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Abstract

Management of Se resources is a vital topic. This metalliod trace element is essential for

many organisms and has a small range between human dietary de�ciency (< 55 µg/d) and

chronic toxicity (> 400 µg/d). Moreover, Se is unevenly distributed throughout the world

and its bioavailability is governed by many factors. Bioforti�cation and Se toxicity risk

assessment are key aspects of managing global Se resources. Therefore, detailed research is

required regarding biomolecular and geochemical interactions between Se and the environ-

ment. Accordingly, the aim of this study was to describe and quantify Se transfer in the

Critical Zone, i.e. at the interface between soil and plant.

For this purpose, the Critical Zone was compartmentalized into three Se reservoirs: "soil",

"soil solution" and "plant". Experimentally, these were represented by the model minerals

kaolinite and goethite, a nutrient solution and rice plants (Oryza sativa), respectively. Using

identical experimental parameters, �rst the speciation-dependent Se transfer from solution

to plant and subsequent Se partitioning within the plant was studied; then adsorption-

desorption processes of selenate and selenite onto the model minerals kaolinite and goethite

were investigated. After that, both experiments were combined. Quanti�cation of Se trans-

fer between solution and mineral substrate as well as Se-uptake into plants from the solution

provided the basis for a mathematical process model.

To determine Se-uptake di�erences due to lack of nutrients, a series of closed plant-box

systems was used; Oryza sativa caryopses were prepared with Se-spiked nutrient-free phy-

toagar or nutrient solution of 0 - 2500 µg/L Se as selenite or selenate. Furthermore, forcing

plants to grow through a Se-free agar-�lled tube before reaching the Se-spiked nutrient

solution or phytoagar made it possible to observe the e�ects of delayed Se treatment. All
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plants were grown with 14 days of Se-uptake in a climate chamber. After harvest, plant

bulk samples of shoot and root were freeze-dried and microwave-digested with nitric acid

and hydrogen peroxide. Selenium content was measured with HG-FIAS. Agar samples were

digested similarly and measured with HG-FIAS. Selenium and nutrient content of the nu-

trient solution was measured by ICP-MS and IC.

To characterize Se adsorption-desorption behavior, a series of 24-h sorption batch exper-

iments was carried out with 0.5 g kaolinite or goethite in a KCl-solution resembling the

nutrient solution in ionic strength. Solutions were spiked with 0 - 5000 µg/L Se as either

selenite or selenate. To study competition e�ects, these experiments were repeated in the

presence of 750 µmol/L nitrate, sulphate or phosphate. To quantify ion exchange potential,

subsequent Se desorption experiments were conducted with 0.1 mol/L K2HPO4.

To study combined e�ects of Se sorption processes and Se-uptake by plants, a combined

sorption-plant-box experiment was devised with Oryza sativa caryopses, 170 mL of Se-

spiked nutrient solution between 0 and 10,000 µg/L Se as selenite or selenate and 8.5 g of

kaolinite or goethite substrate. Plant-free sorption controls were prepared in glass bottles

parallel to the plant-box experiments. In addition, single plants exposed to 500, 2000 and

10,000 µg/L Se as selenite or selenate were air-dried. Their speciation was determined by

measuring XANES scans, while mapping of spatial Se distribution was achieved by using

µXRF at ANKA, Karlsruhe.

Results for all plant Se-uptake showed a preferential partitioning of selenite to the root

(70 % of total plant-Se) and selenate to the shoot (72 % of total plant-Se). Due to a lack

of competing ions in a nutrient-free environment, plant Se treatment directly upon germi-

nation led to greater Se-uptake at lower Se concentration (0 - 1000 µg/L Se as selenite and

0 - 250 µg/L Se as selenate) compared to the nutrient solution uptake (maximum uptake:

177 mg/kg Se DW in roots and 75 mg/kg Se DW in shoots for selenite; and 367 mg/kg Se

DW in shoots and 96 mg/kg Se DW in roots). However, this treatment induced phytotox-

icity symptoms and strongly decreased Se-uptake when these lower Se concentrations were

exceeded. Treating the plants with nutrients and delaying Se exposure for 5 - 7 days led

to greater plant tolerance for Se and steadily increasing Se-uptake with increasing applied

vi



vii

Se concentration (159 mg/kg Se DW in shoots and 312 mg/kg Se DW in roots for the

Se-addition of 2500 µg/L Se as selenite and 405 mg/kg Se DW in the shoots and 128 mg/kg

Se DW in the roots for the Se-addition of 2500 µg/L Se as selenate). However, competition

by nutrients reduced Se-uptake into the plants.

Based on µXRF data, Se was mainly present in the phloem and xylem of the plant,

irrespective of selenite or selenate application. Se-speciation in the plant tissue depended

on the species applied. Selenite treatment led to a mean of 93 % organic Se in roots and

72 % organic Se in shoots, the rest being selenite (7 % and 28 %, respectively). Selenate

treatment led to a mean of 48 % organic Se, 16 % selenite and 36 % selenate in roots and

46 % organic Se, 15 % selenite and 39 % selenate in shoots.

In the sorption experiments, adsorption by selenite and selenate onto kaolinite and

goethite was very di�erent. Measurements of remaining Se concentrations in solution

showed that selenite adsorption onto kaolinite and goethite was 61 and 99 %, respectively.

Selenate's respective sorption was 72 and 42 %. Desorption showed that 71 - 96 % of previ-

ously adsorbed Se was exchangeable by ion exchange with phosphate. However, subsequent

plant Se-uptake was not higher through contact with the mineral than it was in just the

nutrient solution. This suggests that plants did not actively desorb Se from the mineral

surface. It was also shown that the nutrient solution's e�ect on Se adsorption was complex

and could not be described as a linear combination of the e�ects of single ions.

These experimental data were used to create a mass balance model of the Critical Zone.

The model assumes 100 % of the Se to be distributed into the three compartments "mineral

surface", "solution" and "plant". With the required input parameters limited to the con-

centrations of selenite and selenate, the model calculates the Se adsorption to the mineral

surface, the resulting Se solution concentration and the subsequent Se concentrations in

plant roots and shoots, as well as the Se speciation found in these tissues.

This model does not simply interpolate Se concentrations between experimental results,

but can model the competition between selenite and selenate when both are present in so-

lution, as well as calculate adsorption for less or more than the appointed kaolinite amounts

used in the experiments. For each scenario, the complete mass balance is calculated. Un-
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fortunately, goethite results could not be incorporated into the model as experimental Se

concentrations did not approach maximum load capacity.

The model created here quanti�ed key processes of Se transfer between mineral surface,

solution and plant and can easily be extended using results of further experiments. This

model, reproducing experimental results, is a solid basis for our ability to predict Se transfer

in the Critical Zone. This is a crucial component of e�ective global Se resource management

concerning bioforti�cation and Se toxicity risk assessment.
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Zusammenfassung

Selenressourcenverwaltung ist ein lebenswichtiges Thema. Dieses Halbmetall-Spurenelement

ist für viele Organismen essentiell und weist eine geringe Spanne zwischen Mangelernäh-

rung (< 55 µg/Tag) und chronischer Toxizität (> 400 µg/Tag) für den Menschen auf.

Überdies hinaus ist Se in der Welt ungleichmäÿig verteilt und seine Bioverfügbarkeit durch

viele Faktoren bestimmt. Bioforti�kation und Selentoxizitäts-Risikoanalyse sind Schlüsse-

laspekte der globalen Selenressourcenverwaltung. Daher sind detaillierte Untersuchungen

hinsichtlich molekularbiologischer und geochemischer Wechselwirkungen zwischen Se und

der Umwelt notwendig. Dementsprechend war es Ziel dieser Studie, Selentransfer in der

kritischen Zone, d.h. an der Schnittstelle zwischen Boden und P�anze, zu beschreiben und

zu quanti�zieren.

Zu diesem Zweck wurde die kritische Zone in drei Selenreservoire unterteilt: "Boden",

"Bodenlösung" und "P�anze". Experimentell wurden diese durch die Modellminerale Kao-

linit und Goethit, eine Nährlösung und Reis (Oryza sativa) repräsentiert. Unter der Ver-

wendung identischer Versuchsparameter wurde zunächst der speziesabhängige Selentransfer

von der Lösung in die P�anze und die darau�olgende Selenpartitionierung innerhalb der

P�anze untersucht. Dann wurden Adsorptions-Desorptionsprozesse von Selenat und Selenit

an den Modellmineralen Kaolinit und Goethit erforscht. Danach wurden beide Experimente

kombiniert. Die Quanti�zierung des Selentransfers zwischen Lösung und Mineralsubstrat

sowie Selenaufnahme von der Lösung in die P�anze stellen die Basis für ein mathematisches

Prozessmodell dar.

Um Unterschiede in der Selenaufnahme aufgrund von Nährsto�mangel zu bestimmen,

wurde eine Serie an geschlossenen P�anzenboxversuchen genutzt. Oryza sativa-Karyopsen
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wurden mit einem mit Selen versetztem, nährsto�reiem Agar oder einer Nährlösung von 0 -

2500 µg/L Se als Selenit oder Selenat vorbereitet. P�anzen zu zwingen, durch ein Se-freies,

Agar-gefülltes Eppendorfgefäÿ zu wachsen, bevor sie mit der mit Selen versetzten Nähr-

lösung oder Phytoagar in Kontakt kommen, ermöglichte es darüber hinaus, die E�ekte

verzögerter Selenbehandlung zu beobachten. Alle P�anzen wurden mit 14-tägiger Selenauf-

nahme in einer Klimakammer kultiviert. Nach der Ernte wurden P�anzensammelproben

des Sprosses und der Wurzel gefriergetrocknet und mit Salpetersäure und Wassersto�per-

oxid in der Mikrowelle aufgeschlossen. Selengehalte wurden mit der HG-FIAS bestimmt.

Agarproben wurden ähnlich aufgeschlossen und mit der HG-FIAS gemessen. Selen- und

Nährsto�gehalte in der Nährlösung wurden mit ICP-MS und IC gemessen.

Um das Selenadsorptions- und -desorptionsverhalten zu charakterisieren, wurde eine Serie

von 24-h Batchsorptionsversuchen mit 0,5 g Kaolinit oder Goethit in einer der Nährlösung

entsprechenden KCl-Ionenstärke durchgeführt. Die Lösungen waren mit 0 - 5000 µg/L Se

in Form von Selenit oder Selenat versetzt. Um Konkurrenze�ekte zu untersuchen, wurden

diese Versuche in Anwesenheit von 750 µmol/L Nitrat, Sulfat oder Phosphat wiederholt.

Um das Ionenaustauschpotential zu quanti�zieren, wurden anschlieÿend Selendesorptions-

versuche mit 0,1 mol/L K2HPO4 durchgeführt.

Um Kombinationse�ekte zwischen Selensorptionsprozessen und P�anzenselenaufnahme

zu untersuchen, wurde ein kombiniertes Sorptions-P�anzenbox-Experiment konzipiert, mit

Oryza sativa-Karyopsen, 170 mL mit Selen versetzter Nährlösung zwischen 0 und 10.000

µg/L Se in Form von Selenit oder Selenat und 8,5 g Kaolinit- oder Goethitsubstrat. Parallel

zu den P�anzenboxexperimenten, wurden p�anzenlose Sorptionskontrollen in Glas�aschen

angesetzt. Zusätzlich wurden einzelne P�anzen, die 500, 2000 und 10.000 µg/L Se in Form

von Selenit oder Selenat ausgesetzt waren, luftgetrocknet. Deren Speziation wurde durch

XANES Messungen bestimmt und die Kartierung der räumlichen Selenverteilung wurde

durch Verwendung von µXRF an der ANKA, Karlsruhe, erreicht.

Die Ergebnisse für die Selenaufnahme aller P�anzen zeigte eine bevorzugte Partitionie-

rung des Selenits in die Wurzel (70 % des gesamten P�anzenselens) und des Selenats in den

Spross (72 % des gesamten P�anzenselens). Aufgrund fehlender Konkurrenzionen in der
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nährsto�freien Umgebung, führte die direkt zum Zeitpunkt der Keimung erfolgte Selenbe-

handlung zu gröÿerer Selenaufnahme bei niedrigerer Selenkonzentration (0 - 1000 µg/L Se

als Selenit and 0 - 250 µg/L Se als Selenat) im Vergleich zur Aufnahme in der Nährlösung

(maximale Aufnahme: 177 mg/kg Se DW in der Wurzel und 5 mg/kg Se DW im Spross

für Selenit, und 367 mg/kg Se DW im Spross und 96 mg/kg Se DW in der Wurzel). Diese

Behandlung erzeugte jedoch Phytotoxizitätserscheinungen und stark verringerte Selenauf-

nahme bei Überschreitung dieser geringen Selenkonzentrationen. P�anzenbehandlung mit

Nährsto�en und einer um 5 - 7 Tage verzögerten Selenexposition führte zu gröÿerer Selen-

toleranz bei P�anzen und stetig ansteigender Selenaufnahme mit steigender zugegebener

Selenkonzentration (159 mg/kg Se DW im Spross und 312 mg/kg Se DW in der Wurzel für

die Zugabe von 2500 µg/L Se als Selenit und 405 mg/kg Se DW im Spross und 128 mg/kg

Se DW in der Wurzel für die Selenzugabe von 2500 µg/L Se als Selenat). Konkurrenz durch

Nährsto�e verringerte jedoch die Selenaufnahme in die P�anze.

Basierend auf µXRF-Daten, war Se vor allem im Phloem und Xylem vorhanden, un-

abhängig von der Selenzugabe in Form von Selenit oder Selenat. Die Selenspeziation im

P�anzengewebe war von der zugegebenen Spezies abhängig. Selenitbehandlung führte zu

einem Mittelwert von 93 % organischem Se in der Wurzel und 72 % organischem Se im

Spross, während der Rest aus Selenit bestand (7 % und 28 %, respektive). Selenatbehand-

lung führte zu einem Mittelwert von 48 % organischem Se, 16 % Selenit und 36 % Selenat

in der Wurzel und 46 % organischem Se, 15 % Selenit and 39 % Selenat im Spross.

In den Sorptionsversuchen war Adsorption von Selenit und Selenat an Kaolinit und Goe-

thit sehr unterschiedlich. Messungen von Selenrestkonzentrationen in der Lösung zeigten

eine Selenitadsorption an Kaolinit und Goethite von 61, bzw. 99 %. Die Selenatsorption lag

bei 72 bzw. 42 %. Desorption zeigte, dass 71 - 96 % des zuvor adsorbierten Se's durch Ionen-

austausch mit Phosphat austauschbar war. Die darau�olgende P�anzenselenaufnahme war

durch den Kontakt mit dem Mineral jedoch nicht höher als in der reinen Nährlösung. Dies

lässt vermuten, das P�anzen Se nicht aktiv von der Mineralober�äche desorbiert haben. Es

wurde auch gezeigt, dass der E�ekt der Nährlösung auf die Adsorption komplex ist und

sich nicht als eine Linearkombination der E�ekte einzelner Ionen darstellen lässt.

xi



xii

Diese experimentellen Daten wurden verwendet, um ein Massenbilanzmodell der kriti-

schen Zone zu erstellen. Das Modell nimmt an, dass 100 % des Se's auf die drei Kompar-

timente "Boden", "Bodenlösung" und "P�anze"verteilt sind. Mit den auf die Selenit- und

Selenatkonzentration beschränkten notwendigen Eingabeparameter berechnet das Modell

die Selenadsorption an der Mineralober�äche, die resultierende Selenkonzentration in der

Lösung und die darau�olgenden Selenkonzentrationen in P�anzenwurzeln und -sprossen

sowie die in diesen Geweben vorhandene Selenspeziation.

Dieses Modell interpoliert nicht einfach zwischen Selenkonzentrationen experimenteller

Ergebnisse, sondern kann die Konkurrenz zwischen Selenit und Selenat modellieren, wenn

beide in der Lösung vorhanden sind und kann die Adsorption für geringere oder gröÿere als

in den Experimenten verwendete Mengen an Kaolinit berechnen. Für jedes Szenario wird

eine vollständige Massenbilanz berechnet. Unglücklicherweise konnten Goethitergebnisse

nicht in das Modell integriert werden, da bei den experimentellen Selenkonzentrationen die

maximale Beladungskapazität nicht annähernd erreicht wurde.

Das Modell, dass hier erstellt wurde, quanti�ziert Schlüsselprozesse des Selentransfers

zwischen Mineralober�äche, Lösung und P�anze und kann leicht durch die Einbindung wei-

terer Versuche erweitert werden. Dieses Modell, welches experimentell erzielte Ergebnisse

reproduziert, ist eine solide Basis für die Prognose des Selentransfers in der kritischen Zone.

Dies stellt eine entscheidende Komponente e�ektiver globaler Selenressourcenverwaltung im

Hinblick auf Bioforti�kation und Selentoxizitäts-Risikoanalyse dar.
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�I do not know what I may appear to the world, but to myself I seem to have been only
like a boy playing on the sea-shore, and diverting myself in now and then �nding a smoother
pebble or a prettier shell than ordinary, whilst the great ocean of truth lay all undiscovered
before me.�

�Sir Isaac Newton�
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1. Introduction

The story of Selenium (Se) research is one littered with serendipity [Old�eld, 2006]. It

began with the accidental discovery of Se nearly 200 years ago by the Swedish chemist

Jöns Jacob Berzelius [Berzelius, 1817] and continued throughout the next two centuries

until the bene�cial e�ects of Se were discovered while studying ways to avoid its toxicity

in the second half of the 20th century [Old�eld, 2006]. To this day, new seleno-proteins are

still being discovered and not all metabolic functions and geochemical pathways of many

organic species and some inorganic species have been clari�ed [Khan & Hell, 2014]. The

transformation that the view on Se has undergone throughout the past two centuries is

indicative of the surprises and challenges scientists are faced with when studying this trace

element.

1.1. The fate of Se in research

For decades, Se had been considered to be merely a toxic trace element, which was dis-

covered to cause hair and hoof loss in animals during the 1930s [Lenz & Lens, 2009]. It

wasn't until 1957 that Se de�ciency was recognized as a potential cause for human dis-

ease [Schwartz & Foltz, 1957].

In 1973, it was determined that, indeed, this trace element was interesting not only due

to its toxicity [Old�eld, 2006], but also because it was proven to be essential to humans, as

it is an integral component of the glutathione peroxidase enzyme. This antioxidant com-

pound is designed to protect hemoglobin from oxidative damage [Flohé et al., 1973,Rotruck

1



2 1. Introduction

et al., 1973].

This was only the �rst of various seleno-proteins to be discovered in the human body

which, in combination, account for a wide array of functions within the human organism

[Rotruck et al., 1973]. Since then, Se has been acknowledged as having 'two faces' [Old�eld,

1987] labelled 'the essential toxin' [Lenz & Lens, 2009] or 'a double edged sword' [Fernández-

Martínez & Charlet, 2009,Hartikainen, 2005] to describe its dual nature.

These two facets of Se had been known to scientists for years. However, awareness of Se

as an environmental pollutant became acute in the Kesterson Reservoir controversy in the

United States in the 1980s not only for scientists, but also for politicians and the general

public [Terry et al., 2000]. To reduce salt build-up, agricultural drainage water, which

also happened to be geogenically enriched in Se, was discharged into the reservoir. When

reproductory failure, development defects and mortality were found in migratory aquatic

birds and �sh, these were linked to the anthropogenic activity [Terry et al., 2000,Winkel et

al., 2011].

This is not the only form of anthropogenic Se-contamination of the environment; in-

dustrial activities such as oil re�neries and electric utilities also generate Se-contaminated

aquatic discharges [Terry et al., 2000]. Amelioration and management of such sites still

present considerable research potential today [Water Education Foundation, 2014].

On the other hand, Se is considered a rare and non-renewable resource, which must be

carefully managed [Haug et al., 2007]. Optimizing procedures of crop fertilization of Se-

de�cient areas, such as Finland, still shows great potential for improvement [Eurola et al.,

2003,Winkel et al., 2011]. Therefore, Se research faces two equally important, yet entirely

diverse goals:

1. securing Se nutrient resources for future generations and

2. management of current enormous Se-enriched waste deposits to protect the envir-

onment and improve the quality of life in such areas of contamination [Haug et al.,

2007].
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Understanding the underlying geochemical and biochemical mechanisms for Se transfer

processes within the Critical Zone is, therefore, an important �rst step for both aspects of

these vital research questions.

1.2. Study objective and approach

This study is based on the premise that due to the complexity of Se geochemistry, a much

better understanding of the Se cycle, as well as the basic processes governing it, is required

[Fernández-Martínez & Charlet, 2009]. The objective of this study is, therefore, to quantify

and characterize Se transfer pathways and processes as part of the Se cycle within the

Critical Zone. To achieve this, the concept of this study relies on the compartmentalization

of the Critical Zone into three Se reservoirs: 'soil', 'soil solution' and 'plant' (Figure 1.1).

With the reservoir 'soil solution' connecting the reservoirs 'soil' and 'plant', this enables the

study of two main process pathways for Se cycling on a scale of laboratory experiments:

1. speciation- and concentration-dependent uptake of Se into plants using the model

plant of Oryza sativa in the absence or presence of nutrients in agar medium or a

solution with de�ned chemical characteristics, respectively

2. Se sorption processes between soil particles and the soil solution using the two model

minerals of kaolinite and goethite with the focus on Se ad- and desorption processes in

the presence of the competing plant-relevant oxy-anions nitrate, sulfate and phosphate

The combination of both of these Se transfer processes and pathways are then connected

to produce an empirical process model of the biogeochemistry of the Se cycle between these

compartments of the Critical Zone.

3



4 1. Introduction

Figure 1.1.: Research Concept: Quantification and characterization of processes between
three compartments of the Critical Zone: soil, soil solution and plant. A 3-step
experimental approach works toward
(1) understanding Se pathways between solution and plants depending on Se
speciation, nutrient availability and nutrient competition (explored by experi-
ments A1 - A4),
(2) understanding influences on Se pathways from sorption processes depending
on Se speciation and ion competition (explored by experiments B1 - B3) and
(3) creating a biogeochemical process model accounting for synergistic effects
between both experiments (explored by experiment C).

4



2. Selenium in the environment

Selenium was discovered in 1817 due to its geochemical similarity to sulfur. It was Jöns

Jacob Berzelius, who, in the course of studying methods to prepare sulfuric acid from

sulfur-bearing rock, came across a reddish sludge that formed when using pyrite from the

mines in Falun, Sweden. This sludge contained an element that could be identi�ed neither

as sulfur, arsenic nor tellurium [Berzelius, 1817,Fernández-Martínez & Charlet, 2009].

2.1. Geochemical properties of Se

Selenium is a nonmetal trace element with the atomic number 34 and has an atomic mass

of 78.96 g/mol [Fernández-Martínez & Charlet, 2009]. Like oxygen (O) and sulfur (S), it

belongs to number VI of the main groups of the periodic table of elements and has an

electron con�guration of [Ar] 3d10 4s2 4p4. Similar to S, this leads to the �ve natural

oxidation states of Se: -II, -I, 0, +IV, +VI [Neal, 1995]. Selenium's two oxy-anions, which

are the focus of this study, are the fully oxidized tetrahedral selenate and the pyramidal

selenite.

Similar to sulfuric acid, selenic acid (H2SeO4) is a strong acid [Mortimer, 2010]. In

aqueous solution, selenate (SeO4
2-) and the once-protonated biselenate (HSeO4

-) exist with

a dissociation constant of pK a2 = 1.80 ± 0.10 (Figure 2.1a). The doubly protonated spe-

cies (H2SeO4) has a constant of pK a1 = -2.01 ± 0.06 and, therefore, does not exist under

natural conditions [Séby et al., 2001].

Selenous acid (H2SeO3), on the other hand, is a weak acid, analogous to sulfurous

acid [Mortimer, 2010]. Selenite exists in solution as H2SeO3, HSeO3
- and SeO3

2- with

5



6 2. Selenium in the environment

(a) (b)

Figure 2.1.: pH-dependent Se species
a: Bjerrum plot for selenite and selenate: c(Se) = 0.01 mol, T = 25 ◦C, p = 1
bar (created with PHREEQ-C, database: wateq4, Appendix A.1, A.2);
b: Pourbaix diagram of the Se-H-O system: c(Se) = 10-6 mol /L, T = 25 ◦C, p
= 1 bar [Brookins, 1988]; blue indicating oxic conditions, red indicating reducing
conditions

± ±
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2.2. Abundance and anthropogenic use of Se 7

compound H2Se (Figure 2.1b), which has been shown to be a product of microbiological

processes [Fernández-Martínez & Charlet, 2009].

There are �ve stable Se isotopes (given in order of their abundance): 80Se (49.61 %), 78Se

(23.78 %), 76Se (9.36 %), 77Se (7.63 %), 74Se (0.87 %). There are also multiple radioactive

isotopes as well, one of which is the naturally occurring 82Se which, due to its long half-life

of 1.1·1020 years, makes up 8.73 % of naturally occurring Se isotopes [Boullis, 1997,Duc et

al., 2003]. Therefore, research on Se behavior in the environment is also applicable to the

mobility of radioactive Se, which is of interest for long-term nuclear waste disposal [Bitterli

et al., 2010].

As both are members of the VI-A chalcogen group of elements, Se and S share many

properties. This means that Se can replace S in compounds, minerals and proteins. How-

ever, the Se atom has a larger radius (0.5 Å) than the S atom (0.37 Å), which makes a

Se-Se bond approximately 1/7 longer and 1/5 weaker than a S-S bond [Sors et al., 2005].

2.2. Abundance and anthropogenic use of Se

The primary source of Se in the terrestrial system is rock [Rosenfeld & Beath, 1964,Neal,

1995]. Forty percent of the Se found in the earth's crust is bound in rocks, mainly as

clay fractions in sediments, shales (Table 2.1), phosphatic rocks, coals or organic-rich de-

posits that contain high concentrations of Se, while sedimentary rocks are usually low in

Se [Fernández-Martínez & Charlet, 2009].

Table 2.1.: Se-contents in the environment, from [Fernández-Martínez & Charlet, 2009]
Compartment Se [mg/kg] Compartment Se [mg/kg]

Earth’s Crust 0.05 Soil 0.01 - 2
Igneous & Volcanic Rock 0.35 Se-deficient Soils (China) 0.004 - 0.48
Limestone 0.03 - 0.08 Atmospheric Dust 0.05 - 10
Carbon Shale (China) 206 - 280 Freshwater [µg/L] 0.02

Selenium abundance in the earth's crust is around 0.05 mg/kg, which equals about 1/6000

of the total S content [Wang & Gao, 2001, Haug et al., 2007]. However, it is very un-
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8 2. Selenium in the environment

evenly distributed throughout the world, ranging from concentrations near zero up to 1250

mg/kg [Haug et al., 2007].

Selenium is often found substituting S in minerals such as chalcopyrite, pyrite or other

sul�des or substituting phosphorus in phosphate minerals [Fernández-Martínez & Charlet,

2009]. However, Se-bearing minerals are too scarce to be mined [Haug et al., 2007]. There-

fore, Se is produced as a by-product during electrolytic re�ning of copper, lead and silver

or as a by-product in the manufacturing of sulfuric acid [Adriano, 1986,Stwertka, 2002].

Selenium also occurs as a by-product of radioactive decay; 79Se, a long-living Se isotope

has an abundance of 0.04 % in nuclear waste disposal and a relatively long half-life of 6.5·104

years, [Boullis, 1997,Duc et al., 2003,Bitterli et al., 2010].

Selenium is utilized for many purposes, such as the manufacturing of glass, plastics,

ceramics and electronic components (because of its properties as a semi-conductor). It

is also used in the chemical industry in pigments and lubricants or in shampoos against

dandru� and also in nutritional supplements in combination with vitamin E [Adriano,

1986,Neal, 1995,Haug et al., 2007].

Because soil Se concentration is mainly in�uenced by the parent rock, the average world

mean Se content in soils is 0.4 mg/kg (0.01 - 2 mg/kg). Soils with a Se content below 0.1

mg/kg are considered Se-de�cient [Dhillon & Dhillon, 2003]. Soils above 0.5 mg/kg of Se

are considered seleniferous because, in the absence of knowledge about their Se speciation,

this Se concentration poses the risk of producing forage which exceeds maximum advis-

able Se-levels for animal consumption [Dhillon & Dhillon, 2003]. Both types of soil can

exist in close proximity of each other (less than 20 km apart), presenting some countries,

such as China and Brazil, with both challenges associated with this double-edged sword

element [Fordyce, 2007].

As shown in Figure 2.1, Se in aerobic and neutral to alkaline environments tends to

be present as selenate and selenite, whereas the major species dominating anaerobic en-

vironments are selenide and elemental Se [Adriano, 1986, Terry et al., 2000]. Volatile Se

compounds are also estimated to constitute a large part of the Se cycle with 13,000 to 19,000

t cycling through the troposphere every year [Wen & Carignan, 2007] as dimethylselenide
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2.3. Selenium in human health - requirement and toxicity 9

(DMSe), dimethyldiselenide (DMDSe) and probably dimethyl selenone, dimethyl selenyl-

sul�de and methaneselenol [Reamer & Zoller, 1980].

Comparing Se content in the environmental compartments listed in Table 2.1, coupled

with knowledge of their abundance, it is estimated that Se-de�cient environments are more

widespread than Se-abundant ones [Haygarth, 1994].

2.3. Selenium in human health - requirement and

toxicity

On the one hand, Se has been proven to be essential for mammals, and therefore, humans.

In a wide array of 40 seleno-proteins known to be found in mammals, this trace element

not only acts as an important anti-oxidant [Old�eld, 2006]. It is known to act as a growth

factor as well, playing an important role in catalyzing production of thyroid hormones and

in synthesising leucotrienes, which are needed to regulate immune responses. Furthermore,

Se is involved in regulatory processes of a multitude of other metabolic functions [Reilly,

1997, Imai, 1998,Rayman, 2000]. To this day, an increasing number of seleno-proteins are

still being discovered [Khan & Hell, 2014].

Suboptimal supply of Se is, therefore, associated with a number of adverse health e�ects

such as myalgia, cartilage dysfunction, oxidative stress, heart failure, impaired immune

function, reduced fertility and an elevated risk of certain cancers [Combs, 2001,Rayman,

2008]. Currently, an estimated 0.5 - 1 billion people are believed to be insu�ciently sup-

plied with Se [Combs, 2001]. Its essential role as a micronutrient becomes very clear in the

e�ects of extreme Se de�ciency: as shown in Figure 2.2a, low Se intake is known to lead

to 'white muscle disease' in cattle [Old�eld, 2006], which is characterized by white necrosis

and mineralization of calcium deposits within the heart muscle [Beytut et al., 2002]. An

illness related to Se de�ciency in humans is Kashin-Beck disease [Jiyun et al., 1982, Le-

vander & Burk, 2006], which is characterized by distrophic osteoarthrosis in its �rst stage

9
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(a) (b)

Figure 2.2.: Pathological Se deficiency
a: necrosis and mineralization in heart muscle tissue, [Beytut et al., 2002];
b: x-ray image of the left ankle of a 14-year old Tibeten boy with Kashin-Beck
disease showing deformed bones and ligaments, [Moreno-Reyes et al., 1998]

(Figure 2.2b). On reaching the second stage, this becomes chronically painful and leads to

irreversible deformities in its third stage [Nesterov, 1964].

On the other hand, Se toxicity can reach chronic or even acute poisoning levels. The so-

called 'alkali disease' in livestock is attributed to chronic Se poisoning (selenosis), demon-

strating symptoms such as hair loss, hoof deformity, anemia and the wasting away of the

body [Lombeck et al., 1987]. Acute Se poisoning is sometimes equated to 'blind staggers',

another disease described in cattle, the symptoms of which include blindness, abdominal

pain, paralysis and death through loss of appetite [Lombeck et al., 1987]. However, contrary

to assumptions made in the 1930s and '40s, the nosology of 'blind staggers' could not be

clearly linked to Se poisoning [O'Toole & Raisbeck, 1964].

Se-related illnesses in humans are more likely to be induced by Se de�ciency, although

there are naturally seleniferous regions in China or Venzuela whose inhabitants have been

a�ected by chronic selenosis [Lombeck et al., 1987]. Cases of acute Se poisoning are rare;

however, there also exists a published case study of acute Se poisoning in a 2-year old

child [Lombeck et al., 1987]. Toxicity symptoms of hypochromic anaemia, leucopoenia and

damaged nails were reported in workers with prolonged Se exposure in manufacturing, while

accidental ingestion of high Se concentrations has been related to vomiting, diarrhoea and

neurological disturbances [Navarro-Alarcon & Cabrera-Vique, 2008].
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2.4. Biochemical properties of Se 11

It wasn't until 1996 [Levander & Burk, 2006] that the World Health Organization (WHO)

introduced references on Se intake, after Chinese studies were able to provide data on

recommended daily allowance (RDA), accounting both for the dietary need of Se as an

anti-oxidant and its adverse e�ects when consumed in toxic concentrations. Today's re-

commended Se intake - according to the 2000 Dietary Reference Intakes (DRI) - advises 20

- 30 µg Se per day for children up to the age of 8 and 55 µg of Se per day for adults, both

male and female. 400 µg of Se per day is considered to be the upper tolerance limit of daily

intake [Institute of Medicine, 2000,Levander & Burk, 2006].

This range between dietary de�ciency (< 55 µg per day) and toxicity (> 400 µg per day)

is one of the narrowest that can be found for any element [Finley, 2005,Fernández-Martínez

& Charlet, 2009]. Some authors consider this range of health bene�ts to be even smaller

at 55 - 200 µg Se/day [Rayman, 2000].

2.4. Biochemical properties of Se

Selenium can be taken up by organisms as selenate, selenite, organic Se compounds, such

as selenomethionine (SeMet) and also as Se(0) nano-particles [Terry et al., 2000,Fernández-

Martínez & Charlet, 2009].

"The bioavailability of a trace element is related to factors that make this element

available to an organism, in a form that is transportable across the organisms'

biological membrane."

[Reeder et al., 2006,Fernández-Martínez & Charlet, 2009]

Factors of bioavailability relate to the solubility of interacting substances, which are af-

fected by speciation, ionic strength, pH or redox potential [Fernández-Martínez & Charlet,

2009]. These, in turn, are the result of indirect factors, such as soil type, plant species and

amounts of rainfall [Girling, 1984,Haug et al., 2007]. Therefore, bioavailability is ultimately

dependent on bedrock geology and climate as is apparent in the case of Se-de�cient Scand-

inavian soils of Norway and Finland [Xue et al., 2001]. Due to the low bedrock-Se coupled
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12 2. Selenium in the environment

with low temperatures, high humidity and low pH as well as a high Fe content, any Se in

these soils of glacial origin is present in reduced and therefore bio-unavailable form [Oliver,

1997]. Furthermore, not only soil development, but also processes of soil erosion have an

impact on soil-Se bioavailability and play a key role in Se soil de�ciency, as evident in

Chinese soils [Oliver, 1997].

With so many factors governing Se transport and bioavailability, it comes as no surprise

that total Se soil concentrations do not necessarily re�ect whether plant uptake of Se will

cause toxicity or de�ciency [Lakin, 1972]. This explains the seemingly contradictory obser-

vation that 0.03 mg Se/kg in soils of Kars, Turkey lead to an accumulation of Se in meadow

grass of 0.07 mg Se/kg dry mass on average, which then resulted in white muscle disease

in cattle [Beytut et al., 2002], while in parts of Finland, 0.2 mg Se/kg soil, nearly a tenfold

total concentration compared to that of the Kars region, is considered de�cient in Se due

to the element's reduced form, which is not readily taken up by plants [Oliver, 1997].

While organic Se as selenide (Se(-II)) is considered the most bioavailable Se form in

marine environments, as it is taken up 1000 times more readily than inorganic Se by al-

gae [Lemly, 1993], in terrestrial ecosystems, selenate (Se(VI)) is considered the most mobile

and therefore most bioavailable form of Se [Haug et al., 2007]. Selenite (Se(IV)), though

potentially 5 - 10 times more bioavailable and toxic than selenate [Lemly, 1993], is often

retained in the soil due to �xation by soil minerals, such as ferric oxides or organic mat-

ter [Haug et al., 2007]. Elemental Se(0), on the other hand, is insoluble and therefore con-

sidered to have little toxicological signi�cance unless perhaps as nano-particles [Fernández-

Martínez & Charlet, 2009,Winkel et al., 2011].

Microorganisms are known to perform biotic transformations of Se. Organic Se com-

pounds, selenate and selenite can be reduced actively by bacteria in the process of dis-

similatory reduction (using the anion as a terminal electron acceptor) or assimilatory re-

duction (incorporating Se into organic compounds) to selenite, elemental Se and selen-

ide [Fernández-Martínez & Charlet, 2009]. There are at least 16 species of bacteria or

archaea known to grow under anaerobic conditions by linking the oxidation of organic sub-

strates or H2 to the dissimilatory reduction of selenium oxy-anions [Fernández-Martínez &

12
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Charlet, 2009].

The environmentally most important process in this regard is dissimilatory reduction

[Stolz & Oremland]. Thermodynamic data show that the free energy for SeO4
2- and SeO3

2-

reduction into selenide (HSe-) is -22.2 and -22.9 kcal eq-1, respectively, which is about four

times higher than that for the reduction of SO4
2- to sulphide (HS-; -5.9 kcal eq-1). There-

fore, selenate reduction to selenite is favourable over nitrate reduction to ammonium and

sulfate reduction to sul�de, which makes selenate an environmentally signi�cant electron

acceptor [Stolz & Oremland]. Selenate reduction has been found to occur in chemically

disparate environments [Stolz & Oremland] and in many cases, selenite has been shown to

be an intermediate product of this reduction, which is believed to subsequently adsorb onto

soil minerals [Fernández-Martínez & Charlet, 2009]. However, it has also been shown that

microbiological selenite reduction occurs at a faster rate than selenate reduction [Bajaj et

al., 2011] which suggests rapid metabolization in cases in which it is not rapidly adsorbed.

The ability of micro-organisms to perform bio-methylation of Se is often seen as a possible

remediation procedure for Se-contaminated soils. This process consists of a series of redox

reactions changing the Se oxidation state from +IV or +VI to -II, by producing selenide

compounds with methyl groups [Chasteen & Bentley, 2003]. These species can be volatile

and are, therefore, removed from the soil. This is important because although much of plant

Se-uptake occurs via soil or solution, it has also been shown that even volatile Se species

can be taken up by plants via absorbtion through the leaf [Zieve & Peterson, 1984,Xu &

Hu, 2004].

Plants are believed to take up selenate via the sulfate transporter, while uptake of selenite

by sulfate, phophate or silicone transporters is still debated [Terry et al., 2000, Li et al.,

2007,Zhao et al., 2010]. Selenium can then be transformed into organic Se compounds and

also volitalized [Terry et al., 2000]. Details on the uptake of Se into plants and translocation

within plants are provided in Chapter 3.1.

In many vertebrates, Se is known to replace S in proteins due to similarities between these

two elements, most frequently in seleno-cysteine (SeCys) compared to cysteine (Cys). In

direct comparison between enzymes containing SeCys rather than Cys, the seleno-isologues

13



14 2. Selenium in the environment

prove to be the more e�cient catalysts [Birringer et al., 2002]. In the case of glutathione

peroxidase (GSH), which is required by all mammals, e�ciency of this enzyme for detoxi-

fying hydroperoxides is reduced by 2 - 3 orders of magnitude when Se does not substitute

S and, therefore, fails to ful�ll its purpose. The reason that Se is essential to organisms is,

therefore, attributed to this substitution of S in proteins with Se, which, leading to greater

reactivity than in their S-counterpart, is often required for catalytic activity [Birringer et

al., 2002,Sors et al., 2005].

In general, biomolecular mechanisms of Se toxicity are poorly understood [Brozmanová

et al., 2010]. However, the same greater reactivity of Se-substituted proteins may also be

the cause for its toxicity. As an oxidizing catalyst, Se is able to oxidize thiols producing free

radicals which can damage DNA. Moreover, unwanted substitutions of S by Se in proteins

leads to disfunctional proteins, causing hoof, hair, nail and feather loss when S of the ker-

atin is substituted for Se [Spallholz & Ho�man, 2002]. SeCys provides the greatest source

of Se-toxicity to humans as it leads to accumulation of hydrogen selenide due to inhibition

selenium methylation [Spallholz & Ho�man, 2002].

2.5. Approaches to studying Se in the environment

Introduction of Se into the foodchain is a source of both essential nutritional supply to

organisms as well as environmental toxicity hazardous to life [Lenz & Lens, 2009,Winkel et

al., 2011]. Because of the narrow range between dietary de�ciency and toxicity [Fernández-

Martínez & Charlet, 2009], management thereof requires detailed understanding of Se trans-

fer processes in all environments that include organisms. This concept is known as the

'Critical Zone'.

"The Critical Zone is the system of coupled chemical, biological, physical, and

geological processes operating together to support life at the Earth's surface. (It)

... is de�ned as the volume extending from the upper limit of vegetation down to

the lower limit of groundwater." [Anderson et al., 2007,Brantley et al., 2007]
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2.5. Approaches to studying Se in the environment 15

Figure 2.3.: Approaches to modelling Se in the Critical Zone on different scales:
(1) theoretical and empirical lab-scale approaches [Balistrieri & Chao, 1990,
Kulp & Pratt, 2004,Li et al., 2007,Khan & Hell, 2014],
(2) empirical local-scale approaches [Presser & Piper, 1998, Wang & Gao,
2001,Ohlendorf, 2002,Bajaj et al., 2011],
(3) and theoretical, empirical or spatial-numerical global-scale approaches [Hay-
garth, 1994,Bowie et al., 1996,Amoroux, 2001,Winkel et al., 2011]
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16 2. Selenium in the environment

approaches to Se research on a larger scale. Subsequent studies conducted on the deaths of

Kesterson waterfowl and other birds have been recognized as one of the `gold standards' of

retrospective ecological risk assessment [Ohlendorf, 2002] with their integrated combination

of �eld and laboratory studies that included recognising a disease syndrome, identifying the

causative agent and verifying the �ndings in reproducing the disease syndrome in healthy

individuals. It was the understanding of the complex interactions between anthropogenic

e�ects - such as the re-routing of drainage water - in combination with geological e�ects

- such as the naturally Se-enriched Cretacious marine source bedrock - which gave rise to

the term �Kesterson E�ect� [Presser, 1994,Water Education Foundation, 2014]. This term

summarizes all aspects found to contribute to the biological accumulation of Se-induced

toxicity, tracing Se �from rock to duck� [Presser, 1994,Water Education Foundation, 2014].

Ideally, all three scales (lab-scale, local-scale and global-scale, Figure 2.3) of Se transfer

processes merge into a coherent model of the Se cycle, supporting both theoretical and em-

pirical study. Within the scope of this study, the goal is to merge theoretical and practical

lab-scale processes at an interdisciplinary level, combining a botanical and geochemical ap-

proach.

Small lab-scale systems (Figure 2.3(1)) have the advantage of having a more limited

amount of parameters and being more clearly de�nable than larger, environmental-scale

systems. All the more so, when the study can be conducted as a closed system. However,

because of this restricted amount of in�uencing parameters, applicability of such small-

scale systems is limited in the context of modelling the Se cycle. This is especially true of

mono-disciplinary approaches.

For example, results from lab-scale studies of interactions between mineral surface and

solution, such as adsorption/desorption studies, are very selectively applicable only to the

mineral, pH-value and ionic strength chosen in the experiment [Parks, 1990]. And on the

other hand, lab-scale bio-molecular approaches on the uptake of Se by plants and microor-

ganisms target speci�c enzymatic processes of Se uptake, transport and assimilation [Terry

et al., 2000]. Each of these important �ndings, however, must be combined into a coherent

model when modelling the Se cycle.
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At the scale of a local-scale environment (Figure 2.3(2)), studies lacking a closed system

encounter a completely di�erent set of challenges. Areas characterized by Se de�ciency such

as Finland or the U.K., for example, attempt amelioration by fertilising their crops with Se.

While Finish authorities closely monitored resulting Se uptake into the food chain, little

emphasis was placed on the environmental impact of such Se fertilization [Winkel et al.,

2011]. Although dietary intake was increased by a factor of 4, crop uptake of Se was only 5

- 20 % of the annual Se application. It is still unclear what happened to the remaining 80 -

95 % of that applied Se, since it was thought to be immobilized, yet could not be accounted

for when soil Se concentration was measured [Eurola et al., 2003]. This is disquieting, as Se

is known to have a strong tendency to bioaccumulate - especially in aquatic biota [Winkel

et al., 2011].

Modelling global-scale processes of the Se cycle (Figure 2.3(3)) faces another set of

challenges entirely. While many lab-scale processes are understood in great detail, sys-

tematic measurement of environmental Se content and speciation throughout the world

is sparse [Winkel et al., 2011]. But there have been attempts at creating a world Se

map [Winkel et al., 2011] and Se �ux estimates on a global scale have also been pub-

lished [Haygarth, 1994,Amoroux, 2001].

To combine the bene�ts of lab-scale research with the applicability of local environmental-

scale research, this study combines an interdisciplinary approach - botanical and geochem-

ical - with a controllable, lab-scale biogeochemical model. This enables the simulation

of multiple parameters of a local environmental-scale situation, while retaining detailed

quanti�cation of lab-scale precision.

2.6. Premises and hypotheses for this study

In reference to the classi�cation of Figure 2.3, the �rst premise is that a lab-scale biogeo-

chemical model with three compartments - plants, nutrient solution and soil minerals -

will be an adequate compromise between a realistic re�ection of environmental processes

and practical labwork. Concerning the sudivision of these experiments, the second premise
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assumes that processes between each compartment can be studied separately between solu-

tion & plant and then soil & solution before synergistic e�ects are uncovered in combined

experiments with all three compartments. This compartmentalization is what enhances

the signi�cance of results, since factors in�uencing Se transport between two compartments

may be absent in the Se transport between two others. Furthermore, as explained earlier,

smaller lab-scale compartments reduce the amount of in�uencing factors. The ability to

quantify Se transfer beyond characterization of the Se transfer processes is crucial to creat-

ing a mass balance of Se in the Critical Zone. Therefore, the third premise is that results

on Se transfer can be mathematically described, even if these mathematical descriptions

might not quantify mono-causal processes.

Regarding the outcome of the experiments, the following hypotheses are included in the

choice of experimental set-up, based on previous publications and knowledge of Se beha-

viour:

1. Se uptake of rice will be dependent on Se speciation and nutrient ion availability

2. Regarding the soil minerals, Se prevalence - and, therefore, also bioavailability - will

be dependent on adsorption-desorption processes, which are in�uenced by Se behavior

pertaining to mineral surface properties and soil solution properties

3. In combined experiments, there will be synergistic e�ects not observable in single

experiments
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3. Biochemistry - Se-uptake by

Oryza sativa

The �rst part of this study is concerned with soluble Se and its uptake into and interactions

with biota in the Critical Zone. While the biological components taking up Se could be

either microorganisms, funghi, plants or animals such as insects or cattle - which all have

a large impact on element cycles in the Critical Zone - this study focuses on biochemical

properties as they pertain to the uptake of Se by plants. Given that in continental eco-

systems Se is primarily introduced into the foodchain by plants, this approach targets the

interface between abiotic Se and biotic Se compartments of the Se cycle.

3.1. Selenium in higher plants

Selenium content in plants generally re�ects the levels of bioavailable Se in the parent soil,

which is why most plant species contain less than 5 µg/g Se dry weight (DW) [Fernández-

Martínez & Charlet, 2009]. Exceptionally high amounts of Se are taken up by Se-hyper-

accumulators, like those of the genera Astragalus and Stanleya, which can accumulate up

to 10 - 15 mg/g Se DW from soils containing only 2 - 10 µg /g Se DW [Virupaksha &

Shrift, 1965]. It is belived that the majority of plants take up Se due to its similarity to

sulfur (S), because, as of yet, Se has not been shown to be essential for the completion of

the life cycle of plants [Läuchli, 1993, Pilon-Smits et al., 2009]. However, there have also

been studies on possible allelopathic roles of Se-uptake by plants, such as protection from
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20 3. Biochemistry - Se-uptake by Oryza sativa

herbivores or pathogens [Quinn et al., 2008,Cappa et al., 2014].

Selenate is accumulated in plants against its electrochemical potential gradient. Research

on this fact revealed that selenate is taken up actively across the root plasma mediated by a

high-a�nity sulfate transporter, which is regulated positively by O-acetylserine and negat-

ively by sulfate and reduced glutathione [Asher et al., 1977,Arvy, 1993,Terry et al., 2000].

sulfate and selenate uptake show both antagonistic and synergistic interactions when

it comes to plant Se-uptake behavior. On the one hand, selenate competes with sulfate

for uptake into plants and the presence of sulfate can inhibit Se-bioavailability. In Se-

accumulators, on the other hand, selenate is taken up preferentially over sulfate in cases

of high sulfate salinity [Terry et al., 2000]. Rice does not belong to the category of Se-

accumulators. Nevertheless, rice plants have also been shown to take up Se preferentially

in the presence of high sulfate [Bellet al., 1992,Terry et al., 2000].

Unlike selenate uptake, mechanisms of selenite uptake are still a matter of debate. In the

past, studies suggesting passive uptake of selenite acknowledged having di�culties providing

�nal evidence supporting their theory [Ulrich & Shrift, 1968,Asher et al., 1977]. Nonethe-

less, this theory is still being cited [Zhang et al., 2003]. However, more recent studies

have reported uptake competition by phosphate as well as by sulphite [Hopper & Parker,

1999, Zhang et al., 2006, Li et al., 2007] and partial sensitivity to metabolic inhibitors [Li

et al., 2007]. This suggests that active and speci�c mechanisms are responsible for selenite

transport, with uptake likely to be governed by the phosphate transporter system [Li et al.,

2007] and/or a silicon in�ux transporter system [Zhao et al., 2010].

Uptake of Se can also occur when Se is present in organic forms such as selenomethionine

(SeMet) [Zayed et al., 1998]. There is also evidence that Se(0) has, until now, falsely been

believed to be bio-unavailable and that Se(0)-nanoparticles might indeed be taken up as

well [Fernández-Martínez & Charlet, 2009].

Translocation of Se within the plant strongly depends on the form of applied Se. Selenate

was found to behave similarly to sulfate, entering plasma membranes of root cells unspeci�c-

ally by the high-a�nity sulfate transporters [Khan & Hell, 2014]. Throughout the plant,

selenate then enters xylem transport vacuole membranes, inner plastides and tonoplasts
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3.2. Rice (Oryza sativa) as a model plant 21

unspeci�cally by further sulfate transporters [Khan & Hell, 2014] and is, therefore, quickly

transported into shoots via xylem and phloem [Carey et al., 2012]. Its similarity to sulfate

causes selenate to be reduced by the same pathways as sulfate as well, yielding selenide

and �nally selenocysteine (SeCys), which can be speci�cally methylated to produce the

non-protein amino acid methyl-selenocysteine (MeSeCys) [LeDuc et al., 2004,Khan & Hell,

2014]. Selenite, on the other hand, is believed to be retained in the roots, but not as selen-

ite [Läuchli, 1993]. Rather, selenite is transformed into organic compounds, such as SeMet,

MeSeCys or SeCys, which are then distributed throughout the plant at a much lower rate,

exclusively via phloem [Asher et al., 1977,Zayed et al., 1998,Terry et al., 2000, Sun et al.,

2010].

3.2. Rice (Oryza sativa) as a model plant

The model plant of choice for our experiments is rice (Oryza sativa) of the cultivar ni-

honmasari. Rice, also known as the 'cereal crop of the world's poor' [Cantrell & Reeves,

2002], has been cultivated as a crop for more than 7,000 years. Currently, it sustains more

than half of the world's population [Izawa & Shimamoto, 1996,FAOSTAT, 2012], most of

whom are desperately poor [Cantrell & Reeves, 2002]. Though there are two cultivated rice

species, Oryza sativa � also referred to as Asian rice � and Oryza glaberrima � referred to

as African rice �, the predominant species Oryza sativa is the main staple of rice-growing

countries as well as the main focus of subsequent research.

Oryza sativa is a diploid, annual, short-day monocotyledonous cereal plant which self-

fertilizes [Izawa & Shimamoto, 1996]. What makes rice so interesting as a model plant is

the fact that its genome is much shorter than comparable monocotyledonous cereals such as

maize and wheat, although it shares much genetic similarity with these other crop-relevant

plants [Cantrell & Reeves, 2002]. Due to its tremendous importance for human nutrition,

the rice plant has been of great interest to research, leading to early genome sequencing [Go�

et al., 2002] and detailed molecular mapping which, in turn, makes it an even better model
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22 3. Biochemistry - Se-uptake by Oryza sativa

plant for further research [Cantrell & Reeves, 2002].

However, the genetics of Se-accumulation are barely investigated, although it is well doc-

umented that inter- and intraspeci�c variations in Se accumulation in plants exists [Zhu et

al., 2008]. Moreover, bioforti�cation of food plants with Se is generally problematic. On

the one hand, simultaneous forti�cation with Se together with other nutrient elements such

as S is challenging due to uptake competition and metabolic crosstalk [Khan & Hell, 2014].

On the other hand, rice is able to take up Se beyond the recommended limits of human Se

intake, so that forti�cation may lead to toxicity [Huang et al., 2013]. Therefore, our study

was focused on clarifying antagonistic in�uences of nutrient addition and Se-forti�cation

on one of human nutrition's most vital crops.

Previous research on Se-uptake into cereals has focused on agricultural water manage-

ment [Li et al., 2010] and Se bioforti�cation, such as uptake from Se-supplemented soils by

barley [Gissel-Nielsen, 1973], wheat and ryegrass [Keskinen et al., 2010], durum wheat [Kik-

kert et al., 2013] and rice [Hu et al., 2002,Li et al., 2010]. In addition, mechanistic biomolecu-

lar studies on inner-plant transportation or single-ion competition have been conducted on

excised barley roots [Leggett & Epstein, 1956,Ferrari & Renosto, 1972] and rice [Mikkelsen

& Wan, 1990,Zhao et al., 2010,Carey et al., 2012].

Experimental set-ups vary greatly between these studies, depending on research focus.

On the one hand, selenium addition to soils, which resemble the situation in real-world

environmental conditions more closely, is a meaningful strategy to study bioforti�cation.

However, this approach is not appropriate to investigate the mechanisms of speciation or

ion competition, because these are obscured by the complex interactions of Se and other

nutrient components with multiple soil minerals. As major constituents of natural soils,

organic matter, clay minerals and iron oxides or hydroxides, for example, add considerable

sorption and complexation processes, which in�uence Se availability to the plant depending

on pH-values and speciation of the added Se [Bar-Yosef & Meek, 1987,Balistrieri & Chao,

1990,Neal, 1995,Fernández-Martínez & Charlet, 2009]. Moreover, rice is unique in that it

has speci�cally adapted to �ooded conditions [Bellet al., 1992], where Se is most likely to be

present as selenite [Zhao et al., 2010], elemental Se or selenide [Li et al., 2010]. Approaches
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3.3. Experimental set-ups 23

such as these are intermediate- or long-term experiments (weeks or months), in which mi-

crobiological activity or plant growth-related changes create a dynamic equilibrium di�cult

to model in its complexity.

On the other hand, short-term excision experiments (hours or days) are the best solu-

tion for speci�cally focused bio-molecular studies on inner-plant transportion [Leggett &

Epstein, 1956,Ferrari & Renosto, 1972]. However, plants in such experiments are usually

exposed to Se after pre-cultivation in Se-free medium, which does not address the agro-

nomically important aspect of germination and early seedling development in the presence

of Se. Although the e�ect of Se on rice germination itself has been addressed [Liu & Gu,

2009], subsequent plant growth was not part of that study, so that an integrated view on

early development in the presence of Se is lacking so far. A more holistic approach on

the complexity of speciation-dependent uptake, translocation and distribution exists for

wheat [Li et al., 2007]. Their focus, however, was on single-ion competition.

Therefore, neither Se-toxicity in early-stage rice seedlings nor nutrient supply e�ects

thereupon have yet been explored. In this study, rice is considered to be most suitable for

the plant-box studies, as it is an easily cultivated and well-known model organism with great

relevance to human nutrition. This provides the basis for experiments on Se bioavailability

and toxicity in early-stage seedling growth depending on Se concentration and Se species

(Chapter 3.3.2), nutrient competition e�ects on Se uptake (Chapter 3.3.3) and in�uences

on Se-bioavailability due to soil sorption processes dependent on mineral surface properties

and Se species (Chapter 6.5c).

3.3. Experimental set-ups

Quanti�able characterization of an element in an intricate system such as the Critical Zone

requires a maximum of controllable parameters concerning in- and output to and from this

system.

To determine the variables in�uencing Se uptake into plants, it was essential to create
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24 3. Biochemistry - Se-uptake by Oryza sativa

an environment with ideal growth conditions so that ailments due to external factors un-

related to Se-uptake, such as nutrient de�ciency, lack of light or insu�cient temperature

and water provisions could be excluded. Otherwise, signs of malnutrition in plants might

be misinterpreted as Se toxicity symptoms or malnutrition might induce other metabolic

pathways in the plants uncommon in healthy agricultural crops.

Plant requirements provided in this study are: su�cient photosynthetically usable light,

CO2 partial pressure, optimal temperature and humidity appropriate for the species' growth,

all of which can be adjusted in a climate chamber or restricted area green houses with spe-

cial lighting.

Furthermore, plants require water, nutrients and a substrate �rm enough to o�er rooting

support for the plant. This has direct implications for this study. To determine plant-

dependent parameters in the Se cycle in the Critical Zone, four plant experiments were

conducted di�ering in nutrient supply and germination Se exposure (Exp. A1, A2, A3 and

A4), the �rst of which is an open culture, while the following three are closed plant-box

cultures.

3.3.1. Exp. A1 - open rice cultures in Se-nutrient solution

In this �rst plant-based experiment, emphasis was placed on the nutritional and water

supply requirements of Oryza sativa plants. These were monitored and quanti�ed for future

closed-system-experiments.

To this purpose, cultures of Oryza sativa of the cultivar of nihonmasari were sterilized,

grown on agar to a size large enough for re-potting, and then transferred to the actual

experimental set-up, which consisted of �ower pots �lled with chemically nearly inert quartz

sand. This experiment focused on plant uptake of nutrients and water provided by a

specially devised nutrient solution.

24



3.3. Experimental set-ups 25

Figure 3.1.: Sterilization procedure for 40 - 100 rice caryopses in a 50-mL-PP-centrifuge
tube (VWR 525-0155): removal of the husks (palm husker, Ambala Associates),
pre-sterilising in ethanol for 1 min before decanting (10 mL of 70 % ethanol,
mixed as 700 mL p.a. ethanol absolute (Roth, Art. No. 9065.4) and 300
mL of double-deionized water), rinsing with double-deionized water three times,
sterilising in 40 mL of 5 % NaOCl (as 400 mL NaOCl stock solution (Roth Art.
No. 9062.3, 12 % active Cl) and 600 mL double-deionized water), shaking at
120 rpm for 25 min; subsequent NaOCl decanting and 3 times rinsing in 40
mL of autoclaved double-deionized water are done under sterile conditions

Rice pre-cultivation in plant-boxes

◦C

25



26 3. Biochemistry - Se-uptake by Oryza sativa

(a) (b) (c)

Figure 3.2.: Seedlings grown in agar in plant-boxes;
a: experimental set-up schematic (Inkscape);
b: Photo taken 30.04.2012 (3 days after sowing);
c: Photo taken 07.05.2012 (10 days after sowing)

Transfer into open cultivation in quartz sand
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ditions

Out of the 40 seedlings planted into agar on April 27th, 2012, 35 developed normally and

were re-potted into quartz sand (Dorsillit No. 98 0.1-0.6 mm) on May 11th, 2012.

(a) (b) (c)

Figure 3.3.: Preparation of open culture experiments
a: flower pot taped with gauze;
b: watering the freshly re-potted seedlings with 35 mL of nutrient solution;
c: reference plants with nutrient solution filled to 400 mL

To keep the quartz sand from �owing out through the water holes of the plant pots due

to liquefaction, these holes were taped with �shing gauze (Figure 3.3a).

The quartz sand was moistened with once-deionized water before �lling ca. 750 mL

into the large pots and ca. 250 mL into the small pots. As shown in Figure 3.3b, each

of the 35 seedlings was planted separately into a pot and then watered with 35 mL of

nutrient solution (preparation described below). After that, pots were organized into 6

green drainage boxes and each plant was labelled with a box number and plant letter in

alphabetical order (Figure 3.4).

Nutrient supply and watering regime

The nutrient solution was composed speci�cally for this experiment, with nutrient content

and concentrations based roughly on the Murashige & Skoog medium [Murashige & Skoog,

1962] and nutrient solutions used in other, similar experiments [Bellet al., 1992] [Clement et

al., 1977] [Asher et al., 1977]. Although rice can take up Fe(III) by using special chelating

agents, Fe(II), is more soluble and more bioavailable [Ogo et al., 2007]. Therefore, Fe is

the only element, which was added as the organic complex ferric citrate; all other elements
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28 3. Biochemistry - Se-uptake by Oryza sativa

Figure 3.4.: Schematic drawing of plant order and labelling in Exp. A1 (RA, RB = refer-
ence plants A and B);
left: Plant order 11.05.2012 - 15.06.2012;
right: change in plant order after change in watering regime 16.06.2012 -
31.07.2012

· ·
◦C

◦C
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Table 3.1.: Nutrient solution compounds of Exp. A1; inweight for target concentration of
100 L and required minimal dissolution volume of double-deionized water for the
concentrate

final solution in-weight disolving
product concentration for 100 L volume

compound name [ mg/L ] [ mg/L ] [ mL ]

Ca(NO3)2 · 4H2O Sigma-Aldrich, p.a. C1396-500G 236.145 23.596 40
K2SO4 Merck, p.a. 1.05153.0500 65.346 6.532 120
MgSO4 · 6H2O Fluka, p.a. 00627 74.248 7.435 30
KH2PO4 Merck, p.a. 1.04873.1000 13.608 1.360 40
H3BO3 Sigma-Aldrich, p.a. B6768-500G 0.495 0.049 25
CuSO4 Sigma-Aldrich, p.a. 61230-100G 0.032 0.003 10
ZnSO4 · H2O Sigma-Aldrich, p.a. 96495-250G 0.090 0.001 10
MnSO4 · H2O Sigma-Aldrich, p.a. M7634-100G 0.034 0.003 10
CaCl2 Merck, p.a. 1.02378.0500 5.549 0.555 20
Na2MoO4 · 2H2O Merck, p.a. 1.06521.0100 0.012 0.002 15
C6H5O7Fe Sigma-Aldrich, p.a. F6129-250G 12.247 1.224 200

amounts were used to determine nutrient solution volume for all plants.

Using a Schott bottle cap (27 mL ± 3 mL), plants were watered three times a week

(Mondays, Wednesdays and Fridays) with nutrient solution, which was both the plant's

sole source of water and only source of nutrients. Half of the plants were watered with 27

mL/day of nutrient solution, while the other half was watered with 55 mL/day of nutrient

solution to quantify vitality di�erences due to lower nutrient uptake. Plants were grown in

this fashion from May 11th, 2012 to July 15th, 2012. Table A.3 (Appendix) lists the volumes

of nutrient solution used for a single plant in each of the boxes.

Addition of Se

The open culture experiment had to be modi�ed due to some plants showing fungal in-

fection, loss of vitality and overall inhomogenous plant development (Figure 3.5). Plants

were categorized into "low nutrient solution supply" and "high nutrient solution supply"

as well as into "big pot" and "small pot". On July 16th, 2012, 65 days after transfer into

open cultures, plant pots were re-arranged (Figure 3.4) to distribute plants of each cat-

egory evenly among the drainage boxes. A 1000 mg/L Se-stock solution was prepared of

sodium selenate decahydrate, Na2SeO4·10H2O (VWR BDH Prolabo, 302113L) in 100 mL
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of double-deionized water. As shown in Figure 3.5, for the following 2 weeks, boxes 3 and

4 and reference plant RB were watered with nutrient solution, boxes 2 and 5 were watered

with nutrient solution spiked with 2.5 mg/L Se and boxes 1 and 6 as well as reference plant

RA were watered with nutrient solution spiked with 5 mg/L Se.

Plants were harvested on July 31st 2012 as described below (Chapter 3.4.1).

(a) (b)

Figure 3.5.: Photos of A1 experimental set-up for Se addition to open culture rice plants
a: beginning of experiment (Photo taken 14.05.2012)
b: plant growth until addition of Se (Photo taken 27.07.2012)

3.3.2. Exp. A2 - plant-box rice cultures in Se-agar

The second set of experiments focused on Se uptake directly during germination and toxicity

in early-stage growth of rice plants. Since quantifying input and output is easiest in closed

systems, a plant-box solution was chosen. As mentioned in Exp. A1 (Chapter 3.3.1), this

restricted the plant growth period to a maximum of three weeks.

For the �rst set of plant-box experiments (Figure 3.6a), 10 assembled Magenta box sets

(Sigma Aldrich, Art. No. V8380, V8505 & C0667) were autoclaved in a Systec VE-95 at

123.5 ◦C and 210.4 kPa for a sterilization time of 15 min, together with 1200 mL 0.4 %

(= 4.8 g) phytoagar (Duchefa Direct, CAS # 9002-18-0), a 100-mL measuring cylinder and

200 mL of double-deionized water. Ninety rice caryopses were sterilized according to the

procedure described above in Chapter 3.3.1.

From a 1000 mg/L Se stock solution (in double-deionized water, either Na2SeO4·10H2O

[VWR BDH Prolabo 302113L], or Na2SeO3 [AlfaAesar 012585], respectively), 10 mL of a
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(a) (b) (c)

Figure 3.6.: Schematics of Exp. A2, A3 & A4
a: Se-agar experiments contained 6 rice plants grown in 100 mL Se-agar for 16
days with Se concentrations of 0, 5, 10, 25, 50, 100, 250, 500, 1000 and 2500
µg/L Se added as either selenate or selenite.
b: Se-nutrient solution experiments contained 9 rice plants grown for 19 days,
sprouting first in Se-free agar in Eppendorf tubes before reaching 170 mL of
Se-spiked nutrient solution (0 – 2500 µg/L Se) after ca. 5 days.
c: Se-agar experiments with delayed Se-uptake contained 9 rice plants grown
for 19 days, sprouting first in Se-free agar in Eppendorf tubes before reaching
170 mL Se-spiked agar (0 – 2500 µg/L Se) after ca. 5 days.
All three sets of experiments were kept in a climate chamber with an 8h-short-
day rhythm, 1 h of each dusk and dawn and a temperature of 28 ◦C during the
day period and 22 ◦C during the night period.

◦C
◦C
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suprapure quality) and 1 mL of double-deionized water and weighed (including the lid and

tape covering the marker-written labels to avoid washing o� by sterilising ethanol). These

were weighed to determine the exact weight per volume of the agar and kept at 4 ◦C.

Plant-boxes were then left to cool until the agar was �rm. As described in Chapter 3.3.1,

6 rice plants were sown into the agar and the boxes were sealed.

For the duration of 16 days, plant-box cultures were kept in a climate chamber (YORK

Refrigeration) at 70 % humidity, and a sub-tropical 8h-short-day rhythm, 1 h of dusk and

dawn each and a temperature of 28 ◦C during the day period and 22 ◦C during the night

period. This time frame was calculated as 2 days of sprouting and 14 days of Se-uptake.

Plant growth was monitored by measuring plant height on days 5, 7, 9 and 12 for each

plant.

After 16 days, magenta box cultures were harvested as described below (Chapter 3.4.1).

For each experimental set-up, three independent biological replicas were conducted, one of

which was conducted by bachelor student Matthias von Brasch as part of his thesis under

my supervision.

3.3.3. Exp. A3 - plant-box rice cultures in Se-nutrient solution

In the second plant-box experiment (Figure 3.6b), plants were grown in the presence of

all essential nutrients, similar to the nutrient solution used in Exp. A1 (Chapter 3.3.1).

Because these closed plant-box systems were not to be opened during the entire duration

of the experiment, nutrient solution composition had to be modi�ed to that of Exp. A1

(Chapter 3.3.1) to provide for the growing plants for the entire duration of the experiment.

Optimal nutrient solution composition (Table 3.2) was obtained empirically in preliminary

experiments.

The nutrient solution was stored at -20 ◦C as two stocks (factor 200), separating Ca-

containing components and sulfates to avoid CaSO4 precipitation.

Ten assembled Magenta plant-box sets (Sigma Aldrich, 2 x V8505 & 1 x C0667) were

32



3.3. Experimental set-ups 33

Table 3.2.: Optimized nutrient solution compounds of Exp. A3, inweight for target concen-
tration of 100 L and required dissolution volume of double-deionized water

final solution in-weight disolving
product concentration for 100 L volume

compound name [ mg/L ] [ mg ] [ mL ]

Ca(NO3)2 · 4H2O Sigma-Aldrich, p.a. C1396-500G 1180.745 118.0745 200
K2SO4 Merck, p.a. 1.05153.0500 65.346 6.532 120
MgSO4 · 6H2O Fluka, p.a. 00627 74.248 7.435 30
KH2PO4 Merck, p.a. 1.04873.1000 54.432 5.443 160
H3BO3 Sigma-Aldrich, p.a. B6768-500G 0.495 0.049 25
CuSO4 Sigma-Aldrich, p.a. 61230-100G 0.064 0.006 10
ZnSO4 · H2O Sigma-Aldrich, p.a. 96495-250G 0.135 0.014 10
MnSO4 · H2O Sigma-Aldrich, p.a. M7634-100G 0.204 0.020 20
CaCl2 Merck, p.a. 1.02378.0500 5.549 0.555 20
Na2MoO4 · 2H2O Merck, p.a. 1.06521.0100 0.018 0.002 25
C6H5O7Fe Sigma-Aldrich, p.a. F6129-250G 12.247 1.224 200

prepared (Figure 3.6b) with a specially designed Eppendorf tube tray holder for 9 x 1.5-

mL tubes (1.5-mL Eppendorf Safe-Lock Microcentrifuge Tube, 0030120086). The plant-

box sets, 90 1.5-mL Eppendorf tubes, 250 mL 0.7 % phytoagar, 2.5 L nutrient solution

(preparation as given above), a 100-mL measuring cylinder and 250 mL double-deionized

water were autoclaved. Sterile rice caryopses as well as Na2SeO4·10H2O and Na2SeO3-

standards were prepared as described above (Chapter 3.3.2).

After autoclaving, 1.5-mL reaction tubes (Eppendorf, Hamburg) were placed into a tray-

holder under the cleanbench and �lled to the brim with the still-liquid 0.7 % phytoagar.

Only after the agar had solidi�ed, were the lid and 0.5 cm from the bottom of each reaction

tube cut o� using sterilized scissors. Each tube was then loaded with one sterilized caryopse.

Plant-boxes were disassembled under the cleanbench, Eppendorf trays removed and 200

mL of nutrient solution �lled into each lower half of the boxes. Speci�ed concentrations of

Se (0 - 2500 µg/L Se, as described in Chapter 3.3.2) were obtained by diluting the stock

into the nutrient solution. After mixing the solutions with a pipette tip, 2 x 15 mL of

each solution were sampled for subsequent analysis into 20-mL patho-vessels (Böttger 08-

313-1001) - 15 mL were frozen for later IC measurement (Chapter 3.4.4), the other 15 mL

were acidi�ed with 50 µL of HNO3 (VWR 20429.320 p.a. sub-boiled) and stored at 4 ◦C

for later ICP-MS measurement (Chapter 3.4.4). For plant-box assembly, each Eppendorf
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tray was loaded with 9 rice-bearing Eppendorf tubes and placed into the plant-box with

the lower half of the tubes submerged in nutrient solution before closing the plant-box.

These were kept under the same climate chamber conditions as described above (Chapter

3.3.2), keeping the boxes closed until harvest (Chapter 3.4.1). Each experimental set-up

was repeated independently three times.

3.3.4. Exp. A4 - plant-box rice cultures in Se-agar with delayed

Se-uptake

For the purpose of comparison, an experiment was devised to separate the two parameter

di�erences of both previous plant-box experiments (Figure 3.6c). The non-nutrient-bearing

agar of experiment A2 (Chapter 3.3.2) was combined with the uptake delay of the nutrient

solution plant-boxes from experiment A3 (Chapter 3.3.3).

Similarly to the nutrient solution experiments, plant-boxes were prepared with trays of

9 x 1.5-mL Eppendorf tubes �lled with 0.7 % phytoagar, each planted with one rice plant.

Instead of nutrient solution, tray holders were placed into 170 mL liquid 0.4 % agar spiked

with 0 - 2500 µg/L Se (as described above Chapter 3.3.3) with the lower half of the tubes

submerged in agar before closing the plant-box. Boxes were left until the agar solidi�ed and

then placed in the climate chamber described above (Chapter 3.3.2). Plants were harvested

after 19 days as described below (Chapter 3.4.1). This experiment was conducted only once

for selenate and selenite, each.

3.4. Sample preparation and analytical methods

Because harvest, digestions and subsequent HG-FIAS analysis were alike for all plant ex-

periments, as well as the IC- and ICP-MS analysis of all nutrient solution samples, the

following chapter will detail these methods once.
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3.4.1. Plant harvest

After photo-documentation using a Samsung S4 mini cell phone camera (Appendix, Fig-

ure ?? - ??, A.9 - A.13, A.20 - A.21), shoot height and 2nd leaf length were measured;

then harvested plant material was cleaned under running mono-deionized water to remove

quartz sand substrate (Exp. A1, Chapter 3.3.1), agar (Exp. A2, A4 Chapter 3.3.2, 3.3.3)

or nutrient solution residue (Exp. A3, Chapter 3.3.3). Plants were then rinsed with double-

deionized water before being air-dried for 2 h at standard lab conditions (22 ◦C, 1 atm,

30 % humidity) and separated into shoot and root above the caryopse (Figure 3.7a) using

a pair of clean scissors. Each sample was weighed (Sartorius basic BA 1105) to determine

fresh root and shoot weight.

Using a Christ Alpha 1-4, 100400 freeze-dryer, plant material was freeze-dried at 0.05

mbar and -20 ◦C for 24 h. After warming up to lab conditions, samples were weighed anew

to determine plant water loss. Samples of the open culture experiments were milled using an

agate disc mill (Scheibenschwingmühle-TS, Siebtechnik) to pulverize and homogenize the

entire material of each sample. In the case of plant-box studies, root and shoot plant-box

bulk samples were cut into 0.2 cm pieces using a clean pair of scissors. The use of Te�on

scissors and Te�on forceps was discontinued due to massive static charge.

All plant samples were stored in 20-mL patho-vessels (Böttger 08-313-1001) at lab con-

ditions until digestion (Chapter 3.4.2). To sample the viscous agar during the preparation

of Exp. A2 (Chapter 3.3.2), the top 1 cm of a 5-mL pipette tip was cut o� and using an

adjustable 0.5-5-mL pipette, amounts of 2 mL of the still-liquid agar were directly pipetted

and weighed (Sartorius basic BA 1105) into 20-mL patho-vessels (Böttger 08-313-1001) pre-

pared with an in-weighed 1 mL of nitric acid (VWR 20429.320 p.a. subboiled to suprapure

quality) and 1 mL of double-deionized water. To sample the cooled agar at the end of the

experiment, agar was sampled directly from the plant-box after stirring it with a pipette

tip. Due to the large amount of air within the cooled, stirred agar, patho-vessels were

placed on a balance (Sartorius 1712MP8) and a weight of 2 g was sampled, rather than a

volume of 2 mL. All plant and agar samples were stored in the refrigerator at 4 ◦C until
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digestion.

From the nutrient solution experiments, 2 x 15 mL of nutrient solution was sampled

from the plant boxes into 20-mL patho-vessels (Böttger 08-313-1001) - 15 mL were frozen

for later IC measurement (Chapter 3.4.4), the other 15 mL were acidi�ed with 50 µL of

HNO3 (VWR 20429.320 p.a. sub-boiled) and stored at 4 ◦C for later ICP-MS measurement

(Chapter 3.4.4).

3.4.2. Microwave digestions

For the plant digestion, small adjustments were made to the procedure described in previous

studies [Bellet al., 1992]. In-weights (Sartorius 1712MP8) of 0.1 g or less were �lled into

Te�on vessels (Figure 3.7b,c,d) of an MLS START 1500 Microwave System preconditioned

with 3 mL of double-deionized water and 3 mL HNO3 p.a. (VWR 20429.320) at 150 ◦C

for 1 h on a hotplate (Ceran 500, LHG).

(a) (b) (c) (d)

Figure 3.7.: Plant digestion with a microwave system;
a: separation of shoot and root (Inkscape illustration);
b: Teflon lid fixation onto Teflon vessels with pressure ring and vessel holders;
c: Teflon vessels in holders ready to be mounted;
d: Teflon vessels mounted in microwave

Samples were digested with 1 mL of double-deionized water, 3 mL HNO3 conc. (VWR

20429.320 p.a. sub-boiled) and 1 mL of 30 % H2O2 (p.a. Rotipuran 8070.3). Each batch of

10 digestion samples included one Te�on vessel blank and one plant standard (0.1 g NBS

SRM 1567a Wheat Flour) to verify digestion quality.

Applying the temperature program shown in Table 3.3, samples were digested in the

microwave at up to 220 ◦C and 1000 W for 33 min. To avoid volatile Se loss, samples were
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Table 3.3.: Digestion temperature program for microwave system START 1500
t(min) T ( ◦C) E (W)

3 75 600
8 130 700
10 210 1000
12 220 1000
45 cooling

total 1 h 18 min

left in the microwave overnight to cool completely.

All digested samples, standards and blanks were quantitatively transferred into a 10-mL

glass �ask with a glass funnel and �lled to volume with double-deionized water. Samples

were then transferred and stored in 15-mL-centrifuge tubes (VWR 525-0149) in the refri-

gerator at 4 ◦C until analysis.

Agar digestions were prepared similarly to plant digestions, albeit with the additional

di�culty of transferring the agar sample quantitatively into the Te�on vessels. This was

achieved by using the remaining digestion ingredients (2 x 1 mL HNO3 conc. and 1 mL of

30 % H2O2) to rinse all of the agar sample into the Te�on vessels.

3.4.3. Plant-Se and agar-Se analysis with HG-FIAS

Se-content of digestion samples was analysed with HG-FIAS (Hydride Generation Flow In-

jection Atomic Absorption Spectroscopy) with a Perkin Elmer AAnalyst200 coupled with

a FIMS-400 Hydride Generation System and Autosampler. Before measurement, a reduc-

tion of selenate to selenite was necessary for the hydride to be able to form H2Se, which

could then be atomized in the quartz tube and measured [Bye & Lund, 1988]. To achieve

concentrations within calibration range, samples were diluted by a factor of 2 to 1200 in

6 mol/L HCl (Merck, 37 %, low-Hg HCl 1.13386.2500). From a 1000 mg/L Se standard

solution (Roth Rotistar ICP), 10 mL of calibration standard (1000 µg/L Se) were prepared

in a 15-mL centrifuge tube (VWR 525-0149). A sample volume of 3 mL each in 15-mL

centrifuge tubes (VWR 525-0149) and the calibration standard were reduced to selenite for

15 min in a water bath (Dinkelberg analytics, E30U) pre-heated to 75 ◦C.
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38 3. Biochemistry - Se-uptake by Oryza sativa

After cooling, calibration concentrations of 0.5, 0.75, 1, 2, 4, 5, and 6 µg/L Se (for open

culture samples: 0, 0.5, 1, 2 and 5 µg/L) were prepared with 1 mol/L low-Hg HCl from

the reduced Se solution. Then all samples were diluted to 12 mL with double-deionized

water before measurement. Using a reducing agent of 0.2 % NaBH4 (Merck 8.06373.0500)

in 0.05 % NaOH solution, a carrier solution of 1 mol/L HCl (Merck, 37 %, low-Hg HCl

1.13386.2500) and an argon carrier gas �ow rate of 50 - 70 mL/min, Se concentration was

measured with 5 replicates (3 for open culture samples) as the peak height of atomic ab-

sorption at a wavelength of 196.2 nm (background subtraction: o�, a 260-V EDL-lamp, slit

width: 2.7/2.3, quartz cell temperature: 900 ◦C).

To verify measurement quality, a multi-element drinking water standard (PromoChem

Trace Metals QCP 050-1 and QCP 050-2 combined, with 252 µg/L Se) was included with

a dilution factor of 120, as well as a reduction blank of 6 mol/L HCl. For the purpose

of quality control, within each measurement, all standards were re-measured as samples

after every 10 samples for linear interpolation of drifts and the trace metal standard was

measured at the beginning and end of the measurement.

3.4.4. Nutrient solution analysis with IC and ICP-MS

Ion chromatography (IC) analysis of anions was conducted using a Dionex ICS 1000 with

an IonPac AS14 column coupled with an IonPac AG14 pre-column. The eluent consisted

of a mixture of 3.5 mmol/L Na2CO3 and 1.0 mM NaHCO3 with an eluent �ow rate of 1.10

mL /min. Frozen nutrient solution samples were thawed prior to measurement and diluted

by a factor of 4 with double-deionized water before being �lled into IC-vials covered with

�lter caps.

A multi-ion IC-standard calibration solution (Alfa Aesar, Specpure) containing �uoride,

chloride, bromide, nitrate, phosphate and sulfate in proportions of 1 : 2 : 4 : 4 : 6 :

4, respectively, was diluted to calibration standards containing 1, 2.5, 5, 10 and 20 mg/L

�uoride. Using an Anion Self-Regenerating Suppressor (ASRS 300), conductivity of samples

was detected at an applied current of 25 mA for an injection volume of 25 µL.
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Computer-aided peak analysis over the detection span of 14 min was manually adjusted

for optimal standard comparability. Sample standard deviation (SD) was calculated by

applying the 1σ percentile of repeated calibration solution measurements to all samples

for each ion. A river water standard (BATTLE-02, Environment Canada; 42.4 mg/L Cl-,

0.194 mg/L F-, 149 mg/L SO4
2-) was measured with a dilution factor of 2 to con�rm

analytical accuracy. For the purpose of quality control, within each measurement batch,

one calibration standard was re-measured as a sample after every 8 - 12 samples for linear

interpolation of drifts and the river water standard (to determine analytical reproducibility)

was measured once per measurement batch.

Analysis of 11B, 23Na, 25Mg, 26Mg, 31P, 39K, 42Ca, 43Ca, 55Mn, 56Fe, 63Cu, 65Cu, 64Zn,

66Zn, 25Mg, 77Se, 78Se, 82Se, 95Mo, 98Mo, was performed using an inductively coupled plasma

mass spectrometer (ICP-MS) X-Series 2 (Thermo Fisher Scienti�c). Five mL of sample were

diluted by factors of 2 - 10 in 1 % subboiled HNO3. Each sample was spiked with 50 µL

of internal standard (10 µg/L Sc, Merck 1.70349.100; 10 µg/L Rh, Merck 1.70345.0100;

10 µg/L In, Merck 1.70324.0100; 10 µg/L Tm, Merck 1.70361.0100), which were measured

as 45Sc, 103Rh, 115In and 169Tm. Calibration was carried out using the ICP multi-element

standard solution VI Certipur (Merck 1.09493.0100) in dilution factors of 20,000, 10,000,

4000, 2000, 1000, 400, 200, 100, 20 and 10. Added to the multi-element standard, P (Merck

1.70340.0100) was calibrated with 5, 10, 25, 50, 100, 250, 500, 1000, 5000 and 10,000

µg/L. Calibration was extended to 5 and 10 mg/L Na (Merck 1.70353.0100), Mg (Merck

1.703331.0100), K (Merck 1.70342.0100) and Fe (Merck 1.70326.0100), as well as 25 and

50 mg/L Ca (Merck 1.70308.0100) using single element standards. Veri�cation of analysis

quality was achieved by measuring a trace metal standard CRM-TMDW-A (High Purity

Standards) with a dilution factor of 5. For the purpose of quality control, within each

measurement batch, one standard was re-measured as a sample after every 8 - 12 samples

for linear interpolation of drifts and the trace metal standard was measured at the beginning

and end of the measurement batch.

Gas �ow of the argon sample carrier gas (nebulizer gas) was 0.87 L/min, �ow of argon fuel

gas (auxiliary gas) was 0.68 L/min and �ow of argon cooling gas was 13 L/min. Each sample

39



40 3. Biochemistry - Se-uptake by Oryza sativa

was measured in three di�erent modes. First, a survey scan of 10 sweeps with a dwelling

time of 13 seconds was performed to obtain a general overview of the sample's content.

Then, the main peak jump was determined by measuring in CCT-ED mode (Collision

Cell Technology � Energy Discrimination), with 3 times 40 sweeps and a dwelling time of

14 seconds for the remaining elements Na, P, K, Mn, Fe, Cu, Zn and Se. In CCT-ED

measuring mode, the detection limit was lowered by including a collision cell between the

plasma torch and the quadrupole mass spectrometer, in which collision gas, a mixture of

92 % He and 8 % H2, was injected at an intercepting angle, colliding with the ionized

sample gas. Compound clusters between argon and hydrogen with themselves, each other

and sample elements were thereby slowed or destroyed and did not interfere with the actual

sample measurement. After that, the main peak jump was measured for the elements B,

Mg, Ca and Mo in standard measuring mode with 3 times 40 sweeps of 25 seconds dwelling

time per isotope and 30 seconds of acquisition per run. In solutions, in which only Se was

measured, 3 times 40 sweeps with a dwelling time of 25 seconds per isotope resulted in an

acquisition time of 14 seconds per run.

3.5. Results for the Se treatment of rice plants

In the following chapter, results on the Se content of rice shoots and roots are given for

each of the experiments listed above and combined with results on further parameters of

plant health, such as plant mass, shoot height and heights of the second leaf.

3.5.1. Exp. A1 - open rice cultures in Se-nutrient solution

Quality measures for experiment A1 (Chapter 3.3.1) showed that harvested plant yield was

91 % of transferred seedlings. Digestion standard retrieval was 85 % (± 24 %) and drinking

water standard retrieval during HG-FIAS measurement was 105 % (± 9 %).

Selenium concentrations for the additions of 2.5 or 5 mg/L measured in the rice plants

of experiment A1 ranged from 23 to 113 mg/kg DW for shoots (Figure 3.8a) and 4 to 207

mg/kg DW for roots (Figure 3.8b). Mean values and standard deviation (± 1s) did not
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(a) (b)

Figure 3.8.: Plant Se content after addition of 0, 2.5 or 5 mg/L Se to open culture rice
plants for 2 weeks after 63 days of Se-free growth
a: Se content in shoots
b: Se content in roots
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42 3. Biochemistry - Se-uptake by Oryza sativa

Figure 3.9.: Single-plant Se content in shoots and roots of experiment A1

(a) (b)

Figure 3.10.: Tissue Se content per percentage of average mass as an indicator of plant
health
a: Shoot Se content per percentage of average shoot mass
b: Root Se content per percentage of average root mass
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(a) (b)

Figure 3.11.: Independence of Se-uptake of plant health
a: linear correlation between total shoot Se and shoot DW
b: linear correlation between total root Se and root DW
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3.5.2. Exp. A2 - plant-box rice cultures in Se-agar

(a) (b)

Figure 3.12.: Plant growth expressed as percentage of Se-free blank plants for experiment A2
a: total shoot height on harvest day (Day 16)
b: total length of 2nd leaf on harvest day (Day 16)
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3.5. Results for the Se treatment of rice plants 45

(a) (b)

Figure 3.13.: Root growth and toxicity symptoms for the addition of 0, 500, 1000 and 2500
µg/L Se to agar as
a: selenite
b: selenate

cm (102 %), compared to the untreated plant height. Concentrations beyond that led to a

sharp decrease in total shoot height, resulting in an overall decrease of 6.7 cm, from 10.2

cm (100 %) to 3.5 cm (35 %) when adding 2500 µg/L Se.

Similarly to total height, the length of the 2nd leaf (Figure 3.12b) was also a�ected by

the same concentrations of selenite and selenate added to the agar. Low concentrations

of selenite in the medium promoted growth (114 % for 100 µg/L Se), while concentrations

above 100 µg/L were clearly inhibitory, with 76 % growth height for 2500 µg/L Se. Growth

of the 2nd leaf was also negatively a�ected by selenate concentrations in the agar higher

than 100 µg/L Se. At the highest selenate concentration, 2nd leaf height was 61 % of the

untreated leaf height and the third leaf of the seedlings was almost entirely covered. Overall,

selenite and selenate a�ected seedling growth similarly, with selenate being more e�ective.

Root lengths remained similar at 5 - 7 cm for the addition of 0 - 100 µg/L Se for both

Se species (Figure 3.13). After that, root length decreased steadily to below 1 cm when Se

was added as selenate. Additional selenite, however, resulted in decreased root length (1-2

cm) only for 2500 mg/L Se. Toxicity symptoms of stunted root growth, lack of secondary

roots and brown-spotted discoloration were found for the addition of 250 to 2500 µg/L Se

as selenate (Figure 3.13b), but only for 2500 µg/L Se as selenite (Figure 3.13a).

Unfortunately, measurements of Se content in agar by acid digestion were not precise
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46 3. Biochemistry - Se-uptake by Oryza sativa

Table 3.4.: Calculated absolute Se uptake (Se as Na2SeO4) by plants from agar Se-content
of Exp. A2 using HG-FIAS measurement data

Se initial agar final agar uptake/plant box
added c(Se)FIAS inweight c(Se)agar c(Se)FIAS inweight c(Se)agar ∆c(Se) absol. Se
[µg/L] [µg/L] [g] [µg/L] [µg/L] [g] [µg/L] [µg/L] [µg]

0 < PQL 1.5558 < PQL < PQL 4.3209 < PQL < PQL < PQL
5 < PQL 1.6793 < PQL < PQL 4.3049 < PQL < PQL < PQL
10 < PQL 1.2469 < PQL < PQL 4.3184 < PQL < PQL < PQL
25 < PQL 1.9685 < PQL < PQL 4.2925 < PQL < PQL < PQL
50 7.29 1.6599 43.90 4.06 4.3150 9.40 34.50 0.15
100 15.95 1.7854 89.33 7.78 4.3120 18.04 71.29 0.31
250 43.01 2.1887 196.51 19.10 4.2611 44.83 151.68 0.65
500 31.82 1.1443 278.08 64.75 4.3154 150.04 128.04 0.55
1000 134.39 1.4243 943.55 132.78 4.2699 310.96 632.59 2.70
2500 344.93 1.5222 2265.97 396.48 4.3136 919.13 1346.84 5.81

(a) (b)

Figure 3.14.: Se content in roots and shoots of experiment A2
a: addition of Se as Na2SeO3
b: addition of Se as Na2SeO4
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Table 3.5.: Se distribution for uptake of selenate and selenite into root and shoot in both ex-
perimental set-ups A2 and A3 (dshoot [%] = c(Se)shoot [mg/kg]/(c(Se)shoot [mg/kg]
+ c(Se)root [mg/kg])·100), standard deviation (SD) given as 1s

agar experiments nutrient solution experiments
Na2SeO3 Na2SeO4 Na2SeO3 Na2SeO4

added c(Se) shoot root SD shoot root SD shoot root SD shoot root SD
[µg/L] [%] [%] [1s] [%] [%] [1s] [%] [%] [1s] [%] [%] [1s]

5 38 62 7 77 23 6 28 72 8 62 38 28
10 32 68 7 76 24 8 33 67 1 78 22 19
25 37 63 7 81 19 11 30 70 8 74 26 21
50 32 68 10 82 18 7 20 80 11 70 30 1
100 38 62 16 81 19 9 26 74 12 73 27 7
250 38 62 8 79 21 11 34 66 3 70 30 10
500 34 66 3 60 40 5 30 70 3 73 27 9
1000 30 70 8 49 51 16 36 64 3 75 25 6
2500 35 65 6 50 50 16 34 66 3 76 24 8

weight in the roots and 75 mg/kg Se DW in the shoots. If selenite concentration was

increased further (i.e. 2500 µg/L), Se content in roots (102 mg/kg Se DW) and shoots (55

mg/kg Se DW) decreased, which is consistent with toxicity symptoms found only for 2500

µg/L Se. Of all Se found within the plant when adding it as selenite, 30 - 38 % of the Se was

found in the shoots, while 62 - 80 % was found in the roots (Table 3.5). With the addition

of Se as selenate, Se concentrations in shoots were generally greater than in roots (Figure

3.14b). Selenium concentrations for both roots and shoots increased with additional Se

to the agar until a maximum of plant-Se was reached at the addition of 250 µg/L Se for

shoots (367 mg/kg Se DW) and roots (96 mg/kg Se DW). In the shoots, additional Se led

to a decrease in plant-Se to 143 mg/kg Se DW for 500 µg/L Se until reaching a plant-Se

value of 67 mg/kg Se DW when plants were raised in 2500 µg/L Se. This was below the

Se concentration of 98 mg/kg Se DW found in the plant when adding 50 µg/L Se. In

the roots, a decrease of plant Se concentration was found if the added concentration of Se

exceeded 1000 µg/L. This is also consistent with root toxicity symptoms found at added

Se concentrations between 500 and 2500 µg/L Se. Of all Se found within the plant when

adding it as selenate, 50 - 82 % of the Se was found in the shoots, while 18 - 50 % was

found in the roots (Table 3.5).
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3.5.3. Exp. A3 - plant-box rice cultures in Se-nutrient solution

(a) (b)

Figure 3.15.: Plant growth expressed as a percentage of Se-free blank plants for experiment
A3
a: total shoot height on harvest day (Day 19)
b: total length of 2nd leaf on harvest day (Day 19)
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(a) (b)

Figure 3.16.: Se content in roots and shoots of experiment A3
a: addition of Se as Na2SeO3
b: addition of Se as Na2SeO4
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Table 3.6.: Fresh weight accumulation factors (AF) of selenate and selenite into shoots in
both experimental set-ups (AF [-] = c(Se) medium [mg/L] / c(Se) plant [mg/kg])

agar experiments nutrient solution experiments
AF-Na2SeO3 AF-Na2SeO4 AF-Na2SeO3 AF-Na2SeO4

added c(Se) shoot root shoot root shoot root shoot root
[µg/L] [%] [%] [%] [%] [%] [%] [%] [%]

5 75.35 198.12 273.80 108.36 21.54 80.31 27.22 21.71
10 53.15 134.48 263.10 99.13 26.67 81.57 16.20 8.03
25 59.27 129.49 390.10 130.07 26.47 99.16 20.88 9.68
50 50.37 145.38 465.25 154.76 31.59 211.88 26.74 12.68
100 52.89 146.66 513.57 175.22 26.97 104.61 19.00 10.20
250 33.14 92.40 366.44 132.03 28.98 94.10 41.13 19.86
500 28.14 76.26 93.92 79.82 33.61 116.47 39.99 21.66
1000 22.98 68.02 25.19 37.00 30.68 84.81 53.35 25.53
2500 7.22 17.68 8.36 13.09 22.15 57.82 40.87 22.51

Again, an uptake peak and subsequent decrease, similar to the agar experiments, was not

observed and maximum uptake was higher than in agar experiments. Furthermore, signi-

�cant root length di�erences between added Se concentrations were not found, irrespective

of the Se species added to the medium. Error (error bars over all three experimental runs,

Figure 3.16) decreased with the addition of Se in Exp. A3, with an error over all plant-Se

of 48 % (as Na2SeO3 and Na2SeO4) with the addition of 10 - 50 µg/L Se, 30 % with the

addition of 100 - 500 µg/L Se and 20 % with the addition of 1000 - 2500 µg/L Se.

Selenium accumulation factors (Table 3.6) of fresh plant weight showed that on average,

accumulation of Se as selenite in the roots was 2.7 (± 0.2) times higher than in the shoots

for Exp. A2 and 3.3 times higher (± 0.4 when excluding the outlier at 50 µg/L Se) than in

the shoots in Exp. A3. In contrast, Se added as selenate led to an accumulation factor of

2.8 (± 0.2 when excluding the toxicity outliers) and 1.9 (± 0.3) times higher in the shoots

than in roots in Exp. A2 and A3, respectively. For the addition of 1000 and 2500 µg/L Se

as selenate to agar, shoot accumulation was lower than in roots (factor 1.5). Accumulation

of Se in plant tissue di�ered between Exp. A2 and Exp. A3. Selenium present as selenite in

Exp. A2 showed an overall decrease in accumulation factors with higher concentrations of

initial Se from 75 - 7.2 and 198 - 18 for the addition of 5 - 2500 µg/L Se for shoots and roots,

respectively (Table 3.6). When present as selenate, Se accumulation in the plant tissue in

Exp. A2 showed an increase from 274 - 514 and 108 - 175 for the addition of 5 - 100 µg/L
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Se for shoots and roots, respectively. Addition of Se in concentrations between 100 and

2500 µg/L Se, however, led to a decrease in Se accumulation in the plant tissue from 514

to 8.4 and 175 to 13 for shoots and roots, respectively (Table 3.6). Selenium accumulation

in Exp. A3 was similar across a large range of initial Se concentrations with 22 - 34 and 80

- 117 for shoots and roots, respectively, when Se was added as selenite and 19 - 41 and 9.7

- 23 for shoots and roots, respectively, when Se was added as selenate.

Data on the uptake of nutrients by the plant showed no signi�cant trends when plotted

as a function of added Se (Appendix, Figures A.18, A.19). Neither selenite nor selenate

had a measurable e�ect on nutrient uptake of N, P, K, S, Ca, Mg, Mn, Zn, Cu or Fe, as all

�uctuations were well within error range of the 3 runs of the experiment. Two elements,

Na and Cl, were not included because, due to climate chamber humidity operation, Na and

Cl data could not be interpreted. This is because their presence in the water, which was

used to maintain humidity in the climate chamber, led to an increase in Na and Cl content

in the nutrient solution over the time period of the experiment, rather than a decrease due

to plant uptake. Furthermore, B was found to be leached from lab equipment and the

plant-boxes, leading to greater nutrient solution content of B after the experiment than

initially supplied. It appears that with the addition of selenate, plant uptake of Mn and Zn

showed a slightly decreasing trend at concentrations of 1000 and 2500 µg/L. However, as

demonstrated in Table A.5 (Appendix), all nutrient solution phases including Fe are meta-

stable from a thermodynamic point of view, which makes co-precipitation of such small

amounts of Mn and Zn that were added to the solution highly probable. Therefore, data

on nutrient uptake is considered uncorrelated with addition of Se in all measured cases.

3.5.4. Exp. A4 - plant-box rice cultures in Se-agar with delayed

Se-uptake

Quality measures for experiment A4 (Chapter 3.3.4) showed that harvested plant yield was

48 % (± 13 %) of planted caryopses for selenite and 72 % (± 21 %) for selenate. Digestion

standard retrieval was 101 % (± 4 %) and 95 % (± 7 %) for selenite and selenate, respect-
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(a) (b)

Figure 3.17.: Plant growth expressed as percentage of Se-free blank plants for experiment A4
(note: error bars refer to single plant deviations from bulk mean)
a: total shoot height on harvest day (Day 19)
b: total length of 2nd leaf on harvest day (Day 19)
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(a) (b)

Figure 3.18.: Se content in roots and shoots of experiment A4
a: addition of Se as Na2SeO3
b: addition of Se as Na2SeO4
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(a) (b)

Figure 3.19.: Comparison of Se content of experiment A2, A3 and A4 after uptake as
Na2SeO3 (top) and Na2SeO4 (bottom) (error bars for A2 and A3 not included
for better visibility)
a: shoot-Se for A2, A3 and A4
b: root-Se for A2, A3 and A4
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the intermediate set-up of experiment A4 as well, but in a di�erent way than was the case

for selenite Figure (3.19). For both shoots and roots, plant-Se was nearly identical as for

experiments A2 for added concentrations of Se between 0 and 100 µg/L. After that, however,

the trend of increasing uptake was continued similarly to the trend observed in results of

experiment A3 - albeit at much higher concentrations. For the addition of 1000 µg/L, Se

content was about 5 and 8 times higher in shoots (Figure 3.19a) and roots (Figure 3.19b)

in experiment A4 than in experiment A3, respectively. At concentrations exceeding 1000

µg/L Se, Se content decreased sharply, following the trend for Se-uptake in experiment A2,

albeit at higher additions of Se and higher plant-Se content.

3.6. Discussion on the uptake of Se into plants

The following subchapter will discuss how plant status, nutrient supply, Se-exposure at

germination and Se speciation result in di�erent plant Se-uptake and distribution in exper-

iments A1, A2, A3 and A4. The main conclusions are derived from experiments A2 and

A3, with A1 and A4 providing supporting results.

3.6.1. Influences of plant status and substrate amount on

Se-uptake in rice

The greatest di�erences in the Se-uptake of the open rice cultures were not - as anticipated

- between the two di�erent concentrations of 2.5 or 5 mg/L, or even between the amounts

of Se-nutrient solution supply, but between pot size. This is interesting, as pot size not

only changed the ratio of substrate to solution and therefore diluted the applied amount

of Se (which simultaneously also applies to the nutrients of the solution). Pot size also

changed the ratio of root surface area to substrate. Therefore, plants in the small pots and,

therefore, less substrate were more likely to come into contact with more Se, which was

veri�ed by plant-Se results.

Pot size-related substrate amount apparently played a role in plant development as well

(Figure 3.9). Especially when comparing shoot mass, the larger substrate amount produced
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plants that were more homogenous and average in development compared to the plant with

smaller substrate amounts, which, in turn, re�ected Se-uptake. The fact that plants with

the lowest-to-average plant mass took up the highest Se concentrations, while plants with

average and above-average plant mass plateaued in their Se content, indicates an interesting

correlation between uptake and low plant health. Therefore, the hypothesis that plants

with less vitality due to less watering and nutrient sustenance would be a�ected more by

the addition of Se than plants with greater vitality was supported. Plotting the absolute

Se in the plant against shoot mass as an indicator of plant health was an attempt at

clari�cation of the cause-and-e�ect relationship. However, a clear separation of cause and

e�ect between plant health and Se toxicity for the open cultures was not possible due to

low sample numbers and further discussion will focus on the following experiments, which

explore nutrient supply and toxicity more closely.

3.6.2. The influence of nutrient supply on Se-uptake

For application of lower Se concentrations (< 250 µg/L as selenate), Se-uptake is much

higher in the nutrient-free environment (ca. factor 12) compared to nutrient�complemented

plants, a conclusion that is also supported by substantially higher (5 - 27 times) accumu-

lation factors (Table 3.6). This conclusion is consistent with published �ndings [Buchner,

Takahashi & Hawkesford, 2004, Li et al., 2007] that depletion of sulfate and phosphate

increases the activity of the respective transporters, so that more Se is taken up into the

plant. Furthermore, lack of competing ions, i.e. sulfate, is expected to further promote the

e�ciency of selenate uptake. This is most prominently demonstrated in the nutrient-free

experiment with a delay before Se-uptake, where Se uptake for selenate by far exceeds the

highest uptakes of the other experimental set-ups due to lack of nutrients (factor 2.5 and

4 for shoots and roots, respectively). However, when a threshold of Se toxicity is exceeded

(250 µg/L Se as selenate and 1000 µg/L as selenite in experiment A2 and 1000 µg/L as

selenate in experiment A4), Se-content in the plant collapses. For plants of experiment

A2 this also coincides with root toxicity symptoms, which indicates that root functionality
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is impaired and therefore transporter protein activity is shut down, signi�cantly lowering

Se-uptake.

However, addition of nutrients reduced Se-uptake when Se concentrations were < 500

µg/L, which was especially evident for selenate (Figure 3.16). This is also re�ected by

the accumulation factors � all of which are lower than in their nutrient-free counterparts

(Table 3.6). This might be caused by down-regulation of transporter activity in response

to su�cient content of nutrients (i.e. S), or by competition of sulfate for binding sites at

the transporters [Li et al., 2007,Khan & Hell, 2014]. Even for the highest tested concentra-

tion of Se (2500 µg/L Se, corresponding to approximately 30 µM Se as SeO4
2- or SeO3

2-),

the 700 µM SO4
2- and 400 µM PO4

3- of the nutrient solution are most likely to compete

severely with Se for uptake into the plant. It is known that additional nutrient oxy-anions,

especially phosphate and sulfate, in�uence Se-uptake by plant roots [Li et al., 2007] [Khan

& Hell, 2014]. E�ects of S are considered to be more pronounced than those of P, because

the a�nity of selenate for the sulphur transporter is higher than that of selenite for the

phosphate transporter [Hopper & Parker, 1999,Li et al., 2007].

For Se concentrations above the nutrient-free toxicity-threshold (1000 µg/L Se as selenite

and 250 µg/L Se as selenate), nutrients clearly promoted the uptake of Se. This correlates

with the fact that the nutrient-complemented plants remained healthy even when exposed

to high Se concentrations and thus, presumably, were capable of sustaining uptake, leading

to a higher Se-uptake compared to the nutrient-free condition. This is consistent with a

previous study showing that higher S content has a protective physiological e�ect on Se

toxicity [Kikkert et al., 2013]. This protective e�ect of nutrition is agronomically relev-

ant, because at 2 mg/kg DW Se, rice yield is already reduced by 10 % and this yield loss

is even more pronounced if the Se is administered as selenite [Läuchli, 1993]. Therefore,

application of nutrients could help lower Se toxicity and improve crop yield in general.

Although Se-uptake in our experiments was facilitated because the Se was freely available

in a solution rather than soil-bound, we did not observe any drop in uptake nor any sig-

ni�cant inhibition of plant growth, even for a condition yielding 405 mg/kg Se DW in the

shoots. Thus, our study suggests that plant resilience increased with nutrient availability.
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Moreover, competition between anions such as sulfate and selenate as well as selenite and

phosphate not only a�ected the uptake, but also the partitioning between shoots and roots

(Chapter 3.6.4). This indicates that sulfate competition for selenate uptake might also

in�uence the transport from roots to shoots and/or the incorporation of Se into proteins,

in accordance with previous �ndings [Li et al., 2007].

3.6.3. Phytotoxicity triggered by direct Se-exposure and lack of

nutrients

Of all three closed-box experiments, toxicity symptoms on plants were only observed for

plants grown in the nutrient-free environment, in which seedlings were in direct Se contact

upon germination. As plants that showed no toxicity symptoms all came into contact with

Se after a delay of about 5 days, this strongly supports the hypothesis of toxicity symptoms

being triggered, though not exclusively caused, by direct Se exposure.

So far, e�ects of Se toxicity or bioforti�cation have only been tested on healthy, pre-

germinated seedlings [Asher et al., 1977,Bellet al., 1992,Zhang et al., 2006,Li et al., 2007].

Only one study directly addressed germination of rice in the presence of Se [Liu & Gu,

2009]. However, seedling development beyond the radicle piercing the seed coat was not

investigated. In that study, germination itself was not in�uenced signi�cantly below 60

µmol/L (ca. 4.74 mg/L) Se in solution, in contrast to the much lower concentration of 1 -

2.5 mg/L Se observed to impair growth in our study. This suggests that germination per

se is not the most sensitive step but rather, the subsequent development of the germinated

seedling, especially under conditions of nutrient de�ciency. Germination of rice in the

presence of Se has been proposed as a strategy of e�ective Se bioforti�cation [Liu & Gu,

2009].

Experiments of this study provide strong evidence that it is the combination of a lack of

nutrients, coupled with direct Se exposure above the threshold concentrations (250 µg/L Se

as Na2SeO4 and 1000 µg/L Se as as Na2SeO3), that leads to toxicity symptoms. Nutrient

de�ciency alone, although leading to smaller plants, did not lead to toxicity - neither in
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the agar blanks of the nutrient-free experiments with germination directly in Se, nor in the

agar blanks of the nutrient-free experiments with Se. Even the combination of nutrient

de�ciency and a delay between Se uptake and germination (as in experiment A4) did not

lead to the toxicity symptoms observed in the experiments, in which seedlings germinated

in Se exposure. Therefore, this study suggests that it is essential for the strategy of Se

bioforti�cation at the pre-germination stage to provide su�cient nutrients to young seedling

to avoid poisoning seedlings and lowering crop yield even at low Se concentrations. The

alternative strategy might be to add Se at a later growth stage, or to pre-cultivate seedlings

in a Se-free environment, before subjecting them to high Se concentrations after 5 days.

3.6.4. Selenium-uptake partitioning - distribution of selenate and

selenite uptake into shoots and roots

The second main observation was that the addition of Se as selenate resulted in Se accu-

mulating predominantly in the shoots rather than the roots, whereas addition of selenite

resulted in Se accumulating mainly in the roots rather than in the shoots. This was the case

for all plant-box experiments (Figures 3.14, 3.16, 3.18, Table 3.5). Mean Se concentrations

in shoots were up to 3.5 - 5 times higher than in roots when Se was applied as selenate. In

contrast, when applied as selenite, Se concentrations were up to 2 - 4 times higher in roots

compared to shoots. This inverse partitioning was independent of the mode of cultivation.

The preferential partitioning of selenate into shoots has also been reported for other

plants, such as strawberry, clover and perennial ryegrass [Hopper & Parker, 1999], bar-

ley and red clover [Gissel-Nielsen, 1973], soybeans [Zhang et al., 2003] and wheat [Li et

al., 2007]. This phenomenon is generally explained by selenate being taken up actively

via the sulfate transporter and then readily transported via xylem into plant shoots and

leaves [Carey et al., 2012]. However, the behaviour of selenite uptake is not fully under-

stood [Khan & Hell, 2014]; selenite uptake mechanisms, for instance, are still a matter of

debate.

These experiments showed that plant Se-content is nearly as high for the uptake of sel-
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enite compared to selenate, which is known to be mediated by high-a�nity transporters.

Furthermore, accumulation factors (Table 3.6) of selenite in roots are as high or higher

than accumulation factors of selenate in shoots. These �ndings support a model in which

selenite is taken up actively via phosphate transporters against the electrochemical gradi-

ent as previously suggested [Hopper & Parker, 1999,Li et al., 2007]. The selenite taken up

in both of our experimental set-ups - presumably by phosphate [Li et al., 2007] or silicon

transporters [Zhao et al., 2010] - is likely to be converted into organic seleno-compounds.

This was also shown by speciation analysis of plant material in this study (Chapter 5.4.3).

On the one hand, organic Se can be methylated to produce the non-proteinogenic amino

acid selenomethylcysteine [Khan & Hell, 2014]. This amino acid has been shown to accu-

mulate in chloroplasts of Arabidopsis, which appear to use speci�c methylation as a mech-

anism to prevent mis-incorporation of the Se-amino acid into proteins instead of S-amino

acids [LeDuc et al., 2004]. On the other hand, it was found that selenomethionine (SeMet)

and selenomethylselenocysteine (SeMeSeCys) were rapidly transported exclusively via the

phloem to the grain, whereas selenate was transported slower via the xylem [Carey et al.,

2012]. This poses the question whether that one third of selenite, which was transported

to the shoots is incorporated into proteins or retained in shoot chloroplasts. It appears

that rice plants harbour protective mechanisms similar to those of Se-accumulator plants

to retain two-thirds of selenite as methylated compounds in the root that are not integrated

in proteins. It remains to be investigated whether this apparently precise partitioning of

selenite is caused passively by saturation of binding sites, or is actively regulated.

The fact that most of the selenate is partitioned to the shoots as a consequence of its un-

speci�c transport via sulfate transporters explains the large share of selenate in the shoot.

However, it does appear that a third of the selenate taken up by plant is retained in the

root - most likely as organic Se as it can be reduced to selenide and then transformed into

SeCys [LeDuc et al., 2004,Khan & Hell, 2014].
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3.6.5. Conclusions for biogeochemical mass balance modelling

Results of this study can be implemented into the biogeochemical model (Chapter 6) for the

characterization and mass balance of the Se compartments and transfer processes within the

Critical Zone. Mathematical description of uptake as functions of Se concentration present

in a certain species is, of course, merely a quanti�cation of transport, and is not descriptive

of any single chemical or physical property or process. Therefore, the biogeochemical model

can only provide adequate description of correlations and quanti�cation of processes.

Plant uptake processes describe one half of the prede�ned model transport pathways for

Se and applies to the compartments of 'soil solution' and 'plant'. Conclusions from this

study for this aspect of the Critical Zone are:

1. selenite and selenate are taken up readily by the rice plant, but resulting Se-accumulation

within the plant tissue is partitioned di�erently to root and shoot

2. nutrient supply provides competition for Se-uptake, but the thereby optimally secured

plant health leads to greater tolerance and ultimately higher Se-uptake for high Se

concentrations

3. direct exposure to Se during plant germination leads to phytotoxicity at moderate Se

concentrations, but e�ective Se-uptake by the plant is increased at low Se concentra-

tions
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processes onto kaolinite & goethite

The second part of this study is concerned with the interactions between soluble Se and

soil-forming minerals, particularly adsorption and desorption. Two of the most frequent

soil-forming mineral groups which play an important role in controlling Se mobility in soils

are clay minerals and iron oxides or -hydroxides [Bar-Yosef & Meek, 1987, Ghose et al.,

2010]. This study focuses on one representative mineral for each of these groups:

(1) as pure a kaolinite as could be obtained to represent a highly cristalline 2:1 layer clay

mineral and

(2) an α-FeOOH (goethite), which in this case has a large share of amorphous properties.

4.1. Selenium retention in soils

Although underlying geology is one of the primary controls of soil-Se concentration due to

weathering, mechanisms of soil retention determine bioavailability of the Se present in the

soil [Fordyce, 2013]. During weathering, Se is readily oxidized and becomes more mobile

with increased oxidation state [Neal, 1995]. Generally, in arid alkaline environments, Se

is, therefore, most likely to be present as selenate, which is highly mobile, while humid

regions promote the formation of selenite, which is less mobile [Neal, 1995]. At the in-

terface between soil solution and solid phase, de�ning biophysical parameters such as soil

mineralogy, texture and organic matter, in�uence and are in�uenced by chemical factors
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such as pH, redox conditions and competing ions [Fordyce, 2013].

4.1.1. Selenium associations in soil

Selenium is known to be associated with iron, aluminum and manganese oxides and hy-

droxides [Balistrieri & Chao, 1987,Hayes et al., 1987,Balistrieri & Chao, 1990,Chan et al.,

2009, Das et al., 2013], carbonates [Wijnja & Schulthess, 2002], clay minerals [Bar-Yosef

& Meek, 1987,Goldberg et al., 2013] and organic matter [Kang et al., 1991,Gustafsson &

Johnsson, 1992]. Adsorption of Se by clay minerals can lower Se bioavailability to as little

as 50 % and iron oxides can completely adsorb Se [Fordyce, 2013]. Maximum adsorption is

in�uenced strongly by pH and reaches its maximum at pH 3-5, decreasing with increasing

pH [Neal, 1995,Fordyce, 2013]. Chemical extraction procedures have shown that, depend-

ing on soil composition, Se adsorbed onto mineral phases accounts for about 20 % of the

total soil Se in soils and sediments [Fernández-Martínez & Charlet, 2009], while an estim-

ated 50 % of Se in soils and sediments are retained by organic matter [Fernández-Martínez

& Charlet, 2009]. Fixation by organometallic complexes is the reason why organic matter

can also signi�cantly lower Se bioavailability to as little as 10 % [Neal, 1995,Fordyce, 2013].

In anoxic conditions, however, it was found that elemental Se can account for 20 - 60 % of

the total Se in soils and sediments [Zhang & Moore, 1996,Fernández-Martínez & Charlet,

2009].

All these general in�uences are helpful to asess Se bioavailability in soils. However, when

studying depth pro�les of Se concentration in seleniferous soils of the Kesterson reser-

voir [Tokunaga et al., 1994] or in Punjab, India [Dhillon & Dhillon, 2003], where Se is

enriched 5 - 10-fold in the top 15 - 40 cm compared to Se content near bedrock, it becomes

apparent that mechanisms of Se soil retention and Se transport a�ect Se soil concentra-

tions across greater areas. Furthermore, in natural soils, generalizations of environmental

redox conditions do not account for the small-scale heterogenous redox conditions within

soil aggregates. These microsites of anaerobic conditions within an environment of overall

aerobic conditions are a product of slow oxygen di�usion rates and microbiological redox
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4.1.2. Properties of kaolinite

Figure 4.1.: Types of surface hydroxyl groups on kaolinite: OH groups at the basal plane,
Lewis acid sites (at which H2O is adsorbed), aluminol and silanol groups
[Sposito, 1984,Davis & Kent, 1990]
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Kaolinite (Al2Si2O5(OH)4) is a phyllosilicate mineral, in which each Al(III)O6-containing

octahedral layer is linked to an Si(IV)O4-containing tetrahedral layer. It is often found in

soils in warm, moist climates as a result of deep weathering [Singh & Gilkes, 1998]. Kaolinite

is the clay mineral of choice when studying the anion adsorption and desorption properties

of clay minerals because, ideally, it has no layer charge or inter-layer cations to enable

inter-layer cation exchange [Lagaly & Köster, 1993]. As a consequence of its well-packed

structure, kaolinite particles are not easily broken down and the kaolinite layers are not

easily separated. Therefore, Se anion adsorption onto kaolinite occurs mainly at the outer

edges and surfaces of the structure [Bar-Yosef & Meek, 1987,Miranda-Trevino & Coles,

2003]. Because kaolinite is known to have a much greater proportion of its total surface

area as broken edges, of all clay minerals commonly found in soils, it would be expected to

adsorb more Se than any other [Dhillon & Dhillon, 2009].

The degree of ionic substitution within kaolinite layers is less than 0.01 ions per unit

cell, resulting in low permanent charge [Sposito, 1984]. As shown in Figure 4.1, kaolinite

has three di�erent types of surface hydroxyl groups: aluminol (=Al-OH), silanol (=Si-

OH) and adsorbed water at Lewis acid sites [Sposito, 1984, Davis & Kent, 1990]. This

has direct implications for the pHPZC. Often, published pHPZC values for kaolinite are

around 3 or 4 [Schroth & Sposito, 1997], [Appel et al., 2003] [Miranda-Trevino & Coles,

2003]. However, there is little concensus on this, as a wide array of values for kaolinite's

pHPZC have been published (pH 2 - 6), as well as multiple pHPZCs or the possibility of

none at all [Schroth & Sposito, 1997, Yukselen & Kaya, 2002]. This is attributed to the

fact that the lower pHPZC value, i.e. pH 4.2, corresponds to the surface groups [Hur &

Schlautmann, 2003], while the higher pHPZC value of 6 - 7.2 corresponds to the amphoteric

edge groups [Hur & Schlautmann, 2003, Tombácz & Szekeres, 2006]. This means that

above pH 7, kaolinite surface sites are negatively charged and anion adsorption is likely to

occur as ligand exchange [Tombácz & Szekeres, 2006]. Below pH 6, however, adsorption is

expected to be strongly dependent on the prevalence of surface over edge sites if it occurs

as ligand exchange. In any case, coulombic attraction makes physisorption below pH 7

possible [Tombácz & Szekeres, 2006].
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4.1.3. Properties of goethite

α

Figure 4.2.: Types of surface hydroxyl groups on goethite: hydroxyl groups coordinated
singly (A), doubly (B) and triply (C) with Fe(III) ions and one Lewis acid
site [Sposito, 1984,Davis & Kent, 1990]
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tion;

(2) lowering the background ionic strength leads to a shift of adsorption stability toward

higher pH values;

(3) raising the selenate-to-background-ion-ratio leads to a higher prevalence of the outer-

sphere complex.

Depending on surface conditions, pH-range of stability for a certain surface complexation

changes. For example, high pHPZNPC and high BET goethite exhibits the highest stabil-

ity for inner-sphere complexation for low pH values, while the outer-sphere complexation

becomes more stable with neutral pH values. In contrast, low pHPZNPC and low BET lead

to both forms of complexation being stable at the same pH value. The importance of the

outer-sphere species increases with increasing surface coverage, which means that, for equal

background ionic strength and equal selenate concentration, less available goethite surface

leads to a greater share of more outer-spere complexation.

4.2. Processes at the mineral/water interface

Interaction of anions in aqueous solution with a mineral surface can be divided into three

main categories: (ad)sorption, co-precipitation and surface precipitation processes, the lat-

ter two of which are determined by solubility constants [Fernández-Martínez & Charlet,

2009]. Adsorption, in general, is de�ned as

"the process through which a chemical substance accumulates at the common

boundary layer of two contiguous phases." [Sposito, 2004, Fernández-Martínez

& Charlet, 2009].

There are two main types of modelling adsorption-desorption equilibria at mineral sur-

faces [Davis & Kent, 1990,Goldberg et al., 2007]: (1) empirical partitioning relationships,

such as the Langmuir or Freundlich isotherm, which are used to describe natural systems;

(2) surface complexation models based on ion association used to gain thermodynamic un-

derstanding of coordinative properties. The di�culty with either description type is that

they each require the state of equilibrium to be applicable [Davis & Kent, 1990].
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4.2.1. The Langmuir and Freundlich isotherms

The Langmuir isotherm (Figure 4.3a) was originally developed to describe monomolecular

chemisorption of gasses onto mineral surfaces [Langmuir, 1918] but is now also used to

describe adsorption processes in aqueous solution (Equation 4.1) [Davis & Kent, 1990].

≡X + Aaq ⇔≡XA (4.1)

with

≡X as the adsorptive surface site

Aaq as the adsorbing solute in aqueous solution

≡XA as the adsorbed solute species

The following equation (Equation 4.2), known as the Langmuir isotherm (Figure 4.3a), is

based on the assumptions that (1) all surface sites have the same a�nity for the solute, (2)

X is the only adsorbing solute, (3) there is no lateral solute interaction and (4) the surface

site density is �nite [Davis & Kent, 1990,Dör�er, 2002].

ΓA = Γmax
KL c(Aaq)

1 +KL c(Aaq)
(4.2)

for

KL = ΓA
c(Aaq) ΓX

(4.3)

with

ΓA as the adsorption density of the solute [g/kg]

Γmax as the maximum surface site density [g/kg]

ΓX as the surface density of uncomplexed sites [g/kg]

KL as the conditional Langmuir equilibrium constant [-]

c(Aaq) as the concentration of solute in the solution [g/L]

Although the Langmuir isotherm is a mathmatical formula based on equilibrium phase
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observations, a good �t of experimental data to the Langmuir isotherm provides no insight

on the actual mechanisms on the mineral surface [Davis & Kent, 1990]. Special cases of pre-

cipitation, for instance, have also been shown to con�rm to the Langmuir isotherm [Davis

& Kent, 1990].

Not only does the Langmuir isotherm not exclusively describe adsorption processes but,

furthermore, not all sorption processes are described by the Langmuir isotherm. Inorganic

anions, for example, frequently are not described by the Langmuir isotherm as the require-

ment of a monolayer adsorption is not met [Davis & Kent, 1990,Dör�er, 2002]. Therefore,

the data is either �tted to a multiple-site Langmuir expression or to a generalized expo-

nential term such as the Freundlich isotherm (Figure 4.3b, Equation 4.4) [Davis & Kent,

1990,Dada et al., 2012].

ΓA = KF c(Aaq)n (4.4)

with

ΓA as the adsorption density of the solute [g/kg]

KF as the conditional Freundlich equilibrium constant [-]

c(Aaq) as the concentration of solute in the solution [g/L]

n as the conditional Freundlich exponent [-]

Two other frequently used isotherms are the Temkin isotherm, which takes into account

adsorbent-adsorbate interactions and the Dubinin-Radushkevich isotherm, which is often

successful for high solute activities [Dada et al., 2012]. Although these empirical approaches

are simple and can easily be �tted to many data sets, there are drawbacks as well. For

instance, the statistically-based empirical approach does not typically lead to a general

mechanistic understanding [Goldberg et al., 2007]. Furthermore, calculated values for con-

stants such as KF or KL are only valid for the speci�c experimental conditions under which

the data was obtained, making general conclusions sketchy at best.
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(a) (b)

Figure 4.3.: Empirical modelling of adsorption-desorption equilibria at mineral surfaces
[Goldberg et al., 2007]
a: Langmuir isotherm
b: Freundlich isotherm

4.2.2. The Electrical Double Layer Model (EDL)

σ

σ

σ

σ
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Figure 4.4.: Schematic drawing of the electrical double layer of the classical Guoy-Chapman
and Stern-Grahame models under the assumption that σs = 0 [Davis & Kent,
1990]

σp + σd = 0 (4.5)

σp = σs + σo (4.6)

σp

σd

σs

σo
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(a) (b)

Figure 4.5.: Comparison between two surface complexation models [Davis & Kent, 1990,
Goldberg et al., 2007]
a: the Electrical Double Layer model (EDL)
b: the Triple Layer Model (TLM)

xo

xβ

xo

4.2.3. Points of Zero Charge
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value (pHcrit). According to the Stern-Grahame theory, protons and hydroxyl groups act

as the coordinative surface charge (Equation 4.7).

σH = ΓH+ − ΓOH- (4.7)

with

σH as proton surface charge [C/m2]

ΓH+ as positive charge from adsorbed protons [C/m2]

ΓOH- as negative charge from adsorbed hydroxyl groups [C/m2]

If pHi is greater than pHcrit, the solid is an H+ donor (or OH- acceptor); if pHi is smaller

than pHcrit, the solid is an OH- donor (or H+ acceptor). If the exchanged ions include only

OH- or H+, this pHcrit is also known as the Point of Zero Net Proton Charge (PZNPC

or pHPZNPC) and describes the pH value at which σH = 0 [Parks, 1990, Davis & Kent,

1990,Sposito, 1998].

Under natural conditions, however, the solution surrounding the solid includes ions other

than H+ or OH- which shield the surface charge from the surrounding bulk solution. There-

fore, protons and hydroxyl groups are only a part of the coordinative surface charge σo

(Equation 4.8) [Parks, 1990,Davis & Kent, 1990].

σo = σH + σCC (4.8)

with

σo as the coordinative surface charge [C/m2]

σH as the proton surface charge [C/m2]

σCC as the coordinative complex surface charge [C/m2]

This means that in an environment of strongly adsorbing ions, the pHPZNPC may shift

considerably. This made the de�nition of the pristine point of zero charge (pHPPZC) neces-

sary, which is de�ned for the condition σo = 0 [Davis & Kent, 1990,Sposito, 1998].
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If a particle and its di�use layer moves through an electric �eld or �uid �ows past it,

an immobile hydrodynamic boundary layer forms. When counter-ions of the di�use layer

around the particle are not within this boundary layer, they are stripped away from the

particle, resulting in a charge separation. The particle is then left with a net charge (elec-

trokinetic net charge σek), leading to the formation of a potential gradient (zeta potential

ζ or Ψz) in movement direction [Parks, 1990].

The pH value at which a colloidal particle is electro-kinetically uncharged (σek = 0)

and at which, therefore, the potential gradient is also zero (Ψz = 0) is de�ned as the

iso-electrical point (IEP or pHIEP). At pHIEP or at any pH in the presence of high ionic

strength, the di�use layer collapses (σd = 0) and agglomeration or �occulation of particles

can occur. With pHIEP de�ned as σek = 0 (also σd = 0), pHPPZC de�ned as σo = 0

and pHPZNPC de�ned as σH = 0, all these critical pH values are analogous in concept,

but quantitatively not identical [Parks, 1990]. Furthermore, either is di�cult to determine

experimentally [Sposito, 1998].

4.2.4. Selenium adsorption & complexation

When a mineral surface is surrounded by aqueous solution, (ad)sorption is de�ned as

"chemical species attachment to a mineral surface" [Hochella & White, 1990].

Depending on the nature of this attachment, adsorption can be categorized into two basic

types [Manceau & Charlet, 1994], outer-sphere and inner-sphere complexes, resulting as a

consequence of the two concepts of zero charge, the pHIEP and pHPZNPC.

1. no presence of strongly adsorbing ions → pHPZNPC = pHIEP.

These two points of zero charge can be equal only if strong adsorption of electrolyte

ions by a charged colloid does not occur [Sposito, 1998]. In this case, anions adsorb

when pH < pHPZNPC and Ψz is positive (cations adsorb when pH > pHPZNPC). There

is minimal adsorption at pH = pHPZNPC when the surface is uncharged because ad-

sorption occurs predominantly through coulombic attraction and part of the di�use
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layer remains between the ion and particle surface [Parks, 1990]. This leads to outer-

sphere surface complexation, which describes the process of non-speci�c adsorption

(physical adsorption), in which a water molecule is retained between the adsorbing

ligand and the surface site. The water molecule is thus part of the adsorption complex,

which means that the bonding of the ligand to the surface is of electrostatic nature

rather than co-valent or ionic. Characterized by hydrogen bridge bonds or van-der-

Vaals interactions, this type of complex is, therefore, less stable than the inner-sphere

complex [Parks, 1990].

2. in the presence of strongly adsorbing ions → pHPZNPC 6= pHIEP.

In the presence of strongly adsorbing ions, adsorption is insensitive to surface charge

and allows super-equivalence, which describes adsorption of greater density than the

electrical equivalent of the surface charge density [Parks, 1990]. Ion adsorption on

surfaces of like charge is electrostatically repelled, which is why the strength of the

bond must exceed this electrostatic repulsion [Parks, 1990]. This leads to inner-sphere

surface complexation, which describes the process of speci�c adsorption (chemical

adsorption), in which an aqueous ligand, i.e. an anion, exchanges for a surface group,

i.e. hydroxyl group. First, the surface hydroxyl group is protonated by a proton of the

positively charged aqueous hull around the adsorbing molecule. Then, the protonated

hydroxyl group is split o� as a water molecule and replaced by the adsorbing anion

[Parks, 1990]. The chemical bond between the surface site and the ligand can be

co-valent or ionic or in-between, which explains the greater stability of this complex

[Fernández-Martínez & Charlet, 2009].

Both selenite and selenate are known to adsorb onto ferric hydroxides [Dhillon & Dhillon,

2009]. However, a�nity of each anion toward these solids di�ers. For a long time, anions

were simply classi�ed according to their a�nity to oxide surfaces, which was believed to

determine the nature of the chemical attachment [Manceau & Charlet, 1994]. High-a�nity

anions including selenite and phosphate were thought to be bound strongly to the sorbent

by inner-sphere surface complexes. Low-a�nity anions like nitrate, selenate and sulfate
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(a) (b) (c)

Figure 4.6.: Adsorption of Se oxy-anions in 2 steps; step 1 shows the free anion in solution,
step 2 shows resulting surface complexation [Fukushi & Sverjenski, 2007]
a: Specific adsorption of selenite as ligand exchange forming a bidentate-
mononuclear inner-sphere complex
b: Complexation of selenate, either as specific adsorption as a monodentate-
mononuclear inner-sphere complex (step 2.1) or as non-specific adsorption as
a bidentate-binuclear outer-sphere complex (step 2.2)
c: Selenate adsorption onto amorphous ferric oxide as bidentate-mononuclear
outer-sphere complex
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2000], the extended triple layer model (ETLM) took into account the substantial elec-

trostatic work associated with the desorption of water dipoles during ligand exchange

reactions [Fukushi & Sverjenski, 2007]. As shown in Figure 4.6b, selenate shows two

main adsorption mechanisms onto goethite, a monodentate-mononuclear inner-sphere and a

bidentate-binuclear outer-sphere (or H-bonded) complex, the relative proportions of which

are functions primarily of pH and ionic strength [Fukushi & Sverjenski, 2007]. However, as

shown in Figure 4.6c, selenate adsorption onto hydrous ferric oxide, an amorphous goethite

relative, is characterized by a bidentate-mononuclear outer-sphere complex (also H-bonded).

