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Abstract
Purpose  Intra-field redox zonation across depth in soils can be heterogeneous and account for the presence of biogeochemi-
cal “hot spots.” Understanding the spatial distribution of hot spots is desirable but hard to obtain.
Materials and methods  In this study, low-cost manganese (Mn) and iron (Fe) oxide-coated Indicator of Reduction In Soils 
(IRIS) films were installed at a wetland. A grid soil sampling approach within a monitoring plot (20 × 20 m; 2-m raster cells) 
featured a microrelief of 29 cm above the water table (WT). Data of Mn and Fe oxide removal along IRIS films and natural 
(newly formed) Fe oxides along Mn IRIS served to spatially resolve digital redox maps by ordinary kriging.
Results and discussion  A distinctive redox zonation due to the microrelief could be differentiated with the lowest oxide loss at 
elevated terrain. Located at 9 to 29 cm above the WT, small-scaled pattern of oxide loss of a few cm2 occurred due to anoxic 
microsites (zone I). Zone II was located at 4 to 9 cm above the WT (Fe2+ sink), whereas zone III extended below and a few 
cm above the WT (Fe2+ source). Mn IRIS displayed three times more oxide loss, compared to Fe IRIS. Thereupon, natural 
Fe oxides formed to a major extent along Mn IRIS with on average 80% in redox zone I and II. Thus, Fe2+ was an omnipres-
ent constituent in soil solution, while no or only minor synthetic Fe oxide along Fe IRIS were removed. This highlights the 
clear difference between the reducibility of pedogenic Fe oxides and synthetic Fe oxides. Overall, the large reactive surface 
area of IRIS can circumvent problems associated with misclassification of the soil redox status using redox electrodes, which 
are more susceptible to soil spatial variability.
Conclusions  Homogeneity and representativeness of redox sensitive topsoil samples or soil solutions can in fact only be 
guaranteed within a range < 5 m for this particular study site. IRIS can be utilized to investigate both: microsite-driven fea-
tures such as neo-formed natural Fe oxides along Mn IRIS (< mm to cm scale) and geo-referenced oxide loss from IRIS at 
the plot scale (tens to hundreds of meters). Soil redox maps deliver important spatial information for the worldwide growing 
demand for high-resolution digital soil maps.

Keywords  Environmental monitoring · IRIS · Kriging · Microrelief · Redox processes · Soil reducing conditions

1  Introduction

Characterization of the soil redox status as a driver of biogeo-
chemical processes is outstanding to account for trace metal 
solubility or greenhouse gas emissions, but the complex inter-
play of physical, chemical, and biological constrained condi-
tions makes it particularly challenging to infer these condi-
tions across various scales. The onset of reducing conditions 
is typically related to soils that are temporarily (weeks to 
months) or permanently water saturated in wetlands with low 
elevation featuring near-surface groundwater (Ponnamperuma 
1972; Reddy and DeLaune 2008) but can also occur due to 
perched water tables and stagnant water in terrestrial upland 
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soils (Dorau et al. 2020). Flooding and an increase in soil 
water content hampers the replenishment of oxygen (O2) with 
reduced O2 diffusion rates slowed-down 3·105 times (Rohe 
et al. 2021; Zausig et al. 1993). Thus, air-filled pores (ε) and 
the connected air-filled porosity (εconn) are critical parameters 
to assess aeration processes in soils but are highly variable in 
space and time (Dorau et al. 2021). Thereupon, other intrinsic 
soil physical (e.g., bulk density, aggregation), chemical (e.g., 
pH, soil organic matter content and composition), and bio-
logical properties (e.g., microbial community and abundance) 
impact the reduction (or oxidation) intensity—expressed as 
redox potential (EH) in units of electrochemical energy (mV; 
DeLaune and Reddy 2005). The aforementioned parameters 
will ultimately change when a soil is transferred to the labora-
tory because the EH will change immediately after retrieval 
of the sample, due to aeration of a previously reducing soil 
environment when exposed to O2. Microcosm experiments 
certainly have a great value because redox conditions can be 
strictly defined by flushing either O2 (EH increase) or N2 (EH 
decrease) into the incubation system to investigate trace ele-
ment solubility (Hindersmann and Mansfeldt 2014) or the 
release of greenhouse gases (Yu and Patrick 2004). How-
ever, these experiments cannot compensate the importance 
of soil architecture—it is the spatial arrangement of the pore 
space and solid phase that determines physical, chemical, 
and biological processes (Vogel et al. 2022). Characteriza-
tion of the soil redox status in the laboratory is possible by 
using undisturbed samples within a steel cylinder of 250 cm3 
sample volume (Dorau et al. 2018a), larger sample volume 
of 2,000 cm3 using the redoxtron incubation system made of 
acryl glass housing (Dorau et al. 2023), or using even larger 
profiling column experiments up to 22,000 cm3 (Schroeder 
et al. 2017). The non-destructive nature of these experiments 
has advantages but cannot imitate intra-field variability due to 
(i) variable soil properties occurring at small spatial scale with 
impact on the soil redox status or (ii) changes in the microre-
lief with impact on capillary rise from shallow groundwater. 
Thus, uncertainties arise how unique or general results from 
single sampling sites and laboratory incubation experiments 
are in comparison with real-world scenarios occurring under 
field conditions. Overall, redox processes and therefore soils 
must be studied in their natural state with as little disturbance 
as possible. Thus, continuous in situ monitoring of EH by per-
manently installed redox electrodes is of utmost importance in 
linking environmental conditions to the soil redox status and 
vice versa (Dorau and Mansfeldt 2016a).

