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Summary 

Reducing conditions in soils alter a variety of biogeochemical processes that affects the 

mobility of nutrients and pollutants, the emission of greenhouse gases, and the formation 

of redoximorphic features. Hence, a precise characterization and monitoring of reducing 

conditions is important for land use management and risk assessment. Conventionally, 

platinum (Pt) electrodes are used to measure the redox potential (EH) for delineation of the 

soil redox status. In combination with a data-logger system the EH can be monitored at 

high temporal resolution but with the shortcoming of cost-intensive technical equipment. 

Alternatively, the Indicator of Reduction In Soils (IRIS) method can be used to delineate 

soil reducing conditions that consists of synthesized iron (FeIII) oxides coated onto white 

polyvinyl chloride (PVC) bars. The bars are installed for a period of 30 days in the soil and 

visually assessed for the effects of reduction by the depletion of the FeIII oxide coating. 

Currently, a differentiation into redox classes of oxidizing (EH > 300 mV; oxygen (O2) is 

present in the soil), weakly reducing (EH 300 to 100 mV; manganese (MnIII,IV) oxide reduc-

tion), and moderately reducing (EH 100 to ï100 mV; FeIII oxide reduction) soil conditions 

can only be achieved by Pt electrodes.  

The objectives of this thesis are to investigate the temporal and spatial distribution of 

the EH by different monitoring approaches. Automated Pt electrode measurements on 

hourly basis (2011 to 2014) were compared with measurements on a weekly basis (1990 

to 1993) to query the benefit of high temporal resolution EH monitoring. Additionally, the 

IRIS method was adopted by coating MnIII,IV oxides onto white PVC bars (in the following 

referred to as óMn and Fe redox barsô) and evaluated for their potential to differentiate into 

weakly and moderately reducing soil conditions in field and laboratory experiments. An 

important characteristic of MnIII,IV and FeIII oxides is their functioning as a sorbent for ele-

ments in soil solution. Therefore, the oxide coatings of previously field-installed redox bars 

were extracted and analyzed to investigate the element sorption behavior. Finally, long-

term groundwater data (1997 to 2012) was analyzed to assess trends of the water table 

(WT) depth development along a 17 km2 sized mesotrophic fen, which is relevant for the 

onset of reduction and with impact on the soil redox status. All field-experiments were 

conducted at different study sites in North-West Germany.  

Daily EH readings by Pt electrodes were sufficient to equally derive trends of the redox 

class distribution over time compared with hourly measurements but a loss of information 

occurred when weekly or monthly EH readings were performed. Since fluctuations up to 

540 mV were measured within a day, hourly readings were essential to identify biogeo-
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chemical processes. Besides EH measurements by Pt electrodes, it was possible to facili-

tate a durable MnIII,IV oxide coating  onto white PVC bars enabling to monitor the soil redox 

status. Laboratory experiments at defined EH-pH conditions went along with MnIII,IV oxide 

dissolution under weakly reducing conditions. The capillary fringe above the groundwater 

surface was identified as a hot spot for MnIII,IV oxide reduction with minor FeIII oxide re-

moval. Hence, the simultaneous application of Mn and Fe redox bars enabled to differen-

tiate zones of weakly and moderately reducing soil conditions. It was found that the pres-

ence of ferrous Fe2+ (reductant) in soil solution mediated an abiotic redox reaction with the 

formation of durable FeIII oxide coatings along Mn redox bars. Subsequently, MnIII,IV oxides 

(oxidant) transformed to manganous Mn2+ being removed from the PVC surface. The Fe 

precipitates and the remaining MnIII,IV oxide coating differed remarkably in color enabling 

to quantify the percentage area of these patterns over time. Thereby, temporally and spa-

tially diverse pathways of FeIII oxide forming processes can be studied. Selective chemical 

extraction of these oxide coatings along Mn redox bars verified a preferential sorption of 

cationic elements (e.g. copper, lead, zinc) to the surface of MnIII,IV oxides, whereas the 

positively charged surface of in situ formed FeIII oxides were enriched in elements having 

an oxyanionic character (e.g. arsenic, molybdenum, phosphorus, vanadium). Moreover, in 

situ formed FeIII oxides (ófieldô-Fe oxides) revealed higher element loadings compared with 

synthesized FeIII oxides along Fe redox bars (ólabô-Fe oxides). In accordance with this find-

ing, field-Fe oxides were solely composed of short-range ordered minerals exhibiting a 

higher sorption capacity. The WT depth was the main driver for the above-mentioned pro-

cesses and controlled the (i) EH dynamics, (ii) oxide removal along Mn and Fe redox bars, 

and (iii) element relocation into the topsoil by capillary rise. In this regard, WT depth read-

ings along a mesotrophic fen indicated a lowering by on average 20 cm at 39 out of 46 

monitoring wells. A meteorological forecast of the climatic water balance until the year 

2100 indicated that the development of decreasing WT depths will be intensified. Obvi-

ously, this will have impact on the soil redox status and associated biogeochemical pro-

cesses within the top soil.  

Overall, monitoring by Mn and Fe redox bars improves the understanding of the spatial 

and temporal distribution of soil reducing conditions but does not capture the ótrueô dynamic 

nature that can be determined by Pt electrodes. A continuous monitoring of the soil redox 

status by Pt electrodes or redox bars over decadal time scales is important to evaluate the 

impact of climate change on biogeochemical processes in waterlogged soils.
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 Zusammenfassung 

Reduzierende Bedingungen in Böden beeinflussen eine Vielzahl von biogeochemi-

schen Prozessen, welche für die Mobilität von Nähr- und Schadstoffen, die Emission von 

Klimagasen und die Entstehung von redoximorphen Merkmalen verantwortlich sind. Eine 

präzise Charakterisierung des Redox-Milieus ist daher wichtig für eine adäquate Landbe-

wirtschaftung und Risikobewertung. Konventionell werden Platin (Pt)-Elektroden zur Mes-

sung des Redoxpotentiales (EH) verwendet. In Kombination mit einem Datenlogger kann 

der EH-Wert zeitlich hochauflösend gemessen werden, allerdings wird dafür kosteninten-

sive Technik benötigt. Eine kostengünstige Alternative zum Nachweis reduzierender Be-

dingungen ist die Indicator of Reduction In Soils (IRIS)-Methode. Dabei werden weiße Po-

lyvinylchlorid-Stäbe mit synthetisierten Eisen (FeIII)-Oxiden beschichtet und für 30 Tage im 

Boden installiert. Durch die reduktive Auflösung der Oxidbeschichtung können die Entfär-

bungsmuster quantifiziert werden. Derzeit ist es nur durch den Einsatz von Pt-Elektroden 

möglich, die Redoxklassen von oxidierenden (EH > 300 mV; Sauerstoff (O2) ist vorhanden), 

schwach (EH 300 bis 100 mV; Mangan (MnIII,IV)-Oxid Reduktion) und mäßig reduzierenden 

(EH 100 bis ï100 mV; FeIII-Oxid Reduktion) Bedingungen in Böden zu unterscheiden. 

Das Ziel dieser Arbeit ist es, die zeitliche und räumliche Verteilung des EH in Böden 

durch verschiedene Monitoring-Verfahren zu untersuchen. Um die Vorteile von hochauf-

lösenden EH-Messungen mit Pt-Elektroden zu bewerten, wurde ein stündliches Messinter-

val (2011 bis 2014) mit einem wöchentlichen (1990 bis 1993) verglichen. Weiterhin wurde 

die IRIS-Methode durch die Verwendung von MnIII,IV-Oxiden adaptiert und die Differenzie-

rung von schwach und mäßig reduzierenden Bedingungen in Gelände- und Laborstudien 

evaluiert (im Folgenden als ĂMn und Fe Redox-Stªbeñ bezeichnet). Die Sorption von Ele-

menten aus der Bodenlösung an die Oberflächen von MnIII,IV- und FeIII-Oxiden ist eine 

wichtige Eigenschaft dieser Minerale. Um dies weitergehend zu untersuchen, wurde die 

Oxidbeschichtung von im Vorfeld installierten Redox-Stäben extrahiert und auf die Ele-

mentzusammensetzung hin analysiert. Abschließend wurden Langzeitmessungen (1997 

bis 2012) des Grundwasserflurabstandes in einem 17 km2 großen Niedermoor-Einzugs-

gebiet ausgewertet, um Trends im Pegelverlauf zu prognostizieren, welche eine beson-

dere Relevanz für das Redox-Milieu haben. Alle Geländeuntersuchungen wurden in Nord-

westdeutschland durchgeführt. 

