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Sciences, Budaőrsi út 45, H-1112 Budapest, Hungary; kovacs.ivett@csfk.org
7 CSFK, MTA Centre of Excellence, Konkoly-Thege Miklós út 15-17, H-1121 Budapest, Hungary
* Correspondence: lazar.karoly@ek-cer.hu

Abstract: The Boda Claystone Formation (BCF) is an extended sedimentary sequence formed in
a shallow-water salt lake under semi-arid to arid climatic conditions during the middle Permian
period. The rock was formed predominantly from denuded and altered products of three primary
felsic sources, the Mórágy Metagranite Complex, the Baksa Metamorphic Complex and the rhyolitic
Gyűrűfű Formation, resulting in the recent dominant sheet silicate components, illite and chlorite.
BCF has been considered a potential host rock for high-level nuclear waste, too. Thus, it has been
characterized by several powerful methods so far (X-ray diffraction (XRD), transmission electron
microscopy (TEM), etc.). 57Fe Mössbauer spectroscopy may provide a unique additional tool to
study iron-bearing minerals. Iron is dominantly present in a ferrous form in minerals of the fresh
parent rocks (in the biotite group and amphibole), and in a ferric oxide, hematite, in altered Gyűrűfű
Formation. During transformations of biotite group minerals and amphibole, the partial release
of ferrous iron or its conversion to ferric form takes place with the stabilization of recent illite and
chlorite, while the original layered structure is still preserved. Mössbauer spectroscopy revealed the
dominant presence of ferrous iron located in cis-M2 octahedral sites both in parent biotite group
minerals and in the final illite, as well as chlorite in both stages. The proportion of ferrous iron in
biotite group minerals was halved during the stages of evolution by conversion to ferric iron still in
sheet silicate illite or by segregation into separate hematite inclusions. The transformation process of
biotite group minerals and amphibole of the source rocks is connected only to the iron-bearing smaller
fraction of sheet silicates in the BCF clay mineral assemblage. Determination of Fe2+/Fe3+ ratios in
sheet silicates was also pertinent in two sections of BCF. Namely, in samples from the Gorica region,
Fe3+ was dominant, siting in illite, whereas Fe2+ was also present in significant portions in chlorite in
samples from the Western Mecsek Anticline. The interpretation is deduced in correspondence with
results of extended XRD, and high-resolution TEM studies.

Keywords: Boda Claystone Formation; Fe2+ and Fe3+ in sheet silicates; clays; Mössbauer spectroscopy;
illite; chlorite; hematite
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1. Introduction
1.1. General Overview

BCF has been thoroughly characterized and evaluated in several research programs
since 1990 due to its potential application as a host rock for the deposition of high-level
nuclear waste (HLW) and received an advantageous qualification in comparison with other
similar European clayey prospective host rocks [1–3]. Besides conventional techniques, the
application of sophisticated methods is also in progress recently, e.g., tectonic features and
fracture geometries are analyzed using convolutional neural network analysis [4]. 57Fe
Mössbauer spectroscopy has been also used among the assessing techniques for clarifying
particular issues [5].

The method is a unique tool for analyzing iron since direct information can be obtained
on the electron density (oxidation state) and the symmetry of ligands around the atomic
nucleus, from the parameters of isomer shift (δ), and quadrupole splitting (∆), respectively.
In particular, the ferrous (Fe2+) and ferric (Fe3+) states can clearly be distinguished in most
cases. The technique has been used extensively for analyzing clay minerals as well [6], and
even a special volume of the Hyperfine Interactions journal was devoted to related studies
(e.g. [7,8]). In the clay fraction (grain size < 2 µm), iron is accommodated dominantly in
sheet silicates (illite, chlorite, smectite, vermiculite, montmorillonite, etc.) and in oxides
and oxyhydroxides (hematite, goethite, etc.). The primary structural units in each of
these sheet silicates are the tetrahedral–octahedral–tetrahedral (T-O-T) sheets. Interlayer
cations may vary, or further additional layers can be found between them (e.g. octahedral
layers, forming T-O-T-O structure in chlorite) resulting in changes in distances between
the primary sheets. Both forms of iron prefer the octahedral siting in them. In sheet
silicates, the dioctahedral and trioctahedral sheets are also distinguished depending on the
valency of ions in the octahedral sites. Further, -OH groups take also part in the charge
neutralization, cis- and trans-symmetries can be distinguished depending on their mutual
symmetry [9]. The distinction between dioctahedral/trioctahedral variants and cis-/trans-
OH symmetries with Mössbauer spectroscopy is rather cumbersome [10,11]. Depending
on the particular structure and conditions of the formation of sheet silicates, the Fe3+/(Fe2+

+ Fe3+) partitioning may significantly vary in them [12].
With respect to the Mössbauer active element, iron, there is a consensus that its

primary sources are the magmatic and metamorphic biotite group sheet silicate minerals
and the chain silicate amphibole. From the point of view of our subject, the emphasis is
on the ferrous iron content in them; thus, hereinafter, the biotite group minerals will be
referred to in general. Rock types of BCF source rocks (the Mórágy Metagranite Complex,
the Baksa Metamorphic Complex and the Gyűrűfű Formation) contain these minerals in
various amounts [13–19]. Feldspar, the other primary component, usually does not contain
appreciable amounts of iron. If iron is exceptionally present in feldspar, iron(III) replaces
aluminum in tetrahedral sites [20].

The formation and alterations of clay minerals have been studied extensively and are
discussed in detail in textbooks [21]. In particular, the fate of iron and transformations of
the related minerals in clays have been described in various conference reports as well [22].

With iron in the foreground, redox changes can be sensitively followed up. The T-O-T
silicate sheets are rather stable during transformations, the interlayer ions between them
may be exchanged and these processes can occasionally be related to Fe2+/Fe3+ redox
changes in octahedral sites. Illite is one of the transformed sheet silicates among the present
constituents of BCF. This mineral does not have a strict stoichiometric composition, so it
may accommodate iron both in ferric and ferrous form together with other di- or three-
valent cations in certain concentration intervals [9]. Hereinafter, the illite term is used to
describe micaceous phases of the clay-sized, <2 µm fraction of BCF containing authigenic
illite–smectite and illite–muscovite.

The aim of the present communication is to provide unique insight with the tool of
the Mössbauer technique by examining the redox processes of iron with a particular focus
on transformations in sheet silicates, and on the fate of iron in more general. The studies
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are complemented with X-ray diffraction (XRD), high-resolution transmission electron mi-
croscopy (HRTEM), and X-ray fluorescence (XRF) elemental analyses in comparison of the
iron-bearing minerals of the parent original rocks (the Mórágy Metagranite Complex, the
Baksa Metamorphic Complex, and the Gyűrűfű Formation) with those collected from BCF.