Determination of the soil redox status by redox elec-
trodes has many advantages but thermodynamic restric-
tions (Whitfield 1974). The microsite dependent meas-
urement and high standard deviation between replicates 
with associated high costs for the data logging equipment 
are certainly further disadvantages. As a result, a spati-
otemporal characterization of the soil redox status and 

the relationship with physicochemical properties at the 
field-scale is missing at present. As an alternative to EH 
measurements, Indicator of Reduction In Soil (IRIS) tools 
gained attention since nearly two decades and are simple 
field methods to assess and sometimes monitor soil reduc-
ing conditions (Sapkota et al. 2022). White polymer sur-
faces are coated either with laboratory-made suspensions 
of manganese (Mn) (Dorau and Mansfeldt 2015; Stiles 
et al. 2010) or iron (Fe) oxyhydroxides (Jenkinson and 
Franzmeier 2006; Rabenhorst and Burch 2006). Under dis-
similatory reductive dissolution of the oxide coating, the 
visibility of the white polymer surface serves as a proxy 
to differentiate weakly (EH 300 to 100 mV at pH 7; tri- 
and tetravalent Mn is consumed) and moderately reduc-
ing soil conditions (EH < 100 mV at pH 7; trivalent Fe is 
consumed) according to the sequential reduction sequence 
(Dorau and Mansfeldt 2015). Mn IRIS have sometimes 
advantages compared with Fe IRIS because short-term 
monitoring on a daily basis is possible and oxide removal 
occurs even at soil temperatures as low as 5 °C (Dorau 
et al. 2018b; Rabenhorst et al. 2021), which would be ben-
eficial in areas where temperatures are consistently low 
(Schwyter 2020). The onset of weakly reducing conditions 
with preferential Mn oxide removal over Fe oxide removal 
from IRIS tools appeared to be especially feasible in capil-
lary fringes (CF) above the water table (WT), where soil 
pores are not fully water saturated but soil water content 
is close to water saturation (Dorau et al. 2016). Thus, a 
microrelief with an unconfined aquifer, i.e., where the WT 
is at equilibrium with atmospheric pressure, should sepa-
rate hot spots in the field where Mn and Fe oxide removal 
is distinctively different. IRIS are commonly attained to 
differentiate between study sites or substrates by a nested 
sampling approach (summarized in Sapkota et al. 2022). 
However, in order to differentiate decisive redox zones 
at the plot scale, a grid soil sampling approach with a 
larger number of IRIS is mandatory. Such a high-spatial 
field analysis of Mn and Fe oxide mineral (trans)formation 
along IRIS has not been investigated at present.

In this study, a grid soil sampling approach (20 × 20 m 
monitoring site with 2-m raster cells) has been conducted. Two 
Mn and two Fe oxide-coated IRIS (10-cm coated film length) 
were simultaneously installed per sampling point. In total, 
200 Mn and 200 Fe IRIS films were installed for a one-month 
period and oxide loss analyzed by sophisticated image analy-
sis. Data of oxide loss and mineral transformation served as a 
base to construct by ordinary kriging high-resolution digital 
maps of the soil redox status. The ultimate objectives of this 
work were to (i) assess the impact of the microrelief (29-cm 
differences in altitude above the water table) on the spatial 
distribution of soil reducing conditions and (ii) account for 
the spatial dependence of mineral (trans)formation by IRIS 
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using semivariograms and relate these to other soil properties 
at the field scale.

2 � Materials and methods

2.1 � Study site and sampling design

Soil sampling and monitoring of the soil redox status were 
conducted in the district of Recklinghausen, Germany 
(51° 48′ 59″ N, 7° 12′ 59″ E). A deep layer of > 50-m 
Upper Cretaceous sand forms the local aquifer and this is 
overlain by a thin coverage (< 3 m) of Quaternary sand 
and marly ground moraine deposited during the Saale 
glaciation (Banning et al. 2009; Mansfeldt and Overesch 
2013). The study site is morphologically relatively flat 
with altitudes of about 50 m above sea level (asl), but 
glaciofluvial processes resulted in a microrelief with an 
absolute difference in altitude of 29 cm from 46.75 to 
47.04 m asl for the monitoring site under investigation. 
Water table depths are generally low (< 1 m) in this low-
land area, which favors a separation into elevated “drier” 
sites and “flooded” sites in lower terrain rendering this 
study site very suitable for the planned investigations. 
With decreasing altitude, the soil catena typically consist 
of the order Haplic Gleysol (Petrogleyic), Haplic Gleysol 
(Hyperhumic), and Mollic Gleysol due to the subtle varia-
tions in the soil hydrologic regime and thereupon altered 
pathways of soil formation. More detailed information 
about the study site can be found in Mansfeldt and Over-
esch (2013) and Dorau et al. (2016). We employed a grid 
soil sampling approach, and the boundary for the moni-
toring site was 20 × 20 m with 2-m raster cells (Fig. S1). 
At each of the individual 100 sampling points, a Pürck-
hauer auger was drilled four times into the soil down to 
10-cm soil depth (2.1  cm Ø =  ~ 40 cm3 soil volume). 
The excavated four soil samples were merged to obtain 
a representative mixed sample per sampling plot, which 
yielded a total of 50 to 120-g sample weight.

2.2 � Soil properties

The disturbed soil samples were oven dried at 40 °C, 
sieved < 2 mm and partly milled (MM400, Retsch, Haan, 
Germany) to measure the following soil physicochemi-
cal properties: Soil pH was measured potentiometrically 
within a 0.01 M CaCl2 solution mixed 5:1 with soil (v/v) 
and soil organic carbon (SOC) by dry combustion with 
a CNS analyzer (vario EL cube, Elementar, Hanau, Ger-
many). For the X-ray fluorescence spectrometry (XRF), 
we pressed pellets from 5 g pulverized soil sample mixed 
with 1 g of CEREOX binding agent, which were sub-
sequently measured by using a XRF analyzer (XEPOS, 

Spectro, Kleve, Germany). The pellets were used to meas-
ure total Fe content.

