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Fe–Mn nodules are common components occurring in various soils and especially in soils exhibiting imperfect
drainage. The formation, distribution, chemical composition, size, and shape of Fe–Mn nodules are the subject
of many studies and the research literature contains a lot of information concerning these issues. On the other
hand, data regarding the mineral composition of Fe–Mn nodules in the soil environment are limited to only a
few studies. Themain aim of the present study was to determine themineral composition of the Fe–Mn nodules
found in Albeluvisols in the Carpathian Foothills in Poland using quantitative X-ray diffraction (QXRD), Fourier
transform infrared spectroscopy (FTIR) and Mössbauer spectroscopy (MS). The obtained results show that Fe–
Mn nodules from Albeluvisols in the Carpathian Foothills in Poland are composed mainly of silicates (quartz,
K-feldspars, plagioclases) and phyllosilicates (dioctahedral mica, smectite, chlorite, and kaolinite), which are im-
pregnated with iron and manganese oxides. Iron minerals are represented by goethite and probably
lepidocrocite. Both ironminerals are characterized by very small particles and poor crystallinity. Goethite occur-
ring in all of the studied Fe–Mnnodules clearly prevails over lepidocrocite, which exhibits a higher concentration
only in nodules from the lower part (fragipan) of the soil profile located on a footslope and showing the strongest
stagnic color pattern. Manganite and todorokite represent manganese minerals; however, todorokite was ob-
served only in nodules obtained from illuvial horizons (Btx, Btg) of the studied Albeluvisols. The Fe–Mn nodules
obtained from eluvial horizons (Eg) show higher amounts of silicates (quartz, K-feldspars, plagioclases) than the
nodules obtained from illuvial horizons. On the other hand, Fe–Mn nodules obtained from illuvial horizons
(fragipan and argillic) exhibit higher amounts of phyllosilicates (i.e. clayminerals) in comparisonwith the eluvial
horizon. The differences in the quantitative mineral composition of the Fe–Mn nodules between eluvial and
illuvial horizons are related to the translocation of clay minerals from upper soil horizons into the lower part
of the soil profiles. This indicates that the nodules from E horizons were formed after translocation of major por-
tion of clay fraction down the soil profile. The similar mineral composition of the Fe–Mn nodules and bulk soil
material indicates that the nodules were formed in situ because of cyclic reduction and oxidation of Fe- and
Mn-oxides.

© 2013 Elsevier B.V. All rights reserved.
1. Introduction

Fe–Mn nodules are common components occurring in various soils
(e.g. Bigham et al., 2002; Dixon and White, 2002; Latrille et al., 2001;
Lindbo et al., 2000; Liu et al., 2002; Palumbo et al., 2001) and especially
in soils exhibiting imperfect drainage (e.g. D'Amore et al., 2004; Jien
et al., 2010; Szymański and Skiba, 2013; Zhang and Karathanasis,
1997). The formation of the nodules is related to seasonal anaerobic
conditions leading to the reduction of iron and manganese oxides due
to soil microorganism activity (Bigham et al., 2002; McDaniel and
Buol, 1991; Nikorych and Polchyna, 2003; White and Dixon, 1996;
Zhang and Karathanasis, 1997). Reduced iron and manganese are
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readily soluble in soil solution and can migrate within a soil profile as
long as they reoxidize and precipitate forming nodules and/or mottles
(Bigham et al., 2002; Dixon and White, 2002; Liu et al., 2002). The for-
mation, distribution, chemical composition, size, and shape of Fe–Mn
nodules are the subject ofmany studies, and the research literature con-
tains a lot of information concerning these issues (e.g. Cornu et al., 2005;
Jien et al., 2010; Latrille et al., 2001; Palumbo et al., 2001; Rhoton et al.,
1993; Szymański and Skiba, 2013; Tan et al., 2006; Zhang and
Karathanasis, 1997). However, data regarding the mineral composition
of Fe–Mnnodules in the soil environment are limited to only a few stud-
ies (e.g. Liu et al., 2002; Pawluk and Dumanski, 1973; Ross et al., 1976;
Schwertmann and Fanning, 1976; Uzochukwu and Dixon, 1986;
Zhang andKarathanasis, 1997). The scarcity of such studies ismost like-
ly connected with the many difficulties concerning the identification of
low crystalline iron and manganese oxides forming the nodules.