4.2.5. Se adsorption competition by nutrient anions

For the purpose of this study, the following main nutrient anions are of great interest:

sulfate (SO4
2-), phosphate (PO4

3-) and nitrate (NO3
-). In natural soil solutions, each of

these anions is present in much higher concentration than either selenite or selenate. While

Se in soils is roughly 0.1 - 2 mg/kg [Fernández-Martínez & Charlet, 2009], concentrations

of S as sulfate are generally 2 - 20 mg/kg [Horneck et al., 2011], extractable concentrations

of P are usually 10 - 100 mg/kg [Horneck et al., 2011] and plant-available concentrations of

N are generally around 2-10 mg/kg as NH4
+ and 10-30 mg/kg as NO3

- [Marx et al., 1999].

Therefore, competition by these ions is an important aspect of Se sorption processes and

in�uences the Se cycle.

In order to determine how these anions a�ect selenite and selenate adsorption, redox

behaviour and pH-dependent speciation information is necessary. While Se occurs both as

selenite and selenate in typical oxidized soil conditions at pH 4 - 10, S is mainly found as

sulfate, P is protonated either as di-hydrogen or hydrogen phosphate and N is found as

nitrate or ammonium (Figure 4.7). As shown in Figure 4.8, these anions also all exhibit

distinct structural properties. Selenite is pyramidal with its two free electron pairs forming

a semi-tetrahedral structure, while selenate, sulfate and phosphate are all tetrahedral in

structure [Kálmán, 1971,Séby et al., 2001,Mortimer, 2010]. Nitrate, on the other hand, is

a trigonal planar molecule [Paul & Pryor, 1972]. Electronegativity di�erences between the
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Figure 4.7.: Eh-pH diagrams for thermodynamic data of Se (10-6 mol), S (10-3 mol), P
(10-4 mol) and N (10-3.3 mol) within the stability field of water at 25 ◦C at
1 bar [Brookins, 1988] with typical soil conditions added according to [Neal,
1995]; blue indicates oxidizing conditions in natural soils, red indicates reducing
conditions with a transitional zone between
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4.3. Material characterization of kaolinite and goethite 79

Figure 4.8.: 3D structure and X-O bond lengths of Se oxy-anions selenite and selenate
as well as the three main nutrient oxy-anions phosphate, sulfate and nitrate
[Kálmán, 1971,Paul & Pryor, 1972,Séby et al., 2001,Mortimer, 2010]

4.3. Material characterization of kaolinite and

goethite
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Table 4.1.: Industrial products tested for quality as sorption material
sample name main mineral company

Kaolin AKW KN 83 kaolinite Amberger Kaolinwerke
Kaolin KBS Opal Alpha kaolinite Kruse Bassermann Specialties
Kaolin KBS Burgess Thermo-Glace HB kaolinite Burgess Pigment

FeOOH Bayoxide E 216 ferric oxy-hydroxide Bayferrox
FeOOH Bayoxide 920 Z ferric oxy-hydroxide Bayferrox

Dors 9S 1-0.6 quartz Dorsillit

element from the substrate. Therefore, the materials used for the following experiments

were analyzed for their purity. Table 4.1 summarizes the obtained industrial products,

which were assessed for their quality with standard analytical procedures. A total of three

industrial kaolin samples was ordered from two di�erent companies with the request for good

sorption properties and high kaolinite purity. Two di�erent industrial goethite samples and

a quartz sample were also analyzed for their purity and sorption properties. Since kaolin is

a natural material containing varying quantities of kaolinite and the goethite ordered was

an industrial product of unknown re�nery, quality assessment was a prerequisite for all the

following experiments. Of the three kaolinite and two goethite products, one product of

each mineral with the greatest purity was selected.

4.3.1. Sample preparation

All materials were analyzed for their chemical components by means of full acid digestion in

Te�on beakers, with 0.1 g sample incubated with 2 mL of 65 % HNO3 (VWR 20429.320 p.a.

sub-boiled) at 200 ◦C for 30 min before being concentrated in multiple steps with 40 % HF

(Merck 1.00335.1000, suprapure) and HClO4 (VWR 1.00517.1000, suprapure). Digested

solutions were then measured with ICP-MS (Chapter 3.4.4). Furthermore, fused beads of

the samples were analyzed with Wavelength dispersive X-ray spectroscopy (WDX). Sample

preparation of the fused beads follows a standardized method [DIN EN ISO 12677:2013],

using 0.5 g of freshly ground sample dried at 40 ◦C with 5 g of 65.5 % dilithiumtetraborate

and 34.5 % lithiummetaborate �uxing agent (111802 Spectromelt A12 from Merck).

In-depth kaolinite analysis was conducted with thermogravimetry coupled with di�er-
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ential scanning calorimetry (TG-DSC) in cooperation with members of the Competence

Centre for Material Moisture (CMM, KIT) using an STA 449C Jupiter (NETSCH). After a

reference measurement run-through with the empty Pt-crucible, 100 mg of sample powder

was tared, measured isothermically at a temperature of 35 ◦C for room-temperature water

evaporation and then analyzed for its temperature pro�le from 35 - 1100 ◦C. To verify

that the weight loss attributed to kaolinite restructuralization was indeed due to crystal

water loss, the resulting gas �ow during the TG-DSC measurement was analyzed with an

MS (Infrared mass spectrometer, 2MS 403C Aëolas). This was used to identify ion counts

for masses M=18 (H2O), M=44 (CO2), M=16 (O) and M=64 (SO2) in 50 mL of sample

gas combined with 20 mL N2 protective gas.

Further evidence of clay mineral content in the kaolin samples was obtained by meas-

uring texture samples [Tributh, 1976, Lagaly & Köster, 1993], prepared as follows: 50 mg

of sample powder was �lled into a 15-mL glass test tube, submerged in 10 mL of diluted

NH4OH (10 mL NH4OH / 1 L double-deionized water), shaken and put into an ultra-sound

bath for 15 min. After shaking, the sample was left to sediment for 1 h. With the non-clay

particles sedimented and the clay particles held in submersion by NH4OH, 3 1-mL samples

of the supernatent were pipetted onto a glass object slide (diameter: 2 cm). The �rst

of these three samples was air-dried for 24 h as a reference, the second was treated with

ethylene glycol for 24 h to test for expanding layers of non-kaolinite clays and the third was

burnt at 550 ◦C for 3 h to test for the kaolinite-typical collapse of the reference kaolinite

peak after structural change due to water loss.

For the �nal step in the kaolin material characterization, an extensive x-ray di�raction

scan (XRD) was performed at CMM using a Siemens D5000 X-ray Powder Di�raction Sys-

tem (angular range: 3 - 100 ◦, stepsize: 0.01 ◦, time step 0.1 s, anode material: Cu) Using

DIFFRAC.SUITE EVA (Bruker) in combination with AutoQuan (BGMN), the mineral

phases found in any of the three di�erent kaolin powders (kaolinite, muscovite, orthoclase,

christobalite, quartz, tridymite, calcite, magnetite, anatase and rutile) were used for the

computation of a theoretical XRD di�ractogram, which can be subtracted from the meas-

ured di�ractogram to account for unidenti�ed phases.
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Goethite characterization was achieved by x-ray di�raction (Siemens D500 X-ray Powder

Di�raction System, angular range: 2 - 22 ◦, stepsize: 0.01 ◦, time step 1 s, blinds: 1.54, an-

ode material: Cu) for both industrial FeOOH samples. After chosing the purest kaolinite

and goethite, their surface areas were calculated using a N2-Brunauer-Emmett-Teller scan

(BET) performed by Peter Weidler, IFG (KIT), using a Quantachrome Autosorb 1-MP

instrument. Additionally, scanning electron microscopy images (SEM) were taken in co-

operation with Frank Zibat, LEM, (KIT).

4.3.2. Material characterization results for kaolinite and goethite

Figure 4.9 shows component percentages as oxide-equivalents corrected by the loss of mass

by ignition LOI1050, with the exception of quartzsand, for which loss by ignition was not

analyzed since it was assumed to be zero. For better comparison, minor component per-

centages (< 5 %) are shown separately.

The Dorsillit quartz sample showed a high degree of purity (99.1 %) and was used for

experiments with open rice cultures (Chapter 3.3.1). Kaolin samples KBS BTG HB and

AKW KN 83 were similar in purity according to WDX- and ICP-MS analysis (Figure 4.9),

while the kaolin sample KBS 0 alpha was clearly less pure than the others due to a high K

content. In the goethite samples, a large quantity of quarz in the 920 Z sample signi�cantly

lowered the goethite percentage of the substrate after loss by ignition.

Figure 4.10 shows the resulting TG-DSC curve (analyzed with NETSCH Proteus-Thermal-

Analysis Version 5.1.0 Software) for kaolin powder AKW KN 83. Results for kaolin powders

KBS 0 alpha and KBS BTG HB are shown in the Appendix (Figure B.2, B.3) Using the

weightloss at 550 ◦C to calculate kaolinite purity (Figure 4.10), the AKW KN 83 sample

was chosen for its purity of 89 % kaolinite, compared to 78 % for KBS 0 alpha and 86 %

for KBS BTG HB for all future sorption experiments. Veri�cation of the nature of the

evaporated gases (H2O, O2, SO4 and CO2) through the coupled MS (Appendix, Figure B.4,

B.5, B.6) showed that for AKW KN 83, gas loss was mainly water and a small amount of
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Figure 4.9.: Main chemical composition (top) and minor element composition (bottom) of
sorption materials in oxide-equivalents as measured with WDX and ICP-MS
after full HF-digestion
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Figure 4.10.: TG-DSC curve of kaolin powder AKW KN 83 measured at CMM (100 %
kaolinite yields a weight loss at 550 ◦C of 13.95 %, therefore 12.4 % weightloss
indicate a Kaolinite purity of 89 % for this sample

(a) (b)

Figure 4.11.: Characterization of kaolin sample AKW KN 83
a: XRD analysis of texture samples untreated, burnt and swelled
b: AutoQuan-calculated mineral composition, calculated total: 99.2 % ±0.5
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Figure 4.12.: XRD analysis of FeOOH samples: the more amorphous Bayferrox E216 and
highly crystalline Bayferrox 920Z; main goethite-specific peaks are indicated
with lablled arrows, position of minor goethite peaks indicated with lines

α
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(a) (b)

Figure 4.13.: SEM images taken from sorption materials (electrical conductivity provided by
thin Pt-coating)
a: kaolinite AKW KN 83, magnification 15 K (above), 50 K (below)
b: goethite E216, magnification 15 K (above), 80 K (below)
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4.4. Experimental set-ups

The following sorption studies are divided into 4 main parts:

(1) preliminary tests;

(2) pure selenite and selenate adsorption onto the substrates kaolinite and goethite;

(3) subsequent desorption of previously adsorbed Se from kaolinite and goethite;

(4) selenite and selenate adsorption in the presence of the competing anions phosphate,

sulfate and nitrate.

Based on results from the preliminary tests, experimental set-ups were optimized.

4.4.1. Preliminary tests

In order to predict which sorption concentrations and substrate amounts might yield meas-

urable results in later experiments the following sets of preliminary tests were conducted.

Substrate reaction to double-deionized water

Before sorption experiments were conducted, pH value changes due to mineral surface

properties were measured using 0.5 g (Sartorius 1712MP8) of either kaolinite or goethite

and 10 mL of double-deionized water in 20-mL patho vessels (Böttger 08-313-1001). The

pH values of two double-deionized water blanks, two kaolinite samples and two goethite

samples were measured in �ve replicates with two pH electrodes (WTW SenTix 41, WTW

SenTix V), due to the di�culties of measuring the pH value of double-deionized water.

Sorption influence of substrate amount vs. Se concentration

For the sorption experiments, kaolinite and goethite powders were milled for 5 min to a

homogeneous powder using an agate mill (Siebtechnik, Scheibenschwingmühle-TS). The

�rst set of preliminary sorption studies was carried out using kaolinite or goethite amounts

of 50, 100, 500 and 1000 mg (Sartorius basic BA 1105) weighed into 15-mL-centrifuge tubes

(VWR 525-0149). Concentrations of 50, 500 or 5000 µg/L Se as selenate were achieved by

pipetting 10, 100 or 1000 µL of 500 mg/L Se stock solution (in an Eppendorf reaction
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tube: 1 mL of double-deionized water and 1 mL of Na2SeO4·10H2O, VWR BDH Prolabo

302113L) into 100 mL glass �asks prepared with 3.536 mmol CaCl2 solution (194.6285 mg

CaCl2 in 500 mL of double-deionized water) as background ionic strength comparable to the

nutrient solution (Chapter 3.3.3). Ten mL of sorption solution was added to each substrate

sample and shaken for 24 h at 180 rpm. After sorption tubes were centrifuged at 40,000 rpm

for 5 min (Roto�x 32 A), 9.5 mL of sorption solution from kaolinite samples and 9.25 mL

from goethite samples was extracted, pipetted into labelled 15-mL-centrifuge tubes (VWR

525-0149) and prepared for HG-FIAS measurement (Chapter 3.4.3).

Experimental desorption properties

In this set of preliminary tests, Se losses due to the substrate washing step preceding the

desorption experiment needed to be quanti�ed. Furthermore, the ability of an extraction

step [Kulp & Pratt, 2004], [Bacon & Davidson, 2007] as desorption agent for easily ex-

changeable Se was explored.

After sampling sorption solution, Se-sorbed kaolinite and goethite samples were prepared

for desorption. A washing step to remove residual sorption solution was conducted by re-

submerging the substrate in 9.5 mL of double-deionized water for 1 min. After centrifuging

at 40,000 rpm for 5 min (Roto�x 32 A), sorption solution (9.5 mL from kaolinite solutions

and 9.25 mL from goethite solutions) was sampled into labelled 15-mL-centrifuge tubes

(VWR 525-0149). Remaining substrate was then resubmerged in double-distilled water

(amounts equal to the sampled sortion solution), manually shaken for 1 min before being

centrifuged at at 40,000 rpm for 5 min (Roto�x 32 A). This double-distilled water was

sampled into labelled 15-mL-centrifuge tubes (VWR 525-0149) as well in order to verify

any unintended Se loss during this step. Both sorption samples and wash samples were

prepared for HG-FIAS measurement (Chapter 3.4.3).

A desorption solution of 0.1 mol/L K2HPO4 [Kulp & Pratt, 2004, Bacon & Davidson,

2007] was prepared as follows: in a 500-mL glass bottle (Schott), 8.7087 g of K2HPO4 were

dissolved in 500 mL of double-deionized water and then brought to a pH of 8.0 using 100

µL (± 30) 37 % HCl (Merck, p.a. 1.00317.2500). Each sample was re-sumberged in 9.5
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mL of desorption solution and placed on the shaking table at 180 rpm for 24 h. After

centrifuging at 40,000 rpm for 5 min, 9.5 mL of sorption solution was sampled into la-

belled 15-mL-centrifuge tubes (VWR 525-0149) and prepared for HG-FIAS measurement

(Chapter 3.4.3).

Experimental up-scaling effects

Keeping the ratio of sorption solution volume per substrate amount constant, the following

up-scaling experiments were designed to identify whether sorption results were a�ected by

experimental conditions such as bottle size or if a constant ratio between solution volume

and substrate amount yielded the same results on di�erent scales. The experiment was

carried out using 1, 5, 10, 50 and 100 g of milled kaolinite or goethite and 10, 50, 100, 500

and 1000 mL of 5000 µg/L Se as selenate (Na2SeO4·10H2O, VWR BDH Prolabo 302113L) in

3.536 mmol CaCl2 in screw-lid PP bottles, respectively. Samples were placed on a shaking

table at 180 rpm for 24 h. After centrifuging at 40,000 rpm for 5 min (Roto�x 32 A), 7.5

mL of sorption solution was sampled into labelled 15-mL-centrifuge tubes (VWR 525-0149)

and prepared for HG-FIAS measurement (Chapter 3.4.3).

4.4.2. Exp. B1 - pure Se sorption onto kaolinite and goethite

The following batch experiment was designed to determine selenite and selenate adsorption

properties of kaolinite and goethite in the presence of ionic strength similar to the nutrient

solution used in experiments A3 (Chapter 3.3.3).

As shown in Figure 4.14a, for every batch of 36 samples, 0.5 g of either milled kaolinite (18

samples) or milled goethite (18 samples) were weighed (Sartorius 1712MP8) into labelled

20-mL patho vessels (Böttger 08-313-1001). To ensure that the sampled initial solution was

identical for each Se concentration of the respective kaolinite and goethite sorption batch

as well as their sampled solution for analysis, each of the 18 sorption solutions of 30 mL (10

mL for kaolinite sorption + 10 mL for goethite sorption + 10 mL for analysis) was prepared

in 50-mL glass beakers. Because the range of Se concentrations in this study was so large

89



90 4. Geochemistry - Se sorption processes onto kaolinite & goethite

(a) (b)

Figure 4.14.: Photos of sorption experiment preparations
a: weighing kaolinite for selenite adsorption studies (photo taken on
07.07.2014)
b: distribution of 30 mL of sorption solution of selenate adsorption experi-
ments into goethite, kaolinite and sampling patho-vessels with pH measure-
ment (photo taken on 14.05.2014)

(0, 10, 25, 50, 75, 100, 150, 200, 250, 350, 500, 750, 1000, 1500, 2000, 2500, 3500 and 5000

µg/L), two Se stock solutions of 10 mg/L and 1000 mg/L Se had to be used; in 7.735 mmol

KCl, either as Na2SeO4·10H2O (VWR BDH Prolabo 302113L), or as Na2SeO3 (AlfaAesar

012585), respectively. Background ionic strength was 7.735 mmol/L KCl, the calculated

equivalent to nutrient solution ionic strength (Chapter 3.3.3): 6500 µmol Ca(NO3)2 + 375

µmol K2SO4 + 325 µmol MgSO4 + 400 µmol K2HPO4 + 8 µmol H3BO3 + 50 µmol CaCl2 +

75 µmol C6H5O7Fe = 7.735 mmol ions (contributions smaller than 8 µmol were excluded).

KCl was chosen instead of CaCl2 because comparable experiments would be performed with

additional ions (Chapter 4.4.4), such as sulfate and any Ca present would lead to precipit-

ation (Chapter 3.3.1).

To avoid disproportional distortion due to di�erent pipetting amounts of Se, the 18 Se

solutions were prepared in double-deionized water in 25-mL glass �asks at double their ap-

pointed concentrations. Likewise, the KCl solution was prepared at 15.47 mmol/L (576.8

mg KCl, Merck, p.a. 1.04936.1000, in 500 mL double-deionized water). To achieve appoin-

ted Se and KCl concentrations, 15 mL of the respective Se solution and 15 mL of KCl were

pipetted into a 50-mL glass beaker for each Se sorption solution, diluting each other into

appointed concentrations. Solutions were homogenized, temperature and pH values were

measured (WTW SenTix 81) and the solution was then evenly distributed, pipetting 10
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mL each into the goethite and kaolinite patho-vessels (Figure 4.14b). The remaining 10

mL were transferred into a sampling patho-vessel and frozen at -20 ◦C until measurement.

Kaolinite and goethite samples were shaken at room temperature for 24 h at 180 rpm; as

the shape of patho-vessels allowed 10 mL of liquid to be homogenously shaken in an upright

position.

After sorption, patho-vessels were centrifuged (Roto�x 32 A) at 40,000 rpm for 5 min.

Because the patho-vessels are not guaranteed to withstand centrifuging, each patho-vessel

was placed into a 50-mL centrifuge tube; however, none of the patho vessels broke. 9.5 mL

of kaolinite sorption solution (9.25 mL of goethite sorption solution) were then sampled into

labelled patho vessels with a pipette and frozen at -20 ◦C for later measurement. Sample

analysis of Se was conducted with ICP-MS (Chapter 3.4.4).

4.4.3. Exp. B2 - Se desorption from kaolinite and goethite

The desorption of Se by means of the extraction step [Kulp & Pratt, 2004,Bacon & Dav-

idson, 2007] as a desorption agent for easily exchangeable Se was intended to represent the

amount of plant-available adsorbed Se.

With only 9.5 mL (9.25 mL) retrieved from the 10 mL initially added, directly adding

desorption solution would dilute the remaining sorption solution and Se measured could

not be monocausally identi�ed; in the case of 5000 µg/L Se, by pipetting o� 9.5 mL out of

10 mL, 250 µg/L Se would be measurable simply by �lling up to 10 mL again from 0.5 mL.

Therefore, a wash step was included, but not sampled for measurement; 9.5 mL of double-

deionized water was pipetted onto the substrate, shaken for 1 min, centrifuged (40,000 rpm,

5 min) and pipetted o�, thereby reducing even the highest-possible Se concentration in the

event of no sorption from 5000 µg/L down to 12.5 µg/L Se.

For the actual desorption experiment, 9.5 mL of desorption solution was pipetted onto

each of the previous sorption samples (desorption solution preparation: 500 mL of 0.1 mol/L

K2HPO4 = 8.709 g, resulting pH = 9.23, brought down to pH 8.04 by 300 µL 9 mol/L HCl,

Merck, p.a. 1.00317.2500) as described in soil extraction procedures [Bacon & Davidson,
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2007]). Again, samples were shaken for 24 h at 180 rpm at room temperature. Samples

were then centrifuged (40,000 rpm, 5 min, Roto�x 32 A), 7 mL sampled and frozen at -20 ◦C

for later measurement. Sample analysis of Se was conducted with ICP-MS (Chapter 3.4.4)

with a dilution factor of 10 due to high K2HPO4 sample salt load.

4.4.4. Exp. B3 - ion competition of Se sorption onto kaolinite

and goethite

With the following experiment, competitive adsorption of selenite and selenate was determ-

ined for each of the major oxy-anion constituents of the nutrient solution used in experiment

A3 (Chapter 3.3.3). The nutrient solution contained ca. 700 µmol/L of sulfate, ca. 12,000

µmol/L of nitrate and ca. 400 µmol/L of phosphate. For comparison between these ions

within the sorption experiments and semi-comparison of sorption experiments to the nu-

trient solution, 750 µmol/L of each of the three main nutrient ions, nitrate, sulfate and

phosphate, was separately added to the previous sorption set-up for competition sorption

experiments as KNO3 (Merck p.a. 1.05063.0500), K2SO4 (Merck, p.a. 1.05153.0500) or

KH2PO4 (Merck, p.a. 1.04873.1000), respectively. Experiments were carried out with the

same ionic strength of 7.735 mmol KCl for kaolinite and goethite in the presence of 750

µmol of either competing ion sulfate, nitrate or phosphate. Appointed Se concentrations (0,

10, 25, 50, 100, 250, 500, 1000, 2500 and 5000 µg/L) were again pipetted from 1000 mg/L

stock solutions of Na2SeO4·10H2O (VWR BDH Prolabo 302113L) and Na2SeO3 (AlfaAesar

012585).

Similar to the sorption experiment described above, for every batch of 20 samples, 0.5

g of either milled kaolinite (10 samples) or goethite (10 samples) were weighed (Sartorius

1712MP8) into labelled 20-mL patho vessels (Böttger 08-313-1001). Again, Se solutions

were prepared in 25 mL glass �asks at double their appointed concentrations in double-

deionized water. The KCl-oxy-anion solution was also prepared at double the appointed

concentration in a 500-mL glass �ask (15.47 mmol/L KCl = 576.8 mg KCl; 1500 µmol/L

oxy-anion: 75.83 mg KNO3, 130.70 mg K2SO4, 130.64 mg KH2PO4). To achieve appointed
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concentrations of Se, oxy-anions and KCl, 15 mL of the respective Se solution and 15 mL

of the KCl-oxy-anion solution were pipetted into a 50-mL glass beaker for each Se sorption

solution, diluting each other into appointed concentrations.

Again, these were homogenized, temperature and pH values were measured (WTW Sen-

Tix 81) and solutions were then distributed into a koalinite sample (10 mL) and a goethite

sample (10 mL). The remaining 10 mL (the initial reference sample) were transferred into

a sampling patho-vessel and frozen at -20 ◦C until measurement. Kaolinite and goethite

samples were shaken at room temperature for 24 h at 180 rpm, centrifuged (40,000 rpm, 5

min, Roto�x 32 A) and sampled (5 mL). Samples were frozen at -20 ◦C until analysis of Se

was conducted with ICP-MS and analysis of nitrate, sulfate and phosphate was conducted

by IC (Chapter 3.4.4).

4.5. Results on Se adsorption onto kaolinite and

goethite

Although preliminary experiments are usually not discussed in great detail, because they

are generally not conducted under the exact conditions as the subsequent experiments (i.e.

ionic strength being slightly di�erent), they are included in the results in this case, as

they have implications for the later discussion concerning the wash step and up-scaling of

experiments. Furthermore, sorption results in the presence of nutrient solution of Exp. C

(Chapter 6.5c) are also included.

4.5.1. Preliminary tests

As shown in Table 4.2, pH values were measured with an accuracy of ± 0.3 and values for

blank, kaolinite and goethite converged consistently to 5.5, 6.8 and 7.8, respectively. The

calculated proton concentration di�erence, which establishes between both minerals and

double-deionized water (in equilibrium with CO2 at 1 atm) at pHinit. 5.5 was found to be

nearly proportional to surface area, with a factor of 13.5 between surface areas of kaolinite
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and goethite and a factor of 12.9 - 13.2 between their respective changes in c(H+)/m2.

Table 4.2.: pH values for kaolinite (K) and goethite (G) in double-deionized water (Bl)
after shaking for 24 h at 180 rpm and pH-calculated proton concentration change
normalized per substrate surface area (pH1, pH3 and pH5 measured with SentixV,
pH2 and pH4 measured with Sentix41)

ID Kaolinite Goethite Surface pH1 pH2 pH3 pH4 pH5 Mean SD c(H+) ∆c(H+)/surface
[g] [g] [m2] [-] [-] [-] [-] [-] [-] [-] [mol/L] [mol/m2]

Bl 1 x x x 5.0 5.5 5.7 5.5 5.9 5.5 0.3 3.162·10-6 x
Bl 2 x x x 5.4 5.4 5.4 5.5 5.8 5.5 0.2 3.162·10-6 x
K 1 0.4942 x 4.6455 6.7 7.0 6.6 6.7 6.8 6.8 0.2 1.585·10-7 6.466·10-9
K 2 0.5040 x 4.7376 6.5 7.2 6.4 7.0 6.9 6.8 0.4 1.585·10-7 6.466·10-9
G 1 x 0.4972 62.8461 7.5 8.0 7.3 7.9 7.9 7.7 0.3 1.995·10-8 5.000·10-10
G 2 x 0.5081 64.2239 7.5 8.1 7.4 8.0 7.9 7.8 0.3 1.585·10-8 4.899·10-10

As shown in Figure 4.15a, when plotted against two logarithmic axes, selenate sorption

showed a nearly linear trend, with goethite about twice as active as kaolinite. This means

that both parameters - Se concentration in the solution and the amount of substrate added

and, therefore, available sorption surface area - were nearly equally exponential in their

in�uence. The highest adsorption in this study occured at the lowest available surface area

(50 mg =̂ 0.47 m2 kaolinite, 6.32 m2 goethite) and the highest added Se concentration (5000

µg/L), leading to a load of 154 and 504 mg/kg Se on goethite and kaolinite, respectively.

Results from the wash solution (Figure 4.15b) are normalized to 100 % of the Se expected

to be found due to dilution of the remaining sorption solution (only 9.5 and 9.25 mL of the

original 10 mL were sampled to avoid substrate loss, leaving 0.5 and 0.75 mL of residual Se

in the sorption solution to be diluted to 10 mL). Figure 4.15b shows that no Se recovery

of more than 100 % was found and this is interpreted to indicate no Se desorption via

the wash step, which means that for further experiments, the wash solution step was not

analyzed. However, although wash loss was below the maximum Se concentration calculated

for dilution, it was shown to be 4 - 20 times higher for goethite than for kaolinite. This

is attributed to pipetting error, as goethite was found to bind more water than kaolinite

after centrifuging and the extraction of 9.25 mL was not always precisely possible without

pipetting substrate as well. Moreover, analytically, only values for 5000 µg/L Se are above

blind due to high analytically required dilution, Therefore, the factor of 3 - 7 compared to
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(a) (b)

Figure 4.15.: Se adsorption and wash results for preliminary sorptions tests
a: Selenate adsorption dependency on Se concentration and substrate amount
compared for kaolinite and goethite
b: Measured Se loss through the wash/dilution step before desorption; with 0.5
mL and 0.75 mL in kaolinite and goethite samples remaining after sorption
solution sampling are diluted by factor (20 and 13.3) to 10 mL with double-
deionized water, Se content above 100 % is considered Se desorption

(a) (b)

Figure 4.16.: Se desorption results for preliminary sorptions tests as percentage of the pre-
viously adsorbed Se
a: desorption from kaolinite
b: desorption from goethite
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4.5.2. Exp. B1 - Se sorption onto kaolinite and goethite

(a) (b)

Figure 4.17.: Se adsorption results of 0 - 5000 µg/L Se as Na2SeO4
2- or Na2SeO3

2-

a: onto kaolinite
b: onto goethite
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(a) (b)

Figure 4.18.: Se loss from solution through sorption
a: after sorption onto kaolinite
b: after sorption onto goethite

≥ ≥
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(a) (b)

Figure 4.19.: pH values of Se sorption onto goethite and kaolinite
a: pH values of initital solutions as measured and calculated by PHREEQ-C
(Appendix B.8, B.11)
b: pH values of sorption solutions before (pHinit.) and after sorption of
Na2SeO4 or Na2SeO3 onto kaolinite (pHKsorb.) and goethite (pHGsorb.)
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(a) (b)

Figure 4.20.: PHREEQ-C modelling results for Se species in initital sorption solution (Ap-
pendix B.8, B.11).
a: after adding Se as selenite
b: after adding Se as selenate

4.5.3. Exp. B2 - Se desorption from kaolinite and goethite

4.5.4. Exp. B3 - ion competition and Se sorption

x̄

x̄

x̄
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(a) (b)

Figure 4.21.: Se desorption profiles from kaolinite and goethite using KH2PO4 as percent-
ages of previously adsorbed Se.
a: desorption of selenite
b: desorption of selenate

x̄

x̄ x̄

x̄

x̄ x̄
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(a) (b)

Figure 4.22.: Se adsorption onto kaolinite (top) and goethite (bottom) in the presence of 750
µmol of competing ions nitrate, phosphate, sulfate in comparison with pure Se
adsorption and Se adsorption in the presence of nutrient solution (Exp. C,
Chapter 6.5c)
a: adsorption as selenite
b: adsorption as selenate

x̄

x̄
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nearly insigni�cant (0.4 - 3.2 %; x̄ = 1.3 ±0.8 and x̄ = 1.85 ±1.0 for selenite and selenate,

respectively). Loss of sulfate from solution was only slightly higher, with about twice as

much (2 - 7.5 %; x̄ = 3.2 ±1.2 and x̄ = 5.4 ±1.1 for selenite and selenate, respectively).

Phosphate loss, however, was quite signi�cant (26.0 - 38.3 %; x̄ = 32.6 ±3.8 and x̄ = 31.5

±2.0 for selenite and selenate, respectively), which was also consistent with the adsorption

of selenite and selenate being a�ected by phosphate presence.

With goethite, again, loss of nitrate was nearly insigni�cant (0.2 - 5.5 %; x̄ = 1.2 ±0.9

and x̄ = 3.2 ±1.5 for selenite and selenate, respectively), albeit up to twice as high as with

kaolinite. Loss of phosphate from all experimental solutions was always 100 % (Figure 4.23).

Contrary to kaolinite results, loss of competing sulfate from solutution due to adsorption

onto goethite was dependent on the prevalent Se species. Loss of sulfate in the presence

of selenite was 9.5 - 17.5 %; x̄ = 14.1 ±2.4, while in the presence of selenate it was 27.4 -

36.0 %; x̄ = 30.9 ±2.6. This is consistent with its previously reported in�uence on selenite

and selenite.

4.6. Discussion on Se sorption properties and effects

ion competition

Apart from the obvious di�erences between the surface area of both minerals used, the main

points of discussion for the adsorption of selenite and selenate on kaolinite and goethite ad-

dress the di�erence in Se oxy-anion a�nity for the substrates. Beyond that, the di�erences

in competition posed by the anions sulfate, phosphate and nitrate are detailed in particular.

The discussion concludes with the major points required for the following biogeochemical

model and the mass balance calculations.

As the greater goal of this study was primarily concerned with characterizing and quanti-

fying processes in the Se cycle within the Critical Zone, the following experiments were not

designed to ful�ll requirements on which to base a detailed, numerical sorption complexa-

tion model. Moreover, such data on microscopic mechanisms of Se oxy-anion complexation
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(a) (b)

Figure 4.23.: Loss of anion concentration from solution through adsorption onto kaolinite
(top) and goethite (bottom)
a: adsorption of selenite
b: adsorption of selenate
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4.6.1. Selenium complexation with kaolinite and goethite

surfaces

While there is no dissent in the literature on selenite complexation, there is uncertainty

about the details of selenate adsorption. It is widely accepted that selenate's type of

complexation varies, depending on surrounding parameters, such as solution pH and ionic

strength as well as substrate surface [Fernández-Martínez & Charlet, 2009]. Selenate is not

the only oxy-anion which can bind both inner- and outer-spherically; arsenate and sulfate,

for example, share this property as well [Catalano et al., 2008,Chan et al., 2009].

Selenate's behavior during the washing step (Figure 4.15b) shows no macroscopic evidence

for selenate being bound as loosely as would be expected of an outer-sphere complex.

Outer-sphere complexes are expected to be more susceptible to ionic strength variations

than inner-sphere complexes because, according to the TLM (Chapter 4.5), background

electrolyte ions are placed in the same plane as the outer-sphere complexes [Wu et al.,

2000]. A solution of double-deionized water, therefore, would be expected to lead to a

partial exchange of Se anions with OH-. This was not observed (Figure 4.15 b) - neither for

the adsorption onto kaolinite, nor for the adsorption onto goethite - for which inner-spheric

adsorption of selenate has been shown [Hayes et al., 1987,Manceau & Charlet, 1994,Wijnja

& Schulthess, 2000].

Moreover, desorption using phosphate would be expected to exchange nearly 100 % of the

adsorbed Se, which is not the case (Figure 4.21). Rather, selenate desorption from goethite

is similar to selenite desorption and selenate desorption from kaolinite is only slightly higher

compared to selenite desorption. For this study, selenate is, therefore, considered to be

adsorbed primarily as an inner-sphere complex, like selenite. This corresponds well with

literature identifying selenate an intermediately bonding anion compared to the strongly

bonding selenite, which has been found to bond pre�erably as inner-sphere complex onto

goethite [Wu et al., 2000,Wijnja & Schulthess, 2000].
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4.6.2. Se-oxy-anion affinities to kaolinite and goethite

The main di�erence between selenite and selenate was that selenite has a very high a�n-

ity to the goethite surface, compared to selenate a�nity to goethite as well as either Se

species' a�nity to kaolinite. While selenate has a slightly higher a�nity to the kaolinite

surface than selenite, its a�nity to goethite is much lower (Figure 4.18) considering the

vast di�erence in surface area.

With surface area (9.4 and 126.4 m2 for kaolinite and goethite, respectively) so di�erent,

it comes as no surprise that the goethite surface was not saturated with Se or any of the

other oxy-anions as opposed to kaolinite. The method used to describe surface activity in

these experiments is a primitive one compared to the possibilities of obtaining values for

pHPZC, pHPZNPC or pHIEP [Sposito, 1998], [Appel et al., 2003] and gives no approximation

for either value. However, this pH characterization of surface activity is representative for

initial experimental conditions and su�cient for the purposes of this study.

As pHPZC is an indicator of the pH range for a substrate's physisorption properties, pHPZC

values for goethite between 7.3 and 9.4 [Parks, 1990,Kosmulski, 2002,Appel et al., 2003]

make both coulombic and chemical adsorption possible for the ions used in this experiment

(pH 5.2 - 5.7). However, the �nal pH after adsorption, which is changed independent of Se

concentration is explained, not through Se adsorption, but by the goethite surface acting as

a base for the solutions protons. Thereby deprived of protons, the solution's pH value rises

to 7.9 - 8.1. Due to the goethite sample's large surface area, this e�ect is overwhelmingly

larger than the oxy-anion adsorption.

Values for kaolinite's pHPZC, however, range from pHPZC = 3 - 5, corresponding to the

surface groups [Schroth & Sposito, 1997,Hur & Schlautmann, 2003] to pHPZC = 6 - 7.2, cor-

responding to the amphoteric edge groups [Hur & Schlautmann, 2003,Tombácz & Szekeres,

2006]. The initial sorption solution pH of 5.2 - 5.7 means that coulombic attraction is

plausible only for the surface groups, but not for the edge groups, which means that phys-

isorption for Se oxy-anions in this environment is reduced and chemical adsorption must

overcome the charge repulsion. This makes adsorption onto kaolinite less e�ective than onto
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goethite. With �nal pH values of kaolinite sorption at 6.6 - 6.8 and 7.1 - 7.2 for selenite

and selenate addition, respectively, there appears to be strong adsorption activity from the

edge groups rather than the surface groups, while selenite may also adsorb onto surface

groups, raising the �nal pH by 0.5 less compared to selenate adsorption.

The results of this study, although not focused on complexation modelling, are considered

indicative of inner-sphere complexation of both selenite and selenate ions onto the kaolinite

surface. These �ndings are interesting because selenate, in general, shows a lower a�nity

to surfaces than selenite [Wu et al., 2000,Chan et al., 2009,Fernández-Martínez & Charlet,

2009]. For adsorption onto kaolinite, however, the higher amount of selenate adsorption

compared to selenite adsorption can be attributed to steric properties, since the selenite

molecule is larger than the selenate molecule and, therefore, occupies more space on the

surface (Figure 4.8). Unfortunately, while quite a few studies have been published on Se

adsorption onto goethite [Manceau & Charlet, 1994,Rietra et al., 2001,Wijnja & Schulthess,

2002,Rovira et al., 2008,Das et al., 2013], there is little data on speci�c Se adsorption onto

kaolinite [Fernández-Martínez & Charlet, 2009].

The �nding that selenite has such an overwhelming a�nity for the goethite surface is

not new [Hayes et al., 1987, Lo & Chen, 1997, Chan et al., 2009, Fernández-Martínez &

Charlet, 2009]. In general, there is little information on direct comparison between selenite

and selenate with regard to their varying a�nities to goethite because in modelling, it is

incorporated as a constant derived from chemical equilibria [Wu et al., 2000,Rovira et al.,

2008]. Sorption rates have been shown to be higher for selenite than for selenate [Rovira

et al., 2008]. The fact that selenite and selenate exhibit di�erent kinetic processes and

that selenite binds as a bidentate, rather than a mono-dentate complex like selenate, might

provide an answer to the high selenite-goethite a�nity [Zhang & Sparks, 1990,Lo & Chen,

1997,Su & Suarez, 2000,Fernández-Martínez & Charlet, 2009].

For quanti�cation purposes of this study, it can be concluded that when adsorption re-

mains in a linear range, which means the substrate surface is not maximally loaded or

sorptive transport is not hampered by extreme dilution, selenite's great a�nity for kaol-

inite and goethite leads to 61 % and 99 % selenite loss from solution, respectively, while
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selenate loss from solution is 72 % for kaolinite and 42 % for goethite.

4.6.3. Desorption

Desorption with phosphate is considered an e�ective way to desorb selenite [Rajan &

Watkinson, 1976, Kulp & Pratt, 2004]. As shown in Figure 4.21, desorption ranges of

selenite and selenate are comparable for both kaolinite and goethite. Similar to the values

of desorption in the literature [Singh et al., 1981], with the exception of outliers, overall

desorption is between 71 and 96 % with little indication for a di�erence between kaolinite

desorption for either Se oxy-anion to be found. However, selenate appears to desorb slightly

better from kaolinite than from goethite with the use of phosphate. This has previously

been decribed [Singh et al., 1981] and can be explained by the mono-dentate inner-sphere

complex of selenate, which is more easily exchanged than the bidentate inner-sphere com-

plex of selenite.

KH2PO4 was used to determine the easily exchangeable fraction of Se, which in a natural

environment might, therefore, be accessible to plants. Findings of these experiments show

that around 75 % of both Se species can be desorbed by ion exchange with phosphate -

even when it is adsorbed to goethite. Therefore, soils rich in ferric oxides or hydroxides

might contain high concentrations of Se even if the soil solution contains only traces. This

Se might then unintentionally be mobilized by large quantities of fertilizer containing phos-

phate. It remains to be seen, however, whether the exchangeable Se determined by this

study truly also equals plant-available Se in environments without excess phosphate.

4.6.4. Oxy-anion competition

Natural waters contain many di�erent ions. In an optimally fertilized environment of plant

cultivation, adsorption of selenite and selenate are a�ected by oxy-anions, such as nitrate,

phosphate and sulfate. Predictions for oxy-anion a�nities for adsorption onto surfaces are

di�cult, since they are highly dependent on charge distribution between central atoms and

ligand atoms of both the substrate and the anion. This and the a�nity for protonization
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of both reaction partners are dependent on pH value and ionic strength [Hiemstra & van

Riemsdijk, 1995].

As this experiment was able to demonstrate, nitrate only a�ects selenate adsorption onto

kaolinite and is otherwise not a factor in Se adsorption, neither in selenate adsorption onto

goethite, nor in selenite adsorption onto either kaolinite or goethite. This is not surprising,

as nitrate's structure was very di�erent from that of both Se oxy-anions, since it had a much

larger radius and also much lower electronegativity di�erence (Figure 4.8), making it much

less likely to adsorb onto surfaces than Se oxy-anions. Moreover, nitrate is only onefold

negatively charged, while sulfate is two- and phosphate is threefold negatively charged. In

published literature, nitrate was listed with lower general adsorption a�nity [Neal, 1995]

and early studies already proved nitrate to be adsorbed much less than competing sulfate

or phosphate [Kinjo & Pratt, 1971]. As expected, sulfate poses strong competition for

selenate, and only little competition for selenite, while phosphate is strongly inhibitative

of Se oxy-anion adsorption in general. This is not surprising as it was shown to be a good

desorption agent for both Se oxy-anions as well [Balistrieri & Chao, 1990,Geelhoed et al.,

1997, Duc et al., 2003]. This is probably due to its high charge-to-radius ratio coupled

with the adsorption structure of a bidentate complexation to the surface [Hiemstra & van

Riemsdijk, 1995,Geelhoed et al., 1997].

Direct comparison between both mineral substrates is di�cult due to their large di�er-

ence in surface area. Previous literature has described clay minerals as having low retention

properties towards anionic species such as selenite and selenate [Duc et al., 2003]. When

comparing selenate adsorption onto kaolinite and goethite, however, this is not necessarily

true, as adsorption per area was higher on kaolinite than on goethite, despite the factor

13 in surface area di�erence in favor of goethite. In contrast to that, considering selen-

ite's high a�nity for goethite and goethite's large surface area, it comes as no surprise

that selenite adsorption is not inhibited by anything present in the experimental nutrient

solution, although phosphate shows at least the same a�nity for the goethite surface as

selenite and is adsorbed to 100 %. Alhough this behavior is not directly transferrable to

conditions of natural soils, published literature suggests that selenite adsorption onto ferric
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oxides is a great source of Se retention, rendering selenite bio-unavailable in the presence of

ferric oxides and -hydroxides [Bar-Yosef & Meek, 1987,Howard, 1977,Fernández-Martínez

& Charlet, 2009].

As a �nal point of discussion, the e�ects of combined oxy-anion competition in the nutri-

ent solution are of great interest, since this is, arguably, the most realistic kind of natural

adsorption environment. The e�ects of multiple ion competition cannot simply be de-

scribed by the sum of single-ion e�ects. In the case of selenite adsorption onto kaolinite,

70 % of the nutrient solution's e�ect could be ascribed to the phosphate share. However,

with nitrate and sulfate barely in�uencing selenite adsorption as single-ions, this poses the

question where the other 30 % of selenite inhibition comes from. The reasons for this were

not explored in detail and can, therefore, only be surmised to be related either to other

constituents of the nutrient solution, i.e. borate or ferric citrate, or to other parameters

such as pH value and experimental set-up, which was slightly di�erent for the other ex-

periments. The fact that adsorption of selenite onto goethite is by far most e�cient in

the nutrient solution environment might be ascribed to bridging of more than one ion onto

certain Fe-sites, although there is only sparse infomation on this process [Hingston et al.

1971]. It is also possible that Se forms complexes in the nutrient solution and that goethite,

a known scavenger [Bar-Yosef & Meek, 1987], shows a greater a�nity toward sorption of

complexes than to selenate alone.

4.6.5. Conclusions for biogeochemical mass balance modelling

The results of this study have direct implications for the biogeochemical model with which

characterization and mass balance of the Se compartments and transfer processes within

the Critical Zone can be described. Although mathematical correlations do not necessarily

follow chemical or physical properties or processes, the purpose of this model is to de�ne an

adequate description of correlations and quanti�cation of processes. Therefore, the model

proposed for an experimental system must be oriented on the basis of the data produced

by this system and all assumptions and boundary conditions are based on macroscopic
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observation.

The sorption processes describe one-half of the pre-de�ned model transport pathways for

Se, which was compartmentalized into "soil" and "soil solution". Conclusions from this

study for this aspect of the Critical Zone are:

1. selenite and selenate both adsorb as inner-sphere complexes with species- and substrate-

dependent a�nities

2. the small kaolinite surface size allows isotherm modelling

3. adsorption onto the large goethite surface size can be simpli�ed as linear adsorption

4. as plants require time to germinate, the sorption equilibrium can be modelled as

pre-installed before plant-induced e�ects occur
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5. Biogeochemistry - Se uptake

competition of minerals and plants

In this chapter, the experimental set-ups of Chapters 3 and 4 are combined to study syner-

getic e�ects of the uptake of Se into plants in the presence of competing mineral surfaces.

As introductions to both plant uptake of Se (Chapter 3.1) and adsorption of Se onto miner-

als (Chapter 4.1) have already been presented in their respective chapters, this chapter will

provide a brief overview of consequences of previous experimental results for the combined

experiments.

5.1. Theoretical implications of previous results

Although Exp. A3 was combined with Exp. B3 in a closed plant-box system (Figure 5.1), Se

adsorption onto kaolinite or goethite preceded the uptake of Se from the nutrient solution

by the rice plants in this set-up due to germination time. As selenite and selenate have

been reported to equilibrate with i.e. goethite in 25 min [Su & Suarez, 2000], Se adsorption

onto the substrate already reached an equilibrium while the plant had no contact with the

nutrient solution yet.

Since the same nutrient solution was used as in Exp. A3, no toxicity e�ects were ex-

pected for concentrations up to 2500 µg/L Se (Figure 5.1) and uptake of Se was believed

to be similar to Exp. A3, with similar partitioning between shoots and roots for selenate

and selenite, respectively. Because, however, kaolinite exhibited Se adsorption between 23

and 75 % of solution-Se and goethite adsorbed between 25 and 50 % of solution selenate,
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5.2. Experimental set-up

(a) (b)

Figure 5.1.: Se-nutrient solution experiments contained 9 rice plants growing for 19 days,
sprouting first in Se-free agar in Eppendorf tubes before reaching 170 mL of
Se-spiked nutrient solution (0 - 10,000 µg/L Se) in the presence of competing
Se adsorption by kaolinite or goethite mineral surface.
a: schematic experimental set-up
b: photo taken on 03.06.2014
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5.2.1. Exp. C - plant-box rice cultures with Se-nutrient solution

& mineral sorption

A 1000 mg/L Se stock solution was prepared in 10 mL of double-deionized water (Na2SeO4

·10H2O, VWR BDH Prolabo 302113L and Na2SeO3, AlfaAesar 012585). Ninety rice cary-

opses were sterilized according to the procedure described in Chapter 3.3.1. 8.5 g of either

kaolinite or goethite were weighed (Sartorius 1712MP8) into 10 plant-box sets (Sigma Ald-

rich, 2 x V8505 & 1 x C0667) and 10 250-mL Schott glass bottles.

The substrate-containing plant-box sets were prepared (Figure 5.1a) with a specially

designed Eppendorf tube tray holder for 9 x 1.5-mL tubes (1.5 ml Eppendorf Safe-Lock

Microcentrifuge Tube, 0030120086). Plant-box sets, substrate-containing 250-mL Schott

glass bottles (all pre-labelled autoclave-proof), 90 1.5-mL Eppendorf tubes, 250 mL 0.7 %

phytoagar, 10 500-mL Schott glass bottles with 400 mL nutrient solution each (preparation

given in Chapter 3.3.3), a 100-mL measuring cylinder and 250 mL of double-deionized water

were autoclaved.

After autoclaving, 1.5-mL reaction tubes (Eppendorf, Hamburg) were placed into a tray-

holder under the cleanbench and �lled to the brim with the still-liquid 0.7 % phytoagar.

Only after the agar had solidi�ed, were the lid and 0.5 cm from the bottom of each reac-

tion tube cut o� using sterilized scissors. Each tube was then loaded with one sterilized

caryopse.

Due to autoclaving, nutrient solution compositions varied slightly from bottle to bottle

(variation within one experimental batch 0.8 - 13.3 % , x̄ = 4.9 %). To ensure that plant-

box experiments were directly comparable to their plant-free sorption references, the initial

nutrient solutions were prepared in the autoclaved 500-mL Schott glass bottles as fol-

lows (Figure 5.2a), before being aliquoted into the plant-box, sorption reference bottle and

sample vessels.

Under the cleanbench, Se standard was added to the nutrient solution in the autoclaved

500-mL Schott glass bottles to achieve speci�ed concentrations (0, 20, 50, 100, 200, 500,

1000, 2000, 5000, 10 000 µg/L Se). Solutions in the 500-mL bottles were shaken to ho-

113
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mogenize. Autoclaved plant-boxes were disassembled under the cleanbench and Eppendorf

trays removed. From the nutrient solution in the 500-mL Schott glass bottles, 170 mL of

nutrient solution was �lled into each lower half of the boxes and an equal 170 mL �lled into

its respective autoclaved reference glass bottle. Two times 15 mL of the remaining solution

in the 500-mL Schott glass bottles were sampled for subsequent analysis into 20-mL patho-

vessels (Böttger 08-313-1001) - 15 mL were frozen for later IC-measurement, the other 15

mL were acidi�ed with 50 µL of HNO3 (VWR 20429.320 p.a. sub-boiled) and stored at

4 ◦C.

For plant-box assembly, each Eppendorf tray was loaded with 9 rice-bearing Eppendorf

tubes and placed into the plant-box with the lower half of the tubes submerged in nutri-

ent solution before closing the plant-box. The 250-mL Schott reference glass bottles were

screwed shut and not shaken. Plant-boxes and reference bottles were kept under the same

climate chamber conditions as described in Chapter 3.3.3, keeping the boxes and bottles

closed for 19 days until harvest. In total, four experimental set-ups were conducted: two

with kaolinite as the sorption substrate and Se addded as selenite and another two with

goethite as the sorption substrate with Se added as selenate. Each experimental set-up was

conducted only once without further replicates.

5.2.2. Sample preparation and analytical methods

Plants were harvested (Figure 5.2b) as described in Chapter 3.4.1 (images Appendix C.1),

shoot and root bulk samples were digested using the protocol described in Chapter 3.4.2

and subsequent analysis of plant-Se with HG-FIAS was conducted according to Chapter

3.4.3. 2 x 15 mL of nutrient solution was sampled from the plant boxes as well as from

the reference sorption bottles into 20-mL patho-vessels (Böttger 08-313-1001) - 15 mL were

frozen for later IC-measurement, the other 15 mL were acidi�ed with 50 µL of HNO3 (VWR

20429.320 p.a. sub-boiled).

As shown in Figure 5.3a, the substrate of plant-boxes and reference bottles was �ltered
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(a) (b)

Figure 5.2.: Photos of Exp. C preparation and harvest.
a: preparation of goethite experiments under sterile conditions of the clean-
bench; goethite in disassembled plant-boxes and 250-mL reference bottles (red
lids) and prepared nutrient solution in 500-mL bottles (blue lids), caryopses
planted into Eppendorf tubes with bottom cut off on the right, patho vessels for
sampling in the front (photo taken on 08.05.2014)
b: harvest of kaolinite experiment (photo taken on 13.04.2014)

through cellulose �lters (Schleicher & Schuell, 595, No. 311610), washed once with double-

deionized water (comparable to the wash-step before desorption experiments in Chapter

4.4.3) and dried on the �ltres in an oven at 40 ◦C for 48 h. As shown in Figure 5.3b,

samples were then �lled into 20-mL patho-vessels (Böttger 08-313-1001) for storage, later

analysis and desorption experiments.

(a) (b)

Figure 5.3.: Photos of substrate sample preparation after harvest.
a: filtration of substrate from nutrient solution onto cellulose filtres (photo
taken on 14.04.2014)
b: sampling of dried material from the filtre into a patho-vessel (photo taken
on 16.04.2014)
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5.2.3. Desorption experiments

From the �ltered sorption substrate material, desorption samples were prepared similarly

to those described in Chapter 4.4.3. 0.5 mg of substrate sample were weighed into 20-mL

patho-vessels (Böttger 08-313-1001) and 10 mL of desorption solution (0.1 mol/L K2HPO4,

prepared as in Chapter 4.4.3) was pipetted onto it. Samples were shaken for 24 h at 180

rpm at room temperature. Samples were then centrifuged (40,000 rpm, 5 min, Roto�x 32

A), 7 mL sampled into 20-mL patho-vessels (Böttger 08-313-1001) and frozen at -20 ◦C for

later measurement. Sample analysis of Se was conducted with ICP-MS (Chapter 3.4.4)

with a dilution factor of 10 due to a high K2HPO4 sample salt load.

5.2.4. Scanning Electron Microscopy analysis (SEM)

From each of the four experimental runs of Exp. C, to which 5000 µg/L Se had been added,

sorption substrate material of plant-box experiments and their respective sorption reference

bottles were taken to the LEM (KIT) for SEM analysis. Samples were coated in platinum

by vapor deposition to enable static discharge and measured with a LEO 1530 Gemini at

10 keV operating voltage and beam focal distance of 5.1 - 6.3 mm.

5.2.5. Synchrotron-based analysis

Synchrotron radiation is generated when accelerated electrons are redirected by the use

of bending magnets. Specialized beamlines using this tangentially escaping radiation are

installed around an electron storage ring, in which accelerated electrons are circulated

[Newville, 2004]. Methods used for this study included x-ray absorption near edge spectro-

scopy (XANES) of speciation-dependent Se absorption (SUL-X beamline, ANKA, Karls-

ruhe) and �uorescence mappings (FLUO beamline, ANKA, Karlsruhe) of plant tissue Se

content.

XANES scans detail how X-rays are absorbed by an atom at energies near (±30 eV) the

core-level binding energies of an atom and is strongly sensitive to formal oxidation state

and coordination chemistry of the absorbing atom [Newville, 2004]. X-rays (ca. 500 eV to
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500 keV) as part of the synchrotron radiation spectrum, are absorbed when the incoming

radiation energy equals the binding energy of an electron [Newville, 2004]. The electron is

thereby removed from its quantum level [Newville, 2004]. If the incoming radiation energy

exceeds that of the electron binding energy, the excess energy is transferred to a photo-

electron which is then ejected from the atom. Using Lambert-Beer's law, x-ray absorption

can be described and calculated [Newville, 2004].

µ(E) · t = ln(I0/Itrans) (5.1)

with

µ(E) as the absorption coe�cient

t sample thickness

I0 as the intensity of incident radiation

Itrans as the intensity transmitted through the sample

A so-called "absorption edge" is observed when the incident x-ray has an energy equal

to the binding energy of a core-level electron. Core-level binding energies for electrons

are speci�c to each atom, which makes XANES an element-speci�c measuring method

[Newville, 2004]. After absorption, the atom is in an excited state with a core electron

level vacant and an emitted photo-electron. This excited state decays within femtoseconds

after absorption by either �uorescence or the Auger E�ect [Newville, 2004]. Fluorescence

describes the process of a higher-level electron �lling the vacant electron-hole by emitting

the de�ned excess energy as light [Newville, 2004]. In the case of Se, the Kα energy denoting

the photon energy released during an electron transition from the L to the K shell is at 11.2

keV [Tokunaga et al., 1994]. The Auger E�ect, on the other hand, describes the process in

which the emitted excess energy of a higher-level electron �lling the vacant electron-hole

is not emitted as light, but rather transferred to another electron, which is then ejected

from the atom, leaving it with two electron vacancies [Newville, 2004]. These two processes

do not interfere with x-ray absorption, but are directly proportional to it [Newville, 2004].
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Therefore, the Auger E�ect or �uorescence e�ect can be used to determine the absorption

edge instead of directly measuring transmission, when, for example, sample thickness allows

only little transmission or element concentration is very low and there is little di�erence

between incident and transmitted radiation.

In the case of this study, �uorescence was the underlying process used both for XANES

measurements and �uorescence mappings. The di�erence between the former and the latter

was only one of analytical set-up and interpretation. While XANES use �uorescence in its

proportionality to absorption when induced with a radiation spectrum of ±30 eV around

the absorption edge (for Se: 12.658 keV), �uorescence mappings are carried out with a �xed

incident radiation energy and �uorescence of di�erent atoms is distinguished by the energy

increments of the emitted �uorescence (for Se: 11.222 keV).

Figure 5.4.: Scheme of the experimental setup for XANES analysis at a synchrotron facility
( [Newville, 2004,Diener, 2012])

Samples with su�ciently high concentrations, such as reference materials can be meas-

ured in transmission mode (measuring absorption of the sample by loss of intensity between

ionization chamber 1 and 2, Figure 5.4). In this case, absorption is calculated as ln(abs) =

ln(I0/Itrans). Samples with low concentrations can be more accurately measured in �uores-

cence mode (measuring �uorescence of the sample, which is proportional to the absorption;

Figure 5.4). In this case, absorption is calculated as I�uo= I�uo/I0. Additionally, each meas-

urement (reference or sample alike) can be energy-calibrated by measuring absorption of an
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elemental Se standard (measuring standard absorption loss of intensity between ionization

chamber 2 and 3, Figure 5.4), with which all scans can be calibrated and aligned to the

energy of the element's absorption edge E0.

Sample preparation

From each of the kaolinite sorption plant box experiments, one rice plant was selected

per box (Appendix, C.1) for measurements at the synchrotron facility ANKA, Karlsruhe.

Harvested along with the other plants, these were not freeze-dried. After rinsing under once-

deionized water and 2 h of drying in lab conditions, each plant was placed in a separate

15-mL centrifuge tube (VWR 525-0149) with the lid only loosely screwed on. To avoid

any changes of Se speciation in the plant tissue, samples were not freeze-dried, but kept

in a desiccator for 4 weeks to air-dry prior to analysis to avoid Se-loss and preserve plant

structures during the drying process.

XANES analysis

XANES were measured at the SUL-X beamline (ANKA, Karlsruhe). This beamline was

equipped with a 7-element �uorescence detector (e2v; Resolution: <140 eV at 5.9 keV,

1000 cps and <310 eV at 5.9 keV, 100.000 cps), three ionization chambers for absorption

measurement (Oxford Instruments, IC-Plus type; active length 5 cm, Kapton windows 6 µm

thick), a CCD detector (Photonic science; 80 x 120 mm2, Fiber optic 3.46:1, 2048 x 2048,

16 bit dynamic, readout time 3.3 s � 21 s) and an optical microscope (TSO Spezialoptik,

resolution 2 µm).

Seleno-methionine (Sigma Aldrich S3132-100 MG), Na2SeO3 (AlfaAesar 012585) and

Na2SeO4·10H2O (VWR BDH Prolabo 302113 L) were prepared as reference materials by

�nely grinding the material in an agate mortar and spreading it over the sticky side of kapton

tape (M. Newville, 2014, personal communication; IDE-13 beamline, APS, Argonne). Eight

layers of this prepared tape were glued on top of each other. All reference samples (for later

linear combination �tting) were measured under vacuum in transmission against the Se(0)

standard prepared as a press pellet with 8 mg of elemental Se (Merck 1.07714.0050) in 100
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(a) (b)

Figure 5.5.: Sample preparation for synchrotron-based analysis of air-dried plant samples
a: XANES plant sample on kapton-tape (right) and schematic sample docu-
mentation (left) (photo taken on 22.05.2014)
b: Ralph Steininger closing the vacuum chamber for test XANES measurements
of a plant sample using a cryo-cell (photo taken on 20.05.2014)

Table 5.1.: XANES measurement parameters: stepsize and acquisition time of pre-edge,
absorption edge and post-edge

scan parameter pre-edge I pre-edge II absorption edge: post-edge
12.658 keV

quickscan range -75 to -20 eV -20 to +20 eV +20 to +200 eV
acq. time 1 s 1 s 1 s
stepsize 1 eV 0.5 eV 1.5 eV

absorption range -100 to -50 eV -50 to -25 eV -25 to +25 eV +25 to +144 eV
spectrum acq. time 1 s 1 s 1 s 1 s

stepsize 5 eV 2 eV 0.5 eV 1.5 eV

mg of cellulose powder (Sigma Aldrich C8002-1KG).

Plant samples were �xed on kapton tape and placed on a metal frame (Figure 5.5a).

Using an optical microscope, regions of interest (labelled 01 - 09) on the sample were

calibrated relative to reference points on the sample frame and microscope images were

taken of each spot. The sample holder was then installed in the measuring chamber and

put under vacuum.

To locate hotspots of Se on the sample for XANES measurements, Se pro�les across plant

sections (measured across the point from -0.5 mm to +0.5 mm in 50 steps for 1 s) in the

regions of interest (ROI) were measured at 12.661 keV. Then, absorption spectra (details

below) of 2 - 8 points (labelled a - h) of the pro�le with su�cient Se content were measured

for each ROI. Each of these points was measured twice and scans were merged for greater
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Table 5.2.: Available data columns for the processing of SUL-X beamline data
data column No.

energy 1
Cfluo (fluorescence counts) 56
I0 (intensity in ionization chamber 1, incoming intensity) 59
Iabs (intensity in ionization chamber 2, intensity after transmission through sample) 60
Iref (intensity in ionization chamber 3, intensity after transmission through reference) 61
calculated absorption 62
calculated reference absorption 63

accuracy. XANES measurements were carried out under vacuum and with short acquis-

ition times (ca. 7 min) to minimize beam-induced redox reactions. Although references

were measured in transmission mode, in many cases, Se tissue concentration was too low

to measure in transmission mode, so absorption was measured in �uorescence mode for all

plant samples.

To determine measurement conditions best suited to avoid beam-induced damage, one

sample was measured with 3 set-ups. The same sample was measured �rst using atmo-

spheric conditions, second, in a chamber under vacuum and third, using a cryo-cell cooled

with liquid nitrogen in the vacuum chamber (Figure 5.5b). Beamtime measuring current

during measurement varied by 5 - 15 mA, the beam spot on the sample was 30 x 50 µm in

diameter and the �uorescence detector was between 60 and 80 mm away from the sample.

Table 5.1 details how absorption spectra and quickscans, in which the motor changing the

light energy does not pause while �uorescence is detected, were measured.

Data was processed as ".spec" data �les using the Athena program of the Demeter soft-

ware package (Demeter 0.9.13, B. Ravel, M. Newville). In ".spec-�les" of the SUL-X beam-

line at ANKA, data for these calculations are given in the columns described in Table 5.2.

For normalization, the pre-edge was set to -90 to -45 keV before E0 and the post-edge was

set to +90 to +245 keV after E0 in the calibration scans. Samples were normalized to a

pre-edge of -90 to -45 keV before E0 and the post-edge was set to +90 to +190 keV after E0

in the sample scans. Using linear combination �tting, proportional weighting of reference

scans in all combinations was calculated to match the merged sample scans across -30 eV

to +30 eV around the absorption edge.
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High resolution µXRF mapping

In an unsuccessful �rst attempt at µXRF (micro x-ray �uorescence) mapping of Se concen-

tration in plant material, samples were prepared using the Immuno-�uorescence �xation

method into para�n [Lützelschwab, 1990] by using a �xation agent to �x all biochemical

compartments to the cell structure and then replacing - in incremental steps - tissue water

by ethanol, ethanol by xylene and xylene by para�n. Using a cutter, thin sections of the

para�n-embedded sample were manually sliced to ca. 0.5 - 1 mm thickness. However, the

�uorescence measured could not be assigned to plant tissue structures, leading to the con-

clusion that the Immuno-�uorescence �xation method did not preserve cell structures and

Se was distributed uniformly across plant tissue and in some cases bled into the para�n

embedding material.

Therefore, �uorescence of the complete air-dried plant samples used previously for XANES

measurements was mapped at an excitation energy of 22 keV at the FLUO beamline at

ANKA, Karlsruhe. This beamline was equipped with a double multilayer monochromator

(W-Si multilayers in 2.7 nm period), CRL: 2x109 ph/s at 17 keV (5 µm x 2 µm), 1 ioniza-

tion chamber, Si(Li)-energy dispersive detector (Oxford Instruments), HPGe- High Purity

Germanium detector (Princeton Gamma- Tech (PGT)) and a SiMCD-Vortex Silicon Mul-

ticathode Detector. Two undiluted press pellets of bulk plant material (Figure 5.6a) with

known Se concentrations (measured with ICP-MS after acid digestion) from Punjab, India

were prepared to calibrate Se concentration in the mappings: Brassica juncea root with

186 mg/kg Se DW and Brassica juncea leaf with 931 mg/kg Se DW. Plant samples were

glued to slide frames (Butch, 28565348) between kapton tape to ensure as plane a surface as

possible (Figure 5.6b). This was necessary, because during mesh analysis mode (meshs =

2D grids of measuring points), sample distance from detector could not be varied between

measuring points.

Using a binocular, regions of interest were calibrated relative to an easily identi�able

marker point. The sample slide frame was then installed in the measuring chamber. To

locate exact positions of Se on the sample, Se �uorescence pro�les (at 11.2222 keV for
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(a) (b)

Figure 5.6.: Sample preparation for synchrotron-based µ-XRF analysis of air-dried plant
samples
a: bulk press pellets for quantitative concentration calibration prepared on
kapton tape fastened to a magnetic sample holder under the light of a bin-
ocular (photo taken on 04.06.2014)
b: fluorescence mapping samples between kapton tape on a slide frame for a
maximum of planar surface (photo taken on 06.06.2014)

kα1) across plant sections (measured across the point from -1 mm to +1 mm in 50 steps

for 1 s) in the ROIs were measured at an excitation energy of 22 keV. Then, meshs were

measured across ROIs. Beam spot on the sample was 16 x 11 µm (polycapillary focus) and

acquisition time was 3-4 sec. Data was analyzed using the PyMCA (version 3.9.5) software

and mappings were created with Surferplot 6 (Golden Software).

5.3. Results

As these experiments are a synthesis of the previous experiments Exp. A2 - A4 (Chapters

3.3.2, 3.3.3, 3.3.4) and B1 - B3 (Chapters 4.4.2, 4.4.3, 4.4.4), results for parameters of plant

health, such as plant mass, shoot height and heights of the second leaf as well as Se content

results of rice shoots and roots from Exp. C, are directly compared with the respective

results from Exp. B3 to determine additional e�ects of the possible presence of sorption

in Exp. C. Furthermore, results for the adsorption of Se from the nutrient solution onto

kaolinite or goethite during Exp. C are shown in Figures 4.22 in Chapter 4.5.4.
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5.3.1. Plant growth of Oryza sativa

(a) (b)

Figure 5.7.: Plant growth expressed as percentage of Se-free blank plants for experiment C
in competition with kaolinite (top) and goethite (bottom) adsorption
a: total shoot height on harvest day (Day 16)
b: total length of 2nd leaf on harvest day (Day 16)
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A similar decrease in shoot height was also found for the height of the second leaf;

however (Figure 5.7b), this was less pronounced. Heights for the second leaf in the kaolinite

experiment showed an overall slightly decreasing trend from 116 - 94 % and 118 - 79 %

compared to the untreated plants for selenite and selenate, respectively.

Shoot height of plants in the goethite experiment (Figure 5.7a) showed no correlation

with added Se across the initial concentrations 20 - 10,000 µg/L Se, with heights of 107

- 93 % and 103 - 88 % compared to the untreated plant- height for selenite and selenate,

respectively. Height of the second leaf in the goethite experiment (Figure 5.7b) also showed

no correlation with added Se, with heights of 105 - 90 % and 92 - 77 % compared to the

untreated plant- height for selenite and selenate, respectively. This corresponds well with

the lack of correlation with added Se concentration for the experiments without substrate,

since any �uctuations observed in shoot height or height of the second leaf were within

1s-error marging, as discussed in Chapter 3.5.3.

5.3.2. Selenium content in Oryza sativa

Quality measures for experiment C show that harvested plant yield was 85.6 % of transferred

seedlings. Digestion standard retrieval was 83 % (± 13) and drinking water standard

retrieval during HG-FIAS measurement was 121 % (± 9).

Selenium concentrations measured in the rice plants of Exp. C in the presence of kaolinite

increased from 1.4 to 80 mg/kg DW for shoots (Figure 5.8a) and from 3.1 to 444 mg/kg

DW for roots with the addition of 20 - 10,000 µg/L Se as selenite. With the addition of Se

as selenate, plant-Se in the presence of kaolinite increased from 0.8 to 1080 mg/kg DW for

shoots (Figure 5.8b) and from 0.1 to 402 mg/kg DW for roots.

Selenium concentrations measured in the rice plants in the presence of goethite increased

from 0.0 to 1.9 mg/kg DW for shoots (Figure 5.8a) and from 0.0 to 9.9 mg/kg DW for roots

with the addition of 20 - 10,000 µg/L Se as selenite. With the addition of Se as selenate,

plant-Se in the presence of goethite increased from 0.7 to 347 mg/kg DW for shoots (Figure

5.8b) and from 0.2 to 84 mg/kg DW for roots.
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(a) (b)

Figure 5.8.: Se content in roots and shoots of Exp. C; Se-uptake in competition with adsorp-
tion by kaolinite (top) and goethite (bottom) compared with data from Exp. A3
without sorption (data from Exp. A3 is omitted for selenite uptake in the pres-
ence of goethite, because Se-uptake in Exp. C was too small for comparison)
a: addition of Se as Na2SeO3
b: addition of Se as Na2SeO4
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For selenate experiments in the presence of kaolinite, additions of 100, 1000 and 10,000

µg/L Se led to 12, 127 and 1080 mg/kg DW shoot-Se and 3.2, 49 and 402 mg/kg DW

root-Se (Figure 5.8b), respectively. Here, higher Se concentration led to higher Se content

in the plant.

In the presence of goethite, very little Se was taken up into the plant when it was ad-

ded as selenite compared to the uptake of Se as selenate. Plant-Se in the shoots was only

measurable for the addition of 5000 and 10,000 µg/L, resulting in 0.9 and 1.9 mg/kg DW,

respectively. In the roots, Se-content was measurable at additions of Se greater than 500

µg/L and increased with the concentration of added Se from 1.8 mg/kg DW with the ad-

dition of 1000 µg/L Se to 10 mg/kg DW with the addition of 10,000 µg/L Se.

Selenate additions in the presence of goethite showed an increase in plant-Se with added

Se concentrations. Additions of 100, 1000 and 10,000 µg/L Se as selenate led to 5.2, 63 and

347 mg/kg DW of shoot-Se and 1.1, 15 and 84 mg/kg DW of root-Se, respectively.

As with Exp. A2, A3 and A4, partitioning of selenate predominantly to the shoots and

selenite predominantly to the roots was observable in the results of Exp. C as well, re-

gardless of the addition of substrate, as shown in Table 5.3. Accumulation factors for the

experiments in the presence of kaolinite with the addition of Se as selenite were 22.2 (± 3.1)

in shoots in concentrations of 20 - 2000 µg/L Se; then decreased to 6.6 and 2.9 for initial Se

concentrations of 5000 and 10,000 µg/L Se, respectively. Selenium accumulation factors in

the roots when added as selenite decreased with increasing initial Se concentrations from

138 to 23.9 for initial Se concentrations of 20 to 10,000 µg/L Se, respectively. Accumulation

factors of Se in plants when added as selenate in the presence of kaolinite was 20.5 (± 4.7)

and 9.1 (± 2.9) for shoots and roots, respectively. Therefore, Se accumulation in roots

when added as selenite was an average of 5.7 (± 1.8) times higher than in shoots in the

presence of kaolinite; accumulation of Se as selenate in shoots was an average of 2.4 (± 0.7)

times higher than in roots.

For the low concentrations available for plant uptake in the goethite experiments with

selenite, uptake, when measurable, showed a high accumulation factor in the roots (153 -

596), but an accumulation comparable to the kaolinite experiments in the shoots (18.2 -
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Table 5.3.: Fresh weight accumulation factors (AF) of selenate and selenite into shoots in
Exp. C and Exp. A3 as calculated from measured Se content in the nutrient
solution (AF [-] = c(Se) medium [mg/L] / c(Se) plant [mg/kg])

Exp. Ckaolinite Exp. Cgoethite Exp. A3
added AF-Na2SeO3 AF-Na2SeO4 AF-Na2SeO3 AF-Na2SeO4 AF-Na2SeO3 AF-Na2SeO4
c(Se) shoot root shoot root shoot root shoot root shoot root shoot root
[µg/L] [-] [-] [-] [-] [-] [-] [-] [-] [-] [-] [-] [-]

5 21.5 80.3 27.2 21.7
10 26.7 81.6 16.2 8.0
20 24.2 138 10.6 3.8 0.3 2.9 19.6 8.3 26.5 99.2 20.9 9.7
50 22.7 148 22.6 11.4 0.2 0.7 11.3 13.1 31.6 212 26.7 12.7
100 22.7 118 27.1 10.3 26.1 153 25.0 9.8 27.0 105 19.0 10.2
200 26.8 132 24.4 8.5 18.2 0.6 34.5 6.5 29.0 94.1 41.1 19.9
500 18.2 156.6 17.4 13.5 0.1 4.8 34.3 15.7 33.6 117 40.0 21.7
1000 18.1 98.8 24.4 9.6 0.4 545 29.8 12.4 30.7 84.8 53.4 25.5
2000 22.9 55.3 18.7 9.9 1.4 554 35.7 14.0 22.1 57.8 40.9 22.5
5000 6.6 30.4 19.8 9.0 21.2 595 49.3 23.0
10,000 2.9 23.9 19.7 5.5 26.1 469 40.5 14.6

26.1). In the selenate experiments, Se accumulation, in the presence of goethite was 31.1 (±

11.3) and 13.0 (± 4.8) into shoots and roots, respectively. Accumulation of Se as selenate

in shoots was, therefore, an average of 2.6 (± 1.1) times higher than in roots in the presence

of goethite.

When compared to the results of Exp. A3, where there was no sorption interference,

accumulation of Se as selenite in roots was an average of 3.7 (± 1.2) times higher than in

shoots and accumulation of Se as selenate in shoots was an average of 1.9 (± 0.3) times

higher than in roots. Partitioning of the accumulation of Se in plant tissue was, therefore,

more pronounced in Exp. C.

Under the assumption that plant-Se standard deviation was comparable to that of Exp. A3

(standard deviation across all plant-Se of Exp. A3: 47.9 % for the addition of 10 - 50 µg/L

Se, 30.3 % for the addition of 100 - 500 µg/L Se and 19.8 % for the addition of 1000 - 2500

µg/L Se, Figure 3.16, Chapter 3.5.3), Se-uptake into plants in the kaolinite experiments was

comparable to that of Exp. A3 and within that margin of error. However, these high stand-

ard deviations mask that additional substrate had an e�ect on the mean values of plant-Se.

With the exception of shoot-Se with the addition of 100 µg/L Se added as selenate to the

kaolinite experiment, these were all below mean values of Exp. A3 (Table 5.4), in which
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Table 5.4.: Plant-Se of Exp. C given as percentage of plant-Se of Exp. A3 for respectively
comparable Se additions (c(Se)Exp. C/c(Se)Exp. A3)

Na2SeO3 Na2SeO4
kaolinite goethite kaolinite goethite

added c(Se) shoot root shoot root shoot root shoot root
[µg/L] [%] [%] [%] [%] [%] [%] [%] [%]

20 50.3 46.5 0.1 0.1 33.1 28.7 33.1 18.6
50 57.0 31.8 0.0 0.0 69.7 55.6 19.9 29.0
100 73.4 44.3 1.1 0.7 112.3 82.8 57.2 33.5
200 51.1 48.7 0.4 0.0 51.1 35.4 34.0 9.3
500 50.5 59.5 0.0 0.0 61.7 69.6 40.3 26.2
1000 53.0 70.9 0.0 1.0 55.2 65.3 33.1 24.0
2000 61.5 64.3 0.0 0.9 55.6 55.5 33.8 25.0

mean 56.68 52.27 0.22 0.38 62.65 56.14 35.90 23.66
mean-SD 8.43 13.38 0.39 0.46 24.58 18.97 11.22 7.81

there was no sorption substrate. For kaolinite experiments, plant-Se with the addition of

either selenate or selenite was between half and two-thirds of the Exp. A3 plant-Se (52.27

- 62.65 %) and for goethite experiments, plant-Se was between a quarter and a third of the

Exp. A3 plant-Se when added as selenate. Plant-Se when added as selenite for goethite

experiments was below 1 % of comparable Exp. A3 plant-Se.

5.3.3. Root toxicity

In kaolinite-substrate experiments, addition of Se as selenite produced toxicity symptoms

in the rice plants at the addition of 5000 and 10,000 µg/L Se (Appendix, Figure C.1). As

shown in Figure 5.9, in the case of the addition of 5000 µg/L Se, all plant roots grew through

the agar in the Eppendorf tube, but no further than 0.5 cm into the nutrient solution-

containing the Se. In the case of the addition of 10,000 µg/L Se, also shown in Figure

5.9, only the main root (one root per plant) grew through the agar of the Eppendorf tube

until reaching the nutrient solution. For all plants of this plant-box, this main root showed

brown-spotted discoloration and discontinued growth at less than 3 mm into the nutrient

solution. All other roots remained stunted at less than 1.5 cm in length and also exhibited

brown discoloration despite not being directly in contact with the Se. Experiments with

selenate did not show signs of toxicity, nor did the selenite experiments with goethite, since
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adsorption of goethite led to strong depletion of Se from the nutrient solution (Chapter

5.3.4).

Figure 5.9.: Comparison of root growth for rice plants grown in contact with Se as Na2SeO3
in nutrient solution, in Se concentrations of 2000 µg/L Se (left), 5000 µg/L Se
(middle), 10,000 µg/L Se (right)

5.3.4. Adsorption influence of kaolinite and goethite

As expected in light of the previous results of Exp. B1 - B3, Se was not only taken up by

plants, but also adsorbed onto the additional substrates kaolinite and goethite.

Under the assumption that the same amount of Se was adsorbed by the substrate in

the plant boxes than in the reference bottles, initital Se content of the nutrient solution

was corrected by the amount of Se adsorbed by the substrate to determine Se content at

the time the plant roots reached the nutrient solution (Figure 5.10). Calculated factors

(c(Se)tissueDW/c(Se)nut.sol.) of sorption-corrected plant-Se uptake compared to the uncorrec-

ted uptake re�ected that substrate in�uence.

In the presence of kaolinite, sorption-corrected plant uptake of Se was calculated to be

x̄ = 119 % ±7 and x̄ = 112 % ±4 of the uncorrected uptake for selenite and selenite, re-

spectively. In the presence of goethite, sorption-corrected plant uptake of Se was calculated

to be x̄ = 27150 % ± 9608 and x̄ = 112 % ±4 of the uncorrected uptake for selenite and

selenite, respectively. This made goethite the greater in�uence on either selenite or selenate

uptake, with selenite uptake a�ected disproportionately. Kaolinite had a similar in�uence
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(a) (b)

Figure 5.10.: Se content in plant tissue with sorption competition by kaolinite (top) and
goethite (bottom); initial Se concentration corrected by adsorption determined
from bottle refercence experiments compared to the uncorrected initial Se con-
centration
a: addition of Se as Na2SeO3
b: addition of Se as Na2SeO4
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(a) (b)

Figure 5.11.: Se adsorption from nutrient solution as Na2SeO3 and Na2SeO4
a: onto kaolinite
b: onto goethite
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x̄

x̄

x̄ x̄ x̄
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(a) (b)

Figure 5.12.: Loss of Se concentration from solution through adsorption onto kaolinite (top)
and goethite (bottom)
a: addition of Se as Na2SeO3
b: addition of Se as Na2SeO4

x̄

x̄

x̄ x̄ x̄ x̄
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x̄ x̄ x̄

x̄

(a) (b)

Figure 5.13.: Loss of NO3
-, SO4

2- and PO4
3- concentration from solution through uptake

by plants (colored bar with grey-structured filling) and substrate adsorption
(colored bar) onto kaolinite (top) and goethite (bottom); plant uptake calculated
from the difference between plant-less reference bottle experiments and rice
plant-containing plant-box experiments.
a: addition of Se as Na2SeO3
b: addition of Se as Na2SeO4

x̄ x̄
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deviation, this allows the conclusion that the Se speciation had no signi�cant in�uence on

nitrate, sulfate or phosphate uptake, although it must be noted that uptake in the presence

of selenite was slightly lower in all three cases.

Goethite was observed to adsorb 100 % of all phosphate independently of the Se speci-

ation present (Figure 5.13 (bottom)), leaving at the most trace concentrations of phosphate

for plant uptake. Adsorption of nitrate and sulfate was sparse, with nitrate loss from solu-

tion at x̄ = 1 % ±2 and x̄ = 4 % ±5 and sulfate loss from solution at x̄ = 3 % ±3 and x̄

= 7 % ±4 for selenite and selenate experiments, respectively. Due to the small adsorption

amount, possible Se speciation in�uences were not signi�cant and sulfate uptake into plants

could not be measured in the presence of goethite independent of the Se speciation. Loss of

nitrate from solution due to plant uptake was x̄ = 28 % ±5 and x̄ = 33 % ±14 in the selenite

and selenate experiments, respectively, and also showed no relation to Se speciation.

When analysing the pH-values, initial values for nutrient solution with selenite (Figure

5.14a) increased with additional Se from 4.9 - 6.3 (x̄ = 5.4 ±0.4) and 4.9 - 6.0 (x̄ = 5.1

±0.4) for initial solutions of the kaolinite and goethite experiment, respectively - as already

shown in Chapter 4.5. On the other hand, initial values for selenate solutions (Figure 5.14b)

remained constant between 4.7 and 5.1 (x̄ = 4.9 ±0.1) and between 4.5 and 4.9 (x̄ = 4.7

±0.1) for initial solutions of the kaolinite and goethite experiment, respectively.

The levelling e�ect of mineral adsorption already described in Exp. B1 and B2 (Chapter

4.5) was prominent for kaolinite, but less pronounced for goethite. Kaolinite sorption in-

creased the pH-value to x̄ = 6.7 % ±0.1 for both selenite and selenate adsorption, respect-

ively, indepedent of initial solution pH. With the additional presence of plants, pH increased

to x̄ = 7.2 % ±0.1 (with one outlier at 5.8) and x̄ = 7.4 % ±0.1 in the selenite and selenate

experiments, respectively. Goethite sorption led to higher pH-values than kaolinite with x̄

= 8.2 % ±0.3 and x̄ = 7.1 % ±0.3 for selenite and selenate adsorption, respectively. The

presence of plants levelled the pH to x̄ = 7.6 % ±0.3 and x̄ = 7.4 % ±0.4 in the selenite

and selenate experiments, respectively.
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(a) (b)

Figure 5.14.: pH-values before (init.) and after Se sorption (sorb.) and sorption coupled
with plant-uptake (p-sorb.) onto kaolinite (K) and goethite (G)
a: as Na2SeO4
b: as Na2SeO3

5.3.5. Desorption properties
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(a) (b)

Figure 5.15.: Se desorption profiles from kaolinite and goethite for reference bottle experi-
ments (top) and plant-box experiments (bottom) using KH2PO4 as percentages
of previously adsorbed Se.
a: desorption of selenite
b: desorption of selenate

x̄
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5.3.6. SEM results

(a) (b)

Figure 5.16.: XANES of reference materials, with lines in green, red and blue indicating the
absorption edges of the measured standards;
a: measured references selenomethionine (SeMet, absorption edge peak:
12.661 keV), selenite (12.664 keV) and selenate (12.667 keV)
b: spectra digitized from publications for orientation and linear fitting

5.3.7. XANES results
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Figure 5.17.: XANES results for regions of interest (ROI) of the shoot and root of a dried
rice plant treated with 500 µg/L Se as Na2SeO3 (left) or Na2SeO4 (right);
green, red & blue indicating peak lines for selenomethionine (12.661 keV),
selenite (12.664 keV) and selenate (12.667 keV), respectively (detailed scans:
Appendix C.5.2)
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12.688 keV for selenite and 12.675 and 12.683 keV for selenate.

Because there are more organic Se compounds present in a plant than the Se refer-

ences measured in this study, supplementary reference data (Figure 5.16b) was aquired

from various publications using a digitizing software (Engauge Digitizer, version 5.1). The

range of organic Se spans peaks at 12.660 keV for SeCys [Ryser et al., 2005], 12.661 for

CysSeSeCys [Bañuelos et al. 2015], SeCys [Misra, 2010] and SeMetSeCys [Ryser et al.,

2005], 12.662 keV for SeMet [Ryser et al., 2005] and 12.663 keV for TMSe [Yang et al.,

2011] and SeOMet [Bañuelos et al. 2015] as well as 12.666 keV for DMSe [Oger et al.,

2004]. The measured SeMet spectrum (Figure 5.16a) matched the organic Se mean referred

to as Se-C-Se [Bañuelos et al. 2015], indicating that a distinction between SeMet and SeCys

as well as combinations thereof would be di�cult to make. After a linear combination �t-

ting survey of 4 measured plant sample scans of selenite and selenate with all combinations

of measured and acquired references, all subsequent linear �ttings were conducted with

the following 5 references as all the others appeared negligible: SeMet (measured), C-Se-

C [Bañuelos et al. 2015], SeOMet [Bañuelos et al. 2015], selenite (measured) and selenate

(measured). Results of SeMet, C-Se-C and SeOMet were combined and labelled "organic

Se".

Figures 5.17, 5.18, 5.19 show that plants treated with selenite and selenate exhibited

di�erences in the species found in XANES spectra of their respective plant tissues (all

individual scans: Appendix C.5.2). When adding selenite to nutrient solution, peak energy

of the XANES spectra generally suggested organic Se to be dominant within the plant

(Figure 5.17, 5.18, 5.19). Furthermore, a depth-dependent trend was visible for the peak-

energy. The absorption peak, though retaining its shape, shifted by 10 eV toward a higher

energy the closer the scans were to the caryopse � from 12.661 keV at -6.0 cm (root 08)

to 12.662 keV at -0.5 cm below the surface (root 01) when adding 500 µg/L Se (Figure

5.17). A much smaller peak shift of no more than 5 eV was observed with the addition of

2000 µg/L Se, while none at all was visible with the addition of 10,000 µg/L Se. Linear

combination �tting (Appendix, Table C.19) revealed that only a small portion of selenite

was found in the root; 0 - 27 % (x̄ = 15 % ±9), 0 - 11 % (x̄ = 3 % ±4) and 0 - 3 % (x̄ =
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Figure 5.18.: XANES results for regions of interest (ROI) of the shoot and root of a dried
rice plant treated with 2000 µg/L Se as Na2SeO3 (left) or Na2SeO4 (right);
green, red & blue indicating peak lines for selenomethionine (12.661 keV),
selenite (12.664 keV) and selenate (12.667 keV), respectively (detailed scans:
Appendix C.5.2)
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0 % ±1) for the additions of 500, 2000 and 10,000 µg/L Se, respectively. The proportion

of organic Se, the main species found in the root, increased toward lower root regions (root

01 - root 08; Figure 5.17, 5.18, 5.19), but also with added Se concentration as well: 73 -

100 % (between 0 and - 6 cm below surface; x̄ = 85 % ±9), 89 - 97 % (between 0 and - 4.5

cm below surface; x̄ = 95 % ±4) and 95 - 100 % (between 0 and - 3 cm below surface; x̄ =

99 % ±2) of SeMet with the additions of 500, 2000 and 10,000 µg/L Se, respectively. The

proportion of selenate was calculated to be only 1 - 3 % for isolated samples and, therefore,

negligible. This corresponds very well with the peak positions and shapes that correlate

with SeMet to a large degree.

In the shoots, organic Se proportion was lower than in the roots with the addition of Se

as selenite and speciation did not di�er signi�cantly between tissue height above ground.

Increasing in proportion to added Se concentration, organic Se comprised up to 50 - 74 %

(x̄ = 65 % ±8), 63 - 76 % (x̄ = 74 % ±11) and 74 - 81 % (x̄ = 78 % ±3) of Se in the shoot

tissue with the addition of 500, 2000 and 10,000 µg/L Se, respectively. The remaining 26 -

50 % (x̄ = 35 % ±8), 24 - 37 % (x̄ = 27 % ±11) and 19 - 26 % (x̄ = 22 % ±3) of plant-Se

was comprised of selenite. Shoot 09 (2000 µg/L Se added, Figure 5.18) was an exception,

showing 100 % of its Se to be organic Se, while no selenite was found. No selenate was

found in the shoots when selenite was added to the nutrient solution. This corresponds

very well with the peak positions and shapes that appear to be a mixture of SeMet and

selenite and shift toward the SeMet position and shape as Se concentrations are increased.

When treating the plants with selenate, Se speciation in the roots di�ered compared to

treatment with selenite. Absorption spectra of the roots changed from containing more

organic Se to containing more selenate between lower root scans and scans closer to the

caryopse; particularly as Se concentration increased from 500 (Figure 5.17) to 2000 (Figure

5.18) and then to 10,000 (Figure 5.19) µg/L Se. As with selenite treatment, the proportion

of organic Se increased the further below surface the root sample was taken. When adding

500 µg/L Se as selenate (Figure 5.17), organic Se comprised 31 % of plant-Se for root 01 at

-0.5 cm below the surface and increased to 50 % for root 06 at -8.0 cm below the surface.

Correspondingly, selenate, the second major Se species in the plant-root, decreased with
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Figure 5.19.: XANES results for regions of interest (ROI) of the shoot and root of a dried
rice plant treated with 10,000 µg/L Se as Na2SeO3 (left) or Na2SeO4 (right);
green, red & blue indicating peak lines for selenomethionine (12.661 keV),
selenite (12.664 keV) and selenate (12.667 keV), respectively (detailed scans:
Appendix C.5.2)
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root depth, from 63 % for root 01 to 32 % for root 06. The calculated proportion of selenite,

however, increased with depth, similar to organic Se from 6 % for root 01 to 17 % for root

07. Mean values of organic Se proportion in the roots increased with additional Se from x̄

= 42 % ±10 to x̄ = 48 % ±30 and x̄ = 54 % ±7 for the additions of 500, 2000 and 10,000

µg/L Se, respectively. Similarly to the addition of 500 µg/L Se as selenite, increased Se

concentrations led to the same trends of increasing organic Se with root depth, decreasing

selenate with root and increasing selenite with root depth, although this became more

pronounced when increasing the added Se concentration. With the addition of 2000 µg/L

Se as selenate (Figure 5.18), root-Se between root 01 at -0.5 cm and root 05 at -8.0 cm

showed an increase of organic Se from 14 % to 80 % (x̄ = 48 % ±30) and a corresponding

decrease in selenate from 71 % to 5 % (x̄ = 36 % ±34). Selenite made up between 10 and

27 % (x̄ = 17 % ±7) of plant-Se. With the addition of 10,000 µg/L Se as selenate (Figure

5.19), root-Se between root 01 at -0.5 cm and root 04 at -9.0 cm showed an increase of

organic Se from 43 % to 68 % (x̄ = 54 % ±11), an increase of selenite from 6 % to 23 % (x̄

= 17 % ±12) and a corresponding decrease in selenate from 51 % to 9 % (x̄ = 29 % ±22).

Selenium speciation in the shoot with the addition of Se as selenate exhibited greater

heterogeneity than in roots or in shoots and roots for the addition of selenite. However,

there was no signi�cant spatial trend to explain this heterogeneity. Scans show a dominance

in selenate with visibly smaller peaks at the SeMet energy, which is re�ected in the linear

combination �tting, as well. Addition of 500 µg/L Se led to 27 - 57 % SeMet (x̄ = 38 %

±10), 6 - 28 % selenite (x̄ = 14 % ±8) and 31 - 67 % selenate (x̄ = 48 % ±16). Addition

of 2000 µg/L Se led to 25 - 56 % SeMet (x̄ = 45 % ±11), 10 - 22 % selenite (x̄ = 18 % ±5)

and 22 - 65 % selenate (x̄ = 31 % ±13). Addition of 10,000 µg/L Se led to 43 - 68 % SeMet

(x̄ = 54 % ±11), 6 - 31 % selenite (x̄ = 17 % ±12) and 8 - 51 % selenate (x̄ = 29 % ±22).

Heterogeneity decreased with increased Se concentration, and, as previously noted, average

organic Se proportion increased with increased Se concentration as well, while proportions

of selenite and selenate varied.
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Figure 5.20.: Selenium fluorescence mapping of air-dried shoot tissue - rice plant treated
with 10,000 µg/L Se as selenate in hydroponic culture; photo (top) taken under
the binocular

5.3.8. Results of high-resolution Se mappings using synchrotron

based µXRF
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Figure 5.21.: Selenium fluorescence mappings of shoot and root tissue of a dried rice plant
treated with 2000 µg/L Se (top) and 10,000 µg/L Se (bottom) as Na2SeO3;
photos taken with a binocular
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DW Se. However, overall Se content was closer to 1000 mg/kg DW. Root cross-sections

also showed the highest Se concentrations to be in the middle of the root (up to 3000 mg/kg

DW) where vascular bundles converge into the central cylinder, with Se decreasing toward

the outer edge of the cross-section to below 500 mg/kg DW (Figure 5.21).

In some places, although slightly deformed by the pressure of the razor blade used to

produce the root cross-section of the selenite-treated plant(Figure 5.21), single vascular

bundles stood out with high Se concentrations of more than 2000 µg/kg DW. Selenium

content appeared to be highest for root cross-sections further below the surface with 3000

mg/kg DW at -2.5 cm, compared to 2000 mg/kg DW at -0.5 cm below the surface.

When the rice plant was treated with 10,000 µg/L Se as selenate, concentrations in

vascular bundles of the leaves reached up to 3000 mg/kg DW Se in tissue of 15 cm growth

height. Selenium content in the highest-measured leaf (4th leaf, 17.5 cm growth height)

still reached 1750 mg/kg DW. Leaf tips, such as the coleoptile or the tip of the second leaf,

however, showed lower Se concentrations of 500 - 1000 mg/kg DW. Root Se concentrations

for the selenate-treated plants were lower than in their selenite counterparts and reached

1250 mg/kg DW at the most. It is interesting to note that root hairs, although large enough

to be resolved by the x-ray beam of 11 x 16 µm if they contained Se, show no trace of Se

concentration.

5.4. Discussion

As it has already been thoroughly discussed in Chapter 3.6, selenate accumulation predom-

inantly in shoots and selenite accumulation predominantly in roots will not be discussed

deeply here. Likewise, adsorption and desorption properties of kaolinite and goethite with

respect to selenite and selenate as well as the nutrient oxy-anions nitrate, sulfate and phos-

phate have already been discussed in Chapter 4.6.
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Figure 5.22.: Selenium fluorescence mappings of shoot and root tissue of a dried rice plant
treated with 10,000 µg/L Se as Na2SeO4; photos taken with a binocular
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5.4.1. Selenium toxicity in plants under optimal conditions

As argued in Chapter 3.6, the availability of nutrients and germination in a Se-free envir-

onment enables the rice plant to deal with much higher Se concentrations than if grown

directly in Se without nutrient supplementation. However, additions of 5000 and 10,000

µg/L Se lead to toxicity symptoms similar to those on the agar plants despite Se-free ger-

mination and the supplement of nutrients. If the set-up in the agar experiments can be

considered the maximum of adverse e�ects on the rice plant concerning nutrients and Se-

respite during germination, these experiments constitute the minimum of adverse e�ects

with regard to those two factors. Therefore, 2000 µg/L Se addition as selenite is the highest

tolerance limit for 2-3 week-old rice plants under optimal conditions. Since selenate shows

no adverse e�ect on the rice plants in these concentrations, selenite is considered more toxic

than selenate.

The 2000 mg/kg DW of Se considered to lead to 10 % less crop yield in rice [Läuchli,

1993] must, therefore, refer to selenate addition, since selenite shows severe toxicity already

at concentrations below 100 mg/kg DW in shoots and 500 mg/kg DW in roots. There-

fore, for rice plants, selenite can be considered 8 - 12 times more toxic than selenate when

considering the entire plant Se concentration, which corresponds very well with present

literature, in which a similar di�erence in toxicity has been described [Smith & Watkinson,

1984,Läuchli, 1993]. This is particularly important because much rice is cultivated in wet

soil and stagnant water, therefore making selenite the more prevalent Se species [Khan &

Hell, 2014].

5.4.2. Substrate influence on Se-uptake by rice

As to be expected due to results of the previous experiments, kaolinite adsorption in�u-

enced plant-Se uptake slightly, while goethite adsorption had a major in�uence. Kaolinite's

limited sorption capacity reduced selenite availability by 16 % and selenate availability by

10 %. This largely remained within error margins of plant uptake for previous experiments

of the same cultivar and is therefore not considered signi�cant. Therefore, soils containing
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kaolinite o�er little protection against toxicity of high Se concentrations and are also un-

suitable as a Se reservoir for Se-bioforti�cation of plants.

Selenite and selenate adsorption to goethite, on the other hand, was signi�cant. With

98 % Se-loss due to selenite adsorption and 57 % Se-loss due to selenate adsorption, plant-

uptake of Se is strongly inhibited by goethite. Plant-uptake re�ected this Se-loss. Although

plant roots had physical contact with the Se-containing goethite, there is no evidence of

increased uptake beyond that of pure Se content in the nutrient solution, since uptake was

not elevated compared to the uptake without the presence of Se-rich sorption material.

Most likely, plants which are not under stress to obtain nutrients will not desorb Se from

mineral surfaces by root exudates. The fact that Se can strongly adsorb onto iron oxides

and hydroxydes has been noted in many publications [Balistrieri & Chao, 1987,Hayes et

al., 1987,Balistrieri & Chao, 1990,Chan et al., 2009,Das et al., 2013]. What is noteworthy

as well, however, is the wide pH range for which this is the case. Due to large quantities

adsorbed to the soil, a sudden change in redox and pH conditions can re-submerge these

previously adsorbed quantities of Se and make them bioavailable. This is not unrealistic

for rice agriculture, as �ooded conditions during early growth stages alternate with dry

conditions around harvest time and this leads to frequent redox changes in the soil. As

shown in the desorption experiments, phosphate can easily displace adsorbed Se, even from

goethite. So, not only is a sudden change of redox conditions important to monitor in

such cases, but also the agricultural application of large quantities of phosphate-bearing

fertilizer. Since iron oxides will preferentially bind phosphate, not only would plants be left

without phosphate, but also exposed to the possibly toxic concentrations of Se.

Another interesting observation is that adsorption onto kaolinite di�ered compared to

the pure sorption experiments, in which there was no nutrient solution, but rather a KCl

background electrolyte of similar ionic strength. The presence of further nutrient ions, es-

pecially phosphate and sulfate, diminished kaolinite adsorption capacity by a factor of 2 -

4 for selenite and by a factor of 4 - 7 for selenate. Since plant germination and root growth

requires up to 5 - 7 days for roots to reach the nutrient solution, this e�ect of kaolinite

adsorption interference must be a product of the additional nutrients. It also explains why
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the e�ect is 7/4ths more pronounced for selenate than for selenite, as this is the ratio of

molar concentrations of sulfate (700 µmol) and phosphate (400 µmol). Therefore, selen-

ite adsorbed onto kaolinite is believed to be hindered by competing phosphate ions, while

selenate adsorption is hindered by competing sulfate adsorption.

5.4.3. Se distribution within the plant

As argued previously in the literature [Sun et al., 2010,Bañuelos et al. 2015], XANES spec-

tra of some organic species are di�cult to distinguish. Moreover, di�erent authors have

measured slightly di�erent peak energies for SeCys and SeMet, which con�rms that meas-

urement results for these compounds, in particular, are not as conservative as for example

measurement results for selenite or selenate, which do not vary. In a study using a di�erent

measuring technique (HPLC-ICP-MS), species of SeMet, MeSeCys, and SeCys were dis-

cernable and a linear correlation between these species was formulated for tissue samples of

fruit-bearing rice plants [Sun et al., 2010]. What XANES spectra and µXRF mappings in

our study were able to show in contrast, however, is the spatial progression of species pro-

portions along the length of the root, in particular. As shown in this study, the proportion

of organic Se within the root is lowest near the caryopse and increases toward lower parts of

the root for both selenite and selenate. As Se is known to be rapidly converted into organic

Se when taken up as selenite [Terry et al., 2000,Khan & Hell, 2014], �nding a large portion

of organic Se in the roots is to be expected [Terry et al., 2000,Khan & Hell, 2014,Eiche,

2015]. Finding higher concentrations of selenite in higher parts of the plant might indicate

that not all selenite was transformed in the root, but rather was transported into higher

regions of the plant before being transformed into organic Se there. Formation of SeCys,

which precedes formation of SeMet, is believed to take place in the chloroplasts, where

methylation can render it a non-protein (SeMetSeCys), protecting against Se incorporation

into enzymes without sacri�cing Cys [Zayed et al., 1998, Terry et al., 2000, Finley, 2005].

An explanation for why the organic Se proportion is higher in the root than in the shoot

in general and for Se addition as selenate, in particular, might be that tranformation into

151



152 5. Biogeochemistry - Se uptake competition of minerals and plants

organic Se appears to be either more e�ective in the roots, or that Se is stored as organic

Se in the roots as a non-protein, such as MeSeCys [Duc et al., 2003], while it is volatil-

ized from the shoots. As methylation of Se might inhibit its incorporation into proteins,

thereby providing a method to avoid toxicity [LeDuc et al., 2004], it is feasable that higher

Se concentrations lead to a higher proportion of SeMet in the plant, as observed with the

additions of 500, 2000 and 10,000 µg/L Se.

It is known that selenate reduction, which also takes place in the chloroplasts, is the

rate-limiting step of selenate assimilation [Terry et al., 2000]. Therefore, it is not surprising

to �nd a large portion of Se as selenate in the shoots when adding Se as selenate. The

question arises why so much selenite is also present, since selenite was shown to be rapidly

converted into organic Se. Although there is a selenate reduction step to selenite [Terry

et al., 2000,Finley, 2005], it is still an unanswered question why it isn't synthesized more

quickly into organic Se, or if this is perhaps a di�erent species not accounted for by the

linear combination �tting. There have been similar �ndings in wheat, with selenite found

in the shoots by linear combination �tting of XANES data [Eiche, 2015].

One possibility, of course, is beam-induced damage and therefore, reduction of selenate

into selenite [Wang et al. 2013]. However, well aware of this danger, measurements were

kept very short and no more than 2 scans were taken from the exact same spot and the

reproducibility of such great quantitites of selenite due to sudden beam-induced damage

when none was previously seen is highly unlikely. It is more likely that either selenite is

really transported as selenite to higher parts of the plant, which would not agree with other

currently published data [Läuchli, 1993, Zayed et al., 1998, Terry et al., 2000, Sun et al.,

2010], or that some vital Se reference is missing in the linear �tting. The insecurities con-

nected with the linear �tting coupled with a probable lack of reference material is currently

considered the most plausible explanation for this �nding. There are multiple possible Se

compounds that include S which could be part of this explanation, since their XANES

spectra show peaks at multiple energies between organic species and selenite [Pickering et

al., 1999]. More detailed investigations are needed to determine these spatial-speciation

di�erences.
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5.4.4. Conclusions for the biogeochemical mass balance model

In combination with results of both other sets of experiments (Chapter 3.6, 4.6), these

results are incorporated into the biogeochemical model in Chapter 6. Model-relevant con-

clusions from this part of the study not already made in previous chapters are:

1. Se-uptake for concentrations greater than 2500 µ/L Se (i.e. 5000 and 10,000 µg/L Se)

can be added

2. selenite and selenate-dependent partitioning into organic Se, selenite and selenate can

be mathematically formulated for shoots and roots for a range of Se concentrations

3. additionally, root depth pro�les of this partitioning can be described dependent on

Se speciation and concentration

4. kaolinite and goethite sorption in the presence of a nutrient solution can be compared

to Se adsorption in the presence of single-ion competition

5. direct in�uence of substrate adsorption on bioavailable Se for plant uptake can be

modelled
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6. A biogeochemical model of Se

transfer in the Critical Zone

In order to connect the experimental results of this study to formulate a coherent model,

all key �ndings were transferred into mathematical terms. These mathematical arguments

of this bottom-up approach do not necessarily describe processes mono-causally, but were

intended to provide a good approximation for quantities of Se transfer between reservoirs

in the Critical Zone.

6.1. Selenium transfer between soil solution and plant

For this part of the model, data were used in which Se was taken up from nutrient solution,

including experiments A3 (Chapter 3.3.3) and C (Chapter 6.5c). Since growing rice without

nutrients is highly unlikely in a practical setting, the results of experiment A2 (Chapter

3.3.2) and A4 (Chapter 3.3.4) are not included, as those experiments were conducted on

nutrient-free agar instead of nutrient solution. The following assumptions were made for

the model, resulting from Exp. A3 (Chapter 3.3.3) and Exp. C (Chapter 6.5c):

� di�erences between selenite and selenate uptake into plants made separate modelling

of each species necessary

� di�erences between root and shoot partitioning within the rice plants required separ-

ate modelling of these plant tissues
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� therefore, speciation di�erences also made separate modelling of root and shoot ne-

cessary

� in addition to the mean root speciation, local root speciation could be modelled as a

function of depth below the surface

6.1.1. Data input

For the model of resulting Se-content in the plant, all data of measured (Exp. A3) or

sorption-corrected Se (Exp. C) as selenite or selenate in the initial solution was correlated

with plant uptakes into shoots and roots. To provide a large data-set for this modelling,

data of all 3 replicates as well as the mean were plotted. Mathematical arguments for the

�tting were achieved with Excel (Microsoft, version 14.0.7147.5001) and pre-setted trend

lines were �tted. Best �ts were chosen by comparing R2.

Since the uptake of 10,000 µg/L Se was only covered by two data points, it was not

included in the model. Because the range of Se concentration was large enough to produce

two very di�erent �ts when either including or omitting data on the uptake of 5000 µg/L

Se, both types of �ts were used in the model. Additionally, smaller concentration ranges (0

- 50 µg/L Se, 50 - 500 µg/L Se and 500 - 5000 µg/L Se) were modelled as well, using only

the mean values of Exp. A3 and Exp. C. These were included optionally in the model.

For the model of Se speciation percentages within roots and shoots, mean results of the

linear combination �tting of Exp. C were used. Therefore, proportions of three species were

modelled: organic Se, selenite and selenate. Data on tissue speciation distribution for 500,

2000 and 10,000 µg/L Se in the initial solution allowed concentration-dependent speciation

modelling. In the case of selenite addition, amounts of selenate found in the tissue were

negligible and were set to 0. Only organic Se content was modelled over a Se concentration

range of 500 - 10,000 µg/L and extrapolated to lower Se concentrations; selenite content in

the tissue was then obtained by subtracting the organic content from 100 %. In the case

of selenate addition, di�erences in root and shoot speciation trends meant modelling had

to be adapted. Therefore, roots required modelling of organic Se and selenite, while the
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remaining selenate fraction was obtained by subtracting the sum of organic Se and selenite

from 100 %. For the shoots, organic Se and selenate percentages were modelled, while the

remaining selenite fraction was obtained by subtracting the sum of organic Se and selenate

from 100 %.

Not only was concentration-dependent Se speciation modelling possible, but also depth-

dependent speciation shifts in the root as well. This required a 3-step �tting. The �rst

step was the mean root speciation dependent on Se concentration described above. In

the second step, linear (y = mx+t) Se concentration-dependent deviation from the mean

was determined for each root depth by plotting the share of organic Se at a depth of

x cm per mean root organic Se against the added Se concentration. This required Se

speciation to be known for 2 - 3 Se concentrations (500, 2000 and 10,000 µg/L Se) in the

same root depth (Table 6.1). Due to the depth-dependence of this speciation, each root-

depth resulted in plots with di�erent slopes (m) and y-axis intercepts (t) in its respective

mathematical argument. In the third step, these (m and t) were plotted against root depth.

Therefore, depth-dependent Se speciation was modelled as the linear deviation from the Se

concentration-dependent root-speciation mean with slope and y-axis intercepts dependent

on root depth.

Table 6.1.: Root depth dependence of linear combination fitting results; selenite addition
required only percentages of organic Se data, selenate addition required data for
percentages of organic Se and selenate

root depth root-Se org. [%] root-Se org. [%] root selenate [%]
[cm] c(Se) as SeO3

2- [µg/L] c(Se) as SeO4
2- [µg/L] c(Se) as SeO4

2- [µg/L]
500 2000 10,000 500 2000 10,000 500 2000 10,000

0 73 100 14 43 6 10 6
-1 76 31 6 15 8
-2 79 89 100 32 32 48
-3 84 97 100
-4 85 100 50 57 17 31
-5 91 99 100 53 63 68 27
-6 100 46 18 27 27
-7 92 94 23
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6.1.2. Fitting results

Fitting plant-Se content over the span of 0 - 5000 µg/L Se in the nutrient solution (Figure

6.1) produced polynomial functions of the 2nd degree. Equations 6.1 and 6.2 describe shoot-

Se content, which were �tted with an accuracy of R2 = 0.9604 and R2 = 0.9859 with the

addition of 0 - 5000 µg/L Se as selenite and selenate, respectively.

cP.sh = −2.0 · 10−5c2
SeO3 + 0.1013cSeO3 − 0.5859 (6.1)

cP.sh = −5.0 · 10−6c2
SeO4 + 0.147cSeO4 − 0.8039 (6.2)

with

cP.sh as the mean Se shoot content [mg Se/kg DW]

cSeO3 as the initial bioavailable solution selenite concentration [µg/L Se]

cSeO4 as the initial bioavailable solution selenate concentration [µg/L Se]

Root-Se content was modelled as shown in Equations 6.3 and 6.4, which were �tted with

an accuracy of R2 = 0.971 and R2 = 0.9744 with the addition of 0 - 5000 µg/L Se as selenite

and selenate, respectively.

cP.r = −2.0 · 10−5c2
SeO3 + 0.177cSeO3 + 5.3887 (6.3)

cP.r = −1.0 · 10−6c2
SeO4 + 0.0471cSeO4 + 0.0659 (6.4)

with

cP.r as the mean Se root content [mg Se/kg DW]

cSeO3 as the initial bioavailable solution selenite concentration [µg/L Se]

cSeO4 as the initial bioavailable solution selenate concentration [µg/L Se]
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158 6. A biogeochemical model of Se transfer in the Critical Zone

(a) (b)

Figure 6.1.: Excel fitting of experimental data on plant uptake in a range of 0 - 5000 µg/L
Se in the nutrient solution (top) with a polynomial and in a range of 0 - 2500
µg/L Se in the nutrient solution (bottom) with a polynomial or straight line
a: plant uptake of Se as Na2SeO3 into shoots and roots
b: plant uptake of Se as Na2SeO4 into shoots and roots
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(a) (b)

Figure 6.2.: Excel fitting of experimental data on plant uptake in a range of 0 - 50 µg/L Se
in the nutrient solution
a: plant uptake of Se as Na2SeO3 into shoots and roots fitted with a polynomial
(top) or exponential curve (bottom)
b: plant uptake of Se as Na2SeO4 into shoots and roots fitted with a polynomial
(top) or straight line (bottom)

cP.sh = −1.0 · 10−5c2
SeO3 + 0.0974cSeO3 − 0.1734 (6.5)
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160 6. A biogeochemical model of Se transfer in the Critical Zone

cP.sh = 0.133cSeO4 + 0.7698 (6.6)

with

cP.sh as the mean Se shoot content [mg Se/kg DW]

cSeO3 as the initial bioavailable solution selenite concentration [µg/L Se]

cSeO4 as the initial bioavailable solution selenate concentration [µg/L Se]

Equations 6.7 and 6.8 describe Se root content with an accuracy of R2 = 0.966 and R2

= 0.9976 with the addition of 0 - 2500 µg/L Se as selenite and selenate, respectively.

cP.r = −3.0 · 10−5c2
SeO3 + 0.1937cSeO3 + 3.3157 (6.7)

cP.r = 0.0469cSeO4 − 0.5966 (6.8)

with

cP.r as the mean Se root content [mg Se/kg DW]

cSeO3 as the initial bioavailable solution selenite concentration [µg/L Se]

cSeO4 as the initial bioavailable solution selenate concentration [µg/L Se]

Overall, �tting quality was limited most by scattering (1s error) of experimental data,

which was discussed in Chapter 3.5.3.

Modelling of smaller ranges of Se treatment yielded better accuracy and worked best

for polynomial functions of the 2nd degree. Addition of 0 - 50 µg/L Se (Figure 6.2) was

modelled with an accuracy of R2 = 0.9995 and R2 = 0.9993 in shoots and roots for selenite

addition and with an accuracy of R2 = 0.9982 and R2 = 0.9999 in shoots and roots for

selenate addition, respectively. Addition of 50 - 500 µg/L (Figure 6.3) Se was modelled

with an accuracy of R2 = 0.9999 in shoots and roots for selenate and selenite addition,

respectively. Addition of 500 - 5000 µg/L Se (Figure 6.4) was modelled with an accuracy of
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(a) (b)

Figure 6.3.: Excel fitting of experimental data on plant uptake in a range of 50 - 500 µg/L
Se in the nutrient solution
a: plant uptake of Se as Na2SeO3 into shoots and roots fitted with a polynomial
(top) or power function (bottom)
b: plant uptake of Se as Na2SeO4 into shoots and roots fitted with a polynomial
(top) or straight line (bottom)
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(a) (b)

Figure 6.4.: Excel fitting of experimental data on plant uptake in a range of 500 - 5000 µg/L
Se in the nutrient solution
a: plant uptake of Se as Na2SeO3 into shoots and roots fitted with a polynomial
(top) or logarithmic function (bottom)
b: plant uptake of Se as Na2SeO4 into shoots and roots fitted with a polynomial
(top) or straight line (bottom)
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(a) (b) (c)

Figure 6.5.: Excel fitting of plant tissue speciation according to XANES data with plant
uptake for nutrient solution concentrations of 500, 2000 and 10,000 µg/L Se
a: mean percentage of organic Se in shoots and roots when Se is added as
Na2SeO3 fitted with logarithmic function (top) or straight line (bottom)
b: mean percentage of organic Se in shoots and roots when Se is added as
Na2SeO4 fitted with logarithmic function (top) or straight line (bottom)
c: mean percentage of selenite in shoots and roots when Se is added as Na2SeO4
fitted with logarithmic function (top) or straight line (bottom)
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164 6. A biogeochemical model of Se transfer in the Critical Zone

Figure 6.6.: Root speciation modelling for additions of Se as Na2SeO3;
left: fitting of the deviation of local organic Se content compared to the root
mean organic Se content for 5 root depths as measured for 500 and 10,000
µg/L Se added as selenite.
right: root depth-correlated fitting of parameters (m, t) describing the organic
Se speciation pattern of all local deviations from root mean
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concentration in the nutrient solution were therefore:

porg.Ser = Px̄Ser
· (m · cSeO3 + t) (6.9)

and

Px̄Ser
= (4.7381 ln cSeO3 + 56.885) + ((0.0012cSeO3 + 88.368))

2 (6.10)

and

m = −9.0 · 10−7d3
r − 5.0 · 10−7d2

r + 5.0 · 10−5dr + 2.0 · 10−4 (6.11)

and

t = 0.0017d3
r + 0.0143d2

r − 0.0139dr + 0.83357 (6.12)

with

porg.Ser as the local percentage of organic Se in the root [%]

Px̄Ser
as the mean percentage of organic Se in the root [%]

cSeO3 as the initial bioavailable solution selenite concentration [µg/L Se]

dr as the root depth below the surface [cm]

The local percentage of organic Se in the root when Se is added as selenate was calculated,

�tted and modelled in similar fashion. However, Se concentration dependence was �tted

with the greatest accuracy when using a power function (Figure 6.7). Resulting function

parameters needed to model depth-dependence, were, therefore, m1, m2 and t.
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Figure 6.7.: Root speciation modelling for additions of Se as Na2SeO4;
left: fitting of the deviation of local organic Se content compared to the root
mean organic Se content for 5 root depths as measured for 500, 2000 and 10,000
µg/L Se added as selenate.
right: root depth-correlated fitting of parameters (m, t) describing the organic
Se speciation pattern of all local deviations from root mean

porg.Ser = Px̄Ser
· (m1c

2
SeO4 +m2cSeO4 + t) (6.13)

Px̄Ser
= (4.0003 ln cSeO4 + 16.965) + (0.0011cSeO4 + 43.095)

2 (6.14)

m1 = 6.0 · 10−8dr + 3.0 · 10−7 (6.15)
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and

m2 = −6.0 · 10−4dr + 3.0 · 10−3 (6.16)

and

t = −0.0941dr + 0.7228 (6.17)

with

porg.Ser as the local percentage of organic Se in the root [%]

Px̄Ser
as the mean percentage of organic Se in the root [%]

cSeO4 as the initial bioavailable solution selenate concentration [µg/L Se]

dr as the root depth below the surface [cm]

This �tting approach was also applied to the local percentage of selenite in the root when

Se was added as selenate. This needed to be calculated separately, as well, because selenate

treatment yielded three species in the root, rather than two, as for selenite treatment. As

previously found with organic Se, Se concentration dependence was �tted with the greatest

accuracy when using a power function (Figure 6.8) and the resulting function parameters

needed to model depth-dependence were m1, m2 and t.
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Figure 6.8.: Root speciation modelling for additions of Se as Na2SeO4;
left: fitting of the deviation of local selenite content compared to the root mean
selenite content for 5 root depths as measured for 500, 2000 and 10,000 µg/L
Se added as selenite.
right: root depth-correlated fitting of parameters (m, t) describing the selenite
speciation pattern of all local deviations from root mean

pSeO3r = Px̄Ser
· (m1c

2
SeO4 +m2cSeO3 + t) (6.18)

Px̄Ser
= (2.7328 ln cSeO4 − 7.7122) + (0.0007cSeO4 + 10.187)

2 (6.19)

m1 = 3.0 · 10−8d2
r + 1.0 · 10−7dr − 2.0 · 10−7 (6.20)
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and

m2 = −5.0 · 10−4d2
r − 3.0 · 10−3dr − 2.0 · 10−3 (6.21)

and

t = 0.0529d2
r + 0.1243dr + 0.3785 (6.22)

with

pSeO3r as the local percentage of selenite in the root [%]

Px̄Ser
as the mean percentage of organic Se in the root [%]

cSeO4 as the initial bioavailable solution selenate concentration [µg/L Se]

dr as the root depth below the surface [cm]

6.1.3. Model output

With the input of the Se concentration in solution either as selenite or as selenate between

0 and 5000 µg/L, the model provides results on Se content and speciation distribution in

shoots and in roots. Furthermore, the model predicts the depth pro�le of speciation in the

roots. Figure 6.9 exempli�es model output for 35 µg/L Se in the nutrient solution, which

is a concentration not covered by the experiments. Model output values for Se content and

speciation in shoots and roots were designed to be valid for input Se concentration between

0 and 5000 µg/L Se. However, input of low Se concentrations and very high concentrations

are less reliable; Se content modelling with the addition of Se as selenite, for example,

yields negative results for shoot-Se below an input of 6 µg/L Se when using a mean result

of Equations 6.1 and 6.5. This is not the case for the more precise modelling limited to the

range of 0 - 50 µg/L Se; however, the model by default uses the overall �tting for the large

concentration range.

Since this mean shoot-Se result is then used for the calculation of shoot speciation, this

results in unrealistic speciation distribution and, therefore, mean-Se input needs to be

adjusted to using the model more suitable for lower concentrations (Figure 6.2). Because it

is so di�cult to model plant-Se for the entire Se concentration range and subdivisions can be
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(a) (b)

Figure 6.9.: Model output for plant Se-content and speciation
a: for the addition of 35 µg/L Se as selenite
b: for the addition of 35 µg/L Se as selenate
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results for Se content using the models for the ranges 0 - 5000 and 0 - 2500 µg/L Se

(Equations 6.2 - 6.8) are modelled with a standard deviation of 10 % or lower for selenite

concentrations of 27 - 1450 µg/L Se for shoots and 220 - 3300 µg/L Se for roots and

selenate concentrations of 45 - 5000 µg/L Se for shoots and 68 - 5000 µg/L Se for roots. If

a standard deviation of 33 % or lower is su�cient, model results can be used for inputs of

selenite concentrations of 12 - 3000 µg/L Se for shoots and 30 - 4800 µg/L Se for roots and

selenate concentrations of 20 - 5000 µg/L Se for shoots and 17 - 5000 µg/L Se for roots.

Within these concentration ranges, modelled mean speciation appears plausible as well.

Unfortunately, speciation was not experimentally obtained for low Se concentrations and

error below 500 µg/L Se input Se concentration is not quanti�able. This means that

speciation modelling on this sparse data basis is highly speculative, unlike the Se content

in the plant, which is backed by a larger amount of experimental data. Nonetheless, this

sort of modelling can provide estimations for comparison that might be helpful for future

research. Although �tting results were best with logarithmic approaches (Figure 6.5), the

progression of logarithmic �tting toward lower Se concentrations was considered unrealistic,

as this would lead to near-zero percentages of organic Se compared to near-100 of selenite

due to low Se in the solution. Therefore, mean results of linear and logarithmic �ttings

were considered more realistic, but cannot be veri�ed.

As the error of modelling mean-Se is incalculable, modelling localized depth-dependent

speciation in the root, which is dependent on this mean value, provides seemingly realistic

results with an uncalculable error. However, results of negative speciation are not realistic.

Therefore, input Se concentrations yielding negative speciation for either organic Se or

selenite are considered to be outside of the range of valid Se concentration input. Localized

root speciation pro�les for depths of -1 cm to -7 cm are available with this model only for

inputs of 12 - 2500 µg/L Se as selenite and 20 - 1350 µg/L Se as selenate.
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6.2. Selenium transfer between soil minerals and soil

solution

For this part of the model, adsorption data from Exp. C (Chapter 6.5c) were primarily used.

Unfortunately, data from Exp. B1 - B3 (Chapter 4.4.2, b2, b3) could not be used for this

model, as in�uences of nutrient components did not add up linearly and data on the com-

peting oxy-anions were insu�cient to plot ion-concentration dependencies. Furthermore,

goethite could not be used for the model, since it did not reach its loading capacity in the

experiments performed and maximum sorption remained unknown for this study. There-

fore, no mixtures of kaolinite and goethite could be modelled, since it remained unknown

how small amounts of goethite would need to be in order to show kaolinite contribution to

sorption in the case of selenite. The following assumptions resulting from Exp. C (Chapter

6.5c), were made for the model:

� as shown in Exp. B1 and Exp. B3, kaolinite adsorption produced an isotherm shape,

even if this was not evident from the pure data of Exp. C

� therefore, the general mathematical formula of all Se adsorption isotherms of kaol-

inite should be the same with only factors and constants changing, depending on

experimental parameters

� selenite and selenate adsorption are modelled separately, but with the same general

mathematical formula

� lower kaolinite amounts show a linear decrease of sorption capacity

6.2.1. Data input

Model input for adsorption was derived solely from data of Exp. C (Chapter 6.5c), as data of

experiments performed in Exp. B1 - B3 were not conducted in a nutrient solution. However,

general information on isotherm shape observed in Exp. B1 and B3 for di�erent sorption

in�uences determined the choice of �tting function. In addition to �tting with pre-setted
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6.2.2. Fitting results

(a) (b)

Figure 6.10.: Fitting of Freundlich isotherms with exponential arguments (dotted line) and
polynomial to model Se adsorption onto kaolinite using isotherm-conform data
(solid line) or using all data points (light grey solid line)
a: adsorption of selenite
b: adsorption of selenate
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6.10b) were discarded as outliers as well, as the polynomial calculated in their presence

did not resemble an isotherm shape. Moreover, all other data points correlated very well

with an isotherm shape approaching load maximum and the polynomial describing it (R2

= 0.9998). Adsorption of Se was therefore modelled using Equation 6.23 for selenite and

Equation 6.24 for selenate.

csorpSeO3 = −1.0 · 10−7c2
SeO3 + 0.0028cSeO3 (6.23)

csorpSeO4 = −6.0 · 10−8c2
SeO4 + 0.0025cSeO4 (6.24)

with

csorpSeO3 as the selenite concentration load on kaolinite [mg Se/kg kaolinite]

cSeO3 as the initial bioavailable solution selenite concentration [µg/L Se]

csorpSeO4 as the selenate concentration load on kaolinite [mg Se/kg kaolinite]

cSeO4 as the initial bioavailable solution selenate concentration [µg/L Se]

6.2.3. Model output and mathematical extrapolations

As long as adsorption of selenite and selenate is modelled by their respective isotherms

dependent only on the added Se concentration, the sorption model output is described

precisely by those functions. However, optional mathematically estimated parameters were

included as well, as described in the following. Since these were not veri�ed in experiments,

their errors cannot be determined.

For crude estimations, the amount of kaolinite can be varied as the percentage of the

experimental conditions (100 % being the 8.5 g used in the experiment with the solution

unchanged at 170 mL). Although helpful for estimations, a simple percentage or factor

cannot take kinetic processes into account, such as longer di�usion pathways for fewer mo-

lecules. This means that error increases, the less experimentally evaluated the kaolinite
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amount is. Since ion competition in Exp. B2 showed the isotherm shape to remain stable

for a great number of adsorption-lowering processes, values for > 25 % of the experimental

kaolinite amount are considered reasonably reliable. A similar problem is encountered at

values > 100 % of the kaolinite amount used in the experiment. This is especially di�cult

because the maximum load capacity is unknown. Maximum load capacity calculated from

sorption modelling showed a maximum Se adsorption for 14,500 µg/L Se as selenite and

21,000 µg/L Se as selenate. Although this is 3 and 4 times the amount considered to be a

valid input for the model, inhibitory kinetic processes such as di�usion competition are not

included and the load capacity is only extrapolated. Therefore, input values for kaolinite

amounts should not exceed 150 % for the model to be considered reasonably reliable.

A second mathematically implemented parameter is that of competition between selenite

and selenate. Without this implementation, adsorption of selenite and selenate were mod-

elled separately and their combined e�ect was described by adding their sorption. This is

reasonable as long as one of both ions is dominant in its concentration or concentrations

of both ions are low. It is unreasonable, however, to expect high concentrations of each

species to be adsorbed as though the other were not present, especially since kaolinite has

a limited adsorption capacity and both ions adsorb at the same binding sites, albeit in a

di�erent manner (Figure 4.6).

cXsorpSeO3 = csorpSeO3 − ( cSeO4

cSeO4 + cSeO3

· csorpSeO3

csorpSeO4

cMAXsorpSeO4

) (6.25)

with

cXsorpSeO3 as selenite sorption with selenate competition [mg Se/kg kaolinite]

csorpSeO3 as selenite sorption without selenate competition [mg Se/kg kaolinite]

csorpSeO4 as selenate sorption without selenite competition [mg Se/kg kaolinite]

cSeO3 as the initial bioavailable solution selenite concentration [µg/L Se]

cSeO4 as the initial bioavailable solution selenate concentration [µg/L Se]

cMAXsorpSeO4 as the maximum selenate sorption load [mg Se/kg kaolinite]
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176 6. A biogeochemical model of Se transfer in the Critical Zone

Therefore (Equation 6.25), adsorption amounts in competition between both ions were

calculated as the pure anion adsorption, from which the proportion of the percentage of

the competing ion of its respective maximum load was subtracted proportional to its con-

centration and vice versa.

6.3. Mass balance model

Using the modelled compartments "mineral surface", "nutrient solution" and "plant", a

mass balance model was created (Equation 6.26). The model assumed 100 % of the Se to

be distributed into these three compartments and resulting Se content of those three com-

partments was given either as a percentage of total Se in the system or in µg as absolute

Se amounts. To keep the model simple, the only input parameters required were the con-

centrations of selenite and selenate in the initial solution. Model calculations started with

Se adsorption onto the mineral surface (Eqaution 6.27) in the presence of both competing

ions (Equation 6.25). The adsorbed Se amount was then substracted from the Se in the

initial solution (Equation 6.29). The resulting solution Se concentration was then used as

the initial solution for subsequent Se-uptake into plant roots and shoots (Equation 6.28).

This amount of Se is then substracted from the solution, yielding the �nal Se concentration

in the solution in the mass balance (Equation 6.29).

mtotalSe = mSesorp +mSeplant
+mSesol

(6.26)

and

mSesorp = ((cSeO3 +cSeO4)− ((cSeO3−
mK · cXsorpSeO3

Vexp
)+(cSeO4−

mK · cXsorpSeO4

Vexp
))) ·Vexp

(6.27)

and
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mSeplant
=

NPB(msh

Vexp
· cP.sh + mr

Vexp
· cP.r)(cSeO3 + cSeO4)

(cSeO3 − mK

Vexp
· cXsorpSeO3) + (cSeO4 − mK

Vexp
· cXsorpSeO4) · Vexp (6.28)

and

mSesol
= mtotalSe − (mSesorp +mSeplant

) (6.29)

with

mtotalSe as the total Se amount in the modelled system [µg]

mSesorp as the Se amount adsorbed to kaolinite [µg]

mSeplant
as the Se amount taken up into the plant [µg]

mSesol
as the Se amount remaining in solution [µg]

cSeO3 as the initial solution selenite concentration [µg/L Se]

cSeO4 as the initial solution selenate concentration [µg/L Se]

cXsorpSeO3 as selenite sorption with selenate competition [mg/kg]

cXsorpSeO4 as selenate sorption with selenate competition [mg/kg]

mK as the substrate amount in experiment [= 8.5 g]

Vexp as the nutrient solution volume in experiment [= 0.17 L]

NPB as the mean number of plants per box [= 7.5]

cP.sh as the mean Se shoot content [mg Se/kg DW]

cP.r as the mean Se root content [mg Se/kg DW]

msh as the mean shoot mass [= 0.01121582 g]

mr as the mean root mass [= 0.00621504 g]

6.4. Requirements for model extensions

This model o�ers a number of possibilities for extension. Criteria which must be met for

this to be possible depend on the kind of extension proposed; six of which will be explored

here:

1. volatilization of Se by rice plants can be added to the model using experimental

measurements of rice seedlings in a comparable setting: similar growth stage, closed-
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178 6. A biogeochemical model of Se transfer in the Critical Zone

box system, constant air volume and similar concentration range of Se uptake; the

presence of substrate is not required; however, nutrient concentrations comparable to

the nutrient solution are

2. change in uptake behavior due to a lack of nutrients can be integrated; however, this

must be coupled with adsorption studies of those same ions

3. di�erent plant species can be integrated as well if growth stage permits cultivation in

closed plant-box systems; nutrient uptake must be monitored hereby as well

4. goethite or other sorption substrates can be added if solution volume-to-substrate

mass ratios are similar to those used in experiments and maximum load capacity

is known or can be modelled; plants are not necessarily required to be part of the

experimental set-up

5. ion competition can be integrated into the model when measuring the in�uence on Se

adsorption of multiple concentrations of multiple ions for a span of Se concentrations

at a solution volume-to-substrate mass ratio comparable to the experiments carried

out in this study; in this case, detailed studies in the presence and absence of rice

plants are required as well, as nutrient uptake and competition a�ect Se uptake

6. likewise, pH in�uences can be measured as well; in this case, detailed studies both in

the presence and absence of rice plants are required, as nutrient uptake and compet-

ition a�ect Se uptake

6.5. Evaluation and application of the mass-balance

model

The model presented in this study can serve several purposes. For one, it can simply be

used to interpolate results between the experimentally determined results, i.e. plant uptake

calculations for 600 µg/L Se instead of the measured increments of 500 and 1000 µg/L Se

or adsorption of 1800 µg/L Se onto kaolinite rather than the increments of 1000 and 2000
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µg/L Se. Together with speciation information provided by the model, potential toxicity

to livestock when used in fodder can be estimated, as well as the return of Se into the soil,

if plants are not removed. Using data from a study on Se speciation in rice grain compared

to the rest of speciation in rice [Sun et al., 2010], this model can be used to estimate grain

Se content as well. The fact that di�erent functions were required to �t the plant-Se data

depending on the added Se concentration, is indicative of regulatory mechanisms of Se up-

take in the plant. Even if the model cannot provide mechanistic understanding in this case,

estimates for Se concentration ranges of interest can be obtained by applying the model.