1.2. Geological Background

The Middle Permian Boda Claystone Formation is located in the Western Mecsek Moun-
tains, southern Transdanubia, SW Hungary (Figure 1A). The Mecsek Mts. is part of the Tisza
Megaunit comprising the basement of the south-eastern half of the Pannonian Basin. In the area
of the Western Mecsek, the crystalline basement is mainly built up by the Variscan granitoids
of the Mórágy Metagranite Complex and the Baksa Metamorphic Complex [15,18,19,23]. The
continental sedimentation in the Western Mecsek Mts. began in the Early Permian and lasted
until the Lower Triassic. At the end of the Lower Permian, the deposition of continental sili-
ciclastic sediments was interrupted by an intense acidic magmatic activity, embodied in the
Gyűrűfű Formation. The BCF is part of this 2000–4000 m thick siliciclastic sequence (continental
red beds). The BCF is known in an area of 150 km2, with a 15 km2 outcrop (Figure 1B). Two
sections of BCF are known, namely the (i) perianticlinal structure of the W Mecsek Mountains
(WMA), and the (ii) so-called Gorica Block. The outcrop of BCF is not known in the Gorica
Block; several deep drillings reached the BCF, but only the borehole Ib-4 recovered the sequence
of BCF in significant thickness (between 494.2 and 709 m). On the basis of the deep drillings
total thickness of BCF is estimated to be about 700–900 m (in WMA), whereas its thickness is
smaller in the Gorica Block (about 350 m). The corresponding vertical stratigraphy cross sections
are reported in [24,25].
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Figure 1. Location of the Western Mecsek Mts. within Hungary (A). Scope of the Boda Claystone
Formation (B) based on [26]. Legend: 1, Paleozoic formations in general; 2, Boda Claystone Formation;
3, Late Permian Kővágószőlős Sandstone Formation; 4, Triassic sediments (sandstones, carbonates,
evaporites); 5, Jurassic and Cretaceous sediments; 6, Neogene sediments; 7, fault; 8, strike-slip fault;
9, thrust fault; 10, syncline and anticline with the trend of the fold axis; 11, locations of boreholes
from which the samples were obtained.

The sediments of the BCF are dominantly red and reddish brown in color (Figure 2a).
The BCF was deposited in a shallow-water salt lake environment surrounded by dry to
saline mudflat, under semi-arid to arid climatic conditions [26,27]. The main rock-forming
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minerals of the BCF in WMA are clay minerals (absolute dominant are illite–muscovite
and chlorite, whereas smectite, kaolinite, vermiculite and mixed-layer clay minerals were
identified in minor amounts), authigenic albite, detrital quartz, carbonate minerals (calcite
and dolomite) and hematite. In addition, barite, anhydrite, authigenic K-feldspar and
detrital constituents were also identified in trace amounts. Micas (muscovite and biotite
minerals) are dominant among the detrital components, and their quantity increases in
the interlayering of thin sandstone and siltstone layers (Figure 2b). The authigenic albite
is present as albite cement (typical of all rock types of formation), albite-, K-feldspar-
and carbonate-lined disseminated white voids (typical of albitic claystone). The BCF
recovered from borehole Ib-4 (Gorica Block) contains abundant analcime in addition to the
above minerals [3,24,28]. Similarly to authigenic albite, analcime is present as analcime
cement and pore filling. The illite and chlorite crystallinities (Kübler- and Árkai indices,
respectively), as well as vitrinite reflectance values determined in the area of WMA, indicate
late or deep diagenesis, with a maximum temperature of 200–250 ◦C [1,25]. Higher Kübler
and Árkai index values were determined in core samples of the deep drilling Ib-4 (Gorica
Block), suggesting that BCF in the Gorica Block was exposed to lower-grade diagenesis [24].
The relatively felsic provenance of BCF is derived from a large number of petrological
and geochemical studies performed on the Mórágy Metagranite Complex, the Gyűrűfű
Formation, and the Baksa Metamorphic Complex [17,23].
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Figure 2. Photographs of borecores. Cross-section of the albitic claystone, the most common rock type
of BCF. The typical reddish brown color originates from hematite (sample from borehole BAF-3A,
870.80–870.94 m, (a) top). Thin sandstone layer containing mica platelets is embedded into the BCF
host at the 716.4 m section of borecore BAF-3 with simultaneous presence of components being in
different various stages of transformation, (b) bottom.
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2. Materials and Methods
2.1. Samples

Samples were collected from deep BCF boreholes of BAF-2, BAF-3A (WMA), and Ib-4
(Gorica Block) and the weathered rhyolitic Gyűrűfű Formation (9018) (see the sampling
locations in Figure 1B). Representative rock samples from the Mórágy Metagranite Complex
(ÜH-27 and BEK-8 deep boreholes) and the Baksa Metamorphic Complex (PG-1 deep
borehole) were also studied (outside of the region shown in the map in Figure 1B.)

2.2. Methods

X-ray fluorescence was used for elemental analysis. Two instruments were used.
Samples from starting granitic and rhyolitic rocks were analyzed with an Innov X Delta
Premium-type device (Olympus Innov-X, Woburn, MA, USA). The power of its X-ray tube is
4 W, and the anode material is Rh. The device is equipped with a Peltier-cooled silicon drift
detector. Soil and Mining Plus Factory calibrations were used to identify the components.
Elements with Z ≤ 12 (Na, C) fall outside of the detection range for this instrument. BAF
samples were analyzed with ARL 8410 wavelength dispersive equipment using flow-
through proportional and scintillation detectors at the lower and the higher energy ranges,
respectively.The measurements were performed at the Spectroscopy Laboratory for Material
Testing, DUNAFERR Co. (Dunaújváros, Hungary), for further details see [24]. The weight
loss of samples was also measured upon heating to 1050 ◦C, and the amount of evolved
CO2 was also determined [24].

57Fe Mössbauer measurements were performed in constant acceleration mode on
a modular KFKI spectrometer (KFKI/EFO, Budapest, Hungary) equipped with a 1 GBq
activity 57Co/Rh source. Spectra were recorded in 1000 channels and were folded afterward.
Isomer shift values are related to the spectrum center of metallic α-iron with typical line
widths of 0.24 mm s−1 at room temperature. The accuracy of the positional parameters
(isomer shift, δ, and quadrupole splitting, ∆) is ca. ±0.03 mm s−1. Spectra were evaluated
using the SIRIUS [29] and MossWinn [30] codes and none of the positional parameters were
constrained in the fittings. The quality of decompositions was assessed with the relative χ2

values, reasonable fits with the lowest χ2 values were selected. The highest relative χ2 for
all the presented and discussed spectra in each case is below 1.35.

X-ray diffraction (XRD) measurements were performed on a RIGAKU Miniflex (Rigaku
Corporation, Tokyo, Japan) 600 equipment at 45 kV voltage and 35 mA current applying a
graphite monochromator with CuKα radiation. The quantitative analyses were carried out
with full profile fitting combined with Rietveld refinement using SiroQuant V4.0 software.

High-resolution electron microscopy (HRTEM) measurements were performed on the
Gorica samples with a Philips CM20 (Philips, Amsterdam, the Netherlands) apparatus
used at 200 kV accelerating voltage and equipped with a Noran Energy Dispersive System
(EDS). WMA samples were studied with FEI-Themis 200 G3 equipment operating at 200 kV
accelerating voltage with correction of spherical aberration (Schottky FEG, with 0.8 Å reso-
lution in HRTEM) and with FEI Super-X EDS detection system (Thermo Fischer Scientific,
Waltham, MA, USA). Velox software (version 3.3, FEI Eindhoven, The Netherlands was
used for recording and subsequent evaluation of the images. The TEM-EDS analyses were
carried out on regions with 80–100 nm diameter.

3. Results
3.1. Chemical Compositions

Chemical compositions for all studied samples are compiled into a single summarizing
table (Table 1). Iron contents of samples scatter in 1.8–9 wt% range (expressed as ferric
oxide, Fe2O3tot). Compositions with all the other main elements (except O, C, H) are also
shown in Table 1. The primary water content of samples is very low (<1%). The weight loss
during heating to 1050 ◦C comes only in small part from the decomposition of carbonates
(mostly calcite), the greater part originates from the conversion of hydroxyl groups in
minerals to oxides.
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Table 1. Chemical compositions of studied samples expressed in oxides in wt%. Data for Ib-4, BAF-2
and BAF-3A are adopted from Ref. [24].

