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ABSTRACT

Hydromorphic soils are often characterized by redoximorphic pedofeatures like ferromanganese nodules. As the
highly varying properties of the nodules are sensitive indicators of the pedogenic processes and redox history of
the soil, their isotopic study may get a deeper insight into the soil genesis. In this study, the Fe isotopic char-
acteristics, fabric, and mineralogy of ferromanganese nodules formed in six hydromorphic soil profiles were
investigated using MC-ICP-MS, EPMA, and XRD analyses. We aimed to relate the Fe isotopic composition of the
bulk soils and nodules to the varying conditions of hydromorphism and the various properties of the nodules.

Although the extent of hydromorphism could be related to the nodules’ properties, such a relationship was not
found with their Fe isotopic characteristics. The reductive dissolution of primary Fe minerals resulted in similar
Fe isotope distribution characteristics for the bulk soils. However, specific features of hydromorphic conditions
(like frequency of the redox cycles, relocation of water fluctuation zone, external Fe input, and inhibition of
leaching) affected the Fe isotope characteristics of both bulk soils and nodules. The minimum & 56Fe value within
the soil profile indicated the deepest part where precipitation of light Fe may dominate over its leaching. Above
this depth, the isotopically light Fe precipitated to form the nodules. However, the higher frequency of the
reductive conditions was responsible for the higher mobilization of isotopically light Fe below this depth. The
isotopic characteristics of the nodules supported that authigenic Fe-oxyhydroxides were enriched in the light Fe
isotope.

The Fe isotope composition of a given soil horizon and its nodules result from a complex interaction of
different processes whose effect varies from profile to profile. The integrated study of the Fe isotope charac-
teristics of hydromorphic soils and their nodules may help follow several pedogenic processes and conditions.

1. Introduction

dry conditions and Eh values in the soil, which may trigger the formation
of ferromanganese nodules (Stiles et al., 2001). These formations can be

Hydromorphic soils are characterized by the reduction or localized
segregation of iron, owing to the temporary or permanent waterlogging
of the soil pores, causing the lack of oxygen over a relatively long period.
The reductive dissolution of primary iron minerals results in the mobi-
lization, translocation, and subsequent oxidation of iron leading to the
formation of redoximorphic features in the soil. In addition, periodic
fluctuations in groundwater levels have been shown to affect wet and

characterized by a largely variable external habit, fabric, chemistry, and
mineralogy. These features reflect sensitively the pedogenic environ-
ment and redox history of the soil in which they have formed (Gaspar-
atos et al., 2019).

Dynamic changes in the valence state of iron in response to varying
redox conditions affect several processes, like mineral weathering,
nutrient cycling, contaminant mobility (Cornell and Schwertmann,
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2003), and even the preservation of organic carbon (Kaiser and Gug-
genberger, 2000). Therefore, the detailed study of the dynamics of iron
phases is a critical issue in hydromorphic soils. The iron isotopic
composition of redoximorphic soils is a sensitive indicator of the
changes in iron dynamics. The fractionation of iron isotopes in soils can
be the result of abiotic processes (dissolution, adsorption, precipitation,
mineral transformation), biotic processes (microbial reduction and
oxidation), and a combination of both pathways resulting in the pref-
erential release of the light Fe isotope to the soil solution (Johnson et al.,
2002).

In soils with groundwater-induced redoximorphosis, several studies
showed the isotopically lighter character of iron in the Fe-enrichment
zones. Differences in the isotopic composition between the organic
and mineral horizons were explained by the differences in the immo-
bilization processes (precipitation vs adsorption) of the iron (Mansfeldt
etal., 2012) or by the increasing effect of the parent materials’ Si-bound
iron downwards (Fekiacova et al., 2013). Additionally, Schuth and
Mansfeldt (2016) observed strongly varying iron isotope composition of
the soil solution with the abundance of iron oxyhydroxides suggesting
that groundwater fluctuation affects both aqueous and mineral iron in
the soil. Huang et al. (2018) observed similar distribution characteristics
for the iron isotope composition in paddy soils. According to Garnier
et al. (2017), the isotope fractionation between the pore water and the
soil involved three iron pools in such soils such as Fe(Il) in solution,
adsorbed Fe(Il), and reactive Fe(III) in the (mineral) phases. In Gleysols,
significant iron isotope fractionation was observed between the Fe-
enriched and depleted parts even within soil horizons despite the very
small or no Fe isotope fractionation at the profile scale (Wiederhold
et al., 2007; Fekiacova et al., 2021). In addition, the isotopically lighter
character of paleo-mottles and nodules was found by Schulz et al. (2016)
and Feng et al. (2018), respectively.

Despite the recent increase in studies, iron isotopic investigations of
bulk soils are still limited. Additionally, such studies are still lacking in
several soil types like Vertisols, Solonetz, Chernozems, etc. (Wu et al.,
2019). Although several recent studies supported the mobilization of
isotopically light iron under reductive dissolution in soils, the explana-
tions are quite diverse due to the numerous processes and conditions
present in soils. The ferromanganese nodules represent the redox dy-
namics of iron in soils spectacularly, and they may appear in various soil
types. Thus, their isotopic study may get a deeper insight into soil
genesis as the highly variable characteristics of the nodules are sensitive
indicators of pedogenic processes. Moreover, isotopic studies have
focused on paleo-nodules so far. This study intends to fill the above gaps
through the iron isotopic study of soils and ferromanganese nodules
formed under different conditions of hydromorphism. The primary aims
were to reveal the differences in the isotopic compositions of the bulk
soils and ferromanganese nodules and to relate these differences to the
varying conditions of hydromorphism and the various properties of the
nodules.

2. Materials and methods
2.1. Soils, nodules, and their preparation for the analyses

Six soil profiles were sampled by genetic horizons from soil pits. The
sampling sites were located mostly on alluvial plains (Pellic Vertisol;
Phaeozem) with loessal influence in several cases (Vertisol, Gleysol,
Solonetz) on nearly level (Vertisol, Solonetz, Phaeozem) or very gentle
slopes (Gleysol, Pellic Vertisol). The Luvisol profile was sampled at the
transition area of a loessal hill and an alluvial plain on a moderate slope.
The groundwater table was reached during the sampling of the Gleysol
(at 110 cm) and the Phaeozem (at 120 cm) profiles only. The mean
annual temperature was similar (between 9.5 and 10.0 °C) at the sam-
pling sites, whereas the precipitation increased as follows: Vertisol and
Solonetz (550 mm), Pellic Vertisol (600 mm), Phaeozem (640 mm),
Gleysol (690 mm), and Luvisol (760 mm) (Dovényi, 2010).