2.3 � Manufacturing and installation of IRIS films

Mn IRIS consists of a coating made of birnessite accord-
ing to Dorau and Mansfeldt (2015) with slight modifications 
in the permanganate to lactate ratio Rabenhorst and Persing 
(2017). The coating of Fe IRIS is composed of a ferrihy-
drite and goethite ratio (Rabenhorst and Burch 2006). To 
validate the ratio between ferrihydrite and goethite, we used 
acid-oxalate extraction (Feox; Schwertmann 1964) to extract 
ferrihydrite and dithionite-citrate-bicarbonate (FeDCB; Mehra 
and Jackson 1960) extraction to extract the total Fe content 
from the polymer surface. Fe IRIS for our experiment yielded 
a Feox/FeDCB ratio of 0.72, indicating that the major fraction 
was short-range ordered being ferrihydrite. The polymer sur-
face for the Mn and Fe oxide coating were thin PVC films 
that enable ease and flexibility in terms of installation and 
image analysis (Rabenhorst 2018). The films were 7.5 cm in 
width and 15 cm in length with the lower 10 cm coated either 
with synthetic Mn or Fe oxides. The rationale for choosing a 
coated IRIS film length of 10 cm takes into account German 
soil legislation methods. Within this document, a sampling 
depth of 10 cm is recommended if risk assessment on the 
transfer pathway soil to plant with pasture as usage is con-
sidered (BBodSchV 1999). For deployment, each film was 
rolled smaller than 2 cm Ø to fit into the pre-drilled pilot 
holes (Rabenhorst 2018) in duplicate per sampling point to 
achieve a total of 200 Mn IRIS and 200 Fe IRIS. Incubation 
of the films lasted for a one-month period in spring (from 
2022–03-10 to 2022–04-10). During this time, groundwater 
tables are typically close to the soil surface, and soil tem-
perature is rising, thus stimulating microbial activity in the 
topsoil and favoring oxide removal along IRIS films. Daily 
air temperature and precipitation data were taken from the 
closest meteorological station operated by the German Mete-
orological Service in Lüdinghausen-Brochtrup.

2.4 � Image analysis procedure

After retrieval of the films, adhering soil was gently rinsed 
off in the field with deionized water, and the films were 
allowed to air dry. Afterwards, all films were scanned in 
the lab (ScanSnap iX100, Fujitsu, Tokio, Japan) to further 
analyze the digitalized images. The workflow to analyze and 
quantify mineral (trans)formation was performed within R 
(version 4.2.0). The script builds upon the package imager 
(Barthelme 2021) and multiple packages from the Tidyverse 
(Wickham et al. 2019) with the following steps: First, the 
images were converted from RGB towards grayscale, and 
subsequently a binary image was created using automatic 
thresholding. Automatic image analysis is robust and 



1209Journal of Soils and Sediments (2024) 24:1206–1219	

independent of human intuition but only successful if the 
pixel values have a clear bimodal distribution between the 
objects and the background, e.g., to inspect and quantify 
areas along the film were a change of the original oxide 
coating were apparent. In 70% of the cases, automatic com-
putation by kmeans method was successful without further 
adjustment. However, in the other 30% of the examples, 
the threshold must be adapted to match visually best the 
depletion patterns along the films. By default, the function 
imager::threshold() function has an adjust function with 
a default value of 1. Very bright images, e.g., due to the 
appearance of the white PVC underneath the oxide coat-
ing, had to be adjusted with values between 0.8 and 0.9, 
whereas dark images with only minor oxide loss had to be 
adjusted between 1.3 and 1.5. This was equally true for Mn 
and Fe IRIS films to match best the visual inspection by 
eye. Exclusively for Mn IRIS films, brownish precipitates of 
natural Fe oxides were individually analyzed because these 
zones feature a special characteristic by a non-enzymatic 
abiotic reaction of the synthetic Mn oxide coating with Fe2+ 
from soil solution (Dorau and Mansfeldt 2015; Dorau and 
Mansfeldt 2016a, b). Examples can be seen in the support-
ing information (Fig. S2). Thus, by defining category spe-
cific thresholds corresponding to colors and summing pixels 
assigned to these colors divided by the total number of pixels 
from each film, we yielded the final categories to construct 
redox maps as following with the units oxide change in % 
for Mn IRIS with the following:

	 (i)	 Total Mn oxide loss including natural Fe oxide pre-
cipitates and areas where neither Mn nor Fe oxides 
were visible.

	 (ii)	 Natural Fe oxide precipitates.
	 (iii)	 Areas with only the white PVC.
		    For Fe IRIS, oxide loss was quantified for the fol-

lowing:
	 (iv)	 Areas with partial and complete oxide loss of the 

synthetic Fe oxide coating.

2.5 � Digital elevation model and geostatistical 
computations

All sampling points were surveyed by measuring the 
UTM coordinates and the absolute height in m asl with a 
differential GPS system (Hiper V, Topcon, Tokio, Japan). 
We utilized the German Combined Quasigeoid Model 
(GCG2016) to obtain a lateral and vertical measurement 
accuracy with a resolution of 0.5 to 1 cm. All data was 
processed in RStudio primarily upon the packages sf 
(Pebesma 2018) and gstat (Gräler et al. 2016) to handle 
the spatial data and automap (Hiemstra et al. 2009) for 
the kriging procedure. First, the data were analyzed by 
descriptive methods, which revealed that SOC content 

and the information from oxide removal of the Mn and Fe 
IRIS featured a skewness. Thereupon natural logarithmic 
transformation of the data was performed to obtain a nor-
mal distribution. The correlation of the parameters was 
calculated by Pearson’s correlation coefficient. Semivari-
ograms were calculated in order to determine the degree 
of spatial variability with a lag distance of 2 m and fit-
ting of a spherical model. We applied two-dimensional 
ordinary kriging (OK) to interpolate the values for the 
maps. Leave-one-out method was applied for cross vali-
dation between the predicted values from OK and the 
original data (Kaur and Rishi 2018). This cross-valida-
tion method makes a prediction from a single observa-
tion of the original sample size (testing data), while no 
predictions are made from the remaining observations 
(training data). This process was iterated across all of 
the observations using the inbuilt wizard inside ArcGIS 
instead of RStudio. Model validation of the interpola-
tion procedure included, first, the average standard error 
(ASE) as follows:

where si as the locations of the samples, �2
(

si

)

 as the stand-
ard measurement error at the ith location, and n is the sample 
size. Second, the root mean square error (RMSE) is calcu-
lated as follows:

where z
(

si

)

 is the associated value at the location of the 
samples and ẑ

(

si

)

 is the predicted or interpolated value by 
OK. Third, the dimensionless RMSE called scatter index 
(SI; in %) as follows:

where Z as the mean of the observations at each grid point. 
The ASE values should be as small as possible and signify 
the goodness of the prediction model with RMSE deter-
mining the error size (“prediction error”). ASE close to the 
RMSE indicates that prediction errors are correctly assessed, 
ASE > RMSE indicates that the variability of prediction is 
overestimated, and ASE < RMSE indicates that the variabil-
ity of prediction is underestimated (Kaur and Rishi 2018). 
All values should be as small as possible with values close 
to zero indicating a perfect fit to very high values indicating 
a poor fit (Kisi et al. 2013).
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3 � Results

3.1 � Meteorological conditions, soil properties, 
and redox maps

The mean air temperature during the film installation was 
7.45 ± 2.65 °C but was considerably lower with 4.81 ± 2.29 
°C during the previous two-month period (Fig. S3). Due 
to the higher heating capacity of soil compared with air, 
it seems reasonable to state that soil temperature was on 
average < 5 °C with minor daily exceptions towards the 
end of the monitoring period. Precipitation was marginal 
during the first three weeks of the IRIS installation period 
with 7.3 mm but pronounced towards the fourth and final 
week with 63 mm. Overall, the microrelief clearly favored 
a separation with an overall height difference of 29 cm 
from the lowest altitude in the south eastern part (46.75 
m asl) and the highest altitude in the north western part 
(47.04 m asl) (Fig. 1A). At the lowest located sampling 
points, ponding conditions of 1 cm occurred that visual-
izes and clearly identifies the position of the WT rendering 

the extent of the capillary fringe (unsaturated or vadose 
zone) of up to 28 cm above the WT towards the highest 
altitude (Fig. 1A and Fig. S4). Although we have no in situ 
data about soil water content, we assume that field capac-
ity was reached for sampling points approximately 15 cm 
above the water table because no water dripped out of the 
auger during sampling. However, quick condensation of 
water inside the airtight plastic bag directly after removal 
of the soil sample indicates high water contents.

A strongly acidic soil milieu is characteristic for the 
study site with on average pH 4.6 ± 02 (Fig. 1B), elevated 
SOC content of 86 ± 26 g kg–1 (Fig. 1C), and 94 ± 23 g 
kg–1 Fe content (Fig. 1D). The altitude was negatively 
correlated with SOC content being highest at the lowest 
terrain (r = – 0.67**) but with lower r values for pH and 
Fe content (Table 1). Data about oxide removal from Mn 
and Fe IRIS were also significantly negatively related 
with altitude with the highest oxide removal occurring in 
the south eastern part at the study site (Table 1). Whereas 
up to 100% oxide removal occurred for Mn IRIS with 
on average 38 ± 31%, the total depleted area for Fe IRIS 

Fig. 1   Interpolated maps by ordinary kriging for altitude (A from 
46.746 to 47.040 m asl), pH (B 0.01 M CaCl2), soil organic carbon 
(C SOC), and total Fe content (D) for the study site. The sampling 

points in red in (A) featured ponding conditions of 1  cm during 
installation and retrieval of the IRIS films
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was at maximum 83% and threefold less with on aver-
age 13 ± 21% (Fig. 2). The spatial extent of enhanced Mn 
oxide loss of Mn IRIS matched with areas of predomi-
nant Fe oxide loss of Fe IRIS (Fig. 2A and B). Natural 
Fe oxides formed to a significant extent along Mn IRIS 
with a maximum of 92% and on average 27 ± 22%. Inter-
estingly, these localized hot spots of natural Fe oxides 
were not exclusively at the lowest altitude but formed a 
rim situated between the lowest and the highest altitude 
(Fig. 2C).

3.2 � Redox zonation and depletion patterns 
from IRIS films

A clear trend is apparent that the microrelief has an impact 
on oxide removal for Mn and Fe IRIS (Fig. 3A). Whereas for 
Mn IRIS a steadily and more linear relationship with altitude 
exists, Fe IRIS appear to have a tipping point between very 
minor (< 5% oxide removal) on the one hand and more oxide 
loss below a certain threshold, i.e., the isoline or contour line 
at a certain altitude. We differentiated based upon the trend 

Table 1   Correlation matrix for the spatial information analyzed at the monitoring site (n = 100)

* p < 0.05; **p < 0.01; ***p < 0.001

Parameters Altitude SOC pH Fe content Fe oxide 
removal (Fe 
IRIS)

Mn oxide 
removal (Mn 
IRIS)

Natural Fe 
oxides (Mn 
IRIS)

Units (m asl) (g kg–1) (-) (g kg–1) (%) (%) (%)
Altitude 1
SOC – 0.67** 1
pH 0.39* – 0.44** 1
Fe content 0.32* – 0.61** 0.63** 1
Fe oxide removal (Fe IRIS) – 0.70*** 0.79*** – 0.38** – 0.48** 1
Mn oxide removal (Mn IRIS) – 0.78*** 0.81*** – 0.39** – 0.50** 0.94*** 1
Natural Fe oxides (Mn IRIS) – 0.62** 0.38* – 0.30* – 0.23 0.41* 0.59** 1