While all these applications are useful, however, this model also attempted to interpol-

ate results not obtained by the experiments, such as solutions containing a mixture of Se

species or varied amounts of kaolinite. The di�culty of using such purely empirical math-

ematical extrapolations is that the error is uncalculable and model output must �rst be

veri�ed by experimental results. Therefore, this model still requires a number of validation

experiments. The mean Se speciation in plant tissue needs to be veri�ed for small Se con-

centrations. Moreover, more detailed data are needed to improve upon the localized root

speciation.

Additional extentions to the model that can improve upon its signi�cance would be fur-

ther substrates that are frequently encountered in soils, such as iron oxides and hydroxides,

other clay minerals and calcite at varying pH-values and competing nutrient anions. If

experimental data was acquired with the same parameters, mixtures of minerals can be

modelled to simulate a large variety of soils. An interesting further step would be to integ-

rate organic matter as well. With the exception of microorganisms, this would constitute a

complete synthetic soil. Furthermore, a greater variety of plant models would prove useful

in detailed uptake modelling. Not only could additional agronomically important plants,

such as wheat or corn be investigated, but also, if the experiments were to be extended

over a longer time period, the fruit-bearing stage would provide insight into Se cycling

throughout the entire crop cycle.

To extend the model into another compartment of the Critical Zone, trapping experi-

ments for volatile Se species should be conducted as well. Current experiments did not
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focus on this aspect, as the method of volatile Se trapping was not established, yet. There-

fore, the current model works under the assumption that Se not accounted for in plants or

by adsorption must have remained in the solution. As previous publications have shown,

however, rice is known to produce volatile Se species [Terry et al., 2000], for example, 50

- 80 % of Se added as SeMet can be volatilized. Rates indicate that selenite and selenate

volatilization are lower by a factor of 40 and 20, respectively [Zayed et al., 1998].

This model provides a basis for investigations of Se transfer in the Critical Zone and

can be used with a limited amount of data input. Therefore, it provides a quick overview

of expected Se concentrations in kaolinite-dominated soil, solution and rice plants and is,

therefore, a practical tool for �rst-stage assessments of Se inventory.
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7. Conclusions

The objective of this study was to quantify and characterize Se transfer pathways and

processes as part of the Se cycle within the Critical Zone. The strength of this integrated

approach was to connect all �ndings by using the same experimental parameters for all

aspects of this study in order to create an empirical process model of the Se biogeochem-

istry in the Critical Zone. This included, in particular, the substrate-to-solution ratio of

sorption experiments and plant experiments as well as the ionic strength, pH-value and

chemical composition of the nutrient solution in adsorption and plant uptake experiments.

By using an experimental set-up that reduces secondary in�uences on the Se transfer

processes usually present in natural systems, such as microbiological activity, multiple ad-

sorbing substrates or organic matter, this study was able to focus on the core transfer

processes and their immediate e�ects. Compartmentalization of the Critical Zone proved

to be a good means to explore Se transfer processes and quanti�cation of Se transfer was

possible due to the experimental set-up of closed-box systems. The two main pathways

of Se transfer were investigated: the speciation- and concentration-dependent uptake of

Se into rice plants and the speciation-, ion competition- and concentration-dependent Se

adsorption-desorption processes between soil and nutrient solution. This study has in-

creased knowledge and provided quantitative data on the following points:

1. Se sorption processes are an important factor controlling bioavailability and are highly

dependent on mineral substrate, pH-value and nutrient ion competition. Goethite,

with its large sorption capacities and a great a�nity for selenite adsorption, reduces

selenate bioavailability to 40 % and selenite bioavailability to 0 %, while kaolinite
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reduces selenate bioavailability to 85 % and selenite bioavailability to 90 %. Ion com-

petition of phosphate is strongest for both selenite and selenate adsorption, reducing

Se adsorption to 15 - 50 % while sulphate reduces selenate adsorption to 15 - 75 %,

but has little e�ect on selenite adsorption.

2. Se uptake into plants and its partitioning into di�erent plant tissue are highly de-

pendent on bioavailable Se concentration, Se species and oxy-anion competition in

the solution as well as the plant's state of health and plant stage at the time of Se

addition. Direct germination in Se and nutrient-de�ciency signi�cantly lower plant

tolerance to Se and result in toxicity e�ects and reduced uptake at solution-Se con-

centrations above 250 µg/L Se as selenate and 1000 µg/L Se as selenite, while healthy

plants are able to take up Se in the presence of 10,000 µg/L Se. Treatment with dif-

ferent Se species leads to preferential partitioning of selenite to the root (70 %) and

selenate to the shoot (72 %) as well as species-dependent tissue speciation. Selenite

treatment led to 85 - 100 % org. Se in roots and 64 - 80 % organic Se in shoots, the

rest being selenite, and selenate treatment led to 42 - 54 % org. Se and 29 - 36 %

selenate in roots and 38 - 54 % org. Se and 33 - 48 % selenate in shoots, the rest

being selenite.

3. The biogeochemical process model showed plant uptake to be in�uenced by the sorp-

tion processes and showed inhibition of Se adsorption onto mineral surfaces by com-

peting ions in the nutrient solution to be a non-additive process.

The mass balance model created with the data of this study can be used as a basis

for further model extensions and optimizations. The model can be extended with single

parameter that in�uence Se bioavailaility, such as pH-values, ionic strength, temperature,

etc., and with additional compartments of the Critical Zone, such as the atmosphere with

its Se transfer path of Se volatilization by plants. Moreover, other plants and substrates

can be modelled in a similar fashion and integrated into the model as well. Other agricul-

tural plants such as maize, beans, potatos and tomatos as well as Se accumulators such

as mustard might be attractive expansions to the model due to di�erent uptake and parti-
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tioning ratios, which is of interest depending on the plant tissue used for consumption or

animal feed. In combination with additional substrates, such as ferric oxides and hydoxides,

other clay minerals, carbonates and organic matter, this model might prove a useful tool

to compare di�erences between Se bioavailability in soils comprised of these materials in

various proportions without needing to experimentally investigate every iteration. Future

research might bene�t from the continuous development of such a model to asess optimal Se

bioforti�cation as well as Se toxicity or de�ciency hazards in the �eld and the management

thereof. All in all, Se remains an element full of challenges to science, with great potential

for analytical improvements and biogeochemical pathway clari�cations, toward which this

study has provided one stepping stone for the improved management of the world's Se

resources.
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A. Se uptake by Rice - Data

Table A.1.: PHREEQ-C Input file for Bjerrum plot of selenite
1 DATABASE wateq4f.dat
2 TITLE Bjerrumplot Selenite
3
4 SOLUTION 1
5 units mol/L
6 pH 13
7 pe -8
8 Na 0.1 charge
9 Se(4) 0.01
10
11 REACTION 1 # addition of 34 mmol HCl in 1200 steps simulating pH change
12 HCl 1
13 0.34 in 1200
14
15 USER_GRAPH
16 -chart_title "species of selenite"
17 -axis_titles "pH" "mol/L"
18 -axis_scale x_axis 1 13 2
19 -axis_scale y_axis 0 0.011 0.001
20 -initial_solutions false
21 -headings pH SeO3-2 HSeO3- H2SeO3
22 -start
23 10 graph_x -la("H+")
24 20 graph_y mol("SeO3-2")
25 30 graph_y mol("HSeO3-")
26 40 graph_y mol("H2SeO3")
27 -end
28 END

i



ii A. Se uptake by Rice - Data

Table A.2.: PHREEQ-C Input file for Bjerrum plot of selenate
1 DATABASE wateq4f.dat
2 TITLE Bjerrumplot Selenate
3
4 SOLUTION 1
5 units mol/L
6 pH 13
7 Na 0.01 charge
8 Se(6) 0.01
9
10 REACTION 1 # addition of 1.4 mol HCl in 340 steps to simulate pH change
11 HCl 1
12 1.4 in 340
13
14 USER_GRAPH
15 -chart_title "species of selenate"
16 -axis_titles "pH" "mol/L"
17 -axis_scale x_axis 1 13 2
18 -axis_scale y_axis 0 0.011 0.001
19 -initial_solutions false
20 -headings pH HSeO4- SeO4-2
21 -start
22 10 graph_x -la("H+")
23 20 graph_y mol("HSeO4-")
24 30 graph_y mol("SeO4-2")
25 -end
26 END

ii



A.1. Datasheets experiment A1 iii

A.1. Datasheets experiment A1

Table A.3.: watering regime for open plant cultures
watering date Box 1 Box 2, 3 Box 4, 5, 6 reference plants

Fr. 11.05. 55 mL 55 mL 55 mL x
Mo. 14.05. 55 mL 55 mL 55 mL x
Mi. 16.05. 55 mL 55 mL 55 mL x
Fr. 18.05. 55 mL 55 mL 55 mL x

Mo. 21.05. 55 mL 27 mL 55 mL 27 mL
Mi. 23.05. 27 mL 27 mL 55 mL 27 mL
Fr. 25.05. 27 mL 27 mL 55 mL 27 mL

Mo. 28.05. 27 mL 27 mL 55 mL 40 mL
Mi. 30.05. 27 mL 27 mL 55 mL 27 mL
Fr. 01.06. 27 mL 27 mL 55 mL 35 mL

Mo. 04.06. 27 mL 27 mL 55 mL 50 mL
Mi. 06.06. 27 mL 27 mL 55 mL 27 mL
Fr. 08.06. 55 mL 27 mL 55 mL 55 mL

Mo. 11.06. 55 mL 27 mL 55 mL 55 mL
Mi. 13.06. 55 mL 27 mL 55 mL 55 mL
Fr. 15.06. 55 mL 27 mL 55 mL 35 mL

Mo. 18.06. 55 mL 27 mL 55 mL 70 mL
Mi. 20.06. 55 mL 27 mL 55 mL 35 mL
Fr. 22.06. 55 mL 27 mL 55 mL 55 mL

Mo. 25.06. 55 mL 27 mL 55 mL 70 mL
Mi. 27.06. 55 mL 27 mL 55 mL 70 mL
Fr. 29.06. 70 mL 55 mL 70 mL 55 mL

Mo. 02.07. 70 mL 55 mL 70 mL 80 mL
Mi. 04.07. 70 mL 55 mL 70 mL 70 mL
Fr. 06.07. 70 mL 55 mL 70 mL 70 mL

Mo. 09.07. 70 mL 55 mL 70 mL 70 mL
Mi. 11.07. 70 mL 55 mL 70 mL 55 mL
Fr. 13.07. 70 mL 55 mL 70 mL 70 mL

iii



iv A. Se uptake by Rice - Data

Table A.4.: PHREEQ-C calculation input file for nutrient solution composition
1 DATABASE wateq4f.dat
2 TITLE Nut_Sol_2012_11_21
3
4 SELECTED_OUTPUT
5 -reset false
6 -pH
7 -saturaction_indices
8
9 SOLUTION 1
10 temp 25
11 units mg/L
12
13 REACTION 1
14
15 Ca(NO3)2:4H2O 235.960
16 K2SO4 65.320
17 MgSO4:6H2O 74.348
18 KH2PO4 13.598
19 H3BO3 0.493
20 CuSO4 0.032
21 ZnSO4:H2O 0.088
22 MnSO4:H2O 0.033
23 CaCl2 5.552
24 #Na2MoO4:2H2O 0.018
25 C6H5OFe 12.242
26
27 END

Table A.5.: saturation indices >0 for non-gaseous nutrient solution compounds
chemical saturation index

phase formula NSconc NSconcA NSconcB NSdil

Anhydrite CaSO4 1.13 - - -1.93
Aragonite CaCO3 2.13 - - -1.62
Calcite CaCO3 2.28 - - -1.47
Dolomite CaMg(CO3)2 4.03 - - -3.50
Iron(III)oxide-hydroxide (a) Fe(OH)3 (a) 3.97 - 3.95 2.47
Goethite FeOOH 9.91 - 9.85 8.36
Gypsum CaSO4 * 2H2O 1.26 - - -1.71
Hematite Fe2O3 21.87 - 21.70 18.73
Hydroxyapatite Ca5(PO4)3OH 15.19 15.71 - 2.70
Jarosite-K KFe3(SO4)2(OH)6 9.98 - - 0.54
Rhodocrosite MnCO3 0.86 - 0.81 -2.71
Siderite FeCO3 2.93 - 2.96 -0.70
Vivianite Fe3(PO4)2 *8H2O 9.29 - - 2.24

iv



A.1. Datasheets experiment A1 v

Table A.6.: A1 experimental data
fresh dry ratio total Se total

added weight weight water total tissue DW digested 1s digestedc(Se) FIAS 1s c(Se) FIAS 1s c(Se) 1s in tissue 1s plant 1s
planttissue Se (FW) (DW) loss plant DW/ total DWamount SD volume 20.12.’12 SD 29.12.’13 SD in tissue SD DW SD Se SD

± 0.0001± 0.0001
[µg/L] [g] [g] [%] [g] [-] [g] [g] [mL] [µg/L] [µg/L] [µg/L] [µg/L] [mg/kg] [mg/kg] [µg] [µg] [µg] [µg]

1a shoot 5 3.1338 2.2351 71.3 2.7829 0.80 0.1997 0.0001 10 < PQL < PQL 450.41 17.71 22.55 0.89 50.41 1.98 61.08 10.76
root 5 0.6043 0.5478 90.7 2.7829 0.20 0.2040 0.0001 10 390.64 237.35 404.27 11.44 19.48 6.10 10.67 3.34 61.08 10.76

1b shoot 2.5 0.2011 0.1696 84.3 0.2134 0.79 0.1021 0.0001 10 > calib > calib 1156.67 21.95 113.29 2.15 19.21 0.36 20.98 0.76
root 2.5 0.0454 0.0438 96.5 0.2134 0.21 0.0061 0.0001 10 < PQL < PQL 24.67 1.33 40.44 2.18 1.77 0.10 20.98 0.76

1c shoot 2.5 2.4447 1.7147 70.1 2.1896 0.78 0.0999 0.0002 10 574.50 41.27 < PQL < PQL 57.48 4.13 98.57 7.08135.1011.83
root 2.5 0.5067 0.4749 93.7 2.1896 0.22 0.0997 0.0002 10 767.10 79.24 < PQL < PQL 76.93 7.95 36.54 3.77135.1011.83

1d shoot 0 1.4825 1.1524 77.7 1.5140 0.76 0.1002 0.0002 10 x x x x x x x x x x
root 0 0.3771 0.3616 95.9 1.5140 0.24 0.1003 0.0002 10 x x x x x x x x x x

1e shoot 5 0.5145 0.4383 85.2 0.5017 0.87 0.2017 0.0005 10 1318.14 204.00 1383.71 80.48 66.99 7.05 29.36 3.09 30.68 3.93
root 5 0.1031 0.0634 61.5 0.5017 0.13 0.0050 0.0005 10 < PQL < PQL 10.36 1.57 20.85 3.15 1.32 0.20 30.68 3.93

1f shoot 0 0.6522 0.5474 83.9 0.6677 0.82 0.1005 0.0002 10 x x x x x x x x x x
root 0 0.1267 0.1203 94.9 0.6677 0.18 0.0307 0.0002 10 x x x x x x x x x x

1g shoot 0 1.9392 1.4504 74.8 1.9121 0.76 0.2034 0.0001 10 x x x x x x x x x x
root 0 0.4792 0.4617 96.3 1.9121 0.24 0.1652 0.0001 10 x x x x x x x x x x

1h shoot 2.5 0.4737 0.4008 84.6 0.5066 0.79 0.1000 0.0005 10 542.49 29.96 x x 54.25 3.00 21.75 1.20 27.09 2.24
root 2.5 0.1107 0.1058 95.6 0.5066 0.21 0.0214 0.0005 10 108.15 11.89 x x 50.56 5.56 5.35 0.59 27.09 2.24

2a shoot dead
root dead

2b shoot 2.5 0.3551 0.2933 82.6 0.3451 0.85 0.2121 0.0001 10 > calib > calib 635.82 3.85 29.98 0.18 8.79 0.05 x x
root 2.5 0.0531 0.0518 97.6 0.3451 0.15 0.0014 0.0001 10 < PQL < PQL < PQL < PQL x x x x x x

2c shoot 5 0.5949 0.4723 79.4 0.5632 0.84 0.1974 0.0001 10 492.69 22.23 470.42 12.44 24.39 0.88 11.52 0.41 30.34 1.12
root 5 0.095 0.0909 95.7 0.5632 0.16 0.0161 0.0001 10 < PQL < PQL 333.37 12.61 207.06 7.83 18.82 0.71 30.34 1.12

2d shoot 2.5 0.0506 0.0459 90.7 0.0564 0.81 0.0042 0.0003 10 < PQL < PQL 32.50 1.55 78.32 3.73 3.59 0.17 4.16 1.01
root 2.5 0.0111 0.0105 94.6 0.0564 0.19 0.0024 0.0003 10 12.79 5.59 < PQL < PQL 53.72 23.51 0.56 0.25 4.16 1.01

3a shoot 5 0.3309 0.2818 85.2 0.3628 0.78 0.1888 0.0001 10 1834.52 9.32 1850.25 60.67 97.58 1.85 27.50 0.52 29.93 0.48
root 5 0.0827 0.081 97.9 0.3628 0.22 0.0188 0.0001 10 < PQL < PQL 56.45 0.74 30.03 0.39 2.43 0.03 29.93 0.48

3b shoot 0 0.157 0.1447 92.2 0.2103 0.69 0.0463 0.0001 10 x x x x x x x x x x
root 0 0.0693 0.0656 94.7 0.2103 0.31 0.0056 0.0001 10 x x x x x x x x x x

3cleaves 2.5 0.1357 0.1242 91.5 0.1539 0.81 too little material
roots 2.5 0.03 0.0297 99.0 0.1539 0.19 too little material

3dleaves 0 0.0444 0.0411 92.6 0.0486 0.85 too little material
roots 0 0.0091 0.0075 82.4 0.0486 0.15 too little material

3e shoot 5 0.2057 0.1852 90.0 0.2517 0.74 0.1148 0.0005 10 966.97 108.61 922.99 32.79 82.31 6.16 15.24 1.14 17.18 0.84
root 5 0.0992 0.0665 67.0 0.2517 0.26 0.0150 0.0005 10 < PQL < PQL 43.74 1.02 29.12 0.68 1.94 0.05 17.18 0.84

3fleaves 5 0.1555 0.1408 90.5 0.1728 0.81 0.0296 0.0005 10 x x x x x x x x x x
roots 5 0.0335 0.032 95.5 0.1728 0.19 0.0038 0.0005 10 x x x x x x x x x x

3gleaves 0 0.0945 0.0316 33.4 0.0637 0.50 0.0212 0.0015 10 x x x x x x x x x x
roots 0 0.0392 0.0321 81.9 0.0637 0.50 0.0011 0.0015 10 x x x x x x x x x x

3h shoot 0 0.2698 0.2328 86.3 0.2890 0.81 0.0998 0.0015 10 x x x x x x x x x x
root 0 0.0574 0.0562 97.9 0.2890 0.19 0.0045 0.0015 10 x x x x x x x x x x

4aleaves 0 0.3259 0.1881 57.7 0.2826 0.67 0.0998 0.0015 10 x x x x x x x x x x
roots 0 0.0959 0.0945 98.5 0.2826 0.33 0.0268 0.0015 10 x x x x x x x x x x

4bleaves 0 0.7379 0.6803 92.2 0.7983 0.85 0.1004 0.0003 10 x x x x x x x x x x
roots 0 0.122 0.118 96.7 0.7983 0.15 0.0298 0.0003 10 x x x x x x x x x x

4c shoot 0 0.8161 0.6776 83.0 0.9001 0.75 0.1960 0.0001 10 x x x x x x x x x x
root 0 0.2259 0.2225 98.5 0.9001 0.25 0.1356 0.0001 10 x x x x x x x x x x

4d shoot 0 0.6296 0.5356 85.1 0.6758 0.79 0.1003 0.0015 10 x x x x x x x x x x
root 0 0.144 0.1402 97.4 0.6758 0.21 0.0622 0.0015 10 x x x x x x x x x x

5a shoot 2.5 1.3478 0.547 40.6 0.7373 0.74 0.2005 0.0001 10 554.06 36.76 533.68 12.64 27.12 1.23 14.83 0.67 17.34 1.27
root 2.5 0.3175 0.1903 59.9 0.7373 0.26 0.1096 0.0001 10 145.66 26.17 142.32 2.86 13.14 1.32 2.50 0.25 17.34 1.27

5bleaves 2.5 0.6742 0.2964 44.0 0.3419 0.87 0.1005 0.0005 10 553.22 4.37 x x 55.05 0.43 16.32 0.13 x x
roots 2.5 0.0611 0.0455 74.5 0.3419 0.13 0.0020 0.0005 10 < PQL < PQL x x x x x x x x

5cleaves 2.5 1.6735 0.6616 39.5 0.8972 0.74 0.0992 0.0003 10 448.00 27.59 x x 45.15 2.78 29.87 1.84 36.97 2.91
roots 2.5 0.4556 0.2356 51.7 0.8972 0.26 0.1003 0.0003 10 302.14 29.01 x x 30.12 2.89 7.10 0.68 36.97 2.91

5d shoot 2.5 1.1373 0.4577 40.2 0.6733 0.68 0.1002 0.0005 10 261.87 26.41 236.95 4.83 24.90 1.56 11.40 0.71 14.59 0.80
root 2.5 0.3126 0.2156 69.0 0.6733 0.32 0.0998 0.0005 10 158.82 9.14 136.61 4.95 14.81 0.71 3.19 0.15 14.59 0.80

6aleaves 5 0.5308 0.4295 80.9 0.5386 0.80 0.2019 0.0005 10 < PQL < PQL x x x x x x x x
roots 5 0.1137 0.1091 96.0 0.5386 0.20 0.1096 0.0005 10 < PQL < PQL x x x x x x x x

6b shoot 5 1.2058 0.9056 75.1 1.1079 0.82 0.1005 0.0005 10 < PQL < PQL 309.42 14.04 30.80 1.40 27.89 1.27 32.70 1.64
root 5 0.2078 0.2023 97.4 1.1079 0.18 0.1000 0.0005 10 < PQL < PQL 237.65 13.03 23.76 1.30 4.81 0.26 32.70 1.64

6c shoot 5 0.4487 0.3654 81.4 0.4419 0.83 0.1005 0.0005 10 < PQL < PQL 308.29 6.17 30.68 0.61 11.21 0.22 11.48 0.26
root 5 0.0781 0.0765 98.0 0.4419 0.17 0.1000 0.0005 10 < PQL < PQL 34.97 0.86 3.50 0.09 0.27 0.01 11.48 0.26

6dleaves 5 0.3469 0.2931 84.5 0.3530 0.83 0.0992 0.0003 10 < PQL < PQL x x x x x x x x
roots 5 0.0621 0.0599 96.5 0.3530 0.17 0.0038 0.0003 10 < PQL < PQL x x x x x x x x

RAleaves 5 3.2292 2.323 71.9 3.4242 0.68 0.2005 0.0001 10 642.18 27.97 x x 32.03 1.39 74.40 3.24314.12 8.21
roots 5 1.1936 1.1012 92.3 3.4242 0.32 0.2037 0.0001 10 4434.19 38.66 x x 217.68 1.90 239.71 2.09314.12 8.21

RBleaves 0 3.3602 2.2272 66.3 3.2053 0.69 0.1990 0.0001 10 x x x x x x x x x x
roots 0 1.4242 0.9781 68.7 3.2053 0.31 0.1990 0.0001 10 x x x x x x x x x x

WPleaves 0 2.1407 1.6036 74.9 2.4244 0.66 0.1001 0.0002 10 x x x x x x x x x x
roots 0 2.7085 0.8208 30.3 2.4244 0.34 0.1005 0.0002 10 x x x x x x x x x x

v



vi A. Se uptake by Rice - Data

Table A.7.: A1 analytical data - HG-FIAS measurement I
Technique AA FIAS-MHS
Spectrometer Model Aanalyst 200 S/N 200S6110908
Autosampler Model AS-90plus

Batch ID Pflanzenaufschlüsse
Results Data Set Nothstein_2012_12_20_b
Date Measured 20.12.2012
Method Name Se Nothstein

correl. coeff. PQL (= lowest calib-10 %) 0.450
0.997384 LOQ (= 7·wash) 0.251
calib. slope LOD (= 3·wash) 0.107
0.0171 analytical quality [%] 111.052

Mean entered calc.
Calibration Sample ID signal SD c(Se) c(Se) SD

[-] [-] [µg/L] [µg/L] [µg/L]

1 Blank 0.0000 0.0012 0.0 0.00 0.00
2 0.5 ppb 0.0059 0.0005 0.5 0.34 0.03
3 1.0 ppb 0.0166 0.0005 1.0 0.97 0.03
4 2.0 ppb 0.0311 0.0008 2.0 1.82 0.05
5 5.0 ppb 0.0869 0.0014 5.0 5.08 0.08

c(Se) c(Se) SD dilution c(Se)
Sequence No. Sample ID diluted SD driftcorr. driftcorr. factor conc. SD

[µg/L] [µg/L] [µg/L] [µg/L] [-] [µg/L] [µg/L]

1 Wash Milli-Q -0.125 0.111 -0.125 0.111 1 -0.13 0.11
2 wash 0.007 0.050 0.007 0.050 1 0.01 0.05
3 HCl Blank 0.049 0.048 0.028 0.027 6 0.17 0.16
4 Trace Metal 252µg/L 1.322 0.202 1.199 0.183 240 287.77 43.97
5 wash 0.078 0.055 0.078 0.055 1 0.08 0.06
6 Se_Std_0 0.046 0.042 0.046 0.042 1 0.05 0.04
7 Se_Std_0.5 0.492 0.009 0.492 0.009 1 0.49 0.01
8 Se_Std_1.0 1.064 0.071 1.064 0.071 1 1.06 0.07
9 Se_Std_2.0 1.763 0.133 1.763 0.133 1 1.76 0.13
10 Se_Std_5.0 4.869 0.073 4.869 0.073 1 4.87 0.07
11 wash 0.083 0.017 0.083 0.017 1 0.08 0.02
12 wash 0.090 0.021 0.090 0.021 1 0.09 0.02
13 1h_leaves 4.346 0.240 4.521 0.250 120 542.49 29.96
14 1h_roots 0.955 0.105 0.901 0.099 120 108.15 11.89
15 5b_leaves 4.432 0.035 4.610 0.036 120 553.22 4.37
16 5b_roots 0.154 0.151 0.083 0.081 120 < PQL < PQL
17 5c_leaves 3.589 0.221 3.733 0.230 120 448.00 27.59
18 5c_roots 2.500 0.240 2.518 0.242 120 302.14 29.01
19 5d_leaves 2.310 0.233 2.182 0.220 120 261.87 26.41
20 5d_roots 1.401 0.081 1.324 0.076 120 158.82 9.14
21 5a_leaves 4.893 0.325 4.617 0.306 120 554.06 36.76
22 5a_roots 1.564 0.281 1.214 0.218 120 145.66 26.17
23 wash 0.057 0.117 0.059 0.122 1 0.06 0.12
24 Se_Std 0.113 0.099 0.113 0.099 1 0.11 0.10
25 Se_Std_0.5 0.514 0.031 0.514 0.031 1 0.51 0.03
26 Se_Std_1.0 0.992 0.172 0.992 0.172 1 0.99 0.17
27 Se_Std_2.0 1.853 0.320 1.853 0.320 1 1.85 0.32
28 Se_Std_5.0 4.883 0.715 4.883 0.715 1 4.88 0.72
29 wash 0.230 0.535 0.230 0.535 1 0.23 0.54
30 wash 0.030 0.050 0.030 0.050 1 0.03 0.05
31 1b_leaves 9.820 1.622 10.930 1.805 120 > calib > calib
32 1b_roots 0.370 0.004 0.218 0.002 120 < PQL < PQL
33 1c_leaves 4.302 0.309 4.788 0.344 120 574.50 41.27
34 1c_roots 5.744 0.593 6.392 0.660 120 767.10 79.24
35 2b_leaves 6.319 0.426 7.033 0.474 120 > calib > calib
36 2b_roots 0.136 0.063 0.080 0.037 120 < PQL < PQL
37 2d_leaves 0.377 0.071 0.222 0.042 120 < PQL < PQL
38 2d_roots 0.181 0.079 0.107 0.047 120 12.79 5.59
39 1a_leaves 0.457 0.039 0.269 0.023 1200 < PQL < PQL
40 1a_roots 0.553 0.336 0.326 0.198 1200 390.64 237.35
41 wash 0.007 0.011 0.007 0.011 1 0.01 0.01
42 Se_Std_0 0.138 0.102 0.138 0.102 1 0.14 0.10
43 Se_Std_0.5 0.457 0.088 0.457 0.088 1 0.46 0.09
44 Se_Std_1 0.858 0.125 0.858 0.125 1 0.86 0.13
45 Se_Std_2 1.536 0.248 1.536 0.248 1 1.54 0.25
46 Se_Std_5 4.129 0.822 4.129 0.822 1 4.13 0.82
47 wash 0.426 0.735 0.426 0.735 1 0.43 0.74
48 wash 0.033 0.032 0.033 0.032 1 0.03 0.03
49 1e_leaves 1.092 0.169 1.098 0.170 1200 1318.14 204.00
50 1e_roots 0.053 0.124 0.040 0.093 1200 < PQL < PQL
51 2c_leaves 0.549 0.025 0.411 0.019 1200 492.69 22.23
52 2c_roots 0.090 0.113 0.067 0.085 1200 < PQL < PQL
53 3a_leaves 1.809 0.009 1.529 0.008 1200 1834.52 9.32
54 3a_roots 0.132 0.129 0.099 0.097 1200 < PQL < PQL
55 3e_leaves 1.077 0.121 0.806 0.091 1200 966.97 108.61
56 3e_roots 0.166 0.111 0.124 0.083 1200 < PQL < PQL
57 3f_leaves 0.078 0.123 0.058 0.092 1200 < PQL < PQL
58 3f_roots 0.083 0.139 0.062 0.104 1200 < PQL < PQL
59 wash -0.030 0.014 -0.030 0.014 1 -0.03 0.01
60 Se_Std_0 0.145 0.137 0.145 0.137 1 0.15 0.14
61 Se_Std_0.5 0.404 0.156 0.404 0.156 1 0.40 0.16
62 Se_Std_1 1.077 0.015 1.077 0.015 1 1.08 0.01
63 Se_Std_2 1.787 0.201 1.787 0.201 1 1.79 0.20
64 Se_Std_5 4.509 0.276 4.509 0.276 1 4.51 0.28
65 wash 0.201 0.144 0.201 0.144 1 0.20 0.14

vi



A.1. Datasheets experiment A1 vii

Table A.8.: A1 analytical data - HG-FIAS measurement I (continued from previous page)
c(Se) c(Se) SD dilution c(Se)

Sequence No. Sample ID diluted SD driftcorr. driftcorr. factor conc. SD
[µg/L] [µg/L] [µg/L] [µg/L] [-] [µg/L] [µg/L]

66 wash 0.034 0.053 0.034 0.053 1 0.03 0.05
67 6a_leaves 0.234 0.035 0.227 0.034 1200 < PQL < PQL
68 6a_roots -0.030 0.011 -0.029 0.010 1200 < PQL < PQL
69 6b_leaves 0.295 0.055 0.286 0.053 1200 < PQL < PQL
70 6b_roots 0.221 0.048 0.214 0.047 1200 < PQL < PQL
71 6c_leaves 0.246 0.049 0.238 0.048 1200 < PQL < PQL
72 6c_roots 0.143 0.168 0.139 0.163 1200 < PQL < PQL
73 6d_leaves 0.188 0.156 0.182 0.151 1200 < PQL < PQL
74 6d_roots 0.042 0.069 0.041 0.067 1200 < PQL < PQL
75 RA_leaves 0.552 0.024 0.535 0.023 1200 642.18 27.97
76 RA_roots 3.812 0.033 3.695 0.032 1200 4434.19 38.66
77 wash 0.131 0.197 0.131 0.197 1 0.13 0.20
78 wash 0.015 0.022 0.015 0.022 1 0.02 0.02
79 HCl_Blank 0.118 0.018 0.131 0.020 6 0.79 0.12
80 Trace Metal 252 µg/L 0.960 0.086 1.133 0.101 240 271.93 24.25
81 wash -0.021 0.061 -0.021 0.061 1 -0.02 0.06
82 Se_Std_0 0.003 0.091 0.003 0.091 1 0.00 0.09
83 Se_Std_0.5 0.305 0.003 0.305 0.003 1 0.31 0.00
84 Se_Std_1.0 0.797 0.119 0.797 0.119 1 0.80 0.12
85 Se_Std_2.0 1.438 0.519 1.438 0.519 1 1.44 0.52
86 Se_Std_5.0 4.674 1.356 4.674 1.356 1 4.67 1.36
87 wash 0.965 1.409 0.965 1.409 1 0.97 1.41
88 wash 0.049 0.095 0.049 0.095 1 0.05 0.10

vii



viii A. Se uptake by Rice - Data

Table A.9.: A1 analytical data - HG-FIAS measurement II
Technique AA FIAS-MHS
Spectrometer Model Aanalyst 200 S/N 200S6110908
Autosampler Model AS-90plus

Batch ID Pflanzenaufschlüsse
Results Data Set Nothstein_2013_04_29
Date Measured 29.04.2013
Method Name Se Nothstein 5repl

correl. coeff. PQL (= lowest calib-10 %) 0.450
0.999409 LOQ (= 7·wash) -0.140
calib. slope LOD (= 3·wash) -0.060
0.03272 analytical quality [%] 98.893

Mean entered calc.
Calibration Sample ID signal SD c(Se) c(Se) SD

[-] [-] [µg/L] [µg/L] [µg/L]

1 Blank 0.0000 0.0017 0.0 0.00 0.00
2 0.5 ppb 0.0146 0.013 0.5 0.45 0.40
3 1.0 ppb 0.0323 0.013 1.0 0.99 0.40
4 2.0 ppb 0.0687 0.0010 2.0 2.10 0.03
5 5.0 ppb 0.1624 0.0039 5.0 4.97 0.12

c(Se) c(Se) SD dilution c(Se)
Sequence No. Sample ID diluted SD driftcorr. driftcorr. factor conc. SD

[µg/L] [µg/L] [µg/L] [µg/L] [-] [µg/L] [µg/L]

1 Wash Milli-Q -0.008 0.049 -0.008 0.049 1 -0.01 0.05
2 wash -0.023 0.042 -0.023 0.042 1 -0.02 0.04
3 HCl Blank -0.016 0.019 -0.016 0.019 6 -0.10 0.11
4 Trace Metal 252 µg/L 4.181 0.053 4.090 0.051 60 245.42 3.09
5 wash -0.021 0.031 -0.021 0.031 1 -0.02 0.03
6 Se_Std_0 -0.008 0.028 -0.008 0.028 1 -0.01 0.03
7 Se_Std_0.5 0.444 0.025 0.444 0.025 1 0.44 0.03
8 Se_Std_1 1.030 0.039 1.030 0.039 1 1.03 0.04
9 Se_Std_2 2.163 0.049 2.163 0.049 1 2.16 0.05
10 Se_Std_5 5.073 0.085 5.073 0.085 1 5.07 0.09
11 wash -0.003 0.041 -0.003 0.041 1 0.00 0.04
12 wash -0.005 0.019 -0.005 0.019 1 -0.01 0.02
13 2012-09-27 Wheat Std 1567a 0.635 0.041 0.621 0.040 12 7.45 0.49
14 2012-10-19 Wheat Std 1567a 0.969 0.045 0.925 0.043 12 11.10 0.52
15 2012-09-21 1a Shoot 1.908 0.075 1.877 0.074 240 450.41 17.71
16 2012-09-21 1a Root 1.712 0.048 1.684 0.048 240 404.27 11.44
17 2012-09-24 1b Shoot 4.607 0.087 4.819 0.091 240 1156.67 21.95
18 2012-09-24 1b Root 2.090 0.113 2.056 0.111 12 24.67 1.33
19 2012-10-16 1c Shoot 0.140 0.023 0.137 0.023 2400 < PQL < PQL
20 2012-10-16 1c Root 0.172 0.032 0.168 0.031 2400 < PQL < PQL
21 2012-09-24 1e Shoot 1.179 0.069 1.153 0.067 1200 1383.71 80.48
22 2012-09-24 1e Root 0.905 0.137 0.864 0.130 12 10.36 1.57
23 wash -0.027 0.030 -0.027 0.030 1 -0.03 0.03
24 Se_Std_0 -0.043 0.019 -0.043 0.019 1 -0.04 0.02
25 Se_Std_0.5 0.468 0.036 0.468 0.036 1 0.47 0.04
26 Se_Std_1 1.034 0.064 1.034 0.064 1 1.03 0.06
27 Se_Std_2 2.105 0.188 2.105 0.188 1 2.11 0.19
28 Se_Std_5 4.400 0.069 4.400 0.069 1 4.40 0.07
29 wash 0.008 0.067 0.008 0.067 1 0.01 0.07
30 wash -0.015 0.061 -0.015 0.061 1 -0.01 0.06
31 2012-09-25 2b Shoot 2.732 0.017 2.649 0.016 240 635.82 3.85
32 2012-09-25 2b Root 0.056 0.020 0.051 0.018 12 < PQL < PQL
33 2012-09-24 2c Shoot 2.021 0.053 1.960 0.052 240 470.42 12.44
34 2012-09-24 2c Root 1.508 0.057 1.389 0.053 240 333.37 12.61
35 2012-10-10 2d Shoot 2.793 0.133 2.709 0.129 12 32.50 1.55
36 2012-10-10 2d Root 0.149 0.019 0.135 0.017 12 < PQL < PQL
37 2012-09-24 3a Shoot 1.590 0.052 1.542 0.051 1200 1850.25 60.67
38 2012-09-24 3a Root 4.486 0.059 4.704 0.062 12 56.45 0.74
39 2012-09-27 3e Shoot 0.847 0.030 0.769 0.027 1200 922.99 32.79
40 2012-09-27 3e Root 3.475 0.081 3.645 0.085 12 43.74 1.02
41 wash -0.018 0.018 -0.018 0.018 1 -0.02 0.02
42 Se_Std_0 -0.019 0.018 -0.019 0.018 1 -0.02 0.02
43 Se_Std_0.5 0.506 0.051 0.506 0.051 1 0.51 0.05
44 Se_Std_1 1.095 0.025 1.095 0.025 1 1.10 0.03
45 Se_Std_2 2.222 0.096 2.222 0.096 1 2.22 0.10
46 Se_Std_5 5.045 0.066 5.045 0.066 1 5.04 0.07
47 wash -0.054 0.029 -0.054 0.029 1 -0.05 0.03
48 wash -0.053 0.028 -0.053 0.028 1 -0.05 0.03
49 2012-10-19 5a Shoot old 4.626 0.110 4.447 0.105 120 533.68 12.64
50 2012-10-19 5a Root old 1.290 0.026 1.186 0.024 120 142.32 2.86
51 2012-10-19 5d Shoot old 2.054 0.042 1.975 0.040 120 236.95 4.83
52 2012-10-19 5d Root old 1.238 0.045 1.138 0.041 120 136.61 4.95
53 2012-10-19 5d Shoot new 10.927 0.168 10.504 0.161 12 > calib > calib
54 2012-10-19 5d Root new 7.784 0.164 7.483 0.158 12 > calib > calib
55 2012-10-19 6b Shoot 1.421 0.065 1.289 0.059 240 309.42 14.04
56 2012-10-19 6b Root 1.091 0.060 0.990 0.054 240 237.65 13.03
57 2012-10-19 6c Shoot 1.416 0.028 1.285 0.026 240 308.29 6.17
58 2012-10-19 6c Root 3.031 0.074 2.914 0.072 12 34.97 0.86
59 wash -0.054 0.031 -0.054 0.031 1 -0.05 0.03
60 HCl Blank -0.010 0.032 -0.008 0.026 6 -0.05 0.16
61 Trace Metal 252 µg/L 4.492 0.080 4.217 0.075 60 253.00 4.53
62 wash -0.017 0.031 -0.017 0.031 1 -0.02 0.03
63 Se_Std_0 -0.017 0.009 -0.017 0.009 1 -0.02 0.01
64 Se_Std_0.5 0.521 0.043 0.521 0.043 1 0.52 0.04
65 Se_Std_1 1.062 0.036 1.062 0.036 1 1.06 0.04
66 Se_Std_2 2.318 0.024 2.318 0.024 1 2.32 0.02
67 Se_Std_5 5.269 0.076 5.269 0.076 1 5.27 0.08
70 wash -0.014 0.050 -0.014 0.050 1 -0.01 0.05
71 wash 0.004 0.027 0.004 0.027 1 0.00 0.03

viii
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x A. Se uptake by Rice - Data

Figure A.1.: A2 photos of harvested plants treated with Na2SeO3
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A.2. Datasheets experiment A2 xi

Figure A.2.: A2 photos of harvested plants treated with Na2SeO3
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xii A. Se uptake by Rice - Data

Figure A.3.: A2 photos of harvested plants treated with Na2SeO4
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Figure A.4.: A2 photos of harvested plants treated with Na2SeO4
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xiv A. Se uptake by Rice - Data

Figure A.5.: A2 shoot heights and 2nd leaf length for Na2SeO3 experiments
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Figure A.6.: A2 shoot heights and 2nd leaf length for Na2SeO4 experiments
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xvi A. Se uptake by Rice - Data

Table A.10.: A2 plant growth data for Na2SeO3 I (Planting Date: 09.01.2013, Bachelor
Thesis Matthias von Brasch)
2nd leaf 2nd leaf 2nd leaf shoot shoot root shoot root shoot root

ID c(Se) sheath blade leaf total height FW FW DW DW water water
Seedling [ppb] [cm] [cm] [cm] (Day 16) [cm] [g] [g] [g] [g] [%] [%]

[± 0.1] [± 0.1] [± 0.1] [± 0.25] [± 0.0001] [± 0.0001] [± 0.0001] [± 0.0001]

0000A 0 2.6 1.1 3.7 8.0 0.0327 0.0549 0.0061 0.0084 81.35 84.70
0000B 0 3.0 1.3 4.3 9.0 0.0273 0.0470 0.0046 0.0073 83.15 84.47
0000C 0 3.2 1.4 4.6 10.0 0.0312 0.0608 0.0065 0.0088 79.17 85.53
0000D 0 3.4 1.6 5.0 11.0 0.0401 0.0609 0.0074 0.0104 81.55 82.92
0000E 0 2.5 0.9 3.4 7.0 0.0247 0.0469 0.0042 0.0063 83.00 86.57
0000F 0 3.0 1.4 4.4 10.5 0.0306 0.0309 0.0071 0.0077 76.80 75.08

0000_sum 0 17.7 7.7 25.4 55.5 0.1866 0.3014 0.0359 0.0489 485.00 499.26
0000_mean 0 3.0 1.3 4.2 9.3 0.0311 0.0502 0.0060 0.0082 80.83 83.21
0000_SD 0 0.3 0.2 0.6 1.5 0.0053 0.0113 0.0013 0.0014 2.44 4.16

0005A 5 3.4 1.4 4.8 11.0 0.0338 0.0368 0.0056 0.0081 83.43 77.99
0005B 5 3.0 1.2 4.2 9.5 0.0264 0.0411 0.0072 0.0119 72.73 71.05
0005C 5 1.8 0.7 2.5 5.0 0.0086 0.0239 0.0015 0.0115 82.56 51.88
0005D 5 3.1 1.4 4.5 10.0 0.0224 0.0253 0.0057 0.0062 74.55 75.49
0005E 5 2.9 1.2 4.1 9.5 0.0217 0.0288 0.0053 0.0100 75.58 65.28
0005F 5 3.0 1.3 4.3 6.5 0.0153 0.0316 0.0042 0.0120 72.55 62.03

0005_sum 5 17.2 7.2 24.4 51.5 0.1282 0.1875 0.0295 0.0597 461.40 403.72
0005_mean 5 2.9 1.2 4.1 8.6 0.0214 0.0313 0.0049 0.0100 76.90 67.29
0005_SD 5 0.6 0.3 0.8 2.3 0.0087 0.0067 0.0019 0.0024 4.86 9.64

0010A 10 3.1 1.0 4.1 9.0 0.0223 0.0263 0.0051 0.0073 77.13 72.24
0010B 10 2.9 1.3 4.2 10.5 0.0326 0.0351 0.0068 0.0086 79.14 75.50
0010C 10 2.9 1.0 3.9 9.5 0.0228 0.0165 0.0049 0.0050 78.51 69.70
0010D 10 2.7 1.2 3.9 8.5 0.0130 0.0181 0.0020 0.0047 84.62 74.03
0010E 10 x x x x x x x x x x
0010F 10 2.9 1.3 4.2 8.0 0.0220 0.0172 0.0048 0.0070 78.18 59.30

0010_sum 10 14.5 5.8 20.3 45.5 0.1127 0.1132 0.0236 0.0326 397.58 350.77
0010_mean 10 2.9 1.2 4.1 9.1 0.0225 0.0226 0.0047 0.0065 79.52 70.15
0010_SD 10 0.1 0.2 0.2 1.0 0.0069 0.0080 0.0017 0.0016 2.94 6.44

0025A 25 x x x x x x x x x x
0025B 25 3.5 1.5 5.0 11.0 0.0364 0.0399 0.0082 0.0098 77.47 75.44
0025C 25 3.2 1.5 4.7 8.0 0.0157 0.0273 0.0044 0.0102 71.97 62.64
0025D 25 3.0 1.3 4.3 9.5 0.0274 0.0297 0.0059 0.0072 78.47 75.76
0025E 25 3.1 1.3 4.4 10.0 0.0248 0.0265 0.0060 0.0064 75.81 75.85
0025F 25 3.1 1.4 4.5 11.5 0.0263 0.0235 0.0069 0.0062 73.76 73.62

0025_sum 25 15.9 7.0 22.9 50.0 0.1306 0.1469 0.0314 0.0398 377.48 363.30
0025_mean 25 3.2 1.4 4.6 10.0 0.0261 0.0294 0.0063 0.0080 75.50 72.66
0025_SD 25 0.2 0.1 0.3 1.4 0.0074 0.0063 0.0014 0.0019 2.66 5.68

0050A 50 2.9 1.5 4.4 8.5 0.0225 0.0292 0.0049 0.0081 78.22 72.26
0050B 50 3.3 1.8 5.1 11.5 0.0341 0.0344 0.0077 0.0085 77.42 75.29
0050C 50 2.3 1.1 3.4 9.5 0.0231 0.0359 0.0056 0.0086 75.76 76.04
0050D 50 2.6 1.6 4.2 5.5 0.0211 0.0277 0.0034 0.0067 83.89 75.81
0050E 50 x x x x x x x x x x
0050F 50 2.3 0.8 3.1 8.5 0.0250 0.0314 0.0055 0.0085 78.00 72.93

0050_sum 50 13.4 6.8 20.2 43.5 0.1258 0.1586 0.0271 0.0404 393.29 372.34
0050_mean 50 2.7 1.4 4.0 8.7 0.0252 0.0317 0.0054 0.0081 78.66 74.47
0050_SD 50 0.4 0.4 0.8 2.2 0.0052 0.0034 0.0015 0.0008 3.08 1.75

0100A 100 2.9 1.2 4.1 8.0 0.0154 0.0273 0.0036 0.0105 76.62 61.54
0100B 100 2.8 1.9 4.7 9.0 0.0223 0.0292 0.0063 0.0080 71.75 72.60
0100C 100 3.1 1.3 4.4 9.5 0.0284 0.0290 0.0066 0.0082 76.76 71.72
0100D 100 2.7 1.2 3.9 10.0 0.0280 0.0400 0.0072 0.0111 74.29 72.25
0100E 100 2.9 1.2 4.1 8.5 0.0234 0.0243 0.0056 0.0067 76.07 72.43
0100F 100 2.9 1.0 3.9 10.5 0.0319 0.0417 0.0090 0.0104 71.79 75.06

0100_sum 100 17.3 7.8 25.1 55.5 0.1494 0.1915 0.0383 0.0549 447.27 425.60
0100_mean 100 2.9 1.3 4.2 9.3 0.0249 0.0319 0.0064 0.0092 74.55 70.93
0100_SD 100 0.1 0.3 0.3 0.9 0.0058 0.0072 0.0018 0.0018 2.33 4.75

0250A 250 2.8 0.8 3.6 8.5 0.0190 0.0262 0.0051 0.0068 73.16 74.05
0250B 250 1.9 0.6 2.5 6.0 0.0119 0.0239 0.0032 0.0110 73.11 53.97
0250C 250 3.1 1.4 4.5 10.0 0.0272 0.0354 0.0076 0.0099 72.06 72.03
0250D 250 2.6 1.2 3.8 8.5 0.0167 0.0221 0.0049 0.0114 70.66 48.42
0250E 250 1.9 0.4 2.3 6.5 0.0096 0.0212 0.0027 0.0119 71.88 43.87
0250F 250 3.0 1.1 4.1 9.5 0.0232 0.0267 0.0076 0.0085 67.24 68.16

xvi



A.2. Datasheets experiment A2 xvii

Table A.11.: A2 plant growth data for Na2SeO3 I (continued from previous page)
2nd leaf 2nd leaf 2nd leaf shoot shoot root shoot root shoot root

ID c(Se) sheath blade leaf total height FW FW DW DW water water
Seedling [ppb] [cm] [cm] [cm] (Day 16) [cm] [g] [g] [g] [g] [%] [%]

[± 0.1] [± 0.1] [± 0.1] [± 0.25] [± 0.0001] [± 0.0001] [± 0.0001] [± 0.0001]

0250_sum 250 15.3 5.5 20.8 49.0 0.1076 0.1555 0.0311 0.0595 428.10 360.50
0250_mean 250 2.6 0.9 3.5 8.2 0.0179 0.0259 0.0052 0.0099 71.35 60.08
0250_SD 250 0.5 0.4 0.9 1.6 0.0067 0.0051 0.0021 0.0020 2.21 12.96

0500A 500 2.8 1.3 4.1 9.0 0.0238 0.0294 0.0065 0.0076 72.69 74.15
0500B 500 2.2 1.1 3.3 6.5 0.0101 0.0194 0.0021 0.0073 79.21 62.37
0500C 500 2.9 1.4 4.3 8.5 0.0168 0.0155 0.0061 0.0051 63.69 67.10
0500D 500 2.6 1.1 3.7 8.0 0.0118 0.0174 0.0030 0.0106 74.58 39.08
0500E 500 x x x x x x x x x x
0500F 500 1.3 0.4 1.7 3.0 0.0022 0.0177 0.0001 0.0136 95.45 23.16

0500_sum 500 11.8 5.3 17.1 35.0 0.0647 0.0994 0.0178 0.0442 385.62 265.86
0500_mean 500 2.4 1.1 3.4 7.0 0.0129 0.0199 0.0036 0.0088 77.12 53.17
0500_SD 500 0.7 0.4 1.0 2.4 0.0080 0.0055 0.0027 0.0033 11.69 21.32

1000A 1000 2.1 0.7 2.8 7.5 0.0207 0.0192 0.0055 0.0056 73.43 70.83
1000B 1000 x x x x x x x x x x
1000C 1000 2.5 1.1 3.6 7.0 0.0182 0.0216 0.0052 0.0049 71.43 77.31
1000D 1000 0.9 0.4 1.3 2.5 0.0050 0.0173 0.0012 0.0100 76.00 42.20
1000E 1000 2.1 0.7 2.8 6.0 0.0133 0.0193 0.0035 0.0093 73.68 51.81
1000F 1000 2.1 0.9 3.0 6.5 0.0181 0.0189 0.0059 0.0056 67.40 70.37

1000_sum 1000 9.7 3.8 13.5 29.5 0.0753 0.0963 0.0213 0.0354 361.95 312.53
1000_mean 1000 1.9 0.8 2.7 5.9 0.0151 0.0193 0.0043 0.0071 72.39 62.51
1000_SD 1000 0.6 0.3 0.8 2.0 0.0062 0.0015 0.0019 0.0024 3.22 14.81

2500A 2500 1.9 0.8 2.7 5.0 0.0125 0.0242 0.0033 0.0105 73.60 56.61
2500B 2500 1.8 0.9 2.7 4.0 0.0071 0.0235 0.0028 0.0117 60.56 50.21
2500C 2500 1.4 0.6 2.0 2.5 0.0062 0.0200 0.0018 0.0112 70.97 44.00
2500D 2500 2.0 1.0 3.0 4.5 0.0087 0.0265 0.0024 0.0111 72.41 58.11
2500E 2500 2.6 1.3 3.9 7.5 0.0213 0.0168 0.0074 0.0045 65.26 73.21
2500F 2500 2.9 0.6 3.5 2.5 0.0065 0.0198 0.0016 0.0094 75.38 52.53

2500_sum 2500 12.6 5.2 17.8 26.0 0.0623 0.1308 0.0193 0.0584 418.19 334.68
2500_mean 2500 2.1 0.9 3.0 4.3 0.0104 0.0218 0.0032 0.0097 69.70 55.78
2500_SD 2500 0.6 0.3 0.7 1.9 0.0058 0.0035 0.0021 0.0027 5.65 9.90

xvii



xviii A. Se uptake by Rice - Data

Table A.12.: A2 plant growth data for Na2SeO3 II (Planting Date: 29.05.2013, Experiment
Repetition Alexandra Nothstein)
2nd leaf 2nd leaf 2nd leaf shoot shoot root shoot root shoot root

ID c(Se) sheath blade leaf total height FW FW DW DW water water
Seedling [ppb] [cm] [cm] [cm] (Day 16) [cm] [g] [g] [g] [g] [%] [%]

[± 0.1] [± 0.1] [± 0.1] [± 0.25] [± 0.0001] [± 0.0001] [± 0.0001] [± 0.0001]

0000A 0 2.4 0.9 3.3 4.5 0.0122 0.0314 0.0017 0.0136 86.07 56.69
0000B 0 3.7 1.7 5.4 16.0 0.0453 0.0439 0.0088 0.0090 80.57 79.50
0000C 0 3.5 1.5 5.0 14.5 0.0394 0.0342 0.0068 0.0073 82.74 78.65
0000D 0 2.0 0.7 2.7 7.0 0.0099 0.0248 0.0022 0.0103 77.78 58.47
0000E 0 1.1 0.8 1.9 2.5 0.0016 0.0215 0.0001 0.0143 93.75 33.49
0000F 0 x x x x x x x x x x

0000_sum 0 12.7 5.6 18.3 44.5 0.1084 0.1558 0.0196 0.0545 420.91 306.80
0000_mean 0 2.5 1.1 3.7 8.9 0.0217 0.0312 0.0039 0.0109 84.18 61.36
0000_SD 0 1.1 0.4 1.5 6.0 0.0194 0.0087 0.0037 0.0030 6.15 18.94

0005A 5 2.2 1.1 3.3 8.5 0.0327 0.0319 0.0073 0.0076 77.68 76.18
0005B 5 3.2 1.7 4.9 11.5 0.0260 0.0161 0.0050 0.0056 80.77 65.22
0005C 5 3.5 1.6 5.1 14.5 0.0392 0.0172 0.0089 0.0073 77.30 57.56
0005D 5 3.5 1.7 5.2 13.0 0.0328 0.0196 0.0069 0.0070 78.96 64.29
0005E 5 2.8 1.4 4.2 8.5 0.0171 0.0221 0.0036 0.0068 78.95 69.23
0005F 5 3.6 1.8 5.4 11.5 0.0275 0.0122 0.0076 0.0072 72.36 40.98

0005_sum 5 18.8 9.3 28.1 67.5 0.1753 0.1191 0.0393 0.0415 466.02 373.45
0005_mean 5 3.1 1.6 4.7 11.3 0.0292 0.0199 0.0066 0.0069 77.67 62.24
0005_SD 5 0.5 0.3 0.8 2.4 0.0075 0.0068 0.0019 0.0007 2.87 12.08

0010A 10 3.8 1.5 5.3 13.0 0.0443 0.0374 0.0082 0.0068 81.49 81.82
0010B 10 x x x x x x x x x x
0010C 10 x x x x x x x x x x
0010D 10 3.2 1.5 4.7 12.0 0.0356 0.0367 0.0058 0.0071 83.71 80.65
0010E 10 3.7 1.5 5.2 13.5 0.0436 0.0459 0.0084 0.0088 80.73 80.83
0010F 10 2.8 1.0 3.8 10.0 0.0346 0.0427 0.0056 0.0073 83.82 82.90

0010_sum 10 13.5 5.5 19.0 48.5 0.1581 0.1627 0.0280 0.0300 329.75 326.20
0010_mean 10 3.4 1.4 4.8 12.1 0.0395 0.0407 0.0070 0.0075 82.44 81.55
0010_SD 10 0.5 0.3 0.7 1.5 0.0051 0.0044 0.0015 0.0009 1.56 1.04

0025A 25 2.7 1.1 3.8 10.5 0.0256 0.0349 0.0049 0.0072 80.86 79.37
0025B 25 3.7 1.6 5.3 16.0 0.0490 0.0392 0.0103 0.0096 78.98 75.51
0025C 25 1.8 0.6 2.4 5.5 0.0095 0.0295 0.0012 0.0111 87.37 62.37
0025D 25 1.3 0.7 2.0 5.5 0.0103 0.0182 0.0019 0.0036 81.55 80.22
0025E 25 x x x x x x x x x x
0025F 25 x x x x x x x x x x

0025_sum 25 9.5 4.0 13.5 37.5 0.0944 0.1218 0.0183 0.0315 328.76 297.47
0025_mean 25 2.4 1.0 3.4 9.4 0.0236 0.0305 0.0046 0.0079 82.19 74.37
0025_SD 25 1.1 0.5 1.5 5.0 0.0185 0.0091 0.0041 0.0033 3.62 8.26

0050A 50 x x x x x x x x x x
0050B 50 x x x x x x x x x x
0050C 50 3.7 1.5 5.2 12.0 0.0413 0.0348 0.0080 0.0079 80.63 77.30
0050D 50 3.5 1.6 5.1 12.5 0.0386 0.0324 0.0085 0.0072 77.98 77.78
0050E 50 3.5 1.5 5.0 12.5 0.0337 0.0284 0.0066 0.0064 80.42 77.46
0050F 50 3.6 1.5 5.1 13.5 0.0425 0.0330 0.0082 0.0074 80.71 77.58

0050_sum 50 14.3 6.1 20.4 50.5 0.1561 0.1286 0.0313 0.0289 319.73 310.12
0050_mean 50 3.6 1.5 5.1 12.6 0.0390 0.0322 0.0078 0.0072 79.93 77.53
0050_SD 50 0.1 0.1 0.1 0.6 0.0039 0.0027 0.0008 0.0006 1.31 0.20

0100A 100 x x x x x x x x x x
0100B 100 3.7 1.6 5.3 11.5 0.0386 0.0207 0.0083 0.0098 78.50 52.66
0100C 100 3.6 1.5 5.1 10.5 0.0212 0.0186 0.0047 0.0065 77.83 65.05
0100D 100 x x x 3.5 0.0044 0.0209 0.0013 0.0137 70.45 34.45
0100E 100 3.6 1.6 5.2 13.5 0.0293 0.0113 0.0065 0.0084 77.82 25.66
0100F 100 x x x x x x x x x x

0100_sum 100 10.9 4.7 15.6 39.0 0.0935 0.0715 0.0208 0.0384 304.60 177.82
0100_mean 100 3.6 1.6 5.2 9.8 0.0234 0.0179 0.0052 0.0096 76.15 44.46
0100_SD 100 0.1 0.1 0.1 4.3 0.0145 0.0045 0.0030 0.0030 3.81 17.75

0250A 250 2.3 0.9 3.2 8.0 0.0208 0.0197 0.0047 0.0068 77.40 65.48
0250B 250 3.5 1.5 5.0 12.0 0.0387 0.0285 0.0094 0.0080 75.71 71.93
0250C 250 1.8 0.8 2.6 3.0 0.0072 0.0220 0.0012 0.0110 83.33 50.00
0250D 250 1.9 1.1 3.0 6.0 0.0157 0.0215 0.0035 0.0056 77.71 73.95
0250E 250 x x x x x x x x x x
0250F 250 2.4 0.9 3.3 9.0 0.0253 0.0270 0.0054 0.0071 78.66 73.70

xviii



A.2. Datasheets experiment A2 xix

Table A.13.: A2 plant growth data for Na2SeO3 II (continued from previous page)
2nd leaf 2nd leaf 2nd leaf shoot shoot root shoot root shoot root

ID c(Se) sheath blade leaf total height FW FW DW DW water water
Seedling [ppb] [cm] [cm] [cm] (Day 16) [cm] [g] [g] [g] [g] [%] [%]

[± 0.1] [± 0.1] [± 0.1] [± 0.25] [± 0.0001] [± 0.0001] [± 0.0001] [± 0.0001]

0250_sum 250 11.9 5.2 17.1 38.0 0.1077 0.1187 0.0242 0.0385 392.81 335.07
0250_mean 250 2.4 1.0 3.4 7.6 0.0215 0.0237 0.0048 0.0077 78.56 67.01
0250_SD 250 0.7 0.3 0.9 3.4 0.0117 0.0038 0.0030 0.0020 2.87 10.11

0500A 500 2.2 1.1 3.3 5.5 0.0136 0.0189 0.0033 0.0064 75.74 66.14
0500B 500 3.4 1.5 4.9 9.5 0.0221 0.0097 0.0012 0.0057 94.57 41.24
0500C 500 2.0 1.1 3.1 4.5 0.0056 0.0241 0.0020 0.0082 64.29 65.98
0500D 500 1.9 0.4 2.3 6.0 0.0082 0.0202 0.0066 0.0071 19.51 64.85
0500E 500 3.5 1.4 4.9 11.0 0.0266 0.0205 0.0063 0.0113 76.32 44.88
0500F 500 x x x x x x x x x x

0500_sum 500 13.0 5.5 18.5 36.5 0.0761 0.0934 0.0194 0.0387 330.42 283.08
0500_mean 500 2.6 1.1 3.7 7.3 0.0152 0.0187 0.0039 0.0077 66.08 56.62
0500_SD 500 0.8 0.4 1.2 2.8 0.0090 0.0054 0.0025 0.0022 28.20 12.45

1000A 1000 3.1 1.8 4.9 10.5 0.0250 0.0196 0.0088 0.0071 64.80 63.78
1000B 1000 3.0 1.7 4.7 10.0 0.0252 0.0107 0.0080 0.0066 68.25 38.32
1000C 1000 2.4 1.5 3.9 7.0 0.0116 0.0236 0.0039 0.0081 66.38 65.68
1000D 1000 3.2 1.4 4.6 9.5 0.0256 0.0168 0.0075 0.0067 70.70 60.12
1000E 1000 3.2 1.5 4.7 10.0 0.0239 0.0265 0.0084 0.0074 64.85 72.08
1000F 1000 1.5 0.7 2.2 3.5 0.0049 0.0084 0.0017 0.0029 65.31 65.48

1000_sum 1000 16.4 8.6 25.0 50.5 0.1162 0.1056 0.0383 0.0388 400.30 365.44
1000_mean 1000 2.7 1.4 4.2 8.4 0.0194 0.0176 0.0064 0.0065 66.72 60.91
1000_SD 1000 0.7 0.4 1.0 2.7 0.0089 0.0071 0.0029 0.0018 2.35 11.73

2500A 2500 x x x x x x x x x x
2500B 2500 x x x x x x x x x x
2500C 2500 2.6 1.2 3.8 8.0 0.0203 0.0224 0.0083 0.0082 59.11 63.39
2500D 2500 1.7 0.9 2.6 3.5 0.0066 0.0232 0.0024 0.0104 63.64 55.17
2500E 2500 2.7 1.3 4.0 8.5 0.0222 0.0108 0.0080 0.0058 63.96 46.30
2500F 2500 2.4 0.8 3.2 6.0 0.0191 0.0219 0.0070 0.0072 63.35 67.12

2500_sum 2500 9.4 4.2 13.6 26.0 0.0682 0.0783 0.0257 0.0316 250.06 231.98
2500_mean 2500 2.4 1.1 3.4 6.5 0.0171 0.0196 0.0064 0.0079 62.52 58.00
2500_SD 2500 0.5 0.2 0.6 2.3 0.0071 0.0059 0.0027 0.0019 2.28 9.26
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xx A. Se uptake by Rice - Data

Table A.14.: A2 plant growth data for Na2SeO3 III (Planting Date: 10.07.2013, Experiment
Repetition Alexandra Nothstein)
2nd leaf 2nd leaf 2nd leaf shoot shoot root shoot root shoot root

ID c(Se) sheath blade leaf total height FW FW DW DW water water
Seedling [ppb] [cm] [cm] [cm] (Day 16) [cm] [g] [g] [g] [g] [%] [%]

[± 0.1] [± 0.1] [± 0.1] [± 0.25] [± 0.0001] [± 0.0001] [± 0.0001] [± 0.0001]

0000A 0 2.5 1.2 3.7 8.0 0.0207 0.0240 0.0054 0.0060 73.91 75.00
0000B 0 3.4 1.3 4.7 13.0 0.0354 0.0183 0.0084 0.0038 76.27 79.23
0000C 0 1.9 1.2 3.1 5.0 0.0109 0.0194 0.0027 0.0066 75.23 65.98
0000D 0 2.6 0.9 3.5 8.0 0.0171 0.0141 0.0042 0.0056 75.44 60.28
0000E 0 x x x x x x x x x x
0000F 0 3.3 1.3 4.6 8.0 0.0153 0.0099 0.0033 0.0047 78.43 52.53

0000_sum 0 13.7 5.9 19.6 42.0 0.0994 0.0857 0.0240 0.0267 379.28 333.02
0000_mean 0 2.7 1.2 3.9 8.4 0.0199 0.0171 0.0048 0.0053 75.86 66.60
0000_SD 0 0.6 0.2 0.7 2.9 0.0094 0.0054 0.0023 0.0011 1.67 10.82

0005A 5 x x x x x x x x x x
0005B 5 2.4 1.2 3.6 5.0 0.0071 0.0258 0.0012 0.0143 83.10 44.57
0005C 5 3.6 1.6 5.2 12.0 0.0348 0.0318 0.0065 0.0071 81.32 77.67
0005D 5 3.5 1.5 5.0 12.5 0.0368 0.0370 0.0074 0.0079 79.89 78.65
0005E 5 3.6 1.7 5.3 13.0 0.0382 0.0302 0.0077 0.0066 79.84 78.15
0005F 5 3.6 1.6 5.2 14.0 0.0395 0.0342 0.0081 0.0086 79.49 74.85

0005_sum 5 16.7 7.6 24.3 56.5 0.1564 0.1590 0.0309 0.0445 403.65 353.89
0005_mean 5 3.3 1.5 4.9 11.3 0.0313 0.0318 0.0062 0.0089 80.73 70.78
0005_SD 5 0.5 0.2 0.7 3.6 0.0136 0.0042 0.0028 0.0031 1.50 14.72

0010A 10 3.5 1.8 5.3 10.0 0.0270 0.0283 0.0057 0.0066 78.89 76.68
0010B 10 3.1 1.6 4.7 10.5 0.0291 0.0388 0.0052 0.0080 82.13 79.38
0010C 10 3.1 1.6 4.7 8.5 0.0160 0.0192 0.0028 0.0036 82.50 81.25
0010D 10 3.5 1.7 5.2 13.0 0.0436 0.0347 0.0083 0.0081 80.96 76.66
0010E 10 3.6 1.7 5.3 13.5 0.0383 0.0315 0.0076 0.0084 80.16 73.33
0010F 10 3.0 1.3 4.3 10.0 0.0226 0.0198 0.0048 0.0073 78.76 63.13

0010_sum 10 19.8 9.7 29.5 65.5 0.1766 0.1723 0.0344 0.0420 483.40 450.43
0010_mean 10 3.3 1.6 4.9 10.9 0.0294 0.0287 0.0057 0.0070 80.57 75.07
0010_SD 10 0.3 0.2 0.4 1.9 0.0101 0.0079 0.0020 0.0018 1.59 6.44

0025A 25 2.8 1.8 4.6 7.0 0.0123 0.0261 0.0046 0.0126 62.60 51.72
0025B 25 3.2 1.4 4.6 10.0 0.0198 0.0138 0.0029 0.0046 85.35 66.67
0025C 25 3.5 1.8 5.3 11.0 0.0255 0.0220 0.0057 0.0063 77.65 71.36
0025D 25 3.4 1.6 5.0 11.0 0.0285 0.0265 0.0070 0.0075 75.44 71.70
0025E 25 3.3 0.8 4.1 7.0 0.0172 0.0175 0.0043 0.0052 75.00 70.29
0025F 25 3.2 1.7 4.9 10.5 0.0274 0.0215 0.0060 0.0059 78.10 72.56

0025_sum 25 19.4 9.1 28.5 56.5 0.1307 0.1274 0.0305 0.0421 454.14 404.30
0025_mean 25 3.2 1.5 4.8 9.4 0.0218 0.0212 0.0051 0.0070 75.69 67.38
0025_SD 25 0.2 0.4 0.4 1.9 0.0064 0.0049 0.0014 0.0029 7.41 7.94

0050A 50 2.8 1.2 4.0 7.5 0.0104 0.0200 0.0022 0.0117 78.85 41.50
0050B 50 2.2 0.9 3.1 7.0 0.0091 0.0152 0.0018 0.0065 80.22 57.24
0050C 50 1.9 0.5 2.4 4.0 0.0039 0.0243 0.0007 0.0156 82.05 35.80
0050D 50 2.4 0.9 3.3 9.0 0.0221 0.0238 0.0046 0.0061 79.19 74.37
0050E 50 3.4 1.6 5.0 12.0 0.0301 0.0277 0.0066 0.0074 78.07 73.29
0050F 50 2.2 0.9 3.1 5.0 0.0075 0.0248 0.0014 0.0149 81.33 39.92

0050_sum 50 14.9 6.0 20.9 44.5 0.0831 0.1358 0.0173 0.0622 479.71 322.11
0050_mean 50 2.5 1.0 3.5 7.4 0.0139 0.0226 0.0029 0.0104 79.95 53.69
0050_SD 50 0.5 0.4 0.9 2.9 0.0101 0.0044 0.0023 0.0043 1.53 17.22

0100A 100 3.6 1.2 4.8 6.0 0.0131 0.0235 0.0033 0.0092 74.81 60.85
0100B 100 1.4 0.5 1.9 5.5 0.0099 0.0175 0.0019 0.0078 80.81 55.43
0100C 100 3.6 1.5 5.1 14.5 0.0375 0.0268 0.0075 0.0082 80.00 69.40
0100D 100 2.7 1.1 3.8 8.5 0.0189 0.0230 0.0049 0.0094 74.07 59.13
0100E 100 3.0 1.5 4.5 10.0 0.0179 0.0224 0.0044 0.0063 75.42 71.88
0100F 100 2.6 1.3 3.9 10.0 0.0230 0.0241 0.0053 0.0073 76.96 69.71

0100_sum 100 16.9 7.1 24.0 54.5 0.1203 0.1373 0.0273 0.0482 462.07 386.40
0100_mean 100 2.8 1.2 4.0 9.1 0.0201 0.0229 0.0046 0.0080 77.01 64.40
0100_SD 100 0.8 0.4 1.1 3.3 0.0097 0.0030 0.0019 0.0012 2.81 6.78

0250A 250 2.7 1.3 4.0 10.5 0.0251 0.0203 0.0049 0.0068 80.48 66.50
0250B 250 1.6 0.7 2.3 5.5 0.0099 0.0177 0.0015 0.0071 84.85 59.89
0250C 250 x x x x x x x x x x
0250D 250 3.0 1.4 4.4 10.5 0.0240 0.0252 0.0046 0.0121 80.83 51.98
0250E 250 x x x x x x x x x x
0250F 250 1.2 0.4 1.6 3.0 0.0069 0.0192 0.0011 0.0117 x x

xx



A.2. Datasheets experiment A2 xxi

Table A.15.: A2 plant growth data for Na2SeO3 III (continued from previous page)
2nd leaf 2nd leaf 2nd leaf shoot shoot root shoot root shoot root

ID c(Se) sheath blade leaf total height FW FW DW DW water water
Seedling [ppb] [cm] [cm] [cm] (Day 16) [cm] [g] [g] [g] [g] [%] [%]

[± 0.1] [± 0.1] [± 0.1] [± 0.25] [± 0.0001] [± 0.0001] [± 0.0001] [± 0.0001]

0250_sum 250 8.5 3.8 12.3 29.5 0.0659 0.0824 0.0121 0.0377 246.16 178.37
0250_mean 250 2.1 1.0 3.1 7.4 0.0165 0.0206 0.0030 0.0094 82.05 59.46
0250_SD 250 0.9 0.5 1.3 3.8 0.0094 0.0032 0.0020 0.0029 2.43 7.27

0500A 500 3.1 0.8 3.9 5.5 0.0141 0.0248 0.0036 0.0073 74.47 70.56
0500B 500 2.6 1.3 3.9 5.5 0.0209 0.0219 0.0052 0.0062 75.12 71.69
0500C 500 1.9 0.8 2.7 8.5 0.0165 0.0331 0.0071 0.0141 56.97 57.40
0500D 500 2.7 1.3 4.0 9.5 0.0255 0.0214 0.0039 0.0067 84.71 68.69
0500E 500 2.3 1.1 3.4 7.5 0.0220 0.0218 0.0044 0.0059 80.00 72.94
0500F 500 2.7 1.0 3.7 7.5 0.0144 0.0211 0.0041 0.0091 71.53 56.87

0500_sum 500 15.3 6.3 21.6 44.0 0.1134 0.1441 0.0283 0.0493 442.79 398.16
0500_mean 500 2.6 1.1 3.6 7.3 0.0189 0.0240 0.0047 0.0082 73.80 66.36
0500_SD 500 0.4 0.2 0.5 1.6 0.0046 0.0046 0.0013 0.0031 9.47 7.28

1000A 1000 2.0 1.1 3.1 6.5 0.0159 0.0187 0.0046 0.0051 71.07 72.73
1000B 1000 2.7 0.8 3.5 4.5 0.0081 0.0114 0.0022 0.0034 72.84 70.18
1000C 1000 1.7 0.9 2.6 4.5 0.0101 0.0182 0.0031 0.0117 69.31 35.71
1000D 1000 1.7 0.9 2.6 4.0 0.0062 0.0204 0.0017 0.0074 72.58 63.73
1000E 1000 x x x x x x x x x x
1000F 1000 2.4 1.1 3.5 7.0 0.0158 0.0186 0.0043 0.0060 72.78 67.74

1000_sum 1000 10.5 4.8 15.3 26.5 0.0561 0.0873 0.0159 0.0336 358.58 310.08
1000_mean 1000 2.1 1.0 3.1 5.3 0.0112 0.0175 0.0032 0.0067 71.72 62.02
1000_SD 1000 0.4 0.1 0.5 1.4 0.0044 0.0035 0.0013 0.0031 1.53 15.07

2500A 2500 2.1 1.0 3.1 4.5 0.0123 0.0182 0.0039 0.0060 68.29 67.03
2500B 2500 1.7 1.0 2.7 5.0 0.0145 0.0217 0.0043 0.0088 70.34 59.45
2500C 2500 x x x x x x x x x x
2500D 2500 1.7 0.6 2.3 3.0 0.0072 0.0166 0.0021 0.0105 70.83 36.75
2500E 2500 1.6 0.7 2.3 3.0 0.0070 0.0184 0.0021 0.0073 70.00 60.33
2500F 2500 x x x x x x x x x x

2500_sum 2500 7.1 3.3 10.4 15.5 0.0410 0.0749 0.0124 0.0326 279.47 223.55
2500_mean 2500 1.8 0.8 2.6 3.9 0.0103 0.0187 0.0031 0.0082 69.87 55.89
2500_SD 2500 0.2 0.2 0.4 1.0 0.0037 0.0021 0.0012 0.0019 1.10 13.20
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Table A.16.: A2 plant growth data for Na2SeO4 I (Planting Date: 28.11.2012, Bachelor
Thesis Matthias von Brasch)
2nd leaf 2nd leaf 2nd leaf shoot shoot root shoot root shoot root

ID c(Se) sheath blade leaf total height FW FW DW DW water water
Seedling [ppb] [cm] [cm] [cm] (Day 16) [cm] [g] [g] [g] [g] [%] [%]

[± 0.1] [± 0.1] [± 0.1] [± 0.25] [± 0.0001] [± 0.0001] [± 0.0001] [± 0.0001]

0000A 0 2.8 1.2 4.0 7.0 0.0182 0.0286 0.0047 0.0113 74.18 60.49
0000B 0 3.0 1.3 4.3 9.0 0.0175 0.0255 0.0042 0.0104 76.00 59.22
0000C 0 2.2 0.9 3.1 9.0 0.0112 0.0301 0.0023 0.0125 79.46 58.47
0000D 0 1.9 0.7 2.6 5.5 0.0076 0.0209 0.0019 0.0131 75.00 37.32
0000E 0 3.1 1.3 4.4 10.5 0.0198 0.0297 0.0055 0.0112 72.22 62.29
0000F 0 3.1 1.2 4.3 10.0 0.0231 0.0224 0.0060 0.0077 74.03 65.63

0000_sum 0 16.1 6.6 22.7 51.0 0.0974 0.1572 0.0246 0.0662 450.89 343.41
0000_mean 0 2.7 1.1 3.8 8.5 0.0162 0.0262 0.0041 0.0110 75.15 57.24
0000_SD 0 0.5 0.2 0.8 1.9 0.0057 0.0039 0.0017 0.0019 2.46 10.09

0005A 5 3.5 1.3 4.8 12.5 0.0353 0.0420 0.0092 0.0101 73.94 75.95
0005B 5 2.9 1.1 4.0 8.0 0.0136 0.0265 0.0033 0.0130 75.74 50.94
0005C 5 2.1 0.9 3.0 4.0 0.0064 0.0208 0.0012 0.0090 81.25 56.73
0005D 5 3.3 1.2 4.5 10.5 0.0285 0.0313 0.0070 0.0085 75.44 72.84
0005E 5 2.1 0.8 2.9 6.0 0.0086 0.0216 0.0024 0.0116 72.09 46.30
0005F 5 3.2 1.2 4.4 10.0 0.0228 0.0201 0.0060 0.0069 73.68 65.67

0005_sum 5 17.1 6.5 23.6 51.0 0.1152 0.1623 0.0291 0.0591 452.14 368.44
0005_mean 5 2.9 1.1 3.9 8.5 0.0192 0.0271 0.0049 0.0099 75.36 61.41
0005_SD 5 0.6 0.2 0.8 3.1 0.0115 0.0085 0.0031 0.0022 3.17 12.00

0010A 10 2.8 1.1 3.9 8.5 0.0155 0.0255 0.0036 0.0110 76.77 56.86
0010B 10 3 1.2 4.2 9.0 0.0217 0.0266 0.0056 0.0095 74.19 64.29
0010C 10 3.3 1.2 4.5 10.5 0.0251 0.0254 0.0064 0.0070 74.50 72.44
0010D 10 2.7 0.9 3.6 8.0 0.0204 0.0262 0.0050 0.0100 75.49 61.83
0010E 10 3.1 1.2 4.3 11.0 0.0236 0.0297 0.0069 0.0088 70.76 70.37
0010F 10 3.2 1.3 4.5 10.5 0.0222 0.0321 0.0074 0.0086 66.67 73.21

0010_sum 10 18.1 6.9 25.0 57.5 0.1285 0.1655 0.0349 0.0549 438.39 399.00
0010_mean 10 3.0 1.2 4.2 9.6 0.0214 0.0276 0.0058 0.0092 73.06 66.50
0010_SD 10 0.2 0.1 0.4 1.2 0.0033 0.0027 0.0014 0.0014 3.72 6.56

0025A 25 1.6 0.5 2.1 4.5 0.0114 0.0223 0.0026 0.0112 77.19 49.78
0025B 25 2.0 0.7 2.7 4.5 0.0050 0.0191 0.0007 0.0134 86.00 29.84
0025C 25 3.1 1.1 4.2 9.5 0.0207 0.0265 0.0043 0.0122 79.23 53.96
0025D 25 1.7 0.6 2.3 5.0 0.0080 0.0192 0.0018 0.0141 77.50 26.56
0025E 25 2.1 0.6 2.7 8.5 0.0242 0.0278 0.0057 0.0086 76.45 69.06
0025F 25 2.9 1.1 4.0 10.0 0.0201 0.0245 0.0053 0.0079 73.63 67.76

0025_sum 25 13.4 4.6 18.0 42.0 0.0894 0.1394 0.0204 0.0674 470.00 296.96
0025_mean 25 2.2 0.8 3.0 7.0 0.0149 0.0232 0.0034 0.0112 78.33 49.49
0025_SD 25 0.6 0.3 0.9 2.6 0.0078 0.0037 0.0020 0.0025 4.18 18.16

0050A 50 2.8 1.1 3.9 9.0 0.0168 0.0205 0.0041 0.0102 75.60 50.24
0050B 50 x x x x x x x x x x
0050C 50 2.3 0.9 3.2 3.5 0.0058 0.0254 0.0010 0.0164 82.76 35.43
0050D 50 3.1 1.1 4.2 12.0 0.0286 0.0293 0.0082 0.0121 71.33 58.70
0050E 50 2.1 0.6 2.7 8.5 0.0153 0.0206 0.0031 0.0051 79.74 75.24
0050F 50 2.8 1.0 3.8 7.0 0.0177 0.0285 0.0048 0.0119 72.88 58.25

0050_sum 50 13.1 4.7 17.8 40.0 0.0842 0.1243 0.0212 0.0557 382.30 277.87
0050_mean 50 2.6 0.9 3.6 8.0 0.0168 0.0249 0.0042 0.0111 76.46 55.57
0050_SD 50 0.4 0.2 0.6 3.1 0.0081 0.0042 0.0026 0.0041 4.75 14.47

0100A 100 2.0 0.9 2.9 6.5 0.0093 0.0237 0.0020 0.0141 78.49 40.51
0100B 100 1.4 0.4 1.8 4.0 0.0044 0.0216 0.0010 0.0162 77.27 25.00
0100C 100 x x x x x x x x x x
0100D 100 3.1 1.2 4.3 11.0 0.0238 0.0131 0.0056 0.0083 76.47 36.64
0100E 100 3.3 1.6 4.9 12.0 0.0273 0.0158 0.0069 0.0073 74.73 53.80
0100F 100 2.4 1.0 3.4 7.0 0.0105 0.0218 0.0030 0.0116 71.43 46.79

0100_sum 100 12.2 5.1 17.3 40.5 0.0753 0.0960 0.0185 0.0575 378.39 202.73
0100_mean 100 2.4 1.0 3.5 8.1 0.0151 0.0192 0.0037 0.0115 75.68 40.55
0100_SD 100 0.8 0.4 1.2 3.3 0.0099 0.0045 0.0025 0.0038 2.74 10.86

0250A 250 1.7 0.6 2.3 2.5 0.0060 0.0230 0.0014 0.0116 76.67 49.57
0250B 250 2.3 0.9 3.2 3.5 0.0163 0.0306 0.0031 0.0113 80.98 63.07
0250C 250 2.2 1.2 3.4 6.5 0.0237 0.0264 0.0052 0.0071 78.06 73.11
0250D 250 0.9 0.5 1.4 3.0 0.0071 0.0215 0.0019 0.0070 73.24 67.44
0250E 250 2.0 1.1 3.1 6.5 0.0073 0.0213 0.0023 0.0071 68.49 66.67
0250F 250 1.7 0.6 2.3 8.0 0.0185 0.0263 0.0038 0.0118 79.46 55.13
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Table A.17.: A2 plant growth data for Na2SeO4 I (continued from previous page)
2nd leaf 2nd leaf 2nd leaf shoot shoot root shoot root shoot root

ID c(Se) sheath blade leaf total height FW FW DW DW water water
Seedling [ppb] [cm] [cm] [cm] (Day 16) [cm] [g] [g] [g] [g] [%] [%]

[± 0.1] [± 0.1] [± 0.1] [± 0.25] [± 0.0001] [± 0.0001] [± 0.0001] [± 0.0001]

0250_sum 250 10.8 4.9 15.7 30.0 0.0789 0.1491 0.0177 0.0559 456.90 374.98
0250_mean 250 1.8 0.8 2.6 5.0 0.0132 0.0249 0.0030 0.0093 76.15 62.50
0250_SD 250 0.5 0.3 0.8 2.3 0.0074 0.0036 0.0014 0.0025 4.59 8.67

0500A 500 x x x x x x x x x x
0500B 500 1.4 0.6 2.0 4.0 0.0115 0.0164 0.0036 0.0045 68.70 72.56
0500C 500 1.2 0.8 2.0 3.0 0.0066 0.0225 0.0014 0.0151 78.79 32.89
0500D 500 1.9 0.9 2.8 5.0 0.0131 0.0119 0.0041 0.0027 68.70 77.31
0500E 500 2.1 1.2 3.3 3.5 0.0077 0.0211 0.0022 0.0126 71.43 40.28
0500F 500 2.0 0.9 2.9 5.0 0.0120 0.0190 0.0039 0.0108 67.50 43.16

0500_sum 500 8.6 4.4 13.0 20.5 0.0509 0.0909 0.0152 0.0457 355.11 266.20
0500_mean 500 1.7 0.9 2.6 4.1 0.0102 0.0182 0.0030 0.0091 71.02 53.24
0500_SD 500 0.4 0.2 0.6 0.9 0.0029 0.0042 0.0012 0.0053 4.57 20.23

1000A 1000 2.0 0.9 2.9 3.5 0.0077 0.0189 0.0029 0.0127 62.34 32.80
1000B 1000 1.6 0.8 2.4 4.5 0.0125 0.0191 0.0048 0.0085 61.60 55.50
1000C 1000 1.9 0.9 2.8 4.0 0.0092 0.0168 0.0029 0.0130 68.48 22.62
1000D 1000 1.8 0.7 2.5 4.0 0.0105 0.0163 0.0041 0.0089 60.95 45.40
1000E 1000 2.6 1.2 3.8 6.0 0.0172 0.0240 0.0072 0.0090 58.14 62.50
1000F 1000 2.8 0.8 3.6 4.5 0.0115 0.0161 0.0049 0.0107 57.39 33.54

1000_sum 1000 12.7 5.3 18.0 26.5 0.0686 0.1112 0.0268 0.0628 368.90 252.36
1000_mean 1000 2.1 0.9 3.0 4.4 0.0114 0.0185 0.0045 0.0105 61.48 42.06
1000_SD 1000 0.5 0.2 0.6 0.9 0.0033 0.0030 0.0016 0.0020 3.95 15.14

2500A 2500 1.7 1.0 2.7 3.5 0.0072 0.0202 0.0023 0.0134 68.06 33.66
2500B 2500 1.7 0.9 2.6 3.5 0.0086 0.0169 0.0031 0.0086 63.95 49.11
2500C 2500 1.6 0.9 2.5 2.5 0.0064 0.0234 0.0016 0.0166 75.00 29.06
2500D 2500 0.8 0.3 1.1 2.0 0.0039 0.0147 0.0006 0.0115 84.62 21.77
2500E 2500 1.5 0.5 2.0 2.0 0.0046 0.0140 0.0010 0.0099 78.26 29.29
2500F 2500 0.7 0.4 1.1 1.5 0.0023 0.0185 0.0001 0.0133 95.65 28.11

2500_sum 2500 8.0 4.0 12.0 15.0 0.0330 0.1077 0.0087 0.0733 465.54 191.00
2500_mean 2500 1.3 0.7 2.0 2.5 0.0055 0.0180 0.0015 0.0122 77.59 31.83
2500_SD 2500 0.5 0.3 0.7 0.8 0.0023 0.0035 0.0011 0.0029 11.49 9.29
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Table A.18.: A2 plant growth data for Na2SeO4 II (Planting Date: 08.05.2013, Experiment
Repetition Alexandra Nothstein)
2nd leaf 2nd leaf 2nd leaf shoot shoot root shoot root shoot root

ID c(Se) sheath blade leaf total height FW FW DW DW water water
Seedling [ppb] [cm] [cm] [cm] (Day 16) [cm] [g] [g] [g] [g] [%] [%]

[± 0.1] [± 0.1] [± 0.1] [± 0.25] [± 0.0001] [± 0.0001] [± 0.0001] [± 0.0001]

0000A 0 3.5 1.6 5.1 10.0 0.0178 0.0198 0.0048 0.0066 73.03 66.67
0000B 0 3.4 1.8 5.2 9.0 0.0247 0.0370 0.0067 0.0075 72.87 79.73
0000C 0 2.9 1.9 4.8 10.0 0.0147 0.0203 0.0047 0.0064 68.03 68.47
0000D 0 x x x x x x x x x x
0000E 0 3.1 1.3 4.4 10.5 0.0224 0.0248 0.0071 0.0076 68.30 69.35
0000F 0 3.7 1.8 5.5 11.0 0.0231 0.0309 0.0074 0.0086 67.97 72.17

0000_sum 0 16.6 8.4 25.0 50.5 0.1027 0.1328 0.0307 0.0367 350.20 356.39
0000_mean 0 3.3 1.7 5.0 10.1 0.0205 0.0266 0.0061 0.0073 70.04 71.28
0000_SD 0 0.3 0.2 0.4 0.7 0.0042 0.0073 0.0013 0.0009 2.66 5.12

0005A 5 3.6 1.8 5.4 8.0 0.0163 0.0204 0.0035 0.0062 78.53 69.61
0005B 5 1.8 0.3 2.1 5.0 0.0287 0.0297 0.0085 0.0090 70.38 69.70
0005C 5 3.9 1.6 5.5 12.0 0.0181 0.0268 0.0034 0.0067 81.22 75.00
0005D 5 3.6 1.8 5.4 8.5 0.0201 0.0263 0.0068 0.0067 66.17 74.52
0005E 5 4.5 2.3 6.8 9.5 0.0164 0.0267 0.0061 0.0074 62.80 72.28
0005F 5 3.6 1.7 5.3 9.5 0.0189 0.0243 0.0058 0.0072 69.31 70.37

0005_sum 5 21.0 9.5 30.5 52.5 0.1185 0.1542 0.0341 0.0432 428.41 431.48
0005_mean 5 3.5 1.6 5.1 8.8 0.0198 0.0257 0.0057 0.0072 71.40 71.91
0005_SD 5 0.9 0.7 1.6 2.3 0.0046 0.0031 0.0020 0.0010 7.12 2.41

0010A 10 3.5 1.7 5.2 9.0 0.0205 0.0298 0.0061 0.0077 70.24 74.16
0010B 10 3.3 1.7 5.0 8.5 0.0213 0.0267 0.0050 0.0073 76.53 72.66
0010C 10 3.6 1.8 5.4 9.5 0.0192 0.0278 0.0070 0.0081 63.54 70.86
0010D 10 3.4 1.7 5.1 9.0 0.0171 0.0305 0.0063 0.0082 63.16 73.11
0010E 10 3.8 1.7 5.5 11.5 0.0219 0.0338 0.0088 0.0097 59.82 71.30
0010F 10 3.5 1.6 5.1 10.5 0.0176 0.0322 0.0076 0.0090 56.82 72.05

0010_sum 10 21.1 10.2 31.3 58.0 0.1176 0.1808 0.0408 0.0500 390.10 434.15
0010_mean 10 3.5 1.7 5.2 9.7 0.0196 0.0301 0.0068 0.0083 65.02 72.36
0010_SD 10 0.2 0.1 0.2 1.1 0.0020 0.0027 0.0013 0.0009 7.21 1.21

0025A 25 3.3 1.5 4.8 6.5 0.0088 0.0208 0.0066 0.0073 25.00 64.90
0025B 25 3.6 1.9 5.5 9.5 0.0191 0.0288 0.0020 0.0068 89.53 76.39
0025C 25 3.9 1.8 5.7 10.5 0.0221 0.0273 0.0081 0.0073 63.35 73.26
0025D 25 3.7 1.7 5.4 11.5 0.0170 0.0250 0.0083 0.0088 51.18 64.80
0025E 25 2.7 1.4 4.1 7.5 0.0166 0.0255 0.0038 0.0074 77.11 70.98
0025F 25 3.7 1.7 5.4 11.0 0.0203 0.0292 0.0070 0.0078 65.52 73.29

0025_sum 25 20.9 10.0 30.9 56.5 0.1039 0.1566 0.0358 0.0454 371.68 423.62
0025_mean 25 3.5 1.7 5.2 9.4 0.0173 0.0261 0.0060 0.0076 61.95 70.60
0025_SD 25 0.4 0.2 0.6 2.0 0.0046 0.0031 0.0025 0.0007 22.30 4.78

0050A 50 3.5 1.4 4.9 10.0 0.0211 0.0264 0.0079 0.0084 62.56 68.18
0050B 50 3.9 1.8 x 10.5 0.0257 0.0344 0.0082 0.0097 68.09 71.80
0050C 50 4.0 1.7 5.7 11.0 0.0198 0.0176 0.0071 0.0057 64.14 67.61
0050D 50 3.9 1.8 5.7 11.0 0.0251 0.0358 0.0088 0.0111 64.94 68.99
0050E 50 3.5 1.7 5.2 8.0 0.0110 0.0130 0.0044 0.0047 60.00 63.85
0050F 50 4.1 2.1 6.2 11.0 0.0194 0.0340 0.0081 0.0113 58.25 66.76

0050_sum 50 22.9 10.5 27.7 61.5 0.1221 0.1612 0.0445 0.0509 377.98 407.20
0050_mean 50 3.8 1.8 5.5 10.3 0.0204 0.0269 0.0074 0.0085 63.00 67.87
0050_SD 50 0.3 0.2 0.5 1.2 0.0053 0.0097 0.0016 0.0028 3.54 2.62

0100A 100 4.2 1.9 6.1 11.5 0.0223 0.0235 0.0079 0.0072 64.57 69.36
0100B 100 3.9 1.7 5.6 10.5 0.0190 0.0261 0.0078 0.0079 58.95 69.73
0100C 100 4.1 1.9 0.0 11.0 0.0220 0.0306 0.0084 0.0089 61.82 70.92
0100D 100 x x x x x x x x x x
0100E 100 2.4 1.2 3.6 8.5 0.0162 0.0191 0.0051 0.0057 68.52 70.16
0100F 100 3.6 1.2 4.8 13.0 0.0231 0.0371 0.0097 0.0108 58.01 70.89

0100_sum 100 18.2 7.9 20.1 54.5 0.1026 0.1364 0.0389 0.0405 311.87 351.06
0100_mean 100 3.6 1.6 4.0 10.9 0.0205 0.0273 0.0078 0.0081 62.37 70.21
0100_SD 100 0.7 0.4 2.4 1.6 0.0029 0.0069 0.0017 0.0019 4.29 0.69

0250A 250 3.8 2.0 5.8 10.5 0.0223 0.0358 0.0090 0.0095 59.64 73.46
0250B 250 1.7 1.4 3.1 3.0 0.0048 0.0083 0.0020 0.0028 58.33 66.27
0250C 250 1.7 0.2 1.9 3.0 0.0102 0.0188 0.0025 0.0063 75.49 66.49
0250D 250 3.5 1.7 5.2 8.5 0.0188 0.0321 0.0072 0.0094 61.70 70.72
0250E 250 3.5 1.6 5.1 9.5 0.0209 0.0309 0.0073 0.0084 65.07 72.82
0250F 250 3.3 1.7 5.0 9.0 0.0142 0.0193 0.0058 0.0064 59.15 66.84
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Table A.19.: A2 plant growth data for Na2SeO4 II (continued from previous page)
2nd leaf 2nd leaf 2nd leaf shoot shoot root shoot root shoot root

ID c(Se) sheath blade leaf total height FW FW DW DW water water
Seedling [ppb] [cm] [cm] [cm] (Day 16) [cm] [g] [g] [g] [g] [%] [%]

[± 0.1] [± 0.1] [± 0.1] [± 0.25] [± 0.0001] [± 0.0001] [± 0.0001] [± 0.0001]

0250_sum 250 17.5 8.6 26.1 43.5 0.0912 0.1452 0.0338 0.0428 379.39 416.59
0250_mean 250 2.9 1.4 4.4 7.3 0.0152 0.0242 0.0056 0.0071 63.23 69.43
0250_SD 250 1.0 0.6 1.5 3.4 0.0068 0.0105 0.0028 0.0025 6.47 3.31

0500A 500 2.1 1.8 x 4.5 0.0118 0.0298 0.0046 0.0134 61.02 55.03
0500B 500 2.1 1.4 3.5 5.0 0.0127 0.0211 0.0046 0.0084 63.78 60.19
0500C 500 2.4 1.9 4.3 6.0 0.0182 0.0268 0.0070 0.0103 61.54 61.57
0500D 500 1.8 0.7 2.5 3.5 0.0075 0.0151 0.0024 0.0053 68.00 64.90
0500E 500 2.3 1.1 3.4 4.5 0.0140 0.0193 0.0063 0.0067 55.00 65.28
0500F 500 x x x x x x x x x x

0500_sum 500 10.7 6.9 13.7 23.5 0.0642 0.1121 0.0249 0.0441 309.33 306.98
0500_mean 500 2.1 1.4 3.4 4.7 0.0128 0.0224 0.0050 0.0088 61.87 61.40
0500_SD 500 0.2 0.5 0.7 0.9 0.0039 0.0059 0.0018 0.0032 4.72 4.16

1000A 1000 2.4 1.4 3.8 5.0 0.0150 0.0201 0.0059 0.0049 60.67 75.62
1000B 1000 2.4 1.0 3.4 4.5 0.0131 0.0176 0.0050 0.0131 61.83 25.57
1000C 1000 2.5 1.0 3.5 4.5 0.0168 0.0114 0.0055 0.0035 67.26 69.30
1000D 1000 2.6 1.5 4.1 6.5 0.0174 0.0205 0.0070 0.0086 59.77 58.05
1000E 1000 2.7 1.6 4.3 6.0 0.0164 0.0242 0.0068 0.0112 58.54 53.72
1000F 1000 2.5 0.9 3.4 5.5 0.0141 0.0205 0.0051 0.0081 63.83 60.49

1000_sum 1000 15.1 7.4 22.5 32.0 0.0928 0.1143 0.0353 0.0494 371.90 342.74
1000_mean 1000 2.5 1.2 3.8 5.3 0.0155 0.0191 0.0059 0.0082 61.98 57.12
1000_SD 1000 0.1 0.3 0.4 0.8 0.0017 0.0043 0.0009 0.0036 3.16 17.38

2500A 2500 2.4 1.3 3.7 5.0 0.0127 0.0182 0.0051 0.0105 59.84 42.31
2500B 2500 2.2 1.3 3.5 3.5 0.0105 0.0103 0.0036 0.0025 65.71 75.73
2500C 2500 x x x x x x x x x x
2500D 2500 2.5 1.2 3.7 6.0 0.0152 0.0252 0.0063 0.0101 58.55 59.92
2500E 2500 2.0 0.9 2.9 3.0 0.0039 0.0165 0.0019 0.0135 51.28 18.18
2500F 2500 2.1 1.1 3.2 5.0 0.0121 0.0155 0.0051 0.0077 57.85 50.32

2500_sum 2500 11.2 5.8 17.0 22.5 0.0544 0.0857 0.0220 0.0443 293.24 246.46
2500_mean 2500 2.2 1.2 3.4 4.5 0.0109 0.0171 0.0044 0.0089 58.65 49.29
2500_SD 2500 0.2 0.2 0.3 1.2 0.0043 0.0054 0.0017 0.0041 5.15 21.39
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Table A.20.: A2 plant growth data for Na2SeO3 III (Planting Date: 29.05.2013, Experiment
Repetition Alexandra Nothstein)
2nd leaf 2nd leaf 2nd leaf shoot shoot root shoot root shoot root

ID c(Se) sheath blade leaf total height FW FW DW DW water water
Seedling [ppb] [cm] [cm] [cm] (Day 16) [cm] [g] [g] [g] [g] [%] [%]

[± 0.1] [± 0.1] [± 0.1] [± 0.25] [± 0.0001] [± 0.0001] [± 0.0001] [± 0.0001]

0000A 0 x x x x x x x x x x
0000B 0 5.5 1.6 7.1 20.0 0.0425 0.0202 0.0083 0.0062 80.47 69.31
0000C 0 2.0 1.0 3.0 3.5 0.0058 0.0183 0.0009 0.0110 84.48 39.89
0000D 0 3.6 1.4 5.0 13.0 0.0237 0.0157 0.0042 0.0036 82.28 77.07
0000E 0 3.3 1.7 5.0 7.0 0.0127 0.0117 0.0026 0.0027 79.53 76.92
0000F 0 3.4 1.6 5.0 16.5 0.0487 0.0162 0.0092 0.0073 81.11 54.94

0000_sum 0 17.8 7.3 25.1 60.0 0.1334 0.0821 0.0252 0.0308 407.87 318.13
0000_mean 0 3.6 1.5 5.0 12.0 0.0267 0.0164 0.0050 0.0062 81.57 63.63
0000_SD 0 1.3 0.3 1.4 6.8 0.0185 0.0032 0.0036 0.0033 1.91 16.04

0005A 5 3.9 1.2 5.1 15.0 0.0417 0.0144 0.0077 0.0051 81.53 64.58
0005B 5 3.8 1.4 5.2 14.5 0.0268 0.0184 0.0051 0.0039 80.97 78.80
0005C 5 4.0 1.5 5.5 15.0 0.0353 0.0208 0.0006 0.0057 98.30 72.60
0005D 5 2.7 0.5 3.2 2.5 0.0026 0.0201 0.0007 0.0013 73.08 93.54
0005E 5 4.4 1.8 6.2 16.5 0.0419 0.0185 0.0085 0.0063 79.71 65.95
0005F 5 x x x x x x x x x x

0005_sum 5 18.8 6.4 25.2 63.5 0.1483 0.0922 0.0226 0.0223 413.60 375.47
0005_mean 5 3.8 1.3 5.0 12.7 0.0297 0.0184 0.0045 0.0045 82.72 75.09
0005_SD 5 0.6 0.5 1.1 5.8 0.0163 0.0025 0.0037 0.0020 9.34 11.77

0010A 10 4.3 1.5 5.8 15.0 0.0384 0.0242 0.0073 0.0071 80.99 70.66
0010B 10 3.0 1.2 4.2 11.0 0.0330 0.0175 0.0058 0.0062 82.42 64.57
0010C 10 3.6 0.6 4.2 9.0 0.0333 0.0277 0.0057 0.0069 82.88 75.09
0010D 10 1.8 0.5 2.3 5.5 0.0055 0.0234 0.0009 0.0130 83.64 44.44
0010E 10 4.4 1.7 6.1 16.0 0.0423 0.0197 0.0078 0.0006 81.56 97.01
0010F 10 3.1 1.3 4.4 13.0 0.0439 0.0323 0.0084 0.0084 80.87 73.99

0010_sum 10 20.2 6.8 27.0 69.5 0.1964 0.1448 0.0359 0.0422 492.36 425.77
0010_mean 10 3.4 1.1 4.5 11.6 0.0327 0.0241 0.0060 0.0070 82.06 70.96
0010_SD 10 1.0 0.5 1.4 3.9 0.0141 0.0054 0.0027 0.0040 1.11 17.02

0025A 25 2.8 0.9 3.7 8.5 0.0120 0.0286 0.0025 0.0130 79.17 54.55
0025B 25 4.4 1.6 6.0 17.5 0.0509 0.0307 0.0101 0.0076 80.16 75.24
0025C 25 2.6 0.9 3.5 7.5 0.0104 0.0264 0.0019 0.0117 81.73 55.68
0025D 25 2.3 0.4 2.7 5.5 0.0065 0.0172 0.0015 0.0093 76.92 45.93
0025E 25 4.3 1.8 6.1 17.0 0.0469 0.0215 0.0094 0.0074 79.96 65.58
0025F 25 3.1 1.3 4.4 12.5 0.0090 0.0099 0.0026 0.0046 71.11 53.54

0025_sum 25 19.5 6.9 26.4 68.5 0.1357 0.1343 0.0280 0.0536 469.05 350.52
0025_mean 25 3.3 1.2 4.4 11.4 0.0226 0.0224 0.0047 0.0089 78.17 58.42
0025_SD 25 0.9 0.5 1.4 5.1 0.0205 0.0078 0.0040 0.0031 3.80 10.36

0050A 50 x x x x x x x x x x
0050B 50 2.7 1.1 3.8 6.0 0.0101 0.0243 0.0015 0.0110 85.15 54.73
0050C 50 x x x x x x x x x x
0050D 50 3.7 1.6 5.3 15.0 0.0342 0.0217 0.0066 0.0058 80.70 73.27
0050E 50 4.2 1.4 5.6 17.0 0.0487 0.0302 0.0097 0.0072 80.08 76.16
0050F 50 x x x x x x x x x x

0050_sum 50 10.6 4.1 14.7 38.0 0.0930 0.0762 0.0178 0.0240 245.93 204.16
0050_mean 50 3.5 1.4 4.9 12.7 0.0310 0.0254 0.0059 0.0080 81.98 68.05
0050_SD 50 0.8 0.3 1.0 5.9 0.0195 0.0044 0.0041 0.0027 2.76 11.63

0100A 100 2.2 1.0 3.2 7.0 0.0093 0.0202 0.0027 0.0102 70.97 49.50
0100B 100 x x x x x x x x x x
0100C 100 4.6 1.6 6.2 15.5 0.0369 0.0167 0.0064 0.0050 82.66 70.06
0100D 100 x x x x x x x x x x
0100E 100 4.1 1.4 5.5 16.5 0.0553 0.0165 0.0109 0.0068 80.29 58.79
0100F 100 2.5 1.0 3.5 11.0 0.0293 0.0201 0.0054 0.0052 81.57 74.13

0100_sum 100 13.4 5.0 18.4 50.0 0.1308 0.0735 0.0254 0.0272 315.48 252.48
0100_mean 100 3.4 1.3 4.6 12.5 0.0327 0.0184 0.0064 0.0068 78.87 63.12
0100_SD 100 1.2 0.3 1.5 4.4 0.0190 0.0021 0.0034 0.0024 5.36 11.16

0250A 250 2.7 1.6 4.3 11.0 0.0314 0.0232 0.0059 0.0057 81.21 75.43
0250B 250 1.7 0.9 2.6 6.0 0.0122 0.0173 0.0024 0.0074 80.33 57.23
0250C 250 1.6 1.1 2.7 5.0 0.0120 0.0242 0.0025 0.0109 79.17 54.96
0250D 250 x x x x x x x x x x
0250E 250 1.2 0.3 1.5 3.0 0.0074 0.0261 0.0011 0.0117 85.14 55.17
0250F 250 x x x x x x x x x x
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Table A.21.: A2 plant growth data for Na2SeO3 III (continued from previous page)
2nd leaf 2nd leaf 2nd leaf shoot shoot root shoot root shoot root

ID c(Se) sheath blade leaf total height FW FW DW DW water water
Seedling [ppb] [cm] [cm] [cm] (Day 16) [cm] [g] [g] [g] [g] [%] [%]

[± 0.1] [± 0.1] [± 0.1] [± 0.25] [± 0.0001] [± 0.0001] [± 0.0001] [± 0.0001]

0250_sum 250 7.2 3.9 11.1 25.0 0.0630 0.0908 0.0119 0.0357 325.84 242.79
0250_mean 250 1.8 1.0 2.8 6.3 0.0158 0.0227 0.0030 0.0089 81.46 60.70
0250_SD 250 0.6 0.5 1.2 3.4 0.0107 0.0038 0.0021 0.0028 2.59 9.88

0500A 500 0.7 0.2 0.0 2.0 0.0056 0.0239 0.0013 0.0154 76.79 35.56
0500B 500 2.7 1.5 4.2 4.5 0.0225 0.0229 0.0071 0.0095 68.44 58.52
0500C 500 1.7 1.7 3.4 6.5 0.0127 0.0198 0.0032 0.0055 74.80 72.22
0500D 500 1.4 0.7 2.1 2.5 0.0042 0.0242 0.0008 0.0142 80.95 41.32
0500E 500 2.6 1.2 3.8 7.0 0.0238 0.0189 0.0080 0.0043 66.39 77.25
0500F 500 x x x x x x x x x x

0500_sum 500 9.1 5.3 13.5 22.5 0.0688 0.1097 0.0204 0.0489 367.37 284.87
0500_mean 500 1.8 1.1 2.7 4.5 0.0138 0.0219 0.0041 0.0098 73.47 56.97
0500_SD 500 0.8 0.6 1.7 2.3 0.0092 0.0024 0.0033 0.0050 6.00 18.37

1000A 1000 2.3 1.2 3.5 5.0 0.0160 0.0223 0.0060 0.0076 62.50 65.92
1000B 1000 x x x 1.5 0.0020 0.0239 0.0006 0.0157 70.00 34.31
1000C 1000 1.2 1.1 2.3 2.0 0.0051 0.0282 0.0012 0.0148 76.47 47.52
1000D 1000 2.0 0.7 2.7 3.0 0.0083 0.0233 0.0022 0.0094 73.49 59.66
1000E 1000 2.3 1.1 3.4 4.5 0.0141 0.0202 0.0048 0.0094 65.96 53.47
1000F 1000 1.5 1.1 2.6 2.5 0.0079 0.0201 0.0021 0.0073 73.42 63.68

1000_sum 1000 9.3 5.2 14.5 18.5 0.0534 0.1380 0.0169 0.0642 421.84 324.55
1000_mean 1000 1.9 1.0 2.9 3.1 0.0089 0.0230 0.0028 0.0107 70.31 54.09
1000_SD 1000 0.5 0.2 0.5 1.4 0.0053 0.0030 0.0021 0.0036 5.25 11.81

2500A 2500 1.1 0.9 2.0 1.5 0.0030 0.0218 0.0006 0.0144 80.00 33.94
2500B 2500 2.5 1.3 3.8 4.5 0.0165 0.0142 0.0059 0.0029 64.24 79.58
2500C 2500 x x x x x x x x x x
2500D 2500 2.3 1.6 3.9 4.5 0.0151 0.0122 0.0052 0.0034 65.56 72.13
2500E 2500 x x x x x x x x x x
2500F 2500 2.0 1.0 3.0 4.0 0.0125 0.0223 0.0044 0.0095 64.80 57.40

2500_sum 2500 7.9 4.8 12.7 14.5 0.0471 0.0705 0.0161 0.0302 274.61 243.05
2500_mean 2500 2.0 1.2 3.2 3.6 0.0118 0.0176 0.0040 0.0076 68.65 60.76
2500_SD 2500 0.6 0.3 0.9 1.4 0.0061 0.0052 0.0024 0.0055 7.59 20.11
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xxviii A. Se uptake by Rice - Data

A.2.2. A2 Plant Se content data

Figure A.7.: A2 plots of Se content in each of the three experimental runs for selenite
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Figure A.8.: A2 plots of Se content in each of the three experimental runs for selenate
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Table A.22.: A2 Se content of all three experimental runs for Na2SeO3
FIAS-Results c(Se) dry weight (DW)

dig. weight dig. weight dig. c(Se) c(Se) c(Se) c(Se) c(Se) c(Se) c(Se) c(Se)
c(Se) shoot root volume shoot shoot root root shoot shoot root root
[µg/L] [g] [g] [L] [µg/L] SD [µg/L] SD [mg/kg] SD [mg/kg] SD

[± 0.0001] [± 0.0001] [± 0.0001]

Agar-Se (Na2SeO3) Planting Date: 09.01.2013 (Bachelor Thesis Matthias von Brasch)

0 0.03464 0.04674 0.010 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
5 0.02971 0.05905 0.010 2.83 0.51 8.23 0.68 0.95 0.17 1.39 0.12
10 0.02393 0.03212 0.010 3.99 0.38 12.28 1.11 1.67 0.16 3.82 0.35
25 0.03055 0.04052 0.010 13.87 0.98 43.25 0.88 4.54 0.32 10.67 0.22
50 0.02704 0.04044 0.010 19.86 1.09 69.04 1.74 7.34 0.40 17.07 0.43
100 0.03997 0.05629 0.010 37.21 1.75 216.87 3.32 9.31 0.44 38.53 0.59
250 0.03144 0.05733 0.010 66.07 0.57 275.23 6.29 21.01 0.18 48.01 1.10
500 0.01823 0.04435 0.010 60.64 1.08 236.66 6.56 33.27 0.59 53.36 1.48
1000 0.02103 0.03533 0.010 92.80 1.54 546.36 14.46 44.13 0.73 154.64 4.09
2500 0.01735 0.05945 0.010 63.69 2.72 328.44 4.58 36.71 1.57 55.25 0.77

Agar-Se (Na2SeO3) Planting Date: 29.05.2013 (Experiment Repetition Alexandra Nothstein)

0 0.02063 0.05857 0.010 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
5 0.03988 0.04313 0.010 9.17 0.63 20.94 1.58 2.30 0.16 4.85 0.37
10 0.02925 0.03222 0.010 10.04 0.61 29.38 0.38 3.43 0.21 9.12 0.12
25 0.01899 0.03192 0.010 13.52 0.52 38.74 0.53 7.12 0.27 12.14 0.17
50 0.03179 0.03008 0.010 54.05 0.81 140.55 2.26 17.00 0.25 46.72 0.75
100 0.02148 0.03594 0.010 60.48 7.00 147.43 9.36 28.15 3.26 41.02 2.60
250 0.01829 0.03248 0.011 90.69 3.11 282.03 7.21 54.54 1.87 95.50 2.44
500 0.02788 0.04805 0.010 198.07 5.33 705.40 63.67 71.05 1.91 146.82 13.25
1000 0.03711 0.03980 0.010 392.50 7.88 994.92 19.77 105.77 2.12 249.99 4.97
2500 0.02552 0.03122 0.010 152.97 7.80 447.02 14.26 59.94 3.05 143.19 4.57

Agar-Se (Na2SeO3) Planting Date: 10.07.2013 (Experiment Repetition Alexandra Nothstein)

0 0.02237 0.02590 0.010 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
5 0.02933 0.04148 0.010 6.05 0.51 9.69 0.44 2.06 0.17 2.34 0.11
10 0.03245 0.03866 0.010 10.85 0.51 18.77 0.39 3.34 0.16 4.86 0.10
25 0.02806 0.04957 0.011 21.67 1.53 50.88 1.77 8.49 0.60 11.29 0.39
50 0.01673 0.03952 0.010 21.50 1.77 59.31 1.52 12.85 1.06 15.01 0.38
100 0.02598 0.04596 0.010 76.67 4.35 129.30 1.94 29.51 1.67 28.13 0.42
250 0.01411 0.03492 0.010 56.18 20.16 160.50 17.32 39.81 14.29 45.96 4.96
500 0.02565 0.04519 0.010 102.86 5.62 345.35 23.59 40.10 2.19 76.42 5.22
1000 0.01504 0.03153 0.010 114.70 21.58 401.40 12.27 76.24 14.34 127.30 3.89
2500 0.01525 0.03276 0.010 103.92 4.81 356.63 5.71 68.13 3.15 108.87 1.74

Digestion standards

dig. dig.
Standard Sample weight volume c(Se) c(Se) c(Se) c(Se)

[g] [L] [µg/L] SD [mg/kg] SD

dig_Std 2013_01_30 (0-5ppb) 0.10106 0.010 7.86 0.48 0.78 0.05
dig_Std 2013_01_31 (10-100ppb) 0.10087 0.010 7.92 0.58 0.79 0.06
dig_Std 2013_02_01 (250-2500ppb) 0.10348 0.010 8.77 0.54 0.85 0.05
dig_Std 2013_09_17 (0-5ppb) 0.09988 0.010 8.59 0.32 0.86 0.03
dig_Std 2013_09_18 (10-100ppb) 0.10022 0.010 9.60 0.57 0.96 0.06
dig_Std 2013_09_19 (250-2500ppb) 0.09908 0.010 9.66 0.35 0.97 0.04
dig_Std 2013_09_24 (0-5ppb) 0.10004 0.010 9.36 0.69 0.94 0.07
dig_Std 2013_09_25 (10-100ppb) 0.09958 0.010 9.78 0.41 0.98 0.04
dig_Std 2013_09_26 (250-2500ppb) 0.10027 0.010 10.85 0.98 1.08 0.10
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Table A.23.: A2 Se content of all three experimental runs for Na2SeO4
FIAS-Results c(Se) dry weight (DW)

dig. weight dig. weight dig. c(Se) c(Se) c(Se) c(Se) c(Se) c(Se) c(Se) c(Se)
c(Se) shoot root volume shoot shoot root root shoot shoot root root
[µg/L] [g] [g] [L] [µg/L] SD [µg/L] SD [mg/kg] SD [mg/kg] SD

[± 0.0001] [± 0.0001] [± 0.0001]

Agar-Se (Na2SeO4) Planting Date: 28.11.2012 (Bachelor Thesis Matthias von Brasch)

0 0.02440 0.06680 0.010 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
5 0.02860 0.05860 0.010 14.80 1.41 8.25 0.90 5.17 0.49 1.41 0.15
10 0.03310 0.05370 0.010 36.59 4.62 16.20 0.59 11.06 1.40 3.02 0.11
25 0.02000 0.06750 0.010 39.20 10.50 29.28 1.45 19.60 5.25 4.34 0.21
50 0.02040 0.05440 0.010 213.84 8.85 108.63 1.34 104.82 4.34 19.97 0.25
100 0.01810 0.05580 0.010 397.15 14.73 174.92 5.50 219.42 8.14 31.35 0.99
250 0.01690 0.05510 0.010 622.11 21.32 448.54 17.86 368.11 12.61 81.41 3.24
500 0.01520 0.04560 0.010 144.08 11.35 338.20 18.11 94.79 7.46 74.17 3.97
1000 0.02300 0.05940 0.010 125.03 0.88 382.82 56.16 54.36 0.38 64.45 9.46
2500 0.00960 0.07420 0.010 65.80 2.07 223.96 9.92 68.54 2.16 30.18 1.34

Agar-Se (Na2SeO4) Planting Date: 08.05.2013 (Experiment Repetition Alexandra Nothstein)

0 0.03168 0.03861 0.010 0.63 0.27 0.34 0.28 0.20 0.08 0.09 0.07
5 0.03619 0.04379 0.010 16.68 1.32 8.90 0.47 4.61 0.37 2.03 0.11
10 0.04195 0.05178 0.010 28.83 0.51 18.38 1.49 6.87 0.12 3.55 0.29
25 0.03638 0.04797 0.010 108.59 1.21 69.20 3.16 29.85 0.33 14.43 0.66
50 0.04483 0.05231 0.010 252.47 5.78 109.38 1.36 56.32 1.29 20.91 0.26
100 0.03889 0.04004 0.010 574.27 24.75 239.89 10.96 147.67 6.36 59.91 2.74
250 0.03305 0.04304 0.010 931.19 29.75 599.88 14.86 281.75 9.00 139.38 3.45
500 0.02448 0.04561 0.010 519.22 16.35 684.84 19.58 212.10 6.68 150.15 4.29
1000 0.03683 0.05029 0.010 218.65 19.59 563.15 29.90 59.37 5.32 111.98 5.95
2500 0.02266 0.04677 0.010 125.61 6.05 422.38 32.74 55.43 2.67 90.31 7.00

Agar-Se (Na2SeO4) Planting Date: 29.05.2013 (Experiment Repetition Alexandra Nothstein)

0 0.02518 0.03092 0.010 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
5 0.02931 0.03603 0.010 25.68 1.11 7.40 0.44 8.76 0.38 2.05 0.12
10 0.03691 0.04516 0.010 51.67 1.27 15.28 0.77 14.00 0.34 3.38 0.17
25 0.02714 0.05227 0.010 169.76 4.87 41.78 3.34 62.55 1.79 7.99 0.64
50 0.01795 0.02341 0.010 241.75 3.80 55.87 2.07 134.68 2.12 23.86 0.88
100 0.02427 0.02665 0.010 518.51 7.36 116.21 6.96 213.64 3.03 43.60 2.61
250 0.01215 0.03522 0.010 546.81 10.56 232.00 10.04 450.05 8.69 65.87 2.85
500 0.01999 0.05012 0.010 245.16 10.59 315.47 17.22 122.64 5.30 62.94 3.44
1000 0.01631 0.06493 0.010 176.17 17.27 362.93 18.65 108.02 10.59 55.90 2.87
2500 0.01607 0.02163 0.010 125.33 12.89 175.29 8.96 77.99 8.02 81.04 4.14

Digestion standards

dig. dig.
Standard Sample weight volume c(Se) c(Se) c(Se) c(Se)

[g] [L] [µg/L] SD [mg/kg] SD

dig_Std 2012_12_19 (0-25ppb) 0.10417 0.010 10.20 0.32 0.98 0.03
dig_Std 2012_12_20 (50-500ppb) 0.10446 0.010 6.39 0.26 0.61 0.02
dig_Std 2012_12_21 (1000-2500ppb) 0.101 0.010 7.60 0.45 0.75 0.04
dig_Std 2013_09_13 (0-25ppb) 0.10035 0.010 9.92 0.31 0.99 0.03
dig_Std 2013_09_16 (50-500ppb) 0.10004 0.010 9.85 0.72 0.98 0.07
dig_Std 2013_09_17 (1000-2500ppb) 0.09988 0.010 9.25 0.40 0.93 0.04
dig_Std 2013_09_20 (0-25ppb) 0.09945 0.010 10.13 0.41 1.02 0.04
dig_Std 2013_09_23 (50-500ppb) 0.09932 0.010 13.42 0.55 1.35 0.06
dig_Std 2013_09_24 (1000-2500ppb) 0.10004 0.010 7.67 0.32 0.77 0.03
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A.2.3. Complete A2 results overview
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xxxvi A. Se uptake by Rice - Data

Table A.26.: A2 analytical data - HG-FIAS measurement I
Technique AA FIAS-MHS
Spectrometer Model Aanalyst 200 S/N 200S6110908
Autosampler Model AS-90plus

Batch ID Pflanzenaufschlüsse
Results Data Set Brasch_Se_2013_01_17
Date Measured 17.01.2013
Method Name Se Nothstein

correl. coeff. PQL (= lowest calib-10 %) 0.450
0.995303 LOQ (= 7·wash) 0.266
calib. slope LOD (= 3·wash) 0.114
0.02535 analytical quality [%] 104.276

Mean entered calc.
Calibration Sample ID signal SD c(Se) c(Se) SD

[-] [-] [µg/L] [µg/L] [µg/L]

1 Blank 0.0000 0.0013 0.0 0.00 0.00
2 0.5 ppb 0.0099 0.0011 0.5 0.39 0.04
3 1.0 ppb 0.0226 0.0011 1.0 0.89 0.04
4 2.0 ppb 0.0437 0.0010 2.0 1.72 0.04
5 5.0 ppb 0.1298 0.0057 5.0 5.12 0.22

c(Se) c(Se) SD dilution c(Se)
Sequence No. Sample ID diluted SD driftcorr. driftcorr. factor conc. SD

[µg/L] [µg/L] [µg/L] [µg/L] [-] [µg/L] [µg/L]

1 Wash Milli-Q -0.004 0.021 -0.004 0.021 1 0.00 0.02
2 wash -0.013 0.033 -0.013 0.033 1 -0.01 0.03
3 HCl Blank -0.018 0.051 -0.018 0.051 6 -0.11 0.31
4 Trace Metal 252 µg/L 4.534 0.057 4.602 0.058 60 276.10 3.47
5 Na2SeO4 reduced 10 µg/L 0.033 0.100 0.033 0.101 6 < PQL < PQL
6 Na2SeO4 unreduced 10µg/L 0.045 0.076 0.046 0.077 6 < PQL < PQL
7 Na2SeO3 reduced 10 µg/L 0.010 0.036 0.010 0.037 6 < PQL < PQL
8 Na2SeO3 unreduced 10µg/L 1.643 0.070 1.667 0.071 6 10.00 0.43
9 wash 0.057 0.090 0.057 0.090 1 0.06 0.09
10 wash -0.001 0.056 -0.001 0.056 1 0.00 0.06
11 Se_Std_0 0.030 0.057 0.030 0.057 1 0.03 0.06
12 Se_Std_0.5 0.374 0.030 0.374 0.030 1 0.37 0.03
13 Se_Std_1 0.785 0.017 0.785 0.017 1 0.78 0.02
14 Se_Std_2 1.698 0.060 1.698 0.060 1 1.70 0.06
15 Se_Std_5 5.149 0.103 5.149 0.103 1 5.15 0.10
16 wash 0.230 0.507 0.230 0.507 1 0.23 0.51
17 wash 0.021 0.020 0.021 0.020 1 0.02 0.02
18 2012-12-19 digest blank -0.012 0.025 -0.014 0.031 12 < PQL < PQL
19 2012-12-19 digest Stnd 0.683 0.021 0.837 0.026 12 10.04 0.31
20 2012-12-19 0 µg/L Se Shoot 0.013 0.036 0.015 0.044 12 < PQL < PQL
21 2012-12-19 0 µg/L Se Root -0.014 0.027 -0.017 0.033 12 < PQL < PQL
22 2012-12-19 5 µg/L Se Shoot 1.006 0.096 1.233 0.117 12 14.80 1.41
23 2012-12-19 5 µg/L Se Root 0.561 0.061 0.687 0.075 12 8.25 0.90
24 2012-12-19 10 µg/L Se Shoot 2.489 0.314 3.049 0.385 12 36.59 4.62
25 2012-12-19 10 µg/L Se Root 1.102 0.040 1.350 0.049 12 16.20 0.59
26 2012-12-19 25 µg/L Se Shoot 1.777 0.476 2.178 0.583 18 39.20 10.50
27 2012-12-19 25 µg/L Se Root 1.525 0.055 1.899 0.069 12 22.79 0.82
28 wash 0.073 0.143 0.073 0.143 1 0.07 0.14
29 Se_Std_0 0.014 0.036 0.014 0.036 1 0.01 0.04
30 Se_Std_0.5 0.304 0.021 0.304 0.021 1 0.30 0.02
31 Se_Std_1 0.673 0.035 0.673 0.035 1 0.67 0.04
32 Se_Std_2 1.336 0.147 1.336 0.147 1 1.34 0.15
33 Se_Std_5 3.901 0.184 3.901 0.184 1 3.90 0.18
34 wash 0.136 0.209 0.136 0.209 1 0.14 0.21
28 wash 0.005 0.047 0.005 0.047 1 0.01 0.05
29 Se_Std_0 0.001 0.025 0.001 0.025 1 0.00 0.03
30 Se_Std_0.5 0.641 0.044 0.641 0.044 1 0.64 0.04
31 Se_Std_1 1.155 0.041 1.155 0.041 1 1.16 0.04
32 Se_Std_2 2.227 0.116 2.227 0.116 1 2.23 0.12
33 Se_Std_5 6.292 0.099 6.292 0.099 1 6.29 0.10
34 wash -0.017 0.020 -0.017 0.020 1 -0.02 0.02
35 wash -0.017 0.037 -0.017 0.037 1 -0.02 0.04
36 2012-12-20 digest blank 0.003 0.029 0.002 0.021 12 < PQL < PQL
37 2012-12-20 digest Stnd 1.005 0.041 0.742 0.030 12 8.90 0.36
38 2012-12-20 50 µg/L Se Shoot 10.715 0.381 7.909 0.281 18 > calib < calib
39 2012-12-20 50 µg/L Se Root 5.361 0.343 3.957 0.253 18 > calib < calib
40 2012-12-20 100 µg/L Se Shoot 14.506 0.197 10.707 0.145 24 > calib < calib
41 2012-12-20 100 µg/L Se Root 9.224 0.327 6.808 0.241 18 > calib < calib
42 2012-12-20 250 µg/L Se Shoot 12.109 0.706 8.937 0.521 36 > calib < calib
43 2012-12-20 250 µg/L Se Root 11.715 0.247 8.647 0.182 36 > calib < calib
44 2012-12-20 500 µg/L Se Shoot 5.564 0.162 4.107 0.120 36 > calib < calib
45 2012-12-20 500 µg/L Se Root 10.284 0.090 7.590 0.066 36 > calib < calib
46 wash -0.014 0.013 -0.014 0.013 1 -0.01 0.01
47 Se_Std_0 0.000 0.037 0.000 0.037 1 0.00 0.04
48 Se_Std_0.5 0.631 0.048 0.631 0.048 1 0.63 0.05
49 Se_Std_1 1.310 0.027 1.310 0.027 1 1.31 0.03
50 Se_Std_2 2.442 0.063 2.442 0.063 1 2.44 0.06
51 Se_Std_5 6.630 0.172 6.630 0.172 1 6.63 0.17
52 wash -0.009 0.028 -0.009 0.028 1 -0.01 0.03
53 wash -0.005 0.050 -0.005 0.050 1 -0.01 0.05
54 2012-12-21 digest blank -0.019 0.026 -0.011 0.015 12 < PQL < PQL
55 2012-12-21 digest Stnd 0.957 0.057 0.570 0.034 12 6.84 0.41
56 2012-12-21 1000 µg/L Se Shoot 4.711 0.033 3.473 0.025 36 125.03 0.88
57 2012-12-21 1000 µg/L Se Root 11.195 0.271 8.253 0.200 36 > calib < calib
58 2012-12-21 2500 µg/L Se Shoot 3.719 0.117 2.742 0.086 24 65.80 2.07
59 2012-12-21 2500 µg/L Se Root 9.963 0.117 7.345 0.086 24 > calib < calib
60 2012-12-21 0 µg/L Se AgarII -0.013 0.037 -0.007 0.019 12 < PQL < PQL
61 2012-12-21 5 µg/L Se AgarII 0.001 0.020 0.001 0.011 12 < PQL < PQL
62 2012-12-21 10 µg/L Se AgarII 0.004 0.035 0.002 0.018 12 < PQL < PQL
63 2012-12-21 25 µg/L Se AgarII 0.148 0.022 0.078 0.012 12 < PQL < PQL
64 wash -0.014 0.015 -0.014 0.015 1 -0.01 0.02
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Table A.27.: A2 analytical data - HG-FIAS measurement I (continued from previous page
c(Se) c(Se) SD dilution c(Se)

