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Abstract—Soil resources and their quality in the desert region of Oued Righ, located in northeastern Algerian
Sahara, have emerged as unifying concepts to approach the larger issue of sustainability of oasian ecosystems
in general, and agriculture in particular. This study aims to characterize and classify using physicochemical,
mineralogical and micromorphological analyses, thirteen pedons located in different landscapes positions,
including butte, plateau, piedmont, alluvial plain, playa, and claypan, to provide information about the genesis,
classification, and properties of the Oued Righ soils. The results showed that the parent materials (calcareous
and gypsiferous), as well as the topographic conditions, greatly influence soil development and its distribution
in the study area. The soils of the Oued Righ region are generally slightly alkaline and saline, have coarse texture,
especially at the soil surface, and are very rich in gypsum accumulations. These soils are classified as Aridisols
and Entisols. The clay mineralogy results revealed that detrital input and inheritance are possibly the main
sources of palygorskite, kaolinite, smectite-chlorite, and illite. Thin-section observations revealed that calcite
coatings on grains and voids, calcite nodules and gypsum macro- and microcrystals were common pedofeatures
observed in the studied soils. Hence, the actual hydrological regime in the study area is not compatible with the
data obtained; therefore, the majority of pedons should be considered as paleosols.
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INTRODUCTION

Arid regions occupy 26—35% of the Earth’s land
surface. They are mainly found in Africa, Asia, and
Australia. Approximately 43% of the African continent
is composed of drylands. Furthermore, hyperarid or
desert land compose 38% of these drylands. Half of the
African population inhabits these arid regions [48].

Agricultural resources in arid zones are limited in
comparison with the population. Continual demands
from growing population require the establishment of
new irrigated perimeters to maintain the socio-eco-
nomic balance of these regions. Land reclamation,
productivity improvement and soil conservation
require even more detailed studies than elsewhere,
especially the edaphic factors.

In general, the soils in arid regions pose enormous
development problems. They are primarily salty, have
calcareous or gypsum crusts, and are susceptible to
erosion and secondary salinization [77]. As a result,
inadequate soil use and management usually lead to
irreversible damage with serious short- and long-term

consequences. More than 80% of the Algerian terri-
tory is covered by the Sahara Desert. The whole area is
occupied by various landscape types with different
parent materials. However, pedological studies remain
few and very limited [19, 22, 30].

The growing interest in Saharan agriculture in
Algeria during the last two decades has introduced a
structural transformation in the oasian production
system. The Oued Righ region has witnessed a revival,
expressed mainly in the extension of irrigated agricul-
ture. Therefore, improved characterization and ratio-
nal management of natural resources, especially soil
and water, has become a primary objective.

The present study concerns the characterization of
soils of the upper and middle Oued Righ region,
located in the Northeastern Sahara of Algeria. There is
limited information on the characteristics of soils in
the Oued Righ region, and the existing knowledge is
essentially based on the former soil studies providing
few details, which limits proper planning for land-use
practices [10, 22, 65]. The exception is the study by
Boumaraf [11] of the northern edge of Chott Mer-
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ouane (Lower Oued Righ) related the spatial evolution
of some soils as related to their position on certain geo-
morphological units.

Soil properties are strongly affected by topography
and position along the landscape due to differential
erosion, deposition processes, water percolation, and
runoff. According to Nettleton [51], the potential use
and response of arid soils to management strategies are
highly related to the properties imparted to these soils
by the accumulation of carbonates, gypsum, and sil-
ica. Arid soils inherit many parent material properties
because they contain insufficient available moisture,
which limits chemical weathering.

The contribution of the clay mineralogy to soil
properties depends on the intensity of weathering,
which differs from one environment to another. Vari-
ous studies conducted on the clay minerals in the
Algerian Sahara have shown the existence of chlorite,
illite, smectite, vermiculite, and palygorskite [11, 15,
19, 30].

The fabric, composition and pedofeatures of gyp-
sic, calcic, or salic horizons are the main indicators of
climatic changes [62]. Therefore, in soils of arid and
semi-arid environments, micromorphology studies
may provide valuable data on soil-forming factors,
processes, and climatic changes (paleoclimate) [67].
Various studies have reported high amounts of gypsum
in soil with many forms of gypsum accumulation. In
the northeastern Algerian Sahara (Low Sahara),
Hamdi-Aissa [30] reported lenticular, tabular, and
hexagonal gypsum crystals being related to soil mois-
ture content, landscape position, and soil develop-
ment stage. The source of gypsum crystals was deter-
mined by using the shape, size, and position of the
crystals within the soil matrix. The presence and
accumulation of calcium carbonate in arid soils have
been the subject of intensive research because its
presence and morphology are good indicators of
pedogenic environments, pedogenic processes, and soil
moisture regimes. According to Chadwick et al. [14],
the main factors determining carbonate morphology
were precipitation rate, soil solution ionic strength,
and crystal surface interactions with organic and
inorganic matter.

Oued Righ is an ideal region for studying the rela-
tionship between diverse topography, soil types, and
geological formations. Limited data are available to
thoroughly describe soils and pedogenesis of this
area. Therefore, the objectives of this work were as
follows:

(1) To characterize the physicochemical, miner-
alogical, and micromorphological attributes of thir-
teen representative soil pedons located on different
landforms.

(2) To determine the soil genesis and classification
using Soil Taxonomy system.

(3) To provide detailed information for different
agricultural and non-agricultural uses.

SAMIA et al.

MATERIALS AND METHODS

Study site. The Oued Righ (Wadi-R’hir) region,
located in the northeastern Algerian Sahara (Fig. 1), is
part of the entire Lower Sahara basin [8]. This region
is in the form of a large gutter 15—30 km wide, extend-
ing to more than 150 km in length. The study area lies
between 32°45'—34°30" N latitude and 5°45'—6°15" E
longitude. The altitude gradually decreases from +100 m
in the south to —27 m in the north (in the middle of
Chott Merouane).

