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Abstract—Selective sorption and/or fixation of cations with low hydration energies (e.g. K¥, NH;, Rb™,
Cs™) by vermiculites is a well known phenomenon in soil science and it has been described by many
investigators since the 1950s. Because most of the available studies deal with trioctahedral vermiculites,
cation fixation in dioctahedral vermiculites is not as well understood as fixation by trioctahedral structures.
The objective of the present study was to investigate the influence of NHj saturation on the structure of a
natural dioctahedral vermiculite. Because no dioctahedral vermiculite standard reference material was
available, two natural dioctahedral vermiculite-rich soil clay samples were used in the study. The clays
were saturated with NH using different protocols to simulate natural processes that likely take place in
soils. The degree of NH; fixation by the dioctahedral vermiculite was evaluated using X-ray diffraction,
elemental N analysis, and infrared spectroscopy. All the treatments that involved NHj saturation caused
NHj fixation and irreversible collapse (i.e. contraction to ~10 A) of at least a portion of the previously
hydrated (vermiculitic) interlayers. Air drying of the NHj-saturated samples greatly enhanced the degree
of the collapse. The results indicated that the collapse of dioctahedral vermiculite leads to the formation of
a NHy-illite-like phase that is likely to occur in some soils and sediments that are rich in organic matter.
The formation of a NHy-illite-like phase by NHJ fixation in vermiculitic interlayers needs to be taken into
consideration in studies that deal with the clay mineralogy of sedimentary basins.
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INTRODUCTION

Fixation of NHj by soil materials is a well-known
phenomenon (e.g. Douglas, 1989 and cited literature;
Nieder et al., 2011 and cited literature). It has been
studied extensively, mainly in the context of NHy-based
N-fertilization and on N availability for crops and on
microflora. NH, can be produced during organic matter
decomposition (Nieder et al., 1995) both in soils and in
organic-rich, soil-derived fresh-water and marine sedi-
ments during early diagenesis. Because of those reasons,
NH; fixation is likely to take place due to natural
processes both in soil and in diagenetic environments.
According to Douglas (1989), Nieder et al. (2011), and
Matocha et al. (2016), 2:1 clay minerals (i.e. illite,
smectite, and vermiculite) play a crucial role in NHj
fixation. In illite and illite-containing mixed-layer clay
minerals, NHj is fixed within the so-called frayed edges,
whereas smectite and vermiculite are believed to
accommodate NH, within the interlayer space. The
penetration of NH} into the interlayer space causes the
clay layers to collapse to ~10 A because of the low
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hydration energy of NHj. Several mineralogical studies
that have dealt with the fixation of low hydration-energy
cations (i.e. NH; and K") by dioctahedral smectites have
been published (e.g. Eberl et al., 1986; Sucha and
Siranova, 1991; Shen and Stucki, 1994; Heller-Kallai
and Eberl, 1997; Stucki, 2011). According to those
papers, the fixation within smectite interlayers occurs
only when NHj-saturated or K'-saturated smectites are
subjected to repeated wetting and drying (WD) cycles or
when octahedral Fe(III) in the structure has been reduced
to Fe(II). Without the application of WD cycles or the
reduction of octahedral Fe(III), the collapse is comple-
tely reversible and the smectites can be exchanged and
re-expanded using standard laboratory protocols by
cations with higher hydration energies like Na*, Sr**,
Mg**, or Ca®>" (Eberl et al., 1986; Shen and Stucki,
1994; Stucki, 2011). Considerably less attention has
been devoted to NH} fixation by dioctahedral vermicu-
lite despite the fact that dioctahedral vermiculite is a
common mineral in soil and weathering environments.
The selective sorption and/or fixation of cations with
low hydration energies (e.g. K', NH;, Rb", Cs") by
vermiculites has been known to soil scientists for many
years, as reported by many investigators since the 1950s
(Rich and Obenshein, 1955; Douglas, 1989 and cited
literature). Most of the available published studies dealt
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with trioctahedral vermiculites and, as a consequence,
cation fixation in dioctahedral vermiculites is not as well
understood as fixation in trioctahedral structures.

