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ABSTRACT: A total of 216 pedons were regularly distributed throughout
130,000 Faddan across the Darb Al-Bahnsawy area at West EI-Minia
Governorate, Central Egypt representing the major variations in the site. Soil
pedons were pedomorphologically described and soil samples were collected
from genetic horizons. The toposequence soil transect across a slope gradient
(95-135 m) was selected for identifying the origin and homogeneity of the soils
under study. To demonstrate uniformity or discontinuity of parent material, the
weathering indices of Wr1, Wr2, and Wr3 were performed besides uniformity
indices of UV1 and UV2. Five different soil types were distinguished based on
soil depth, soil texture, and surface topography. The investigated soils were
coarse-textured and widely varied from deep (>100cm) to shallow (<50 cm).
Moreover, they also were classified into different categories based on the
gypsum content; slightly gypsiric, moderately gypsiric, and strongly to
extremely gypsiric soils, and the gypsic horizons were developed on upper
slopes. Some studied soils were affected by the calcareous nature. The
investigated soils had different horizonation sequences which are C-2Cyy for
shallow soil, C1-C2-2Cyy and C-2C1lyy-2C2yy for moderately deep soils, C-
Ck-2Cy-2Cr and C-Ck-2C-3C for deep soils. Most soils were formed through
geologic processes with no evidence of pedogenesis, except for calcic horizons
(Ck) formed on lower slope soils, and gypsic horizons (2Clyy and 2C2yy)
formed on upslope soils over the studied toposequence transect. Lithologic
discontinuities in most pedons revealed sequences of deposition and erosion
processes and the heterogeneity of the parent material. The difference in sand
and silt separates of UV1 index on a carbonate-free and clay-free basis was
consistent with the vertical distribution of rock fragments within the pedon. The
light minerals associations in the studied soils were dominated by quartz,
gypsum, feldspars, calcite, mica, and chlorite. Heavy mineral percentages (1.46
— 16.34%) were increased from the west to the east of the investigated transect
across the slope gradient. The highest concentration of heavy minerals (10.09 —
16.34%) was detected in the lower soils. The identified heavy minerals were
pyroxene (augite and hyperthene), amphiboles (hornblende and actinolite),
garnet, staurolite, kyanite, zircon, tourmaline, rutile, epidote, zoisite, biotite,
monazite, glaconite, and opaques. Opague minerals (39.33 to 61.33%) constitute
the most predominant constituent in all studied soil samples. The heavy minerals
characteristics suggest their mixed sources from sandstone, limestone, and
metamorphic rocks. Limestone plateau was the main source of soil regolith, the
uniformity ratios depict heterogeneous distribution with depth that may be due
to the sedimentation processes which act upon most soils. The sediments were
immature to submature based on ZTR index. Various genetic stages of gypsic
horizons development were proposed in the current study. Gypsum materials
originated within the studied sediments from the weathering of the surrounding
Eocene white limestone plateau. The results of weathering indices curves
demonstrated that the soils under study are formed from multi-origin under
multi-depositional regimes.

Keywords: Pedon, genesis, gypsic horizon, calcic horizon, uniformity, West EI-Minia, Central Egypt.

INTRODUCTION

interdependent manner under the same parent

Pedology is a scientific and applied field for
identifying the soil-forming processes and factors
in the semi-arid and arid zones around the world
(Madakka et al., 2021). Soils across a slope
gradient will be developed and evolved in an

material (Bockheim et al., 2005; Baillie et al.,
2021). A catena is a set of a series of similar soils
on a slope under a given topographic situation and
climatic criteria. Soil slope is a dynamic
contributor to occur the pedogenic processes and
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varies the types of soils across diverse landforms
and landscapes (Kapur et al., 2018; Madakka et al.,
2021). In dryland, soil parent materials can
discriminate main types of soils which are
primarily related to pedogenic processes such as
accumulation of gypsum, carbonates, and soluble
salt vertically within the pedon horizons. Soil
development occurs on the land surface in which
the soils may be formed on different catenas.
Regolith or soil formation may be occurred based
on the balance between inputs and losses of soil
materials at different geological timescales. To
form parent material, the loose sediments of
inorganic material or weathered inputs from in-situ
rocks may be translocated via water or air carrying
the soluble salts and atmospheric dust and
deposited at specific slope positions (Soares et al.,
2020). Dissolved losses and solutes such as
gypsum and carbonates are transported from the
surficial weathering zone and the net mass of
additional dust and solutes accumulated in the
horizons of soil pedons due to the chemical
weathering (Baillie et al., 2021). In arid regions,
the long-term soil development process is occurred
slowly due to the scarcity of rainfall which is
required for chemical weathering and leaching, and
therefore the dissolved losses are reduced (Elwan,
2018). Gypsum constituent is a sulfate mineral in
soils of semi-arid to arid regions around the world.
Its contents widely vary between less than 2% and
more than 90% based on the parent material origin,
slope, and climate of the area (Lizzoli et al., 2021).
Soil moisture regime is the most contributor to the
occurrence and accumulation of gypsum materials
in the soils than the soil temperature regime
(Salman et al., 2021). Gypsum crystals may be
occurred as individuals or as masses within the soil
pedon horizons. Furthermore, they can soft
materials or cemented horizons (Lizzoli et al.,
2021).

Soil parent material archive may be utilized as a
powerful indicator for investigating climate
changes across different lands of desert
ecosystems. The variations in soil properties across
landscape positions are usually attributed to the
changes in climate, soil runoff, erosion, and
sedimentation processes which affect soil origin
and uniformity (Sulieman et al., 2021). Numerous
studies of drylands in arid regions of desert
ecosystems show that soils are varied in
topography, water distribution, parent material,
age of the land surface, amount and intensity of
rainfall, and plant heterogeneity (Baillie et al.,
2021). The study of parent material uniformity is a
very vital and suitable media for assessing
pedological processes and forming the soils
(Lizzoli et al., 2021). The immobile and resistant
minerals to chemical weathering in arid soils were
a powerful basis to assess alterations of horizons
vertically within soil pedons and indicate the soil
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genesis rocks (Moghbeli et al., 2021). The resistant
heavy minerals and their distributions vertically
within the upper horizons of solum have been
utilized to distinguish between pedological and
geological processes (Siqueira et al., 2021).
Varied species of heavy minerals have been
employed but the most common minerals in dry
soils are quartz, xenotime, zircon, tourmaline, and
rutile (Salman et al., 2021).

Sediment provenance can be measured by sensitive
indicators of heavy mineral assemblages. Many
species of the heavy mineral are found in sandstone
and limestone which have restricted paragenesis.
These resistant minerals can indicate the
composition of minerals and source rocks.
Variances in heavy mineral assemblages vertically
across soil pedon layers facilitate the identification
of soil origin derived from different sources and
pedon uniformity via different sediment transport
pathways.

Limestone is considered as carbonate rocks that
represent about 10 percent of land surface and
occupy 20 percent of the sedimentary rocks around
the world (Pinheiro Junior et al., 2021) and
therefore represent a major soil parent material,
particularly in Egypt. Furthermore, gypsum rocks
are also considered a major component of the
sedimentary rocks, and therefore a wide extent of
lithology was found in Egypt (Elwan, 2018).
Accordingly, pedological knowledge and soil
investigations should be implemented to
understand the impact of this lithology on soil
genesis and pedon uniformity. In this accord, the
main aims of the current research paper were to (1)
map the major types of studied soils; (2)
characterize the pedological processes affecting
the soil formation and evolution; and (3) assess the
genesis, maturity, and uniformity of the soil parent
material.

