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Vertical differentiation of pedogenic iron forms — a key of
hydromorphic soil profile development

MARIANNA RI/NGERD GE,RGELY JAKAB'"?, I?ETER SIPOS?, MAtE SZABO?,
Kata HORVATH-SZABO!, KataLin PERENYI* and ZoLTAN SZALAT"?

Abstract

This paper focuses on the vertical distribution and characterisation of pedogenic iron forms in a Gleysol-
Histosol transect developed in a marshy area in the Danube-Tisza Interfluve, Hungary. Four soil profiles were
investigated along a series of increasing waterlogging and spatial and temporal patterns of hydromorphic
pedofeatures (characteristics of pedogenic iron forms) were recorded. Frequent and wide-range redox potential
(Eh) changes caused the emergence of many types of redoximorphic iron features, including mottles, plaques
and nodules. The forms of these features depended on the micro-environments determined by the vertical
position in the soil profile and the presence of plant roots. The greatest iron enrichment occurred in the zone
of most intensive and widest-range redox fluctuations. Increasing water saturation resulted the extension of
gleyic pattern due to the existence of permanent reduction. Most of the features also showed annual variations
during the varying periods of water saturation and aeration.
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Introduction eral-rich groundwater in the case of hydric
soils (Tmompson, C.A. et al. 1992; Amon, ].P.
et al. 2002; Katsikorouros, D. et al. 2009).

The altering of water-saturated (reduc-

The development of hydric soils is deter-
mined by longer or shorter periods of water

saturation. As water is the weathering reac-
tive agent as well as the transporting phase
of solutes and colloidal components through
soil profiles (CHapwick, O.A. and CHOROVER,
J. 2001), waterlogging plays an intensifying
role in the development of hydric soils (Lin,
H. et al. 2012). As a result, weathering of pri-
mary minerals of the parent material and,
thereafter, the precipitation of pedogenic
iron minerals take place in environmental
time scale and are often supported by min-

tive) and aerated (oxidative) periods pro-
vides a platform for specific soil-forming
processes that produce redoximorphic fea-
tures in the soil profiles (CornELL, R.M. and
ScuwerRTMANN, U. 2003). Ever-changing Eh
(redox potential) promotes the transforma-
tion and redistribution of redox-sensitive
soil components, with particular regard to
iron compounds. Permanently water-satu-
rated soil horizons exhibit strongly reducing
conditions which results the absence of iron
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(light grey colour) or the presence of ferrous
components (green colour). Water table
fluctuations lead to redox changes followed
by the appearance of reddish to yellowish
brown colour in the soil profile due to the
enrichment of different Fe oxy-hydroxides
(GorpeN, D.C. et al. 1997; Cornvy, S. et al.
2009; Linpso, D.L. et al. 2010). Newly formed
iron minerals can appear as mottles, cutans
or nodules. The first signs of these redoxi-
morphic features can develop in a few years
or less (AmoN, ].P. et al. 2005). The spatial and
temporal distribution of iron forms along the
soil profiles is determined mainly by the in-
tensity of waterlogging and redox fluctua-
tions (IMmBELLONE, P.A. et al. 2009).

This paper focuses on the vertical distribu-
tion and characterisation of iron compounds
in a Gleysol-Histosol transect developed in a
marshy area in the Danube-Tisza Interfluve,
Hungary.

Our aims are to (1) reveal the forms and
distribution patterns of pedogenic Fe com-
pounds found in the studied hydric soil
profiles, (2) find the relationship between
the specific redoximorphic features and the
degree of waterlogging, and, (3) detect how
these Fe compounds indicate the soil envi-
ronment in which they were formed.

