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Abstract: This article examines the clay mineralogy of twelve representative soils developed from
gypsum-rich parent materials on several geomorphic positions. These soils were classified as Haplox-
erept, plus one profile as Humixerept and another as Xerorthent. The clay mineralogy, determined by
X-ray diffraction, showed quite a similar clay composition in all profiles, with mica, chlorite, and smec-
tite, from most to less abundant. Mica and chlorite are deemed inherited, while smectite—appearing
in minor proportions—could result from both transformation and/or neoformation, because the
leaching of bases by free drainage does not favor the transformation of mica to smectite. Therefore, the
differences in clay mineralogy appeared to be lithogenic rather than pedogenic. These compositional
data are an advance in the basic knowledge of the studied soils.
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1. Introduction

Gypsum (CaSO4•2H2O) is the most known sulfate mineral and a common soil com-
ponent in some regions of the world. The term “gypsiferous soils” was used by [1] for soils
containing more than 2% gypsum. This term has a broader sense for [2], as “gypsiferous
soils contain sufficient gypsum to influence soil physico-chemical, mineralogical, mechani-
cal properties and geotechnical conditions and as a consequence, affect plant growth and
crop production”. The word gypseous is better suited for soils having gypsum as the main
component or as the responsible component for the main soil properties.

A sketch of the world presence of gypsum-rich soils and an estimation of their extent
was made by [3] and [4], respectively. Most of these soils appear in arid countries, where
the gypsum can persist in the soils due to the scanty rainfall and the limited solubility
of gypsum in water (about 2.4 g L−1), but they also occur in different climates like in
Northern Russia [5], subboreal Eurasia [6], or Antarctica [7]. The gypsum-rich materials
are problematic in civil engineering because of the subsidence and collapses when gypsum
dissolves and because the waters containing sulfate corrode the iron and the standard
concretes. Unlike soluble salts, gypsum does not stress the common crops; its limiting
action is due to the low water storage capacity of gypsum-rich soils [8]. Moreover, the
physicochemical effects of gypsum in soil due to its non-adherence to clay tactoids are very
different from the cementing effects of calcite [9].

The present work studies the clay mineralogy of the soils developed on the outcrop-
ping nucleus of the Barbastro–Balaguer anticline, located in Ebro Basin, NE Spain (Figure 1).
This outstanding landscape feature was first described as a gypseous belt “faja yesosa”
by [10] and later studied by other geologists like [11–14], as well as by the geological maps
of Instituto Geológico y Minero de España [15–17]. This belt, over 100 km long and between
2 and 10 km wide, is the outcrop of the gypseous Fm. Barbastro [18]. The belt stands out
in the landscape because of its whitish color due to the gypsum abundance in soil, the
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bald areas, and the limited aptness for agriculture and forestry [19]. The gypsophilous
flora [20,21] allows the consideration of this area as an insular continental territory in the
sense of [22]. All these circumstances support the interest of improving the knowledge of
the soils on this gypseous outcrop.
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Clays are key for the mechanical properties of soils, as well as for water and plant
nutrient retention. Thus, the clay mineralogy of soils has been addressed in the literature
for different types of parent rock, but rarely for gypseous ones, e.g., Egli et al. [23]. Our
work is the first study on the clay mineralogy of the Barbastro gypseous belt, whose
soils undergo erosion and degradation associated with topographic and climatic factors,
alongside changes in land use.

In this area, locally known as chesa, gypsum is ubiquitous in the soils [24,25]. The
boundaries of the chesa against the surrounding lands are often well-contrasted, in terms
of colors and vegetation. In the present article, the term “chesas” names the lands on the
gypsum outcrop. The interest of the wildlife adapted to the local conditions led to the
delineation within the chesas of an area covering 137 km2 as the Special Conservation
Area “ES2410074 Yesos de Barbastro” (http://natura2000.eea.europa.eu/Natura2000/SDF.
aspx?site=ES2410074, accessed on 31 Agust 2024) protected under the Habitats Directive of
European Union. It is worth emphasizing that chesa soils are not saline, except for some
scarce and distinct endorheic spots [26].

Wilson [27] stated that clay minerals record the pedogenetic history of soils, and
extensive literature has studied the role of clays in soil behavior [28–32]. The review of clay
mineralogy in Europe by [32] illustrates the drawbacks for mineralogical determinations
due to the presence of gypsum.