The study area is characterized by a hyperarid cli-
mate [76]. Rare and irregular precipitation (60 mm aver-
age in the 2007—2016 period) and high temperatures
with intense daily and seasonal variations are observed.
The mean annual temperature is 22.5°C [54]. The air
has a low relative humidity, wind gusts are frequent and
violent, and sunshine is constant and very intense.

Geology and geomorphology. The study area is
located in the Lower Sahara, which extends between
the southern Occidental Atlas and the first foothills of
the Aures Mountains in the north [33]. The geological
formations are mostly of Quaternary age, resulting
from continental erosion of Mio-Pliocene deposits.

Oued Righ is a vast depression elongated on a
South-North axis. It joins the Wadi Djedi gutter and is
flagged by fossil wadis, with the Mya and Igharghar
valleys to the South and Oued Righ to the north [8].
The large Oued Righ gutter represents the downstream
part, which is more or less blocked by sandy veneers
and shifting dunes. Four distinct levels appear in the
Oued Righ region:

» the upper level is represented either by gypsum

crust glacis (Stil Plateau) or by residual surfaces
appearing in outcrops with more or less uneven relief;

* the intermediate level generally characterizes
ancient quaternary glacis, and soils are sandy and rich
in gypsum;

* the pre-chotts appear at a level below and repre-
sent flat surfaces with a low slope;

* the chotts represent the lowest areas of the valley
with excessively saline soils.

Soil sampling and analysis. Six dominant physio-
graphic units were identified: plateau, butte, piedmont
plain, alluvial plain, playa, and claypan, which were
defined in the study area using a digital elevation
model (DEM), Google Earth and topographical
maps, together with detailed fieldwork. Thirteen rep-
resentative soil pedons were studied to characterize the
soil cover organization of different geomorphological
units, and the soils were described and classified
according to the Soil Survey Staff (2014) [66] and the
World Reference Base (WRB) (2022) [74]. Forty-six
soil samples were taken from all horizons for labora-
tory analyses, and disturbed samples were used for
physical, chemical and mineralogical analyses. Other
undisturbed samples were chosen for micromorpho-
logical observations.
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Fig. 1. The geographic location of the study area (a), Landsat 5 TM image (false-color composite of bands 7, 4, and 1 (b), spatial
distribution of soil pedons draped over a Digital Terrain Model (DTM, resolution of 30 m) (c).

Physical and chemical analyses. To determine phys-
ical and chemical soil properties, disturbed soil sam-
ples were air-dried, ground, and passed through a
2-mm sieve to obtain the fine earth fraction. Soil tex-
ture was assessed by determining the grain size distri-
bution, sand fractions were separated by wet sieving,
oven-dried and then weighed, silt and clay were deter-
mined by pipette with soil H,O, pretreatment to
remove organic matter, and calcium carbonate was
determined by HCI. Total calcium carbonate was
measured by the volumetric method of the Bernard
calcimeter [6]. The gypsum content was measured
with the amended BaSO, method [18]. Soil electrical
conductivity (EC) and pH were measured in solution
(1 : 5 soil/water) [6, 66]. Finally, the soil organic car-
bon (OC) content was determined with the dichro-
mate oxidation method of Anne [3].

Mineralogical analysis. The mineralogical analysis
was conducted by XRD equipment at the Central Lab-
oratory of INRAE (Centre de Versailles-Grignon,
France). Samples from pedons 1, 2, 3,4, 5, 7, and 10
were prepared for the determination of clay fractions
according to the method described by Robert and Tes-
sier [60]. The method started by destroying organic
matter and decarbonating soil samples. Then, differ-
ent mechanical and chemical treatments were used to
disperse the clay fraction and obtain magnesian clay
by the addition of MgCl,.

The measurements were carried out according to
the oriented clay deposits method. The slides are
EURASIAN SOIL SCIENCE  Vol. 56
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scanned using a Bruker D8 advance diffractometer
with a copper anode and coupled graphite crystal
monochromator, operating at 45 kV and 30 mA, at a
speed of 0.01/0.5 s at 2—35° 26. Clay mounts were pre-
pared and scanned using Ca saturation, solvation with
ethylene glycol and heating to 110°C for the pedon
5 sample and to 200, 350 and 550°C for the other sam-
ples. X’Pert HighScore Plus 3.0 software was used for
the identification and quantification phase of the sam-
ples studied.

Micromorphological study. Twelve samples were
impregnated with polyester resin; thin sections were
prepared of 13.5/6.5 cm in size, oriented vertically,
according to the protocol proposed by Guilloré [26]. The
thin sections were prepared in the micromorphological
laboratory of the National Agronomic Institute Paris-
Grignon and analyzed under an OPTIKA B-600POL
Trinocular Polarizing Microscope. Thin sections were
described according to Bullock et al. [13], Fedoroff
and Courty [24], and Verrecchia and Trombino [71].

RESULTS AND DISCUSSION

Morphological characteristics. Table 1 shows the
main morphological characteristics of different soil
layers in pedons. The soils have Munsell colors rang-
ing from 10YR to 10GY. The soils with calcium car-
bonates, gypsum, or other more soluble salts have light
colors, and the poorly drained and heavier soils have
darker colors.
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Fig. 2. Veins gypsum, (a) high-density and well-connected joint pattern in miocene marly clays layer filled with fibers gypsum
(pedon 2); (b) primary gypsum; gypsum veins interbedded with clay units as thin layers (2 to 15 cm thickness) in djamaa area;
(c) white nodular gypsum in lamina layer of silt and clay (pedon 4), will be connected to form horizontal gypsum veins; (d) satin
spar veins formed sub parallel with bedding, vein thickness is 7 cm (pedon 2); (e) field view of orthogonal gypsum vein arrays in

El-Goug area.

