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Abstract A total of 30 clay samples were collected from the area around Riyadh
city, Saudi Arabia. A complete chemical analysis was carried out using different
techniques. X-ray diffraction studies showed that the clay samples were mainly
of the smectite group with traces of the kaolinite one. The samples studied were
classified as nontronite clay minerals. One of the clay fraction has been studied by
Mössbauer spectroscopy as raw clay fraction and after being fired at 950–1,000 ◦C.
The Mössbauer spectra showed accessory iron compounds in the form of hematite
and goethite. The structural iron contents disintegrate on firing transforming into
magnetic iron oxide and a paramagnetic small particles iron oxide.

Keywords Clay bricks · Iron oxides · Smectite · Nontronite · Montmorillonite ·
Mössbauer spectroscopy

1 Introduction

Clay minerals, in general, are fine grained, hydrous, aluminium silicates with laminar
structure made of octahedral and tetrahedral sheets as building blocks. These are
arranged in a special arrangement depending on the type of clay mineral [1, 2]. Their
physical properties and chemical compositions are determined by the geological
conditions in which they were formed [3].

The present investigation aims to throw light on the nature, classification and eco-
nomical application of clays around Riyadh. For that purpose, crystal structure was
investigated using different techniques. The classification scheme for phylosilicates
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used here is the one agreed upon by mineralogists throughout the world, i.e. the
phylosilicates are divided into groups each containing di-and tri-octahedral groups
each containing di-and tri-octahedral subgroups. The later is in turn divided into
mineral species [4].

The Mössbauer effect proved to be an excellent method for studying iron cation
positions in layer silicate minerals and has been used to establish the presence of Fe2+
and Fe3+ in clay minerals [5]. The isomer shift observed in the Mössbauer spectrum
indicates the valence state of the iron in the clay mineral. The magnitude of the
quadrupole splitting reflects the local surroundings of the iron ions.In sheet structure
silicates, ocatahedrally coordinated iron can be distinguished from the tetrahedral
iron. Siderite and goethite, common contaminants of the clay minerals, can usually be
detected by the help of Mössbauer spectroscopy [6–8]. However, the various families
of clay minerals show minor differences in isomer shift and quadrupole splitting
caused by variation in the character at the octahedral layer [5].

Fired clays, which undergo changes in their structural iron contents, have been
studied by Mössbauer spectroscopy, e.g. changes in the spectra of Fe in biotite are
observed in samples heated in air at 700 ◦C [6]. Heat treatment of mica samples at
100 ◦C yield magnetic hyperfine patterns [7]. Pottery clay fired at 1,200 ◦C was also
studied where upon decrease in magnetic field was observed [8].

We here report crystal chemistry,classification and Mössbauer analyses of some
raw and fired Saudi clay for the benefit of clay bricks industry.

2 Experimental

2.1 Sampling

The area around Riyadh (Saudi Arabia) was chosen on merit of geographic and
economical importance. Thirty samples were collected from different depths and
sites.

2.2 Analysis

Samples were sieved in a 60 mesh so as to enhance fusion and reduce matrix in XRF
analysis. X-ray diffraction studies were performed using a sintage high resolution
computerized powder X-ray diffractometer with a Si-Li detector. Oriented samples
were prepared by transferring a filtered clay suspension through a 0.45 micron pore-
size filter to a glass microscope slide. Measurements in the 3–60◦ 2θ region were
performed on the samples without treatment and another measurement was done
on sample A and B after being left in a dessicator with ethylene glycol at 60 ◦C
over night. The d-spacings for the different reflections and their net intensities were
obtained using on-line computer with subroutines for background substraction and
peak search finder.

Absorbed and crystal H2O were determined at 110 ◦C and 1,000 ◦C, respectively,
using a silica crucible and the presence of carbonate was checked by HCl treatment.

SiO2 was determined colourimetrically using standard albite, while Al2O3 was
determined volumetrically by EDTA in the presence of Fe and Ti. The albite
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Table 1 Typical chemical assay of clay samples wt%

Sample number 1 2 3 4 5 6 7

SiO2 49.2 55.1 55.5 45.9 54.8 58.2 45.2
TiO2 0.76 2.76 0.63 1.47 1.94 2.60 1.14
Al2O3 12.6 13.8 13.5 14.9 12.4 10.1 11.0
Fe2O3 8.7 9.68 10.5 19.4 10.2 9.68 7.2
CaO 7.88 1.87 1.21 1.34 2.19 2.79 9.24
MgO 2.22 1.90 1.65 0.36 1.89 1.94 2.42
Na2O 0.90 2.47 1.04 0.33 1.60 1.96 0.41
K2O 1.04 1.25 1.19 0.47 1.09 1.20 0.67
H2O(absorbed 6.17 4.30 6.64 2.24 4.81 4.82 7.64
H2O(crystal) 10.3 6.76 7.94 12.5 9.01 6.12 14.4
Total 99.8 99.8 99.7 99.9 99.9 99.4 99.9