MATERIALS AND METHODS

Study site Description

The study was conducted in the Darb Al-Bahnsawy
area, West El-Minia, in the Western Desert,
Central Egypt. The study area is located west of the
River Nile and bounded by the western limestone
plateau within the boundary of EI-Minia
Governorate (Fig. 1). It lies between longitudes of
29°35" & 30°01'E and latitudes of 28°07" &
28°25'N (Fig. 1). It covers an area of about 135000
Faddan. Many asphaltic roads and desert loggers
are available to access the study area. The arid
climate with hot summer, warm winter, high
evaporation, and low rainfall intensity are the main
characteristics of the study area. The
meteorological criteria of the El-Minia station
were recorded for 30 years (1990-2020). The
minimum air temperature ranges from 5°C to 21°C
in January and August, respectively. Whereas, the
maximum temperature varies between 25.5 °C and
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43.5°C in January and June, respectively. Rainfall
is usually rare throughout the region where the
rainy months starting from October to the end of
May; the annual precipitation rate is 19.6 mm/year.
The maximum rainfall in one day of rain and heavy
storms is 7.6 mm/day in October. Therefore, the
contribution of rainfall to groundwater recharge is
expected to be scarce. Recently, climate change
patterns could occur in random ways. In the present
study, four geomorphologic units were identified
including; the tableland, isolated hills, three flood
plains (silt plain, sandy plain, and gravely plain)
(Shabana, 2010), and sand dunes belt of the
Western Desert which started from the south
Qattara Depression and extended to the West El-
Minia (Salem, 2015; Yousif et al., 2018).

The Eocene white limestone is exposed on both
east and west sides of the River Nile within the
boundary of EI-Minia Governorate, Central Egypt.
This led to forming vertical scarps above the flood
plain of River Nile and therefore persistent
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valley. These scarps and plateaus are made up of
the EI-Minia formation at the base and the Samalut
formation at the top as shown in Fig. (2) (Lotfy et
al.,, 2017). El-Minia and Samalut formations
belong to the Eocene rocks in the investigated area.
Samalut formation is composed of chalky
limestone with thin silt and clay intercalations.
Geology knowledge has a key role in the quality
and occurrence of groundwater in the study area.
Consequently, the lithostratigraphy of the water-
bearing formations and hydrogeological structure
needs to be evaluated adequately (EI-Rawy et al.,
2021). There are six major aquifers across different
locations in Egypt these aquifers are the Nubian
Sandstone aquifer, Nile aquifer, Al-Moghra
aquifer, Fissured Carbonate aquifer, Fissured
Hard-rock aquifer, and Coastal aquifer (Abu-Bakr,
2020). East EI-Minai is mainly supported by the
Nile aquifer which belongs to the Quaternary age.
This aquifer is highly productive and is composed
of gravel and sand. Its thickness reached 400 m

plateaus were developed in the east and west of the  (Abu-Bakr, 2020).
- - < s 1 ]
e MR < )
i
WHCE  NWYE  WRUE  NBVE  NHUE  MMUE L
: 9 2 Y 3 f )
i, - .:‘;
w.f(&; / 3
/
.| .2 '3 .l '( .0 . .3 .9 .l. .ll .I! .l, H oI5 6 B
'i ¥ ¥ B on oy Ve
"4 2| AR e ) .‘9 t‘x Gl G .‘ & v l“ ol -I‘ z
ok T3 000 40 4 g 0 :
< 8 T i SO 1 e o I
g X 1 ."3 ..' .“ .b ‘“ 't.‘ .‘l 8 602 60 @ 9 8 57 % % 2
d .J .‘ .( “ d ‘"I :‘ .li .3| ‘L 8 8 o8 % 5 o
. U™ PRI N NNy z
] 0 :
;v-- ..... 1% ."ﬂ .lll ‘||! 'll’ ‘"l .".( ."‘ 0 us s 1 -;"
a .I“ 'l.“ ‘IU .I} 'IJl ‘IJI .I“ I3 07 26 15 gy L 3
.........
'I.* -” .|‘! .IJ' .I. 'Iﬂ 'N .|U .1“ HS 16 W 1 19
.z .l“ .IU .Iﬁ. ‘Itl .l“ .I(’ .l“ IST 1% g8 gy UL ?
A TR P I
g '“. .liﬁ .lb .168 .I“ .I-' .] 1 .l II 3 'l 4 .I'.‘ .|7‘ 'l“ .I s ;
P ~
.l'l .l” 'I” .In 'r 'I“ .IR‘ .IN WO s g
0% ------N .I‘ll 'I‘J .|“ .19.( ’l‘( ‘IT ']” 19 200 01 m ]
Y AN T T e e,
; z 16 28 3 m Z
# 8 MBI oo |8
Yy 8 r
4/ El-Minia Governorate s v W z
¢ .
WIIE WIOE W0E 9S0E 90E 2'I0E

Fig.1. Location map of the study area within the EI-Minia Governorate boundary showing a regular grid

of pedon locations across the study area.

Numerous lithologic units were exposed across the
lands of the study area in age from the Middle
Eocene to the Quaternary (Yousif et al., 2018) (Fig.
2). These units include, from top to base,
Quaternary alluvial deposits, Katkut Formation,
Qatrani Formation, Samalut Formation, and El-
Minia Formation (El-Rawy et al., 2021).
Formations of El-Minia and Samalut belong to

Eocene time and are composed mainly of
weathered carbonate rocks in the study area (Lotfy
etal., 2017). The age of exposed rocks in the study
area varies from Lower Eocene to Quaternary.
Eocene and Oligocene rocks are covering most
land on the surface of the study area. The sediments
of Nile silt, sand dunes, Prenile, and proto-nil
belong to the recent Quaternary. The study area is
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affected by a network of faulting systems. These
faults play a great role in the occurrences of the
groundwater aquifers in West EI-Minia (Yousif et
al.,, 2018). One water-bearing formation was
identified in the West EI-Minia area including the
Middle Eocene limestone aquifer (Shabana, 2010).
The Nubian and Oligocene sandstones were
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area (Yousif et al., 2018) (Fig. 2). The water of the
River Nile is insufficient for achieving water
security in Egypt. This is due to climate change,
population growth, water contamination, irregular
distribution of water resources, and development
projects in the Nile River basin (Yousif et al.,
2018).

recorded as water-bearing formations in the study
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Fig. 2. Geomorphological and geological setting of the study area; a) Three-dimensional view showing
the main landforms of the West El-Minia region, B), b) Geomorphology map of the study area,
and c¢) Geology map of the study area, and d) Geological formations (modified after Lotfy et al.,

2017; Yousif et al., 2018).

Fieldwork

A total of 216 pedons were regularly distributed
throughout 130,000 Faddan across the study area
in West El-Minia representing the major variations
in the site (Fig. 1). Pedons from a soil transect
across a soil toposequence were collected from
West El-Minia, Egypt (Figs. 2 and 3). Using
manuals of Schoeneberger et al. (2012) and Soil
Science Division Staff (2017), pedons were
described and soil samples were taken from genetic
horizons.  For distinction, definition, and

designation of genetic horizons, Soil Survey Staff
(2014a) and FAO (2006) were considered. The
morphological and physicochemical characters
were used to identify the soil types and classify
them into soil mapping units. Based on the
hypothesis that topography might be the main
controlling factor in soil development, soils of the
study area have been studied along a representative
topographical transect within the study area from
the west at the plateau to the east across the
gravelly alluvial plain (Figs. 2 and 3). The top
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sequence transect ran horizontally across a slope
gradient in the alluvial plain landscape from the
west at a higher slope (125-150 m above sea level)
to the east at the lower slope (95-120 m above sea
level) (Fig. 3). Soils were sampled by genetic
horizon from gravelly plain across environmental
gradients. Detailed morphological descriptions of
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each horizon/layer of representative pedons and
their sites were made in the field itself as per the
standards procedures given by FAO (2006),
Schoeneberger et al. (2012), and Soil Science
Division Staff (2017). Soil color was determined
for moist samples using the Munsell notation
(Munsell Color, 2009).
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Fig. 3. Ground elevations above sea level; A) Digital elevation model for the study area, B) the
Toposequence transect (Topographical profile) across the gravelly alluvial plain from the west to the

east.

