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Abstract: This study aims to determine the behaviour of &ad its relation to the physicochemical properities
the hydromorphic soils of the Tadla plain (Moroccaih extensive analysis using Principal Componemlgsis
(PCA) and Hierarchical Cluster Analysis (HCA) from statistical perspective was employed to ensure
a comprehensive examination. The results reveattleaorganic matter (OM) shows very high valuggly due

to the collected samples near the sewerage netiagnetic susceptibility (MS) measurements indi¢ht all
the samples have positive and low values, indigatin abundance of paramagnetic minerals (suchmesiie,
siderite, and clay minerals). The iron concentrafippm] increases from the top to the bottom of Rieers,
suggesting migration in a reduced form. Pearsaoreetation coefficients indicate that OM is posiliy correlated
with cation exchange capacity (CEQ) £ 0.83) and electrical conductivity (EC) € 0.85) but negatively
correlated with MSr(= —-0.57) and iron oxider (= 0.42). Calcium carbonate content (CaC@ positively
correlated with sandr (= 0.49), but negatively with MSr (= —0.7). Iron (Fe) is positively correlated with
frequency-dependent (FDy) € 0.7), but negatively with sand € —0.608). Clay is strongly negatively correlated
with silt (r = —0.88) and oxalate extractable iron oxides)(ffe= —0.55), respectively. These findings suggedt tha
the physicochemical features of Beni Moussa hydrpitio soils are strongly linked and that iron i thoil is
required for the stability of specific soil compote
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Introduction

Iron is an essential plant micronutrient in variqusysiological processes such as
photosynthesis and respiration. In hydromorphidssaharacterised by waterlogging and
anaerobic conditions, the form and availabilityiroh can be influenced by factors such as
soil organic matter, microbial activity, and disssd gases [1]. Iron in hydromorphic soils
can exist in different forms, including ferric #e and ferrous (F&)
ions, which can affect the soil's fertility and #neailability of iron to plants [2].

The behaviour of iron in soils is an essential ¢attir for understanding various
chemical processes in the soil, as well as thetioakhip between iron and other soil
parameters. Iron is crucial in soil chemistry, iihg nutrient cycling, redox reactions, and
microbial activity [1, 3]. Comprehending the bel@ui of iron in soils is essential to
understanding the health and fertility of the saild its effects on the plants and
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microorganisms that live there [4, 5]. In the BBtoussa perimeter, hydromorphic soils are
found along poorly drained Rivers, such as the Paigh, and Ouerna Rivers. These soils
are characterised by a greyish to blackish coleiith a deep yellowish passage of
limestone silt and a medium prismatic structure. 8] this context, Shokr et al. [7]
investigated heavy metal contamination with a foous{RF and remote sensing for digital
soil mapping. Also, El Hamzaoui et al. [6] studiall pollution and identified the sources
of contamination in the irrigated area of the Taglain. Furthermoregener et al. [8]
studied soils irrigated by wastewater using GIS ARtP to determine their quality. These
research studies, taken together, fill informatgaps on hydromorphic soils by offering
insights into their physical and chemical propsattigollution levels, and potential
ecological concerns in the Beni Moussa region. Tdreytypically found in low-lying areas
where waterlogging and anaerobic conditions ocand, the iron in these soils can exist in
different forms, including ferric (B& and ferrous (F&) ions, which can affect the soil's
fertility and the availability of iron to plants [9These soils are important to study for
understanding the behaviour of iron in soil and hbaffects this region’s agricultural and
environmental conditions. In this regard, severaldigs using multivariate statistical
methods such as Pearson’s correlation, HCA, and RP&#& been conducted to assess soll
characteristics and metal contamination [10, 11].

The capacity for heavy metal accumulation also play important role in the
retention, mobilisation, and migration of heavy atetin the soil [12]. However, the
content of heavy metals can be affected by therdot®ns of soil physicochemical
characteristics such as soil pH, particle size @id [12]. El Hamzaoui et al. [13]
emphasised the significance of OM in the soil, #padly highlighting its carbonaceous
form. 99.18 % of the Beni Moussa perimeter is appate for intensive, sustainable
agriculture, according to the geographical distidoy which ranges from 1.98 % to 8.90 %
[13]. These findings, however, should be discussiece our investigation emphasises soils
that have been altered by wastewater drainage niedvadong the Ariche, Ouerna, and Day
rivers, changing the typical concentrations of QM|

Other studies have been done specifically on tilegeality of the Tadla plain. These
studies typically use statistical techniques suclP@A and cluster analysis to examine the
relationships between different soil properties émdlassify the soils into other groups
based on their characteristics [15].