Stündliche und tägliche Messungen des EH-Wertes mittels Pt-Elektroden waren ausrei-

chend, um Trends in der Redoxklassen-Verteilung über die Zeit abzuleiten. Wöchentliche 

und monatliche Messungen führen jedoch zu einem Informationsverlust. Da Tages-



 
Zusammenfassung   IV 
 
schwankungen von 540 mV gemessen wurden, ist es empfehlenswert auf stündlicher Ba-

sis zu messen, um biogeochemische Prozesse zu identifizieren. Mangan-Oxid beschich-

tete PVC-Stäbe dienten ebenfalls zum Nachweis reduzierender Bedingungen. Laborstu-

dien unter definierten EH-pH Bedingungen gingen mit einer Reduktion der MnIII,IV-Oxide 

unter schwach reduzierenden Bedingungen einher. Geländeuntersuchungen haben ge-

zeigt, dass besonders der Kapillarsaum oberhalb der Grundwasseroberfläche ein Ăhot 

spotñ der MnIII,IV-Oxid Reduktion war, bei nur geringer FeIII-Oxid Entfärbung. Der simultane 

Einsatz von Mn und Fe Redox-Stäben ermöglicht es daher, schwach und mäßig reduzie-

rende Bedingungen in Böden zu differenzieren. Die Gegenwart von Fe2+ (Reduktant) in 

der Bodenlösung verursachte eine abiotische Redoxreaktion mit der Bildung von FeIII-Oxi-

den entlang der Mn Redox-Stäbe. Als Folge werden die MnIII,IV-Oxide (Oxidant) zu Mn2+ 

reduziert und gehen in Lösung. Die MnIII,IV- und FeIII-Oxide unterschieden sich deutlich in 

der Farbe, welches weitergehende Studien zur räumlichen und zeitlichen FeIII-Oxid Bil-

dung ermöglicht. Durch den Einsatz einer selektiven Extraktionsmethode der Oxidbe-

schichtung konnte darüber hinaus nachgewiesen werden, dass MnIII,IV-Oxide präferentiell 

kationische Elemente aus der Bodenlösung sorbieren (bspw. Kupfer, Blei und Zink), wo-

hingegen anionische Elemente (bspw. Arsen, Molybdän, Phosphor, Vanadium) mit der 

positiv geladenen Oberfläche der in situ gebildeten FeIII-Oxide assoziiert sind. Die sorbier-

ten Elementgehalte an den in situ gebildeten FeIII-Oxiden (ĂGelände Fe-Oxideñ) ¿berstieg 

die der synthetisierten FeIII-Oxide (ĂLabor Fe-Oxideñ). In ¦bereinstimmung mit diesem Be-

fund waren die Gelände Fe-Oxide ausschließlich geringkristalliner Natur mit höheren 

Sorptionskapazitäten. Der Grundwasserflurabstand war der wichtigste Einflussfaktor für 

die genannten Prozesse und steuerte die (i) EH-Dynamik, (ii) Oxidentfärbung an den Mn 

und Fe Redox-Stäben und (iii) Bodenlösungskonzentrationen bestimmter Elemente, die 

durch kapillaren Aufstieg in den Oberboden verlagert werden. In diesem Zusammenhang 

hat das Absinken des mittleren Grundwasserflurabstandes von 20 cm an 39 von 46 Pegeln 

des Niedermoor-Standortes eine besondere Bedeutung auf die biogeochemischen Pro-

zesse im Oberboden.  

Mangan und Fe Redox-Stäbe verbessern das Verständnis der räumlichen und zeitli-

chen Verteilung von reduzierenden Bedingungen in Böden. Die Entfärbungsmuster spie-

geln jedoch nicht die Ăwahreñ Redox-Dynamik wieder, wie sie mit Pt-Elektroden bestimmt 

werden kann. Ein Langzeit-Monitoring reduzierender Bedingungen durch Pt-Elektroden 

oder Redox-Stäbe ist sinnvoll, um bspw. den Einfluss des Klimawandels auf biogeoche-

mische Prozesse in grundwasserbeeinflussten Böden zu beurteilen. 
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Figures 
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2015; 5Hindersmann and Mansfeldt 2014; 6Dalkmann et al. 2013; 7Schuth et al. 
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depths for the dry and flooded plots were extrapolated. ....................................... 52 

Figure 3.S1 XRD random powder pattern of birnessite showing typical broad basal plane 
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Reducing conditions in soils 

Reducing conditions are widespread in terrestrial ecosystems and relate to soils that are 

temporarily or permanently water saturated (Ponnamperuma 1972). Suitable habitats to 

achieve reducing conditions are located in wetlands with low elevation and near-surface 

groundwater (Reddy and DeLaune 2008). The general term of ñwetlandò can be differen-

tiated into more precise land classifications such as marshes, swamps, bogs, and fens. 

Wetlands play a unique role in regulating biogeochemical cycles as a critical feature of the 

global landscape. It is estimated that 6% of the Earthôs land surface can be classified as 

wetland (Reddy and DeLaune 2008) illustrating the importance and all-round distribution 

of reducing conditions in soils. 

The onset of reduction is the most important chemical change within soils (Ponnamperuma 

et al. 1967). Reduction, which is the gain or acceptance of an electron (eï), and oxidation, 

which is the loss or donation of an electron, regulate many biogeochemical reactions in 

surface environments. Further, reduction-oxidation (redox) reactions always occur to-

gether and involve the transfer of electrons and protons (H+) between the participating 

redox couples as shown by equation [1]: 

ὕὼ άὌ  ὲὩ ᴾὙὩὨ [Eq. 1], 

where Ox is the oxidized species, m and n is the number of H+ and eï involved in the 

reaction, and Red is the reduced species (DeLaune and Reddy 2005). During the transfer 

of electrons from a Red species (electron donor or reductant) to an Ox species (electron 

acceptor or oxidant), the oxidation number of the former compound is increased whereas 

the oxidation number of the latter compound is decreased. A prominent redox reaction is 

the process of carbon (C) fixation and oxygen (O2) production by plants during photosyn-

thesis. It can be expressed by the overall reaction  

ὅὕ Ὄὕ ὅὌὕ ὕ  [Eq. 2], 

where CH2O idealizes a carbohydrate. Carbon occurring in the soil organic matter (SOM) 

pool is the primary source of electrons and the most important electron donor. The SOM 

pool is continuously replenished by new inputs of roots, microbes, and dead plant matter 

and is important for microorganisms to obtain energy. However, to use the energy by the 

oxidation of SOM and by releasing carbon dioxide (CO2), electron transfer to an acceptor 

is a prerequisite because free electrons do not exist in chemical reactions. If O2 is availa-

ble, it is used as terminal electron acceptor because it is most energy-efficient for hetero-

trophic microorganisms to reduce O2 to water in the process of aerobic respiration (Glinski 

and Stepniewski 1985; Strawn et al. 2015). Soils are an open and porous system com-

posed of solids, liquids, and gases and are in a continuous exchange of matter and energy 
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with the surrounding spheres. Flooding or other events cause water-saturation that ham-

pers the replenishment of O2 from the atmosphere, because O2 diffusion rates through 

water-filled pores are slowed-down 3 · 105 times (Zausig et al. 1993) compared to air-filled 

pores. Hence, the availability of O2 is in a transient state and not constant over time. De-

pending on various other external factors such as microbial population, soil temperature, 

organic amendments, CO2 concentrations, bulk density and aggregate size, pH, and the 

presence of trace metals and pesticides (Glinski and Stepniewski 1985), the rate of O2 

exhaustion varies significantly between different soil types. A decrease to one-hundredth 

of the initial O2 concentration was reported within 75 minutes after soil samples were wa-

ter-saturated, which renders this process very dynamic (Scott and Evans 1955).  

The redox status under which O2 is present is termed ñaerobicò or ñoxidizingò and charac-

terized by low electron availability, whereas the absence of O2 is termed ñanaerobicò or 

ñreducingò with corresponding high electron availability (Essington 2015). Once the O2 is 

depleted in the soil, obligate and facultative anaerobe microorganisms start using various 

other electron acceptors. The order is given by thermodynamics. Sequentially, pentavalent 

nitrogen (NV) in nitrate (NO3
ï), tri- and tetravalent manganese (MnIII,IV) in Mn oxides, triva-

lent iron (FeIII) in Fe oxides, hexavalent sulfur (SVI) in sulfate (SO4
2ï), and tetravalent car-

bon (CIV) in carbon dioxide (CO2), are reduced to their counterparts nitrous oxide (N2O), 

elemental nitrogen (N2), or ammonium (NH4
+), manganous Mn2+, ferrous Fe2+, hydrogen 

sulfide (H2S) and methane (CH4) (Kirk 2004; Reddy and DeLaune 2008) (see Fig. 1.1 for 

illustration).   

