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a Institute for Geological and Geochemical Research, Research Centre for Astronomy and Earth Sciences, Eötvös Loránd Research Network, H1112 Budapest, Budaörsi út 
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A B S T R A C T   

The differentiation of Fe and Mn within the nodules and its relation to the fabric is a well-known phenomenon. 
However, the relationship of this differentiation to the nodules mineralogy was not studied yet. This study aimed 
to fill this gap through the micro-mineralogical and geochemical investigation of nodules from soils with 
different hydromorphic conditions by electron probe microanalysis and micro-X-Ray diffractometry. 

Different conditions of hydromorphism resulted in the same nodule types and their similar vertical distribution 
in soils. In soils with shallow groundwater table, nodules exhibited more developed fabric, and crystalline hy-
drous Fe oxides (goethite) prevailed in them. Contrarily, nodules showed smaller size, lower Fe enrichment, and 
a higher frequency of non-crystalline hydrous Fe oxides in soils with regular flooding and stagnant surface water. 
The difference could be related to the lower intensity of water oscillation and the shorter redox periods in the 
latter soils. The formation of the nodules’ fabric may have been followed by the slow crystallization of Fe- 
oxyhydroxides when favorable redox oscillation conditions occur allowing subsequent recrystallization. The 
association of hydrous Fe oxides to clay minerals may have also affected the crystallization process within the 
nodules. 

Although the observation of assumed differentiation of hydrous Fe oxides failed within the nodules, soils with 
different conditions of hydromorphism could be characterized by different Fe-oxyhydroxide mineralogy, at least 
in the progression of their crystallization process.   

1. Introduction 

Ferromanganese nodules are hard bodies made of soil particles 
cemented by (hydrous) Fe and Mn oxides. Their formation is a common 
phenomenon in soils with impeded internal drainage (Vepraskas and 
Vaughan, 2016). Nodules represent morphological features with large 
heterogeneity even from the same soil horizon: they may vary widely in 
size, color, shape, and fabric, thus reflecting different and/or changing 
pedogenic conditions (Gasparatos et al., 2019). Frequently alternating 
water regimes may result in varying redox potential in the different parts 
of the soil, at the surface of, and within the nodules at the same time. 
Consequently, diverse dissolution, precipitation, and diffusion processes 
may proceed regarding Fe and Mn in the soil and within the nodules 
(White and Dixon, 1996; Palumbo et al., 2001; Cheng et al., 2009). 

The primary Fe phase forming upon rapid oxidation of Fe2+ is weakly 
crystalline ferrihydrite. This phase slowly transforms to thermodynam-
ically more stable minerals (Cornell and Schwertmann, 2003; Thompson 
et al., 2006). However, the crystallization process might be interrupted. 
Even small amounts of organic matter can influence the ferrihydrite’s 
particle size and structural order, resulting in smaller crystals, increased 
lattice spacing, and distorted Fe(O,OH)6 octahedral (Eusterhues et al., 
2008). Several studies showed (Kölbl et al., 2014; Vogelsang et al., 2016; 
Chen et al., 2019) that short-range ordered Fe minerals were often 
formed during the oxidative precipitation at the oxic/anoxic interface in 
temporarily drained topsoil, likely because of the high organic matter 
content. Conversely, Fe phases formed in the subsoil were typically more 
crystalline, probably due to the longer persistence of dissolved Fe(II), 
which catalyzed the re-crystallization of precipitated hydrous Fe oxides. 
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The higher crystallinity of these phases in the subsoil may also suggest a 
different timescale of Fe redox cycling (Chen et al., 2019). Other con-
ditions, like pH, dissolved ions (Si, Al), and microbial activity, also in-
fluence the formation and crystallization of hydrous Fe oxides (Cornell 
and Schwertmann, 2003; Jones et al., 2009; Bonneville et al., 2009). 

Nodules can be characterized by variable (hydrous) Fe oxide 
mineralogy: goethite, hematite, lepidocrocite, and ferrihydrite are their 
most common Fe minerals (e.g., Rhoton et al., 1993; Cornu et al., 2005; 
Szymanski et al., 2014). The differentiation of Fe and Mn within the 
nodules and its relation to the fabric is a well-known phenomenon 
(Gasparatos et al., 2005; Hickey et al., 2008; Sun et al., 2018). These 
results raise the question of whether there is a similarly large variation 
within the nodules’ mineralogy. Using synchrotron-based techniques, 
Manceau et al. (2003) found that the Fe-rich outer zone of a studied 
nodule could be characterized by goethite solely, whereas its Fe-Mn-rich 
nucleus by feroxyhite, vernadite, and only minor goethite. Further 
studies on the nodules’ mineralogy used bulk methods exclusively (e.g. 
Zhang and Karathanasis, 1997; Ram et al., 2001; Aide, 2005; Yu and Lu, 
2016; Sun et al., 2018; ̌Segvić et al., 2018), which are not useful to study 
the mineralogical variance within nodules. The high cost and time claim 
of synchrotron-based techniques do not allow carrying out systematic 
studies on this area. However, they demonstrated the usefulness of 
micro-X-Ray diffraction (and its combination with micro-chemical an-
alyses). Fortunately, micro-mineralogical techniques are already avail-
able even at the laboratory level nowadays. 

This study tried to reveal the assumed differentiation and variance of 
Fe phases among and within ferromanganese nodules. A large number of 
nodules were studied by electron probe microanalysis and micro-X-Ray 
diffraction from soil profiles characterized by different conditions of 
hydromorphism. We also aimed to relate the mineralogy of nodules to 

their fabric, type, and conditions of hydromorphism. 