Geoderma 430 (2023) 116286

The soil profiles were described according to the FAO guidelines
(FAO, 2006), and the WRB system was used for classification (FAO,
2014). The sampled profiles represented different soil types formed
under varying hydromorphic conditions characterized by shallow
groundwater (Vertisol, Gleysol, and Solonetz), stagnant surface water
(Pellic Vertisol and Luvisol), and temporal flooding (Phaeozem). The
soil qualifiers and locations of the sampling sites are shown in Table 1.
Before the physicochemical characterization of the soils, the samples
were air-dried, gently crushed, and sieved through a 2 mm sieve. Then,
the samples were crushed further to coarse (<100 pm) and fine (<10
pm) powder in an agate mortar for their mineralogical and chemical
analyses, respectively.

Ferromanganese nodules appeared in the soil profiles at varying
depth intervals (Table 1). They were separated from the soils according
to Gasparatos et al. (2005). Briefly, 200 g of air-dried soil was dispersed
in 500 ml of 0.25 M NayCOs overnight, then the > 1 mm fraction was
wet-sieved and washed with distilled water. The nodules were manually
separated from the oven-dried > 1 mm soil fraction under the stereo-
microscope (Nikon SMZ800). Two grams of nodule separates were
crushed for the mineralogical and chemical analyses as described for the
soil samples. Further 4 to 6 nodules from each sample were selected for
the electron microscopic studies. These nodules were set into epoxy
resin using vacuum impregnation (Struers Citovac), and then the
impregnated nodules were cut (Struers Minitom) to show a cross-section
and micro-polished (Struers LaboPol-5). The polished surfaces were
documented under the stereomicroscope and then coated with carbon
for electron microscopic analyses (JEOL JFC 1200 fine coater).

2.2. Soils characterization

The soil pH was analyzed by the potentiometric method in a soil-
distilled water suspension at a ratio of 1:2.5 (McLean, 1982). The soil
organic matter content was determined by wet combustion using the
Tyurin titrimetric method (Nelson and Sommers, 1996). The calcium
carbonate content of the soils was studied by the Scheibler calcimeter
(Nelson, 1982). The conventional sieve-pipette method was used to
measure the particle-size distribution of the samples (Gee and Bauder,
1986).

The mineralogical composition of the bulk soils was analyzed by X-
ray diffractometry at 40 kV and 15 mA using Cu Ka radiation (Rigaku
Miniflex 600). The powdered material was loaded into steel holders to
obtain random powder mounts. The 26 range was set to 2-70°, and a
counting speed of 0.05°/2 secs was used for the analyses. The Rigaku
PDXL2 software was used for the phase identification based on the ICDD
database. The total iron concentrations of the soil samples were
analyzed by energy-dispersive X-ray fluorescent spectrometry (Spectro
XSort Combi).

2.3. Nodules characterization

The mineralogical and chemical composition of the bulk nodules
were analyzed as described for the soil samples. Additionally, the
diffraction patterns were also processed using the Siroquant V4 soft-
ware, and the phase compositions of the samples were determined by
the Rietveld method.

The micro-fabric of the nodules was studied by electron probe
microanalysis (JEOL Superprobe JCXA-733). An acceleration voltage of
20 kV and a probe current of 6nA were used for the analyses. The studied
areas were documented using backscattered electron micrographs. The
internal fabric of the nodules was described according to Stoops (2020).

2.4. Iron isotope analyses
Samples were digested using ammonium-bifluoride (NH4HF5; ABF)

according to Ujvri et al. (2021). Depending on the Fe concentrations in
the samples, 12.6-202.5 mg of samples (equaling 5 mg/1 Fe in the final
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Table 1
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The major physicochemical properties of the studied soils. *Goehtite detected by XRD in the bulk soil (BS) or clay farction (CF); ** Groundwtaer table was reached at
110 and 120 cm in the Gleysol and Phaeozem profiles, respectively. n.a. = not analysed.

Depth (cm) pH SOM (%) Calcium carbonate (%)

Silt (2-50 pm) (%)

Clay (<2pm) (%) Fe % Presence of goethite* Nodule frequency

Soils with shallow groundwater
Epigleyic Epistagnic Mollic Endocalcic VERTISOL/Kistijszallas (47.23564 N; 20.73574 E)

A 0-25 6.80 2.1 0 38.2
AB 25-55 7.60 1.3 0 42.8
B 55-85 8.10 - 15.3 41.1
C 85-100 8.10 - 7.3 47.2

Mollic Calcic GLEYSOL/Zalanszentldszlo (46.89494 N; 17.10051E)

Al 0-20 7.57 5.5 1.0 44.1
A2 20-55 8.06 1.4 6.3 30.4
B 55-90 8.43 0.5 34.6 34.6
C** 90- n.a. n.a. n.a. n.a.

Vertic Endosalic Mollic Endogleyic Epistagnic SOLONETZ/Piispokladany (47.34989 N; 21.09302 E)

A 0-5 6.32 3.7 0 39.8
Bl 5-30 6.77 1.8 0 35.2
B2 30-80 8.02 1.0 0.5 32.4
BC 80-130 9.14 0.4 4.0 36.3
C 130-160 9.26 0.2 4.0 36.7

Soils with stagnant surface water
Pellic VERTISOL/Verpelét (47.86819 N; 20.20072 E)

Al 0-30 6.18 2.6 0.08 40.2
A2 30-65 6.51 1.7 0.04 36.6
AB 65-90 7.06 1.3 0.08 37.1

Endostagnic LUVISOL/Szentpéterfolde (46.60405 N; 16.74462 E)

A 0-30 7.29 2.7 0.5 53.6
B 30-50 7.50 1.2 0.6 54.0
C1 50-67 7.42 0.5 0.1 51.0
Cc2 67-120 7.42 0.5 0.1 41.4
C3 120-150 6.68 0.2 0.1 43.1
Soils with regular flooding

Stagnic Fluvic PHAEOZEM/Rabapaty (47.31862 N; 16.96841 E)

Al 0-15 7.89 3.0 0.4 11.2
A2 15-35 7.88 2.7 0.4 11.0
B 35-50 7.97 1.6 0.4 13.2
Cl 50-75 7.95 1.0 0.5 12.0
Cc2 75-110 7.98 0.8 0.3 10.2
C3** 110- n.a. n.a. n.a. n.a.