To quantify the reduction (or oxidation) intensity, the redox potential (EH) scale in units of 

electrochemical energy (in V or mV) is used (DeLaune and Reddy 2005). It is a measure 

of the ability of elements to accept or donate electrons (Strawn et al. 2015). The EH can 

be measured by connecting an inert platinum (Pt) electrode (óworking electrodeô) with a 

óreference electrodeô. When using the standard hydrogen electrode (SHE) as a reference 

electrode, which is composed of 

¶ a Pt electrode,  

¶ immersed into a 1 M H+ containing solution (= pH 0),  

¶ having a hydrogen gas (H2) partial pressure of 1013 hPa,  

¶ and a system temperature of 298.15 K (= 25 °C),  

a standard reference is obtained with the reversible half-reaction of  

Ὄ ςὌ ςὩ     [Eq. 3]. 
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The standard electrode potential (E0) of the SHE serves as a reference base for any other 

chemical reaction and is per definition E0 = 0 mV (Reddy and DeLaune 2008). Assuming 

the SHE connected to the Pt electrode and immersed into a solution containing the 

Fe(OH)3ïFe2+ redox couple (at unit activity and equilibrium is attained), electrons start to 

flow and the measured EH refers to the standard state potentials (Reddy and DeLaune 

2008) of the involved species with the overall reaction of 

ὊὩὕὌ σὌ Ὡ ὊὩ σὌὕ      E0 = 800 mV    [Eq. 4]. 

A relationship between redox potentials in soils and the participating oxidized and reduced 

species is derived by the Nernst equation (Strawn et al. 2015) with 

Ὁ Ὁ ὰέὫ υωὴὌ      [Eq. 5]. 

Equation [5] reveals that a pH increase goes along with an EH decrease. In nature, all 

redox reactions comprise the transfer of protons between the participating redox couples 

as demonstrated in equation [4]; one mol Fe(OH)3 reduction consumes 3 mol of H+. A 

predicted change of ï59 mV per pH unit occurs, which is also included in equation [5] 

(called óNernst factorô). It is commonly used to adjust EH data to pH 7 and remove pH 

variability between soils for the purpose of comparability (Bohn 1971). However, this value 

has little theoretical or experimental justification because EH-pH slopes vary depending on 

the chemical system from ï6 to ï256 mV per pH unit (Fiedler et al. 2007). In soils, EH 

ranges between 800 and ï300 mV (Reddy and DeLaune 2008).  

Analogous to the pH value, which describes the H+ activity and is defined in terms of ñmol 

H+ Lï1ò, the pe value can be used to describe the electron activity. Both parameters can 

be considered to do thermodynamic work (Essington 2015; James and Brose 2012), even 

though the pe is not defined with ñmol eï Lï1ò. Such as pH, pe values range several orders 

of magnitude but unlike pH, it can have negative values (Essington 2015). Plotting of 

pe+pH data within a stability diagram enables to assess how redox conditions in soils alter 

the speciation of elements under consideration. A relation between pe and the SHE po-

tential can be obtained by the expression  

Ὁ ὴὩ [Eq. 6], 

with R being the natural gas constant (8.3145 J molï1 Kï1), T being the temperature in Kel-

vin (25 °C = 298.15 K), F being the Faraday constant (96,484.56 C molï1). Substitution for 

F and R in equation [6] yields 

Ὁ υωȢρφὴὩ [Eq. 7], 
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with EH being expressed in mV. Hence, redox relationships and the abundance of elec-

trons within the soil environment can be described either by the pe (electron activity) or 

the EH (electrode potential) (Lindsay 1979). It should be noted that EH can be measured 

directly within the soil as a cell potential and with respect to the SHE potential, whereas 

pe values for redox systems can only be calculated in terms of E0 data or by conversion 

from EH data. Reddy and DeLaune (2008) state that from a practical point of view the 

application of EH is simpler with a wider applicability compared with the concept of pe. 

However, Lindsay (1979) encourages the use of pe+pH instead of EH, because it partitions 

the H+ ions into those involved in the redox reaction and those related with the acid-base 

concept, which simplifies the theoretical use of redox reactions. 

 

Figure 1.1  The illustration to the left shows the principle of EH measurements performed in an 

oxidizing (EH > 300 mV) and in a strongly reducing (EH < ï100 mV) soil environment 

with the corresponding distribution of electron acceptors (O2, MnO2, FeOOH, SO4
2ï) 

and their reduced equivalent (H2O, Mn2+, Fe2+, S2ï) in the surrounding of the Pt tip. 

The graph to the right displays the relative concentration of electron acceptors as a 

function of time (and depth) after a flooding event; prerequisite is an unlimited supply 

of electron donors as food source. The subsequent order of oxidized and reduced 

species in the graph is related to the ósequential reduction sequenceô occurring in soils 

(adapted from Fiedler et al. 2007; Reddy and DeLaune 2008; Strawn et al. 2015). 
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The redox status of a soil is important and related to various fields of environmental issues 

regarding the release of greenhouse gases (Yu and Patrick 2004), metal mobility 

(Hindersmann and Mansfeldt 2014), nutrient availability (Peretyazhko and Sposito 2005), 

and pedogenesis (Bouma 1983). Hence, the assessment and characterization of reducing 

conditions is important for scientists, stakeholders and practitioners dealing with the 

abovementioned topics. According to the sequential use of prominent electron acceptors 

(Fig. 1.1), redox classes of 

¶ oxidizing (EH > 300 mV; O2 is present in the soil), 

¶ weakly reducing (EH 300 to 100 mV; NO3
ï and MnIII,IV oxide reduction), 

¶ moderately reducing (EH 100 to ï100 mV; FeIII oxide reduction), and 

¶ strongly reducing (EH < ï100 mV; SO4
2ï and CO2 reduction) 

can be deduced (Reddy and DeLaune 2008). This classification will be applied in the fol-

lowing thesis (please note that the classification in Chapter 2 is slightly different and ob-

tained from Zhi-Guang 1985). It is more precise than, for instance, the classification ac-

cording to the National Committee for Hydric Soils (2015; NTCHS). One feature of the 

NTCHS concept to characterize whether a soil is reduced is based on the empirical stability 

line for the Fe3+ïFe2+ redox couple defined by the equation  

Ὁ υωυφπὴὌ    [Eq. 8]. 

If the measured soil EH is underneath the EH-pH stability line of equation [8] for at least 14 

consecutive days, the soil can be considered reducing and defined as óhydric soilô (NTCHS 

2015). However, it seems reasonable to use a more precise classification because various 

geochemical processes are induced within a distinct redox class. Figure 1.2 attributes find-

ings of environmental relevance linked to either weakly, moderately, or strongly reducing 

soil conditions (please note the overlapping areas and keep in mind that these processes 

are not separated by a sharp EH boundary). Under weakly reducing conditions, the reduc-

tive dissolution of MnIII,IV oxides with the subsequent release of potentially sorbed, hazard-

ous elements such as cobalt (Co) and molybdenum (Mo) (Fig. 1.2) is enhanced. However, 

moderately reducing soil conditions favor the reduction of arsenic (As)-hosting FeIII oxides 

and increase the As availability in soil solution. Both oxides are important interfaces and 

scavengers for pollutants as well as nutrients (Komárek et al. 2013; Smedley and 

Kinniburgh 2002). Besides the effect of EH and pH on metal-hosting oxides, numerous 

trace elements are directly influenced by electron transfer reactions that alters their toxicity 

and sorption characteristics e.g. chromium (CrIII and CrVI), As (AsIII and AsV), antimony 

(SbIII and SbV), and selenium (Se0, SeïII, SeIV, SeVI) (Essington 2015). Furthermore, soil 

reducing conditions alter denitrification and the formation of the potent greenhouse gas 
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nitrous oxide (N2O) under weakly reducing conditions, whereas the formation of CH4 is 

achieved by and restricted to strongly reducing conditions (Yu and Patrick 2004). Hence, 

a binary classification of oxidizing or reducing by the Fe3+ïFe2+ stability line [Eq. 8] is too 

simplified. It would be more appropriate to differentiate redox classes as illustrated in 

Fig. 1.2. Overall, a comprehensive understanding of the recording, monitoring, and inter-

pretation of reducing conditions in soils is crucial, especially in distinguishing the zones of 

weakly and moderately reducing conditions.  

 

Figure 1.2  Biogeochemical processes associated to the onset of weakly, moderately and strongly 

reducing soil conditions. The literature overview integrates laboratory and field exper-

iments in the subsequent order (please see indices) from: 1Yu and Patrick 2004; 
2Shrestha et al. 2014; 3Rennert and Mansfeldt 2005; 4Matern and Mansfeldt 2015; 
5Hindersmann and Mansfeldt 2014; 6Dalkmann et al. 2013; 7Schuth et al. 2015; 8Mans-

feldt and Overesch 2013; 9Peretyazhko and Sposito 2005; 10Schieber 2011; 11Morse 

et al. 1999; 12Picek et al. 2000. 

Methods to characterize reducing conditions in soils 

Several methods are available to identify, characterize, and sometimes monitor soil reduc-

ing conditions. A simple field method comprises the use of dyes that react with Fe2+ in soil 

solution to color compounds. It is common to use 2,2ô dipyridyl (Childs 1981) or potassium 

ferrocyanide (Ringrose-Voase and Humphreys 1993). Although it is a simple method, 

harmful chemicals are a prerequisite and it provides only a snapshot of the in situ reducing 

conditions. Moreover, the redox status can only be classified in terms of FeIII reduction by 

the presence of Fe2+. A differentiation of redox classes is therefore not possible (Table 

1.1).  
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Table 1.1 Comparison of available methods to characterize soil reducing conditions. The abbre-

viations for the distinct categories indicate: Y = yes, NA = not applicable, N = no. 