2. Materials and methods 

2.1. Soil samples and preparation 

Two Vertisol profiles near by Kisújszállás (KU) and Verpelét (VP), a 
Solonetz profile near by Püspökladány (PL), a Gleysol profile near by 
Zalaszentlászló (ZS), a Luvisol profile near by Szentpéterfölde (SP), and 
a Phaeozem profile near by Rábapaty (RP) were sampled by genetic 
horizons from soil pits. Description of the soil profiles was carried out 
according to the FAO guidelines (FAO, 2006), and they were classified 
using the WRB system (FAO, 2014) (see Table 1 for qualifiers). Hydro-
morphism was present in the studied soils due to shallow groundwater 
(profiles KU, ZS, PL), stagnant surface water (profiles VP, SP), and 
regular flooding (profile RP). The exact locations of the soil pits are 
shown in Fig. S1. 

In the profiles ZS and VP, the ferromanganese nodules were present 
only in one single horizon, whereas they could be observed at wide 
depth intervals in the other profiles (Table 1). The nodules were sepa-
rated from the > 1 mm fraction of the soils manually under the stereo-
microscope. Uncrushed samples of 200 g were dispersed in 0.25 M 
Na2CO3 overnight, and then the > 1 mm fraction was wet-sieved and 
washed with distilled water (Gasparatos et al., 2005). For the micro- 
analytical studies, four to six nodules from each sample were selected, 
and they were set into epoxy resin (Araldite 2020) using vacuum 
impregnation (Struers Citovac). Then, the impregnated nodules were cut 
(Struers Minitom) to show a cross-section, and micro-polished (Struers 
LaboPol-5). For the electron microprobe analyses, the polished surfaces 
were coated with carbon (JEOL JFC 1200 fine coater). 

Table 1 
Major physicochemical properties of the studied soils. Nodules appeared in horizons indicated by bold characters. *Data were taken from Fuchs et al. (2011) for profile 
KU and Kátai et al. (2016) for profile PL. sm = smectite, ver = vermiculite, ill = illite, chl = chlorite, kao = kaolinite.  

Horizon Depth pH SOM Carbonate Silt Clay Fe Mn Clay minerals  

(cm)  (%) (%) (%) (%) (%) (mg/kg)  

Kisújszállás (KU) - Epigleyic Epistagnic Mollic Endocalcic Vertisol (Ferric. Humic. Hypereutric. Pellic)* 
A 0–25  6.80 2.1 n.d. 38.2 44.6 4.38 510 sm, ill, ill/sm, chl, kao 
AB 25–55  7.60 1.3 n.d. 42.8 45 4.97 1062 sm, ill, ill/sm, chl, kao, chl/sm 
B 55–85  8.10 – 15.3 41.1 45.7 5.37 1469 sm, ill, ill/sm, chl, kao, chl/sm 
C 85–110  8.10 – 7.3 47.2 40.9 4.32 390   

Zalaszentlászló (ZS) – Mollic Calcic Gleysol (Loamic. Aric) 
A1 0–20  7.57 5.5 1.0 44.1 15.8 2.91 744  
A2 20–55  8.06 1.4 6.3 30.4 23.1 3.04 1546 chl, ill 
B 55–90  8.43 0.5 34.7 34.6 17.1 3.11 1112  
C 90–110  – – – – – 1.98 418   

Püspölkadány (PL) - Vertic Endosalic Mollic Endogleyic Epistagnic Solonetz (Clayic. Hypernatric)* 
A 0–5  6.32 3.7 n.d. 39.8 28.5 2.80 527  
B1 5–30  6.77 1.8 n.d. 35.2 41.1 4.09 531 sm, ill, ill/sm, kao 
B2 30–80  8.02 1.0 0.5 32.4 50.5 4.69 651 sm, ill, ill/sm, kao 
BC 80–130  9.14 0.4 4.0 36.3 44.2 4.63 509 sm, ill, ill/sm, kao 
C 130–160  9.26 0.2 4.0 36.7 50.5 7.45 1180   

Verpelét (VP) – Pellic Vertisol (Aric. Gleyic) 
A1 0–30  6.18 2.6 0.08 40.2 45.4 3.70 1017  
A2 30–65  6.51 1.7 0.04 36.6 51.1 3.97 965 sm, ill, kao 
AB 65–80  7.06 1.3 0.08 37.1 52.3 4.03 1076   

Szentpéterfölde (SP) – Endostagnic Luvisol (Loamic) 
A 0–30  7.29 2.7 0.5 53.6 12.9 3.46 1111  
B 30–50  7.50 1.2 0.6 54.0 16.8 3.81 1161  
C1 50–67  7.42 0.5 0.1 51.0 29.9 4.53 648 chl/ver, ill/ver, ill, kao 
C2 67–120  7.42 0.5 0.1 41.4 32.7 4.71 523 chl/ver, ill/ver, ill, kao 
C3 120–150  6.68 0.2 0.1 43.1 30.7     

Rábapaty (RP) – Stagnic Fluvic Phaeozem (Loamic. Aric) 
A1 0–15  7.89 3.0 0.4 11.2 36.3 5.19 688  
A2 15–35  7.88 2.7 0.4 11.0 36.9 4.58 644 ver, chl/ver, ill, ill/ver, chl, kao 
B 35–50  7.97 1.6 0.4 13.2 38.6 5.69 1192 ver, chl/ver, ill, ill/ver, chl, kao 
C1 50–75  7.95 1.0 0.5 12.0 35.7 6.05 1409 ver, chl/ver, ill, ill/ver, chl, kao 
C2 75–110  7.98 0.8 0.3 10.2 31.3 5.99 1511 ver, chl/ver, ill, ill/ver, chl, kao  
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For their physicochemical characterization, the soil samples were 
air-dried, gently crushed, and dry-sieved with a 2000 µm mesh size. 
Macroscopic traces of organic matter (roots, chaffs, debris, etc.) were 
removed physically. For the bulk mineralogical analyses, the soil sam-
ples and part of the separated nodules were gently crushed in an agate 
mortar. For the chemical analyses, the samples were grounded to a fine 
powder (10 μm). The clay fractions of the samples were separated by 
sedimentation in an aqueous suspension. Diagnostic treatments were 
carried out on the clay fractions to identify their clay mineral species 
after Harris and White (2008). 