A wider range of classification terminology was
used by different international sources to identify
the soils derived from gypsum-rich parent material
based on the gypsum content of a soil's fine earth
fraction. The world reference base for soil
resources (IUSS Working Group WRB, 2015) uses
gypseous soils under two names; the first is
hypogypsic (<25% gypsum, CaSO..2H,0) and the
second is hypergypsic (>50% gypsum) as
qualifiers. The gypsiferous soil term was used by
Soil Science Division Staff (2017) for the material

that contains 15 to less than 40 percent, by weight,
gypsum. While the fine gypsum material term or
coarse gypsum material was used for material that
has 40 percent or more gypsum (Soil Science
Division Staff, 2017). Furthermore, FAO (2006)
designates gypsiric terms for the soil affected by
gypsum under different categories (non-gypsiric,
slightly gypsiric, moderately gypsiric, strongly
gypsiric, and extremely gypsiric).

Analyses work
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Soil samples were air-dried and hand-sieved
through a 2-mm screen to remove roots, stone, and
other debris. The sand fractions were determined
by dry sieving following the Wentworth classes
(Soil Science Division Staff, 2017). The silt and
clay fractions were determined using the pipette
method after removing organic matter digesting it
in a heated hydrogen peroxide solution and using
sodium hexametaphosphate as the dispersing agent
(Su et al.,, 2004). Some soil physicochemical
analyses were carried out according to the methods
described by the Pansu and Gautheyrou (2006) and
Soil Survey Staff (2014b). Sample weight and
volume were corrected for coarse fragment content
(Soil Survey Staff, 2014b). Gypsum concentration
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was determined by the differential water loss
method (Artieda et al., 2006).

Uniformity and maturity indices

The detection of lithologic discontinuities (LDs)
was based on the nonuniformity of the parent
material (Schaetzl and Anderson, 2005). Field and
laboratory data sets were evaluated in-depth
function as a visual estimation of rock fragments
which is used in this paper to detect the LDs. The
difference in the grain size of soil (silt and sand)
was studied using the uniformity value index
(UV1) (Cremeens and Mokma, 1986) (Formula 1).
The UV1 index compares particle size data from
the horizon/layer above.

[(Si + VFS)/(S — VFS)] in overlaying horizon/layer

Uvl =

Where UV1 is a uniformity value index of
Cremeens and Mokma (1986). Si is silt content,
VFS is very fine sand content, and S stands for
whole sand content.

Another method was suggested by Kowalska et al.
(2016) for the calculation of uniformity values

~ [(Si + VFS)/(S — VFS)] in overlaying horizon/layer

€))

(UV2) that considers the whole granulometric
fraction in the soil (clay, silt, and sand) (Formula
2). In the current study, this method is applied and
tested against the UV1 method.

[(C+ Si)/(S)] in overlaying horizon/layer

uv2 =

Where UV2 is the uniformity value index of
Kowalska et al. (2016), C is clay content, Si is silt
content, and S stands for sand content.

The closer the UV1 or UV2 is to zero, the more
likely that the two horizons or layers in a pedon
formed from similar parent materials. Values
higher than 0.60 indicate the presence of a
lithologic discontinuity (LD) and nonuniformity of
the parent material (Cremeens and Mokma, 1986;
Schaetzl and Anderson, 2005).

Interpretation of the distribution of the heavy
mineral has been carried out to detect the

[(C + Si)/(S)] in overlaying horizon/layer

2)

uniformity of soil parent material. The concept is
based on the fact that heavy minerals residue has a
wide range of mineral species. The index minerals
are considered more resistant to processes of soil
formation than the other species. The ratios (Wr1,
Wr2, and Wr3) among the non-resistance and
resistance minerals were used as criteria for
investigating parent material uniformity across a
pedon; and consequently soil development
(Equations 3, 4, and 5).

Wrl1= (Pyroxene + Amph) / (Zir + Tourmaline) (3)
Wr2=Horn /(Zir + Tourmaline), (4)
Wr3 = Biotite /(Zir + Tourmaline). (5)

Moreover, the ZTR maturity index is the
percentage of the combined zircon, tourmaline,
and rutile among the total non-opaque heavy
minerals (Equation 6). The three minerals have
high mechanical and chemical stability to wear and
tear. Less resistant unstable minerals are dissolved

when the maturity of the sediments increases. Most
resistant minerals remain almost unchanged and
their relative abundance to their counterparts in
sediment increases. This is the reason why the
percentage of these resistant minerals can express
the sediment's maturity.

ZTR= [( zircon+tourmaline+rutile)/(Z non-opaques)] x 100 (6)
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Microscopic methods

To determine the mineral composition of heavy
and light mineral associations, all samples were
sieved to the 63-250 pm size fraction. This
fraction was selected for the analysis because it
includes all virtual mineral species in proportions
representative of the bulk sample. The standard
procedures of Mange and Maurer (1992) and
Mange and Wright (2007) were applied to
separate and prepare the heavy minerals in the
concerned samples from studied pedons. Each
sediment sample was first treated with 30%
hydrogen peroxide to remove the organic matter.
It was then decalcified with 20% hydrochloric
acid. The heavy minerals were separated from this
fraction using bromoform (CHBFr3) at a density of
2.85-2.88 g cm. The heavy minerals were
mounted on glass slides and identified using a
petrographic (polarizing) microscope with the
counting results expressed as percentages. Canada
balsam was used as the mounting medium. The
abundance of each non-opaque mineral was
calculated as a percentage of the total grains
counted for each sample.

RESULTS AND DISCUSSION

Soil Morphological and Physicochemical
Characteristics

Field morphological attributes, physicochemical
data, and uniformity indices for the five typical
pedons are presented in Table (1). All pedons
under investigation are vertically differentiated for
different layer sequences in terms of their
morphology and texture (Fig. 4). Five different soil
types were distinguished based on soil depth, soil
texture, and surface topography as shown in Fig.
(3). The area covered an area of about 130,000
thousand Faddan. They were identified across the
study area. The soil mapping units (SMUs) are (i)
deep, coarse-textured soils with almost flat to
gently undulating topography surface, (ii) deep,
coarse-textured soils with gently undulating to
undulating topography, (iii) moderately deep,
coarse-textured soils with almost flat topography,
(iv) moderately deep, coarse-textured soils with
undulating topography, and (v) shallow, coarse-
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textured soils with almost flat to undulating
topography. The first soil mapping unit (SMU1)
was developed on the lower slopes position. It
occurred on nearly level slopes dominated by deep
(> 100 cm) coarse-textured soils (sands, loamy
sand, loamy coarse sand) (Table 1; Fig. 4).