 Dyes1 Pt electrodes2 TEAPs3 OXC4 Fe nail5 SPP6 IRIS7 

Harmful chemicals Y N Y Y N N N 
Expensive N Y Y Y N N N 
Self-manufacturing NA Y NA NA Y Y Y 
Lab equipment Y N Y Y N Y Y 
Monitoring N Y Y Y Y Y Y 
Redox classes N Y Y Y N N N 

1 (Childs 1981; Ringrose-Voase and Humphreys 1993) 
2 (Gillespie 1920; Ponnamperuma 1972) 
3 Terminal electron-accepting processes (Chapelle et al. 1995) 
4 Oxidative capacity (Scott and Morgan 1990) 
5 (Owens et al. 2008) 
6 Striated polymer plates (Fakih et al. 2008) 
7 Indicator of Reduction in Soils (Jenkinson and Franzmeier 2006) 

As previously mentioned, inert metal electrodes can be used to determine the oxidation-

reduction status of a soil. Classically, a Pt tipped electrode is used in combination with a 

reference electrode, e.g. silver/silver chloride (Ag/AgCl) but a calomel (Hg/Hg2Cl2) elec-

trode can also be used (Fiedler et al. 2007). Previous studies demonstrated that Pt elec-

trodes (Mansfeldt 1993) and the reference electrode (Farrell et al. 1991) can be self-man-

ufactured. Together with data logger equipment, monitoring on high temporal scale is pos-

sible and a differentiation of redox classes can be achieved (Table 1.1). The first EH mon-

itoring campaign using Pt electrodes was initiated in the 1920s (Gillespie 1920). Despite 

the long history and several successful applications in environmental sciences (Patrick 

and Turner 1968; Rezanezhad et al. 2014; Yu et al. 2001), this method comprises some 

restrictions that have to be kept in mind (see Whitfield (1974) for a detailed discussion): 

¶ the redox couple (e.g. Fe3+ïFe2+) must be electroactive and the electron transfer 

rapid and reversible, 

¶ species concentrations in soil solution must be greater than around 10ï5 M (Bohn 

1971),  

¶ species adsorption onto the Pt tip surface has to be avoided because it alters the 

measured electrode potential, and most importantly, 

¶  redox reactions must be in chemical equilibrium.  

These prerequisites must be fulfilled for Nernstian behavior. However, in most cases it 

cannot be achieved under natural conditions. The fact that most redox reactions are bio-

logically mediated with enzyme and cellular based processes make the recording and in-

terpretation of EH data very complicated. Though, EH as a master variable is important to 

predict the speciation and mobility of elements and a continuous recording is useful to 

understand redox related processes (Strawn et al. 2015).  
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Another approach to characterize the redox status is called terminal electron-accepting 

processes (TEAPs), which involves simultaneous measurements of concentrations by 

electron acceptors (e.g. dissolved O2, NO3
ï, SO4

2ï), intermediate products (dissolved H2), 

and reduced species (e.g. Fe2+, dissolved H2S) along a redox gradient (Chapelle et al. 

1995). It was applied for groundwater systems and provides a better understanding of 

redox processes on the large scale, contrary to pedological systems, where the focus of 

interest is in a smaller vertical and horizontal scale. Another approach is based on the 

concept of oxidative capacity (OXC), which integrates the major oxidized and reduced 

species to a single conservative parameter after defining an electron reference level (e.g. 

HSï) (Scott and Morgan 1990). Both, TEAPs and OXC, comprise intensive water and soil 

analyses, which restricts the use of both approaches as an easy to handle field method 

for characterizing the soil redox status. Other available tools to infer the O2 concentration 

comprise the use of polished Fe nails (Owens et al. 2008) or to install striated polymer 

plates (SPP; dimension of 2 · 2 cm) coated with synthesized ferrihydrite into the topsoil 

(Fakih et al. 2008). A differentiation of redox classes is not possible using either the former 

or the latter method and additionally, the latter one comprises the use of a handheld X-ray 

fluorescence (XRF) pistol to evaluate depletion of the FeIII oxide coating and deduce re-

ducing conditions that might not be available to many users.  

A method to test whether a soil is in a reduced state uses white polyvinyl chloride (PVC) 

bars with a coating of synthesized FeIII oxides (comparable to the use of SPP). The method 

is called Indicator of Reduction In Soils (IRIS) (Jenkinson and Franzmeier 2006). The FeIII 

oxide coating acts as an electron acceptor and reveals the white PVC underneath by the 

removal of the oxide coating under reducing conditions. The depletion can be digitally an-

alyzed or visually assessed to delineate the in situ distribution of soil reducing conditions. 

The more depleted the coating is, after 30 days of being installed, the more reducing the 

soil environment is where the bars were installed. This approach has a major advantage 

due to the simple implementation and the use of low cost equipment, it does not include 

the use of harmful chemicals, and it enables monitoring of soil reducing conditions up to 

50 cm depth (whereas polished Fe nails and SPP are restricted to a small vertical profile).  

Overall, monitoring of redox classes can only be achieved by the use of Pt electrodes for 

the soil environment. It is apparent by this brief literature review that there is an emerging 

need for improved methods to monitor the redox status of a soil.  

Manganese and iron oxides in the soil environment 

Manganese is considered to be a micronutrient and therefore an essential element for 

plants, animals, and human beings (Strawn et al. 2015). Its content in the lithosphere is 
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about 900 mg kgï1, whereas contents in soils range from 20 to 3,000 mg kgï1 with on av-

erage 600 mg kgï1 (Lindsay 1979). Manganese forms hydrated oxides with three oxidation 

states of MnII, MnIII, MnIV (Lindsay 1979). Birnessite (ŭ-MnO2) is a prominent example in 

soils. Contrary to pure chemical systems with well known E0 values, the redox chemistry 

of MnIII,IV oxides is particularly complicated due to a (i) broad-range from micro- to macro-

crystalline phases, (ii) non-uniform stoichiometric formula (e.g. MnO1.2-2.0), (iii) incorpora-

tion of ions into the crystal lattice (e.g. Al3+ and PO4
3ï), and (iv) co-precipitation with SOM 

or clay minerals (Brümmer 1974). Furthermore, (v) the presence of Mn2+ in soil solution is 

also driven by de-/sorption processes from carbonates, sulfides, and phosphates 

(Brümmer 1974), leading only to a qualitative interpretation of measured EH data to predict 

Mn2+ concentrations in soil solution (Bohn 1970). Besides the reductive dissolution (elec-

tron promoted) of MnIII,IV oxides, proton- and ligand-promoted reactions also play an im-

portant role with the fastest dissolution rates occurring for electron transfer reactions and 

the slowest for proton-promoted reactions (Martin 2005). Manganese oxides are involved 

in many soil chemical processes such as metal ion sorption (Loganathan and Burau 1973) 

and related redox reactions with metal ions. They are powerful oxidizers (next to O2) and 

known to oxidize CoII to CoIII, CrIII to CrVI, and AsIII to AsV (summarized by Negra et al. 

(2005)). Finally, they serve as terminal electron acceptors for microbial and root mediated 

respiration of SOM (Tebo et al. 2005) and their pigmenting power enables classification of 

soils (IUSS Working Group WRB 2014). In a study by Canfield et al. (1993), it is estimated 

that one atom of Mn is 100 to 300 times oxidized and reduced before ultimately being 

buried into Danish coastal sediments, demonstrating the active role and catalytic reactions 

of these important soil constituents.  

Iron oxides are the most abundant metallic oxides in the soils environment (Schwertmann 

and Taylor 1989). Such as Mn, Fe is essential for all organisms and thus considered a 

micronutrient (Strawn et al. 2015). The content of the lithosphere is about 51,000 mg kgï1 

with a wide range for soils of 7,000 to 550,000 mg kgï1 and on average 38,000 mg kgï1 

(Lindsay 1979). In soils, 16 Fe mineral phases are known and characterized at present, 

most of them occurring in the trivalent state (ferric Fe or FeIII) (Cornell and Schwertmann 

2003). Various forms of oxides, hydroxides, and oxyhydroxides exist but they will be col-

lectively referred to as óFeIII oxideô in this thesis (analogous to óMnIII,IV oxideô). The broad 

variety and pathways of FeIII oxide formation under natural conditions makes it complicated 

to apply thermodynamic concepts for the prediction of a distinct species (see previous 

paragraph; bullet points i to v). Owing to their high crystallization energy, they form minute 

crystals in natural environments that results in high specific surface areas of > 100 m2 gï1 

(Cornell and Schwertmann 2003). This renders them effective sorbents and scavengers 
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for toxic trace metals (e.g. As; Smedley and Kinniburgh 2002), nutrients (e.g. P; 

Peretyazhko and Sposito 2005), organic pollutants (e.g. glyphosate; Piccolo et al. 1994), 

and dissolved organic carbon (DOC; e.g. humic or fulvic acids; Zhou et al. 2001). Even at 

low concentrations, their pigmenting power determines the color of many soils which is 

important for soil classification (IUSS Working Group WRB 2014; Schwertmann and Taylor 

1989). 