Dioctahedral vermiculite is a swelling 2:1 phyllo-
silicate that has a 0.6—0.9 negative layer charge per half
unit cell (i.e. close to that of interlayer-deficient mica-
illite) (Guggenheim et al., 2006). In contrast to illite,
which has interlayers that are occupied by anhydrous K*
and/or NHj, dioctahedral vermiculites have interlayers
that are occupied by hydrated exchangeable cations (e.g.
Mg**, Na', etc.). Dioctahedral vermiculites occur in
soils and in fresh water sediments (e.g. Srodon, 1999)
where it is always associated with quite a complex
mixture of other clay minerals that includes mixed layer
phases (e.g. Skiba, 2013; Viennet ef al., 2015). Because
of that fact, a determination of the layer charge of
dioctahedral vermiculites in natural samples is very
difficult. In the routine analysis of soils and fresh water
sediments, the identification of dioctahedral vermiculite
is performed using X-ray diffractometry (XRD) and it is
based on operational definitions (Bailey, 1980; Brown
and Brindley, 1980; Srodon and Gawel, 1988).
According to those definitions, vermiculite (just like
smectite) gives (001) peaks of ~14 A and ~12.5 A for
air-dry Mg -saturated and Na'-saturated forms, respec-
tively. This is believed to be due to the fact that Mg-
saturated dioctahedral vermiculite accommodates two
layers of water within the interlayer space, while Na-
saturated dioctahedral vermiculite accommodates only
one layer. Unlike smectites, the ~14 A peak of Mg-
saturated dioctahedral vermiculites do not shift to lower
angles after the sample is solvated with glycerol, while
the ~12.5 A peak of Na-dioctahedral vermiculites moves
to ~14 A after solvation with ethylene glycol.

The available published studies that illustrate cation
fixation by dioctahedral minerals (e.g. Rich and
Obenshein, 1955; Rich, 1964; Rich and Black, 1964;
Dolcater et al., 1972), however, indicate that dioctahe-
dral vermiculites appear to selectively sorb and fix K"
and NHj; in a manner similar to trioctahedral
vermiculites.

Saturation of dioctahedral vermiculite with NHj is
likely to collapse the interlayers and lead to the
formation of a ~10 A NHg-illite (tobelite) - like phase.
Tobelite is an interlayer-cation-deficient dioctahedral
mica similar to illite. Unlike illite, which has interlayers
mainly occupied by fixed K, tobelite mainly contains
NHj in the interlayers. Srodof et al. (1992, 2009)
determined that illite layer charge is close to that of true
micas (i.e. 0.89, 0.94), while the layer charge range for
aluminous illite is 0.6—0.9 according to Guggenheim et
al. (2006). This range precisely covers the theoretical
range in dioctahedral vermiculite layer charge. Tobelite,
an end-member NHy-illite that is common in hydro-
carbon reservoir rocks, has often been found to have a
micaceous layer charge component that is much lower
than true micas and as low as 0.75—0.81 (Drits et al.,
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1997; Drits et al., 2005; Mesto et al., 2012 and cited
references).

The collapse of dioctahedral vermiculite interlayers
due to NHj saturation is expected to be irreversible to
the ion exchange procedures (Jackson, 1969) routinely
used to prepare clays for mineralogical studies. The
XRD-mineralogy of this NHj interlayer reaction in
natural dioctahedral-vermiculite bearing clays has
apparently not been well documented in the available
published literature. In a previous work, Skiba (2013)
showed that a dioctahedral vermiculite from a podzol
(spodosol) indeed irreversibly collapsed at room tem-
perature to an illite-like phase after it was saturated with
K". The observed collapse indicated that the process of
K" fixation that leads to dioctahedral vermiculite
contraction (“illitization”) very likely occurs in soils,
weathering environments (e.g. due to local fluctuations
in K" concentrations), and during early diagenesis of
marine sediments.

The aim of the present study was: (1) to find out if
natural dioctahedral vermiculites indeed collapse irre-
versibly to a NHy-illite-like phase when saturated with
NH3, (2) to determine whether or not collapse is likely to
occur in natural soil and diagenetic environments, and
(3) to find out if the collapse may occur under wet
conditions or if the NHj-saturated dioctahedral vermi-
culite must be dried for the collapse to occur.