2.2. Soil analysis and analytical methods 

The soil physical and chemical analyses were carried out according 
to standard methods (see more details in Makó and Tóth, 2013). The pH 
was measured in soil–water suspension at a ratio of 1:2.5 by the 
potentiometric method (Mclean, 1982). The organic matter content was 
determined by wet combustion with the Tyurin titrimetric method 
(Nelson and Sommers, 1996). The calcium carbonate content was 
studied by the Scheibler calcimeter (Nelson, 1982). The conventional 
sieve-pipette method was used to measure the particle-size distribution 
of the soils (Gee and Bauder, 1986). 

The bulk soil samples, clay fractions, and powdered bulk nodules 
were studied for their mineralogy with a Rigaku Miniflex 600 X-Ray 
diffractometer at 40 kV and 15 mA using Cu Kα radiation. For bulk soil 
and nodule samples, the powdered material was loaded into steel 
holders to obtain random powder mounts, whereas clay fractions were 
mounted onto glass plates for analysis. The 2Θ range was set to 2–70◦ for 
bulk samples, and to 2–35◦ for the clay fractions. A counting speed of 
0.05◦/2 s was used for the analyses. For the qualitative analysis, the 
Rigaku PDXL2 software was used for phase identification based on the 
ICDD database. For the quantitative analysis of the bulk nodules, the 
diffraction patterns were processed using the Siroquant V4 software and 
the modal contents were determined by the Rietveld method. 

Total Fe and Mn concentrations of the bulk soils and the powdered 
nodules were analyzed by a Spectro XSort Combi energy dispersive X- 
Ray fluorescence spectrometer. 

The external and internal appearance of the nodules was character-
ized under a stereomicroscope. Micro-analytical analyses were carried 
out on the polished surface of 59 nodules. Electron-probe microanalysis 
was used to analyze the nodules’ micro-fabric and the distribution of the 
major chemical elements (primarily Fe and Mn) within the nodules. 
Altogether 50 elemental distribution maps and 660 point and area an-
alyses were carried out using a JEOL Superprobe JCXA-733 instrument 
equipped with an Oxford Instruments Inca energy 200 energy dispersive 
spectrometer. An acceleration voltage of 20 kV, a probe current of 6 nA 
were used for the analyses. Documentation of the studied areas was 
carried out by backscattered electron micrographs. The diameter of the 
electron beam used for the micro-chemical analyses was 1 μm. The count 
time for the point analyses and elemental maps were set to 60 and 300 s, 
respectively. Evaluation of the chemical data was carried out using the 
AZTEc software. 

Based on the results of the electron-probe microanalysis, 28 nodules 
were selected for the micro-mineralogical analyses. Such analyses were 
carried out at 155 points using a Rigaku D/Max Rapid II diffractometer. 
The instrument was operated with CuKα radiation generated at 50 kV 
and 0.6 mA. For the point analyses, a collimated X-Ray beam with a 
diameter of 100 μm was used, and the analysis time was set to 300 s. A 
built-in CCD camera was used to select the area of analysis and precise 
positioning of the sample at a downward angle of 45◦. The detector 
system uses a curved image plate (IP) placed on the inner surface of a 
cylinder that surrounds the ω-axis at the center, allowing the recording 
of a 2D diffraction image over a broad 2θ range. The IP is read by a laser- 
scanning readout system. The 2DP Rigaku software was used to record 
the diffraction image from the laser readout. The plot was read into 
Rigaku PDXL 1.8 software for data interpretation. 

3. Results 

3.1. Soil properties 

The studied soils exhibited diverse physicochemical properties 
(Table 1). They were mostly neutral and slightly alkaline in their pH. 
The organic matter content of the samples varied widely among the 
samples with the absence of extreme values. They were primarily fine- 
grained soils, and the nodules appeared mainly in their horizons with 
clay or clay-loam texture. Their Fe (3–6%) and Mn (0.05–0.15%) con-
tent was not high, even in the horizons containing the nodules. The ratio 
of Fe and Mn showed high variation within the profiles. In most cases, 
this ratio was less than 75 showing the higher enrichment of Mn than Fe 
compared to the upper continental crust. On the contrary, this ratio was 
higher than 75 in some cases (KUA, PL BC, SP C2). Goethite was the only 
crystalline Fe-oxyhydroxide phase identified in the bulk soils, sometimes 
in their clay fraction only. Concerning their clay mineralogy, swelling 
clay minerals, illite (and their mixed layer species) were primarily 
dominant. Smectite was characteristic in the profiles KU, PL, and VP, 
vermiculite in the profile RP, and chlorite/vermiculite in the profile SP. 
The profile ZS did not contain any swelling clay mineral but chlorite and 
illite only. 

3.2. Bulk nodule properties 

The nodules’ major characteristics are summarized in Table 2, and 
their stereomicroscopic images are shown in Fig. S2. Two major nodule 
types were observed: small (<2 mm), rectangular or slightly rounded, 
light-colored (grey, light brown, and reddish-brown) nodules, and large 
(up to 5–10 mm) spherical, dark-colored (dark grey, brown and black) 
nodules. In profiles where spherical nodules are present in more than 
one single horizon (profiles KU, PL, RP), their frequency and size are 
higher in the lower horizons. This phenomenon was not observed for the 
rectangular nodules. Rectangular nodules were characteristic of the 
lower horizons (profiles KU, PL), or they were present together with the 
spherical ones (profiles VP, SP, RP), or they were absent in the soil 
(profile ZS). However, in the profile SP, spherical nodules were char-
acteristic of the lower parts of the profile, whereas the rectangular ones 
also appeared in the upper soil horizons. 