The main morphological characteristics of the
studied pedons were gypsic, calcic, salt, and textural
features. Pedon 1, located on small mounds, showed
gypsum and clay surmounted at the base by approxi-
mately 2 m of alternations of quartz sand and gypsum
accumulations. Of these formations, only one, com-
posed of sand in subhorizontal beds, 130 cm thick
could be of fluvial origin [8]. It lies just below the yel-
low quartz sandstones carved into the yardangs by the
sand transported by the west winds, which may con-
tain clay of neolithic origin. The soil of the alluvial
plain (pedons 4 and 5) was composed of formations
attributed to the Mio-Pliocene at heights of several

EURASIAN SOIL SCIENCE  Vol. 56
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tens of meters. Clay and silt, often gypsum-containig,
in subhorizontal beds derive of the depositional
regime of fluvial systems.

The presence of the gypsic horizon was common in
the studied pedons. These micro- and macroscopic
gypsum accumulations (powdery, lenticular, sand
roses, rhyzoliths, fibrous veins and gypsum crust)
(Table 1, Fig. 2) were due to the precipitation of gyp-
sum from the salts contained in the aquifer and run-
off [20]. Therefore, gypsum was an important constit-
uent of soil material that contributed to forming soil
physical and chemical properties.
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Gypsum crusts were omnipresent in Oued Righ
region. They could be easily spotted, especially given
their significant thickness and whitish color, which
generally result from a postdeposition alteration [16].
Thus, the transport and postdeposition redistribution
of gypsum sediments occur where wind and water play
a very important role. The photointerpretation of TM
data (Fig. 1a) shows the large area occupied by the
saline gypsic soil surface with important spectral
responses of this surface aspect (white soils) cyan-col-
ored area. Hamdi Aissa and Girard [29] reported sim-
ilar results in gypsic-saline soils in the Ouargla region
(Northern Algerian Sahara).

Several researchers have discussed the origin of
gypsum crusts [35, 58, 73, 75], and different hypothe-
ses have been proposed to explain their formation. The
studied gypsum crusts (pedons 1, 3, 5, 7 and 10) were
residual of those described by Watson [73] as surface
crusts, originating from degradation of subsurface
accumulations and meteoric water dissolution of gyp-
sum crystals, followed by soil conservation, until sub-
sequent evaporation precipitates the soluble salts.
However, Dutil [22] attributed the origin of these
crusts to a higher level of groundwater. According to
Pouget [58], since the beginning of the Quaternary,
the static levels of the large artesian basins have
dropped by several meters; it is not surprising to find
ancient gypsum formations of the water table in places
now topographically elevated. Furthermore, gypsum
is a very mobile compound in the Lower Sahara land-
scape despite its moderate water solubility; such dis-
placements imply very different moisture conditions
as compared to the present-day ones [22].

The different types of gypsum crystals are
undoubtedly related to specific environmental and
pedogenetic factors, such as parent material, geomor-
phological position, climate, and the influence of
groundwater [30]. The high content of gypsum found
in Oued Right soils seems to be due to the mineralog-
ical composition of the parent material (i.e., evaporitic
sediments), but their distribution in pedons depends
on groundwater movements.

Calcic features were observed in the study area as
powdery pockets, nodules, or calcite coating in Bk or
Ck horizons that have formed in alluvial plain (pedon 5),
butte (pedon 1), piedmonts (pedon 2 and 3), and clay-
pan (pedon 12 and 13), indicating that calcite is pedo-
genic. The formation of the calcic horizon between
gypsic horizons as a particular combination is proof of
polyphase soil genesis. The discontinuity observed in
those pedons is another piece of evidence for soil cli-
matic change over time.

In the playa (pedon 10), the influence of the water
table is manifested by the extreme salinity of the sur-
face horizon. There is a continuous fragile salt crust
characterized by a wavy microtopography with a
thickness of 0.5 to 1.2 cm. The salt crust was lying on
loamy sand to sandy loam material; the color varied
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from 7.5 YR6/4 (light brown) to 7.5 YR6/6 (reddish
yellow). Pedon 9 was characterized by a saline horizon
on the soil surface with whitish efflorescence and a gley
horizon with greenish gray color (10GY 5/1) in deeper
soil horizons. This problem is explained by the rising of
the groundwater table owing to excessive irrigation cre-
ated by the use of a traditional irrigation system. It com-
prised border irrigation with an uncontrolled watering
duration and interval, an inoperative drainage system
and the proximity of this palm grove to the playa.
Waterlogging of Oued Righ soils of finer texture is an
ancient phenomenon that caused the appearance of
hydromorphic characters (gley and pseudogley).

Soil located in the main wadi channel of Oued Righ
and the El Mrara Claypan (pedons 4 and 12) have
well-stratified layers, characterized by contrasting col-
ors (from 7.5 to 5 YR), structure (single-grain/platy),
and platy/massive one. The textural discontinuity
mentioned in these pedons indicates that in sedimen-
tary systems characterized by the interaction between
alluvial and aeolian processes, aeolian—alluvial inter-
action is the geomorphic—sedimentary expression of
the coexistence and overlapping of alluvial and aeolian
environments.

The interactions between alluvial-colluvial and
aeolian processes have important implications for the
geomorphology of the landscape in arid regions; this is
exceptional for alluvial soil formation in arid environ-
ments [17, 19]. This idea is confirmed by the study of
Sogreah [65], which defines the origin of the soil of the
Oued Righ valley as mixed alluvial, colluvial, and aco-
lian phenomena. The first two are derived from ero-
sion of the encrusted level from the ancient Quater-
nary and/or Mio-Pliocene. Successive phases of water
erosion and filling of the valley bottom are responsible
for the textural heterogeneity found in the deep hori-
zons, in contrast to the upper horizons, which have an
aeolian origin.