Materials and methods
Study area

The study area is located in the Danube—
Tisza Interfluve, Central Hungary (N 47° 12
23,37” E 19° 40" 54,87”). The nearly flat plain
is covered by sedimentary, coarse calcareous
quartz sands of Pleistocene age (DovENYI, Z.
2010; KALMAR, J. ef al. 2012). The study area
lies on an approx. 8 ha marshy meadow in
the former floodplain of the stream Gerje.
The primary surface consisted of a succes-
sion of low ridges of sand dunes and shal-
low troughs along the stream. Peat formation
took place in the depressions. A layer of cal-
careous sand material from the adjacent hills
was deposited on the surface via an extreme-

ly heavy flash flood event in 1963 (SurANYI,
D. 1965 — L. Pultzer pers. commun.). Since
then, there has been no sediment deposition
again. As part of waste-water management
in the 1970s (BAraNYAI, Zs. et al. 2014) the
Gerje stream bed was settled and regularly
dredged. As a result, the groundwater level
has dropped to an average of approx. 30 cm
below the surface but still shows a wide-
range seasonal fluctuation. The meadow is
flooded on average 5-9 months of the year.
The topsoil is almost permanently water-sat-
urated, exceeding field capacity. The ground-
water level is often above the soil surface in
the early spring and gradually decreases dur-
ing the summer, reaching its minimum in the
late autumn and winter.

In the present work, we investigated four
hydromorphic soil profiles (M1-M4) as-
signed along a transect of increasing dura-
tion of water saturation (Figure 1). M1 profile
is the least affected by water. The upper 20
cm is always aerated but also moist due to
capillary rise. M4 profile is constantly under
water. M2 and M3 profiles form a transition
between the former two, with altering water
cover, water saturation and aeration, follow-
ing the annual fluctuations of the ground-
water level. The vegetation pattern follows
hydric characteristics, with alternating wet
meadow, sedge and reed along the transect.

Samples were collected from each diag-
nostic soil horizon. Where possible, nodules
and Fe-rich root channel infillings were col-
lected as well. Samples for laboratory meas-
urements were taken by Edelman auger, im-
mediately put into Falcon type high purity
polyethylene tubes and stored at 4 °C until
being measured. Field studies were planned
and performed based on the inscriptions of
the World Reference Base for Soil Resources
— WRB (ScHOENEBERGER, P.J. 2012; TUSS
Working Group WRB, 2014).

Field observations

Distribution of carbonate, Fe?* and Mn?*" con-
tent was detected via simple chemical tests by
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Fig. 1. Position of the studied soil profiles along the transect of different depths of waterlogging

10 percent hydrochloric acid, a, a-dipyridyl
dye (CarLps, C.W. 1981), and 10 percent hy-
drogen peroxide, respectively. The presence
of Fe(Ill) compounds was inferred from their
characteristic reddish-brown hue. Soil colour
was determined by Munsell colour chart.

Redox potential (Eh) and pH in the rooting
zone (in 20 and 40 cm depth) and in the per-
manently water-saturated zone (in 100-120 cm
depth) were being monitored in the area during
the vegetation period in earlier studies (Szarai,
Z.etal. 2010, 2012, 2021).

Morphological study

Stereomicroscopic studies were carried out and
photos of redoximorphic features were taken
by ToupLite software. Spatial distribution of
the major chemical elements of the Fe nodules
was studied by point analyses by a JEOL Su-
perprobe JCXA-733-type electron micro-probe
equipped with an INCA Energy 200 energy-
dispersive spectrometer. An acceleration volt-
age of 20 kV, a probe current of 3 nA, and a
count time between 10 and 60 s were used

for the analyses. The diameter of the electron
beam used for the micro-chemical analyses
was 1 um. The fabric of the Fe nodules was
studied by analysing the backscattered electron
images of the polished surfaces.

Analytical overview

For the measurements, samples were air-dried,
cleaned from plant residues and mollusc shells
and sieved through 2 mm sieve (vaN REEUWIJK,
L.P. 2002). The total Ca (and Mg) carbonate
content was determined using Scheibler’s gas
volumetric method (Rowet, D.L. 1994).
Selective chemical extractions were applied
to determine the free Fe and Mn contents.
Free (CBD) Fe and Mn phase was extract-
ed by dithionite-citrate-bicarbonate solu-
tion according to HoLMGREN’s procedure
(HormcreN, G.G.S. 1967). The samples and
reagents were placed in centrifuge tubes,
were shaken for 16 hours and, centrifuged
at a speed of 4,000 rpm for 20 minutes. The
residues of the extractions were twice again
washed with the reagents due to the great
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amount of extractable Fe present in the sam-
ples. The solutions were diluted and then
dissolved Fe and Mn content was measured
by atomic absorption spectroscopy, using
Perkin Elmer AS300 FI-AAS, at 248.3 nm (for
Fe) and 279.5 nm (for Mn) wavelength.