Most layers of the studied pedons have loose to
very friable consistence, whereas the lower
horizons of SMU1 and SMU2 were firm or very
firm in moist consistency. The evidence of reduced
soil matrices was found within the pedons of
SMU1 and SMU2 and their horizons exhibited
common, faint, finely disseminated iron depletion.
Redox concentrations in the lower horizons of
these pedons appeared in the form of oxidized iron
(Fe*®) masses in the matrix around depletions. By
contrast, the carbonate effervescence was low in
gypsic horizons (Cy, Cyy) and higher in calcic
horizons (CKk) as finely disseminated carbonates or
masses indicative of their origin from the upper
limestone plateau. In general, soils in the study
area have a structureless (single grain and massive)
where the soil is a regolith. Some regolith layers
present massive to single grain as structureless,
which are neither plastic nor sticky. Crust-related
and trans-horizon were identified in the upper
horizons in soils of SMU1, SMU2, and SMU3.
Crust-related cracks were formed as shallow at the
regolith surface as seen in pedons of SMU1 (Fig.
6). Trans-horizon cracks were found in the pedons
of SMU2 and extended from the regolith surface to
80 cm depth as shown in the C, Ck, and 2Cy
horizons. Gypsum is accumulated as crystal
clusters, non-cemented to slightly cemented
masses, and finely disseminated gypsum in the
horizons of Cy and Cyy occurred in SMU3, SMU4,
and SMU5. Gypsum was rarely found cemented
across studied pedons. Soils of the study area were
classified into three categories based on the
gypsum content. Slightly gypsiric soils (<5%
CaS04.2H,0), moderately gypsiric soils (5-15%
CaS0..2H20), and strongly to extremely (>15 to
>60% CaS0..2H,0) gypsiric soils. Soils of SMUS5,
SMU4, and SMU3 have the highest gypsum
contents ranging from 16.45 to 63.19% (Fig. 5).

485



28°20°0"N

28°10°'0"N

20°40'0"E 29°50'0"E

(JAAR) Volume: 26 (4)

29°40'0"E

29°50'0"E

gy S I Tkm

0 15 _3 6 9 12 )

20°40'0"E 29°50'0"E
Soil Mapping Units

- SMU1: Deep, Coarse-textured soils with almost flat to gently undulating surface.
D SMU2: Deep, coarse-textured soils with gently undulating to undulating surface.

D SMU3: Moderately deep, coarse-textured soils with almost flat to 9.undulating,

- SMUA: Moderately deep, coarse-textured soils with undulating surface.
- SMUS: Shallow, coarse-textured soils with almost flat to undulating surface.

Fig. 4. Soil mapping units of the study area.

In the investigated area, the surface horizon depth
of the studied soils varies from 15 to 30 cm. These
horizons have a yellow color with a value of more
than 5 and a chroma of more than 4. Gypsum
horizons were lighter in color and ranged from
pinkish-gray (7.5 YR 7/2) in the C1 horizon of
SMU 4 to white (7.5 YR 8/1) in the 2C1yy of SMU
3 (Table 2). The soil structureless was the
dominant soil structure across soils of the
toposequence transect, particularly soils derived
from the limestone catena. The gypsic horizons
(Cy & Cyy) exhibited a massive structure as well.
The major morphological properties of sites and
pedons of the study area are presented in Table (2
) and visualized in Fig (6). The morphology of the
studied soils on the lower slope differed from that

of the gypseous soils on upland in their depth,

28°20'0"N

28°10°0"N

km
015 3 ] 9 12

29°40'0"E
[ sightly gypsiric soils
[ ] Moderately gypsiric soils

. Strongly to extremly gypsiric soils

Fig. 5. Gypsum content in the studied soils.

colors, concentrations, redoximorphic features,
and the absence or presence of diagnostic
horizons/solum. The solum, the upper part of
regolith (A+B horizons), was absent in the whole
pedons whereas the subsolum layers; e.g.,
regolithic layer (C), saprolithic (Cr), and paralithic
layers (R), defined by Moragues-Quiroga et al.,
2017, were noticed at different depths (Fig. 6). The
regolithic layers (C) were the dominant horizons
throughout the pedon. Furthermore, saprolithic
(Cr), and paralithic layers (R) were only noticed in
the deepest layers of the soils developed on higher
slopes (Fig. 6). They were represented by a very
pale brown (10YR 8/2) sand C layer, and light gray
(10YR 7/2) sandy Cr layer.
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The processes by which soil formation occurs are
known collectively as pedogenic processes, and
they comprise four main groups: additions,
transformations, transfers, and losses (Elwan,
2018). Accordingly, there were noticeable
differences in the horizon sequence between the
pedons across the soil toposequence (Fig. 6). The
investigated soils had different horizonation
sequences: C-2Cyy for shallow soil in SMU5
developed on almost flat to undulating topography,
C1-C2-2Cyy for moderately soils in SMU4
occurred on undulating topography, C-2Clyy-
2C2yy for moderately soils in SMU3 developed on
almost flat to gently undulating topography, C-Ck-
2Cy-2Cr for deep soils in SMU2 developed on
gently undulating to undulating topography and C-
Ck-2C-3C for deep soils in SMUL1 formed on
almost flat to gently undulating topography surface
(Fig. 6). The study demonstrated that the time
wasn’t adequate to develop the cambic horizon
(Bw). Most soils were formed through geologic
processes with no evidence of pedogenesis. Except
for calcic horizons (Ck) formed on lower slope
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soils (SMU1 and SMU2), and gypsic horizons
(2Clyy and 2C2yy) formed in upslope soils
(SMU3, SMU4, and SMU5) ((Figs. 4 and 6).

In general, a soil texture group was only coarse-

textured soils across the study area. In all studied
pedons, the sand was a dominant fraction. Total
sand content in the soil mapping units was higher
(692-864 g kg') compared to silt (89-232 g kg™)
and clay (20-219 g kg't). The highest values of clay
content were observed in the subsurface layers
(2Cy and 2C) of the pedons sampled from SMU1
and SMU?2. In contrast, pedons located upslope in
the SMU4 and SMUS5 present the highest sand
content which may be attributed to the coarse
sedimentary nature of the material from which
upper positions sediments of the study area were
formed. All soils consisted of Quaternary alluvial
loamy coarse sand to sandy loam in deep (>100
cm) to shallow regolith (<50 cm) (Figs. 4 and 6).
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Fig. 6: Polygenetic reference pedons with different horizon sequences for the investigated soil types in
West EI-Minia, Central Egypt.
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Table (1): Certain field morphological and physicochemical characteristics of the sampled pedons across the study area.

Layer R CaSO0s Rock Fine earth (g kg™)" Sand separates (g kg?)" USDA

Pei%on Hor|]'izo thi(%l;[:)ess Color? F;Zg?gfgf Boundary® .2(I;§)O ?a(%/o ) fr(zgggrelz?ﬂts S Si c VSC cs MS S VES Texﬂtu re U};/l Uyz

c 0-30 ToYRe FDC AW 9.25 17.3 35 778 165 57 135 125 235 118 165  LCOS  -0.62  -0.44

SMUL Ck 05 SYRY FDC: F3M AW 3.15 395 95 699 210 91 135 98 369 95 12 sL 090 162

(Deep soils) 2c ss-105 TSR FDC AS 9.7 146 590 721 135 144 103 125 215 189 89 Ls 023 114
3c 105-155 7'5Y6R7’ F3M - 415 19.7 15 637 215 148 208 139 107 111 72 cosL - -

c 0-30 T.oYRel F3M AS 417 2175 175 84 92 44 305 209 197 139 14 LCOS 003 037

SMU2 ck 075 SYRY Fam AS 2515  37.57 350 749 215 36 120 98 142 215 165 Ls 095 052

(Deepsails) — Hcy 75-105 7'5\§R8/ GYM,GNM AS 45.7 187 515 692 89 219 114 107 125 248 98 sL 064 007
2cr 105-125 7-5XR8’ F3M, FDG - 116 155 410 706 221 73 129 145 59 162 211  LCOS - -

c 0-15 7'5§R6/ FDC; F3M AB 19.45 75 150 730 210 60 79 145 214 117 175 sL 092 055

(M?n'c\i/el,\lrﬁely 2Clyy 15-60 7'5{R8/ FDC, GNM AW 713 1.2 110 775 168 57 132 120 240 113 170  LCOS  -0.63  -0.44
deep) 2C2yy so85  SYRE Gym FDG, GYX - 505 19 375 855 91 54 239 215 311 56 34 cos - -

c1 0-15 TSYRY FDC, FDG A'S 1645 845 125 853 125 22 228 165 208 194 58 LCOS  -035 -055

(Mimgtlely c2 1535 SYRY GYM, FDG AW 429 5.48 875 727 231 42 210 98 157 176 86 cosL 087 -0.02
deep) 2Cyy 570 SYRE Gy, GNM, Gy, - 5048 2.19 370 847 133 20 209 199 247 106 86 Lcos - -