MATERIALS AND METHODS

Materials and experiments

For the purpose of the present study, natural soil clays
were used. The samples were collected from the albic
horizons of two podzols (spodosols) that developed on
granitic parent material in the Tatra Mountains, Poland.
Sample 1E came from a Haplic Podzol (Haplorthod)
developed in the Dolina Suchej Wody Valley and sample
6E came from a Haplic Podzol developed on
Trzydniowianski Wierch Mountain. Finding appropriate
soil samples for the planned experiment was challenging.
This was because of the fact that dioctahedral vermiculite
in most published studies was identified based only on
the behavior of the strongest (i.e. (001)) XRD reflection.
This identification method makes the distinction between
discrete dioctahedral vermiculite and mixed layer phases
impossible. The potential presence of hydroxy interlayer-
ing (e.g. Barnishel and Bertsch, 1989) and intercalation
by soil organic matter (e.g. Brown 1953; Skiba et. al.,
2011) make the task even more complicated. In a
previous study, Skiba (2013) examined the XRD data in
previously published research and in XRD analyses of a
vast number of soil clays, which led to the conclusion
that the existence of dioctahedral vermiculite as a
discrete mineral phase is doubtful. Because of that
conclusion, two Na'-saturated soil clay (ie <2 pm)
fractions that were rich in dioctahedral mica-vermiculite
mixed layer minerals were used in the experiments.
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Analytical methods

The collapse of the dioctahedral vermiculite due to
NHj fixation was studied using X-ray diffractometry
(XRD) (Philips X’Pert APD, Philips Electronics N.V.,
Almelo, The Netherlands). Fourier-transform infrared
spectroscopy (FTIR) (Bio Rad FTS 135, Bio-Rad
Laboratories, Cambridge, Massachusetts, USA) and
elemental (i.e. N) analyses (Vario El III, Elementar
Analysensysteme GmbH, Langenselbold, Germany)
were used to estimate NH, fixation. Oriented clay
mounts with a surface density of ~10 mg/ecm® clay
were prepared by re-suspending the samples in deionized
water and depositing the clays on glass petrographic
slides. XRD analyses were performed using a Philips
X’Pert diffractometer with a vertical goniometer
PW3020, equipped with a 1° divergence slit, a 0.2-mm
receiving slit, incident and diffracted beam Soller slits, a
1° anti-scatter slit, and a graphite diffracted-beam
monochromator. CuKo radiation was used with a tube
voltage and current of 40 kV and 30 mA. The air-dried
mounts were scanned from 2 to 52°20 with a counting
time of 2 s per 0.02° step under ambient humidity (~40%
— 50% RH) and after ethylene glycol vapor (analytical
reagent grade, POCH S.A., Gliwice, Poland) solvation
(12 h at 60°C). The N and C concentrations in the studied
clays were measured using a Vario El III elemental
CHNS analyzer (Elementar Analysensysteme GmbH,
Langenselbold, Germany). Prior to the analyses, the
samples were dried overnight at 105°C, packed into Sn
foil (Elementar Analysensysteme GmbH,
Langenselbold, Germany), and pressed. Sulfanilic acid
(standard for elemental analysis, Merck, Darmstadt,
Germany) was used to prepare standard curves for both
C and N determinations. The FTIR spectra were
collected for clays dispersed in KBr pellets (FTIR
grade, Sigma-Aldrich Chemie, Steinheim, Germany)
using a Bio Rad FTS 135 FTIR spectrometer (Bio-Rad
Laboratories, Cambridge, Massachusetts, USA) operated
under a dry N, atmosphere. Thirty-two scans were
collected for each sample in the 400 to 4000 cm ™' range
with a resolution of 2 cm™'. The pellets (0.8 mg clay/
300 mg KBr or 1.5 mg/300 mg KBr) were prepared
using clay samples that had been dried by heating at
105°C for 24 h and with KBr powder that was dried by
heating at 550°C for 24 h. After the collection of FTIR
spectra, the pellets were heated again at 150°C overnight
and second sets of spectra were collected.