44.6 4.38 n.d. +
45.0 4.97 CF ++
45.7 5.37 BS, CF ++
40.9 4.32 n.d. -
15.8 291 n.d. -
23.1 3.04 CF +++
17.1 3.11 n.d. -
n.a. n.a. n.a. -
28.5 2.80 n.d. -
41.1 4.09 n.d. +
50.5 4.69 n.d. ++
44.2 4.63 n.d. ++
50.5 7.45 n.d. -
45.4 3.70 n.d. -
51.1 3.97 n.d. ++
52.3 4.03 n.d. -
12.9 3.46 n.d. -
16.8 3.81 n.d. -
29.9 4.53 BS, CF ++
32.7 4.71 CF ++
30.7 n.a. n.d. -
36.3 5.19 -
36.9 4.58 BS, CF +
38.6 5.69 BS, CF ++
35.7 6.05 BS, CF ++
31.3 5.99 BS, CF ++
n.a. n.a. n.a. -

solution) were measured into PFA beakers with the ABF at the 5:1 ABF:
sample mass ratio. The mixtures were heated to 230 °C for 24 h in a
heating cabinet. After cooling down, 2 ml suprapur cc. (67 %) HNO3 was
added to the salt cakes and left on a hotplate for 1 h at 160 °C. These
sample solutions were subsequently evaporated to dryness. After taking
them up in 8 M HNO3, samples were heated to 120 °C on a hotplate for 6
h. The final clear solutions were dried again, treated with 2 ml of
suprapur 6 M HCl and 0.26 mM H30- for 1 h on a hotplate at 120 °C, and
evaporated to dryness. Finally, they were taken up in 4 ml of 6 M HCl
and 0.26 mM Hy0, before ion-exchange chromatography. Chemical
separation was carried out following an adaptation of the procedure by
de Jong et al. (2007). The iron content of the samples was separated
from sample matrix constituents using Bio-Rad AG-MP1 (100-200
mesh) strong anionic exchange resin.

A Thermo Scientific Neptune Plus MC-ICP-MS instrument was used
for Fe isotope ratio measurements in wet plasma operation. The isotope
ratio measurements were carried out at high mass resolution on the
interference-free left plateau of the peak, thus avoiding spectral inter-
ference. Two isotopic ratios were measured (56Fe/54Fe, and %"Fe/>*Fe)
by a combination of standard-sample bracketing and external normali-
zation. Data were reported in delta (8) notation in permil (%o) relative to
the international Fe standard IRMM-524B calculated as.

5*Fe = ( Fe) Meme l) x 1000where x stands for 6 or 7. In

SFe/  4Fermms24n

a 5°"Fe vs 5°°Fe plot, all data could be found along a line with a slope
equaling the theoretical value of In (M57/M54)/In(M56/M54) = 1.48
(Craddock and Dauphas, 2011), indicating mass-dependent fraction-
ation and no influence of isobaric interferences.

3. Results
3.1. Soils characteristics

The major physicochemical properties of the studied soils are shown
in Table 1. The soil pH values varied over a wide range. They mostly fell
in the alkaline range except for the Luvisol, which showed neutral pH
through the profile. The topsoil samples sometimes showed neutral
(Vertisol) or even acidic (Solonetz, Pellic Vertisol) character, and the
subsoil of the Solonetz profile was strongly alkaline. The organic matter
content of the soils did not show extreme concentrations, with the
highest value (5.5 %) in the Gleysol Al horizon. The accumulation of
calcium carbonate was mainly characteristic in the mineral horizons of
the soils with shallow groundwater. The particle size distribution of the
soils was dominated by the clay and silt fractions except in the Phaeo-
zem, where the dominance of the sand and clay fractions was charac-
teristic. Significant Fe accumulation could not be observed in the bulk
soils, exhibiting a slight peak in the subsoil with the highest value (7.45
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%) in the Solonetz C horizon. Goethite could only be identified in the
bulk soil and clay fractions of certain horizons, and it failed in the
Solonetz and Pellic Vertosil profiles.

Ferromanganese nodules appeared in the soils within large depth
intervals except in the Gleysol and Pellic Vertisol, where they were
restricted to a single horizon. The horizons containing nodules did not
show a significant Fe accumulation but exhibited a more clayey texture
than the other horizons. Besides ferromanganese nodules, calcareous
nodules also appeared in some soil horizons. Large (up to 10 mm),
ellipsoid and branch-shaped nodules were found in the Gleysol A2 and B
horizons (Fig. S1). Large (up to 10 mm), ellipsoid and irregular nodules,
and smaller (up to 5 mm) irregular nodules were observed in the Solo-
netz BC and C horizons, respectively (Fig. S1). Finally, calcified root cells
up to 5 mm in length were found in the Phaeozem C2 horizon (Fig. S3).
Their XRD analysis showed that they compose primarily of calcite with a
subordinate presence of other soil phases, like quartz, feldspar, and clay
minerals.

3.2. Nodules characteristics

The major characteristics of the nodules are summarized in Table 2,
and their microscopic images are shown in Figures S1, S2, and S3. Three
types of nodules could be observed in the studied soils: concentric
nodules, concentric nodules with a nucleus, and typic nodules. The latter
showed a smaller size, lighter color, and less rounded shape when
compared to concentric nodules. All three nodule types appeared in soils
formed under different hydromorphic conditions, and they could be
present even within the same soil horizon.