Iron and Mn concentration was significantly higher in the nodules 
than in the bulk soils (Table 2). The highest Fe concentrations were 
found in horizons where the largest spherical nodules were found with 
the highest frequency. Such a relationship was not observed for Mn. 
Enrichment of the Fe and Mn in the bulk nodules did not show any 
relationship. The highest Fe enrichment was found in the profiles ZS and 
PL, followed by the profile KU, whereas the lowest enrichment was 
found for the profiles VP, SP, and RP. In the profiles where nodules 
appeared in several horizons, Fe enrichment in the bulk nodules 
decreased with depth. Manganese showed the highest enrichment in the 
nodules of the profile PL, followed by the profiles SP, RP, and KU, 
whereas relatively low Mn enrichment was found in the profiles VP and 
ZS. There was no characteristic change in Mn enrichment with depth. 
The ratio of Fe and Mn was generally higher in the bulk soil than in the 
nodules. 

The mineralogical composition of the bulk nodules is shown in 
Table 3, and the relating XRD patterns are shown in Fig. S3. Their major 
mineral components were the same as those found in the soil matrix 
(quartz, feldspars, mica, and carbonates). The pedogenic minerals 
(oxyhydroxides, clay minerals, and carbonates) were also present. No 
crystalline Mn-phases could be identified in the nodules by powder XRD. 
Goethite was the only Fe-oxyhydroxide phase, which could be identified 
unambiguously in the nodules. Besides goethite, the presence of ferri-
hydrite could also be supposed in some cases (in horizons KU A and AB, 
PL BC, VP A2, and SP C2) based on the elevated background and/or 
diffuse peaks at 2.5 and 1.5 Å. Goethite was the major component of the 
largest spherical nodules with concentrations between 25 and 41% (ZS 
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A2, KU A, and AB). In these cases, 70–90% of the total Fe of the nodules 
was present as goethite. However, in most cases, goethite was only a 
minor component (below 15%) of the nodules despite large spherical 
nodules (e.g., in soil PL B1, where goethite accounted for 24% of the 
total Fe in the bulk nodules). In some cases (horizons KU B, PL BC, SP 
C2), minor goethite (below 15%) was also found in the rectangular 
nodules. A large ratio of total Fe was present as goethite in the nodules of 
KU B and SP C2 horizons (70 and 95%, respectively) whereas this ratio 
(28%) was much lower in the nodules from the horizon PL BC. 
Contrarily, a low amount (well below 10%) of crystalline Fe- 
oxyhydroxide was found in the spherical nodules in certain soil hori-
zons (PL B2, VP A2), with a relatively low ratio of goethite in the total Fe 
(below 30%). In the nodules of profile RP, Fe-oxyhydroxides could not 
be identified or only in a very low amount (3–4%), and a low ratio of 
goethite was found within the total Fe (below 30%). 

3.3. Micro-properties – fabric, chemistry, mineralogy 

Rectangular nodules did not show any characteristic fabric, and they 
could be classified as typic nodules (Fig. S2). In these nodules, relatively 
large and light-colored soil particles were cemented together by dark- 
colored and fine-grained material with no regular arrangement. In 
some cases, the edge of the nodules exhibited reddish color. In the BC 
horizon of the profile PL, a thin coating surrounded some typic nodules. 
One single typic nodule from the profile SP showed red color. 

The spherical nodules exhibited concentric fabric. This fabric could 
be characteristic of the whole nodule on the one hand, or concentric 
layers were built up around a nucleus on the other. The fabric of the 
nucleus was similar to that of the typic nodules. The size of the nucleus 
could be as large as 2 mm. In small-sized concentric nodules, the nucleus 
may have total up to the majority of the nodule. The concentric layers 
were made up of fine-grained material, although the large soil particles 
were still present. The concentric layers were generally less than five, 
and their thickness was some tenth of millimeters. Their color was black, 
reddish-brown, or red. In some cases, the layers exhibited alternating 
color (for profiles KU, ZS, PL), whereas dark color may dominate in other 
ones (VP, SP, RP). The outermost layer was often reddish. 

According to the backscattered electron images (shown in Figs. 1 and 
2), there were both porous and compact nodules in both types. Pores and 
cavities may have been present in the nucleus or arranged to the 

concentric structure between the concentric layers. The porous char-
acter of the nodules may have shown variation even within a profile. For 
example, the nucleus of the nodules in the profile KU was porous in 
horizon A, whereas they were compacted in horizon B. 

Manganese showed enrichment in the nucleus of the concentric 
nodules (Figs. 1 and 3). This metal formed distinct oxyhydroxide phases 
there in the form of pore or crack fillings. However, the concentric layers 
showed Fe enrichment, where the majority of the Fe-oxyhydroxides 
showed close association to silicates or even to Mn-oxyhydroxides. 
Distinct Fe-oxyhydroxide phases only appeared in the pore and crack 
fillings subordinately. The differentiation of Fe and Mn was the most 
conspicuous in the porous concentric nodules with a nucleus. Contrarily, 
Fe may also enrich in the nucleus of the compacted concentric nodules, 
and the Mn and Fe rich layers often showed alternation in the concentric 
part of these nodules. In the latter case, Mn tended to enrich in the in-
ternal part of the concentric layers, whereas Fe was enriched in the outer 
part. In the smaller concentric nodules (those in profiles VP, SP, RP), 
large, distinct Mn or Fe-oxyhydroxide fillings were less characteristic, 
and their association to silicates prevailed instead. The largest concen-
tric nodules were compacted (profile ZS), and their interior consisted of 
well-separated, distinct Mn and Fe-oxyhydroxide phases. The domi-
nance of Fe was also characteristic outwards together with the associ-
ation of Fe-oxyhydroxides to silicates. As a mineralogical curiosity, 
separate Ba-phases were observed in the concentric nodules of the 
profile PL, which formed along the cracks between the concentric layers. 

Contrarily, no characteristic Fe and Mn distribution could be 
observed in the typic nodules (Figs. 2 and 4). The Fe and Mn oxy-
hydroxides were mostly associated with silicates in these nodules. Iron 
and Mn enrichment showed patchy distribution generally, but a slight 
enrichment of Fe could be observed in the nodules’ outermost parts in 
some cases. 