SMUS c 0-20 T.oYRel FDC, FDG AW 2745 948 145 742 13 122 205 124 217 89 107  COSL  -065 -0.07
(Shallow) 2Cyy 2040 TSYRE T Gym, GNM, GYX - 6319 157 250 741 232 27 105 240 191 153 52 Lcos - -

Explanations: ¥ 7.5YR 8/1 (white), 7.5YR 8/2 (pinkish white), 7.5YR 8/3, 7/3 , 8/4 (pink), 7.5YR 7/2 (pinkish gray), 7.5YR 6/6, 6/8, 7/6, 7/8, 8/6 (reddish yellow);* FDC (finely disseminated carbonates), CAM (carbonate masses), CAC (carbonate
concretions ), GYM (noncemented gypsum masses), FDG (finely disseminated gypsum), GNM (gypsum crystal clusters (nests) very fine crystals), GYX (Visible gypsum crystals), F3M (F** masses), A (abrupt), S (smooth), W (wavy), B (broken);
T Rock fragments (>2000 um), S = sand (2000->63 pm), Si = silt (63-2 pm), C = clay (<2 um), VCOS = very coarse sand (2000->1000 um), COS = coarse sand (1000->500 pm), MS = medium sand (500->250 pm), FS = fine sand (250->125 pm), VFS =
very fine sand (125->63 um), LCOS (loamy coarse sand), COSL (coarse sandy loam), LS (loamy sand), SL (sandy loam); * UV1 (uniformity value index of Cremeens and Mokma, 1986), UV2 (uniformity value index of Kowalska et al., 2016).
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Gypsum (CaS04.2H,0) and lime (CaCOs)
contents are related to the kind of parent material
and slope position. Gypsum content was observed
in soils of SMU1, SMU2, and SMU3 at lower slope
positions while it was absent in soils of SMUL.
Soils of the study area were categorized into three
classes based on gypsum concentration (Fig. 5).
The highest gypsum values (>60% CaSQ4.2H,0)
were recorded in gypsic horizons (Cyy) and the
lowest values (<5% CaS04.2H,0) were recorded
in calcic horizons at lower slopes in SMU1 and
SMUZ2. In comparison, CaCOs3 content was higher
in the lower positions at SMU1 and SMU2 ranging
from 14.6% (strongly calcareous) to 39.5%
(extremely calcareous) (FAO, 2006). While the
slightly calcareous sediment (<2%) occurred only
in the gypsic horizons (Cy and Cyy) within the
pedons of SMU4 and SMUS5. Pedons from the third
mapping unit (SMU3), except the surface layer, are
slightly affected by the calcareous nature
compared with other soil mapping units. The
laboratory data were found to be consistent with
the morphological description, showing parallels
to the CaCOz and gypsum contents. The
concentrations of secondary lime, gypsum, and
iron masses were the most pedogenic characters in
the pedons (Table 2). Accumulation of secondary
carbonate (SMUl and SMU2) and gypsum
(SMU3, SMU4, and SMU5) qualifies as calcic and
gypsic horizons, respectively (Figs. 4, 5, and 6).
The gypsification and calcification are the major
processes that occurred in studied soils across the
toposequence transect. The calcification process
was mainly present on limestone catena and
gypsification, a generalized process in gyprock
catena (Figs. 4, 5, and 6). The incipient secondary
carbonate  accumulations  within  subsurface
horizons allowed to designate of a calcic horizon
in the lower slope profiles in SMU1 and SMU2,
suggesting some oblique and vertical leaching
along the slope gradient. Secondary carbonate
pedofeatures were registered as small and thin
pendants within gravel in Ck horizons. Calcic
horizons were a common feature of submature
soils in the studied area. Studied soils from the
gypsum catena are characterized by significant
accumulations of pedogenic gypsum. Cy-horizons
of soils from higher slopes contain enough gypsum
to qualify the profile as gypsisols group and
therefore hypergypsic (>50% gypsum content).
The gypsum materials have a flour-like
consistency of silt-sized crystals in the field.
Furthermore, infillings in pore spaces, with a
powdery consistency in the field, are composed of
sand-sized lenticular gypsum that appears as faint
gray and bright crystals (Figs. 4, 5, and 6).

Lithologic discontinuities and soil uniformity
Genetic horizon boundaries provide information
on the dominant soil-forming processes that have
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formed the soil (FAO, 2006) while layer
boundaries provide evidence for the past geogenic
processes. Evidence cited for LD sharp, abrupt,
smooth, and wavy boundaries. Boundaries
between C layers in studied pedons are varied in
both distinctiveness and topography. Abrupt
smooth boundaries were the dominant within the
most investigated pedons (Figs. 4 and 6; Table 1).
The occurrence of smooth to broken and abrupt to
diffuse boundaries in studied pedons is often cited
as field evidence for the LD (Schaetzl and
Anderson, 2005; Soil Survey Staff, 2014a). Abrupt
smooth C1-C2 boundaries occurred only in upper
layers of SMU4 pedons that have the same
geological parent material. In the lower horizons in
the same pedons, the soil exhibited abrupt wavy
C2-2Cyy boundaries indicating two unlike parent
materials with different modes of deposition The
boundary investigations advocated that the
layer/horizon boundaries in studied pedons failed
to detect the real LDs in soils. This may be
attributed to the boundary between two layers
being identified based on color, texture, structure,
hardness, or other features which largely
influenced by the pedogenic  process.
Consequently, the horizon/layer boundary was a
very poor morphologic indicator for detecting LDs
in studied soils.