Quartz grain morphology (Fig. 3) and micro-tex-
tures on the surface allow the interpretation of sedi-
mentary environments and potential transport mech-
anisms that are recorded on the grains [72]. The results
of stereoscopic observations of quartz grains showed
the presence of various shapes with irregular morphol-
ogies. There was a mixture of round mat grains char-
acteristic of wind action, angular-shiny grains that
result from sandstone disaggregation, and blunt and
picketed grains. The omnipresence of shiny blunting
grains highlights the influence of water transport pre-
cisely in deep soil horizons (Fig. 3b).

Sand grain morphology of the surface horizon
(aeolian veil) for most pedons in the study region
revealed many traces of shock and dissolution on their
surface and that they are agglutinated by gypsum, with
a strong presence of gypsum associated with the sand
grains (Fig. 3a). The analysis of these samples by X-ray
diffraction (XRD) confirmed the dominance of gyp-
sum (Fig. 4).
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Fig. 3. Quartz grains morphoscopy (*40): (a) sand fractions (500—2000 um), quartz grains agglutinated by gypsum with strong
presence of gypsum fraction in surface horizon (Ay) of pedon 4; (b) sand fraction (2—500 um), mixture of sub—rounded mats
quartz grains, sub—angular shiny grains with presence of a red coating on a few grains (4/2C2).
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Fig. 4. Representative XRD pattern of the sand fractions (500—2000 pm) of the soil surface (Ay horizon of pedon 4).

Physicochemical characteristics and classification.
Soils are generally undeveloped or weakly developed
due to the presence at varying depths of gypsic and/or
petro-gypsic horizons and conglomerate blocks. The
horizons below these crusts undergo compaction as
consequence of mechanical pressure exerted on the
quartz material by the gypsum. Using the field and
laboratory data, the representative soils were classified
to the subgroup level of the Soil Taxonomy [66]. The
majority of soils were classified as Aridisols (10 pedons)
and Entisols (3 pedons). Six major types of gypsic soils
were found: Typic Calcigypsids, Typic Argigypsids,
Lithic Argigypsids, Petronodic Calcigypsids, Typic
Haplogypsids, and Typic Petrogypsids. All of these
types were distributed in areas with arid soil moisture
regime.
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Physicochemical data on the 46 soil samples
showed a non-significant variation in pH values
among all the soil horizons. It varied from 7.04 to 8.5,
and most soil horizons have an alkaline pH; those val-
ues are within the normal range because the soils
developed on carbonatic and gypsic bedrocks.

EC varied from 0.56 to 25.44 dS/m, indicating a
range from nonsaline to excessively saline soils [6].
High EC values were found in the soil horizon located
in the salty depression (pedons 9 and 10), where the
influence of the water table is decisive. The salinity of
the soils of the upper Oued Righ was significantly
lower than that of the salic and gypsy-salic soil land-
scapes further downstream. Irrigated soil (pedon 8) in
the Oued Righ valley is vulnerable to hydromorphism
and salinization. The most important factors affecting
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soil salinity are the climatic characteristics, hydrope-
dological setting, irrigation with poor quality ground-
water (salinity greater than 3 g/L) [43], poor drainage
system, and land-use patterns.

Soil samples of the studied pedons were classified
as loamy sand (LS), sand (S), sandy loam (SL), sandy
clay loam (SCL), clay loam (CL), and clay (C),
according to the textural soil classification system. The
average values for clay, silt, and sand-size fractions were
10.81, 14.35, and 75%, respectively. Therefore, sand is
the most abundant fraction. The calcium carbonate
equivalent (CCE) and gypsum percentages varied from
less than 0.3 to 30% and from 3.85 to 75.12%, respec-
tively. The calcium carbonate content decreases with
depth in most pedons in the areas of EI-Goug,
El-Aanet, and Meggarine, although the opposite
trend was expected under arid conditions.

The content and distribution of gypsum within the
pedons were affected by the chemical balance with
other soluble components, especially CaCO; and sol-
uble salts [32]. The low total calcium carbonate values
compared to gypsum values obtained were due to
mechanical disintegration caused by gypsum crystalli-
zation pressure, as demonstrated by Richard and
Donald [59]. A positive correlation existed in some
horizons between the presence of gypsum in powder
form and the value of calcium carbonate [12]. Hamdi
Aissa [30] noted that the gypsum content of gypsum
pedological volume was not an essential factor. There
was, in fact, no relationship between gypsum content
and volume induration state. We found the same result
in this study; a volume with low gypsum content can
be indurated (petrogypsic). Conversely, encrusts even
with very high gypsum content can be friable or pow-
dery (gypsic).

‘We found a spatial variation in OC content that was
directly related to vegetation cover. The organic car-
bon content of the studied soils ranges from 0 to
2.15%. Although OC is generally low in such arid envi-
ronments, the maximum value observed is also found
in agricultural land.

The majority of soils in the Oued Righ region were
developed on sandy and gypsum formations of the
Mio-Pliocene and ancient Quaternary. They were
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morphologically very similar to each other. This simi-
larity of materials of different ages is probably related
to the fact that the sediments of the ancient Quater-
nary are the result of the erosion of Mio-Pliocene for-
mations, clearly distinguished at their base by gypsy-
clay intercalations extending from the south of the
Oued Righ valley at El Goug (pedon 4) to the low level
of the northern Oued Righ at Djamaa (pedon 10). In
some places, these formations have laminated gypsum
crusts, which reflects the fluvio-lacustrine origin of
these formations due to incision of valleys from the
Villafranchian age.

Clay mineralogy. The dominant clay minerals in
pedons were palygorskite, illite, kaolinite, and chlo-
rite-smectite (Table 2, Fig. 5). Among the phyllosili-
cates, there was a dominance of the peaks at approxi-
mately 7.14 and 3.57 A. They disappeared after heating
to 550°C, which is generally attributed to kaolinite.
There was also palygorskite indicated by the peaks at
6.4 A and 10.4 A. Peaks at approximately 10 and 5 A
were indicative of small amounts of micas and/or
illites, which did not change positions or intensities
after any diagnostic treatments [36]. Gradual heating
of Ca-saturated samples from 110 to 300°C reversibly
dehydrated (closed) the 2 : 1 minerals, which were
identified as vermiculite and smectite.