Sample SiO2 Al2O3 Fe2O3tot MgO CaO K2O Na2O MnO TiO2 CO2 Ign. Loss a

Üh-27 (204.5 m) b 67.93 14.64 4.22 <LOD 2.08 11.13 n.d. 0.04 0.40 - -

Bek-8 (54.9 m) b 69.06 12.42 5.07 <LOD 4.31 14 n.d. 0.08 0.50 - -

PGI-1 (1726 m) b 68.56 14.04 9.06 <LOD 0.98 7.36 n.d. 0.10 0.63 - -

9018 (324 m) b 76.55 13.03 2.62 <LOD 1.62 6.18 n.d. 0.04 0.20 - -

BAF-4 (898 m) 74.97 13.27 1.84 0.71 0.52 5.58 0.91 0.02 0.20 0.56 1.9

Ib-4

510.9 m 49.42 16.93 6.10 4.27 3.72 6.24 1.07 0.08 0.71 3.02 11.6
538.8 m 52.56 15.79 6.52 3.93 3.72 4.06 2.67 0.11 0.71 3.46 9.9
560.8 m 49.32 16.76 7.53 3.50 3.45 4.71 3.37 0.10 0.75 3.16 9.9
588.1 m 47.83 15.95 7.42 5.13 4.80 3.94 3.37 0.104 0.81 3.36 10.1
612.7 m 49.80 15.92 7.37 5.59 4.81 4.62 2.11 0.092 0.91 3.36 8.4
655.0 m 53.67 11.60 5.19 0.93 11.53 0.64 6.53 0.208 0.93 6.70 7.5
708.0 m 56.24 11.16 2.89 0.53 12.31 0.52 6.84 0.153 0.39 5.98 6.8

BAF-2

369.9 m 51.45 16.87 8.33 3.67 3.31 5.46 2.27 0.07 0.89 1.98 6.6
587.0 m 50.71 16.61 8.09 4.59 4.36 4.58 2.52 0.09 0.90 2.97 6.9
647.5 m 51.51 16.74 8.17 5.01 3.59 4.21 2.49 0.10 0.97 2.42 6.5
724.0 m 51.73 17.22 8.71 4.29 2.33 5.46 2.07 0.05 0.92 2.42 6.8
876.2 m 50.73 16.68 8.21 4.67 3.18 5.76 1.33 0.08 0.94 2.34 7.5

BAF-3A

870.8 m 51.94 16.13 8.26 3.88 3.86 4.10 3.12 0.10 0.82 2.95 6.7

974.9 m 55.35 15.69 7.24 3.77 3.38 3.94 2.82 0.07 0.81 2.49 6.3

997.7 m 54.62 14.97 5.92 3.73 5.17 3.14 1.47 0.09 0.75 4.31 10.4

1017.2 m 54.52 16.09 7.99 3.88 3.02 4.23 2.57 0.06 0.92 2.67 6.0

1196.8 m 54.02 17.00 7.59 3.82 3.00 5.05 1.87 0.06 0.83 2.48 6.1

1231.3 m 54.36 18.91 8.12 4.35 0.74 5.29 1.73 0.03 1.07 1.01 4.9

1252.2 m 54.55 18.74 8.10 3.70 0.97 5.53 1.60 0.04 0.91 1.19 5.2
a Ignition loss: weight loss upon heating to 1050 ◦C, %, b measured with Innov X Delta Premium device (Z ≤ 12
elements (e.g., Na) are out of sensitivity range, LOD: limit of detection, for Mg 4.4 wt%.).

As a first inspection, it is worth taking a rough comparison of the iron content of the
three groups. The iron content in the fresh granitic samples is around 3–5 wt% Fe2O3tot,
in correspondence with values found for granites of the whole Mórágy Formation [13].
The iron content of rhyolite samples is significantly lower, namely 3 wt% Fe2O3tot is an
upper limit similar to the values obtained on several other samples collected from this
formation [16]. In contrast, the iron content of the BCF samples exceeds 2–3 times the values
mentioned before, i.e., a definite accumulation process of iron can be deduced for BCF.

3.2. Samples Characterizing the Precursor (Granitic, Rhyolitic and Metamorphic) Parent States

Rock samples originating from the Mórágy Metagranite Complex (ÜH-27 and BEK-8
deep boreholes), the Baksa Metamorphic Complex (PG-1 deep borehole) and the Gyűrűfű
Formation (9018 and BAF-4 deep boreholes) were studied using the methods of XRD and
Mössbauer spectroscopy.
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3.2.1. XRD Measurements

XRD diffractograms collected on the listed samples of starting rock types are shown in
Figure 3, and mineral compositions deduced from refined analyses of patterns are compiled
in Table 2.
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Figure 3. XRD diffractograms collected on granitic (Üh-27, Bek-8), rhyolitic (9018a) and metamorphic
(PGI-1) samples (kfs: potassium feldspar).

Table 2. Mineral compositions of Bek-8, PGI-1, Üh-27, 9018 and BAF-4 samples derived from the
XRD diffractograms (in wt%).

Quartz Albite K-Feldspar Mica Chlorite Amphibole
(Hornblende)

Bek-8 (granite) 12 32 48 3 1 4

Üh-27 (granite) 2 33 58 1 5 1

PGI-1 (metam.) 40 32 5 20 3 -

9018a (rhyolite) 30 42 18 10 - -

BAF-4 (rhyolite) 47 13 30 10 - -

Biotite group minerals cannot be distinguished in the diffractograms, and their contri-
bution is included in the peak of mica group minerals. However, the presence of biotite
minerals in various amounts can be clearly identified in thin sections of fresh or partly
transformed Bek-8, PGI-1, 9018 and BAF-4 samples with optical microscopy.

The few data shown for the granite samples in Table 2 coincide well with results
obtained on a large number of samples collected from the entire extent of the Mórágy
Granite [14,15]. Among iron-containing minerals, biotitic ones and amphibole were far
more dominant, and the presence of chlorite was also detected. MgO/(MgO + FeO + MnO)
ratios were determined with electron microprobe analyses in more than a hundred bi-
otitic samples of Mórágy Metagranite, and the obtained mean value is c.a. 0.4, i.e., this
group of minerals contains iron really in large amounts. The presence of montmoril-
lonite was negligible, and illite and hematite could not be detected at all in the unaltered
rock types [15].
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3.2.2. Mössbauer Measurements

Mössbauer spectra recorded on granitic, metamorphic and rhyolitic rock samples are
presented in Figure 4, and the corresponding extracted data are compiled in Table 3.
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Figure 4. Mössbauer spectra of the starting primary rocks (Fe3+ ochre, Fe3+ in hematite: dark
yellow, Fe2+(1) green, Fe2+(2) olive, Fe2+(3) dark green). The upper four spectra were recorded in the
±4 mm s−1 velocity range, containing only the two central peaks of hematite (top scale); the bottom
spectrum in the ±6 velocity range, containing the four middle peaks of hematite (bottom scale).

Two important observations are obvious already from the first inspection. Firstly, iron
is dominantly present in a two-valent ferrous state (approaching and exceeding 2/3 part) in
fresh granitic and metamorphic samples. The dominant part of the ferrous iron originated
from a doublet and is characterized by the δ ≈ 1.1 mm s−1 and ∆ ≈ 2.6 mm s−1 pair of data.