Our examination of the clay mineralogy of the chesa contributes to the characterization
of these soils, previous studies of which focused on their morphology and micromorphol-
ogy [24,33]. The present article aims to find out: (i) what the main species of clay minerals
present in these soils are, and (ii) the distribution patterns of clay minerals on the slopes of
the chesas.

2. Material and Methods
2.1. Description of the Study Area

The most characteristic geomorphic features in the chesas are the hills with rounded
shape and the flat-bottomed valleys, known with the name of val (plural form: vales). The
bottom of most vales is cropped with winter cereal from immemorial times, and many of
them have been terraced. Lateral gutters and berms are built in some vales as well. Often,
erosion has incised the val with a longitudinal channel, or tollo by their local name. The
tollo can be several meters deep, with vertical walls exposing the eroded materials that

https://www.sentinel-hub.com/explore/eobrowser/
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filled the fossilized valleys carved by the erosion in the Quaternary. Table 1 uses some
of these terms and others taken from [34] and lists, by their slope position, the studied
profiles with the identifier number used by [24]. The sampling strategy was guided by the
topographic positions (Table 1), and then two sampling areas were selected at the West and
East ends of the gypsum outcrop, marked with arrows in Figure 1.

Table 1. Main features of the investigated soils (slope position, vegetation, and human intervention)
and their classification after [35].

Slope Position/
ID Aspect Vegetation Human Intervention Classification

Saddle/135 Q. faginea, Ononis tridentata Forest Gypsic Haploxerept

Saddle/143
Q. faginea, Q. coccifera, Rosmarinus
officinalis, O. tridentata, Genista sp.,

Thymus sp.
Degraded forest Entic Humixerept

Header of val/22 W Barley and almond trees Terraces, plowing Typic Haploxerept

Shoulder/143 N Q. faginea, Juniperus sp., Genista sp. Logging, thinning Gypsic Haploxerept

Backslope/136 E Quercus coccifera,
lichens Hunting Lithic Xerorthent

Footslope/141 N Q. faginea, Q. coccifera, R. officinalis,
Thymus sp., Genista sp. Very degraded forest Gypsic Haploxerept

Footslope/151 N Q. faginea, Buxus sempervirens, R.
officinalis, Lavandula sp., moss Degraded forest Gypsic Haploxerept

Bottom of val/
137 NE Cereal Terraces, lateral

gutters, plowing Gypsic Haploxerept

Bottom of val/
138

Q. faginea, Q. coccifera, Thymus sp.,
Genista sp. Plowing, abandoned crop Gypsic Haploxerept

Bottom of val/
140 NW Barley stubble Plowing Gypsic Haploxerept

Cone of dejection from chesa/
146 Cereal Plowing Gypsic Haploxerept

Alluvial plain from chesa/
147 Cereal Plowing Fluventic Haploxerept

The main soil profile pattern of horizons is A-By-C, A-Bk-C, or A-C, after the desig-
nation of horizons by [35]. In general, the soil thickness increases from the summit to the
toeslope, with maxima of >3 m in the dejection cone and the alluvial plain. The 60% of the
soil colors described are 10YR, while 7.5YR are 25%, and 2.5Y are 10%. The most frequent
soil structure was blocky and/or granular.

The Tamarite automatic weather station recorded for the period of 2003–2020 a
mean annual rainfall of 337 mm/year, and a mean temperature of 14 ◦C, ranging between
12.2–14.7 ◦C. The mean evapotranspiration rate is 1027 mm/year, according to the Spanish
network of agroclimatic stations (SIAR, Sistema de Información Agroclimática para el
Regadío) of the Spanish Ministry of Agriculture. The soil temperature regime is deemed
as thermic, and the moisture regime as xeric.

2.2. Mineralogical Analysis of Clays

Soil samples from horizons of different soils (Table 2) were air-dried and sieved to
<2 mm Ø; 100 g of the sieved sample was then mixed with deionized water and disag-
gregated by agitation with glass balls. The flocculating action of the salts—in our case,
the dissolved gypsum ubiquitous in the chesas—hampered the soil samples dispersion,
as could be observed throughout the analyses of these soils. Chemical cementing agents
(soluble salts, gypsum, carbonates, organic matter, and free iron forms) were eliminated
prior to the separation of the clay fraction according to [36,37]. The <2 µm fraction was
subsequently isolated by repeated siphoning of the dispersed material.
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Table 2. Provenance of the soil samples for the presented clay analyses: profile identifier in [24],
genetic horizon, XRD diagrams in oriented aggregates (OA), powder (P), ethylene glycol (EG), and
heated (H). Last column is the page of the soil description in [24].