The low-intensity peak at approximately 3.2 A was
attributed to feldspar (Fig. 5). The peaks at approxi-
mately 4.25, 3.34 and 2.24 A represent quartz; the
peak at 14.4 A in the diffractogram of the sample sat-
urated with Ca seems to be smectite-chlorite.

Kaolinite, illite, chlorite-smectite and palygorskite
occurred in major soil horizons, demonstrating the
high mineralogical uniformity of those soils. These
clay minerals are characteristic of soils in arid and
semi-arid environments. Similar results were found by
other researchers [1, 61, 70] and were reported in
Algerian Sahara soils [11, 19, 30].

The occurrence of clay minerals in soils is due to one
of the following major processes: (1) inheritance from
parent materials, (2) transformation of other clay min-
erals, and (3) neoformation from the soil solution [44].

Table 2 Relative mineral components of selected clay fraction (<2 um) as determined by X-Ray

Pedon N/Hz Chlorite Smectite Palygorskite Kaolinite 111-Mic Chl-Sme Illite
1/C2 — + +++ + — — +
2/Btk - — ++ + + +++ -
3/Bky — — ++ ++ + ++ —
5/Ckyl - - +++ + + Tt _
6/Ckyl + - ++ + ++ — +
7/C2 + + +++ ++ - - +
13/Ckel — — +++ ++ + + +
Note: (—) not detected, (+) <25%, (++) 25 to 50%, (+++) >50%.
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Fig. 5. Representative XRD patterns of total clay fraction (<2 um) of the pedons from upper Oued Righ: 5/Ckycl (a); 2/Btk (b);
3/BKky (c); 13/Ckel (d). Smectite (S), Chlorite (Ch), Palygorsklte (P), Mica (M), Kaolinite (K), Quartz (Q), Illite (I), and Feldspar

(F ) Numbers above the peaks correspond to the d spacing in
Ca’*

. CoKoa radiation. Treatments: Ca (N) clay samples saturated with
; Ca (N) + EG Ca—saturated + Glycerol solvated; Ca (N) — 110 Ca saturated and heated to 110°C; Ca (N) — 200 Ca-saturated

and heated to 200°C; Ca (N) — 350 Ca-saturated and heated to 350°C and Ca (N) — 550 Ca-saturated and heated to 550°C.

The presence of moderate to high contents of illite
and chlorite in the soils could be related to inheritance
from parent rocks [49]. The ideal conditions for chlo-
rite formation in soils are high leaching, low pH, and
removal of interlayer hydroxides [55]. The arid mois-
ture regime of the study area is not favorable for the
pedogenic formation of chlorite. Therefore, the chlo-
rite of the studied soils is supposed to be inherited
from the sediment.

Halitim [27] found that the amount of illite was
inversely proportional to the limestone content. How-
ever, there is some indication that mica may be formed
pedogenically in arid soils as well, but only under special
conditions, mainly through K fixation of preexisting
smectite [61]. Illite is considered a stable clay mineral in
the aridic pedoenvironment. However, Singer [63]
noted that the accumulation and distribution of illite
in aridic soils could partly be explained by the illitiza-
tion process; which has taken place (number of depo-
sition deflation/wetting—drying cycles).

Kaolinite was present in almost all analyzed sam-
ples, with a strong presence in gypsum and gypsy-salic
soils. It is well known that kaolinite forms mainly from
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feldspars and mica alteration under conditions of low
aK+/aH ratios. This process occurs in soils and sedi-
ments subjected to important drainage by meteoric
water flows that take place in zones with a warm and
humid climate [49]. In fact, these conditions could not
be found in the studied area; therefore, kaolinite
should have been inherited in the studied soils.

The simultaneous presence of kaolinite and paly-
gorskite in appreciable quantities suggests that these
minerals have undergone several processes. Indeed,
the conditions of the genesis of these two clays are com-
pletely different. It is assumed that the genesis of these
two clays did not take place at the same time [27].

Palygorskite is a common fibrous clay mineral in
soils and sediments of arid and semiarid areas [50].
Many researchers have shown that the particular alka-
line medium constituted by gypsum [34, 44] and cal-
cite [64, 46] is favorable to neoformation of palygor-
skite. The high pH and activities of Si and Mg in the
soil solution are the best conditions for palygorskite
precipitation [37], especially in Neogene sediments
[39, 40]. Although both calcareous and gypsiferous
soils can provide buffered alkaline media with neces-
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sary anions and cations for palygorskite crystalliza-
tion, the characteristics of the solution chemistry of
the gypsiferous soils may result in a more favorable
medium for this purpose [7]. This hypothesis supports
the positive correlation between palygorskite occur-
rence and gypsum/carbonate content in OQued Righ
soils. According to the mineralogical data obtained by
XRD shown in Table 2 and Table 1 for pedons 3, 5, 6,
7, and 13, these pedons are rich in calcite and gypsum
and are the richest in palygorskite.

Various micromorphological studies were carried
out on the soils of the northeastern Sahara desert of
Algeria and showed that mineral clay occurs as coat-
ings around detrital quartz skeleton grains (Fig. 6a)
[19, 30, 75]. Scanning electron microscopic observation
of clay coating on sand grains revealed a characteristic
fibrous clay mineral, and electron microprobe analysis
of clay plasma with a fibrous structure of certain gypsic
horizons showed peaks of Si, Mg, and Al [28]. It is sug-
gested that palygorskite is detrital in these soils, largely
inherited from Mio-Pliocene parent material. Accord-
ing to an XRD analysis, Chellat et al. [15] noted that
palygorskite is the dominant clay mineral in Mio-
Pliocene rocks with a rate from 30 to 65%.