Secondly, hematite is apparently absent in the upper three spectra. In contrast, the
presence of hematite dominates the two bottom spectra of rhyolitic samples, considering the
wide velocity range which can include the full spectrum of hematite (~ ±10 mm s−1). This
observation is in sharp contrast with the XRD patterns in which the presence of hematite is
not revealed at all (Figure 3).

To resolve this contradiction in the first approach the different mass fractions of iron in
sheet silicates and in hematite should be compared. The mass fraction of iron in a chlorite
mineral with a 1:1 Mg to Fe ratio is 0.26 whereas in Fe2O3, hematite, is 0.67. Further, the
densities of these minerals are also different, hematite is c.a. two times more dense than
chlorite. Consequently, if we compare the sensitivities of XRD and Mössbauer method
for a sample containing hematite and chlorite phases in the same volume, the sensitivity
for hematite 5–8 times will exceed that for chlorite. Other factors, e.g., differences in
probabilities of the Mössbauer effect (f-factors) in hematite compared to chlorite may
also enhance the sensitivity for hematite. In summary, an expressed hematite sextet in
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a Mössbauer spectrum may be confronted with hardly detectable related peaks in the
XRD diffractogram.

Table 3. Parameters extracted from spectra of Figure 4.

Sample Comp. δ a ∆ b Fwhm c Rel.int. d

Üh-27 Fe3+(1) 0.27 0.69 0.98 25.0
(204.5 m) Fe3+(2) 0.36 2.03 0.18 3.8
granite Fe2+(1) 1.13 2.63 0.31 63.8

Fe2+(2) 0.99 2.11 0.37 7.3

Bek-8 Fe3+ 0.33 0.71 0.68 28.3
(54.9 m) Fe2+(1) 1.12 2.67 0.32 51.6
granite Fe2+(2) 1.08 2.15 0.40 20.1

PGI-1 Fe3+ 0.31 0.34 0.90 18.5
(1726 m) Fe2+(1) 1.11 2.62 0.30 45.4
metam. Fe2+(2) 1.07 2.26 0.35 27.2

Fe2+(3) 1.18 1.74 0.23 8.8

BAF-4 Fe3+ 0.27 0.82 0.70 20.5
(898 m) Fe3+(H) e,f 0.57 2.75 0.26 66.7
rhyolite Fe2+(1) 1.16 2.78 0.21 4.8

Fe2+(2) 1.12 1.27 0.21 8.0

9018 Fe3+(H) f,g 0.55 - 0.27 74.6
(324 m) Fe3+ 0.22 0.69 0.49 16.5
rhyolite Fe2+ 1.17 1.69 0.68 8.9

a Isomer shift, mm s−1, b quadrupole splitting, mm s−1, c full-line width at half maximum, mm s−1, d relative
intensity, %, e Fe3+(H): presence of hematite is deduced from appearance of the 3, 4 central peaks of sextet with
apparent δ and ∆, f the relative intensity is estimated for the corresponding full six-line sextet of hematite, g only
the inner four (2,3,4,5) peaks of hematite are shown with apparent δ.

Assessment of spectra of BAF-4 and 9018 samples originating from the volcanic
Gyűrűfű Rhyolite Formation shows strong weathering and removal of iron from micas
resulting in the dominant occurrence of iron in hematite. Only 10–12% of iron was able to
retain its original ferrous state.

3.3. BCF Samples
3.3.1. Samples from Gorica Block (Ib-4)

The estimated thickness of BCF in the Gorica Block is only c.a. 350 m, expanding in the
494.2–708.9 m depth range in the particular location of the Ib-4 borehole. A complex SEM
and synchrotron XRD mineral phase analysis of the Ib-4 (570 m) sample is presented in [3].

A spatial microtomographic image was also recorded for hematite in this sample
(Figure 5a). Note the fine grainy morphology of homogeneously dispersed hematite in-
clusions. The corresponding Mössbauer spectrum is shown in Figure 5b. The largest part of
iron is present in hematite, displaying two sextet subspectra with 50.9 and 49.6 Tesla internal
magnetic field (MHF) with 33.2% and 28.6% relative contributions. The connected δ and ∆
pairs of values are the same within the experimental error (0.37 and −0.20 mm s−1). One
third of iron exhibits a Fe3+ doublet with δ = 0.30 mm s−1 and ∆ = 0.64 mm s−1 parameters.
Fe2+ can only be distinguished from the appearance of a small shoulder (δ = 1.32 mm s−1,
∆ = 2.22 mm s−1, 5.2% intensity). The feature that, besides the nominal 51 Tesla internal
magnetic hyperfine field of hematite, another component with a lower MHF value (47–50 T)
also appears, is characteristic of all BCF samples. This can be attributed to the inclusion of a
certain amount of titanium and aluminum into the corundum structure of iron oxide [31].

HRTEM Studies

An Ib-4 (578 m) sample was also characterized with HRTEM. The presence of lamellar
small crystals with 10 Å layer distance (black arrows) and hexagonal hematite particles
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(white arrow) was detected (Figure 6a). The 10 Å layer distance was confirmed with the
SAED image (Figure 6a, inset).
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Figure 5. Hematite in the Ib-4 (570 m sample). 3D microtomographic XRD image displaying hematite
inclusions in a cubic segment with 200-micron edges ((a), left, adopted from [32]). The corresponding
Mössbauer spectrum ((b), right). Two different sextets of hematite are shown, marked in brown and
in dark yellow.
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Figure 6. HRTEM image of Ib-4 (578 m) sample ((a), left, black arrows: illite platelets) and the
corresponding SAED pattern obtained from layers stacked in 10 Å repetition sequences, characteristic
of illite (inset). Presence of thin hematite flakes wedged into illite layers is represented in the right
image ((b), reproduced with open access license from [28]).

TEM images of specimens prepared perpendicular to the T-O-T layer stacking from
the same borehole Ib-4 at 510 m depth allow the identification of the textural relationship
between illite and hematite [28]. According to Figure 6b, thin flakes of hematite appear in
between illite layers.

Some illite particles were analyzed with EDS (marked with black arrows in Figure 6a)
and dominance of dioctahedral layers with an average composition of low iron content
was found, e.g., K0.11Na0.07Ca0.01(Al1.59Mg0.26Fe0.16)(Si3.95Al0.05)O10(OH)2. The dioctahedral–
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trioctahedral distribution may vary, the iron content can even be doubled, e.g., K0.18Ca0.04
(Mg1.3Al0.37Fe0.34)(Si2.94Al1.06)O10(OH)2.

XRD Measurements

An extended XRD analysis was performed on samples to reveal the mineral compo-
sition across practically the whole borecore. There is a certain scatter in the components
(Table 4). Presence of illite is overwhelming among the layered silicate phases. Hematite is
also present in significant amounts.

Table 4. Mineral compositions of Ib-4 samples determined by XRD (mass %).

Depth (m) Illite Chlorite Smect. a Analcime Quartz Albite Calcite Dolom b Hematite

505.3 35 3 18 9 2 28 5

510.9 75 2 10 12

527.3 40 2 12 13 8 14 4 6

538.8 32 2 28 28 7 10 tr. c 5

553.4 35 1 2 18 14 11 10 2 7

560.6 40 3 20 3 16 10 <1 8

569.9 33 2 2 23 11 12 9 1 7

578.4 36 14 10 18 16 6

655.3 30 2 2 2 15 34 10 5

572.1 40 3 18 8 17 9 5

588.2 40 3 12 8 24 10 3

597.3 40 2 13 30 10 5

612.9 27 1 4 8 12 34 10 4

628.7 28 4 7 13 33 10 5

658.7 35 3 15 10 22 9 6

670.0 32 2 3 1 17 34 7 4

684.5 12 1 23 52 8 4

708.1 tr. c 21 66 13
a smectite, b dolomite, c traces.