Sequence No. Sample ID diluted SD driftcorr. driftcorr. factor conc. SD
[µg/L] [µg/L] [µg/L] [µg/L] [-] [µg/L] [µg/L]

65 Se_Std_0 0.018 0.034 0.018 0.034 1 0.02 0.03
66 Se_Std_0.5 0.522 0.046 0.522 0.046 1 0.52 0.05
67 Se_Std_1 1.192 0.048 1.192 0.048 1 1.19 0.05
68 Se_Std_2 2.272 0.058 2.272 0.058 1 2.27 0.06
69 Se_Std_5 6.301 0.115 6.301 0.115 1 6.30 0.12
70 wash 0.264 0.546 0.264 0.546 1 0.26 0.55
71 wash -0.005 0.056 -0.005 0.056 1 -0.01 0.06
72 Trace Metal 252 µg/L 5.404 0.106 4.157 0.082 60 249.45 4.89
73 wash -0.003 0.036 -0.003 0.036 1 0.00 0.04

correl. coeff. PQL (= lowest calib-10 %) 0.450
0.995303 LOQ (= 7·wash) 0.266
calib. slope LOD (= 3·wash) 0.114
0.02535 analytical quality [%] 104.276

Mean entered calc.
Calibration Sample ID signal SD c(Se) c(Se) SD

[-] [-] [µg/L] [µg/L] [µg/L]

1 Blank 0.0000 0.0012 0.0 0.00 0.00
2 0.5 ppb 0.0115 0.0019 0.5 0.38 0.06
3 1.0 ppb 0.0257 0.0019 1.0 0.85 0.06
4 2.0 ppb 0.0541 0.0011 2.0 1.80 0.04
5 5.0 ppb 0.1532 0.0039 5.0 5.10 0.13

c(Se) c(Se) SD dilution c(Se)
Sequence No. Sample ID diluted SD driftcorr. driftcorr. factor conc. SD

[µg/L] [µg/L] [µg/L] [µg/L] [-] [µg/L] [µg/L]

1 Wash Milli-Q -0.070 0.037 -0.070 0.037 1 -0.07 0.04
2 wash -0.010 0.043 -0.010 0.043 1 -0.01 0.04
3 Trace Metal 252 µg/L VF 60 4.501 0.144 4.501 0.144 60 270.06 8.64
4 wash 0.035 0.100 0.035 0.100 1 0.04 0.10
5 2012-12-19 25 µg/L Se Root 2.225 0.110 2.440 0.121 12 29.28 1.45
6 2012-12-20 50 µg/L Se Shoot 1.323 0.055 1.188 0.049 180 213.84 8.85
7 2012-12-20 50 µg/L Se Root 2.752 0.034 3.018 0.037 36 108.63 1.34
8 2012-12-20 100 µg/L Se Shoot 0.921 0.034 0.827 0.031 480 397.15 14.73
9 2012-12-20 100 µg/L Se Root 1.082 0.034 0.972 0.031 180 174.92 5.50
10 2012-12-20 250 µg/L Se Shoot 1.576 0.054 1.728 0.059 360 622.11 21.32
11 2012-12-20 250 µg/L Se Root 0.678 0.027 0.623 0.025 720 448.54 17.86
12 2012-12-20 500 µg/L Se Shoot 0.891 0.070 0.800 0.063 180 144.08 11.35
13 2012-12-20 500 µg/L Se Root 1.046 0.056 0.939 0.050 360 338.20 18.11
14 2012-12-21 1000 µg/L Se Root 1.184 0.174 1.063 0.156 360 382.82 56.16
15 2012-12-21 2500 µg/L Se Root 1.039 0.046 0.933 0.041 240 223.96 9.92
16 wash 0.007 0.041 0.007 0.041 1 0.01 0.04
17 wash 0.001 0.029 0.001 0.029 1 0.00 0.03
18 Se_Std_0 -0.011 0.034 -0.011 0.034 1 -0.01 0.03
19 Se_Std_0.5 0.413 0.040 0.413 0.040 1 0.41 0.04
20 Se_Std_1 0.941 0.034 0.941 0.034 1 0.94 0.03
21 Se_Std_2 1.629 0.210 1.629 0.210 1 1.63 0.21
22 Se_Std_5 4.679 0.097 4.679 0.097 1 4.68 0.10
23 wash 0.083 0.225 0.083 0.225 1 0.08 0.23
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Table A.28.: A2 analytical data - HG-FIAS measurement II
Technique AA FIAS-MHS
Spectrometer Model Aanalyst 200 S/N 200S6110908
Autosampler Model AS-90plus

Batch ID Pflanzenaufschlüsse
Results Data Set Brasch_Se_2013_02_05
Date Measured 05.02.2013
Method Name Se Nothstein 5repl

correl. coeff. PQL (= lowest calib-10 %) 0.450
0.999225 LOQ (= 7·wash) 0.236
calib. slope LOD (= 3·wash) 0.101
0.02967 analytical quality [%] 96.786

Mean entered calc.
Calibration Sample ID signal SD c(Se) c(Se) SD

[-] [-] [µg/L] [µg/L] [µg/L]

1 Blank 0.0000 0.0014 0.0 0.00 0.00
2 0.5 ppb 0.0131 0.0008 0.5 0.44 0.03
3 1.0 ppb 0.0268 0.0008 1.0 0.90 0.03
4 2.0 ppb 0.0575 0.0022 2.0 1.94 0.07
5 5.0 ppb 0.1497 0.0042 5.0 5.05 0.14

c(Se) c(Se) SD dilution c(Se)
Sequence No. Sample ID diluted SD driftcorr. driftcorr. factor conc. SD

[µg/L] [µg/L] [µg/L] [µg/L] [-] [µg/L] [µg/L]

1 Wash Milli-Q -0.022 0.024 -0.022 0.024 1 -0.02 0.02
2 wash 0.048 0.026 0.048 0.026 1 0.05 0.03
3 HCl Blank VF 6 -0.001 0.031 -0.001 0.026 6 -0.01 0.16
4 Trace Metal 252 µg/L 4.043 0.122 3.880 0.117 60 232.81 7.02
5 Na2SeO4 reduced 10 µg/L 0.413 0.036 0.347 0.031 6 2.08 0.18
6 Na2SeO4 unreduced 10 µg/L 0.067 0.029 0.056 0.024 6 < PQL < PQL
7 Na2SeO3 reduced 10 µg/L 0.102 0.025 0.086 0.021 6 < PQL < PQL
8 Na2SeO3 unreduced 10 µg/L 1.215 0.033 0.986 0.026 6 5.92 0.16
9 wash 0.030 0.018 0.030 0.018 1 0.03 0.02
10 wash 0.003 0.024 0.003 0.024 1 0.00 0.02
11 Se_Std_0 0.007 0.033 0.007 0.033 1 0.01 0.03
12 Se_Std_0.5 0.511 0.039 0.511 0.039 1 0.51 0.04
13 Se_Std_1 1.073 0.065 1.073 0.065 1 1.07 0.07
14 Se_Std_2 2.145 0.041 2.145 0.041 1 2.15 0.04
15 Se_Std_5 5.249 0.178 5.249 0.178 1 5.25 0.18
16 wash 0.026 0.038 0.026 0.038 1 0.03 0.04
17 wash 0.021 0.030 0.021 0.030 1 0.02 0.03
18 2013-01-30 dig. blank 0.012 0.034 0.011 0.029 12 < PQL < PQL
19 2013-01-30 dig. Std WheatFlour 1567a 0.733 0.044 0.621 0.038 12 7.45 0.45
20 2013-01-30 250 µg/L Se Agar II 1.748 0.110 1.592 0.100 12 19.10 1.20
21 2013-01-30 500 µg/L Se Agar II 3.624 0.129 3.597 0.128 18 64.75 2.30
22 2013-01-30 1000 µg/L Se Agar II 3.038 0.092 2.766 0.084 48 132.78 4.02
23 2013-01-30 2500 µg/L Se Agar II 3.024 0.075 2.753 0.069 144 396.48 9.86
24 2013-01-30 0 µg/L Se Shoot 0.055 0.076 0.048 0.066 12 < PQL < PQL
25 2013-01-30 0 µg/L Se Root 0.044 0.015 0.038 0.013 12 < PQL < PQL
26 2013-01-30 5 µg/L Se Shoot 0.272 0.049 0.235 0.043 12 2.83 0.51
27 2013-01-30 5 µg/L Se Root 0.809 0.067 0.686 0.057 12 8.23 0.68
28 wash 0.033 0.042 0.033 0.042 1 0.03 0.04
29 Se_Std_0 0.022 0.025 0.022 0.025 1 0.02 0.03
30 Se_Std_0.5 0.489 0.046 0.489 0.046 1 0.49 0.05
31 Se_Std_1 1.008 0.064 1.008 0.064 1 1.01 0.06
32 Se_Std_2 2.078 0.041 2.078 0.041 1 2.08 0.04
33 Se_Std_5 4.917 0.292 4.917 0.292 1 4.92 0.29
34 wash 0.013 0.019 0.013 0.019 1 0.01 0.02
35 wash -0.001 0.027 -0.001 0.027 1 0.00 0.03
36 2013-01-31 dig. blank 0.001 0.050 0.001 0.042 12 < PQL < PQL
37 2013-01-31 dig. Std WheatFlour 1567a 0.667 0.077 0.564 0.065 12 6.77 0.78
37 2013-01-31 dig. Std WheatFlour 1567a 0.811 0.059 0.686 0.050 12 8.23 0.60
38 2013-01-31 10 µg/L Shoot 0.394 0.038 0.333 0.032 12 3.99 0.38
39 2013-01-31 10 µg/L Root 1.227 0.111 1.024 0.093 12 12.28 1.11
40 2013-01-31 25 µg/L Shoot 1.386 0.098 1.156 0.082 12 13.87 0.98
41 2013-01-31 25 µg/L Root 4.134 0.105 3.986 0.101 12 47.83 1.21
42 2013-01-31 50 µg/L Shoot 1.758 0.077 1.655 0.074 12 19.86 1.09
43 2013-01-31 50 µg/L Root 5.644 0.142 5.753 0.145 12 69.04 1.74
44 2013-01-31 100 µg/L Shoot 3.142 0.148 3.101 0.146 12 37.21 1.75
45 2013-01-31 100 µg/L Root 9.984 0.107 9.628 0.103 12 > calib > calib
46 wash 0.062 0.040 0.062 0.040 1 0.06 0.04
47 Se_Std_0 0.000 0.022 0.000 0.022 1 0.00 0.02
48 Se_Std_0.5 0.530 0.028 0.530 0.028 1 0.53 0.03
49 Se_Std_1 1.098 0.063 1.098 0.063 1 1.10 0.06
50 Se_Std_2 2.256 0.072 2.256 0.072 1 2.26 0.07
51 Se_Std_5 5.535 0.139 5.535 0.139 1 5.54 0.14
52 wash 0.028 0.029 0.028 0.029 1 0.03 0.03
53 wash 0.029 0.033 0.029 0.033 1 0.03 0.03
54 2013-02-01 dig. blank 0.034 0.030 0.029 0.026 12 < PQL < PQL
55 2013-02-01 dig. Std. WheatFlour 1567a 0.687 0.287 0.577 0.241 12 6.92 2.90
56 2013-02-01 250 µg/L Shoot 2.024 0.017 1.835 0.016 36 66.07 0.57
57 2013-02-01 250 µg/L Root 7.941 0.313 7.515 0.296 36 > calib > calib
58 2013-02-01 500 µg/L Shoot 1.858 0.033 1.685 0.030 36 60.64 1.08
59 2013-02-01 500 µg/L Root 7.040 0.191 6.662 0.181 36 > calib > calib
60 2013-02-01 1000 µg/L Shoot 3.992 0.066 3.867 0.064 24 92.80 1.54
61 2013-02-01 1000 µg/L Root 14.951 0.528 14.148 0.500 24 > calib > calib
62 2013-02-01 2500 µg/L Shoot 2.926 0.125 2.654 0.113 24 63.69 2.72
63 2013-02-01 2500 µg/L Root 10.731 0.189 10.155 0.179 24 > calib > calib
64 wash 0.025 0.033 0.025 0.033 1 0.02 0.03
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Table A.29.: A2 analytical data - HG-FIAS measurement II (continued from previous page)
c(Se) c(Se) SD dilution c(Se)

Sequence No. Sample ID diluted SD driftcorr. driftcorr. factor conc. SD
[µg/L] [µg/L] [µg/L] [µg/L] [-] [µg/L] [µg/L]

65 Se_Std_0 0.021 0.022 0.021 0.022 1 0.02 0.02
66 Se_Std_0.5 0.494 0.049 0.494 0.049 1 0.49 0.05
67 Se_Std_1 1.036 0.026 1.036 0.026 1 1.04 0.03
68 Se_Std_2 2.111 0.049 2.111 0.049 1 2.11 0.05
69 Se_Std_5 5.099 0.121 5.099 0.121 1 5.10 0.12
70 wash 0.184 0.411 0.184 0.411 1 0.18 0.41
71 wash 0.024 0.041 0.024 0.041 1 0.02 0.04
72 HCl Blank 0.039 0.067 0.038 0.064 6 0.23 0.39
73 Trace Metal 252 µg/L 4.031 0.130 4.250 0.137 60 254.99 8.25
74 Na2SeO4 reduced 10 µg/L 0.414 0.050 0.400 0.048 6 2.40 0.29
75 Na2SeO4 unreduced 10 µg/L 0.051 0.063 0.049 0.060 6 < PQL < PQL
76 Na2SeO3 reduced 10 µg/L 0.099 0.020 0.096 0.019 6 < PQL < PQL
77 Na2SeO3 unreduced 10 µg/L 1.123 0.055 1.057 0.052 6 6.34 0.31
78 wash 0.015 0.018 0.015 0.018 1 0.02 0.02
79 Se_Std_0 0.010 0.016 0.010 0.016 1 0.01 0.02
80 Se_Std_0.5 0.419 0.066 0.419 0.066 1 0.42 0.07
81 Se_Std_1 0.876 0.074 0.876 0.074 1 0.88 0.07
82 Se_Std_2 1.889 0.047 1.889 0.047 1 1.89 0.05
83 Se_Std_5 4.445 0.147 4.445 0.147 1 4.45 0.15
84 wash 0.058 0.086 0.058 0.086 1 0.06 0.09
85 wash 0.031 0.042 0.031 0.042 1 0.03 0.04
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xl A. Se uptake by Rice - Data

Table A.30.: A2 analytical data - HG-FIAS measurement III
Technique AA FIAS-MHS
Spectrometer Model Aanalyst 200 S/N 200S6110908
Autosampler Model AS-90plus

Batch ID Agaraufschlüsse
Results Data Set Brasch_Se_2013_02_06II
Date Measured 25.02.2013
Method Name Se Nothstein 5repl

correl. coeff. PQL (= lowest calib-10 %) 0.450
0.999665 LOQ (= 7·wash) -0.237
calib. slope LOD (= 3·wash) -0.102
0.0252 analytical quality [%] 92.321

Mean entered calc.
Calibration Sample ID signal SD c(Se) c(Se) SD

[-] [-] [µg/L] [µg/L] [µg/L]

1 Blank 0.0000 0.0027 0.0 0.00 0.00
2 0.5 ppb 0.0109 0.0008 0.5 0.44 0.03
3 1.0 ppb 0.0249 0.0008 1.0 0.99 0.03
4 2.0 ppb 0.0519 0.0021 2.0 2.06 0.08
5 5.0 ppb 0.1256 0.0042 5.0 4.98 0.17

c(Se) c(Se) SD dilution c(Se)
Sequence No. Sample ID diluted SD driftcorr. driftcorr. factor conc. SD

[µg/L] [µg/L] [µg/L] [µg/L] [-] [µg/L] [µg/L]

1 Wash Milli-Q -0.015 0.058 -0.015 0.058 1 -0.02 0.06
2 wash -0.023 0.032 -0.023 0.032 1 -0.02 0.03
3 HCl Blank -0.033 0.073 -0.029 0.065 6 -0.17 0.39
4 Trace Metal 252 µg/L 4.584 0.100 4.081 0.089 60 244.84 5.33
5 wash -0.029 0.026 -0.029 0.026 1 -0.03 0.03
6 wash -0.037 0.047 -0.037 0.047 1 -0.04 0.05
7 Se_Std_0 -0.051 0.024 -0.051 0.024 1 -0.05 0.02
8 Se_Std_0.5 0.483 0.040 0.483 0.040 1 0.48 0.04
9 Se_Std_1 1.150 0.051 1.150 0.051 1 1.15 0.05
10 Se_Std_2 2.444 0.100 2.444 0.100 1 2.44 0.10
11 Se_Std_5 5.830 0.059 5.830 0.059 1 5.83 0.06
12 wash -0.016 0.048 -0.016 0.048 1 -0.02 0.05
13 wash -0.043 0.043 -0.043 0.043 1 -0.04 0.04
14 2013-01-16 dig. blank -0.060 0.019 -0.048 0.015 12 < PQL < PQL
15 2013-01-30 dig. Std WheatFlour 1567a 0.856 0.071 0.667 0.055 12 8.00 0.66
16 2013-01-16 0 µg/L Agar I 0.010 0.045 0.008 0.037 12 < PQL < PQL
17 2013-01-16 5 µg/L Agar I 0.004 0.019 0.003 0.016 12 < PQL < PQL
18 2013-01-16 10 µg/L Agar I 0.095 0.027 0.076 0.021 12 < PQL < PQL
19 2013-01-16 25 µg/L Agar I 0.359 0.049 0.288 0.039 12 < PQL < PQL
20 2013-01-16 50 µg/L Agar I 0.780 0.034 0.607 0.027 12 7.29 0.32
21 2013-01-16 100 µg/L Agar I 1.750 0.075 1.329 0.057 12 15.95 0.69
22 2013-01-16 250 µg/L Agar I 4.615 0.139 3.584 0.108 12 43.01 1.29
23 2013-01-16 500 µg/L Agar I 2.327 0.076 1.768 0.058 18 31.82 1.04
24 wash -0.056 0.028 -0.056 0.028 1 -0.06 0.03
25 Se_Std_0 -0.037 0.033 -0.037 0.033 1 -0.04 0.03
26 Se_Std_0.5 0.558 0.039 0.558 0.039 1 0.56 0.04
27 Se_Std_1 1.267 0.048 1.267 0.048 1 1.27 0.05
28 Se_Std_2 2.663 0.095 2.663 0.095 1 2.66 0.09
29 Se_Std_5 6.363 0.181 6.363 0.181 1 6.36 0.18
30 wash 0.006 0.031 0.006 0.031 1 0.01 0.03
31 wash -0.034 0.029 -0.034 0.029 1 -0.03 0.03
32 2013-01-29 dig. Blank -0.063 0.029 -0.039 0.017 12 < PQL < PQL
33 2013-01-29 dig. Std Wheat Flour 1567a 0.896 0.043 0.593 0.029 12 7.11 0.34
34 2013-01-29 1000 µg/L Agar I 10.334 0.332 7.186 0.231 48 344.93 11.08
35 2013-01-29 2500 µg/L Agar I 1.411 0.037 0.933 0.024 144 134.39 3.52
36 2013-01-29 0 µg/L Agar II -0.030 0.031 -0.018 0.019 12 < PQL < PQL
37 2013-01-29 5 µg/L Agar II 0.016 0.011 0.010 0.007 12 < PQL < PQL
38 2013-01-29 10 µg/L Agar II 0.028 0.035 0.017 0.021 12 < PQL < PQL
39 2013-01-29 25 µg/L Agar II 0.160 0.055 0.098 0.033 12 < PQL < PQL
40 2013-01-29 50 µg/L Agar II 0.553 0.041 0.338 0.025 12 4.06 0.30
41 2013-01-29 100 µg/L Agar II 0.980 0.061 0.648 0.040 12 7.78 0.48
42 wash -0.032 0.023 -0.032 0.023 1 -0.03 0.02
43 Se_Std_0 -0.036 0.033 -0.036 0.033 1 -0.04 0.03
44 Se_Std_0.5 0.650 0.027 0.650 0.027 1 0.65 0.03
45 Se_Std_1 1.383 0.022 1.383 0.022 1 1.38 0.02
46 Se_Std_2 2.915 0.056 2.915 0.056 1 2.92 0.06
47 Se_Std_5 6.639 0.125 6.639 0.125 1 6.64 0.13
48 wash -0.025 0.051 -0.025 0.051 1 -0.02 0.05
49 wash -0.039 0.020 -0.039 0.020 1 -0.04 0.02
50 2012-12-19 10 µg/L Shoot 4.306 0.103 2.753 0.066 18 49.55 1.19
51 2012-12-19 25 µg/L Shoot 3.759 0.077 2.403 0.049 18 43.25 0.88
52 2013-01-13 50 µg/L Agar II 0.134 0.029 0.064 0.014 12 < PQL < PQL
53 2013-01-31 100 µg/L Root 3.770 0.058 2.410 0.037 90 216.87 3.32
54 2013-02-01 250 µg/L Root 2.686 0.061 1.529 0.035 180 275.23 6.29
55 2013-02-01 500 µg/L Root 2.309 0.064 1.315 0.036 180 236.66 6.56
56 2013-02-01 1000 µg/l Root 3.561 0.094 2.276 0.060 240 546.36 14.46
57 2013-02-01 2500 µg/L Root 4.282 0.060 2.737 0.038 120 328.44 4.58
58 wash -0.063 0.056 -0.063 0.056 1 -0.06 0.06
59 wash -0.049 0.049 -0.049 0.049 1 -0.05 0.05
60 HCl Blank -0.033 0.035 -0.016 0.017 6 -0.10 0.10
61 Trace Metal 252 µg/L 5.748 0.075 3.674 0.048 60 220.46 2.86
62 wash -0.038 0.055 -0.038 0.055 1 -0.04 0.06
63 Se_Std_0 -0.031 0.040 -0.031 0.040 1 -0.03 0.04
64 Se_Std_0.5 0.672 0.033 0.672 0.033 1 0.67 0.03
65 Se_Std_1 1.420 0.065 1.420 0.065 1 1.42 0.07
66 Se_Std_2 2.976 0.059 2.976 0.059 1 2.98 0.06
67 Se_Std_5 6.923 0.088 6.923 0.088 1 6.92 0.09
68 wash -0.050 0.023 -0.050 0.023 1 -0.05 0.02
69 wash 0.005 0.072 0.005 0.072 1 0.00 0.07
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Table A.31.: A2 analytical data - HG-FIAS measurement IV
Technique AA FIAS-MHS
Spectrometer Model Aanalyst 200 S/N 200S6110908
Autosampler Model AS-90plus

Batch ID Pflanzenaufschlüsse
Results Data Set Se_Nothstein_2013_09_30
Date Measured 30.09.2013
Method Name Se Nothstein calib 6

correl. coeff. PQL (= lowest calib-10 %) 0.450
0.999352 LOQ (= 7·wash) 0.282
calib. slope LOD (= 3·wash) 0.121
0.02803 analytical quality [%] 108.905

Mean entered calc.
Calibration Sample ID signal SD c(Se) c(Se) SD

[-] [-] [µg/L] [µg/L] [µg/L]

1 Blank 0.0000 0.0008 0.0 0.00 0.00
2 0.5 ppb 0.0127 0.0014 0.5 0.45 0.05
3 0.75 ppb 0.0203 0.0014 0.75 0.72 0.05
4 1.0 ppb 0.0245 0.0018 1.0 0.88 0.06
5 2.0 ppb 0.0562 0.0006 2.0 2.00 0.02
6 4.0 ppb 0.1156 0.0020 4.0 4.12 0.07
7 5.0 ppb 0.1404 0.0016 5.0 5.01 0.06
8 6.0 ppb 0.1662 0.0038 6.0 5.93 0.14

c(Se) c(Se) SD dilution c(Se)
Sequence No. Sample ID diluted SD driftcorr. driftcorr. factor conc. SD

[µg/L] [µg/L] [µg/L] [µg/L] [-] [µg/L] [µg/L]

1 Wash Milli-Q -0.059 0.037 -0.059 0.037 1 -0.06 0.04
2 wash 0.062 0.029 0.062 0.029 1 0.06 0.03
3 HCl Blank 0.033 0.050 0.030 0.046 6 0.18 0.28
4 Trace Metal 252 µg/L 3.480 0.071 3.430 0.070 80 274.39 5.63
5 wash 0.025 0.050 0.025 0.050 1 0.02 0.05
6 Se_Std_0 0.024 0.026 0.024 0.026 1 0.02 0.03
7 Se_Std_0.5 0.495 0.055 0.495 0.055 1 0.49 0.06
8 Se_Std_0.75 0.773 0.062 0.773 0.062 1 0.77 0.06
9 Se_Std_1 1.024 0.043 1.024 0.043 1 1.02 0.04
10 Se_Std_2 2.080 0.030 2.080 0.030 1 2.08 0.03
11 Se_Std_4 4.184 0.110 4.184 0.110 1 4.18 0.11
12 Se_Std_5 5.080 0.054 5.080 0.054 1 5.08 0.05
13 Se_Std_6 6.145 0.112 6.145 0.112 1 6.15 0.11
14 wash 0.054 0.037 0.054 0.037 1 0.05 0.04
15 wash 0.038 0.025 0.038 0.025 1 0.04 0.02
16 2013-09-13 dig blind 0.048 0.047 0.043 0.042 8 < PQL < PQL
17 2013-09-13 dig Std 1.222 0.052 1.132 0.048 8 9.06 0.38
18 2013-09-13 0ppb Shoot 0.089 0.038 0.079 0.034 8 < PQL < PQL
19 2013-09-13 0ppb Root 0.048 0.040 0.042 0.036 8 < PQL < PQL
20 2013-09-13 5 ppb Shoot 2.143 0.170 2.085 0.165 8 16.68 1.32
21 2013-09-13 5 ppb Root 1.200 0.064 1.112 0.059 8 8.90 0.47
22 2013-09-13 10 ppb Shoot 3.606 0.064 3.603 0.064 8 28.83 0.51
23 2013-09-13 10 ppb Root 2.362 0.192 2.297 0.187 8 18.38 1.49
24 2013-09-13 25 ppb Shoot 5.505 0.062 5.429 0.061 20 108.59 1.21
25 2013-09-13 25 ppb Root 3.463 0.158 3.460 0.158 20 69.20 3.16
26 wash 0.025 0.020 0.025 0.020 1 0.03 0.02
27 Se_Std_0.5 0.520 0.061 0.520 0.061 1 0.52 0.06
28 Se_Std_0.75 0.781 0.035 0.781 0.035 1 0.78 0.03
29 Se_Std_2 2.038 0.048 2.038 0.048 1 2.04 0.05
30 Se_Std_4 4.070 0.076 4.070 0.076 1 4.07 0.08
31 Se_Std_6 5.876 0.053 5.876 0.053 1 5.88 0.05
32 wash 0.018 0.028 0.018 0.028 1 0.02 0.03
33 wash -0.007 0.038 -0.007 0.038 1 -0.01 0.04
34 2013-09-16 dig blind 0.042 0.079 0.036 0.068 8 < PQL < PQL
35 2013-09-16 dig Std 1.152 0.088 1.056 0.080 8 8.44 0.64
36 2013-09-16 50 ppb Shoot 10.243 0.204 10.137 0.202 20 > calib > calib
37 2013-09-16 50 ppb Root 5.526 0.069 5.469 0.068 20 109.38 1.36
38 2013-09-16 100 ppb Shoot 2.961 0.128 2.871 0.124 200 574.27 24.75
39 2013-09-16 100 ppb Root 1.309 0.060 1.199 0.055 200 239.89 10.96
40 2013-09-16 250 ppb Shoot 4.661 0.149 4.656 0.149 200 931.19 29.75
41 2013-09-16 250 ppb Root 3.002 0.074 2.999 0.074 200 599.88 14.86
42 2013-09-16 500 ppb Shoot 2.677 0.084 2.596 0.082 200 519.22 16.35
43 2013-09-16 500 ppb Root 3.428 0.098 3.424 0.098 200 684.84 19.58
44 wash 0.050 0.029 0.050 0.029 1 0.05 0.03
45 Se_Std_0.5 0.518 0.057 0.518 0.057 1 0.52 0.06
46 Se_Std_0.75 0.789 0.046 0.789 0.046 1 0.79 0.05
47 Se_Std_2 2.091 0.039 2.091 0.039 1 2.09 0.04
48 Se_Std_4 4.186 0.040 4.186 0.040 1 4.19 0.04
49 Se_Std_6 6.104 0.089 6.104 0.089 1 6.10 0.09
50 wash 0.001 0.045 0.001 0.045 1 0.00 0.05
51 wash 0.015 0.028 0.015 0.028 1 0.02 0.03
52 2013-09-17 dig blind 0.052 0.056 0.045 0.048 8 < PQL < PQL
53 2013-09-17 dig Std 1.257 0.047 1.074 0.040 8 8.59 0.32
54 2013-09-17 1000ppb Shoot 1.121 0.100 1.093 0.098 200 218.65 19.59
55 2013-09-17 1000ppb Root 2.960 0.157 2.816 0.150 200 563.15 29.90
56 2013-09-17 2500 ppb Shoot 0.660 0.032 0.628 0.030 200 125.61 6.05
57 2013-09-17 2500 ppb Root 2.220 0.172 2.112 0.164 200 422.38 32.74
58 2013-09-17 0 ppb Shoot 0.027 0.022 0.023 0.019 8 < PQL < PQL
59 2013-09-17 0 ppb Root 0.060 0.040 0.051 0.034 8 < PQL < PQL
60 2013-09-17 5 ppb Shoot 1.203 0.083 1.146 0.079 8 9.17 0.63
61 2013-09-17 5 ppb Root 2.751 0.208 2.617 0.198 8 20.94 1.58
62 wash 0.000 0.026 0.000 0.026 1 0.00 0.03
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Table A.32.: A2 analytical data - HG-FIAS measurement IV (continued from previous page)
c(Se) c(Se) SD dilution c(Se)

Sequence No. Sample ID diluted SD driftcorr. driftcorr. factor conc. SD
[µg/L] [µg/L] [µg/L] [µg/L] [-] [µg/L] [µg/L]

63 Se_Std_0.5 0.522 0.043 0.522 0.043 1 0.52 0.04
64 Se_Std_0.75 0.728 0.029 0.728 0.029 1 0.73 0.03
65 Se_Std_2 2.112 0.054 2.112 0.054 1 2.11 0.05
66 Se_Std_4 4.138 0.094 4.138 0.094 1 4.14 0.09
67 Se_Std_6 5.377 0.347 5.377 0.347 1 5.38 0.35
68 wash 0.051 0.025 0.051 0.025 1 0.05 0.02
69 wash 0.017 0.024 0.017 0.024 1 0.02 0.02
70 2013-09-18 dig. Blind -0.006 0.043 -0.005 0.038 8 < PQL < PQL
71 2013-09-18 dig. Std. 1.223 0.072 1.200 0.071 8 9.60 0.57
72 2013-09-18 10 ppb Shoot 1.279 0.078 1.254 0.077 8 10.04 0.61
73 2013-09-18 10 ppb Root 3.600 0.046 3.672 0.047 8 29.38 0.38
74 2013-09-18 25 ppb Shoot 0.689 0.026 0.676 0.026 20 13.52 0.52
75 2013-09-18 25 ppb Root 2.044 0.028 1.937 0.027 20 38.74 0.53
76 2013-09-18 50 ppb Shoot 2.851 0.043 2.702 0.040 20 54.05 0.81
77 2013-09-18 50 ppb Root 6.696 0.108 7.028 0.113 20 140.55 2.26
78 2013-09-18 100 ppb Root 0.347 0.040 0.302 0.035 200 60.48 7.00
79 2013-09-18 100 ppb Root 0.752 0.048 0.737 0.047 200 147.43 9.36
80 wash 0.006 0.024 0.006 0.024 1 0.01 0.02
81 Se_Std_0.5 0.502 0.056 0.502 0.056 1 0.50 0.06
82 Se_Std_0.75 0.747 0.023 0.747 0.023 1 0.75 0.02
83 Se_Std_2 2.106 0.103 2.106 0.103 1 2.11 0.10
84 Se_Std_4 3.945 0.058 3.945 0.058 1 3.95 0.06
85 Se_Std_6 5.893 0.156 5.893 0.156 1 5.89 0.16
86 wash 0.021 0.015 0.021 0.015 1 0.02 0.01
87 wash 0.049 0.022 0.049 0.022 1 0.05 0.02
88 2013-09-19 dig. Blind 0.047 0.024 0.041 0.022 8 < PQL < PQL
89 2013-09-19 dig. Std. 1.251 0.045 1.207 0.044 8 9.66 0.35
90 2013-09-19 250 ppb Shoot 0.513 0.018 0.453 0.016 200 90.69 3.11
91 2013-09-19 250 ppb Root 1.447 0.037 1.410 0.036 200 282.03 7.21
92 2013-09-19 500 ppb Shoot 1.027 0.028 0.990 0.027 200 198.07 5.33
93 2013-09-19 500 ppb Root 3.439 0.310 3.527 0.318 200 705.40 63.67
94 2013-09-19 1000 ppb Shoot 2.014 0.040 1.962 0.039 200 392.50 7.88
95 2013-09-19 1000 ppb Root 4.851 0.096 4.975 0.099 200 994.92 19.77
96 2013-09-19 2500 ppb Shoot 0.793 0.040 0.765 0.039 200 152.97 7.80
97 2013-09-19 2500 ppb Root 2.293 0.073 2.235 0.071 200 447.02 14.26
98 wash 0.023 0.020 0.023 0.020 1 0.02 0.02
99 HCl Blank 0.045 0.085 0.039 0.075 6 0.23 0.45
100 Trace Metal 252 µg/L 3.405 0.049 3.431 0.049 80 274.49 3.91
101 wash 0.014 0.010 0.014 0.010 1 0.01 0.01
102 2013-09-16 50 ppb Shoot 2.625 0.060 2.525 0.058 100 252.47 5.78
103 2013-09-18 50 ppb Root 1.712 0.052 1.757 0.054 80 140.59 4.29
104 Se_Std_0 -0.005 0.055 -0.005 0.055 1 -0.01 0.06
105 Se_Std_0.5 0.512 0.081 0.512 0.081 1 0.51 0.08
106 Se_Std_0.75 0.752 0.028 0.752 0.028 1 0.75 0.03
107 Se_Std_1 1.059 0.034 1.059 0.034 1 1.06 0.03
108 Se_Std_2 2.004 0.070 2.004 0.070 1 2.00 0.07
109 Se_Std_4 4.092 0.142 4.092 0.142 1 4.09 0.14
110 Se_Std_5 4.878 0.034 4.878 0.034 1 4.88 0.03
111 Se_Std_6 5.596 0.220 5.596 0.220 1 5.60 0.22
112 wash 0.006 0.053 0.006 0.053 1 0.01 0.05
113 wash 0.440 0.447 0.440 0.447 1 0.44 0.45
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Table A.33.: A2 analytical data - HG-FIAS measurement V
Technique AA FIAS-MHS
Spectrometer Model Aanalyst 200 S/N 200S6110908
Autosampler Model AS-90plus

Batch ID Pflanzenaufschlüsse
Results Data Set Se_Nothstein_2013_10_09
Date Measured 09.10.2013
Method Name Se Nothstein calib 6

correl. coeff. PQL (= lowest calib-10 %) 0.450
0.999884 LOQ (= 7·wash) 0.108
calib. slope LOD (= 3·wash) 0.046
0.02593 analytical quality [%] 108.413

Mean entered calc.
Calibration Sample ID signal SD c(Se) c(Se) SD

[-] [-] [µg/L] [µg/L] [µg/L]

1 Blank 0.0000 0.0010 0.0 0.00 0.00
2 0.5 ppb 0.0119 0.0011 0.5 0.46 0.04
3 0.75 ppb 0.0184 0.0011 0.75 0.71 0.04
4 1.0 ppb 0.0247 0.0017 1.0 0.95 0.07
5 2.0 ppb 0.0523 0.0016 2.0 2.02 0.06
6 4.0 ppb 0.1043 0.0025 4.0 4.02 0.10
7 5.0 ppb 0.1303 0.0016 5.0 5.02 0.06
8 6.0 ppb 0.1552 0.0040 6.0 5.98 0.15

c(Se) c(Se) SD dilution c(Se)
Sequence No. Sample ID diluted SD driftcorr. driftcorr. factor conc. SD

[µg/L] [µg/L] [µg/L] [µg/L] [-] [µg/L] [µg/L]

1 Wash Milli-Q 0.015 0.041 0.015 0.041 1 0.01 0.04
2 wash 0.016 0.040 0.016 0.040 1 0.02 0.04
3 HCl Blank 0.086 0.065 0.081 0.061 6 0.49 0.37
4 Trace Metal 252 µg/L 2.279 0.107 2.220 0.105 120 266.39 12.57
5 wash 0.042 0.070 0.042 0.070 1 0.04 0.07
6 Se_Std_0 -0.001 0.030 -0.001 0.030 1 0.00 0.03
7 Se_Std_0.5 0.484 0.037 0.484 0.037 1 0.48 0.04
8 Se_Std_0.75 0.733 0.113 0.733 0.113 1 0.73 0.11
9 Se_Std_1 1.018 0.056 1.018 0.056 1 1.02 0.06
10 Se_Std_2 2.085 0.084 2.085 0.084 1 2.08 0.08
11 Se_Std_4 4.127 0.112 4.127 0.112 1 4.13 0.11
12 Se_Std_5 5.061 0.148 5.061 0.148 1 5.06 0.15
13 Se_Std_6 6.021 0.090 6.021 0.090 1 6.02 0.09
14 wash 0.005 0.015 0.005 0.015 1 0.00 0.01
15 wash -0.001 0.054 -0.001 0.054 1 0.00 0.05
16 2013-09-20 dig blind -0.031 0.033 -0.030 0.032 8 < PQL < PQL
17 2013-09-20 dig Std 1.240 0.042 1.215 0.041 8 9.72 0.33
18 2013-09-20 0ppb Shoot -0.010 0.040 -0.009 0.039 8 < PQL < PQL
19 2013-09-20 0ppb Root -0.031 0.026 -0.029 0.025 8 < PQL < PQL
20 2013-09-20 5 ppb Shoot 3.275 0.142 3.211 0.139 8 25.68 1.11
21 2013-09-20 5 ppb Root 0.944 0.056 0.925 0.055 8 7.40 0.44
22 2013-09-20 10 ppb Shoot 6.478 0.159 6.459 0.159 8 51.67 1.27
23 2013-09-20 10 ppb Root 1.991 0.101 1.909 0.097 8 15.28 0.77
24 2013-09-20 25 ppb Shoot 7.881 0.162 7.857 0.161 20 > calib > calib
25 2013-09-20 25 ppb Root 2.178 0.174 2.089 0.167 20 41.78 3.34
26 wash -0.013 0.041 -0.013 0.041 1 -0.01 0.04
27 Se_Std_0.5 0.473 0.018 0.473 0.018 1 0.47 0.02
28 Se_Std_0.75 0.711 0.064 0.711 0.064 1 0.71 0.06
29 Se_Std_2 2.110 0.048 2.110 0.048 1 2.11 0.05
30 Se_Std_4 4.078 0.065 4.078 0.065 1 4.08 0.07
31 Se_Std_6 5.980 0.076 5.980 0.076 1 5.98 0.08
32 wash -0.029 0.026 -0.029 0.026 1 -0.03 0.03
33 wash 0.011 0.046 0.011 0.046 1 0.01 0.05
34 2013-09-23 dig blind 0.057 0.018 0.058 0.018 8 < PQL < PQL
35 2013-09-23 dig Std 1.712 0.115 1.690 0.113 8 13.52 0.91
36 2013-09-23 50 ppb Shoot 10.150 0.275 10.274 0.279 20 > calib > calib
37 2013-09-23 50 ppb Root 2.830 0.105 2.793 0.103 20 55.87 2.07
38 2013-09-23 100 ppb Shoot 19.090 0.643 19.325 0.651 20 > calib > calib
39 2013-09-23 100 ppb Root 5.740 0.344 5.810 0.348 20 116.21 6.96
40 2013-09-23 250 ppb Shoot 2.812 0.054 2.734 0.053 200 546.81 10.56
41 2013-09-16 250 ppb Root 1.150 0.050 1.160 0.050 200 232.00 10.04
42 2013-09-16 500 ppb Shoot 1.215 0.052 1.226 0.053 200 245.16 10.59
43 2013-09-23 500 ppb Root 1.598 0.087 1.577 0.086 200 315.47 17.22
44 wash 0.008 0.027 0.008 0.027 1 0.01 0.03
45 Se_Std_0.5 0.422 0.063 0.422 0.063 1 0.42 0.06
46 Se_Std_0.75 0.692 0.053 0.692 0.053 1 0.69 0.05
47 Se_Std_2 1.972 0.181 1.972 0.181 1 1.97 0.18
48 Se_Std_4 4.056 0.024 4.056 0.024 1 4.06 0.02
49 Se_Std_6 5.839 0.049 5.839 0.049 1 5.84 0.05
50 wash 0.031 0.056 0.031 0.056 1 0.03 0.06
51 wash 0.000 0.040 0.000 0.040 1 0.00 0.04
52 2013-09-24 dig blind 0.005 0.039 0.005 0.041 8 < PQL < PQL
53 2013-09-24 dig Std 1.168 0.086 1.170 0.086 8 9.36 0.69
54 2013-09-24 1000ppb Shoot 0.879 0.086 0.881 0.086 200 176.17 17.27
55 2013-09-24 1000ppb Root 1.811 0.093 1.815 0.093 200 362.93 18.65
56 2013-09-24 2500 ppb Shoot 0.601 0.062 0.627 0.064 200 125.33 12.89
57 2013-09-24 2500 ppb Root 0.875 0.045 0.876 0.045 200 175.29 8.96
58 2013-09-24 0 ppb Shoot 0.081 0.064 0.084 0.067 8 < PQL < PQL
59 2013-09-24 0 ppb Root 0.052 0.027 0.054 0.028 8 < PQL < PQL
60 2013-09-24 5 ppb Shoot 0.754 0.063 0.756 0.063 8 6.05 0.51
61 2013-09-24 5 ppb Root 1.209 0.055 1.212 0.055 8 9.69 0.44
62 wash -0.017 0.047 -0.017 0.047 1 -0.02 0.05

xliii



xliv A. Se uptake by Rice - Data

Table A.34.: A2 analytical data - HG-FIAS measurement V (continued from previous page)
c(Se) c(Se) SD dilution c(Se)

Sequence No. Sample ID diluted SD driftcorr. driftcorr. factor conc. SD
[µg/L] [µg/L] [µg/L] [µg/L] [-] [µg/L] [µg/L]

63 Se_Std_0.5 0.455 0.014 0.455 0.014 1 0.46 0.01
64 Se_Std_0.75 0.721 0.087 0.721 0.087 1 0.72 0.09
65 Se_Std_2 2.031 0.034 2.031 0.034 1 2.03 0.03
66 Se_Std_4 4.093 0.069 4.093 0.069 1 4.09 0.07
67 Se_Std_6 5.886 0.057 5.886 0.057 1 5.89 0.06
68 wash -0.003 0.042 -0.003 0.042 1 0.00 0.04
69 wash 0.065 0.237 0.065 0.237 1 0.06 0.24
70 2013-09-25 dig. Blind -0.021 0.022 -0.022 0.022 8 < PQL < PQL
71 2013-09-25 dig. Std. 1.209 0.051 1.223 0.051 8 9.78 0.41
72 2013-09-25 10 ppb Shoot 1.342 0.063 1.357 0.064 8 10.85 0.51
73 2013-09-25 10 ppb Root 2.350 0.049 2.347 0.049 8 18.77 0.39
74 2013-09-25 25 ppb Shoot 1.071 0.075 1.083 0.076 20 21.67 1.53
75 2013-09-25 25 ppb Root 2.599 0.090 2.544 0.088 20 50.88 1.77
76 2013-09-25 50 ppb Shoot 1.063 0.087 1.075 0.088 20 21.50 1.77
77 2013-09-25 50 ppb Root 2.969 0.076 2.965 0.076 20 59.31 1.52
78 2013-09-25 100 ppb Root 3.916 0.222 3.833 0.217 20 76.67 4.35
79 2013-09-25 100 ppb Root 7.947 0.321 8.062 0.326 20 > calib > calib
80 wash -0.012 0.014 -0.012 0.014 1 -0.01 0.01
81 Se_Std_0.5 0.443 0.021 0.443 0.021 1 0.44 0.02
82 Se_Std_0.75 0.679 0.035 0.679 0.035 1 0.68 0.03
83 Se_Std_2 2.004 0.077 2.004 0.077 1 2.00 0.08
84 Se_Std_4 4.122 0.102 4.122 0.102 1 4.12 0.10
85 Se_Std_6 5.908 0.136 5.908 0.136 1 5.91 0.14
86 wash -0.016 0.048 -0.016 0.048 1 -0.02 0.05
87 wash -0.040 0.023 -0.040 0.023 1 -0.04 0.02
88 2013-09-26 dig. Blind -0.041 0.050 -0.043 0.052 8 < PQL < PQL
89 2013-09-26 dig. Std. 1.315 0.119 1.357 0.123 8 10.85 0.98
90 2013-09-26 250 ppb Shoot 0.267 0.096 0.281 0.101 200 < PQL < PQL
91 2013-09-26 250 ppb Root 0.778 0.084 0.803 0.087 200 160.50 17.32
92 2013-09-26 500 ppb Shoot 0.489 0.027 0.514 0.028 200 102.86 5.62
93 2013-09-26 500 ppb Root 1.728 0.118 1.727 0.118 200 345.35 23.59
94 2013-09-26 1000 ppb Shoot 0.546 0.103 0.573 0.108 200 114.70 21.58
95 2013-09-26 1000 ppb Root 2.015 0.062 2.007 0.061 200 401.40 12.27
96 2013-09-26 2500 ppb Shoot 0.755 0.226 0.779 0.233 200 155.80 46.54
97 2013-09-26 2500 ppb Root 1.845 0.030 1.783 0.029 200 356.63 5.71
98 wash -0.046 0.042 -0.046 0.042 1 -0.05 0.04
99 HCl Blank 0.040 0.190 0.042 0.203 6 0.25 1.22
100 Trace Metal 252 µg/L 2.356 0.300 2.333 0.297 120 280.01 35.65
101 wash 0.013 0.031 0.013 0.031 1 0.01 0.03
102 Se_Std_0 -0.025 0.043 -0.025 0.043 1 -0.02 0.04
103 Se_Std_0.5 0.426 0.060 0.426 0.060 1 0.43 0.06
104 Se_Std_0.75 0.692 0.078 0.692 0.078 1 0.69 0.08
105 Se_Std_1 0.993 0.022 0.993 0.022 1 0.99 0.02
106 Se_Std_2 2.042 0.043 2.042 0.043 1 2.04 0.04
107 Se_Std_4 4.062 0.074 4.062 0.074 1 4.06 0.07
108 Se_Std_5 5.109 0.114 5.109 0.114 1 5.11 0.11
109 Se_Std_6 6.582 1.296 6.582 1.296 1 6.58 1.30
110 2013-09-20 25 ppb Shoot 2.868 0.082 2.829 0.081 60 169.76 4.87
111 2013-09-23 50 ppb Shoot 3.052 0.048 3.022 0.048 80 241.75 3.80
112 2013-09-23 100 ppb Shoot 3.468 0.049 5.185 0.074 100 518.51 7.36
113 2013-09-25 100 ppb Root 2.886 0.043 4.310 0.065 30 129.30 1.94
114 wash 0.173 0.473 0.173 0.473 1 0.17 0.47
115 wash 0.123 0.030 0.123 0.030 1 0.12 0.03

xliv



A.3. Datasheets experiment A3 xlv

A.3. Datasheets experiment A3
A.3.1. A3 Plant Growth Data

xlv



xlvi A. Se uptake by Rice - Data

Figure A.9.: A3 photos of harvested plants treated with Na2SeO3
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Figure A.10.: A3 photos of harvested plants treated with Na2SeO3
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Figure A.11.: A3 photos of harvested plants treated with Na2SeO3
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Figure A.12.: A3 photos of harvested plants treated with Na2SeO4
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Figure A.13.: A3 photos of harvested plants treated with Na2SeO4

l



A.3. Datasheets experiment A3 li

Figure A.14.: A3 shoot heights and 2nd leaf length for Na2SeO3 experiments
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Figure A.15.: A3 shoot heights and 2nd leaf length for Na2SeO4 experiments
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Table A.35.: A3 plant growth data for Na2SeO3 I (Planting Date: 10.01.2013 )
2nd leaf 2nd leaf 2nd leaf uptake shoot shoot root shoot root shoot root

ID c(Se) sheath blade leaf total time height FW FW DW DW water water
Seedling [ppb] [cm] [cm] [cm] [days] (Day 19) [cm] [g] [g] [g] [g] [%] [%]

[± 0.1] [± 0.1] [± 0.1] [± 0.5] [± 0.25] [± 0.0001] [± 0.0001] [± 0.0001] [± 0.0001]

0000A 0 3.6 1.4 5.0 15 25.5 0.0481 0.0125 0.0157 0.0055 67.36 56.00
0000B 0 x x x x x x x x x x x
0000C 0 x x x x x x x x x x x
0000D 0 3.9 1.3 5.2 13 24.5 0.0485 0.0131 0.0111 0.0061 77.11 53.44
0000E 0 3.6 0.9 4.5 13 22.5 0.0296 0.0081 0.0073 0.0042 75.34 48.15
0000F 0 x x x x x x x x x x x
0000G 0 3.2 1.2 4.4 13 22.0 0.0236 0.0078 0.0064 0.0043 72.88 44.87
0000H 0 2.7 0.7 3.4 13 20.0 0.0266 0.0087 0.0067 0.0037 74.81 57.47
0000I 0 3.4 1.1 4.5 13 25.0 0.0401 0.0098 0.0109 0.0059 72.82 39.80

0000_sum 0 20.4 6.6 27.0 80.0 139.5 0.2165 0.0600 0.0581 0.0297 440.32 299.72
0000_mean 0 3.4 1.1 4.5 13.3 23.3 0.0361 0.0100 0.0097 0.0050 73.39 49.95
0000_SD 0 0.4 0.3 0.6 0.8 2.1 0.0110 0.0023 0.0036 0.0010 3.37 6.89

0005A 5 4.1 1.2 5.3 15 25.5 0.0510 0.0103 0.0109 0.0056 78.63 45.63
0005B 5 2.6 0.7 3.3 13 23.0 0.0320 0.0154 0.0072 0.0044 77.50 71.43
0005C 5 x x x x x x x x x x x
0005D 5 3.8 1.6 5.4 13 24.5 0.0466 0.0150 0.0099 0.0057 78.76 62.00
0005E 5 3.7 1.4 5.1 12 24.0 0.0367 0.0148 0.0091 0.0061 75.20 58.78
0005F 5 4.5 1.7 6.2 15 26.0 0.0546 0.0134 0.0155 0.0059 71.61 55.97
0005G 5 x x x x x x x x x x x
0005H 5 x x x x x x x x x x x
0005I 5 3.9 1.2 5.1 13 25.5 0.0466 0.0120 0.0116 0.0066 75.11 45.00

0005_sum 5 22.6 7.8 30.4 81.0 148.5 0.2675 0.0809 0.0642 0.0343 456.81 338.81
0005_mean 5 3.8 1.3 5.1 13.5 24.8 0.0446 0.0135 0.0107 0.0057 76.13 56.47
0005_SD 5 0.6 0.4 1.0 1.2 1.1 0.0086 0.0020 0.0028 0.0007 2.73 10.09

0010A 10 4.3 1.7 6.0 15 25.0 0.0430 0.0106 0.0103 0.0052 76.05 50.94
0010B 10 3.8 1.3 5.1 13 22.5 0.0272 0.0124 0.0077 0.0046 71.69 62.90
0010C 10 3.4 0.7 4.1 13 25.0 0.0267 0.0147 0.0086 0.0074 67.79 49.66
0010D 10 3.8 1.5 5.3 13 24.0 0.0456 0.0107 0.0098 0.0050 78.51 53.27
0010E 10 4.4 1.3 5.7 13 19.5 0.0279 0.0110 0.0068 0.0045 75.63 59.09
0010F 10 4.6 1.7 6.3 13 22.5 0.0413 0.0086 0.0086 0.0049 79.18 43.02
0010G 10 4.4 1.3 5.7 13 22.5 0.0397 0.0149 0.0090 0.0058 77.33 61.07
0010H 10 4.3 1.4 5.7 13 24.5 0.0422 0.0103 0.0104 0.0055 75.36 46.60
0010I 10 4.3 1.4 5.7 13 26.5 0.0400 0.0080 0.0116 0.0048 71.00 40.00

0010_sum 10 37.3 12.3 49.6 119.0 212.0 0.3336 0.1012 0.0828 0.0477 672.53 466.57
0010_mean 10 4.1 1.4 5.5 13.2 23.6 0.0371 0.0112 0.0092 0.0053 74.73 51.84
0010_SD 10 0.4 0.3 0.6 0.7 2.1 0.0076 0.0024 0.0015 0.0009 3.79 8.01

0025A 25 4.6 1.7 6.3 12 18.0 0.0298 0.0135 0.0078 0.0048 73.83 64.44
0025B 25 x x x x x x x x x x x
0025C 25 3.5 1.0 4.5 12 24.5 0.0327 0.0117 0.0092 0.0047 71.87 59.83
0025D 25 x x x x x x x x x x x
0025E 25 3.1 1.3 4.4 13 20.5 0.0250 0.0094 0.0057 0.0038 77.20 59.57
0025F 25 4.5 1.3 5.8 13 23.5 0.0300 0.0170 0.0077 0.0078 74.33 54.12
0025G 25 x x x x x x x x x x x
0025H 25 3.7 1.0 4.7 13 21.5 0.0232 0.0109 0.0066 0.0081 71.55 25.69
0025I 25 3.2 0.9 4.1 13 25.5 0.0363 0.0085 0.0112 0.0050 69.15 41.18

0025_sum 25 22.6 7.2 29.8 76.0 133.5 0.1770 0.0710 0.0482 0.0342 437.92 304.83
0025_mean 25 3.8 1.2 5.0 12.7 22.3 0.0295 0.0118 0.0080 0.0057 72.99 50.81
0025_SD 25 0.6 0.3 0.9 0.5 2.8 0.0048 0.0031 0.0020 0.0018 2.77 14.69

0050A 50 3.9 1.2 5.1 12 26.0 0.0384 0.0071 0.0102 0.0048 73.44 32.39
0050B 50 x x x x x x x x x x x
0050C 50 4.1 1.6 5.7 13 26.5 0.0533 0.0075 0.0142 0.0063 73.36 16.00
0050D 50 4.7 2.0 6.7 13 27.5 0.0467 0.0111 0.0144 0.0055 69.16 50.45
0050E 50 0.0 x x x x x x x x
0050F 50 3.8 0.4 4.2 13 10.0 0.0114 0.0059 0.0034 0.0045 70.18 23.73
0050G 50 4.1 1.7 5.8 15 27.5 0.0435 0.0088 0.0117 0.0052 73.10 40.91
0050H 50 x x x x x x x x x x x
0050I 50 3.5 1.4 4.9 15 27.5 0.0477 0.0115 0.0143 0.0053 70.02 53.91

0050_sum 50 24.1 8.3 32.4 81.0 145.0 0.2410 0.0519 0.0682 0.0316 429.26 217.40
0050_mean 50 4.0 1.4 4.6 13.5 24.2 0.0402 0.0087 0.0114 0.0053 71.54 36.23
0050_SD 50 0.4 0.6 2.2 1.2 7.0 0.0149 0.0023 0.0043 0.0006 1.96 14.95

0100A 100 4.7 1.7 6.4 13 24.0 0.0455 0.0162 0.0123 0.0054 72.97 66.67
0100B 100 4.3 1.4 5.7 15 20.5 0.0360 0.0087 0.0085 0.0042 76.39 51.72
0100C 100 3.9 1.8 5.7 13 21.5 0.0366 0.0056 0.0089 0.0039 75.68 30.36
0100D 100 4.5 1.6 6.1 15 23.0 0.0360 0.0077 0.0108 0.0052 70.00 32.47
0100E 100 x x x x x x x x x x x
0100F 100 4.8 1.9 6.7 15 23.5 0.0416 0.0094 0.0112 0.0052 73.08 44.68
0100G 100 5.0 1.8 6.8 15 23.0 0.0376 0.0102 0.0105 0.0057 72.07 44.12
0100H 100 4.8 1.7 6.5 15 25.0 0.0374 0.0112 0.0119 0.0057 68.18 49.11
0100I 100 x x x x x x x x x x x

0100_sum 100 32.0 11.9 43.9 101.0 160.5 0.2707 0.0690 0.0741 0.0353 508.37 319.12
0100_mean 100 4.6 1.7 6.3 14.4 22.9 0.0387 0.0099 0.0106 0.0050 72.62 45.59
0100_SD 100 0.4 0.2 0.4 1.0 1.5 0.0036 0.0033 0.0014 0.0007 2.91 12.26

liii



liv A. Se uptake by Rice - Data

Table A.36.: A3 plant growth data for Na2SeO3 I (continued from previous page)
2nd leaf 2nd leaf 2nd leaf uptake shoot shoot root shoot root shoot root

ID c(Se) sheath blade leaf total time height FW FW DW DW water water
Seedling [ppb] [cm] [cm] [cm] [days] (Day 19) [cm] [g] [g] [g] [g] [%] [%]

[± 0.1] [± 0.1] [± 0.1] [± 0.5] [± 0.25] [± 0.0001] [± 0.0001] [± 0.0001] [± 0.0001]

0250A 250 x x x x x x x x x x x
0250B 250 4.0 1.6 5.6 13 25.5 0.0335 0.0066 0.0097 0.0044 71.04 33.33
0250C 250 3.6 1.5 5.1 13 23.5 0.0290 0.0065 0.0088 0.0048 69.66 26.15
0250D 250 3.7 1.2 4.9 13 24.0 0.0267 0.0057 0.0083 0.0050 68.91 12.28
0250E 250 4.3 1.3 5.6 15 28.5 0.0431 0.0084 0.0140 0.0058 67.52 30.95
0250F 250 4.2 1.0 5.2 12 23.0 0.0267 0.0122 0.0088 0.0044 67.04 63.93
0250G 250 x x x x x x x x x x x
0250H 250 4.5 1.7 6.2 15 26.0 0.0451 0.0131 0.0131 0.0052 70.95 60.31
0250I 250 4.3 1.6 5.9 15 25.5 0.0380 0.0090 0.0131 0.0054 65.53 40.00

0250_sum 250 28.6 9.9 38.5 96.0 176.0 0.2421 0.0615 0.0758 0.0350 480.65 266.96
0250_mean 250 4.1 1.4 5.5 13.7 25.1 0.0346 0.0088 0.0108 0.0050 68.66 38.14
0250_SD 250 0.3 0.3 0.5 1.3 1.9 0.0077 0.0029 0.0025 0.0005 2.07 18.47

0500A 500 x x x x x x x x x x x
0500B 500 3.9 1.2 5.1 15 23.5 0.0267 0.0083 0.0107 0.0053 59.93 36.14
0500C 500 x x x x x x x x x x x
0500D 500 2.9 0.8 3.7 13 16.0 0.0101 0.0080 0.0048 0.0072 52.48 10.00
0500E 500 3.4 1.4 4.8 15 23.5 0.0388 0.0122 0.0116 0.0058 70.10 52.46
0500F 500 3.7 1.3 5.0 15 15.0 0.0222 0.0066 0.0078 0.0044 64.86 33.33
0500G 500 3.9 1.1 5.0 13 22.0 0.0290 0.0065 0.0094 0.0045 67.59 30.77
0500H 500 x x x x x x x x x x x
0500I 500 2.5 0.7 3.2 13 23.5 0.0404 0.0113 0.0085 0.0045 78.96 60.18

0500_sum 500 20.3 6.5 26.8 84.0 123.5 0.1672 0.0529 0.0528 0.0317 393.91 222.88
0500_mean 500 3.4 1.1 4.5 14.0 20.6 0.0279 0.0088 0.0088 0.0053 65.65 37.15
0500_SD 500 0.6 0.3 0.8 1.1 4.0 0.0112 0.0024 0.0024 0.0011 9.03 17.65

1000A 1000 x x x x x x x x x x x
1000B 1000 3.5 1.2 4.7 12 23.0 0.0281 0.0093 0.0080 0.0053 71.53 43.01
1000C 1000 4.1 1.3 5.4 13 25.0 0.0304 0.0092 0.0110 0.0059 63.82 35.87
1000D 1000 3.6 1.3 4.9 15 22.5 0.0220 0.0093 0.0090 0.0076 59.09 18.28
1000E 1000 x x x x x x x x x x x
1000F 1000 x x x x x x x x x x x
1000G 1000 4.4 1.4 5.8 15 21.0 0.0263 0.0112 0.0088 0.0059 66.54 47.32
1000H 1000 3.5 1.2 4.7 13 22.0 0.0250 0.0088 0.0080 0.0058 68.00 34.09
1000I 1000 5.1 1.8 6.9 12 21.0 0.0319 0.0081 0.0103 0.0068 67.71 16.05

1000_sum 1000 24.2 8.2 32.4 80.0 134.5 0.1637 0.0559 0.0551 0.0373 396.69 194.62
1000_mean 1000 4.0 1.4 5.4 13.3 22.4 0.0273 0.0093 0.0092 0.0062 66.11 32.44
1000_SD 1000 0.6 0.2 0.9 1.4 1.5 0.0036 0.0010 0.0012 0.0008 4.25 12.78

2500A 2500 x x x x x x x x x x x
2500B 2500 4.3 1.2 5.5 15 22.0 0.0277 0.0076 0.0091 0.0051 67.15 32.89
2500C 2500 3.7 1.4 5.1 13 18.5 0.0211 0.0060 0.0065 0.0040 69.19 33.33
2500D 2500 3.6 1.1 4.7 15 20.0 0.0206 0.0082 0.0076 0.0048 63.11 41.46
2500E 2500 4.1 1.4 5.5 15 23.0 0.0293 0.0072 0.0104 0.0055 64.51 23.61
2500F 2500 4.1 1.4 5.5 15 23.5 0.0289 0.0108 0.0096 0.0064 66.78 40.74
2500G 2500 x x x x x x x x x x x
2500H 2500 3.6 1.4 5.0 13 23.0 0.0270 0.0140 0.0092 0.0056 65.93 60.00
2500I 2500 3.7 1.1 4.8 13 21.5 0.0234 0.0089 0.0085 0.0055 63.68 38.20

2500_sum 2500 27.1 9.0 36.1 99.0 151.5 0.1780 0.0627 0.0609 0.0369 460.34 270.25
2500_mean 2500 3.9 1.3 5.2 14.1 21.6 0.0254 0.0090 0.0087 0.0053 65.76 38.61
2500_SD 2500 0.3 0.1 0.3 1.1 1.8 0.0037 0.0027 0.0013 0.0007 2.15 11.22

liv



A.3. Datasheets experiment A3 lv

Table A.37.: A3 plant growth data for Na2SeO3 II (Planting Date: 02.10.2013)
2nd leaf 2nd leaf 2nd leaf uptake shoot shoot root shoot root shoot root

ID c(Se) sheath blade leaf total time height FW FW DW DW water water
Seedling [ppb] [cm] [cm] [cm] [days] (Day 19) [cm] [g] [g] [g] [g] [%] [%]

[± 0.1] [± 0.1] [± 0.1] [± 0.5] [± 0.25] [± 0.0001] [± 0.0001] [± 0.0001] [± 0.0001]

0000A 0 3.2 0.4 3.6 14 23.0 0.0338 0.0123 0.0076 0.0031 77.51 74.80
0000B 0 5.5 2.3 7.8 14 21.0 0.0357 0.0122 0.0084 0.0039 76.47 68.03
0000C 0 5.3 2.1 7.4 14 19.0 0.0313 0.0090 0.0069 0.0037 77.96 58.89
0000D 0 5.5 2.1 7.6 14 20.0 0.0339 0.0115 0.0083 0.0039 75.52 66.09
0000E 0 6.1 2.3 8.4 14 19.0 0.0378 0.0066 0.0084 0.0031 77.78 53.03
0000F 0 5.3 1.7 7.0 14 19.5 0.0269 0.0086 0.0082 0.0041 69.52 52.33
0000G 0 6.0 2.1 8.1 14 23.0 0.0420 0.0128 0.0105 0.0046 75.00 64.06
0000H 0 5.6 2.2 7.8 14 23.5 0.0360 0.0105 0.0106 0.0052 70.56 50.48
0000I 0 x x x x x x x x x x x

0000_sum 0 42.5 15.2 57.7 112.0 168.0 0.2774 0.0835 0.0689 0.0316 600.31 487.70
0000_mean 0 5.3 1.9 7.2 14.0 21.0 0.0347 0.0104 0.0086 0.0040 75.04 60.96
0000_SD 0 0.9 0.6 1.5 0.0 1.9 0.0045 0.0022 0.0013 0.0007 3.27 8.69

0005A 5 4.7 1.9 6.6 14 20.0 0.0258 0.0120 0.0073 0.0039 71.71 67.50
0005B 5 4.7 1.5 6.2 14 22.5 0.0336 0.0170 0.0090 0.0045 73.21 73.53
0005C 5 5.1 2.3 7.4 14 20.0 0.0265 0.0107 0.0060 0.0032 77.36 70.09
0005D 5 4.7 1.9 6.6 14 19.0 0.0293 0.0106 0.0087 0.0035 70.31 66.98
0005E 5 4.9 1.8 6.7 14 20.0 0.0259 0.0125 0.0079 0.0033 69.50 73.60
0005F 5 4.6 1.7 6.3 15 25.0 0.0337 0.0104 0.0102 0.0042 69.73 59.62
0005G 5 4.5 2.1 6.6 14 24.5 0.0420 0.0194 0.0089 0.0048 78.81 75.26
0005H 5 4.3 1.8 6.1 12 18.0 0.0235 0.0079 0.0056 0.0029 76.17 63.29
0005I 5 5.0 0.8 5.8 14 19.0 0.0155 0.0083 0.0051 0.0026 67.10 68.67

0005_sum 5 42.5 15.8 58.3 125.0 188.0 0.2558 0.1088 0.0687 0.0329 653.89 618.54
0005_mean 5 4.7 1.8 6.5 13.9 20.9 0.0284 0.0121 0.0076 0.0037 72.65 68.73
0005_SD 5 0.2 0.4 0.5 0.8 2.5 0.0075 0.0038 0.0018 0.0007 4.01 5.10

0010A 10 4.8 1.4 6.2 14 15.0 0.0184 0.0163 0.0054 0.0069 70.65 57.67
0010B 10 4.3 1.5 5.8 13 13.0 0.0251 0.0141 0.0067 0.0046 73.31 67.38
0010C 10 4.7 2.0 6.7 14 17.0 0.0268 0.0167 0.0075 0.0051 72.01 69.46
0010D 10 5.3 2.1 7.4 14 15.0 0.0268 0.0142 0.0083 0.0035 69.03 75.35
0010E 10 3.1 4.3 7.4 14 8.0 0.0175 0.0136 0.0052 0.0042 70.29 69.12
0010F 10 4.8 1.4 6.2 15 14.5 0.0286 0.0132 0.0091 0.0046 68.18 65.15
0010G 10 3.7 1.7 5.4 14 12.5 0.0222 0.0085 0.0075 0.0031 66.22 63.53
0010H 10 3.4 1.0 4.4 12 13.0 0.0126 0.0143 0.0039 0.0034 69.05 76.22
0010I 10 4.7 2.1 6.8 14 16.0 0.0356 0.0095 0.0097 0.0051 72.75 46.32

0010_sum 10 38.8 17.5 56.3 124.0 124.0 0.2136 0.1204 0.0633 0.0405 631.49 590.20
0010_mean 10 4.3 1.9 6.3 13.8 13.8 0.0237 0.0134 0.0070 0.0045 70.17 65.58
0010_SD 10 0.7 1.0 1.0 0.8 2.6 0.0069 0.0028 0.0019 0.0012 2.30 9.20

0025A 25 x x x x x x x x x x x
0025B 25 x x x x x x x x x x x
0025C 25 4.8 1.9 6.7 15 10.0 0.0218 0.0138 0.0082 0.0052 62.39 62.32
0025D 25 5.0 1.7 6.7 14 21.5 0.0403 0.0127 0.0101 0.0043 74.94 66.14
0025E 25 2.7 0.7 3.4 14 31.0 0.0511 0.0100 0.0124 0.0044 75.73 56.00
0025F 25 5.8 1.9 7.7 14 19.5 0.0256 0.0118 0.0087 0.0039 66.02 66.95
0025G 25 4.6 1.6 6.2 14 18.0 0.0250 0.0063 0.0068 0.0030 72.80 52.38
0025H 25 4.5 1.8 6.3 13 21.0 0.0267 0.0115 0.0090 0.0041 66.29 64.35
0025I 25 4.4 1.8 6.2 15 23.0 0.0310 0.0121 0.0092 0.0041 70.32 66.12

0025_sum 25 31.8 11.4 43.2 99.0 144.0 0.2215 0.0782 0.0644 0.0290 488.49 434.25
0025_mean 25 4.5 1.6 6.2 14.1 20.6 0.0316 0.0112 0.0092 0.0041 69.78 62.04
0025_SD 25 0.9 0.4 1.3 0.7 6.3 0.0105 0.0024 0.0017 0.0007 5.04 5.67

0050A 50 3.9 1.5 5.4 12 20.0 0.0290 0.0179 0.0084 0.0050 71.03 72.07
0050B 50 4.6 1.8 6.4 14 19.0 0.0377 0.0060 0.0096 0.0041 74.54 31.67
0050C 50 5.0 2.1 7.1 14 20.5 0.0309 0.0147 0.0074 0.0043 76.05 70.75
0050D 50 4.9 2.1 7.0 14 19.0 0.0330 0.0086 0.0084 0.0044 74.55 48.84
0050E 50 4.9 1.9 6.8 14 20.0 0.0366 0.0118 0.0093 0.0043 74.59 63.56
0050F 50 x x x x x x x x x x x
0050G 50 3.7 0.7 4.4 14 21.0 0.0356 0.0100 0.0110 0.0049 69.10 51.00
0050H 50 4.7 1.4 6.1 14 18.0 0.0247 0.0096 0.0082 0.0042 66.80 56.25
0050I 50 4.6 1.9 6.5 15 21.5 0.0312 0.0112 0.0101 0.0044 67.63 60.71

0050_sum 50 36.3 13.4 49.7 111.0 159.0 0.2587 0.0898 0.0724 0.0356 574.29 454.84
0050_mean 50 4.5 1.7 6.2 13.9 19.9 0.0323 0.0112 0.0091 0.0045 71.79 56.86
0050_SD 50 0.5 0.5 0.9 0.8 1.2 0.0043 0.0037 0.0012 0.0003 3.61 13.19

0100A 100 4.9 1.9 6.8 14 18.0 0.0177 0.0124 0.0069 0.0047 61.02 62.10
0100B 100 4.5 1.8 6.3 14 18.5 0.0170 0.0088 0.0066 0.0032 61.18 63.64
0100C 100 4.4 1.7 6.1 13 17.0 0.0138 0.0094 0.0058 0.0034 57.97 63.83
0100D 100 4.9 2.2 7.1 14 19.0 0.0265 0.0177 0.0084 0.0049 68.30 72.32
0100E 100 4.6 1.9 6.5 14 20.5 0.0275 0.0101 0.0111 0.0050 59.64 50.50
0100F 100 5.0 1.9 6.9 14 21.0 0.0302 0.0160 0.0087 0.0060 71.19 62.50
0100G 100 5.2 2.2 7.4 14 19.0 0.0301 0.0128 0.0081 0.0037 73.09 71.09
0100H 100 3.6 0.8 4.4 13 18.0 0.0178 0.0740 0.0075 0.0034 57.87 95.41
0100I 100 x x x x x x x x x x x

0100_sum 100 37.1 14.4 51.5 110.0 151.0 0.1806 0.1612 0.0631 0.0343 510.25 541.37
0100_mean 100 4.6 1.8 6.4 13.8 18.9 0.0226 0.0202 0.0079 0.0043 63.78 67.67
0100_SD 100 0.5 0.4 0.9 0.5 1.3 0.0066 0.0220 0.0016 0.0010 6.12 13.02
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lvi A. Se uptake by Rice - Data

Table A.38.: A3 plant growth data for Na2SeO3 II (continued from previous page)
2nd leaf 2nd leaf 2nd leaf uptake shoot shoot root shoot root shoot root

ID c(Se) sheath blade leaf total time height FW FW DW DW water water
Seedling [ppb] [cm] [cm] [cm] [days] (Day 19) [cm] [g] [g] [g] [g] [%] [%]

[± 0.1] [± 0.1] [± 0.1] [± 0.5] [± 0.25] [± 0.0001] [± 0.0001] [± 0.0001] [± 0.0001]

0250A 250 4.4 2.4 6.8 13 20.0 0.0311 0.0093 0.0076 0.0037 75.56 60.22
0250B 250 4.2 1.6 5.8 14 23.0 0.0388 0.0159 0.0085 0.0040 78.09 74.84
0250C 250 3.9 1.5 5.4 12 21.0 0.0408 0.0313 0.0084 0.0038 79.41 87.86
0250D 250 3.2 0.8 4.0 14 28.0 0.0628 0.0203 0.0110 0.0049 82.48 75.86
0250E 250 5.1 1.7 6.8 14 22.0 0.0420 0.0247 0.0105 0.0045 75.00 81.78
0250F 250 4.3 1.5 5.8 14 24.0 0.0462 0.0229 0.0107 0.0046 76.84 79.91
0250G 250 3.9 1.2 5.1 12 19.0 0.0247 0.0221 0.0057 0.0036 76.92 83.71
0250H 250 x x x x x x x x x x x
0250I 250 4.5 1.3 5.8 14 23.0 0.0285 0.0108 0.0086 0.0042 69.82 61.11

0250_sum 250 33.5 12.0 45.5 107.0 180.0 0.3149 0.1573 0.0710 0.0333 614.14 605.29
0250_mean 250 4.2 1.5 5.7 13.4 22.5 0.0394 0.0197 0.0089 0.0042 76.77 75.66
0250_SD 250 0.6 0.5 0.9 0.9 2.8 0.0120 0.0073 0.0018 0.0005 3.67 10.14

0500A 500 4.2 1.5 5.7 14 18.0 0.0387 0.0208 0.0078 0.0044 79.84 78.85
0500B 500 4.0 1.4 5.4 14 26.5 0.0451 0.0195 0.0084 0.0045 81.37 76.92
0500C 500 3.6 1.3 4.9 14 20.0 0.0435 0.0295 0.0104 0.0052 76.09 82.37
0500D 500 1.9 0.8 2.7 13 18.0 0.0459 0.0273 0.0092 0.0048 79.96 82.42
0500E 500 5.0 2.6 7.6 14 19.0 0.0406 0.0164 0.0071 0.0035 82.51 78.66
0500F 500 4.1 1.5 5.6 12 16.5 0.0276 0.0177 0.0056 0.0059 79.71 66.67
0500G 500 3.8 1.2 5.0 14 18.0 0.0418 0.0150 0.0078 0.0048 81.34 68.00
0500H 500 3.8 1.3 5.1 12 20.5 0.0271 0.0089 0.0079 0.0047 70.85 47.19
0500I 500 4.4 1.6 6.0 14 17.5 0.0268 0.0111 0.0071 0.0043 73.51 61.26

0500_sum 500 34.8 13.2 48.0 121.0 174.0 0.3371 0.1662 0.0713 0.0421 705.19 642.34
0500_mean 500 3.9 1.5 5.3 13.4 19.3 0.0375 0.0185 0.0079 0.0047 78.35 71.37
0500_SD 500 0.8 0.5 1.3 0.9 3.0 0.0080 0.0068 0.0014 0.0007 3.98 11.74

1000A 1000 4.2 1.7 5.9 13 18.0 0.0368 0.0192 0.0068 0.0049 81.52 74.48
1000B 1000 2.3 0.8 3.1 14 21.5 0.0342 0.0191 0.0095 0.0042 72.22 78.01
1000C 1000 2.1 0.9 3.0 14 24.0 0.0524 0.0164 0.0087 0.0048 83.40 70.73
1000D 1000 4.4 1.7 6.1 14 17.0 0.0452 0.0279 0.0080 0.0059 82.30 78.85
1000E 1000 4.6 1.6 6.2 14 18.0 0.0389 0.0174 0.0055 0.0051 85.86 70.69
1000F 1000 4.1 1.0 5.1 13 15.5 0.0214 0.0160 0.0091 0.0040 57.48 75.00
1000G 1000 2.1 0.9 3.0 14 21.5 0.0321 0.0089 0.0086 0.0037 73.21 58.43
1000H 1000 1.5 1.3 2.8 12 16.5 0.0281 0.0098 0.0060 0.0034 78.65 65.31
1000I 1000 4.2 1.9 6.1 14 16.5 0.0316 0.0153 0.0075 0.0042 76.27 72.55

1000_sum 1000 29.5 11.8 41.3 122.0 168.5 0.3207 0.1500 0.0697 0.0402 690.90 644.05
1000_mean 1000 3.3 1.3 4.6 13.6 18.7 0.0356 0.0167 0.0077 0.0045 76.77 71.56
1000_SD 1000 1.2 0.4 1.6 0.7 2.9 0.0092 0.0056 0.0014 0.0008 8.58 6.41

2500A 2500 3.9 1.4 5.3 14 14.0 0.0313 0.0153 0.0079 0.0053 74.76 65.36
2500B 2500 3.7 1.6 5.3 14 14.0 0.0313 0.0166 0.0077 0.0056 75.40 66.27
2500C 2500 6.5 3.7 10.2 15 16.5 0.0281 0.0123 0.0076 0.0047 72.95 61.79
2500D 2500 3.9 2.1 6.0 13 13.5 0.0258 0.0148 0.0088 0.0046 65.89 68.92
2500E 2500 4.0 1.6 5.6 14 15.5 0.0268 0.0128 0.0064 0.0049 76.12 61.72
2500F 2500 3.6 1.9 5.5 14 17.0 0.0336 0.0138 0.0099 0.0062 70.54 55.07
2500G 2500 x x x x x x x x x x x
2500H 2500 3.9 1.6 5.5 14 13.0 0.0259 0.0145 0.0070 0.0050 72.97 65.52
2500I 2500 3.4 1.6 5.0 14 13.0 0.0168 0.0148 0.0052 0.0048 69.05 67.57

2500_sum 2500 32.9 15.5 48.4 112.0 116.5 0.2196 0.1149 0.0605 0.0411 577.68 512.21
2500_mean 2500 4.1 1.9 6.1 14.0 14.6 0.0275 0.0144 0.0076 0.0051 72.21 64.03
2500_SD 2500 1.0 0.7 1.7 0.5 1.6 0.0052 0.0014 0.0014 0.0005 3.50 4.41
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A.3. Datasheets experiment A3 lvii

Table A.39.: A3 plant growth data for Na2SeO3 III (Planting Date: 21.11.2013)
2nd leaf 2nd leaf 2nd leaf uptake shoot shoot root shoot root shoot root

ID c(Se) sheath blade leaf total time height FW FW DW DW water water
Seedling [ppb] [cm] [cm] [cm] [days] (Day 19) [cm] [g] [g] [g] [g] [%] [%]

[± 0.1] [± 0.1] [± 0.1] [± 0.5] [± 0.25] [± 0.0001] [± 0.0001] [± 0.0001] [± 0.0001]

0000A 0 x x x x x x x x x x x
0000B 0 4.5 1.7 6.2 10 27.0 0.0342 0.0247 0.0085 0.0102 75.15 58.70
0000C 0 2.2 0.9 3.1 13 30.0 0.0561 0.0142 0.0123 0.0044 78.07 69.01
0000D 0 4.5 1.3 5.8 9 31.0 0.0966 0.0278 0.0171 0.0069 82.30 75.18
0000E 0 2.5 0.9 3.4 13 32.0 0.0827 0.0276 0.0171 0.0058 79.32 78.99
0000F 0 5.0 1.6 6.6 13 26.0 0.0438 0.0177 0.0095 0.0042 78.31 76.27
0000G 0 5.1 1.9 7.0 11 28.0 0.0472 0.0192 0.0120 0.0056 74.58 70.83
0000H 0 x x x x x x x x x x x
0000I 0 3.3 0.9 4.2 8 22.0 0.0133 0.0054 0.0052 0.0035 60.90 35.19

0000_sum 0 27.1 9.2 36.3 77.0 196.0 0.3739 0.1366 0.0817 0.0406 528.63 464.17
0000_mean 0 3.9 1.3 5.2 11.0 28.0 0.0534 0.0195 0.0117 0.0058 75.52 66.31
0000_SD 0 1.2 0.4 1.6 2.1 3.4 0.0284 0.0081 0.0044 0.0023 6.95 15.24

0005A 5 2.1 0.9 3.0 4 14.0 0.0101 0.0163 0.0027 0.0092 73.27 43.56
0005B 5 3.9 1.2 5.1 8 24.0 0.0294 0.0207 0.0077 0.0043 73.81 79.23
0005C 5 3.8 1.0 4.8 8 26.0 0.0424 0.0305 0.0109 0.0115 74.29 62.30
0005D 5 x x x x x x x x x x x
0005E 5 3.1 1.1 4.2 13 32.0 0.0769 0.0332 0.0185 0.0074 75.94 77.71
0005F 5 5.5 2.1 7.6 10 27.0 0.0354 0.0120 0.0093 0.0033 73.73 72.50
0005G 5 x x x x x x x x x x x
0005H 5 x x x x x x x x x x x
0005I 5 3.3 0.8 4.1 6 20.0 0.0190 0.0118 0.0062 0.0039 67.37 66.95

0005_sum 5 21.7 7.1 28.8 49.0 143.0 0.2132 0.1245 0.0553 0.0396 438.41 402.24
0005_mean 5 3.6 1.2 4.8 8.2 23.8 0.0355 0.0208 0.0092 0.0066 73.07 67.04
0005_SD 5 1.1 0.5 1.6 3.1 6.2 0.0233 0.0092 0.0053 0.0033 2.94 13.16

0010A 10 x x x x x x x x x x x
0010B 10 3.6 1.1 4.7 8 26.0 0.0307 0.0296 0.0097 0.0174 68.40 41.22
0010C 10 5.4 2.0 7.4 11 25.0 0.0522 0.0274 0.0174 0.0058 66.67 78.83
0010D 10 x x x x x x x x x x x
0010E 10 4.0 1.4 5.4 11 29.0 0.0678 0.0352 0.0154 0.0077 77.29 78.13
0010F 10 2.4 0.7 3.1 13 27.0 0.0172 0.0233 0.0038 0.0095 77.91 59.23
0010G 10 x x x x x x x x x x x
0010H 10 5.2 1.4 6.6 13 31.0 0.0658 0.0153 0.0178 0.0066 72.95 56.86
0010I 10 3.6 1.2 4.8 8 24.0 0.0216 0.0127 0.0075 0.0073 65.28 42.52

0010_sum 10 24.2 7.8 32.0 64.0 162.0 0.2553 0.1435 0.0716 0.0543 428.49 356.78
0010_mean 10 4.0 1.3 5.3 10.7 27.0 0.0426 0.0239 0.0119 0.0091 71.41 59.46
0010_SD 10 1.1 0.4 1.5 2.3 2.6 0.0223 0.0086 0.0058 0.0043 5.45 16.43

0025A 25 x x x x x x x x x x x
0025B 25 4.7 1.3 6.0 13 30.0 0.1001 0.0238 0.0240 0.0092 76.02 61.34
0025C 25 x x x x x x x x x x x
0025D 25 x x x x x x x x x x x
0025E 25 5.2 2.4 7.6 4 14.5 0.0089 0.0181 0.0031 0.0097 65.17 46.41
0025F 25 4.1 1.8 5.9 6 17.0 0.0235 0.0259 0.0064 0.0163 72.77 37.07
0025G 25 2.7 0.8 3.5 3 11.5 0.0128 0.0199 0.0028 0.0125 78.13 37.19
0025H 25 x x x x x x x x x x x
0025I 25 x x x x x x x x x x x

0025_sum 25 16.7 6.3 23.0 26.0 73.0 0.1453 0.0877 0.0363 0.0477 292.08 182.00
0025_mean 25 4.2 1.6 5.8 6.5 18.3 0.0363 0.0219 0.0091 0.0119 73.02 45.50
0025_SD 25 1.1 0.7 1.7 4.5 8.1 0.0430 0.0036 0.0101 0.0033 5.68 11.43

0050A 50 x x x x x x x x x x x
0050B 50 x x x x x x x x x x x
0050C 50 2.9 1.2 4.1 8 25.5 0.0263 0.0085 0.0025 0.0038 90.49 55.29
0050D 50 2.7 0.7 3.4 3 11.5 0.0127 0.0278 0.0067 0.0190 47.24 31.65
0050E 50 x x x x x x x x x x x
0050F 50 x x x x x x x x x x x
0050G 50 3.2 0.7 3.9 8 25.5 0.0323 0.0223 0.0087 0.0082 73.07 63.23
0050H 50 4.9 1.4 6.3 12 30.0 0.0896 0.0273 0.0219 0.0100 75.56 63.37
0050I 50 3.9 1.5 5.4 11 27.0 0.0489 0.0096 0.0137 0.0061 71.98 36.46

0050_sum 50 17.6 5.5 23.1 42.0 119.5 0.2098 0.0955 0.0535 0.0471 358.35 250.01
0050_mean 50 3.5 1.1 4.6 8.4 23.9 0.0420 0.0191 0.0107 0.0094 71.67 50.00
0050_SD 50 0.9 0.4 1.2 3.5 7.2 0.0296 0.0094 0.0074 0.0058 15.56 15.01

0100A 100 x x x x x x x x x x x
0100B 100 x x x x x x x x x x x
0100C 100 4.6 1.4 6.0 10 29.0 0.0732 0.0361 0.0194 0.0125 73.50 65.37
0100D 100 x 0.8 x x x x x x x x x
0100E 100 2.6 2.6 4 11.0 0.0183 0.0275 0.0032 0.0101 82.51 63.27
0100F 100 x x x x x x x x x x x
0100G 100 x x x x x x x x x x x
0100H 100 x x x x x x x x x x x
0100I 100 x x x x x x x x x x x

0100_sum 100 7.2 2.2 8.6 14.0 40.0 0.0915 0.0636 0.0226 0.0226 156.01 128.65
0100_mean 100 3.6 1.1 4.3 7.0 20.0 0.0458 0.0318 0.0113 0.0113 78.01 64.32
0100_SD 100 1.4 0.4 2.4 4.2 12.7 0.0388 0.0061 0.0115 0.0017 6.38 1.49

lvii



lviii A. Se uptake by Rice - Data

Table A.40.: A3 plant growth data for Na2SeO3 III (continued from previous page)
2nd leaf 2nd leaf 2nd leaf uptake shoot shoot root shoot root shoot root

ID c(Se) sheath blade leaf total time height FW FW DW DW water water
Seedling [ppb] [cm] [cm] [cm] [days] (Day 19) [cm] [g] [g] [g] [g] [%] [%]

[± 0.1] [± 0.1] [± 0.1] [± 0.5] [± 0.25] [± 0.0001] [± 0.0001] [± 0.0001] [± 0.0001]

0250A 250 5.1 1.5 6.6 13 23.0 0.0688 0.0271 0.0158 0.0081 77.03 70.11
0250B 250 x x x x x x x x x x x
0250C 250 3.2 1.0 4.2 6 15.0 0.0238 0.0323 0.0052 0.0196 78.15 39.32
0250D 250 x x x x x x x x x x x
0250E 250 x x x x x x x x x x x
0250F 250 x x x x x x x x x x x
0250G 250 5.8 1.7 7.5 13 22.0 0.0413 0.0253 0.0102 0.0053 75.30 79.05
0250H 250 x x x x x x x x x x x
0250I 250 3.7 1.1 4.8 7 15.0 0.0151 0.0243 0.0035 0.0147 76.82 39.51

0250_sum 250 17.8 5.3 23.1 39.0 75.0 0.1490 0.1090 0.0347 0.0477 307.31 227.99
0250_mean 250 4.5 1.3 5.8 9.8 18.8 0.0373 0.0273 0.0087 0.0119 76.83 57.00
0250_SD 250 1.2 0.3 1.5 3.8 4.3 0.0237 0.0036 0.0055 0.0065 1.17 20.63

0500A 500 x x x x x x x x x x x
0500B 500 x x x x x x x x x x x
0500C 500 x x x x x x x x x x x
0500D 500 x x x x x x x x x x x
0500E 500 x x x x x x x x x x x
0500F 500 x x x x x x x x x x x
0500G 500 4.6 1.6 6.2 12 24.5 0.0662 0.0384 0.0169 0.0072 74.47 81.25
0500H 500 5.5 1.8 7.3 10 25.5 0.0521 0.0306 0.0149 0.0078 71.40 74.51
0500I 500 x x x x x x x x x x x

0500_sum 500 10.1 3.4 13.5 22.0 50.0 0.1183 0.0690 0.0318 0.0150 145.87 155.76
0500_mean 500 5.1 1.7 6.8 11.0 25.0 0.0592 0.0345 0.0159 0.0075 72.94 77.88
0500_SD 500 0.6 0.1 0.8 1.4 0.7 0.0100 0.0055 0.0014 0.0004 2.17 4.77

1000A 1000 x x x x x x x x x x x
1000B 1000 x x x x x x x x x x x
1000C 1000 x x x x x x x x x x x
1000D 1000 x x x x x x x x x x x
1000E 1000 5.3 2.0 7.3 12 25.0 0.0397 0.0196 0.0143 0.0074 63.98 62.24
1000F 1000 2.2 0.8 3.0 4 9.0 0.0120 0.0283 0.0036 0.0198 70.00 30.04
1000G 1000 x x x x x x x x x x x
1000H 1000 4.3 1.2 5.5 11 22.0 0.0441 0.0314 0.0127 0.0073 71.20 76.75
1000I 1000 x x x x x x x x x x x

1000_sum 1000 11.8 4.0 15.8 27.0 56.0 0.0958 0.0793 0.0306 0.0345 205.18 169.03
1000_mean 1000 3.9 1.3 5.3 9.0 18.7 0.0319 0.0264 0.0102 0.0115 68.39 56.34
1000_SD 1000 1.6 0.6 2.2 4.4 8.5 0.0174 0.0061 0.0058 0.0072 3.87 23.91

2500A 2500 x x x x x x x x x x x
2500B 2500 x x x x x x x x x x x
2500C 2500 x x x x x x x x x x x
2500D 2500 x x x x x x x x x x x
2500E 2500 2.4 0.9 3.3 13 15.5 0.0115 0.0158 0.0054 0.0079 53.04 50.00
2500F 2500 4.1 1.8 5.9 11 22.0 0.0365 0.0224 0.0129 0.0079 64.66 64.73
2500G 2500 4.6 2.1 6.7 13 25.0 0.0425 0.0191 0.0166 0.0081 60.94 57.59
2500H 2500 x x x x x x x x x x x
2500I 2500 x x x x x x x x x x x

2500_sum 2500 11.1 4.8 15.9 37.0 62.5 0.0905 0.0573 0.0349 0.0239 178.64 172.32
2500_mean 2500 3.7 1.6 5.3 12.3 20.8 0.0302 0.0191 0.0116 0.0080 59.55 57.44
2500_SD 2500 1.2 0.6 1.8 1.2 4.9 0.0164 0.0033 0.0057 0.0001 5.93 7.37
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A.3. Datasheets experiment A3 lix

Table A.41.: A3 plant growth data for Na2SeO4 I (Planting Date: 22.11.2012 )
2nd leaf 2nd leaf 2nd leaf uptake shoot shoot root shoot root shoot root

ID c(Se) sheath blade leaf total time height FW FW DW DW water water
Seedling [ppb] [cm] [cm] [cm] [days] (Day 19) [cm] [g] [g] [g] [g] [%] [%]

[± 0.1] [± 0.1] [± 0.1] [± 0.5] [± 0.25] [± 0.0001] [± 0.0001] [± 0.0001] [± 0.0001]

0000A 0 4.9 1.6 6.5 15 28.0 0.0591 0.0151 0.0128 0.0057 78.34 62.25
0000B 0 5.1 1.7 6.8 15 25.0 0.0507 0.0214 0.0152 0.0064 70.02 70.09
0000C 0 3.6 0.7 4.3 14 17.0 0.0251 0.0182 0.0056 0.0102 77.69 43.96
0000D 0 4.2 1.8 6 16 25.0 0.0604 0.0323 0.0152 0.0056 74.83 82.66
0000E 0 4.7 1.7 6.4 15 23.0 0.0437 0.0160 0.0094 0.0042 78.49 73.75
0000F 0 4.7 1.7 6.4 15 26.0 0.0679 0.0193 0.0119 0.0052 82.47 73.06
0000G 0 4.2 0.8 5 15 26.0 0.0648 0.0152 0.0197 0.0059 69.60 61.18
0000H 0 x x x x x x x x x x x
0000I 0 x x x x x x x x x x x

0000_sum 0 31.4 10.0 41.4 105.0 170.0 0.3717 0.1375 0.0898 0.0432 531.45 466.95
0000_mean 0 4.5 1.4 5.9 15.0 24.3 0.0531 0.0196 0.0128 0.0062 75.92 66.71
0000_SD 0 0.5 0.5 0.9 0.6 3.5 0.0149 0.0060 0.0045 0.0019 4.73 12.41

0005A 5 4.9 1.8 6.7 13 24.0 0.0417 0.0214 0.0102 0.0044 75.54 79.44
0005B 5 5.1 1.4 6.5 16 29.0 0.0750 0.0228 0.0170 0.0052 77.33 77.19
0005C 5 5.9 1.8 7.7 15 30.0 0.0648 0.0218 0.0125 0.0055 80.71 74.77
0005D 5 5.7 1.8 7.5 15 30.0 0.0703 0.0158 0.0158 0.0049 77.52 68.99
0005E 5 4.8 1.6 6.4 16 28.0 0.0760 0.0172 0.0139 0.0049 81.71 71.51
0005F 5 4.2 1.8 6 15 27.0 0.0492 0.0222 0.0088 0.0055 82.11 75.23
0005G 5 2.9 1.3 4.2 14 15.0 0.0169 0.0129 0.0033 0.0065 80.47 49.61
0005H 5 4.1 1.9 6 16 26.0 0.0296 0.0149 0.0096 0.0034 67.57 77.18
0005I 5 x x x x x x x x x x x

0005_sum 5 37.6 13.4 51.0 120.0 209.0 0.4235 0.1490 0.0911 0.0403 622.97 573.92
0005_mean 5 4.7 1.7 6.4 15.0 26.1 0.0529 0.0186 0.0114 0.0050 77.87 71.74
0005_SD 5 1.0 0.2 1.1 1.1 4.9 0.0222 0.0039 0.0044 0.0009 4.77 9.54

0010A 10 x x x x x x x x x x x
0010B 10 5.0 1.7 6.7 15 29.0 0.0747 0.0163 0.0135 0.0054 81.93 66.87
0010C 10 4.7 2.1 6.8 16 32.0 0.0730 0.0111 0.0148 0.0048 79.73 56.76
0010D 10 4.6 2 6.6 16 29.0 0.0815 0.0162 0.0159 0.0054 80.49 66.67
0010E 10 4.2 1.2 5.4 13 21.0 0.0254 0.0137 0.0062 0.0062 75.59 54.74
0010F 10 4.8 1.7 6.5 14 25.0 0.0616 0.0181 0.0143 0.0050 76.79 72.38
0010G 10 3.5 0.8 4.3 13 19.0 0.0188 0.0149 0.0049 0.0028 73.94 81.21
0010H 10 4.6 2.1 6.7 16 29.0 0.0669 0.0112 0.0149 0.0051 77.73 54.46
0010I 10 x x x x x x x x x x x

0010_sum 10 31.4 11.6 43.0 103.0 184.0 0.4019 0.1015 0.0845 0.0347 546.18 453.09
0010_mean 10 4.5 1.7 6.1 14.7 26.3 0.0574 0.0145 0.0121 0.0050 78.03 64.73
0010_SD 10 0.5 0.5 0.9 1.4 4.8 0.0250 0.0027 0.0045 0.0011 2.84 10.06

0025A 25 4.8 1.6 6.4 14 28.0 0.0610 0.0247 0.0124 0.0056 79.67 77.33
0025B 25 x x x x x x x x
0025C 25 4.7 1.5 6.2 13 26.0 0.0436 0.0155 0.0129 0.0046 70.41 70.32
0025D 25 5.1 1.7 6.8 16 29.0 0.0852 0.0220 0.0189 0.0050 77.82 77.27
0025E 25 4.9 1.8 6.7 15 27.0 0.0506 0.0134 0.0151 0.0043 70.16 67.91
0025F 25 4.8 1.6 6.4 15 28.0 0.0718 0.0136 0.0159 0.0057 77.86 58.09
0025G 25 x x x x x x x x x x x
0025H 25 x x x x x x x x x x x
0025I 25 x x x x x x x x x x x

0025_sum 25 24.3 8.2 32.5 73.0 138.0 0.3122 0.0892 0.0752 0.0252 375.92 350.92
0025_mean 25 4.9 1.6 6.5 14.6 27.6 0.0624 0.0178 0.0150 0.0050 75.18 70.18
0025_SD 25 0.2 0.1 0.2 1.1 1.1 0.0166 0.0052 0.0026 0.0006 4.53 7.95

0050A 50 5.2 1.9 7.1 14 29.0 0.0587 0.0129 0.0203 0.0048 65.42 62.79
0050B 50 x x x 13 x x x x
0050C 50 4.7 1.7 6.4 15 24.0 0.0376 0.0181 0.0092 0.0036 75.53 80.11
0050D 50 4.1 1.4 5.5 16 26.0 0.0689 0.0140 0.0145 0.0048 78.96 65.71
0050E 50 x x x x x x x x
0050F 50 5.9 2.0 7.9 15 30.0 0.0731 0.0212 0.0201 0.0046 72.50 78.30
0050G 50 4.8 1.6 6.4 14 28.0 0.0477 0.0145 0.0097 0.0038 79.66 73.79
0050H 50 x x x x x x x x x x x
0050I 50 x x x x x x x x x x x

0050_sum 50 24.7 8.6 33.3 87.0 137.0 0.2860 0.0807 0.0738 0.0216 372.07 360.71
0050_mean 50 4.9 1.7 6.7 14.5 27.4 0.0572 0.0161 0.0148 0.0043 74.41 72.14
0050_SD 50 0.7 0.2 0.9 1.0 2.4 0.0147 0.0034 0.0054 0.0006 5.79 7.63

0100A 100 5 1.9 6.9 14 26.0 0.0540 0.0184 0.0104 0.0054 80.74 70.65
0100B 100 x x x x x x x x x
0100C 100 4.7 1.7 6.4 16 25.0 0.0671 0.0195 0.0130 0.0083 80.63 57.44
0100D 100 4.7 1.8 6.5 14 26.0 0.0650 0.0189 0.0109 0.0060 83.23 68.25
0100E 100 5.2 1.8 7 15 29.0 0.0868 0.0248 0.0152 0.0072 82.49 70.97
0100F 100 x x x x x x x x x
0100G 100 4.6 1.5 6.1 15 24.0 0.0627 0.0229 0.0124 0.0062 80.22 72.93
0100H 100 x x x x x x x x x x x
0100I 100 x x x x x x x x x x x

0100_sum 100 24.2 8.7 32.9 74.0 130.0 0.3356 0.1045 0.0619 0.0331 407.31 340.24
0100_mean 100 4.8 1.7 6.6 14.8 26.0 0.0671 0.0209 0.0124 0.0066 81.46 68.05
0100_SD 100 0.3 0.2 0.4 0.8 1.9 0.0121 0.0028 0.0019 0.0011 1.32 6.16

lix



lx A. Se uptake by Rice - Data

Table A.42.: A3 plant growth data for Na2SeO4 I (continued from previous page)
2nd leaf 2nd leaf 2nd leaf uptake shoot shoot root shoot root shoot root

ID c(Se) sheath blade leaf total time height FW FW DW DW water water
Seedling [ppb] [cm] [cm] [cm] [days] (Day 19) [cm] [g] [g] [g] [g] [%] [%]

[± 0.1] [± 0.1] [± 0.1] [± 0.5] [± 0.25] [± 0.0001] [± 0.0001] [± 0.0001] [± 0.0001]

0250A 250 4.7 1.7 6.4 13 23.0 0.0384 0.0192 0.0068 0.0070 82.29 63.54
0250B 250 4.8 1.9 6.7 15 24.0 0.0444 0.0217 0.0112 0.0035 74.77 83.87
0250C 250 4.6 2.1 6.7 16 28.0 0.0683 0.0205 0.0155 0.0058 77.31 71.71
0250D 250 x x x x x x x x x
0250E 250 4.7 1.7 6.4 15 26.0 0.0548 0.0157 0.0108 0.0047 80.29 70.06
0250F 250 x x x x x x x x x
0250G 250 4.8 1.6 6.4 15 28.0 0.0523 0.0172 0.0167 0.0046 68.07 73.26
0250H 250 5.2 1.6 6.8 13 26.0 0.0539 0.0187 0.0104 0.0048 80.71 74.33
0250I 250 x x x x x x x x x x x

0250_sum 250 28.8 10.6 39.4 87.0 155.0 0.3121 0.1130 0.0714 0.0304 463.44 436.77
0250_mean 250 4.8 1.8 6.6 14.5 25.8 0.0520 0.0188 0.0119 0.0051 77.24 72.80
0250_SD 250 0.2 0.2 0.2 1.2 2.0 0.0102 0.0022 0.0036 0.0012 5.24 6.63

0500A 500 5.2 1.8 7 15 28.0 0.0547 0.0106 0.0154 0.0040 71.85 62.26
0500B 500 4.6 1.5 6.1 14 23.0 0.0488 0.0179 0.0094 0.0055 80.74 69.27
0500C 500 4.8 1.7 6.5 14 27.0 0.0617 0.0157 0.0120 0.0051 80.55 67.52
0500D 500 4.8 1.9 6.7 15 28.0 0.0638 0.0145 0.0127 0.0045 80.09 68.97
0500E 500 x x x x x x x x x x x
0500F 500 4.7 1.6 6.3 14 27.0 0.0469 0.0129 0.0158 0.0036 66.31 72.09
0500G 500 x x x x x x x x x x x
0500H 500 x x x x x x x x x x x
0500I 500 x x x x x x x x x x x

0500_sum 500 24.1 8.5 32.6 72.0 133.0 0.2759 0.0716 0.0653 0.0227 379.54 340.11
0500_mean 500 4.8 1.7 6.5 14.4 26.6 0.0552 0.0143 0.0131 0.0045 75.91 68.02
0500_SD 500 0.2 0.2 0.3 0.5 2.1 0.0075 0.0028 0.0026 0.0008 6.54 3.62

1000A 1000 5.1 1.8 6.9 15 28.0 0.0738 0.0278 0.0153 0.0069 79.27 75.18
1000B 1000 x x x x x x x x x x x
1000C 1000 x x x x x x x x x x x
1000D 1000 2.9 1.4 4.3 13 19.0 0.0183 0.0184 0.0050 0.0103 72.68 44.02
1000E 1000 3.9 1.5 5.4 14 25.0 0.0556 0.0224 0.0116 0.0058 79.14 74.11
1000F 1000 x x x x x x x x x x x
1000G 1000 4.2 1.8 6 14 25.0 0.0680 0.0231 0.0134 0.0059 80.29 74.46
1000H 1000 4.2 1.7 5.9 15 27.0 0.0576 0.0192 0.0131 0.0056 77.26 70.83
1000I 1000 x x x x x x x x x x x

1000_sum 1000 20.3 8.2 28.5 71.0 124.0 0.2733 0.1109 0.0584 0.0345 388.63 338.60
1000_mean 1000 4.1 1.6 5.7 14.2 24.8 0.0547 0.0222 0.0117 0.0069 77.73 67.72
1000_SD 1000 0.8 0.2 1.0 0.8 3.5 0.0217 0.0037 0.0040 0.0020 3.03 13.35

2500A 2500 x x x x x x x x x x x
2500B 2500 4.8 1.7 6.5 15 24.0 0.0525 0.0192 0.0136 0.0047 74.10 75.52
2500C 2500 3.9 1.6 5.5 14 21.0 0.0342 0.0122 0.0093 0.0039 72.81 68.03
2500D 2500 4.7 1.6 6.3 16 26.0 0.0687 0.0235 0.0231 0.0059 66.38 74.89
2500E 2500 4.6 1.5 6.1 15 24.0 0.0600 0.0185 0.0115 0.0055 80.83 70.27
2500F 2500 x x x x x x x x x x x
2500G 2500 x x x x x x x x x x x
2500H 2500 4.7 1.6 6.3 15 23.0 0.0331 0.0118 0.0108 0.0043 67.37 63.56
2500I 2500 x x x x x x x x x x x

2500_sum 2500 22.7 8.0 30.7 75.0 118.0 0.2485 0.0852 0.0683 0.0243 361.48 352.28
2500_mean 2500 4.5 1.6 6.1 15.0 23.6 0.0497 0.0170 0.0137 0.0049 72.30 70.46
2500_SD 2500 0.4 0.1 0.4 0.7 1.8 0.0157 0.0050 0.0055 0.0008 5.82 4.97
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A.3. Datasheets experiment A3 lxi

Table A.43.: A3 plant growth data for Na2SeO4 II (Planting Date: 12.09.2013)
2nd leaf 2nd leaf 2nd leaf uptake shoot shoot root shoot root shoot root

ID c(Se) sheath blade leaf total time height FW FW DW DW water water
Seedling [ppb] [cm] [cm] [cm] [days] (Day 19) [cm] [g] [g] [g] [g] [%] [%]

[± 0.1] [± 0.1] [± 0.1] [± 0.5] [± 0.25] [± 0.0001] [± 0.0001] [± 0.0001] [± 0.0001]

0000A 0 x x x x x x x x x x x
0000B 0 4.7 1.7 6.4 14 23.0 0.0406 0.0106 0.0104 0.0065 74.38 38.68
0000C 0 x x x x x x x x x x x
0000D 0 4.8 1.6 6.4 13 18.5 0.0155 0.0119 0.0043 0.0082 72.26 31.09
0000E 0 4.5 1.7 6.2 14 20.5 0.0253 0.0145 0.0067 0.0097 73.52 33.10
0000F 0 5.0 1.8 6.8 x 21.0 0.0580 0.0148 0.0123 0.0065 78.79 56.08
0000G 0 4.9 1.5 6.4 14 21.0 0.0219 0.0157 0.0062 0.0083 71.69 47.13
0000H 0 4.3 1.4 5.7 14 20.0 0.0348 0.0138 0.0086 0.0070 75.29 49.28
0000I 0 4.2 1.3 5.5 12 18.5 0.0120 0.0141 0.0038 0.0101 x x

0000_sum 0 32.4 11.0 43.4 81.0 142.5 0.2081 0.0954 0.0523 0.0563 445.93 255.37
0000_mean 0 4.6 1.6 6.2 13.5 20.4 0.0297 0.0136 0.0075 0.0080 74.32 42.56
0000_SD 0 0.3 0.2 0.5 0.8 1.6 0.0160 0.0018 0.0031 0.0015 2.56 9.85

0005A 5 4.2 0.8 5.0 14 26.0 0.0522 0.0192 0.0113 0.0061 78.35 68.23
0005B 5 x x x x x x x x x x x
0005C 5 4.0 1.1 5.1 8 20.0 0.0228 0.0125 0.0050 0.0035 78.07 72.00
0005D 5 4.1 1.2 5.3 12 20.5 0.0231 0.0198 0.0070 0.0102 69.70 48.48
0005E 5 x x x x x x x x x x x
0005F 5 3.2 0.6 3.8 8 17.5 0.0178 0.0179 0.0047 0.0115 73.60 35.75
0005G 5 x x x x x x x x x x x
0005H 5 4.6 1.6 6.2 14 24.0 0.0390 0.0131 0.0108 0.0056 72.31 57.25
0005I 5 x x x 8 x x x x x x x

0005_sum 5 20.1 5.3 25.4 64.0 108.0 0.1549 0.0825 0.0388 0.0369 372.02 281.72
0005_mean 5 4.0 1.1 5.1 10.7 21.6 0.0310 0.0165 0.0078 0.0074 74.40 56.34
0005_SD 5 0.5 0.4 0.9 3.0 3.4 0.0143 0.0035 0.0031 0.0033 3.75 14.77

0010A 10 4.6 1.6 6.2 14 22.5 0.0642 0.0180 0.0118 0.0056 81.62 68.89
0010B 10 4.6 1.6 6.2 12 22.5 0.0490 0.0278 0.0088 0.0067 82.04 75.90
0010C 10 3.5 0.9 4.4 8 25.5 0.0618 0.0201 0.0121 0.0056 80.42 72.14
0010D 10 x x x x x x x x x x x
0010E 10 x x x x x x x x x x x
0010F 10 3.4 0.7 4.1 8 15.5 0.0120 0.0149 0.0036 0.0083 70.00 44.30
0010G 10 x x x x x x x x x x x
0010H 10 3.2 0.8 4.0 8 14.0 0.0089 0.0132 0.0023 0.0094 74.16 28.79
0010I 10 x x x x x x x x x x x

0010_sum 10 19.3 5.6 24.9 50.0 100.0 0.1959 0.0940 0.0386 0.0356 388.24 290.01
0010_mean 10 3.9 1.1 5.0 10.0 20.0 0.0392 0.0188 0.0077 0.0071 77.65 58.00
0010_SD 10 0.7 0.4 1.1 2.8 5.0 0.0269 0.0057 0.0046 0.0017 5.33 20.49

0025A 25 5.1 1.8 6.9 14 21.0 0.0790 0.0312 0.0114 0.0061 85.57 80.45
0025B 25 5.0 1.7 6.7 14 20.5 0.0581 0.0246 0.0101 0.0047 82.62 80.89
0025C 25 4.8 1.5 6.3 13 20.0 0.0551 0.0196 0.0105 0.0053 80.94 72.96
0025D 25 4.3 1.5 5.8 12 18.0 0.0246 0.0213 0.0055 0.0092 77.64 56.81
0025E 25 4.8 1.7 6.5 12 20.5 0.0336 0.0139 0.0099 0.0058 70.54 58.27
0025F 25 4.7 1.1 5.8 14 22.5 0.0364 0.0260 0.0108 0.0067 70.33 74.23
0025G 25 4.6 1.7 6.3 11 20.5 0.0209 0.0095 0.0075 0.0042 64.11 55.79
0025H 25 x x x x x x x x x x x
0025I 25 4.6 1.4 6.0 14 22.5 0.0296 0.0165 0.0099 0.0059 66.55 64.24

0025_sum 25 37.9 12.4 50.3 104.0 165.5 0.3373 0.1626 0.0756 0.0479 598.31 543.65
0025_mean 25 4.7 1.6 6.3 13.0 20.7 0.0422 0.0203 0.0095 0.0060 74.79 67.96
0025_SD 25 0.3 0.2 0.4 1.2 1.4 0.0200 0.0070 0.0020 0.0015 7.96 10.47

0050A 50 3.9 1.5 5.4 11 21.5 0.0499 0.0246 0.0083 0.0071 83.37 71.14
0050B 50 4.5 1.6 6.1 14 22.0 0.0672 0.0255 0.0108 0.0050 83.93 80.39
0050C 50 4.5 1.2 5.7 14 23.5 0.0626 0.0304 0.0123 0.0058 80.35 80.92
0050D 50 4.7 1.8 6.5 14 24.5 0.0559 0.0265 0.0106 0.0055 81.04 79.25
0050E 50 4.5 1.3 5.8 13 21.5 0.0427 0.0231 0.0094 0.0048 77.99 79.22
0050F 50 4.9 1.7 6.6 14 22.5 0.0456 0.0234 0.0114 0.0051 75.00 78.21
0050G 50 3.9 1.1 5.0 x 17.5 0.0157 0.0196 0.0048 0.0104 69.43 46.94
0050H 50 4.7 1.5 6.2 14 21.0 0.0370 0.0194 0.0098 0.0045 73.51 76.80
0050I 50 x x x x x x x x x x x

0050_sum 50 35.6 11.7 47.3 94.0 174.0 0.3766 0.1925 0.0774 0.0482 624.61 592.87
0050_mean 50 4.5 1.5 5.9 13.4 21.8 0.0471 0.0241 0.0097 0.0060 78.08 74.11
0050_SD 50 0.4 0.2 0.5 1.1 2.1 0.0162 0.0036 0.0023 0.0019 5.09 11.40

0100A 100 4.1 2.1 6.2 14 11.0 0.0418 0.0209 0.0090 0.0043 78.47 79.43
0100B 100 4.0 1.3 5.3 14 10.5 0.0293 0.0335 0.0065 0.0107 77.82 68.06
0100C 100 3.5 1.2 4.7 11 8.0 0.0262 0.0210 0.0062 0.0085 76.34 59.52
0100D 100 4.2 1.4 5.6 14 12.0 0.0192 0.0224 0.0061 0.0044 68.23 80.36
0100E 100 4.3 1.3 5.6 14 12.0 0.0359 0.0201 0.0111 0.0054 69.08 73.13
0100F 100 2.8 0.9 3.7 x 7.0 0.0127 0.0194 0.0032 0.0032 74.80 83.51
0100G 100 4.5 1.7 6.2 13 11.0 0.0121 0.0203 0.0048 0.0085 60.33 58.13
0100H 100 x x x x x x x x x x x
0100I 100 x x x x x x x x x x x

0100_sum 100 27.4 9.9 37.3 80.0 71.5 0.1772 0.1576 0.0469 0.0450 505.06 502.13
0100_mean 100 3.9 1.4 5.3 13.3 10.2 0.0253 0.0225 0.0067 0.0064 72.15 71.73
0100_SD 100 0.6 0.4 0.9 1.2 2.0 0.0113 0.0049 0.0026 0.0028 6.60 10.18
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Table A.44.: A3 plant growth data for Na2SeO4 II (continued from previous page)
2nd leaf 2nd leaf 2nd leaf uptake shoot shoot root shoot root shoot root

ID c(Se) sheath blade leaf total time height FW FW DW DW water water
Seedling [ppb] [cm] [cm] [cm] [days] (Day 19) [cm] [g] [g] [g] [g] [%] [%]

[± 0.1] [± 0.1] [± 0.1] [± 0.5] [± 0.25] [± 0.0001] [± 0.0001] [± 0.0001] [± 0.0001]

0250A 250 5.3 1.4 6.7 13 18.0 0.0605 0.0290 0.0089 0.0054 85.29 81.38
0250B 250 4.9 1.5 6.4 14 21.5 0.0647 0.0331 0.0114 0.0056 82.38 83.08
0250C 250 4.7 1.6 6.3 14 22.0 0.0504 0.0324 0.0115 0.0058 77.18 82.10
0250D 250 4.3 1.1 5.4 11 20.5 0.0341 0.0274 0.0074 0.0041 78.30 85.04
0250E 250 3.2 0.8 4.0 10 17.5 0.0256 0.0169 0.0059 0.0030 76.95 82.25
0250F 250 5.5 2.2 7.7 9 14.5 0.0132 0.0226 0.0032 0.0119 75.76 47.35
0250G 250 5.6 1.5 7.1 11 21.5 0.0180 0.0140 0.0060 0.0084 66.67 40.00
0250H 250 5.0 1.9 6.9 12 18.5 0.0210 0.0125 0.0074 0.0039 64.76 68.80
0250I 250 3.3 0.8 4.1 9 17.0 0.0122 0.0084 0.0060 0.0029 50.82 65.48

0250_sum 250 41.8 12.8 54.6 103.0 171.0 0.2997 0.1963 0.0677 0.0510 658.11 635.47
0250_mean 250 4.6 1.4 6.1 11.4 19.0 0.0333 0.0218 0.0075 0.0057 73.12 70.61
0250_SD 250 0.9 0.5 1.3 1.9 2.5 0.0203 0.0092 0.0027 0.0029 10.65 16.79

0500A 500 5.4 1.9 7.3 13 21.0 0.0504 0.0326 0.0105 0.0056 79.17 82.82
0500B 500 4.5 1.7 6.2 1 23.5 0.0392 0.0361 0.0110 0.0059 71.94 83.66
0500C 500 3.2 0.4 3.6 10 22.5 0.0356 0.0342 0.0086 0.0058 75.84 83.04
0500D 500 4.5 1.3 5.8 14 21.5 0.0382 0.0325 0.0100 0.0049 73.82 84.92
0500E 500 4.1 1.1 5.2 10 19.0 0.0267 0.0265 0.0068 0.0056 74.53 78.87
0500F 500 4.5 1.6 6.1 13 20.0 0.0190 0.0232 0.0048 0.0118 74.74 49.14
0500G 500 4.8 1.2 6.0 13 20.0 0.2400 0.0187 0.0091 0.0049 96.21 73.80
0500H 500 4.4 1.2 5.6 12 23.0 0.0223 0.0115 0.0108 0.0057 51.57 50.43
0500I 500 4.7 1.8 6.5 13 23.0 0.0206 0.0068 0.0096 0.0048 53.40 29.41

0500_sum 500 40.1 12.2 52.3 99.0 193.5 0.4920 0.2221 0.0812 0.0550 651.21 616.09
0500_mean 500 4.5 1.4 5.8 11.0 21.5 0.0547 0.0247 0.0090 0.0061 72.36 68.45
0500_SD 500 0.6 0.5 1.0 4.0 1.6 0.0703 0.0105 0.0020 0.0022 13.38 20.25

1000A 1000 4.9 1.6 6.5 13 16.0 0.0647 0.0419 0.0070 0.0083 89.18 80.19
1000B 1000 4.7 1.6 6.3 12 17.5 0.0347 0.0360 0.0025 0.0043 92.80 88.06
1000C 1000 4.5 1.4 5.9 12 18.0 0.0465 0.0388 0.0091 0.0068 80.43 82.47
1000D 1000 3.6 1.2 4.8 9 13.5 0.0149 0.0305 0.0099 0.0076 33.56 75.08
1000E 1000 4.1 1.3 5.4 10 15.5 0.0380 0.0302 0.0035 0.0135 90.79 55.30
1000F 1000 4.5 1.6 6.1 13 18.0 0.0333 0.0225 0.0105 0.0076 68.47 66.22
1000G 1000 3.5 1.2 4.7 11 11.0 0.0081 0.0056 0.0078 0.0099 3.70 -76.79
1000H 1000 x x x x x x x x x x x
1000I 1000 2.8 1.0 3.8 10 13.5 0.0186 0.0127 0.0119 0.0068 36.02 46.46

1000_sum 1000 32.6 10.9 43.5 90.0 123.0 0.2588 0.2182 0.0622 0.0648 494.95 416.99
1000_mean 1000 4.1 1.4 5.4 11.3 15.4 0.0324 0.0273 0.0078 0.0081 61.87 52.12
1000_SD 1000 0.7 0.2 0.9 1.5 2.5 0.0184 0.0128 0.0033 0.0027 33.34 53.97

2500A 2500 2.9 0.8 3.7 8 12.0 0.0157 0.0231 0.0029 0.0113 81.53 51.08
2500B 2500 4.6 1.4 6.0 11 18.5 0.0384 0.0105 0.0063 0.0034 83.59 67.62
2500C 2500 5.3 1.8 7.1 14 22.0 0.0544 0.0332 0.0129 0.0072 76.29 78.31
2500D 2500 x x x x x x x x x x x
2500E 2500 2.7 0.7 3.4 14 18.0 0.0261 0.0265 0.0069 0.0115 73.56 56.60
2500F 2500 2.7 0.8 3.5 10 21.5 0.0376 0.0184 0.0097 0.0047 74.20 74.46
2500G 2500 4.4 1.4 5.8 13 19.0 0.0221 0.0261 0.0060 0.0130 72.85 50.19
2500H 2500 4.7 1.5 6.2 14 22.0 0.0363 0.0086 0.0124 0.0065 65.84 24.42
2500I 2500 x x x x x x x x x x x

2500_sum 2500 27.3 8.4 35.7 84.0 133.0 0.2306 0.1464 0.0571 0.0576 527.87 402.69
2500_mean 2500 3.9 1.2 5.1 12.0 19.0 0.0329 0.0209 0.0082 0.0082 75.41 57.53
2500_SD 2500 1.1 0.4 1.5 2.4 3.5 0.0128 0.0089 0.0037 0.0037 5.89 18.32
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Table A.45.: A3 plant growth data for Na2SeO4 III (Planting Date: 16.01.2014)
2nd leaf 2nd leaf 2nd leaf uptake shoot shoot root shoot root shoot root

ID c(Se) sheath blade leaf total time height FW FW DW DW water water
Seedling [ppb] [cm] [cm] [cm] [days] (Day 19) [cm] [g] [g] [g] [g] [%] [%]

[± 0.1] [± 0.1] [± 0.1] [± 0.5] [± 0.25] [± 0.0001] [± 0.0001] [± 0.0001] [± 0.0001]

0000A 0 4.2 1.3 5.5 14 19.5 0.0224 0.0196 0.0049 0.0048 78.13 75.51
0000B 0 x x x x x x x x x x x
0000C 0 x x x x x x x x x x x
0000D 0 x x x x x x x x x x x
0000E 0 x x x x x x x x x x x
0000F 0 x x x x x x x x x x x
0000G 0 3.9 0.9 4.8 12 23.0 0.0488 0.0183 0.0136 0.0057 72.13 68.85
0000H 0 4.1 1.1 5.2 12 26.5 0.0429 0.0318 0.0096 0.0110 77.62 65.41
0000I 0 5.4 1.9 7.3 7 30.0 0.0883 0.0226 0.0198 0.0082 77.58 63.72

0000_sum 0 17.6 5.2 22.8 45.0 99.0 0.2024 0.0923 0.0479 0.0297 305.45 273.49
0000_mean 0 4.4 1.3 5.7 11.3 24.8 0.0506 0.0231 0.0120 0.0074 76.36 68.37
0000_SD 0 0.7 0.4 1.1 3.0 4.5 0.0276 0.0061 0.0063 0.0028 2.83 5.22

0005A 5 4.5 1.5 6.0 12 29.0 0.0691 0.0235 0.0133 0.0070 80.75 70.21
0005B 5 3.6 0.8 4.4 7 22.0 0.0254 0.0211 0.0081 0.0044 68.11 79.15
0005C 5 4.9 1.4 6.3 7 28.0 0.0782 0.0328 0.0167 0.0087 78.64 73.48
0005D 5 x x x x x x x x x x x
0005E 5 3.5 1.1 4.6 12 27.0 0.0783 0.0325 0.0191 0.0110 75.61 66.15
0005F 5 x x x x x x x x x x x
0005G 5 5.0 1.3 6.3 7 29.0 0.0692 0.0284 0.0142 0.0062 79.48 78.17
0005H 5 4.1 1.4 5.5 12 20.0 0.0324 0.0161 0.0081 0.0045 75.00 72.05
0005I 5 3.6 1.0 4.6 14 19.0 0.0260 0.0274 0.0050 0.0139 80.77 49.27

0005_sum 5 29.2 8.5 37.7 71.0 174.0 0.3786 0.1818 0.0845 0.0557 538.36 488.48
0005_mean 5 4.2 1.2 5.4 10.1 24.9 0.0541 0.0260 0.0121 0.0080 76.91 69.78
0005_SD 5 0.6 0.3 0.8 3.0 4.4 0.0248 0.0061 0.0051 0.0035 4.51 10.09

0010A 10 4.9 1.6 6.5 7 28.0 0.0687 0.0246 0.0139 0.0069 79.77 71.95
0010B 10 x x x x x x x x x x x
0010C 10 3.8 1.1 4.9 12 19.0 0.0387 0.0343 0.0069 0.0116 82.17 66.18
0010D 10 x x x x x x x x x x x
0010E 10 5.1 1.5 6.6 7 28.0 0.0801 0.0401 0.0171 0.0079 78.65 80.30
0010F 10 2.5 0.7 3.2 12 26.0 0.0580 0.0324 0.0111 0.0068 80.86 79.01
0010G 10 x x x x x x x x x x x
0010H 10 5.9 1.6 7.5 9 22.0 0.0494 0.0208 0.0120 0.0063 75.71 69.71
0010I 10 x x x 14 x x x x x x x

0010_sum 10 22.2 6.5 28.7 61.0 123.0 0.2949 0.1522 0.0610 0.0395 397.16 367.16
0010_mean 10 4.4 1.3 5.7 10.2 24.6 0.0590 0.0304 0.0122 0.0079 79.43 73.43
0010_SD 10 1.3 0.4 1.7 2.9 4.0 0.0162 0.0077 0.0037 0.0021 2.46 6.06

0025A 25 x x x x x x x x x x x
0025B 25 x x x x x x x x x x x
0025C 25 x x x x x x x x x x x
0025D 25 x x x x x x x x x x x
0025E 25 3.8 0.9 4.7 7 30.0 0.0991 0.0355 0.0163 0.0079 83.55 77.75
0025F 25 5.1 1.4 6.5 9 29.0 0.0589 0.0190 0.0152 0.0064 74.19 66.32
0025G 25 x x x x x x x x x x x
0025H 25 5.9 1.8 7.7 9 30.5 0.0917 0.0314 0.0159 0.0064 82.66 79.62
0025I 25 4.9 1.8 6.7 7 21.5 0.0312 0.0318 0.0084 0.0154 73.08 51.57

0025_sum 25 19.7 5.9 25.6 32.0 111.0 0.2809 0.1177 0.0558 0.0361 313.48 275.25
0025_mean 25 4.9 1.5 6.4 8.0 27.8 0.0702 0.0294 0.0140 0.0090 78.37 68.81
0025_SD 25 0.9 0.4 1.2 1.2 4.2 0.0313 0.0072 0.0037 0.0043 5.50 12.91

0050A 50 3.9 1.4 5.3 12 27.0 0.0719 0.0301 0.0173 0.0065 75.94 78.41
0050B 50 x x x x x x x x x x x
0050C 50 4.8 1.7 6.5 12 23.0 0.0514 0.0226 0.0088 0.0043 82.88 80.97
0050D 50 4.6 1.6 6.2 12 19.5 0.0329 0.0261 0.0063 0.0037 80.85 85.82
0050E 50 3.7 1.4 5.1 12 16.0 0.0175 0.0133 0.0041 0.0026 76.57 80.45
0050F 50 5.4 2.0 7.4 7 21.5 0.0496 0.0184 0.0108 0.0056 78.23 69.57
0050G 50 x x x x x x x x x x x
0050H 50 x x x x x x x x x x x
0050I 50 x x x x x x x x x x x

0050_sum 50 22.4 8.1 30.5 55.0 107.0 0.2233 0.1105 0.0473 0.0227 394.47 395.22
0050_mean 50 4.5 1.6 6.1 11.0 21.4 0.0447 0.0221 0.0095 0.0045 78.89 79.04
0050_SD 50 0.7 0.2 0.9 2.2 4.1 0.0205 0.0065 0.0051 0.0015 2.93 5.96

0100A 100 x x x x x x x x x x x
0100B 100 x x x x x x x x x x x
0100C 100 x x x x x x x x x x x
0100D 100 x x x x x x x x x x x
0100E 100 x x x x x x x x x x x
0100F 100 x x x x x x x x x x x
0100G 100 4.8 1.4 6.2 12 19.0 0.0287 0.0195 0.0059 0.0065 79.44 66.67
0100H 100 x x x x x x x x x x x
0100I 100 4.3 1.6 5.9 7 28.0 0.0555 0.0191 0.0127 0.0056 77.12 70.68

0100_sum 100 9.1 3.0 12.1 19.0 47.0 0.0842 0.0386 0.0186 0.0121 156.56 137.35
0100_mean 100 4.6 1.5 6.1 9.5 23.5 0.0421 0.0193 0.0093 0.0061 78.28 68.67
0100_SD 100 0.4 0.1 0.2 3.5 6.4 0.0190 0.0003 0.0048 0.0006 1.64 2.84
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Table A.46.: A3 plant growth data for Na2SeO4 III (continued from previous page)
2nd leaf 2nd leaf 2nd leaf uptake shoot shoot root shoot root shoot root

ID c(Se) sheath blade leaf total time height FW FW DW DW water water
Seedling [ppb] [cm] [cm] [cm] [days] (Day 19) [cm] [g] [g] [g] [g] [%] [%]

[± 0.1] [± 0.1] [± 0.1] [± 0.5] [± 0.25] [± 0.0001] [± 0.0001] [± 0.0001] [± 0.0001]

0250A 250 x x x x x x x x x x x
0250B 250 3.6 1.1 4.7 12 20.5 0.0389 0.0217 0.0113 0.0067 70.95 69.12
0250C 250 x x x x x x x x x x x
0250D 250 x x x x x x x x x x x
0250E 250 4.5 1.3 5.8 12 29.0 0.0548 0.0275 0.0135 0.0066 75.36 76.00
0250F 250 x x x x x x x x x x x
0250G 250 x x x x x x x x x x x
0250H 250 x x x x x x x x x x x
0250I 250 5.2 1.6 6.8 9 26.5 0.0686 0.0285 0.0165 0.0094 75.95 67.02

0250_sum 250 13.3 4.0 17.3 33.0 76.0 0.1623 0.0777 0.0413 0.0227 222.26 212.14
0250_mean 250 4.4 1.3 5.8 11.0 25.3 0.0541 0.0259 0.0138 0.0076 74.09 70.71
0250_SD 250 0.8 0.3 1.1 1.7 4.4 0.0149 0.0037 0.0026 0.0016 2.73 4.70

0500A 500 4.1 1.3 5.4 12 17.0 0.0204 0.0241 0.0044 0.0168 78.43 30.29
0500B 500 x x x x x x x x x x x
0500C 500 x x x x x x x x x x x
0500D 500 2.3 0.7 3.0 12 19.0 0.0471 0.0165 0.0085 0.0059 81.95 64.24
0500E 500 x x x x x x x x x x x
0500F 500 x x x x x x x x x x x
0500G 500 x x x x x x x x x x x
0500H 500 5.5 2.1 7.6 7 28.5 0.0674 0.0144 0.0160 0.0061 76.26 57.64
0500I 500 x x x x x x x x x x x

0500_sum 500 11.9 4.1 16.0 31.0 64.5 0.1349 0.0550 0.0289 0.0288 236.65 152.17
0500_mean 500 4.0 1.4 5.3 10.3 21.5 0.0450 0.0183 0.0096 0.0096 78.88 50.72
0500_SD 500 1.6 0.7 2.3 2.9 6.1 0.0236 0.0051 0.0059 0.0062 2.87 18.00