Table 2 Combined Fe2O3
determined colourimetrically
after Iron oxide removal

Sample no. Wt.% of Fe2O3

1 8.44
2 9.60
3 8.52
4 2.57
5 3.63
6 9.29
7 7.75

standard used contains 18.61 % Al2O3. Fe2O3, CaO, MgO, Na2O and K2O were
determined by flame photometry in an oxine medium.

TiO2, Fe2O3 and CaO were also determined by XRF. The matrix variations,
particle size and surface finish effects were reduced by sieving the sample in a 60
mesh. Cd was used as a source with Si-Li detector, and time of collection was 500 sec.
Analytical results are shown in Table 1.

Trace elements were qualitatively determined by XRF and found to be Li, P, S,
Cl, Mn, Ni, Cu, Zni Ze, Br, Sr, Rbm Zr, Y and Nb.

2.3 Removal of accessory iron compounds

The clay samples were treated by Jackson method [9] to prepare 2 μ particle size
samples and then the accessory iron oxides were removed by adding 40 cm3 of 0.3 M
Na-citrate solution and 5 cm3 of 1 M NaHCO3 solution to 10 g of clay sample.
The temperature was brought to 80 ◦C using a sand bath, then 1 g of Na2SO4

was added. The mixture was stirred for one minute and then occasionally for a
total of 15 min.10 cm3 of saturated NaCI solution was then added and the mixture
was centrifuged for 5 min. at 1,600–2,200 rpm. This treatment was repeated once
more and the sample was washed three times with deionized water and dried at
room temperature.The combined Fe2O3 in these samples were then calorimetrically
determined, Table 2. The above treated samples (2 μ) and the untreated ones (60 μ)

were both fired at 950–1,000 ◦C for 3 h and their Mössbauer spectra were then
recorded by taking 0.15 g of the sample mixed with 0.07 g of charcoal using diethyl
ether and placed in a copper ring using aluminum foil. A 57Co-Rh source was used
and the low temperature measurements were done using liquid nitrogen (80 K) with
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Table 3 Chemical formula of the selected clay samples

Sample no. Structural formula

1 (Ca2+, K1+, Na1+) (Al3+, Fe3+, Mg2+) (Si4+, Al3+) O20(OH)4

1.3 0.20 0.27 1.82 0.97 0.51 7.54 0.45

2 (Ca2+, K1+, Na1+) (Al3+, Fe3+, Fe2+, Mg2+) (Si4+, Al3+) O20(OH)4

0.15 0.12 0.69 2.35 0.92 0.14 0.41 7.99 0.01

3 (Ca2+, K1+, Na1+) (Al3+, Fe2+, Mg2+) (Si4+, Al3+) O20(OH)4

0.19 0.22 0.30 2.34 0.94 0.36 8.00 0.00

4 (Ca2+, K1+, Na1+) (Al3+, Fe3+, Mg2+) (Si4+, Al3+) O20(OH)4

0.26 0.11 0.13 3.08 0.46 0.23 8.00 0.00

5 (Ca2+, K1+, Na1+) (Al3+, Fe3+, Fe2+, Mg2+) (Si4+, Al3+) O20(OH)4

0.35 0.46 0.46 2.15 0.94 0.10 0.42 8.00 0.00

6 (Ca2+, K1+, Na1+) (Al3+, Fe3+, Fe2+, Mg2+) (Si4+, Al3+) O20(OH)4

0.43 0.22 0.54 1.71 0.88 0.13 0.42 8.00 0.00

7 (Ca2+, K1+, Na1+) (Al3+, Fe3+, Fe2+, Mg2+) (Si4+, Al3+) O20(OH)4

1.64 0.14 0.13 1.65 0.85 0.12 0.60 7.51 0.49

the help of a continuous flow cryostat in conjunction with a temperature controller.
The Mössbauer spectra of the selected samples prepared at different conditions are
shown in Fig. 2. The corresponding Mössbauer parameters are presented in Table 4.
The data were calibrated using α-iron at room temperature.