http://crossmark.crossref.org/dialog/?doi=10.1016/j.geoderma.2013.11.008&domain=pdf
http://dx.doi.org/10.1016/j.geoderma.2013.11.008
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Normally such mineral phases show broad peaks in X-ray diffraction
(XRD). The peaks are overlapped by reflections fromotherminerals (es-
pecially silicates and aluminosilicates) occurring in soils (Potter and
Rossman, 1979a; Schulze, 1981). The broad peaks of the iron and
manganese oxides are related to their poor crystallinity and aluminum
substitution aswell as thepresence ofmanydefects and impuritieswithin
their structure (e.g. Amarasiriwardena et al., 1988; Schwertmann and
Cornell, 2000). In order to identify Fe- andMn-oxides and oxyhydroxides
(hereafter called oxides for brevity) occurring in soils, some researchers
(e.g. Rhoton et al., 1993; Schulze, 1981) have used the differential X-ray
diffraction (DXRD) technique. Furthermore, in studies concerning the
mineralogy of Fe–Mn nodules, Fourier-transform infrared (FTIR) spec-
troscopy and Mössbauer spectroscopy are very useful techniques, which
allow a more accurate identification of short-range ordered mineral
phases (Bigham et al., 2002; McKenzie, 1989; Potter and Rossman,
1979a, 1979b; Schwertmann and Taylor, 1989). According to the research
literature (e.g. Jien et al., 2010; Liu et al., 2002; Rhoton et al., 1993; Ross
et al., 1976; Uzochukwu and Dixon, 1986; Zhang and Karathanasis,
1997), Fe–Mn nodules in soils are composed of primary and secondary
minerals such as quartz, K-feldspars, plagioclases and clay minerals
(kaolinite, micas, vermiculite, smectite), which are cemented to-
gether with iron and manganese oxides. Among the oxides, goethite,
hematite, lepidocrocite, ferrihydrite, todorokite, birnessite, vernadite,
and lithiophorite are the most common within Fe–Mn nodules occur-
ring in soils (Dixon and White, 2002, Schwertmann and Taylor, 1989;
Tokashiki et al., 1986; Tokashiki et al., 2003).

The main aim of the present study was to determine the mineral
composition of Fe–Mn nodules in Albeluvisols in the Carpathian Foot-
hills in Poland using quantitative X-ray diffraction (QXRD), Fourier-
transform infrared spectroscopy (FTIR) and Mössbauer spectroscopy
(MS).

2. Materials and methods

The present study was carried out on Fe–Mn nodules, which were
separated from four Albeluvisols in the Carpathian Foothills in Poland.
The location of the investigated soil profiles is shown in Fig. 1. The
Fig. 1. Location of the studied soil profiles and occurrence of Luv
Based on Skiba and Drewnik (2003).
Albeluvisols are entirely formed from loess and contain a fragipan,
which restricts the vertical movement of water and is responsible for
the seasonal formation of a perched water table (Szymański and
Skiba, 2013). The pedons studied are characterized by an acidic or
slightly acidic reaction (pH 5.1–6.8 in distilled water), low soil organic
carbon content (up to 1.1%), and no carbonates. The particle-size distri-
bution of the pedons studied is silt loam but their lower part exhibits a
distinctly higher clay fraction in comparison with their upper part. This
type of particle-size distribution is related to the translocation of colloidal
clay down the soil profile (i.e. lessivage). Illuvial horizons (Btx, Btg) are
characterized by higher bulk density and lower total porosity when com-
pared with the upper part of the studied soil profiles, which is likely the
effect of clay translocation (Table 1). Details concerning the chemical,
physical, micromorphological and mineralogical properties of the soil
profiles studied can be found in Szymański et al. (2011, 2012). Data on
the distribution, morphology, and chemical composition of the studied
Fe–Mn nodules can be found in Szymański and Skiba (2013).

Fe–Mn nodules were collected from genetic horizons showing the
highest concentration of the nodules (i.e. Eg, Btx, Btg horizons in the
Brzezie and Łazy profiles; Eg, Btx1, and Btx2 in the Pleśna profile and
Ap, Btx1, and Btx2 in the Gaik–Brzezowa profile). To separate the nod-
ules, the bulk soil material (fraction b2 mm) was wet-sieved through
a 0.5 mm sieve and dried in an oven at 105 °C for 24 h. Then, the nod-
ules (diameter from 2 to 0.5 mm) were handpicked by means of twee-
zers under a magnifying glass. The Fe–Mn nodules were ground with
ZnO (as internal standard) for 10 min using a McCrone micronizing
mill and passed through a 0.4 mm steel sieve. This material was
side-loaded into steel holders to obtained random powder mounts
and X-rayed using CuKα and CoKα radiation (from 2 to 65o 2Θ and
from 5 to 70o 2Θ, respectively) with a counting speed of 0.02o/5 s.
The calculation of mineral content in the Fe–Mn nodules was per-
formed using the Seifert Rietveld AutoQuan/BGMN computer pro-
gram (Taut et al., 1998) basing on XRD-data from 15 to 65o 2Θ.
XRD patterns were recorded by means of a Philips X'Pert diffractom-
eter with a PW3020 vertical goniometer. The diffractometer was
equipped with a 1° divergence slit, 0.2 mm receiving slit, incident-
and diffracted-beam Soller slits, 1° anti-scatter slit and a graphite
isols and Albeluvisols in the Carpathian Foothills (Poland).