Series of Mössbauer Spectra

The iron content in layered silicates is low, -Fe-O-Fe-O- chains are not present in
them, thus characteristic doublets for ferric and ferrous iron sites appear. In contrast,
in hematite these chains are present, and the magnetic sextet appears. The size of most
hematite particles is in the range of microns (see Figure 5a); thus, they do not exhibit
superparamagnetic behavior, which could eventually interfere with the central doublets
originating from layered silicates.

Mössbauer spectra were recorded in two velocity ranges in several cases. In the larger
(±12 mm s−1) range all six lines of hematite appear; however, the resolution for studying the
doublets in the central region is modest. The resolution for analyzing the doublets can be
improved by using a smaller velocity range (e.g., ±4 mm s−1) with the simultaneous exclusion
of the outer four peaks of a sextet of hematite. In this instance, the amount of hematite can
still be estimated from the intensity of the central two peaks of the sextet, which appears as a
doublet with apparent parameters of δ ≈ 0.5 mm s−1 and ∆ ≈ 2.55 mm s−1 considering the
nominal 3:2:1:1:2:3 rule for intensities of lines in the sextet.

A few typical Mössbauer spectra recorded on samples of Ib-4 borecore are presented
in Figure 7, and data extracted from fittings of seven spectra are collected in Table 5.
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Figure 7. Selected typical Mössbauer spectra collected on samples of Ib-4 borecore from different
depths recorded in two different velocity ranges ±12 mm/s (left) and for better resolution for the
central part in ±4 mm/s (right). (Doublets in silicates—ochre: Fe3+(1), yellow: Fe3+(2), green: Fe2+,
respectively, and dark yellow: middle 3 and 4 lines of hematite).

Table 5. Data extracted from series of ±4 mm s−1 Mössbauer spectra of Ib-4 samples.

Depth Component δ a ∆ b Fwhm c Rel. Int. d

510.9 m Fe3+(1) 0.30 0.84 0.51 33.2
Fe3+(2) 0.33 0.43 0.38 20.4

Fe2+ 1.31 2.24 0.49 17.0
hematite e 0.49 2.58 0.23 29.4

538.8 m Fe3+(1) 0.31 0.87 0.48 18.3
Fe3+(2) 0.34 0.44 0.42 21.1

Fe2+ 1.28 2.27 0.51 9.1
hematite e 0.49 2.55 0.25 51.4

560.8 m Fe3+(1) 0.30 0.86 0.45 17.6
Fe3+(2) 0.33 0.44 0.42 24.8

Fe2+ 1.30 2.22 0.48 10.3
hematite e 0.49 2.57 0.25 47.3

588.1 m Fe3+(1) 0.31 0.86 0.42 16.9
Fe3+(2) 0.34 0.43 0.42 32.5

Fe2+ 1.32 2.25 0.47 9.3
hematite e 0.50 2.58 0.25 41.3

612.7 m Fe3+(1) 0.28 0.88 0.46 18.4
Fe3+(2) 0.30 0.45 0.36 12.8

Fe2+ 1.32 2.24 0.41 8.8
hematite e 0.49 2.54 0.25 60.0

655.0 m Fe3+(1) 0.36 0.38 0.35 26.5
Fe3+(2) 0.35 0.63 0.52 6.8

Fe2+ 1.30 2.26 0.43 11.2
hematite e 0.49 2.55 0.25 55.5

a Isomer shift, mm s−1, b quadrupole splitting, mm s−1, c full line width at half maximum, mm s−1, d relative
intensity, %, e apparent isomer shift and quadrupole splitting values for the central 3 and 4 lines of hematite with
corrected full intensity values for the sextet.
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Ferric ions are far more predominant in sheet silicates in comparison to ferrous ones
in each sample, and the contribution of the latter component does not exceed ca. 10%
relative intensity.

The dominant presence of hematite is also apparent in almost all the samples. Sig-
nificantly less iron is present in the sample collected from the deepest region, from 708 m
(Table 1). It appears mostly as hematite sheet silicates are present only in traces (Figure 7
left, bottom, similarly as shown in the spectrum of the rhyolitic 9018 sample at the bottom
of Figure 4). Thus, it shows that iron in hematite spreads over more distant regions than
iron in sheet silicates.

3.3.2. Samples from Western Anticline (WMA)

The thickness of BCF in the western anticline part exceeds c.a. three times that of the
strata in the Gorica Block, it reaches c.a. 1000 m. Samples were obtained from different
boreholes. The longest one is BAF-2 spanning over more than 900 m (only 9.1 m thin
Quaternary sediments cover the BCF in this deep borehole). Samples from an even deeper
region were collected from the BAF-3A borecore.

Mössbauer Measurements

A few selected spectra obtained on BAF-2 samples recorded in the ±4 and ±12 mm s−1

velocity ranges are presented in Figure 8.
It is apparent from the first visual inspection that iron is present mostly in ferrous

form in sheet silicates with the accompanying presence of hematite to various extents. Data
from decompositions of spectra are collected in Table 6.

The overwhelming contribution of Fe2+ in the spectra is manifested by the doublet
characterized with the permanent δ = 1.1 mm s−1, ∆= 2.65 mm s−1 pair of data (with
27–40% relative intensity). The parameters of the other Fe2+ doublet are varying and its
contribution never exceeds 10%.
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Figure 8. Spectra of selected typical samples obtained from different depths of BAF-2 and BAF-3A
borecores ((top) and (bottom), respectively, ochre: Fe3+ and green: Fe2+ doublets in silicates, brown:
central 3 and 4 lines of hematite).

At the end of this part, a further point should also be mentioned with regard to
Mössbauer measurements. Namely, the determination of the Fe2+/Fe3+ relative proportions
extracted from room temperature Mössbauer spectra plays an important role. However,
these proportions are apparent, they do not strictly correspond to the absolute Fe2+/Fe3+

ratios, since the probabilities of the Mössbauer effect (f -factors) for Fe2+ and Fe3+ ions may
differ to a certain extent depending on the local structure of ions in minerals. In general, the
value of the f -factor for Fe3+ may exceed that for Fe2+ with 10–15% in various minerals [33].
For determination of the accurate Fe2+ and Fe3+ ratios measurements in dependence of
temperature should be performed [34]. To obtain an approximate influence on this effect
in our systems ±12 mm s−1 spectra of BAF-3A (998 m) recorded at 77 K and 300 K were
compared. The results of the comparison are summarized in the following short Table 7.

It is seen that the change in the relative proportions of components is uppermost
1.6% upon the change of temperature of measurement. This value is rather small; thus,
the temperature dependence of the f -factors will be neglected in the following discussion.
Further, the comparison of 77 K and 300 K spectra attests also that the superparamagnetism
has not been observed on hematite particles since the change of relative intensities of Fe3+

components is within the mentioned 1.6%. In other words, the size for the overwhelming
part of hematite particles exceeds the ca. 8 nm size threshold, below which superparam-
agnetism can take place. (This is in agreement with Figure 5a, in which the size of most
hematite particles certainly exceeds 1 micron.)
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Table 6. Data obtained from decompositions of series of Mössbauer spectra of samples from BAF-2
and BAF-3A borecores.