As already outlined in the previous chapters, an outstanding feature of both elements (Mn 

and Fe) is their ability to function as an electron acceptor under soil reducing conditions. 

When the soil EH decreases towards 300 to 100 mV, MnIII,IV oxides start to reductively 

dissolve before FeIII oxides according to the sequential reduction sequence 

(Ponnamperuma 1972). This can be explained by the higher electrode potential of MnIII,IV 

oxides [Eq. 9], compared with short-range ordered [Eq. 10] and more crystalline [Eq. 11] 

FeIII oxides. As long as MnIII,IV oxides are present, the soil EH remains at the potential of 

the redox couple and only decreases to the next redox couple when the oxidant is depleted 

(= the soil is not ópoisedô anymore by the redox couple; Strawn et al. 2015).  

ὓὲὕ ςὩ τὌ    ὓὲ ςὌὕ          E0 = 520 mV (at pH 7)  [Eq. 9] 

ὊὩὕὌ Ὡ σὌ ὊὩ ςὌὕ          E0 = ï71 mV (at pH 7)    [Eq. 10] 

ὊὩὕὕὌὩ σὌ    ὊὩ ςὌὕ         E0 = ï230 mV (at pH 7)   [Eq. 11] 

Besides the redox behavior, there are other mineralogical differences between MnIII,IV and 

FeIII oxides. For instance, the point of zero charge (PZC) of birnessite (pH 1.5 to 2.8) com-

pared with ferrihydrite (pH 7 to 9) and goethite (pH 7.5 to 9), as well as the active surface 

area that is in the range of 100 to 200 m2 gï1 compared with 20 to 100 and up to 400 m2 

gï1 differs significantly for the distinct minerals, respectively (Strawn et al. 2015). Finally, 

birnessite (darkish-brown), ferrihydrite (reddish) and goethite (yellowish) can be differenti-

ated by their color. 

The distribution of MnIII,IV and FeIII oxides in the soil profile is an important characteristic to 

classify soils. The reductive dissolution and translocations favors the development of re-

doximorphic features, e.g. by gleyic (water saturation due to groundwater) or stagnic (wa-

ter saturation due to stagnant water) color patterns. According to the World Reference 

Base for Soil Resources, four of 32 reference soil groups can be classified by the presence 

of redoximorphic features (IUSS Working Group WRB 2014). The extent of these soil 

groups captures 1,085 million ha (Mha) and makes up 7.75% of the Earthôs land surface, 

which illustrates the importance and all-round distribution of reducing conditions in soils 

(Kirk 2004). 
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Scope of the thesis 

As previously outlined, various biogeochemical processes are induced by the onset of re-

duction and the EH, in addition to the pH, is considered to be a master variable in soils. 

The EH dynamics render a characterization of the soil redox status and an interpretation 

of the data challenging for scientists. Numerous publications deal with measurements of 

the EH. Most of them are related to medical health issues, where EH is used to characterize 

processes in cells or the plasm, but there is also an emerging number of studies in soil 

sciences. Whereas the number of studies in soil sciences were below 50 articles per year 

in 2003, it exponentially increased to 260 articles in 2015 (Fig. 1.3). Most of these articles 

monitor the EH by the use of Pt electrodes but other simple and robust field methods for 

monitoring are desired, particularly to differentiate weakly and moderately reducing condi-

tions.  

 

Figure 1.3  Literature overview of peer-reviewed articles dealing with EH measurements for the 

period from 1945 to 2015. The data displays matches for all disciplines (Physical Sci-

ences and Engineering, Life Sciences, Health Sciences, Social Sciences and Human-

ities; n = 214,174) and soil science (n = 3,057) in particular using the keyword óredox 

potentialô. (source: http://www.sciencedirect.com/) 

This thesis aims to enhance the knowledge of the temporal and spatial distribution of re-

ducing conditions in soils by the use of different approaches. Besides the recording of the 

EH using Pt electrodes, Fe oxide-coated PVC bars (IRIS method) were manufactured and 

used in field-experiments to characterize the soil redox status. Analogous to the IRIS 
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method, a birnessite-type MnIII,IV oxide was synthesized in the laboratory and coated onto 

white PVC bars. Henceforth, the term redox bars is introduced and accounts for the use 

of both, Mn and Fe oxide-coated PVC bars. Especially the use of Mn redox bars is a nov-

elty, because a documentation to manufacture these bars was missing in literature and a 

comparison with Fe redox bars is not available. Using both oxide coatings for monitoring 

purposes in the field might enable to differentiate between weakly and moderately reduc-

ing soil conditions. To bridge this scientific gap and improve this monitoring approach is of 

utmost importance, because a differentiation into redox classes is only possible by the use 

of Pt electrodes at present. Another pioneering aspect of this thesis is to investigate the 

sorption behavior of elements in soil solution to these man-made minerals, by extracting 

and analyzing the oxide coating of previously field-installed redox bars. This aspect has 

environmental relevance, as in situ techniques to collect freshly formed mineral phases 

and determine element sorption behavior are scarce in literature. Finally, as the water table 

(WT) depth is one of the main drivers to stimulate the onset of reduction, long-term ground-

water data was evaluated using a versatile and robust geostatistical algorithm called óSea-

sonal and Trend decomposition using Loessô (STL) to assess increasing or decreasing 

trends in groundwater level. This issue is not directly associated to the monitoring of soil 

reducing conditions but the results have an impact on redox induced processes, as the 

groundwater surface can be considered as an interface between aerobic (oxidizing) and 

anaerobic (reducing) conditions.  

The objectives of this thesis are as follows: 

a) Comparison of the EH dynamics between two monitoring campaigns (1990 

to 1993; 2011 to 2014) using permanently installed Pt electrodes  

b) Manufacturing and evaluation of Mn redox bars 

c) Monitoring and differentiation into weakly and moderately reducing soil con-

ditions by Mn and Fe redox bars 

d) Investigation of selective element sorption to the oxide coating of redox bars 

e) Evaluation of the WT depth development under the aspect of climate 

change 

Study areas and project implementation 

Figure 1.4 shows the geographical position of study sites in north-west Germany. All study 

sites are characterized by near-surface and strongly fluctuating WT depths. Prior to this 

thesis, the study sites Speicherkoog (Chapter 2; Mansfeldt 1993, 2003, 2004; Mansfeldt 

and Blume 2002) and Lavesum (Chapter 3, 4, and 5; Mansfeldt and Overesch 2013; 
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Mansfeldt et al. 2012; Schuth et al. 2015) were studied intensively for the effects of differ-

ent redox conditions on the speciation of As, soil solution composition, and pathways of 

FeIII oxide formation. These investigation showed that variations from oxidizing to strongly 

reducing conditions occur on an annual basis, rendering these study sites very suitable for 

the planned objectives a) to d). Previous reports and management strategies for the study 

site Bastauwiesen (Chapter 6) were conducted by the organization Biologische Station 

Minden-Lübbecke e.V., who also provided the data for the groundwater monitoring cam-

paign. The final objective e) was conducted at this study site.  

 

Figure 1.4  Location of study sites in Germany where field-experiments were conducted 

(includes data from gadm.org). 
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Abstract 

As revealed by an earlier study, young diked marsh soils on the west coast of Schleswig-

Holstein (Germany) are characterized by pronounced redox potential (EH) dynamics. Since 

soil forming processes occur over a short period of time in these man-made environments, 

the impact of pedogenesis on EH was examined by comparing the EH dynamics measured 

from November 1989 to October 1993 (weekly measurements) with those measured from 

November 2010 to October 2014 (hourly measurements) at the same study site in Polder 

Speicherkoog, Northern Germany. In addition, the necessity for high resolution EH meas-

urements was assessed as well as the impact of climate change on EH. Redox potentials 

were determined in both monitoring campaigns with permanently installed platinum elec-

trodes at 10, 30, 60, 100, and 150 cm soil depths. Soil properties were determined in 

November 1989 and in August 2013. In 24 years of soil formation, bulk density was demon-

strated to increase by 28.5% and 33.3% in 10 and 20 cm depths, respectively, and the 

sulfide-bearing Protothionic horizon lowered from 105 to 135 cm below surface level. Over-

all, EH dynamics were similar at all soil depths during both study periods with topsoil com-

paction not affecting EH. Annual alterations of EH were primarily driven by the variable 

climatic water balance (CWB) and by the corresponding water table (WT) fluctuations. 