The largest nodules (up to 10 mm) were observed in soils with
shallow groundwater (Fig. 1). In these soils, typic nodules appeared
separately in the deeper soil horizons, and they were even lacking in the
soil containing the largest concentric nodules (Gleysol). In the Vertisol
and Solonetz profiles, the concentric nodules often had a typic nucleus,
although concentric nodules also appeared in the Solonetz profile sub-
ordinately. The concentric nodules of these soils generally contained a
large number of concentric bands. Nodules closer to the surface were
porous, whereas those found in the deeper soil horizons were rather

Table 2
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compacted.

Typic nodules were present in each horizon of the soils with stagnant
surface water (Fig. 2). Concentric nodules were restricted to certain soil
horizons, and they were present in the deeper soil horizons of the Luvisol
profile. The nodules of these soils were smaller than those found in the
soils with shallow groundwater. The inner structure of their concentric
nodules was less developed, e.g., a lower number of concentric bands
and a more porous structure were characteristic of them. These features
mainly were characteristic also of the soil with regular flooding (Fig. 3).
In the Phaeozem profile, concentric nodules with and without a nucleus
were present, but the latter type was only present in the deepest soil
horizon.

The iron concentration in the nodules was the highest (above 20 %)
in the soils with shallow groundwater, primarily where the large
concentric nodules were observed. The typic nodules of these soils
contained significantly lower Fe amounts, similarly to nodules found in
soils with stagnant surface water and regular flooding (between 10 and
15 %). Accordingly, the nodules’ Fe content was 5-10-times higher than
that of the bulk soils in the former profiles, whereas the enrichment was
only 2-3-times higher in the latter ones. Moreover, the concentric
nodules of the Vertisol and Gleysol profiles contained a very high
amount of goethite (up to 40 %), which recovered 70-90 % of the
nodules’ Fe content. Such a high recovery ratio was also found in the
Vertisol B horizon, where typic nodules appeared only. Much lower
recovery ratios were found in the Solonetz profile (between 15 and 25
%) due to the nodules’ lower goethite content. However, both in the
Vertisol and Solonetz profiles, the nodules’ goethite content and the
recovery ratio increased upwards. In the soils with stagnant surface
water and regular flooding, goethite was detected only in nodule sepa-
rates where both concentric and typic nodules were present. The
goethite Fe recovery ratio was between 15 and 30 % in the Pellic Vertisol
and Phaeozem profiles, whereas it was 90 % in the Luvisol C2 horizon.
The other mineral components of the nodules are similar to those found
in the bulk soils, like quartz (30-70 %), feldspars (3-20 %), and clay
minerals (6-50 %). A large amount of calcite (15 % and 11 %) was found
in the nodules of the GleysolA2 and Solonetz B1 horizons, respectively.

The major properties of the ferromanganese nodules found in the studied soils. r = reddish, 1 = light; n.d. = not detected.

Type Size Shape Color Fe % Fenoa/Fesoil Goethite %
Soils with shallow groundwater
VERTISOL
A concentric with nucleus < 5mm rounded r. brown, black, grey 25.87 5.9 29
AB concentric with nucleus < 5mm rounded r. brown, grey 22.30 4.5 25
B typic < 2 mm s. rounded, rectangular 1. brown, grey, black 13.54 2.5 15
GLEYSOL
A2 concentric < 10 mm rounded grey, 1. brown, r. brown 28.05 9.2 41
SOLONETZ
Bl concentric with nucleus < 2 (5) mm rounded r. brown 36.74 9.0 14
B2 concentric with nucleus, concentric < 5 mm rounded black, r. brown 31.64 6.7 7
BC typic, coated typic < 5mm s. rounded, rectangular black, r. brown 11.28 2.4 3
Soils with stagnant surface water
Pellic VERTISOL
A2 concentric, typic 1 mm rounded, s. rounded, rectangular black 11.27 2.8 5
LUVISOL
C1 typic < 2 (5) mm rounded, s. rounded 1. brown, r. brown, black 13.15 2.9 n.d.
Cc2 typic, concentric < 5 mm rounded, s. rounded 1. brown, r. brown, black 9.98 2.1 15
Soils with regular flooding
PHAEOZEM
A2 concentric with nucleus, typic <1 mm rounded, s. rounded 1. brown, r. brown, grey, black 14.59 3.2 4
B concentric with nucleus, typic < 3 mm rounded r. brown, black, 1. brown 14.18 2.5 n.d.
C1 typic < 3 mm rounded, s. rounded, rectangular 1. brown, grey, r. brown, black 11.20 1.9 n.d.
Cc2 typic, concentric < 3 mm s. rounded, rectangular r. brown, black, grey 8.29 1.4 3
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Ygtisol A Verisol AB

Gleysol A2

Vertisol B

Solonetz B2 Solonetz BC

Fig. 1. Stereomicroscopic and backscattered electron images of the characteristic nodule types found in the different horizons of the soils with shallow groundwater.

3.3. Iron isotope characteristics of soils and nodules

The Fe isotopic compositions of the studied soil profiles and nodules
are shown in Table 3 and illustrated in Fig. 4. The & >°Fe values of the
soils were between —0.24 and + 0.12 %o, whereas between —1.16 and
—0.26 %o for the nodules. The nodules exhibited more negative values
than the corresponding soils. The difference between the & °°Fe values of
the soils and nodules decreased in the order of Pellic Vertisol, Vertisol,
Solonetz, Phaeozem, Luvisol, and Gleysol, from 1.24 to 0.23 %.. Among
the soils with shallow groundwater, the Vertisol profile exhibited & >°Fe
values close to 0.0 %o with a slight minimum in the horizon B (-0.06 %o).
In the nodules, however, this value showed a slight increase with depth
from —0.81 to —0.54 %o. Similar profile distribution was found in the
Gleysol with a minimum of —0.11 %o in the B horizon, whereas the & >Fe
value was —0.37 %o for the nodules. The Solonetz profile showed slightly
negative 8 56Fe values (between —0.15 and —0.20 %o) with two maxima
around 0.0 %o in the B1 and BC horizons. In the nodules, very similar
values were found between —0.65 and —0.75 %eo.