1000A 1000 5.4 2.1 7.5 7 21.0 0.0513 0.0204 0.0129 0.0063 74.85 69.12
1000B 1000 x x x x x x x x x x x
1000C 1000 x x x x x x x x x x x
1000D 1000 x x x x x x x x x x x
1000E 1000 6.1 1.9 8.0 7 26.0 0.0766 0.0212 0.0198 0.0090 74.15 57.55
1000F 1000 3.1 1.0 4.1 12 13.5 0.0188 0.0299 0.0043 0.0076 77.13 74.58
1000G 1000 x x x x x x x x x x x
1000H 1000 5.4 1.1 6.5 9 21.5 0.0644 0.0108 0.0113 0.0048 82.45 55.56
1000I 1000 x x x x x x x x x x x

1000_sum 1000 20.0 6.1 26.1 35.0 82.0 0.2111 0.0823 0.0483 0.0277 308.59 256.80
1000_mean 1000 5.0 1.5 6.5 8.8 20.5 0.0528 0.0206 0.0121 0.0069 77.15 64.20
1000_SD 1000 1.3 0.6 1.7 2.4 5.2 0.0249 0.0078 0.0064 0.0018 3.76 9.15

2500A 2500 3.0 1.2 4.2 12 10.5 0.0133 0.0227 0.0033 0.0102 75.19 55.07
2500B 2500 x x x x x x x x x x x
2500C 2500 x x x x x x x x x x x
2500D 2500 x x x x x x x x x x x
2500E 2500 3.2 1.3 4.5 14 13.5 0.0257 0.0358 0.0053 0.0233 79.38 34.92
2500F 2500 x x x x x x x x x x x
2500G 2500 x x x x x x x x x x x
2500H 2500 x x x x x x x x x x x
2500I 2500 3.3 1.2 4.5 14 13.0 0.0275 0.0195 0.0064 0.0050 76.73 74.36

2500_sum 2500 9.5 3.7 13.2 40.0 37.0 0.0665 0.0780 0.0150 0.0385 231.29 164.34
2500_mean 2500 3.2 1.2 4.4 13.3 12.3 0.0222 0.0260 0.0050 0.0128 77.10 54.78
2500_SD 2500 0.2 0.1 0.2 1.2 1.6 0.0077 0.0086 0.0016 0.0094 2.12 19.72
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A.3.2. A3 Plant Se content data

Figure A.16.: A3 plots of Se content in each of the three experimental runs for selenite and
selenate
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lxvi A. Se uptake by Rice - Data

Figure A.17.: A3 plots of Se content in each of the three experimental runs for selenate
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Table A.47.: A3 Se content of all three experimental runs for Na2SeO3
FIAS-Results c(Se) dry weight (DW)

dig. weight dig. weight dig. c(Se) c(Se) c(Se) c(Se) c(Se) c(Se) c(Se) c(Se)
c(Se) shoot root volume shoot shoot root root shoot shoot root root
[µg/L] [g] [g] [L] [µg/L] SD [µg/L] SD [mg/kg] SD [mg/kg] SD

[± 0.0001] [± 0.0001] [± 0.0001]

Nutrient-Solution-Se (Na2SeO3) Planting Date: 10.01.2013

0 0.05588 0.02962 0.010 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
5 0.05979 0.03284 0.014 2.34 0.29 3.42 0.12 0.39 0.07 1.46 0.05
10 0.08288 0.04893 0.010 8.84 0.53 10.00 1.12 1.07 0.06 2.04 0.23
25 0.04770 0.03413 0.010 8.15 0.49 11.41 0.34 1.71 0.10 3.34 0.10
50 0.06559 0.02905 0.010 25.74 4.59 25.94 3.67 3.92 0.70 8.93 1.26
100 0.07303 0.03477 0.010 84.39 8.66 78.94 7.89 11.56 1.19 22.70 2.27
250 0.07122 0.03289 0.010 171.11 13.23 171.59 6.37 24.03 1.86 52.17 1.94
500 0.04119 0.02289 0.010 285.50 7.79 414.17 6.71 69.31 1.89 180.94 2.93
1000 0.04491 0.03586 0.010 604.29 2.92 749.31 13.96 134.55 0.65 208.96 3.89
2500 0.06041 0.04224 0.010 843.03 19.01 1253.52 8.03 139.55 3.15 296.76 1.90

Nutrient-Solution-Se (Na2SeO3) Planting Date: 02.10.2013

0 0.07159 0.03234 0.010 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
5 0.07445 0.03922 0.010 1.86 0.57 17.67 0.79 0.25 0.08 0.45 0.20
10 0.06496 0.04158 0.010 3.24 0.69 3.98 0.45 0.50 0.11 0.96 0.11
25 0.06426 0.02975 0.010 16.12 0.89 25.18 0.82 2.51 0.14 8.47 0.27
50 0.07151 0.03656 0.010 31.43 1.27 131.80 7.99 4.40 0.18 36.05 2.19
100 0.06312 0.07376 0.010 51.02 1.53 320.67 7.87 8.08 0.24 43.47 1.07
250 0.07122 0.03398 0.010 206.26 8.71 212.37 5.47 28.96 1.22 62.50 1.61
500 0.07233 0.03486 0.010 376.11 22.92 428.72 9.72 52.00 3.17 122.98 2.79
1000 0.05963 0.03967 0.010 545.33 14.54 751.82 14.30 91.45 2.44 189.52 3.60
2500 0.06806 0.04118 0.010 976.07 31.11 1290.56 41.65 143.41 4.57 313.40 10.11

Nutrient-Solution-Se (Na2SeO3) Planting Date: 21.11.2013

0 0.08172 0.03466 0.010 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
5 0.05351 0.03598 0.010 3.20 0.25 4.68 1.00 0.60 0.05 1.30 0.28
10 0.06683 0.03935 0.010 8.93 0.67 11.01 0.63 1.34 0.10 2.80 0.16
25 0.03582 0.02748 0.010 10.16 0.61 13.00 1.35 2.84 0.17 4.73 0.49
50 0.05250 0.03453 0.010 44.13 1.43 72.75 0.95 8.41 0.27 21.07 0.28
100 0.02268 0.02051 0.010 20.63 0.76 28.59 0.71 9.10 0.33 13.94 0.35
250 0.03487 0.03664 0.010 112.51 4.34 196.77 3.26 32.27 1.25 53.70 0.89
500 0.03078 0.01614 0.010 174.53 2.95 188.00 6.30 56.70 0.96 116.48 3.90
1000 0.02947 0.02439 0.010 234.90 11.46 331.57 11.53 79.71 3.89 135.95 4.73
2500 0.03315 0.02330 0.010 643.07 14.84 759.52 18.98 193.99 4.48 325.98 8.15

Digestion standards

dig. dig.
Standard Sample weight volume c(Se) c(Se) c(Se) c(Se)

[g] [L] [µg/L] SD [mg/kg] SD

dig_Std 2013_02_21 (0-5ppb) 0.10046 0.010 8.91 0.50 0.89 0.05
dig_Std 2013_02_22 (10-100ppb) 0.10134 0.010 9.14 0.66 0.90 0.06
dig_Std 2013_02_25 (250-2500ppb) 0.10036 0.010 8.07 0.31 0.80 0.03
dig_Std 2013_10_29 (0-5ppb) 0.09821 0.010 8.82 1.16 0.90 0.12
dig_Std 2013_10_30 (10-100ppb) 0.10197 0.010 10.81 0.56 1.06 0.06
dig_Std 2013_11_04 (250-2500ppb) 0.10064 0.010 10.74 0.68 1.07 0.07
dig_Std 2014_02_11 (0-25ppb) 0.09940 0.010 12.29 0.43 1.24 0.04
dig_Std 2014_02_12 (50-500ppb) 0.10321 0.010 10.64 0.94 1.03 0.09
dig_Std 2014_02_13 (1000-2500ppb) 0.09961 0.010 7.97 0.79 0.80 0.08
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Table A.48.: A3 Se content of all three experimental runs for Na2SeO4
FIAS-Results c(Se) dry weight (DW)

dig. weight dig. weight dig. c(Se) c(Se) c(Se) c(Se) c(Se) c(Se) c(Se) c(Se)
c(Se) shoot root volume shoot shoot root root shoot shoot root root
[µg/L] [g] [g] [L] [µg/L] SD [µg/L] SD [mg/kg] SD [mg/kg] SD

[± 0.0001] [± 0.0001] [± 0.0001]

Nutrient-Solution-Se (Na2SeO4) Planting Date: 22.11.2012

0 0.06908 0.04384 0.010 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
5 0.07658 0.04168 0.010 2.21 0.38 0.00 0.00 0.29 0.05 0.00 0.00
10 0.07901 0.03544 0.010 6.23 0.98 1.74 0.22 0.79 0.12 0.49 0.06
25 0.05878 0.02645 0.010 11.33 0.80 3.08 0.45 1.93 0.14 1.17 0.17
50 0.05503 0.01964 0.010 40.56 3.62 6.56 1.42 7.37 0.66 3.34 0.73
100 0.06148 0.03329 0.010 81.74 2.00 15.35 2.17 13.30 0.33 4.61 0.65
250 0.05767 0.03392 0.010 190.48 6.68 61.26 7.92 33.03 1.16 18.06 2.34
500 0.05409 0.02408 0.010 364.47 6.63 94.46 7.40 67.38 1.23 39.23 3.07
1000 0.05849 0.03693 0.010 1121.66 31.43 150.15 10.31 191.77 5.37 40.66 2.79
2500 0.05310 0.02540 0.010 2255.29 70.08 399.43 7.22 424.73 13.20 157.26 2.84

Nutrient-Solution-Se (Na2SeO4) Planting Date: 12.09.2013

0 0.05459 0.05883 0.010 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
5 0.03958 0.03816 0.010 1.35 0.24 0.00 0.00 0.34 0.06 0.00 0.00
10 0.03896 0.03605 0.010 2.16 0.26 0.58 0.32 0.55 0.07 0.16 0.09
25 0.07574 0.04858 0.010 16.69 2.14 5.74 0.66 2.20 0.28 1.18 0.14
50 0.07963 0.04864 0.010 36.83 0.85 9.94 0.76 4.62 0.11 2.04 0.16
100 0.04805 0.04704 0.010 16.47 0.59 9.21 0.86 3.43 0.12 1.96 0.18
250 0.06877 0.05381 0.010 246.66 7.80 40.82 1.16 35.87 1.13 7.59 0.22
500 0.08231 0.05698 0.010 790.32 22.69 164.93 3.38 96.02 2.76 28.95 0.59
1000 0.06055 0.06360 0.010 1196.31 23.70 541.78 13.38 197.57 3.91 85.19 2.10
2500 0.06576 0.05732 0.010 2969.86 40.86 570.65 23.01 451.62 6.21 99.56 4.01

Nutrient-Solution-Se (Na2SeO4) Planting Date: 16.01.2014

0 0.04609 0.02926 0.010 0.87 0.75 0.14 0.43 0.19 0.16 0.05 0.15
5 0.08144 0.05390 0.010 9.06 0.98 5.81 0.62 1.11 0.12 1.08 0.11
10 0.06141 0.03437 0.010 5.65 0.96 0.00 0.68 0.92 0.16 0.00 0.20
25 0.05407 0.03328 0.010 13.31 0.64 0.00 0.47 2.46 0.12 0.00 0.14
50 0.04453 0.02274 0.010 23.45 2.34 4.81 0.44 5.27 0.53 2.11 0.19
100 0.01834 0.01145 0.010 19.25 2.40 3.78 0.54 10.50 1.31 3.30 0.47
250 0.03929 0.02274 0.010 207.61 8.83 60.20 2.96 52.84 2.25 26.47 1.30
500 0.02867 0.02525 0.010 233.68 3.52 55.41 6.78 81.51 1.23 21.94 2.68
1000 0.04695 0.02835 0.010 862.86 30.62 179.65 15.71 183.78 6.52 63.37 5.54
2500 0.00766 0.04340 0.010 260.19 4.63 768.53 38.47 339.67 6.04 177.08 8.86

Digestion standards

dig. dig.
Standard Sample weight volume c(Se) c(Se) c(Se) c(Se)

[g] [L] [µg/L] SD [mg/kg] SD

dig_Std 2013_02_19 (0-25ppb) 0.09599 0.010 8.90 0.60 0.93 0.06
dig_Std 2013_02_20 (50-500ppb) 0.10316 0.010 9.64 0.68 0.93 0.07
dig_Std 2013_02_21 (1000-2500ppb) 0.10046 0.010 8.91 0.50 0.89 0.05
dig_Std 2013_10_25 (0-25ppb) 0.09944 0.010 8.60 1.07 0.86 0.11
dig_Std 2013_10_28 (50-500ppb) 0.09948 0.010 10.45 0.89 1.05 0.09
dig_Std 2013_10_29 (1000-2500ppb) 0.09821 0.010 8.82 1.16 0.90 0.12
dig_Std 2014_02_14 (0-5ppb) 0.09961 0.010 7.97 0.79 0.80 0.08
dig_Std 2014_02_17 (10-100ppb) 0.10055 0.010 9.19 0.63 0.91 0.06
dig_Std 2014_02_18 (250-2500ppb) 0.10035 0.010 9.82 0.77 0.98 0.08
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Figure A.18.: A3 results for nutrient uptake from solution (3 runs) Na2SeO3
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lxx A. Se uptake by Rice - Data

Figure A.19.: A3 results for nutrient uptake from solution (3 runs) Na2SeO4

lxx



A.3. Datasheets experiment A3 lxxi

A.3.3. Complete A3 results overview
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Table
A
.49.:A

3
plantnutrientelem

entuptake
data

(calculated
from

loss
ofsolution)

from
IC

data
from

IC
P
-M

S
data

Sam
ple

c(Se)
added

c(N
)

SD
c(P

)
SD

c(S)
SD

c(M
g)

SD
c(P

)
SD

c(K
)

SD
c(C

a)
SD

c(M
n)

SD
c(Fe)

SD
c(C

u)
SD

c(Z
n)

SD
c(Se)

SD
[µg/L

]
[m

g
N
/g

D
W
]

[m
g
P
/g

D
W
]

[m
g
S/g

D
W
]

[m
g
M
g/g

D
W
]

[m
g
P
/g

D
W
]

[m
g
K
/g

D
W
]

[m
g
C
a/g

D
W
]

[m
g
M
n/g

D
W
]

[m
g
Fe/g

D
W
]

[m
g
C
u/g

D
W
]

[m
g
Z
n/g

D
W
]

[m
g
Se/g

D
W
]

all
N
u
t-S

ol-S
e
(N

a
2 S

eO
3 )

0000_
sum

0.61
25.99

46.87
4.95

5.20
3.22

2.38
0.53

1.89
7.38

1.64
40.66

2.38
12.52

17.16
103.54

2.55
2932.22

384.78
26.34

7.86
73.87

8.22
0.28

0.85
0005_

sum
6.61

20.65
26.86

3.97
3.84

5.15
3.47

0.96
0.94

5.56
1.96

32.68
3.54

20.92
10.75

110.38
10.69

3050.23
294.62

25.67
4.66

64.79
17.63

3.97
4.33

0010_
sum

13.16
24.85

19.57
4.55

3.22
4.46

2.81
0.78

0.84
4.15

0.89
24.50

6.76
16.98

2.32
74.07

13.44
2526.31

378.45
22.04

7.37
58.49

10.65
2.49

1.28
0025_

sum
31.18

30.13
26.66

5.68
3.55

3.88
2.73

0.92
0.83

6.28
1.85

27.35
7.21

18.92
9.35

126.75
5.79

3371.66
635.41

29.72
7.22

84.81
13.73

9.52
3.69

0050_
sum

59.82
30.35

30.53
4.91

3.25
4.59

2.94
0.69

0.61
6.39

0.56
31.72

2.13
13.72

4.43
106.91

12.63
2719.15

500.36
24.06

1.73
58.62

42.55
23.88

18.20
0100_

sum
121.78

36.59
28.21

6.35
3.80

4.33
2.68

0.87
1.89

7.64
1.04

29.50
5.83

24.63
21.92

110.64
9.01

4514.51
2950.07

21.54
10.80

100.78
23.78

89.36
76.81

0250_
sum

295.32
25.13

31.45
4.37

2.09
3.87

2.23
1.30

0.02
6.28

1.49
32.01

7.46
21.17

2.03
97.93

10.36
3081.11

990.90
24.73

11.30
64.14

22.55
86.63

17.70
0500_

sum
602.90

31.50
22.49

8.16
6.04

3.63
1.98

1.38
0.58

5.85
1.50

28.48
8.81

23.89
10.96

106.23
29.09

2855.05
654.29

32.32
15.06

68.54
11.94

248.61
80.91

1000_
sum

1184.54
23.29

17.24
5.52

3.02
3.28

2.06
1.09

0.29
5.39

2.05
20.41

6.58
16.98

6.67
58.02

6.49
2331.58

653.88
24.58

7.07
36.17

16.51
350.99

267.31
2500_

sum
2936.46

28.17
30.80

3.43
3.75

2.80
2.54

1.17
0.32

6.12
1.15

18.46
3.80

18.54
6.65

38.59
11.18

2077.12
475.47

25.37
10.98

34.40
24.37

829.20
172.76

all
N
u
t-S

ol-S
e
(N

a
2 S

eO
4 )

0000_
sum

0.10
15.91

16.48
5.82

4.09
3.66

0.57
0.96

0.28
6.09

2.98
17.85

11.59
19.03

1.90
87.29

30.04
2354.56

1163.03
22.40

3.47
78.87

30.28
0.00

0.00
0005_

sum
5.72

30.62
23.07

4.15
2.79

3.69
0.54

0.80
0.07

4.88
1.52

21.56
14.38

10.96
1.24

57.99
47.14

2463.54
1759.20

15.08
8.03

49.67
8.87

1.23
0.31

0010_
sum

12.90
82.72

62.75
7.96

3.13
3.99

0.89
0.80

0.41
6.16

1.79
26.68

6.16
15.64

14.07
114.21

58.31
2783.43

2140.78
31.14

14.85
76.25

47.04
2.78

0.62
0025_

sum
29.11

40.75
27.53

7.20
4.13

4.65
0.50

1.21
0.14

8.22
5.57

28.75
5.84

15.93
1.38

109.26
34.56

2309.60
1253.68

26.40
9.03

75.40
12.68

5.35
1.22

0050_
sum

59.54
65.70

32.66
8.86

3.71
5.22

1.69
1.27

0.03
7.92

3.53
33.62

13.50
10.10

10.51
123.62

46.63
2175.92

1402.99
25.88

6.98
82.73

13.08
11.61

2.58
0100_

sum
107.01

44.32
3.47

9.19
2.67

5.60
2.87

1.81
0.30

6.51
2.69

24.73
15.39

25.44
36.54

168.68
74.70

4456.30
3252.91

44.45
23.59

58.40
29.52

13.48
5.66

0250_
sum

304.27
61.74

35.92
10.09

5.56
4.54

0.95
1.36

0.25
9.20

7.45
28.12

9.49
20.53

17.46
94.08

52.11
2996.11

1092.06
22.21

7.20
58.93

43.11
37.66

32.16
0500_

sum
623.00

53.75
28.92

6.54
6.01

4.22
1.91

1.00
0.48

5.16
2.96

26.83
4.29

16.00
8.09

109.82
61.73

2856.32
879.88

26.34
9.21

80.30
20.83

115.68
42.65

1000_
sum

1233.28
28.69

25.11
6.88

2.59
4.52

0.25
0.73

0.32
4.54

0.25
39.63

30.95
16.56

4.49
98.41

42.26
2089.13

1389.69
23.52

4.82
60.77

18.97
148.03

110.08
2500_

sum
3114.83

26.21
41.12

3.71
7.58

3.40
1.49

0.84
0.34

9.08
2.43

43.12
19.61

16.24
8.76

89.86
40.22

2458.17
1060.19

28.45
9.33

56.27
39.17

461.68
354.76

lxxii



A.3. Datasheets experiment A3 lxxiii

Ta
bl
e
A
.5
0.
:A

3
re
su
lts

ov
er
vi
ew

fo
r
N
a 2
Se

O
3

pl
an

ts
2n

d
le
af

2n
d
le
af

2n
d
le
af

ro
ot
-S
e

sh
oo

t
he

ig
ht

sh
oo

t
he

ig
ht

m
ea
n
sh
oo

t
m
ea
n
ro
ot

sh
oo

t
ro
ot

c(
Se

)
pe

r
bo

x
sh
ea
th

bl
ad

e
to
ta
l
le
ng

th
up

ta
ke

ti
m
e

(D
ay

9)
(D

ay
19

)
D
W

D
W

w
at
er

w
at
er

[µ
g/

L
]

[-
]

SD
[c
m
]

SD
[c
m
]

SD
[c
m
]

SD
[d
ay

s]
SD

[c
m
]

SD
[c
m
]

SD
[g
]

SD
[g
]

SD
[%

]
SD

[%
]

SD

0
7.
00

1.
00

4.
19

0.
84

1.
44

0.
44

5.
63

1.
28

12
.7
8

0.
97

8.
39

3.
38

24
.0
8

2.
48

0.
01

00
0.
00

31
0.
00

49
0.
00

13
74

.6
5

4.
53

59
.0
8

10
.2
7

5
7.
00

1.
73

4.
04

0.
67

1.
41

0.
42

5.
45

1.
09

11
.8
5

1.
71

5.
79

2.
78

23
.1
6

3.
28

0.
00

92
0.
00

33
0.
00

53
0.
00

16
73

.9
5

3.
23

64
.0
8

9.
45

10
8.
00

1.
73

4.
16

0.
75

1.
54

0.
56

5.
70

1.
31

12
.5
6

1.
25

6.
34

2.
98

21
.4
4

2.
43

0.
00

94
0.
00

31
0.
00

63
0.
00

21
72

.1
0

3.
85

58
.9
6

11
.2
2

25
5.
67

1.
53

4.
16

0.
89

1.
47

0.
47

5.
63

1.
36

11
.1
0

1.
91

4.
83

3.
89

20
.3
6

5.
73

0.
00

88
0.
00

46
0.
00

73
0.
00

19
71

.9
3

4.
50

52
.7
8

10
.6
0

50
6.
33

1.
53

4.
02

0.
59

1.
39

0.
47

5.
15

1.
06

11
.9
3

1.
86

6.
15

3.
33

22
.6
5

5.
10

0.
01

04
0.
00

43
0.
00

64
0.
00

23
71

.6
7

7.
04

47
.7
0

14
.3
8

10
0

5.
67

3.
21

4.
27

0.
76

1.
53

0.
34

5.
67

1.
10

11
.7
3

1.
89

5.
68

2.
24

20
.6
0

5.
19

0.
00

99
0.
00

48
0.
00

69
0.
00

11
71

.4
7

5.
14

59
.1
9

8.
92

25
0

6.
33

2.
08

4.
24

0.
70

1.
41

0.
35

5.
65

1.
05

12
.2
8

1.
98

6.
28

3.
87

22
.1
3

3.
00

0.
00

95
0.
00

33
0.
00

70
0.
00

25
74

.0
9

2.
30

56
.9
3

16
.4
1

50
0

5.
67

3.
51

4.
10

0.
68

1.
42

0.
30

5.
52

0.
99

12
.8
1

1.
13

6.
11

3.
02

21
.6
4

2.
55

0.
01

09
0.
00

17
0.
00

58
0.
00

07
72

.3
1

5.
06

62
.1
3

11
.3
9

10
00

6.
00

3.
00

3.
75

1.
15

1.
34

0.
42

5.
09

1.
57

11
.9
6

2.
15

5.
86

2.
48

19
.9
4

4.
30

0.
00

90
0.
00

28
0.
00

74
0.
00

29
70

.4
3

5.
57

53
.4
5

14
.3
7

25
00

6.
00

2.
65

3.
89

0.
81

1.
61

0.
51

5.
50

1.
31

13
.4
9

0.
92

5.
11

2.
16

19
.0
1

2.
75

0.
00

93
0.
00

28
0.
00

61
0.
00

05
65

.8
4

3.
86

53
.3
6

7.
67

c(
Se

)
c(
Se

)
ra
ti
o

ra
ti
o

sh
oo

t-
Se

ro
ot
-S
e

sh
oo

t
ro
ot

c(
Se

)
c(
Se

)
sh
oo

t
ro
ot

c(
Se

)
sh
oo

t
D
W

ro
ot

D
W

ro
ot
/s
ho

ot
sh
oo

t/
ro
ot

sh
ar
e

sh
ar
e

w
at
er

w
at
er

sh
oo

t
F
W

ro
ot

F
W

ac
c.

fa
ct
or

ac
c.

fa
ct
or

[µ
g/

L
]

[m
g/

kg
]

SD
[m

g/
kg

]
SD

[-
]

SD
[-
]

SD
[%

]
SD

[%
]

SD
[%

]
[%

]
[m

g/
kg

]
SD

[m
g/

kg
]

SD
[-
]

SD
[-
]

SD

0
0.
00

0.
00

0.
00

0.
00

x
x

x
x

x
x

x
x

74
.6
5

59
.0
8

0.
00

0.
00

0.
00

0.
00

0.
00

0.
00

0.
00

0.
00

5
0.
41

0.
18

1.
07

0.
54

2.
59

0.
45

0.
39

0.
21

27
.9

7.
5

72
.1

7.
5

73
.9
5

64
.0
8

0.
11

0.
05

1.
07

0.
54

21
.5
4

9.
59

80
.3
1

49
.6
6

10
0.
97

0.
43

1.
93

0.
93

2.
00

0.
85

0.
50

0.
46

33
.4

1.
1

66
.6

1.
1

72
.1
0

58
.9
6

0.
27

0.
12

1.
93

0.
92

26
.6
7

11
.6
6

81
.5
7

42
.8
1

25
2.
35

0.
58

5.
51

2.
65

2.
34

1.
36

0.
43

1.
13

29
.9

7.
6

70
.1

7.
6

71
.9
3

52
.7
8

0.
66

0.
16

5.
48

2.
63

26
.4
7

6.
93

99
.1
6

31
.5
7

50
5.
58

2.
46

22
.0
2

13
.5
9

3.
95

9.
72

0.
25

3.
44

20
.2

10
.8

79
.8

10
.8

71
.6
7

47
.7
0

1.
58

0.
70

21
.6
7

13
.3
7

31
.5
9

13
.9
4

21
1.
88

98
.6
1

10
0

9.
58

1.
79

26
.7
1

15
.1
7

2.
79

4.
98

0.
36

5.
44

26
.4

12
.4

73
.6

12
.4

71
.4
7

59
.1
9

2.
73

0.
51

25
.9
8

14
.7
5

26
.9
7

6.
15

10
4.
61

48
.2
7

25
0

28
.4
2

4.
15

56
.1
2

5.
57

1.
97

8.
19

0.
51

2.
82

33
.6

3.
4

66
.4

3.
4

74
.0
9

56
.9
3

7.
36

1.
07

51
.9
9

5.
16

28
.9
8

1.
79

94
.1
0

34
.1
6

50
0

59
.3
4

8.
95

14
0.
13

35
.4
9

2.
36

21
.1
4

0.
42

15
.0
3

29
.7

2.
5

70
.3

2.
5

72
.3
1

62
.1
3

16
.4
3

2.
48

11
7.
11

29
.6
6

33
.6
1

12
.8
0

11
6.
47

96
.5
8

10
00

10
1.
91

28
.8
8

17
8.
14

37
.8
1

1.
75

50
.4
8

0.
57

21
.6
3

36
.4

3.
4

63
.6

3.
4

70
.4
3

53
.4
5

30
.1
4

8.
54

12
4.
45

26
.4
2

30
.6
8

13
.0
7

84
.8
1

48
.8
9

25
00

15
8.
98

30
.3
8

31
2.
04

14
.6
5

1.
96

59
.6
2

0.
51

7.
47

33
.8

3.
3

66
.2

3.
3

65
.8
4

53
.3
6

54
.3
1

10
.3
8

14
2.
58

6.
70

22
.1
5

8.
16

57
.8
2

14
.0
4

lxxiii



lxxiv A. Se uptake by Rice - Data
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lxxvi A. Se uptake by Rice - Data

Table A.52.: A3 analytical data - HG-FIAS measurement I
Technique AA FIAS-MHS
Spectrometer Model Aanalyst 200 S/N 200S6110908
Autosampler Model AS-90plus

Batch ID Pflanzenaufschlüsse
Results Data Set Nothstein_2013_08_30
Date Measured 30.08.2013
Method Name Se Nothstein calib 6

correl. coeff. PQL (= lowest calib-10 %) 0.450
0.99964 LOQ (= 7·wash) -0.057
calib. slope LOD (= 3·wash) -0.025
0.02014 analytical quality [%] 102.835

Mean entered calc.
Calibration Sample ID signal SD c(Se) c(Se) SD

[-] [-] [µg/L] [µg/L] [µg/L]

1 Blank 0.0000 0.0008 0.0 0.00 0.00
2 0.5 ppb 0.0079 0.0023 0.5 0.39 0.11
3 0.75 ppb 0.0136 0.0023 0.75 0.68 0.11
4 1.0 ppb 0.0192 0.0018 1.0 0.96 0.09
5 2.0 ppb 0.0396 0.0011 2.0 1.97 0.05
6 4.0 ppb 0. 0807 0.0009 4.0 4.01 0.04
7 5.0 ppb 0.1015 0.0024 5.0 5.04 0.12
8 6.0 ppb 0.1207 0.0030 6.0 5.99 0.15

c(Se) c(Se) SD dilution c(Se)
Sequence No. Sample ID diluted SD driftcorr. driftcorr. factor conc. SD

[µg/L] [µg/L] [µg/L] [µg/L] [-] [µg/L] [µg/L]

1 Wash Milli-Q 0.018 0.057 0.018 0.057 1 0.02 0.06
2 wash -0.005 0.062 -0.005 0.062 1 -0.01 0.06
3 HCl Blank 0.043 0.117 0.041 0.112 6 0.25 0.67
4 Trace Metal 252 µg/L 4.421 0.071 4.202 0.068 60 252.14 4.06
5 wash -0.071 0.041 -0.071 0.041 1 -0.07 0.04
6 Se_Std_0 -0.055 0.060 -0.055 0.060 1 -0.06 0.06
7 Se_Std_0.5 0.411 0.042 0.411 0.042 1 0.41 0.04
8 Se_Std_0.75 0.738 0.066 0.738 0.066 1 0.74 0.07
9 Se_Std_1 0.972 0.070 0.972 0.070 1 0.97 0.07
10 Se_Std_2 1.973 0.078 1.973 0.078 1 1.97 0.08
11 Se_Std_4 4.207 0.144 4.207 0.144 1 4.21 0.14
12 Se_Std_5 5.103 0.208 5.103 0.208 1 5.10 0.21
13 Se_Std_6 5.922 0.142 5.922 0.142 1 5.92 0.14
14 wash -0.032 0.052 -0.032 0.052 1 -0.03 0.05
15 wash 0.045 0.129 0.045 0.129 1 0.05 0.13
16 2013-02-19 dig blind 0.074 0.094 0.068 0.087 8 < PQL < PQL
17 2013-02-19 dig Std 1.145 0.077 1.113 0.075 8 8.90 0.60
18 2013-02-19 0ppb Shoot -0.007 0.032 -0.007 0.029 8 < PQL < PQL
19 2013-02-19 0ppb Root -0.011 0.038 -0.010 0.035 8 < PQL < PQL
20 2013-02-19 5 ppb Shoot 0.300 0.051 0.276 0.047 8 2.21 0.38
21 2013-02-19 5 ppb Root 0.056 0.101 0.052 0.093 8 < PQL < PQL
22 2013-02-19 10 ppb Shoot 0.801 0.126 0.778 0.122 8 6.23 0.98
23 2013-02-19 10 ppb Root 0.237 0.030 0.218 0.028 8 1.74 0.22
24 2013-02-19 25 ppb Shoot 1.435 0.102 1.416 0.100 8 11.33 0.80
25 2013-02-19 25 ppb Root 0.419 0.062 0.386 0.057 8 3.08 0.45
26 wash -0.084 0.060 -0.084 0.060 1 -0.08 0.06
27 Se_Std_0.5 0.438 0.036 0.438 0.036 1 0.44 0.04
28 Se_Std_0.75 0.654 0.045 0.654 0.045 1 0.65 0.05
29 Se_Std_2 2.018 0.057 2.018 0.057 1 2.02 0.06
30 Se_Std_4 4.155 0.064 4.155 0.064 1 4.16 0.06
31 Se_Std_6 5.898 0.135 5.898 0.135 1 5.90 0.13
32 wash -0.004 0.040 -0.004 0.040 1 0.00 0.04
33 wash 0.000 0.138 0.000 0.138 1 0.00 0.14
34 2013-02-20 dig blind 0.020 0.090 0.019 0.084 8 < PQL < PQL
35 2013-02-20 dig Std 1.205 0.085 1.205 0.085 8 9.64 0.68
36 2013-02-20 50ppb Shoot 1.014 0.090 1.014 0.090 40 40.56 3.62
37 2013-02-20 50ppb Root 0.176 0.038 0.164 0.036 40 6.56 1.42
38 2013-02-20 100 ppb Shoot 2.103 0.052 2.043 0.050 40 81.74 2.00
39 2013-02-20 100 ppb Root 0.412 0.058 0.384 0.054 40 15.35 2.17
40 2013-02-20 250 ppb Shoot 2.451 0.086 2.381 0.084 80 190.48 6.68
41 2013-02-20 250 ppb Root 0.766 0.099 0.766 0.099 80 61.26 7.92
42 2013-02-20 500 ppb Shoot 4.711 0.086 4.556 0.083 80 364.47 6.63
43 2013-02-20 500 ppb Root 1.181 0.093 1.181 0.093 80 94.46 7.40
44 wash -0.030 0.053 -0.030 0.053 1 -0.03 0.05
45 Se_Std_0.5 0.401 0.076 0.401 0.076 1 0.40 0.08
46 Se_Std_0.75 0.700 0.103 0.700 0.103 1 0.70 0.10
47 Se_Std_2 2.032 0.108 2.032 0.108 1 2.03 0.11
48 Se_Std_4 4.124 0.104 4.124 0.104 1 4.12 0.10
49 Se_Std_6 6.176 0.122 6.176 0.122 1 6.18 0.12
50 wash 0.014 0.109 0.014 0.109 1 0.01 0.11
51 wash 0.062 0.074 0.062 0.074 1 0.06 0.07
52 2013-02-21 dig. Blind -0.002 0.076 -0.002 0.069 8 < PQL < PQL
53 2013-02-21 dig. Std 1.140 0.063 1.114 0.062 8 8.91 0.50
54 2013-02-21 1000 ppb Shoot 7.009 0.196 7.010 0.196 160 1121.66 31.43
55 2013-02-21 1000 ppb Root 0.960 0.066 0.938 0.064 160 150.15 10.31
56 2013-02-21 2500 ppb Shoot 12.350 0.384 12.353 0.384 160 > calib > calib
57 2013-02-21 2500 ppb Root 2.673 0.048 2.496 0.045 160 399.43 7.22
58 2013-02-21 0 ppb Shoot 0.033 0.118 0.030 0.107 8 < PQL < PQL
59 2013-02-21 0 ppb Root 0.006 0.063 0.005 0.057 8 < PQL < PQL
60 2013-02-21 5 ppb Shoot 0.324 0.040 0.293 0.037 8 2.34 0.29
61 2013-02-21 5 ppb Root 0.472 0.016 0.428 0.014 8 3.42 0.12
62 wash 0.048 0.055 0.048 0.055 1 0.05 0.06
63 Se_Std_0.5 0.459 0.056 0.459 0.056 1 0.46 0.06
64 Se_Std_0.75 0.685 0.090 0.685 0.090 1 0.69 0.09
65 Se_Std_2 2.166 0.064 2.166 0.064 1 2.17 0.06
66 Se_Std_4 4.161 0.089 4.161 0.089 1 4.16 0.09
67 Se_Std_6 5.807 0.173 5.807 0.173 1 5.81 0.17
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A.3. Datasheets experiment A3 lxxvii

Table A.53.: A3 analytical data - HG-FIAS measurement I (continued from previous page)
c(Se) c(Se) SD dilution c(Se)

Sequence No. Sample ID diluted SD driftcorr. driftcorr. factor conc. SD
[µg/L] [µg/L] [µg/L] [µg/L] [-] [µg/L] [µg/L]

68 wash -0.036 0.059 -0.036 0.059 1 -0.04 0.06
69 wash 0.029 0.062 0.029 0.062 1 0.03 0.06
70 2013-02-22 dig. Blind -0.017 0.074 -0.016 0.069 8 < PQL < PQL
71 2013-02-22 dig. Std. 1.253 0.090 1.142 0.082 8 9.14 0.66
72 2013-02-22 10 ppb Root 1.213 0.072 1.105 0.066 8 8.84 0.53
73 2013-02-22 10 ppb Root 1.324 0.149 1.249 0.140 8 10.00 1.12
74 2013-02-22 25 ppb Root 1.118 0.068 1.019 0.062 8 8.15 0.49
75 2013-02-22 25 ppb Root 1.511 0.045 1.426 0.042 8 11.41 0.34
76 2013-02-22 50 ppb Root 0.706 0.126 0.644 0.115 40 25.74 4.59
77 2013-02-22 50 ppb Root 0.711 0.101 0.648 0.092 40 25.94 3.67
78 2013-02-22 100 ppb Shoot 2.235 0.229 2.110 0.217 40 84.39 8.66
79 2013-02-22 100 ppb Root 2.091 0.209 1.974 0.197 40 78.94 7.89
80 wash -0.070 0.069 -0.070 0.069 1 -0.07 0.07
81 Se_Std_0.5 0.388 0.039 0.388 0.039 1 0.39 0.04
82 Se_Std_0.75 0.789 0.065 0.789 0.065 1 0.79 0.07
83 Se_Std_2 1.993 0.064 1.993 0.064 1 1.99 0.06
84 Se_Std_4 4.052 0.109 4.052 0.109 1 4.05 0.11
85 Se_Std_6 5.926 0.086 5.926 0.086 1 5.93 0.09
86 wash 0.005 0.109 0.005 0.109 1 0.01 0.11
87 wash -0.036 0.049 -0.036 0.049 1 -0.04 0.05
88 2013-02-25 dig. Std 1.080 0.041 1.008 0.039 8 8.07 0.31
89 2013-02-25 250 ppb Shoot 2.238 0.173 2.139 0.165 80 171.11 13.23
90 2013-02-25 250 ppb Root 2.244 0.083 2.145 0.080 80 171.59 6.37
91 2013-02-25 500 ppb Shoot 3.637 0.099 3.569 0.097 80 285.50 7.79
92 2013-02-25 500 ppb Root 5.210 0.084 5.177 0.084 80 414.17 6.71
93 2013-02-25 1000 ppb Shoot 3.849 0.019 3.777 0.018 160 604.29 2.92
94 2013-02-25 1000 ppb Root 4.773 0.089 4.683 0.087 160 749.31 13.96
95 2013-02-25 2500 ppb Shoot 5.302 0.120 5.269 0.119 160 843.03 19.01
96 2013-02-25 2500 ppb Root 7.884 0.050 7.835 0.050 160 1253.52 8.03
97 wash -0.037 0.044 -0.037 0.044 1 -0.04 0.04
98 HCl Blank 0.000 0.112 0.000 0.116 6 0.00 0.69
99 Trace Metal 252 µg/L 4.557 0.127 4.436 0.124 60 266.15 7.43

100 wash 0.018 0.092 0.018 0.092 1 0.02 0.09
101 Se_Std_0 -0.035 0.053 -0.035 0.053 1 -0.03 0.05
102 Se_Std_0.5 0.380 0.047 0.380 0.047 1 0.38 0.05
103 Se_Std_0.75 0.681 0.038 0.681 0.038 1 0.68 0.04
104 Se_Std_1 0.924 0.029 0.924 0.029 1 0.92 0.03
105 Se_Std_2 2.119 0.068 2.119 0.068 1 2.12 0.07
106 Se_Std_4 4.114 0.067 4.114 0.067 1 4.11 0.07
107 Se_Std_5 5.314 0.084 5.314 0.084 1 5.31 0.08
108 Se_Std_6 6.136 0.135 6.136 0.135 1 6.14 0.13
109 2013-02-21 2500 ppb Shoot 4.967 0.154 4.699 0.146 480 2255.29 70.08
110 wash -0.043 0.062 -0.043 0.062 1 -0.04 0.06
111 wash 0.036 0.167 0.364 1.668 1 0.36 1.67
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Table A.54.: A3 analytical data - HG-FIAS measurement II
Technique AA FIAS-MHS
Spectrometer Model Aanalyst 200 S/N 200S6110908
Autosampler Model AS-90plus

Batch ID Plant Digestions
Results Data Set Nothstein_2014_03_19
Date Measured 19.03.2014
Method Name Se Nothstein calib 6c

correl. coeff. PQL (= lowest calib-10 %) 0.450
0.99891 LOQ (= 7·wash) 0.604
calib. slope LOD (= 3·wash) 0.259
0.01252 analytical quality [%] 100.489

Mean entered calc.
Calibration Sample ID signal SD c(Se) c(Se) SD

[-] [-] [µg/L] [µg/L] [µg/L]

1 Blank 0.0000 0.0015 0.0 0.00 0.00
2 0.5 ppb 0.0033 0.0012 0.5 0.37 0.13
3 0.75 ppb 0.0068 0.0012 0.75 0.58 0.10
4 1.0 ppb 0.0080 0.0030 1.0 0.93 3.48
5 2.0 ppb 0.0203 0.0024 2.0 1.92 2.27
6 4.0 ppb 0.0408 0.0022 4.0 3.95 0.21
7 5.0 ppb 0.0527 0.0016 5.0 5.02 0.15
8 6.0 ppb 0.0657 0.0020 6.0 6.08 0.18

c(Se) c(Se) SD dilution c(Se)
Sequence No. Sample ID diluted SD driftcorr. driftcorr. factor conc. SD

[µg/L] [µg/L] [µg/L] [µg/L] [-] [µg/L] [µg/L]

1 Wash Milli-Q -0.085 0.103 -0.085 0.103 1 -0.08 0.10
2 wash 0.121 0.113 0.121 0.113 1 0.12 0.11
3 6M HCl Blank 0.101 0.142 0.056 0.078 4 0.22 0.31
4 Trace Metal 252 µg/L 2.373 0.151 2.026 0.129 120 243.09 15.46
5 wash 0.126 0.086 0.126 0.086 1 0.13 0.09
6 Se_Std_0 0.113 0.118 0.113 0.118 1 0.11 0.12
7 Se_Std_0.5 0.536 0.090 0.536 0.090 1 0.54 0.09
8 Se_Std_0.75 0.681 0.105 0.681 0.105 1 0.68 0.10
9 Se_Std_1 1.140 0.088 1.140 0.088 1 1.14 0.09
10 Se_Std_2 2.202 0.130 2.202 0.130 1 2.20 0.13
11 Se_Std_4 4.294 0.162 4.294 0.162 1 4.29 0.16
12 Se_Std_5 5.548 0.112 5.548 0.112 1 5.55 0.11
13 Se_Std_6 6.667 0.174 6.667 0.174 1 6.67 0.17
14 wash 0.119 0.190 0.119 0.190 1 0.12 0.19
15 wash 0.073 0.142 0.073 0.142 1 0.07 0.14
16 2013-10-28 digestion blank 0.114 0.170 0.057 0.085 8 < PQL < PQL
17 2013-10-28 digestion Std Wheat 1567a 1.448 0.180 1.074 0.134 8 8.60 1.07
18 2013-10-28 0 µg/L Shoot 0.161 0.132 0.081 0.066 8 < PQL < PQL
19 2013-10-28 0 µg/L Root 0.091 0.135 0.046 0.068 8 < PQL < PQL
20 2013-10-28 5 µg/L Shoot 0.337 0.060 0.169 0.030 8 1.35 0.24
21 2013-10-28 5 µg/L Root 0.040 0.105 0.020 0.053 8 < PQL < PQL
22 2013-10-28 10 µg/L Shoot 0.538 0.064 0.270 0.032 8 2.16 0.26
23 2013-10-28 10 µg/L Root 0.145 0.080 0.073 0.040 8 < PQL < PQL
24 2013-10-28 25 µg/L Shoot 2.579 0.331 2.086 0.267 8 16.69 2.14
25 2013-10-28 25 µg/L Root 0.966 0.112 0.717 0.083 8 5.74 0.66
26 wash 0.076 0.045 0.076 0.045 1 0.08 0.04
27 Se_Std_0 -0.019 0.056 -0.019 0.056 1 -0.02 0.06
28 Se_Std_0.5 0.573 0.199 0.573 0.199 1 0.57 0.20
29 Se_Std_0.75 0.888 0.181 0.888 0.181 1 0.89 0.18
30 Se_Std_1 1.195 0.119 1.195 0.119 1 1.19 0.12
31 Se_Std_2 2.375 0.134 2.375 0.134 1 2.37 0.13
32 Se_Std_4 4.660 0.152 4.660 0.152 1 4.66 0.15
33 Se_Std_5 5.618 0.115 5.618 0.115 1 5.62 0.12
34 Se_Std_6 6.742 0.158 6.742 0.158 1 6.74 0.16
35 wash 0.192 0.393 0.192 0.393 1 0.19 0.39
36 wash 0.086 0.059 0.086 0.059 1 0.09 0.06
37 2013-10-29 digestion blank 0.019 0.085 0.009 0.041 8 < PQL < PQL
38 2013-10-29 digestion Std Wheat 1567a 1.667 0.142 1.307 0.112 8 10.45 0.89
39 2013-10-29 50 µg/L Shoot 5.252 0.122 4.604 0.107 8 36.83 0.85
40 2013-10-29 50 µg/L Root 1.584 0.121 1.242 0.095 8 9.94 0.76
41 2013-10-29 100 µg/L Shoot 2.626 0.095 2.059 0.074 8 16.47 0.59
42 2013-10-29 100 µg/L Root 1.428 0.134 1.151 0.108 8 9.21 0.86
43 2013-10-29 250 µg/L Shoot 5.705 0.180 5.139 0.163 48 246.66 7.80
44 2013-10-29 250 µg/L Root 5.665 0.161 5.103 0.145 8 40.82 1.16
45 2013-10-29 500 µg/L Shoot 7.312 0.210 6.586 0.189 120 790.32 22.69
46 2013-10-29 500 µg/L Root 4.138 0.085 3.436 0.070 48 164.93 3.38
47 wash 0.102 0.059 0.102 0.059 1 0.10 0.06
48 Se_Std_0 0.082 0.034 0.082 0.034 1 0.08 0.03
49 Se_Std_0.5 0.553 0.072 0.553 0.072 1 0.55 0.07
50 Se_Std_0.75 0.862 0.104 0.862 0.104 1 0.86 0.10
51 Se_Std_1 1.021 0.082 1.021 0.082 1 1.02 0.08
52 Se_Std_2 2.298 0.093 2.298 0.093 1 2.30 0.09
53 Se_Std_4 4.587 0.070 4.587 0.070 1 4.59 0.07
54 Se_Std_5 5.654 0.136 5.654 0.136 1 5.65 0.14
55 Se_Std_6 6.616 0.101 6.616 0.101 1 6.62 0.10
56 wash 0.126 0.162 0.126 0.162 1 0.13 0.16
57 wash 0.023 0.060 0.023 0.060 1 0.02 0.06
58 2013-10-30 digestion blank 0.054 0.125 0.024 0.057 8 < PQL < PQL
59 2013-10-30 digestion Std Wheat 1567a 1.300 0.170 1.103 0.145 8 8.82 1.16
60 2013-10-30 1000 µg/L Shoot 5.512 0.109 4.985 0.099 240 1196.31 23.70
61 2013-10-30 1000 µg/L Root 4.992 0.123 4.515 0.111 120 541.78 13.38
62 2013-10-30 2500 µg/L Shoot 6.841 0.094 6.187 0.085 480 2969.86 40.86
63 2013-10-30 2500 µg/L Root 5.258 0.212 4.755 0.192 120 570.65 23.01
64 2013-10-30 0 µg/L Shoot 0.205 0.069 0.093 0.032 8 < PQL < PQL
65 2013-10-30 0 µg/L Root 0.198 0.246 0.091 0.112 8 < PQL < PQL
66 2013-10-30 5 µg/L Shoot 0.509 0.156 0.233 0.071 8 1.86 0.57
67 2013-10-30 5 µg/L Root 2.633 0.118 2.209 0.099 8 17.67 0.79
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Table A.55.: A3 analytical data - HG-FIAS measurement II (continued from previous page)
c(Se) c(Se) SD dilution c(Se)

Sequence No. Sample ID diluted SD driftcorr. driftcorr. factor conc. SD
[µg/L] [µg/L] [µg/L] [µg/L] [-] [µg/L] [µg/L]

68 wash 0.070 0.147 0.070 0.147 1 0.07 0.15
69 Se_Std_0 0.048 0.088 0.048 0.088 1 0.05 0.09
70 Se_Std_0.5 0.589 0.142 0.589 0.142 1 0.59 0.14
71 Se_Std_0.75 0.831 0.114 0.831 0.114 1 0.83 0.11
72 Se_Std_1 1.116 0.026 1.116 0.026 1 1.12 0.03
73 Se_Std_2 2.163 0.105 2.163 0.105 1 2.16 0.10
74 Se_Std_4 4.246 0.359 4.246 0.359 1 4.25 0.36
75 Se_Std_5 5.339 0.274 5.339 0.274 1 5.34 0.27
76 Se_Std_6 6.359 0.167 6.359 0.167 1 6.36 0.17
77 wash 0.147 0.165 0.147 0.165 1 0.15 0.16
78 wash 0.054 0.154 0.054 0.154 1 0.05 0.15
79 2013-11-04 digestion blank 0.082 0.083 0.045 0.046 8 < PQL < PQL
80 2013-11-04 digestion Std Wheat 1567a 1.600 0.083 1.351 0.070 8 10.81 0.56
81 2013-11-04 10 µg/L Shoot 0.640 0.136 0.404 0.086 8 3.24 0.69
82 2013-11-04 10 µg/L Root 0.786 0.089 0.497 0.056 8 3.98 0.45
83 2013-11-04 25 µg/L Shoot 2.370 0.131 2.016 0.111 8 16.12 0.89
84 2013-11-04 25 µg/L Root 3.444 0.112 3.148 0.102 8 25.18 0.82
85 2013-11-04 50 µg/L Shoot 4.298 0.174 3.929 0.159 8 31.43 1.27
86 2013-11-04 50 µg/L Root 3.004 0.182 2.746 0.166 48 131.80 7.99
87 2013-11-04 100 µg/L Shoot 6.949 0.209 6.377 0.191 8 51.02 1.53
88 2013-11-04 100 µg/L Root 7.280 0.179 6.681 0.164 48 320.67 7.87
89 wash 0.112 0.145 0.112 0.145 1 0.11 0.14
90 Se_Std_0 0.089 0.108 0.089 0.108 1 0.09 0.11
91 Se_Std_0.5 0.483 0.075 0.483 0.075 1 0.48 0.08
92 Se_Std_0.75 0.761 0.125 0.761 0.125 1 0.76 0.13
93 Se_Std_1 1.028 0.106 1.028 0.106 1 1.03 0.11
94 Se_Std_2 2.253 0.153 2.253 0.153 1 2.25 0.15
95 Se_Std_4 4.338 0.114 4.338 0.114 1 4.34 0.11
96 Se_Std_5 5.519 0.137 5.519 0.137 1 5.52 0.14
97 Se_Std_6 6.794 0.147 6.794 0.147 1 6.79 0.15
98 wash 0.070 0.083 0.070 0.083 1 0.07 0.08
99 wash 0.129 0.127 0.129 0.127 1 0.13 0.13
100 2013-11-05 digestion blank 0.071 0.104 0.046 0.067 8 < PQL < PQL
101 2013-11-05 digestion Std Wheat 1567a 1.602 0.101 1.343 0.084 8 10.74 0.68
102 2013-11-05 250 µg/L Shoot 4.822 0.204 4.297 0.181 48 206.26 8.71
103 2013-11-05 250 µg/L Root 4.965 0.128 4.424 0.114 48 212.37 5.47
104 2013-11-05 500 µg/L Shoot 3.603 0.220 3.134 0.191 120 376.11 22.92
105 2013-11-05 500 µg/L Root 4.107 0.093 3.573 0.081 120 428.72 9.72
106 2013-11-05 1000 µg/L Shoot 5.100 0.136 4.544 0.121 120 545.33 14.54
107 2013-11-05 1000 µg/L Root 7.032 0.134 6.265 0.119 120 751.82 14.30
108 2013-11-05 2500 µg/L Shoot 4.564 0.145 4.067 0.130 240 976.07 31.11
109 2013-11-05 2500 µg/L Root 6.035 0.195 5.377 0.174 240 1290.56 41.65
110 wash 0.034 0.053 0.034 0.053 1 0.03 0.05
111 6M HCl Blank 0.126 0.078 0.074 0.046 4 0.30 0.18
112 Trace Metal 252 µg/L 2.582 0.054 2.195 0.046 120 263.37 5.51
113 wash 0.028 0.115 0.028 0.115 1 0.03 0.12
114 Se_Std_0 0.084 0.087 0.084 0.087 1 0.08 0.09
115 Se_Std_0.5 0.523 0.080 0.523 0.080 1 0.52 0.08
116 Se_Std_0.75 0.857 0.107 0.857 0.107 1 0.86 0.11
117 Se_Std_1 1.158 0.156 1.158 0.156 1 1.16 0.16
118 Se_Std_2 2.209 0.124 2.209 0.124 1 2.21 0.12
119 Se_Std_4 4.597 0.231 4.597 0.231 1 4.60 0.23
120 Se_Std_5 5.607 0.208 5.607 0.208 1 5.61 0.21
120 Se_Std_6 6.683 0.089 6.683 0.089 1 6.68 0.09
121 wash 0.062 0.085 0.062 0.085 1 0.06 0.08
122 wash 0.145 0.087 0.145 0.087 1 0.15 0.09
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Table A.56.: A3 analytical data - HG-FIAS measurement III
Technique AA FIAS-MHS
Spectrometer Model Aanalyst 200 S/N 200S6110908
Autosampler Model AS-90plus

Batch ID Plant Digestions
Results Data Set Nothstein_2014_03_20
Date Measured 20.03.2014
Method Name Se Nothstein calib 6c

correl. coeff. PQL (= lowest calib-10 %) 0.450
0.999627 LOQ (= 7·wash) -0.111
calib. slope LOD (= 3·wash) -0.047
0.01259 analytical quality [%] 109.825

Mean entered calc.
Calibration Sample ID signal SD c(Se) c(Se) SD

[-] [-] [µg/L] [µg/L] [µg/L]

1 Blank 0.0000 0.0003 0.0 0.00 0.00
2 0.5 ppb 0.0057 0.0014 0.5 0.45 0.11
3 0.75 ppb 0.0083 0.0014 0.8 0.66 0.11
4 1.0 ppb 0.0118 0.0016 1.0 0.94 0.13
5 2.0 ppb 0.0250 0.0017 2.0 1.99 0.14
6 4.0 ppb 0.0511 0.0025 4.0 4.06 0.20
7 5.0 ppb 0.0635 0.0012 5.0 5.05 0.10
8 6.0 ppb 0.0749 0.0029 6.0 5.95 0.23

c(Se) c(Se) SD dilution c(Se)
Sequence No. Sample ID diluted SD driftcorr. driftcorr. factor conc. SD

[µg/L] [µg/L] [µg/L] [µg/L] [-] [µg/L] [µg/L]

1 Wash Milli-Q 0.019 0.097 0.019 0.097 1 0.02 0.10
2 wash -0.004 0.108 -0.004 0.108 1 0.00 0.11
3 6M HCl Blank 0.017 0.109 0.019 0.118 4 0.07 0.47
4 Trace Metal 252 µg/L 2.359 0.109 2.309 0.107 120 277.04 12.78
5 wash -0.040 0.060 -0.040 0.060 1 -0.04 0.06
6 Se_Std_0 0.002 0.097 0.002 0.097 1 0.00 0.10
7 Se_Std_0.5 0.417 0.101 0.417 0.101 1 0.42 0.10
8 Se_Std_0.75 0.701 0.095 0.701 0.095 1 0.70 0.10
9 Se_Std_1 0.920 0.088 0.920 0.088 1 0.92 0.09
10 Se_Std_2 2.029 0.145 2.029 0.145 1 2.03 0.15
11 Se_Std_4 4.172 0.192 4.172 0.192 1 4.17 0.19
12 Se_Std_5 5.045 0.141 5.045 0.141 1 5.05 0.14
13 Se_Std_6 6.061 0.203 6.061 0.203 1 6.06 0.20
14 wash -0.032 0.103 -0.032 0.103 1 -0.03 0.10
15 wash 0.024 0.128 0.024 0.128 1 0.02 0.13
16 2014-02-12 digestion blank -0.061 0.074 -0.069 0.084 8 < PQL < PQL
17 2014-02-12 digestion Std Wheat 1567a 1.378 0.048 1.536 0.054 8 12.29 0.43
18 2014-02-12 0 µg/L Shoot 0.090 0.061 0.103 0.070 8 < PQL < PQL
19 2014-02-12 0 µg/L Root -0.025 0.038 -0.029 0.044 8 < PQL < PQL
20 2014-02-12 5 µg/L Shoot 0.350 0.027 0.400 0.031 8 3.20 0.25
21 2014-02-12 5 µg/L Root 0.512 0.109 0.585 0.125 8 4.68 1.00
22 2014-02-12 10 µg/L Shoot 1.001 0.076 1.116 0.084 8 8.93 0.67
23 2014-02-12 10 µg/L Root 1.235 0.070 1.376 0.078 8 11.01 0.63
24 2014-02-12 25 µg/L Shoot 1.261 0.076 1.270 0.076 8 10.16 0.61
25 2014-02-12 25 µg/L Root 1.458 0.151 1.625 0.169 8 13.00 1.35
26 wash -0.053 0.148 -0.053 0.148 1 -0.05 0.15
27 Se_Std_0 -0.003 0.064 -0.003 0.064 1 0.00 0.06
28 Se_Std_0.5 0.359 0.085 0.359 0.085 1 0.36 0.09
29 Se_Std_0.75 0.586 0.116 0.586 0.116 1 0.59 0.12
30 Se_Std_1 0.744 0.062 0.744 0.062 1 0.74 0.06
31 Se_Std_2 1.917 0.188 1.917 0.188 1 1.92 0.19
32 Se_Std_4 3.662 0.050 3.662 0.050 1 3.66 0.05
33 Se_Std_5 4.796 0.179 4.796 0.179 1 4.80 0.18
34 Se_Std_6 5.824 0.125 5.824 0.125 1 5.82 0.12
35 wash -0.057 0.042 -0.057 0.042 1 -0.06 0.04
36 wash -0.037 0.059 -0.037 0.059 1 -0.04 0.06
37 2014-02-13 digestion blank VF 8 0.018 0.064 0.022 0.077 8 < PQL < PQL
38 2014-02-13 digestion Std Wheat 1567a 1.171 0.104 1.331 0.118 8 10.64 0.94
39 2014-02-13 50 µg/L Shoot 5.575 0.181 5.516 0.179 8 44.13 1.43
40 2014-02-13 50 µg/L Root 9.190 0.120 9.093 0.119 8 72.75 0.95
41 2014-02-13 100 µg/L Shoot 2.625 0.096 2.579 0.095 8 20.63 0.76
42 2014-02-13 100 µg/L Root 3.440 0.086 3.574 0.089 8 28.59 0.71
43 2014-02-13 250 µg/L Shoot 4.512 0.174 4.688 0.181 24 112.51 4.34
44 2014-02-13 250 µg/L Root 8.286 0.137 8.199 0.136 24 196.77 3.26
45 2014-02-13 500 µg/L Shoot 7.349 0.124 7.272 0.123 24 174.53 2.95
46 2014-02-13 500 µg/L Root 8.302 0.278 7.833 0.262 24 188.00 6.30
47 wash 0.052 0.092 0.052 0.092 1 0.05 0.09
48 Se_Std_0 0.063 0.128 0.063 0.128 1 0.06 0.13
49 Se_Std_0.5 0.354 0.135 0.354 0.135 1 0.35 0.14
50 Se_Std_0.75 0.797 0.024 0.797 0.024 1 0.80 0.02
51 Se_Std_1 0.881 0.083 0.881 0.083 1 0.88 0.08
52 Se_Std_2 2.127 0.098 2.127 0.098 1 2.13 0.10
53 Se_Std_4 4.134 0.039 4.134 0.039 1 4.13 0.04
54 Se_Std_5 5.128 0.157 5.128 0.157 1 5.13 0.16
55 Se_Std_6 6.203 0.168 6.203 0.168 1 6.20 0.17
56 wash 0.008 0.063 0.008 0.063 1 0.01 0.06
57 wash 0.023 0.089 0.023 0.089 1 0.02 0.09
58 2014-02-14 digestion blank 0.133 0.133 0.159 0.159 8 < PQL < PQL
59 2014-02-14 digestion Std Wheat 1567a 0.988 0.098 0.996 0.099 8 7.97 0.79
60 2014-02-14 1000 µg/L Shoot 2.153 0.105 1.958 0.096 120 234.90 11.46
61 2014-02-14 1000 µg/L Root 3.039 0.106 2.763 0.096 120 331.57 11.53
62 2014-02-14 2500 µg/L Shoot 5.442 0.126 5.359 0.124 120 643.07 14.84
63 2014-02-14 2500 µg/L Root 6.647 0.166 6.329 0.158 120 759.52 18.98
64 2014-02-14 0 µg/L Shoot 0.091 0.078 0.109 0.093 8 < PQL < PQL
65 2014-02-14 0 µg/L Root 0.015 0.044 0.018 0.053 8 < PQL < PQL
66 2014-02-14 5 µg/L Shoot 1.124 0.122 1.133 0.123 8 9.06 0.98
67 2014-02-14 5 µg/L Root 0.848 0.090 0.726 0.077 8 5.81 0.62
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Table A.57.: A3 analytical data - HG-FIAS measurement III (continued from previous page)
c(Se) c(Se) SD dilution c(Se)

Sequence No. Sample ID diluted SD driftcorr. driftcorr. factor conc. SD
[µg/L] [µg/L] [µg/L] [µg/L] [-] [µg/L] [µg/L]

68 wash -0.043 0.087 -0.043 0.087 1 -0.04 0.09
69 Se_Std_0 0.006 0.046 0.006 0.046 1 0.01 0.05
70 Se_Std_0.5 0.375 0.115 0.375 0.115 1 0.38 0.12
71 Se_Std_0.75 0.708 0.080 0.708 0.080 1 0.71 0.08
72 Se_Std_1 0.984 0.085 0.984 0.085 1 0.98 0.09
73 Se_Std_2 2.208 0.049 2.208 0.049 1 2.21 0.05
74 Se_Std_4 4.342 0.063 4.342 0.063 1 4.34 0.06
75 Se_Std_5 5.117 0.167 5.117 0.167 1 5.12 0.17
76 Se_Std_6 6.267 0.036 6.267 0.036 1 6.27 0.04
77 wash -0.050 0.061 -0.050 0.061 1 -0.05 0.06
78 wash -0.072 0.053 -0.072 0.053 1 -0.07 0.05
79 2014-02-17 digestion blank 0.075 0.164 0.085 0.186 8 < PQL < PQL
80 2014-02-17 digestion Std Wheat 1567a 1.202 0.082 1.149 0.078 8 9.19 0.63
81 2014-02-17 10 µg/L Shoot 0.779 0.133 0.706 0.120 8 5.65 0.96
82 2014-02-17 10 µg/L Root 0.186 0.060 0.210 0.068 8 < PQL < PQL
83 2014-02-17 25 µg/L Shoot 1.820 0.088 1.664 0.080 8 13.31 0.64
84 2014-02-17 25 µg/L Root 0.222 0.051 0.251 0.058 8 < PQL < PQL
85 2014-02-17 50 µg/L Shoot 3.099 0.309 2.931 0.293 8 23.45 2.34
86 2014-02-17 50 µg/L Root 0.530 0.049 0.601 0.055 8 4.81 0.44
87 2014-02-17 100 µg/L Shoot 2.106 0.263 1.925 0.240 10 19.25 2.40
88 2014-02-17 100 µg/L Root 0.417 0.059 0.472 0.067 8 3.78 0.54
89 wash 0.013 0.105 0.013 0.105 1 0.01 0.11
90 Se_Std_0 0.033 0.076 0.033 0.076 1 0.03 0.08
91 Se_Std_0.5 0.410 0.084 0.410 0.084 1 0.41 0.08
92 Se_Std_0.75 0.732 0.029 0.732 0.029 1 0.73 0.03
93 Se_Std_1 0.978 0.113 0.978 0.113 1 0.98 0.11
94 Se_Std_2 2.107 0.116 2.107 0.116 1 2.11 0.12
95 Se_Std_4 4.211 0.083 4.211 0.083 1 4.21 0.08
96 Se_Std_5 5.155 0.102 5.155 0.102 1 5.16 0.10
97 Se_Std_6 6.236 0.129 6.236 0.129 1 6.24 0.13
98 wash -0.018 0.047 -0.018 0.047 1 -0.02 0.05
99 wash 0.012 0.122 0.012 0.122 1 0.01 0.12
100 2014-02-18 digestion blank 0.005 0.038 0.005 0.043 8 < PQL < PQL
101 2014-02-18 digestion Std Wheat 1567a 1.342 0.106 1.227 0.097 8 9.82 0.77
102 2014-02-18 250 µg/L Shoot 7.494 0.319 8.650 0.368 24 207.61 8.83
103 2014-02-18 250 µg/L Root 1.289 0.063 1.254 0.062 48 60.20 2.96
104 2014-02-18 500 µg/L Shoot 10.709 0.161 9.737 0.147 24 233.68 3.52
105 2014-02-18 500 µg/L Root 2.372 0.290 2.309 0.282 24 55.41 6.78
106 2014-02-18 1000 µg/L Shoot 6.229 0.221 7.191 0.255 120 862.86 30.62
107 2014-02-18 1000 µg/L Root 1.559 0.136 1.497 0.131 120 179.65 15.71
108 2014-02-18 2500 µg/L Shoot 1.788 0.032 2.168 0.039 120 260.19 4.63
109 2014-02-18 2500 µg/L Root 7.343 0.368 6.404 0.321 120 768.53 38.47
110 wash -0.029 0.056 -0.029 0.056 1 -0.03 0.06
111 6M HCl Blank -0.057 0.032 -0.064 0.036 4 -0.26 0.14
112 Trace Metal 252 µg/L 2.590 0.118 2.304 0.105 120 276.47 12.63
113 wash -0.050 0.073 -0.050 0.073 1 -0.05 0.07
114 Se_Std_0 -0.065 0.050 -0.065 0.050 1 -0.06 0.05
115 Se_Std_0.5 0.391 0.097 0.391 0.097 1 0.39 0.10
116 Se_Std_0.75 0.727 0.097 0.727 0.097 1 0.73 0.10
117 Se_Std_1 1.072 0.073 1.072 0.073 1 1.07 0.07
118 Se_Std_2 2.207 0.122 2.207 0.122 1 2.21 0.12
119 Se_Std_4 4.638 0.229 4.638 0.229 1 4.64 0.23
120 Se_Std_5 3.379 0.918 3.379 0.918 1 3.38 0.92
120 Se_Std_6 6.140 0.136 6.140 0.136 1 6.14 0.14
123 wash -0.007 0.062 -0.007 0.062 1 -0.01 0.06
123 wash 0.011 0.137 0.011 0.137 1 0.01 0.14
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Table A.58.: A3 analytical data - IC measurement I
Technique Ion Chromatography

System ICS-1000
Quantification: AnionenAS14

Injection volume 25 µL
Run time [min] 14
Date Measured 04.04.2013

Ret. Peak Cal. Coeff.
Calibration ID Time Name Type Points Offset Slope Curve Det.

[min] (C0) (C1) (C2) [%]

Calib_1 4.23 Cl- XQOff 5 -0.004 0.158 0.001 99.9988
Calib_2 6.94 NO3

- XQOff 5 -0.008 0.084 0.000 99.9985
Calib_3 8.64 PO4

3- XQOff 5 0.016 0.044 0.000 99.9984
Calib_4 10.13 SO4

2- XQOff 5 -0.002 0.112 0.000 99.9990

mean: -0.0053 0.0992 0.0005 99.9987

Seq. No. Sample ID Retention time Ion concentration
Cl- NO3

- PO4
3- SO4

2- Cl- NO3
- PO4

3- SO4
2-

[min] [min] [min] [min] [mg/L] [mg/L] [mg/L] [mg/L]

1 Standard_1 4.26 7.24 8.89 10.47 1.01 2.01 3.01 1.99
2 Standard_2 4.26 7.19 8.87 10.44 4.94 9.89 14.88 10.04
3 Standard_3 4.26 7.16 8.86 10.41 10.05 20.13 30.24 20.08
4 Standard_4 4.26 7.12 8.83 10.38 20.01 39.97 59.86 39.85
5 Standard_5 4.28 7.07 8.79 10.34 39.99 80.00 120.03 80.05
6 wash-1 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.
7 Std.3-1 4.23 7.03 8.62 10.14 10.83 21.49 32.34 21.21
8 wash-2 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.
9 nut_sol_0000ppbSe_2013_01_10 4.23 6.94 8.64 10.13 5.04 323.50 38.22 73.70
10 nut_sol_0005ppbSe_2013_01_10 4.23 6.94 8.64 10.13 4.75 324.34 37.27 73.58
11 nut_sol_0010ppbSe_2013_01_10 4.23 6.94 8.64 10.13 4.74 328.65 39.08 72.97
12 nut_sol_0025ppbSe_2013_01_10 4.23 6.94 8.64 10.13 5.71 332.37 38.57 71.24
13 nut_sol_0050ppbSe_2013_01_10 4.23 6.94 8.64 10.12 4.53 333.83 37.86 71.37
14 nut_sol_0100ppbSe_2013_01_10 4.23 6.95 8.63 10.12 5.71 328.87 37.92 70.22
15 nut_sol_0250ppbSe_2013_01_10 4.23 6.95 8.64 10.12 5.82 323.69 39.01 70.34
16 nut_sol_0500ppbSe_2013_01_10 4.23 6.95 8.64 10.12 6.20 324.91 37.94 70.17
17 nut_sol_1000ppbSe_2013_01_10 4.23 6.95 8.64 10.12 6.24 320.10 38.74 69.54
18 nut_sol_2500ppbSe_2013_01_10 4.23 6.95 8.63 10.13 6.66 320.10 39.19 70.16
19 nut_sol_blind_0000ppbSe 4.23 6.95 8.64 10.13 3.75 312.45 37.20 70.65
20 wash-3 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.
21 Std.3-2 4.23 7.03 8.61 10.12 10.65 21.19 32.07 21.20
22 wash-4 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.
23 nut_sol_0000ppbSe_2013_01_29 4.23 7.01 8.66 10.15 4.01 140.95 20.93 65.01
24 nut_sol_0005ppbSe_2013_01_29 4.23 6.99 8.65 10.14 3.65 192.15 22.35 64.36
25 nut_sol_0010ppbSe_2013_01_29 4.23 6.98 8.65 10.13 3.38 177.13 21.02 63.22
26 nut_sol_0025ppbSe_2013_01_29 4.23 6.97 8.64 10.13 10.36 205.27 24.70 62.79
27 nut_sol_0050ppbSe_2013_01_29 4.23 6.99 8.65 10.14 3.11 165.28 22.88 62.36
28 nut_sol_0100ppbSe_2013_01_29 4.23 6.97 8.65 10.13 4.15 200.52 21.52 62.02
29 nut_sol_0250ppbSe_2013_01_29 4.22 6.98 8.65 10.14 3.30 146.88 25.85 61.62
30 nut_sol_0500ppbSe_2013_01_29 4.22 6.96 8.66 10.16 5.04 211.17 25.60 62.03
31 nut_sol_1000ppbSe_2013_01_29 4.22 6.95 8.63 10.14 4.91 223.20 25.82 61.62
32 nut_sol_2500ppbSe_2013_01_29 4.22 6.97 8.63 10.14 3.26 159.08 25.67 61.33
33 wash-5 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.
34 Std.3-3 4.22 7.01 8.61 10.12 10.55 21.09 31.94 21.08
35 wash-6 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.
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Table A.59.: A3 analytical data - IC measurement II
Technique Ion Chromatography

System ICS-1000
Quantification: AnionenAS14

Injection volume 25 µL
Run time [min] 14
Date Measured 17.01.2013

Ret. Peak Cal. Coeff.
Calibration ID Time Name Type Points Offset Slope Curve Det.

[min] (C0) (C1) (C2) [%]

Calib_1 4.08 Cl- XQOff 5 -0.008 0.163 0.001 99.9804
Calib_2 6.78 NO3

- XQOff 5 -0.019 0.090 0.000 99.9881
Calib_3 8.41 PO4

3- XQOff 5 0.016 0.047 0.000 99.9974
Calib_4 10.00 SO4

2- XQOff 5 -0.011 0.116 0.000 99.9931

mean: -0.0053 0.1040 0.0004 99.9898

Seq. No. Sample ID Retention time Ion concentration
Cl- NO3

- PO4
3- SO4

2- Cl- NO3
- PO4

3- SO4
2-

[min] [min] [min] [min] [mg/L] [mg/L] [mg/L] [mg/L]

1 Standard_1 4.14 7.08 8.74 10.45 1.02 2.04 3.01 2.03
2 Standard_2 4.14 7.04 8.72 10.44 4.90 9.83 14.98 9.88
3 Standard_3 4.14 7.02 8.70 10.42 9.83 19.76 29.74 19.80
4 Standard_4 4.15 6.98 8.68 10.40 20.34 40.53 60.36 40.41
5 Standard_5 4.16 6.91 8.65 10.36 39.90 79.84 119.90 79.88
6 wash-1 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.
7 Std.3-1 4.08 6.87 8.40 9.99 9.66 18.94 28.55 19.27
8 wash-2 n.a. n.a. n.a. 10.01 n.a. n.a. n.a. n.a.
9 nut_sol_0000ppbSe_2012_11_22 4.08 6.78 8.41 10.00 10.83 301.53 37.59 67.25
10 nut_sol_0005ppbSe_2012_11_22 4.10 6.79 8.41 10.00 95.55 298.56 35.17 68.22
11 nut_sol_0010ppbSe_2012_11_22 4.09 6.79 8.41 10.00 3.44 302.58 37.31 67.71
12 nut_sol_0025ppbSe_2012_11_22 4.08 6.80 8.42 10.00 3.66 224.19 28.63 66.93
13 nut_sol_0050ppbSe_2012_11_22 4.08 6.78 8.41 10.00 4.05 288.06 36.18 67.47
14 nut_sol_0100ppbSe_2012_11_22 4.08 6.78 8.41 10.00 4.24 302.72 35.12 66.06
15 nut_sol_0250ppbSe_2012_11_22 4.08 6.78 8.41 10.00 5.22 306.83 36.78 67.78
16 nut_sol_0500ppbSe_2012_11_22 4.12 6.78 8.42 10.01 205.89 304.93 37.65 66.95
17 nut_sol_1000ppbSe_2012_11_22 4.08 6.77 8.41 10.00 4.62 306.10 36.12 66.00
18 nut_sol_2500ppbSe_2012_11_22 4.12 6.79 8.42 10.01 206.97 282.18 27.04 63.25
19 nut_sol_blind_2012_11_22 4.08 n.a. n.a. n.a. 3.58 300.62 37.90 65.83
20 wash-3 4.08 6.87 8.39 10.00 n.a. n.a. n.a. n.a.
21 Std.3-2 4.08 n.a. n.a. n.a. 3.02 4.08 5.96 6.87
22 wash-4 4.08 6.80 8.43 10.01 n.a. n.a. n.a. n.a.
23 nut_sol_0000ppbSe_2012_12_11 4.08 6.84 8.42 10.01 3.60 187.56 17.97 60.06
24 nut_sol_0005ppbSe_2012_12_11 4.08 6.91 8.42 10.00 2.24 102.65 17.80 58.76
25 nut_sol_0010ppbSe_2012_12_11 4.08 6.88 8.44 10.00 1.90 18.55 17.96 58.81
26 nut_sol_0025ppbSe_2012_12_11 4.09 6.89 8.42 10.01 3.02 50.39 7.42 57.72
27 nut_sol_0050ppbSe_2012_12_11 4.08 6.81 8.43 10.01 2.99 49.15 13.58 59.64
28 nut_sol_0100ppbSe_2012_12_11 4.08 6.87 8.44 10.01 3.20 187.01 16.14 59.57
29 nut_sol_0250ppbSe_2012_12_11 4.08 6.83 8.42 10.01 3.52 60.53 7.37 60.03
30 nut_sol_0500ppbSe_2012_12_11 4.08 6.81 8.42 10.01 2.87 137.71 18.39 57.61
31 nut_sol_1000ppbSe_2012_12_11 4.08 6.81 8.41 10.00 3.92 193.14 20.60 58.92
32 nut_sol_2500ppbSe_2012_12_11 n.a. n.a. n.a. n.a. 4.42 178.16 14.29 57.47
33 wash-5 4.08 6.86 8.39 9.99 n.a. n.a. n.a. n.a.
34 Std.3-3 n.a. n.a. n.a. n.a. 3.02 4.08 5.95 6.86
35 wash-6 4.08 6.77 8.41 10.01 n.a. n.a. n.a. n.a.
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Table A.60.: A3 analytical data - IC measurement III
Technique Ion Chromatography

System ICS-1000
Quantification: AnionenAS14

Injection volume 25 µL
Run time [min] 14
Date Measured 05.12.2013

Ret. Peak Cal. Coeff.
Calibration ID Time Name Type Points Offset Slope Curve Det.

[min] (C0) (C1) (C2) [%]

Calib_1 4.16 Cl- XQOff 5 -0.005 0.146 0.001 99.9999
Calib_2 6.77 NO3

- XQOff 5 -0.019 0.078 0.000 99.9962
Calib_3 8.44 PO4

3- XQOff 5 -0.008 0.040 0.000 100.0000
Calib_4 10.03 SO4

2- XQOff 5 -0.008 0.103 0.000 99.9999

mean: -0.0101 0.0921 0.0004 99.9990

Seq. No. Sample ID Retention time Ion concentration
Cl- NO3

- PO4
3- SO4

2- Cl- NO3
- PO4

3- SO4
2-

[min] [min] [min] [min] [mg/L] [mg/L] [mg/L] [mg/L]

1 Standard_1 4.21 7.01 8.62 10.27 2.00 4.01 5.99 3.99
2 Standard_2 4.21 6.99 8.62 10.27 4.99 10.03 15.03 10.02
3 Standard_3 4.22 6.96 8.61 10.25 9.99 19.78 29.98 20.00
4 Standard_4 4.22 6.93 8.59 10.23 20.02 40.23 59.99 39.98
5 Standard_5 4.24 6.88 8.55 10.19 39.99 79.94 120.00 80.01
6 wash-1 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.
7 Std.3-1 4.17 6.85 8.43 10.04 10.32 20.26 30.67 20.31
8 wash-2 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.
9 nut_sol_blind_0000ppbSe_nit 4.16 6.76 8.45 10.04 3.85 311.97 36.47 68.78
10 nut_sol_0000ppbSe_2013_10_02 4.16 6.77 8.44 10.03 9.57 290.07 35.08 75.98
11 nut_sol_0005ppbSe_2013_10_02 4.16 6.77 8.44 10.04 3.91 322.99 37.91 77.05
12 nut_sol_0010ppbSe_2013_10_02 4.16 6.77 8.43 10.03 3.78 316.52 37.05 76.84
13 nut_sol_0025ppbSe_2013_10_02 4.16 6.77 8.44 10.04 5.37 322.40 37.16 72.72
14 nut_sol_0050ppbSe_2013_10_02 4.16 6.77 8.43 10.03 3.77 317.45 37.18 76.11
15 nut_sol_0100ppbSe_2013_10_02 4.16 6.77 8.43 10.03 3.69 296.70 36.56 76.06
16 nut_sol_0250ppbSe_2013_10_02 4.16 6.76 8.44 10.03 4.98 345.27 40.27 75.74
17 nut_sol_0500ppbSe_2013_10_02 4.16 6.76 8.44 10.03 6.08 345.97 41.88 76.91
18 nut_sol_1000ppbSe_2013_10_02 4.16 6.76 8.43 10.03 6.11 346.54 42.07 76.25
19 nut_sol_2500ppbSe_2013_10_02 4.16 6.76 8.43 10.03 5.78 343.84 43.38 75.91
20 wash-3 4.11 n.a. n.a. n.a. 0.48 n.a. n.a. n.a.
21 Std.3-2 4.17 6.84 8.42 10.03 41.88 82.20 124.40 81.72
22 wash-4 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.
23 nut_sol_0000ppbSe_2013_10_21 4.16 6.78 8.44 10.03 4.35 251.35 24.77 69.95
24 nut_sol_0005ppbSe_2013_10_21 4.16 6.78 8.44 10.04 4.57 242.52 23.88 68.74
25 nut_sol_0010ppbSe_2013_10_21 4.16 6.78 8.43 10.02 4.98 257.48 27.75 69.26
26 nut_sol_0025ppbSe_2013_10_21 4.16 6.78 8.42 10.02 4.73 255.26 22.05 68.17
27 nut_sol_0050ppbSe_2013_10_21 4.16 6.79 8.44 10.04 4.55 240.58 22.86 68.45
28 nut_sol_0100ppbSe_2013_10_21 4.16 6.78 8.43 10.03 4.37 244.80 22.77 67.99
29 nut_sol_0250ppbSe_2013_10_21 4.16 6.79 8.42 10.03 4.43 235.76 21.96 67.34
30 nut_sol_0500ppbSe_2012_10_21 4.18 6.78 8.43 10.04 7.00 260.27 24.25 68.10
31 nut_sol_1000ppbSe_2012_10_21 4.16 6.78 8.43 10.03 5.34 280.11 25.50 69.70
32 nut_sol_2500ppbSe_2012_10_21 4.19 6.77 8.42 10.03 12.86 286.15 28.05 69.56
33 wash-5 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.
34 Std.3-3 4.17 6.85 8.41 10.02 41.70 81.78 124.39 81.81
35 wash-6 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.
36 nut_sol_0000ppbSenat_2013_09_12 wdh 4.160167 6.770167 8.4235 10.0235 3.850973 315.3354 35.37117 73.44737
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Table A.61.: A3 analytical data - IC measurement IV
Technique Ion Chromatography

System ICS-1000
Quantification: AnionenAS14

Injection volume 25 µL
Run time [min] 14
Date Measured 12.04.2013

Ret. Peak Cal. Coeff.
Calibration ID Time Name Type Points Offset Slope Curve Det.

[min] (C0) (C1) (C2) [%]

Calib_1 4.08 Cl- XQOff 5 -0.008 0.163 0.001 99.9804
Calib_2 6.78 NO3

- XQOff 5 -0.019 0.090 0.000 99.9881
Calib_3 8.41 PO4

3- XQOff 5 0.016 0.047 0.000 99.9974
Calib_4 10.00 SO4

2- XQOff 5 -0.011 0.116 0.000 99.9931

mean: -0.0053 0.1040 0.0004 99.9898

Seq. No. Sample ID Retention time Ion concentration
Cl- NO3

- PO4
3- SO4

2- Cl- NO3
- PO4

3- SO4
2-

[min] [min] [min] [min] [mg/L] [mg/L] [mg/L] [mg/L]

1 Standard_1 4.21 7.01 8.62 10.27 2.00 4.01 5.99 3.99
2 Standard_2 4.21 6.99 8.62 10.27 4.99 10.03 15.03 10.02
3 Standard_3 4.22 6.96 8.61 10.25 9.99 19.78 29.98 20.00
4 Standard_4 4.22 6.93 8.59 10.23 20.02 40.23 59.99 39.98
5 Standard_5 4.24 6.88 8.55 10.19 39.99 79.94 120.00 80.01
6 wash-1 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.
7 Std.3-1 4.18 6.87 8.45 10.06 9.93 19.51 29.44 19.77
8 wash-2 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.
9 nut_sol_blind_0000ppbSe_nat 4.16 6.91 8.43 10.06 3.97 318.51 36.95 69.81
10 nut_sol_0000ppbSe_2013_09_12 4.17 6.80 8.48 10.07 3.95 286.70 34.63 71.12
11 nut_sol_0005ppbSe_2013_09_12 4.17 6.82 8.47 10.06 2.95 211.84 26.21 70.59
12 nut_sol_0010ppbSe_2013_09_12 4.17 6.80 8.47 10.06 3.80 313.97 37.63 71.78
13 nut_sol_0025ppbSe_2013_09_12 4.17 6.82 8.47 10.06 3.48 249.92 31.39 71.54
14 nut_sol_0050ppbSe_2013_09_12 4.17 6.81 8.47 10.06 3.87 260.61 30.09 71.89
15 nut_sol_0100ppbSe_2013_09_12 4.17 6.80 8.47 10.06 4.16 318.67 36.21 71.94
16 nut_sol_0250ppbSe_2013_09_12 4.17 6.80 8.46 10.05 3.97 323.69 36.65 71.90
17 nut_sol_0500ppbSe_2013_09_12 4.17 6.80 8.47 10.06 4.28 327.59 36.99 72.56
18 nut_sol_1000ppbSe_2013_09_12 4.17 6.80 8.47 10.06 4.59 323.14 37.74 71.98
19 nut_sol_2500ppbSe_2013_09_12 4.17 6.81 8.47 10.06 3.75 306.11 36.53 70.64
20 wash-3 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.
21 Std.3-2 4.18 6.87 8.45 10.05 10.20 20.13 30.65 20.44
22 wash-4 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.
23 nut_sol_0000ppbSe_2013_10_01 4.18 n.a. 8.47 10.05 3.02 n.a. 18.59 63.05
24 nut_sol_0005ppbSe_2013_10_01 4.17 6.84 8.47 10.06 12.92 178.22 23.30 65.38
25 nut_sol_0010ppbSe_2013_10_01 4.18 6.91 8.46 10.06 3.79 42.28 23.66 65.60
26 nut_sol_0025ppbSe_2013_10_01 4.18 6.88 8.47 10.06 3.18 108.25 17.45 61.74
27 nut_sol_0050ppbSe_2013_10_01 4.18 6.92 8.49 10.06 3.09 32.63 14.44 63.28
28 nut_sol_0100ppbSe_2013_10_01 4.17 6.83 8.46 10.05 4.61 218.48 24.09 65.46
29 nut_sol_0250ppbSe_2013_10_01 4.17 6.88 8.45 10.05 9.69 107.81 16.77 64.14
30 nut_sol_0500ppbSe_2012_10_01 4.17 6.89 8.47 10.05 2.81 87.18 19.06 61.95
31 nut_sol_1000ppbSe_2012_10_01 4.17 n.a. 8.46 10.05 2.36 n.a. 21.14 62.04
32 nut_sol_2500ppbSe_2012_10_01 4.17 6.86 8.46 10.05 3.79 138.40 18.91 60.93
33 wash-5 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.
34 Std.3-3 4.18 6.89 8.44 10.05 10.38 20.61 31.26 20.56
35 wash-6 4.18 n.a. n.a. n.a. n.a. n.a. n.a. n.a.
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Table A.62.: A3 analytical data - IC measurement V
Technique Ion Chromatography

System ICS-1000
Quantification: AnionenAS14

Injection volume 25 µL
Run time [min] 14
Date Measured 23.04.2014

Ret. Peak Cal. Coeff.
Calibration ID Time Name Type Points Offset Slope Curve Det.

[min] (C0) (C1) (C2) [%]

Calib_1 4.13 Cl- XQOff 5 -0.004 0.153 0.001 99.9973
Calib_2 6.69 NO3

- XQOff 5 -0.013 0.080 0.000 99.9992
Calib_3 8.27 PO4

3- XQOff 5 0.001 0.042 0.000 99.9999
Calib_4 9.76 SO4

2- XQOff 5 -0.020 0.107 0.000 99.9997

mean: -0.0094 0.0954 0.0004 99.9990

Seq. No. Sample ID Retention time Ion concentration
Cl- NO3

- PO4
3- SO4

2- Cl- NO3
- PO4

3- SO4
2-

[min] [min] [min] [min] [mg/L] [mg/L] [mg/L] [mg/L]

1 Standard_1 4.09 6.70 8.10 9.46 2.02 3.99 6.00 4.00
2 Standard_2 4.09 6.68 8.09 9.46 4.92 9.99 15.00 9.98
3 Standard_3 4.09 6.66 8.07 9.44 10.01 20.10 30.05 20.07
4 Standard_4 4.10 6.62 8.06 9.43 20.06 39.89 59.95 39.94
5 Standard_5 4.11 6.57 8.03 9.40 39.98 80.03 120.01 80.01
6 wash-1 4.10 n.a. 8.27 n.a. n.a. n.a. n.a. n.a.
7 Std.3-1 4.11 6.68 8.18 9.63 9.85 19.95 30.02 20.09
8 wash-2 4.11 6.76 8.20 9.65 n.a. n.a. n.a. n.a.
9 nut_sol_blind_0000ppbSe_nat 4.10 6.66 8.19 9.63 5.86 143.80 13.17 35.97
10 nut_sol_0000ppbSe_2014_01_16 4.10 6.63 8.19 9.62 3.58 272.01 27.66 67.75
11 nut_sol_0005ppbSe_2014_01_16 4.11 6.63 8.19 9.62 6.62 284.98 29.74 69.26
12 nut_sol_0010ppbSe_2014_01_16 4.10 6.63 8.19 9.62 3.64 303.06 29.87 69.60
13 nut_sol_0025ppbSe_2014_01_16 4.10 6.63 8.19 9.62 3.37 285.47 30.05 67.66
14 nut_sol_0050ppbSe_2014_01_16 4.11 6.63 8.19 9.62 4.05 302.73 29.59 67.99
15 nut_sol_0100ppbSe_2014_01_16 4.11 6.64 8.19 9.62 5.10 268.67 26.03 67.98
16 nut_sol_0250ppbSe_2014_01_16 4.11 6.63 8.19 9.62 4.23 310.85 31.31 66.90
17 nut_sol_0500ppbSe_2014_01_16 4.11 6.63 8.19 9.62 5.41 314.30 30.65 66.49
18 nut_sol_1000ppbSe_2014_01_16 4.11 6.63 8.19 9.62 5.16 318.73 32.36 66.93
19 nut_sol_2500ppbSe_2014_01_16 4.10 6.65 8.19 9.62 3.68 254.71 25.14 64.30
20 wash-3 4.13 n.a. n.a. n.a. n.a. n.a. n.a. n.a.
21 Std..3-2 4.11 6.70 8.17 9.61 10.06 20.37 30.79 20.54
22 wash-4 4.16 n.a. n.a. n.a. n.a. n.a. n.a. n.a.
23 nut_sol_0000ppbSe_2014_02_04 4.10 6.65 8.19 9.62 5.17 242.10 26.12 62.69
24 nut_sol_0005ppbSe_2014_02_04 4.10 6.65 8.19 9.62 3.28 220.91 22.20 61.67
25 nut_sol_0010ppbSe_2014_02_04 4.11 6.64 8.19 9.62 4.68 261.09 21.81 64.28
26 nut_sol_0025ppbSe_2014_02_04 4.10 6.64 8.19 9.62 4.62 257.41 24.05 60.79
27 nut_sol_0050ppbSe_2014_02_04 4.10 6.64 8.19 9.62 4.36 245.82 21.35 59.21
28 nut_sol_0100ppbSe_2014_02_04 4.10 6.63 8.18 9.62 5.43 286.49 29.31 63.15
29 nut_sol_0250ppbSe_2014_02_04 4.10 6.64 8.19 9.61 5.17 273.44 25.57 60.60
30 nut_sol_0500ppbSe_2014_02_04 4.10 6.63 8.19 9.61 5.80 283.50 30.45 64.24
31 nut_sol_1000ppbSe_2014_02_04 4.10 6.64 8.19 9.62 3.38 240.83 26.70 60.50
32 nut_sol_2500ppbSe_2014_02_04 4.11 6.63 8.18 9.62 6.94 283.51 29.99 62.57
33 wash-5 4.13 n.a. n.a. n.a. n.a. n.a. n.a. n.a.
34 Std.3-3 4.11 6.70 8.17 9.61 10.24 20.75 31.29 20.85
35 wash-6 4.06 n.a. n.a. n.a. n.a. n.a. n.a. n.a.
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Table A.63.: A3 analytical data - IC measurement VI
Technique Ion Chromatography

System ICS-1000
Quantification: AnionenAS14

Injection volume 25 µL
Run time [min] 14
Date Measured 22.04.2014

Ret. Peak Cal. Coeff.
Calibration ID Time Name Type Points Offset Slope Curve Det.

[min] (C0) (C1) (C2) [%]

Calib_1 4.10 Cl- XQOff 5 -0.004 0.153 0.001 99.9973
Calib_2 6.63 NO3

- XQOff 5 -0.013 0.080 0.000 99.9992
Calib_3 8.19 PO4

3- XQOff 5 -0.001 0.042 0.000 99:9999
Calib_4 9.62 SO4

2- XQOff 5 -0.020 0.107 0.000 99.9990

mean: -0.0094 0.0954 0.0004 99.9990

Seq. No. Sample ID Retention time Ion concentration
Cl- NO3

- PO4
3- SO4

2- Cl- NO3
- PO4

3- SO4
2-

[min] [min] [min] [min] [mg/L] [mg/L] [mg/L] [mg/L]

1 Standard_1 4.09 6.70 8.10 9.46 2.02 3.99 6.00 4.00
2 Standard_2 4.09 6.68 8.09 9.46 4.92 9.99 15.00 9.98
3 Standard_3 4.09 6.66 8.07 9.44 10.01 20.10 30.05 20.07
4 Standard_4 4.10 6.62 8.06 9.43 20.06 39.89 59.95 39.94
5 Standard_5 4.11 6.57 8.03 9.40 39.98 80.03 120.01 80.01
6 wash-1 4.18 n.a. n.a. n.a. n.a. n.a. n.a. n.a.
7 Std.3-1 4.13 6.72 8.27 9.77 10.20 20.69 30.95 20.71
8 wash-2 4.13 n.a. n.a. n.a. n.a. n.a. n.a. n.a.
9 nut_sol_blind_0000ppbSe_nit 4.12 6.66 8.28 9.76 4.26 304.78 28.67 67.87
10 nut_sol_0000ppbSe_2013_11_21 4.13 6.69 8.27 9.76 8.28 204.98 20.90 70.32
11 nut_sol_0005ppbSe_2013_11_21 4.12 6.69 8.27 9.76 2.42 224.10 24.52 70.56
12 nut_sol_0010ppbSe_2013_11_21 4.12 6.67 8.27 9.75 4.69 314.39 31.44 72.34
13 nut_sol_0025ppbSe_2013_11_21 4.13 6.67 8.27 9.76 3.98 334.16 32.53 72.22
14 nut_sol_0050ppbSe_2013_11_21 4.12 6.66 8.27 9.76 4.13 327.50 30.64 71.07
15 nut_sol_0100ppbSe_2013_11_21 4.12 6.66 8.27 9.76 5.37 326.01 31.36 72.78
16 nut_sol_0250ppbSe_2013_11_21 4.12 6.68 8.27 9.75 3.45 282.02 26.84 70.16
17 nut_sol_0500ppbSe_2013_11_21 4.13 6.67 8.27 9.76 4.28 330.19 35.76 70.54
18 nut_sol_1000ppbSe_2013_11_21 4.12 6.67 8.27 9.76 4.10 324.30 33.24 69.77
19 nut_sol_2500ppbSe_2013_11_21 4.13 6.69 8.27 9.76 3.33 266.46 25.99 66.27
20 wash-3 4.12 n.a. n.a. n.a. n.a. n.a. n.a. n.a.
21 Std.3-2 4.13 6.75 8.25 9.75 10.27 20.89 31.67 21.00
22 wash-4 4.12 n.a. n.a. n.a. n.a. n.a. n.a. n.a.
23 nut_sol_0000ppbSe_2013_12_12 4.13 6.70 8.27 9.76 3.90 222.72 15.38 63.44
24 nut_sol_0005ppbSe_2013_12_12 4.13 6.70 8.27 9.76 4.28 217.17 21.79 57.98
25 nut_sol_0010ppbSe_2013_12_12 4.12 6.69 8.27 9.76 4.03 234.08 20.68 63.31
26 nut_sol_0025ppbSe_2013_12_12 4.12 6.68 8.27 9.76 4.60 281.11 24.26 63.79
27 nut_sol_0050ppbSe_2013_12_12 4.13 6.68 8.26 9.75 6.02 276.75 22.32 60.70
28 nut_sol_0100ppbSe_2013_12_12 4.13 6.69 8.27 9.76 6.52 255.88 24.21 62.89
29 nut_sol_0250ppbSe_2013_12_12 4.12 6.68 8.26 9.75 4.58 273.37 20.77 63.00
30 nut_sol_0500ppbSe_2013_12_12 4.12 6.68 8.27 9.76 4.44 286.86 23.75 64.05
31 nut_sol_1000ppbSe_2013_12_12 4.13 6.68 8.26 9.75 5.83 283.96 25.35 64.07
32 nut_sol_2500ppbSe_2013_12_12 4.12 6.69 8.26 9.76 4.54 242.21 25.43 63.71
33 wash-5 4.11 n.a. n.a. n.a. n.a. n.a. n.a. n.a.
34 Std.3-3 4.13 6.75 8.25 9.75 10.28 21.05 31.84 21.16
35 wash-6 4.12 n.a. n.a. n.a. n.a. n.a. n.a. n.a.
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0.00

0.00
0.03

0.01
0.25

0.26
2.52

25.19
2.56

2.59
25.46

25.34
25.25

25.87
24.84

25.44
2.60

Std
5ppb

48.85
5.30

0.01
0.01

0.05
0.01

0.50
0.51

4.97
50.22

5.12
5.15

50.73
51.02

49.39
50.47

49.90
51.25

5.14
Std

10ppb
97.11

10.22
0.01

0.01
0.10

0.02
1.01

1.02
9.95

99.73
10.26

10.07
100.9

100.8
100.4

102.0
100.6

99.4
10.29

Std
25ppb

241.4
25.04

0.03
0.03

0.25
0.03

2.51
2.52

24.71
251.7

25.30
25.21

250.0
249.7

250.0
252.3

249.9
250.1

25.42
Std

50ppb
484.0

49.63
0.05

0.05
0.50

0.05
4.93

4.94
49.28

498.6
49.78

49.81
494.3

493.6
498.5

501.7
500.0

499.0
49.71

Std
100ppb

1011
100.7

0.10
0.10

1.00
0.10

10.03
10.02

100.4
1007

100.6
100.0

1003
1003

1000
999.2

1000
1001

100.7
Std

500ppb
/
5ppm

P
11.50

484.1
0.50

0.49
4.99

0.48
0.00

0.24
514.5

506.0
0.06

0.20
0.49

0.49
0.53

0.57
0.71

0.53
0.19

Std
1000ppb

/
10ppm

P
5.47

985.9
1.00

1.00
10.00

0.97
0.00

0.48
1001

1031
0.07

0.37
0.88

0.92
0.32

0.32
0.32

0.27
0.08

Std
5ppm

N
a,M

g,K
,Fe

3.83
5077

4.81
4.84

0.00
4.97

0.25
0.21

0.21
5014

0.05
0.06

0.26
0.25

0.23
0.20

0.21
0.01

0.05
Std

10ppm
N
a,M

g,K
3.00

10000
10.11

10.09
0.00

10.00
0.14

0.02
0.03

0.65
0.03

0.04
0.23

0.24
0.13

0.15
0.15

0.29
0.03

Std
25ppm

C
a

2.49
2.00

0.00
0.00

0.01
0.02

25.67
25.20

0.02
1.76

0.09
0.09

0.30
0.30

0.18
0.12

0.14
0.17

0.03
Std

50ppm
C
a

1.97
1.41

0.00
0.00

0.00
0.03

50.00
50.10

0.01
0.66

0.02
0.03

0.22
0.21

0.19
0.11

0.13
0.21

0.02

S
am

p
les

w
ash

6
2.99

1.55
0.00

0.00
0.01

0.02
0.18

0.00
0.01

0.78
0.02

0.01
0.34

0.32
0.12

0.06
0.11

0.23
0.02

T
est

5ppb
53.03

7.58
0.01

0.01
0.06

0.02
0.69

0.55
5.30

53.00
5.38

5.38
52.74

52.82
51.52

51.24
51.36

51.94
4.97

w
ash

7
1.67

1.38
0.00

0.00
0.01

0.01
0.16

0.00
0.01

0.45
0.02

0.02
0.42

0.43
0.16

0.05
0.13

0.19
0.01

2013_
10_

02_
SeIV

_
2500ppb

415.2
6368

34.99
34.85

57.20
202.5

439.9
443.9

345.8
8832

107.6
107.2

263.8
263.7

6005
6009

6054
6042.1

15.96
2013_

10_
02_

SeIV
_
1000ppb

424.5
2780

36.54
36.42

59.66
210.6

463.9
469.0

357.5
9328

111.9
111.7

273.1
275.0

2371
2388

2397
2390.2

16.41
2013_

10_
02_

SeIV
_
0500ppb

457.4
1625

35.90
35.74

59.18
210.2

460.8
465.5

354.3
8872

111.6
112.7

274.5
275.4

1251
1252

1257
1253.6

15.93
2013_

10_
02_

SeIV
_
0250ppb

526.2
1072

35.96
35.89

58.12
208.3

461.9
467.8

353.0
8040

111.1
111.0

288.7
289.2

620.2
617.3

627.2
629.2

15.96
2013_

10_
02_

SeIV
_
0100ppb

455.5
633.1

30.66
30.59

53.75
199.8

414.6
417.5

304.6
7769

97.1
97.12

269.6
271.7

243.8
244.7

246.2
245.3

13.77
2013_

10_
02_

SeIV
_
0050ppb

469.1
523.8

32.96
32.84

55.51
204.2

434.5
437.5

326.6
7871

102.6
103.0

263.8
265.9

118.8
118.4

119.1
117.9

14.69
2013_

10_
02_

SeIV
_
0025ppb

438.2
455.6

33.74
33.60

56.22
198.4

437.0
439.2

330.6
8240

105.9
106.5

261.6
264.7

64.4
62.30

63.99
62.51

14.95
2013_

10_
02_

SeIV
_
0010ppb

396.6
352.0

34.59
34.44

58.07
208.9

457.7
463.1

336.3
9864

110.3
110.9

258.5
261.3

26.8
27.09

27.47
27.35

15.60
2013_

10_
02_

SeIV
_
0005ppb

391.7
334.8

34.11
33.97

58.46
209.9

453.7
458.6

332.8
9680

108.2
107.7

256.9
257.9

14.8
15.26

15.16
16.16

15.19
2013_

10_
02_

SeIV
_
0000ppb

346.5
338.0

29.89
29.74

60.23
224.9

414.4
416.3

323.8
9344

95.9
96.16

226.9
228.1

3.01
<
0.17

3.21
<
0.17

13.48
2013_

10_
02_

SeIV
_
blnd

367.0
312.9

32.94
32.83

53.51
191.0

427.2
431.7

312.6
8656

105.2
104.8

244.5
246.9

1.14
<
0.17

<
0.17

1.19
14.19

w
ash

8
1.64

4.09
0.00

0.00
0.01

0.04
0.18

0.01
0.02

1.11
0.07

0.07
0.50

0.49
0.13

0.12
0.13

0.14
0.02

test
5ppb

50.49
6.70

0.01
0.01

0.06
0.03

0.70
0.54

5.34
53.20

5.33
5.39

52.86
53.07

52.35
52.61

52.16
52.05

4.80
w
ash

9
1.39

1.39
0.00

0.00
0.00

0.02
0.14

0.01
0.01

0.57
0.02

0.02
0.33

0.34
0.17

0.14
0.22

0.27
0.01

2013_
10_

21_
SeIV

_
2500ppb

790.0
18648

33.11
32.86

43.02
163.3

403.0
405.8

307.4
3050

58.94
58.70

243.4
244.5

4879
4945

4949
4949

12.80
2013_

10_
21_

SeIV
_
1000ppb

784.2
16008

34.58
34.46

40.02
140.9

432.6
435.4

171.7
2784

64.46
64.50

157.9
158.6

2006
2042

2029
2027

13.94
2013_

10_
21_

SeIV
_
0500ppb

867.2
13456

33.07
32.89

41.22
129.4

415.1
417.4

187.8
2197

52.47
52.86

100.3
100.3

1036
1043

1041
1044

13.34
2013_

10_
21_

SeIV
_
0250ppb

893.6
12344

32.85
32.65

39.06
110.0

409.0
413.8

79.09
2205

41.22
41.23

72.14
71.79

512.0
509.9

516.6
507.0

13.08
2013_

10_
21_

SeIV
_
0100ppb

865.6
13768

33.69
33.43

37.62
145.6

402.2
404.2

20.42
1086

64.14
63.97

53.14
52.54

46.00
45.50

44.59
48.12

13.65
2013_

10_
21_

SeIV
_
0050ppb

824.8
11544

32.98
32.88

37.66
119.9

413.2
414.5

4.94
696.3

46.18
46.42

49.68
50.28

60.78
60.78

61.49
63.40

13.74
2013_

10_
21_

SeIV
_
0025ppb

820.8
13824

33.79
33.65

37.91
129.3

417.4
420.8

26.24
2000

52.26
53.10

53.70
55.14

47.75
48.04

49.16
52.12

13.47
2013_

10_
21_

SeIV
_
0010ppb

799.9
13064

35.06
34.89

50.20
167.7

420.8
423.3

222.0
2767

72.22
72.48

144.1
145.0

21.55
23.35

23.06
24.73

14.70
2013_

10_
21_

SeIV
_
0005ppb

772.2
11296

34.41
34.18

41.70
122.8

431.3
437.6

10.07
2820

42.22
41.82

73.70
73.83

4.96
4.09

4.16
6.29

14.32
2013_

10_
21_

SeIV
_
0000ppb

735.7
10336

33.87
33.54

43.67
127.8

427.7
432.7

73.63
2837

27.77
27.96

54.97
54.78

2.00
1.45

1.49
3.83

14.02
w
ash

10
2.67

1.53
0.00

0.00
0.01

0.02
0.17

0.00
0.00

0.81
0.01

0.01
0.58

0.57
0.25

0.15
0.16

0.18
0.02

test
5ppb

51.80
7.10

0.01
0.01

0.05
0.03

0.69
0.54

5.38
53.50

5.33
5.34

53.55
53.56

52.26
51.31

51.39
51.78

4.83
H
P
S
V
F
5
w
dh

34.09
471.60

1.63
1.62

0.00
0.53

6.74
6.52

8.38
19.13

4.13
4.18

15.70
15.18

2.84
2.51

2.36
2.55

21.19
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A.4. Datasheets experiment A4
A.4.1. A4 Plant Growth Data
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xciv A. Se uptake by Rice - Data

Figure A.20.: A4 photos of harvested plants treated with Na2SeO3
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A.4. Datasheets experiment A4 xcv

Figure A.21.: A4 photos of harvested plants treated with Na2SeO4
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xcvi A. Se uptake by Rice - Data

Table A.69.: A4 plant growth data A4 Na2SeO3 (Planting Date: 12.09.2013)
2nd leaf 2nd leaf 2nd leaf uptake shoot shoot root shoot root shoot root

ID c(Se) sheath blade leaf total time height FW FW DW DW water water
Seedling [ppb] [cm] [cm] [cm] [days] (Day 19) [cm] [g] [g] [g] [g] [%] [%]

[± 0.1] [± 0.1] [± 0.1] [± 0.5] [± 0.25] [± 0.0001] [± 0.0001] [± 0.0001] [± 0.0001]

0000A 0 x x x x x x x x x x x
0000B 0 x x x x x x x x x x x
0000C 0 2.6 1.1 3.7 8 16.0 0.0282 0.0145 0.0067 0.0050 76.24 65.52
0000D 0 3.3 1.3 4.6 13 18.0 0.0301 0.0226 0.0101 0.0083 66.45 63.27
0000E 0 3.4 1.2 4.6 8 16.5 0.0353 0.0327 0.0089 0.0082 74.79 74.92
0000F 0 3.6 1.2 4.8 13 20.0 0.0402 0.0258 0.0103 0.0088 74.38 65.89
0000G 0 x x x x x x x x x x x
0000H 0 x x x x x x x x x x x
0000I 0 2.8 1.1 3.9 12 23.0 0.0395 0.0247 0.0119 0.0081 69.87 67.21

0000_sum 0 15.7 5.9 21.6 54.0 93.5 0.1733 0.1203 0.0479 0.0384 361.73 336.81
0000_mean 0 3.1 1.2 4.3 10.8 18.7 0.0347 0.0241 0.0096 0.0077 72.35 67.36
0000_SD 0 0.4 0.1 0.5 2.6 2.9 0.0054 0.0066 0.0019 0.0015 4.07 4.46

0005A 5 x x x x x x x x x x x
0005B 5 3.6 1.4 5 13 19.5 0.0309 0.0183 0.0115 0.0077 62.78 57.92
0005C 5 3.5 1.6 5.1 13 17.0 0.0239 0.0177 0.0078 0.0045 67.36 74.58
0005D 5 3.3 1.3 4.6 11 19.5 0.0275 0.0092 0.0097 0.0064 64.73 30.43
0005E 5 x x x x x x x x x x x
0005F 5 x x x x x x x x x x x
0005G 5 x x x x x x x x x x x
0005H 5 x x x x x x x x x x x
0005I 5 x x x x x x x x x x x

0005_sum 5 10.4 4.3 14.7 37.0 56.0 0.0823 0.0452 0.0290 0.0186 194.87 162.93
0005_mean 5 3.5 1.4 4.9 12.3 18.7 0.0274 0.0151 0.0097 0.0062 64.96 54.31
0005_SD 5 0.2 0.2 0.3 1.2 1.4 0.0035 0.0051 0.0019 0.0016 2.30 22.29

0010A 10 x x x x x x x x x x x
0010B 10 2.5 0.9 3.4 8 13.5 0.0182 0.0212 0.0053 0.0046 70.88 78.30
0010C 10 x x x x x x x x x x x
0010D 10 2.3 0 2.3 13 24.0 0.0523 0.0205 0.0116 0.0077 77.82 62.44
0010E 10 x x x x x x x x x x x
0010F 10 x x x x x x x x x x x
0010G 10 2.2 0.0 2.2 12 22.5 0.0397 0.0287 0.0079 0.0084 80.10 70.73
0010H 10 x x x x x x x x x x x
0010I 10 3.1 1.3 4.4 11 21.0 0.0301 0.0162 0.0114 0.0083 62.13 48.77

0010_sum 10 10.1 2.2 12.3 44.0 81.0 0.1403 0.0866 0.0362 0.0290 290.93 260.24
0010_mean 10 2.5 0.6 3.1 11.0 20.3 0.0351 0.0217 0.0091 0.0073 72.73 65.06
0010_SD 10 0.4 0.7 1.0 2.2 4.7 0.0145 0.0052 0.0030 0.0018 8.09 12.65

0025A 25 3.3 1.4 4.7 13 20.5 0.0219 0.0186 0.0091 0.0057 58.45 69.35
0025B 25 x x x x x x x x x x x
0025C 25 3.5 1.4 4.9 13 19.5 0.0248 0.0121 0.0094 0.0063 62.10 47.93
0025D 25 2.6 0.9 3.5 8 13.5 0.0142 0.0281 0.0047 0.0150 66.90 46.62
0025E 25 3.8 1.4 5.2 13 18.5 0.0232 0.0207 0.0095 0.0062 59.05 70.05
0025F 25 3.1 1.2 4.3 11 20.5 0.0254 0.0259 0.0099 0.0071 61.02 72.59
0025G 25 x x x x x x x x x x x
0025H 25 x x x x x x x x x x x
0025I 25 x x x x x x x x x x x

0025_sum 25 16.3 6.3 22.6 58.0 92.5 0.1095 0.1054 0.0426 0.0403 307.52 306.54
0025_mean 25 3.3 1.3 4.5 11.6 18.5 0.0219 0.0211 0.0085 0.0081 61.50 61.31
0025_SD 25 0.4 0.2 0.6 2.0 2.6 0.0040 0.0056 0.0019 0.0035 3.00 11.52

0050A 50 2.3 0.6 2.9 8 11.5 0.0103 0.0207 0.0019 0.0124 81.55 40.10
0050B 50 x x x x x x x x x x x
0050C 50 x x x x x x x x x x x
0050D 50 x x x x x x x x x x x
0050E 50 2.3 1.0 3.3 11 20.5 0.0352 0.0147 0.0104 0.0073 70.45 50.34
0050F 50 3.2 1.1 4.3 13 20.0 0.0285 0.0209 0.0113 0.0078 60.35 62.68
0050G 50 x x x x x x x x x x x
0050H 50 x x x x x x x x x x x
0050I 50 3.4 1.2 4.6 13 20.0 0.0299 0.0241 0.0118 0.0081 60.54 66.39

0050_sum 50 11.2 3.9 15.1 45.0 72.0 0.1039 0.0804 0.0354 0.0356 272.89 219.51
0050_mean 50 2.8 1.0 3.8 11.3 18.0 0.0260 0.0201 0.0089 0.0089 68.22 54.88
0050_SD 50 0.6 0.3 0.8 2.4 4.3 0.0108 0.0039 0.0047 0.0024 10.06 12.01

0100A 100 3.4 1.4 4.8 13 16.5 0.0265 0.0244 0.0090 0.0079 66.04 67.62
0100B 100 3.5 1.6 5.1 13 16.0 0.0196 0.0103 0.0070 0.0049 64.29 52.43
0100C 100 3.7 1.5 5.2 13 17.0 0.0302 0.0096 0.0097 0.0071 67.88 26.04
0100D 100 x x x x x x x x x x x
0100E 100 3.1 1.2 4.3 11 19.5 0.0259 0.0215 0.0106 0.0082 59.07 61.86
0100F 100 2.6 0.9 3.5 11 17.0 0.0174 0.0285 0.0070 0.0134 59.77 52.98
0100G 100 x x x x x x x x x x x
0100H 100 x x x x x x x x x x x
0100I 100 3.5 1.6 5.1 13 21.5 0.0332 0.0132 0.0154 0.0086 53.61 34.85

0100_sum 100 19.8 8.2 28.0 74.0 107.5 0.1528 0.1075 0.0587 0.0501 370.66 295.78
0100_mean 100 3.3 1.4 4.7 12.3 17.9 0.0255 0.0179 0.0098 0.0084 61.78 49.30
0100_SD 100 0.4 0.3 0.7 1.0 2.1 0.0060 0.0080 0.0031 0.0028 5.29 15.92

xcvi



A.4. Datasheets experiment A4 xcvii

Table A.70.: A4 plant growth data A4 Na2SeO3 (continued from previous page)
2nd leaf 2nd leaf 2nd leaf uptake shoot shoot root shoot root shoot root

ID c(Se) sheath blade leaf total time height FW FW DW DW water water
Seedling [ppb] [cm] [cm] [cm] [days] (Day 19) [cm] [g] [g] [g] [g] [%] [%]

[± 0.1] [± 0.1] [± 0.1] [± 0.5] [± 0.25] [± 0.0001] [± 0.0001] [± 0.0001] [± 0.0001]

0250A 250 x x x x x x x x x x x
0250B 250 x x x x x x x x x x x
0250C 250 3.9 1.6 5.5 13 17.0 0.0246 0.0251 0.0108 0.0087 56.10 65.34
0250D 250 x x x x x x x x x x x
0250E 250 2.8 0.9 3.7 11 19.0 0.0255 0.0176 0.0099 0.0076 61.18 56.82
0250F 250 x x x x x x x x x x x
0250G 250 3.6 1.4 5 13 18.0 0.0282 0.0253 0.0120 0.0087 57.45 65.61
0250H 250 x x x x x x x x x x x
0250I 250 x x x x x x x x x x x

0250_sum 250 10.3 3.9 14.2 37.0 54.0 0.0783 0.0680 0.0327 0.0250 174.72 187.77
0250_mean 250 3.4 1.3 4.7 12.3 18.0 0.0261 0.0227 0.0109 0.0083 58.24 62.59
0250_SD 250 0.6 0.4 0.9 1.2 1.0 0.0019 0.0044 0.0011 0.0006 2.63 5.00

0500A 500 x x x x x x x x x x x
0500B 500 x x x x x x x x x x x
0500C 500 x x x x x x x x x x x
0500D 500 2.5 1.2 3.7 8 15.5 0.0263 0.0323 0.0079 0.0124 69.96 61.61
0500E 500 3.1 1.4 4.5 13 16.5 0.0263 0.0317 0.0097 0.0101 63.12 68.14
0500F 500 x x x x x x x x x x x
0500G 500 3.3 1.4 4.7 13 18.0 0.0288 0.0207 0.0101 0.0076 64.93 63.29
0500H 500 x x x x x x x x x x x
0500I 500 x x x x x x x x x x x

0500_sum 500 8.9 4.0 12.9 34.0 50.0 0.0814 0.0847 0.0277 0.0301 198.01 193.03
0500_mean 500 3.0 1.3 4.3 11.3 16.7 0.0271 0.0282 0.0092 0.0100 66.00 64.34
0500_SD 500 0.4 0.1 0.5 2.9 1.3 0.0014 0.0065 0.0012 0.0024 3.55 3.39

1000A 1000 3.5 1.5 5 13 14.0 0.0234 0.0145 0.0083 0.0059 64.53 59.31
1000B 1000 3.4 2.1 5.5 6 12.0 0.0147 0.0316 0.0046 0.0201 68.71 36.39
1000C 1000 x x x x x x x x x x x
1000D 1000 2.6 1.1 3.7 7 11.5 0.0136 0.0300 0.0046 0.0172 66.18 42.67
1000E 1000 2.6 1.2 3.8 7 10.5 0.0164 0.0216 0.0047 0.0060 71.34 72.22
1000F 1000 x x x x x x x x x x x
1000G 1000 2.9 1.5 4.4 13 15.5 0.0326 0.0288 0.0104 0.0085 68.10 70.49
1000H 1000 2.5 1.3 3.8 11 14.0 0.0261 0.0144 0.0080 0.0081 69.35 43.75
1000I 1000 x x x x x x x x x x x

1000_sum 1000 17.5 8.7 26.2 57.0 77.5 0.1268 0.1409 0.0406 0.0658 408.20 324.83
1000_mean 1000 2.9 1.5 4.4 9.5 12.9 0.0211 0.0235 0.0068 0.0110 68.03 54.14
1000_SD 1000 0.4 0.4 0.7 3.2 1.9 0.0075 0.0078 0.0025 0.0061 2.40 15.33

2500A 2500 x x x x x x x x x x x
2500B 2500 2.4 1.3 3.7 11 8.0 0.0195 0.0154 0.0066 0.0067 66.15 56.49
2500C 2500 x x x x x x x x x x x
2500D 2500 2.7 1.4 4.1 13 10.0 0.0252 0.0245 0.0105 0.0102 58.33 58.37
2500E 2500 2.1 1.1 3.2 8 7.0 0.0085 0.0333 0.0031 0.0115 63.53 65.47
2500F 2500 x x x x x x x x x x x
2500G 2500 x x x x x x x x x x x
2500H 2500 x x x x x x x x x x x
2500I 2500 1.9 0.3 2.2 8 5.5 0.0145 0.0222 0.0051 0.0064 64.83 71.17

2500_sum 2500 9.1 4.1 13.2 40.0 30.5 0.0677 0.0954 0.0253 0.0348 252.84 251.50
2500_mean 2500 2.3 1.0 3.3 10.0 7.6 0.0169 0.0239 0.0063 0.0087 63.21 62.87
2500_SD 2500 0.4 0.5 0.8 2.4 1.9 0.0071 0.0074 0.0031 0.0025 3.42 6.75
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Table A.71.: A4 plant growth data A4 Na2SeO4 (Planting Date: 06.02.2014)
2nd leaf 2nd leaf 2nd leaf uptake shoot shoot root shoot root shoot root

ID c(Se) sheath blade leaf total time height FW FW DW DW water water
Seedling [ppb] [cm] [cm] [cm] [days] (Day 19) [cm] [g] [g] [g] [g] [%] [%]

[± 0.1] [± 0.1] [± 0.1] [± 0.5] [± 0.25] [± 0.0001] [± 0.0001] [± 0.0001] [± 0.0001]

0000A 0 3.3 1.2 4.5 8 19.0 0.0150 0.0182 0.0069 0.0052 54.00 71.43
0000B 0 3.1 1.3 4.4 8 17.5 0.0166 0.0308 0.0059 0.0171 64.46 44.48
0000C 0 x x x x x x x x x x x
0000D 0 3.2 1.4 4.6 8 17.5 0.0193 0.0304 0.0060 0.0090 68.91 70.39
0000E 0 3.1 0.9 4 8 13.0 0.0116 0.0149 0.0036 0.0037 68.97 75.17
0000F 0 x x x x x x x x x x x
0000G 0 2.6 0.9 3.5 8 14.0 0.0107 0.0205 0.0041 0.0034 61.68 83.41
0000H 0 1.8 0.9 2.7 8 20.0 0.0139 0.0144 0.0060 0.0046 56.83 68.06
0000I 0 4 1.3 5.3 8 17.0 0.0165 0.0331 0.0062 0.0113 62.42 65.86

0000_sum 0 21.1 7.9 29.0 56.0 118.0 0.1036 0.1623 0.0387 0.0543 437.28 478.80
0000_mean 0 3.0 1.1 4.1 8.0 16.9 0.0148 0.0232 0.0055 0.0078 62.47 68.40
0000_SD 0 0.7 0.2 0.8 0.0 2.5 0.0030 0.0080 0.0012 0.0051 5.65 11.99

0005A 5 3.8 1.4 5.2 13 19.5 0.0213 0.0248 0.0113 0.0076 46.95 69.35
0005B 5 x x x x x x x x x x x
0005C 5 x x x x x x x x x x x
0005D 5 3.1 1.4 4.5 13 18.5 0.0178 0.0196 0.0083 0.0072 53.37 63.27
0005E 5 2.6 0.7 3.3 8 22.0 0.0184 0.0262 0.0091 0.0092 50.54 64.89
0005F 5 x x x x x x x x x x x
0005G 5 2.7 0.9 3.6 8 15.0 0.0093 0.0101 0.0047 0.0045 49.46 55.45
0005H 5 2.4 0.7 3.1 13 17.5 0.0103 0.0166 0.0061 0.0058 40.78 65.06
0005I 5 x x x x x x x x x x x

0005_sum 5 14.6 5.1 19.7 55.0 92.5 0.0771 0.0973 0.0395 0.0343 241.10 318.01
0005_mean 5 2.9 1.0 3.9 11.0 18.5 0.0154 0.0195 0.0079 0.0069 48.22 63.60
0005_SD 5 0.6 0.4 0.9 2.7 2.6 0.0053 0.0065 0.0026 0.0018 4.76 5.09

0010A 10 3.2 1.0 4.2 13 18.0 0.0184 0.0223 0.0077 0.0089 58.15 60.09
0010B 10 x x x x x x x x x x x
0010C 10 3 0.8 3.8 8 18.5 0.0177 0.0301 0.0074 0.0169 58.19 43.85
0010D 10 3.5 1.5 5 13 21.0 0.0237 0.0173 0.0121 0.0075 48.95 56.65
0010E 10 x x x x x x x x x x x
0010F 10 2.4 0.8 3.2 6 13.0 0.0076 0.0142 0.0036 0.0039 52.63 72.54
0010G 10 3.3 1.6 4.9 6 19.5 0.0196 0.0173 0.0088 0.0062 55.10 64.16
0010H 10 3.3 1.2 4.5 13 14.0 0.0146 0.0167 0.0061 0.0055 58.22 67.07
0010I 10 3.3 1.1 4.4 8 16.5 0.0146 0.0243 0.0069 0.0078 52.74 67.90

0010_sum 10 22.0 8.0 30.0 67.0 120.5 0.1162 0.1422 0.0526 0.0567 383.98 432.26
0010_mean 10 3.1 1.1 4.3 9.6 17.2 0.0166 0.0203 0.0075 0.0081 54.85 61.75
0010_SD 10 0.4 0.3 0.6 3.3 2.9 0.0050 0.0055 0.0026 0.0042 3.60 9.46

0025A 25 2.4 0.9 3.3 6 10.0 0.0091 0.0267 0.0033 0.0121 63.74 54.68
0025B 25 x x x x x x x x x x x
0025C 25 x x x x x x x x x x x
0025D 25 x x x x x x x x x x x
0025E 25 x x x x x x x x x x x
0025F 25 x x x x x x x x x x x
0025G 25 3.8 1.4 5.2 13 23.0 0.0380 0.0296 0.0169 0.0111 55.53 62.50
0025H 25 3.1 0.8 3.9 8 13.5 0.0107 0.0283 0.0041 0.0171 61.68 39.58
0025I 25 x x x x x x x x x x x

0025_sum 25 9.3 3.1 12.4 27.0 46.5 0.0578 0.0846 0.0243 0.0403 180.94 156.76
0025_mean 25 3.1 1.0 4.1 9.0 15.5 0.0193 0.0282 0.0081 0.0134 60.31 52.25
0025_SD 25 0.6 0.3 0.8 2.9 5.5 0.0133 0.0012 0.0062 0.0026 3.49 9.52

0050A 50 3.0 0.9 3.9 8 13.0 0.0123 0.0144 0.0051 0.0044 58.54 69.44
0050B 50 3.4 1.2 4.6 13 18.5 0.0201 0.0215 0.0100 0.0073 50.25 66.05
0050C 50 0.7 1.1 1.8 8 19.0 0.0142 0.0149 0.0057 0.0047 59.86 68.46
0050D 50 2.5 0.7 3.2 8 16.0 0.0175 0.0233 0.0056 0.0046 68.00 80.26
0050E 50 6.1 1.6 7.7 13 21.5 0.0340 0.0337 0.0143 0.0094 57.94 72.11
0050F 50 2.9 1.4 4.3 8 13.0 0.0092 0.0198 0.0032 0.0064 65.22 67.68
0050G 50 2.4 0.3 2.7 8 20.5 0.0193 0.0083 0.0081 0.0043 58.03 48.19
0050H 50 3.3 1.3 4.6 13 13.0 0.0106 0.0152 0.0053 0.0086 50.00 43.42
0050I 50 2.5 0.8 3.3 11 14.0 0.0109 0.0132 0.0049 0.0049 55.05 62.88

0050_sum 50 26.8 9.3 36.1 90.0 148.5 0.1481 0.1643 0.0622 0.0546 522.88 578.48
0050_mean 50 3.0 1.0 4.0 10.0 16.5 0.0165 0.0183 0.0069 0.0061 58.10 64.28
0050_SD 50 1.4 0.4 1.7 2.4 3.4 0.0077 0.0074 0.0034 0.0020 6.01 11.57

0100A 100 3.3 1.3 4.6 13 21.0 0.0277 0.0195 0.0120 0.0079 56.68 59.49
0100B 100 4.1 1.7 5.8 13 15.5 0.0165 0.0159 0.0083 0.0065 49.70 59.12
0100C 100 2.8 1.1 3.9 13 15.0 0.0181 0.0224 0.0059 0.0096 67.40 57.14
0100D 100 3.7 1.4 5.1 13 17.0 0.0212 0.0123 0.0081 0.0053 61.79 56.91
0100E 100 3.0 1.0 4 8 18.5 0.0168 0.0244 0.0075 0.0052 55.36 78.69
0100F 100 3.3 1.2 4.5 8 19.0 0.0167 0.0231 0.0080 0.0057 52.10 75.32
0100G 100 4.2 1.6 5.8 13 20.5 0.0243 0.0282 0.0109 0.0083 55.14 70.57
0100H 100 x x x x x x x x x x x
0100I 100 3.9 1.2 5.1 13 21.0 0.0232 0.0272 0.0113 0.0090 51.29 66.91

0100_sum 100 28.3 10.5 38.8 94.0 147.5 0.1645 0.1730 0.0720 0.0575 449.46 524.15
0100_mean 100 3.5 1.3 4.9 11.8 18.4 0.0206 0.0216 0.0090 0.0072 56.18 65.52
0100_SD 100 0.5 0.2 0.7 2.3 2.4 0.0042 0.0055 0.0021 0.0017 5.88 8.61
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Table A.72.: A4 plant growth data A4 Na2SeO4 (continued from previous page)
2nd leaf 2nd leaf 2nd leaf uptake shoot shoot root shoot root shoot root

ID c(Se) sheath blade leaf total time height FW FW DW DW water water
Seedling [ppb] [cm] [cm] [cm] [days] (Day 19) [cm] [g] [g] [g] [g] [%] [%]

[± 0.1] [± 0.1] [± 0.1] [± 0.5] [± 0.25] [± 0.0001] [± 0.0001] [± 0.0001] [± 0.0001]

0250A 250 2.8 1.1 3.9 7 10.0 0.0096 0.0323 0.0038 0.0216 60.42 33.13
0250B 250 4.2 1.6 5.8 13 21.5 0.0334 0.0305 0.0141 0.0095 57.78 68.85
0250C 250 4.3 1.6 5.9 13 17.5 0.0333 0.0303 0.0122 0.0089 63.36 70.63
0250D 250 3.5 1.1 4.6 8 16.0 0.0252 0.0332 0.0083 0.0178 67.06 46.39
0250E 250 3.7 1.8 5.5 13 16.5 0.0238 0.0201 0.0089 0.0064 62.61 68.16
0250F 250 x x x x x x x x x x x
0250G 250 3.8 1.6 5.4 13 19.0 0.0218 0.0114 0.0097 0.0070 55.50 38.60
0250H 250 3.5 1.2 4.7 8 17.0 0.0229 0.0234 0.0087 0.0066 62.01 71.79
0250I 250 2.5 0.9 3.4 8 18.0 0.0158 0.0251 0.0085 0.0069 46.20 72.51

0250_sum 250 28.3 10.9 39.2 83.0 135.5 0.1858 0.2063 0.0742 0.0847 474.95 470.05
0250_mean 250 3.5 1.4 4.9 10.4 16.9 0.0232 0.0258 0.0093 0.0106 59.37 58.76
0250_SD 250 0.6 0.3 0.9 2.8 3.3 0.0080 0.0074 0.0030 0.0058 6.38 16.50

0500A 500 3.3 1.3 4.6 11 17.5 0.0349 0.0240 0.0119 0.0081 65.90 66.25
0500B 500 4.2 1.7 5.9 13 17.0 0.0301 0.0123 0.0127 0.0072 57.81 41.46
0500C 500 3.2 1.1 4.3 13 17.0 0.0258 0.0268 0.0084 0.0058 67.44 78.36
0500D 500 2.5 0.7 3.2 13 10.0 0.0166 0.0148 0.0051 0.0058 69.28 60.81
0500E 500 3.8 1.7 5.5 13 15.0 0.0308 0.0241 0.0100 0.0058 67.53 75.93
0500F 500 x x x x x x x x x x x
0500G 500 3.6 1.5 5.1 13 17.5 0.0306 0.0165 0.0106 0.0058 65.36 64.85
0500H 500 3 1.2 4.2 8 12.0 0.0172 0.0354 0.0057 0.0195 66.86 44.92
0500I 500 3.3 1.4 4.7 13 11.0 0.0163 0.0138 0.0071 0.0069 56.44 50.00