Table 1
Selected physical and chemical properties of the studied soils.

Horizon Depth pH SOCa Sand Silt Clay Dbb Pc

(cm) (H2O) (%) (%) (Mg m−3) (%)

Gaik–Brzezowa profile
Ap 0–30 6.8 0.9 12.0 72.0 16.0 1.51 42.8
Btx1 30–90 6.2 0.0 12.0 67.0 21.0 1.57 41.4
Btx2 90–140 5.4 0.0 13.0 70.0 17.0 1.63 39.6
Btg 140–170 6.0 0.0 13.0 69.0 18.0 1.66 37.8

Brzezie profile
Ap 0–25 5.3 1.1 14.3 71.4 14.3 1.55 40.8
AE1 25–40 5.4 0.7 9.3 75.3 15.4 1.50 43.8
AE2 40–58 5.4 0.7 9.0 75.7 15.3 1.45 45.3
Eg 58–70 5.4 0.2 16.6 73.5 9.9 1.41 46.6
Btx 70–95 5.1 0.0 10.5 67.2 22.3 1.68 37.5
Btg1 95–115 5.4 0.0 10.3 68.9 20.8 1.67 38.1
Btg2 11–180 6.0 0.0 16.1 67.6 16.3 1.70 36.3

Łazy profile
Ap 0–35 6.4 0.9 21.0 70.5 8.5 1.27 51.2
Eg 35–50 6.7 0.2 21.0 68.0 11.0 1.53 43.1
Btx 50–70 6.1 0.0 15.0 62.5 22.5 1.61 39.7
Btg 70–90 5.5 0.0 18.0 64.5 17.5 1.56 42.4
BC 90–110 5.7 0.0 16.2 70.8 13.0 1.56 41.8
C 110–150 5.6 0.0 18.2 68.5 13.3 1.65 38.7

Pleśna profile
Ap 0–35 5.1 0.8 13.6 72.1 14.3 1.54 40.3
Eg 35–45 5.6 0.4 12.1 72.9 15.0 1.57 40.1
Btx1 45–100 6.0 0.0 12.9 67.8 19.3 1.63 38.0
Btx2 100–180 5.4 0.0 10.2 71.8 18.0 1.62 37.7
Btg 180–245 5.2 0.0 13.2 68.8 18.0 1.61 38.8
BCg 245–285 5.7 0.0 11.0 73.0 16.0 n.a.d n.a.

a Soil organic carbon.
b Bulk density.
c Total porosity.
d Not analyzed.

104 W. Szymański et al. / Geoderma 217–218 (2014) 102–110
monochromator. CuKα radiation was used with a 40 kV voltage and
a 30 mA current. In addition, some of the studied Fe–Mn nodules
were scanned using a Philips X'Pert diffractometer with a PW1710
vertical goniometer. The diffractometer was equipped with a 0.5° di-
vergence slit, 0.2 mm receiving slit, 1° anti-scatter slit, graphite
monochromator and Co lamp (30 kV voltage and a 30 mA current).

Fourier-transform infrared (FTIR) spectra were collected for random
powder specimens dispersed in KBr pellets by means of a Bio Rad FTS
135 FTIR spectrometer. The pellets (0.8 mg samples/300 mg KBr and
1.6 mg samples/300 mg KBr) were prepared using ground (in an
agate mortar) bulk samples that had been dried by heating at 105 °C
for 24 h and KBr powder that had been dried by heating at 550 °C for
24 h. Following the collection of FTIR spectra, the pellets were heated
again at 180 °C for 12 h and a second set of spectra was collected. In ad-
dition, FTIR spectra were collected for samples following the removal of
Fe- and Mn-oxides using citrate–bicarbonate–dithionite (CBD) as well
as for bulk soil material (fraction b2 mm, ground in an agate mortar)
obtained fromgenetic horizons of the studied pedons. To remove the ef-
fect of coarse primary minerals (i.e. quartz, K-feldspars, and plagio-
clases) on the FTIR spectrum, some nodules were ultrasonically
dispersed and centrifuged at 3000 rpm for 15 min. Thirty-two scans
were collected for each sample in the range from 400 to 4000 cm−1

with a resolution of 2 cm−1. The FTIR spectra were processed using
Spekwin32 software. The identification of minerals was done basing on
FTIR data given by Farmer (1974), van der Marel and Beutelspacher
(1976), Russell and Fraser (1994), and Madejová (2003).