Among the soils with stagnant surface water, the & 56Fe values
showed a uniform distribution around 0.0 %o in the Pellic Vertisol, and
the nodules showed a much lower value of —1.16 %o. Similarly, & *°Fe
values around 0.0 %o were characteristic of the Luvisol profile with slight
positive maxima of + 0.09 and + 0.07 %o in the B and C2 horizons,

respectively. The & °®Fe values of the nodules were less negative at lower
soil depths (-0.43 and —0.24 %o) in this profile. The Phaeozem charac-
terized by regular flooding also exhibited & 5®Fe values around 0.0 %o
with slightly positive (between + 0.06 and + 0.11 %o) and negative
(-0.23 %o) values of the upper and lower horizons, respectively. In the
nodules, less negative values were found again in the lower soil depth
(between —0.66 and —0.46 %o).

The total Fe concentrations and the & & >Fe values of the bulk soils
exhibited a reverse pattern with depth in the most studied profiles,
except for the Pellic Vertisol. The phenomenon was also characteristic in
the relation of the nodules’ total Fe concentration and & >°Fe values
(Fig. 4).

4. Discussion
4.1. Nodules development related to the hydromorphic conditions

Similar nodule types were found in the soils formed under different
hydromorphic conditions, and their vertical distribution also showed
similarities. The nodule types and their spatial distribution character-
istics are visualized in Fig. 5. Large concentric nodules have developed
in the most intense groundwater fluctuation zone. These nodules are
generally compacted and can be characterized by many concentric
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Plinthic Vertisol A2

Plinthic Vertisol A2

Luvisol C1

Luvisol C2

Luvisol C2

Fig. 2. Stereomicroscopic and backscattered electron images of the characteristic nodule types found in the different horizons of the soils with stagnant sur-

face water.

bands, high iron accumulation, and a high ratio of crystalline Fe-
oxyhydroxides. Concentric nodules may also form above this zone,
with smaller size, lower frequency, and higher porosity. The smaller
typic nodules are rather characteristic of the deeper soil horizons under
frequent saturation. Their porosity can be as low as the concentric ones
formed above them, but the rate of iron accumulation and that of the
crystalline Fe-oxyhydroxides are generally lower. In certain cases, typic
nodules can occasionally be coated by a (few) concentric bands showing
Eh fluctuation at lower soil depths. Such nodule types were observed in
most hydromorphic soils (Palumbo et al., 2001; Timofeeva et al., 2014,
Gasparatos et al., 2019). Earlier studies also showed that nodules often
vary in frequency, size, chemistry, and fabric among the different soil
horizons, which can be related to different pedogenic stages (Sun et al.,
2018). While the banded structure of the nodules formed in response to
periodic Eh fluctuation as an accretionary process, shortening the pe-
riods of oxidation and/or reduction may result in the development of

nodules with a lower number of bands or even that of the typic nodules
(Gasparatos et al., 2019). In laboratory experiments, Thompson et al.
(2006) found that redox oscillations may increase the crystallinity of Fe-
oxyhydroxides. During the nodule development, crystalline Fe-
oxyhydroxides may enrich through residual enrichment when subse-
quent mineral dissolution and recrystallization occur. On the contrary,
several factors in the soil inhibit the development of the nodules’
structure. Jien et al. (2010) observed that smaller-sized nodules were
formed in soil horizons with higher organic matter content. Even small
amounts of organic matter could affect the ferrihydrite’s particle size
and structural order (Eusterhues et al., 2008), and the low crystalline Fe-
oxyhydroxides are more prone to dissolution when compared to the
crystalline ones (Bonneville et al., 2009). All these conditions may favor
the formation of less developed concentric nodules above the zone of the
most intense water fluctuation. In contrast, extended reduction periods
may inhibit the development of concentric bands around the nodules
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Phaeozem A Phaeozem A

Phaeozem C1

Phaeozem B Phaeozem B

Fig. 3. Stereomicroscopic and backscattered electron images of the characteristic nodule types found in the different horizons of the soil with regular flooding.

due to the dissolution of Fe-oxyhydroxides. However, the oxidization
potential of the nodules inhibits their complete dissolution (Sun et al.,
2018), resulting in the formation of typic nodules below the zone of
water level fluctuation.

The nodules contained calcite in the Gleysol A2 and Solonetz Bl
horizons. Others (Sanz et al., 1996; Segvic et al., 2018; Gao et al., 2018)
also identified calcite in the ferromanganese nodules. Carbonate nodules
appeared in the subsoil of both profiles (Fig. S1) suggesting their for-
mation through downward leaching and precipitation. However,
groundwater fluctuation may have resulted in both upward movement
and re-precipitation, and in-situ formation of carbonates, as well
(Zamanian et al., 2016). Authigenic calcite precipitations were observed
within the nodules of the Gleysol directly by Sipos et al. (2022).
Although it failed for the nodules of the Solonetz profile, the
sub-microscopic size of the calcite suggests in situ formation in those
nodules, too. The precipitation of calcite and ferrihydrite probably did
not proceed simultaneously in the nodules; rather they provided an

appropriate surface for each other to precipitate under the influence of a
neutral-alkaline environment and redox fluctuations. For example,
Yoshida et al. (2018) interpreted the formation of Fe-oxide concretions
through the transformation of carbonate precursors via pH-buffering.
Contrarily, carbonate ions form inner-sphere complexes on the ferrihy-
drite surface, and the presence of carbonate may even enhance ferri-
hydrite dissolution at alkaline pH through the formation of Fe(III)-CO3
complexes (Mendez and Hiemstra, 2019), promoting the goethite for-
mation through dissolution-crystallization processes (Cudennec and
Lecerf, 2006). Such processes may have also contributed to the relatively
high goethite content of the nodules of the Gleysol profile. However, the
lack of calcite in the bulk soil of the B1 horizon of the Solonetz profile,
and its near-neutral pH suggest that the inclusion of calcite within the
nodules impeded the leaching of carbonate completely from this hori-
zon. However, further investigations are needed to explain the para-
genetic relationship between the carbonate and Fe-oxyhydroxide phases
in the nodules in more detail.
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Table 3
The Fe isotope characteristics of the studied soils and nodules.