Fig. 2   Interpolated redox maps for total Mn oxide removal from Mn 
films (A) and for total Fe oxide removal from Fe films (B). Exclu-
sive for Mn films, Mn oxide loss is differentiated for the percentage 
area along the films where natural Fe oxides precipitated (C) and for 

complete oxide loss where neither natural Fe oxide nor Mn oxide 
remained along the film surface (D). The red dot in each panel (A to 
D) is the position with an example for a Mn (A, C, D) and Fe film (B) 
along with the binarized image after thresholding (left and right)
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curve between altitude and oxide removal from Fe IRIS zone 
I with < 5% oxide loss, zone II with 5 to 50% oxide loss, 
and zone III with > 50% oxide loss. Figure 3B shows the 
redox zonation that employs this classification. Most of the 
sampling points fall within zone I (62%) and zone II (29%), 
and only a little portion of the sampling points is within 
zone III (9%). In comparison, Mn oxide removal exceeded 
on average by a factor of three Fe oxide removal (Fig. 4A), 
and obviously, the standard deviation between duplicate Mn 
IRIS exceeded those of Fe IRIS (Fig. 4B). However, Mn 
IRIS did not reveal a clear trend with respect to the altitude 
because the standard deviation between duplicate films was 
in some occasions > 20% across zones I, II, and III. On the 
contrary, Fe IRIS were more equal when oxide removal is 
only marginal at the “drier” sites but more variable at the 
lowest terrain in zones II and III with up to 30% (Fig. 4B). 
Oxide removal along Fe IRIS is driven by Fe reducing con-
ditions, whereas oxide removal along Mn IRIS is driven by 

Mn reducing conditions and the presence of Fe2+ in soil 
solution. We assume that both factors lead to overall higher 
standard deviations along Mn IRIS contrary to Fe IRIS. For 
zones I and II, natural Fe oxides formed along Mn IRIS and 
were the driver and main factor for the dissolution of the 
synthetic and original Mn oxide coating with on average 
85 ± 17% and 79 ± 21% contribution, whereas this contribu-
tion decreased to only 40 ± 25% in zone III (Fig. 4C).

3.3 � Spatial analysis of soil properties and the soil 
redox status

The range of spatial dependence from Mn and Fe IRIS was 
6.9 m for total Mn oxide removal, 4.2 m for natural Fe oxides, 
and largest with 7.9 m for Fe oxide removal (Fig. 5 A to C). 
pH distribution featured the lowest autocorrelation with a 
range of 3.1 m (Fig. 5D). A progressive decrease of spatial 
autocorrelation is equivalent to an increase in semivariance, 

Fig. 3   Oxide removal from Mn and Fe IRIS plotted against altitude 
with the local regression trend (LOESS) through the data (A). Three 
distinctive zones were differentiated based upon Fe oxide removal: 
Zone I where Fe oxide removal is only marginal with < 5%, Zone II 
where Fe oxide removal is intermediate with 5 to 50%, and Zone III 

where Fe oxide removal is considerable with > 50%. The blue lines in 
(A) highlight the intersection of oxide loss and altitude within these 
zones. Finally, the differentiated redox zones (I to III) by considera-
tion of these boundary altitudes are visualized for the study site (B)

Fig. 4   Oxide removal of all Mn and Fe IRIS installed at the study site 
for a one-month period (each n = 200 films; A). The standard devia-
tion of films installed in duplicate per sampling point (n = 100) is 
sorted by decreasing altitude for Mn and Fe IRIS and shown in (B). 

Finally, the coverage of natural Fe oxides precipitated along the Mn 
IRIS as a percentage ratio of the total Mn oxide removal for the dif-
ferentiated redox zones (Zones I to III) is shown in (C)
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which was largest for the Fe content of the soil and oxide 
removal from Mn and Fe IRIS but very small for pH and alti-
tude (Fig. 5E). Cross-validation of the created maps indicated 
an overall better performance for altitude and soil proper-
ties in comparison with information utilized to create redox 
maps. The interpolation procedures by OK to construct maps 
for altitude, pH, and SOC reflect a high degree of interpola-
tion accuracy and reliability because the ASE and the RMSE 
were relatively equal (Table 2). Only for Fe content, ASE 
was smaller than RMSE indicating that the variability of 
prediction is underestimated. The scatter index (SI) for alti-
tude was smallest with 0.1% and highlighted the best model 
performance to predict values of altitude at new locations in 
between the sampling points. However, while intra-field dif-
ferentiation of decisive redox zones seems applicable from 
oxide loss of Mn and Fe IRIS, a SI of 35.9% for Mn oxide 
removal, 52.9% of natural Fe oxide formation, and up to 66% 
for Fe oxide removal from Fe IRIS make a prediction by OK 
less accurate (Fig. 4B and Table 2). This is an expression 
of variable depletion patterns along IRIS films in duplicate, 
even when being located in a few cm distance to each other.

4 � Discussion

4.1 � Redox zonation in intermittent wetlands

In the present study, an intra-field microrelief of less than 
30 cm has a profound impact on soil properties and controls 

Mn and Fe oxide reduction as evident from IRIS data 
included to construct redox maps (Fig. 2). Small field-scale 
redox zonation in intermittent wetlands featuring a microre-
lief is therefore an important feature and must be considered 
when pedogenetic information are retrieved. This is high-
lighted in the conceptualized scheme with focus on Mn and 
Fe oxide mineral (trans)formation at the study site (Fig. 6A). 
For instance, nested sampling of soil solution by suction 
cups in redox zone III with predominantly FeIII reducing 
conditions will reveal high levels of soluble and reduced 
Mn2+ and Fe2+. This is an indication of element transport 
via liquid phase and redistribution within the soil profile. 
On the contrary, sampling in redox zone I (predominantly 
aerobic with anoxic microsites) would potentially verify the 
absence of these reduced and mobile metal species in the 

Fig. 5   Relevant spatial information of semivariograms to visual-
ize redox maps featuring total oxide removal of Mn IRIS including 
areas of natural Fe oxides (A), percentage of precipitated natural Fe 
oxides from Mn IRIS (B), and oxide removal from Fe IRIS (C). The 

summary statistics of all created semivariograms including soil prop-
erties are displayed and sorted by decreasing range (D) and sill (E), 
respectively. In (A) to (C), data points are displayed until the range 
(red line). No nugget effect was observed