A detailed and precise XRD pattern simulation for
multi-component (illite-smectite-vermiculite) interstrati-
fied soil clay systems that were formed by several
populations with different stacking orders (Skiba, 2013)
and with the different properties of layers saturated with
NH or Na* and solvated by water and ethylene glycol is
an enormously complex and difficult task (Skiba, 2013;
Viennet et al., 2015). Because of the difficulty of this
task, the weighted-average position of the major 2:1 layer
clay composite 001 reflections at ~6.1—8.2°20 CuKo were
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calculated for each Na-saturated and ethylene glycol-
saturated sample and was used as a proxy for NH fixation
(Table 1). To better compare the XRD results obtained in
the present study to XRD results previously presented by
Skiba (2013), whole-pattern, multi-specimen modeling
was performed for the Na (1E) NH,; Na and
(1E) NHy D Na sample XRD patterns. The modeling
was performed using the algorithms described by Drits
and Sakharov (1976) and implemented into the proprie-
tary software SYBILLA (version 2.0 _Sept 4, 2009), which
belongs to Chevron®™ and was applied using the same
procedures and structural parameters described by Skiba
(2013). To calculate the XRD patterns, the Na'-saturated
sample models by Skiba (2013) were taken as starting
models. In the course of the modeling, the initial
structural parameters were kept constant for all the phases
except for the mixed-layer phases that contained vermi-
culite and/or smectite. The starting models for mixed-
layer phases that contained vermiculite were modified by
the addition of tobelite layers (assuming the mean layer-
to-layer distance was 10.33 10\) in order to obtain the best
possible fit with the experimental XRD patterns. An
attempt was made to obtain a similar concentration (in all
the models) for discrete kaolinite, illite, and the individual
mixed-layer phases. The concentrations of K-illite-like
phases (%I) and tobelite-like phases (%T) were calculated
for samples by using formula 2 (%I) and formula 3 (I
concentration) from Skiba (2013) for the models. The
quality of the fit (R,) was calculated according to the
Howard and Preston (1989) formula (formula 1 (R;) in
Skiba, 2013).

RESULTS

The starting materials used in the present study were
from the same bulk samples that were described in detail
and used by Skiba (2007, 2013), which precisely
simulated air-dry and ethylene glycol solvated, Na-
saturated clay fractions. The XRD patterns of air-dry
samples had peaks at ~22.5 A, ~12.5 A, ~6 A,
334-3.0 A, and ~2 A for sample (1E) Na and at
~22.5 A, ~12.5 A, 11.2 A, 5.5 A, 3.34-3.0 A, and ~2 A
for sample (6E) Na (Figures 1 and 2). After ethylene
glycol solvation, the peaks shifted to ~24 /0\, ~14 10\,
5.0-4.5 A, ~3.3 A, and ~2 A (sample (1E) Na) and to
~245 A, ~14 A, ~122 A, ~48 A, and ~2 A (sample
(6E) Na) (Figures 1 and 2). According to previous
studies (Skiba, 2007, 2013), this behavior indicates that
the peaks belong to different random and partly ordered
(i.e. RO and RI1, respectively) mica-vermiculite and
mica-vermiculite-smectite mixed layer minerals. Other
peaks observed in both starting materials belong to
kaolinite ( ~7 A and 3.58 A), quartz (sharp peaks at
3.34 A and 4.26 A), and mica (peaks at 10 A, 5 A, 2.5 A,
and ~3.33 A) The peak at 4.47 A is the phyllosilicate
021 reflection and indicates a less-than-perfect orienta-
tion of the “oriented” clay film. As shown by Skiba
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Figure 1. Comparison between the XRD patterns of sample 1E
treated using different procedures (Table 1): (a) air-dried

sample and (b) ethylene glycol-solvated sample.