Soil Nodule Soil Nodule

856Fe stdev 856Fe stdev 857Fe stdev 857Fe stdev
Soils with shallow groundwater
VERTISOL
A 0.071 0.051 —0.814 0.057 0.081 0.100 —1.185 0.108
AB —0.017 0.115 —0.761 0.063 0.001 0.224 —1.099 0.104
B —0.058 0.091 —0.538 0.065 —0.087 0.118 —0.876 0.211
C 0.121 0.108 0.180 0.131
GLEYSOL
Al 0.063 0.060 0.106 0.113
A2 —0.044 0.054 —0.370 0.120 —0.045 0.077 —0.524 0.219
B —0.105 0.085 —-0.132 0.099
C 0.064 0.086 0.101 0.149
SOLONETZ
A —0.145 0.151 —0.208 0.250
Bl 0.040 0.074 —0.651 0.168 0.063 0.106 —0.930 0.311
B2 —0.186 0.135 —0.705 0.091 —0.290 0.221 —1.043 0.157
BC —0.041 0.125 —0.745 0.253 —0.062 0.184 —1.031 0.345
C —0.237 0.178 —0.343 0.272
Soils with stagnant surface water
Pellic VERTISOL
Al —0.029 0.026 —0.018 0.058
A2 0.080 0.152 —1.156 0.053 0.134 0.256 —1.680 0.057
AB 0.036 0.055 0.045 0.097
LUVISOL
A 0.008 0.056 0.026 0.056
B 0.094 0.054 0.158 0.101
Cl —0.011 0.050 —0.434 0.051 —0.086 0.210 —0.622 0.052
C2 0.068 0.052 —0.242 0.145 0.072 0.087 —0.341 0.246
C3 —0.019 0.060 —0.003 0.102
Soils with regular flooding
PHAEOZEM
Al 0.060 0.128 0.125 0.123
A2 0.118 0.046 —0.658 0.053 0.176 0.083 —-1.110 0.140
B 0.005 0.056 —-0.597 0.178 0.150 0.368 —0.862 0.279
Cl 0.009 0.054 —0.496 0.088 0.013 0.084 —0.734 0.138
C2 —0.232 0.167 —0.462 0.049 —0.251 0.263 —0.845 0.199

The vertical distribution of different nodule types described above is
the most characteristic of soils with shallow groundwater table. In these
soils, large concretions with a high number of concentric bands form
exceptionally when the water fluctuation is very intense within a narrow
depth interval. Additionally, an external iron source can also be sup-
posed in these cases. In seasonally saturated soils (due to stagnant sur-
face water or flooding), the less intense water fluctuation results in
smaller nodule size, higher porosity, lower iron accumulation, and a
lower ratio of crystalline Fe-oxyhydroxides. Additionally, concentric
and typic nodules may appear within the same horizon in such soils,
suggesting the frequent relocation of the water fluctuation zone. Tim-
ofeeva et al. (2014) showed that high differentiation in fabric and
chemistry and a high ratio of crystalline Fe-oxyhydroxides are charac-
teristic of large-sized nodules. On the contrary, Yu et al. (2020) found
that larger nodules do not necessarily have a more developed band
structure. We also found that concentric nodules may be even charac-
terized by a low ratio of crystalline Fe-oxyhydroxides. Yu and Lu (2016)
explained this phenomenon through the rapid changes in the soil Eh. All
these results suggest that more extended redox periods are necessary for
the crystallization of Fe-oxyhydroxides than for the development of the
concentric structure. According to Vogelsang et al. (2016), the trend of
increasing portions of less crystalline goethite in paddy soils can be
explained by either insufficient time for recrystallization of ferric pre-
cipitates or the decrease in crystal size of Fe-oxyhydroxides present upon
partial reductive dissolution. Although concentric nodules do not
necessarily contain a high ratio of crystalline Fe-oxyhydroxides, the
duration of waterlogging plays a significant role in the nodule forma-
tion, besides the intensity of water oscillation. Chen et al. (2019) also

found differences in (hydrous) Fe-oxide crystallinity within redox-
imorphic soils. They also explained it by the different timescale of Fe
redox cycling or differences in processes affecting the crystallization of
these phases.

The appearance of concentric nodules with a nucleus can also be due
to the relocation of the water fluctuation zone. These nodules developed
as typic nodules first, but a series of concentric bands coat them after the
relocation of the water fluctuation zone into the horizon where they
have been formed. This process is the most characteristic of soils with
regular flooding. Another explanation is the change in the water fluc-
tuation rate within the given soil horizon, which is characteristic of soils
with stagnant surface water or shallow groundwater. Concentric nodules
with a nucleus were observed in several studies (e.g., Stiles et al., 2001;
Pai et al., 2003). Sun et al. (2018) considered this process the first stage
of the formation of a well-developed nodule. The formation rate of the
nodules is controlled by the changes in the frequency of the redox po-
tential of the soil (Yu et al., 2020). The concentric bands formed due to
the rapidly changing Eh could be characterized by larger porosity and
relatively lower contents of Fe and Mn. In contrast, the reverse was true
for the concentric bands formed due to the slowly changing redox po-
tential. Thus, relocation of the groundwater fluctuation zone in the soil
may result in the appearance of nodules being at a different stage of their
development even within a single horizon.

4.2. Iron isotope fractionation during the formation of nodules

The & %°Fe values showed nearly uniform distribution with depth in
the studied soils, although slight variances could be observed in most
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Fig. 4. Distribution of & >°Fe values and total Fe concentrations within the studied soil profiles and nodules. Black circles and squares represent & °°Fe values for soils
and nodules, whereas open and grey diamonds represent Fe concentrations for soils and nodules, respectively.

cases. Such distribution was found in several soil types, even in hydro-
morphic ones, despite the large variety of their total Fe content. The
phenomenon was explained by the limited spatial transport of Fe within
the profile (Wiederhold et al., 2007), the masking effect by the isotope
signature of the bulk soil (Huang et al., 2018), or the selective removal of
isotopically fractionated Fe in the soil (Lotfi-Kalahroodi et al., 2021).
Additionally, the presence of an external Fe source may also contribute
to the isotopic signal of the bulk soil (Feng et al., 2018; Huang et al.,

2018), primarily for soils with shallow groundwater from groundwater
upwelling or higher topographic positions, which all transport isotopi-
cally light Fe into the soil (Schuth et al., 2015). Thus, the Fe isotope
composition of a specific soil horizon results from a complex interaction
of different processes.