Results
Toposequence of the hydromorphic soil profiles

The toposequence of soil profiles toward the
increasing degree of waterlogging is Calcaric
Mollic Gleysol (Endoarenic, Epiloamic, Hy-
perhumic), Calcaric Calcic Histic Gleysol (En-
doarenic, Epiloamic), Calcaric Histic Gleysol
(Endoarenic, Epiloamic), and Fibric Eutric
Histosol (Calcaric, Mineralic), referred to as
M1, M2, M3 and M4, respectively, in the text.

The uppermost 10 cm of M1 formed a hy-
perhumic mollic horizon (Table 1), followed
by the Alc horizon (10-35 cm) also character-
ised by SOM (soil organic matter) and Fe oxy-
hydroxide enrichment (> 50% mottles). The
C horizon was slightly mottled. The depth of
the buried Histosol (H2eb) was about 80 cm.

The uppermost 10 cm of M2 was a histic
horizon (Ha). The uppermost mineral hori-
zon (Alhc) of M2 (10-35 cm) was character-
ised by SOM enrichment, a clay loam/silty
clay texture, and Fe oxy-hydroxide accu-
mulation. A reddish colour dominated the
soil matrix between 10 cm and 45 cm due
to a high amount of free Fe oxy-hydroxide
minerals. Fe oxy-hydroxide masses, Fe
mottles, and Fe plaques (rusty root chan-
nels) appeared in the upper 20 cm. While
mottles and Fe plaques were dominant in
the Ah horizons, the amount of Fe nodules
increased to a depth of 45 cm. Root density
(with dominant species being Carex riparia
and Carex vulpina) was the highest between
35-45 cm. A zone of fine-grain carbonate
accumulation was found at the depth of
45-70 cm, containing numerous irregularly
shaped carbonate nodules of varying sizes.
The gleyic pattern appeared below 70 cm in
a sandy-loam-textured horizon.

The uppermost 10 cm of the M3 formed a
histic horizon (Ha) followed by two organic-
rich A horizons (Ahc and Ac) with continu-
ously decreasing SOM content and common
Fe plaques and many coarse black and red-
dish mottles. The extent and distribution of
red and black mottles could make it impossi-
ble to determine the colour of the soil matrix.
Below 50 cm powdery lime enrichment was
present (Ckc) with few fine Fe mottles.

The uppermost 40 cm of the M4 profile was
extremely rich in SOM, arranged in two his-
tic horizons (He and Ha). Below 40 cm dis-
perse powdery lime was present (Ckc) with
Gleyic pattern starting from 50 cm (Clk).

Field observations

The o, a-dipyridyl dye and hydrogen peroxide
tests showed permanently positive results in
the topsoils (Table 2). The amount of Fe(Il) in-
creased with the duration of water saturation.
With the lowering of the groundwater table,
the abundance of reduced phases decreased.
Annual changes of soil colour could be ob-
served (Table 3). The reddish colour appeared
and became dominant during the summer via
extended precipitation of Fe oxy-hydroxides in
the zone of decreasing groundwater level (M1-
M3). In some cases, soil colour in this depth
of M1 and M2 was indeterminate because of
the great variety of different hues (Photo 1). In
the upper 35 cm of M1 profile darkening was
observed. Gleyic pattern appeared in many dif-
ferent hues in the permanently water-saturated
zone. In profile M4 reddish hue was missing,
most likely due to mostly reduced Fe forms.

Morphology of iron plaques, coatings and
nodules

Fe plaques and Fe nodules often occurred
in a combined way (Photo 2) in the upper 20
cm of the studied soil profiles. Single Fe nod-
ules found in 3545 cm depth were built up
of mineral particles of the soil matrix stuck
together by finer Fe precipitations.
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Table 2. Seasonal changes of Fe(Il) and Mn(11) content of the soil horizons during the year 2013,
detected by o, a-dipyridyl dye and hydrogen peroxide, respectively