Iron phases identified by the micro-XRD analyses are summarized in 
Table 3. These analyses focused on the following spots within the nod-
ules: (1) large (>0.1 mm), distinct Fe or Mn oxyhydroxide phases (as 
observed by EPMA), (2) spots contrasting in color (e.g., the variation of 
red, red-brown, and black layers), and (3) comparison of internal and 
external parts of the nodules. Although quantitative analysis of mineral 
components could not be carried out based on micro-XRD data, the in-
tensity of characteristic peaks may suggest the relative amount of the 
phase in question. A further indication of the amounts of phases (e.g., 

Table 2 
Major characteristics of the nodules found in the studied soils. s. = slightly, r. = reddish, l. = light.  

Horizon Nodule types Size Shape Color Frequency Bulk Fe Bulk Mn       

(%) (%) 

Kisújszállás (KU) - Vertisol   
A concentric with core < 5 mm rounded r. brown, black, grey + 25.9 3.31 
AB concentric with core < 5 mm rounded r. brown, grey ++ 22.3 3.04 
B typic < 2 mm s. rounded, rectangular l. brown, grey, black ++ 13.5 2.57  

Zalaszentlászló (ZS) - Gleysol   
A2 concentric < 10 mm rounded grey, l. brown, r. brown +++ 28.1 3.61  

Püspölkadány (PL) - Solonetz   
B1 concentric with core, typic < 2 (5) mm rounded r. brown + 36.7 1.21 
B2 concentric with core, concentric < 5 mm rounded black, r. brown ++ 31.6 2.00 
BC typic, coated typic < 5 mm s. rounded, rectangular black, r. brown ++ 11.3 4.65  

Verpelét (VP) - Vertisol   
A2 concentric, typic < 1 mm rounded, s. rounded, rectangular black ++ 11.3 0.93  

Szentpéterfölde (SP) - Luvisol   
C1 typic < 2 (5) mm rounded, s. rounded l. brown, r. brown, black ++ 13.2 1.99 
C2 typic, concentric < 5 mm rounded, s. rounded l. brown, r. brown, black ++ 9.98 3.23  

Rábapaty (RP) - Phaeozem   
A2 concentric, typic < 1 mm rounded, s. rounded l. brown, r. brown, grey, black + 14.6 4.40 
B concentric, typic < 3 mm rounded r. brown, black, l. brown ++ 14.2 4.36 
C1 typic, concentric < 3 mm rounded, s. rounded, rectangular l. brown, grey, r. brown, black ++ 11.2 4.01 
C2 typic < 3 mm s. rounded, rectangular r. brown, black, grey ++ 8.29 2.61  
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major or minor) is only based on this relationship. 
The major soil components were the dominant phases in the nodules, 

like quartz, feldspar, clay minerals, and carbonates. In the following, 
only the Fe phases will be in focus. Their identification was primarily 
based on the following peaks and characteristics: peak at 4.20–4.17 Å for 
goethite, peak at 3.69 Å for hematite, and elevated background and/or 
diffuse peaks at around 2.5 Å and 1.5 Å for ferrihydrite. 

In large concentric nodules with a nucleus of the profile KU, goethite 
was shown in the nucleus and the concentric layers (Figs. S4 and S5). Its 
frequency was higher in the dark concentric layers and lower in the 
light-colored parts of the nucleus. In one of the nodules, where the 
concentric layers exhibited red color, the presence of hematite could be 
supposed. On the contrary, the identification of crystalline Fe- 
oxyhydroxide mostly failed in the large concentric nodules of the pro-
file PL. The presence of goethite could be verified only at some spots. 
Goethite could be unambiguously identified as a major component in the 
nodules with a Fe-rich nucleus from the horizon B1 of this profile. 
Identification of barite was also successful in several nodules from this 
profile based primarily on the peaks at 3.45 and 3.10 Å (Fig. S6). On the 
contrary, in the smaller concentric nodules with nucleus (in the profiles 
VP and RP), Fe oxyhydroxide phases could not be identified unambig-
uously. Elevation of background suggesting the presence of ferrihydrite 
was observed in almost every studied nodule at single spots. These ob-
servations could also be applied to the concentric nodules without a 

nucleus (Figs. S4 and S7). 
In the large concretions of the profile ZS, goethite is present as a 

major component. However, in the concretions of the profile PL and the 
smaller concretions of the other profiles, goethite could be identified 
only in a few spots. For the typic nodules (Figs. S4 and S8), goethite 
could also be identified in the profiles where this phase was the major 
component of the concentric nodules (profile KU). However, in profiles 
where goethite was only a minor component of the concentric nodules 
(profiles PL, VP, SP), typic nodules also contained a very low amount or 
no goethite. Exceptions were the single red typic nodule from the profile 
SP and the typic nodules of the profile RP. In the red typic nodule, he-
matite was identified as a major Fe mineral. In the horizons A2, B, and 
C1 of the profile RP, goethite could be unambiguously identified in the 
typic nodules, whereas its presence is sporadic in horizon C2. Besides the 
Fe phases, Mn minerals could not be detected with these analyses, 
although several spots representing a phase composed of Mn and O 
solely were analyzed. 

4. Discussion 

4.1. Nodule types and conditions of hydromorphism 

In the studied soils, hydromorphism was due to shallow groundwater 
table (in profiles KU, PL, ZS), stagnant surface water (in profiles VP, SP), 
or regular flooding (in profile RP). In all three cases, similar nodule types 
were formed with similar vertical distribution characteristics. The large 
concentric nodules formed in the zone of the most intense water oscil-
lation. Concentric nodules also formed above this zone with smaller size 
and lower frequency, whereas the small typic nodules were character-
istic below this zone. If the water oscillation zone is relatively narrow 
(like in profile ZS), large concentric nodules formed exceptionally. In 
this latter case, water oscillation could be very intense, as shown by the 
large size of the nodules and numerous concentric bands. 