3 Results and discussion

3.1 Chemical formula: [(Na,K,Ca)0.5−1.91(Fe3+,Al,Fe2+,Mg)3.14−3.82

(Si7.51−8.0Al0.0−0.49)O20(OH)4

Table 1 represents the elemental composition of samples. The indicated composition
is typical of these clays. These data can be explained by the similar origin of the
clays which were found under the same conditions of climate. Only seven samples
were chosen for comparative studies and their structural formulas were derived.
Titanium is not considered as part of the clay structure since its presence is attributed
to anatase or rutile [10].

The calculations were based on a unit cell consisting of 44 negative charges, i.e.
O20, (OH)4 see Table 3.

3.2 XRD spectra

Figure 1a and b shows the X-ray diffraction pattern taken for sample A before
and after ethylene glycol treatment. The expansion of the ∼14 Å reflection peak to
∼17 Å confirms that the smectite group is constituent of these clays. The diffraction
pattern also shows that kaolinites (only traces were detected), cristobalite, calcite
and mica are present, but the dominant constituents are quartz and feldspars. The
XRD patterns of sample B, Fig. 1c, shows that the smectite and kaolinite are very
much enhanced. The removal of accessory iron oxides greatly enhanced the parallel
orientations of the layered silicates and clearly changed the relative abundance of
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Fig. 1 1a before and 1b after
ethylene glycol treatment of
raw clay; 1c before and 1c’
after ethylene glycol treatment
of the clay sample freed from
accessory iron; 1d fired
sample. Sm smectite;
KI kaolinite; Q quartz;
P plagioclase; M mica;
CR cristobalite
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the different minerals. The clay fraction also consists of quartz, feldspars, mica and
cristobalite. Calcite seems to have been washed out with the accessory iron oxide.
The analysis of the fired samples has shown that quartz, feldspars, cristobalite and
haematite are present Fig. 1d.

For the fired samples it is clear that the core of the diffraction pattern became
larger than that before firing. This means there was an expansion of the lattice due
to firing.

3.3 Mössbauer spectra

The structure of the observed Mössbauer spectrum, Fig. 2(left(A) and right(A)),
consists of a six line pattern arising from magnetic hyperfine splitting in magnetically
ordered compound and a central doublet pattern due to quadrupole splitting.The
hyperfine splitting is completely absent in the spectrum of the clay sample freed
from accessory iron components, Fig. 2(left(B) and right(B)). From the values of
hyperfine parameters, Table 4, this accessory iron oxide is believed to be either
hematite(α-Fe2O3) or goethite (α-FeOOH) [11]. Raw, i.e., unfired clays, contain iron
in the clay fraction in varying amounts of accessory iron oxides and hydroxides [12].
Due to its high thermodynamic stability, goethite is the most common Fe oxide in
soils and is commonly associated with hematite in warm regions [13]. Hence, the six
line 57Fe Mössbauer spectrum, Figs. 2(left(A) and right(A)), of clay in as received
state could be tentatively assigned to either hematite or goethite [2, 14] or both.
Pure hematite Mössbauer spectrum shows a large hyperfine splitting with a hyperfine
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Fig. 2 Room temperature (left) and 80 K (right) 57Fe Mössbauer spectra of a clay sample originated
around Riyadh (A) in as received state, (B) after separating Fe2O3 from the sample, (C) after firing
the sample from which Fe2O3 was separated and (D) of standard α-Fe2O3

field of about 52 T at 300 K in agreement with values observed, Table 4. On the
other hand, well crystallized goethite orders antiferromagnetically at 400 K and one
observes a magnetic hyperfine splitting at RT with a hyperfine field of 38 T and a
quadrupole interaction of −0.26 mm/s [15–17]. This 38 T component is absent in the
300 K, Table 4, spectrum ruling out the presence of goethite.The concentration of the
accessory iron oxides contents determined chemically for two samples were; 0.80 and
0.9 % compared to 0.97 and 0.86 % determined by Mössbauer spectroscopy, Table 2.
The central doublet is assigned to structural iron in octahedral sites. The intense
doublet in Fe3+ state observed by Tripathi et al. [1] in the Mössbauer spectrum of
a China clay sample was assigned to iron in cis site of the clay mineral, while the
faint sextet was assigned to hematite. The range of the isomer shift between 0.3and
0.5 mm/s and a quadrupole splitting �, between −0.6 and −0.76 mm/s are typical
values for octahedral ferric ions as suggested by Coey [18]. He reported that the
typical parameters for ferric ions in tetrahedral positions are 0.17 mm/s for isomer
shifts and 0.5 mm/s for quadrupole splitting. Weaver [5] found that in nontronite
Fe3+ octahedron exhibits an isomer shift of 0.3 mm/s and a quadrupole splitting of
≈0.3 mm/s and in montmorillonite it exhibits an isomer shift of ≈0.4 mm/s. Eleven
samples of montmorillonite and nontronite studied by Coey [18] exhibited mean
isomer shifts and quadrupole splitting values of ≈0.38 and ≈0.5 mm/s,respectively.
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Table 4 Mössbauer parameters of: (A) as received, (B) iron oxide removed, (C) fired clay samples