Profile Identifier Horizon XRD Diagrams Page in [23]

22 Cy2 EG, H 310

134
Ay OA, EG

126By OA, EG

135
A1 OA, EG

148By OA, P

136 A1 OA, EG 120

137 By OA, EG 194

138 By OA, EG 192

140 By2 OA, EG 196

141
A1 OA, EG

150Bk OA, EG
Cy OA, EG

143 Ck OA, EG 152

146 By2 EG, H 240

147
Ap OA, EG

237Bw OA, EG
By OA, EG

151
A1 OA, EG

174Cy OA, EG

The clay study by X-ray diffractograms (XRD diagrams) in oriented aggregates and
in samples treated with ethylene glycol were obtained with the methodology of [38]. The
extraction was by successive decantation [39]. Organic matter was destroyed with 30%
electrolytic peroxide H2O2, while carbonates were eliminated with a buffered solution of
sodic acetate/acetic acid at pH > 4.2. Gypsum was also eliminated to avoid flocculation
that would interfere with the diffraction diagrams. For this purpose, a suspension of soil
in a solution of NaCl 0.1N is shaken and filtered in a 50 µm mesh, discarding what is
retained by the sieve. If needed, repeated siphoning was conducted until achieving a
satisfactory dispersion. Then, the clays are saved by siphoning at the adequate depth and
time according to Stokes law. The sodic clay is transformed to magnesic by exchange with
MgCl2 1N.

The diffractometer used was a Philips with the radiation Kα (λ = 0.179026 nm) from
cobalt filtered by an iron sheet. The excitation conditions were 35 KV and 18 mA, the time
constant was 1 s, the exploration velocity 2◦/min, the paper velocity 20 mm/min, the
divergence slot 1◦, and the reception slot 0.2 mm.

The minerals were identified with the ASTM Powder Diffraction File compiled by the
Joint Committee on Powder and Diffraction Standards, as well as the works [39–42]. The
primary minerals in selected samples were identified with diffractograms of unoriented
powder. Diffractograms in oriented aggregates treated with ethylene glycol and in oriented
aggregates were conducted on 45 soil samples for the identification of clay minerals. The
differentiation between vermiculite and chlorite was carried out on selected samples heated
at 500 ◦C for two hours.

3. Results
3.1. Clay Mineralogy

Figures 2–6 show XRD diagrams of the <2 µm fraction in oriented aggregates, powder,
or ethylene glycol, or heated for the selected twelve soil profiles. Table 2 lists the profiles
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and horizons where the samples come from, maintaining the identifiers of [24]. For images
of better quality, the reader is referred to http://hdl.handle.net/10261/83011, accessed on
11 August 2024.

The XRD diagrams repeatedly indicate the presence of three predominant minerals:
micaceous clays (dioctahedral mica), chlorite, and small amounts of smectite. Chlorite
and mica can be inherited from the parent material. The clay paragenesis is relatively
similar for all horizons. Therefore, the soils of the study area retain most of the original
soil components.

Figure 2. X-ray diffraction patterns of air-dried oriented aggregates and treated with ethylene glycol
of clay fraction belonging to different horizons of profiles 136, 134, and 151.

Figure 3. X-ray diffraction patterns of air-dried oriented aggregates and treated with ethylene glycol
of clay fraction belonging to different horizons and profiles 135, 141, and 143.

http://hdl.handle.net/10261/83011
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Figure 4. X-ray diffraction patterns of air-dried oriented aggregates and treated with ethylene glycol
of clay fraction: variations with depth in the profile 141.

Figure 5. X-ray diffraction patterns of air-dried oriented aggregates, treated with ethylene glycol, and
heated at 500 ◦C, of clay fraction belonging to different horizons and profiles 138, 137, 140, and 22.