BAF-2 Component δ a ∆ b Fwhm c Rel. Int. d

370 m Fe3+ 0.36 0.65 0.59 18.2
Fe2+ 1.14 2.66 0.35 25.7

hematite e 0.5 2.58 0.26 56.1

415 m Fe3+ 0.37 0.61 0.57 15.2
Fe2+ 1.13 2.61 0.35 34.5

hematite e 0.49 2.55 0.26 50.2

587 m Fe3+ 0.37 0.60 0.60 18.2
Fe2+ 1.13 2.62 0.36 35.5

hematite e 0.49 2.56 0.28 46.4

647.5 m Fe3+ 0.39 0.66 0.56 21.7
Fe2+(1) 0.97 2.53 0. 21 3.4
Fe2+(2) 1.15 2.63 0.30 37.6

hematite e 0.50 2.58 0.27 37.2

724 m Fe3+ 0.38 0.60 0.60 16.3
Fe2+ 1.12 2.61 0.35 47.3

hematite e 0.48 2.56 0.27 36.4

876.2 m Fe3+ 0.38 0.66 0.58 30.5
Fe2+(1) 1.12 2.31 0.51 9.2
Fe2+(2) 1.14 2.65 0.31 40.2

hematite e 0.5 2.58 0.18 20.1

BAF-3A

870.8 m Fe3+ 0.35 0.66 0.68 19.5
Fe2+ 1.12 2.63 0.34 28.3

hematite e 0.47 2.56 0.24 50.4

974.9 m Fe3+ 0.35 0.66 0.66 21.2
Fe2+ 1.13 2.62 0.36 32.2

hematite e 0.49 2.57 0.27 46.6

997.7 m Fe3+ 0.32 0.63 0.45 22.2
Fe2+ 1.12 2.62 0.34 31.7

hematite e 0.48 2.57 0.25 45.4

1017.2 m Fe3+ 0.36 0.70 0.71 24.3
Fe2+(1) 1.15 2.66 0.31 28.6
Fe2+(2) 1.15 2.28 0.45 6.8

hematite e 0.51 2.58 0.24 40.2

1196.8 m Fe3+ 0.37 0.65 0.66 24.1
Fe2+(1) 1.15 2.66 0.38 27.5
Fe2+(2) 1.10 2.24 0.53 3.6

hematite e 0.51 2.57 0.25 44.8

1231.3 m Fe3+ 0.34 0.67 0.67 26.4
Fe2+(1) 1.13 2.64 0.32 44.3
Fe2+(2) 1.08 2.24 0.41 4.5

hematite e 0.48 2.59 0.21 24.7

1252.2 m Fe3+ 0.35 0.59 0.65 23.4
Fe2+(1) 1.12 2.66 0.37 31.7
Fe2+(2) 0.91 2.06 0.34 2.3

hematite e 0.48 2.57 0.25 42.6
a Isomer shift, mm s−1, b quadrupole splitting, mm s−1,c FWHM, full line width at half maximum, mm s−1,
d relative intensity, %, e apparent isomer shift and quadrupole splitting values for the central 3 and 4 lines of
hematite with corrected full intensity values for the full sextet.
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Table 7. Comparison of parameters of 77 K and 300 K spectra of BAF-3A (998 m) sample.

Temp. Comp. δ a ∆ b MHF c Fwhm d Rel. Int. e

77 K Fe3+ (H) f 0.44 0.24 52.7 0.48 44.2
Fe3+ 0.38 0.68 - 0.68 24.7
Fe2+ 1.21 2.85 - 0.48 31.1

300 K Fe3+ (H) f 0.36 0.23 51.1 0.33 44.1
Fe3+ 0.34 0.65 - 0.50 23.2
Fe2+ 1.13 2.63 - 0.36 32.7

a Isomer shift, mm s−1, b quadrupole splitting, mm s−1, c magnetic hyperfine field, Tesla, d full linewidth at half
maximum, mm s−1, e relative intensity, %, f Fe3+ in hematite.

X-ray Diffraction

Series of BAF-2 and BAF-3A samples were also analyzed with XRD, the results of re-
fined analyses are presented in Tables 8 and 9. For illustration, every second diffractograms
collected on the BAF-3A series are also shown in Figure 9.

Table 8. Mineral compositions of BAF-2 samples determined by XRD (mass %, with 5% error).

Depth (m) Vermiculite Illite Chlorite Quartz Albite Calcite Hematite

10.3 10 38 7 10 22 4 9

43.3 dl. * 41 13 12 21 5 5

83.2 dl. 32 14 12 26 8 8

151.8 3 13 31 18 26 3 dl.

369.8 2 33 12 8 27 6 10

385.1 1 28 18 10 25 10 6

480.5 2 21 23 12 26 10 6

586.1 3 28 16 12 22 12 7

647.5 3 14 17 25 33 5 3

725.5 3 10 17 19 34 11 6

791.6 3 15 11 21 36 11 4

876.2 dl. 28 16 25 15 6 4

908.5 2 15 12 24 37 6 3

* dl: detection limit.

Table 9. Mineral compositions of BAF-3A samples determined with XRD (mass %, with 5% error).

Depth, m Quartz Albite K-Feldspar Illite Chlorite Calcite Dolomite Hematite

854.8 44 - 23 10 8 - 6

870.9 7 40 - 30 8 8 - 7

874.9 13 37 - 26 11 7 - 6

997.7 * 22 13 11 20 7 12 - 6

1017.2 13 32 - 32 12 5 - 6

1140.9 18 48 - 10 10 3 7 4

1196.8 13 20 - 45 10 6 - 6

1231.4 13 22 14 30 16 - 1 4

1252.2 14 17 - 45 15 - 3 6

1270.5 12 17 13 30 18 2 - 8

1303.9 10 16 - 45 15 - 8 6

* with 10% exceptional smectite content.
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Figure 9. XRD diffractograms of every second sample reported in Table 9.

Remarkable differences can be observed in comparison with Ib-4 samples (Table 4)
since a significant amount of chlorite is present in the BAF-2 and BAF-3A series.

HRTEM

Characteristic HRTEM images obtained on the 998 m and 1252 m samples of the
BAF-3A borecore are shown in Figure 10. For the 998 m sample intergrowth of illite (10 Å)
and chlorite (14 Å) platelets are identified on the top left side, and the plain illitic part is
shown on the top right. For the 1252 m sample presence of hematite and illite particles is
represented in a smaller magnification on the bottom left and the coexistence of illite and
chlorite can be revealed from the bottom right image.

EDS analysis of components can also be performed on different regions. In corre-
spondence, in the knowledge of the structure of the analyzed region (T-O-T, illitic, 10 Å,
or T-O-T-O, chloritic, 14 Å), approximate chemical composition can be calculated (shown
in Table 10).

Table 10. Approximate formulas obtained from elemental compositions extracted from TEM
EDS analysis performed on chlorite and illite regions. The error in determination of elements is
6–8 relative percent.