These fluctuations resulted in occasional aeration of the subsoil and subsequent oxidation 

of sulfides. A forecast of CWB to 2100 predicts an intensified WT drawdown by elevated 

evapotranspiration rates that should amplify sulfide oxidation. To deduce the soil redox 

status on a seasonal or annual scale, readings taken at daily intervals are sufficient. To 

identify biogeochemical processes, it is necessary to monitor EH on an hourly basis be-

cause increases in EH values of up to 540 mV have been observed within a 24 hour period 

in temporarily waterlogged horizons.  

Key words: marsh soil, monitoring, redox potential (EH), pedogenesis, soil heterogeneity 
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Introduction 

Determination of the oxidationïreduction (redox) status of a soil and identification of dom-

inant redox processes is of great concern and has been practiced for more than 80 years 

(Gillespie, 1920). Spatial and temporal distributions of reducing conditions in the field can 

be assessed by installation in the soil of an inert metal electrode (e.g., platinum, Pt) and a 

reference electrode (e.g., silver/silver chloride, Ag/AgCl). The potential difference between 

the electrodes can then be determined using a potentiometer to produce readings in mV 

(Patrick et al., 1996). This reading is called the redox potential (EH) and is a classic meas-

ure of reducing soil conditions that affects processes resulting in the release of potent 

greenhouse gases, controls the mobility of nutrients and pollutants, and alters soil for-

mation. Hence, knowledge of the EH dynamics in temporarily water saturated soils is im-

portant for stakeholders and practitioners, e.g., dealing with the reconstruction of wetlands 

or to assess associated biogeochemical processes. 

Various studies have already dealt with in situ monitoring of EH in field applications, with 

installation times of up to five years and at various monitoring frequency intervals ranging 

from hourly to monthly (DeLaune et al., 1983; Faulkner and Patrick, 1992; Austin and Hud-

dleston, 1999; Fiedler, 2000; Teichert et al., 2000; Mansfeldt, 2003). However, none of 

these studies integrated the impact of pedogenesis on EH development. The intensity and 

development of EH depends on various time-dependent and external conditions (Glinski 

and Stepniewski, 1985). Since these properties (e.g., soil moisture) vary significantly in 

space and time, the investigation of reducing conditions in soils is a challenge for scientists 

worldwide. Redox potential measurements using Pt electrodes are at best interpreted as 

óósemi-quantitative expressions of mixed potentials in a non-equilibrium environmentôô 

(Austin and Huddleston, 1999) and therefore, the use of EH classes over the use of nu-

merical values is encouraged. Soils that undergo frequent changes from oxidizing (EH > 

400 mV) via weakly reducing (EH 400 to 200 mV) and moderately reducing (EH 200 to          

ï100 mV) to strongly reducing (EH < ï100 mV) soil conditions, and vice versa, are located 

within diked marshes (Mansfeldt, 1993, 2003, 2004). In these unique man-made environ-

ments, soil-forming processes can be studied over years to decades due to special fea-

tures of the parent material (Schroeder and Brümmer, 1969). This contrasts to many other 

soil environments, e.g., highly weathered soils in tropical regions with low rates of soil 

formation (Pillans, 1997). Diking and drainage of near-surface groundwater plays a crucial 

role for pedogenetic processes in marshes (Kuntze, 1986). These processes comprise (1) 

compaction and (2) desalination of the topsoil, (3) mineralization of óómarineôô derived or-

ganic matter, and (4) soil acidification by oxidation of sulfide-bearing minerals that is con-
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comitant with the (5) dissolution of carbonate minerals (Brümmer et al., 1971; Müller-Ahl-

ten, 1994a, 1994b; Mansfeldt and Blume, 2002). It is expected that climate change will 

affect these pedogenetic processes and soil properties, but few attempts have been made 

to evaluate consequences for coastal marsh soils (Blume and Müller-Thomsen, 2007). 

Technical progress in monitoring soil EH has evolved enormously over the last two dec-

ades of data acquisition, especially since electrodes for continuous monitoring of soil EH 

have become commercially available to the public (Vorenhout et al., 2004). In remote ar-

eas (as typified by the present study site), data transmission via General Packet Radio 

Service (GPRS) to a web-based server together with less expensive data storage enables 

the study of EH interaction with meteorological and hydrological parameters. As a further 

advantage, technical improvements with regard to sampling frequency of EH measure-

ments have made tremendous advancements towards the minute interval (Shoemaker et 

al., 2013). However, little is known about the benefit and advantage of gathering infor-

mation by performing EH measurements at a high (e.g., hourly or daily) monitoring fre-

quency interval compared with measurements at a low (e.g., weekly or monthly) monitor-

ing frequency interval.  

In this study, manual EH readings taken on a weekly basis from November 1989 to October 

1993 (referred to as hydrological years 1990 to 1993) were compared with automated EH 

readings taken on an hourly basis from November 2010 to October 2014 (referred to as 

hydrological years 2011 to 2014) at Polder Speicherkoog in Schleswig-Holstein, Northern 

Germany. Each set of readings was obtained from permanently installed Pt electrodes. 

Soil chemical and physical properties were measured during both monitoring campaigns. 

The objectives were (1) to assess the impact of pedogenesis (i.e., 24 years of soil for-

mation) on the EH dynamics; (2) to examine the benefit of EH measurements on a high 

frequency basis; and (3) to address the impact of climate change using a forecast of the 

climatic water balance (CWB) to the year 2100 to evaluate future scenarios for soil pedo-

genesis and EH dynamics in these coastal marsh areas. 

Materials and methods 

Study site 

The monitoring campaign was carried out at Polder Speicherkoog, situated 30 km north of 

the river Elbe in Schleswig-Holstein, Northern Germany (54Á8ó1óó N, 8Á58ó28óó E; 0.5 

m.a.s.l.). The Polder is part of the Meldorf Bight and was diked in 1978. The monitoring 

station is 3 km from the shoreline and belongs to a non-cultivated field embedded in an 
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agrarian landscape. At the study site, the typical vegetation consists of willow bushes (Sa-

lix ssp.), elder bushes (Sambucus nigra), and fireweed (Epilobium angustifolium) (Mans-

feldt, 2003). The EH monitoring was performed in a soil developed from calcareous marine 

deposits originating from the Dunkirk transgression between 0 to 100 AD (Hoffmann, 

1991). According to FAO (IUSS Working Group WRB, 2014) the soil is a Calcaric Gleysol 

(Eutric). 

Data collection and soil properties 1990 to 1993 

Detailed information about the monitoring campaign from November 1989 to October 1993 

is presented in Mansfeldt (1993, 2003). Briefly, the monitoring campaign was based on 

the following approach: EH was monitored in quintuplicate with permanently installed Pt 

electrodes at 10, 30, 60, 100, and 150 cm depths on a weekly basis. The Pt electrodes 

were self-made with a Pt wire (2 mm diameter, 20 mm length) welded on a copper (Cu) 

wire and connected to a Cu lead. The electrode body was embedded into an acrylic tube 

(8 mm diameter, variable length, depending on the measurement depth) and coated with 

a ceramic jacket at the Pt and Cu wire section to prevent intrusion of water (Pfisterer and 

Gribbohm, 1989). The Pt electrode cables were labeled at the end and fed into a water-

proof container in which EH readings were taken manually by connecting a portable pH 

meter to the Cu wire with the support of an alligator clip (Mansfeldt, 2003). The water table 

(WT) depth was measured concomitantly with EH readings on a weekly basis, within a 200 

cm (50 mm diameter) perforated polyvinyl chloride pipe. 

A few meters adjacent to the monitoring plot, disturbed and undisturbed soil samples were 

taken in November 1989 from an excavated soil profile to determine soil physical and 

chemical properties as follows: soil pH was measured potentiometrically using a glass 

electrode in a 0.01 mol Lï1 calcium chloride (CaCl2) solution in twofold repetition. Undis-

turbed soil samples were taken with steel cylinders (100 cm3), weighed after saturation 

within a water bath and weighed again after incubation at 105°C for 24 h to determine soil 

porosity (pore soil volume per total soil volume) and bulk density (mass of dry soil per unit 

bulk volume) in eightfold repetition. The grain size distribution was obtained by the sieve 

and settling method. Total carbon (TC) was determined by dry combustion of the material 

at 1,200°C (TR 3600 Deltronik). Inorganic carbon (IC) was determined by adding perchlo-

ric acid (HClO4; 15%) to the samples, which were preheated to 60°C within the same an-

alyzer to detect CO2 by Coulomb electrochemical titration. Organic Carbon (OC) was cal-

culated as the difference between TC and IC. Iron oxides (Fed) were extracted using dithi-

onite-citrate-bicarbonate (DCB) and the solution analyzed for total iron (Fe) concentrations 

via flame atomic absorption spectroscopy (Mansfeldt, 1994, 2003). Reduced inorganic sul-

fur (S) was determined on fresh material immediately postsampling as chromium-reducible 
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S using a distillation apparatus according to Wieder et al. (1985). Each of these parame-

ters were determined in twofold repetition. 