Transmission Mössbauer spectra were obtained by means of a
RENON MsAa-3 spectrometer with the velocity scale calibrated by a
Michelson–Morley interferometer. Spectra were collected for the
14.41-keV resonant transition in 57Fe applying a commercial 57Co(Rh)
source kept together with the absorbers at room temperature. Selected
samples were additionally measured at 80 K and 5 K. Sample tempera-
ture was maintained with the help of a Janis Research Co. Inc. cryostat
SVT-400M. Mössbauer absorbers were prepared in powder form.
Data were processed using transmission integral approximation as
implemented in the MOSGRAF suite. All shifts of the spectra are re-
ported versus room temperature α-Fe.

3. Results and discussion

3.1. Identification of minerals forming Fe–Mn nodules

The identification of the minerals forming the studied Fe–Mn nod-
uleswas done using X-ray diffraction (XRD), Fourier-transform infrared
spectroscopy (FTIR), and Mössbauer spectroscopy (MS).

3.1.1. X-ray diffraction (XRD)
In order to identify the mineral phases occurring within the studied

Fe–Mn nodules, the samples were X-rayed using CuKα and CoKα radi-
ation. The analyses show that the studied Fe–Mn nodules are composed
of quartz, K-feldspars, plagioclases, and micas (Fig. 2). In addition, clay
minerals such as kaolinite and swelling clays (i.e. smectite, mica-
smectite, mica-vermiculite, and mica-vermiculite-smectite) occur
(Fig. 2). In most of the nodules, goethite and probably lepidocrocite
were identified by XRD. The identification of goethite was performed
basing on 4.18 Å, 2.57 Å, and 2.19 Å reflections (Schulze, 1981;
Schwertmann and Taylor, 1989; Tokashiki et al., 2003). Lepidocrocite
was identified basing on weak 6.26 Å, 3.29 Å, and ~1.93 Å reflections
(Brindley and Brown, 1980; Schwertmann and Taylor, 1989; Wang
et al., 1993). Manganese minerals are represented bymanganite occur-
ring inmost of the studied Fe–Mnnodules (Fig. 3).Manganitewas iden-
tified basing on ~3.40 Å, ~2.64 Å, and ~2.41 Å reflections (Brindley and
Brown, 1980; Dixon and White, 2002; McKenzie, 1989). In addition,
todorokite was present in nodules obtained from illuvial horizons of
the investigated pedons. Todorokite was identified basing on the
~4.80 Å, ~2.39 Å, and ~2.23 Å reflections (Dixon and White, 2002;
McKenzie, 1989; Post and Bish, 1988; Ross et al., 1976).

3.1.2. Fourier-transform infrared spectroscopy (FTIR)
Fourier-transform infrared spectroscopy (FTIR) supports the results

of XRDanalyses and shows that the Fe–Mnnodules studied are composed
of silicates and aluminosilicates such as quartz (Si–O–Si absorption bands
at ~460, ~695, ~780, ~799, ~1090, and ~1168 cm−1), K-feldspars and
plagioclases (Si–O–Si absorption bands at ~512, ~583, ~648, and
~727 cm−1), and 2:1 phyllosilicates, i.e. mica, smectite and mica-
smectite mixed-layered mineral (Al–OH–Al bending band at ~915, Si–
O–Si absorption band at ~1035 cm−1, and a band in the OH stretching
region at ~3622 cm−1). Furthermore, kaolinite (absorption bands in
the OH stretching region at ~3620, 3653, 3669, and 3697 cm−1) and
iron minerals (wide absorption band between 3100 and 3140 cm−1)
were found to be present (Fig. 4). Mn-oxide minerals in the studied
Fe–Mn nodules do not show visible absorption bands due to their
very low quantity (i.e. 0.4–1.3%, see below) and the overlapping of
their characteristic bands by the Si–O absorption bands of silicates and
aluminosilicates in the regions between 400 and 800 cm−1 as well as
1000 and 1200 cm−1.