Soil Ho Depth, May July August September October
profile orteon cm Fe | Mn | Fe | Mn | Fe | Mn | Fe | Mn | Fe | Mn
Ah 0-10 X% * *% * X% * * *% *
Alhc 10-35 ** * * * * - * *k *
M1 Al 35-45 *k nd *% * *% _ _ _ % _
Cl 45-75 * * * - * — - * -
2Heb 75-100 *okk *k _ *okk *k *k _ *k _
Ha 0-10 *kk *okk ®t *okk ®okk nd nd ®kk ot
AhC 10_20 * * E * EE * ¥ _ *
AC 20_35 *o% * *% * EE 3 _ * _ %
M2 Blc a5 | = | M [ * I I R I R _
Ckc 45-70 Rah * — — *% *% * *% _
Clk 70-120 LS % * % * E * FAk _
Ha 0-10 *kk * * *k *okk *kk *kk *k
| * * — *% — *% — *
M3 Ahc 10-25 nd nd
Alc 25-50 & * — % _ *okk _ *
Ck 50-70 *kk _ *% _ *% * *% *
He 0-10 xEE * * * *okk *
Ha 10-40 *k% * *k% *% _ *
M4 d d *34% *%%
Ck g050 | NG| e » N R
Clk 50-70 ok - nd - * -

Notes: ***strong, **medium, *slight reaction; - : no reaction; nd: no data.

Fe and Mn distribution of Fe plaques and Fe
nodules did not show a clear pattern (Figure 2)
and a regular structure could not be detected.

The structure of different kinds of Fe pre-
cipitations seemed to be different depending
on their location. Fe plaques were built up
of finer Fe precipitants of a rather homog-
enous distribution. Their colour showed dif-
ferences: a darker reddish hue was located by
the plant roots and a lighter orange hue was
observed at a distance (see Photo 2).

Chemistry

Free Fe and Mn distribution showed a no-
table pattern in the soil profiles (Table 4). Fe
and Mn enrichment was observed in the
topsoils with SOM accumulation and they
reached the maximum amount in the zone of
groundwater level oscillation. In the studied

soils (M1-M3) Fe amounts of the intensive
Eh changes increased with increasing degree
of waterlogging, while Mn reached its maxi-
mum in the buried H2eb and Alhc horizon
of M1 and Ahc horizon of M2. Permanently
reduced horizons were low in free Fe and
Mn. The molar ratio of Fe and Mn was imbal-
anced by the great amount of Fe.

Different amounts of CaCO, was detected
in all horizons except for the H2eb in M1.
Permanently water-saturated horizons con-
tained great carbonate accumulation in the
form of powdery lime and nodules of dif-
ferent sizes. pH varied between 7.2 and 8.1
showing maxima under 50 cm of M3 and M4.

Discussion

Redoximorphic features were represented
by different forms of Fe and Mn compounds
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Table 3. Colour of the bulk soil and its annual changes based on the Munsell colour chart

Munsell colour (moist)

September October

10YR 2/2 7.5YR 2.5/1

2.5Y 2.5/1 7.5YR 2.5/1

N 2.5/

5Y 2.5/1 10YR 2/1

7.5YR 2.5/2
7.5YR 3/2

10YR 2/2
10YR 3/2
10YR 2/2

10YR 8/2 10YR 4/1

10YR 7/2 10YR 8/3
10GY 5/1
10YR 2/2

10YR 3/2

10YR 2/2
7.5YR 3/3
7.5YR 4/4

10YR 4/2

2.5Y 7/2

2

2.5Y 2.5/1

5GY 7/1

Profile Horizon Depth,
cm
10YR 2/1
Ah -1 7.5YR 2.5/2
0-10 10YR 2/2 R25/
10YR 2/2
Alhc 10-35 0 /
1
M Al 35-45 7.5YR 2.5/1
Cl 45-75
10YR 2/1
2Heb 75-100 R 10YR 2/1
Ha 0-10 7.5YR 3/2 10YR 2/1
Ahc 10-20 7.5YR 3/4 7.5YR 3/2
7.5YR 3/4 7.5YR 4/6
Ac 20-35 3 indet. /
M2
Blc 35-45 indet.
Cke 45-70 10YR 7/1 10YR 7/1
Clk 70-120 10GY 5/1 5G 7/2
Ha 0-10 5Y 2.5/1
Ahc 10-25 10YR 3/4 7.5Y 3/3
M3
Alc 25-50 10YR 3/3
Ck 50-70 10Y 8/1
He 0-10 nd 10YR 2/1
M4 Ha 10-40 nd 10YR 2/2
Ck 40-50 nd 2.5Y 7/2
Clk 50-70 nd nd

5G 5/2

Notes: indet. = indeterminate, nd = no data.

in the studied soil profiles (Table 5). The dis-
tribution of these features showed a vertical
and a horizontal pattern following the main
characteristics of groundwater fluctuations.
In this environment, the conditions often re-
sulted Fe(II)/Fe(IIl) oxidation state transition,
causing Fe enrichment also in micro- and
macro-scale.