Generally, the preferential release of isotopically light Fe is expected
under reductive dissolution (Wu et al., 2019). In our case, it was indi-
cated by the reverse vertical distribution pattern of the & >°Fe values and
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Fig. 5. Major nodule types and their spatial distribution characteristics under
different hydromorphic conditions.

total Fe concentrations of the bulk soils and nodules on the one hand.
This shows the preferential loss of lighter Fe isotopes in the Fe-depleted
zones of the profiles. The phenomenon was also observed by Huang et al.
(2018) in a paddy soil chronosequence. They suggested that simulta-
neous plant uptake and reductive dissolution of Fe-minerals result in the
gradual depletion of light Fe isotopes in the topsoil. Meanwhile, the
dissolved light Fe precipitates in the Fe enrichment zone of the subsoil.
Groundwater fluctuation may induce a re-dissolution and transport of Fe
from the enrichment zones, creating further enrichment and depletion
zones in the subsoil. In a long timescale, light Fe isotopes could be
leached out of the pedon causing the enrichment of heavy Fe isotopes in
the residual soil. In our case, the vertical distribution pattern of total Fe
concentration and 5°°Fe values could be corresponded to those found in
the paddy soils by Huang et al. (2018) at different cultivation ages. The
Pellic Vertisol exhibited similar characteristics to the young paddy soils.
The Luvisol and Solonetz profiles showed similarities to the paddy soils
of transitional cultivation ages, whereas the Vertisol, Gleysol, and
Phaeozem profiles to the aged paddy soils. In our case, however, not
(only) the age of the soil but the frequency and rate of the redox cycles
were primarily responsible for the vertical distribution pattern of total
Fe concentration and & °°Fe values.

On the other hand, the preferential release of the isotopically light Fe
was also indicated by the lighter Fe isotopic composition of the nodules
than the bulk soils. This phenomenon was also found by Feng et al.
(2018) for paleo-concretions in terra rossa soil. Additionally, similar
features were also observed in redoximorphic soils when the isotopic
compositions of Fe-enriched and depleted zones were compared (Schulz
et al,, 2016; Huang et al., 2018; Fekiacova et al., 2021). Processes
resulting in the formation of nodules, like dissolution, reduction,
adsorption, and precipitation, all could result in Fe isotopic fractionation
at varying degrees (Brantley et al., 2004; Teutsch et al., 2005; Clayton
etal., 2005; Chapman et al., 2009). Due to their initial formation as pore
fillings (Yu et al., 2020), the Fe of the nodules is composed of Fe from the
soil matrix and the newly formed Fe-oxyhydroxides (Feng et al., 2018).
Consequently, the isotopic characteristics of the nodules also support
that authigenic Fe-oxyhydroxides in soils enrich the light Fe isotope.
When nodules appeared in several horizons within a profile, their iso-
topic composition shifted towards less negative values downwards
despite the more negative 8 >®Fe values for the bulk soils. The extended
reductive periods in the subsoil resulted in the partial re-dissolution of
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the nodules’ Fe-oxyhydroxides. Thus, isotopically light Fe left the nod-
ules preferentially. This phenomenon was not only characteristic of soil
nodules with a large ratio of non-crystalline Fe-oxyhydroxides but also
of those containing a higher ratio of goethite. According to Schuth and
Mansfeldt (2016), the combined adsorption and atom exchange between
dissolved Fe and Fe-oxyhydroxides affects the isotopic composition of
the latter ones. They found that the soil solution in the Fe-rich horizons
of Gleysols exhibited significantly lower & >°Fe values than in Fe-poor
horizons. Although non-crystalline Fe-oxyhydroxides are more prone
to dissolution, the goethite content of the nodules did not recover the
total Fe content of the nodules in any case either. Thus, nodules of each
studied soil contained a certain amount of non-crystalline Fe-oxy-
hydroxides, which could be dissolved under reductive conditions. At
high reduction rates, Fe(II) in solution is significantly lighter in isotope
composition than ferrihydrite, reflecting a kinetic fractionation effect.
This effect could be related to dissolution but also the fast sorption of Fe
(II) on the ferrihydrite surface (Wu et al., 2019).

The minimum & *Fe values were found below the most intense water
fluctuation zone in the Vertisol, Gleysol, and Phaeozem profiles. Thus,
the minimum & >®Fe value does not reflect the zone of the most frequent
groundwater oscillation but the deepest part of the soil where precipi-
tation of light Fe may dominate over its leaching. The downward
transportation of the light Fe isotopes within the whole depth interval of
the water fluctuation zone was also observed in hydromorphic soils (e.
g., Wiederhold et al., 2007; Mansfeldt et al., 2012; Qi et al., 2020). The
net result of open-system Fe cycling favors the removal of light Fe from
the soil profile when total Fe loss is dominated by reductive dissolution
(Thompson et al., 2007). Fekiacova et al. (2013) found that the behavior
of the oxide-bound Fe dominates the Fe isotopic composition of such
soils. As long as reductive conditions are not prevailing, the isotopically
light Fe may be precipitated to form the nodules. In contrast, its leaching
is characteristic of the C horizons, as indicated by their slightly positive &
56Fe values in our case. Qi et al. (2020) also observed similar Fe isotopic
features in horizons under reducing conditions in paddy soils. In the
Phaeozem, however, the zone of dominant reductive conditions was not
reached, probably due to the much broader depth interval and the
seasonal presence of water fluctuation in the soils with regular flooding.
Thus, enrichment in heavy Fe isotopes of the deepest soil horizons could
not be observed in this case.