These nodule types are generally found in hydromorphic soils (Pal-
umbo et al., 2001; Timofeeva et al., 2014). Their quantity, size, chemical 
composition, and micromorphology may vary with genetic horizons. 
These differences were related to different pedogenic stages (Sun et al., 
2018). The nodules’ banded structure likely formed in response to sea-
sonal wetting and drying as an accretionary process. Shorter periods of 
reduction may result in the absence of some of the intermediated stages 
(Gasparatos et al., 2019). Additionally, Jien et al. (2010) reported that 
higher organic matter in the surrounding soil leads to smaller nodules. 
Eusterhues et al. (2008) observed that even small amounts of organic 
matter could influence the particle size and structural order of ferrihy-
drite. Additionally, low crystalline hydrous Fe-oxides are more prone to 
re-dissolution at reducing conditions. These conditions favor the for-
mation of less developed concentric nodules in the upper part of the soil 
(above the zone of the most intense water oscillation). Contrarily, long 
periods of reduction do not allow concentric nodules to develop. How-
ever, the nodules’ oxidization potential may inhibit the complete re- 
dissolution of Fe-oxyhydroxides (Sun et al., 2018). That is why typic 
nodules are characteristic of the deep layers of the profiles. 

The observed nodule distribution was the most obvious in the soils 
with shallow groundwater table. In the other soil types, nodules could be 
characterized by smaller size, lower Fe enrichment, and higher fre-
quency of non-crystalline Fe-oxyhydroxides in the bulk nodules, which 
could be related to the lower intensity of water oscillation and shorter 
redox periods. According to Timofeeva et al. (2014), well-developed 
morphological features, high differentiation and enrichment of Fe and 
Mn, and crystalline Fe-oxyhydroxides were characteristic of large nod-
ules. However, Fe and Mn do not always show differentiation, and 
crystalline Fe-oxyhydroxides are sometimes absent in concentric nod-
ules. Yu and Lu (2016) explained this phenomenon by the rapid changes 
in the soil’s redox potential. Conditions of hydromorphism relate to the 
rate and intensity of redox changes resulting in differences in nodule 
development as found in our case. Nevertheless, the development of the 

Table 3 
Summary of the X-Ray diffractometric analyses of the soils and nodules. BS =
bulk soil, CF = clay fraction, goe = goethite, qtz = quartz, ill = illite, pl =
plagioclase, fhy = ferrihydrite, chl = chlorite, cal = calcite, dol = dolomite, kfs 
= K-feldspar, kao = kaolinite, hem = hematite, n.d. = not detected.   

Soils Fe 
minerals in 
BS or CF 

Ferromanganese nodules  

Bulk mineralogy 
(numerals indicate phase 
concentration in %) 

Fe minerals 
in internal 
parts 

Fe minerals 
in external 
parts 

Kisújszállás (KU) - Vertisol 
A n.d. qtz (30), goe (29), pl (14), 

ill (13), kao (13) 
goe, hem? goe 

AB goe (CF) qtz (32), goe (25), ill (19), 
chl (12), pl (12) 

goe, fhy? goe, fhy? 

B goe (BS, CF) qtz (36), ill (20), goe (15), 
chl (15), pl (13), cal (1) 

goe goe  

Zalaszentlászló (ZS) - Gleysol 
A2 goe (CF) goe (41), qtz (32), cal 

(15), pl (6), ill (6), chl? 
goe goe  

Püspölkadány (PL) - Solonetz 
B1 n.d. qtz (32), ill (20), pl (14), 

goe (14), dol (11), ill/sm 
(4), kao + chl (5) 

goe goe 

B2 n.d. qtz (59), pl (15), ill (14), 
goe (7), kao (5) 

goe goe 

BC n.d. qtz (57), pl (20), ill (12), 
kao (6), goe (5) 

goe?, fhy? goe?, fhy?  

Verpelét (VP) - Vertisol 
A2 n.d. qtz (65), pl (20), goe/fhy 

(5), sm (4), ill (3), kao (3) 
fhy? fhy?  

Szentpéterfölde (SP) - Luvisol 
C1 goe (BS, CF) qtz (70), ill (12), pl (8), 

kfs (7), chl (3) 
goe goe 

C2 goe (CF) qtz (52), goe (15), ill (12), 
pl (12), chl (6), kfs (3) 

fhy? (hem) (hem)  

Rábapaty (RP) - Phaeozem 
A goe (BS) qtz (38), ill (21), chl (20), 

pl (17) goe (4) 
goe? goe 

B goe (BS) qtz (40), ill (23), chl (22), 
pl (15) 

goe goe 

C1 goe (BS) qtz (38), ill (25), chl (25), 
pl (12) 

goe goe 

C2 goe (BS) qtz (38), ill (24), chl (19), 
pl (16), goe (3) 

n.d. goe?  
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nodules’ fabric showed the same characteristics in each case. Their 
fabric was not affected by the later ongoing crystallization of the Fe- 
oxyhydroxides, which needs favorable redox oscillation conditions. 

In some cases, the concentric structure of the nodules was formed 
around a nucleus. These nodules may have been formed by the pro-
gression of typic nodules to concentric ones. In such cases, the relocation 
of the water oscillation zone can be supposed. Relocation is also prob-
able when the presence of typic and concentric nodules was observed 
within the same horizon. Besides the relocation of the water oscillation 
zone, the nodules’ transportation from other horizons can be assumed. 
In the first case, Fe-oxyhydroxide mineralogy of the different nodule 
types did not show any significant differences (like in profiles PL and 
RP). In the latter one, however, the nodules could show completely 
different Fe mineralogy, like in the case of the hematitic nodule in the 
profile SP. Hematite rarely occurs as the sole oxide in temperate soils. 
This mineral generally forms from a ferrihydrite precursor instead of 
goethite transformation (Bao and Koch, 1999). Low moisture content 
may favor ferrihydrite’s dehydration to hematite over goethite (Zhang 

et al. 1998). The relatively high organic matter content of the subsoil 
may also facilitate this process (Kämpf and Schwertmann, 1983). The 
nodule with hematite probably represents a relict formation in our case. 