Fe mottles represented the first signs
of hydromorphism and were commonly
found in the studied soils. Their prevalence
and volume increased with the effect of wa-
terlogging. In some cases (in M1 and M2),
soil colour was indeterminate due to mul-
ti-colouration. Annual soil colour changes

were driven by Eh and the corresponding
species and forms of Fe. The effect of Fe oxy-
hydroxides on soil colour have been exten-
sively investigated and detailed in previous
studies (ScuwerTMANN, U. 1993; CORNELL,
R.M. and ScawerTMANN, U. 2003; [BANEZ-
AsgNsio, S. et al. 2013; MarTiN-GaRcia, .M.
et al. 2016; Cuabros, J. et al. 2020; Samus,
M.G. et al. 2021). Accordingly, yellowish
and reddish hue is due to Fe(III) minerals,
such as goethite, lepidocrocite, jarosite and
hematite (the first two are typical of hydro-
morphic soils). Greenish or greyish colour is
usually attributed to the presence of Fe(II)
compounds under hydric conditions.
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Photo 1. Field photos of collected soil samples: 1 = M2 20-35 cm; 2 = M2 35-45 cm; 3 = M3 10-25 cm; 4 = M2
50-70 cm in May; 5 = M2 50-70 cm in August; 6 = M4 50-70 cm.

Photo 2. Stereomicroscopic photos of redoximorphic features. 1 = M3 topsoil (0-8 cm) with Fe mottles; 2 = M4 top-

soil (0-5 cm) with Fe mottles; 3 and 4 = combined Fe plaque and Fe nodule from M2 35-50 cm; 5 = Fe plaque from

M1 22-42 c¢m; 6 = 2-5 mm Fe nodules from M2 10-25 c¢m; 7 = 15 mm Fe nodule from M2 35-45 c¢m; 8 = carbonate
concretions with Fe impregnation from M2 50-70 cm.

Fe oxy-hydroxide enrichment is often as-
sociated to plant root environment, form-
ing Fe plaques. Fe plaques were often com-
bined with Fe nodules, but these forma-
tions showed similar fine structures. Dark
red-brown colour (located close to the plant
roots) referred to short-range ordered fer-

rihydrite, while a lighter hue of orange as-
sumed the presence of more crystalline goe-
thite (DrigsseN, P. et al. 2001).
Waterlogging-induced Fe nodules in the
bulk soil of M2 and M3 were built up of min-
eral particles cemented by Fe precipitation.
The irregular shape and the incorporation
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Fig. 2. SEM images of the polished surface of Fe plaque (1) and Fe nodules connected to Fe plaque (2) and
standing alone in the bulk soil (3). Orange lines (a, b, c) mark the location of the recorded Fe and Mn Ka 1

spectra (a, b, c). The horizontal axes of the spectra are of the same size as the orange lines.