Figure 6. X-ray diffraction patterns of air-dried oriented aggregates, treated with ethylene glycol, and
calcined at 500 ◦C, of clay fraction belonging to different horizons and profiles 147 and 146.
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3.2. Mineralogy in Initial Stages of Pedogenesis (Protosoils)

Figure 2 shows the X-ray diffraction diagrams in oriented aggregates and in a sample
treated with ethylene glycol, corresponding to the A1 horizon of the profile 136. The re-
flections at 1.001 stand out in the diffractogram of oriented aggregates, 0.503 and 0.335 nm
corresponding to a dioctahedral mica. The reflections at 1.415 and 0.472 nm can be at-
tributed to the smectite since the treatment with ethylene glycol makes the reflection
at 1.415 nm disappear, while the one at 1.710 nm appears. The reflections at 0.705 and
0.354 nm are attributable to chlorite or vermiculite. The nonexistence of reflections at
1.052 and 0.540 nm, as well as those at 0.641, 0.450, and 0.320 nm, exclude the possibility
of palygorskite.

3.3. Soils with Horizon of Microcrystalline Gypsum

The X-ray diffractograms from the profile 151 in oriented aggregates and in a sample
treated with ethylene glycol are shown in Figure 2. The characteristic reflections of dioctahe-
dral mica (1.001, 0.503, and 0.335 nm) are observed, as well as those of chlorite-vermiculite
(1.415, 0.705, and 0.354 nm). A small amount of smectite also appears in the A horizon, as
the reflection in the sample treated with ethylene glycol is of low intensity at 1.332 nm.

3.4. Soils on Slopes with Forest

Figure 2 also presents the X-ray diffractograms in oriented aggregates and in a sample
treated with the ethylene glycol of the Ay and By horizons of the profile 134. In oriented
aggregates, reflections at 1.001, 0.503, and 0.335 nm stand out, corresponding to a dioc-
tahedral mica. The reflections at 1.415, 0.705, and 0.354 nm are attributable to chlorite
or vermiculite. The presence of palygorskite can be excluded given the absence of the
characteristic reflections (1.052, 0.641, 0.540, 0.450, and 0.320 nm).

In the soil profile 136, the clay composition was almost constant along the soil profile,
which is attributed to the mineralogy of the parent material. As Hashemi [43] reported,
pedogenesis in gypsifeorus soils does not affect, essentially, the vertical distribution of the
different clay species. In this case, the gypseous parent material was probably homogeneous.
Only a slight increase is observed in the content of mica and trioctahedral chlorite in the
surface horizon. This increase is interpreted as a result of the physical breakdown of coarse
particles and/or of the preferential migration of other minerals; similar findings were
reported by [44].

3.5. Soils with Calcic Endopedon in Poorly Erodible Positions

Figure 3 shows the X-ray diagrams of the profiles 135, 141, and 143, in powder, in ori-
ented aggregates, in a sample treated with ethylene glycol, and in a sample heated at 500 ◦C,
while Figure 4 shows variations with depth in the profile 141. The diffractograms show
great similarity, with reflections corresponding to dioctahedral mica, chlorite-vermiculite,
and some smectite. Smectite is present in the A1 horizon of pedon 135, although the
reflection in the sample treated with ethylene glycol has very low intensity. In pedon 141,
the smectite increases in depth, while, in 143, it is not abundant.

3.6. Soils in the Valley Bottoms

Figure 5 shows the X-ray diffraction diagrams in oriented aggregates and in samples
treated with ethylene glycol from pedons 22, 137, 138, and 140. The reflections correspond-
ing to the dioctahedral mica, as well as those of the chlorite-vermiculite, are present in
all diagrams. The smectite content is low in all cases; in profiles 138 and 137 smectite
increases in depth. The diagram of the sample heated at 500 ◦C maintains the reflection of
1.415 nm, showing that the effects attributable to chlorite-vermiculite in the diagrams of
oriented aggregates correspond to chlorite. The absence of the characteristic reflections of
palygorskite at 1.050 and 0.542 nm is also noteworthy in this case.
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3.7. Soils in Plains Dominated by Chesas

Figure 6 shows the X-ray diagrams of the pedons 147 and 146 in powder, in oriented
aggregates, in samples treated with ethylene glycol, and in samples heated at 500 ◦C. The
diffractograms have the characteristic reflections of dioctahedral mica as well as those of
chlorite-vermiculite, and those of smectite, the latter with low intensity. The mica presents
high-intensity reflections at 0.503 nm compared to the reflection at 1.001, which allows us
to affirm that it is a dioctahedral mica. As these are very acute effects, they correspond to
little altered mica in most cases. Chlorite was present in all samples where heating was
carried out to identify chlorite or vermiculite.