Palygorskite would have been formed in the Sahara
during wetter periods than at present, preferably
during the drying phase [24]. Therefore, its formation
under hyperarid conditions is excluded. This mineral
is stable in areas with precipitation levels less than
300 mm [63], and the conditions of its stability have
not changed too much over time, which has allowed its
preservation in the Sahara soil.

Furthermore, the nature of the clay assemblage in
deep horizons of the analyzed pedons is similar, which
suggests its heritage from parent rocks [53]. However,
according to Boumaraf [11], one should be aware of
the difference between the upstream and downstream
Oued Righ. The upper Oued Righ with the current
Saharan climatic context and a significant precipita-
tion deficit does not offer favorable conditions for a
possible reorganization of the silicate minerals initially
degraded. Wind is the only particle mobilizing agent
capable of creating a spatial distribution of secondary
minerals beyond the limits of the lower Sahara.
Downstream, the seasonal fluctuations in groundwa-
ter level allow silicate minerals (e.g., illite and chlorite)
to find environments rich in basic ions that provide
conditions for conservation or even transformation
through the degradation of their crystalline systems.

Micromorphology study. The micromorphological
properties of thin sections from selected soils varied
vertically and laterally in the sampled pedons, with
varying degrees of microstructure development and
micropedological features. Table 3 briefly describes
some micromorphological properties of selected soils.
The overall microstructure of the studied soils ranged
between massive, subangular blocky, spongy, and
compact grains. The voids observed were commonly
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chambers and channels. The absence of porosity in
certain thin sections indicates a very closed system in
keeping with stronger cementation observed in the
field, such as in pedons 1, 3 and 4. The coarse fraction
consists mainly of subrounded to rounded quartz
grains, feldspar, and fragments of limestone and gyp-
sum. The roundness of the quartz grains increases with
depth. The feldspar grains are generally smaller than
the quartz grains and more subrounded in some
pedons (1 and 4). Generally, coarse material is pre-
dominant in the most surface horizons. In contrast, in
the deepest cemented horizons, there is a decrease in
those coarse materials and porosity as a function of the
increase in fine material.

Soil materials with fine fractions were usually red-
brown; soils of this color (pedons 1, 4, 7 and 13)
(Table 3) were dominated by illite and kaolinite [52].
The fine material of soil studies was silty-clayey to
sometimes clayey, and brown—gray groundmass
dominated in the soils with gypsiferous parent mate-
rial (particularly pedons 2, 4, 5 and 10), whereas yel-
lowish brown to bright brown groundmass prevailed
in the soils with calcareous parent materials. Since
soils are highly gypsiferous or calcareous, the b-fab-
ric is mostly crystallitic. The coarse/fine material
ratio (¢/f) ranges from 2/8 in the pedon 2 horizon Bt
to 8/2 in the pedon 1 horizon Bky, varying between
chitonic and porphyric.

Moreover, the major pedofeatures were textural clay
coatings (Figs. 6a and 6h) and infillings (Figs. 6b, 6g),
crystalline aggregations, microcrystalline calcite,
coatings on grains and infilling voids (Fig. 6¢), calcite
nodules (Figs. 6f, and 6h), microfossils (Fig. 6g), and
gypsum crystals (Figs. 6a, 6b, 6¢, 6d). The appearance
of various types of pedofeatures within the studied
soils, which were usually superimposed, is due to suc-
cessive phases of pedogenesis under different pedocli-
matic conditions. Subsequent weathering episodes are
characterized according to the distribution of pedo-
features and their relative positions [45]. Different
pedological processes are evident, and the chronolog-
ical steps of their formation can be determined. The
oldest phase is characterized by the growth of ferrugi-
nous nodules; a second phase is represented by clay
illuviation; and the third phase is marked by strong
calcite redistribution, fragmentation, and displace-
ment of the clay coatings [76].

Calcite pedofeatures. Micromorphological obser-
vation showed three main primary types of calcitic fea-
tures:

(1) Calcitic features of biogenic origin (microfossil)
(Fig. 6g).

(2) Sparitic to micritic crystallizations of nodules of
various sizes (Figs. 6e, 6g, 6h).

(3) Allochthonous sediment fragments with sharp
boundaries (Fig. 6f).

Various calcitic pedofeatures confirm certain envi-
ronmental conditions, including dissolution, migra-
EURASIAN SOIL SCIENCE  Vol. 56
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Fig. 6. Photomicrographs of crystalline pedofeatures in the studied soils (PPL—plane polarised light, XPL—crossed polarisers):
(a) Ganular and lenticular gypsum crystals; large lenticular gypsum crystals (Gy) enrichied in calcite (blue arrow) and sand impu-
rities from the matrix surrounded, with dissolution features (black arrow), the white arrow also shows nodule iron oxides in a
groundmass, 1/Ckyl; (b) Fin detrital material coating (black arrow) with dense calcitic (Ca) infilling cemented lenticular gypsum
crystal (Gy), 4/2Cy; (c) Cluster anhydrite, 3/Bky; (d) fragmented micro—assembly of micro—crystalline gypsum and lenticular
crystals, mixed with fine detritic material, 10/Cy1; (e) Calcitic coating in voids, 2/Btk; (f) pedorelic calcitic nodule embedded in
detrial groundmass, 5/Cky1; (g) fossiloferous calcite, 7/C2; (h) Calcite nodule with clay coating, 13/Ckcl.
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Table 3. Thin section description of the selected horizons studied