(2007), the clays were dioctahedral without detectable
concentrations of hydroxy interlayering. The FTIR
spectra (Figure 3) of both starting materials were quite
similar and showed absorption bands characteristic of
kaolinite at 3700 c¢m™', 3650 c¢cm ™', 3624 cm ',
936 cm™ ', 915 cm™ !, and 700 cm™'. The 2:1 dioctahe-
dral phyllosilicates yielded FTIR absorption bands at
3624 cm™', 827 em™!, 750 ecm~', 531 cm™ !, and at
470 cm™', as well as quartz bands at 800 cm™',
780 cm ™', 531 em™', and 470 cm~'* A broad band
typical of all silicates was observed at ~1000 cm™". The
bands at 3450 cm™', 2928 em ™', 2858 em ™', 2340 cm ™,
and 1735 cm ™! were attributed to soil organic matter and
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Figure 2. Comparison between the XRD patterns of sample 6E
treated using different procedures (Table 1): (a) air-dried
sample and (b) ethylene glycol-solvated sample.

decomposition products created by heating overnight at
150°C (Skiba ef al., 2011). Weak bands at ~3300 cm
and ~1430 cm™' may indicate a small amount of NHj
fixed within 2:1 phyllosilicate interlayers (Ahlrichs et
al., 1972; Stone and Wild, 1978; Sucha and Sirafiova,
1991), but the band might also be due to soil organic
matter (Russell and Fraser, 1994; Skiba et al., 2011).
After NHj-saturation, an increased intensity of the
~10 A phase XRD reflections was observed in both
samples (Figures 1 and 2). This most likely indicates the
collapse of the vermiculite interlayers to ~10 A, which is
the characteristic value for illite (Moore and Reynolds,
1997). A low angle shoulder at ~11 A and the effect of
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Figure 3. FTIR spectra of sample 1E treated using different procedures (Table 1).

ethylene glycol solvation on the XRD patterns suggested
the presence of some hydrated and/or swelling inter-
layers. In the FTIR spectra of NHy-saturated samples
(Figure 3), the bands due to interlayer NH, (Ahlrichs et
al., 1972; Stone and Wild, 1978; Sucha and Siradfiova,
1991) at ~3300 cm™', ~1430 cm™', and ~3124 cm™'
were observed.

The XRD patterns of samples that were NH;-saturated,
kept moist, and re-saturated with Na" showed only small
changes relative to the XRD patterns of the initial Na'-
saturated samples. The changes were manifested by an
intensity decrease in the low angle reflections relative to
the higher angle reflections (Figures 1 and 2) and some
intensity increase at the high angle side. This behavior
indicated that part of the NH, was retained after the
second Na-exchange saturation and caused a permanent
collapse to ~10 A of at least a small portion of the initially
hydrated interlayers in the samples.

The XRD patterns of the samples that were NHj
saturated, air-dried, and re-saturated with Na" signifi-
cantly changed relative to the XRD patterns of the
initially Na'-saturated samples and Na'-saturated sam-
ples that were not dried (Figures 1 and 2). The changes
significantly decreased the intensity of the low angle
reflections and increased the intensity on the high angle
side, which indicated an increase in the content of the
~10 A phase. The changes indicated that the air-drying
step between the NH; saturation step and the subsequent
Na-exchange caused a significant portion of the NHj to
be fixed and led to vermiculite interlayer collapse
(Figure 1, Table 1).

The XRD pattern changes produced by the NHj
fixation described above were confirmed by correspond-
ing changes in the FTIR spectra. As the proportion of the
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~10 A phase was increased, the intensities of the NH}
bands at 3100—3450 cm™' and 1400—1450 cm™' seemed
to concurrently increase (Figures 3 and 4). When the FTIR
bands were normalized to the Si-O envelope area at
850—1300 cm™', both of the FTIR regions that are
characteristic for NH; were linearly correlated with the N
contents (Figure 4), as predicted by Petit et al. (1998).

The calculated average XRD peak positions between
6.1—8.22°20 perfectly matched the N contents in both
samples. For a higher N content, the average peak
position was lower and shifted toward ~10 A (Figure 5).