Based on the field observations, the coarse
fragments tend to be distinctive to LD. Lamina
(geogenically deposited strata or layers of
alternating texture) were the most geologic
features recorded in the upper layers of most
studied pedons (Table 2). The visual estimation of
rock fragments showed abrupt changes vertically
within the pedon layers which were not resulting
from pedogenic processes. Accordingly, LDs are
often indicated by an erratic distribution of rock
fragments within the investigated pedons. Most
studied pedons of the toposequence, especially in
SMUZ2, have coarse fragments content exceeding
150 g kg*. In comparison, pedons in the lower
positions (P7, P10, and P16) have less than 150 g
kg! coarse fragments content (Table 2). The
microcrystalline quartz (chert) was abundant
within SMU2 layers indicating one LD at 75 cm
(Fig. 6). It is a natural concentration of rock
fragments (chert) caused by water erosion or
transport erosional lag (Schoeneberger et al.,
2012). The material (Cy) above the stone line is
most likely transported, and the material below
may be of different origins (Soil Survey Staff,
2014a). This observation represents different
mechanisms of transport (colluvial, aeolian, and
alluvial) with different transport distances (Table
1). The occurrence of LDs was proven using the
uniformity indices (UV1, UV2) (Table 1). The
difference in sand and silt separates of UV1 on a
carbonate-free and clay-free basis was consistent
with the vertical distribution of rock fragments
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within the pedon (Table 1). Accordingly, an abrupt
change in particle size distribution (PSD), which is
not resulting from pedogenesis, was observed in
most studied pedons that have high values of UV1.
Hence, the analyzed pedons were considered LDs.
The observed differences in UV1 between the
different layers were greater than 0.60. By contrast,
the UV2 values were less than 0.60 (Table 1) in
most of these pedons indicated no differences in
the pedon materials which are not consistent with
the morphological indicators (e.g., inverse
distribution of rock fragments and stone line). The
lower values of UV2 observed in most studied
pedons indicate the limitation of this method which
failed to estimate the uniformity of parent material.
Distinct breaks in the lithology of soils can occur
in two ways: geologically-sedimentologically or
pedologically. The contact between two, unlike
parent materials, is called a lithologic discontinuity
(LD) (Elwan, 2018). LDs provide important
information on parent material origins and
subsequent pathways of soil development (Cdmara
et al., 2017) (Figs. 4, and 6). They represent zones
of change in the lithology of soil parent materials
that are interpreted to be primarily lithologic,
rather than pedogenic (Schaetzl and Anderson,
2005; Camara et al., 2017). Abrupt changes in
sedimentation were found across the studied
transect sediments to indicate the LDs via the
grain-size composition of the whole soil, including
both the fine earth (silt and sand) and the rock
fragments. Many pedons in the study area have
formed in more than one parent material, however,
the UV2 values within the most investigated
pedons were less than 0.60, indicating
homogeneity of parent materials which are the
erroneous results because the pedogenic processes
may cause translocation of the clay fraction (Fig.
4). By contrast, the UV1 had values greater than
0.6, indicating multiple parent material. At the
same time, this heterogeneity within these pedons
was further approved by the vertical distribution of
coarse fragments. Therefore, the UV2 of Kowalska
et al. (2016) produced erroneous results and failed
to reveal LD vertically within soils under study.

The presence of LD in most studied pedons was not
a result of standard soil-forming processes, but
usually the result of geogenesis. To be even more
discriminatory, the identification of a geologic LD
should be based on data from an immobile and
slowly weatherable soil fraction (Schaetzl and
Anderson, 2005). Immoabile elements used in UV1
of Cremeens and Mokma (1986) are excellent
indicators of LDs because they reflect
sedimentology better than do mobile, or plasma,
and particles < 2 um as used in the UV2 method.
Hence, the use of the UV1 method to determine LD
constitutes a pioneering approach to LD detection
while the UV2 method is the improper method to
reflect the real LD, and consequently, it is not
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recommended by this study. Moreover, coarse
fragments abundance vertically within the pedon
indicated the presence of an erosional episode and
thus can detect any LD (Fig. 6; Table 1).
Accordingly, the clay-free basis indices (e.g., UV1
and rock fragments as a morphologic indicator) are
recommended by the author to detect a clue to a
lithologic change in, unlike parent materials.

The distribution curves of weathering ratios (Wr1,
Wr2, and Wr3) as a function of depth for the
studied soils are drawn in Fig. 7. The curves
showed a similar trend with a smooth shape
without inflection in some adjacent layers, but a
different trend across the whole pedon (Fig. 7).
This trend indicates parent material uniformity for
the neighboring layers and heterogeneity for the
whole pedons. In the SMU1 pedon, the weathering
ratios depth distribution curves (Fig. 7) had an
inflection suggesting a change of materials
vertically within the. The depth distribution curves
in fine earth fractions indicate an inflection at 55
cm depth of the Ck horizon (Figs. 6 and 7).

Light Minerals

The light mineral associations in the studied soils
were dominated by quartz, feldspars, calcite, mica,
chlorite, and gypsum (Table 2). The percentages of
quartz (SiOy) varied from 19.5% in shallow soils at
a high elevation of the soil transect to 63.27% in
deep soils at a low elevation of the toposequence
(SMUL). There is either no regular trend of percent
variation or, if any, an increase with the increase of
distance from the east to the west (Table 3 and
Figs. 5 to 7). Feldspars, (Na, Ca)(Si,Al)4Os,
content range from 3.15% (SMU) to 25.65%
(SMUZ2) with an average value of 43.4% (Table 2).
Regarding the variations of feldspars across the
toposequence transect, it is obvious that they
slightly decrease in samples located away from the
limestone plateau (Table 2). Calcite (carbonate
minerals, CaCOs) was recorded in all soil samples
studied with varying frequencies. The percentage
values of calcite mineral range from 3.15% (In
samples close to the high slope) to 22.45% in deep
soils of lower slopes. Mica,
KA(SizAl)O19(OH,F)2, minerals are generally
present in small amounts. It varies from 1.54 in
gypsic horizons to 8.65% in calcic horizons.
Chlorite, (Mg, Fe, Li)sAlSizO10(OH)s, Also,
chlorite mineral is present in small amounts in the
examined soil sediment samples. However, its
content is higher and ranges from 0.25% to 5.1%.

The interplay of moisture and temperature is a
major factor in determining soil characteristics
(Woodruff et al., 2015), and the flooding effects
are strongly imprinted on the distribution of many
elements and minerals across the soil transect. One
of the most fundamental changes in soil
composition across the study area is the weathering
of feldspar in soil along the gradient of increased
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precipitation from the east of the plateau to the
west of the study area. Feldspar minerals are very
reactive in the soil environment, typically breaking
downslope by hydrolysis and leaching to form the
clay mineral kaolinite while releasing Ca, Na, or K
cations into the solution. Feldspar, prevalent in the
soil, sourced from metamorphic and igneous rocks
gives way to the soil in SMU1 formed from similar
parent materials from which the original feldspar
has been largely obliterated by weathering (Yang
et al., 2018). These soils are moderately weathered
and most feldspar may be altered to Al-rich clay
(Woodruff et al., 2015). This loss of feldspar in the
soil is expressed not only mineralogically by the
transformation of feldspar to kaolinite and then to
gibbsite (YYang et al., 2018), but chemically in the
leaching of nearly all major and trace elements
present in the feldspar structure (Woodruff et al.,
2015).

Heavy Minerals and Provenance
Discrimination

Heavy mineral percentages by weight increased
across the slope gradient (1.46 — 16.34%), with a
marked transition from the upper to the lower
slopes (Table 3). They increased with decreasing
elevation from the west to the east. The highest
concentration of heavy minerals (10.09 — 16.34%)
was detected in the lower soils of SMUL. The
increasing trend may be ascribed to the deposition
of stable heavy minerals from upper slopes and
surrounding lithology. The distribution of heavy
mineral characteristics in the sediments of the
studied transect is related to the type of lithology
rocks. The identified heavy minerals were
pyroxene (augite and hyperthene), amphiboles
(hornblende and actinolite), garnet, staurolite,
kyanite, zircon, tourmaling, rutile, epidote, zoisite,
biotite, monazite, glaconite, and opaques. This
heavy minerals assemblage varied from ultrastable
to very unstable minerals (Table 3). Olivine,
hornblende, and augite show a descending trend
from the higher slope to the lower slope, whereas
epidote, zircon, rutile, and tourmaline show an
increasing trend at the downslope. Opaque
minerals constitute the most predominant
constituent in all studied soil samples. They range
from 39.33 to 60.33% across the studied
toposequence transect. On the other hand, no clear
trends of variations in such minerals could be noted
in the study area. Amphiboles, (Na, Ca, Mg, Fe,
Al)7.g(Al, Si)sO22(OH),, range from 1.92 to
34.53%. Thus, it can be stated that the percentage
of amphiboles generally increases from the west at
higher slopes to the east at lower slopes. It has been
observed that a fair concentration and several
heavy minerals species have been recorded from
the sediments of the study area (Table 3). The
heavy  minerals assemblage across the
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toposequence varied with lithology structure and
landscape position.