Data collection and soil properties 2011 to 2014 

The study site was located 10 meters adjacent to that of the initial monitoring campaign. 

All instruments were installed within a 2 · 2 m plot in March 2010. Readings were stored 

in a data logger (enviLog Maxi, ecoTech, Bonn, Germany) and transmitted at 8 h intervals 

to a web-based server via GPRS/Internet. Monitoring operations were carried out as fol-

lows: soil EH was measured with permanently installed Pt electrodes (ecoTech, Bonn, Ger-

many) in threefold repetition at 10, 30, 60, 100, and 150 cm monitoring depths. An Ag/AgCl 

electrode (ecoTech, Bonn, Germany; 3 M KCl internal electrolyte) was placed in a salt 

bridge to act as the reference electrode in the middle of the measuring plot around which 

the working electrodes were placed in a stellar configuration. This configuration of the 

electrodes is nearly the same as that implemented by the initial campaign over 1990 to 

1993, with the exception of the smaller-sized Pt tip (1 mm diameter, 10 mm length). The 

electrode potential was adjusted by adding +207 mV (deviation of the reference electrode 

against the standard hydrogen electrode) to calculate the EH. The WT depth was deter-

mined in a 2.0-m perforated polyvinyl chloride tube using a relative pressure sensor 

(PDLR, ecoTech, Bonn, Germany). All measurements and calculations were performed 

on an hourly basis and converted to daily, weekly, monthly and annual averages or sums. 

XLSTAT-Pro (Addinsoft V.2014.1.05.) software was used to statistically analyze the da-

taset. 

In August 2013, 24 years after the initial monitoring campaign, disturbed and undisturbed 

soil samples were taken to evaluate changes in the most important soil chemical and phys-

ical properties. The soil pH was measured potentiometrically using a glass electrode in a 

0.01 mol Lï1 CaCl2 solution mixed 5:1 with soil (v/v). In addition, undisturbed soil samples 

were taken with 250 cm3 steel cylinders in eightfold repetition per observation depth and 

saturated in a water bath in the laboratory, and then weighed before and after drying at 

105°C for 24 h to calculate the soil bulk density and porosity. Grain size distribution was 

determined by the sieve and settling method, TC was measured by dry combustion with a 

CNS analyzer (Vario EL cube, Elementar, Hanau, Germany), IC was measured by dry 

combustion after adding hydrochloric acid (HCl), and OC determined from the difference 

between TC and IC. Iron oxides of homogenized and air-dried samples were extracted 

using dithionite-citrate-bicarbonate (DCB) (Mehra and Jackson, 1960). The extracts were 

measured afterwards via flame atomic absorption spectroscopy (iCE 3000 series, Thermo 

Scientific, Waltham, USA). Reduced inorganic S was determined as mentioned above. 
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Replicates of measurements for each parameter were equal to the period from 1990 to 

1993. 

Climatic water balance and forecast 

For both measuring campaigns, precipitation and meteorological data were taken as a 

daily sum or mean value from the weather station Cuxhaven (15 km southwards) (Ger-

man Meteorological Service, 2009; Potsdam Institute for Climate Impact Research, 

2013). 

The Haude formula was used to calculate rates of evapotranspiration in mm dï1 accord-

ing to: 

ὖὉὝ ὪϽὩ ρ     [1],  

with f being a plant specific coefficient for grassland (Loepmeier, 1994); es is the water 

vapor saturation deficit (hPa) for air at 14:00 CET; and F is the relative humidity (%). The 

vapor pressure deficit was calculated using the maximum air temperature (T), which is 

assumed to be equal to the air temperature at 14:00 CET, according to: 

Ὡ φȢρρϽὩ
Ȣ

Ȣ       [2].  

The climatic water balance (CWB) was calculated as the difference between the monthly 

sums of precipitation and PETHaude. A forecast of air temperature, relative humidity, and 

precipitation to 2100, based on the regional climate model STAR (Orlowsky et al., 2008; 

German Meteorological Service, 2009; Potsdam Institute for Climate Impact Research, 

2013) was used to evaluate the possible occurrence of changes, e.g., towards drier sum-

mers. Based on the data, the CWB was calculated in the same manner as previously 

described. Scenarios account for the Representative Concentration Pathways (RCPs) 2.6 

and 8.5 that describe the possible range of radiative forcing with 2.6 and 8.5 W mï2 pro-

posed by the Intergovernmental Panel on Climate Change.  

Results 

Soil properties 

No significant change of pH values was identified between the two monitoring campaigns 

(as evident by the two-tailed t-test at the 5% significance level) and a slightly alkaline soil 

reaction indicates that calcareous material is still present at the study site (Table 2.1). 
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Compared with the 1990 to 1993 monitoring campaign, the bulk density increased at 

depths of 10 and 20 cm by 28.5% and 33.3%, respectively, but remained constant in the 

subsoil. Accompanying the changes of bulk density, the porosity decreased in these 

depths from 0.651 cm3 cmï3 to 0.533 cm3 cmï3 and from 0.649 cm3 cmï3 to 0.513 cm3 cmï

3, respectively (Table 2.1). The porosity decreased slightly at 30 cm, but no change of bulk 

density and porosity occurred at 60, 100, and 150 cm depths. Clay contents were similar 

in the topsoil (10 and 20 cm) and the bottom of the soil profile but differed at 30 and 60 cm 

depths. The OC content gradually decreased from the top 26.5 (28.6) g OC kgï1 soil to the 

bottom 3.7 (2.0) g OC kgï1 soil of the soil profile in 1989 (2013), whereas the IC content 

gradually increased from the top 3.0 (2.1) g IC kgï1 soil to the bottom 4.7 (5.7) g IC kgï1 

soil of the soil profile. These findings demonstrate that over 24 years of soil formation 

(1989 to 2013), the OC and IC content remained stable over time (Table 2.1). However, 

the OC and clay contents were found to be subject to small-scale variations. This is cor-

roborated by the results obtained from the steel cylinders placed at 60 cm depth during 

soil sampling in August 2013. A small clay lens originating from a mid-Holocene marine 

transgression was found to be 2 cm thick and contained elevated OC and clay contents 

(7.4 g kgï1 and 200 g kgï1, respectively) compared with respective values from the sur-

rounding sandy soil in the steel cylinder (2.7 g kgï1 and 70 g kgï1) and with the values for 

100 cm depth (2.6 g kgï1 and 60 g kgï1) (Fig. 2.1, Table 2.1). 

 

Figure 2.1 Soil core taken in August 2013 at 60 cm depth. The dashed white line indicates a clay 

lens originating from mid-Holocene marine transgression. 

The DCB-extractable Fe contents were highest in the topsoil and decreased towards the 

bottom of the soil profile. Depth-dependent differences of Fed contents between the two 

monitoring campaigns are likely to be the result of variations in clay content as indicated 
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by the strong correlation between Fed and clay (r = 0.86, p = 0.002, n = 8), since the oxidic 

Fe fraction of a soil correlates with the clay content (Cornell and Schwertmann, 2003).  

Climatic water balance and water table depth 

Mean annual air temperatures of 8.8°C and precipitation of 805 mm during the reference 

period from 1961 to 1990, together with cool summers and mild winters, characterize the 

climate of the Polder Speicherkoog. The CWB ranged between 285 mm and 663 mm dur-

ing both monitoring campaigns with an above average dry year in 1992 and an above 

average rainfall year in 1993 for the earlier monitoring campaign. Also, 2014 can be con-

sidered as a dry year with significantly higher evapotranspiration rates compared with the 

reference period (Table 2.2).  

Table 2.2 Annual sums of precipitation, evapotranspiration, climatic water balance and mean 

annual water table depth of the monitoring campaigns during the hydrological years 

1990 to 1993 and 2011 to 2014 (hydrological year is from November, 1 to October, 

31). In addition, normal climatic conditions for the periods from 1961 to 1990 and 2071 

to 2100 are presented for comparison. The future scenarios account for an anthropo-

genic radiative forcing of 2.6 W mï2 and 8.5 W mï2. 

Year Precipitation PETHaude
a CWBb WTc depth 

 (mm yearï1) (cm below ground) 

1961 to 1990 805 269 536 (325d/209e) ï 
1990 831 295 535 ï75 
1991 797 293 503 ï69 
1992 657 372 285 ï102 
1993 952 289 663 ï92 
2011 833 310 523 ï68 
2012 871 285 586 ï67 
2013 778 258 520 ï73 
2014 752 356 396 ï91 

2071 to 2100 (RCP2.6f) 860 321 539 (348/191) ï 
2071 to 2100 (RCP8.5g) 755 394 361 (274/87) ï 

a Evapotranspiration according to Haude 
b Climatic water balance 
c Water table 
d Hydrological winter (November, 1 to April, 30) 
e Hydrological summer (May, 1 to October, 31) 
f Representative Concentration Pathways with a radiative forcing of 2.6 W mï2 
g Representative Concentration Pathways with a radiative forcing of 8.5 W mï2 

According to the climate projection from 2071 to 2100 under the RCP2.6 scenario, the 

annual CWB remains constant compared with the 30-year reference period from 1961 to 

1990, with a slight shift towards drier summers (May to October) (Table 2.2). This devel-

opment is intensified under the RCP8.5 scenario with a CWB of only 361 mm yï1, due to 

a lowering of annual precipitation and enhanced evapotranspiration rates. A decrease of 

the CWB under this scenario has to be highlighted during the hydrological summer. 