Table 2   Cross-validation of the created maps assessed by leave-one-
out-method for the average standardized error (ASE), root mean 
square error (RMSE), and scatter index (SI)

Parameter Unit ASE RMSE SI (%)

Altitude cm 0.03 0.03 0.1
pH - 0.2 0.2 4.8
SOC g kg–1 1.4 1.5 17.5
Fe content g kg–1 16.1 20.0 21.3
Mn oxide removal (Mn IRIS) % 13.5 13.7 35.9
Natural Fe oxides (Mn IRIS) % 14.3 14.3 52.4
Fe oxide removal (Fe IRIS) % 8.7 8.3 66.0
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topsoil. Redox zonation at the field scale along with element 
redistribution has rarely been investigated with few examples 
(Fiedler et al. 2004). These features do not only occur due to 
glaciofluvial process such as in this study, but have also been 
studied in other parts of the world featuring permafrost soils. 
These soils sometimes have symmetrically formed ice wedge 
polygons from annual freeze–thaw cycles, which leads to a 
typical microrelief over time (Brown 1967). Element redis-
tribution of Mn and Fe along hydraulic and redox gradients 
from the polygon center (i.e., microlow) towards the polygon 
rim (i.e., microhigh) has been observed by only 40 cm of 
differences in altitude (Fiedler et al. 2004). Kutzbach et al. 
(2004) have also shown for the same study site that small-
scale spatial variability has impact on total CH4 flux with 
28.0 ± 5.4 mg m–2 d–1 at the depressed microlow and only 
4.3 ± 0.8 mg m–2 d–1 at the microhigh.

Enhanced biogeochemical transformation of nutrients 
and pollutants is a key feature in wetlands around the world 
(Schlesinger and Emily 2013). As exemplified within this 
study, small geomorphic subunits (e.g., within a 20 × 20 m 
field) can feature localized zones of higher reactivity (“hot 
spots”). Explanation of these zones by static, physico-chem-
ical properties might ultimately be too simplistic. This was 
shown within a virtual modeling experiment for a riparian 
wetland having a micro-topography with differently sized hol-
low and hummock structures (Frei et al. 2012). The model 
was capable to reproduce spatial variations in pore water con-
centrations of redox sensitive solutes (e.g., NO3

–, Fe2+, and 
SO4

2–) and identify biogeochemical hotspots. A complex sur-
face/subsurface interaction with the micro-topography alters 
in- and exfiltration solutes and hydrological controls either 
facilitate or suppress redox processes in in- and exfiltration 
areas (Frei et al. 2012). This certainly holds true for the redox 
zonation depicted for our study site, which is highly dynamic 
and not only depends on relatively static soil properties. The 
WT depth changes over time and can be up to 40 cm lower 
in the summer time (Dorau et al. 2016). Thereupon, variable 

soil temperatures have a profound impact on the reductive 
Mn and Fe dissolution rates from Mn and Fe IRIS (Dorau 
et al. 2018b). Thus, measuring the oxide removal to a later 
stage during the year with drier conditions might reduce oxide 
removal due to the prevalence of oxic conditions. However, 
enhanced microbial activity due to elevated soil temperatures, 
which were as low as ~ 5 °C during the current monitoring 
period, would counterbalance reduced oxide removal to some 
extent. Overall, the current extent of redox zone I to III is not 
static because oxide removal from Mn and Fe IRIS is affected 
by external boundary conditions. In addition, the German soil 
classification system or the European Union do not have the 
concept of hydric soils that is applied in the USA for wetland 
resource management. According to the Hydric Soil Technical 
Standard, three out of five replicate Fe IRIS must demonstrate 
30% oxide removal in a 15 cm zone that occur within 30 cm 
of the soil surface (Berkowitz et al. 2021). This regulatory 
threshold of 30% oxide loss would yield a different redox 
zonation as it was depicted within this study (Fig. S5). Thus, 
the redox zonation is not only affected by temporal dynam-
ics (e.g., variable soil temperature and WT depths); it is also 
affected by regulatory definitions in terms of oxide removal.

4.2 � Benefits of redox maps

Soil properties vary at small spatial scale, and because of 
this unknown spatial variability, experimentalists rely on 
a distinct number of replicates (Hofmann and Brus 2021; 
Weihermüller and Wessel-Bothe 2019). For instance, 
Weihermüller et al. (2006) demonstrated that soil solution 
obtained by suction cups to estimate solute transport has 
to be far greater than three replicates, even when evalu-
ated within a homogeneous soil system. Small differences 
in altitude are not visible at first sight when inspecting a 
study site and deciding for an appropriate sampling strat-
egy, not only but with specificity, to account for redox 
sensitive data and pedogenetic properties (Fig.  6B). 