Table 4. Some chemical characteristics of the soil profiles

Profile | Horizon | D¢PT Fe, RsD% | MM | popy, | FeMn, | CaCO% | by )
cm ppm ppm n/n m/m%
Ah 0-10 | 76.08 217 484 1.50 15 28.2 7.7
Alhc 10-35 | 156.30 1.88 593 0.36 26 95 7.4
M1 Al 35-45 | 80.00 2.00 121 4.00 65 213 74
cl 45-75 427 5.69 015 | 19.71 29 15.8 7.6
H2eb | 75-100 | 22.17 5.83 6.48 3.16 3 0.0 7.2
Ha 0-10 | 119.76 2.37 4.09 0.37 29 225 7.7
Ahc 10-20 | 219.83 4.05 522 0.45 41 36.7 7.2
D Ac 20-35 | 222.53 0.43 445 1.64 49 13.3 7.2
Blc 35-45 | 245.73 157 351 3.24 69 10.8 7.6
Cke 4570 | 3936 1.10 3.95 1.19 10 68.4 7.0
Clk 70-120 | 10.36 2.80 141 043 7 20.8 7.2
Ha 0-10 | 227.47 278 2.92 - 77 24.2 7.8
3 Ahc 10-25 | 267.44 1.72 345 - 76 282 7.7
Alc 25-50 | 350.55 1.76 3.99 3.40 86 14.1 7.7
Ck 50-70 | 97.58 0.89 1.98 2,58 49 542 8.1
He 0-10 20.5 7.6
Ha 10-40 333 7.6
Mé Ck 40-50 no data 54.6 7.9
Clk 50-70 no data 8.0
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Table 5. Summary of redoximorphic features found and soil environments under hydric conditions

Hydromophy Redoximorphic features

Environment

Fe mottles!

Periodic water saturation

Fe plaques’

Locally varying Eh (root environment)

Increasing duration

of water saturation . .
Fe enrichment, changing colour

Eh varying around Fe(Il)/Fe(IIl) oxidation state
transition

{ Fe nodules®

Periodically changing Eh (fluctuating groundwater)

Gleysation, lack of Fe(III)

Permanently reduced (water-saturated)

Definitions: 'Mottles = spots or blotches of different colours or shades of colour interspersed with the domi-
nant colour of the soil; ?Plaques = films of poorly crystalline Fe oxides deposited on the surface of plant
roots; *Nodules = discrete bodies without an internal organisation. Gradual transitions exist with mottles

(Hanser, C.M. et al. 2001; Jann, R. et al. 2006).

of soil matrix material in these Fe nodules
reflect dynamically varying Eh (Stoops, G.
et al. 2010; Stros, P. et al. 2011; Szenprel, G.
et al. 2012; GasparaTos, D. et al. 2019).

SOM content of the topsoils seemed to re-
sult Fe(II) and Mn enrichment which pointed
out the relevance of interactions between Fe,
Mn and organic compounds. Complex form-
ing and co-precipitation of these components
may be a significant driver of Fe, Mn and car-
bon redistribution (Sopano, M. et al. 2017;
Huang, X. et al. 2018, 2020; TaANGEN, B.A. and
Bansar, S. 2020; Kocsis, T. et al. 2020; Bs, Y.
etal. 2021; Papp, O. et al. 2021). The co-occur-
rence of Fe(Il) and Fe(III) reflects locally and
intensively changing conditions.

Gleysation appears below 70 cm in M2 and
M3, and below 40 cm in M4 due to the pres-
ence of poorly crystalline Fe(II) compounds
(so-called green rust / fougérite minerals),
which cannot be examined successfully by
routine procedures (Bourrig, G. et al. 1999;
FEDER, F. et al. 2005; MirLs, S.J. et al. 2012).

Conclusions

Redistribution of iron along the soil profile
acts as a key process in the development of
hydromorphic soils. The first signs of these
alterations can occur in a few years. The aim
of this paper was to characterise the redoxi-
morphic features of pedogenic iron forms
in four hydromorphic soil profiles along a
sequence of increasing duration of water

saturation. Fluctuating groundwater table
causes changing Eh environments result-
ing special conditions for the formation of
redoximorphic features, such as iron mottles
and nodules. Changes in soil colour and iron
forms can be observed in a few months and
may have an annual pattern following the
groundwater fluctuations. Plant roots control
Eh locally resulting the formation of special
features similar to the ones originated from
waterlogging. The longer the waterlogging
persists in the given depth of the soil profile,
the more reductomorphic features appear.
Gleyic pattern was linked to permanently re-
ductive conditions, although Fe could also be
reduced by SOM in topsoil environments.
Increasing degree of waterlogging resulted
the extension of gleysation. Spatial and tem-
poral patterns of water saturation established
the hydromorphic properties of hydromor-
phic soil profiles. Groundwater level fluctua-
tions followed by Eh oscillations may cause
changes in soil colour due to iron oxidation
state changes and mineralogical alterations.
Seasonally changing soil colour and redoxi-
morphic iron features may also be of inter-
est for soil description and soil classification,
giving a different result depending on the
date of the investigation.
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