Pedon N/Hz Microstructure c/f ratio b-fabric, color Pedofeatures
1/Ckyl Weak developed massive, |5/5 Crystallitic b-fabric, | Many medium to large lenticular
porosity (~5%) porphyric light brown gypsum crystals, moderately with
dissolution features and poikilitic
calcite crystals inclusions. Few red-
dish Fe oxide nodules distributed
in soil matrix
2/Btk Weak to moderately devel-|2/8 Calcitic crystallitic, | Dense calcite infilling in voids and
oped subangular blocky Enaulic light grey to brown | channels. Coating of sparitic cal-
(~15%) cite, along a horizotal fissure show-
ing porostriation, dark reddish to
black Fe/Mn oxides impregnation
in matrix
3/Bky Spongy structure, poros- |4/6 Gypsitic/Anhydritic | Vermiform gypsum, Cluster of
ity (~5%) porphyric crystallitic, light anhydrite in a brownish fine mate-
brown rial with a strong brown accumula-
tion of clay material.
4 /2Cy Weak developed subangu- | 7/3 Gypsitic/calcitic Reddish yellow fine clay coatings
lar blocky with porosity Porphyric crystallitic mostly around isolated coarse lenticular
(~15%) and granostriated b- | gypsum crystals (~0.8 mm in diam-
fabric, light grey to | eter), with infilling of calcite crys-
reddish yellow tals
5/Ckyl Compact grain structure, |5/5 Calcitic crystallic Reworked sub-rounded calcitic
porosity (~25%) Chitonic-Por- b-fabric Light grey | nodules embedded in detrital sand
phyric grains groundmass
7/C2 Lntergrain microaggre- 8/2 Grey Calcitic crystal-| Loose calcite and clay infilling in
gate structure, porosity Chitonic-Por- lic b-fabric yellowish | voids, presence of a microfossil of
(~15%) phyric brown the Miliolidae family with calcite
nature
10/Cyl Weak developed subangu- | 7/3 Crystallitic b-fabric, | Loose continuous infilling com-
lar, (45%) Enaulic light brown posed of lenticular and sub-lenticu-
lare gypsum crystal
13/Ckc Compact grain, porosity |6/4 Calcitic crystallic b- | Rounded calcitic nodules with clay
(~25%) Porphyric fabric coating with Fe oxides (~5%) in
Light brown ground mass

tion, and sedimentation processes that existed during
their formation [64]. According to Khormali et al. [42],
the type and morphology of calcitic pedofeatures are
mainly characterized by soil moisture and temperature
regimes.

The carbonate character was established by the
predominance of porphyric-related distribution
(pedons 2, 5, 7, and 13) and crystallitic b-fabric in the
groundmass. The lower content of calcitic nodules
(various sizes) was mostly randomly distributed on
detrital sand grain groundmass in the more arid areas,
which could be explained by lower precipitation slow-
ing down the process of dissolution—recrystallization
and therefore limiting the formation of nodules [41].

The morphology of the orthic calcite nodules
(Figs. 6g, 6h) and their arrangement in the ground-
mass suggest that they were formed by dissolu-
tion/recrystallization in situ. The size of the nodules
increased with the increase in the concentrated calcite
crystals. Relic calcitic nodules (Fig. 6f) commonly
have more similar internal microfabric than the calca-
rous bedrocks and calcic horizons of upstream soils.
The rounded shape of nodules reflects their transpor-
tation and redeposition by floodwaters. During the
wet phases, the action of water at low pCO, dissolves
part of the carbonates of the calcareous crust, the dis-
persion of the fragments of calcrete favored the dis-
placement of these fine grains by the wind during the
EURASIAN SOIL SCIENCE  Vol. 56

No. 10 2023



MINERALOGICAL AND MICROMORPHOLOGICAL PROPERTIES

arid phase, and the alternation of phases of aeolian
and water erosion caused the burial of pedorelics in the
detrital sandy material.

Conversely, recrystallization of illuviated calcium
carbonate from surface horizons caused the formation
of calcite coatings (Fig. 6e). The limpid color of the
coatings proved that no impurities were associated
with calcium carbonate and that the coatings were
formed during arid periods [21]. Calcite infillings
seem to be formed when soluble pedogenic carbonate
crystals progressively fill the pore space between the
grains in the arid conditions of the area (Fig. 6g).

Furthermore, carbonate masses and clay coatings were
observed in argillic and calcic horizons (Figs. 6g, 6h). The
current arid climate does not have enough humidity to
form these horizons [62], and clay translocation
occurred during more humid periods, and was depos-
ited during dryer periods. The repeated cycles of wet-
ting and drying caused the formation of the above-
mentioned morphological features on a stable surface.
The presence of carbonates in Oued Righ soils indi-
cated a more humid paleoclimate in the history of the
area; the micromorphological observations support
these findings. The processes of accretion of calcite
were discontinuous at geological time scale. Disconti-
nuities result from the variations in water table depth,
the intensity of evaporation, soil water composition,
and the intensity of calcitic dust aggradation [25].

Gypsum pedofeatures. The micromorphological
observations have investigated the gypsum in pedonl
(tabular butte), pedon 3 (alluvial plain), pedon 4 (clay
quarry), and pedon 10 (piedmont). Gypsum occur-
rence in soils of the study area revealed that local envi-
ronmental conditions with low rainfall prohibited he
leaching of this mineral. The different forms of gyp-
sum crystals in the studied soils are related to microen-
vironmental changes during soil formation [30].

Lenticular (Figs. 6a, 6b, 6d), granular (Fig. 6d),
and vermiform (Fig. 6¢) crystals are the dominant pedo-
features observed in the thin sections of pedons 1/Cky1,
4/2Cy, 3/Bkyl, and 10/Cyl (Figs. 6a, 6b, 6d). Lentic-
ular gypsum represents the most common morphol-
ogy of gypsum in soils and has been described by many
authors [34, 56, 57]. The lenticular gypsum has no
preferred orientation and was found in the soil matrix
and inside voids. Lenticular gypsum crystals can be
formed under any environmental condition [38]. How-
ever, Amit and Yaalon [2] cited two major processes
proposed for crystallization of lenticular gypsum: ion
impurities within the soil solution or crystallization in
a void system where space is not limiting.