Fig. 6   Major findings summarized in a sketch from the lateral distribution of the study site featuring a microrelief (A) and image of the study 
site where Mn and Fe IRIS were installed with equipment to digitalize redox maps (B)
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Representativeness of the samples taken in the field is 
a key to better understand the mechanistic relationship 
between controlling hydraulic factors (e.g., extent of the 
capillary fringe) and redox gradients (e.g., pH and SOC 
content) upon pedogenic processes such as mineral trans-
formation and element redistribution. The question of how 
many replicates are sufficient to reliantly answer a spe-
cific question is very challenging but delineating a redox 
zonation upon certain spatial soil and study site informa-
tion beneficial (Barczok et al. 2023; Tano et al. 2020). 
Decision-making tools can include a (i) digital elevation 
model, (ii) hydrologic information including the average 
WT depth, (iii) soil properties with impact on the onset 
of reduction (e.g., pH and SOC content), and (iv) sup-
plemented by IRIS film oxide removal at distinct loca-
tions. This would greatly benefit to put the findings into 
perspective. While redox zone III makes up only 9% of 
the monitoring site, the majority (62%) is composed by 
redox zone I being more representative for the study area 
(Fig. 3B). Thus, if statements about the representativeness 
of the study site are needed for processes that prevail in the 
topsoil, experimentalists focusing on a specific research 
question should take the spatial extent of redox zonation 
into account. Delineation of reducing conditions in soils 
is of high importance for legislation and soil protection 
measures, e.g., according to the German Federal Soil Pro-
tection and Contaminated Sites Ordinance. Within this 
legislation, the transfer pathway “soil to plant” assumes an 
action value of 200 mg kg–1 arsenic (As) but only tolerates 
50 mg kg–1 under temporarily reducing conditions (BBod-
SchV 1999). Lower tolerable As contents of 50 mg kg–1 
are certainly valid for redox zone I to III–with reduction 
of pedogenic Fe(III) oxides–and the preconditions that the 
largest As fraction is associated with the Fe oxide pool of 
the soil (Mansfeldt and Overesch 2013). In this regard, 
uptake of contaminants such as and information from IRIS 
can also be valuable as a water management tool for rice 
farmers (Evans et al. 2021).

Digital soil maps (DSM) have been utilized to estimate 
the spatial distribution of soil classes and/or soil properties 
and can be applied at various scales ranging from the plot 
towards the country scale (Lagacherie et al. 2007). They 
are capable to generate solutions for the worldwide growing 
demand for high-resolution soil maps (Arrouays et al. 2020), 
since traditional surveys at scale of 1:25,000 are expen-
sive and time-consuming (Behrens and Scholten 2006). In 
order to construct DSM, three approaches can be differen-
tiated: (i) pedotransfer functions where one soil property 
(i.e., prevalence of a distinct redox class) is estimated by 
easier to measure soil properties and boundary conditions; 
(ii) geostatistical approaches such as kriging upon sampled 
and analyzed data, e.g., by IRIS; and finally (iii) state fac-
tor (clorpt) approaches upon regression, classification, or 

fuzzy-set theory approaches (summarized in Behrens and 
Scholten 2006). To adopt one of these three approaches in 
the future, to create larger scale redox maps is certainly a 
massive undertaking, because the distribution of soil classes 
and properties are relatively stable over time and, thus, are 
the representation of the map. Reducing conditions, how-
ever, are variable in space and time and the prevalence of 
decisive redox zones more difficult to map. Low-cost IRIS 
tools are certainly beneficial in this undertaking because 
most sensors determine the soil state of interest in a rela-
tively small volume (e.g., soil water by tensiometer or EH 
by Pt electrode measurements). The IRIS surface covers a 
significantly larger volume, and extrapolation to the field 
scale—classically the scale of interest in most soil research 
(Weihermüller and Wessel-Bothe 2019)—reduces a mis-
match between measurement scale (i.e., dimension of the 
sensor) and scale of interest. The use of IRIS tools over Pt 
electrodes has some advantages: IRIS reflect the distribution 
of soil reducing conditions over the complete oxide-coated 
polymer surface that represents a continuum, whereas EH 
readings by Pt electrodes reflect discrete point measurements 
(Dorau 2016). This renders Pt electrodes more susceptible 
to soil heterogeneity and leads to a misinterpretation of EH 
data when the Pt tip dips into a soil aggregate assuming 
reducing conditions in an already aerobic soil environment. 
The susceptibility to microsite variability was underlined by 
the active surface area because electron transfer reactions 
occurred along 75 cm2 at Mn and Fe IRIS compared with 
significantly smaller areas for conventional redox electrodes 
in the mm2 or nm2 range (Fig. 7).

4.3 � Benefits and limitations of natural Fe oxide 
formation

Numerous studies have either specifically reported about 
natural Fe oxides formed along the Mn oxide coating from 
Mn IRIS or it is apparent from the images within the respec-
tive studies that these newly and in situ features have formed 
(Dorau and Mansfeldt 2015; Dorau and Mansfeldt 2016a, 
b; Evans et al. 2021; Rabenhorst et al. 2021). However, 
pedogenic Fe(III) oxides are certainly different to the min-
eralogical composition of synthetic Fe(III) oxides in terms 
of reducibility and reactivity. This is highlighted because 
synthetic oxide loss from Fe IRIS was virtually absent in 
redox zone I (Fig. 3 A and B), while reduction of pedo-
genic Fe oxides and the presence of Fe2+ in soil solution 
accounted for 80% of Mn oxide loss of Mn IRIS (Fig. 4C). 
Natural Fe oxides occur partly in microsites with only a 
small percentage area (e.g., Fig. 2A) or actually cover the 
complete surface of the previous applied Mn IRIS (e.g., 
Fig. 2C). Either way, the formation of natural Fe oxide 
needs a sufficient concentration of Fe2+ to facilitate a color 
change by displacement of the original Mn oxide coating. 
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The pseudomorphic Fe oxides that form according to the 
reaction MnO2 + 2Fe2+  + 4H2O → Mn2+  + 2Fe(OH)3 + 2H+ 
[Eq. 1] are likely first composed of short-range order Fe min-
erals (such as ferrihydrite or feroxyhyte). This was recently 
verified by a multitude of sophisticated methods such as 
µXRF and XANES spectra and fits (Limmer et al. 2023). 
The results were variable on small spatial scales (< 1 mm) 
with a predominance of ferrihydrite (30–90%) over lepido-
crocite and goethite. Even though the mineralogical com-
position presumably varies significantly for this particular 
site, Mansfeldt et al. (2012) found for a detailed soil charac-
terization by cryogenic 57Fe Mössbauer spectroscopy from 
a Gleysol (Petrogleyic) pedon the following composition 
(~ 100 m distance to the monitoring plot): ferrihydrite (51%) 
over goethite (24%) in the Ah horizon while nanogoethite 
dominated the subsoil with 94% in the Bg and 86% in the 
CrBg horizon with minor composition of siderite (7%). At 
the very best, the mineralogical composition of the synthetic 
Fe oxide coating of Fe IRIS should resemble and mimic the 
prerequisites of pedogenic Fe oxides that can be found at 
a particular study site. However, in practice, this is virtu-
ally impossible to accomplish due to the expensive appara-
tuses using Mössbauer spectroscopy, and exclusive appli-
cation of pure ferrihydrite will demonstrate poor adhesion 
and durability to the PVC surface (Rabenhorst and Burch 
2006). Thereupon, it could be shown in a laboratory study 