In soils of SMU4 and SMUS5 at high slopes of the
studied toposequence, opaques (56.45 — 61.33%),
hornblende (0.23 — 8.45%), zircon (1.54 — 9.31%),
rutile (1.04-6.24%), tourmaline (2.34 — 6.75%),
biotite (19.56 — 37.32%), and monazite (1.58 —
12.11%) were recorded as the dominant heavy
minerals. Sediments from lower slopes in SMU1
and SMU2 were dominated by opaques (39.33 —
61.33%), hornblende (11.89 — 33.21%), biotite
(1.17 — 35.12%), kyanite (1.21 - 21.65%), zircon
(2.19 - 12.26%), garnet (0.25 - 11.45%), epidote
(0.05 - 11.24%), tourmaline (1.35 - 13.65%), rutile
(2.36-11.74), monazite (2.89 - 9.31%), staurolite
(1.21 - 9.25%), zoisite (1.25 - 7.25%), and olivine
(0.34 - 5.08%) (Table 3). High concentrations of
epidote, kyanite, zoisite, garnet, and staurolite
were found in soils of SMUL. The highest
concentration of hornblende (11.89 — 33.21%) was
recorded in SMU1 and SMU2, and the lowest
concentration (0.23 — 8.47%) was found in soils at
upper slopes, i.e., SMU3, AMU4, SMU5 which
may be attributed to its instability and the rapid
erosion from upslope to downslope. Other
important but minor heavy minerals were detected
with traces of monazite, glaconite, kyanite, and
zoisite.

Based on heavy minerals, an attempt has been
carried out to find out their parent rock's
provenance (Moragues-Quiroga et al., 2017
Sulieman et al., 2021). Some of the heavy minerals
are diagnostic of a particular source rock type such
as garnet, kyanite, zoisite, and staurolite for high-
rank metamorphic rock; biotite, hornblende, and
monazite for acid igneous rock; augite, olivine, and
augite for basic igneous rock. The non-opaque
mineral assemblage consists of ultrastable minerals
(e.g., zircon, tourmaline, and rutile), stable
minerals (e.g., garnet, staurolite, biotite, and
monazite), moderately stable minerals (e.g.,
epidote, kyanite, and zoisite), unstable minerals
(e.g., hornblende and augite), and very unstable
(e.g., olivine).

The results of weathering indices are presented in
Table (3) and visualized as curves in Fig. (7). They
showed that the soils under study are formed from
multi-origin under multi-depositional regimes. To
demonstrate uniformity or discontinuity of parent
material, the weathering indices were performed
by stratifying the ratios of Wr1, Wr2, and Wr3. The
results exhibit that uniformity ratios have irregular
distribution with depth in all the studied soil
profiles. Correspondingly, soil parent materials of
each profile are heterogeneous and formed of
multi-depositional regimes (Fig.7). In general, data
of uniformity ratios gravitate to boost the existence
of lithological discontinuities specified by field
morphology. Although the limestone plateau was
the main source of soil regolith, the uniformity
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ratios depict heterogeneous distribution with depth
that may be due to the sedimentation processes
which act upon most soils. Few exceptional cases
are detected in some soil profiles where pairs or
three adjacent layers are of homogenous parent
materials. The maturity ZTR index exhibited a
relatively wide range of values ranging from
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11.89% in higher slope soils to 74.54% in lower
slope soils. The lower values of the ZTR index
(<40% ZTR) suggest that the majority of soils
contain mineralogical immature sediments except
for limited locations at the lower slope position
which have > 50% indicates submature sediments
(Table 3; Fig. 7).
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Table (2): Composition of light minerals in the fine sand portion (63-250 um) along the soil gradient transect.

Pelcé;)n Horizon/Layer Basaér%epth, (abovéA\sI}eI;UIgSel, my Quartz  Feldspar  Calcite Mica Chlorite  Gypsum Others
C 30 63.27 7.35 157 2.4 16 95 0.18

Cck 55 62.13 3.15 22 45 5.1 2.9 1.65 2.62

SMUl 2C 105 135m 53.25 7.8 15.6 3.5 15 5.06 13.54
3C 155 61.15 5.5 13.4 17 1.9 13.41 2.94

C 30 54.1 9.6 198 33 5.1 5.48 262

ck 75 53.5 7.4 11.01 7.05 4.25 10.17 6.62

SMuz2 2Cy 105 125m 59.65 9.15 7.54 6.1 2.78 13.25 1,53
2Cr 125 50.32 19.45 10.25 5.14 1.25 9.08 451

C 15 4465  23.65 9.59 4.45 2.36 6.45 8.85

SMU3 2Clyy 60 115 m 41.45 9.45 2.45 2.65 1.14 39.4 3.46
2C2yy 85 32.05 13.65 3.15 1.45 2,59 45.07 2.04

c1 15 4315 2565 415 8.65 2.45 13.08 287

SMU4 C2 35 105 4154 2035 5.47 3.4 35 22.45 3.29
2Cyy 70 21.45 15.62 3.45 2.9 1.98 51.35 3.25

SMUS C 20 o 41.35 19.45 7.65 2.15 3.25 215 4.65
2Cyy 40 195 13.25 3.45 1,54 0.25 55.9 6.11
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Table (3): Distribution of heavy minerals in the fine sand fraction (63-250 um) of soils along the studied toposequence.

Pedon Depth, Horizon ong — — Non—Opaques _ _ Weathering Indices ZTR
ID cm /Layer HE AU Hy Ho Act Ga St Ky Zi R T Ep Zios Bio Mo Gl Wrl W2 W3 Index
0-30 C 1317 4544 665 121 2222 321 032 134 023 1232 943 1212 746 724 1334 102  1.89 1.36 0.91 055 7454

SMUL1 30-55 Ck 1009 57.77 867 387 3321 132 232 132 000 755 1343 1432 334 432 400 233  0.00 215 152 018 6110
55-105 2C 1634 3933 765 423 1189 098 190 554 256 534 1498 323 423 223 3512 012  0.00 2.89 1.39 410 5988

105-155 3C 1401 5533 1578 698 2129 732 000 213 065 932 1287 915 922 156  1.17 202 054 2.78 1.15 006  56.64

0-30 C 1590 47.35 987 498 1043 178 921 532 18 1512 1123 221 536 124 1121 912 104 1.56 0.60 065 6032

SMU? 30-75 Ck 956  61.33 555 260 1522 321 120 132 045 922 1456 543 1034 343 2062 345  3.40 1.81 1.04 141 4763
75-105 2Cy 1289 3966  7.85 398 1445 243 540 198 089  7.34 1354 000 332 240 2822 245 575 391 1.97 384 5265

105-125 2Cr 11.84 5322 1356 349 1878 134 000 343 221 1034 1234 320 432 321 2178 125 075 2.75 1.39 161 4863

0-15 Cc 1513 5653 3434 225 741 332 200 387 076 644 1509 934 035 123 1145 245 0.0 2.98 0.45 073 5461

SMU3 1560  2Clyy g1» 4822 2667 198 18 037 387 265 123 323 123 450 334 009 4551 245 100 400 024 589 1858
60-85 2C2yY 680 4022 4271 198 052 434 434 134 253 734 724 1143 934 067 577 045  0.00 2.64 0.03 031  64.67