The FTIR spectra of the studied Fe–Mn nodules are almost identical
to the spectra of bulk soil material from corresponding genetic horizons
(Fig. 5). The only difference between the spectra is the clearly higher in-
tensity of the wide 3100–3140 cm−1 band of the Fe–Mn nodules spec-
trum indicating presence of ironminerals in the nodules (Fig. 5). Results
obtained using Fourier-transform infrared spectroscopy suggest that
the presence of coarse and more crystalline silicates and aluminosilicates
makes the identification of iron and manganese minerals impossible.
Thus, FTIR spectra of selected Fe–Mn nodules were also collected follow-
ing ultrasonic dispersion and centrifugation. The additional spectra indi-
cate that goethite (absorption bands at ~428, 1115, and 3140 cm−1)



Fig. 2. X-ray pattern of the studied Fe–Mn nodules from Btg horizon in the Łazy profile; Qtz—quartz; Kf—K-feldspars; Pl—plagioclases; M—mica; K—kaolinite; S—smectite; M-S—mica-
smectite; M-V—mica-vermiculite; M-V-S—mica-vermiculite-smectite; Gth—goethite; Td—todorokite; Zn—zincite (internal standard).
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and probably also lepidocrocite (absorption bands at ~530, ~753 and
3160 cm−1) are present in the nodules (Fig. 6). Additionally, a compari-
son of the FTIR spectra collected before and after CBD treatment supports
the occurrence of goethite and lepidocrocite in the studiednodules via the
disappearance of the 3140 cm−1 absorption band following CBD treat-
ment (Fig. 7).
Fig. 3. X-ray pattern (from 15 to 42o 2Θ) of the studied Fe–Mn nodules from Btg horizon in the
manganite; Td—todorokite; Zn—zincite (internal standard).
3.1.3. Mössbauer spectroscopy (MS)
The research literature (e.g. Bigham et al., 2002; Murad, 2010) indi-

cates that Mössbauer spectroscopy makes it possible to identify oxide
state of iron, degree of iron site distortion and particle size of poorly
crystalline Fe-minerals, even in soil samples containing very small
amounts of iron. However mineral identification between various Fe
Łazy profile; Qtz—quartz; Kf—K-feldspars; Pl—plagioclases; M—mica; Gth—goethite; Mn—



Fig. 4. FTIR spectra of the Fe–Mnnodules from the fragipan (Btx1) in the Pleśna profile; A—FTIR spectrum before heating at 180 °C; B—FTIR spectrum after heating of the sample overnight
at 180 °C.
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oxides is only possible when the minerals are magnetically ordered.
Fig. 8 shows Mössbauer spectra obtained at room temperature for the
studied Fe–Mn nodules collected from selected soil profiles. Three
quadrupole doublets due to high-spin Fe3+ are clearly visible in the
Fig. 5. FTIR spectra of the Fe–Mn nodules (A) and bulk soil ma
spectra. Isomer shift of 0.37–0.38 mm/s and quadrupole splitting of
0.7–0.9 mm/s indicate that goethite clearly prevails in the studied Fe–
Mn nodules (Table 2). However, isomer shift of 0.37–0.38 mm/s and
quadrupole splitting of 0.5 mm/s may be interpreted as occurrence of
terial (B) from the eluvial horizon (Eg) in the Łazy profile.



Fig. 6. FTIR spectrum of the Fe–Mn nodules from the fragipan (Btx2) in the Gaik–Brzezowa profile collected after ultrasonic dispersion and centrifugation.
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lepidocrocite (Murad, 2010), but this identification is only presumed.
Additionally, a small amount of quadrupole split high-spin Fe2+ is also
seen andprobably results fromphyllosilicate remains present in the sam-
ple. The absence of magnetic splitting within goethite is likely caused by
the magnetic relaxation of super-paramagnetic small particles
(nanocrystallites) (Murad, 2010). The Fe–Mn nodules obtained from
the Btx horizon in the Łazy profile contain some larger particles relaxing
sufficiently slowly at room temperature to generate somehyperfinemag-
netic splitting. Fig. 9 shows spectra for Fe–Mn nodules obtained from the
Eg horizon in the Pleśna profile at three temperatures (i.e. room temper-
ature, 80 K, and 5 K),while Table 3 showsMössbauer parameters obtain-
ed at the same three temperatures. Super-paramagnetic relaxation slows
Fig. 7. FTIR spectra of the Fe–Mn nodules from the fragipan (Btx2) in the Gaik–Brzezowa profil
same sample after removal of Fe–oxides using CBD and heating overnight at 180 °C.
down at lower temperatures. However, even at 5 K, some very small par-
ticles relax sufficiently fast to average out the hyperfine magnetic field.
This indicates that particles of goethite and probably lepidocrocite have
dimensions on the order of one nanometer, depending to some extent
on the shape of the given particle.