4.2. Nodule types and hydrous Fe oxide mineralogy 

The large concentric nodules enriched Fe the most, and they con-
tained crystalline Fe-oxyhydroxides as a major component, primarily 
goethite. The EPMA analyses also supported these characteristics, as 
relatively large precipitations of Fe-oxyhydroxides were observed 
without any association to other phases. Contrarily, in those concentric 
nodules where such precipitations were associated with silicates (like in 
profile PL), goethite could be identified only as a minor component 
unless it was not present at all. Some concentric nodules with a nucleus 
could be characterized by a high Fe enrichment in the nucleus, whereas 
others in the concentric bands. Crystalline Fe-oxyhydroxide (goethite) 
was found primarily in those parts where high Fe enrichment was 
observed, despite Fe enrichment spots in parts with no crystalline Fe- 

Fig. 1. Backscattered electron photomicrographs and Fe (yellow) and Mn (violet) elemental maps of characteristic concentric nodules. The red color shows Ba 
enrichment spots. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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oxyhydroxides. 
According to Thompson et al. (2006), redox oscillations can increase 

the crystallinity of hydrous Fe-oxides. Crystalline hydrous Fe-oxides 
may enrich through residual enrichment, which is due to the preferen-
tial dissolution of weakly crystalline hydrous Fe-oxides under reducing 
conditions (Bonneville et al., 2009), or through the catalytic reaction of 
released Fe(II) under anoxic conditions (Boland et al., 2014). During this 
process, mineral dissolution and subsequent re-crystallization occur. 
Large-sized nodules may have an oxidization potential high enough to 
inhibit the re-dissolution of Fe-oxyhydroxides. However, the crystalli-
zation may still proceed due to the soil solution reaching the nodules’ 
interior through their pore system (Sun et al., 2018). 

The large concentric nodules formed within the most intense water 
oscillation zone favor the Fe-oxyhydroxide crystallization due to the 
processes described above. The crystallization of ferrihydrite into more 
crystalline phases is strongly inhibited by organic matter and dissolved 
Si and Al (Jones et al., 2009). Schwertmann et al. (2000) observed that 
smectite and less crystalline silicates (like allophane) impeded 

ferrihydrite’s crystallization in the long term. The inhibitory effect could 
be due to the Si accumulation on the ferrihydrite surface from the low- 
crystalline clay phases. The first Fe-oxyhydroxide precipitates may 
catalyze the further formation of such phases as coatings while the 
crystallization of the former still takes place. If the later generation of Fe- 
oxyhydroxides shows a strong association with silicates, a low-Fe 
coating will form around a high-Fe nucleus. Aggregates consisting of 
primary soil particles, clay minerals, and Fe-oxyhydroxides may also be 
coated by Fe-oxyhydroxide material dominantly. The further enrich-
ment of the coating bands is the result of the subsequent precipitation 
events. The joint presence of low-Fe and high-Fe coating bands on the 
nodules of the same horizon may suggest the variation in Fe supply or 
the differences in catalyzing potential of a nodule with significantly 
different Fe-oxyhydroxide content. As shown by Vogelsang et al. (2016), 
intermittent drainage and waterlogged conditions may cause the 
destruction of clay minerals in paddy soils. If this process is more 
characteristic within the nodules than in the bulk soil, the low crystal-
linity of clay minerals could also affect the crystallization process of the 

Fig. 2. Backscattered electron photomicrographs and Fe (yellow) and Mn (violet) elemental maps of characteristic typic nodules. (For interpretation of the references 
to colour in this figure legend, the reader is referred to the web version of this article.) 
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Fig. 3. Characteristic micro-fabric and distribution characteristics of Fe and Mn phases in the concentric nodules.  
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Fe-oxyhydroxides. 
Typic nodules contained crystalline Fe-oxyhydroxides only in soils 

with the most intense hydromorphism. However, in other soils, crys-
talline phases were not observed in such nodules, although they con-
tained significant Fe enrichment spots. As typic nodules appeared below 
the most intense water oscillation zone, they were preferably exposed to 
re-dissolution due to the prolonged waterlogging. These conditions 
inhibited the development of a concentric structure and often the crys-
tallization of Fe-oxyhydroxides. Vogelsang et al. (2016) explained the 
trend of increasing portions of less crystalline goethite in paddy soils by 
either insufficient time for re-crystallization of ferric precipitates and/or 
the decrease in crystal size of Fe-oxyhydroxides present upon partial 
reductive dissolution. Although concentric nodules do not necessarily 
contain crystalline Fe-oxyhydroxides, the duration of waterlogging 
plays a significant role in the nodule formation, besides the intensity of 
water oscillation. For example, Chen et al. (2019) observed differences 
in (hydrous) Fe-oxide crystallinity within redoximorphic soils. They 
explained this difference by the different timescale of Fe redox cycling or 
differences in processes affecting the crystallization of such phases. 

4.3. Role of clay minerals in nodule formation 

The clay content of the studied soils is mostly between 30 and 50%, 
and their clay mineralogy is dominated by swelling clay minerals, illite, 
and their mixed-layer variants. The only exception is the profile ZS, 
where the clay content is between 15 and 25%, and chlorite and illite 
were identified. In this profile, the large concentric nodules appeared in 

a narrow depth interval suggesting a significant external Fe supply. Soil 
chlorite is generally inherited from the parent material, although its 
formation is also hypothesized through hydroxy-interlayering of layer 
silicates by ferrolysis under alternating redox conditions (Georgiadis 
et al., 2020). Chlorite weathering could have been the source of Fe in 
this soil, but its pedogenic formation is also possible. 