4. Discussion

The soils—generally located in dry areas—that contain sufficient quantities of gypsum
to condition their behavior are named gypseous, and are well-represented in dry areas
with sources of calcium sulfate. Topography influences the soils by their location in the
slope and by their orientation, i.e., the sunny–shady effect. The soils of the chesas occur
in rounded reliefs, in slopes, in valley bottoms, and in platforms. The soils studied here,
located outside the chesas, have been formed on alluvial deposits from these.

The mineralogy of the studied soils showed little difference between topographic
positions, although slight variations were detected probably due to internal drainage. The
composition, properties, and minerals of the parent material, together with the topography
and climate, control the intensity of weathering and erosion, and the resulting assemblage
of phyllosilicates in soils of study area.

Semi-arid environments, as is the case of chesas, favor incomplete hydrolysis products
of primary minerals, like illites and chlorites [45]. Thus, different factors must be considered
such as erosional processes or the degree of acidity–basicity [46,47]. In semi-arid climates,
gypseous materials barely generate complete hydrolytic processes, giving way to erosional
processes [45,48]. Indeed, the primary composition of the parent materials is preserved
despite the weathering processes. The weathering occurred under a semi-arid climate and
the soil profiles were well-drained, with modest vegetation cover and often in unstable
topographic positions, therefore with little edaphization.

The study of clay minerals in their own environment during soil formation has been
widely investigated [28]. In this way, Wilson [27] reported that chlorite and illite (mica-
ceous minerals) are believed to be largely inherited from parent rocks, with both minerals
occurring commonly in areas where active mechanical erosion limits soil formation [49],
which is the case for the chesas.

Three main sources of smectite in soils have been described: (1) neoformation from
soil solution; (2) detrital origin or inheritance; and (3) transformation of other clay minerals.
In this way, Borchardt [50] points out that low-lying topography, poor drainage, base-rich
parent material, favorable chemical conditions characterized by a high pH, high silica
activity, and an abundance of basic cations are the main factors influencing the origin and
distribution of smectite in soils. Then, chesa soils probably provide favorable conditions
for its formation. The smectite could be of detrital origin, but its non-uniform distribution
allows us to discard such process. In calcareous arid and semi-arid soils, Khormali and
Abtahi [51] stated that smectite is thought to be mainly of transformed origin.

What would be expected in our case is that the inheritance and transformation from illite
are the main ways to explain the presence of smectite. However, this process does not seem
to be well-developed, nor is the expected neoformation of palygorskite, a common mineral
in gypsum soils after [52]. The neoformation of smectite was reported by [53]. Numerous
studies have been carried out regarding clay mineralogy and weathering processes [28,46].

The preservation of appreciable amounts of mica, the absence of kaolinite, and the
occurrence of the chlorite are indicative of not very intense weathering processes. Only
the interpretation of the genesis of the small amounts of smectite should be approached
critically, as this mineral can be either of detrital origin or it may be an alteration product. It
is known that, during its formation, smectite inherits a significant compositional character
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from the parent material. Smectite derived from muscovite is close to pure montmorillonite,
as stated by Banfield and Eggleton [54]—“individual layers of K-depleted muscovite were
probably converted to smectite”. Drainage conditions related to topography are a key factor
in the transformation and redistribution of clay minerals in the soils of this region. The
ubiquity and relative abundance of chlorite and mica are largely due to their presence in
parent rocks, in such a way that the mineral composition of the soil reflects the evolutionary
state of the soil, affected by various factors, with the nature of the parent material and the
climate being the most important.

Globally speaking, the presence or absence of a certain mineral in the soil gives an
idea about the formation and development of soil and the extent of the participation of its
formation factors. In this way, the chlorite and mica minerals’ presence and proportions
respond fundamentally to the initial composition of the parental materials. The small
proportions of smectite detected in several soil profiles require pedogenic processes.