3.2. Quantitative X-ray diffraction analyses

The results of the quantitative X-ray analysis of the Fe–Mn nodules
are summarized in Table 4. The Fe–Mn nodules studied are composed
mainly of quartz (from 39.2% in nodules from the argillic horizon to
66.7% in the eluvial horizon in the Łazy profile), K-feldspars (between
e; A—FTIR spectrum after heating the sample overnight at 180 °C; B—FTIR spectrum of the



Fig. 8.Mössbauer spectra of the studied Fe–Mn nodules collected at room temperature; A—
from Ap horizon in the Gaik–Brzezowa profile; B—from Btx1 horizon in the Gaik–Brzezowa
profile; C—from Btx2 horizon in the Gaik–Brzezowa profile; D—from Eg horizon in the Łazy
profile; E—from Btx horizon in the Łazy profile.

Table 2
Mössbauer spectroscopy parameters (IS, QS, bBN) and A for the studied Fe–Mn nodules.

Sample Aa (%) ISb (mm/s) QSc (mm/s) Iron valence state

Gaik–Brzezowa profile
Ap 52 0.38 0.9 Fe3+

20 0.38 0.7 Fe3+

25 0.38 0.5 Fe3+

3 1.13 2.6 Fe2+

Btx1 58 0.38 0.9 Fe3+

17 0.38 0.7 Fe3+

22 0.38 0.5 Fe3+

3 1.11 2.7 Fe2+

Btx2 59 0.38 0.8 Fe3+

16 0.38 0.7 Fe3+

23 0.38 0.5 Fe3+

2 1.12 2.6 Fe2+

Brzezie profile
Eg 48 0.38 0.9 Fe3+

24 0.38 0.7 Fe3+

25 0.38 0.5 Fe3+

3 1.13 2.6 Fe2+

Łazy profile
Eg 53 0.37 1.0 Fe3+

18 0.37 0.7 Fe3+

23 0.37 0.5 Fe3+

6 1.17 2.6 Fe2+

Btx 55 0.37 0.7 Fe3+

45 0.54 bBN = 14 Td Magnetic Fe3+

Pleśna profile
Eg 45 0.37 1.0 Fe3+

25 0.37 0.7 Fe3+

28 0.37 0.5 Fe3+

2 1.17 2.6 Fe2+

Btx1 52 0.37 0.9 Fe3+

22 0.38 0.7 Fe3+

22 0.38 0.5 Fe3+

4 1.15 2.6 Fe2+

Errors for all values are of the order of unity for the last digit shown.
a Contribution of the respective sub-profile to the total absorption profile equivalent to

content of Fe3+ and Fe2+.
b Isomer shift.
c Quadrupole splitting.
d Average hyperfine magnetic field in Tesla

Fig. 9.Mössbauer spectra of the studied Fe–Mnnodules from Eghorizon in the Pleśna pro-
file collected at room temperature (A), at 80 K (B) and 5 K (C).
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5.8% in the Btg horizon in the Łazy profile and 11.2% in the Eg horizon in
the Brzezie profile), plagioclases (ranging from 3.1% to 8.7% in the
fragipan in the Łazy and Gaik–Brzezowa profiles, respectively), and
dioctahedral mica (from 3.5% in nodules from the Eg horizon to 11.5%
in the Btg horizon in the Brzezie profile). In addition, clay minerals
such as kaolinite, chlorite and swelling clays (represented in Table 4
by smectite) also are present. From clay minerals occurring within the
nodules swelling clays clearly prevail. Their content ranges from 6.2%
in nodules from the Eg horizon to 27.1% in nodules from the Btx horizon
in the Łazy profile. The quantity of kaolinite and chlorite in the studied
nodules is much lower. Kaolinite content ranges between 0.0% and
2.5% and chlorite content ranges between 1.7% and 4.3% (Table 4).
Iron minerals are represented by goethite and trace amount of
lepidocrocite. The amount of goethite ranges between 1.2% in nod-
ules from the Btx2 horizon in the Pleśna profile and 9.8% in nodules
from the Btx horizon in the Łazy profile. Goethite has been previous-
ly identified in Fe–Mn nodules occurring in soils by other researchers
(D'Amore et al., 2004; Liu et al., 2002; Tokashiki et al., 2003). In addition,
Schwertmann and Fanning (1976), Rhoton et al. (1993), and Zhang and
Karathanasis (1997) showed that goethite is the only iron mineral in
Fe–Mn nodules found in soils with restrictive drainage. This indicates
that goethite plays a crucial role in the cementation of other minerals
and in the formationof nodules in the soil environment, especially in tem-
perate climate zones (Schwertmann and Taylor, 1989). Lepidocrocite,



