | 13
32 | Control 80.4 312.6 | 11.3
39 | Control 52.9 333.9 | 8.9
45 | Control 83.3 369.5 | 9.3
53 | Control 58.8 302.4 | 10.1
62 | Control 83.7 279.8 | 6.9
68 | Control 81.3 341.3 | 7.4
73 | Control 73.5 316.6 | 8.8
80 | Control 74.3 267.1 | 6.8
88 | Control 46.7 2194 | 6.7
94 | Control 42.9 200.9 | 4.6

0| MQ 192.1 538.1 | 21.7
18 | MQ 183.1 524.3 | 14.9
25 | MQ 149.8 512.8 | 9.4
32 | MQ 176.6 712.4 |1 9.9
39 | MQ 246.5 978.1 | 7.1
45 | MQ 290.5 899.6 | 7.1
53 | MQ 220.9 814.7 | 7.4
62 | MQ 359.0 920.4 | 6.2
68 | MQ 307.5 832.3 | 6.7
73 | MQ 342.3 774.6 | 6.5
80 | MQ 360.0 771.3 | 5.4
88 | MQ 425.6 660.9 | 3.9
94 | MQ 421.6 693.3 | 3.5
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Table A.4: Chromium content in ppb in the pore water of the treatment groups over time

| Timepoint | Group | Bozzole Cr (ppb) | Veronica Cr (ppb) | India Cr (ppb) |

0 | Ligand 2.1 71|24
18 | Ligand 3.8 10.9 | 2.7
25 | Ligand 3.6 14.9 | 1.9
32 | Ligand 2.7 6.7 | 1.5
39 | Ligand 6.0 9.9 | 2
45 | Ligand 12.7 23.6 | 1.4
53 | Ligand 7.3 114 | 1.8
62 | Ligand 10.7 159 |14
68 | Ligand 11.3 15.0 | 1.8
73 | Ligand 16.3 319 | 2.8
80 | Ligand 16.9 34.6 | 3.6
88 | Ligand 22.6 39.6 | 1.7
94 | Ligand 25N 38.7 | not measured

0 | Control 2.9 14.8 | 3.7
18 | Control 7.2 11.3 | 2.2
25 | Control 2.8 13.9 | 2.2
32 | Control 4.7 13.7 | 1.1
39 | Control 3.6 132 1 1.3
45 | Control 3.5 25.6 | 1.3
53 | Control 3.1 12.2 1 1.2
62 | Control 4.8 15.3 | 1.7
68 | Control 5.2 16.1 | 2.3
73 | Control 5.8 152 1.2
80 | Control 5.2 14.0 | 2.3
88 | Control 4.2 9.3 0.8
94 | Control 4.4 6.5 1.8

0] MQ 3.4 3413
18 | MQ 2.6 3.6 |18
25 | MQ 1.9 5.3 | 1.7
32 | MQ 3.9 39117
39 | MQ 2.2 4.0 | 0.6
45 | MQ 3.6 52114
53 | MQ 1.8 1.8 | 1.7
62 | MQ 3.7 9.2 123
68 | MQ 3.9 4.2 5.9
73 | MQ 4.2 53 1.5
80 | MQ 3.4 3.712
88 | MQ 5.2 49118
94 | MQ 4.8 3.7108
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Table A.6: Concentration of metals in plant segments

| Sample | Al| Cr | Fe| Mn| Ni
Veronica ligand leave 603.67 | -1.14 398.86 | 385.32 | 0.00
Veronica ligand leave 633.37 | -0.45 405.25 | 235.04 | 0.00
Veronica ligand leave 672.60 | -0.78 465.10 | 500.89 | 0.00
Veronica MQ leave 343.63 | 0.00 280.45 | 176.06 | 0.00
Veronica MQ leave 514.69 | 1.30 433.29 | 195.02 | 0.00
Veronica MQ leave 331.81 | 0.43 261.89 | 122.78 | 0.00
Veronica MQ seed 295.87 | -3.54 231.10 | 233.86 | 0.00
Veronica MQ seed 209.45 | -1.47 232.84 | 238.72 | 0.00
Veronica ligand root duplicate | 4888.16 | -7.89 2268.42 | -55.26 | 0.00
Bozzole ligand root 1439.29 | 1.79 953.08 3.08 | 0.00
Bozzole MQ root 1852.76 | 1.02 3224.27 8.43 | 0.00
Bozzole MQ root 2036.00 | 1.58 3729.01 13.54 | 0.00
Bozzole MQ leave 210.79 | -2.58 165.05 | 686.32 | 0.00
Bozzole MQ leave 274.15 | -1.28 153.84 | 727.27 | 0.00
Bozzole MQ leave 207.47 | -1.93 239.52 | 918.07 | 0.00
Bozzole MQ seed 193.63 | -1.39 70.50 | 317.59 | 0.00
Bozzole MQ seed 296.42 | -1.04 94.63 | 292.24 | 0.00
Bozzole MQ) seed 1.98 | -2.09 -16.30 19.93 | 0.00
Bozzole MQ root duplicate 870.22 | -0.77 1726.23 13.12 | 0.00
Bozzole MQ root duplicate 1714.20 | -6.17 1890.12 | -16.05 | 0.00
Bozzole MQ leave duplicate 309.11 | -1.52 169.62 | 1616.46 | 0.00
Bozzole MQ leave duplicate 194.37 | -1.61 142.07 | 1614.02 | 0.00
Bozzole MQ leave duplicate 290.50 | -1.61 163.60 | 1876.90 | 0.00
India ligand leave 2021.48 | 5.42 1873.47 | 1651.62 | 0.00
India MQ root 14134.64 | 41.28 | 124751.43 | 743.10 | 0.01
India MQ root 15605.56 | 44.92 | 145590.95 | 856.83 | 0.01
India MQ root 13506.34 | 39.44 | 133832.92 | 775.53 | 0.01
India MQ leave 1442.56 | 4.13 1304.96 | 1054.96 | 0.00
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