0-15 C1 277 6033 1032 1167 147 045 532 198 543 931 123 675 834 178 2485 955 155 1.49 0.09 155  28.66
SMU4  15-35 Cc2 457 5645 647 1098 845 423 635 348  7.09 154 432 432 135 123 2703 1211  1.05 5.14 144 461 1803
35-70 2Cyy 346 5787 1021 1280 144 320 912 234 512 556 624 533 211 123 1956 1054 520 2.54 0.13 1.80 2960
SMUS5 0-20 C 578 5756 17.32 198 0.23 9.45 9.20 2.67 3.86 7.67 5.43 2.34 0.23 324 3378 1.58 1.02 2.90 0.02 337 2682
20-40 2CYy 146 5643 1511 620 278 1112 420 534 488 223 104 344 187 212 3732 235  0.00 6.21 0.49 658 1189

Explanations: © HF (heavy mineral fraction); Opq (Opaques); SAu (Augite), Hy (Hyperthene), Ho (Hornblend), Act (Actinolite), Ga (garnet), St (staurolite), Ky (kyanite), Zi (zircon), R (rutile), T (tourmaline), Ep (epidotes), Zios (Ziosite), Bio
(Biotite), Mo (monazite), Gl (Glaconite); " Wrl= (Pyroxene + Amphiboles) / (Zircon + Tourmaline), Wr2= Hornblend /(Zircon + Tourmaline), Wr3 = Biotite /( Zircon + Tourmaline). ZTR ([( zircon+tourmaline+rutile)/(Z non-opaques)] x 100).
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Fig. 7. The depth distribution curves of the weathering indices in the studied soils across soil

mapping units.

The Genesis of Gypsum-enriched Soils

Based on data of the field morphology studies and
physicochemical characteristics of soils given in
Table (1) and visualized in Figs. (5, 6, and 8), the
developmental genetic stages of gypsic horizons
horizontally across the toposequence transect and
vertically within the soil pedons were suggested.
The first stage includes gypsum accumulation in
the studied soils and was commenced by
transporting the geologic gypsum sediments from
the rock gypsum of the surrounding plateau
through runoff forming the soils of the coarse-
textured material at upper positions. Then, the
gypsum lenticular crystals were deposited and
formed in fine pores of soil voids by following

evaporation processes (Figs. 6 and 8). Soil
structureless of a single grain in studied coarse-
textured soils with loose consistency causes the
growth of gypsum crystals within the horizons of
studied pedons. Furthermore, some gypsum
crystals have occurred within other forms than the
void of soil horizons. The gypsum content of
developed soils under this stage was not exceeding
5% CaS04.2H,0. The gypsum crystals were
visually observed in the studied pedons during the
field survey. In the second stage, the gypsum
crystallization was continued and increased in
terms of the colonies, size, and number of gypsum
crystals which were visually noticed in the gypsum
materials within soil pedons. Lenticular crystals of
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gypsum were slightly formed within the soil
groundmass but the soil regolith remains
structureless massive. The gypsum crystal nests
have not been connected in this stage and the
criteria for gypsic horizon to be developed are not
met. In the third stage, the regolith materials are
finer at middle or lower slope positions of the
toposequence transect and therefore the
gypsification processes were more active.
Increasing the size and amount of crystals causes
the formation of granules, internal coating of
channels and chambers, infillings, and pendants. In
this stage, gypsum spots and little pendants may be
observed in the field. The soil in this stage meets
gypsic horizon criteria and the amounts of gypsum
range from 15% to more than 50%. The fourth
stage includes the formation of hypergypsic
horizons within the regolith layers. The lower
slope positions in the studied lands are
characterized by dissected surfaces and gravelly
plain. Gypsum materials were received from the
late Pleistocene or early Quaternary and deposited
in these radial slope positions by flooding and
continued runoff therefore the soil surfaces have
complicated pedofeatures due to the high
enrichment with gypsum. The
gypsiferous/gypseous soils were gradually formed
by arranging the gypsum crystal in different shapes
and various distributions through runoff water. The
soil groundmass in this stage consists mostly of
lenticular gypsic crystallites and isles fabrics.
These criteria soils meet all hypergypsic
requirements. Where these soils have a gypsum

(JAAR) Volume: 26 (4)

substitute of 40 percent or more (by weight)
gypsum in the fine-earth fraction that replaces the
particle-size class in the mineralogy control
section. Lenticular crystals were vertically
arranged and formed as a result of the continuous
evaporation of water. Therefore, new gypsum
crystals are recrystallized along with the other
recrystallized gypsum within the horizons of soil
pedons. Then the gypsum fibers and gypsum
pendants were eventually developed underneath
the gravel across soil pedons. A crystalline
network of porous media of gypsum was
established through the connection of some
gypsum pendants in these gravelly soils that
construct the whole pedon. The formation of
lenticular gypsum crystallites and isles fabrics is
the result of these processes. These soils were
classified as a hypergypsic based on the soil
morphology and physicochemical data and soil
taxonomic manuals. Three important geochemical
processes of gypsum formation were oxidation of
sulfide minerals, hydration of anhydrite, and direct
deposition from an evaporating solution saturated
with gypsum. Looking at the different probable
mechanisms of gypsum formation mentioned
above, the evaporation from solutions saturated
with SO472 was the major mechanism for gypsum
accumulation in the soils of the study area. The
origin and genesis of gypsic and hypergypsic
horizons were proved. Gypsum materials in
studied soils originated mainly from the
weathering of the Eocene white limestone of the
surrounding plateau sediments.
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Fig. 8. Horizonation sequences of representative studied pedons across studied soil mapping units.

The soils across the toposequence of 95-135
m were investigated at the Darb Al-Bahnsawy
area, West EI-Minia, Central Egypt for identifying
the origin and uniformity of the soils under study.
Five soil mapping units were identified according
to soil depth, soil texture, and surface topography.
The investigated soils were coarse-textured and
widely varied from deep (>100cm) to shallow (<50
cm). The studied soils were highly impacted by
gypsum accumulations and ranged from slightly
gypsiric to extremely gypsiric soils. The soils were
also affected by the calcareous nature and the
calcic horizons were formed in lower slope soils.
Calcic horizons (Ck) were formed on lower slope
soils, while the gypsic horizons such as 2C1yy and
2C2yy were formed on upslope soils along the
toposequence transect. Lithologic discontinuities
were studied using the uniformity indices of UV1
and UV2 and weathering indices of Wr1, Wr2, and
Wr3. This suggested sequences of deposition and
erosion processes and the heterogeneity of the
parent material. The identified heavy minerals
were dominated by pyroxene (augite and
hyperthene), amphiboles  (hornblende and
actinolite), garnet, staurolite, kyanite, zircon,
tourmaline, rutile, epidote, zoisite, biotite,
monazite, glaconite, and opaques. The heavy
minerals characteristics suggest their mixed
sources from  sandstone, limestone, and
metamorphic rocks. Limestone plateau was the
main source of soil regolith, the uniformity ratios
depict heterogeneous distribution with depth that
may be due to the sedimentation processes which
act upon most soils. The maturity ZTR index
ranged from 11.89% in higher slope soils
indicating immature sediments to 74.54% in lower
slope soils indicating submature sediments. The
developmental genetic stages of gypsic horizons
horizontally across the toposequence transect and

vertically within the soil pedons were suggested.
The origin and genesis of gypsic and hypergypsic
horizons were proved. Gypsum materials in
studied soils originated mainly from the
weathering of the Eocene white limestone of the
surrounding plateau sediments. In general, data of
uniformity ratios gravitate to boost the existence of
lithological discontinuities specified by field
morphology. Although the limestone plateau was
the main source of soil regolith, the uniformity
ratios depict heterogeneous distribution with depth
that may be due to the sedimentation processes
which act upon most soils. The results of Wrl,
Wr2, and Wr3 exhibited that uniformity ratios have
irregular distribution with depth in all the studied
soil profiles. Correspondingly, soil parent
materials of each soil pedon are heterogeneous and
formed of multi-depositional regimes.
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