0500_sum 500 26.9 10.6 37.5 97.0 117.0 0.2023 0.1677 0.0715 0.0649 516.62 482.58
0500_mean 500 3.4 1.3 4.7 12.1 14.6 0.0253 0.0210 0.0089 0.0081 64.58 60.32
0500_SD 500 0.5 0.3 0.8 1.8 3.1 0.0075 0.0080 0.0028 0.0047 4.76 13.76

1000A 1000 x x x x x x x x x x x
1000B 1000 x x x x x x x x x x x
1000C 1000 2.3 1.1 3.4 7 6.5 0.0102 0.0313 0.0031 0.0193 69.31 38.34
1000D 1000 2.7 0.7 3.4 13 7.5 0.0188 0.0241 0.0042 0.0064 77.61 73.44
1000E 1000 3.5 1.7 5.2 13 10.0 0.0301 0.0298 0.0298 0.0114 1.00 61.74
1000F 1000 x x x x x x x x x x x
1000G 1000 x x x x x x x x x x x
1000H 1000 3.8 1.8 5.6 13 12.5 0.0266 0.0141 0.0101 0.0073 62.03 48.23
1000I 1000 3.7 1.9 5.6 13 10.0 0.0222 0.0316 0.0088 0.0172 60.36 45.57

1000_sum 1000 16.0 7.2 23.2 59.0 46.5 0.1079 0.1309 0.0560 0.0616 270.31 267.32
1000_mean 1000 3.2 1.4 4.6 11.8 9.3 0.0216 0.0262 0.0112 0.0123 54.06 53.46
1000_SD 1000 0.7 0.5 1.1 2.7 2.4 0.0077 0.0074 0.0108 0.0058 30.44 14.02

2500A 2500 x x x x x x x x x x x
2500B 2500 x x x x x x x x x x x
2500C 2500 2.1 0.9 3 8 7.0 0.0137 0.0276 0.0047 0.0075 65.69 72.83
2500D 2500 x x x x x x x x x x x
2500E 2500 3.7 1.7 5.4 13 12.0 0.0376 0.0167 0.0117 0.0087 68.88 47.90
2500F 2500 3.4 1.5 4.9 11 9.0 0.0286 0.0186 0.0083 0.0066 70.98 64.52
2500G 2500 3.2 1.8 5 13 10.0 0.0324 0.0358 0.0104 0.0175 67.90 51.12
2500H 2500 x x x x x x x x x x x
2500I 2500 3.7 1.8 5.5 13 12.0 0.0362 0.0257 0.0131 0.0083 63.81 67.70

2500_sum 2500 16.1 7.7 23.8 58.0 50.0 0.1485 0.1244 0.0482 0.0486 337.27 304.07
2500_mean 2500 3.2 1.5 4.8 11.6 10.0 0.0297 0.0249 0.0096 0.0097 67.45 60.81
2500_SD 2500 0.7 0.4 1.0 2.2 2.1 0.0096 0.0076 0.0033 0.0044 2.79 10.80
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A.4.2. A4 Plant Se content data

Table A.73.: A4 Se content of experimental runs for Na2SeO3 and Na2SeO4
FIAS-Results c(Se) dry weight (DW)

dig. weight dig. weight dig. c(Se) c(Se) c(Se) c(Se) c(Se) c(Se) c(Se) c(Se)
c(Se) shoot root volume shoot shoot root root shoot shoot root root
[µg/L] [g] [g] [L] [µg/L] SD [µg/L] SD [mg/kg] SD [mg/kg] SD

[± 0.0001] [± 0.0001] [± 0.0001]

Nutrient-Solution-Se (Na2SeO3) Planting Date: 13.02.2014

0 0.05029 0.04027 0.010 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
5 0.02825 0.02053 0.010 4.66 0.55 9.62 0.91 1.65 0.19 4.69 0.44
10 0.03643 0.02901 0.010 10.31 1.29 22.17 2.05 2.83 0.36 7.64 0.71
25 0.04497 0.03815 0.010 30.52 2.98 64.65 0.54 6.79 0.66 16.95 0.14
50 0.03703 0.03303 0.010 64.45 3.61 130.73 9.70 17.40 0.97 39.58 2.94
100 0.05829 0.04675 0.010 137.41 10.51 318.32 35.64 23.57 1.80 68.09 7.62
250 0.03504 0.02615 0.010 170.53 27.15 429.66 39.89 48.67 7.75 164.31 15.25
500 0.02993 0.02552 0.010 169.26 26.86 493.35 22.28 56.55 8.97 193.32 8.73
1000 0.04232 0.05273 0.010 393.42 31.94 1057.47 74.56 92.96 7.55 200.54 14.14
2500 0.02689 0.03311 0.010 180.66 19.46 889.17 34.92 67.19 7.24 268.55 10.55

Nutrient-Solution-Se (Na2SeO4) Planting Date: 06.02.2014

0 0.03852 0.04554 0.010 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
5 0.03794 0.03138 0.010 13.78 0.55 2.73 0.17 3.63 0.14 0.87 0.05
10 0.05337 0.05095 0.010 39.23 2.39 10.80 1.19 7.35 0.45 2.12 0.23
25 0.02409 0.03495 0.010 45.11 1.22 13.90 1.19 18.73 0.51 3.98 0.34
50 0.06532 0.05938 0.010 501.92 17.82 125.22 3.02 76.84 2.73 21.09 0.51
100 0.07179 0.05716 0.010 1288.31 54.04 286.84 17.10 179.46 7.53 50.18 2.99
250 0.07410 0.05762 0.010 3550.38 161.32 717.19 28.80 479.13 21.77 124.47 5.00
500 0.07064 0.05822 0.010 6485.85 482.87 1439.86 50.17 918.16 68.36 247.31 8.62
1000 0.03991 0.03416 0.010 4149.12 227.24 1725.60 58.31 1039.62 56.94 505.15 17.07
2500 0.04646 0.04281 0.010 1775.57 213.92 1474.76 54.72 382.17 46.04 344.49 12.78

Digestion standards

dig. dig.
Standard Sample weight volume c(Se) c(Se) c(Se) c(Se)

[g] [L] [µg/L] SD [mg/kg] SD

dig_Std 2014_04_22 (0-5ppb) 0.10092 0.010 9.71 1.87 0.96 0.19
dig_Std 2014_04_23 (10-100ppb) 0.10123 0.010 10.47 1.01 1.03 0.10
dig_Std 2014_04_24 (250-2500ppb) 0.10021 0.010 11.02 0.90 1.10 0.09
dig_Std 2014_04_24 (0-5ppb) 0.10021 0.010 11.02 0.90 1.10 0.09
dig_Std 2014_04_25 (10-100ppb) 0.09996 0.010 10.63 1.25 1.06 0.13
dig_Std 2014_04_28 (250-2500ppb) 0.10023 0.010 11.50 0.55 1.15 0.05
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cii A. Se uptake by Rice - Data

T able
A
.74.:A

4
results

overview
for

N
a

2 SeO
3

plants
2
n
d
leaf

2
n
d
leaf

2
n
d
leaf

root-Se
shoot

height
shoot

height
m
ean

shoot
m
ean

root
shoot

root
c(Se)

per
box

sheath
blade

total
length

uptake
tim

e
(D

ay
9)

(D
ay

19)
D
W

D
W

w
ater

w
ater

[µg/L
]

[-]
SD

[cm
]

SD
[cm

]
SD

[cm
]

SD
[days]

SD
[cm

]
SD

[cm
]

SD
[g]

SD
[g]

SD
[%

]
SD

[%
]

SD

0
5

x
3.14

0.42
1.18

0.08
4.32

0.51
10.80

2.59
1.97

1.48
18.70

2.86
0.0096

0.0019
0.0077

0.0015
72.35

4.07
67.36

4.46
5

3
x

3.47
0.15

1.43
0.15

4.90
0.31

12.33
1.15

2.29
2.08

18.67
1.44

0.0097
0.0019

0.0062
0.0016

64.96
2.30

54.31
22.29

10
4

x
2.53

0.40
0.55

0.66
3.08

1.06
11.00

2.16
1.97

2.25
20.25

4.66
0.0091

0.0030
0.0073

0.0018
72.73

8.09
65.06

12.65
25

5
x

3.26
0.40

1.26
0.20

4.52
0.60

11.60
1.96

2.71
2.12

18.50
2.61

0.0085
0.0019

0.0081
0.0035

61.50
3.00

61.31
11.52

50
4

x
2.80

0.58
0.98

0.26
3.78

0.85
11.25

2.36
2.06

1.95
18.00

4.34
0.0089

0.0047
0.0089

0.0024
68.22

10.06
54.88

12.01
100

6
x

3.30
0.39

1.37
0.27

4.67
0.67

12.33
1.03

2.94
1.70

17.92
2.13

0.0098
0.0031

0.0084
0.0028

61.78
5.29

49.30
15.92

250
3

x
3.43

0.57
1.30

0.36
4.73

0.93
12.33

1.15
2.16

2.51
18.00

1.00
0.0109

0.0011
0.0083

0.0006
58.24

2.63
62.59

5.00
500

3
x

2.97
0.42

1.33
0.12

4.30
0.53

11.33
2.89

1.56
1.48

16.67
1.26

0.0092
0.0012

0.0100
0.0024

66.00
3.55

64.34
3.39

1000
6

x
2.92

0.44
1.45

0.36
4.37

0.79
9.50

3.21
1.94

1.57
12.92

1.88
0.0068

0.0025
0.0110

0.0061
68.03

2.40
54.14

15.33
2500

4
x

2.28
0.35

1.03
0.50

3.30
0.85

10.00
2.45

1.38
1.06

7.63
1.89

0.0063
0.0031

0.0087
0.0025

63.21
3.42

62.87
6.75

c(Se)
c(Se)

ratio
ratio

shoot-Se
root-Se

shoot
root

c(Se)
c(Se)

shoot
root

c(Se)
sho ot

D
W

root
D
W

root/shoot
shoot/root

share
share

w
ater

w
ater

shoot
F
W

root
F
W

acc.
factor

acc.
factor

[µg/L
]

[m
g/kg]

SD
[m

g/kg]
SD

[-]
SD

[-]
SD

[%
]

SD
[%

]
SD

[%
]

[%
]

[m
g/kg]

SD
[m

g/kg]
SD

[-]
SD

[-]
SD

0
0.00

0.00
0.00

0.00
x

x
x

x
x

x
x

x
72.345

67.363
0.00

0.00
0.00

0.00
0.00

0.00
0.00

0.00
5

1.65
0.19

4.69
0.44

2.84
0.55

0.00
0.00

26.06
14.34

73.94
0.00

64.958
54.312

0.58
0.07

2.14
0.00

115.73
13.59

428.13
0.00

10
2.83

0.36
7.64

0.71
2.70

0.96
0.37

0.26
27.02

25.92
72.98

19.09
72.732

65.060
0.77

0.10
2.67

0.25
77.17

9.68
267.07

24.68
25

6.79
0.66

16.95
0.14

2.50
1.66

0.40
0.06

28.59
47.36

71.41
4.01
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29.72
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211.04

63.211
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2.66
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39.88
1.57
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A.4. Datasheets experiment A4 cv

Table A.76.: A4 analytical data - HG-FIAS measurement I
Technique AA FIAS-MHS
Spectrometer Model Aanalyst 200 S/N 200S6110908
Autosampler Model AS-90plus

Batch ID Plant Digestions
Results Data Set Nothstein_2014_05_13
Date Measured 13.05.2014
Method Name Se Nothstein calib 6c

correl. coeff. PQL (= lowest calib-10 %) 0.450
0.998648 LOQ (= 7·wash) 0.033
calib. slope LOD (= 3·wash) 0.014
0.01287 analytical quality [%] 117.863

Mean entered calc.
Calibration Sample ID signal SD c(Se) c(Se) SD

[-] [-] [µg/L] [µg/L] [µg/L]

1 Blank 0.0000 0.0015 0.0 0.00 0.00
2 0.5 ppb 0.0041 0.0012 0.5 0.32 0.09
3 0.75 ppb 0.0077 0.0012 0.8 0.60 0.09
4 1.0 ppb 0.0124 0.0009 1.0 0.96 0.07
5 2.0 ppb 0.0256 0.0012 2.0 1.99 0.09
6 4.0 ppb 0.0528 0.0012 4.0 4.10 0.09
7 5.0 ppb 0.0631 0.0008 5.0 4.90 0.06
8 6.0 ppb 0.0778 0.0030 6.0 6.05 0.23

c(Se) c(Se) SD dilution c(Se)
Sequence No. Sample ID diluted SD driftcorr. driftcorr. factor conc. SD

[µg/L] [µg/L] [µg/L] [µg/L] [-] [µg/L] [µg/L]

1 Wash Milli-Q 0.032 0.076 0.032 0.076 1 0.03 0.08
2 wash 0.073 0.143 0.073 0.143 1 0.07 0.14
3 6M HCl Blank 0.008 0.059 0.006 0.048 4 0.03 0.19
4 Trace Metal 252 µg/L 2.450 0.109 2.573 0.115 120 308.79 13.80
5 wash 0.000 0.146 0.000 0.146 1 0.00 0.15
6 Se_Std_0 -0.033 0.116 -0.033 0.116 1 -0.03 0.12
7 Se_Std_0.5 0.379 0.156 0.379 0.156 1 0.38 0.16
8 Se_Std_0.75 0.685 0.070 0.685 0.070 1 0.69 0.07
9 Se_Std_1 0.968 0.125 0.968 0.125 1 0.97 0.12
10 Se_Std_2 1.888 0.058 1.888 0.058 1 1.89 0.06
11 Se_Std_4 4.036 0.058 4.036 0.058 1 4.04 0.06
12 Se_Std_5 4.767 0.180 4.767 0.180 1 4.77 0.18
13 Se_Std_6 5.785 0.028 5.785 0.028 1 5.78 0.03
14 wash -0.007 0.069 -0.007 0.069 1 -0.01 0.07
15 wash -0.027 0.070 -0.027 0.070 1 -0.03 0.07
16 2014-04-23 digestion blank 0.004 0.044 0.004 0.038 8 < PQL < PQL
17 2014-04-23 digestion Std Wheat 1567a 1.187 0.229 1.214 0.234 8 9.71 1.87
18 2014-04-23 0 µg/L Shoot -0.039 0.060 -0.033 0.052 8 < PQL < PQL
19 2014-04-23 0 µg/L Root 0.031 0.073 0.027 0.063 8 < PQL < PQL
20 2014-04-23 5 µg/L Shoot 3.092 0.123 3.446 0.137 4 13.78 0.55
21 2014-04-23 5 µg/L Root 0.764 0.048 0.682 0.043 4 2.73 0.17
22 2014-04-23 10 µg/L Shoot 4.400 0.268 4.904 0.299 8 39.23 2.39
23 2014-04-23 10 µg/L Root 1.288 0.142 1.351 0.149 8 10.80 1.19
24 2014-04-23 25 µg/L Shoot 5.181 0.140 5.639 0.152 8 45.11 1.22
25 2014-04-23 25 µg/L Root 1.658 0.142 1.738 0.148 8 13.90 1.19
26 wash 0.003 0.068 0.003 0.068 1 0.00 0.07
27 Se_Std_0 0.002 0.103 0.002 0.103 1 0.00 0.10
28 Se_Std_0.5 0.345 0.036 0.345 0.036 1 0.34 0.04
29 Se_Std_0.75 0.642 0.026 0.642 0.026 1 0.64 0.03
30 Se_Std_1 0.911 0.036 0.911 0.036 1 0.91 0.04
31 Se_Std_2 1.896 0.076 1.896 0.076 1 1.90 0.08
32 Se_Std_4 3.232 0.169 3.232 0.169 1 3.23 0.17
33 Se_Std_5 4.166 0.069 4.166 0.069 1 4.17 0.07
34 Se_Std_6 5.360 0.089 5.360 0.089 1 5.36 0.09
35 wash -0.059 0.091 -0.059 0.091 1 -0.06 0.09
36 wash -0.040 0.085 -0.040 0.085 1 -0.04 0.08
37 2014-04-24 digestion blank -0.019 0.041 -0.015 0.033 8 < PQL < PQL
38 2014-04-24 digestion Std Wheat 1567a 1.211 0.117 1.309 0.126 8 10.47 1.01
39 2014-04-24 50 µg/L Shoot 3.679 0.131 4.183 0.149 120 501.92 17.82
40 2014-04-24 50 µg/L Root 1.978 0.048 2.087 0.050 60 125.22 3.02
41 2014-04-24 100 µg/L Shoot 4.880 0.205 5.368 0.225 240 1288.31 54.04
42 2014-04-24 100 µg/L Root 4.205 0.251 4.781 0.285 60 286.84 17.10
43 2014-04-24 250 µg/L Shoot 5.389 0.245 5.917 0.269 600 3550.38 161.32
44 2014-04-24 250 µg/L Root 5.443 0.219 5.977 0.240 120 717.19 28.80
45 2014-04-24 500 µg/L Shoot 2.562 0.191 2.702 0.201 2400 6485.85 482.87
46 2014-04-24 500 µg/L Root 5.464 0.190 5.999 0.209 240 1439.86 50.17
47 wash 0.034 0.214 0.034 0.214 1 0.03 0.21
48 Se_Std_0 -0.011 0.094 -0.011 0.094 1 -0.01 0.09
49 Se_Std_0.5 0.423 0.119 0.423 0.119 1 0.42 0.12
50 Se_Std_0.75 0.673 0.128 0.673 0.128 1 0.67 0.13
51 Se_Std_1 0.856 0.042 0.856 0.042 1 0.86 0.04
52 Se_Std_2 1.861 0.105 1.861 0.105 1 1.86 0.11
53 Se_Std_4 3.853 0.030 3.853 0.030 1 3.85 0.03
54 Se_Std_5 4.651 0.184 4.651 0.184 1 4.65 0.18
55 Se_Std_6 5.547 0.100 5.547 0.100 1 5.55 0.10
56 wash 0.016 0.120 0.016 0.120 1 0.02 0.12
57 wash 0.050 0.179 0.050 0.179 1 0.05 0.18
58 2014-04-25 digestion blank -0.024 0.107 -0.015 0.069 8 < PQL < PQL
59 2014-04-25 digestion Std Wheat 1567a 1.233 0.101 1.377 0.113 8 11.02 0.90
60 2014-04-25 1000 µg/L Shoot 7.075 0.315 7.612 0.339 600 > calib > calib
61 2014-04-25 1000 µg/L Root 7.626 0.535 8.206 0.575 240 > calib > calib
62 2014-04-25 2500 µg/L Shoot 2.808 0.338 2.959 0.357 600 1775.57 213.92
63 2014-04-25 2500 µg/L Root 5.711 0.212 6.145 0.228 240 1474.76 54.72
64 2014-04-25 0 µg/L Shoot 0.167 0.093 0.107 0.059 8 < PQL < PQL
65 2014-04-25 0 µg/L Root 0.259 0.103 0.166 0.066 8 < PQL < PQL
66 2014-04-25 5 µg/L Shoot 1.044 0.123 1.166 0.137 4 4.66 0.55
67 2014-04-25 5 µg/L Root 2.282 0.216 2.405 0.227 4 9.62 0.91

cv



cvi A. Se uptake by Rice - Data

Table A.77.: A4 analytical data - HG-FIAS measurement I (continued from previous page)
c(Se) c(Se) SD dilution c(Se)

Sequence No. Sample ID diluted SD driftcorr. driftcorr. factor conc. SD
[µg/L] [µg/L] [µg/L] [µg/L] [-] [µg/L] [µg/L]

68 wash -0.037 0.087 -0.037 0.087 1 -0.04 0.09
69 Se_Std_0 -0.031 0.064 -0.031 0.064 1 -0.03 0.06
70 Se_Std_0.5 0.441 0.066 0.441 0.066 1 0.44 0.07
71 Se_Std_0.75 0.599 0.032 0.599 0.032 1 0.60 0.03
72 Se_Std_1 0.840 0.062 0.840 0.062 1 0.84 0.06
73 Se_Std_2 1.900 0.112 1.900 0.112 1 1.90 0.11
74 Se_Std_4 3.712 0.146 3.712 0.146 1 3.71 0.15
75 Se_Std_5 4.527 0.089 4.527 0.089 1 4.53 0.09
76 Se_Std_6 5.627 0.052 5.627 0.052 1 5.63 0.05
77 wash 0.047 0.061 0.047 0.061 1 0.05 0.06
78 wash 0.022 0.057 0.022 0.057 1 0.02 0.06
79 2014-04-28 digestion blank -0.070 0.059 -0.049 0.042 8 < PQL < PQL
80 2014-04-28 digestion Std Wheat 1567a 1.119 0.132 1.328 0.157 8 10.63 1.25
81 2014-04-28 10 µg/L Shoot 1.086 0.136 1.289 0.162 8 10.31 1.29
82 2014-04-28 10 µg/L Root 2.482 0.229 2.772 0.256 8 22.17 2.05
83 2014-04-28 25 µg/L Shoot 3.395 0.332 3.814 0.373 8 30.52 2.98
84 2014-04-28 25 µg/L Root 7.210 0.490 7.844 0.533 8 > calib > calib
85 2014-04-28 50 µg/L Shoot 0.905 0.051 1.074 0.060 60 64.45 3.61
86 2014-04-28 50 µg/L Root 1.951 0.145 2.179 0.162 60 130.73 9.70
87 2014-04-28 100 µg/L Shoot 2.050 0.157 2.290 0.175 60 137.41 10.51
88 2014-04-28 100 µg/L Root 4.722 0.529 5.305 0.594 60 318.32 35.64
89 wash -0.032 0.060 -0.032 0.060 1 -0.03 0.06
90 Se_Std_0 0.028 0.122 0.028 0.122 1 0.03 0.12
91 Se_Std_0.5 0.383 0.029 0.383 0.029 1 0.38 0.03
92 Se_Std_0.75 0.583 0.081 0.583 0.081 1 0.58 0.08
93 Se_Std_1 0.723 0.067 0.723 0.067 1 0.72 0.07
94 Se_Std_2 1.611 0.077 1.611 0.077 1 1.61 0.08
95 Se_Std_4 3.483 0.092 3.483 0.092 1 3.48 0.09
96 Se_Std_5 4.284 0.107 4.284 0.107 1 4.28 0.11
97 Se_Std_6 5.403 0.170 5.403 0.170 1 5.40 0.17
98 wash -0.006 0.103 -0.006 0.103 1 -0.01 0.10
99 wash 0.002 0.067 0.002 0.067 1 0.00 0.07
100 2014-02-30 digestion blank 0.035 0.055 0.031 0.048 8 < PQL < PQL
101 2014-02-30 digestion Std Wheat 1567a 1.197 0.057 1.437 0.069 8 11.50 0.55
102 2014-02-30 250 µg/L Shoot 1.184 0.188 1.421 0.226 120 170.53 27.15
103 2014-02-30 250 µg/L Root 3.179 0.295 3.580 0.332 120 429.66 39.89
104 2014-02-30 500 µg/L Shoot 0.705 0.112 0.705 0.112 240 169.26 26.86
105 2014-02-30 500 µg/L Root 1.876 0.085 2.056 0.093 240 493.35 22.28
106 2014-02-30 1000 µg/L Shoot 1.365 0.111 1.639 0.133 240 393.42 31.94
107 2014-02-30 1000 µg/L Root 3.912 0.276 4.406 0.311 240 1057.47 74.56
108 2014-02-30 2500 µg/L Shoot 0.752 0.081 0.753 0.081 240 180.66 19.46
109 2014-02-30 2500 µg/L Root 3.289 0.129 3.705 0.145 240 889.17 34.92
110 wash 0.049 0.060 0.049 0.060 1 0.05 0.06
111 6M HCl Blank -0.010 0.121 -0.009 0.117 4 -0.04 0.47
112 Trace Metal 252 µg/L 2.304 0.100 2.377 0.103 120 285.24 12.38
113 wash -0.014 0.042 -0.014 0.042 1 -0.01 0.04
114 Se_Std_0 0.064 0.052 0.064 0.052 1 0.06 0.05
115 Se_Std_0.5 0.330 0.066 0.330 0.066 1 0.33 0.07
116 Se_Std_0.75 0.614 0.068 0.614 0.068 1 0.61 0.07
117 Se_Std_1 0.813 0.021 0.813 0.021 1 0.81 0.02
118 Se_Std_2 1.925 0.063 1.925 0.063 1 1.93 0.06
119 Se_Std_4 3.688 0.082 3.688 0.082 1 3.69 0.08
120 Se_Std_5 4.577 0.098 4.577 0.098 1 4.58 0.10
120 Se_Std_6 5.613 0.069 5.613 0.069 1 5.61 0.07
121 2014-04-25 1000 µg/L Shoot 3.458 0.189 3.458 0.189 1200 4149.12 227.24
122 2014-04-25 1000 µg/L Root 3.595 0.121 3.595 0.121 480 1725.60 58.31
123 2014-04-28 25 µg/L Root 3.669 0.030 4.041 0.033 16 64.65 0.54
124 wash 0.025 0.086 0.025 0.086 1 0.03 0.09
125 wash -0.031 0.051 -0.031 0.051 1 -0.03 0.05
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B. Adsorption-Desorption
Experiments Se & Kaolinite,
Goethite

B.1. Datasheets Material Characterization
B.1.1. WDX Analysis of Kaolinite and FeOOH

B.1.2. TG-DSC data

Figure B.1.: TG-DSC curve of Kaolin powder AKW KN 83 measured at CMM

Table B.1.: WDX datasheet
sample Na2O MgO Al2O3 SiO2 P2O5 K2O CaO TiO2 MnO Fe2O3 sum ignition

[%] [%] [%] [%] [%] [%] [%] [%] [%] [%] loss

Kaolin_AKW_KN_83 0.064 0.000 35.842 44.151 0.035 0.654 0.063 0.823 0.002 0.357 81.991 16.4589
Kaolin_KBS_0_alpha 0.092 0.243 34.526 45.968 0.104 2.095 0.078 0.035 0.009 0.821 83.972 13.6533
Kaolin_KBS_BT_GHB 0.210 0.000 39.024 45.027 0.028 0.153 0.037 0.818 0.000 0.526 85.823 12.9298
FeOOH_B_E216 0.081 0.116 0.043 0.322 0.000 0.016 0.299 0.000 0.244 81.393 98.635 16.3442
FeOOH_B_920Z 0.099 0.000 0.000 8.271 0.000 0.016 0.074 0.025 0.066 80.082 99.863 11.2459
SiO2_Dors_9S_1-1.6 0.037 0.000 0.486 98.415 0.000 0.119 0.026 0.193 0.000 0.229 99.505 n. a.
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cviii B. Adsorption-Desorption Experiments Se & Kaolinite, Goethite

Figure B.2.: TG-DSC curve of Kaolin powder KBS 0 alpha measured at CMM

Figure B.3.: TG-DSC curve of Kaolin powder KBS BT GHB measured at CMM

cviii



B.1. Datasheets Material Characterization cix

B.1.3. STA-analysis

Figure B.4.: IR-MS measurements of TG-DSC analysis for AKW KN 83

cix



cx B. Adsorption-Desorption Experiments Se & Kaolinite, Goethite

Figure B.5.: IR-MS measurements of TG-DSC analysis for KBS 0 alpha

Figure B.6.: IR-MS measurements of TG-DSC analysis for KBS BT GHB

cx



B.1. Datasheets Material Characterization cxi

B.1.4. Texture XRD

Figure B.7.: XRD analysis of AKW KN 83 texture samples

cxi



cxii B. Adsorption-Desorption Experiments Se & Kaolinite, Goethite

Figure B.8.: XRD analysis of KBS 0 alpha texture samples

Figure B.9.: XRD analysis of KBS BT GHB texture samples

cxii
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cxvi B. Adsorption-Desorption Experiments Se & Kaolinite, Goethite

sample AKW KN 83 KBS 0 alpha KBS BT GHB

content std dev content std dev content std dev
mineral phase [%] [%] [%]

anatase x x x x 2.88 0.42
calcite x x 0.78 0.19 x x
cristobalite 2.2 0.39 2.99 0.36 13.91 0.93
hematite x x x x x x
ilmenite x x x x x x
kaolinite 88.45 1.02 64.18 1.02 66.3 2.01
(C1 ideal, BISH)
magnetite x x 0.88 0.22 x x
muscovite 5.61 1.02 21.06 1.08 12.81 1.11
(2M1 Fe)
orthoclase 1.69 0.42 5.28 0.6 2.46 0.6
quartz 1.23 0.28 1.58 0.36 x x
rutile x x x x 0.84 0.26
tridymite, low x x 3.25 0.48 0.79 2.43

B.1.5. AutoQuan calculated mineral composition
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cxviii B. Adsorption-Desorption Experiments Se & Kaolinite, Goethite

B.2. Datasheets experiment B0 - data overview

Table B.2.: B0 datasheet - sorption, wash and desorption data
Sample | Sorption wash desorption

c(Se) Substr. c(Se) SD Se SD c(Se)max c(Se) c(Se) c(Se)max c(Se) SD Se SD
sol sorp wash wash wash desorp. desorp. desorb

(FIAS) (FIAS) (calc.) (FIAS) (calc.) (FIAS)
[µg/L] [mg] [µg/L] [µg/L] [mg/kg] [mg/kg] [µg/L] [µg/L] [%-calc.] [µg/L] [µg/L] [µg/L] [%-sorb] [%]

Kaolinite

Se50-Blank 50 0.00 26.71 0.07 x x x x x 26.71 x x x x
Se50-K0 50 0.00 26.30 0.11 x x 1.32 -0.28 -20.99 26.58 x x x x
Se50-K50 50 50.00 20.40 0.14 1.16 0.01 1.02 0.02 2.35 20.38 0.54 0.96 2.63 4.71
Se50-K100 50 100.00 17.18 0.06 0.91 0.00 0.86 -0.20 -23.74 17.39 0.71 0.11 4.10 0.62
Se50-K500 50 500.00 9.10 0.07 0.34 0.00 0.45 -0.05 -10.55 9.14 1.42 1.39 15.49 15.22
Se50-K1000 50 1000.00 6.84 0.08 0.19 0.00 0.34 0.00 0.00 6.84 1.28 1.13 18.77 16.49
Se500-Blank 500 0.00 459.12 0.11 x x x x x 459.12 x x x x
Se500-K0 500 0.00 469.68 0.16 x x 23.48 2.00 8.53 467.68 x x x x
Se500-K50 500 50.00 383.52 0.11 16.93 0.00 19.18 0.88 4.57 382.64 34.92 2.04 9.13 0.53
Se500-K100 500 100.00 332.16 0.11 13.71 0.00 16.61 0.11 0.65 332.05 60.72 6.72 18.29 2.02
Se500-K500 500 500.00 186.24 0.08 5.67 0.00 9.31 0.34 3.61 185.90 114.60 14.52 61.64 7.81
Se500-K1000 500 1000.00 118.80 0.10 3.50 0.00 5.94 0.24 4.04 118.56 112.32 4.08 94.74 3.44
Se5000-Blank 5000 0.00 4550.40 0.14 x x x x x 4550.40 x x x x
Se5000-K0 5000 0.00 4555.20 0.05 x x 227.76 26.09 11.45 4529.11 x x x x
Se5000-K50 5000 50.00 3782.40 0.13 153.94 0.01 189.12 15.55 8.22 3766.85 423.60 14.88 11.25 0.40
Se5000-K100 5000 100.00 3900.00 0.93 65.13 0.02 195.00 20.24 10.38 3879.76 198.00 90.00 5.10 2.32
Se5000-K500 5000 500.00 2683.20 0.21 37.29 0.00 134.16 12.13 9.04 2671.07 982.80 63.60 36.79 2.38
Se5000-K1000 5000 1000.00 1960.80 0.08 25.91 0.00 98.04 7.54 7.69 1953.26 1531.20 9.60 78.39 0.49

Goethite

Se50-Blank 50 0.00 26.71 0.07 x x x x x 26.71 x x x x
Se50-G0 50 0.00 26.30 0.11 x x 1.98 -20.99 -1061.08 47.29 x x x x
Se50-G50 50 50.00 9.58 0.19 3.31 0.07 0.72 0.02 3.33 9.55 1.50 0.44 15.74 4.65
Se50-G100 50 100.00 9.43 0.15 1.68 0.03 0.71 0.42 59.22 9.01 1.80 0.17 19.97 1.86
Se50-G500 50 500.00 8.28 0.07 0.36 0.00 0.62 0.48 77.10 7.80 1.22 0.23 15.69 2.92
Se50-G1000 50 1000.00 8.54 0.12 0.18 0.00 0.64 0.20 31.76 8.34 4.37 0.85 52.37 10.22
Se500-Blank 500 0.00 459.12 0.11 x x x x x 459.12 x x x x
Se500-G0 500 0.00 469.68 0.16 x x 35.31 8.53 24.16 461.15 x x x x
Se500-G50 500 50.00 216.00 0.05 50.84 0.01 16.24 5.10 31.40 210.90 42.72 4.26 20.26 2.02
Se500-G100 500 100.00 184.08 0.15 28.42 0.02 13.84 4.38 31.65 179.70 55.68 1.44 30.98 0.80
Se500-G500 500 500.00 123.60 0.08 6.92 0.00 9.29 7.02 75.54 116.58 71.34 7.50 61.19 6.43
Se500-G1000 500 1000.00 119.52 0.13 3.50 0.00 8.99 5.16 57.42 114.36 83.58 2.22 73.08 1.94
Se5000-Blank 5000 0.00 4550.40 0.14 x x x x x 4550.40 x x x x
Se5000-G0 5000 0.00 4555.20 0.05 x x 342.50 11.45 3.34 4543.75 x x x x
Se5000-G50 5000 50.00 2025.60 0.11 503.90 0.03 152.30 51.85 34.05 1973.75 405.60 25.80 20.55 1.31
Se5000-G100 5000 100.00 1759.20 0.10 277.66 0.02 132.27 56.20 42.49 1703.00 564.00 96.00 33.12 5.64
Se5000-G500 5000 500.00 1137.60 0.15 68.30 0.01 85.53 66.84 78.14 1070.76 894.00 3.18 83.49 0.30
Se5000-G1000 5000 1000.00 1089.60 0.14 34.63 0.00 81.92 54.26 66.24 1035.34 1057.20 36.00 102.11 3.48
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B.2. Datasheets experiment B0 - data overview cxix

Table B.3.: B0 datasheet II
volume measured by kaolinite c(Se) (FIAS) SD (FIAS) Se sorb SD sorb
[mL] [mg] [µg/L] [µg/L] [%] [%]

10 pipette 0 795.98 14.95
10 pipette 0.99 408.34 6.41 48.6998562 0.76425355
50 100mL cylinder 5.04 406.74 10.36 48.9007269 1.24550094
100 100mL cylinder 9.98 370.23 6.14 53.4872745 0.88659272
500 1000mL cylinder 49.90 308.91 19.47 61.191415 3.85658738
1000 1000mL cylinder 99.80 430.41 5.22 45.9267247 0.55732429

volume measured by goethite c(Se) (FIAS) SD (FIAS) Se sorb SD sorb
[mL] [mg] [µg/L] [µg/L] [%] [%]

10 pipette 0 766.28 12.71
10 pipette 0.99 115.56 7.37 84.9194349 5.41831715
50 100mL cylinder 5.00 110.79 5.95 85.5421699 4.59206338
100 100mL cylinder 10.00 116.31 7.35 84.8208352 5.35885527
500 1000mL cylinder 50.47 122.08 4.65 84.0683638 3.20080567
1000 1000mL cylinder 100.49 107.77 2.93 85.9365687 2.33296204

cxix



cxx B. Adsorption-Desorption Experiments Se & Kaolinite, Goethite

B.3. B0 analytical data

Table B.4.: B0 analytical data - HG-FIAS measurement I
Technique AA FIAS-MHS
Spectrometer Model Aanalyst 200 S/N 200S6110908
Autosampler Model AS-90plus

Batch ID Sorp-Desorp-2012-06-13
Results Data Set Se_Nothstein_2012_06_21
Date Measured 27.06.2012
Method Name Se Nothstein

correl. coeff. PQL (= lowest calib-10 %) 0.450
0.998892 LOQ (= 7·wash) 0.008
calib. slope LOD (= 3·wash) 0.004
0.01167 analytical quality [%] 118.762

Mean entered calc.
Calibration Sample ID signal SD c(Se) c(Se) SD

[-] [-] [µg/L] [µg/L] [µg/L]

1 Blank 0.0000 0.0001 0.0 0.00 0.00
2 0.5 ppb 0.0051 0.0020 0.5 0.43 0.00
3 1.0 ppb 0.0106 0.0020 1.0 0.90 0.00
4 2.0 ppb 0.0222 0.0008 2.0 1.90 0.00
5 5.0 ppb 0.0591 0.0025 5.0 5.06 0.00

c(Se) c(Se) SD dilution c(Se)
Sequence No. Sample ID diluted SD driftcorr. driftcorr. factor conc. SD

[µg/L] [µg/L] [µg/L] [µg/L] [-] [µg/L] [µg/L]

1 Wash Milli-Q -0.146 0.069 -0.146 0.069 1 -0.15 0.07
2 Se_red_HCl_blank 0.067 0.109 0.067 0.109 12 0.80 0.11
3 TWStd_4.2µg/L 4.988 0.094 4.988 0.094 12 59.86 0.09
4 no_sorp_Blank_50ppb 1.113 0.067 1.113 0.067 24 26.71 0.07
5 no_sorp_Blank_500ppb 1.913 0.108 1.913 0.108 240 459.12 0.11
6 no_sorp_Blank_5000ppb 1.896 0.139 1.896 0.139 2400 4550.40 0.14
7 sorp_blnd_0mg_50ppb 1.096 0.112 1.096 0.112 24 26.30 0.11
8 sorp_blnd_0mg_500ppb 1.957 0.162 1.957 0.162 240 469.68 0.16
9 sorp_blnd_0mg_5000ppb 1.898 0.054 1.898 0.054 2400 4555.20 0.05
10 wash 0.698 0.060 0.698 0.060 1 0.70 0.06
11 sorp_K-AKW_50mg_50ppb 0.850 0.137 0.850 0.137 24 20.40 0.14
12 sorp_K-AKW_50mg_500ppb 1.598 0.112 1.598 0.112 240 383.52 0.11
13 sorp_K-AKW_50mg_5000ppb 1.576 0.127 1.576 0.127 2400 3782.40 0.13
14 sorp_K-AKW_100mg_50ppb 0.716 0.059 0.716 0.059 24 17.18 0.06
15 sorp_K-AKW_100mg_500ppb 1.384 0.110 1.384 0.110 240 332.16 0.11
16 sorp_K-AKW_100mg_5000ppb 1.625 0.928 1.625 0.928 2400 3900.00 0.93
17 sorp_K-AKW_500mg_50ppb 0.379 0.067 0.379 0.067 24 9.10 0.07
18 sorp_K-AKW_500mg_500ppb 0.776 0.075 0.776 0.075 240 186.24 0.08
19 sorp_K-AKW_500mg_5000ppb 1.118 0.210 1.118 0.210 2400 2683.20 0.21
20 sorp_K-AKW_1000mg_50ppb 0.285 0.075 0.285 0.075 24 6.84 0.08
21 sorp_K-AKW_1000mg_500ppb 0.495 0.103 0.495 0.103 240 118.80 0.10
22 sorp_K-AKW_1000mg_5000ppb 0.817 0.077 0.817 0.077 2400 1960.80 0.08
23 wash 0.034 0.033 0.034 0.033 1 0.03 0.03
24 Std_0.0ppb 0.040 0.098 0.040 0.098 1 0.04 0.10
25 Std_0.5ppb 0.636 0.069 0.636 0.069 1 0.64 0.07
26 Std_1.0ppb 0.954 0.221 0.954 0.221 1 0.95 0.22
27 Std_2.0ppb 1.689 0.080 1.689 0.080 1 1.69 0.08
28 Std_5.0ppb 4.744 0.070 4.744 0.070 1 4.74 0.07
29 wash 0.029 0.043 0.029 0.043 1 0.03 0.04
30 sorp_F-E216_50mg_50ppb 0.399 0.191 0.399 0.191 24 9.58 0.19
31 sorp_F-E216_50mg_500ppb 0.900 0.050 0.900 0.050 240 216.00 0.05
32 sorp_F-E216_50mg_5000ppb 0.844 0.113 0.844 0.113 2400 2025.60 0.11
33 sorp_F-E216_100mg_50ppb 0.393 0.154 0.393 0.154 24 9.43 0.15
34 sorp_F-E216_100mg_500ppb 0.767 0.147 0.767 0.147 240 184.08 0.15
35 sorp_F-E216_100mg_5000ppb 0.733 0.096 0.733 0.096 2400 1759.20 0.10
36 sorp_F-E216_500mg_50ppb 0.345 0.070 0.345 0.070 24 8.28 0.07
37 sorp_F-E216_500mg_500ppb 0.515 0.077 0.515 0.077 240 123.60 0.08
38 sorp_F-E216_500mg_5000ppb 0.474 0.153 0.474 0.153 2400 1137.60 0.15
39 sorp_F-E216_1000mg_50ppb 0.356 0.120 0.356 0.120 24 8.54 0.12
40 sorp_F-E216_1000mg_500ppb 0.498 0.132 0.498 0.132 240 119.52 0.13
41 sorp_F-E216_1000mg_5000ppb 0.454 0.142 0.454 0.142 2400 1089.60 0.14
42 wash 0.013 0.086 0.013 0.086 1 0.01 0.09
43 Std_0.0ppb 0.233 0.062 0.233 0.062 1 0.23 0.06
44 Std_0.5ppb 1.210 0.134 1.210 0.134 1 1.21 0.13
45 Std_1.0ppb 2.318 0.100 2.318 0.100 1 2.32 0.10
46 Std_2.0ppb 4.250 0.282 4.250 0.282 1 4.25 0.28
47 Std_5.0ppb 10.827 0.231 10.827 0.231 1 10.83 0.23
48 wash 0.076 0.103 0.076 0.103 1 0.08 0.10
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B.3. B0 analytical data cxxi

Table B.5.: B0 analytical data - HG-FIAS measurement II
Technique AA FIAS-MHS
Spectrometer Model Aanalyst 200 S/N 200S6110908
Autosampler Model AS-90plus

Batch ID Sorp-Desorp-2012-06-13
Results Data Set Se_Nothstein_T_2012_07_02
Date Measured 03.07.2012
Method Name Se Nothstein

correl. coeff. PQL (= lowest calib-10 %) 0.450
0.997676 LOQ (= 7·wash) -0.003
calib. slope LOD (= 3·wash) -0.001
0.03757 analytical quality [%] 97.286

Mean entered calc.
Calibration Sample ID signal SD c(Se) c(Se) SD

[-] [-] [µg/L] [µg/L] [µg/L]

1 Blank 0.0000 0.0000 0.0 0.00 0.00
2 0.5 ppb 0.0247 0.0000 0.5 0.55 0.00
3 1.0 ppb 0.0527 0.0000 1.0 1.17 0.00
4 2.0 ppb 0.0926 0.0001 2.0 2.06 0.00
5 5.0 ppb 0.2222 0.0002 5.0 4.93 0.00

c(Se) c(Se) SD dilution c(Se)
Sequence No. Sample ID diluted SD driftcorr. driftcorr. factor conc. SD

[µg/L] [µg/L] [µg/L] [µg/L] [-] [µg/L] [µg/L]

1 Wash Milli-Q -0.008 0.006 -0.008 0.006 1 -0.01 0.01
2 Na2SeO3_ungekocht_1.6ppb 3.134 0.040 3.134 0.040 6 18.80 0.24
3 Na2SeO3_gekocht_1.6ppb 2.867 0.093 2.867 0.093 6 17.20 0.56
4 Na2SeO4_ungekocht_1.6ppb 0.197 0.034 0.197 0.034 6 1.18 0.20
5 Na2SeO4_gekocht_1.6ppb 2.932 0.102 2.932 0.102 6 17.59 0.61
6 Se_red_HCl_blank 0.012 0.031 0.012 0.031 6 0.07 0.19
7 TWStd_4.2µg/L 4.132 0.113 4.132 0.113 60 247.92 6.78
8 spül_blind_50ppb -0.023 0.032 -0.023 0.032 12 -0.28 0.38
9 spül_blind_500ppb 0.167 0.019 0.167 0.019 12 2.00 0.23
10 spül_blind_5000ppb 2.174 0.058 2.174 0.058 12 26.09 0.70
11 wash 0.029 0.028 0.029 0.028 1 0.03 0.03
12 Std_0.0ppb 0.025 0.059 0.025 0.059 1 0.03 0.06
13 Std_0.5ppb 0.516 0.051 0.516 0.051 1 0.52 0.05
14 Std_1.0ppb 1.080 0.049 1.080 0.049 1 1.08 0.05
15 Std_2.0ppb 2.032 0.051 2.032 0.051 1 2.03 0.05
16 Std_5.0ppb 5.064 0.024 5.064 0.024 1 5.06 0.02
17 wash 0.004 0.024 0.004 0.024 1 0.00 0.02
18 spül_K-AKW_50mg_50ppb 0.002 0.017 0.002 0.017 12 0.02 0.20
19 spül_K-AKW_50mg_500ppb 0.073 0.016 0.073 0.016 12 0.88 0.19
20 spül_K-AKW_50mg_5000ppb 1.296 0.110 1.296 0.110 12 15.55 1.32
21 spül_K-AKW_100mg_50ppb -0.017 0.033 -0.017 0.033 12 -0.20 0.40
22 spül_K-AKW_100mg_500ppb 0.009 0.016 0.009 0.016 12 0.11 0.19
23 spül_K-AKW_100mg_5000ppb 1.687 0.035 1.687 0.035 12 20.24 0.42
24 spül_K-AKW_500mg_50ppb -0.004 0.015 -0.004 0.015 12 -0.05 0.18
25 spül_K-AKW_500mg_500ppb 0.028 0.026 0.028 0.026 12 0.34 0.31
26 spül_K-AKW_500mg_5000ppb 1.011 0.051 1.011 0.051 12 12.13 0.61
27 spül_K-AKW_1000mg_50ppb 0.000 0.026 0.000 0.026 12 0.00 0.31
28 spül_K-AKW_1000mg_500ppb 0.020 0.015 0.020 0.015 12 0.24 0.18
29 spül_K-AKW_1000mg_5000ppb 0.628 0.037 0.628 0.037 12 7.54 0.44
30 wash 0.020 0.044 0.020 0.044 1 0.02 0.04
31 Std_0.0ppb 0.002 0.048 0.002 0.048 1 0.00 0.05
32 Std_0.5ppb 0.480 0.061 0.480 0.061 1 0.48 0.06
33 Std_1.0ppb 1.042 0.039 1.042 0.039 1 1.04 0.04
34 Std_2.0ppb 1.991 0.030 1.991 0.030 1 1.99 0.03
35 Std_5.0ppb 4.832 0.078 4.832 0.078 1 4.83 0.08
36 wash -0.036 0.015 -0.036 0.015 1 -0.04 0.02
37 spül_F-E216_50mg_50ppb 0.002 0.015 0.002 0.015 12 0.02 0.18
38 spül_F-E216_50mg_500ppb 0.425 0.030 0.425 0.030 12 5.10 0.36
39 spül_F-E216_50mg_5000ppb 4.321 0.187 4.321 0.187 12 51.85 2.24
40 spül_F-E216_100mg_50ppb 0.035 0.052 0.035 0.052 12 0.42 0.62
41 spül_F-E216_100mg_500ppb 0.365 0.034 0.365 0.034 12 4.38 0.41
42 spül_F-E216_100mg_5000ppb 4.683 0.143 4.683 0.143 12 56.20 1.72
43 spül_F-E216_500mg_50ppb 0.040 0.042 0.040 0.042 12 0.48 0.50
44 spül_F-E216_500mg_500ppb 0.585 0.038 0.585 0.038 12 7.02 0.46
45 spül_F-E216_500mg_5000ppb 5.570 0.076 5.570 0.076 12 66.84 0.91
46 spül_F-E216_1000mg_50ppb 0.017 0.037 0.017 0.037 12 0.20 0.44
47 spül_F-E216_1000mg_500ppb 0.430 0.071 0.430 0.071 12 5.16 0.85
48 spül_F-E216_1000mg_5000ppb 4.522 0.134 4.522 0.134 12 54.26 1.61
49 wash 0.005 0.005 0.005 0.005 12 0.06 0.06
50 Std_0.0ppb 0.028 0.014 0.028 0.014 1 0.03 0.01
51 Std_0.5ppb 0.496 0.047 0.496 0.047 1 0.50 0.05
52 Std_1.0ppb 1.024 0.071 1.024 0.071 1 1.02 0.07
53 Std_2.0ppb 1.882 0.045 1.882 0.045 1 1.88 0.05
54 Std_5.0ppb 4.628 0.085 4.628 0.085 1 4.63 0.09
55 wash -0.016 0.012 -0.016 0.012 1 -0.02 0.01
56 Na2SeO3_ungekocht_1.66ppb 2.926 0.066 2.926 0.066 6 17.56 0.40
57 Na2SeO3_gekocht_1.66ppb 2.686 0.043 2.686 0.043 6 16.12 0.26
58 Na2SeO4_ungekocht_1.66ppb 0.169 0.007 0.169 0.007 6 1.01 0.04
59 Na2SeO4_gekocht_1.66ppb 2.795 0.066 2.795 0.066 6 16.77 0.40
60 HCL Blank 0.003 0.031 0.003 0.031 6 0.02 0.19
61 TWStd_4.2µg/L 4.040 0.156 4.040 0.156 60 242.40 9.36
62 wash -0.032 0.017 -0.032 0.017 1 -0.03 0.02
63 wash 0.030 0.020 0.030 0.020 1 0.03 0.02
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Table B.6.: B0 analytical data - HG-FIAS measurement III
Technique AA FIAS-MHS
Spectrometer Model Aanalyst 200 S/N 200S6110908
Autosampler Model AS-90plus

Batch ID Sorp-Desorp-2012-06-13
Results Data Set Nothstein_2012_07_23_test
Date Measured 23.07.2012
Method Name Se Nothstein

correl. coeff. PQL (= lowest calib-10 %) 0.450
0.999695 LOQ (= 7·wash) 0.039
calib. slope LOD (= 3·wash) 0.017
0.02894 analytical quality [%] 97.798

Mean entered calc.
Calibration Sample ID signal SD c(Se) c(Se) SD

[-] [-] [µg/L] [µg/L] [µg/L]

1 Blank 0.0000 0.0000 0.0 0.00 0.00
2 0.5 ppb 0.0144 0.0000 0.5 0.50 0.00
3 1.0 ppb 0.0290 0.0000 1.0 1.00 0.00
4 2.0 ppb 0.0602 0.0001 2.0 2.08 0.00
5 5.0 ppb 0.1437 0.0002 5.0 4.97 0.00

c(Se) c(Se) SD dilution c(Se)
Sequence No. Sample ID diluted SD driftcorr. driftcorr. factor conc. SD

[µg/L] [µg/L] [µg/L] [µg/L] [-] [µg/L] [µg/L]

1 Wash Milli-Q 0.000 0.066 0.000 0.066 1 0.00 0.07
2 Se_0.0ppb -0.032 0.017 -0.032 0.017 1 -0.03 0.02
3 Se_0.5ppb 0.466 0.033 0.466 0.033 1 0.47 0.03
4 Se_1.0ppb 1.015 0.015 1.015 0.015 1 1.02 0.02
5 Se_2.0ppb 1.836 0.145 1.836 0.145 1 1.84 0.15
6 Se_5.0ppb 4.828 0.070 4.828 0.070 1 4.83 0.07
7 wash -0.026 0.027 -0.026 0.027 1 -0.03 0.03
8 Na2SeO3_ungekocht_1.66ppb -0.002 0.025 -0.002 0.025 12 -0.02 0.30
9 Na2SeO3_gekocht_1.66ppb 0.662 0.093 0.662 0.093 12 7.94 1.12

10 Na2SeO4_ungekocht_1.66ppb 0.198 0.033 0.198 0.033 12 2.38 0.40
11 Na2SeO4_gekocht_1.66ppb 0.597 0.055 0.597 0.055 12 7.16 0.66
12 HCl_blank -0.038 0.043 -0.038 0.043 12 -0.46 0.52
13 TWStd_4.2µg/L 5.020 0.015 5.020 0.015 60 301.20 0.87
14 desorp_blind_50ppb -0.038 0.014 -0.038 0.014 12 -0.46 0.17
15 desorp_blind_500ppb -0.020 0.029 -0.020 0.029 120 -2.40 3.48
16 desorp_blind_5000ppb -0.034 0.065 -0.034 0.065 1200 -40.80 78.00
17 wash -0.016 0.038 -0.016 0.038 1 -0.02 0.04
18 Se_0.0ppb -0.060 0.010 -0.060 0.010 1 -0.06 0.01
19 Se_0.5ppb 0.466 0.017 0.466 0.017 1 0.47 0.02
20 Se_1.0ppb 0.997 0.124 0.997 0.124 1 1.00 0.12
21 Se_2.0ppb 2.085 0.007 2.085 0.007 1 2.09 0.01
22 Se_5.0ppb 5.273 0.031 5.273 0.031 1 5.27 0.03
23 wash -0.049 0.037 -0.049 0.037 1 -0.05 0.04
24 desorp_AKW_50mg_50ppb 0.045 0.080 0.045 0.080 12 0.54 0.96
25 desorp_AKW_50mg_500ppb 0.291 0.017 0.291 0.017 120 34.92 2.04
26 desorp_AKW_50mg_5000ppb 0.353 0.012 0.353 0.012 1200 423.60 14.88
27 desorp_AKW_100mg_50ppb 0.059 0.009 0.059 0.009 12 0.71 0.11
28 desorp_AKW_100mg_500ppb 0.506 0.056 0.506 0.056 120 60.72 6.72
29 desorp_AKW_100mg_5000ppb 0.165 0.075 0.165 0.075 1200 198.00 90.00
30 desorp_AKW_500mg_50ppb 0.118 0.116 0.118 0.116 12 1.42 1.39
31 desorp_AKW_500mg_500ppb 0.955 0.121 0.955 0.121 120 114.60 14.52
32 desorp_AKW_500mg_5000ppb 0.819 0.053 0.819 0.053 1200 982.80 63.60
33 desorp_AKW_1000mg_50ppb 0.207 0.094 0.207 0.094 12 2.48 1.13
34 desorp_AKW_1000mg_500ppb 0.936 0.034 0.936 0.034 120 112.32 4.08
35 desorp_AKW_1000mg_5000ppb 1.276 0.008 1.276 0.008 1200 1531.20 9.60
36 wash 0.000 0.091 0.000 0.091 1 0.00 0.09
37 Se_0.0ppb -0.015 0.034 -0.015 0.034 1 -0.02 0.03
38 Se_0.5ppb 0.607 0.057 0.607 0.057 1 0.61 0.06
39 Se_1.0ppb 1.193 0.116 1.193 0.116 1 1.19 0.12
40 Se_2.0ppb 2.231 0.067 2.231 0.067 1 2.23 0.07
41 Se_5.0ppb 5.574 0.113 5.574 0.113 1 5.57 0.11
42 wash -0.028 0.078 -0.028 0.078 1 -0.03 0.08
43 desorp_E216_50mg_50ppb 0.125 0.037 0.125 0.037 12 1.50 0.44
44 desorp_E216_50mg_500ppb 0.712 0.071 0.712 0.071 60 42.72 4.26
45 desorp_E216_50mg_5000ppb 0.676 0.043 0.676 0.043 600 405.60 25.80
46 desorp_F-E216_100mg_50ppb 0.150 0.014 0.150 0.014 12 1.80 0.17
47 desorp_F-E216_100mg_500ppb 0.928 0.024 0.928 0.024 60 55.68 1.44
48 desorp_F-E216_100mg_5000ppb 0.940 0.160 0.940 0.160 600 564.00 96.00
49 desorp_F-E216_500mg_50ppb 0.102 0.019 0.102 0.019 12 1.22 0.23
50 desorp_F-E216_500mg_500ppb 1.189 0.125 1.189 0.125 60 71.34 7.50
51 desorp_F-E216_500mg_5000ppb 1.490 0.005 1.490 0.005 600 894.00 3.18
52 desorp_F-E216_1000mg_50ppb 0.364 0.071 0.364 0.071 12 4.37 0.85
53 desorp_F-E216_1000mg_500ppb 1.393 0.037 1.393 0.037 60 83.58 2.22
54 desorp_F-E216_1000mg_5000ppb 1.762 0.060 1.762 0.060 600 1057.20 36.00
55 wash -0.002 0.068 -0.002 0.068 1 0.00 0.07
56 Std_0.0ppb -0.003 0.029 -0.003 0.029 1 0.00 0.03
57 Std_0.5ppb 0.561 0.055 0.561 0.055 1 0.56 0.06
58 Std_1.0ppb 1.156 0.023 1.156 0.023 1 1.16 0.02
59 Std_2.0ppb 2.289 0.076 2.289 0.076 1 2.29 0.08
60 Std_5.0ppb 5.494 0.041 5.494 0.041 1 5.49 0.04
61 wash 0.011 0.125 0.011 0.125 1 0.01 0.13
62 Na2SeO3_ungekocht_1.6ppb 0.002 0.048 0.002 0.048 6 0.01 0.29
63 Na2SeO3_gekocht_1.6ppb 0.700 0.028 0.700 0.028 6 4.20 0.17
64 Na2SeO4_ungekocht_1.6ppb 0.178 0.012 0.178 0.012 6 1.07 0.07
65 Na2SeO4_gekocht_1.6ppb 0.620 0.042 0.620 0.042 6 3.72 0.25
66 HCl_blank -0.048 0.037 -0.048 0.037 6 -0.29 0.22
67 TWStd_4.2µg/L 3.195 2.589 3.195 2.589 60 191.70 155.34
68 wash 0.164 0.291 0.164 0.291 1 0.16 0.29
69 wash 0.002 0.045 0.002 0.045 1 0.00 0.05
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Table B.7.: B0 analytical data - HG-FIAS measurement IV
Technique AA FIAS-MHS
Spectrometer Model Aanalyst 200 S/N 200S6110908
Autosampler Model AS-90plus

Batch ID Sorp-Desorp-2012-06-13
Results Data Set Nothstein_Se_2013_03_06b
Date Measured 06.03.2013
Method Name Se Nothstein 5repl

correl. coeff. PQL (= lowest calib-10 %) 0.450
0.99096 LOQ (= 7·wash) 0.093
calib. slope LOD (= 3·wash) 0.040
0.02658 analytical quality [%] 106.531

Mean entered calc.
Calibration Sample ID signal SD c(Se) c(Se) SD

[-] [-] [µg/L] [µg/L] [µg/L]

1 Blank 0.0000 0.0000 0.0 0.00 0.00
2 0.5 ppb 0.0129 0.0000 0.5 0.49 0.00
3 1.0 ppb 0.0281 0.0000 1.0 1.06 0.00
4 2.0 ppb 0.0563 0.0001 2.0 2.12 0.00
5 5.0 ppb 0.1312 0.0002 5.0 4.94 0.00

c(Se) c(Se) SD dilution c(Se)
Sequence No. Sample ID diluted SD driftcorr. driftcorr. factor conc. SD

[µg/L] [µg/L] [µg/L] [µg/L] [-] [µg/L] [µg/L]

1 Wash Milli-Q -0.014 0.020 -0.014 0.020 1 -0.01 0.02
2 wash 0.010 0.011 0.010 0.011 1 0.01 0.01
3 HCl Blank 0.026 0.019 0.023 0.016 6 0.14 0.10
4 Trace Metal 252 µg/L 4.543 0.087 4.425 0.084 60 265.49 5.06
5 wash 0.030 0.030 0.030 0.030 1 0.03 0.03
6 Se_Std_0 0.026 0.020 0.026 0.020 1 0.03 0.02
7 Se_Std_0.5 0.546 0.022 0.546 0.022 1 0.55 0.02
8 Se_Std_1 1.096 0.047 1.096 0.047 1 1.10 0.05
9 Se_Std_2 2.213 0.041 2.213 0.041 1 2.21 0.04
10 Se_Std_5 5.065 0.050 5.065 0.050 1 5.07 0.05
11 wash 0.000 0.028 0.000 0.028 1 0.00 0.03
12 wash -0.010 0.011 -0.010 0.011 1 -0.01 0.01
13 upscaling blank 3.409 0.103 3.225 0.097 240 774.00 23.30
14 upscaling Kaolinite 0 mg 3.506 0.066 3.317 0.062 240 795.98 14.95
15 upscaling FeOOH 0 mg 3.375 0.056 3.193 0.053 240 766.28 12.71
16 upscaling Kaolinite 1 mg 1.839 0.029 1.701 0.027 240 408.34 6.41
17 upscaling FeOOH 1 mg 0.581 0.037 0.481 0.031 240 115.56 7.37
18 upscaling Kaolinite 5 mg 1.832 0.047 1.695 0.043 240 406.74 10.36
19 upscaling FeOOH 5 mg 0.557 0.030 0.462 0.025 240 110.79 5.95
20 upscaling Kaolinite 10 mg 1.667 0.028 1.543 0.026 240 370.23 6.14
21 upscaling FeOOH 10 mg 0 0.585 0.037 0.485 0.031 240 116.31 7.35
22 upscaling Kaolinite 50 mg 1.443 0.091 1.287 0.081 240 308.91 19.47
23 upscaling FeOOH 50 mg 0.614 0.023 0.509 0.019 240 122.08 4.65
24 upscaling Kaolinite 100 mg 1.938 0.024 1.793 0.022 240 430.41 5.22
25 upscaling FeOOH 100 mg 0.542 0.015 0.449 0.012 240 107.77 2.93
26 wash 0.031 0.045 0.031 0.045 1 0.03 0.05
27 HCl Blank 0.006 0.010 0.005 0.008 6 0.03 0.05
28 Trace Metal 252 µg/L 4.927 0.091 4.524 0.084 60 271.43 5.02
29 wash 0.017 0.030 0.017 0.030 1 0.02 0.03
30 Se_Std_0 0.022 0.014 0.022 0.014 1 0.02 0.01
31 Se_Std_0.5 0.591 0.023 0.591 0.023 1 0.59 0.02
32 Se_Std_1 1.250 0.085 1.250 0.085 1 1.25 0.08
33 Se_Std_2 2.343 0.074 2.343 0.074 1 2.34 0.07
34 Se_Std_5 5.341 0.086 5.341 0.086 1 5.34 0.09
35 wash 0.022 0.020 0.022 0.020 1 0.02 0.02
36 wash 0.033 0.045 0.033 0.045 1 0.03 0.05
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Table B.8.: PHREEQ-C calculation input file for initial sorption solution pH values after
addition of selenite

1 DATABASE wateq4f.dat
2 TITLE KCl Selenite
3
4 SELECTED_OUTPUT
5 -reset false
6 -pH true
7 -molalities H2SeO3 HSe- H2Se HSeO3- SeO3-2 H2SeO3 SeO4-2 HSeO4-
8
9 SOLUTION 1 # KCl in water
10 units mol/L
11 temp 25
12 pH 7
13 REACTION 1
14 K 0.007735
15 Cl 0.007735
16
17 EQUILIBRIUM_PHASES 1
18 CO2(g) -3.3974 # log10 p(CO2) in bar; 400 ppm = log10 (0.0004)
19 SAVE SOLUTION 2 # KCl-solution in equilibrium with air-CO2
20 END
21
22 USE SOLUTION 2
23 REACTION 1
24 HCl 1 # set pH to measured value 5.21
25 0.0000055 in 1
26 SAVE SOLUTION 3 # KCl-solution CO2-eq and measured pH
27 END
28
29 USE SOLUTION 3 #1
30 REACTION 2
31 Na2SeO3 1
32 0.00000633 in 1
33 EQUILIBRIUM_PHASES 2
34 CO2(g) -3.3974
35 SAVE SOLUTION 4
36 END
37 USE SOLUTION 4 #2
38 REACTION 3
39 Na2SeO3 1
40 0.00000633 in 1
41 EQUILIBRIUM_PHASES 3
42 CO2(g) -3.3974
43 SAVE SOLUTION 5
44 END
45 USE SOLUTION 5 #3
46 REACTION 4
47 Na2SeO3 1
48 0.00000633 in 1
49 EQUILIBRIUM_PHASES 4
50 CO2(g) -3.3974
51 SAVE SOLUTION 6
52 END
53 USE SOLUTION 6 #4
54 REACTION 5
55 Na2SeO3 1
56 0.00000633 in 1
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Table B.9.: PHREEQ-C calculation input file for initial sorption solution pH values after
addition of selenite (continued from previous page)

57 EQUILIBRIUM_PHASES 5
58 CO2(g) -3.3974
59 SAVE SOLUTION 7
60 END
61 USE SOLUTION 7 #5
62 REACTION 6
63 Na2SeO3 1
64 0.00000633 in 1
65 EQUILIBRIUM_PHASES 6
66 CO2(g) -3.3974
67 SAVE SOLUTION 8
68 END
69 USE SOLUTION 8 #6
70 REACTION 7
71 Na2SeO3 1
72 0.00000633 in 1
73 EQUILIBRIUM_PHASES 7
74 CO2(g) -3.3974
75 SAVE SOLUTION 9
76 END
77 USE SOLUTION 9 #7
78 REACTION 8
79 Na2SeO3 1
80 0.00000633 in 1
81 EQUILIBRIUM_PHASES 8
82 CO2(g) -3.3974
83 SAVE SOLUTION 10
84 END
85 USE SOLUTION 10 #8
86 REACTION 9
87 Na2SeO3 1
88 0.00000633 in 1
89 EQUILIBRIUM_PHASES 9
90 CO2(g) -3.3974
91 SAVE SOLUTION 11
92 END
93 USE SOLUTION 11 #9
94 REACTION 10
95 Na2SeO3 1
96 0.00000633 in 1
97 EQUILIBRIUM_PHASES 10
98 CO2(g) -3.3974
99 SAVE SOLUTION 12
100 END
101 USE SOLUTION 12 #10
102 REACTION 11
103 Na2SeO3 1
104 0.00000633 in 1
105 EQUILIBRIUM_PHASES 11
106 CO2(g) -3.3974
107 SAVE SOLUTION 13
108 END
109 END
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Table B.10.: PHREEQ-C calculation input file for initial sorption solution pH values after
addition of selenate

1 DATABASE wateq4f.dat
2 TITLE KCl Selenate
3
4 SELECTED_OUTPUT
5 -reset false
6 -pH true
7 -molalities H2SeO3 HSe- H2Se HSeO3- SeO3-2 H2SeO3 SeO4-2 HSeO4-
8
9 SOLUTION 1 # KCl in water
10 units mol/L
11 temp 25
12 pH 7
13 REACTION 1
14 K 0.007735
15 Cl 0.007735
16
17 EQUILIBRIUM_PHASES 1
18 CO2(g) -3.3974 # log10 p(CO2) in bar; 400 ppm = log10 (0.0004)
19 SAVE SOLUTION 2 # KCl-solution in equilibrium with air-CO2
20 END
21
22 USE SOLUTION 2
23 REACTION 1
24 KOH 1 # set pH to measured value 5.75
25 0.00000158 in 1
26 SAVE SOLUTION 3 # KCl-solution CO2-eq and measured pH
27 END
28
29 USE SOLUTION 3 #1
30 REACTION 2
31 Na2SeO4 1
32 0.00000633 in 1
33 EQUILIBRIUM_PHASES 2
34 CO2(g) -3.3974
35 SAVE SOLUTION 4
36 END
37 USE SOLUTION 4 #2
38 REACTION 3
39 Na2SeO4 1
40 0.00000633 in 1
41 EQUILIBRIUM_PHASES 3
42 CO2(g) -3.3974
43 SAVE SOLUTION 5
44 END
45 USE SOLUTION 5 #3
46 REACTION 4
47 Na2SeO4 1
48 0.00000633 in 1
49 EQUILIBRIUM_PHASES 4
50 CO2(g) -3.3974
51 SAVE SOLUTION 6
52 END
53 USE SOLUTION 6 #4
54 REACTION 5
55 Na2SeO4 1
56 0.00000633 in 1
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Table B.11.: PHREEQ-C calculation input file for initial sorption solution pH values after
addition of selenate (continued from previous page)

57 EQUILIBRIUM_PHASES 5
58 CO2(g) -3.3974
59 SAVE SOLUTION 7
60 END
61 USE SOLUTION 7 #5
62 REACTION 6
63 Na2SeO4 1
64 0.00000633 in 1
65 EQUILIBRIUM_PHASES 6
66 CO2(g) -3.3974
67 SAVE SOLUTION 8
68 END
69 USE SOLUTION 8 #6
70 REACTION 7
71 Na2SeO4 1
72 0.00000633 in 1
73 EQUILIBRIUM_PHASES 7
74 CO2(g) -3.3974
75 SAVE SOLUTION 9
76 END
77 USE SOLUTION 9 #7
78 REACTION 8
79 Na2SeO4 1
80 0.00000633 in 1
81 EQUILIBRIUM_PHASES 8
82 CO2(g) -3.3974
83 SAVE SOLUTION 10
84 END
85 USE SOLUTION 10 #8
86 REACTION 9
87 Na2SeO4 1
88 0.00000633 in 1
89 EQUILIBRIUM_PHASES 9
90 CO2(g) -3.3974
91 SAVE SOLUTION 11
92 END
93 USE SOLUTION 11 #9
94 REACTION 10
95 Na2SeO4 1
96 0.00000633 in 1
97 EQUILIBRIUM_PHASES 10
98 CO2(g) -3.3974
99 SAVE SOLUTION 12
100 END
101 USE SOLUTION 12 #10
102 REACTION 11
103 Na2SeO4 1
104 0.00000633 in 1
105 EQUILIBRIUM_PHASES 11
106 CO2(g) -3.3974
107 SAVE SOLUTION 13
108 END
109 END
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Table B.12.: B1 analytical data - ICP-MS measurement sorption samples Na2SeO3
Technique ICP-MS Quadrupole
System X-Series Thermo Fischer
Date measured 05.11.2014

Se mean
Isotope 76Se 77Se 78Se 82Se dil. factor 76Se,77Se,78Se SD

[µg/L] [µg/L] [µg/L] [µg/L] [-] [µg/L] [µg/L]

Analytical Quality
wash-mean 0.42 0.22 0.23 0.92 0.29
wash-SD 0.16 0.15 0.13 1.59 0.15
LOD (= 3·wash) 0.47 0.45 0.40 4.78 0.44

HighPurityStd ref. value 5.50 5.50 5.50 5.50 5.50
Quality [%] 132.81 101.78 103.16 104.15 102.47

Calibration

Std 0ppb 0.12 0.04 0.04 3.43 1 0.06 0.05
Std 5ppb Se 5.23 4.74 4.93 6.56 1 4.97 0.25
Std 10ppb Se 9.86 10.00 9.64 12.09 1 9.83 0.18
Std 25ppb Se 25.10 25.08 25.08 27.18 1 25.09 0.01
Std 50ppb Se 49.95 49.71 49.79 50.55 1 49.82 0.12
Std 100ppb Se 99.63 99.81 98.66 100.80 1 99.37 0.62
Std 250ppb Se 251.90 251.60 251.50 249.70 1 251.67 0.21
Std 500ppb Se 497.30 501.10 501.30 499.20 1 499.90 2.25
Std 1000ppb Se 1001.00 999.50 999.20 1000.00 1 999.90 0.96

Samples

wash 3 0.79 0.58 0.59 2.03 0.65
HPS 7.33 5.43 5.71 7.79 5.57
wash 4 0.35 0.17 0.13 0.98 0.22
initsol_SeO3_Se5000 1018.0 1029.0 1023.0 1020.0 5 5116.7 27.54
initsol_SeO3_Se3500 299.7 302.5 305.9 305.3 5 1513.5 15.52
initsol_SeO3_Se2500 504.0 504.9 497.9 503.5 5 2511.3 19.04
initsol_SeO3_Se2000 513.6 516.7 516.1 516.9 5 2577.3 8.22
initsol_SeO3_Se1500 302.8 307.9 307.6 308.2 5 1530.5 14.31
initsol_SeO3_Se1000 522.0 534.1 533.1 533.3 2 1059.5 13.43
initsol_SeO3_Se0750 502.6 509.0 507.2 507.5 2 1012.5 6.60
initsol_SeO3_Se0500 268.8 271.4 271.5 276.5 2 541.1 3.06
initsol_SeO3_Se0350 184.5 186.4 185.7 192.1 2 371.1 1.92
wash 4 1.42 1.09 1.01 1.28 1.17
test 25ppb 26.45 26.06 25.66 27.23 26.06
wash 5 0.75 0.56 0.49 1.74 0.60
initsol_SeO3_Se0250 102.5 102.5 103.0 106.5 2 205.3 0.58
initsol_SeO3_Se0200 136.4 136.2 137.1 142.0 2 273.1 0.95
initsol_SeO3_Se0150 77.7 78.0 77.2 81.4 2 155.2 0.78
initsol_SeO3_Se0100 40.4 40.8 40.6 45.4 2 81.2 0.36
initsol_SeO3_Se0100wdh 41.4 41.1 40.6 46.6 2 82.1 0.75
initsol_SeO3_Se0075 52.3 53.9 54.0 59.4 2 106.7 1.86
initsol_SeO3_Se0050 22.9 24.2 23.7 30.6 2 47.2 1.35
initsol_SeO3_Se0025 13.4 13.2 13.2 18.3 2 26.5 0.22
initsol_SeO3_Se0010 5.31 5.31 5.72 11.79 2 10.9 0.47
initsol_SeO3_Se0000 0.67 0.63 0.60 12.45 1 0.64 0.04
wash 6 0.42 0.19 0.23 1.32 0.28
test 25ppb 25.37 25.48 25.42 27.24 25.42
wash 7 0.37 0.18 0.19 1.90 0.25
sorp-K_SeO3_Se5000 1878.0 1901.0 1886.0 1891.0 2 3776.7 23.35
sorp-K_SeO3_Se3500 469.2 475.6 471.6 477.0 2 944.3 6.47
sorp-K_SeO3_Se2500 832.3 853.0 850.1 853.4 2 1690.3 22.42
sorp-K_SeO3_Se2000 876.4 888.0 885.7 883.7 2 1766.7 12.28
sorp-K_SeO3_Se1500 396.7 400.3 400.3 403.9 2 798.2 4.16
sorp-K_SeO3_Se1000 289.4 295.4 293.6 300.6 2 585.6 6.16
sorp-K_SeO3_Se0750 279.9 282.7 281.3 285.7 2 562.6 2.80
sorp-K_SeO3_Se0500 133.3 135.7 133.1 138.2 2 268.1 2.89
sorp-K_SeO3_Se0350 86.5 87.1 86.8 93.1 2 173.6 0.61
wash 7 0.76 0.61 0.64 1.36 0.67
test 25ppb 25.25 25.84 25.97 26.47 25.69
wash 8 0.57 0.39 0.28 1.14 0.42
sorp-K_SeO3_Se0250 56.2 57.7 57.4 61.7 2 114.2 1.60
sorp-K_SeO3_Se0200 46.8 47.0 47.6 54.0 2 94.3 0.84
sorp-K_SeO3_Se0150 32.2 33.0 32.3 38.8 2 65.0 0.88
sorp-K_SeO3_Se0100 21.2 20.9 20.9 26.8 2 42.0 0.39
sorp-K_SeO3_Se0075 15.7 15.6 15.0 20.2 2 30.9 0.71
sorp-K_SeO3_Se0050 9.59 9.76 9.74 15.56 2 19.4 0.18
sorp-K_SeO3_Se0025 5.14 4.98 4.94 10.37 2 10.0 0.21
sorp-K_SeO3_Se0010 2.03 2.18 2.10 7.27 2 4.21 0.15
sorp-K_SeO3_Se0000 1.04 0.99 1.01 10.07 1 1.01 0.02
wash 9 0.39 0.15 0.19 0.20 0.24
test 25ppb 25.72 26.33 26.01 26.77 26.02
wash 10 0.46 0.19 0.18 0.81 0.28
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cxxx B. Adsorption-Desorption Experiments Se & Kaolinite, Goethite

Table B.13.: B1 analytical data - ICP-MS measurement sorption samples Na2SeO3 (contin-
ued from previous page)

Se mean
Isotope 76Se 77Se 78Se 82Se dil. factor 76Se,77Se,78Se SD

sorp-G_SeO3_Se5000 15.00 14.90 14.69 27.06 1 14.86 0.16
sorp-G_SeO3_Se3500 4.38 4.37 4.81 16.33 1 4.38 0.01
sorp-G_SeO3_Se2500 7.37 7.36 7.64 19.54 1 7.37 0.01
sorp-G_SeO3_Se2000 7.20 7.04 7.44 18.18 1 7.12 0.11
sorp-G_SeO3_Se1500 4.53 4.42 5.22 14.98 1 4.47 0.08
sorp-G_SeO3_Se1000 3.17 2.99 3.64 14.65 1 3.08 0.13
sorp-G_SeO3_Se0750 3.20 3.25 3.60 13.71 1 3.23 0.04
sorp-G_SeO3_Se0500 1.70 1.60 2.23 12.96 1 1.65 0.07
sorp-G_SeO3_Se0350 1.48 1.50 1.92 13.21 1 1.49 0.01
wash 11 0.28 0.11 0.26 -0.40 1 0.22 0.13
test 25ppb 25.31 24.74 25.24 26.21 1 25.10 0.40
wash 12 0.57 0.40 0.41 0.24 1 0.46 0.12
sorp-G_SeO3_Se0250 1.10 1.24 1.58 8.72 1 1.17 0.09
sorp-G_SeO3_Se0200 1.11 0.93 1.54 12.75 1 1.02 0.13
sorp-G_SeO3_Se0150 0.91 0.72 1.27 10.03 1 0.82 0.14
sorp-G_SeO3_Se0100 0.64 0.63 1.23 10.38 1 0.63 0.01
sorp-G_SeO3_Se0075 0.69 0.47 1.26 9.72 1 0.58 0.15
sorp-G_SeO3_Se0050 0.58 0.37 1.27 11.02 1 0.48 0.15
sorp-G_SeO3_Se0025 0.52 0.35 1.16 11.50 1 0.43 0.12
sorp-G_SeO3_Se0010 0.59 0.28 1.17 10.71 1 0.43 0.22
sorp-G_SeO3_Se0000 0.92 0.74 1.72 12.47 1 0.83 0.13
wash 13 0.35 0.10 0.28 -2.06 1 0.24 0.13
test 25ppb 24.46 24.20 23.93 23.88 1 24.20 0.27
HPS wdh 7.28 5.77 5.64 3.67 (2) 5.70 0.09
wash 14 0.51 0.30 0.29 -0.98 1 0.37 0.13
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Table B.14.: B1 analytical data - ICP-MS measurement sorption samples Na2SeO4
Technique ICP-MS Quadrupole
System X-Series Thermo Fischer
Date measured 14.04.2014

Se mean
Isotope 76Se 77Se 78Se 82Se dil. factor 76Se,77Se,78Se SD

[µg/L] [µg/L] [µg/L] [µg/L] [-] [µg/L] [µg/L]

Analytical Quality
wash-mean 0.13 0.09 0.11 0.12 1
wash-SD 0.06 0.05 0.04 0.06 1
LOD (= 3·wash) 0.17 0.14 0.11 0.18 1

HighPurityStd ref. value 5.50 5.50 5.50 5.50 5.50
Quality [%] 132.31 104.34 102.34 104.04

Calibration

Std 0ppb 0.11 0.04 0.07 0.06 1 0.07 0.03
Std 2.5ppb Se 2.60 2.60 2.62 2.58 1 2.61 0.01
Std 5ppb Se 5.24 4.97 5.15 5.25 1 5.12 0.14
Std 10ppb Se 10.22 10.20 10.01 10.10 1 10.14 0.12
Std 25ppb Se 25.84 25.10 25.28 24.91 1 25.41 0.39
Std 50ppb Se 49.81 48.94 50.05 49.61 1 49.60 0.58
Std 100ppb Se 98.02 101.30 99.99 100.70 1 99.77 1.65
Std 250ppb Se 249.90 248.70 250.70 249.10 1 249.77 1.01
Std 500ppb Se 501.00 499.80 500.30 500.10 1 500.37 0.60
Std 1000ppb Se 999.70 1000.00 999.70 1000.00 1 999.80 0.17

Samples

wash 2 0.25 0.23 0.21 0.21 1
HPS wdh 7.36 5.77 5.73 5.72 (2)
wash 3 0.14 0.10 0.12 0.11 1
initsol_SeO4_Se5000 1127.0 1124.0 1118.0 1118.0 5 5615.0 22.91
initsol_SeO4_Se3500 795.1 785.6 791.9 792.4 5 3954.3 24.17
initsol_SeO4_Se2500 570.2 570.2 573.9 571.2 5 2857.2 10.68
initsol_SeO4_Se2000 453.7 454.3 455.3 452.8 5 2272.2 4.04
initsol_SeO4_Se1500 340.8 340.6 341.2 338.3 5 1704.3 1.53
initsol_SeO4_Se1000 610.3 610.5 611.0 610.0 2 1221.2 0.72
initsol_SeO4_Se0750 465.6 466.0 468.5 466.8 2 933.4 3.14
initsol_SeO4_Se0500 310.2 308.4 307.9 305.1 2 617.7 2.42
initsol_SeO4_Se0350 213.9 214.3 214.9 214.4 2 428.7 1.01
wash 4 0.26 0.07 0.13 0.20 1
test 25ppb 25.27 24.64 25.26 24.62 1
wash 5 0.16 0.08 0.09 0.06 1
initsol_SeO4_Se0250 152.5 153.9 153.7 154.6 2 306.7 1.51
initsol_SeO4_Se0200 121.6 121.8 121.8 123.1 2 243.5 0.23
initsol_SeO4_Se0150 90.9 91.3 91.1 91.6 2 182.2 0.35
initsol_SeO4_Se0100 46.5 47.9 47.5 48.3 2 94.6 1.40
initsol_SeO4_Se0075 45.1 45.4 45.8 46.0 2 90.9 0.68
initsol_SeO4_Se0050 30.3 30.7 30.6 31.6 2 61.0 0.40
initsol_SeO4_Se0025 16.2 16.4 16.0 17.6 2 32.4 0.48
initsol_SeO4_Se0010 6.4 6.3 6.4 7.4 2 12.8 0.09
initsol_SeO4_Se0000 0.30 0.30 0.28 3.37 1 0.29 0.01
wash 6 0.09 0.05 0.08 0.16 1
test 25ppb 25.14 24.59 24.44 24.46 1
wash 7 0.09 0.06 0.08 0.06 1
sorp-K_SeO4_Se5000 1667.0 1662.0 1655.0 1646.0 2 3322.7 12.06
sorp-K_SeO4_Se3500 1049.0 1046.0 1047.0 1040.0 2 2094.7 3.06
sorp-K_SeO4_Se2500 666.1 669.7 667.3 659.1 2 1335.4 3.67
sorp-K_SeO4_Se2000 491.9 496.6 495.2 491.8 2 989.1 4.83
sorp-K_SeO4_Se1500 357.6 359.8 359.7 359.9 2 718.1 2.48
sorp-K_SeO4_Se1000 210.7 212.9 213.2 213.8 2 424.5 2.73
sorp-K_SeO4_Se0750 157.2 157.3 156.6 155.7 2 314.1 0.76
sorp-K_SeO4_Se0500 96.0 96.8 97.3 97.3 2 193.4 1.25
sorp-K_SeO4_Se0350 66.3 64.7 65.5 66.9 2 131.1 1.64
wash 7 0.08 0.08 0.11 0.18 1
test 25ppb 24.88 24.91 25.49 25.19 1
wash 8 0.15 0.06 0.08 0.07 1
sorp-K_SeO4_Se0250 44.5 43.8 44.7 45.4 2 88.7 0.90
sorp-K_SeO4_Se0200 35.7 35.5 35.4 36.4 2 71.0 0.29
sorp-K_SeO4_Se0150 26.3 26.2 26.2 28.1 2 52.5 0.18
sorp-K_SeO4_Se0100 16.0 15.6 15.9 17.6 2 31.7 0.36
sorp-K_SeO4_Se0075 12.2 11.8 11.9 13.4 2 23.9 0.38
sorp-K_SeO4_Se0050 9.0 8.2 8.2 9.8 2 16.9 0.88
sorp-K_SeO4_Se0025 4.48 4.59 4.47 5.75 2 9.02 0.13
sorp-K_SeO4_Se0010 1.82 1.66 1.66 3.25 2 3.32 0.18
sorp-K_SeO4_Se0000 0.55 0.30 0.24 3.35 2 0.27 0.16
wash 9 0.04 0.07 0.09 0.17 1
test 25ppb 25.37 25.23 25.34 25.55 1
wash 10 0.09 0.06 0.09 0.06 1
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cxxxii B. Adsorption-Desorption Experiments Se & Kaolinite, Goethite

Table B.15.: B1 analytical data - ICP-MS measurement sorption samples Na2SeO4 (contin-
ued from previous page)

Se mean
Isotope 76Se 77Se 78Se 82Se dil. factor 76Se,77Se,78Se SD

sorp-G_SeO4_Se5000 1778.0 1782.0 1788.0 1766.0 2 3565.3 10.07
sorp-G_SeO4_Se3500 1250.0 1250.0 1251.0 1236.0 2 2500.7 1.15
sorp-G_SeO4_Se2500 885.0 882.1 882.4 880.9 2 1766.3 3.19
sorp-G_SeO4_Se2000 704.7 710.0 712.5 705.5 2 1418.1 7.97
sorp-G_SeO4_Se1500 513.0 514.0 512.0 511.6 2 1026.0 2.00
sorp-G_SeO4_Se1000 352.1 355.7 353.4 352.2 2 707.5 3.65
sorp-G_SeO4_Se0750 267.5 270.0 267.2 265.1 2 536.5 3.07
sorp-G_SeO4_Se0500 176.2 176.1 177.2 175.9 2 353.0 1.22
sorp-G_SeO4_Se0350 120.3 120.5 121.5 122.2 2 241.5 1.29
wash 11 0.15 0.11 0.13 0.11 1
test 25ppb 24.93 24.73 24.69 24.67 1
wash 12 0.21 0.20 0.20 0.17 1
sorp-G_SeO4_Se0250 89.2 90.1 90.2 91.2 2 179.7 1.07
sorp-G_SeO4_Se0200 68.7 68.5 68.8 70.2 2 137.3 0.30
sorp-G_SeO4_Se0150 53.9 53.8 54.2 55.3 2 107.9 0.44
sorp-G_SeO4_Se0100 34.6 35.0 35.0 36.8 2 69.7 0.46
sorp-G_SeO4_Se0075 24.9 25.9 25.5 26.4 2 50.9 1.05
sorp-G_SeO4_Se0050 17.8 18.1 17.5 18.9 2 35.6 0.68
sorp-G_SeO4_Se0025 9.4 8.9 9.0 10.5 2 18.2 0.57
sorp-G_SeO4_Se0010 3.82 3.65 3.67 5.04 2 7.32 0.19
sorp-G_SeO4_Se0000 1.46 1.40 1.42 4.42 1 1.41 0.03
wash 13 0.11 0.05 0.07 0.10 1
test 25ppb 24.52 24.71 24.48 24.01 1 24.57 0.12
HPS wdh 7.19 5.71 5.53 5.73 (2)
wash 14 0.19 0.17 0.17 0.23 1

B.5. B2 analytical data
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Table B.16.: B2 analytical data - ICP-MS measurement desorption samples Na2SeO3
Technique ICP-MS Quadrupole
System X-Series Thermo Fischer
Date measured 06.11.2014

Se mean
Isotope 76Se 77Se 78Se 82Se dil. factor 76Se,77Se,78Se SD

[µg/L] [µg/L] [µg/L] [µg/L] [-] [µg/L] [µg/L]

Analytical Quality
wash-mean 0.46 0.13 0.25 1.907
wash-SD 0.12 0.11 0.15 1.205
LOD (= 3·wash) 0.35 0.33 0.45 3.614

HighPurityStd ref. value 5.50 5.50 5.50 5.50 5.50
Quality [%] 139.90 106.73 107.03 128.11

Calibration

Std 0ppb 0.15 0.03 0.09 2.373 1 0.09 0.06
Std 5ppb Se 4.96 4.72 4.99 5.874 1 4.89 0.15
Std 10ppb Se 9.95 10.04 9.82 11.76 1 9.94 0.11
Std 25ppb Se 25.18 24.95 24.78 25.52 1 24.97 0.20
Std 50ppb Se 49.84 50.71 50.10 49.56 1 50.22 0.45
Std 100ppb Se 100.10 97.95 99.64 98.77 1 99.23 1.13
Std 250ppb Se 249.70 253.10 251.30 248.8 1 251.37 1.70
Std 500ppb Se 500.10 498.90 498.40 498.6 1 499.13 0.87
Std 1000ppb Se 1000.00 1000.00 1001.00 1001 1 1000.33 0.58

Sample

wash 3 1.44 1.25 1.22 1.921 1
HPS 7.89 5.93 6.00 7.612 (2)
wash 4 0.72 0.43 0.41 1.368 1
desorp-K_Na2SeO3_5000ppb 128.80 130.10 130.20 127.3 10 1297.00 7.81
desorp-K_Na2SeO3_3500ppb 54.69 54.44 54.06 59.88 10 543.97 3.17
desorp-K_Na2SeO3_2500ppb 77.46 80.26 79.89 83.77 10 792.03 15.21
desorp-K_Na2SeO3_2000ppb 76.92 77.28 78.11 84.23 10 774.37 6.10
desorp-K_Na2SeO3_1500ppb 56.86 57.18 56.85 66.39 10 569.63 1.88
desorp-K_Na2SeO3_1000ppb 40.97 42.83 41.43 53.07 10 417.43 9.69
desorp-K_Na2SeO3_0750ppb 38.82 39.31 39.79 50.78 10 393.07 4.85
desorp-K_Na2SeO3_0500ppb 23.19 22.32 23.24 35.21 10 229.17 5.17
desorp-K_Na2SeO3_0350ppb 17.51 17.12 17.27 28.34 10 173.00 1.97
wash 4 0.40 0.10 0.20 1.404 1
test 25ppb 25.72 25.18 25.30 26.13 1
wash 5 0.52 0.18 0.20 1.813 1
desorp-K_Na2SeO3_0250ppb 12.67 13.04 12.46 23.8 10 127.23 2.94
desorp-K_Na2SeO3_0200ppb 9.94 10.11 10.32 21.76 10 101.23 1.90
desorp-K_Na2SeO3_0150ppb 7.69 7.75 7.73 19.75 10 77.21 0.32
desorp-K_Na2SeO3_0100ppb 5.53 5.31 5.66 17.29 10 55.00 1.76
desorp-K_Na2SeO3_0075ppb 4.38 4.43 4.58 16.29 10 44.03 1.04
desorp-K_Na2SeO3_0050ppb 3.05 2.62 2.92 14.97 10 26.17 2.20
desorp-K_Na2SeO3_0025ppb 1.67 1.31 1.66 14.4 10 13.14 2.00
desorp-K_Na2SeO3_0010ppb 1.02 0.55 1.06 12.52 10 5.47 2.85
desorp-K_Na2SeO3_0000ppb 0.81 0.23 0.77 14.28 10 2.31 3.23
wash 6 0.39 0.05 0.25 3.213 1
test 25ppb 25.48 25.23 25.70 26.67 1
wash 7 0.50 0.18 0.39 2.844 1
desorp-G_Na2SeO3_5000ppb 428.00 434.20 428.40 429.3 10 4302.00 34.70
desorp-G_Na2SeO3_3500ppb 126.80 129.50 126.00 133.6 10 1274.33 18.34
desorp-G_Na2SeO3_2500ppb 211.70 209.80 211.40 215.4 10 2109.67 10.21
desorp-G_Na2SeO3_2000ppb 216.80 218.40 216.60 222.3 10 2172.67 9.87
desorp-G_Na2SeO3_1500ppb 128.30 129.80 129.00 137.8 10 1290.33 7.51
desorp-G_Na2SeO3_1000ppb 88.47 87.56 88.23 96.15 10 880.87 4.72
desorp-G_Na2SeO3_0750ppb 83.12 82.51 81.39 90.04 10 823.40 8.77
desorp-G_Na2SeO3_0500ppb 43.44 43.61 43.63 53.29 10 435.60 1.04
desorp-G_Na2SeO3_0350ppb 31.33 30.39 30.98 41.42 10 309.00 4.75
wash 8 0.59 0.09 0.45 2.61 1
test 25ppb 26.01 26.37 25.65 25.17 1
wash 9 0.47 0.18 0.40 1.813 1
desorp-G_Na2SeO3_0250ppb 22.69 22.72 22.19 31.72 10 225.33 2.98
desorp-G_Na2SeO3_0200ppb 17.66 17.56 18.01 27.28 10 177.43 2.36
desorp-G_Na2SeO3_0150ppb 13.14 12.73 13.51 24.25 10 131.27 3.90
desorp-G_Na2SeO3_0100ppb 8.95 8.98 9.34 19.64 10 89.63 2.17
desorp-G_Na2SeO3_0075ppb 6.70 6.56 6.95 17.42 10 66.31 1.94
desorp-G_Na2SeO3_0050ppb 5.06 4.14 4.87 15.51 10 41.37 4.85
desorp-G_Na2SeO3_0025ppb 2.84 2.37 2.90 12.86 10 23.72 2.88
desorp-G_Na2SeO3_0010ppb 1.53 0.93 1.62 13.23 10 9.26 3.78
desorp-G_Na2SeO3_0000ppb 0.89 0.29 1.00 10.65 10 2.91 3.82
wash 10 0.37 0.08 0.26 1.087 1
test 25ppb 26.22 26.10 26.34 26.08 1
HPS wdh 7.50 5.81 5.78 6.48 (2)
wash 11 0.38 0.09 0.15 -0.868 1
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Table B.17.: B2 analytical data - ICP-MS measurement desorption samples Na2SeO4
Technique ICP-MS Quadrupole
System X-Series Thermo Fischer
Date measured 15.04.2014

Se mean
Isotope 76Se 77Se 78Se 82Se dil. factor 76Se,77Se,78Se SD

[µg/L] [µg/L] [µg/L] [µg/L] [-] [µg/L] [µg/L]

Analytical Quality
wash-mean 0.15 0.06 0.10 0.15 1
wash-SD 0.05 0.03 0.04 0.04 1
LOD (= 3·wash) 0.15 0.08 0.12 0.12 1

HighPurityStd ref. value 5.50 5.50 5.50 5.50 5.50
Quality [%] 127.60 102.56 101.91 105.98

Calibration

Std 0ppb 0.07 0.06 0.07 0.16 1 0.07 0.01
Std 2.5ppb Se 2.48 2.50 2.50 2.61 1 2.49 0.01
Std 5ppb Se 4.96 5.01 4.98 5.27 1 4.98 0.02
Std 10ppb Se 9.31 10.00 10.02 10.10 1 9.78 0.41
Std 25ppb Se 24.50 24.21 25.11 25.12 1 24.61 0.46
Std 50ppb Se 49.94 49.59 50.31 49.95 1 49.95 0.36
Std 100ppb Se 100.10 99.29 100.30 99.46 1 99.90 0.53
Std 250ppb Se 250.00 248.10 250.50 250.20 1 249.53 1.27
Std 500ppb Se 503.30 501.20 499.70 502.20 1 501.40 1.81

Sample

wash 2 0.41 0.38 0.45 0.47 1
HPS VF 2 8.05 6.02 6.10 6.07 2
wash 3 0.22 0.12 0.19 0.24 1
sorp-G_Na2SeO4_0000ppb 0.81 0.79 0.87 2.60 2 1.30 0.08
initsol_Na2SeO4_0100ppb 51.60 51.41 51.17 53.58 2 102.8 0.43
desorp-K_Na2SeO4_5000ppb 224.50 225.20 226.40 224.50 10 2253.7 9.61
desorp-K_Na2SeO4_3500ppb 178.10 180.90 182.20 179.20 10 1804.0 20.95
desorp-K_Na2SeO4_2500ppb 152.00 153.20 153.80 147.80 10 1530.0 9.17
desorp-K_Na2SeO4_2000ppb 126.80 130.90 130.20 124.70 10 1293.0 21.93
desorp-K_Na2SeO4_1500ppb 98.57 99.15 99.11 95.67 10 989.4 3.24
desorp-K_Na2SeO4_1000ppb 69.86 70.77 70.42 68.02 10 703.5 4.59
desorp-K_Na2SeO4_0750ppb 54.54 55.76 55.22 53.70 10 551.7 6.11
desorp-K_Na2SeO4_0500ppb 38.22 38.26 38.12 37.38 10 382.0 0.72
desorp-K_Na2SeO4_0350ppb 27.06 27.00 27.33 26.87 10 271.3 1.76
wash 4 0.23 0.04 0.08 0.15 1
test 25ppb 24.31 24.28 24.35 24.54 1
wash 5 0.14 0.08 0.13 0.18 1
desorp-K_Na2SeO4_0250ppb 20.23 19.51 20.25 20.01 10 200.0 4.22
desorp-K_Na2SeO4_0200ppb 15.76 15.52 15.61 15.78 10 156.3 1.21
desorp-K_Na2SeO4_0150ppb 11.64 11.60 12.04 11.82 10 117.6 2.43
desorp-K_Na2SeO4_0100ppb 8.39 8.38 8.27 8.19 10 83.5 0.65
desorp-K_Na2SeO4_0075ppb 6.39 6.23 6.21 5.96 10 62.8 1.01
desorp-K_Na2SeO4_0050ppb 4.26 4.12 4.12 4.31 10 41.7 0.82
desorp-K_Na2SeO4_0025ppb 2.26 2.36 2.21 2.37 10 22.8 0.78
desorp-K_Na2SeO4_0010ppb 1.04 0.86 1.00 0.90 10 9.29 0.93
desorp-K_Na2SeO4_0000ppb 0.27 0.15 0.16 0.29 10 1.56 0.64
wash 6 0.16 0.04 0.08 0.12 1
test 25ppb 24.43 24.48 24.72 24.19 1
wash 7 0.10 0.06 0.11 0.13 1
desorp-G_Na2SeO4_5000ppb 187.10 189.40 188.80 184.60 10 1884.3 11.93
desorp-G_Na2SeO4_3500ppb 136.00 138.70 138.00 136.60 10 1375.7 14.01
desorp-G_Na2SeO4_2500ppb 97.23 98.68 97.76 94.72 10 978.9 7.34
desorp-G_Na2SeO4_2000ppb 80.16 81.08 80.14 78.05 10 804.6 5.37
desorp-G_Na2SeO4_1500ppb 60.74 61.89 61.66 60.68 10 614.3 6.09
desorp-G_Na2SeO4_1000ppb 38.94 39.30 39.07 38.39 10 391.0 1.82
desorp-G_Na2SeO4_0750ppb 31.14 31.08 31.07 30.36 10 311.0 0.38
desorp-G_Na2SeO4_0500ppb 19.77 19.49 20.11 19.57 10 197.9 3.10
desorp-G_Na2SeO4_0350ppb 14.80 14.72 14.65 14.53 10 147.2 0.75
wash 8 0.16 0.05 0.06 0.13 1
test 25ppb 24.50 24.85 24.62 24.88 1
wash 9 0.17 0.06 0.10 0.14 1
desorp-G_Na2SeO4_0250ppb 10.35 10.13 10.14 9.93 10 102.1 1.24
desorp-G_Na2SeO4_0200ppb 8.49 8.35 8.31 8.08 10 83.8 0.92
desorp-G_Na2SeO4_0150ppb 6.56 6.05 6.24 6.04 10 61.5 2.56
desorp-G_Na2SeO4_0100ppb 4.36 3.92 3.96 4.04 10 39.4 2.40
desorp-G_Na2SeO4_0075ppb 3.59 3.24 3.18 3.31 10 32.1 2.23
desorp-G_Na2SeO4_0050ppb 2.54 2.02 2.13 2.10 10 20.8 2.74
desorp-G_Na2SeO4_0025ppb 1.42 1.02 1.12 1.07 10 10.7 2.09
desorp-G_Na2SeO4_0010ppb 0.73 0.50 0.53 0.65 10 5.11 1.28
desorp-G_Na2SeO4_0000ppb 0.35 0.16 0.23 0.38 10 1.97 0.96
wash 10 0.15 0.03 0.06 0.12 1
test 25ppb 24.69 25.00 24.75 24.91 1
HPS VF 2 wdh 7.02 5.64 5.61 5.83 2
wash 11 0.15 0.04 0.09 0.15 1
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B.6. B3 analytical data

Table B.18.: B3 analytical data - IC measurement I (note: these solutions contained no
sulphate, the peaks identified as sulphate are selenate from added selenite and
were used to correct sulphate measurements in the presence of selenite)

Technique Ion Chromatography
System ICS-1000

Quantification: AnionenAS14

Injection volume 25 µL
Run time [min] 14
Date Measured 01.10.2014

Ret. Peak Cal. Coeff.
Calibration ID Time Name Type Points Offset Slope Curve Det.

[min] (C0) (C1) (C2) [%]

Calib_1 4.21 Cl- XQOff 5 -0.008 0.146 0.001 99.9985
Calib_2 7.20 NO3

- XQOff 5 -0.021 0.077 0.000 99.9984
Calib_3 10.33 PO4

3- XQOff 5 0.003 0.041 0.000 99:9997
Calib_4 12.80 SO4

2- XQOff 5 0.011 0.103 0.000 99.9998

mean: -0.0069 0.1086 0.0006 99.9987

Cl- NO3
- PO4

3- SO4
2-

standard repetition mean [mg/L] 10.21 20.59 30.64 19.81
standard repetition SD [mg/L] 0.19 0.48 0.46 0.52
standard repetition RSD [%] 1.84 2.32 1.49 2.61

analytical quality [%] 104.91

Seq. No. Sample ID Retention time Ion concentration
Cl- NO3

- PO4
3- SO4

2- Cl- NO3
- PO4

3- SO4
2-

[min] [min] [min] [min] [mg/L] [mg/L] [mg/L] [mg/L]

1 Standard_1 4.19 7.28 10.22 12.52 2.01 4.02 6.01 4.00
2 Standard_2 4.20 7.24 10.21 12.51 5.00 9.97 14.99 10.00
3 Standard_3 4.20 7.20 10.20 12.51 9.93 19.88 29.96 19.95
4 Standard_4 4.21 7.15 10.17 12.49 20.09 40.18 60.06 40.06
5 Standard_5 4.24 7.10 10.13 12.46 39.98 79.95 119.98 79.98
6 wash-1 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.
7 Standard_3-1 4.19 7.16 10.17 12.57 10.22 20.81 30.59 20.53
8 wash-2 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.
9 sorp_NO3_initsol_SO3_0010ppb 4.31 7.23 n.a. n.a. 98.33 47.32 n.a. n.a.
10 sorp_NO3_initsol_SO3_0025ppb 4.27 7.23 n.a. n.a. 66.74 46.47 n.a. n.a.
11 sorp_NO3_initsol_SO3_0050ppb 4.27 7.23 n.a. n.a. 65.95 46.87 n.a. n.a.
12 sorp_NO3_initsol_SO3_0100ppb 4.27 7.23 n.a. n.a. 65.54 47.36 n.a. n.a.
13 sorp_NO3_initsol_SO3_0250ppb 4.27 7.22 n.a. n.a. 64.83 47.05 n.a. n.a.
14 sorp_NO3_initsol_SO3_0500ppb 4.26 7.21 n.a. n.a. 65.56 46.82 n.a. n.a.
15 sorp_NO3_initsol_SO3_1000ppb 4.26 7.21 n.a. n.a. 65.26 46.90 n.a. n.a.
16 sorp_NO3_initsol_SO3_2500ppb 4.26 7.21 n.a. n.a. 64.90 46.47 n.a. n.a.
17 sorp_NO3_initsol_SO3_5000ppb 4.26 7.21 n.a. n.a. 64.19 45.93 n.a. n.a.
18 wash-3 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.
19 Standard_3-2 4.20 7.17 10.16 12.54 10.26 20.80 30.87 81.87
20 wash-4 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.
21 Test-Riverwater 4.24 7.30 n.a. 12.49 45.15 2.01 n.a. 153.94
22 wash-5 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.
23 sorp_NO3_Ksorp_SO3_0010ppb 4.30 7.21 n.a. n.a. 97.00 46.05 n.a. n.a.
24 sorp_NO3_Ksorp_SO3_0025ppb 4.26 7.21 n.a. n.a. 66.14 46.91 n.a. n.a.
25 sorp_NO3_Ksorp_SO3_0050ppb 4.26 7.21 n.a. n.a. 65.28 46.63 n.a. n.a.
26 sorp_NO3_Ksorp_SO3_0100ppb 4.26 7.21 n.a. n.a. 64.57 46.55 n.a. n.a.
27 sorp_NO3_Ksorp_SO3_0250ppb 4.26 7.21 n.a. n.a. 63.92 46.04 n.a. n.a.
28 sorp_NO3_Ksorp_SO3_0500ppb 4.26 7.21 n.a. n.a. 64.25 46.50 n.a. n.a.
29 sorp_NO3_Ksorp_SO3_1000ppb 4.26 7.21 n.a. n.a. 64.47 46.23 n.a. n.a.
30 sorp_NO3_Ksorp_SO3_2500ppb 4.26 7.21 n.a. n.a. 65.22 46.96 n.a. n.a.
31 sorp_NO3_Ksorp_SO3_5000ppb 4.26 7.21 9.70 12.57 64.63 46.25 0.92 2.67
32 wash-6 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.
33 Standard_3-3 4.20 7.19 10.16 12.54 10.29 20.86 30.77 19.51
34 wash-7 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.
35 sorp_NO3_Gsorp_SO3_0010ppb 4.30 7.22 n.a. 12.55 97.21 47.60 n.a. 52.44
36 sorp_NO3_Gsorp_SO3_0025ppb 4.27 7.22 n.a. 12.55 65.89 47.04 n.a. 50.58
37 sorp_NO3_Gsorp_SO3_0050ppb 4.26 7.22 n.a. 12.55 64.02 46.46 n.a. 49.21
38 sorp_NO3_Gsorp_SO3_0100ppb 4.27 7.22 n.a. 12.55 64.58 47.03 n.a. 50.07
39 sorp_NO3_Gsorp_SO3_0250ppb 4.26 7.22 n.a. 12.56 63.19 47.14 n.a. 52.10
40 sorp_NO3_Gsorp_SO3_0500ppb 4.26 7.22 n.a. 12.55 64.15 47.36 n.a. 49.97
41 sorp_NO3_Gsorp_SO3_1000ppb 4.27 7.22 n.a. 12.55 64.46 47.69 n.a. 50.79
42 sorp_NO3_Gsorp_SO3_2500ppb 4.27 7.22 n.a. 12.56 64.54 47.17 n.a. 53.52
43 sorp_NO3_Gsorp_SO3_5000ppb 4.27 7.22 n.a. 12.55 64.30 47.45 n.a. 53.87
44 wash-8 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.
45 Standard_3-4 4.2 7.19 10.15 12.55 10.34 20.84 30.94 19.31
46 wash-9 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.
47 StopMeth n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.
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Table B.19.: B3 analytical data - IC measurement II (note: these solutions contained no
sulphate, the peaks identified as sulphate are selenate and were used to correct
sulphate measurements in the presence of selenate)

Technique Ion Chromatography
System ICS-1000

Quantification: AnionenAS14

Injection volume 25 µL
Run time [min] 14
Date Measured 30.09.2014

Ret. Peak Cal. Coeff.
Calibration ID Time Name Type Points Offset Slope Curve Det.

[min] (C0) (C1) (C2) [%]

Calib_1 4.21 Cl- XQOff 5 -0.008 0.146 0.001 99.9985
Calib_2 7.20 NO3

- XQOff 5 -0.021 0.077 0.000 99.9984
Calib_3 10.33 PO4

3- XQOff 5 0.003 0.041 0.000 99:9997
Calib_4 12.80 SO4

2- XQOff 5 0.011 0.103 0.000 99.9998

mean: -0.0069 0.1086 0.0006 99.9987

Cl- NO3
- PO4

3- SO4
2-

standard repetition mean [mg/L] 10.05 20.22 30.30 20.20
standard repetition SD [mg/L] 0.15 0.74 0.35 0.24
standard repetition RSD [%] 1.54 3.64 1.14 1.21

analytical quality [%] 103.49

Seq. No. Sample ID Retention time Ion concentration
Cl- NO3

- PO4
3- SO4

2- Cl- NO3
- PO4

3- SO4
2-

[min] [min] [min] [min] [mg/L] [mg/L] [mg/L] [mg/L]

1 Standard_1 4.19 7.28 10.22 12.52 2.01 4.02 6.01 4.01
2 Standard_2 4.20 7.24 10.21 12.51 4.99 9.97 14.99 10.00
3 Standard_3 4.20 7.20 10.20 12.51 9.93 19.87 29.96 19.95
4 Standard_4 4.21 7.15 10.17 12.49 20.10 40.18 60.06 40.06
5 Standard_5 4.24 7.10 10.13 12.46 39.97 79.95 119.98 79.98
6 wash-1 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.
7 Standard_3-1 4.19 7.15 10.13 12.43 9.89 19.09 29.89 19.97
8 wash-2 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.
9 sorp_NO3_initsol_SO4_0000ppb 4.25 7.19 n.a. n.a. 68.02 45.42 n.a. n.a.
10 sorp_NO3_initsol_SO4_0010ppb 4.25 7.19 n.a. n.a. 65.98 44.88 n.a. n.a.
11 sorp_NO3_initsol_SO4_0025ppb 4.25 7.20 n.a. n.a. 65.52 45.92 n.a. n.a.
12 sorp_NO3_initsol_SO4_0050ppb 4.25 7.20 n.a. n.a. 65.77 44.75 n.a. n.a.
13 sorp_NO3_initsol_SO4_0100ppb 4.25 7.20 n.a. n.a. 69.99 45.97 n.a. n.a.
14 sorp_NO3_initsol_SO4_0250ppb 4.25 7.19 n.a. n.a. 65.48 45.07 n.a. n.a.
15 sorp_NO3_initsol_SO4_0500ppb 4.25 7.19 n.a. n.a. 66.44 45.46 n.a. n.a.
16 sorp_NO3_initsol_SO4_1000ppb 4.25 7.19 n.a. n.a. 67.61 45.75 n.a. n.a.
17 sorp_NO3_initsol_SO4_2500ppb 4.25 7.19 n.a. n.a. 66.70 45.09 n.a. n.a.
18 sorp_NO3_initsol_SO4_5000ppb 4.25 7.19 n.a. n.a. 66.01 44.41 n.a. n.a.
19 wash-3 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.
20 Standard_3-2 4.19 7.16 10.13 12.43 10.02 20.52 30.46 20.17
21 wash-4 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.
22 Test-Riverwater 4.23 7.28 n.a. 12.38 44.58 1.48 n.a. 151.72
23 wash-5 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.
24 sorp_NO3_Ksorp_SO4_0000ppb 4.25 7.19 n.a. 12.48 69.63 45.92 n.a. 2.24
25 sorp_NO3_Ksorp_SO4_0010ppb 4.25 7.19 n.a. 12.46 66.48 45.89 n.a. 2.20
26 sorp_NO3_Ksorp_SO4_0025ppb 4.25 7.19 n.a. 12.48 66.29 47.07 n.a. 2.07
27 sorp_NO3_Ksorp_SO4_0050ppb 4.25 7.19 n.a. 12.38 66.98 45.79 n.a. 2.14
28 sorp_NO3_Ksorp_SO4_0100ppb 4.25 7.19 n.a. 12.46 71.00 46.42 n.a. 2.07
29 sorp_NO3_Ksorp_SO4_0250ppb 4.25 7.19 n.a. 12.44 66.78 46.46 n.a. 1.76
30 sorp_NO3_Ksorp_SO4_0500ppb 4.25 7.19 n.a. 12.48 68.05 46.11 n.a. 2.01
31 sorp_NO3_Ksorp_SO4_1000ppb 4.25 7.19 n.a. 12.48 67.79 45.95 n.a. 2.08
32 sorp_NO3_Ksorp_SO4_2500ppb 4.25 7.20 n.a. 12.43 66.95 45.44 n.a. 2.56
33 sorp_NO3_Ksorp_SO4_5000ppb 4.25 7.20 n.a. 12.44 67.41 45.89 n.a. 2.44
34 wash-6 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.
35 Standard_3-3 4.19 7.17 10.13 12.43 10.22 20.81 30.63 20.38
36 wash-7 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.
37 sorp_NO3_Gsorp_SO4_0000ppb 4.31 7.20 n.a. 12.43 119.96 46.51 n.a. 57.38
38 sorp_NO3_Gsorp_SO4_0010ppb 4.25 7.20 n.a. 12.43 67.402 45.45 n.a. 56.44
39 sorp_NO3_Gsorp_SO4_0025ppb 4.25 7.20 n.a. 12.43 66.84 46.80 n.a. 57.11
40 sorp_NO3_Gsorp_SO4_0050ppb 4.25 7.20 n.a. 12.43 67.645 46.98 n.a. 57.039
41 sorp_NO3_Gsorp_SO4_0100ppb 4.26 7.20 n.a. 12.44 70.603 46.70 n.a. 56.41
42 sorp_NO3_Gsorp_SO4_0250ppb 4.25 7.20 n.a. 12.44 66.984 47.22 n.a. 57.56
43 sorp_NO3_Gsorp_SO4_0500ppb 4.25 7.20 n.a. 12.43 68.365 46.97 n.a. 57.12
44 sorp_NO3_Gsorp_SO4_1000ppb 4.25 7.20 n.a. 12.44 68.453 47.10 n.a. 56.16
45 sorp_NO3_Gsorp_SO4_2500ppb 4.25 7.20 n.a. 12.44 67.413 46.55 n.a. 56.84
46 sorp_NO3_Gsorp_SO4_5000ppb 4.25 7.20 n.a. 12.44 67.735 46.92 n.a. 56.76
47 wash-8 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.
48 Standard_3-4 4.19 7.17 10.13 12.43 10.21 20.79 30.55 20.51
49 wash-9 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.
50 StopMeth n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.

cxxxvi



B.6. B3 analytical data cxxxvii

Table B.20.: B3 analytical data - IC measurement III (note: these solutions contained no
sulphate, the peaks identified as sulphate are selenate and were used to correct
sulphate measurements in the presence of selenate)

Technique Ion Chromatography
System ICS-1000

Quantification: AnionenAS14

Injection volume 25 µL
Run time [min] 14
Date Measured 30.09.2014

Ret. Peak Cal. Coeff.
Calibration ID Time Name Type Points Offset Slope Curve Det.

[min] (C0) (C1) (C2) [%]

Calib_1 4.21 Cl- XQOff 5 -0.008 0.146 0.001 99.9985
Calib_2 7.20 NO3

- XQOff 5 -0.021 0.077 0.000 99.9984
Calib_3 10.33 PO4

3- XQOff 5 0.003 0.041 0.000 99:9997
Calib_4 12.80 SO4

2- XQOff 5 0.011 0.103 0.000 99.9998

mean: -0.0069 0.1086 0.0006 99.9987

Cl- NO3
- PO4

3- SO4
2-

standard repetition mean [mg/L] 10.20 20.79 23.36 27.96
standard repetition SD [mg/L] 0.10 0.11 5.04 5.31
standard repetition RSD [%] 1.03 0.51 21.56 18.99

analytical quality [%] 105.50

Seq. No. Sample ID Retention time Ion concentration
Cl- NO3

- PO4
3- SO4

2- Cl- NO3
- PO4

3- SO4
2-

[min] [min] [min] [min] [mg/L] [mg/L] [mg/L] [mg/L]

1 Standard_1 4.19 7.28 10.22 12.52 2.01 4.02 6.01 4.01
2 Standard_2 4.20 7.24 10.21 12.51 5.00 9.97 15.00 10.00
3 Standard_3 4.20 7.20 10.20 12.51 9.93 19.89 29.95 19.95
4 Standard_4 4.21 7.15 10.17 12.49 20.09 40.17 60.06 40.06
5 Standard_5 4.24 7.10 10.13 12.46 39.98 79.95 119.98 79.98
6 wash-1 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.
7 Standard_3-1 4.21 7.21 10.29 12.78 10.18 20.66 30.91 19.99
8 wash-2 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.
9 sorp_PO4_initsol_SeO3_0010ppb 4.28 n.a. 10.29 n.a. 269.84 n.a. 73.00 n.a.
10 sorp_PO4_initsol_SeO3_0025ppb 4.28 n.a. 10.29 n.a. 265.37 n.a. 72.60 n.a.
11 sorp_PO4_initsol_SeO3_0050ppb 4.28 n.a. 10.29 n.a. 262.88 n.a. 71.47 n.a.
12 sorp_PO4_initsol_SeO3_0100ppb 4.28 n.a. 10.29 n.a. 263.12 n.a. 71.59 n.a.
13 sorp_PO4_initsol_SeO3_0250ppb 4.27 n.a. 10.29 n.a. 259.99 n.a. 72.99 n.a.
14 sorp_PO4_initsol_SeO3_0500ppb 4.28 n.a. 10.29 n.a. 267.46 n.a. 73.75 n.a.
15 sorp_PO4_initsol_SeO3_1000ppb 4.28 n.a. 10.29 n.a. 267.15 n.a. 73.55 n.a.
16 sorp_PO4_initsol_SeO3_2500ppb 4.28 n.a. 10.29 n.a. 260.63 n.a. 73.84 n.a.
17 sorp_PO4_initsol_SeO3_5000ppb 4.28 n.a. 10.29 n.a. 267.73 n.a. 79.47 n.a.
18 wash-3 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.
19 Standard_3-2 4.21 7.21 10.28 12.74 10.06 20.76 20.76 30.77
20 wash-4 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.
21 Test-Riverwater 4.25 7.32 n.a. 12.69 44.73 n.a. 1.51 n.a.
22 wash-5 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.
23 sorp_PO4_Ksorp_SeO3_0010ppb 4.28 n.a. 10.30 12.72 278.50 n.a. 52.78 3.08
24 sorp_PO4_Ksorp_SeO3_0025ppb 4.28 n.a. 10.29 12.74 262.38 n.a. 53.22 3.84
25 sorp_PO4_Ksorp_SeO3_0050ppb 4.28 n.a. 10.30 12.76 267.19 n.a. 53.70 3.97
26 sorp_PO4_Ksorp_SeO3_0100ppb 4.28 n.a. 10.31 12.80 268.96 n.a. 53.54 3.06
27 sorp_PO4_Ksorp_SeO3_0250ppb 4.29 n.a. 10.31 12.78 261.73 n.a. 54.15 3.73
28 sorp_PO4_Ksorp_SeO3_0500ppb 4.28 n.a. 10.29 12.77 268.55 n.a. 56.35 4.00
29 sorp_PO4_Ksorp_SeO3_1000ppb 4.28 n.a. 10.30 12.77 265.65 n.a. 56.78 3.70
30 sorp_PO4_Ksorp_SeO3_2500ppb 4.28 n.a. 10.29 12.76 267.94 n.a. 58.59 3.18
31 sorp_PO4_Ksorp_SeO3_5000ppb 4.29 n.a. 10.31 12.75 266.51 n.a. 60.86 3.59
32 wash-6 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.
33 Standard_3-3 4.21 7.21 10.28 12.74 10.26 20.86 20.86 30.57
34 wash-7 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.
35 sorp_PO4_Gsorp_SeO3_0010ppb 4.28 n.a. n.a. 12.75 267.84 n.a. n.a. 75.54
36 sorp_PO4_Gsorp_SeO3_0025ppb 4.28 n.a. n.a. 12.74 266.71 n.a. n.a. 75.86
37 sorp_PO4_Gsorp_SeO3_0050ppb 4.28 n.a. n.a. 12.74 269.98 n.a. n.a. 77.15
38 sorp_PO4_Gsorp_SeO3_0100ppb 4.28 n.a. n.a. 12.74 264.97 n.a. n.a. 75.79
39 sorp_PO4_Gsorp_SeO3_0250ppb 4.28 n.a. n.a. 12.74 263.69 n.a. n.a. 76.31
40 sorp_PO4_Gsorp_SeO3_0500ppb 4.28 n.a. n.a. 12.75 270.15 n.a. n.a. 76.53
41 sorp_PO4_Gsorp_SeO3_1000ppb 4.29 n.a. n.a. 12.76 269.38 n.a. n.a. 75.47
42 sorp_PO4_Gsorp_SeO3_2500ppb 4.29 7.40 n.a. 12.76 270.46 n.a. n.a. 77.53
43 sorp_PO4_Gsorp_SeO3_5000ppb 4.28 n.a. n.a. 12.75 266.49 n.a. n.a. 77.24
44 wash-8 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.
45 Standard_3-4 4.22 7.22 10.28 12.76 10.29 20.89 20.89 30.49
46 wash-9 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.
47 StopMeth n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.
48 Standard_3-4 4.19 7.17 10.13 12.43 10.2144 20.79 30.55 20.51
49 wash-9 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.
50 StopMeth n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.
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Table B.21.: B3 analytical data - IC measurement IV (note: these solutions contained no
sulphate, the peaks identified as sulphate are selenate and were used to correct
sulphate measurements in the presence of selenate)

Technique Ion Chromatography
System ICS-1000

Quantification: AnionenAS14

Injection volume 25 µL
Run time [min] 14
Date Measured 30.09.2014

Ret. Peak Cal. Coeff.
Calibration ID Time Name Type Points Offset Slope Curve Det.

[min] (C0) (C1) (C2) [%]

Calib_1 4.21 Cl- XQOff 5 -0.008 0.146 0.001 99.9985
Calib_2 7.20 NO3

- XQOff 5 -0.021 0.077 0.000 99.9984
Calib_3 10.33 PO4

3- XQOff 5 0.003 0.041 0.000 99:9997
Calib_4 12.80 SO4

2- XQOff 5 0.011 0.103 0.000 99.9998

mean: -0.0069 0.1086 0.0006 99.9987

Cl- NO3
- PO4

3- SO4
2-

standard repetition mean [mg/L] 10.45 20.86 30.93 19.88
standard repetition SD [mg/L] 0.10 0.08 0.24 1.22
standard repetition RSD [%] 0.99 0.36 0.78 6.12

analytical quality [%] 105.80

Seq. No. Sample ID Retention time Ion concentration
Cl- NO3

- PO4
3- SO4

2- Cl- NO3
- PO4

3- SO4
2-

[min] [min] [min] [min] [mg/L] [mg/L] [mg/L] [mg/L]

1 Standard_1 4.19 7.28 10.22 12.52 2.01 4.02 6.01 4.01
2 Standard_2 4.20 7.24 10.21 12.51 4.98 9.97 15.00 10.00
3 Standard_3 4.20 7.20 10.20 12.51 9.92 19.89 29.95 19.95
4 Standard_4 4.21 7.15 10.17 12.49 20.12 40.17 60.06 40.06
5 Standard_5 4.24 7.10 10.13 12.46 39.97 79.95 119.98 79.98
6 wash-1 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.
7 Standard_3-1 4.38 7.48 10.65 13.19 10.56 20.76 30.80 18.06
8 wash-2 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.
9 sorp_PO4_initsol_SeO4_0000ppb 4.39 n.a. 10.52 n.a. 269.08 n.a. 73.73 n.a.
10 sorp_PO4_initsol_SeO4_0010ppb 4.39 n.a. 10.53 n.a. 269.77 n.a. 73.27 n.a.
11 sorp_PO4_initsol_SeO4_0025ppb 4.36 n.a. 10.46 n.a. 269.17 n.a. 73.73 n.a.
12 sorp_PO4_initsol_SeO4_0050ppb 4.35 n.a. 10.46 n.a. 266.73 n.a. 73.66 n.a.
13 sorp_PO4_initsol_SeO4_0100ppb 4.34 n.a. 10.43 n.a. 264.75 n.a. 73.64 n.a.
14 sorp_PO4_initsol_SeO4_0250ppb 4.37 n.a. 10.39 n.a. 258.48 n.a. 72.02 n.a.
15 sorp_PO4_initsol_SeO4_0500ppb 4.28 n.a. 10.29 n.a. 265.45 n.a. 73.38 n.a.
16 sorp_PO4_initsol_SeO4_1000ppb 4.29 n.a. 10.31 n.a. 267.73 n.a. 71.95 n.a.
17 sorp_PO4_initsol_SeO4_2500ppb 4.28 n.a. 10.30 n.a. 264.20 n.a. 72.11 n.a.
18 sorp_PO4_initsol_SeO4_5000ppb 4.28 n.a. 10.30 n.a. 266.48 n.a. 72.72 n.a.
19 wash-3 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.
20 Standard_3-2 4.22 7.21 10.29 12.74 10.31 20.88 31.29 20.38
21 wash-4 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.
22 Test-Riverwater 4.26 7.36 n.a. 12.69 46.20 1.92 n.a. 152.92
23 wash-5 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.
24 sorp_PO4_Ksorp_SeO4_0000ppb 4.29 n.a. 10.29 12.74 271.60 n.a. 54.45 3.91
25 sorp_PO4_Ksorp_SeO4_0010ppb 4.29 n.a. 10.29 12.72 268.38 n.a. 55.16 3.66
26 sorp_PO4_Ksorp_SeO4_0025ppb 4.29 n.a. 10.30 12.72 272.30 n.a. 55.97 3.61
27 sorp_PO4_Ksorp_SeO4_0050ppb 4.29 n.a. 10.28 12.75 270.81 n.a. 56.15 3.72
28 sorp_PO4_Ksorp_SeO4_0100ppb 4.29 n.a. 10.29 12.74 270.14 n.a. 55.10 4.00
29 sorp_PO4_Ksorp_SeO4_0250ppb 4.29 n.a. 10.29 12.75 263.29 n.a. 54.66 4.14
30 sorp_PO4_Ksorp_SeO4_0500ppb 4.29 n.a. 10.29 12.78 272.35 n.a. 56.35 4.07
31 sorp_PO4_Ksorp_SeO4_1000ppb 4.29 n.a. 10.29 12.76 273.57 n.a. 55.84 3.84
32 sorp_PO4_Ksorp_SeO4_2500ppb 4.29 n.a. 10.29 12.75 268.62 n.a. 53.67 3.83
33 sorp_PO4_Ksorp_SeO4_5000ppb 4.29 n.a. 10.29 12.76 269.74 n.a. 56.54 3.38
34 wash-6 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.
35 Standard_3-3 4.22 7.23 10.28 12.73 10.48 20.87 30.85 20.49
36 wash-7 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.
37 sorp_PO4_Gsorp_SeO4_0000ppb 4.29 7.37 n.a. 12.74 271.04 1.86 n.a. 79.13
38 sorp_PO4_Gsorp_SeO4_0010ppb 4.29 7.37 n.a. 12.74 270.19 1.53 n.a. 78.61
39 sorp_PO4_Gsorp_SeO4_0025ppb 4.29 7.37 n.a. 12.74 270.76 1.78 n.a. 80.17
40 sorp_PO4_Gsorp_SeO4_0050ppb 4.29 7.39 n.a. 12.74 268.71 1.78 n.a. 79.76
41 sorp_PO4_Gsorp_SeO4_0100ppb 4.29 7.38 n.a. 12.74 266.19 2.05 n.a. 78.80
42 sorp_PO4_Gsorp_SeO4_0250ppb 4.29 7.36 n.a. 12.74 260.97 1.76 n.a. 78.83
43 sorp_PO4_Gsorp_SeO4_0500ppb 4.29 7.38 n.a. 12.74 268.77 1.63 n.a. 78.93
44 sorp_PO4_Gsorp_SeO4_1000ppb 4.29 7.40 n.a. 12.74 271.89 1.4 n.a. 79.55
45 sorp_PO4_Gsorp_SeO4_2500ppb 4.29 7.41 n.a. 12.74 268.49 1.75 n.a. 79.31
46 sorp_PO4_Gsorp_SeO4_5000ppb 4.29 7.36 n.a. 12.75 265.50 2.00 n.a. 77.06
47 wash-8 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.
48 Standard_3-4 4.22 7.24 10.28 12.75 10.45 20.94 30.77 20.59
49 wash-9 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.
50 StopMeth n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.
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Table B.22.: B3 analytical data - IC measurement V
Technique Ion Chromatography

System ICS-1000
Quantification: AnionenAS14

Injection volume 25 µL
Run time [min] 14
Date Measured 30.09.2014

Ret. Peak Cal. Coeff.
Calibration ID Time Name Type Points Offset Slope Curve Det.