The uncertainty about the mineral weathering and neosynthesis in arid soils referred
to by [55] applies to chesa soils; on the other hand, the free infiltration in the chesas does
not favor the formation and stability of smectite. Smectite in arid soils has been reported in
Iraq [56], and Saudi Arabia [57,58]. For a semi-arid area, Omdi et al. [59] point out that clay
mineral can be inherited from parent material—mainly illite and chlorite—but smectite
can also result from illite under high-intensity weathering, and trioctahedral smectite and
palygorskite can also result from neoformation.

The present research identifies the clay minerals and their main source in soil, research
that not only contributes to the recognition of the soil development process but also provides
information for sustainable land management. Under natural conditions, the chesas bear
vegetation covers, with the exception of sunny areas with a certain slope. Consequently,
with vegetation cover, the surficial runoff is minimized and the erosion is uniform on the
surface, even along the slopes. This is not the case in plowed areas, where rills are frequent
despite the remediation measures taken by farmers.

In the chesas, most lichens occupy ecological niches with severe thermal, drought,
and nutrient-scarcity conditions. They are pioneers in the colonization of these rocks,
reaching a stage that sometimes stabilizes. This occurs in the steepest parts of the hills
modeled in saccharoidal gypsum, especially at the southern exposures, where soil can
barely develop. Crustacean lichens are also implanted on loose gypsum materials, prior to
phanerogams, and on packages of farinaceous gypsum. The sunny areas and deforested
areas with outcropping saccharoidal gypsum have steep slopes and hardly exceed the stage
of muscinal colonization.

Rooting is preferentially initiated through dissolution cracks and in materials with
a higher fine content; this entails a certain control of the vegetation by the outcropping
strata and their inclination. The vertical circulation of water and subsequent dissolution
are facilitated by the roots, which is why they are frequently associated with voids detected
when hitting the surface of the soil with a hammer.

The valley bottoms are usually cultivated. Given their moderate longitudinal slopes
or the frequent transversal terraces, the most apparent erosion is the gully incision—tollo
by the local denomination—that acts as a collector in the rain episodes. However, the flat
bottoms also undergo surface erosion, sometimes with gullies starting from a bald area, or
also when a storm happens after the cereal harvesting.

Authors such as in [60] speculated that, generally, time controls the weathering de-
velopment, and climate influences the dominant processes intensity, whereas the relief
strongly influences the preservation/removal of the soil/regolith cover. In the chesas, as a
semi-arid area, the most common soils are those with the absence or little development of
the superficial A horizon. Our findings showed a mineral clay composition characterized
by the presence of mica and chlorite which confirms their young pedogenetic stage of
evolution. This agrees with the fact that the chemical weathering (hydrolysis) required
for soil development is practically absent. In addition, erosion rates that quickly remove
weathering products, plus the limited chemical alteration of bedrock, lead to shallow soils
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with little development. These circumstances ought to be considered in the transformations
to irrigation, whose shortcomings in gypsum-rich soils [61] must not be ignored in the
irrigation schemes projected in the chesas.

From the knowledge gained, we are in a better position to understand the interaction
between soil mineralogy and plants. Therefore, a future issue for administrative agencies is
to use these data when setting priorities in relation to soils and their uses.

5. Conclusions

The clay mineralogy of soils developed on an outcrop of gypsum rocks in NE Spain
was investigated to determine their origin and the factors controlling their distribution.
The environmental conditions in the study area are not favorable to soil development,
as reflected in the content and type of clay minerals present. Indeed, the soil profiles
developed on gypsum from various landforms showed a mineral composition quite similar
in all profiles: mica (dioctahedral), chlorite, and small amounts of smectite. The differences
in clay mineralogy appeared to be lithogenic rather than pedogenic. Chlorite and mica
abundance in soils is largely related to their presence in parent rocks; that is, these minerals
are inherited. The primary minerals do not display chemical alteration; only smectite can be
formed by alteration, because the good drainage of gypsum-rich soils might have hindered
the transformation of mica to smectite.

The clay mineralogy is attributed to the fact that they are young soils developed from
gypsum-rich parent material. Weak alterations generating low smectite contents could be
considered indicators of subtle clay transformation in temperate gypseous soils. Since no
further information is available on the clay mineralogy of the Barbastro gypsum belt, the
results obtained reveal for the first time the general trend of its clays.
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