that crystal growth of ferrihydrite during coprecipitation in 
the presence of organic matter resulted in smaller crystal 
size and higher number of crystal defects, which explained 
the higher reactivity and reducibility in comparison with 
pure 2-line ferrihydrite (Eusterhues et al. 2014). Overall, 
this interesting finding of higher reducibility of pedogenic 
Fe oxides in comparison with synthetic Fe oxides from real 
in situ observations—a natural laboratory study—explains 
that natural Fe oxides are rich in structural defects. The col-
lection of natural Fe oxides while avoiding chemical and 
physical artifacts during sampling is challenging but crucial 
for realistic analysis of mineral and other colloids in soil 
(Rennert et al. 2013). Avoidance of chemical and physical 
artifacts during sampling is one of the main benefits to char-
acterize the mineralogical composition of neo-formed natu-
ral Fe oxides along Mn IRIS. This should be accomplished 
in more detail from a multitude of study sites in the future.

Despite many benefits, one of the main limitations while 
natural Fe oxides form is that the original purpose of Mn 
IRIS cannot be accomplished. Mn reduction is thermody-
namically favorable with a free energy yield of 94.5 kJ mol–1 
compared with 24.3 kJ mol–1 for Fe reduction (assuming 
CH2O is the electron donator). In addition, soil bacteria 
show an enzymatic preference for Mn(III,IV) compared with 
Fe(III) (Lovley 1991; Zehnder and Stumm 1988). This was 
highlighted in this study by threefold enhanced oxide loss 

Fig. 7   Comparison of the reactive surface area for IRIS tools 
employed in this study and classical redox electrodes. The size of 
the platinum tipped wire, i.e., the reactive surface area, typically has 
dimensions between 17 and 35 mm2 (Dorau and Mansfeldt 2016a; 
Teichert et al. 2000) but also miniaturized electrodes are available of 

only 200 nm2 (Jang et al. 2005). A true scaling of the redox electrode 
is plotted inside the Mn IRIS from this study for comparison. The 
sand grain in the top right corner is the true scaling for the three types 
of redox electrodes
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from Mn over Fe IRIS or previously under controlled condi-
tions (Dorau and Mansfeldt 2015). Preferential dissolution 
of the Mn oxide coating of Mn IRIS without any simultane-
ously removal of Fe oxides of Fe IRIS highlights weakly 
reducing conditions, which can be deduced at EH 300 to 
100 mV at pH 7 according to Reddy and DeLaune (2008). 
This redox class is presumably of higher ecological rele-
vance because nitrogen transformation from NO3

– to N2O or 
N2 or via ammonification to NH4

+ takes place at this EH 
range (Schlesinger and Emily 2013). The simultaneous onset 
of the occurrence of Mn2+ and Fe2+ in soil solution arguably 
raises the question: How relevant is the spatiotemporal prev-
alence of weakly reducing conditions in soil? Exclusive 
reduction of Mn oxides without precipitation of natural Fe 
oxides occurred only in redox zone III within the study site 
(Figs. 2D, 3B). This was the zone where also synthetic Fe 
oxides were predominantly reduced and implies that both 
Mn2+ and Fe2+ can be found in soil solution. To clarify and 
contribute to this debate, it would be valuable to calculate 
and analyze in future studies ratios of Mn oxide loss due to 
natural Fe oxides ( Mn

Fe−nat ) divided by total oxide loss of 
Mn IRIS ( Mn

total
 ). Only low ratios (e.g., < 0.1 Mn

Fe−nat

Mn
total

 ) that 
occur without oxide loss from Fe IRIS are indicative for 
predominance of weakly reducing soil conditions.

5 � Conclusions

In this study, we presented an approach to create redox maps 
by installation of Mn and Fe oxide-coated IRIS films and 
distinguish from oxide removal a decisive redox zonation. 
This is particularly helpful to localize zones of higher reac-
tivity (“hot spots”) due to the presence of a micro-topog-
raphy or variable soil properties. Mn(III,IV) and Fe(III) 
mineral transformation due to electron transfer reactions is 
primarily driven at the microscale along tiny biogeochemical 
interfaces. However, the large reactive surface area of IRIS 
can circumvent problems associated with misclassification 
of the soil redox status using redox electrodes, which are 
susceptible to soil spatial variability. IRIS can deliver both 
information: microscale features such as neo-formed natural 
Fe oxides that can be observed and investigated in more 
detail (< mm to cm) and redox zonation due to micro-topog-
raphy driven plot features by incorporating geo-referenced 
oxide loss from IRIS at the plot scale (tens to hundreds of 
meters; Fig. 6). Synthetic Fe oxide removal from Fe IRIS 
was strictly bound to the WT surface. Contrary, natural Fe 
oxides formed even 30 cm above the WT within the capillary 
fringe, highlighting a substantial reductive dissolution of 
pedogenic Fe(III) oxides within anoxic microsites to deliver 
Fe2+ to the synthetic Mn oxide coating from Mn IRIS. In 
terms of decision-making for representative redox-sensitive 

soil samples: Field designs and monitoring protocols can 
potentially be elucidated by incorporating oxide loss from 
IRIS to determine the degree of intra-field variability. This 
would be supportive as a low-cost alternative to suction cups 
or at least in conjunction with suction cups, the latter more 
expensive and tedious in maintenance, to acquire and ana-
lyze soil solution for redox-sensitive elements.
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