[min] (C0) (C1) (C2) [%]

Calib_1 4.21 Cl- XQOff 5 -0.008 0.146 0.001 99.9985
Calib_2 7.20 NO3

- XQOff 5 -0.021 0.077 0.000 99.9984
Calib_3 10.33 PO4

3- XQOff 5 0.003 0.041 0.000 99:9997
Calib_4 12.80 SO4

2- XQOff 5 0.011 0.103 0.000 99.9998

mean: -0.0069 0.1086 0.0006 99.9987

Cl- NO3
- PO4

3- SO4
2-

standard repetition mean [mg/L] 10.37 21.17 23.48 28.35
standard repetition SD [mg/L] 0.04 0.19 4.50 5.47
standard repetition RSD [%] 0.41 0.91 19.17 19.29

analytical quality [%] 105.85

Seq. No. Sample ID Retention time Ion concentration
Cl- NO3

- PO4
3- SO4

2- Cl- NO3
- PO4

3- SO4
2-

[min] [min] [min] [min] [mg/L] [mg/L] [mg/L] [mg/L]

1 Standard_1 4.19 7.28 10.22 12.52 2.00 4.04 6.01 4.02
2 Standard_2 4.20 7.24 10.21 12.51 5.00 9.93 15.00 9.96
3 Standard_3 4.20 7.20 10.20 12.51 9.94 19.77 29.95 19.95
4 Standard_4 4.21 7.15 10.17 12.49 20.06 40.35 60.06 40.11
5 Standard_5 4.24 7.10 10.13 12.46 39.98 79.90 119.98 79.97
6 Dest.Wasser-1 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.
7 Standard_3-1 4.20 7.18 10.23 12.67 10.33 20.99 30.23 20.15
8 Dest.Wasser-2 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.
9 sorp_SO4_initsol_SeO3_0010ppb 4.27 n.a. n.a. 12.67 263.06 n.a. n.a. 76.55
10 sorp_SO4_initsol_SeO3_0025ppb 4.27 n.a. n.a. 12.67 263.10 n.a. n.a. 76.33
11 sorp_SO4_initsol_SeO3_0050ppb 4.27 n.a. n.a. 12.66 263.55 n.a. n.a. 76.56
12 sorp_SO4_initsol_SeO3_0100ppb 4.27 n.a. n.a. 12.67 260.25 n.a. n.a. 76.71
13 sorp_SO4_initsol_SeO3_0250ppb 4.27 n.a. n.a. 12.67 256.10 n.a. n.a. 76.61
14 sorp_SO4_initsol_SeO3_0500ppb 4.27 n.a. n.a. 12.67 262.62 n.a. n.a. 76.54
15 sorp_SO4_initsol_SeO3_1000ppb 4.27 n.a. 9.78 12.67 264.45 n.a. 1.45 51.46
16 sorp_SO4_initsol_SeO3_2500ppb 4.27 n.a. 9.76 12.67 263.31 n.a. 2.95 76.19
17 sorp_SO4_initsol_SeO3_5000ppb 4.27 n.a. 9.78 12.68 262.51 n.a. 6.28 76.23
18 Dest.Wasser-3 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.
19 Standard_3-2 4.21 7.19 10.23 12.67 10.39 21.20 21.20 30.86
20 Dest.Wasser-4 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.
21 Test-Riverwater 4.25 n.a. n.a. 12.63 44.88 n.a. n.a. n.a.
22 Dest.Wasser-5 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.
23 sorp_SO4_Ksorp_SeO3_0010ppb 4.27 n.a. n.a. 12.67 264.20 n.a. n.a. 74.92
24 sorp_SO4_Ksorp_SeO3_0025ppb 4.27 n.a. n.a. 12.67 260.60 n.a. n.a. 73.60
25 sorp_SO4_Ksorp_SeO3_0050ppb 4.27 n.a. n.a. 12.68 264.96 n.a. n.a. 74.18
26 sorp_SO4_Ksorp_SeO3_0100ppb 4.27 n.a. n.a. 12.68 261.01 n.a. n.a. 74.25
27 sorp_SO4_Ksorp_SeO3_0250ppb 4.27 n.a. n.a. 12.68 254.00 n.a. n.a. 73.98
28 sorp_SO4_Ksorp_SeO3_0500ppb 4.27 n.a. n.a. 12.68 264.29 n.a. n.a. 74.88
29 sorp_SO4_Ksorp_SeO3_1000ppb 4.27 n.a. n.a. 12.68 260.79 n.a. n.a. 49.77
30 sorp_SO4_Ksorp_SeO3_2500ppb 4.28 n.a. 9.78 12.69 263.82 n.a. 1.92 75.00
31 sorp_SO4_Ksorp_SeO3_5000ppb 4.27 n.a. 9.77 12.68 263.19 n.a. 5.05 74.85
32 Dest.Wasser-6 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.
33 Standard_3-3 4.21 7.19 10.23 12.68 10.35 21.06 21.06 31.23
34 Dest.Wasser-7 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.
35 sorp_SO4_Gsorp_SeO3_0010ppb 4.27 7.30 n.a. 12.67 256.74 2.25 n.a. 117.60
36 sorp_SO4_Gsorp_SeO3_0025ppb 4.27 7.34 n.a. 12.66 254.17 n.a. n.a. 115.87
37 sorp_SO4_Gsorp_SeO3_0050ppb 4.27 7.35 n.a. 12.67 257.24 n.a. n.a. 117.49
38 sorp_SO4_Gsorp_SeO3_0100ppb 4.27 7.32 n.a. 12.66 255.28 n.a. n.a. 117.57
39 sorp_SO4_Gsorp_SeO3_0250ppb 4.27 7.36 n.a. 12.67 254.02 n.a. n.a. 118.75
40 sorp_SO4_Gsorp_SeO3_0500ppb 4.27 7.35 n.a. 12.66 261.04 n.a. n.a. 119.87
41 sorp_SO4_Gsorp_SeO3_1000ppb 4.27 7.37 n.a. 12.67 254.49 n.a. n.a. 96.02
42 sorp_SO4_Gsorp_SeO3_2500ppb 4.27 7.32 n.a. 12.66 259.93 n.a. n.a. 120.06
43 sorp_SO4_Gsorp_SeO3_5000ppb 4.27 7.31 n.a. 12.67 259.33 n.a. n.a. 121.00
44 Dest.Wasser-8 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.
45 Standard_3-4 4.21 7.20 10.21 12.67 10.42 21.43 21.43 31.17
46 Dest.Wasser-9 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.
47 StopMeth n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.
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Table B.23.: B3 analytical data - IC measurement VI
Technique Ion Chromatography

System ICS-1000
Quantification: AnionenAS14

Injection volume 25 µL
Run time [min] 14
Date Measured 30.09.2014

Ret. Peak Cal. Coeff.
Calibration ID Time Name Type Points Offset Slope Curve Det.

[min] (C0) (C1) (C2) [%]

Calib_1 4.21 Cl- XQOff 5 -0.008 0.146 0.001 99.9985
Calib_2 7.20 NO3

- XQOff 5 -0.021 0.077 0.000 99.9984
Calib_3 10.33 PO4

3- XQOff 5 0.003 0.041 0.000 99:9997
Calib_4 12.80 SO4

2- XQOff 5 0.011 0.103 0.000 99.9998

mean: -0.0069 0.1086 0.0006 99.9987

Cl- NO3
- PO4

3- SO4
2-

standard repetition mean [mg/L] 10.28 20.88 30.47 19.49
standard repetition SD [mg/L] 0.07 0.32 0.29 0.05
standard repetition RSD [%] 0.64 1.52 0.96 0.24

analytical quality [%] 101.45

Seq. No. Sample ID Retention time Ion concentration
Cl- NO3

- PO4
3- SO4

2- Cl- NO3
- PO4

3- SO4
2-

[min] [min] [min] [min] [mg/L] [mg/L] [mg/L] [mg/L]

1 Standard_1 4.19 7.28 10.22 12.52 2.01 4.02 6.01 4.01
2 Standard_2 4.20 7.24 10.21 12.51 5.00 9.97 14.93 10.00
3 Standard_3 4.20 7.20 10.20 12.51 9.93 19.89 30.08 19.95
4 Standard_4 4.21 7.15 10.17 12.49 20.08 40.17 59.97 40.06
5 Standard_5 4.24 7.10 10.13 12.46 39.98 79.95 120.00 79.98
6 Dest.Wasser-1 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.
7 Standard_3-1 4.21 7.20 10.33 12.80 10.19 20.50 30.28 19.42
8 Dest.Wasser-2 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.
9 sorp_SO4_initsol_SeO4_0000ppb 4.28 n.a. n.a. 12.80 267.79 n.a. n.a. 73.39
10 sorp_SO4_initsol_SeO4_0010ppb 4.28 n.a. n.a. 12.79 263.57 n.a. n.a. 73.92
11 sorp_SO4_initsol_SeO4_0025ppb 4.28 n.a. n.a. 12.79 261.87 n.a. n.a. 74.44
12 sorp_SO4_initsol_SeO4_0050ppb 4.28 7.34 n.a. 12.79 259.04 3.54 n.a. 72.91
13 sorp_SO4_initsol_SeO4_0100ppb 4.28 n.a. n.a. 12.80 261.86 n.a. n.a. 73.86
14 sorp_SO4_initsol_SeO4_0250ppb 4.28 n.a. n.a. 12.80 255.17 n.a. n.a. 73.85
15 sorp_SO4_initsol_SeO4_0500ppb 4.28 n.a. n.a. 12.80 258.84 n.a. n.a. 72.79
16 sorp_SO4_initsol_SeO4_1000ppb 4.28 n.a. n.a. 12.80 261.39 n.a. n.a. 73.64
17 sorp_SO4_initsol_SeO4_2500ppb 4.28 n.a. n.a. 12.80 261.32 n.a. n.a. 73.44
18 sorp_SO4_initsol_SeO4_5000ppb 4.28 n.a. n.a. 12.80 261.37 n.a. n.a. 73.11
19 Dest.Wasser-3 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.
20 Standard_3-2 4.22 7.21 10.32 12.80 10.35 20.94 30.64 19.51
21 Dest.Wasser-4 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.
22 Test-Riverwater 4.26 n.a. n.a. 12.75 44.72 n.a. n.a. 145.16
23 Dest.Wasser-5 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.
24 sorp_SO4_Ksorp_SeO4_0000ppb 4.28 n.a. n.a. 12.80 267.22 n.a. n.a. 71.72
25 sorp_SO4_Ksorp_SeO4_0010ppb 4.29 n.a. n.a. 12.80 262.97 n.a. n.a. 71.67
26 sorp_SO4_Ksorp_SeO4_0025ppb 4.28 n.a. n.a. 12.80 262.03 n.a. n.a. 72.24
27 sorp_SO4_Ksorp_SeO4_0050ppb 4.28 n.a. n.a. 12.80 261.47 n.a. n.a. 71.81
28 sorp_SO4_Ksorp_SeO4_0100ppb 4.28 n.a. n.a. 12.80 261.97 n.a. n.a. 72.39
29 sorp_SO4_Ksorp_SeO4_0250ppb 4.28 n.a. n.a. 12.80 256.19 n.a. n.a. 72.40
30 sorp_SO4_Ksorp_SeO4_0500ppb 4.28 n.a. n.a. 12.80 262.27 n.a. n.a. 72.16
31 sorp_SO4_Ksorp_SeO4_1000ppb 4.29 n.a. n.a. 12.80 264.03 n.a. n.a. 71.92
32 sorp_SO4_Ksorp_SeO4_2500ppb 4.28 7.36 n.a. 12.80 259.42 2.20 n.a. 70.90
33 sorp_SO4_Ksorp_SeO4_5000ppb 4.29 n.a. n.a. 12.81 260.88 n.a. n.a. 71.73
34 Dest.Wasser-6 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.
35 Standard_3-3 4.22 7.23 10.32 12.80 10.28 20.81 30.79 19.51
36 Dest.Wasser-7 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.
37 sorp_SO4_Gsorp_SeO4_0000ppb 4.29 7.37 n.a. 12.80 271.83 2.06 n.a. 113.07
38 sorp_SO4_Gsorp_SeO4_0010ppb 4.29 7.38 n.a. 12.80 260.65 1.83 n.a. 111.68
39 sorp_SO4_Gsorp_SeO4_0025ppb 4.29 7.37 n.a. 12.79 261.95 2.075 n.a. 114.34
40 sorp_SO4_Gsorp_SeO4_0050ppb 4.29 7.37 n.a. 12.80 259.19 2.019 n.a. 112.77
41 sorp_SO4_Gsorp_SeO4_0100ppb 4.29 7.34 n.a. 12.80 259.69 2.086 n.a. 112.91
42 sorp_SO4_Gsorp_SeO4_0250ppb 4.28 7.37 n.a. 12.80 256.04 2.44 n.a. 113.82
43 sorp_SO4_Gsorp_SeO4_0500ppb 4.29 7.34 n.a. 12.80 260.87 2.07 n.a. 113.31
44 sorp_SO4_Gsorp_SeO4_1000ppb 4.29 7.38 n.a. 12.80 266.65 2.07 n.a. 113.95
45 sorp_SO4_Gsorp_SeO4_2500ppb 4.29 7.36 n.a. 12.80 262.49 1.95 n.a. 114.02
46 sorp_SO4_Gsorp_SeO4_5000ppb 4.29 7.32 n.a. 12.95 258.71 1.87 n.a. 110.51
47 Dest.Wasser-8 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.
48 Standard_3-4 4.22 7.23 10.31 12.81 10.28 21.268 30.17 19.52
49 Dest.Wasser-9 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.
50 StopMeth n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.
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Table B.24.: B3 analytical data - ICP-MS measurement; Se sorption in the presence of NO3
-

Technique ICP-MS Quadrupole
System X-Series Thermo Fischer
Date measured 07.10.2014

Se mean
Isotope 76Se 77Se 78Se 82Se dil. factor 76Se,77Se,78Se SD

[µg/L] [µg/L] [µg/L] [µg/L] [-] [µg/L] [µg/L]

Analytical Quality
wash-mean 0.20 0.16 0.17 0.77
wash-SD 0.08 0.10 0.09 0.26
LOD (= 3·wash) 0.25 0.30 0.28 0.78

HighPurityStd ref. value 5.50 5.50 5.50 5.50
Quality [%] 132.45 103.41 102.80 111.06

Calibration

Std 0ppb 0.08 0.11 0.10 0.32 1 0.49 0.09
Std 5ppb Se 5.05 4.96 5.03 5.26 1 10.02 0.09
Std 10ppb Se 9.93 10.01 10.02 10.39 1 19.98 0.09
Std 25ppb Se 24.95 24.69 24.83 25.12 1 49.65 0.26
Std 50ppb Se 49.85 50.27 49.70 49.61 1 99.88 0.59
Std 100ppb Se 100.40 100.70 99.63 99.49 1 200.49 1.10
Std 250ppb Se 251.10 253.70 251.50 251.00 1 504.20 2.80
Std 500ppb Se 498.00 498.50 499.10 498.10 1 997.07 1.10
Std 1000ppb Se 1001.00 999.70 1000.00 1001.00 1 2000.47 0.42

Samples

wash 2 0.38 0.37 0.39 0.57 1 0.38
HPS 7.18 5.69 5.69 5.91 (2) 5.69
wash 3 0.11 0.11 0.17 0.19 1 0.13
N-sorp_initsol_SeO4_5000ppb 1095.0 1095.0 1103.0 1096.0 5 5488.3
N-sorp_initsol_SeO4_2500ppb 547.1 545.7 547.1 547.8 5 2733.2 4.04
N-sorp_initsol_SeO4_1000ppb 740.0 742.1 735.7 745.3 2 1478.5 6.52
N-sorp_initsol_SeO4_0500ppb 292.3 292.3 291.7 297.9 2 584.2 0.69
N-sorp_initsol_SeO4_0250ppb 151.0 154.6 153.7 156.7 2 306.2 3.75
N-sorp_initsol_SeO4_0100ppb 62.0 62.0 61.2 64.6 2 123.5 0.97
N-sorp_initsol_SeO4_0050ppb 31.8 31.1 31.7 36.1 2 63.1 0.76
N-sorp_initsol_SeO4_0025ppb 15.2 15.1 15.8 20.0 2 30.7 0.73
N-sorp_initsol_SeO4_0010ppb 6.57 6.70 6.34 10.46 2 13.1 0.36
N-sorp_initsol_SeO4_0000ppb 0.23 0.18 0.19 4.12 2 0.37 0.01
wash 4 0.14 0.09 0.09 0.65 1 0.11 0.00
test 50ppb 52.81 51.78 52.08 54.52 1 52.22 0.00
wash 5 0.17 0.13 0.13 0.96 1 0.14 0.00
N-sorp_Ksorp_SeO4_5000ppb 772.9 772.6 768.2 779.2 5 3856.2 13.16
N-sorp_Ksorp_SeO4_2500ppb 338.9 338.3 340.1 343.8 5 1695.5 4.58
N-sorp_Ksorp_SeO4_1000ppb 415.3 417.0 419.4 423.6 2 834.5 4.12
N-sorp_Ksorp_SeO4_0500ppb 152.5 151.6 150.9 154.3 2 303.3 1.60
N-sorp_Ksorp_SeO4_0250ppb 76.9 75.4 75.9 79.1 2 152.1 1.50
N-sorp_Ksorp_SeO4_0100ppb 30.7 30.9 30.7 34.4 2 61.5 0.31
N-sorp_Ksorp_SeO4_0050ppb 15.2 14.3 14.9 19.4 2 29.6 0.88
N-sorp_Ksorp_SeO4_0025ppb 7.54 7.61 7.50 11.54 2 15.1 0.10
N-sorp_Ksorp_SeO4_0010ppb 3.22 3.22 3.24 7.05 2 6.45 0.02
N-sorp_Ksorp_SeO4_0000ppb 10.61 10.33 10.23 14.96 2 20.78 0.39
wash 6 0.14 0.08 0.05 0.68 1 0.09 0.00
test 50ppb 52.92 52.44 52.56 52.66 1 52.64 0.00
wash 7 0.16 0.11 0.12 0.55 1 0.13 0.00
N-sorp_Gsorp_SeO4_5000ppb 694.8 692.8 692.2 700.6 5 3466.3 6.81
N-sorp_Gsorp_SeO4_2500ppb 341.2 339.5 338.4 346.4 5 1698.5 7.05
N-sorp_Gsorp_SeO4_1000ppb 458.8 456.1 455.3 463.5 2 913.5 3.67
N-sorp_Gsorp_SeO4_0500ppb 176.1 177.4 177.3 181.9 2 353.9 1.45
N-sorp_Gsorp_SeO4_0250ppb 89.6 90.6 89.8 94.6 2 179.9 1.04
N-sorp_Gsorp_SeO4_0100ppb 36.9 36.9 36.7 41.4 2 73.7 0.23
N-sorp_Gsorp_SeO4_0050ppb 18.2 18.7 18.6 22.0 2 37.0 0.51
N-sorp_Gsorp_SeO4_0025ppb 9.33 9.53 9.49 13.55 2 18.9 0.21
N-sorp_Gsorp_SeO4_0010ppb 4.13 3.78 3.96 8.25 2 7.91 0.35
N-sorp_Gsorp_SeO4_0000ppb 0.96 0.68 1.08 5.80 2 1.81 0.41
wash 8 0.18 0.04 0.08 0.76 1 0.10 0.00
test 50ppb 51.62 51.51 51.48 52.41 1 51.54 0.00
wash 9 0.18 0.17 0.17 0.84 1 0.17 0.00
N-sorp_initsol_SeO3_5000ppb 1042.0 1039.0 1043.0 1065.0 5 5206.7 10.41
N-sorp_initsol_SeO3_2500ppb 539.4 533.0 533.2 544.3 5 2676.0 18.19
N-sorp_initsol_SeO3_1000ppb 724.0 724.6 724.1 737.0 2 1448.5 0.64
N-sorp_initsol_SeO3_0500ppb 279.3 275.0 275.1 285.7 2 552.9 4.91
N-sorp_initsol_SeO3_0250ppb 148.9 148.1 146.1 152.7 2 295.4 2.88
N-sorp_initsol_SeO3_0100ppb 59.4 58.2 59.3 63.4 2 117.9 1.31
N-sorp_initsol_SeO3_0050ppb 29.0 29.1 29.3 33.7 2 58.2 0.36
N-sorp_initsol_SeO3_0025ppb 15.3 14.9 15.0 19.5 2 30.2 0.35
N-sorp_initsol_SeO3_0010ppb 5.73 5.72 5.77 11.15 2 11.5 0.06
wash 10 0.31 0.36 0.36 1.06 1 0.34 0.00
test 50ppb 53.93 52.64 53.55 53.57 1 53.37 0.00
wash 11 0.45 0.32 0.49 1.18 1 0.42 0.00
N-sorp_Ksorp_SeO3_5000ppb 756.3 753.6 753.1 763.0 5 3771.7 8.61
N-sorp_Ksorp_SeO3_2500ppb 340.3 336.6 338.8 344.6 5 1692.8 9.31
N-sorp_Ksorp_SeO3_1000ppb 411.0 406.2 405.8 412.2 2 815.3 5.79
N-sorp_Ksorp_SeO3_0500ppb 124.1 122.8 123.4 128.5 2 246.9 1.30
N-sorp_Ksorp_SeO3_0250ppb 60.8 59.5 59.9 64.0 2 120.2 1.41
N-sorp_Ksorp_SeO3_0100ppb 21.8 21.1 21.1 25.4 2 42.6 0.84
N-sorp_Ksorp_SeO3_0050ppb 9.99 10.00 9.65 14.16 2 19.8 0.40
N-sorp_Ksorp_SeO3_0025ppb 4.77 4.70 4.76 8.61 2 9.48 0.07
N-sorp_Ksorp_SeO3_0010ppb 1.81 1.70 1.71 7.38 2 3.48 0.12
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cxlii B. Adsorption-Desorption Experiments Se & Kaolinite, Goethite

Table B.25.: B3 analytical data - ICP-MS measurement; Se sorption in the presence of NO3
-

(continued from previous page)
Isotope 76Se 77Se 78Se 82Se dil. factor 76Se,77Se,78Se SD

[µg/L] [µg/L] [µg/L] [µg/L] [-] [µg/L] [µg/L]

wash 12 0.29 0.28 0.26 1.20 1 0.27 0.00
test 50ppb 53.40 52.67 51.96 55.71 1 52.68 0.00
wash 13 0.33 0.29 0.23 1.06 1 0.28 0.00
N-sorp_Gsorp_SeO3_5000ppb 2.95 2.93 2.78 5.17 5 14.42 0.47
N-sorp_Gsorp_SeO3_2500ppb 1.57 1.57 1.55 3.65 5 7.80 0.05
N-sorp_Gsorp_SeO3_1000ppb 2.30 1.88 2.06 6.76 2 4.16 0.42
N-sorp_Gsorp_SeO3_0500ppb 0.92 1.03 0.99 4.96 2 1.96 0.11
N-sorp_Gsorp_SeO3_0250ppb 0.65 0.56 0.67 4.42 2 1.25 0.12
N-sorp_Gsorp_SeO3_0100ppb 0.33 0.33 0.39 4.00 2 0.70 0.07
N-sorp_Gsorp_SeO3_0050ppb 0.41 0.25 0.33 3.94 2 0.58 0.12
N-sorp_Gsorp_SeO3_0025ppb 0.35 0.24 0.27 4.28 2 0.51 0.03
N-sorp_Gsorp_SeO3_0010ppb 1.01 0.87 1.07 6.13 2 1.97 0.21
wash 14 0.18 0.11 0.16 1.00 1 0.15 0.00
HPS VF 2 wdh 7.39 5.69 5.62 6.31 1 5.65 0.00
test 50ppb 52.54 51.25 52.13 52.88 1 51.97 0.00
wash 15 0.24 0.21 0.24 0.69 1 0.23 0.00

cxlii



B.6. B3 analytical data cxliii

Table B.26.: B3 analytical data - ICP-MS measurement; Se sorption in the presence of
PO4

3-

Technique ICP-MS Quadrupole
System X-Series Thermo Fischer
Date measured 08.10.2014

Se mean
Isotope 76Se 77Se 78Se 82Se dil. factor 76Se,77Se,78Se SD

[µg/L] [µg/L] [µg/L] [µg/L] [-] [µg/L] [µg/L]

Analytical Quality
wash-mean 0.27 0.16 0.19 0.34 0.21
wash-SD 0.10 0.09 0.08 0.21 0.09
LOD (= 3·wash) 0.30 0.26 0.25 0.62 0.27

HighPurityStd ref. value 5.50 5.50 5.50 5.50 5.50
Quality [%] 123.25 99.93 100.25 96.35

Calibration

Std 0ppb 0.10 0.08 0.06 0.22 1 0.41 0.10
Std 5ppb Se 5.23 4.96 5.00 5.10 1 25.31 0.73
Std 10ppb Se 9.97 10.12 9.87 9.98 1 19.98 0.25
Std 25ppb Se 24.96 25.73 24.87 25.72 1 50.37 0.95
Std 50ppb Se 50.72 49.78 50.52 50.00 1 100.68 0.99
Std 100ppb Se 99.31 98.45 99.84 99.15 1 198.40 1.40
Std 250ppb Se 248.80 249.50 249.60 250.70 1 498.60 0.87
Std 500ppb Se 501.10 499.70 500.30 499.80 1 1000.73 1.40
Std 1000ppb Se 999.80 1000.00 1000.00 1000.00 1 1999.87 0.23

Samples

wash 2 0.48 0.39 0.40 0.31 1 0.84 0.10
HPS 7.10 5.56 5.79 5.94 (2) 5.68
wash 3 0.25 0.17 0.22 0.33 1 0.21
P-sorp_initsol_SeO4_5000ppb 1200.0 1200.0 1201.0 1199.0 5 6001.7 2.89
P-sorp_initsol_SeO4_2500ppb 601.5 600.4 599.8 600.6 5 3002.8 4.31
P-sorp_initsol_SeO4_1000ppb 812.3 809.9 809.3 809.6 2 1621.0 3.17
P-sorp_initsol_SeO4_0500ppb 314.4 315.9 317.3 319.4 2 631.7 2.90
P-sorp_initsol_SeO4_0250ppb 153.0 152.1 152.4 155.7 2 305.0 0.92
P-sorp_initsol_SeO4_0100ppb 60.0 60.8 60.4 63.8 2 120.8 0.72
P-sorp_initsol_SeO4_0050ppb 31.0 30.9 31.0 34.1 2 61.9 0.18
P-sorp_initsol_SeO4_0025ppb 15.3 15.5 15.4 19.0 2 30.8 0.21
P-sorp_initsol_SeO4_0010ppb 6.42 6.35 6.50 9.94 2 12.8 0.15
P-sorp_initsol_SeO4_0000ppb 0.30 0.28 0.35 3.28 2 0.61 0.07
N-sorp_Ksorp_SeO4_0010ppb 3.15 3.15 3.18 6.58 2 6.31 0.03
N-sorp_Ksorp_SeO4_0000ppb 10.29 10.19 10.03 14.00 2 20.34 0.26
wash 4 0.20 0.10 0.10 0.37 1 0.13 0.00
test 50ppb 51.09 50.52 51.05 51.36 1 50.89 0.00
wash 5 0.14 0.12 0.14 0.24 1 0.13 0.00
P-sorp_Ksorp_SeO4_5000ppb 1158.0 1168.0 1161.0 1157.0 5 5811.7 25.66
P-sorp_Ksorp_SeO4_2500ppb 587.2 590.9 588.8 589.5 5 2944.8 9.28
P-sorp_Ksorp_SeO4_1000ppb 792.9 786.3 787.7 792.0 2 1577.9 6.96
P-sorp_Ksorp_SeO4_0500ppb 303.2 303.1 301.4 303.8 2 605.1 2.02
P-sorp_Ksorp_SeO4_0250ppb 146.3 146.9 145.6 150.8 2 292.5 1.30
P-sorp_Ksorp_SeO4_0100ppb 58.3 57.8 58.4 60.5 2 116.4 0.63
P-sorp_Ksorp_SeO4_0050ppb 29.3 29.9 29.2 32.2 2 58.9 0.70
P-sorp_Ksorp_SeO4_0025ppb 14.7 14.8 14.4 17.9 2 29.3 0.39
P-sorp_Ksorp_SeO4_0010ppb 6.38 6.19 6.36 9.86 2 12.6 0.21
P-sorp_Ksorp_SeO4_0000ppb 0.78 0.48 0.50 4.04 2 0.98 0.03
wash 6 0.15 0.05 0.10 0.51 1 0.10 0.00
test 50ppb 50.43 49.56 50.91 51.11 1 50.30 0.00
wash 7 0.23 0.09 0.12 0.26 1 0.14 0.00
P-sorp_Gsorp_SeO4_5000ppb 986.6 984.2 980.9 978.4 5 4919.5 14.31
P-sorp_Gsorp_SeO4_2500ppb 493.5 494.6 493.8 494.1 5 2469.8 2.84
P-sorp_Gsorp_SeO4_1000ppb 660.4 663.6 663.8 660.5 2 1325.2 3.82
P-sorp_Gsorp_SeO4_0500ppb 253.5 253.8 255.7 259.5 2 508.7 2.39
P-sorp_Gsorp_SeO4_0250ppb 121.3 121.9 122.9 125.0 2 244.1 1.62
P-sorp_Gsorp_SeO4_0100ppb 49.9 48.8 49.1 52.0 2 98.5 1.12
P-sorp_Gsorp_SeO4_0050ppb 24.7 25.0 24.9 27.6 2 49.7 0.22
P-sorp_Gsorp_SeO4_0025ppb 12.1 12.2 12.1 14.6 2 24.3 0.10
P-sorp_Gsorp_SeO4_0010ppb 5.27 5.07 5.25 8.46 2 10.4 0.22
P-sorp_Gsorp_SeO4_0000ppb 0.31 0.22 0.38 3.91 2 0.61 0.16
wash 8 0.18 0.07 0.09 0.27 1 0.11 0.00
test 50ppb 49.41 49.22 49.25 49.31 1 49.29 0.00
wash 9 0.30 0.27 0.26 0.49 1 0.28 0.00
P-sorp_initsol_SeO3_5000ppb 1054.0 1059.0 1057.0 1055.0 5 5283.3 12.58
P-sorp_initsol_SeO3_2500ppb 525.4 525.1 528.6 524.8 5 2631.8 9.70
P-sorp_initsol_SeO3_1000ppb 707.4 711.5 711.8 712.2 2 1420.5 4.92
P-sorp_initsol_SeO3_0500ppb 270.5 272.7 272.8 272.6 2 544.0 2.60
P-sorp_initsol_SeO3_0250ppb 144.2 142.5 144.0 147.8 2 287.1 1.86
P-sorp_initsol_SeO3_0100ppb 57.9 57.4 57.3 61.4 2 115.1 0.65
P-sorp_initsol_SeO3_0050ppb 29.2 30.1 29.8 32.4 2 59.4 0.92
P-sorp_initsol_SeO3_0025ppb 13.9 14.7 14.3 17.3 2 28.6 0.77
P-sorp_initsol_SeO3_0010ppb 6.28 6.04 5.82 9.60 2 12.1 0.47
wash 10 0.42 0.27 0.28 0.72 1 0.32 0.00
test 50ppb 51.35 49.71 50.77 51.28 1 50.61 0.00
wash 11 0.37 0.24 0.28 0.48 1 0.30 0.00
P-sorp_Ksorp_SeO3_5000ppb 1005.0 1010.0 1010.0 1011.0 5 5041.7 14.43
P-sorp_Ksorp_SeO3_2500ppb 505.4 500.4 506.4 507.4 5 2520.3 16.07
P-sorp_Ksorp_SeO3_1000ppb 663.7 671.9 667.5 667.0 2 1335.4 8.21
P-sorp_Ksorp_SeO3_0500ppb 252.8 252.9 252.6 255.6 2 505.5 0.31
P-sorp_Ksorp_SeO3_0250ppb 132.1 132.9 133.1 135.3 2 265.4 1.06
P-sorp_Ksorp_SeO3_0100ppb 52.1 52.1 51.3 54.2 2 103.6 0.91
P-sorp_Ksorp_SeO3_0050ppb 25.7 25.4 25.3 28.9 2 50.9 0.41
P-sorp_Ksorp_SeO3_0025ppb 12.3 12.5 12.3 15.9 2 24.7 0.22
P-sorp_Ksorp_SeO3_0010ppb 4.80 4.82 4.75 7.88 2 9.6 0.07
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cxliv B. Adsorption-Desorption Experiments Se & Kaolinite, Goethite

Table B.27.: B3 analytical data - ICP-MS measurement; Se sorption in the presence of
PO4

3- (continued from previous page)
Isotope 76Se 77Se 78Se 82Se dil. factor 76Se,77Se,78Se SD

[µg/L] [µg/L] [µg/L] [µg/L] [-] [µg/L] [µg/L]

wash 12 0.40 0.23 0.25 0.51 1 0.30 0.00
test 50ppb 50.42 51.29 51.02 50.86 1 50.91 0.00
wash 13 0.38 0.27 0.30 0.11 1 0.32 0.00
P-sorp_Gsorp_SeO3_5000ppb 3.70 3.65 3.83 4.82 5 18.63 0.46
P-sorp_Gsorp_SeO3_2500ppb 1.79 1.81 1.97 3.33 5 9.28 0.49
P-sorp_Gsorp_SeO3_1000ppb 2.54 2.61 2.48 5.62 2 5.09 0.13
P-sorp_Gsorp_SeO3_0500ppb 1.16 1.19 1.21 4.28 2 2.38 0.05
P-sorp_Gsorp_SeO3_0250ppb 0.70 0.64 0.83 4.00 2 1.44 0.20
P-sorp_Gsorp_SeO3_0100ppb 0.45 0.45 0.54 3.99 2 0.96 0.10
P-sorp_Gsorp_SeO3_0050ppb 0.40 0.29 0.37 3.42 2 0.66 0.10
P-sorp_Gsorp_SeO3_0025ppb 0.40 0.24 0.36 3.93 2 0.60 0.17
P-sorp_Gsorp_SeO3_0010ppb 0.48 0.25 0.50 3.64 2 0.82 0.28
wash 14 0.22 0.11 0.14 0.11 1 0.15 0.00
HPS wdh 6.78 5.50 5.51 5.30 (2) 5.51 0.00
test 50ppb 50.39 50.62 50.17 49.65 1 50.39 0.00
wash 15 0.35 0.23 0.27 -0.09 1 0.28 0.00

cxliv



B.6. B3 analytical data cxlv

Table B.28.: B3 analytical data - ICP-MS measurement; Se sorption in the presence of
SO4

2-

Technique ICP-MS Quadrupole
System X-Series Thermo Fischer
Date measured 09.10.2014

Se mean
Isotope 76Se 77Se 78Se 82Se dil. factor 76Se,77Se,78Se SD

[µg/L] [µg/L] [µg/L] [µg/L] [-] [µg/L] [µg/L]

Analytical Quality
wash-mean 0.22 0.18 0.20 0.38 0.20
wash-SD 0.10 0.09 0.10 0.21 0.09
LOD (= 3·wash) 0.29 0.26 0.30 0.63 0.28

HighPurityStd ref. value 5.50 5.50 5.50 5.50 5.50
Quality [%] 121.56 103.02 98.82 104.91

Calibration

Std 0ppb 0.11 0.04 0.09 0.17 1 0.40 0.17
Std 5ppb Se 5.03 4.99 5.06 5.08 1 25.13 0.17
Std 10ppb Se 10.05 9.95 10.03 10.63 1 20.02 0.11
Std 25ppb Se 25.00 24.87 24.89 25.32 1 49.84 0.14
Std 50ppb Se 49.88 49.41 49.72 50.10 1 99.34 0.48
Std 100ppb Se 99.87 98.48 99.61 99.96 1 198.64 1.48
Std 250ppb Se 250.40 250.90 250.10 248.60 1 500.93 0.81
Std 500ppb Se 500.10 499.30 501.00 499.60 1 1000.27 1.70
Std 1000ppb Se 1000.00 1000.00 999.50 1001.00 1 1999.67 0.58

Samples

wash 2 0.49 0.49 0.50 0.30 1 0.99 0.01
HPS 7.11 5.62 5.62 5.96 (2) 5.62
wash 3 0.22 0.19 0.21 0.35 1 0.21
S-sorp_initsol_SeO4_5000ppb 1088.0 1074.0 1081.0 1074.0 5 5405.0 35.00
S-sorp_initsol_SeO4_2500ppb 537.3 535.8 537.1 534.2 5 2683.7 4.07
S-sorp_initsol_SeO4_1000ppb 744.1 734.4 735.9 736.4 2 1476.3 10.44
S-sorp_initsol_SeO4_0500ppb 286.9 286.7 285.6 285.1 2 572.8 1.40
S-sorp_initsol_SeO4_0250ppb 147.9 148.1 148.0 149.0 2 296.0 0.20
S-sorp_initsol_SeO4_0100ppb 60.2 58.7 59.8 62.0 2 119.1 1.53
S-sorp_initsol_SeO4_0050ppb 29.1 29.0 29.4 31.2 2 58.4 0.43
S-sorp_initsol_SeO4_0025ppb 14.7 15.1 14.8 17.8 2 29.7 0.39
S-sorp_initsol_SeO4_0010ppb 5.94 5.82 5.92 8.58 2 11.8 0.12
S-sorp_initsol_SeO4_0000ppb 0.17 0.15 0.26 3.32 2 0.39 0.12
wash 4 0.12 0.10 0.07 0.17 1 0.10 0.00
test 50ppb 50.60 50.33 50.16 49.61 1 50.36 0.00
wash 5 0.17 0.18 0.18 0.10 1 0.18 0.00
S-sorp_Ksorp_SeO4_5000ppb 1056.0 1050.0 1049.0 1048.0 5 5258.3 18.93
S-sorp_Ksorp_SeO4_2500ppb 526.7 521.5 527.5 522.9 5 2626.2 16.29
S-sorp_Ksorp_SeO4_1000ppb 697.3 698.2 701.9 696.3 2 1398.3 4.88
S-sorp_Ksorp_SeO4_0500ppb 270.3 272.2 273.3 273.2 2 543.9 3.04
S-sorp_Ksorp_SeO4_0250ppb 141.5 141.1 141.8 143.3 2 282.9 0.70
S-sorp_Ksorp_SeO4_0100ppb 56.7 55.8 57.2 59.1 2 113.1 1.44
S-sorp_Ksorp_SeO4_0050ppb 28.7 28.5 28.9 31.9 2 57.4 0.36
S-sorp_Ksorp_SeO4_0025ppb 14.3 15.0 14.5 17.8 2 29.2 0.67
S-sorp_Ksorp_SeO4_0010ppb 5.88 5.70 5.74 8.79 2 11.5 0.19
S-sorp_Ksorp_SeO4_0000ppb 0.58 0.51 0.51 3.67 2 1.07 0.08
wash 6 0.15 0.07 0.09 0.10 1 0.10 0.00
test 50ppb 50.55 50.18 49.89 49.02 1 50.21 0.00
wash 7 0.19 0.18 0.18 0.31 1 0.18 0.00
S-sorp_Gsorp_SeO4_5000ppb 790.5 782.7 785.6 776.3 5 3931.3 19.71
S-sorp_Gsorp_SeO4_2500ppb 393.8 390.8 392.9 388.1 5 1962.5 7.70
S-sorp_Gsorp_SeO4_1000ppb 521.3 517.6 519.3 515.0 2 1038.8 3.70
S-sorp_Gsorp_SeO4_0500ppb 200.0 199.7 201.3 201.2 2 400.7 1.70
S-sorp_Gsorp_SeO4_0250ppb 104.7 103.9 104.9 106.1 2 209.0 1.06
S-sorp_Gsorp_SeO4_0100ppb 43.1 41.3 42.6 45.1 2 84.6 1.93
S-sorp_Gsorp_SeO4_0050ppb 21.6 21.8 21.6 24.7 2 43.3 0.15
S-sorp_Gsorp_SeO4_0025ppb 10.9 10.7 10.9 14.2 2 21.7 0.25
S-sorp_Gsorp_SeO4_0010ppb 4.15 4.06 4.19 7.58 2 8.26 0.13
S-sorp_Gsorp_SeO4_0000ppb 0.39 0.30 0.47 3.59 2 0.77 0.17
wash 8 0.09 0.07 0.07 0.20 1 0.08 0.00
test 50ppb 50.14 48.85 48.99 48.70 1 49.33 0.00
wash 9 0.29 0.28 0.26 0.22 1 0.28 0.00
S-sorp_initsol_SeO3_5000ppb 1049.0 1048.0 1053.0 1045.0 5 5250.0 13.23
S-sorp_initsol_SeO3_2500ppb 532.2 524.8 526.7 521.8 5 2639.5 19.22
S-sorp_initsol_SeO3_1000ppb 334.0 335.3 336.4 330.6 2 1676.2 6.01
S-sorp_initsol_SeO3_0500ppb 271.4 269.1 272.5 272.5 2 542.0 3.47
S-sorp_initsol_SeO3_0250ppb 142.7 143.0 144.1 145.1 2 286.5 1.47
S-sorp_initsol_SeO3_0100ppb 56.8 56.5 56.9 60.2 2 113.5 0.44
S-sorp_initsol_SeO3_0050ppb 29.0 28.8 29.3 31.7 2 58.1 0.48
S-sorp_initsol_SeO3_0025ppb 14.1 14.0 14.8 17.1 2 28.6 0.91
S-sorp_initsol_SeO3_0010ppb 6.31 6.07 6.28 9.29 2 12.4 0.26
wash 10 0.27 0.28 0.30 0.60 1 0.28 0.00
test 50ppb 49.69 49.53 50.24 49.56 1 49.82 0.00
wash 11 0.37 0.30 0.35 0.58 1 0.34 0.00
S-sorp_Ksorp_SeO3_5000ppb 818.9 815.2 815.7 809.4 5 4083.0 10.04
S-sorp_Ksorp_SeO3_2500ppb 362.4 361.3 366.9 361.6 5 1817.7 14.84
S-sorp_Ksorp_SeO3_1000ppb 632.6 627.3 628.2 629.1 2 1258.7 5.67
S-sorp_Ksorp_SeO3_0500ppb/5 114.8 114.7 114.6 116.5 0.4 229.4 0.20
S-sorp_Ksorp_SeO3_0250ppb 65.3 65.9 66.6 69.1 2 131.8 1.35
S-sorp_Ksorp_SeO3_0100ppb 23.1 23.5 23.1 25.7 2 46.5 0.47
S-sorp_Ksorp_SeO3_0050ppb 11.8 11.6 11.8 14.6 2 23.5 0.22
S-sorp_Ksorp_SeO3_0025ppb 5.71 5.68 5.63 9.20 2 11.3 0.08
S-sorp_Ksorp_SeO3_0010ppb 3.08 3.10 3.01 6.27 2 6.12 0.09
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cxlvi B. Adsorption-Desorption Experiments Se & Kaolinite, Goethite

Table B.29.: B3 analytical data - ICP-MS measurement; Se sorption in the presence of
SO4

2- (continued from previous page)
Isotope 76Se 77Se 78Se 82Se dil. factor 76Se,77Se,78Se SD

[µg/L] [µg/L] [µg/L] [µg/L] [-] [µg/L] [µg/L]

wash 12 0.32 0.26 0.28 0.69 1 0.29 0.00
test 50ppb 49.52 49.24 49.71 50.16 1 49.49 0.00
wash 13 0.37 0.28 0.34 0.46 1 0.33 0.00
S-sorp_Gsorp_SeO3_5000ppb 3.38 3.24 3.35 4.71 5 16.62 0.36
S-sorp_Gsorp_SeO3_2500ppb 1.83 1.80 1.80 4.00 5 9.05 0.11
S-sorp_Gsorp_SeO3_1000ppb 2.83 2.88 2.90 5.95 2 5.74 0.08
S-sorp_Gsorp_SeO3_0500ppb 1.05 1.07 1.20 4.45 2 2.21 0.16
S-sorp_Gsorp_SeO3_0250ppb 0.71 0.67 0.75 3.99 2 1.41 0.08
S-sorp_Gsorp_SeO3_0100ppb 0.44 0.43 0.62 3.73 2 0.99 0.22
S-sorp_Gsorp_SeO3_0050ppb 0.37 0.28 0.47 4.13 2 0.74 0.19
S-sorp_Gsorp_SeO3_0025ppb 0.33 0.17 0.45 3.97 2 0.63 0.28
S-sorp_Gsorp_SeO3_0010ppb 0.34 0.32 0.45 3.98 2 0.74 0.14
wash 14 0.18 0.11 0.12 0.57 1 0.14 0.00
HPS wdh 6.69 5.67 5.44 5.77 (2) 5.55 0.00
test 50ppb 50.12 48.80 49.13 49.10 1 49.35 0.00
wash 15 0.43 0.32 0.37 0.42 1 0.37 0.00
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cxlviii C. C Datasheets - plant-uptake sorption experiments

Figure C.1.: C photos of harvested plants treated with Na2SeO3 and kaolinite sorption com-
petition
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Figure C.2.: C photos of harvested plants treated with Na2SeO3 and goethite sorption com-
petition
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cl C. C Datasheets - plant-uptake sorption experiments

Figure C.3.: C photos of harvested plants treated with Na2SeO4 and kaolinite sorption com-
petition
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C.1. C Plant Growth Data cli

Figure C.4.: C photos of harvested plants treated with Na2SeO4 and goethite sorption com-
petition
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clii C. C Datasheets - plant-uptake sorption experiments

Table C.1.: C plant growth data Na2SeO3, kaolinite (Planting Date: 27.03.2014)
2nd leaf 2nd leaf 2nd leaf uptake shoot shoot root shoot root shoot root

ID c(Se) sheath blade leaf total time height FW FW DW DW water water
Seedling [ppb] [cm] [cm] [cm] [days] (Day 19) [cm] [g] [g] [g] [g] [%] [%]

[± 0.1] [± 0.1] [± 0.1] [± 0.5] [± 0.25] [± 0.0001] [± 0.0001] [± 0.0001] [± 0.0001]

00000A 0 x x x x x x x x x x x
00000B 0 3.3 1.1 4.4 9 27.0 0.3120 0.0216 0.0048 0.0098 98.46 54.63
00000C 0 x x x x x x x x x x x
00000D 0 3.2 0.8 4 13 31.5 0.0525 0.0193 0.0162 0.0067 69.14 65.28
00000E 0 4.5 1.2 5.7 13 32.5 0.0497 0.0141 Synchrotron measurement
00000F 0 3.8 1.2 5 13 29.5 0.0394 0.0111 0.0136 0.0057 65.48 48.65
00000G 0 2.8 0.9 3.7 12 30.5 0.0384 0.0071 0.0135 0.0053 64.84 25.35
00000H 0 3.7 0.9 4.6 13 28.0 0.0405 0.0087 0.0132 0.0050 67.41 42.53
00000I 0 2.4 0.7 3.1 10 26.0 0.0261 0.0286 0.0088 0.0063 66.28 77.97

00000_sum 0 23.7 6.8 30.5 83.0 205.0 0.5586 0.1105 0.0701 0.0388 431.62 314.42
00000_mean 0 3.4 1.0 4.4 11.9 29.3 0.0798 0.0158 0.0117 0.0065 71.94 52.40
00000_SD 0 0.7 0.2 0.9 1.7 2.4 0.1027 0.0078 0.0041 0.0017 13.08 18.26

00020A 20 x x x x x x x x x x x
00020B 20 x x x x x x x x x x x
00020C 20 x x x x x x x x x x x
00020D 20 4.1 1.6 5.7 13 28.0 0.0381 0.0125 0.0142 0.0063 62.73 49.60
00020E 20 3.9 1.3 5.2 13 32.0 0.0428 0.0109 Synchrotron measurement
00020F 20 3.8 1.4 5.2 13 29.5 0.0433 0.0121 0.0150 0.0066 65.36 45.45
00020G 20 3.9 0.8 4.7 13 28.5 0.0408 0.0260 0.0145 0.0075 64.46 71.15
00020H 20 4.3 1.4 5.7 13 27.0 0.0325 0.0175 0.0119 0.0059 63.38 66.29
00020I 20 3.7 0.6 4.3 10 25.0 0.0234 0.0213 0.0104 0.0046 55.56 78.40

00020_sum 20 23.7 7.1 30.8 75.0 170.0 0.2209 0.1003 0.0660 0.0309 311.49 310.90
00020_mean 20 4.0 1.2 5.1 12.5 28.3 0.0368 0.0167 0.0132 0.0062 62.30 62.18
00020_SD 20 0.2 0.4 0.6 1.2 2.4 0.0077 0.0060 0.0020 0.0011 3.90 14.13

00050A 50 3.5 1.4 4.9 13 31.0 0.0344 0.0111 0.0126 0.0056 63.37 49.55
00050B 50 3.9 1.6 5.5 13 31.0 0.0393 0.0174 0.0134 0.0061 65.90 64.94
00050C 50 3.5 1.1 4.6 13 29.5 0.0388 0.0158 0.0124 0.0065 68.04 58.86
00050D 50 x x x x x x x x x x x
00050E 50 3.7 1.4 5.1 14 30.5 0.0385 0.0091 Synchrotron measurement
00050F 50 x x x x x x x x x x x
00050G 50 3.7 1.3 5 13 28.0 0.0396 0.0167 0.0136 0.0054 65.66 67.66
00050H 50 x x x x x x x x x x x
00050I 50 3.8 1.3 5.1 13 29.0 0.0467 0.0164 0.0145 0.0071 68.95 56.71

00050_sum 50 22.1 8.1 30.2 79.0 179.0 0.2373 0.0865 0.0665 0.0307 331.92 297.72
00050_mean 50 3.7 1.4 5.0 13.2 29.8 0.0396 0.0144 0.0133 0.0061 66.38 59.54
00050_SD 50 0.2 0.2 0.3 0.4 1.2 0.0040 0.0034 0.0008 0.0007 2.19 7.13

00100A 100 x x x x x x x x x x x
00100B 100 2.9 1.3 4.2 12 26.0 0.0351 0.0159 0.0096 0.0061 72.65 61.64
00100C 100 x x x x x x x x x x x
00100D 100 3.6 1.3 4.9 14 26.5 0.0449 0.0171 0.0133 0.0063 70.38 63.16
00100E 100 3.9 1.6 5.5 13 26.0 0.0422 0.0176 Synchrotron measurement
00100F 100 3.7 1.3 5 13 26.5 0.0328 0.0103 0.0129 0.0061 60.67 40.78
00100G 100 3.9 1.4 5.3 13 28.0 0.0439 0.0243 0.0141 0.0068 67.88 72.02
00100H 100 3.6 1.3 4.9 13 26.0 0.0415 0.0102 0.0129 0.0059 68.92 42.16
00100I 100 3.7 1.5 5.2 13 25.5 0.0408 0.0123 0.0126 0.0059 69.12 52.03

00100_sum 100 25.3 9.7 35.0 91.0 184.5 0.2812 0.1077 0.0754 0.0371 409.61 331.78
00100_mean 100 3.6 1.4 5.0 13.0 26.4 0.0402 0.0154 0.0126 0.0062 68.27 55.30
00100_SD 100 0.3 0.1 0.4 0.6 0.8 0.0045 0.0050 0.0015 0.0003 4.07 12.46

00200A 200 3.8 1.7 5.5 13 21.5 0.0271 0.0150 0.0097 0.0058 64.21 61.33
00200B 200 x x x x x x x x x x x
00200C 200 3.5 1.4 4.9 13 27.5 0.0376 0.0123 0.0122 0.0068 67.55 44.72
00200D 200 3.8 1.4 5.2 13 26.5 0.0359 0.0123 0.0125 0.0064 65.18 47.97
00200E 200 3.4 0.7 4.1 12 26.5 0.0276 0.0201 0.0109 0.0069 60.51 65.67
00200F 200 4 1.3 5.3 13 26.5 0.0449 0.0196 Synchrotron measurement
00200G 200 x x x x x x x x x x x
00200H 200 3.3 1.1 4.4 12 26.0 0.0398 0.0167 0.0135 0.0080 66.08 52.10
00200I 200 3.5 1.4 4.9 13 25.0 0.0280 0.0102 0.0116 0.0062 58.57 39.22

00200_sum 200 25.3 9.0 34.3 89.0 179.5 0.2409 0.1062 0.0704 0.0401 382.10 311.00
00200_mean 200 3.6 1.3 4.9 12.7 25.6 0.0344 0.0152 0.0117 0.0067 63.68 51.83
00200_SD 200 0.3 0.3 0.5 0.5 2.0 0.0070 0.0038 0.0013 0.0008 3.45 10.07

00500A 500 3.6 1.4 5 13 31.5 0.0549 0.0172 0.0165 0.0070 69.95 59.30
00500B 500 3.4 1.6 5 13 30.5 0.0510 0.0166 0.0146 0.0070 71.37 57.83
00500C 500 x x x x x x x x x x x
00500D 500 x x x x x x x x x x x
00500E 500 x x x x x x x x x x x
00500F 500 3.5 1.3 4.8 13 31.5 0.0487 0.0139 Synchrotron measurement
00500G 500 3.2 1.1 4.3 13 27.0 0.0379 0.0127 0.0125 0.0064 67.02 49.61
00500H 500 3.2 1.4 4.6 14 28.5 0.0588 0.0176 0.0153 0.0069 73.98 60.80
00500I 500 x x x x x x x x x x x

00500_sum 500 16.9 6.8 23.7 66.0 149.0 0.2513 0.0780 0.0589 0.0273 282.32 227.54
00500_mean 500 3.4 1.4 4.7 13.2 29.8 0.0503 0.0156 0.0147 0.0068 70.58 56.88
00500_SD 500 0.2 0.2 0.3 0.4 2.0 0.0079 0.0022 0.0017 0.0003 2.90 5.00
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C.1. C Plant Growth Data cliii

Table C.2.: C plant growth data Na2SeO3, kaolinite (continued from previous page)
2nd leaf 2nd leaf 2nd leaf uptake shoot shoot root shoot root shoot root

ID c(Se) sheath blade leaf total time height FW FW DW DW water water
Seedling [ppb] [cm] [cm] [cm] [days] (Day 19) [cm] [g] [g] [g] [g] [%] [%]

[± 0.1] [± 0.1] [± 0.1] [± 0.5] [± 0.25] [± 0.0001] [± 0.0001] [± 0.0001] [± 0.0001]

01000A 1000 3.7 1.5 5.2 13 24.5 0.0318 0.0176 0.0117 0.0065 63.21 63.07
01000B 1000 3.4 1.6 5 13 25.5 0.0366 0.0204 0.0115 0.0068 68.58 66.67
01000C 1000 x x x x x x x x x x x
01000D 1000 3.5 1.3 4.8 13 27.0 0.0349 0.0198 0.0123 0.0073 64.76 63.13
01000E 1000 2.9 1.3 4.2 12 25.5 0.0376 0.0191 0.0111 0.0074 70.48 61.26
01000F 1000 3.9 1.4 5.3 13 26.0 0.0326 0.0142 Synchrotron measurement
01000G 1000 2.8 1 3.8 13 23.0 0.0249 0.0115 0.0101 0.0071 59.44 38.26
01000H 1000 x x x x x x x x x x x
01000I 1000 3.3 1.3 4.6 13 26.5 0.0335 0.0119 0.0120 0.0066 64.18 44.54

01000_sum 1000 23.5 9.4 32.9 90.0 178.0 0.2319 0.1145 0.0687 0.0417 390.64 336.92
01000_mean 1000 3.4 1.3 4.7 12.9 25.4 0.0331 0.0164 0.0115 0.0070 65.11 56.15
01000_SD 1000 0.4 0.2 0.5 0.4 1.3 0.0042 0.0038 0.0008 0.0004 3.94 11.73

02000A 2000 x x x x x x x x x x x
02000B 2000 3.2 1.3 4.5 13 23.5 0.0251 0.0132 0.0115 0.0088 54.18 33.33
02000C 2000 3.1 0.7 3.8 13 21.0 0.0221 0.0199 0.0101 0.0074 54.30 62.81
02000D 2000 x x x x x x x x x x x
02000E 2000 3.5 1.7 5.2 13 24.5 0.0292 0.0218 0.0123 0.0079 57.88 63.76
02000F 2000 3.1 1.2 4.3 13 21.5 0.0263 0.0136 Synchrotron measurement
02000G 2000 2.9 1.3 4.2 14 20.0 0.0195 0.0118 0.0096 0.0074 50.77 37.29
02000H 2000 x x x x x x x x x x x
02000I 2000 2.8 0.9 3.7 12 21.5 0.0216 0.0116 0.0106 0.0075 50.93 35.34

02000_sum 2000 18.6 7.1 25.7 78.0 132.0 0.1438 0.0919 0.0541 0.0390 268.05 232.54
02000_mean 2000 3.1 1.2 4.3 13.0 22.0 0.0240 0.0153 0.0108 0.0078 53.61 46.51
02000_SD 2000 0.2 0.3 0.5 0.6 1.7 0.0036 0.0044 0.0011 0.0006 2.93 15.38

05000A 5000 2.6 1.5 4.1 13 11.0 0.0168 0.0090 0.0095 0.0060 43.45 33.33
05000B 5000 2.4 1.4 3.8 11 11.5 0.0186 0.0099 0.0083 0.0061 55.38 38.38
05000C 5000 2.8 1.2 4 13 15.5 0.0213 0.0149 0.0135 0.0074 36.62 50.34
05000D 5000 2.8 1.6 4.4 13 10.0 0.0196 0.0096 Synchrotron measurement
05000E 5000 2.6 1.3 3.9 13 13.5 0.0209 0.0125 0.0104 0.0054 50.24 56.80
05000F 5000 x x x 13 x x x x x x x
05000G 5000 2.8 1.5 4.3 13 10.0 0.0190 0.0084 0.0078 0.0052 58.95 38.10
05000H 5000 2.3 0.7 3 12 12.0 0.0168 0.0149 0.0079 0.0061 52.98 59.06
05000I 5000 2.8 1.6 4.4 13 11.5 0.0242 0.0129 0.0098 0.0073 59.50 43.41

05000_sum 5000 21.1 10.8 31.9 114.0 95.0 0.1572 0.0921 0.0672 0.0435 357.12 319.42
05000_mean 5000 2.6 1.4 4.0 12.7 11.9 0.0197 0.0115 0.0096 0.0062 51.02 45.63
05000_SD 5000 0.2 0.3 0.5 0.7 1.8 0.0025 0.0026 0.0020 0.0009 8.40 9.94

10000A 10000 x x x x x x x x x x x
10000B 10000 2.5 1.2 3.7 12 8.0 0.0236 0.0273 0.0119 0.0112 49.58 58.97
10000C 10000 2.3 1.3 3.6 12 6.5 0.0199 0.0094 0.0090 0.0054 54.77 42.55
10000D 10000 1.3 1.1 2.4 10 8.5 0.0256 0.0178 Synchrotron measurement
10000E 10000 x x x x x x x x x x x
10000F 10000 2 1.2 3.2 9 6.5 0.0154 0.0352 0.0071 0.0192 53.90 45.45
10000G 10000 x x x x x x x x x x x
10000H 10000 2.5 1.4 3.9 9 10.0 0.0325 0.0191 0.0135 0.0064 58.46 66.49
10000I 10000 2.6 1.3 3.9 10 9.0 0.0265 0.0102 0.0136 0.0067 48.68 34.31

10000_sum 10000 13.2 7.5 20.7 62.0 48.5 0.1435 0.1190 0.0551 0.0489 265.39 247.79
10000_mean 10000 2.2 1.3 3.5 10.3 8.1 0.0239 0.0198 0.0110 0.0098 53.08 49.56
10000_SD 10000 0.5 0.1 0.6 1.4 1.4 0.0059 0.0100 0.0029 0.0057 4.00 12.98
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Table C.3.: C plant growth data Na2SeO3, goethite (Planting Date: 15.05.2014)
2nd leaf 2nd leaf 2nd leaf uptake shoot shoot root shoot root shoot root

ID c(Se) sheath blade leaf total time height FW FW DW DW water water
Seedling [ppb] [cm] [cm] [cm] [days] (Day 19) [cm] [g] [g] [g] [g] [%] [%]

[± 0.1] [± 0.1] [± 0.1] [± 0.5] [± 0.25] [± 0.0001] [± 0.0001] [± 0.0001] [± 0.0001]

00000A 0 4.5 1.8 6.3 14 20.0 0.0398 0.0114 0.0094 0.0056 76.38 50.88
00000B 0 3.8 1.4 5.2 11 20.5 0.0359 0.0176 0.0102 0.0067 71.59 61.93
00000C 0 3.7 1.4 5.1 13 24.4 0.0436 0.0132 0.0110 0.0075 74.77 43.18
00000D 0 3.4 1.3 4.7 12 20.5 0.0311 0.0069 0.0076 0.0051 75.56 26.09
00000E 0 4.6 1.8 6.4 14 24.0 0.0480 0.0137 0.0122 0.0067 74.58 51.09
00000F 0 4.3 1.8 6.1 14 23.5 0.0463 0.0102 0.0119 0.0074 74.30 27.45
00000G 0 4.6 1.9 6.5 14 20.5 0.0398 0.0145 0.0103 0.0059 74.12 59.31
00000H 0 4.1 1.8 5.9 14 22.0 0.0328 0.0090 0.0094 0.0057 71.34 36.67
00000I 0 4.5 1.8 6.3 14 25.0 0.0395 0.0151 0.0123 0.0066 68.86 56.29

00000_sum 0 37.5 15.0 52.5 120.0 200.4 0.3568 0.1116 0.0943 0.0572 661.51 412.89
00000_mean 0 4.2 1.7 5.8 13.3 22.3 0.0396 0.0124 0.0105 0.0064 73.50 45.88
00000_SD 0 0.4 0.2 0.7 1.1 2.0 0.0057 0.0033 0.0016 0.0008 2.40 13.33

00020A 20 5.9 3.4 9.3 11 16.5 0.0267 0.0083 0.0065 0.0042 75.66 49.40
00020B 20 x x x x x x x x x x x
00020C 20 3.0 1.0 4.0 11 27.0 0.0516 0.0172 0.0118 0.0064 77.13 62.79
00020D 20 4.2 1.7 5.9 14 25.0 0.0411 0.0081 0.0091 0.0054 77.86 33.33
00020E 20 3.1 1.1 4.2 11 22.5 0.0242 0.0069 0.0084 0.0049 65.29 28.99
00020F 20 x x x x x x x x x x x
00020G 20 3.4 1.3 4.7 11 25.0 0.0518 0.0138 0.0113 0.0060 78.19 56.52
00020H 20 4.2 1.7 5.9 14 25.5 0.0472 0.0077 0.0151 0.0054 68.01 29.87
00020I 20 4.1 1.8 5.9 14 24.5 0.0479 0.0186 0.0127 0.0062 73.49 66.67

00020_sum 20 27.9 12.0 39.9 86.0 166.0 0.2905 0.0806 0.0749 0.0385 515.62 327.57
00020_mean 20 4.0 1.7 5.7 12.3 23.7 0.0415 0.0115 0.0107 0.0055 73.66 46.80
00020_SD 20 1.0 0.8 1.8 1.6 3.5 0.0115 0.0049 0.0029 0.0008 5.10 16.01

00050A 50 x x x x x x x x x x x
00050B 50 4.1 1.7 5.8 14 23.5 0.0467 0.0144 0.0131 0.0069 71.95 52.08
00050C 50 4.5 2.1 6.6 14 23.5 0.0537 0.0182 0.0127 0.0067 76.35 63.19
00050D 50 4.5 1.7 6.2 14 23.5 0.0565 0.0133 0.0128 0.0071 77.35 46.62
00050E 50 3.8 1.5 5.3 11 23.0 0.0410 0.0171 0.0110 0.0068 73.17 60.23
00050F 50 4.2 1.8 6.0 14 19.0 0.0324 0.0117 0.0096 0.0052 70.37 55.56
00050G 50 4.0 2.4 6.4 11 18.5 0.0268 0.0093 0.0072 0.0049 73.13 47.31
00050H 50 4.0 1.8 5.8 13 22.5 0.0498 0.0121 0.0117 0.0063 76.51 47.93
00050I 50 3.7 1.0 4.7 11 24.5 0.0324 0.0153 0.0093 0.0056 71.30 63.40

00050_sum 50 32.8 14.0 46.8 102.0 178.0 0.3393 0.1114 0.0874 0.0495 590.12 436.32
00050_mean 50 4.1 1.8 5.9 12.8 22.3 0.0424 0.0139 0.0109 0.0062 73.77 54.54
00050_SD 50 0.3 0.4 0.6 1.5 2.2 0.0110 0.0029 0.0021 0.0008 2.64 7.09

00100A 100 3.8 1.6 5.4 14 26.0 0.0317 0.0073 0.0107 0.0051 66.25 30.14
00100B 100 4.1 1.8 5.9 14 21.5 0.0336 0.0103 0.0100 0.0052 70.24 49.51
00100C 100 2.6 0.7 3.3 11 19.5 0.0144 0.0096 0.0046 0.0077 68.06 19.79
00100D 100 4.5 1.7 6.2 14 24.5 0.0371 0.0111 0.0107 0.0062 71.16 44.14
00100E 100 3.7 1.9 5.6 12 24.0 0.0418 0.0159 0.0115 0.0066 72.49 58.49
00100F 100 3.4 1.0 4.4 11 24.5 0.0345 0.0076 0.0097 0.0056 71.88 26.32
00100G 100 4.2 1.8 6.0 13 21.5 0.0338 0.0099 0.0099 0.0051 70.71 48.48
00100H 100 3.4 1.2 4.6 11 24.0 0.0332 0.0123 0.0093 0.0052 71.99 57.72
00100I 100 4.0 1.5 5.5 14 25.5 0.0454 0.0120 0.0126 0.0063 72.25 47.50

00100_sum 100 33.7 13.2 46.9 114.0 211.0 0.3055 0.0960 0.0890 0.0530 635.02 382.10
00100_mean 100 3.7 1.5 5.2 12.7 23.4 0.0339 0.0107 0.0099 0.0059 70.56 42.46
00100_SD 100 0.6 0.4 0.9 1.4 2.1 0.0086 0.0026 0.0022 0.0009 2.11 13.83

00200A 200 4.2 1.8 6.0 14 21.5 0.0414 0.0109 0.0114 0.0077 72.46 29.36
00200B 200 x x x x x x x x x x x
00200C 200 3.8 1.1 4.9 11 18.0 0.0288 0.0171 0.0098 0.0065 65.97 61.99
00200D 200 3.0 1.2 4.2 11 16.5 0.0154 0.0121 0.0056 0.0105 63.64 13.22
00200E 200 3.9 1.3 5.2 12 20.0 0.0433 0.0135 0.0102 0.0069 76.44 48.89
00200F 200 4.3 1.9 6.2 14 25.0 0.0389 0.0149 0.0113 0.0067 70.95 55.03
00200G 200 4.4 1.9 6.3 14 21.0 0.0421 0.0121 0.0116 0.0060 72.45 50.41
00200H 200 3.2 1.1 4.3 11 23.0 0.0365 0.0176 0.0101 0.0057 72.33 67.61
00200I 200 x x x x x x x x x x x

00200_sum 200 26.8 10.3 37.1 87.0 145.0 0.2464 0.0982 0.0700 0.0500 494.24 326.52
00200_mean 200 3.8 1.5 5.3 12.4 20.7 0.0352 0.0140 0.0100 0.0071 70.61 46.65
00200_SD 200 0.5 0.4 0.9 1.5 2.9 0.0100 0.0026 0.0021 0.0016 4.36 19.606

00500A 500 3.4 1.4 4.8 12 23.5 0.0405 0.0188 0.0099 0.0064 75.56 65.96
00500B 500 4.4 1.8 6.2 14 20.5 0.0447 0.0160 0.0113 0.0068 74.72 57.50
00500C 500 4.4 2.0 6.4 14 20.5 0.0296 0.0105 0.0091 0.0047 69.26 55.24
00500D 500 3.9 1.5 5.4 14 25.5 0.0571 0.0130 0.0139 0.0076 75.66 41.54
00500E 500 4.1 2.0 6.1 14 21.0 0.0358 0.0125 0.0105 0.0056 70.67 55.20
00500F 500 4.0 1.7 5.7 14 22.0 0.0389 0.0093 0.0098 0.0050 74.81 46.24
00500G 500 4.2 1.9 6.1 14 24.5 0.0465 0.0081 0.0109 0.0057 76.56 29.63
00500H 500 x x x x x x x x x x x
00500I 500 3.7 2.0 5.7 11 21.0 0.0306 0.0151 0.0083 0.0045 72.88 70.20

00500_sum 500 32.1 14.3 46.4 107.0 178.5 0.3237 0.1033 0.0837 0.0463 590.10 421.50
00500_mean 500 4.0 1.8 5.8 13.4 22.3 0.0405 0.0129 0.0105 0.0058 73.76 52.69
00500_SD 500 0.3 0.2 0.5 1.2 1.9 0.0090 0.0036 0.0017 0.0011 2.60 13.18

cliv



C.1. C Plant Growth Data clv

Table C.4.: C plant growth data Na2SeO3, goethite (continued from previous page)
2nd leaf 2nd leaf 2nd leaf uptake shoot shoot root shoot root shoot root

ID c(Se) sheath blade leaf total time height FW FW DW DW water water
Seedling [ppb] [cm] [cm] [cm] [days] (Day 19) [cm] [g] [g] [g] [g] [%] [%]

[± 0.1] [± 0.1] [± 0.1] [± 0.5] [± 0.25] [± 0.0001] [± 0.0001] [± 0.0001] [± 0.0001]

01000A 1000 3.4 1.0 4.4 11 21.0 0.0287 0.0136 0.0089 0.0057 68.99 58.09
01000B 1000 3.7 1.6 5.3 14 23.5 0.0349 0.0132 0.0118 0.0056 66.19 57.58
01000C 1000 3.9 1.7 5.6 14 25.0 0.0351 0.0161 0.0112 0.0065 68.09 59.63
01000D 1000 4.1 1.9 6.0 13 23.5 0.0460 0.0150 0.0124 0.0065 73.04 56.67
01000E 1000 3.4 1.3 4.7 11 19.5 0.0217 0.0121 0.0083 0.0055 61.75 54.55
01000F 1000 3.3 1.0 4.3 11 21.5 0.0271 0.0118 0.0095 0.0062 64.94 47.46
01000G 1000 4.5 2.1 6.6 14 22.5 0.0296 0.0083 0.0114 0.0064 61.49 22.89
01000H 1000 x x x x x x x x x x x
01000I 1000 3.2 1.1 4.3 13 23.5 0.0303 0.0085 0.0096 0.0053 68.32 37.65

01000_sum 1000 29.5 11.7 41.2 101.0 180.0 0.2534 0.0986 0.0831 0.0477 532.81 394.50
01000_mean 1000 3.7 1.5 5.2 12.6 22.5 0.0317 0.0123 0.0104 0.0060 66.60 49.31
01000_SD 1000 0.5 0.4 0.9 1.4 1.8 0.0072 0.0028 0.0015 0.0005 3.87 12.193

02000A 2000 4.3 2.0 6.3 13 28.0 0.0440 0.0161 0.0154 0.0078 65.00 51.55
02000B 2000 4.0 1.5 5.5 13 25.0 0.0472 0.0126 0.0137 0.0072 70.97 42.86
02000C 2000 4.8 2.1 6.9 14 24.5 0.0415 0.0111 0.0132 0.0074 68.19 33.33
02000D 2000 3.2 1.2 4.4 11 24.0 0.0314 0.0126 0.0097 0.0062 69.11 50.79
02000E 2000 2.0 3.6 5.6 11 23.0 0.0297 0.0093 0.0089 0.0054 70.03 41.94
02000F 2000 4.1 2.6 6.7 11 14.5 0.0115 0.0097 0.0540 0.0066 53.04 31.96
02000G 2000 x x x x x x x x x x x
02000H 2000 3.2 1.3 4.5 11 18.0 0.0278 0.0100 0.0093 0.0052 66.55 48.00
02000I 2000 4.2 1.8 6.0 14 20.5 0.0319 0.0128 0.0114 0.0072 64.26 43.75

02000_sum 2000 29.8 16.1 45.9 98.0 177.5 0.2650 0.0942 0.0870 0.0530 512.16 344.18
02000_mean 2000 3.7 2.0 5.7 12.3 22.2 0.0331 0.0118 0.0109 0.0066 65.90 43.02
02000_SD 2000 0.9 0.8 0.9 1.4 4.3 0.0113 0.0022 0.0032 0.0010 5.70 7.33

05000A 5000 4.3 1.9 6.2 13 20.0 0.0370 0.0138 0.0106 0.0060 71.35 56.52
05000B 5000 4.2 1.9 6.1 13 23.0 0.0394 0.0193 0.0126 0.0068 68.02 64.77
05000C 5000 2.5 1.2 3.7 11 24.5 0.0350 0.0083 0.0106 0.0058 69.71 30.12
05000D 5000 4.2 1.3 5.5 14 21.5 0.0404 0.0173 0.0108 0.0067 73.27 61.27
05000E 5000 4.4 2.0 6.4 13 20.0 0.0251 0.0122 0.0084 0.0044 66.53 63.93
05000F 5000 4.3 1.8 6.1 13 19.5 0.0298 0.0066 0.0103 0.0054 65.44 18.18
05000G 5000 4.1 1.9 6.0 13 20.5 0.0702 0.0137 0.0111 0.0063 84.19 54.01
05000H 5000 3.5 1.2 4.7 11 22.0 0.0286 0.0117 0.0095 0.0060 66.78 48.72
05000I 5000 4.0 1.8 5.8 13 19.5 0.0292 0.0124 0.0101 0.0053 65.41 57.26

05000_sum 5000 35.5 15.0 50.5 114.0 190.5 0.3347 0.1153 0.0940 0.0527 630.71 454.79
05000_mean 5000 3.9 1.7 5.6 12.7 21.2 0.0372 0.0128 0.0104 0.0059 70.08 50.53
05000_SD 5000 0.6 0.3 0.9 1.0 1.7 0.0135 0.0039 0.0011 0.0007 5.94 16.04

10000A 10000 4.3 1.9 6.2 14 24.0 0.0390 0.0174 0.0123 0.0068 68.46 60.92
10000B 10000 4.4 2.0 6.4 14 23.0 0.0493 0.0180 0.0132 0.0069 73.23 61.67
10000C 10000 4.1 1.9 6.0 14 19.5 0.0339 0.0097 0.0096 0.0051 71.68 47.42
10000D 10000 4.4 1.8 6.2 14 20.5 0.0311 0.0154 0.0099 0.0061 68.17 60.39
10000E 10000 4.1 2.0 6.1 14 21.5 0.0450 0.0148 0.0115 0.0064 74.44 56.76
10000F 10000 4.3 1.7 6.0 13 23.5 0.0467 0.0247 0.0132 0.0067 71.73 72.87
10000G 10000 4.4 1.8 6.2 13 21.5 0.0345 0.0127 0.0105 0.0057 69.57 55.12
10000H 10000 4.3 1.9 6.2 14 23.5 0.0465 0.0125 0.0128 0.0063 72.47 49.60
10000I 10000 4.0 1.6 5.6 14 24.5 0.0438 0.0122 0.0125 0.0063 71.46 48.36

10000_sum 10000 38.3 16.6 54.9 124.0 201.5 0.3698 0.1374 0.1055 0.0563 641.21 513.11
10000_mean 10000 4.3 1.8 6.1 13.8 22.4 0.0411 0.0153 0.0117 0.0063 71.25 57.01
10000_SD 10000 0.2 0.1 0.2 0.4 1.7 0.0066 0.0044 0.0014 0.0006 2.13 8.10

clv



clvi C. C Datasheets - plant-uptake sorption experiments

Table C.5.: C plant growth data Na2SeO4, kaolinite (Planting Date: 25.03.2014)
2nd leaf 2nd leaf 2nd leaf uptake shoot shoot root shoot root shoot root

ID c(Se) sheath blade leaf total time height FW FW DW DW water water
Seedling [ppb] [cm] [cm] [cm] [days] (Day 19) [cm] [g] [g] [g] [g] [%] [%]

[± 0.1] [± 0.1] [± 0.1] [± 0.5] [± 0.25] [± 0.0001] [± 0.0001] [± 0.0001] [± 0.0001]

00000A 0 4.2 1.3 5.5 13 30.0 0.0557 0.0164 0.0154 0.0076 72.35 53.66
00000B 0 4.3 1.6 5.9 13 28.5 0.0451 0.0178 0.0132 0.0063 70.73 64.61
00000C 0 x x x x x x x x x x x
00000D 0 4.0 1.6 5.6 13 26.5 0.0356 0.0096 0.0118 0.0055 66.85 42.71
00000E 0 4.5 1.7 6.2 13 26.5 0.0448 0.0189 Synchrotron measurement
00000F 0 3.0 1.0 4.0 12 28.5 0.0349 0.0074 0.0109 0.0064 68.77 13.51
00000G 0 4.1 1.4 5.5 13 25.5 0.0283 0.0073 0.0104 0.0058 63.25 20.55
00000H 0 3.8 1.4 5.2 12 27.5 0.0424 0.0139 0.0131 0.0073 69.10 47.48
00000I 0 3.9 1.3 5.2 13 28.5 0.0353 0.0119 0.0128 0.0066 63.74 44.54

00000_sum 0 31.8 11.3 43.1 102.0 221.5 0.3221 0.1032 0.0876 0.0455 474.80 287.05
00000_mean 0 4.0 1.4 5.4 12.8 27.7 0.0403 0.0129 0.0125 0.0065 67.83 41.01
00000_SD 0 0.5 0.2 0.7 0.5 1.5 0.0085 0.0046 0.0017 0.0008 3.42 18.02

00020A 20 3.3 1.2 4.5 11 20.0 0.0225 0.0134 0.0086 0.0056 61.78 58.21
00020B 20 5.2 1.6 6.8 13 27.0 0.0443 0.0194 0.0152 0.0061 65.69 68.56
00020C 20 5.1 1.8 6.9 13 24.0 0.0414 0.0144 0.0133 0.0057 67.87 60.42
00020D 20 5.2 1.8 7.0 12 21.5 0.0275 0.0111 0.0107 0.0050 61.09 54.95
00020E 20 4.5 1.5 6.0 13 25.0 0.0395 0.0100 Synchrotron measurement
00020F 20 4.6 1.7 6.3 13 26.0 0.0359 0.0120 0.0133 0.0063 62.95 47.50
00020G 20 x x x x x x x x x x x
00020H 20 4.6 1.9 6.5 12 21.0 0.0293 0.0155 0.0107 0.0062 63.48 60.00
00020I 20 4.6 1.7 6.3 13 26.5 0.0394 0.0129 0.0138 0.0058 64.97 55.04

00020_sum 20 37.1 13.2 50.3 100.0 191.0 0.2798 0.1087 0.0856 0.0407 447.84 404.68
00020_mean 20 4.6 1.7 6.3 12.5 23.9 0.0350 0.0136 0.0122 0.0058 63.98 57.81
00020_SD 20 0.6 0.2 0.8 0.8 2.7 0.0077 0.0029 0.0023 0.0004 2.37 6.45

00050A 50 4.6 1.5 6.1 13 25.5 0.0434 0.0141 0.0135 0.0064 68.89 54.61
00050B 50 3.1 0.8 3.9 11 20.5 0.0321 0.0139 0.0107 0.0073 66.67 47.48
00050C 50 x x x x x x x x x x x
00050D 50 4.7 1.8 6.5 13 21.5 0.0336 0.0104 0.0131 0.0061 61.01 41.35
00050E 50 4.5 1.4 5.9 13 20.5 0.0296 0.0106 Synchrotron measurement
00050F 50 4.7 1.6 6.3 13 20.5 0.0346 0.0107 0.0118 0.0051 65.90 52.34
00050G 50 4.5 1.9 6.4 13 21.5 0.0298 0.0096 0.0088 0.0054 70.47 43.75
00050H 50 4.8 1.5 6.3 13 23.5 0.0364 0.0105 0.0159 0.0062 56.32 40.95
00050I 50 4.9 1.8 6.7 13 26.0 0.0363 0.0179 0.0136 0.0071 62.53 60.34

00050_sum 50 35.8 12.3 48.1 102.0 179.5 0.2758 0.0977 0.0874 0.0436 451.79 340.81
00050_mean 50 4.5 1.5 6.0 12.8 22.4 0.0345 0.0122 0.0125 0.0062 64.54 48.69
00050_SD 50 0.6 0.3 0.9 0.7 2.3 0.0045 0.0028 0.0023 0.0008 4.91 7.34

00100A 100 5.1 1.4 6.5 13 24.0 0.0505 0.0120 0.0123 0.0055 75.64 54.17
00100B 100 5.2 1.7 6.9 13 26.5 0.0540 0.0146 0.0131 0.0058 75.74 60.27
00100C 100 5.4 1.8 7.2 13 22.5 0.0398 0.0134 0.0114 0.0062 71.36 53.73
00100D 100 5.4 1.8 7.2 13 23.0 0.0486 0.0130 0.0123 0.0062 74.69 52.31
00100E 100 5.0 1.6 6.6 13 25.5 0.0467 0.0132 Synchrotron measurement
00100F 100 5.3 1.9 7.2 13 23.5 0.0409 0.0170 0.0127 0.0055 68.95 67.65
00100G 100 5.1 1.9 7.0 13 27.0 0.0425 0.0168 0.0136 0.0056 68.00 66.67
00100H 100 3.9 1.6 5.5 13 25.5 0.0364 0.0194 0.0107 0.0063 70.60 67.53
00100I 100 5.4 2.0 7.4 12 26.0 0.0412 0.0139 0.0133 0.0065 67.72 53.24

00100_sum 100 45.8 15.7 61.5 116.0 223.5 0.4006 0.1333 0.0994 0.0476 572.70 475.56
00100_mean 100 5.1 1.7 6.8 12.9 24.8 0.0445 0.0148 0.0124 0.0060 71.59 59.44
00100_SD 100 0.5 0.2 0.6 0.3 1.6 0.0057 0.0024 0.0010 0.0004 3.36 6.92

00200A 200 x x x x x x x x x x x
00200B 200 5.4 1.9 7.3 14 26.5 0.0479 0.0169 0.0149 0.0064 68.89 62.13
00200C 200 x x x x x x x x x x x
00200D 200 4.9 1.8 6.7 12 26.0 0.0439 0.0221 0.0140 0.0066 68.11 70.14
00200E 200 5.1 1.9 7.0 13 25.0 0.0510 0.0157 Synchrotron measurement
00200F 200 4.9 1.7 6.6 13 26.0 0.0502 0.0136 0.0149 0.0066 70.32 51.47
00200G 200 7.1 2.6 9.7 11 25.0 0.0268 0.0248 0.0059 0.0066 77.99 73.39
00200H 200 x x x x x x x x x x x
00200I 200 4.7 1.6 6.3 14 21.5 0.0407 0.0208 0.0124 0.0057 69.53 72.60

00200_sum 200 32.1 11.5 43.6 77.0 150.0 0.2605 0.1139 0.0621 0.0319 354.84 329.72
00200_mean 200 5.4 1.9 7.3 12.8 25.0 0.0434 0.0190 0.0124 0.0064 70.97 65.94
00200_SD 200 0.9 0.4 1.2 1.2 1.8 0.0090 0.0043 0.0038 0.0004 4.01 9.24

00500A 500 3.9 1.4 5.3 13 21.0 0.0630 0.0199 0.0115 0.0061 81.75 69.35
00500B 500 4.5 1.7 6.2 13 23.0 0.0721 0.0151 0.0138 0.0059 80.86 60.93
00500C 500 4.2 1.6 5.8 13 23.5 0.0750 0.0224 0.0136 0.0055 81.87 75.45
00500D 500 4.1 1.3 5.4 13 23.0 0.0686 0.0154 0.0135 0.0062 80.32 59.74
00500E 500 4.3 1.2 5.5 13 22.0 0.0638 0.0138 Synchrotron measurement
00500F 500 4.1 1.3 5.4 13 23.5 0.0736 0.0170 0.0134 0.0056 81.79 67.06
00500G 500 3.4 1.1 4.5 11 19.5 0.0312 0.0260 0.0066 0.0117 78.85 55.00
00500H 500 x x x x x x x x x x x
00500I 500 4.2 1.2 5.4 13 23.5 0.0706 0.0170 0.0134 0.0064 81.02 62.35

00500_sum 500 32.7 10.8 43.5 102.0 179.0 0.5179 0.1466 0.0858 0.0474 566.45 449.87
00500_mean 500 4.1 1.4 5.4 12.8 22.4 0.0647 0.0183 0.0123 0.0068 80.92 64.27
00500_SD 500 0.3 0.2 0.5 0.7 1.5 0.0142 0.0042 0.0026 0.0022 1.08 6.83

clvi



C.1. C Plant Growth Data clvii

Table C.6.: C plant growth data Na2SeO4, kaolinite (continued from previous page)
2nd leaf 2nd leaf 2nd leaf uptake shoot shoot root shoot root shoot root

ID c(Se) sheath blade leaf total time height FW FW DW DW water water
Seedling [ppb] [cm] [cm] [cm] [days] (Day 19) [cm] [g] [g] [g] [g] [%] [%]

[± 0.1] [± 0.1] [± 0.1] [± 0.5] [± 0.25] [± 0.0001] [± 0.0001] [± 0.0001] [± 0.0001]

01000A 1000 4.1 1.7 5.8 12 20.5 0.0520 0.0196 0.0098 0.0052 81.15 73.47
01000B 1000 4.1 1.1 5.2 13 26.0 0.0518 0.0861 0.0145 0.0057 72.01 93.38
01000C 1000 x x x x x x x x x x x
01000D 1000 x x x x x x x x x x x
01000E 1000 5.1 0.9 6.0 13 21.5 0.0634 0.0167 Synchrotron measurement
01000F 1000 4.3 1.7 6.0 13 22.0 0.0748 0.0247 0.0132 0.0057 82.35 76.92
01000G 1000 4.3 1.7 6.0 14 26.0 0.0709 0.0190 0.0136 0.0060 80.82 68.42
01000H 1000 4.2 1.6 5.8 13 24.5 0.0781 0.0127 0.0127 0.0054 83.74 57.48
01000I 1000 4.1 1.5 5.6 12 24.5 0.0695 0.0199 0.0128 0.0055 81.58 72.36

01000_sum 1000 30.2 10.2 40.4 90.0 165.0 0.4605 0.1987 0.0766 0.0335 481.65 442.04
01000_mean 1000 4.3 1.5 5.8 12.9 23.6 0.0658 0.0284 0.0128 0.0056 80.28 73.67
01000_SD 1000 0.4 0.3 0.3 0.7 2.2 0.0105 0.0257 0.0016 0.0003 4.18 11.75

02000A 2000 5.2 1.6 6.8 13 23.0 0.0511 0.0144 0.0111 0.0050 78.28 65.28
02000B 2000 5.2 1.9 7.1 14 24.0 0.0603 0.0195 0.0122 0.0057 79.77 70.77
02000C 2000 x x x x x x x x x x x
02000D 2000 3.5 1.2 4.7 10 19.0 0.0523 0.0179 0.0096 0.0053 81.64 70.39
02000E 2000 5.0 1.8 6.8 14 24.5 0.0782 0.0256 Synchrotron measurement
02000F 2000 2.6 1.1 3.7 11 25.5 0.0712 0.0275 0.0126 0.0076 82.30 72.36
02000G 2000 4.8 1.9 6.7 13 27.5 0.0984 0.0279 0.0186 0.0073 81.10 73.84
02000H 2000 5.2 1.6 6.8 13 25.5 0.0788 0.0148 0.0145 0.0059 81.60 60.14
02000I 2000 5.0 1.6 6.6 13 21.5 0.0641 0.0145 0.0134 0.0059 79.10 59.31

02000_sum 2000 36.5 12.7 49.2 101.0 190.5 0.5544 0.1621 0.0920 0.0427 563.79 472.08
02000_mean 2000 4.6 1.6 6.2 12.6 23.8 0.0693 0.0203 0.0131 0.0061 80.54 67.44
02000_SD 2000 1.0 0.3 1.2 1.4 2.6 0.0158 0.0059 0.0029 0.0010 1.50 5.90

05000A 5000 3.6 1.6 5.2 11 24.5 0.0684 0.0297 0.0131 0.0074 80.85 75.08
05000B 5000 1.6 0.8 2.4 10 12.5 0.0213 0.0182 0.0047 0.0037 77.93 79.67
05000C 5000 4.2 1.6 5.8 13 18.5 0.0589 0.0165 0.0116 0.0062 80.31 62.42
05000D 5000 3.9 1.3 5.2 13 19.0 0.0531 0.0209 0.0117 0.0069 77.97 66.99
05000E 5000 4.4 2.0 6.4 13 22.5 0.0797 0.0210 Synchrotron measurement
05000F 5000 3.5 1.4 4.9 13 17.5 0.0525 0.0222 0.0101 0.0066 80.76 70.27
05000G 5000 x x x x x x x x x x x
05000H 5000 4.1 1.5 5.6 13 21.5 0.0732 0.0214 0.0144 0.0064 80.33 70.09
05000I 5000 4.4 1.5 5.9 13 21.0 0.0552 0.0176 0.0127 0.0061 76.99 65.34

05000_sum 5000 29.7 11.7 41.4 99.0 157.0 0.4623 0.1675 0.0783 0.0433 555.14 489.87
05000_mean 5000 3.7 1.5 5.2 12.4 19.6 0.0578 0.0209 0.0112 0.0062 79.31 69.98
05000_SD 5000 0.9 0.3 1.2 1.2 3.7 0.0178 0.0041 0.0032 0.0012 1.61 5.88

10000A 10000 3.8 1.1 4.9 13 18.5 0.0498 0.0204 0.0116 0.0049 76.71 75.98
10000B 10000 3.7 1.1 4.8 13 16.0 0.0474 0.0189 0.0117 0.0057 75.32 69.84
10000C 10000 3.9 1.4 5.3 13 14.5 0.0339 0.0113 0.0084 0.0039 75.22 65.49
10000D 10000 x x x x x x x x x x x
10000E 10000 4.0 1.9 5.9 12 18.0 0.0584 0.0584 Synchrotron measurement
10000F 10000 3.7 1.2 4.9 13 19.5 0.0525 0.0525 0.0131 0.0052 75.05 90.10
10000G 10000 3.5 1.4 4.9 12 16.0 0.0385 0.0385 0.0095 0.0042 75.32 89.09
10000H 10000 3.6 1.2 4.8 13 16.0 0.0425 0.0425 0.0122 0.0045 71.29 89.41
10000I 10000 3.6 1.5 5.1 12 13.0 0.0365 0.0365 0.0095 0.0045 73.97 87.67

10000_sum 10000 29.8 10.8 40.6 101.0 131.5 0.3595 0.2790 0.0760 0.0329 522.88 567.58
10000_mean 10000 3.7 1.4 5.1 12.6 16.4 0.0449 0.0349 0.0109 0.0047 74.70 81.08
10000_SD 10000 0.2 0.3 0.4 0.5 2.1 0.0085 0.0167 0.0017 0.0006 1.70 10.44

clvii



clviii C. C Datasheets - plant-uptake sorption experiments

Table C.7.: C plant growth data Na2SeO4, goethite (Planting Date: 25.03.2014)
2nd leaf 2nd leaf 2nd leaf uptake shoot shoot root shoot root shoot root

ID c(Se) sheath blade leaf total time height FW FW DW DW water water
Seedling [ppb] [cm] [cm] [cm] [days] (Day 19) [cm] [g] [g] [g] [g] [%] [%]

[± 0.1] [± 0.1] [± 0.1] [± 0.5] [± 0.25] [± 0.0001] [± 0.0001] [± 0.0001] [± 0.0001]

00000A 0 4.7 2.0 6.7 13 21.0 0.0483 0.0111 0.0114 0.0059 76.40 46.85
00000B 0 4.8 2.0 6.8 13 22.5 0.0451 0.0118 0.0105 0.0045 76.72 61.86
00000C 0 4.7 1.9 6.6 11 21.0 0.0573 0.0198 0.0122 0.0079 78.71 60.10
00000D 0 4.2 1.7 5.9 13 20.5 0.0431 0.0089 0.0102 0.0065 76.33 26.97
00000E 0 x x x x x x x x x x x
00000F 0 4.4 1.6 6.0 13 20.5 0.0472 0.0144 0.0129 0.0069 72.67 52.08
00000G 0 4.5 1.9 6.4 13 21.5 0.0316 0.0062 0.0076 0.0038 75.95 38.71
00000H 0 3.2 1.0 4.2 10 21.0 0.0350 0.0144 0.0098 0.0073 72.00 49.31
00000I 0 4.5 1.7 6.2 13 21.5 0.0475 0.0143 0.0102 0.0073 78.53 48.95

00000_sum 0 35.0 13.8 48.8 99.0 169.5 0.3551 0.1009 0.0848 0.0501 607.30 384.83
00000_mean 0 4.4 1.7 6.1 12.4 21.2 0.0444 0.0126 0.0106 0.0063 75.91 48.10
00000_SD 0 0.5 0.3 0.8 1.2 0.7 0.0080 0.0041 0.0016 0.0014 2.44 11.26

00020A 20 3.1 1.2 4.3 11 21.5 0.0375 0.0137 0.0099 0.0075 73.60 45.26
00020B 20 4.1 1.9 6.0 12 21.0 0.0413 0.0164 0.0110 0.0052 73.37 68.29
00020C 20 2.9 1.1 4.0 10 22.5 0.0352 0.0079 0.0098 0.0059 72.16 25.32
00020D 20 4.2 1.9 6.1 12 20.5 0.0430 0.0106 0.0101 0.0071 76.51 33.02
00020E 20 4.3 1.9 6.2 12 22.0 0.0407 0.0131 0.0120 0.0084 70.52 35.88
00020F 20 3.2 1.1 4.3 10 22.0 0.0269 0.0081 0.0082 0.0054 69.52 33.33
00020G 20 2.7 0.9 3.6 10 22.5 0.0352 0.0110 0.0106 0.0064 69.89 41.82
00020H 20 3.7 1.7 5.4 11 22.0 0.0339 0.0108 0.0109 0.0081 67.85 25.00
00020I 20 3.2 1.1 4.3 10 23.0 0.0410 0.0152 0.0109 0.0075 73.41 50.66

00020_sum 20 31.4 12.8 44.2 98.0 197.0 0.3347 0.1068 0.0934 0.0615 646.82 358.57
00020_mean 20 3.5 1.4 4.9 10.9 21.9 0.0372 0.0119 0.0104 0.0068 71.87 39.84
00020_SD 20 0.6 0.4 1.0 0.9 0.8 0.0050 0.0030 0.0011 0.0012 2.66 13.67

00050A 50 2.9 1.7 4.6 8 21.0 0.0390 0.0083 0.0083 0.0049 78.72 40.96
00050B 50 3.1 1.6 4.7 9 19.5 0.0375 0.0181 0.0079 0.0051 78.93 71.82
00050C 50 2.7 1.2 3.9 9 20.0 0.0317 0.0097 0.0069 0.0050 78.23 48.45
00050D 50 x x x x x x x x x x x
00050E 50 2.8 1.4 4.2 9 21.5 0.0432 0.0166 0.0088 0.0064 79.63 61.45
00050F 50 3.5 1.5 5.0 10 23.0 0.0592 0.0185 0.0136 0.0063 77.03 65.95
00050G 50 3.3 2.0 5.3 10 18.5 0.0387 0.0089 0.0074 0.0036 80.88 59.55
00050H 50 3.0 1.6 4.6 9 19.5 0.0398 0.0155 0.0087 0.0055 78.14 64.52
00050I 50 3.7 1.9 5.6 10 23.5 0.0397 0.0179 0.0107 0.0056 73.05 68.72

00050_sum 50 25.0 12.9 37.9 74.0 166.5 0.3288 0.1135 0.0723 0.0424 624.61 481.41
00050_mean 50 3.1 1.6 4.7 9.3 20.8 0.0411 0.0142 0.0090 0.0053 78.08 60.18
00050_SD 50 0.3 0.3 0.6 0.7 1.8 0.0080 0.0044 0.0022 0.0009 2.32 10.48

00100A 100 x x x x x x x x x x x
00100B 100 4.1 1.6 5.7 12 20.5 0.0474 0.0190 0.0104 0.0066 78.06 65.26
00100C 100 4.1 2.0 6.1 12 18.5 0.0396 0.0194 0.0092 0.0061 76.77 68.56
00100D 100 4.0 1.9 5.9 12 17.5 0.0370 0.0074 0.0075 0.0038 79.73 48.65
00100E 100 1.6 1.0 2.6 10 23.5 0.0449 0.0201 0.0095 0.0062 78.84 69.15
00100F 100 4.0 1.6 5.6 12 21.5 0.0457 0.0106 0.0103 0.0061 77.46 42.45
00100G 100 3.6 1.5 5.1 10 19.0 0.0385 0.0141 0.0081 0.0049 78.96 65.25
00100H 100 x x x x x x x x x x x
00100I 100 3.7 1.5 5.2 12 21.5 0.0404 0.0151 0.0091 0.0061 77.48 59.60

00100_sum 100 25.1 11.1 36.2 80.0 142.0 0.2935 0.1057 0.0641 0.0398 547.30 418.93
00100_mean 100 3.6 1.6 5.2 11.4 20.3 0.0419 0.0151 0.0092 0.0057 78.19 59.85
00100_SD 100 0.9 0.3 1.2 1.0 2.1 0.0040 0.0048 0.0011 0.0010 1.04 10.40

00200A 200 4.1 1.5 5.6 13 21.5 0.0571 0.0182 0.0101 0.0064 82.31 64.84
00200B 200 4.2 1.6 5.8 13 22.5 0.0625 0.0174 0.0117 0.0074 81.28 57.47
00200C 200 4.5 1.8 6.3 13 20.5 0.0575 0.0199 0.0108 0.0057 81.22 71.36
00200D 200 4.2 1.7 5.9 13 21.0 0.0697 0.0172 0.0109 0.0061 84.36 64.53
00200E 200 4.1 1.6 5.7 12 20.5 0.0528 0.0252 0.0104 0.0073 80.30 71.03
00200F 200 4.1 1.6 5.7 12 20.0 0.0428 0.0151 0.0090 0.0036 78.97 76.16
00200G 200 3.1 1.0 4.1 10 17.5 0.0350 0.0176 0.0086 0.0056 75.43 68.18
00200H 200 4.1 2.1 6.2 12 20.0 0.0318 0.0171 0.0084 0.0051 73.58 70.18
00200I 200 3.5 1.4 4.9 10 19.5 0.0342 0.0146 0.0089 0.0067 73.98 54.11

00200_sum 200 35.9 14.3 50.2 108.0 183.0 0.4434 0.1623 0.0888 0.0539 711.44 597.86
00200_mean 200 4.0 1.6 5.6 12.0 20.3 0.0493 0.0180 0.0099 0.0060 79.05 66.43
00200_SD 200 0.4 0.3 0.7 1.2 1.4 0.0137 0.0031 0.0012 0.0012 3.85 7.03

00500A 500 3.7 1.9 5.6 11 17.5 0.0392 0.0093 0.0084 0.0043 78.57 53.76
00500B 500 2.6 1.1 3.7 10 21.0 0.0391 0.0136 0.0078 0.0041 80.05 69.85
00500C 500 3.3 1.5 4.8 10 16.5 0.0342 0.0158 0.0058 0.0083 83.04 47.47
00500D 500 3.5 1.7 5.2 10 20.0 0.0543 0.0149 0.0094 0.0056 82.69 62.42
00500E 500 3.6 1.6 5.2 11 19.0 0.0389 0.0113 0.0074 0.0050 80.98 55.75
00500F 500 3.8 1.9 5.7 11 18.5 0.0377 0.0115 0.0091 0.0049 75.86 57.39
00500G 500 2.4 1.0 3.4 9 16.5 0.0340 0.0116 0.0078 0.0024 77.06 79.31
00500H 500 2.6 1.2 3.8 10 19.0 0.0324 0.0125 0.0075 0.0051 76.85 59.20
00500I 500 3.1 1.6 4.7 10 20.5 0.0488 0.0132 0.0102 0.0054 79.10 59.09

00500_sum 500 28.6 13.5 42.1 92.0 168.5 0.3586 0.1137 0.0734 0.0451 714.20 544.25
00500_mean 500 3.2 1.5 4.7 10.2 18.7 0.0398 0.0126 0.0082 0.0050 79.36 60.47
00500_SD 500 0.5 0.3 0.9 0.7 1.6 0.0072 0.0020 0.0013 0.0016 2.56 9.33
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Table C.8.: C plant growth data Na2SeO4, goethite (continued from previous page)
2nd leaf 2nd leaf 2nd leaf uptake shoot shoot root shoot root shoot root

ID c(Se) sheath blade leaf total time height FW FW DW DW water water
Seedling [ppb] [cm] [cm] [cm] [days] (Day 19) [cm] [g] [g] [g] [g] [%] [%]

[± 0.1] [± 0.1] [± 0.1] [± 0.5] [± 0.25] [± 0.0001] [± 0.0001] [± 0.0001] [± 0.0001]

01000A 1000 4.2 1.7 5.9 13 18.0 0.0481 0.0192 0.0093 0.0050 80.67 73.96
01000B 1000 4.3 1.6 5.9 13 18.5 0.0609 0.0221 0.0118 0.0072 80.62 67.42
01000C 1000 3.9 1.8 5.7 12 21.0 0.0371 0.0078 0.0075 0.0046 79.78 41.03
01000D 1000 4.4 2.1 6.5 13 20.0 0.0497 0.0213 0.0092 0.0059 81.49 72.30
01000E 1000 4.3 1.9 6.2 13 21.0 0.0423 0.0164 0.0083 0.0048 80.38 70.73
01000F 1000 x x x x x x x x x x x
01000G 1000 x x x x x x x x x x x
01000H 1000 3.7 1.5 5.2 11 22.5 0.0457 0.0191 0.0102 0.0046 77.68 75.92
01000I 1000 3.0 1.0 4.0 11 18.5 0.0335 0.0150 0.0073 0.0070 78.21 53.33

01000_sum 1000 27.8 11.6 39.4 86.0 139.5 0.3173 0.1209 0.0636 0.0391 558.83 454.69
01000_mean 1000 4.0 1.7 5.6 12.3 19.9 0.0453 0.0173 0.0091 0.0056 79.83 64.96
01000_SD 1000 0.5 0.4 0.8 1.0 1.7 0.0090 0.0049 0.0016 0.0011 1.39 12.92

02000A 2000 4.1 1.5 5.6 13 20.5 0.0532 0.0201 0.0109 0.0056 79.51 72.14
02000B 2000 3.1 1.2 4.3 13 20.0 0.0426 0.0115 0.0092 0.0042 78.40 63.48
02000C 2000 3.0 1.7 4.7 13 19.5 0.0407 0.0209 0.0070 0.0052 82.80 75.12
02000D 2000 4.3 1.7 6.0 13 23.0 0.0683 0.0154 0.0126 0.0065 81.55 57.79
02000E 2000 x x x x x x x x x x x
02000F 2000 3.0 1.1 4.1 10 18.5 0.0339 0.0133 0.0066 0.0040 80.53 69.92
02000G 2000 4.1 1.2 5.3 13 19.5 0.0418 0.0121 0.0099 0.0056 76.32 53.72
02000H 2000 4.0 1.8 5.8 13 20.5 0.0398 0.0162 0.0098 0.0061 75.38 62.35
02000I 2000 4.0 1.6 5.6 13 20.0 0.0492 0.0149 0.0141 0.0068 71.34 54.36

02000_sum 2000 29.6 11.8 41.4 101.0 161.5 0.3695 0.1244 0.0801 0.0440 625.83 508.88
02000_mean 2000 3.7 1.5 5.2 12.6 20.2 0.0462 0.0156 0.0100 0.0055 78.23 63.61
02000_SD 2000 0.6 0.3 0.7 1.1 1.3 0.0107 0.0035 0.0026 0.0010 3.74 8.14

05000A 5000 4.3 1.0 5.3 13 22.5 0.0606 0.0147 0.0124 0.0060 79.54 59.18
05000B 5000 3.0 1.2 4.2 10 20.0 0.0332 0.0086 0.0074 0.0035 77.71 59.30
05000C 5000 4.4 1.9 6.3 13 23.0 0.0568 0.0149 0.0110 0.0059 80.63 60.40
05000D 5000 4.2 1.7 5.9 13 21.5 0.0432 0.0199 0.0089 0.0098 79.40 50.75
05000E 5000 x x x 10 x x x x x x x
05000F 5000 4.2 2.1 6.3 12 21.5 0.0454 0.0107 0.0095 0.0066 79.07 38.32
05000G 5000 3.0 1.0 4.0 10 22.5 0.0381 0.0141 0.0094 0.0054 75.33 61.70
05000H 5000 3.1 1.0 4.1 10 22.0 0.0442 0.0195 0.0102 0.0061 76.92 68.72
05000I 5000 4.0 1.8 5.8 13 20.0 0.0434 0.0141 0.0096 0.0057 77.88 59.57

05000_sum 5000 30.2 11.7 41.9 104.0 173.0 0.3649 0.1165 0.0784 0.0490 626.49 457.95
05000_mean 5000 3.8 1.5 5.2 11.6 21.6 0.0456 0.0146 0.0098 0.0061 78.31 57.24
05000_SD 5000 0.6 0.5 1.0 1.5 1.1 0.0090 0.0039 0.0015 0.0017 1.69 9.07

10000A 10000 3.8 1.9 5.7 13 18.5 0.0411 0.0156 0.0086 0.0055 79.08 64.74
10000B 10000 4.0 1.8 5.8 12 19.5 0.0517 0.0153 0.0098 0.0052 81.04 66.01
10000C 10000 4.0 1.8 5.8 13 18.0 0.0480 0.0139 0.0092 0.0051 80.83 63.31
10000D 10000 3.5 1.5 5.0 12 18.0 0.0336 0.0175 0.0074 0.0049 77.98 72.00
10000E 10000 x x x x x x x x x x x
10000F 10000 2.9 1.5 4.4 11 18.5 0.0413 0.0265 0.0080 0.0039 80.63 85.28
10000G 10000 2.0 0.7 2.7 10 22.5 0.0419 0.0170 0.0065 0.0053 84.49 68.82
10000H 10000 4.1 1.9 6.0 12 18.0 0.0434 0.0177 0.0088 0.0059 79.72 66.67
10000I 10000 3.7 1.0 4.7 10 18.0 0.0305 0.0146 0.0073 0.0036 76.07 75.34

10000_sum 10000 28.0 12.1 40.1 93.0 151.0 0.3315 0.1381 0.0656 0.0394 639.83 562.18
10000_mean 10000 3.5 1.5 5.0 11.6 18.9 0.0414 0.0173 0.0082 0.0049 79.98 70.27
10000_SD 10000 0.7 0.4 1.1 1.2 1.6 0.0069 0.0040 0.0011 0.0008 2.47 7.23
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C.2. C Plant Se content data

Table C.9.: C Se content of experimental runs for Na2SeO3 and Na2SeO4 with adsorption
onto kaolinite and goethite

FIAS-Results c(Se) dry weight (DW)

dig. weight dig. weight dig. c(Se) c(Se) c(Se) c(Se) c(Se) c(Se) c(Se) c(Se)
c(Se) shoot root volume shoot shoot root root shoot shoot root root
[µg/L] [g] [g] [L] [µg/L] SD [µg/L] SD [mg/kg] SD [mg/kg] SD

[± 0.0001] [± 0.0001] [± 0.0001]

Nutrient-Solution-Kaolinite-Se (Na2SeO3) Planting Date: 27.03.2014

0 0.0768 0.0347 0.010 0.09 0.95 -0.85 0.49 0.01 0.12 -0.25 0.14
20 0.0662 0.0326 0.010 9.39 0.64 10.00 1.39 1.42 0.10 3.07 0.43
50 0.0676 0.0318 0.010 25.75 1.16 26.77 0.85 3.81 0.17 8.41 0.27
100 0.0373 0.0129 0.010 31.48 2.36 18.33 4.74 8.43 0.63 14.18 3.67
200 0.0729 0.0417 0.010 126.98 4.81 136.42 4.02 17.42 0.66 32.75 0.97
500 0.0610 0.0289 0.010 219.24 5.27 289.40 14.95 35.97 0.87 100.00 5.16
1000 0.0698 0.0427 0.010 451.86 25.65 647.14 20.63 64.71 3.67 151.56 4.83
2000 0.0557 0.0408 0.009 725.40 36.24 1091.88 103.97 117.27 5.86 240.62 22.91
5000 0.1070 0.0724 0.010 911.87 36.90 2129.21 64.33 85.20 3.45 294.05 8.88
10000 0.0572 0.0432 0.010 457.57 31.82 1916.89 70.92 79.94 5.56 443.62 16.41

Nutrient-Solution-Kaolinite-Se (Na2SeO4) Planting Date: 25.03.2014

0 0.0930 0.0485 0.010 -0.26 0.70 0.04 0.66 -0.03 0.08 0.01 0.14
20 0.0882 0.0426 0.010 7.70 0.46 1.14 0.48 0.87 0.05 0.27 0.11
50 0.0869 0.0446 0.010 41.76 1.54 7.44 1.19 4.80 0.18 1.67 0.27
100 0.1010 0.0490 0.010 123.40 4.75 16.02 3.25 12.21 0.47 3.27 0.66
200 0.0633 0.0314 0.010 157.23 6.88 23.12 4.32 24.85 1.09 7.37 1.38
500 0.0873 0.0440 0.010 526.93 21.98 110.23 3.54 60.37 2.52 25.07 0.81
1000 0.0769 0.0348 0.010 972.45 38.55 172.04 8.33 126.52 5.02 49.38 2.39
2000 0.0917 0.0444 0.010 2480.51 168.82 379.99 23.92 270.41 18.40 85.55 5.38
5000 0.0782 0.0439 0.010 5307.36 166.85 934.41 43.07 678.52 21.33 213.09 9.82
10000 0.0775 0.0341 0.010 8362.85 182.62 1369.43 146.65 1079.64 23.58 401.59 43.00

Nutrient-Solution-Goethite-Se (Na2SeO3) Planting Date: 15.05.2014

0 0.0893 0.0545 0.010 0.01 0.04 0.01 0.03 0.00 0.00 0.00 0.01
20 0.0734 0.0402 0.010 0.01 0.01 0.02 0.06 0.00 0.00 0.00 0.01
50 0.0857 0.0489 0.010 0.01 0.02 0.00 0.05 0.00 0.00 0.00 0.01
100 0.0878 0.0534 0.010 0.88 0.93 0.93 0.40 0.10 0.11 0.17 0.07
200 0.0652 0.0493 0.010 0.65 1.29 0.00 0.04 0.10 0.20 0.00 0.01
500 0.0817 0.0458 0.010 0.00 0.03 0.04 0.02 0.00 0.00 0.01 0.00
1000 0.0807 0.0466 0.010 0.03 0.04 8.17 1.11 0.00 0.00 1.75 0.24
2000 0.0815 0.0523 0.009 0.08 0.02 17.00 0.64 0.01 0.00 2.93 0.11
5000 0.0917 0.0513 0.010 8.13 0.87 38.26 0.77 0.89 0.10 7.46 0.15
10000 0.1019 0.0535 0.010 19.46 1.26 53.17 0.52 1.91 0.12 9.93 0.10

Nutrient-Solution-Goethite-Se (Na2SeO4) Planting Date: 16.05.2014

0 0.0797 0.0494 0.010 0.20 0.40 -0.07 0.39 0.03 0.05 -0.01 0.08
20 0.0859 0.0572 0.010 6.24 0.54 0.83 0.48 0.73 0.06 0.14 0.08
50 0.0778 0.0491 0.010 8.89 3.76 3.57 1.24 1.14 0.48 0.73 0.25
100 0.0666 0.0442 0.010 34.56 7.44 4.87 2.72 5.19 1.12 1.10 0.61
200 0.0911 0.0573 0.010 125.76 6.39 9.27 4.44 13.81 0.70 1.62 0.77
500 0.0787 0.0523 0.010 258.68 13.94 41.23 3.88 32.88 1.77 7.88 0.74
1000 0.0642 0.0412 0.010 405.39 24.86 62.32 11.67 63.17 3.87 15.14 2.84
2000 0.0790 0.0473 0.010 1082.03 67.59 151.77 43.41 137.04 8.56 32.08 9.18
5000 0.0708 0.0500 0.010 1339.03 84.20 223.25 21.84 189.10 11.89 44.68 4.37
10000 0.0659 0.0432 0.010 2289.99 63.98 362.92 12.15 347.34 9.70 84.11 2.82

Digestion standards

dig. dig.
Standard Sample weight volume c(Se) c(Se) c(Se) c(Se)

[g] [L] [µg/L] SD [mg/kg] SD

dig_std_2014_06_20 (0-20ppb) 0.09925 0.010 11.37 1.56 1.15 0.16
dig_std_2014_06_23 (50-500ppb) 0.10131 0.010 11.47 0.63 1.13 0.06
dig_std_2014_06_24 (1000-10000ppb) 0.09967 0.010 10.32 1.21 1.04 0.12

dig_std_2014_06_16 (0-100 ppb) 0.09959 0.010 12.40 1.36 1.24 0.14
dig_std_2014_06_17 (200-2000ppb) 0.10002 0.010 10.98 0.79 1.10 0.08
dig_std_2014_06_20 (5000-10000ppb) 0.09925 0.010 11.37 1.56 1.15 0.16

dig_std_2014_06_27 (0-20 ppb) 0.10011 0.010 7.01 0.49 0.70 0.05
dig_std_2014_06_30 (50-500 ppb) 0.09967 0.010 5.46 0.83 0.55 0.08
dig_std_2014_07_01 (1000-10000 ppb) 0.09987 0.010 13.52 1.76 1.35 0.18

dig_std_2014_06_25 (0-100 ppb) 0.09953 0.010 7.70 0.79 0.77 0.08
dig_std_2014_06_26 (200-2000 ppb) 0.10049 0.010 6.79 0.18 0.68 0.02
dig_std_2014_06_27 (5000-10000 ppb) 0.10011 0.010 7.01 0.49 0.70 0.05
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Table C.14.: C results overview of sorption & plant uptake for Na2SeO3 in the presence of
kaolinite

Nut-Sol-Kaolinite-Se (Na2SeO3) Planting Date: 27.03.2014

initial solution IC Measurement - Element Concentrations ICP-MS Analysis
c(Se) pH_init c(N) SD c(P) SD c(S) SD c(Se) SD

[-] ± 0.05 [mg/L] [mg/L] [mg/L] [µg/L]

blnd 4.76 67.35 0.44 11.12 0.10 22.14 0.20 1.14 0.11
0 5.01 50.65 0.33 8.69 0.08 20.70 0.18 0.94 0.10
20 4.94 61.01 0.40 10.30 0.10 22.22 0.20 23.19 0.80
50 5.08 49.21 0.32 8.71 0.08 19.12 0.17 59.63 2.36
100 5.23 43.36 0.29 7.54 0.07 17.59 0.16 120.15 3.99
200 5.17 53.53 0.35 9.20 0.09 20.38 0.18 233.00 6.76
500 5.19 60.49 0.40 10.35 0.10 22.36 0.20 555.53 15.90
1000 5.16 67.25 0.44 11.70 0.11 22.84 0.20 1182.73 35.99
2000 5.42 63.92 0.42 11.63 0.11 22.78 0.20 2376.67 73.66
5000 5.96 51.81 0.34 10.37 0.10 20.08 0.18 5706.67 170.39
10000 6.33 62.48 0.41 14.58 0.14 23.15 0.21 11378.33 332.92

Kaolinite sorption solution IC Measurement - Element Concentrations ICP-MS Analysis
c(Se) in-weight volume pH_end c(N) SD c(P) SD c(S) SD c(Se) SD

[g] ± 0.0003 [mL] ± 10 [-] ± 0.05 [mg/L] [mg/L] [mg/L] [µg/L]

blnd
0 8.5257 170 6.48 71.15 0.47 4.57 0.04 23.55 0.21 2.15 0.07
20 8.4421 170 6.68 69.04 0.46 3.87 0.04 22.77 0.20 18.24 0.26
50 8.4133 170 6.64 70.13 0.46 4.27 0.04 23.12 0.21 46.37 0.96
100 8.6784 170 6.62 70.69 0.47 4.02 0.04 23.19 0.21 96.23 2.76
200 8.4258 170 6.66 69.90 0.46 4.19 0.04 23.09 0.21 193.75 5.20
500 8.4503 170 6.63 56.00 0.37 2.82 0.03 17.62 0.16 476.73 15.63
1000 8.4962 170 6.65 71.27 0.47 4.76 0.04 23.28 0.21 1019.27 29.00
2000 8.5001 170 6.74 69.67 0.46 4.04 0.04 22.77 0.20 1944.20 59.08
5000 8.4301 170 6.76 72.90 0.48 6.22 0.06 23.96 0.21 5178.33 134.29
10000 8.5542 170 6.86 70.69 0.47 8.08 0.08 23.05 0.21 10466.67 319.47

Kaolinite sorption + plant uptake solution IC Measurement - Element Concentrations ICP-MS Analysis
c(Se) dry plant mass in-weight volume pH_end c(N) SD c(P) SD c(S) SD c(Se) SD

[g] ± 0.0003 [g] ± 0.0003 [mL] ± 10 [-] ± 0.05 [mg/L] [mg/L] [mg/L] [µg/L]

blnd
0 0.1089 8.5980 170 7.15 54.81 0.36 1.36 0.01 21.08 0.19 2.36 0.09
20 0.0969 8.4769 170 7.23 49.92 0.33 1.35 0.01 20.24 0.18 15.77 0.59
50 0.0972 8.4955 170 7.35 44.20 0.29 1.69 0.02 20.56 0.18 40.62 1.55
100 0.1125 8.5183 170 7.30 53.87 0.36 1.69 0.02 21.38 0.19 81.66 1.94
200 0.1105 8.4941 170 7.24 54.35 0.36 1.38 0.01 20.78 0.19 165.95 4.96
500 0.0862 8.3966 170 7.37 46.78 0.31 1.54 0.01 20.24 0.18 361.87 11.27
1000 0.1104 8.5463 170 7.31 55.78 0.37 2.49 0.02 21.05 0.19 908.13 24.38
2000 0.0931 8.4936 170 5.79 58.07 0.38 1.79 0.02 20.63 0.18 1621.67 47.17
5000 0.1107 8.5318 170 7.02 53.82 0.35 4.68 0.04 20.14 0.18 4480.17 133.33
10000 0.1040 8.6387 170 7.04 21.48 0.14 7.67 0.07 22.63 0.20 9738.33 267.32

Sorption Amount
c(Se) c(N) c(P) c(S) c(Se)

[mg/L] [%] [mg/L] [%] [mg/L] [%] [µg/L] [%]

0 -20.51 -40.49 4.11 47.34 -2.86 -13.80 -1.21 -128.94
20 -8.03 -13.16 6.43 62.45 -0.55 -2.49 4.95 21.34
50 -20.92 -42.51 4.44 50.97 -3.99 -20.88 13.26 22.24
200 -16.37 -30.58 5.01 54.47 -2.71 -13.27 39.25 16.85
500 4.49 7.42 7.52 72.71 4.74 21.21 78.80 14.18
1000 -4.01 -5.97 6.94 59.34 -0.43 -1.90 163.47 13.82
2000 -5.75 -9.00 7.59 65.28 0.01 0.05 432.47 18.20
5000 -21.09 -40.71 4.15 40.05 -3.88 -19.30 528.33 9.26
10000 -8.21 -13.14 6.49 44.56 0.09 0.40 911.67 8.01

Plant Uptake + Sorption Amount
c(Se) c(N) c(P) c(S) c(Se)

[mg/L] [%] [mg/L] [%] [mg/L] [%] [µg/L] [%]

0 -4.16 -8.22 7.33 84.38 -0.39 -1.88 -1.42 -151.13
20 11.09 18.18 8.94 86.84 1.98 8.89 7.42 32.01
50 5.01 10.18 7.02 80.60 -1.44 -7.51 19.01 31.88
100 -10.51 -24.25 5.85 77.57 -3.79 -21.56 38.49 32.03
200 -0.82 -1.53 7.83 85.05 -0.40 -1.96 67.05 28.78
500 13.71 22.66 8.81 85.13 2.12 9.49 193.67 34.86
1000 11.47 17.06 9.21 78.70 1.79 7.83 274.60 23.22
2000 5.85 9.15 9.84 84.64 2.15 9.45 755.00 31.77
5000 -2.01 -3.88 5.69 54.88 -0.06 -0.30 1226.50 21.49
10000 41.00 65.63 6.91 47.40 0.51 2.22 1640.00 14.41
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Table C.15.: C results overview of sorption & plant uptake for Na2SeO3 in the presence of
goethite

Nut-Sol-Goethite-Se (Na2SeO3) Planting Date: 27.03.2014

initial solution IC Measurement - Element Concentrations ICP-MS Analysis
c(Se) pH_init c(N) SD c(P) SD c(S) SD c(Se) SD

[-] ± 0.05 [mg/L] [mg/L] [mg/L] [µg/L]

blnd 5.33 1.78 0.06
0 4.85 62.62 0.51 7.69 0.04 19.96 0.10 1.80 0.11
20 4.85 34.67 0.28 5.21 0.03 12.19 0.06 23.01 0.56
50 4.78 61.89 0.50 7.43 0.04 18.88 0.10 55.24 1.58
100 4.81 55.22 0.45 8.18 0.04 19.41 0.10 105.83 2.60
200 5.29 55.84 0.45 7.49 0.04 18.01 0.09 211.80 5.90
500 4.85 66.55 0.54 8.58 0.04 20.70 0.11 521.40 16.00
1000 5.01 65.35 0.53 8.61 0.04 20.06 0.10 1068.53 29.43
2000 5.15 65.83 0.53 8.73 0.04 20.93 0.11 2110.67 70.04
5000 5.61 67.33 0.54 10.13 0.05 20.65 0.11 5370.00 167.26
10000 6.04 60.91 0.49 12.60 0.06 20.11 0.10 10135.00 368.07

Goethite sorption solution IC Measurement - Element Concentrations ICP-MS Analysis
c(Se) in-weight volume pH_end c(N) SD c(P) SD c(S) SD c(Se) SD

[g] ± 0.0003 [mL] ± 10 [-] ± 0.05 [mg/L] [mg/L] [mg/L] [µg/L]

blnd
0 8.5004 170 7.61 63.31 0.51 0.00 0.00 19.63 0.10 1.06 0.14
20 8.5253 170 8.05 52.53 0.42 0.00 0.00 16.86 0.09 1.34 0.13
50 8.5011 170 8.16 65.49 0.53 0.00 0.00 19.03 0.10 2.85 0.08
100 8.5038 170 7.97 62.28 0.50 0.00 0.00 18.30 0.09 2.34 0.17
200 8.4964 170 8.05 63.94 0.52 0.00 0.00 19.08 0.10 2.11 0.21
500 8.5027 170 8.25 64.38 0.52 0.00 0.00 19.30 0.10 2.43 0.15
1000 8.5061 170 8.68 64.30 0.52 0.00 0.00 19.39 0.10 3.29 0.23
2000 8.4979 170 7.93 65.23 0.53 0.00 0.00 19.23 0.10 6.56 0.44
5000 8.5007 170 8.68 63.04 0.51 0.00 0.00 20.12 0.10 15.35 0.11
10000 8.5096 170 8.43 62.67 0.51 0.00 0.00 19.86 0.10 31.90 0.53

Goethite sorption + plant uptake solution IC Measurement - Element Concentrations ICP-MS Analysis
c(Se) dry plant mass in-weight volume pH_end c(N) SD c(P) SD c(S) SD c(Se) SD

[g] ± 0.0003 [g] ± 0.0003 [mL] ± 10 [-] ± 0.05 [mg/L] [mg/L] [mg/L] [µg/L]

blnd
0 0.1515 8.5072 170 7.43 47.04 0.38 0.00 0.00 21.10 0.11 3.64 0.08
20 0.1134 8.4961 170 7.34 41.12 0.33 0.00 0.00 23.25 0.12 1.37 0.15
50 0.1369 8.5042 170 7.46 49.70 0.40 0.00 0.00 20.82 0.11 1.20 0.05
100 0.1420 8.5062 170 7.86 44.58 0.36 0.00 0.00 21.29 0.11 1.61 0.02
200 0.1200 8.5112 170 7.53 46.63 0.38 0.00 0.00 21.72 0.11 1.17 0.06
500 0.1300 8.4999 170 7.63 48.79 0.39 0.00 0.00 22.34 0.12 2.01 0.18
1000 0.1308 8.5047 170 7.36 47.89 0.39 0.00 0.00 21.53 0.11 3.28 0.11
2000 0.1917 8.5052 170 7.63 47.56 0.38 0.00 0.00 21.22 0.11 5.20 0.15
5000 0.1467 8.5066 170 7.77 49.69 0.40 0.00 0.00 22.68 0.12 12.13 0.67
10000 0.1618 8.5091 170 8.32 40.61 0.33 0.00 0.00 23.87 0.12 21.19 0.25

Sorption Amount
c(Se) c(N) c(P) c(S) c(Se)

[mg/L] [%] [mg/L] [%] [mg/L] [%] [µg/L] [%]

0 -0.69 -1.11 7.69 100.00 0.33 1.66 0.74 40.99
20 -17.86 -51.53 5.21 100.00 -4.67 -38.30 21.66 94.16
50 -3.60 -5.82 7.43 100.00 -0.15 -0.78 52.39 94.84
100 -7.06 -12.78 8.18 100.00 1.11 5.73 103.49 97.79
200 -8.10 -14.52 7.49 100.00 -1.07 -5.92 209.69 99.00
500 2.16 3.25 8.58 100.00 1.41 6.79 518.97 99.53
1000 1.05 1.60 8.61 100.00 0.67 3.33 1065.24 99.69
2000 0.59 0.90 8.73 100.00 1.70 8.14 2104.10 99.69
5000 4.29 6.37 10.13 100.00 0.52 2.54 5354.65 99.71
10000 -1.76 -2.89 12.60 100.00 0.25 1.25 10103.10 99.69

Plant Uptake + Sorption Amount
c(Se) c(N) c(P) c(S) c(Se)

[mg/L] [%] [mg/L] [%] [mg/L] [%] [µg/L] [%]

0 15.58 24.88 7.69 100.00 -1.14 -5.70 -1.84 -101.96
20 -6.45 -18.61 5.21 100.00 -11.06 -90.67 21.63 94.02
50 12.19 19.70 7.43 100.00 -1.94 -10.27 54.04 97.83
100 10.64 19.26 8.18 100.00 -1.89 -9.72 104.22 98.48
200 9.21 16.49 7.49 100.00 -3.71 -20.59 210.63 99.45
500 17.76 26.69 8.58 100.00 -1.63 -7.88 519.39 99.62
1000 17.46 26.71 8.61 100.00 -1.48 -7.35 1065.25 99.69
2000 18.27 27.76 8.73 100.00 -0.29 -1.39 2105.47 99.75
5000 17.64 26.19 10.13 100.00 -2.04 -9.88 5357.87 99.77
10000 20.30 33.33 12.60 100.00 -3.76 -18.72 10113.81 99.79
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Table C.16.: C results overview of sorption & plant uptake for Na2SeO4 in the presence of
kaolinite

Nut-Sol-Kaolinite-Se (Na2SeO4) Planting Date: 27.03.2014

initial solution IC Measurement - Element Concentrations ICP-MS Analysis
c(Se) pH_init c(N) SD c(P) SD c(S) SD c(Se) SD

[-] ± 0.05 [mg/L] [mg/L] [mg/L] [µg/L]

blnd 4.70 59.77 0.65 10.35 0.11 22.49 0.28
0 4.72 68.17 0.74 10.91 0.12 22.64 0.28 0.23 0.08
20 4.80 70.03 0.76 11.29 0.12 23.39 0.29 27.47 0.88
50 5.04 69.90 0.76 11.16 0.12 23.74 0.30 66.38 2.32
100 5.14 38.54 0.42 6.72 0.07 17.57 0.22 123.57 3.40
200 4.88 70.83 0.77 11.06 0.12 23.60 0.29 265.47 7.60
500 4.86 73.34 0.80 11.99 0.13 23.62 0.30 621.93 20.51
1000 5.04 48.52 0.53 8.76 0.09 20.82 0.26 1254.60 42.12
2000 5.07 32.31 0.35 5.79 0.06 14.57 0.18 2458.00 81.46
5000 5.14 46.64 0.51 7.87 0.08 19.27 0.24 6285.00 199.44
10000 4.94 56.94 0.62 9.77 0.10 21.22 0.27 12430.00 368.48

Kaolinite sorption solution IC Measurement - Element Concentrations ICP-MS Analysis
c(Se) in-weight volume pH_end c(N) SD c(P) SD c(S) SD c(Se) SD

[g] ± 0.0003 [mL] ± 10 [-] ± 0.05 [mg/L] [mg/L] [mg/L] [µg/L]

blnd
0 8.5257 170 6.48 71.15 0.47 4.57 0.04 23.55 0.21 2.15 0.07
20 8.4421 170 6.68 69.04 0.46 3.87 0.04 22.77 0.20 18.24 0.26
50 8.4133 170 6.64 70.13 0.46 4.27 0.04 23.12 0.21 46.37 0.96
100 8.6784 170 6.62 70.69 0.47 4.02 0.04 23.19 0.21 96.23 2.76
200 8.4258 170 6.66 69.90 0.46 4.19 0.04 23.09 0.21 193.75 5.20
500 8.4503 170 6.63 56.00 0.37 2.82 0.03 17.62 0.16 476.73 15.63
1000 8.4962 170 6.65 71.27 0.47 4.76 0.04 23.28 0.21 1019.27 29.00
2000 8.5001 170 6.74 69.67 0.46 4.04 0.04 22.77 0.20 1944.20 59.08
5000 8.4301 170 6.76 72.90 0.48 6.22 0.06 23.96 0.21 5178.33 134.29
10000 8.5542 170 6.86 70.69 0.47 8.08 0.08 23.05 0.21 10466.67 319.47

Kaolinite sorption + plant uptake solution IC Measurement - Element Concentrations ICP-MS Analysis
c(Se) dry plant mass in-weight volume pH_end c(N) SD c(P) SD c(S) SD c(Se) SD

[g] ± 0.0003 [g] ± 0.0003 [mL] ± 10 [-] ± 0.05 [mg/L] [mg/L] [mg/L] [µg/L]

blnd
0 8.4774 170 6.76 65.72 0.72 2.73 0.03 22.10 0.28 1.03 0.31
20 8.5647 170 6.71 67.53 0.74 2.55 0.03 23.31 0.29 24.13 0.98
50 8.5480 170 6.78 72.44 0.79 3.92 0.04 23.49 0.29 61.41 1.99
100 8.5118 170 6.74 63.86 0.70 2.42 0.03 22.59 0.28 104.25 3.56
200 8.5470 170 6.71 72.75 0.79 3.78 0.04 23.19 0.29 241.40 8.16
500 8.4568 170 6.64 0.14 0.00 0.04 0.00 0.25 0.00 538.47 19.30
1000 8.5207 170 6.68 62.32 0.68 2.80 0.03 23.10 0.29 1102.93 38.88
2000 8.4806 170 7.04 59.50 0.65 2.82 0.03 22.38 0.28 2303.33 68.71
5000 8.5390 170 6.70 70.89 0.77 2.73 0.03 23.69 0.30 5790.00 191.57
10000 8.4969 170 6.72 68.83 0.75 3.34 0.04 22.98 0.29 11331.67 371.16

Sorption Amount
c(Se) c(N) c(P) c(S) c(Se)

[mg/L] [%] [mg/L] [%] [mg/L] [%] [µg/L] [%]

0 2.45 3.59 8.18 74.96 0.54 2.40 -0.80 -349.57
20 2.49 3.56 8.74 77.42 0.08 0.33 3.34 12.16
50 -2.53 -3.63 7.24 64.92 0.25 1.06 4.97 7.48
100 -25.32 -65.71 4.30 64.02 -5.02 -28.60 19.31 15.63
200 -1.92 -2.70 7.28 65.83 0.41 1.75 24.07 9.07
500 73.20 99.80 11.95 99.70 23.37 98.94 83.47 13.42
1000 -13.81 -28.46 5.96 67.99 -2.28 -10.93 151.67 12.09
2000 -27.19 -84.17 2.97 51.32 -7.81 -53.61 154.67 6.29
5000 -24.24 -51.98 5.14 65.27 -4.42 -22.92 495.00 7.88
10000 -11.89 -20.88 6.44 65.84 -1.75 -8.26 1098.33 8.84

Plant Uptake + Sorption Amount
c(Se) c(N) c(P) c(S) c(Se)

[mg/L] [%] [mg/L] [%] [mg/L] [%] [µg/L] [%]

0 23.56 34.56 10.13 92.89 2.69 11.88 -1.21 -524.35
20 26.00 37.14 10.85 96.14 2.31 9.90 4.47 16.29
50 16.53 23.64 9.54 85.46 1.90 8.01 9.40 14.16
100 -10.67 -27.69 5.28 78.58 -3.96 -22.52 20.93 16.94
200 12.56 17.73 8.82 79.81 1.18 5.01 43.93 16.55
500 23.16 31.58 10.85 90.53 2.16 9.13 105.33 16.94
1000 -3.91 -8.06 7.15 81.66 -0.39 -1.89 212.60 16.95
2000 -15.36 -47.56 4.64 80.04 -5.38 -36.92 453.53 18.45
5000 -7.89 -16.92 6.34 80.61 -1.77 -9.18 1013.33 16.12
10000 4.34 7.62 7.95 81.31 0.47 2.21 2075.00 16.69
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Table C.17.: C results overview of sorption & plant uptake for Na2SeO4 in the presence of
goethite

Nut-Sol-Goethite-Se (Na2SeO4) Planting Date: 27.03.2014

initial solution IC Measurement - Element Concentrations ICP-MS Analysis
c(Se) pH_init c(N) SD c(P) SD c(S) SD c(Se) SD