The sample (1E) NH4 Na XRD patterns were fitted
using the same complex models (containing discrete
illite, discrete kaolinite, and seven mixed-layer struc-
tures) as the models used in a previous study (Skiba,
2013) to fit the (1E) Na sample starting material
(Table 2, Figure 6). The models fitted to the
(1E)_NH,4_Na sample XRD patterns indicated similar
concentrations of individual phases as the models used
by Skiba (2013) for the (1E) Na sample; however, an
increase in tobelite layers was needed to obtain a
satisfactory fit. Kaolinite, illite, and five mixed-layer
structures were needed to fit the (1E) NH; D Na
sample XRD patterns.

DISCUSSION
Collapse of interlayers following NHy saturation.

The saturation of dioctahedral vermiculite with NH;
collapsed the interlayers to ~10 A or likely to ~10.3 A,
which is typical for a collapsed NH,-smectite or an NHy-
illite (tobelite). Most of the interlayer NH3 was replaced
by Na' from the Na-acetate buffer and 1 M NaCl
treatments, which is a standard procedure commonly
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diamonds = sample 6E.

used to prepare clay fractions from soils and rocks for
analysis (Jackson, 1969), when the NHj-exchanged
dioctahedral vermiculite was kept moist. Drying NHj-
saturated dioctahedral vermiculite strongly enhanced
NHj fixation and interlayer collapse. Because drying
(either air-drying, vacuum-drying, or oven-drying) is
almost always used to prepare bulk soil or clay fraction
samples, a significant proportion of interlayer NH; will
be fixed if a sample contains any NHj-saturated
dioctahedral vermiculite and the fixed NHS cannot be
exchanged by other cations using standard procedures.
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Figure 5. Mean (weighted average) 001 XRD peak position of
the Na-saturated and ethylene glycol-solvated specimens
plotted against the N content for samples 1E (filled circles)
and 6E (open diamonds). The broken lines indicate the trend
line.
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Because, as was mentioned above, the collapse of
dioctahedral vermiculite interlayers to ~10 A is irrever-
sible (i.e. the interlayers cannot be rehydrated and re-
opened by Na'-saturation), the ~10 A phase formed
cannot be distinguished using XRD (and most likely any
other method common in mineral characterization) from
common illite, in particular from NHy-illite (10.3 A).

NH; -fixation vs. K" -fixation.

The same samples used in the present study were
tested for K fixation before using similar sets of
experiments, which included a few tests under condi-
tions that match those used in the present study (Skiba,
2013 and Skiba unpublished data). The initial K and N
contents of the starting material were subtracted from
the K and N contents after K" and NHj saturation. The
difference between the initial K and N contents and the
K and N contents after K" and NHj saturation should be
the K" and NHj cation exchange capacities (CEC) of the
initial material, which were 0.46 and 0.48 mmol(+)-g "
for the 1E sample and 0.32 and 0.38 mmol(+)-g™" for the
6E sample, respectively. The CEC values calculated
using both methods were in good agreement and
consistent with the mineralogical compositions of the
clay fractions.

Corresponding experiments using K" and NHj
produced a very similar degree of fixation. Both the
fraction of fixed cations (expressed as CEC equivalents)
and the weighted-average d-spacing calculated using the
method in Figure 5 provided matching results (Figure 7).
The correlation between fixed K™ and fixed NHj,
however, was not perfectly linear and after the
K'-fixation experiments, fixed K' was greater than
fixed NH; (based on chemical methods and the
d spacings) and the values were closer to mica
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Figure 6. Experimental (black) and calculated (gray) XRD patterns of the solid products of the experiments (Table 1) using sample
1E: a) air-dried sample and (b) ethylene glycol-solvated sample. The difference XRD plots (modeled XRD pattern subtracted from

XRD pattern) are shown at the bottom of each figure.

(Figure 7). Fixation of K by dioctahedral vermiculite
seemed to prevail over NHj-fixation. Despite more
intense K" than NH, fixation, the similar degree of
interlayer collapse that occurred in both experiments
implies that sample properties rather than the specific
exchange cation control the extent of fixation. The layer
charge range of the particular vermiculite must be
sufficient to bind cations of low hydration enthalpy
despite the substantially different K* and NHj charge
densities (K* and NHj have similar hydration enthalpies,
but NHj is a larger cation than K"). These conclusions
perfectly matched the results of Sucha and Siranova
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(1991) who used multiple wetting and drying cycles with
NH;- and K'-saturated smectites. The highest degree of
fixation, which was close to 50% of all the layers for
both cations, was obtained for a smectite with layer
charge of ~0.6 and the degree of fixation was, in general,
linearly dependent on the layer charge of the particular
smectite.