Sample Character Composition

998/a Chlorite Na0.17Ca0.25(Mg2.77Fe1.30Al1.34)[Al0.68Si3.32O10] (OH)8

998/b illite&smectite K0.20Na0.24Ca0.24(Mg0.48Fe0.14Al1.27)[Al0.43Si3.57O10] (OH)2

998/c illite&smectite K0.53Na0.14Ca0.14(Mg0.44Fe0.19Al1.37)[Al0.35Si3.65O10] (OH)2

998/d illite&smectite K0.12Na0.3Ca0.08(Mg0.44Fe0.12Al1.50)[Al0.37Si3.63O10](OH)2

1252/a Chlorite K0.17Na0.1Ca0.03(Al2.21Mg2.24Fe0.68)[Al0.19Si3.81O10](OH)8

1252/b illite K0.79Na0.08 (H3O)0.13(Mg0.44Fe0.2Al1.37)[Al0.61Si3.39]O10(OH)2

1252/c illite K0.71Na0.04 (H3O)0.21(Mg0.31Fe0.19Al1.5)[Al0.65Si3.35]O10(OH)2

In these formulas, the presence of ferrous iron is presumed for chlorite, and ferric
iron for illite. However, the combination of interlayer H3O+ and ferrous iron in octahedral
positions cannot be excluded to a limited extent for illite. It is also seen that the relative
amount of iron in chlorite exceeds 5–8 times the iron content in illite in [(Al,Si)4O10]
structural units.
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Figure 10. HRTEM images obtained on the BAF-3A 998 m (top) and on 1252 m samples (bottom). Approx-
imately 60 nm thick chlorite platelet is shown in the top left panel. Several T-O-T (10 Å) interstratifications
of illite in chlorite (T-O-T-O, 14 Å) are marked in the top right panel. EDS spectrum of the chlorite region
shown at the top is displayed in the middle panel. Presence of larger hematite particles is revealed in
bottom left and simultaneous appearance of illite and chlorite is shown in bottom right.

4. Discussion
4.1. Processes Taking Place in Iron-Bearing Minerals during Formation of BCF

From the aspect of iron one of the principal net processes of diagenesis is the conversion
of biotite group minerals and amphibole through a few intermediate stages finally to illite
(and in part to chlorite). In the starting micas illite is not present at all, whereas chlorite may
occur already. The other parallel main process is the formation and segregation of hematite
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during the alterations resulting in the addition of this mineral in the largest amount to the
part that was present already in the weathered starting rhyolite.

The parent biotite group minerals belong to the more broad mica class with a general
T-O-T-c structure (tetrahedral–octahedral–tetrahedral sheets with “c” charge compensating
cations, and iron occurs only in ferrous form in octahedral siting [35]. The iron-containing
phyllosilicates of BCF in the final stage are identified mainly as illite and chlorite from XRD and
HRTEM analyses. The precursor aluminosilicate structure is preserved in illite, characterized
by the (K,H3O)(Al,Mg,Fe)2(Si,Al)4O10(OH)2 chemical formula [36,37]. However, an important
difference is that the inclusion of three-valent ions (aluminum and ferric iron) is also allowed
in octahedral sites in illite. Thus, iron and magnesium may be released in the biotite mineral
=> . . . => illite gross conversion process from the octahedral sites of biotite minerals in an
amount corresponding to the excess charge provided by incorporation of the three valent
aluminum and ferric iron ions in replacement of previous ferrous ones in the octahedral sheets.
If the released cation is iron, iron oxyhydroxide or at higher temperatures (above ≈ 150 ◦C)
hematite is formed in the presence of potassium-containing feldspar, as described in detail in
Section 4.2 in [21]. Further, amphibole can also be transformed into illite [21]. The third sheet
silicate actor, chlorite has a T-O-T-O structure with corresponding (Mg,Fe)3(Si,Al)4O10(OH)2 ·
(Mg,Fe)3(OH)6 stoichiometry. Similarly to illite, the triple T-O-T layer has an overall negative
charge which, in the case of this mineral, is compensated with the positively charged second
octahedral layer with (Mg,Fe)3(OH)6 composition [38]. Due to this, stoichiometry chlorite
may also contain ferric iron, but usually to a lesser extent than is characteristic of illite. There
are intermediate stages during the transformations, first probably swelling sheet silicates
(smectite) form, then the charge compensating cations are replaced and more compact illite
and chlorite are formed [39]. Even microbially induced smectite to illite transformation can
also take place at temperatures below 80 ◦C [40]. It is worth repeating here that a significant
amount of smectite and illite can be formed from the original glass and feldspar of rhyolite,
besides the discussed transformations of biotite group minerals. Description of various further
aspects of clay formation is discussed in detail in [21].

As for the other main iron-bearing mineral, hematite, its presence probably originates
at least from three sources. Hematite as a weathering product can already be present,
originating from the starting rhyolite, granite and metamorphic rocks. Further, if the
iron-containing chain silicate (e.g., amphibole) is partly decomposed, the released Fe2+ ions
may migrate in the aqueous phase rather far under reducing conditions, since Fe2+ ions
hydrolyze and precipitate between pH values 5 and 6. In a later stage, upon reverting to
oxidation conditions at the playa lake the converted Fe3+ ions immediately form hydroxide
precipitate (since the threshold for hydrolysis for ferric iron is very low, pH > 2). The third
source of the hematite is direct formation during illitization, as mentioned above [21]. The
processes described above are also reflected in Mössbauer spectra.

The precursor state is characterized by the dominant presence of ferrous iron as shown
in spectra of Üh-27 (204.6 m) and Bek-8 (54.9 m) in samples originating from the fresh
Mórágy Metagranite in Figure 3. The overwhelming part of ferrous iron in these samples
is characterized by a doublet described with δ ≈ 1.1 mm s−1 and ∆ ≈ 2.6 mm s−1 pair of
data. This pair of data coincides well with parameters for the cis-M2 sites (where the charge
compensating –OH groups occupy cis conformation in the octahedral sheet). The presence
of this doublet is dominant and permanent over several biotite samples. The other iron site
with trans–OH arrangement is less expressed and the ∆ parameter varies in between the
1.9–2.6 mm s−1 range [41]. The other possible starting iron-bearing mineral in granite is
amphibole. The doublet characterized with the δ ≈ 1.1 mm s−1 and ∆ ≈ 2.6 mm s−1 pair of
data is present in the spectrum of amphibole with the simultaneous presence of another
doublet in roughly the same intensity with ∆ ≈ 2.9 mm s−1 [42]. This latter doublet is
missing from our spectra, thus amphibole is probably a minor constituent in the examined
starting Mórágy Metagranite, i.e., biotite minerals are the primary iron sources. The other
starting iron-bearing rock can be the rhyolite. Its contribution to iron-bearing phyllosilicates
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is probably negligible since the total iron content is only c.a. one fifth that of the fresh
granite and iron is mainly in the form of stable hematite which probably remains unaltered.

The present form of iron-bearing clay minerals in BAF is dominantly composed of
illite and chlorite. During the diagenesis, the interlayer charge compensating cations may
vary, as the XRD and HRTEM analyses attest. The Mössbauer spectroscopy can hardly
distinguish among the various T-O-T structures since the primary information originated
from iron located in the middle octahedral sheet.

The morphology of hematite is also worth mentioning. Hematite occurs in two specific
forms: in regular crystallites (e.g., in Figure 5a, and in Figure 10, bottom left) or as interparticle
inclusions between illite packets (Figure 6b). The former regular large crystallites may probably
develop from solutions containing Fe2+ in the first step, just after leaving the biotite frame. Iron
in this ferrous form may migrate in the solution since it hydrolyzes only at pH 5–6. Following
oxidation to the ferric state, during the wet-dry cycles in a playa lake, iron oxyhydroxide may
precipitate immediately, since ferric ions hydrolyze already at pH 2–3. In the following stage,
the oxyhydroxide is transformed into regular hematite crystallites during burial and exposure
to larger pressure and temperature. The other variant, the interpacket nanoscale hematite
flakes, is probably precipitated during the illite formation.