[-] ± 0.05 [mg/L] [mg/L] [mg/L] [µg/L]

blnd 5.35 1.41 0.04 0.00 0.00 0.00 0.00 0.91 0.08
0 4.82 66.75 1.86 7.73 0.15 20.38 0.25 0.81 0.25
20 4.84 67.14 1.87 7.67 0.15 20.79 0.26 25.63 0.53
50 4.92 65.89 1.84 8.07 0.16 20.71 0.26 59.67 1.97
100 4.66 65.60 1.83 7.51 0.15 20.26 0.25 114.25 3.65
200 4.74 62.25 1.74 7.33 0.15 20.01 0.25 233.80 8.19
500 4.69 66.71 1.86 7.30 0.15 20.83 0.26 566.53 18.38
1000 4.51 69.48 1.94 8.23 0.16 21.12 0.26 1148.93 37.19
2000 4.56 61.95 1.73 7.18 0.14 19.49 0.24 2284.67 66.58
5000 4.65 57.30 1.60 7.77 0.16 20.57 0.25 2227.17 58.62
10000 4.58 59.91 1.67 8.62 0.17 19.64 0.24 4585.33 124.65

Goethite sorption solution IC Measurement - Element Concentrations ICP-MS Analysis
c(Se) in-weight volume pH_end c(N) SD c(P) SD c(S) SD c(Se) SD

[g] ± 0.0003 [mL] ± 10 [-] ± 0.05 [mg/L] [mg/L] [mg/L] [µg/L]

blnd
0 8.4641 170 7.04 66.11 1.84 0.00 0.00 18.27 0.23 0.72 0.13
20 8.4774 170 7.11 66.50 1.85 0.00 0.00 18.93 0.23 11.86 0.32
50 8.4950 170 7.99 65.43 1.82 0.00 0.00 18.64 0.23 29.95 1.00
100 8.4268 170 6.89 65.06 1.81 0.00 0.00 20.13 0.25 49.30 1.42
200 8.4529 170 6.94 54.67 1.52 0.00 0.00 18.63 0.23 98.02 1.41
500 8.4351 170 6.91 65.90 1.84 0.00 0.00 18.04 0.22 266.40 7.45
1000 8.5028 170 7.15 64.76 1.81 0.00 0.00 20.16 0.25 488.13 13.86
2000 8.4732 170 7.04 65.97 1.84 0.00 0.00 19.19 0.24 986.13 26.80
5000 8.4878 170 6.89 51.28 1.43 0.00 0.00 19.23 0.24 708.67 25.36
10000 8.4497 170 6.92 64.66 1.80 0.00 0.00 18.05 0.22 1826.17 55.10

Goethite sorption + plant uptake solution IC Measurement - Element Concentrations ICP-MS Analysis
c(Se) dry plant mass in-weight volume pH_end c(N) SD c(P) SD c(S) SD c(Se) SD

[g] ± 0.0003 [g] ± 0.0003 [mL] ± 10 [-] ± 0.05 [mg/L] [mg/L] [mg/L] [µg/L]

blnd
0 0.1349 8.5086 170 7.11 44.38 1.24 0.00 0.00 21.85 0.27 1.32 0.06
20 0.1549 8.4970 170 7.24 30.41 0.85 0.00 0.00 22.15 0.27 10.25 0.21
50 0.1147 8.5413 170 7.93 34.29 0.96 0.00 0.00 24.74 0.31 21.62 0.71
100 0.1039 8.4930 170 7.28 48.07 1.34 0.00 0.00 21.76 0.27 44.62 1.49
200 0.1427 8.4701 170 7.25 44.69 1.25 0.00 0.00 21.68 0.27 82.28 2.58
500 0.1185 8.4978 170 7.89 35.80 1.00 0.00 0.00 21.91 0.27 195.68 5.98
1000 0.1027 8.4561 170 7.22 51.25 1.43 0.00 0.00 22.24 0.27 422.27 11.14
2000 0.1241 8.4901 170 6.93 42.65 1.19 0.00 0.00 23.89 0.30 825.73 18.93
5000 0.1274 8.4686 170 7.97 39.96 1.11 0.00 0.00 18.18 0.22 816.17 26.27
10000 0.1050 8.5120 170 7.13 46.41 1.29 0.00 0.00 21.87 0.27 1692.00 45.89

Sorption Amount
c(Se) c(N) c(P) c(S) c(Se)

[mg/L] [%] [mg/L] [%] [mg/L] [%] [µg/L] [%]

0 0.64 0.97 7.73 100.00 2.10 10.33 0.09 10.75
20 0.64 0.95 7.67 100.00 1.85 8.91 13.76 53.70
50 0.46 0.70 8.07 100.00 2.07 9.99 29.71 49.80
100 0.55 0.83 7.51 100.00 0.13 0.63 64.95 56.85
200 7.58 12.18 7.33 100.00 1.38 6.88 135.78 58.08
500 0.80 1.21 7.30 100.00 2.79 13.38 300.13 52.98
1000 4.72 6.79 8.23 100.00 0.97 4.57 660.80 57.51
2000 -4.02 -6.50 7.18 100.00 0.30 1.54 1298.53 56.84
5000 6.03 10.52 7.77 100.00 1.35 6.54 1518.50 68.18
10000 -4.75 -7.94 8.62 100.00 1.59 8.09 2759.17 60.17

Plant Uptake + Sorption Amount
c(Se) c(N) c(P) c(S) c(Se)

[mg/L] [%] [mg/L] [%] [mg/L] [%] [µg/L] [%]

0 22.38 33.52 7.73 100.00 -1.47 -7.22 -0.51 -63.61
20 36.73 54.70 7.67 100.00 -1.37 -6.58 15.38 60.00
50 31.60 47.96 8.07 100.00 -4.03 -19.44 38.05 63.77
100 17.53 26.72 7.51 100.00 -1.50 -7.43 69.63 60.95
200 17.56 28.21 7.33 100.00 -1.67 -8.36 151.52 64.81
500 30.91 46.33 7.30 100.00 -1.08 -5.19 370.85 65.46
1000 18.22 26.23 8.23 100.00 -1.12 -5.29 726.67 63.25
2000 19.30 31.15 7.18 100.00 -4.40 -22.59 1458.93 63.86
5000 17.35 30.27 7.77 100.00 2.39 11.63 1411.00 63.35
10000 13.50 22.53 8.62 100.00 -2.24 -11.39 2893.33 63.10
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C.5.1. C SEM images
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Figure C.5.: SEM images of untreated kaolinite (magnification 15 000 and 50 000)
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Figure C.6.: SEM images of kaolinite after sorption of 5000 µg/L Se as Na2SeO3 in Exp. C
(magnification 15 000 and 50 000)
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Figure C.7.: SEM images of kaolinite after sorption of 5000 µg/L Se as Na2SeO4 in Exp. C
(magnification 15 000 and 50 000)
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Figure C.8.: SEM images of untreated goethite (magnification 6 000, 15 000 and 50 000)
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Figure C.9.: SEM images of goethite after sorption of 5000 µg/L Se as Na2SeO3 in Exp. C
(magnification 6 000, 15 000 and 50 000)
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Figure C.10.: SEM images of goethite after sorption of 5000 µg/L Se as Na2SeO4 in Exp. C
(magnification 6 000, 15 000 and 50 000)
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C.5.2. C XANES Spectra
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Figure C.11.: all XANES spectra of each region of interest (ROI) on a rice plant treated
with 500 µg/L Se as Na2SeO3;
right: microscope image (200 µm length indicated in red) of the ROI; super-
imposed: result of a fluorescence scan at 12.66 keV across the ROI; letters
of the alphabet show where XANES spectra were measured; below each graph:
area of XANES spectra on the microscopic image;
left: XANES spectra of ROI (each a merge of 2 spectra taken at the ex-
act same spot); green, red & blue indicating peak lines for selenomethionine
(12.661 keV), selenite (12.664 keV) and selenate (12.667 keV), respectively))
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Figure C.12.: all XANES spectra of each region of interest (ROI) on a rice plant treated
with 500 µg/L Se as Na2SeO3;
right: microscope image (200 µm length indicated in red) of the ROI; super-
imposed: result of a fluorescence scan at 12.66 keV across the ROI; letters
of the alphabet show where XANES spectra were measured; below each graph:
area of XANES spectra on the microscopic image;
left: XANES spectra of ROI (each a merge of 2 spectra taken at the ex-
act same spot); green, red & blue indicating peak lines for selenomethionine
(12.661 keV), selenite (12.664 keV) and selenate (12.667 keV), respectively))
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Figure C.13.: all XANES spectra of each region of interest (ROI) on a rice plant treated
with 500 µg/L Se as Na2SeO3;
right: microscope image (200 µm length indicated in red) of the ROI; super-
imposed: result of a fluorescence scan at 12.66 keV across the ROI; letters
of the alphabet show where XANES spectra were measured; below each graph:
area of XANES spectra on the microscopic image;
left: XANES spectra of ROI (each a merge of 2 spectra taken at the ex-
act same spot); green, red & blue indicating peak lines for selenomethionine
(12.661 keV), selenite (12.664 keV) and selenate (12.667 keV), respectively))
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Figure C.14.: all XANES spectra of each region of interest (ROI) on a rice plant treated
with 500 µg/L Se as Na2SeO4;
right: microscope image (200 µm length indicated in red) of the ROI; super-
imposed: result of a fluorescence scan at 12.66 keV across the ROI; letters
of the alphabet show where XANES spectra were measured; below each graph:
area of XANES spectra on the microscopic image;
left: XANES spectra of ROI (each a merge of 2 spectra taken at the ex-
act same spot); green, red & blue indicating peak lines for selenomethionine
(12.661 keV), selenite (12.664 keV) and selenate (12.667 keV), respectively))
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Figure C.15.: all XANES spectra of each region of interest (ROI) on a rice plant treated
with 500 µg/L Se as Na2SeO4;
right: microscope image (200 µm length indicated in red) of the ROI; super-
imposed: result of a fluorescence scan at 12.66 keV across the ROI; letters
of the alphabet show where XANES spectra were measured; below each graph:
area of XANES spectra on the microscopic image;
left: XANES spectra of ROI (each a merge of 2 spectra taken at the ex-
act same spot); green, red & blue indicating peak lines for selenomethionine
(12.661 keV), selenite (12.664 keV) and selenate (12.667 keV), respectively))
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Figure C.16.: all XANES spectra of each region of interest (ROI) on a rice plant treated
with 500 µg/L Se as Na2SeO4;
right: microscope image (200 µm length indicated in red) of the ROI; super-
imposed: result of a fluorescence scan at 12.66 keV across the ROI; letters
of the alphabet show where XANES spectra were measured; below each graph:
area of XANES spectra on the microscopic image;
left: XANES spectra of ROI (each a merge of 2 spectra taken at the ex-
act same spot); green, red & blue indicating peak lines for selenomethionine
(12.661 keV), selenite (12.664 keV) and selenate (12.667 keV), respectively))
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Figure C.17.: all XANES spectra of each region of interest (ROI) on a rice plant treated
with 2000 µg/L Se as Na2SeO3;
right: microscope image (200 µm length indicated in red) of the ROI; super-
imposed: result of a fluorescence scan at 12.66 keV across the ROI; letters
of the alphabet show where XANES spectra were measured; below each graph:
area of XANES spectra on the microscopic image;
left: XANES spectra of ROI (each a merge of 2 spectra taken at the ex-
act same spot); green, red & blue indicating peak lines for selenomethionine
(12.661 keV), selenite (12.664 keV) and selenate (12.667 keV), respectively))
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Figure C.18.: all XANES spectra of each region of interest (ROI) on a rice plant treated
with 2000 µg/L Se as Na2SeO3;
right: microscope image (200 µm length indicated in red) of the ROI; super-
imposed: result of a fluorescence scan at 12.66 keV across the ROI; letters
of the alphabet show where XANES spectra were measured; below each graph:
area of XANES spectra on the microscopic image;
left: XANES spectra of ROI (each a merge of 2 spectra taken at the ex-
act same spot); green, red & blue indicating peak lines for selenomethionine
(12.661 keV), selenite (12.664 keV) and selenate (12.667 keV), respectively))
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Figure C.19.: all XANES spectra of each region of interest (ROI) on a rice plant treated
with 2000 µg/L Se as Na2SeO3;
right: microscope image (200 µm length indicated in red) of the ROI; super-
imposed: result of a fluorescence scan at 12.66 keV across the ROI; letters
of the alphabet show where XANES spectra were measured; below each graph:
area of XANES spectra on the microscopic image;
left: XANES spectra of ROI (each a merge of 2 spectra taken at the ex-
act same spot); green, red & blue indicating peak lines for selenomethionine
(12.661 keV), selenite (12.664 keV) and selenate (12.667 keV), respectively))
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Figure C.20.: all XANES spectra of each region of interest (ROI) on a rice plant treated
with 2000 µg/L Se as Na2SeO4;
right: microscope image (200 µm length indicated in red) of the ROI; super-
imposed: result of a fluorescence scan at 12.66 keV across the ROI; letters
of the alphabet show where XANES spectra were measured; below each graph:
area of XANES spectra on the microscopic image;
left: XANES spectra of ROI (each a merge of 2 spectra taken at the ex-
act same spot); green, red & blue indicating peak lines for selenomethionine
(12.661 keV), selenite (12.664 keV) and selenate (12.667 keV), respectively))
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Figure C.21.: all XANES spectra of each region of interest (ROI) on a rice plant treated
with 2000 µg/L Se as Na2SeO4;
right: microscope image (200 µm length indicated in red) of the ROI; super-
imposed: result of a fluorescence scan at 12.66 keV across the ROI; letters
of the alphabet show where XANES spectra were measured; below each graph:
area of XANES spectra on the microscopic image;
left: XANES spectra of ROI (each a merge of 2 spectra taken at the ex-
act same spot); green, red & blue indicating peak lines for selenomethionine
(12.661 keV), selenite (12.664 keV) and selenate (12.667 keV), respectively))
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Figure C.22.: all XANES spectra of each region of interest (ROI) on a rice plant treated
with 10000 µg/L Se as Na2SeO3;
right: microscope image (200 µm length indicated in red) of the ROI; super-
imposed: result of a fluorescence scan at 12.66 keV across the ROI; letters
of the alphabet show where XANES spectra were measured; below each graph:
area of XANES spectra on the microscopic image;
left: XANES spectra of ROI (each a merge of 2 spectra taken at the ex-
act same spot); green, red & blue indicating peak lines for selenomethionine
(12.661 keV), selenite (12.664 keV) and selenate (12.667 keV), respectively))
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Figure C.23.: all XANES spectra of each region of interest (ROI) on a rice plant treated
with 10000 µg/L Se as Na2SeO3;
right: microscope image (200 µm length indicated in red) of the ROI; super-
imposed: result of a fluorescence scan at 12.66 keV across the ROI; letters
of the alphabet show where XANES spectra were measured; below each graph:
area of XANES spectra on the microscopic image;
left: XANES spectra of ROI (each a merge of 2 spectra taken at the ex-
act same spot); green, red & blue indicating peak lines for selenomethionine
(12.661 keV), selenite (12.664 keV) and selenate (12.667 keV), respectively))
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Figure C.24.: all XANES spectra of each region of interest (ROI) on a rice plant treated
with 10000 µg/L Se as Na2SeO3;
right: microscope image (200 µm length indicated in red) of the ROI; super-
imposed: result of a fluorescence scan at 12.66 keV across the ROI; letters
of the alphabet show where XANES spectra were measured; below each graph:
area of XANES spectra on the microscopic image;
left: XANES spectra of ROI (each a merge of 2 spectra taken at the ex-
act same spot); green, red & blue indicating peak lines for selenomethionine
(12.661 keV), selenite (12.664 keV) and selenate (12.667 keV), respectively))
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Figure C.25.: all XANES spectra of each region of interest (ROI) on a rice plant treated
with 10000 µg/L Se as Na2SeO4;
right: microscope image (200 µm length indicated in red) of the ROI; super-
imposed: result of a fluorescence scan at 12.66 keV across the ROI; letters
of the alphabet show where XANES spectra were measured; below each graph:
area of XANES spectra on the microscopic image;
left: XANES spectra of ROI (each a merge of 2 spectra taken at the ex-
act same spot); green, red & blue indicating peak lines for selenomethionine
(12.661 keV), selenite (12.664 keV) and selenate (12.667 keV), respectively))
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Figure C.26.: all XANES spectra of each region of interest (ROI) on a rice plant treated
with 10000 µg/L Se as Na2SeO4;
right: microscope image (200 µm length indicated in red) of the ROI; super-
imposed: result of a fluorescence scan at 12.66 keV across the ROI; letters
of the alphabet show where XANES spectra were measured; below each graph:
area of XANES spectra on the microscopic image;
left: XANES spectra of ROI (each a merge of 2 spectra taken at the ex-
act same spot); green, red & blue indicating peak lines for selenomethionine
(12.661 keV), selenite (12.664 keV) and selenate (12.667 keV), respectively))

cxcvi



C.5. C results overview - desorption data cxcvii

Table C.19.: C results for linear combination fitting of merged XANES spectra between
12628 and 12688 eV, fitting all combinations

Na2SeO3 Na2SeO4

c(Se) org. Se SeO3
2- SeO4

2- R-factor c(Se) org. Se SeO3
2- SeO4

2-

500 µg/L [%] SD [%] SD [%] SD [-] 500 µg/L [%] SD [%] SD [%] SD [-]

root 01 73.32 10.11 26.68 2.50 0.00 0.00 1.57 root 01 31.01 1.94 5.72 2.26 63.27 3.13 0.75
root 02 76.02 11.10 23.98 2.05 0.00 0.00 1.07 root 02 32.12 2.05 6.11 2.38 61.77 3.14 0.89
root 03 78.59 7.44 21.41 13.91 0.00 0.00 0.96
root 04 83.97 9.96 16.03 1.65 0.00 0.00 0.78 root 04 52.71 2.12 17.27 2.46 30.01 3.48 1.08
root 05 85.21 12.69 14.79 1.52 0.00 0.00 0.67
root 06 90.75 25.02 9.25 1.38 0.00 0.00 0.56 root 06 50.03 2.17 18.43 2.52 31.55 4.60 1.23
root 07 100.00 10.59 0.00 0.00 0.00 0.00 0.51 root 07 42.67 19.42 16.01 1.57 41.32 0.76 0.47
root 08 91.76 1.52 8.24 0.14 0.00 0.00 0.71

mean 84.95 11.05 15.05 2.89 0.00 0.00 0.85 mean 41.71 5.54 12.71 2.24 45.58 3.02 0.88
SD 8.97 6.59 8.97 4.54 0.00 0.00 0.35 SD 9.97 7.76 6.26 0.39 16.07 1.40 0.29

shoot 01 63.98 2.65 36.02 2.65 0.00 0.00 1.97 shoot 01 44.92 2.69 22.78 4.33 32.30 1.51 2.02
shoot 02 63.31 3.75 36.69 3.75 0.00 0.00 3.59 shoot 02 32.87 2.37 9.47 2.76 57.65 3.64 1.25
shoot 03 66.58 2.39 33.42 2.39 0.00 0.00 1.63 shoot 03 41.39 2.24 27.74 3.76 30.87 1.26 1.39
shoot 04 73.90 2.08 26.10 2.08 0.00 0.00 1.22 shoot 04 29.68 1.36 5.59 1.56 64.72 0.77 0.38
shoot 05 71.45 3.49 28.55 3.49 0.00 0.00 2.94 shoot 05 56.49 1.25 11.04 3.68 32.47 0.71 0.46
shoot 06 49.72 2.90 50.28 2.90 0.00 0.00 2.20 shoot 06 26.65 1.85 5.91 2.15 67.44 3.40 0.65
shoot 07 65.40 2.93 34.60 2.93 0.00 0.00 2.25 shoot 07 33.27 2.80 15.57 2.29 51.16 1.11 0.88

mean 64.90 2.88 35.10 2.88 0.00 0.00 2.26 mean 37.90 2.08 14.02 2.93 48.09 1.77 1.00
SD 7.75 0.59 7.75 0.59 0.00 0.00 0.80 SD 10.39 0.61 8.50 1.01 16.03 1.23 0.59

2000 µg/L 2000 µg/L

root 01 89.13 13.20 10.87 1.61 0.00 0.70 0.43 root 01 13.79 24.36 15.07 2.65 71.14 1.28 0.92
root 02 97.01 145.02 1.01 1.51 1.98 0.72 0.48 root 02 32.47 1.59 10.39 1.85 57.14 14.30 0.55
root 03 100.00 1.00 0.00 0.00 0.00 0.00 0.62 root 03 63.97 3.04 26.78 1.82 9.25 0.88 0.71
root 04 97.08 17.34 0.00 0.00 2.92 0.52 0.34
root 05 94.09 35.21 4.02 1.51 1.89 0.71 0.48 root 05 80.12 2.37 14.86 1.56 5.02 0.76 0.55

mean 95.46 42.35 3.18 0.92 1.36 0.53 0.47 mean 47.59 7.84 16.77 1.97 35.64 4.31 0.68
SD 4.11 58.69 4.60 0.85 1.30 0.31 0.10 SD 29.99 11.03 7.01 0.47 33.45 6.67 0.17

shoot 01 68.76 2.94 31.24 2.94 0.00 0.00 2.31 shoot 01 55.90 1.37 22.32 3.73 21.78 0.77 0.54
shoot 02 63.31 3.75 36.69 3.75 0.00 0.00 3.59
shoot 03 72.93 2.00 27.07 4.13 0.00 0.00 1.11 shoot 03 55.90 1.37 22.32 1.59 21.78 2.10 0.5433
shoot 04 67.75 3.16 32.25 2.41 0.00 0.00 1.54 shoot 04 38.20 1.50 17.77 1.75 44.03 2.54 0.5436
shoot 05 69.12 2.58 30.88 2.58 0.00 0.00 1.76 shoot 05 50.25 1.19 19.78 1.36 29.97 0.67 0.3636
shoot 06 75.89 1.89 24.11 3.74 0.00 0.00 1.01 shoot 06 25.31 2.86 10.03 3.29 64.66 1.61 1.4508
shoot 07 68.84 3.21 31.16 3.21 0.00 0.00 2.57 shoot 07 33.31 1.71 17.18 1.99 49.51 2.85 0.6466
shoot 08 74.78 1.82 25.22 4.31 0.00 0.00 0.92 shoot 08 51.95 6.07 17.57 1.59 30.49 0.77 0.5189
shoot 09 100.00 2.73 0.00 2.41 0.00 0.00 1.78 shoot 09 47.62 1.29 13.18 7.51 39.20 0.73 0.4220

mean 73.49 2.68 26.51 3.28 0.00 0.00 1.84 mean 44.80 2.17 17.52 2.85 37.68 1.50 0.63
SD 10.67 0.67 10.67 0.74 0.00 0.00 0.86 SD 11.28 1.66 4.25 2.07 14.77 0.90 0.34

10000 µg/L 10000 µg/L

root 01 100.00 1.78 0.00 0.00 0.00 0.00 1.38 root 01 42.53 21.03 6.11 1.52 51.36 0.74 0.39
root 02 94.64 1.68 2.54 1.95 2.83 2.58 0.84 root 02 47.50 1.15 8.41 1.33 44.09 1.76 0.32
root 03 100.00 1.13 0.00 0.00 0.00 0.00 0.74 root 03 56.60 17.46 31.33 2.09 12.07 1.01 0.89
root 04 100.00 1.22 0.00 0.00 0.00 0.00 0.89 root 04 68.20 2.35 23.31 1.79 8.49 0.87 0.66
root 05 99.40 1.80 0.60 1.80 0.00 0.00 0.97
root 06 100.00 2.91 0.00 0.00 0.00 0.00 1.87
root 07 100.00 2.05 0.00 2.05 0.00 0.00 1.26
root 08 100.00 1.78 0.00 0.00 0.00 0.00 1.98
root 09 100.00 1.50 0.00 0.00 0.00 0.00 1.35

mean 99.34 1.76 0.35 0.64 0.31 0.29 1.25 mean 53.71 10.49 17.29 1.69 29.00 1.09 0.56
SD 1.77 0.52 0.84 0.97 0.94 0.86 0.44 SD 11.28 10.22 12.07 0.33 21.87 0.46 0.26

shoot 01 75.49 2.53 24.51 1.99 0.00 0.00 1.12 shoot 01 58.43 17.5 19.88 1.65 21.69 0.80 0.52
shoot 02 74.26 138.12 25.74 1.87 0.00 0.00 0.97 shoot 02 55.80 16.68 12.70 1.59 31.50 0.77 0.52
shoot 03 80.66 1.45 19.34 1.45 0.00 0.00 0.62 shoot 03 66.46 1.36 22.27 4.18 11.27 0.77 0.51
shoot 04 81.12 1.41 18.88 1.41 0.00 0.00 0.57 shoot 04 51.80 19.02 12.24 1.51 35.96 0.73 0.45
shoot 05 75.75 1.75 24.25 1.75 0.00 0.00 0.87 shoot 05 47.58 8.24 9.52 1.48 42.90 0.72 0.41
shoot 06 80.61 1.54 19.39 1.54 0.00 0.00 0.70 shoot 06 50.05 1.62 6.79 1.46 43.16 0.71 0.40

shoot 07 49.91 7.81 9.13 1.24 40.97 0.60 0.29

mean 77.98 24.47 22.02 1.67 0.00 0.00 0.81 mean 54.29 10.32 13.22 1.87 32.49 0.73 0.44
SD 3.13 55.68 3.13 0.24 0.00 0.00 0.21 SD 6.53 7.46 5.76 1.03 12.07 0.07 0.09
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C.5.3. C analytical data
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Table C.20.: C analytical data - HG-FIAS measurement I
Technique AA FIAS-MHS
Spectrometer Model Aanalyst 200 S/N 200S6110908
Autosampler Model AS-90plus

Batch ID Plant Digestions
Results Data Set Nothstein_2014_07_01
Date Measured 01.07.2014
Method Name Se Nothstein calib 6c

correl. coeff. PQL (= lowest calib-10 %) 0.450
0.999458 LOQ (= 7·wash) -0.252
calib. slope LOD (= 3·wash) -0.108
0.01021 analytical quality [%] 117.935

Mean entered calc.
Calibration Sample ID signal SD c(Se) c(Se) SD

[-] [-] [µg/L] [µg/L] [µg/L]

1 Blank 0.0000 0.0018 0.0 0.00 0.00
2 0.5 ppb 0.0044 0.0008 0.5 0.43 0.08
3 0.75 ppb 0.0069 0.0008 0.75 0.68 0.08
4 1.0 ppb 0.0100 0.0014 1.0 0.98 0.14
5 2.0 ppb 0.0212 0.0018 2.0 2.07 0.18
6 4.0 ppb 0.0397 0.0007 4.0 3.89 0.07
7 5.0 ppb 0.0517 0.0017 5.0 5.06 0.17
8 6.0 ppb 0.0614 0.0008 6.0 6.01 0.08

c(Se) c(Se) SD dilution c(Se)
Sequence No. Sample ID diluted SD driftcorr. driftcorr. factor conc. SD

[µg/L] [µg/L] [µg/L] [µg/L] [-] [µg/L] [µg/L]

1 Wash Milli-Q 0.116 0.192 0.116 0.192 1 0.12 0.19
2 wash -0.086 0.105 -0.086 0.105 1 -0.09 0.11
3 6M HCl Blank -0.123 0.103 -0.141 0.117 4 -0.56 0.47
4 Trace Metal 252 µg/L 2.605 0.157 2.519 0.151 120 302.26 18.18
5 wash 0.072 0.100 0.072 0.100 1 0.07 0.10
6 Se_Std_0 0.002 0.202 0.002 0.202 1 0.00 0.20
7 Se_Std_0.5 0.374 0.084 0.374 0.084 1 0.37 0.08
8 Se_Std_0.75 0.688 0.140 0.688 0.140 1 0.69 0.14
9 Se_Std_1 0.824 0.171 0.824 0.171 1 0.82 0.17
10 Se_Std_2 2.140 0.046 2.140 0.046 1 2.14 0.05
11 Se_Std_4 4.499 0.205 4.499 0.205 1 4.50 0.21
12 Se_Std_5 5.400 0.118 5.400 0.118 1 5.40 0.12
13 Se_Std_6 6.620 0.181 6.620 0.181 1 6.62 0.18
14 wash -0.137 0.178 -0.137 0.178 1 -0.14 0.18
15 wash -0.067 0.076 -0.067 0.076 1 -0.07 0.08
16 2014-06-16 digestion blank 0.117 0.271 0.129 0.299 8 < PQL < PQL
17 2014-06-16 digestion Std Wheat 1567a 1.450 0.159 1.550 0.170 8 12.40 1.36
18 2014-06-16 0 µg/L Shoot -0.029 0.080 -0.032 0.088 8 < PQL < PQL
19 2014-06-16 0 µg/L Root 0.005 0.074 0.005 0.082 8 < PQL < PQL
20 2014-06-16 20 µg/L Shoot 2.108 0.126 1.925 0.115 4 7.70 0.46
21 2014-06-16 20 µg/L Root 0.260 0.109 0.286 0.120 4 1.14 0.48
22 2014-06-16 50 µg/L Shoot 5.757 0.213 5.220 0.193 8 41.76 1.54
23 2014-06-16 50 µg/L Root 1.018 0.163 0.930 0.149 8 7.44 1.19
24 2014-06-16 100 µg/L Shoot 3.720 0.143 3.085 0.119 40 123.40 4.75
25 2014-06-16 100 µg/L Root 0.439 0.089 0.400 0.081 40 16.02 3.25
26 wash -0.083 0.106 -0.083 0.106 1 -0.08 0.11
27 Se_Std_0 -0.098 0.058 -0.098 0.058 1 -0.10 0.06
28 Se_Std_0.5 0.407 0.140 0.407 0.140 1 0.41 0.14
29 Se_Std_0.75 0.812 0.143 0.812 0.143 1 0.81 0.14
30 Se_Std_1 0.999 0.127 0.999 0.127 1 1.00 0.13
31 Se_Std_2 2.362 0.072 2.362 0.072 1 2.36 0.07
32 Se_Std_4 4.599 0.193 4.599 0.193 1 4.60 0.19
33 Se_Std_5 5.671 0.143 5.671 0.143 1 5.67 0.14
34 Se_Std_6 6.845 0.192 6.845 0.192 1 6.84 0.19
35 wash -0.032 0.133 -0.032 0.133 1 -0.03 0.13
36 wash -0.053 0.071 -0.053 0.071 1 -0.05 0.07
37 2014-06-17 digestion blank -0.101 0.077 -0.107 0.082 8 < PQL < PQL
38 2014-06-17 digestion Std Wheat 1567a 1.447 0.104 1.372 0.098 8 10.98 0.79
39 2014-06-17 200 µg/L Shoot 4.851 0.212 3.931 0.172 40 157.23 6.88
40 2014-06-17 200 µg/L Root 0.693 0.129 0.578 0.108 40 23.12 4.32
41 2014-06-17 500 µg/L Shoot 8.031 0.171 7.082 0.151 80 > calib > calib
42 2014-06-17 500 µg/L Root 1.562 0.050 1.378 0.044 80 110.23 3.54
43 2014-06-17 1000 µg/L Shoot 13.127 0.517 11.576 0.456 80 > calib > calib
44 2014-06-17 1000 µg/L Root 2.438 0.118 2.151 0.104 80 172.04 8.33
45 2014-06-17 2000 µg/L Shoot 7.425 0.198 6.548 0.174 400 > calib > calib
46 2014-06-17 2000 µg/L Root 2.154 0.136 1.900 0.120 200 379.99 23.92
47 wash -0.019 0.104 -0.019 0.104 1 -0.02 0.10
48 Se_Std_0 -0.020 0.130 -0.020 0.130 1 -0.02 0.13
49 Se_Std_0.5 0.405 0.144 0.405 0.144 1 0.41 0.14
50 Se_Std_0.75 0.767 0.096 0.767 0.096 1 0.77 0.10
51 Se_Std_1 1.060 0.126 1.060 0.126 1 1.06 0.13
52 Se_Std_2 2.268 0.129 2.268 0.129 1 2.27 0.13
53 Se_Std_4 4.647 0.222 4.647 0.222 1 4.65 0.22
54 Se_Std_5 5.554 0.025 5.554 0.025 1 5.55 0.02
55 Se_Std_6 6.600 0.172 6.600 0.172 1 6.60 0.17
56 wash -0.171 0.121 -0.171 0.121 1 -0.17 0.12
57 wash -0.001 0.098 -0.001 0.098 1 0.00 0.10
58 2014-06-20 digestion blank -0.080 0.066 -0.082 0.067 8 < PQL < PQL
59 2014-06-20 digestion Std Wheat 1567a 1.470 0.201 1.421 0.195 8 11.37 1.56
60 2014-06-20 5000 µg/L Shoot 13.901 0.384 12.218 0.337 400 > calib > calib
61 2014-06-20 5000 µg/L Root 5.147 0.237 4.672 0.215 200 934.41 43.07
62 2014-06-20 10 000 µg/L Shoot 17.572 0.117 15.445 0.103 400 > calib > calib
63 2014-06-20 10 000 µg/L Root 8.103 0.077 7.122 0.068 200 > calib > calib
64 2014-06-20 0 µg/L Shoot 0.011 0.117 0.011 0.119 8 < PQL < PQL
65 2014-06-20 0 µg/L Root -0.105 0.061 -0.106 0.062 8 < PQL < PQL
66 2014-06-20 20 µg/L Shoot 1.214 0.082 1.174 0.080 8 9.39 0.64
67 2014-06-20 20 µg/L Root 1.293 0.180 1.250 0.174 8 10.00 1.39

cxcix



cc C. C Datasheets - plant-uptake sorption experiments

Table C.21.: C analytical data - HG-FIAS measurement I (continued from previous page)
c(Se) c(Se) SD dilution c(Se)

Sequence No. Sample ID diluted SD driftcorr. driftcorr. factor conc. SD
[µg/L] [µg/L] [µg/L] [µg/L] [-] [µg/L] [µg/L]

68 wash -0.098 0.086 -0.098 0.086 1 -0.10 0.09
69 Se_Std_0 -0.045 0.047 -0.045 0.047 1 -0.05 0.05
70 Se_Std_0.5 0.449 0.142 0.449 0.142 1 0.45 0.14
71 Se_Std_0.75 0.739 0.053 0.739 0.053 1 0.74 0.05
72 Se_Std_1 0.963 0.034 0.963 0.034 1 0.96 0.03
73 Se_Std_2 2.300 0.296 2.300 0.296 1 2.30 0.30
74 Se_Std_4 4.464 0.170 4.464 0.170 1 4.46 0.17
75 Se_Std_5 5.506 0.092 5.506 0.092 1 5.51 0.09
76 Se_Std_6 6.879 0.133 6.879 0.133 1 6.88 0.13
77 wash 0.002 0.075 0.002 0.075 1 0.00 0.07
78 wash -0.077 0.106 -0.077 0.106 1 -0.08 0.11
79 2014-06-23 digestion blank -0.053 0.156 -0.058 0.171 8 < PQL < PQL
80 2014-06-23 digestion Std Wheat 1567a 1.535 0.084 1.433 0.078 8 11.47 0.63
81 2014-06-23 50 µg/L Shoot 3.917 0.176 3.219 0.145 8 25.75 1.16
82 2014-06-23 50 µg/L Root 4.072 0.129 3.346 0.106 8 26.77 0.85
83 2014-06-23 100 µg/L Shoot 0.828 0.062 0.787 0.059 40 31.48 2.36
84 2014-06-23 100 µg/L Root 0.418 0.108 0.458 0.118 40 18.33 4.74
85 2014-06-23 200 µg/L Shoot 3.863 0.146 3.175 0.120 40 126.98 4.81
86 2014-06-23 200 µg/L Root 4.150 0.122 3.410 0.101 40 136.42 4.02
87 2014-06-23 500 µg/L Shoot 3.335 0.080 2.741 0.066 80 219.24 5.27
88 2014-06-23 500 µg/L Root 4.402 0.227 3.617 0.187 80 289.40 14.95
89 wash -0.061 0.136 -0.061 0.136 1 -0.06 0.14
90 Se_Std_0 -0.018 0.189 -0.018 0.189 1 -0.02 0.19
91 Se_Std_0.5 0.336 0.129 0.336 0.129 1 0.34 0.13
92 Se_Std_0.75 0.682 0.112 0.682 0.112 1 0.68 0.11
93 Se_Std_1 1.125 0.186 1.125 0.186 1 1.13 0.19
94 Se_Std_2 2.275 0.103 2.275 0.103 1 2.27 0.10
95 Se_Std_4 4.693 0.049 4.693 0.049 1 4.69 0.05
96 Se_Std_5 5.827 0.164 5.827 0.164 1 5.83 0.16
97 Se_Std_6 6.777 0.229 6.777 0.229 1 6.78 0.23
98 wash 0.058 0.144 0.058 0.144 1 0.06 0.14
99 wash -0.033 0.070 -0.033 0.070 1 -0.03 0.07
100 2014-06-24 digestion blank -0.067 0.114 -0.073 0.125 8 < PQL < PQL
101 2014-06-24 digestion Std Wheat 1567a 1.495 0.175 1.290 0.151 8 10.32 1.21
102 2014-06-24 1000 µg/L Shoot 7.286 0.136 6.132 0.115 80 > calib > calib
103 2014-06-24 1000 µg/L Root 9.085 0.204 7.646 0.171 80 > calib > calib
104 2014-06-24 2000 µg/L Shoot 2.127 0.106 1.814 0.091 400 725.40 36.24
105 2014-06-24 2000 µg/L Root 6.997 0.243 5.889 0.204 200 > calib > calib
106 2014-06-24 5000 µg/L Shoot 2.674 0.108 2.280 0.092 400 911.87 36.90
107 2014-06-24 5000 µg/L Root 11.693 0.371 9.842 0.312 200 > calib > calib
108 2014-06-24 10 000 µg/L Shoot 1.326 0.092 1.144 0.080 400 457.57 31.82
109 2014-06-24 10 000 µg/L Root 10.627 0.282 8.944 0.237 200 > calib > calib
110 wash 0.022 0.113 0.022 0.113 1 0.02 0.11
111 Se_Std_0 -0.032 0.120 -0.032 0.120 1 -0.03 0.12
112 Se_Std_0.5 0.449 0.121 0.449 0.121 1 0.45 0.12
113 Se_Std_0.75 0.871 0.165 0.871 0.165 1 0.87 0.16
114 Se_Std_1 1.101 0.163 1.101 0.163 1 1.10 0.16
115 Se_Std_2 2.478 0.073 2.478 0.073 1 2.48 0.07
116 Se_Std_4 4.747 0.065 4.747 0.065 1 4.75 0.06
117 Se_Std_5 5.892 0.154 5.892 0.154 1 5.89 0.15
118 Se_Std_6 7.151 0.162 7.151 0.162 1 7.15 0.16
119 wash -0.014 0.127 -0.014 0.127 1 -0.01 0.13
120 wash -0.045 0.120 -0.045 0.120 1 -0.05 0.12
121 2014-06-17 500 µg/L Shoot 4.324 0.180 3.293 0.137 160 526.93 21.98
122 2014-06-17 1000 µg/L Shoot 3.192 0.127 2.431 0.096 400 972.45 38.55
123 2014-06-17 2000 µg/L Shoot 4.071 0.277 3.101 0.211 800 2480.51 168.82
124 2014-06-20 5000 µg/L Shoot 3.484 0.110 2.654 0.083 2000 5307.36 166.85
125 2014-06-20 10 000 µg/L Shoot 2.487 0.054 2.091 0.046 4000 8362.85 182.62
126 2014-06-20 10 000 µg/L Root 2.715 0.291 2.282 0.244 600 1369.43 146.65
127 2014-06-24 1000 µg/L Shoot 3.708 0.210 2.824 0.160 160 451.86 25.65
128 2014-06-24 1000 µg/L Root 4.966 0.158 4.045 0.129 160 647.14 20.63
129 2014-06-24 2000 µg/L Root 3.584 0.341 2.730 0.260 400 1091.88 103.97
130 2014-06-24 5000 µg/L Root 6.510 0.197 5.323 0.161 400 2129.21 64.33
131 2014-06-24 10 000 µg/L Root 5.860 0.217 4.792 0.177 400 1916.89 70.92
132 wash -0.118 0.178 -0.118 0.178 1 -0.12 0.18
133 6M HCl Blank -0.064 0.081 -0.072 0.092 4 -0.29 0.37
134 Trace Metal 252 µg/L 2.773 0.124 2.434 0.109 120 292.13 13.07
135 wash -0.105 0.117 -0.105 0.117 1 -0.10 0.12
136 Se_Std_0 -0.096 0.060 -0.096 0.060 1 -0.10 0.06
137 Se_Std_0.5 0.378 0.090 0.378 0.090 1 0.38 0.09
138 Se_Std_0.75 0.695 0.074 0.695 0.074 1 0.70 0.07
139 Se_Std_1 0.945 0.103 0.945 0.103 1 0.95 0.10
140 Se_Std_2 2.324 0.138 2.324 0.138 1 2.32 0.14
141 Se_Std_4 4.877 0.085 4.877 0.085 1 4.88 0.09
142 Se_Std_5 6.113 0.049 6.113 0.049 1 6.11 0.05
143 Se_Std_6 7.064 0.105 7.064 0.105 1 7.06 0.10
144 wash -0.031 0.160 -0.031 0.160 1 -0.03 0.16
145 wash 0.097 0.129 0.097 0.129 1 0.10 0.13
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Table C.22.: C analytical data - HG-FIAS measurement II
Technique AA FIAS-MHS
Spectrometer Model Aanalyst 200 S/N 200S6110908
Autosampler Model AS-90plus

Batch ID Plant Digestions
Results Data Set Nothstein_2014_07_11
Date Measured 11.07.2014
Method Name Se Nothstein calib 6c

correl. coeff. PQL (= lowest calib-10 %) 0.450
0.995864 LOQ (= 7·wash) 0.237
calib. slope LOD (= 3·wash) -0.102
0.00912 analytical quality [%] 132.162

Mean entered calc.
Calibration Sample ID signal SD c(Se) c(Se) SD

[-] [-] [µg/L] [µg/L] [µg/L]

1 Blank 0.0000 0.0003 0.0 0.00 0.00
2 0.5 ppb 0.0026 0.0010 0.5 0.29 0.11
3 0.75 ppb 0.0045 0.0010 0.75 0.49 0.11
4 1.0 ppb 0.0065 0.0008 1.0 0.71 0.09
5 2.0 ppb 0.0166 0.0010 2.0 1.82 0.11
6 4.0 ppb 0.0363 0.0021 4.0 3.98 0.23
7 5.0 ppb 0.0455 0.0011 5.0 4.99 0.12
8 6.0 ppb 0.0560 0.0008 6.0 6.14 0.09

c(Se) c(Se) SD dilution c(Se)
Sequence No. Sample ID diluted SD driftcorr. driftcorr. factor conc. SD

[µg/L] [µg/L] [µg/L] [µg/L] [-] [µg/L] [µg/L]

1 Wash Milli-Q -0.071 0.055 -0.093 0.072 1 -0.09 0.07
2 wash 0.003 0.001 0.004 0.001 1 0.00 0.00
3 6M HCl Blank 0.004 0.001 0.004 0.001 4 0.01 0.00
4 Trace Metal 252 µg/L 2.051 0.175 2.100 0.180 120 252.00 21.54
5 wash 0.155 0.066 0.203 0.086 1 0.20 0.09
6 Se_Std_0 0.025 0.038 0.033 0.050 1 0.03 0.05
7 Se_Std_0.5 0.384 0.119 0.501 0.155 1 0.50 0.16
8 Se_Std_0.75 0.619 0.232 0.808 0.303 1 0.81 0.30
9 Se_Std_1 0.958 0.147 1.250 0.192 1 1.25 0.19
10 Se_Std_2 2.212 0.117 2.887 0.153 1 2.89 0.15
11 Se_Std_4 4.597 0.159 5.999 0.208 1 6.00 0.21
12 Se_Std_5 5.567 0.188 7.265 0.245 1 7.26 0.25
13 Se_Std_6 6.743 0.134 8.800 0.175 1 8.80 0.18
14 wash 0.093 0.167 0.121 0.218 1 0.12 0.22
15 wash 0.083 0.124 0.108 0.162 1 0.11 0.16
16 2014-06-25 digestion blank 0.018 0.072 0.011 0.046 8 < PQL < PQL
17 2014-06-25 digestion Std Wheat 1567a 1.331 0.136 0.962 0.098 8 7.70 0.79
18 2014-06-25 0 µg/L Shoot 0.040 0.079 0.025 0.050 8 < PQL < PQL
19 2014-06-25 0 µg/L Root -0.013 0.077 -0.008 0.048 8 < PQL < PQL
20 2014-06-25 20 µg/L Shoot 1.300 0.113 1.248 0.109 5 6.24 0.54
21 2014-06-25 20 µg/L Root 0.329 0.190 0.207 0.119 4 0.83 0.48
22 2014-06-25 50 µg/L Shoot 0.988 0.419 1.111 0.471 8 8.89 3.76
23 2014-06-25 50 µg/L Root 0.465 0.161 0.446 0.154 8 3.57 1.24
24 2014-06-25 100 µg/L Shoot 0.803 0.173 0.864 0.186 40 34.56 7.44
25 2014-06-25 100 µg/L Root 0.127 0.071 0.122 0.068 40 4.87 2.72
26 wash 0.049 0.207 0.064 0.270 1 0.06 0.27
27 Se_Std_0 0.010 0.099 0.013 0.129 1 0.01 0.13
28 Se_Std_0.5 0.497 0.110 0.648 0.144 1 0.65 0.14
29 Se_Std_0.75 0.822 0.085 1.073 0.111 1 1.07 0.11
30 Se_Std_1 1.099 0.077 1.434 0.100 1 1.43 0.10
31 Se_Std_2 2.391 0.183 3.121 0.239 1 3.12 0.24
32 Se_Std_4 4.756 0.126 6.206 0.165 1 6.21 0.16
33 Se_Std_5 5.795 0.304 7.562 0.397 1 7.56 0.40
34 Se_Std_6 7.079 0.312 9.238 0.407 1 9.24 0.41
35 wash 0.059 0.110 0.077 0.143 1 0.08 0.14
36 wash 0.076 0.059 0.099 0.078 1 0.10 0.08
37 2014-06-26 digestion blank 0.068 0.114 0.031 0.052 8 < PQL < PQL
38 2014-06-26 digestion Std Wheat 1567a 1.338 0.036 0.848 0.023 8 6.79 0.18
39 2014-06-26 200 µg/L Shoot 2.828 0.144 3.144 0.160 40 125.76 6.39
40 2014-06-26 200 µg/L Root 0.324 0.155 0.232 0.111 40 9.27 4.44
41 2014-06-26 500 µg/L Shoot 2.888 0.156 3.233 0.174 80 258.68 13.94
42 2014-06-26 500 µg/L Root 0.539 0.051 0.515 0.048 80 41.23 3.88
43 2014-06-26 1000 µg/L Shoot 4.526 0.278 5.067 0.311 80 405.39 24.86
44 2014-06-26 1000 µg/L Root 0.815 0.153 0.779 0.146 80 62.32 11.67
45 2014-06-26 2000 µg/L Shoot 2.013 0.126 2.254 0.141 480 1082.03 67.59
46 2014-06-17 2000 µg/L Root 0.662 0.189 0.632 0.181 240 151.77 43.41
47 wash -0.044 0.121 -0.057 0.158 1 -0.06 0.16
48 Se_Std_0 0.001 0.095 0.002 0.124 1 0.00 0.12
49 Se_Std_0.5 0.461 0.126 0.602 0.164 1 0.60 0.16
50 Se_Std_0.75 0.610 0.090 0.796 0.117 1 0.80 0.12
51 Se_Std_1 1.055 0.062 1.377 0.080 1 1.38 0.08
52 Se_Std_2 2.223 0.163 2.901 0.213 1 2.90 0.21
53 Se_Std_4 4.381 0.427 5.718 0.558 1 5.72 0.56
54 Se_Std_5 5.503 0.229 7.182 0.299 1 7.18 0.30
55 Se_Std_6 6.946 0.163 9.066 0.213 1 9.07 0.21
56 wash 0.049 0.177 0.064 0.231 1 0.06 0.23
57 wash -0.022 0.109 -0.028 0.142 1 -0.03 0.14
58 2014-06-27 digestion blank 0.015 0.177 0.006 0.077 8 < PQL < PQL
59 2014-06-27 digestion Std Wheat 1567a 1.365 0.096 0.876 0.061 8 7.01 0.49
60 2014-06-27 5000 µg/L Shoot 2.636 0.166 2.790 0.175 480 1339.03 84.20
61 2014-06-27 5000 µg/L Root 0.882 0.086 0.930 0.091 240 223.25 21.84
62 2014-06-27 10 000 µg/L Shoot 4.507 0.126 4.771 0.133 480 2289.99 63.98
63 2014-06-27 10 000 µg/L Root 1.429 0.048 1.512 0.051 240 362.92 12.15
64 2014-06-27 0 µg/L Shoot 0.132 0.134 0.057 0.058 8 < PQL < PQL
65 2014-06-27 0 µg/L Root 0.035 0.096 0.015 0.042 8 < PQL < PQL
66 2014-06-27 20 µg/L Shoot 0.422 0.055 0.271 0.035 4 1.08 0.14
67 2014-06-27 20 µg/L Root 0.052 0.065 0.033 0.042 4 < PQL < PQL
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Table C.23.: C analytical data - HG-FIAS measurement II (continued from previous page)
c(Se) c(Se) SD dilution c(Se)

Sequence No. Sample ID diluted SD driftcorr. driftcorr. factor conc. SD
[µg/L] [µg/L] [µg/L] [µg/L] [-] [µg/L] [µg/L]

68 wash 0.074 0.072 0.096 0.094 1 0.10 0.09
69 Se_Std_0 -0.021 0.110 -0.028 0.144 1 -0.03 0.14
70 Se_Std_0.5 0.506 0.195 0.661 0.254 1 0.66 0.25
71 Se_Std_0.75 0.780 0.149 1.017 0.195 1 1.02 0.19
72 Se_Std_1 1.090 0.087 1.423 0.113 1 1.42 0.11
73 Se_Std_2 2.612 0.077 3.408 0.100 1 3.41 0.10
74 Se_Std_4 5.245 0.133 6.845 0.173 1 6.84 0.17
75 Se_Std_5 6.386 0.375 8.334 0.489 1 8.33 0.49
76 Se_Std_6 7.654 0.215 9.989 0.281 1 9.99 0.28
77 wash -0.043 0.075 -0.056 0.098 1 -0.06 0.10
78 wash 0.007 0.096 0.009 0.125 1 0.01 0.12
79 2014-06-30 digestion blank -0.031 0.065 -0.008 0.016 8 < PQL < PQL
80 2014-06-30 digestion Std Wheat 1567a 1.430 0.217 0.682 0.103 8 5.46 0.83
81 2014-06-30 50 µg/L Shoot 0.063 0.147 0.054 0.128 8 < PQL < PQL
82 2014-06-30 50 µg/L Root 0.059 0.130 0.051 0.113 8 < PQL < PQL
83 2014-06-30 100 µg/L Shoot -0.037 0.080 -0.013 0.028 40 < PQL < PQL
84 2014-06-30 100 µg/L Root 0.069 0.101 0.017 0.025 40 < PQL < PQL
85 2014-06-30 200 µg/L Shoot 0.032 0.095 0.028 0.082 40 < PQL < PQL
86 2014-06-30 200 µg/L Root 0.131 0.106 0.113 0.092 40 < PQL < PQL
87 2014-06-30 500 µg/L Shoot 0.045 0.133 0.039 0.115 80 < PQL < PQL
88 2014-06-30 500 µg/L Root 0.009 0.122 0.007 0.106 80 < PQL < PQL
89 wash -0.046 0.111 -0.060 0.145 1 -0.06 0.14
90 Se_Std_0 -0.013 0.114 -0.017 0.149 1 -0.02 0.15
91 Se_Std_0.5 0.545 0.170 0.711 0.222 1 0.71 0.22
92 Se_Std_0.75 0.931 0.095 1.214 0.124 1 1.21 0.12
93 Se_Std_1 1.234 0.077 1.610 0.100 1 1.61 0.10
94 Se_Std_2 2.632 0.128 3.435 0.166 1 3.44 0.17
95 Se_Std_4 5.381 0.127 7.022 0.165 1 7.02 0.17
96 Se_Std_5 6.695 0.192 8.737 0.250 1 8.74 0.25
97 Se_Std_6 7.709 0.163 10.061 0.213 1 10.06 0.21
98 wash 0.060 0.119 0.078 0.156 1 0.08 0.16
99 wash 0.138 0.117 0.180 0.153 1 0.18 0.15
100 2014-07-01 digestion blank 0.026 0.059 0.036 0.081 8 < PQL < PQL
101 2014-07-01 digestion Std Wheat 1567a 1.173 0.152 1.690 0.220 8 13.52 1.76
102 2014-07-01 1000 µg/L Shoot -0.037 0.145 -0.049 0.192 80 < PQL < PQL
103 2014-07-01 1000 µg/L Root 0.116 0.096 0.154 0.127 80 < PQL < PQL
104 2014-07-01 2000 µg/L Shoot 0.018 0.033 0.016 0.029 480 < PQL < PQL
105 2014-07-01 2000 µg/L Root 0.064 0.076 0.085 0.101 248 < PQL < PQL
106 2014-07-01 5000 µg/L Shoot 0.042 0.133 0.037 0.118 480 < PQL < PQL
107 2014-07-01 5000 µg/L Root 0.225 0.086 0.298 0.115 240 < PQL < PQL
108 2014-07-01 10 000 µg/L Shoot 0.059 0.089 0.085 0.128 480 < PQL < PQL
109 2014-07-01 10 000 µg/L Root 0.241 0.098 0.320 0.130 240 < PQL < PQL
110 wash 0.061 0.087 0.080 0.114 1 0.08 0.11
111 6M HCl Blank -0.051 0.109 -0.054 0.116 4 -0.22 0.46
112 Trace Metal 252 µg/L 2.839 0.124 3.451 0.151 120 414.10 18.09
113 wash -0.030 0.090 -0.040 0.117 1 -0.04 0.12
114 Se_Std_0 0.016 0.072 0.021 0.094 1 0.02 0.09
115 Se_Std_0.5 0.586 0.080 0.765 0.104 1 0.77 0.10
116 Se_Std_0.75 0.760 0.200 0.992 0.262 1 0.99 0.26
117 Se_Std_1 1.227 0.149 1.601 0.194 1 1.60 0.19
118 Se_Std_2 2.825 0.140 3.687 0.182 1 3.69 0.18
119 Se_Std_4 5.648 0.127 7.371 0.165 1 7.37 0.17
120 Se_Std_5 6.595 0.132 8.606 0.172 1 8.61 0.17
121 Se_Std_6 8.309 0.203 10.844 0.265 1 10.84 0.26
122 wash 0.034 0.117 0.045 0.153 1 0.04 0.15
123 wash 0.026 0.096 0.034 0.125 1 0.03 0.13
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Table C.24.: C analytical data - HG-FIAS measurement III
Technique AA FIAS-MHS
Spectrometer Model Aanalyst 200 S/N 200S6110908
Autosampler Model AS-90plus

Batch ID Plant Digestions
Results Data Set Nothstein_2014_09_29
Date Measured 29.09.2014
Method Name Se Nothstein calib 6c

correl. coeff. PQL (= lowest calib-10 %) 0.450
0.996469 LOQ (= 7·wash) -0.214
calib. slope LOD (= 3·wash) -0.092
0.01055 analytical quality [%] 115.433

Mean entered calc.
Calibration Sample ID signal SD c(Se) c(Se) SD

[-] [-] [µg/L] [µg/L] [µg/L]

1 Blank 0.0000 0.0012 0.0 0.00 0.00
2 0.5 ppb 0.0017 0.0024 0.5 0.16 0.23
3 0.75 ppb 0.0056 0.0024 0.75 0.53 0.23
4 1.0 ppb 0.0083 0.0018 1.0 0.79 0.17
5 2.0 ppb 0.0208 0.0015 2.0 1.97 0.14
6 4.0 ppb 0.0425 0.0017 4.0 4.03 0.16
7 5.0 ppb 0.0527 0.0017 5.0 4.99 0.16
8 6.0 ppb 0.0639 0.0014 6.0 6.05 0.13

c(Se) c(Se) SD dilution c(Se)
Sequence No. Sample ID diluted SD driftcorr. driftcorr. factor conc. SD

[µg/L] [µg/L] [µg/L] [µg/L] [-] [µg/L] [µg/L]

1 Wash Milli-Q 0.011 0.155 0.011 0.155 1 0.01 0.16
2 wash -0.092 0.136 -0.092 0.136 1 -0.09 0.14
3 6M HCl Blank -0.089 0.095 -0.001 0.001 4 0.00 0.00
4 Trace Metal 252 µg/L 2.918 0.117 2.554 0.103 100 255.45 10.29
5 wash -0.032 0.109 -0.032 0.109 1 -0.03 0.11
6 Se_Std_0 -0.089 0.066 -0.089 0.066 1 -0.09 0.07
7 Se_Std_0.5 0.320 0.148 0.320 0.148 1 0.32 0.15
8 Se_Std_0.75 0.644 0.241 0.644 0.241 1 0.64 0.24
9 Se_Std_1 0.947 0.074 0.947 0.074 1 0.95 0.07
10 Se_Std_2 2.219 0.072 2.219 0.072 1 2.22 0.07
11 Se_Std_4 4.589 0.137 4.589 0.137 1 4.59 0.14
12 Se_Std_5 5.561 0.213 5.561 0.213 1 5.56 0.21
13 Se_Std_6 6.637 0.189 6.637 0.189 1 6.64 0.19
14 wash -0.021 0.097 -0.021 0.097 1 -0.02 0.10
15 wash -0.061 0.121 -0.061 0.121 1 -0.06 0.12
16 2014-06-27 digestion blank 0.012 0.067 0.000 0.002 8 < PQL < PQL
17 2014-06-27 digestion Std Wheat 1567a 1.367 0.101 0.911 0.068 8 7.29 0.54
18 2014-06-27 0 µg/L SeO3 Shoot 0.031 0.158 0.001 0.005 8 < PQL < PQL
19 2014-06-27 0 µg/L SeO3 Root 0.022 0.124 0.001 0.004 8 < PQL < PQL
20 2014-06-27 20 µg/L SeO3 Shoot 0.043 0.030 0.001 0.001 8 < PQL < PQL
21 2014-06-27 20 µg/L SeO3 Root 0.056 0.220 0.002 0.007 8 < PQL < PQL
22 2014-06-30 digestion blank -0.104 0.089 -0.003 0.003 8 < PQL < PQL
23 2014-06-30 digestion Std Wheat 1567a 1.486 0.113 0.990 0.075 8 7.92 0.60
24 2014-06-30 50 µg/L SeO3 Shoot 0.028 0.066 0.001 0.002 8 < PQL < PQL
25 2014-06-30 50 µg/L SeO3 Root 0.016 0.175 0.001 0.006 8 < PQL < PQL
26 2014-06-30 100 µg/L SeO3 Shoot 0.197 0.207 0.110 0.116 8 < PQL < PQL
27 2014-06-30 100 µg/L SeO3 Root 0.207 0.089 0.116 0.050 8 < PQL < PQL
28 wash -0.135 0.100 -0.135 0.100 1 -0.14 0.10
29 Se_Std_0 -0.068 0.052 -0.068 0.052 1 -0.07 0.05
30 Se_Std_0.5 0.313 0.127 0.313 0.127 1 0.31 0.13
31 Se_Std_0.75 0.887 0.060 0.887 0.060 1 0.89 0.06
32 Se_Std_1 1.158 0.140 1.158 0.140 1 1.16 0.14
33 Se_Std_2 2.608 0.179 2.608 0.179 1 2.61 0.18
34 Se_Std_4 5.045 0.226 5.045 0.226 1 5.05 0.23
35 Se_Std_5 6.257 0.282 6.257 0.282 1 6.26 0.28
36 Se_Std_6 7.424 0.115 7.424 0.115 1 7.42 0.12
37 wash -0.076 0.111 -0.076 0.111 1 -0.08 0.11
38 wash 0.063 0.517 0.063 0.517 1 0.06 0.52
39 2014-06-30 200 µg/L SeO3 Shoot 0.109 0.217 0.081 0.162 8 < PQL < PQL
40 2014-06-30 200 µg/L SeO3 Root 0.018 0.136 0.001 0.005 8 < PQL < PQL
41 2014-06-30 500 µg/L SeO3 Shoot 0.017 0.095 0.001 0.003 8 < PQL < PQL
42 2014-06-30 500 µg/L SeO3 Root 0.155 0.081 0.005 0.003 8 < PQL < PQL
43 2014-07-01 digestion blank 0.022 0.075 0.001 0.003 8 < PQL < PQL
44 2014-07-01 digestion Std Wheat 1567a 1.622 0.097 1.397 0.083 8 11.17 0.67
45 2014-07-01 1000 µg/L SeO3 Shoot 0.110 0.146 0.004 0.005 8 < PQL < PQL
46 2014-07-01 1000 µg/L SeO3 Root 1.186 0.162 1.022 0.139 8 8.17 1.11
47 2014-07-01 2000 µg/L SeO3 Shoot 0.294 0.081 0.010 0.003 8 < PQL < PQL
48 2014-07-01 2000 µg/L SeO3 Root 2.360 0.089 2.125 0.080 8 17.00 0.64
49 2014-07-01 5000 µg/L SeO3 Shoot 1.180 0.127 1.016 0.109 8 8.13 0.87
50 2014-07-01 5000 µg/L SeO3 Root 4.992 0.101 4.783 0.096 8 38.26 0.77
51 2014-07-01 10000 µg/L SeO3 Shoot 2.702 0.175 2.432 0.157 8 19.46 1.26
52 2014-07-01 10000 µg/L SeO3 Root 6.525 0.063 6.647 0.064 8 53.17 0.52
53 wash 0.254 0.190 0.254 0.190 1 0.25 0.19
54 6M HCl Blank -0.089 0.095 -0.001 0.001 4 0.00 0.00
55 Trace Metal 252 µg/L 2.908 0.119 3.263 0.133 100 326.33 13.32
56 wash -0.007 0.358 -0.007 0.358 1 -0.01 0.36
57 Se_Std_0 -0.089 0.066 -0.089 0.066 1 -0.09 0.07
58 Se_Std_0.5 0.320 0.148 0.320 0.148 1 0.32 0.15
59 Se_Std_0.75 0.449 0.097 0.449 0.097 1 0.45 0.10
60 Se_Std_1 0.639 0.101 0.639 0.101 1 0.64 0.10
61 Se_Std_2 1.732 0.183 1.732 0.183 1 1.73 0.18
62 Se_Std_4 3.818 0.068 3.818 0.068 1 3.82 0.07
63 Se_Std_5 4.149 0.916 4.149 0.916 1 4.15 0.92
64 Se_Std_6 4.457 0.177 4.457 0.177 1 4.46 0.18
65 wash -0.175 0.068 -0.175 0.068 1 -0.18 0.07
66 wash -0.097 0.032 -0.097 0.032 1 -0.10 0.03
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Table C.25.: C analytical data - IC measurement I
Technique Ion Chromatography

System ICS-1000
Quantification: AnionenAS14

Injection volume 25 µL
Run time [min] 14
Date Measured 24.04.2014

Ret. Peak Cal. Coeff.
Calibration ID Time Name Type Points Offset Slope Curve Det.

[min] (C0) (C1) (C2) [%]

Calib_1 4.14 Cl- XQOff 5 -0.004 0.153 0.001 99.9973
Calib_2 6.70 NO3

- XQOff 5 -0.013 0.080 0.000 99.9992
Calib_3 8.34 PO4

3- XQOff 5 -0.001 0.042 0.000 99.9999
Calib_4 9.86 SO4

2- XQOff 5 -0.020 0.107 0.000 99.9997

mean: -0.0094 0.0954 0.0004 99.9990

Cl- NO3
- PO4

3- SO4
2-

standard repetition mean [mg/L] 10.40 21.01 31.76 21.14
standard repetition SD [mg/L] 0.13 0.23 0.34 0.26
standard repetition RSD [%] 1.20 1.01 1.06 1.25

analytical quality [%] 105.44

Seq. No. Sample ID Retention time Ion concentration
Cl- NO3

- PO4
3- SO4

2- Cl- NO3
- PO4

3- SO4
2-

[min] [min] [min] [min] [mg/L] [mg/L] [mg/L] [mg/L]

1 Standard_1 4.09 6.70 8.10 9.46 2.02 3.99 6.00 4.00
2 Standard_2 4.09 6.68 8.09 9.46 4.92 9.99 15.00 9.98
3 Standard_3 4.09 6.66 8.07 9.44 10.01 20.10 30.05 20.07
4 Standard_4 4.10 6.62 8.06 9.43 20.06 39.89 59.95 39.94
5 Standard_5 4.11 6.57 8.03 9.40 39.98 80.03 120.01 80.01
6 wash-1 4.11 n.a. n.a. n.a. n.a. n.a. n.a. n.a.
7 Standard_3-1 4.14 6.76 8.33 9.87 10.29 20.77 31.30 20.84
8 wash-2 4.10 n.a. n.a. n.a. n.a. n.a. n.a. n.a.
9 autoclave_blind_2014_03_25 4.14 6.70 8.34 9.86 3.28 264.59 31.73 67.36
10 initsol_Na2SeO4_0000ppbSe_2014_03_25 4.14 6.70 8.34 9.86 4.48 301.75 33.44 67.83
11 initsol_Na2SeO4_0020ppbSe_2014_03_25 4.14 6.69 8.34 9.86 6.71 309.98 34.61 70.07
12 initsol_Na2SeO4_0050ppbSe_2014_03_25 4.14 6.70 8.34 9.86 4.77 309.44 34.22 71.13
13 initsol_Na2SeO4_0100ppbSe_2014_03_25 4.14 6.74 8.35 9.86 3.09 170.59 20.59 52.63
14 initsol_Na2SeO4_0200ppbSe_2014_03_25 4.14 6.70 8.34 9.86 4.61 313.56 33.90 70.71
15 initsol_Na2SeO4_0500ppbSe_2014_03_25 4.14 6.70 8.34 9.86 5.17 324.67 36.75 70.75
16 initsol_Na2SeO4_1000ppbSe_2014_03_25 4.14 6.73 8.35 9.87 4.73 214.76 26.87 62.38
17 initsol_Na2SeO4_2000ppbSe_2014_03_25 4.14 6.75 8.34 9.87 2.78 143.01 17.77 43.65
18 initsol_Na2SeO4_5000ppbSe_2014_03_25 4.14 6.72 8.34 9.86 3.40 206.48 24.12 57.74
19 initsol_Na2SeO4_10000ppbSe_2014_03_25 4.14 6.72 8.35 9.87 6.00 252.07 29.97 63.58
20 wash-3 4.17 n.a. n.a. n.a. n.a. n.a. n.a. n.a.
21 Standard_3-2 4.15 6.78 8.33 9.86 10.31 20.90 31.71 21.07
22 wash-4 4.13 n.a. n.a. n.a. n.a. n.a. n.a. n.a.
23 K-sorp_Na2SeO4_0000ppbSe_2014_04_13 4.14 6.70 8.36 9.86 4.53 290.90 8.37 66.20
24 K-sorp_Na2SeO4_0020ppbSe_2014_04_13 4.14 6.70 8.35 9.86 4.19 298.95 7.81 69.84
25 K-sorp_Na2SeO4_0050ppbSe_2014_04_13 4.13 6.69 8.34 9.86 4.55 320.66 12.00 70.38
26 K-sorp_Na2SeO4_0100ppbSe_2014_04_13 4.14 6.71 8.36 9.87 4.25 282.69 7.41 67.69
27 K-sorp_Na2SeO4_0200ppbSe_2014_04_13 4.14 6.69 8.35 9.87 5.62 322.04 11.58 69.48
28 K-sorp_Na2SeO4_0500ppbSe_2014_04_13 4.14 6.70 8.35 9.87 0.09 0.64 0.11 0.75
29 K-sorp_Na2SeO4_1000ppbSe_2014_04_13 4.14 6.70 8.36 9.87 4.51 275.87 8.60 69.19
30 K-sorp_Na2SeO4_2000ppbSe_2014_04_13 4.14 6.71 8.35 9.87 4.72 263.37 8.65 67.05
31 K-sorp_Na2SeO4_5000ppbSe_2014_04_13 4.13 6.69 8.36 9.86 4.60 313.80 8.38 70.98
32 K-sorp_Na2SeO4_10000ppbSe_2014_04_13 4.14 6.70 8.36 9.87 4.22 304.69 10.24 68.83
33 wash-5 4.11 n.a. n.a. n.a. n.a. n.a. n.a. n.a.
34 Standard_3-3 4.15 6.78 8.32 9.86 10.47 21.08 32.03 21.20
35 wash-6 4.17 n.a. n.a. n.a. n.a. n.a. n.a. n.a.
36 K-sorp+plant_Na2SeO4_0000ppbSe_2014_04_13 4.13 6.73 8.35 9.86 3.11 197.45 2.38 59.77
37 K-sorp+plant_Na2SeO4_0020ppbSe_2014_04_13 4.14 6.73 8.37 9.86 4.01 194.86 1.34 63.14
38 K-sorp+plant_Na2SeO4_0050ppbSe_2014_04_13 4.13 6.72 8.34 9.86 4.07 236.28 4.97 65.43
39 K-sorp+plant_Na2SeO4_0100ppbSe_2014_04_13 4.14 6.73 8.34 9.86 4.16 217.83 4.41 64.48
40 K-sorp+plant_Na2SeO4_0200ppbSe_2014_04_13 4.13 6.71 8.35 9.86 4.95 257.97 6.84 67.17
41 K-sorp+plant_Na2SeO4_0500ppbSe_2014_04_13 4.14 6.72 8.38 9.86 4.34 222.12 3.48 64.30
42 K-sorp+plant_Na2SeO4_1000ppbSe_2014_04_13 4.14 6.72 8.33 9.86 3.36 232.07 4.93 63.56
43 K-sorp+plant_Na2SeO4_2000ppbSe_2014_04_13 4.14 6.73 8.34 9.86 3.68 211.02 3.55 59.76
44 K-sorp+plant_Na2SeO4_5000ppbSe_2014_04_13 4.14 6.72 8.35 9.86 3.43 241.42 4.68 63.05
45 K-sorp+plant_Na2SeO4_10000ppbSe_2014_04_13 4.14 6.72 8.34 9.87 3.13 232.85 5.60 62.17
46 wash-7 4.13 n.a. n.a. n.a. n.a. n.a. n.a. n.a.
47 Standard_3-4 4.14 6.77 8.32 9.86 10.54 21.29 31.99 21.47
48 wash-8 4.13 n.a. n.a. n.a. n.a. n.a. n.a. n.a.
49 Std_Riverwater 4.16 6.86 n.a. 9.82 45.23 0.64 n.a. 155.27
50 wash-9 4.13 n.a. n.a. n.a. n.a. n.a. n.a. n.a.
51 StopMeth n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.
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C.5. C results overview - desorption data ccv

Table C.26.: C analytical data - IC measurement II
Technique Ion Chromatography

System ICS-1000
Quantification: AnionenAS14

Injection volume 25 µL
Run time [min] 14
Date Measured 25.04.2014

Ret. Peak Cal. Coeff.
Calibration ID Time Name Type Points Offset Slope Curve Det.

[min] (C0) (C1) (C2) [%]

Calib_1 4.16 Cl- XQOff 5 -0.004 0.153 0.001 99.9973
Calib_2 6.76 NO3

- XQOff 5 -0.013 0.080 0.000 99.9992
Calib_3 8.48 PO4

3- XQOff 5 -0.001 0.042 0.000 99.9999
Calib_4 10.02 SO4

2- XQOff 5 -0.020 0.107 0.000 99.9997

mean: -0.0094 0.0954 0.0004 99.9990

Cl- NO3
- PO4

3- SO4
2-

standard repetition mean [mg/L] 10.32 20.97 31.89 20.95
standard repetition SD [mg/L] 0.08 0.14 0.30 0.19
standard repetition RSD [%] 0.75 0.66 0.94 0.89

analytical quality [%] 106.63

Seq. No. Sample ID Retention time Ion concentration
Cl- NO3

- PO4
3- SO4

2- Cl- NO3
- PO4

3- SO4
2-

[min] [min] [min] [min] [mg/L] [mg/L] [mg/L] [mg/L]

1 Standard_1 3.09 5.84 6.70 8.10 2.02 3.99 6.00 4.00
2 Standard_2 3.09 5.83 6.68 8.09 4.92 9.99 15.00 9.98
3 Standard_3 3.09 5.82 6.66 8.07 10.01 20.10 30.05 20.07
4 Standard_4 3.10 5.81 6.62 8.06 20.06 39.89 59.95 39.94
5 Standard_5 3.10 5.79 6.57 8.03 39.98 80.03 120.01 80.01
6 wash-1 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.
7 Standard_3-1 3.13 5.95 6.83 8.47 5.12 10.41 15.76 10.34
8 wash-2 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.
9 initsol_blind_2014_03_27 n.a. n.a. 6.74 8.47 4.08 298.14 34.11 66.34
10 initsol_Na2SeO3_0000ppbSe_2014_03_27 n.a. n.a. 6.76 8.48 2.96 224.19 26.63 62.00
11 initsol_Na2SeO3_0020ppbSe_2014_03_27 n.a. n.a. 6.75 8.47 5.40 270.07 31.57 66.56
12 initsol_Na2SeO3_0050ppbSe_2014_03_27 n.a. n.a. 6.76 8.47 2.86 217.83 26.71 57.29
13 initsol_Na2SeO3_0100ppbSe_2014_03_27 n.a. n.a. 6.77 8.47 3.30 191.94 23.13 52.69
14 initsol_Na2SeO3_0200ppbSe_2014_03_27 n.a. n.a. 6.76 8.46 3.99 236.96 28.22 61.07
15 initsol_Na2SeO3_0500ppbSe_2014_03_27 n.a. n.a. 6.75 8.47 3.70 267.77 31.73 66.99
16 initsol_Na2SeO3_1000ppbSe_2014_03_27 n.a. n.a. 6.74 8.46 3.96 297.71 35.86 68.43
17 initsol_Na2SeO3_2000ppbSe_2014_03_27 n.a. n.a. 6.75 8.46 3.40 282.94 35.66 68.26
18 initsol_Na2SeO3_5000ppbSe_2014_03_27 n.a. n.a. 6.76 8.45 3.23 229.34 31.80 60.16
19 initsol_Na2SeO3_10000ppbSe_2014_03_27 n.a. n.a. 6.75 8.44 4.56 276.59 44.69 69.34
20 wash-3 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.
21 Standard_2-2 3.13 5.96 6.84 8.46 5.14 10.45 15.90 10.49
22 wash-4 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.
23 K-sorp_Na2SeO3_0000ppbSe_2014_04_15 3.13 n.a. 6.73 8.47 5.32 314.98 14.02 70.55
24 K-sorp_Na2SeO3_0020ppbSe_2014_04_15 3.13 n.a. 6.74 8.48 4.37 305.60 11.85 68.22
25 K-sorp_Na2SeO3_0050ppbSe_2014_04_15 3.13 n.a. 6.74 8.46 4.49 310.42 13.10 69.25
26 K-sorp_Na2SeO3_0100ppbSe_2014_04_15 3.13 n.a. 6.74 8.48 4.35 312.90 12.34 69.48
27 K-sorp_Na2SeO3_0200ppbSe_2014_04_15 3.13 n.a. 6.74 8.47 4.49 309.41 12.85 69.17
28 K-sorp_Na2SeO3_0500ppbSe_2014_04_15 3.13 n.a. 6.75 8.47 3.51 247.89 8.66 52.78
29 K-sorp_Na2SeO3_1000ppbSe_2014_04_15 3.13 n.a. 6.73 8.46 4.58 315.48 14.58 69.73
30 K-sorp_Na2SeO3_2000ppbSe_2014_04_15 3.13 n.a. 6.74 8.46 4.46 308.41 12.38 68.23
31 K-sorp_Na2SeO3_5000ppbSe_2014_04_15 3.13 n.a. 6.73 8.44 4.48 322.72 19.06 71.77
32 K-sorp_Na2SeO3_10000ppbSe_2014_04_15 3.13 n.a. 6.73 8.42 4.56 312.94 24.78 69.07
33 wash-5 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.
34 Standard_2-3 3.13 5.95 6.83 8.46 5.19 10.53 16.02 10.51
35 wash-6 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.
36 K-sorp+plant_Na2SeO3_0000ppbSe_2014_04_15 3.13 n.a. 6.75 8.47 3.95 242.62 4.16 63.16
37 K-sorp+plant_Na2SeO3_0020ppbSe_2014_04_15 3.13 n.a. 6.76 8.48 3.40 220.96 4.15 60.64
38 K-sorp+plant_Na2SeO3_0050ppbSe_2014_04_15 3.13 n.a. 6.77 8.47 2.52 195.65 5.18 61.59
39 K-sorp+plant_Na2SeO3_0100ppbSe_2014_04_15 3.13 n.a. 6.76 8.46 4.37 238.48 5.19 64.05
40 K-sorp+plant_Na2SeO3_0200ppbSe_2014_04_15 3.13 n.a. 6.75 8.47 3.33 240.57 4.22 62.26
41 K-sorp+plant_Na2SeO3_0500ppbSe_2014_04_15 3.13 n.a. 6.76 8.46 2.47 207.10 4.72 60.63
42 K-sorp+plant_Na2SeO3_1000ppbSe_2014_04_15 3.13 n.a. 6.75 8.47 3.38 246.93 7.64 63.07
43 K-sorp+plant_Na2SeO3_2000ppbSe_2014_04_15 n.a. n.a. 6.75 8.43 3.68 257.06 5.48 61.81
44 K-sorp+plant_Na2SeO3_5000ppbSe_2014_04_15 3.13 n.a. 6.76 8.44 4.49 238.25 14.35 60.34
45 K-sorp+plant_Na2SeO3_10000ppbSe_2014_04_15 3.13 n.a. 6.81 8.42 5.91 95.08 23.51 67.80
46 wash-7 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.
47 Standard_2-4 3.13 5.96 6.84 8.46 5.20 10.56 16.09 10.56
48 wash-8 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.
49 Std_Riverwater 3.13 n.a. n.a. n.a. 45.66 n.a. n.a. 157.30
50 wash-9 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.
51 StopMeth n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.
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ccvi C. C Datasheets - plant-uptake sorption experiments

Table C.27.: C analytical data - IC measurement III
Technique Ion Chromatography

System ICS-1000
Quantification: AnionenAS14

Injection volume 25 µL
Run time [min] 14
Date Measured 15.07.2014

Ret. Peak Cal. Coeff.
Calibration ID Time Name Type Points Offset Slope Curve Det.

[min] (C0) (C1) (C2) [%]

Calib_1 4.07 Cl- XQOff 5 -0.004 0.153 0.001 99.9973
Calib_2 6.60 NO3

- XQOff 5 -0.013 0.080 0.000 99.9992
Calib_3 8.48 PO4

3- XQOff 5 -0.001 0.042 0.000 99.9999
Calib_4 9.58 SO4

2- XQOff 5 -0.020 0.107 0.000 99.9997

mean: -0.0094 0.0954 0.0004 99.9990

Cl- NO3
- PO4

3- SO4
2-

standard repetition mean [mg/L] 9.99 20.21 30.22 20.24
standard repetition SD [mg/L] 0.15 0.56 0.63 0.25
standard repetition RSD [%] 1.52 2.79 2.00 1.24

analytical quality [%] 102.14

Seq. No. Sample ID Retention time Ion concentration
Cl- NO3

- PO4
3- SO4

2- Cl- NO3
- PO4

3- SO4
2-

[min] [min] [min] [min] [mg/L] [mg/L] [mg/L] [mg/L]

1 Standard_1 4.09 6.70 8.10 9.46 2.02 3.99 6.00 4.00
2 Standard_2 4.09 6.68 8.09 9.46 4.92 9.99 15.00 9.98
3 Standard_3 4.09 6.66 8.07 9.44 10.01 20.10 30.05 20.07
4 Standard_4 4.10 6.62 8.06 9.43 20.06 39.89 59.95 39.94
5 Standard_5 4.11 6.57 8.03 9.40 39.98 80.03 120.01 80.01
6 wash-1 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.
7 Standard_3-1 4.07 6.60 8.12 9.58 9.95 20.30 29.42 19.88
8 wash-2 4.15 n.a. n.a. n.a. n.a. n.a. n.a. n.a.
9 initsol_blind_2014_05_08 4.07 6.65 n.a. n.a. 25.48 6.24 n.a. n.a.
10 initsol_Na2SeO4_0000ppbSe_2014_05_08 4.07 6.55 8.14 9.59 3.79 295.49 23.71 61.05
11 initsol_Na2SeO4_0020ppbSe_2014_05_08 4.07 6.55 8.13 9.58 4.48 297.19 23.51 62.27
12 initsol_Na2SeO4_0050ppbSe_2014_05_08 4.07 6.55 8.13 9.59 3.84 291.69 24.73 62.05
13 initsol_Na2SeO4_0100ppbSe_2014_05_08 4.07 6.55 8.13 9.59 4.16 290.40 23.04 60.69
14 initsol_Na2SeO4_0200ppbSe_2014_05_08 4.07 6.56 8.13 9.59 8.33 275.55 22.47 59.95
15 initsol_Na2SeO4_0500ppbSe_2014_05_08 4.07 6.55 8.13 9.59 4.22 295.29 22.38 62.41
16 initsol_Na2SeO4_1000ppbSe_2014_05_08 4.06 6.55 8.13 9.58 4.29 307.54 25.23 63.29
17 initsol_Na2SeO4_2000ppbSe_2014_05_08 4.07 6.56 8.13 9.59 3.76 274.22 22.01 58.39
18 initsol_Na2SeO4_5000ppbSe_2014_05_08 4.06 6.56 8.13 9.58 3.37 253.66 23.84 61.63
19 initsol_Na2SeO4_10000ppbSe_2014_05_08 4.07 6.56 8.14 9.59 3.45 265.19 26.44 58.83
20 wash-3 4.09 n.a. n.a. n.a. n.a. n.a. n.a. n.a.
21 Standard_3-2 4.07 6.61 8.12 9.58 9.95 19.57 30.17 20.28
22 wash-4 4.07 6.62 8.12 9.57 n.a. n.a. n.a. n.a.
23 G-sorp_Na2SeO4_0000ppbSe_2014_05_27 4.06 6.55 n.a. 9.58 4.94 292.64 n.a. 54.74
24 G-sorp_Na2SeO4_0020ppbSe_2014_05_27 4.07 6.55 n.a. 9.59 5.29 294.36 n.a. 56.72
25 G-sorp_Na2SeO4_0050ppbSe_2014_05_27 4.06 6.54 n.a. 9.58 5.95 289.65 n.a. 55.85
26 G-sorp_Na2SeO4_0100ppbSe_2014_05_27 4.07 6.55 n.a. 9.58 3.70 287.99 n.a. 60.31
27 G-sorp_Na2SeO4_0200ppbSe_2014_05_27 4.07 6.56 n.a. 9.58 3.71 241.99 n.a. 55.82
28 G-sorp_Na2SeO4_0500ppbSe_2014_05_27 4.06 6.55 n.a. 9.59 3.34 291.73 n.a. 54.06
29 G-sorp_Na2SeO4_1000ppbSe_2014_05_27 4.07 6.55 n.a. 9.59 3.82 286.65 n.a. 60.39
30 G-sorp_Na2SeO4_2000ppbSe_2014_05_27 4.06 6.55 n.a. 9.58 3.50 292.04 n.a. 57.49
31 G-sorp_Na2SeO4_5000ppbSe_2014_05_27 4.07 6.57 n.a. 9.59 3.09 226.98 n.a. 57.60
32 G-sorp_Na2SeO4_10000ppbSe_2014_05_27 4.06 6.55 n.a. 9.58 4.05 286.23 n.a. 54.07
33 wash-5 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.
34 Standard_3-3 4.07 6.61 8.11 9.58 9.88 20.93 30.45 20.46
35 wash-6 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.
36 G-sorp+plant_Na2SeO4_0000ppbSe_2014_05_27 4.07 6.58 n.a. 9.58 4.74 196.44 n.a. 65.45
37 G-sorp+plant_Na2SeO4_0020ppbSe_2014_05_27 4.07 6.60 n.a. 9.58 2.93 134.62 n.a. 66.37
38 G-sorp+plant_Na2SeO4_0050ppbSe_2014_05_27 4.07 6.60 n.a. 9.58 3.45 151.78 n.a. 74.12
39 G-sorp+plant_Na2SeO4_0100ppbSe_2014_05_27 4.07 6.58 n.a. 9.58 4.64 212.79 n.a. 65.20
40 G-sorp+plant_Na2SeO4_0200ppbSe_2014_05_27 4.07 6.58 n.a. 9.58 3.96 197.81 n.a. 64.96
41 G-sorp+plant_Na2SeO4_0500ppbSe_2014_05_27 4.06 6.59 n.a. 9.58 3.52 158.48 n.a. 65.65
42 G-sorp+plant_Na2SeO4_1000ppbSe_2014_05_27 4.07 6.57 n.a. 9.58 5.04 226.89 n.a. 66.63
43 G-sorp+plant_Na2SeO4_2000ppbSe_2014_05_27 4.07 6.58 n.a. 9.58 4.32 188.81 n.a. 71.58
44 G-sorp+plant_Na2SeO4_5000ppbSe_2014_05_27 4.07 6.59 n.a. 9.58 3.85 176.88 n.a. 54.47
45 G-sorp+plant_Na2SeO4_10000ppbSe_2014_05_27 4.07 6.58 n.a. 9.58 4.84 205.44 n.a. 65.52
46 wash-7 4.07 n.a. n.a. n.a. n.a. n.a. n.a. n.a.
47 Standard_3-4 4.07 6.62 8.11 9.58 10.22 20.04 30.85 20.33
48 wash-8 4.06 n.a. n.a. n.a. n.a. n.a. n.a. n.a.
49 Std_Riverwater 4.09 n.a. n.a. 9.54 43.29 n.a. n.a. 152.23
50 wash-9 4.09 n.a. n.a. n.a. n.a. n.a. n.a. n.a.
51 Stopmeth n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.
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C.5. C results overview - desorption data ccvii

Table C.28.: C analytical data - IC measurement IV
Technique Ion Chromatography

System ICS-1000
Quantification: AnionenAS14

Injection volume 25 µL
Run time [min] 14
Date Measured 16.07.2014

Ret. Peak Cal. Coeff.
Calibration ID Time Name Type Points Offset Slope Curve Det.

[min] (C0) (C1) (C2) [%]

Calib_1 4.07 Cl- XQOff 5 -0.004 0.153 0.001 99.9973
Calib_2 6.60 NO3

- XQOff 5 -0.013 0.080 0.000 99.9992
Calib_3 8.48 PO4

3- XQOff 5 -0.001 0.042 0.000 99.9999
Calib_4 9.58 SO4

2- XQOff 5 -0.020 0.107 0.000 99.9997

mean: -0.0094 0.0954 0.0004 99.9990

Cl- NO3
- PO4

3- SO4
2-

standard repetition mean [mg/L] 10.35 21.23 30.74 20.59
standard repetition SD [mg/L] 0.07 0.17 0.16 0.11
standard repetition RSD [%] 0.67 0.81 0.51 0.52

analytical quality [%] 103.67

Seq. No. Sample ID Retention time Ion concentration
Cl- NO3

- PO4
3- SO4

2- Cl- NO3
- PO4

3- SO4
2-

[min] [min] [min] [min] [mg/L] [mg/L] [mg/L] [mg/L]

1 Standard_1 4.09 6.70 8.10 9.46 2.02 3.99 6.00 4.00
2 Standard_2 4.09 6.68 8.09 9.46 4.92 9.99 15.00 9.98
3 Standard_3 4.09 6.66 8.07 9.44 10.01 20.10 30.05 20.07
4 Standard_4 4.10 6.62 8.06 9.43 20.06 39.89 59.95 39.94
5 Standard_5 4.11 6.57 8.03 9.40 39.98 80.03 120.01 80.01
6 wash-1 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.
7 Standard_3-1 4.09 6.63 8.15 9.65 10.27 20.99 30.66 20.44
8 wash-2 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.
9 nut_sol_blind_2014_05_15 4.09 n.a. n.a. n.a. 0.24 n.a. n.a. n.a.
10 nut_sol_0000ppbSe_2014_05_15 4.08 6.57 8.16 9.66 4.25 277.18 23.57 59.80
11 nut_sol_0020ppbSe_2014_05_15 4.08 6.60 8.17 9.66 2.39 153.46 15.97 36.53
12 nut_sol_0050ppbSe_2014_05_15 4.08 6.57 8.16 9.65 5.26 273.97 22.79 56.56
13 nut_sol_0100ppbSe_2014_05_15 4.08 6.58 8.17 9.66 3.26 244.44 25.09 58.14
14 nut_sol_0200ppbSe_2014_05_15 4.08 6.58 8.16 9.65 3.32 247.17 22.96 53.96
15 nut_sol_0500ppbSe_2014_05_15 4.08 6.56 8.16 9.65 4.58 294.59 26.30 62.03
16 nut_sol_1000ppbSe_2014_05_15 4.08 6.56 8.16 9.65 4.10 289.28 26.41 60.09
17 nut_sol_2000ppbSe_2014_05_15 4.08 6.57 8.16 9.66 3.90 291.39 26.76 62.71
18 nut_sol_5000ppbSe_2014_05_15 4.08 6.57 8.14 9.65 3.95 298.03 31.05 61.85
19 nut_sol_10000ppbSe_2014_05_15 4.08 6.58 8.14 9.65 3.63 269.62 38.64 60.24
20 wash-3 4.11 n.a. n.a. n.a. n.a. n.a. n.a. n.a.
21 Standard_3-2 4.09 6.64 8.15 9.65 10.30 21.23 30.59 20.62
22 wash-4 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.
23 nut_sol_0000ppbSe_GB_2014_06_03 4.08 6.58 n.a. 9.65 3.60 280.26 n.a. 58.80
24 nut_sol_0020ppbSe_GB_2014_06_03 4.08 6.59 n.a. 9.65 3.42 232.54 n.a. 50.52
25 nut_sol_0050ppbSe_GB_2014_06_03 4.08 6.58 n.a. 9.64 3.73 289.92 n.a. 57.00
26 nut_sol_0100ppbSe_GB_2014_06_03 4.08 6.58 n.a. 9.64 3.87 275.68 n.a. 54.81
27 nut_sol_0200ppbSe_GB_2014_06_03 4.08 6.58 n.a. 9.64 3.91 283.05 n.a. 57.15
28 nut_sol_0500ppbSe_GB_2014_06_03 4.08 6.58 n.a. 9.64 3.82 285.01 n.a. 57.82
29 nut_sol_1000ppbSe_GB_2014_06_03 4.08 6.58 n.a. 9.65 3.62 284.65 n.a. 58.09
30 nut_sol_2000ppbSe_GB_2014_06_03 4.08 6.58 n.a. 9.64 3.73 288.76 n.a. 57.61
31 nut_sol_5000ppbSe_GB_2014_06_03 4.08 6.59 n.a. 9.65 3.43 279.05 n.a. 60.28
32 nut_sol_10000ppbSe_GB_2014_06_03 4.08 6.59 n.a. 9.65 3.59 277.43 n.a. 59.49
33 wash-5 4.18 n.a. n.a. n.a. n.a. n.a. n.a. n.a.
34 Standard_3-3 4.09 6.65 8.14 9.65 10.40 21.33 30.75 20.69
35 wash-6 4.12 n.a. n.a. n.a. n.a. n.a. n.a. n.a.
36 nut_sol_0000ppbSe_MB_2014_06_03 4.08 6.61 n.a. 9.65 3.98 208.21 n.a. 63.20
37 nut_sol_0020ppbSe_MB_2014_06_03 4.08 6.61 n.a. 9.64 3.82 182.02 n.a. 69.65
38 nut_sol_0050ppbSe_MB_2014_06_03 4.08 6.60 n.a. 9.65 3.63 220.01 n.a. 62.37
39 nut_sol_0100ppbSe_MB_2014_06_03 4.08 6.61 n.a. 9.65 3.20 197.35 n.a. 63.79
40 nut_sol_0200ppbSe_MB_2014_06_03 4.08 6.60 n.a. 9.65 3.27 206.42 n.a. 65.07
41 nut_sol_0500ppbSe_MB_2014_06_03 4.08 6.60 n.a. 9.64 4.05 215.97 n.a. 66.91
42 nut_sol_1000ppbSe_MB_2014_06_03 4.08 6.60 n.a. 9.64 3.39 212.00 n.a. 64.51
43 nut_sol_2000ppbSe_MB_2014_06_03 4.08 6.60 n.a. 9.65 5.78 210.51 n.a. 63.58
44 nut_sol_5000ppbSe_MB_2014_06_03 4.08 6.60 n.a. 9.65 3.42 219.96 n.a. 67.96
45 nut_sol_10000ppbSe_MB_2014_06_03 4.08 6.61 n.a. 9.65 3.84 179.76 n.a. 71.52
46 wash-7 4.11 n.a. n.a. n.a. n.a. n.a. n.a. n.a.
47 Standard_3-4 4.09 6.64 8.15 9.65 10.41 21.38 30.96 20.62
48 wash-8 4.18 n.a. n.a. n.a. n.a. n.a. n.a. n.a.
49 Std_Riverwater 4.11 n.a. n.a. 9.61 43.82 n.a. n.a. 154.94
50 wash-9 4.07 n.a. n.a. n.a. n.a. n.a. n.a. n.a.
51 Stopmeth n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.
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ccviii C. C Datasheets - plant-uptake sorption experiments

Table C.29.: C analytical data - ICP-MS measurement I; Na2SeO4 uptake into plants in the
presence of kaolinite sorption

Technique ICP-MS Quadrupole
System X-Series Thermo Fischer
Date measured 21.07.2014

Se mean
Isotope 76Se 77Se 78Se 82Se dil. factor 76Se,77Se,78Se SD

[µg/L] [µg/L] [µg/L] [µg/L] [-] [µg/L] [µg/L]

Analytical Quality
wash-mean 0.05 0.04 0.07 0.08 1
wash-SD 0.04 0.02 0.01 0.04 1
LOD (= 3·wash) 0.12 0.05 0.04 0.12

HighPurityStd ref. value 2.20 2.20 2.20 2.20 (5)
Quality [%] 126.16 119.27 114.82 114.20

Calibration

Std 0ppb 0.15 0.01 0.07 0.06 1 0.08 0.07
Std 0.5ppb 4.93 4.88 5.05 4.99 1 4.96 0.09
Std 1ppb 10.09 10.23 10.25 10.14 1 10.19 0.09
Std 2.5ppb 25.07 25.56 25.24 25.16 1 25.29 0.25
Std 5ppb 50.30 50.24 50.35 50.75 1 50.30 0.06
Std 10ppb 99.71 100.70 100.40 99.94 1 100.27 0.51
Std 25ppb 248.40 251.30 251.00 249.40 1 250.23 1.59
Std 50ppb 494.80 497.90 498.60 499.20 1 497.10 2.02
Std 100ppb 1000.00 1001.00 1000.00 1001.00 1 1000.33 0.58

Samples

wash 2 0.12 0.04 0.07 0.10 1
HPS 2.66 2.62 2.61 2.61 (5)
wash 3 0.15 0.05 0.08 0.14 1
initsol_Na2SeO4_10000ppb 2401.00 2532.00 2525.00 2511.00 5 12430.00 368.48
initsol_Na2SeO4_05000ppb 1211.00 1278.00 1282.00 1278.00 5 6285.00 199.44
initsol_Na2SeO4_02000ppb 1182.00 1254.00 1251.00 1252.00 2 2458.00 81.46
initsol_Na2SeO4_01000ppb 603.00 638.60 640.30 641.90 2 1254.60 42.12
initsol_Na2SeO4_00500ppb 299.20 315.70 318.00 314.50 2 621.93 20.51
initsol_Na2SeO4_00200ppb 128.40 135.50 134.30 134.70 2 265.47 7.60
initsol_Na2SeO4_00100ppb 59.86 63.09 62.40 62.48 2 123.57 3.40
initsol_Na2SeO4_00050ppb 31.91 33.49 34.17 34.40 2 66.38 2.32
initsol_Na2SeO4_00020ppb 13.27 13.79 14.14 13.91 2 27.47 0.88
initsol_Na2SeO4_00000ppb 0.15 0.07 0.13 0.05 2 0.23 0.08
autoclave_blnd 0.16 0.10 0.11 0.10 2 0.25 0.07
wash 4 0.09 0.04 0.06 0.12 1
test 5ppb 49.65 51.10 50.77 51.00 1
HPS 2.85 2.48 2.39 2.47 5
wash 5 0.16 0.03 0.09 0.05 1
K-sorp+plant_Na2SeO4_10000ppb 1998.00 2106.00 2109.00 2105.00 5 10355.00 316.19
K-sorp+plant_Na2SeO4_05000ppb 1015.00 1073.00 1075.00 1073.00 5 5271.67 170.39
K-sorp+plant_Na2SeO4_02000ppb 964.70 1020.00 1022.00 1018.00 2 2004.47 65.04
K-sorp+plant_Na2SeO4_01000ppb 502.80 528.60 531.60 531.50 2 1042.00 31.67
K-sorp+plant_Na2SeO4_00500ppb 247.50 263.50 263.90 261.10 2 516.60 18.71
K-sorp+plant_Na2SeO4_00200ppb 106.30 113.20 112.80 112.60 2 221.53 7.75
K-sorp+plant_Na2SeO4_00100ppb 49.16 52.26 52.53 52.26 2 102.63 3.75
K-sorp+plant_Na2SeO4_00050ppb 27.35 29.06 29.06 29.24 2 56.98 1.97
K-sorp+plant_Na2SeO4_00020ppb 11.34 11.72 11.43 11.66 2 22.99 0.40
K-sorp+plant_Na2SeO4_00000ppb 0.78 0.61 0.76 0.85 2 1.44 0.18
wash 6 0.08 0.04 0.07 0.06 1
test 5ppb 50.63 52.22 52.34 52.24 1
wash 7 0.19 0.07 0.08 0.05 1
wash 8 0.07 0.05 0.06 0.06 1
K-sorp_Na2SeO4_10000ppb 2181.00 2302.00 2316.00 2322.00 5 11331.67 371.16
K-sorp_Na2SeO4_05000ppb 1114.00 1184.00 1176.00 1183.00 5 5790.00 191.57
K-sorp_Na2SeO4_02000ppb 1112.00 1171.00 1172.00 1172.00 2 2303.33 68.71
K-sorp_Na2SeO4_01000ppb 529.60 558.00 566.80 569.80 2 1102.93 38.88
K-sorp_Na2SeO4_00500ppb 258.10 275.20 274.40 278.50 2 538.47 19.30
K-sorp_Na2SeO4_00200ppb 116.00 122.80 123.30 123.30 2 241.40 8.16
K-sorp_Na2SeO4_00100ppb 50.10 52.85 53.43 54.09 2 104.25 3.56
K-sorp_Na2SeO4_00050ppb 29.60 30.99 31.53 31.65 2 61.41 1.99
K-sorp_Na2SeO4_00020ppb 11.51 12.44 12.24 12.35 2 24.13 0.98
K-sorp_Na2SeO4_00000ppb 0.66 0.35 0.54 0.54 2 1.03 0.31
wash 9 0.07 0.01 0.06 0.12 1
test 5ppb 51.03 51.26 51.55 50.72 1
wash 9 wdh 0.14 0.06 0.09 0.02 1
HPS wdh 2.90 2.63 2.44 2.41 5
wash 10 0.07 0.02 0.07 0.02 1
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C.5. C results overview - desorption data ccix

Table C.30.: C analytical data - ICP-MS measurement II; Na2SeO3 uptake into plants in
the presence of kaolinite sorption

Technique ICP-MS Quadrupole
System X-Series Thermo Fischer
Date measured 22.07.2014

Se mean
Isotope 76Se 77Se 78Se 82Se dil. factor 76Se,77Se,78Se SD

[µg/L] [µg/L] [µg/L] [µg/L] [-] [µg/L] [µg/L]

Analytical Quality
wash-mean 0.16 0.14 0.16 0.17
wash-SD 0.09 0.09 0.08 0.07
LOD (= 3·wash) 0.27 0.26 0.23 0.22

HighPurityStd ref. value 2.20 2.20 2.20 2.20 (5)
Quality [%] 129.82 109.68 114.45 114.11

Calibration

Std 0ppb 0.07 0.07 0.06 0.08 1 0.07 0.00
Std 0.5ppb 5.26 5.09 4.81 5.17 1 5.05 0.22
Std 1ppb 9.95 10.34 10.28 10.09 1 10.19 0.21
Std 2.5ppb 25.16 25.30 25.41 24.79 1 25.29 0.13
Std 5ppb 50.12 49.09 50.41 49.77 1 49.87 0.69
Std 10ppb 100.30 100.00 99.39 100.40 1 99.90 0.46
Std 25ppb 248.00 251.50 249.10 249.10 1 249.53 1.79
Std 50ppb 496.40 498.80 500.60 498.00 1 498.60 2.11
Std 100ppb 1002.00 1000.00 1000.00 1001.00 1 1000.67 1.15

Samples

wash 2 0.12 0.04 0.07 0.08 1
HPS 2.71 2.32 2.41 2.36 5
wash 3 0.08 0.04 0.07 0.05 1
initsol_Na2SeO3_10000ppb 2199.00 2319.00 2309.00 2323.00 5 11378.33 332.92
initsol_Na2SeO3_05000ppb 1102.00 1160.00 1162.00 1155.00 5 5706.67 170.39
initsol_Na2SeO3_02000ppb 1146.00 1213.00 1206.00 1203.00 2 2376.67 73.66
initsol_Na2SeO3_01000ppb 570.60 601.10 602.40 600.00 2 1182.73 35.99
initsol_Na2SeO3_00500ppb 269.00 284.50 279.80 280.50 2 555.53 15.90
initsol_Na2SeO3_00200ppb 112.60 118.30 118.60 117.60 2 233.00 6.76
initsol_Na2SeO3_00100ppb 57.78 61.05 61.39 61.66 2 120.15 3.99
initsol_Na2SeO3_00050ppb 28.53 30.85 30.07 30.06 2 59.63 2.36
initsol_Na2SeO3_00020ppb 11.24 12.03 11.52 11.66 2 23.19 0.80
initsol_Na2SeO3_00000ppb 0.53 0.45 0.43 0.46 2 0.94 0.10
autoclave_blnd 0.51 0.61 0.59 0.61 2 1.14 0.11
wash 4 0.17 0.12 0.18 0.20 1
test 5ppb 49.27 51.19 50.03 49.19 1
wash 5 0.11 0.13 0.16 0.13 1
K-sorp+plant_Na2SeO3_10000ppb 1886.00 1981.00 1976.00 1976.00 5 9738.33 267.32
K-sorp+plant_Na2SeO3_05000ppb 865.80 916.20 906.10 912.60 5 4480.17 133.33
K-sorp+plant_Na2SeO3_02000ppb 783.60 824.30 824.60 829.90 2 1621.67 47.17
K-sorp+plant_Na2SeO3_01000ppb 440.00 461.60 460.60 464.40 2 908.13 24.38
K-sorp+plant_Na2SeO3_00500ppb 174.60 185.40 182.80 185.40 2 361.87 11.27
K-sorp+plant_Na2SeO3_00200ppb 80.14 84.02 84.76 85.91 2 165.95 4.96
K-sorp+plant_Na2SeO3_00100ppb 39.72 41.26 41.51 42.25 2 81.66 1.94
K-sorp+plant_Na2SeO3_00050ppb 19.42 20.84 20.67 20.95 2 40.62 1.55
K-sorp+plant_Na2SeO3_00020ppb 7.55 8.10 8.00 8.22 2 15.77 0.59
K-sorp+plant_Na2SeO3_00000ppb 1.23 1.14 1.17 1.45 2 2.36 0.09
wash 6 0.19 0.26 0.26 0.22 1
test 5ppb 50.12 50.51 50.43 50.54 1
wash 7 0.20 0.14 0.20 0.11 1
K-sorp_Na2SeO3_10000ppb 2020.00 2137.00 2123.00 2127.00 5 10466.67 319.47
K-sorp_Na2SeO3_05000ppb 1005.00 1055.00 1047.00 1053.00 5 5178.33 134.29
K-sorp_Na2SeO3_02000ppb 938.00 989.80 988.50 997.10 2 1944.20 59.08
K-sorp_Na2SeO3_01000ppb 492.90 518.50 517.50 520.50 2 1019.27 29.00
K-sorp_Na2SeO3_00500ppb 229.60 244.60 240.90 242.70 2 476.73 15.63
K-sorp_Na2SeO3_00200ppb 93.98 99.01 97.63 98.40 2 193.75 5.20
K-sorp_Na2SeO3_00100ppb 46.53 48.76 49.06 49.36 2 96.23 2.76
K-sorp_Na2SeO3_00050ppb 22.67 23.62 23.27 23.58 2 46.37 0.96
K-sorp_Na2SeO3_00020ppb 8.99 9.13 9.25 9.28 2 18.24 0.26
K-sorp_Na2SeO3_00000ppb 1.12 1.05 1.06 1.19 2 2.15 0.07
wash 8 0.33 0.26 0.24 0.23 1
HPS 3.01 2.51 2.63 2.67 (5)
test 5ppb 50.62 49.88 50.43 51.01 1
wash 9 0.20 0.21 0.24 0.23 1
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ccx C. C Datasheets - plant-uptake sorption experiments

Table C.31.: C analytical data - ICP-MS measurement III; Na2SeO4 uptake into plants in
the presence of goethite sorption

Technique ICP-MS Quadrupole
System X-Series Thermo Fischer
Date measured 23.07.2014

Se mean
Isotope 76Se 77Se 78Se 82Se dil. factor 76Se,77Se,78Se SD

[µg/L] [µg/L] [µg/L] [µg/L] [-] [µg/L] [µg/L]

Analytical Quality
wash-mean 0.17 0.08 0.11 0.13
wash-SD 0.06 0.04 0.04 0.03
LOD (= 3·wash) 0.18 0.13 0.13 0.09

HighPurityStd ref. value 2.20 2.20 2.20 2.20 (5)
Quality [%] 130.86 103.43 108.64 111.34

Calibration

Std 0ppb 0.12 0.07 0.08 0.12 1 0.09 0.03
Std 0.5ppb 5.44 5.03 4.95 5.01 1 5.14 0.26
Std 1ppb 9.91 10.17 10.13 10.04 1 10.07 0.14
Std 2.5ppb 24.90 24.49 24.99 25.41 1 24.79 0.27
Std 5ppb 50.24 49.22 50.21 50.09 1 49.89 0.58
Std 10ppb 100.30 98.40 100.10 98.78 1 99.60 1.04
Std 25ppb 249.40 248.10 249.00 250.50 1 248.83 0.67
Std 50ppb 496.90 495.60 500.50 498.80 1 497.67 2.54
Std 100ppb 1002.00 1003.00 999.90 1001.00 1 1001.63 1.58

Samples

wash 2 0.07 0.06 0.09 0.10 1
HPS 2.99 2.34 2.44 2.42 (5)
wash 3 0.14 0.06 0.10 0.11 1
initsol_Na2SeO4_10000ppb 888.30 932.40 930.50 922.90 5 4585.33 124.65
initsol_Na2SeO4_05000ppb 431.90 452.50 451.90 451.20 5 2227.17 58.62
initsol_Na2SeO4_02000ppb 1104.00 1164.00 1159.00 1155.00 2 2284.67 66.58
initsol_Na2SeO4_01000ppb 553.00 585.70 584.70 582.70 2 1148.93 37.19
initsol_Na2SeO4_00500ppb 272.80 287.00 290.00 285.80 2 566.53 18.38
initsol_Na2SeO4_00200ppb 112.20 119.70 118.80 117.60 2 233.80 8.19
initsol_Na2SeO4_00100ppb 55.09 57.67 58.62 58.56 2 114.25 3.65
initsol_Na2SeO4_00050ppb 28.77 30.01 30.72 30.97 2 59.67 1.97
initsol_Na2SeO4_00020ppb 12.56 12.79 13.09 12.90 2 25.63 0.53
initsol_Na2SeO4_00000ppb 0.50 0.26 0.45 0.45 2 0.81 0.25
autoclave_blnd 0.50 0.43 0.43 0.47 2 0.91 0.08
wash 4 0.15 0.04 0.09 0.15 1
test 5ppb 50.63 50.62 49.91 50.00 1
wash 5 0.14 0.07 0.11 0.13 1
G-sorp+plant_Na2SeO4_10000ppb 352.70 369.60 373.40 375.90 5 1826.17 55.10
G-sorp+plant_Na2SeO4_05000ppb 135.90 144.20 145.10 144.20 5 708.67 25.36
G-sorp+plant_Na2SeO4_02000ppb 477.70 499.20 502.30 501.80 2 986.13 26.80
G-sorp+plant_Na2SeO4_01000ppb 236.10 248.70 247.40 245.00 2 488.13 13.86
G-sorp+plant_Na2SeO4_00500ppb 129.00 134.50 136.10 135.40 2 266.40 7.45
G-sorp+plant_Na2SeO4_00200ppb 48.25 49.64 49.14 49.46 2 98.02 1.41
G-sorp+plant_Na2SeO4_00100ppb 23.84 24.94 25.17 25.69 2 49.30 1.42
G-sorp+plant_Na2SeO4_00050ppb 14.47 14.99 15.47 15.63 2 29.95 1.00
G-sorp+plant_Na2SeO4_00020ppb 5.75 6.06 5.99 6.35 2 11.86 0.32
G-sorp+plant_Na2SeO4_00000ppb 0.43 0.34 0.31 0.72 2 0.72 0.13
wash 6 0.19 0.08 0.10 0.13 1
test 5ppb 51.02 50.95 51.42 50.65 1
wash 7 0.24 0.09 0.10 0.08 1
G-sorp_Na2SeO4_10000ppb 327.90 342.40 344.90 342.90 5 1692.00 45.89
G-sorp_Na2SeO4_05000ppb 157.20 165.70 166.80 166.60 5 816.17 26.27
G-sorp_Na2SeO4_02000ppb 402.00 417.30 419.30 416.80 2 825.73 18.93
G-sorp_Na2SeO4_01000ppb 204.70 214.40 214.30 213.00 2 422.27 11.14
G-sorp_Na2SeO4_00500ppb 94.60 98.42 100.50 98.07 2 195.68 5.98
G-sorp_Na2SeO4_00200ppb 39.67 41.66 42.09 42.06 2 82.28 2.58
G-sorp_Na2SeO4_00100ppb 21.51 22.98 22.44 22.46 2 44.62 1.49
G-sorp_Na2SeO4_00050ppb 10.44 11.15 10.84 11.15 2 21.62 0.71
G-sorp_Na2SeO4_00020ppb 5.01 5.15 5.22 5.32 2 10.25 0.21
G-sorp_Na2SeO4_00000ppb 0.69 0.63 0.65 0.81 2 1.32 0.06
wash 8 0.19 0.07 0.08 0.10 1
HPS 2.77 2.22 2.34 2.48 (5)
test 5ppb 50.43 51.01 50.98 50.60 1
wash 9 0.27 0.19 0.22 0.17 1
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C.5. C results overview - desorption data ccxi

Table C.32.: C analytical data - ICP-MS measurement IV; Na2SeO3 uptake into plants in
the presence of goethite sorption

Technique ICP-MS Quadrupole
System X-Series Thermo Fischer
Date measured 24.07.2014

Se mean
Isotope 76Se 77Se 78Se 82Se dil. factor 76Se,77Se,78Se SD

[µg/L] [µg/L] [µg/L] [µg/L] [-] [µg/L] [µg/L]

Analytical Quality
wash-mean 0.17 0.11 0.15 0.18
wash-SD 0.07 0.08 0.06 0.04
LOD (= 3·wash) 0.20 0.24 0.18 0.12

HighPurityStd ref. value 2.20 2.20 2.20 2.20 (5)
Quality [%] 135.05 111.55 110.75 110.52

Calibration

Std 0ppb 0.04 0.06 0.09 0.17 1 0.06 0.02
Std 0.5ppb 5.02 4.95 5.11 5.12 1 5.03 0.08
Std 1ppb 10.05 9.77 9.93 10.10 1 9.92 0.14
Std 2.5ppb 25.12 25.20 25.07 24.95 1 25.13 0.07
Std 5ppb 49.90 48.44 48.92 49.45 1 49.09 0.74
Std 10ppb 99.74 100.40 99.26 99.33 1 99.80 0.57
Std 25ppb 249.20 250.50 248.40 248.30 1 249.37 1.06
Std 50ppb 498.10 502.30 500.70 501.00 1 500.37 2.12
Std 100ppb 1001.00 998.70 1000.00 1000.00 1 999.90 1.15

Samples

wash 2 0.22 0.07 0.12 0.16 1
HPS 3.06 2.46 2.43 2.52 (5)
wash 3 0.15 0.06 0.10 0.16 1
initsol_Na2SeO3_10000ppb 1942.00 2069.00 2070.00 2043.00 5 10135.00 368.07
initsol_Na2SeO3_05000ppb 1036.00 1099.00 1087.00 1086.00 5 5370.00 167.26
initsol_Na2SeO3_02000ppb 1015.00 1078.00 1073.00 1066.00 2 2110.67 70.04
initsol_Na2SeO3_01000ppb 517.30 543.50 542.00 539.30 2 1068.53 29.43
initsol_Na2SeO3_00500ppb 251.50 266.00 264.60 263.80 2 521.40 16.00
initsol_Na2SeO3_00200ppb 102.50 107.80 107.40 107.80 2 211.80 5.90
initsol_Na2SeO3_00100ppb 51.42 53.56 53.77 53.67 2 105.83 2.60
initsol_Na2SeO3_00050ppb 26.72 27.93 28.21 28.13 2 55.24 1.58
initsol_Na2SeO3_00020ppb 11.19 11.72 11.60 11.47 2 23.01 0.56
initsol_Na2SeO3_00000ppb 0.95 0.84 0.91 0.99 2 1.80 0.11
autoclave_blnd 0.85 0.91 0.90 0.94 2 1.78 0.06
wash 4 0.21 0.13 0.21 0.21 1
test 5ppb 49.86 48.14 49.35 48.87 1
wash 5 0.17 0.24 0.23 0.22 1
G-sorp_Na2SeO3_10000ppb 6.26 6.43 6.45 6.49 5 31.90 0.53
G-sorp_Na2SeO3_05000ppb 3.07 3.09 3.05 3.13 5 15.35 0.11
G-sorp_Na2SeO3_02000ppb 3.03 3.41 3.41 3.50 2 6.56 0.44
G-sorp_Na2SeO3_01000ppb 1.52 1.68 1.74 2.07 2 3.29 0.23
G-sorp_Na2SeO3_00500ppb 1.31 1.16 1.18 1.50 2 2.43 0.15
G-sorp_Na2SeO3_00200ppb 1.18 1.01 0.98 1.31 2 2.11 0.21
G-sorp_Na2SeO3_00100ppb 1.26 1.16 1.09 1.42 2 2.34 0.17
G-sorp_Na2SeO3_00050ppb 1.47 1.40 1.41 1.74 2 2.85 0.08
G-sorp_Na2SeO3_00020ppb 0.70 0.73 0.60 1.07 2 1.34 0.13
G-sorp_Na2SeO3_00000ppb 0.61 0.47 0.52 0.81 2 1.06 0.14
wash 6 0.20 0.08 0.14 0.15 1
test 5ppb 50.22 49.32 49.60 49.32 1
wash 7 0.11 0.07 0.12 0.14 1
G-sorp+plant_Na2SeO3_10000ppb 4.29 4.19 4.23 4.18 5 21.19 0.25
G-sorp+plant_Na2SeO3_05000ppb 2.28 2.54 2.46 2.53 5 12.13 0.67
G-sorp+plant_Na2SeO3_02000ppb 2.51 2.66 2.63 2.65 2 5.20 0.15
G-sorp+plant_Na2SeO3_01000ppb 1.70 1.60 1.62 1.73 2 3.28 0.11
G-sorp+plant_Na2SeO3_00500ppb 1.11 0.96 0.95 1.22 2 2.01 0.18
G-sorp+plant_Na2SeO3_00200ppb 0.81 0.80 0.81 0.92 2 1.61 0.02
G-sorp+plant_Na2SeO3_00100ppb 0.62 0.56 0.57 0.69 2 1.17 0.06
G-sorp+plant_Na2SeO3_00050ppb 0.63 0.59 0.59 0.58 2 1.20 0.05
G-sorp+plant_Na2SeO3_00020ppb 0.77 0.61 0.68 0.78 2 1.37 0.15
G-sorp+plant_Na2SeO3_00000ppb 1.78 1.83 1.86 1.90 2 3.64 0.08
wash 8 0.18 0.05 0.10 0.13 1
HPS wdh 2.88 2.45 2.44 2.35 (5)
test 5ppb 50.21 49.75 50.40 50.20 1
wash 9 0.30 0.27 0.25 0.17 1
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ccxii C. C Datasheets - plant-uptake sorption experiments

Table C.33.: C analytical data - ICP-MS measurement V; Exp. C desorption from kaolinite
using K2HPO4

Technique ICP-MS Quadrupole
System X-Series Thermo Fischer
Date measured 17.07.2014

Se mean (drift.-corr.)
Isotope 76Se 77Se 78Se 82Se dil. factor 77Se,78Se SD

[µg/L] [µg/L] [µg/L] [µg/L] [-] [µg/L] [µg/L]

Analytical Quality
wash-mean 0.37 0.05 0.08 0.25
wash-SD 0.12 0.02 0.03 0.03
LOD (= 3·wash) 0.37 0.06 0.09 0.09

HighPurityStd ref. value 5.50 5.50 5.50 5.50
Quality [%] 146.29 110.53 110.29 110.35

Calibration

Std 0ppb 0.04 0.02 0.08 0.21 0.05 0.04
Std 5ppb Se 4.87 5.00 5.12 5.31 5.06 0.08
Std 10ppb Se 10.33 10.06 10.15 10.06 10.11 0.06
Std 25ppb Se 25.80 24.88 25.17 25.30 25.03 0.21
Std 50ppb Se 49.72 50.93 50.82 50.04 50.88 0.08
Std 100ppb Se 97.88 100.60 99.56 100.30 100.08 0.74
Std 250ppb Se 249.60 250.30 248.00 247.70 249.15 1.63
Std 500ppb Se 503.00 502.90 501.50 501.00 502.20 0.99
Std 1000ppb Se 998.80 998.40 999.80 1000.00 999.10 0.99

Samples

wash 2 0.27 0.10 0.15 0.21
HPS 7.26 5.44 5.58 5.88 (2)
wash 3 0.19 0.06 0.09 0.23
K-desorp_sorp+plant_SeO4_10000ppb 61.30 58.21 57.42 57.70 10 572.34 0.48
K-desorp_sorp+plant_SeO4_05000ppb 29.91 28.88 28.23 28.91 10 281.24 0.40
K-desorp_sorp+plant_SeO4_02000ppb 13.93 13.02 12.84 12.82 10 126.70 0.09
K-desorp_sorp+plant_SeO4_01000ppb 6.87 6.27 6.28 6.52 10 61.19 0.03
K-desorp_sorp+plant_SeO4_00500ppb 4.09 3.33 3.16 3.50 10 31.47 0.10
K-desorp_sorp+plant_SeO4_00200ppb 1.67 0.99 1.00 1.33 10 9.57 0.01
K-desorp_sorp+plant_SeO4_00100ppb 1.48 0.71 0.78 1.10 10 7.15 0.05
K-desorp_sorp+plant_SeO4_00050ppb 0.87 0.34 0.39 0.75 10 3.47 0.03
K-desorp_sorp+plant_SeO4_00020ppb 0.88 0.23 0.34 0.63 10 2.74 0.08
K-desorp_sorp+plant_SeO4_00000ppb 0.77 0.14 0.23 0.65 10 1.75 0.06
wash 4 0.46 0.04 0.11 0.26 1
Test 25ppb 27.39 26.62 26.64 26.57 1
wash 5 0.37 0.05 0.07 0.26 1
K-desorp_sorp_SeO4_10000ppb 67.73 63.59 63.02 61.50 10 594.95 0.21
K-desorp_sorp_SeO4_05000ppb 40.77 38.59 38.43 37.75 10 361.95 0.29
K-desorp_sorp_SeO4_02000ppb 14.72 13.29 13.27 13.64 10 124.82 0.14
K-desorp_sorp_SeO4_01000ppb 9.02 8.44 8.22 8.39 10 78.31 0.05
K-desorp_sorp_SeO4_00500ppb 4.35 3.78 3.77 3.80 10 35.49 0.04
K-desorp_sorp_SeO4_00200ppb 1.73 1.21 1.18 1.52 10 11.27 0.00
K-desorp_sorp_SeO4_00100ppb 1.94 0.83 1.02 1.40 10 8.74 0.14
K-desorp_sorp_SeO4_00050ppb 1.10 0.44 0.51 0.69 10 4.48 0.06
K-desorp_sorp_SeO4_00020ppb 0.88 0.21 0.28 0.74 10 2.30 0.05
K-desorp_sorp_SeO4_00000ppb 0.72 0.09 0.12 0.62 10 0.98 0.03
wash 6 0.50 0.04 0.07 0.30
Test 25ppb 27.30 26.86 26.37 26.63
wash 7 0.43 0.03 0.07 0.29
K-desorp_sorp+plant_SeO3_10000ppb 42.00 38.85 38.72 38.57 10 364.88 0.67
K-desorp_sorp+plant_SeO3_05000ppb 28.09 26.13 26.05 25.76 10 245.50 0.45
K-desorp_sorp+plant_SeO3_02000ppb 12.82 12.50 11.70 11.58 10 113.83 0.30
K-desorp_sorp+plant_SeO3_01000ppb 6.73 6.19 5.85 6.01 10 56.66 0.11
K-desorp_sorp+plant_SeO3_00500ppb 4.93 4.15 4.17 4.29 10 39.17 0.10
K-desorp_sorp+plant_SeO3_00200ppb 2.64 1.87 1.95 2.32 10 17.97 0.09
K-desorp_sorp+plant_SeO3_00100ppb 2.18 1.49 1.49 1.78 10 14.04 0.02
K-desorp_sorp+plant_SeO3_00050ppb 1.34 0.73 0.87 1.28 10 7.53 0.11
K-desorp_sorp+plant_SeO3_00020ppb 1.10 0.35 0.49 0.86 10 3.96 0.10
K-desorp_sorp+plant_SeO3_00000ppb 0.85 0.12 0.25 0.84 10 1.72 0.09
wash 8 0.45 0.04 0.07 0.28
Test 25ppb 27.41 26.75 26.34 26.31
wash 9 0.44 0.04 0.08 0.22
K-desorp_sorp_SeO3_10000ppb 52.90 50.87 49.38 49.14 10 470.42 0.14
K-desorp_sorp_SeO3_05000ppb 19.93 18.34 18.29 18.36 10 171.53 0.27
K-desorp_sorp_SeO3_02000ppb 16.18 14.51 14.64 14.65 10 136.21 0.31
K-desorp_sorp_SeO3_01000ppb 9.28 8.64 8.51 8.59 10 79.94 0.04
K-desorp_sorp_SeO3_00500ppb 5.29 4.95 4.82 5.15 10 45.46 0.01
K-desorp_sorp_SeO3_00200ppb 3.24 2.16 2.40 2.75 10 21.18 0.19
K-desorp_sorp_SeO3_00100ppb 2.04 1.33 1.36 1.90 10 12.43 0.04
K-desorp_sorp_SeO3_00050ppb 1.47 0.86 0.81 1.26 10 7.70 0.02
K-desorp_sorp_SeO3_00020ppb 0.93 0.36 0.43 0.75 10 3.64 0.05
K-desorp_sorp_SeO3_00000ppb 0.75 0.09 0.16 0.46 10 1.13 0.05
wash 10 0.44 0.03 0.07 0.24
HPS wdh 8.05 6.08 6.07 6.07 (2)
Test 25ppb 28.67 27.34 27.19 27.37
wash 11 0.43 0.03 0.07 0.27
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C.5. C results overview - desorption data ccxiii

Table C.34.: C analytical data - ICP-MS measurement VI; Exp. C desorption from goethite
using K2HPO4

Technique ICP-MS Quadrupole
System X-Series Thermo Fischer
Date measured 28.07.2014

Se mean
Isotope 76Se 77Se 78Se 82Se dil. factor 77Se,78Se SD

[µg/L] [µg/L] [µg/L] [µg/L] [-] [µg/L] [µg/L]

Analytical Quality
wash-mean 0.11 0.08 0.11 0.10
wash-SD 0.06 0.03 0.03 0.05
LOD (= 3·wash) 0.17 0.09 0.09 0.16

HighPurityStd ref. value 5.50 5.50 5.50 5.50 2
Quality [%] 137.87 104.48 104.98 104.21

Calibration

Std 0ppb 0.06 0.07 0.08 0.06 1 0.77 0.00565685
Std 5ppb Se 4.81 4.95 4.89 5.07 1 49.20 0.03818377
Std 10ppb Se 9.75 10.17 9.89 10.24 1 100.32 0.19516147
Std 25ppb Se 24.42 24.93 25.16 24.27 1 250.45 0.16263456
Std 50ppb Se 50.67 49.96 50.00 50.35 1 499.80 0.02828427
Std 100ppb Se 101.00 99.29 100.00 99.98 1 996.45 0.50204581
Std 250ppb Se 249.90 250.20 251.10 249.20 1 2506.50 0.6363961
Std 500ppb Se 498.90 500.30 498.80 501.30 1 4995.50 1.06066017
Std 1000ppb Se 1000.00 999.90 1000.00 999.50 1 9999.50 0.07071068

Samples

wash 2 0.39 0.40 0.40 0.48
HPS 7.58 5.85 5.90 5.71 (2)
wash 3 0.19 0.15 0.19 0.19
G-desorp_sorp+plant_SeO4_10000ppb 141.60 138.30 139.20 137.10 10 1387.5 0.64
G-desorp_sorp+plant_SeO4_05000ppb 123.30 119.20 117.60 118.60 10 1184.0 1.13
G-desorp_sorp+plant_SeO4_02000ppb 67.11 64.83 65.10 64.53 10 649.7 0.19
G-desorp_sorp+plant_SeO4_01000ppb 38.69 36.11 36.92 36.94 10 365.2 0.57
G-desorp_sorp+plant_SeO4_00500ppb 18.98 18.69 18.59 18.76 10 186.4 0.07
G-desorp_sorp+plant_SeO4_00200ppb 7.99 7.05 7.13 7.26 10 70.9 0.06
G-desorp_sorp+plant_SeO4_00100ppb 4.28 3.79 3.72 4.04 10 37.6 0.05
G-desorp_sorp+plant_SeO4_00050ppb 2.18 1.93 1.91 2.20 10 19.2 0.01
G-desorp_sorp+plant_SeO4_00020ppb 1.31 1.10 1.08 1.19 10 10.9 0.01
G-desorp_sorp+plant_SeO4_00000ppb 0.48 0.31 0.23 0.41 10 2.69 0.06
wash 4 0.15 0.09 0.10 0.11
Test 25ppb 26.20 25.79 25.78 25.38
wash 5 0.14 0.09 0.12 0.11
G-desorp_sorp_SeO4_10000ppb 267.50 262.60 262.10 260.10 10 2623.5 0.35
G-desorp_sorp_SeO4_05000ppb 128.30 124.00 123.70 121.80 10 1238.5 0.21
G-desorp_sorp_SeO4_02000ppb 129.20 126.70 126.10 124.00 10 1264.0 0.42
G-desorp_sorp_SeO4_01000ppb 63.16 62.85 61.31 60.52 10 620.8 1.09
G-desorp_sorp_SeO4_00500ppb 32.28 31.64 30.90 31.15 10 312.7 0.52
G-desorp_sorp_SeO4_00200ppb 13.01 12.01 12.43 12.23 10 122.2 0.30
G-desorp_sorp_SeO4_00100ppb 6.14 5.64 5.66 5.57 10 56.5 0.01
G-desorp_sorp_SeO4_00050ppb 3.66 3.51 3.40 3.48 10 34.6 0.08
G-desorp_sorp_SeO4_00020ppb 1.45 1.24 1.21 1.34 10 12.2 0.03
G-desorp_sorp_SeO4_00000ppb 1.46 0.88 1.14 1.33 10 10.07 0.19
wash 6 0.15 0.04 0.09 0.06
Test 25ppb 25.93 25.86 25.71 25.62
wash 7 0.16 0.06 0.10 0.12
G-desorp_sorp+plant_SeO3_10000ppb 784.60 773.70 767.40 766.40 10 7705.5 4.45
G-desorp_sorp+plant_SeO3_05000ppb 444.30 437.20 432.50 432.50 10 4348.5 3.32
G-desorp_sorp+plant_SeO3_02000ppb 150.80 147.00 145.50 146.30 10 1462.5 1.06
G-desorp_sorp+plant_SeO3_01000ppb 74.50 73.62 74.10 72.16 10 738.6 0.34
G-desorp_sorp+plant_SeO3_00500ppb 40.18 38.94 38.26 38.39 10 386.0 0.48
G-desorp_sorp+plant_SeO3_00200ppb 15.93 15.39 15.42 15.02 10 154.1 0.02
G-desorp_sorp+plant_SeO3_00100ppb 8.63 7.72 7.77 7.90 10 77.5 0.04
G-desorp_sorp+plant_SeO3_00050ppb 4.06 3.82 3.87 4.20 10 38.5 0.04
G-desorp_sorp+plant_SeO3_00020ppb 2.11 1.73 1.62 1.78 10 16.8 0.08
G-desorp_sorp+plant_SeO3_00000ppb 0.97 0.72 0.70 0.89 10 7.11 0.01
wash 8 0.12 0.07 0.09 0.04
Test 25ppb 25.78 25.10 25.68 25.44
wash 9 0.07 0.08 0.14 0.06
G-desorp_sorp_SeO3_10000ppb 767.70 752.60 752.80 751.30 10 7527.0 0.14
G-desorp_sorp_SeO3_05000ppb 381.50 374.20 374.70 370.50 10 3744.5 0.35
G-desorp_sorp_SeO3_02000ppb 155.20 151.30 151.90 152.00 10 1516.0 0.42
G-desorp_sorp_SeO3_01000ppb 71.78 71.31 70.58 71.92 10 709.5 0.52
G-desorp_sorp_SeO3_00500ppb 34.14 32.77 32.99 33.29 10 328.8 0.16
G-desorp_sorp_SeO3_00200ppb 13.41 14.05 13.52 13.54 10 137.9 0.37
G-desorp_sorp_SeO3_00100ppb 8.29 8.01 8.04 7.93 10 80.2 0.02
G-desorp_sorp_SeO3_00050ppb 3.66 3.32 3.42 3.34 10 33.7 0.07
G-desorp_sorp_SeO3_00020ppb 1.77 1.70 1.67 1.94 10 16.9 0.02
G-desorp_sorp_SeO3_00000ppb 3.03 2.64 2.67 2.83 10 26.5 0.02
wash 10 0.03 0.06 0.10 0.10
Test 25ppb 25.37 25.19 25.28 24.98
HPS 7.59 5.64 5.65 5.76 (2)
wash 11 0.05 0.10 0.11 0.04
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