The difference between the  >°Fe values of the bulk soils and nod-
ules decreased downwards both in the Vertisol and Phaeozem despite
the large differences in the nodules’ properties in the two soils. This
difference suggests that the Fe isotope fractionation, the nodules’
development, and the Fe-oxyhydroxides’ crystallization are carried out
at different time scales. However, the stable supply of Fe in solution may
result in very similar isotopic characteristics for soils with nodules
having significantly different properties. As the ratio of the non-
crystalline Fe-oxyhydroxides in the nodules did not change with
depth, the higher frequency of the reductive conditions was responsible
primarily for the higher mobilization of isotopically light Fe from the
nodules in the lower soil horizons. On the contrary, a relatively small
difference was observed between the bulk soil and nodule & >®Fe values
in the Gleysol despite the large, well-developed concretions with a very
high ratio of goethite. Besides the downward leaching of isotopically
light Fe, the very intense redox oscillation may have promoted the more
intense re-dissolution of isotopically light Fe from the nodules’ Fe-
oxyhydroxides in this soil. According to Schuth et al. (2015), the
breakdown of (hydrous) Fe-oxides under weakly reducing conditions
will already result in a preferential removal of light Fe and an increase of
heavy Fe of the remaining solid phase with time, even at moderate Eh
values but still above the Eh limit of Fe(III) reduction.

The oscillating distribution of the & >*Fe values in the Solonetz and
Luvisol profiles suggests that the leaching of isotopically light Fe is more
characteristic of certain horizons than others. These two soils are the
deepest profiles among the studied ones, and the occasional relocation
of the water fluctuation zone could be a more frequent phenomenon.
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This may result in the varying intensity of leaching among the soil ho-
rizons. According to Fekiacova et al. (2013), groundwater level fluctu-
ations could induce the translocation of isotopically fractionated Fe after
the dissolution of their oxides. And the solubilized Fe may then be
translocated downwards by leaching and upwards by capillary rise. Feng
et al. (2018) also explained the fluctuation of the § 56Fe values by the
systematic changes in redox conditions within a terra rossa profile
containing nodules. The frequent relocation of the water fluctuation
zone may have also promoted the homogeneous isotopic composition of
the nodules with depth in the Solonetz profile despite the decreasing
content of Fe and crystalline Fe-oxyhydroxides in the nodules with
depth. Contrarily, the less negative & >Fe values of the nodules in the
deeper horizon of the Luvisol can still be related to the higher rate of re-
dissolution due to the higher frequency of reductive conditions.

As long as & >%Fe did not exceed 0.0 %o significantly in the Solonetz, it
often exhibited positive values in the Luvisol. The difference may be
related even to the differences in hydromorphic conditions of the two
soils. The Luvisol with stagnant surface water represents a relatively
closed system, where the mobilization of isotopically light Fe results in a
local maximum of the bulk & >®Fe values. In contrast, its precipitation is
restricted to the nodules without being leached out of the soil. However,
in the Solonetz profile located at a low topographic position (Novak and
Toth, 2016), isotopically light Fe may enter the profile from soils at
higher topographic positions. The supply of isotopically lighter Fe from
higher topographic positions may induce an isotopic rejuvenation in
soils. The rejuvenation means that light Fe was leached due to redox
processes to lower topographic positions resulting in a lack of enrich-
ment of such soils in heavy Fe isotopes (Akerman et al., 2021).

In the Pellic Vertisol, the nodule formation is restricted to a very
narrow soil depth interval. In this soil, the relatively fast and local
precipitation of the isotopically light Fe within the nodules can be
supposed. The lack of leaching is also supported by the largest difference
between the & *°Fe values of the nodules and the bulk soil among the
studied profiles. Kinetic effects also favor light Fe isotopes during rapid
precipitation of Fe-oxyhydroxides in soils where the reactive dissolved
iron pool is continuously separated from the precipitate (Garnier et al.,
2017). Kiczka et al. (2011) showed that kinetic fractionation effects
might persist during long-term weathering in field systems and domi-
nate Fe isotope fractionation in young weathering environments. Redox
processes may result in a significant Fe isotope fractionation within a
soil horizon, even in soil profiles where no Fe isotope fractionation could
be observed with depth. The flux of light Fe must be low in such cases,
and it does not significantly influence the isotopic signature of the bulk
soil (Fekiacova et al., 2021). Mass balance considerations also suggested
that the isotope signature of a large pool (e.g., soil minerals) changes
much less than a small pool (e.g., soil solution) during the fractionation
reaction. As dissolution reactions occur predominantly at mineral sur-
faces, the isotope signature of the depleted residue changes only along
this reaction front (Wiederhold et al., 2007).

5. Conclusions

Differences among hydromorphic conditions may result in both
similar and different properties of the ferromanganese nodules formed
in the soil. The extent of hydromorphism can be strongly related to the
nodules’ properties, but such a relationship could not be observed with
their Fe isotopic characteristics. The stable supply of Fe in solution due
to the reductive dissolution of primary Fe minerals may result in very
similar isotopic characteristics for soils with nodules having signifi-
cantly different properties. However, specific features of hydromorphic
conditions may affect the Fe isotope characteristics of both bulk soils
and nodules. These characteristics are the frequency and rate of redox
cycles, frequent relocation of the water fluctuation zone, topographic
positions allowing the external Fe input in soils with shallow ground-
water, and inhibition of Fe leaching out of the soils with stagnant surface
water.

11

Geoderma 430 (2023) 116286

The nodules’ development, the Fe-oxyhydroxides’ crystallization,
and the Fe isotope fractionation are carried out at different timescales.
The minimum & >®Fe value does not reflect the zone of most frequent
groundwater oscillation but the deepest part of the soil where precipi-
tation of light Fe may dominate over its leaching. As long as reductive
conditions are not prevailing, the isotopically light Fe may be precipi-
tated to form the nodules. On the contrary, the higher frequency of the
reductive conditions is responsible for the higher mobilization of
isotopically light Fe from the soil in the subsoil horizons. The isotopic
characteristics of the nodules supported that authigenic Fe-
oxyhydroxides in hydromorphic soils are enriched in the light Fe
isotope.

The Fe isotope composition of a given soil horizon and its nodules
result from a complex interaction of different processes whose effect
varies from profile to profile. The integrated study of the Fe isotope
characteristics of hydromorphic soils and their nodules may help follow
pedogenic processes and conditions, like precipitation, leaching, re-
dissolution, external Fe sources, and inhibited leaching. The results of
such studies on recently active systems can be even used to differentiate
the contribution of certain pedogenic processes even in paleo soil sys-
tems and to the overall Fe cycle. Furthermore, an interesting question is
the effect of seasonal variation of water saturation on the Fe isotopic
properties of hydromorphic soils and ferromanganese nodules found in
them.
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