In general, the principal T-O-T structural layers in sheet silicates are probably preserved
in the process of evolution of BCF. However, a part of the ferrous ions may migrate out of
them, and the oxidation state of a part of the remaining central ions in the octahedra can be
altered to a ferric one. This statement is based on the permanent presence of the doublet with
parameters of the δ ≈ 1.1 mm s−1 and ∆ ≈ 2.6mm s−1 pair of data. This particular cis-M2
ferrous doublet is present to different extents in almost all spectra. The parameters of ferric
ions in the octahedral sites are less specific, so structural deduction can hardly be based on
them. However, an important observation should be mentioned, namely the δ isomer shift of
the Fe3+ component never drops below 0.3 mm s−1, i.e., ferric ions always occupy octahedral
sites, and never are inserted into tetrahedral sheet. In a rough approximation, considering the
change of proportions of iron among the different species, the extent of disintegration of the
biotite (and amphibole) can also be estimated from the increase in hematite proportion, c.a. ½
portion of the original ferrous iron is converted to hematite.

4.2. Comparison of Gorica Block and WMA Samples

A distinct difference can be observed in the comparison of the proportions of Fe2+ and
Fe3+ contributions of layered silicates in the Ib-4 (Gorica Block) and BAF-2, BAF-3A (WMA)
samples. The Fe3+ contribution in Mössbauer spectra can be correlated with the illite
proportion derived from XRD studies (Tables 4, 8 and 9). The proportion of iron located in
hematite can also be derived from Mössbauer spectra. The distribution of iron among the
Fe2+, Fe3+ (doublets from layered silicates) and hematite (magnetic sextet) contributions are
represented in the top panels in Figure 11. Illite, chlorite and hematite mineral proportions
extracted from XRD data are also displayed at the bottom of the panels. Comparison of
the top and bottom parts of the panels provides an excellent illustration of the significant
difference in detection sensitivities of the Mössbauer and XRD techniques with regard to the
iron-bearing phases due to the different relative iron contents of corresponding minerals,
as was already mentioned in connection with biotitic minerals and hematite in interpreting
spectra in Figure 3. For illite, similar considerations are valid, as illite contains 13 wt%
iron in a nominal [K(Mg,Fe)2(Si,Al)4O10(OH)2] composition, compared to 67% in hematite.
Thus, the partial contribution of hematite is ca. 5 times less in XRD tables than percentages
obtained from Mössbauer spectra. Further, the average iron contents of illite and chlorite
are also different. Illite usually contains 2–3 times less iron than chlorite, since the former
usually consists of a T-O-T dioctahedral structure, whereas the latter prefers to exist in a
more iron-rich trioctahedral T-O-T-O structure. The comparison of the corresponding plots
attests that the Fe3+ contributions in Ib-4 samples can be correlated with the illite content,
and the 50–30% illite presence in minerals (from XRD) can be correlated with 55–30% Fe3+

iron in sheet silicates (from Mössbauer). In BAF-2 and BAF-3A 15–33% illite content is
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correlated only with 20–30% Fe3+. In reverse, Fe2+ is in good agreement with chlorite in
BAF-2 and BAF-3A, the 10–15% amount of chlorite corresponds to 30–50% Fe2+ in sheet
silicates. On the other side, the 20–40% illite content corresponds only to 20–30% Fe3+ in
layered silicates of the latter two borecores. These correlations confirm the presumption
that illite contains mostly Fe3+ and, in reverse, the dominant form of iron in chlorite is Fe2+.
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Figure 11. Comparison of distribution of iron among Fe2+and Fe3+ doublets and hematite sextets
in Mössbauer spectra (upper part of plots) and the corresponding mineral compositions for illite,
chlorite and hematite obtained from XRD diffractograms (lower part of plots) for the Ib-4 (top) BAF-2
(middle) and BAF-3A (bottom) samples. Approximate error in data points is 5%. (Solid lines are
shown only to guide the view.)
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Samples from the Gorica Block (Ib-4) and the two WMA (BAF-2 and BAF-3A) sources
can be compared from further aspects. Fe3+ is predominant in Ib-4 in comparison to Fe2+,
and in reverse, Fe2+ is predominant over Fe3+ in BAF-2 and BAF-3A. The conversion of
ferrous iron to ferric one in sheet silicates was less expressed in the WMA region or more
probably, the reducing environment sustained longer for the WMA section, the burial took
place to larger depths and the process was longer. In contrast, the percentage of iron located
in hematite is similar for both regions. Thus, once stable hematite was formed, its state
was preserved. On the other side, iron in layered silicates was probably more sensible to
changes in the local environment. This can be in correspondence with other observations.
Namely, structural iron in smectite is reduced than in pure oxides [43], i.e., the similar
hematite content can be accompanied by different Fe2+/Fe3+ occurrences in illite/chlorite.
Further, the reduction of structural Fe3+ may proceed with interfacial electron transfer as
the Mössbauer studies demonstrated [44].

5. Conclusions

The stages of transformation of sheet silicates in the genesis of BCF were followed from
the parent biotite group minerals to illite and chlorite by following the changes in the state
of iron ions with emphasis on the Fe2+/Fe3+ redox processes. The dominant source of iron
is biotite minerals and amphibole present in the precursor rocks. Ferrous iron is removed
in part from the T-O-T sheets and hematite is formed and stabilized quickly during erosion
and weathering. The silicates undergo a series of transformations, mostly by changing
the interlayer cations and, finally, illite is formed. Both ferric and ferrous states can be
stabilized in the inner octahedral positions of aluminosilicate sheets. It should be taken
into account that application of the Mössbauer method results in specific amplification for
detection of hematite phase, due to high partial iron content of this mineral. The sensitivity
is 6–8 times smaller for determining mineral compositions in sheet silicates by applying
the method.

In the parent rocks biotite group minerals were identified as containing iron with
parameters of δ ≈ 1.1 mm s−1 and ∆ ≈ 2.6 mm s−1 of Fe2+ doublet characteristic for cis-M2
octahedral sites. This doublet was retained (or restored) in smaller or larger extents during
transformations, i.e., the layered silicate structure was preserved at least in part. The
oxidation state of iron varied, and a part of it was removed during illite formation and
formed stable interlayer hematite.

In addition, samples originating from the two separate Gorica and WMA regions are
different with respect to illite/chlorite distribution: the former one is richer in illite and, in
agreement, the Fe3+ content is larger in comparison to WMA samples in which the chlorite
content is more significant with higher Fe2+ content.

In interpreting these results, it should be taken into account that the validity of these
findings is restricted only to iron-bearing minerals represented in the whole BCF rock with
only 3–6 mass % content of iron. Biotite group minerals and amphibole participate in
several other processes, and significant amounts of sheet silicates are also formed in other
transformations without any role of iron. With more general methods (XRD and HRTEM,
for instance) far broader scope of mineral transformations can be tracked. In our present
study, a particular insight provided by the Mössbauer technique was utilized to follow
the Fe2+/Fe3+ conversions and changes in the coordination of iron ions. Samples collected
from large-scale regions were compared in the present study. This method is probably
applicable to following local changes connected to iron, e.g., cracks, fractures and fissures,
for which studies can be attempted in the future.

The presented results obtained from the particular aspect of iron are in good corre-
spondence with the general view elaborated for the evolution of BCF [24,26,27].
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