Table 3
Mössbauer spectroscopy parameters (IS, QS, bBN) and A for the studied Fe–Mn nodules
from Eg horizon of the Pleśna profile collected at room temperature, 80 K and 5 K; A —

contribution of the respective sub-profile to the total absorption profile, IS — isomer
shift, QS —quadrupole splitting, bBN (Tesla) —average hyperfine magnetic field. Errors
for all values are of the order of unity for the last digit shown.

Temperature A IS QS
(%) (mm/s) (mm/s) or bBN (T)

RT 45 0.37 QS 0.99
25 0.37 QS 0.71
28 0.37 QS 0.48
2 1.17 QS 2.59

80 K 49 0.48 QS 0.73
30 0.48 bBN b42N
18 0.48 bBN b9N
3 1.25 QS 2.9

5 K 45 0.50 bBN 49.3
41 0.48 bBN 46
9 0.48 bBN 8
5 0.42 QS 0.6
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which is a very characteristic ironmineral in soils showing redoximorphic
features (e.g. Fitzpatrick, 1988; Fitzpatrick et al., 1985; Schwertmann and
Taylor, 1989), can be found in lower amounts than goethite. The amount
of lepidocrocite in the studied Fe–Mn nodules ranges from 0.0% in eluvial
horizons in the Brzezie and Łazy profiles to 0.9% in the Btx horizon in the
Brzezie profile, which was located at the foot of a slope (Table 4). This is
most likely related to its higher degree of crystallinity caused by longer
saturation and strong reduction in this soil profile, which further leads
to higher amounts of Fe2+ in comparison with other sites. The strongest
stagnogleyic color pattern in theBrzezie profile– relative to all the studied
profiles – indicates the highest degree of reduction, which promotes the
formation of lepidocrocite. Manganite and todorokite represent manga-
nese minerals found within the Fe–Mn nodules studied. Both minerals
occur in similar quantity (0.4–1.3%); however, the supply of manganite
is slightly larger, and manganite occurs more frequently than does
todorokite (Table 4). In addition, todorokite was found only in nodules
from illuvial horizons (i.e. Btx and Btg). According to McKenzie (1989),
todorokite may form due to the exchange of divalent ions of trace metals
(e.g. Cu2+,Ni2+) for two ions of sodiumwithin the crystalline structure of
manganite. This is the most likely mechanism of todorokite formation
within the studied Fe–Mnnodules, as a previous studyhad shown that di-
valent ions of trace metals found within the studied Fe–Mn nodules are
present (Szymański and Skiba, 2013). However, it should be noted that
the obtained quantities of manganite, todorokite, and also lepidocrocite
Table 4
Quantitative mineral composition of the Fe–Mn nodules studied.

Horizon Depth Qtza Kf Pl Di-mi Kln

(cm) (%)

Gaik–Brzezowa profile
Ap 0–30 57.4 10.1 5.1 6.2 0.0
Btx1 30–90 54.9 8.2 6.8 10.5 2.1
Btx2 90–140 56.7 8.1 8.7 6.9 1.3

Brzezie profile
Eg 58–70 64.6 11.2 5.2 3.5 0.5
Btx 70–95 55.1 7.6 6.7 5.7 2.4
Btg1 95–115 50.3 6.2 7.1 11.5 1.4

Łazy profile
Eg 35–50 66.7 8.4 7.3 4.5 1.2
Btx 50–70 44.5 9.1 3.1 11.3 1.8
Btg 70–90 39.2 5.8 4.8 9.9 2.5

Pleśna profile
Eg 35–45 57.9 7.8 7.4 6.5 0.0
Btx1 45–100 55.2 11.4 5.7 8.8 0.0
Btx2 100–180 57.8 9.9 6.3 8.5 0.0

a Key: Qtz-quartz; Kf-K-feldspars; Pl-plagioclases; Di-mi-dioctahedral mica; Kln-kaolinite; C
Am-amorphous substance.
are only presumedbecause such lowamounts are below the limit of accu-
racy when using AutoQuan/BGMN software. The Fe–Mn nodules are also
composed of short-range ordered mineral phases, with their content
ranging from 0.6% to 2.7%. The phases are most probably composed of
non-crystalline and very poorly crystalline iron (e.g. ferrihydrite) and
manganese oxides as well as poorly crystalline and disordered clay
minerals.