Clay content and mineralogy of soils can be strongly related to hy-
dromorphic conditions. Nodules occur most frequently in fine-textured 
(silt- or clay-rich) soils with restricted permeability or poor drainage 
(Stiles et al., 2001). The oscillating water table promotes the formation 
and downward migration of secondary phases, often leading to seasonal 
water ponding. The fluctuation of base cation concentrations also favors 
the formation of clay minerals through metastable precursor mixed- 
layer clays (Thananchit et al., 2006). The varying redox conditions 
affect the layer charge of these phases, determining the type of base 
cation entering their structure (Stucki, 2013). Transformation of the 
inherited clay minerals may be incomplete under hydromorphic con-
ditions, and together with the newly formed metastable precursor, they 
could simultaneously weather into stable species (Hong et al., 2015). 
That is why several clay minerals and their mixed-layer variants could 
be identified in the studied soils. 

The formation of (swelling) clay minerals may promote the Fe- 
oxyhydroxide formation by inhibiting the water circulation and 
enhancing soil–water interaction. Additionally, their large surface area 
and charged surface support a suitable medium for the initial precipi-
tation of hydrous Fe-oxides. Van Groeningen et al. (2020) demonstrated 
in laboratory experiments that surface-mediated oxidation of ferrous 

Fig. 4. Characteristic micro-fabric and distribution characteristics of Fe and Mn phases in the typic nodules.  
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ions may occur under anoxic conditions in the presence of smectite at 
neutral to alkaline pH. Their Mössbauer and XAS analyses also showed 
that subsequent aeration led to the complete oxidation of sorbed iron 
and the formation of Fe(III) phases, like Fe-bearing clay minerals, fer-
rihydrite, and lepidocrocite. The alkalinity of the studied soils must have 
neutralized the exchangeable H+ formed at the same time. Conse-
quently, ferrolysis could not result in strong acidification, and smectite, 
vermiculite, illite, and mixed-layer species represent the stable clay 
mineral phases in the studied soils. As Fe in the clay minerals also un-
dergoes redox reactions, the physicochemical properties of clay minerals 
and their surrounding matrix will change (Pentráková et al., 2013). The 
reduction of Fe in smectite clays usually induces mixed-layer illi-
te–smectite formation (Zhang et al., 2012). On the contrary, Fe reduc-
tion in illite may lead to increased layer charge, and the incomplete 
reoxidation of reduced Fe may cause illite to smectite transition (Hug-
gett and Cuadros, 2005). Clay minerals may support the surface for the 
initial formation of Fe-oxyhydroxides, which is the first step in the 
nodule formation (Sipos et al., 2016). Although the same types of clay 
minerals could be identified in the nodules as in the bulk soils, the 
prevalence of illite seemed to be higher in the nodules than in the bulk 
soils. Authigenic clay phases may have been formed from the inherited 
crystalline illite (and chlorite). Their crystallization was more restricted 
in the nodules than in the soil matrix due to the redox reactions 
described above. However, the explanation of clay minerals’ exact role 
in nodule formation needs further detailed studies in these (and in other 
hydromorphic) soils. 

4.4. Barite in ferromanganese nodules 

A novel finding of this study was identifying barite in the concentric 
nodules of the profile PL. This Ba-sulfate mineral is relatively rare in 
soils. It is mostly related to the salt-affected soils (Doner and Grossl, 
2002), especially to hydromorphic conditions and saline groundwater 
(Bullock et al., 1985). The profile PL is a Solonetz, where salt accumu-
lation arises from confinement, created by the subsoil clay accumulation 
to water flow out and evaporate. Earlier studies on nodules found that Ba 
is generally enriched in the Mn-oxyhydroxides within the nodules (e.g., 
Ettler et al., 2017). We also found up to 14.46% Ba in the Mn-rich 
precipitations in the studied nodules. However, in the profile PL, Ba 
formed a separate phase whereas still enriched with Mn-oxyhydroxides 
(up to 11.45%). According to Dixon and White (2002), only very low Ba 
concentrations may be held in crystal imperfections of Mn- 
oxyhydroxides. The high Ba concentration suggests that this element 
is held in the nodules as rare crystals of hollandite, a barium-manganese 
oxide mineral. In the profile PL, the barite is an authigenic phase. It 
could be observed along the cracks between the concentric bands of the 
nodules. Consequently, its formation took place with that of the nodules 
simultaneously when precipitation of hydrous Fe and Mn oxides were 
intermitted temporarily. At his stage of the nodule formation, barite 
precipitated in the presence of excess sulfate in the soil solution due to 
the saline environment. 

5. Conclusions 

Different conditions of hydromorphism resulted in the same nodule 
types and their similar vertical distribution in soils. Concentric nodules 
developed within and above the zone of the most intense water oscil-
lation. Typic nodules were characteristic below this zone. These char-
acteristics were the most obvious in the soils with shallow groundwater 
table. Contrarily, nodules showed smaller size, lower Fe enrichment, and 
the dominance of non-crystalline hydrous Fe oxides in soils with regular 
flooding and stagnant surface water. This difference could be related to 
the lower intensity of water oscillation and the shorter redox periods in 
the latter soils. 

These two conditions affected the development of the nodules’ fab-
ric, which generally preceded the crystallization of hydrous Fe oxides. 

Relocation of the water oscillation zone within the soil may have 
resulted in different nodule types within the same layer or the formation 
of concentric nodules with a typic nucleus. 

The largest concentric nodules formed within the most intense water 
oscillation zone favoring the Fe enrichment and Fe-oxyhydroxide crys-
tallization the most. The hydrous Fe oxides did not show any differen-
tiation within the nodules. Their association to (low crystalline?) clay 
minerals, however, may have also affected the crystallization process 
within the nodules. Although slight differences between the clay 
mineralogy of the nodules and bulk soils could be observed, this rela-
tionship needs further detailed studies. As a mineralogical curiosity, 
barite formation was observed in the nodules of the Solonetz profile. 
Authigenic barite formation took place in the presence of excess sulfate 
in the soil solution due to the saline environment, when precipitation of 
hydrous Fe and Mn oxides were temporarily intermitted. 
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