Poch et al. [56] proved that massive crusts or sub-
surface petrogypsic horizons were characterized by
large lenticular crystals (1/Ckyl and 4/2Cy, Figs. 6a
and 6b), the formation of which presumably took a
very long time. Our results indicate that lenticular gyp-
sum crystals were more abundant in subsurface hori-
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zons than in the surface ones. Jafarzadeh and Burn-
ham [38] reported similar facts in arid regions of Iran.

Most of the macro gypsum crystals form inclusive
or incorporative fabrics (poikilotopic crystals) that
contain impurities with the same size and composi-
tion as those of the surrounding matrix materials
(Figs. 6a, 6b). The impurities are calcite and quartz
crystals, scattered randomly. Crusts are occasionally
made up of lenticular crystals greater than 1 mm in
diameter. In those exhibiting porphyroblastic gypsum
crystals, quartz grains may be included poikilitically
within the crystals [73].

The relative abundance of pseudomorphoses of
lenticular gypsum in calcite inside the microsparitic
micromass characterizes the gypsum-saline soils of arid
areas such as the upper Oued Righ region (pedon 1 and
pedon 4). Hamdi-Aissa [31] and Poch et al. [56] con-
sidered them indicators of a more arid climate in the
past, followed by more humid conditions. One addi-
tional feature observable in some calcite-rich matrices
is a decalcification process accompanying gypsum for-
mation. The zone around the pockets of the gypsum
may be decalcified, so calcite supplied calcium for the

gypsum.

Sullivan [69] proposed two mechanisms for pseu-
domorph formation in soil: gypsum dissolution pro-
ceeded by calcite precipitation in the void pseudo-
morph, and the second is the replacement of gypsum
by calcite. The former could explain pseudomorphs in
the groundmass, with voids functioning as molds but
not loose infillings in pores. The second mechanism is
supported by the occurrence of partially replaced crys-
tals, which was the case observed in the studied sam-
ples (Figs. 6a, 6b) [68].

Corroded gypsum crystals were common in the
subsurface horizons of pedons 1, 4, and 10. Corrosion
of some gypsum crystals was observed along one side
of lenticular crystals and in the other crystals observed
along all margins of undefined gypsum crystals
(Figs. 6a, 6b, 6d). The corroded gypsum crystals have
slightly to highly embayed and engulfed margins filled
with clay and carbonates. The depth and morphology
of the embayed and engulfed margins of corroded gyp-
sum vary according to the intensity of corrosion
among adjacent crystals [4].

Anhydrite occurs near the soil surface in arid
regions and is mainly formed by total dehydration of
gypsum due to higher temperatures. Hence, micro-
morphological observations in the present research
revealed the formation and growth of anhydrite crys-
tals after the vermiform of gypsum in a fine brownish
material.

The appearance of randomly oriented and distrib-
uted anhydrite crystals inside gypsum crystals could be
attributed to the dehydration process [5]. The replace-
ment of gypsum crystals with bassanite or anhydrite
can result in perfectly pseudomorphic aggregate for-
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mation [47]. Anhydrite occurred as pseudomorphs of
gypsum crystals in pedon 3 horizon Byk (Fig. 6¢).

Compound pedofeatures were found in pedons 4
and 13 (Figs. 6b, 6h). These pedofeatures character-
ized the temporal sequence of soil formation processes
and paleoenvironmental conditions. The formation of
this juxtaposed compound pedofeature is ascribed to
the variation in local environmental conditions. The
coating of calcite nodules and gypsum crystals on
clay particles was caused by the more humid climate
followed by an arid period, which formed a polygen-
etic soil.

CONCLUSIONS

Different soils of the Oued Righ region were stud-
ied on various landscape units and geological strata
using a multianalytical technique. The physicochemi-
cal, mineralogical, and micromorphological charac-
teristics of the studied soils were closely influenced by
landscape position, parent material and paleoenviron-
ment conditions. The soils of the study areca were gen-
erally alkaline with high proportions of gypsum in dif-
ferent accumulation forms, highly saline, poor in
organic matter, and aerated on the surface. More
developed soils were found on the stable plateau and
piedmont plain. The appearance of calcic-gypsic
horizons in the studied pedons was induced by the
spatial distribution of calcareous and gypsiferous geo-
logical strata. The textural heterogeneity observed in
the deep horizons was caused by successive phases of
erosion and filling of the valley bottom, as opposed to
the upper horizons, which have an aeolian origin. The
hyperarid climate of the Oued Righ region favors the
concentration and crystallization of salts in the soil,
both on the surface and in depth, depending on envi-
ronmental conditions. The soils become hydromor-
phic in poorly drained sites composed of fine alluvia
such as salt depressions and ancient palm groves
located at the bottom of the Oued Righ valley. The
studied soils were classified as Aridisols (Petrogypsids,
Haplogypsids, Calcigypsids, and Argigypsids) and
Entisols (Torrifluvents, Torripsamments) in Soil Tax-
onomy (2014). They were classified as Gypsisols,
Arenosols, Fluvisols and Solonchaks in the WRB
(2022). Although the present environmental condi-
tions, climate, and parent material are very appropri-
ate for the production of Gypsisols or Haplogypsids,
the role of two other factors, i.e., time and topography,
restrict their development to only favorable positions.
The clay minerals identified in almost all landscape
surfaces were palygorskite, kaolinite, chlorite-smec-
tite and illite with more palygorskite and less smectite
in the soils with gypsiferous parent materials. The clay
mineralogy results indicated that inheritance might be
the primary source of these minerals. Micromorpho-
logical observations clearly showed soil records of dif-
ferent climatic conditions in the history of the Oued
Righ region; clay coatings and infillings, calcite coat-
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ings on grains and voids, calcite nodules, gypsum crys-
tals and Fe and Mn oxide nodules were common
pedofeatures observed in the thin sections of the stud-
ied soils; probably they were formed in a former cli-
mate with more available moisture. More research in
this region and similar regions of the Algerian Sahara
is strongly encouraged to confirm and deepen the
findings presented in this study.
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