As was done in the K-saturated sample, the XRD
patterns of the Na-saturated sample (sample
(1E) NHzNa), which was NHj saturated, kept moist,
and then re-saturated with Na*, were modeled using the
starting models (i.e. those obtained by Skiba (2013) for
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Figure 7. Potassium vs. NHj fixation presented as chemical data (left, after the cation exchange capacity values were recalculated as
the equivalent fractions of fixed K and fixed NH,) and as the mean XRD d-spacing (right) for experiments using the same samples
from this study and from Skiba (2013 and unpublished data). The filled circles = sample 1E and the open diamonds = sample 6E.
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sample (1E)_Na) using an increased amount of tobelite
layers. The misfit values for the models were high
(Figure 6) and similar to those obtained in a previous
study for the corresponding XRD patterns. The tobelite
concentrations calculated using the models were 3% and
2.8% for the air-dry and ethylene-glycol-solvated
samples, respectively, The tobelite concentrations were
close to but slightly lower than the values calculated for
illite (3.1% and 3.9%, respectively) in a corresponding
experiment that involved K'-saturation (Skiba, 2013).
The tobelite values were in good agreement with the
chemical data (Figure 7). Five mixed-layer phases plus
discrete illite and kaolinite were needed to model the
XRD patterns of the NHy-saturated, dried, and Na'-re-
saturated sample ((1E) NHy D Na), whereas XRD
patterns of a K'-saturated sample from a corresponding
experiment (sample (1E) K D Na) from Skiba (2013)
were modeled using three mixed-layer phases plus
discrete kaolinite and two populations of discrete illite.
Calculated tobelite concentrations using those models
were 11.7% and 11.4% for air-dry and ethylene-glycol-
saturated samples, respectively. The values were sig-
nificantly lower than the values for illite (20.41% and
20.06%, respectively) calculated in a corresponding
experiment that used a K'-saturated sample (Skiba,
2013). The observed differences were also in good
agreement with the chemical data (Figure 7). For the
(1E)_ NH4 D Na sample, including some small admix-
tures of vermiculite-rich illite-tobelite-vermiculite
phases was necessary to obtain a satisfactory fit between
experimental and calculated patterns. For the
(1E) K D Na sample XRD patterns, the fit obtained
used only illite-rich phases. In both cases (i.e. samples
(1E) NHy4 D Na and (1E) K D Na), the models used
were much simpler than the starting (i.e. those used for
the modeling the (1E) Na sample) models, which
indicates the transformation of illite-vermiculite and
illite-vermiculite-smectite toward discrete illite and/or
illite-tobelite.

Results of both of the independently performed
chemical and XRD analyses indicated that K'-fixation
by dioctahedral vermiculite was more pronounced than
NHj-fixation. This finding is in good agreement with the
general picture presented by Sawhney (1972) in which
selective K* sorption and fixation by clays is stronger
than NHj sorption and fixation.

Likely transformations of dioctahedral vermiculites in
soils and diagenetic environments

The collapse of dioctahedral vermiculite due to NH}
fixation was achieved in the present study using
simplified laboratory systems. Despite this, the results
still might be used, at least to a certain point, to discuss
dioctahedral vermiculite transformation processes that
likely take place in soils and sediments.