Typically for all years, in spring (April to May) the WT decreased because of the partial 

negative CWB when evapotranspiration exceeded precipitation but increased in early fall 
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(October to November) when the water demand of the vegetation declined and evapotran-

spiration decreased (Fig. 2.2). This annual pattern caused seasonal fluctuations of the WT 

depth from ï10 cm in the winter to ï200 cm below ground in the summer. The annual cycle 

of enhanced evapotranspiration (data not shown) from 1990 to 1993 is similar to the de-

velopment from 2011 to 2014, but the CWB varied significantly for individual months be-

tween both periods. For instance, the dry summer of 1992 with a CWB of ï81 mm in June 

(Fig. 2.2a) differed remarkably from the moist and mild conditions with 63 mm in June 2013 

(Fig. 2.2c). The impact of water deficiency indicated by the long-lasting dry period from 

June to September 1992 favored a more intense WT drawdown that remained at lower 

than ï200 cm below ground for a 4-month period (Fig. 2.2b). In contrast, the mean WT 

depth remained at ï126 cm below ground for the corresponding period in 2013 (Fig. 2.2d). 

 

Figure 2.2 Dynamics of the monthly climatic water balance (CWB) and water table (WT) depth 

during the hydrological years 1990 to 1993 (a and b) and 2011 to 2014 (c and d). The 

dashed lines (b and d) indicate the EH recording depths at 10, 30, 60, 100 and 150 cm 

depths and the shaded areas indicate the period from November to April (grey) and 

from May to October (white) of each hydrological year. 

Soil redox potentials 

Figures 2.3a to 2.3e illustrate the EH dynamics during the initial campaign. Mean EH values 

ranged from 547 mV at 10 cm to ï84 mV at 150 cm (Fig. 2.3, Table 2.3). The soil was 

oxidized at the 10 cm monitoring depth throughout the study period (EH > 400 mV). Varia-

tions of EH occurred at 30 cm with distinct patterns characteristic of oxidizing soil conditions 

in the summer, to weakly reducing soil conditions in the winter (Fig. 2.3b).  
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Figure 2.3 Dynamics of redox potentials (EH) during the hydrological years 1990 to 1993 (a to e) 

and 2011 to 2014 (f to j) at 10, 30, 60, 100 and 150 cm depths, respectively. The 

dashed lines indicate the redox classes of oxidizing (> 400 mV), weakly reducing 

(400 mV to 200 mV), moderately reducing (200 mV to ï100 mV), and strongly reducing 

(< ï100 mV) soil conditions according to Zhi-Guang (1985). The EH dynamics are pre-

sented as monthly means with the corresponding standard deviation for measure-

ments in quintuplicate on weekly basis for the initial monitoring campaign and in tripli-

cate on hourly basis for the latter. 

This pattern was even more pronounced at monitoring depths of 60 cm and 100 cm on an 

annual basis. At 100 cm (150 cm), the redox status was at moderately (strongly) reducing 

soil conditions for 80% (71%) of the time, but increased in the summer of 1992 to weakly 

reducing conditions (Fig. 2.3d, e, Table 2.3). From 2011 to 2014, mean EH values were in 

the range of 573 mV to ï184 mV (Table 2.3). Oxidizing soil conditions prevailed at 10 cm 

depth throughout the study period and annual EH fluctuations at 30, 60, and 100 cm mon-

itoring depths approximate the fluctuations of the initial monitoring campaign. A high stand-

ard deviation revealed differences of the EH readings between individual electrodes from 

November 2010 to April 2011 at 60 cm depth (Fig. 2.3h) with differences ranging from 

strongly to weakly reducing soil conditions. Strongly reducing soil conditions prevailed 

throughout the study period at 150 cm. The standard deviations were significantly lower at 
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10 and 150 cm depths compared to the soil depths at 30, 60, and 100 cm, respectively 

(Table 2.3). Overall, the soil profile can be separated into an oxidized horizon (10 cm), a 

predominantly oxidized horizon with seasonal reducing conditions (30 cm), an intermittent 

reduced horizon with strong seasonal variations (60 and 100 cm), and a permanently re-

duced horizon (150 cm). The EH data for both monitoring campaigns were very similar at 

a monitoring depth of 10 cm (Table 2.3) in accordance with the EH dynamics (Fig. 2.3a, f, 

Table 2.3). Although the mean EH and the standard deviation were very similar at 60 cm 

during both campaigns (Table 2.3), the monthly standard deviation was different and more 

pronounced during the hydrologic winters from 2011 to 2014 (Fig. 2.3c, h). During the 

initial campaign, EH at 30 cm and 100 cm depths remained at a lower level, expressed by 

differences in mean EH values of 430 mV to 573 mV and 116 mV to 341 mV, respectively 

(Table 2.3). Until June 1992, EH levels at 150 cm were identical for both monitoring cam-

paigns with an EH of ï161 mV to ï184 mV. However, the EH increase in June 1992 resulted 

in significant differences for the selected statistical parameters (Fig. 2.3e, j, Table 2.3; 

proven by the two-tailed t-test at the 5% significance level). 

Temporal resolution of redox potential measurements 

To assess the possible necessity and benefit resulting from high-resolution EH measure-

ments, the following program of investigation was undertaken. For the campaign from 

2011 to 2014, hourly EH readings were compared with those obtained at a daily, weekly, 

and monthly interval by examining their redox class distribution. Arbitrarily, for the daily 

data, the EH measured at 8 am of each day was chosen, for the weekly data, the EH meas-

ured at 8 am of each Monday of the week, and for the monthly data the EH measured at 8 

am of each first Monday of the month. Since EH fluctuations are subject to different time 

scales (Fiedler et al., 2007), the dataset was analyzed for the total period (hydrologic years 

2011 to 2014), a seasonal period (hydrologic summer 2011) and an event-based period 

(July and August 2012) (Fig. 2.4). For the total, seasonal, and event-based periods, no 

significant differences in the redox class distribution were apparent between hourly and 

daily measurement intervals across all depths. This was also valid at 10, 30, and 150 cm 

monitoring depths when weekly and monthly readings are given additional consideration. 

In contrast, at 60 and 100 cm, the redox class distribution differed between the hourly and 

daily interval, and the weekly and monthly interval. A lowering of the measurement interval 

resulted in a faulty description of the redox class distribution, considering hourly readings 

as the ótrueô representation of the EH dynamics for the corresponding periods. 
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Figure 2.4 Comparison of the redox class distribution on an hourly, daily, weekly and monthly 

basis measurement intervals (columns) for the EH recorded at depths of 10, 30, 60, 

100 and 150 cm (lines) for the total (hydrological year 2011 to 2014), seasonal (hydro-

logical summer 2011), and event-based (July and August 2012) time-scale. The pie 

charts display the percentage of oxidizing (> 400 mV; white), weakly reducing (400 mV 

to 200 mV; light grey), moderately reducing (200 mV to ï100 mV; grey), and strongly 

reducing (< ï100 mV; black) soil conditions according to Zhi-Guang (1985). 

To obtain an insight into the temporal variability of the EH, we checked for the whole study 

period the EH of the single electrodes in the 60-cm depth which revealed the largest oscil-

lations in EH. Figure 2.5 displays such an example of the EH dynamics by illustrating the 

response of the Pt electrode to aeration as a function of declining WT. EH started to rise 

from ï90 mV at 1 am towards 450 mV at 12 am and over a 24 h period achieved a range 

of 540 mV. The EH increase for this period amounts to 22.5 mV hï1 exemplifying short-

term fluctuations. 

Discussion  

Comparison of EH data and soil properties 

Despite the fact that EH measurements are subject to several limitations (Ponnamperuma, 

1972), numerous publications have already demonstrated the linkage to abiotic processes, 

such as aeration (Mansfeldt, 2003) as well as the specific impact of redox classes on dis-

tinct soil processes (Yu et al., 2001). The maximum WT rise (data not shown) was above 

the 10 cm monitoring depth during both monitoring campaigns, but did not facilitate reduc-

ing conditions. It was not possible to assess any impact of the capillary fringe on stimulat-

ing the onset of reducing conditions in the topsoil. Hence, oxygen (O2) replenishment via 

diffusion from the atmosphere was demonstrated as sufficient and exceeded O2 consump-

tion (Fig. 2.3a, f). Diking (in 1978) and drainage favored a lowering of WT depths within 

the Polder Speicherkoog that subsequently conformed to unsaturated soil conditions in 






































































































































































































