The amounts of silicates and phyllosilicates in the investigated Fe–
Mn nodules reflect the mineral composition of the bulk soil material
(Szymański et al., 2011) and indicate that the nodules had formed in
situ. Nodules obtained from eluvial horizons show higher amounts of
quartz, K-feldspars (Brzezie profile), and plagioclases (Łazy and Pleśna
profiles) than nodules from the fragipan and argillic horizon. On the
other hand, nodules from illuvial horizons (i.e. Btx and Btg) exhibit
higher amounts of dioctahedral mica, kaolinite, chlorite, and in some
cases, swelling clays and goethite (Brzezie and Łazy profiles). This indi-
cates that the Fe–Mn nodules from E horizon were formed after devel-
opment of the E horizon (i.e. after translocation of major portion of
clay fraction down the soil profile). Such translocation and accumula-
tion of clay fraction in the lower part of the studied soil profiles was
responsible for decreasing of hydraulic conductivity and periodic for-
mation of the perched water table above Btx horizon. In consequence,
cyclic reduction and oxidation occur leading to Fe–Mn nodule forma-
tion. The higher amount of smectite in Fe–Mn nodules from Ap horizon
in the Gaik–Brzezowa and from the Eg horizon in the Pleśna profile in
comparison with the nodules from the Btx horizon may indicate that
the nodules from the Ap and Eg horizons in these profiles are remnants
of nodules which were formed in the Btx horizon. This indicates degra-
dation of the pan and encroachment of eluvial material into B horizon.

4. Conclusions

Fe–Mnnodules obtained from Albeluvisols in the Carpathian Foothills
in Poland are composed mainly of silicates (quartz, K-feldspars, plagio-
clases) and phyllosilicates (dioctahedral mica, smectite, chlorite, kaolin-
ite), which are impregnated with iron and manganese oxides. Iron
minerals are represented by goethite and probably also lepidocrocite.
Both iron minerals are characterized by very small particles and poor
crystallinity. Goethite occurring in all of the studied Fe–Mnnodules clear-
ly prevails over lepidocrocite. Lepidocrocite shows a higher concentration
only in the nodules obtained from the lower part (fragipan) of the soil
profile located at the foot of the slope, and showing the strongest stagnic
color pattern. Manganite and todorokite represent manganese minerals;
Chl Sm Gth Lep Mn Td Am

2.2 14.6 1.9 0.1 1.0 0.0 1.4
2.7 10.4 1.4 0.1 1.1 0.9 0.9
2.0 11.6 2.4 0.2 0.7 0.7 0.7

1.7 9.1 1.6 0.0 1.3 0.0 1.3
2.9 14.1 1.9 0.9 1.0 1.1 0.6
2.9 16.8 1.7 0.2 0.0 0.8 1.1

2.1 6.2 1.5 0.0 0.0 0.0 2.1
2.3 13.4 9.8 0.1 1.0 0.9 2.7
4.3 27.1 3.5 0.2 0.9 1.1 0.7

2.2 13.0 1.6 0.2 1.2 0.0 2.2
2.3 12.1 1.6 0.2 0.8 0.0 1.9
2.6 12.2 1.2 0.2 0.0 0.4 0.9

hl-chlorite; Sm-smectite; Gth-goethite; Lep-lepidocrocite, Mn-manganite; Td-todorokite;
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however, todorokite was observed only in the nodules obtained from
illuvial horizons (Btx, Btg) in the studied Albeluvisols. Fe–Mnnodules ob-
tained from eluvial horizons (Eg) show higher amounts of silicates
(quartz, K-feldspars, plagioclases) than do nodules obtained from illuvial
horizons. On the other hand, Fe–Mn nodules obtained from illuvial hori-
zons (fragipan and argillic) exhibit higher amounts of phyllosilicates
(i.e. clay minerals) in comparison with the eluvial horizon. Differences
in the quantitative mineral composition of the Fe–Mn nodules between
eluvial and illuvial horizons are related to the translocation of clay min-
erals from the upper soil horizons to the lower parts of the studied soil
profiles. This indicates that the nodules from E horizons were formed
after translocation of amajor portion of clay fraction down the soil profile.
A similar mineral composition of the Fe–Mn nodules and bulk soil mate-
rial indicates that the nodules had formed in situ due to the cyclic reduc-
tion and oxidation of Fe- and Mn-oxides.
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