Dioctahedral vermiculite formed in soils is likely to
transform into an NHy-illite like phase when the NHj
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concentration is increased. This may happen both in
soils and in organic-rich sediments due to organic matter
decomposition/transformation processes that lead to the
formation of NHj ions (Nieder ef al., 1995). This also
may take place in arable soils due to the addition of
NH;-based N fertilizers. This conclusion agrees well
with field studies on NHj fixation by vermiculite-
bearing soils treated with NH, fertilizers (e.g., Nieder
et al., 2011; Matocha et al., 2016). According to
Matocha et al. (2016), NH} fixation led to the formation
of an NHy-illite like phase identified by an increase in
the intensity of the ~10 A reflection, which was observed
in soils extensively treated with NHy-nitrate. The N in
the soil clay fractions that were used as starting
materials in the present study and the absorption bands
characteristic of interlayer NH; in the FTIR spectra
indicate that NHj fixation (leading to formation of an
NHj-illite-like phase) likely takes place in the soils of
the Tatra Mountains. Because the soils have most likely
never been fertilized, the fixed NH; clearly must have
originated from natural soil processes of organic matter
decomposition. The data available in the published
research seem to support this conclusion because
dioctahedral vermiculite-bearing soil clay fractions
commonly show significant N concentrations and the
FTIR spectra contain bands indicative of interlayer NHy
(e.g. Bain and Fraser, 1994; Skiba, 2007). Fixation of the
NHj that originated from soil organic matter miner-
alization was also reported by Nieder et al. (1995).
Ammonium fixation that leads to the collapse of
dioctahedral vermiculite via interlayer dehydration
appears to be a likely mechanism for the so called “soil
illitization” reported in several studies (e.g. Berkgaut et
al., 1994; Righi et al., 1995). This is likely to be
especially true for soils that are rich in organic materials
where NHj is expected to be produced by natural
processes of organic matter decomposition. This kind of
phenomenon involves the fixation of NHj from soil
components and was reported by Nieder er al., (1995).
The previously proposed and quite well-documented
mechanisms that explain “soil illitization” involve K'-
fixation by dioctahedral vermiculite, which leads to
interlayer collapse (Skiba, 2013). Cyclic wetting and
drying cycles of K'- and/or NHj-saturated smectite and
the reduction of smectite octahedral Fe(Ill) to Fe(II)
(Eberl et al., 1986; Sucha and Sirahova, 1991; Shen and
Stucki, 1994; Stucki, 2011 ) also contribute to interlayer
collapse. Based on published data and the data presented
in this study, one may conclude that the collapse of
dioctahedral vermiculite and smectite interlayers due to
both K" and NHj fixation can likely contribute to soil
illite or tobelite formation. In soils that formed in climates
that are not arid or semi-arid, interlayer collapse of
dioctahedral vermiculite due to NHj (especially in
organic-rich soils) and/or K' fixation is by far more
likely to occur than smectite interlayer collapse due to
wetting and drying. This is because of two reasons: (1) the
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soils are rich in aluminous dioctahedral vermiculite
(Douglas, 1989) and (2) drying does not very frequently
occur in those soils. In soils of temperate climates,
however, this mechanism would likely be mainly limited
to the top soil horizons/soil surfaces and those are the only
places where the relative humidity could become
sufficiently low to dry the soil material.

Dioctahedral vermiculite is expected to occur in
sedimentary basins because it is abundant in soils and its
2:1 layers are geochemically as stable as illite. Based on
the available published data, however, dioctahedral
vermiculite has never been reported in rocks and marine
sediments. The immediate collapse of dioctahedral
vermiculite interlayers and the presence of K' or NHy
cations is the most probable mechanism to explain the
lack of dioctahedral vermiculite in sedimentary systems.

CONCLUSIONS

The saturation of dioctahedral vermiculite exchange
sites with NH; at room temperature collapsed it to a
~10.3 A NHg-illite-like phase. The collapse was
irreversible to standard ion exchange treatments. The
degree of NHj-fixation observed in the present study
was less pronounced than the degree of K'-fixation
produced for the same samples by Skiba (2013) in
similar experiments. The observed interlayer collapse
indicated that the process of NHj-fixation that leads to
the formation of an NHy-illite-like phase at the expense
of dioctahedral vermiculite very likely occurs in soils
during weathering and in diagenetic environments
because organic matter decomposition likely increased
the NHj; concentration. Both dioctahedral vermiculite
and smectite interlayer collapse due to wetting and
drying cycles and/or to octahedral Fe(IIl) to Fe(Il)
reduction can likely contribute to the formation of an
NHy-illite-like phase in soils. These processes need to be
considered in studies that deal with the clay mineralogy
of sedimentary basins.
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