Sample TK Site (%) δ (mm/s) �(mm/s) BhfT W(mm/s)

A 80 Fe3+ (53) 0.43 −0.60 – 0.60
Fe2+ (16) 1.12 −2.70 – 0.60
M1(14) 0.54 −0.27 49.6 0.54
M2(17) 0.50 −0.18 52.0 0.54

300 Fe3+(87) 0.35 −0.59 – 0.27
Fe2+(13) 1.09 −1.79 – 0.62

B 80 Fe3+ (92) 0.42 0.67 – 0.60
Fe2+ (08) 1.14 2.79 – 0.50

300 Fe3+ (91) 0.32 0.59 – 0.69
Fe2+ (09) 1.03 2.67 – 0.50

C 80 Fe3+ (36) 0.44 −0.76 – 0.65
M2 (64) 0.44 −0.27 52.7 0.48

300 Fe3+ (40) 0.34 −0.74 – 0.66
M2(60) 0.39 −0.31 49.6 0.52

α−Fe2O3 300 M2(100) 0.37 −0.29 51.4 0.44

M1 and M2 denote the goethite hematite iron site respectively

Erricson [19] concluded that typical parameters show large overlap from one species
to another.Taylor et al. [20] reported that the Mössbauer spectrum of nontronite
shows a single peak, actually an unresolved doublet, corresponding to ferric iron in a
single site. Iron in nontronite usually occurs in the octahedral layer [21].

In the region of firing temperature between 950 and 1,000 ◦C changes in the
structure of the central paramagnetic part is observed which is attributed to transfor-
mations in the clay mineral structure.The results of Fig. 2(left(C)) shows appearance
of a magnetic component upon firing which is associated with the dehydroxylation
of the clay minerals and transformation into hematite. The paramagnetic part is
persistent in the spectrum indicating that this component is due to a magnetically
ordered species in the form of fine particles [14, 22]. The relative decrease in the
paramagnetic component and appearance of a relatively large area of the magnetic
component suggest that at this firing temperature iron diffuses out of the lattice and
appears as a magnetic oxide, i.e., α-Fe2O3, in accord with the XRD results. The
significant enhancement of the magnetic part between the Mössbauer spectrum of
the unfired clay and the spectrum of the fired clay implies an apparent increase
in particle size of the oxide component of the clay. The size was estimated to be
doubled at 900 ◦C [14]. The Mössbauer of hematite particles smaller than 10 nm
is a quadrupole doublet only [22, 23]. The lower the temperature becomes, the
more the particles become blocked and exhibit a magnetic hyperfine structure. The
spectra then consist of a superposition of a magnetically split sextet arising from
the blocked particles and a quadrupole doublet arising from those in the limit of
fast supermagnetic relaxation [24], as observed in Fig. 2. Although the clay sample
under study is non-calcareous, but depending on the particle size and distribution
of the Ca-bearing carbonate in the clay matrix, one might expect the formation of
calcium silicate phases, e.g., gehlenite, Ca2Al [(Si, Al)2O7], that tends to form above
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about 900 ◦C in calcareous clays [25]. This will then contribute to the paramagnetic
Mössbauer pattern of the fired sample, Fig. 2(left(C) and right(C)), observed [25, 26].

4 Conclusion

In this paper we present the results of chemical analysis, XRD, XRF and Mössbauer
spectral studies performed on 30 clay samples collected from Riyadh area in Saudi
Arabia. The results are indicative of the fact that the dominant clay mineral group
is the smectite one. With high iron content found, these smectite minerals belong to
nontronite, which is the iron rich end members of the smectite group, rather than to
montomrillonite [14, 27].

The results presented in this paper demonstrate that Mössbauer spectroscopy can
provide a detailed description of the iron containing phases in a clay and of the
transformations that occur during firing. At ≈1,000 ◦C the structural iron component
has formed a magnetic phase during disintegration of the clay mineral structure. The
appearance of the paramagnetic component in the spectrum is attributed to fine iron
oxide particles formed not ruling out the formation of calcium silicate phases. Finally,
firing Riyadh clay minerals at 1,000 ◦C will ensure a deep red colour favoured by the
manufacturers of clay bricks. It remains to investigate the effect of oxidizing and
reducing conditions on the colour of bricks manufactured from such local clays.
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