Recently, a study by Oumenskou et al. [16] usedtivaulate statistical techniques
such as Pearson’s correlation, PCA, and HCA toustalthe physicochemical properties of
agricultural soils from the Beni-Amir irrigated paeter, Tadla plain, Morocco.
The application of these techniques aimed to exartfie interrelationships among diverse
soil properties and to categorise the soils intougs based on their characteristics.
The study provides insight into the soil conditiansthe Beni-Amir irrigated perimeter
at the Tadla plain and can be helpful for agricalttand environmental management
in the region. Studies using multivariate statedtiechniques are valuable in understanding
complex soil data and identifying patterns that nmay be apparent through traditional
methods [16]. In the same context, El Hamzaoui.gt18] used multivariate statistical and
geostatistical techniques to understand the spadigbility of agricultural soil quality in
the irrigated perimeter of Beni Moussa and to dgvedustainable soil management and
environmental decisions. The results revealed ipesitnd significant correlations between
pH, organic carbon, and carbonates. The soil cheniatics in the study area vary
depending on intrinsic and soil management factors.
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The Tadla plain, known for its unique hydromorpBiils, remains an unexplored
territory in terms of the behaviour of iron. Despthe region’s ecological importance and
potential impact on agriculture and the environmesttdies have yet to explore the
complex interactions of iron in these waterloggeilss The scarcity of research in this area
raises intriguing questions about how iron behawesler such hydric conditions.
A comprehensive study on the behaviour of ironhi@ hydromorphic soils of the Tadla
plain could shed light on fundamental processesegorng soil chemistry and plant
nutrition. Additionally, the findings have signifiat implications for the region’s
sustainable agriculture and land management peagtioffering potential solutions for
optimising crop yields and mitigating environmentakllenges. To unlock the secrets of
the Tadla plain enigmatic soils, researchers amerx in soil science, geochemistry, and
agronomy must collaborate to design innovativeassemethodologies. By analysing soil
samples, conducting experiments, and monitoringedyronmental parameters, they can
unearth vital insights into the behaviour of irarthhese unique soil conditions.
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Fig. 1. A - Location of the study area. B - Locatiaf the study area and sampling stations

The study’s objective is to understand the behavadiuron in hydromorphic soils of
the Beni Moussa perimeter and examine the reldtiprtsetween the iron content and other
physicochemical properties of the soil. Multivagiatatistical techniques such as PCA and
HCA are used to analyse the data and identify petand relationships between the
different soil properties. The outcome of this stuprovided insights into the soil
conditions of the Beni Moussa perimeter, which das useful for agricultural and
environmental management in the region.
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Fig. 2. Geological map of the Tadla Basin: 1 - Batéc (shales and quartzites); 2 - Triassic (rey<l
and basalt); 3 - Jurassic (a, limestones and dtés, diorite and gabbro); 4 - Cretaceous (red
detrital facies); 5 - Tertiary (limestones, madad phosphatic sands); 6 - Quaternary (alluvium);
7 - Fault; 8 - Synclinal axis; 9 - Anticlinal axisp - River; 11 - Tadla Basin; 12 - Study area;
13 - Town [20]

Materials and methods

Study area

The Tadla plain is located in the Beni Mellal-KHeaiRegion (Fig. 1). It's bisected by
the Oum Er-Rbia River, dividing it into two larg@dependent irrigation perimeters:
The Beni Moussa perimeter, which covers 69,500amnestin the eastern part, and the Beni
Amir perimeter, which covers 33,000 hectares in wWestern part. This study focuses
specifically on the Beni Moussa perimeter.

The Tadla area has a semi-arid Mediterranean dimaith high temperatures,
a five-month rainy season, and little precipitatiduring the mild winters. The average
annual rainfall is between 150 mm and 450 mm, &mdtémperature varies seasonally,
peaking at 28.7 °C in July and falling to 10.6 °€ January [17]. Based on the
Koeppen-Geiger climate classification map, whichs waeated using interpolated Digital
Geological Model (DGM) ground observation data fra881 to 2010, the Tadla plain is
located in the Bsh zone, which is noted for havangzarm, semi-arid climate [18]. These
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climatic conditions impacted the soil propertiegtev availability, and irrigation regimes,
which are required to optimise crop yields and feoiility.

The geological formations are mainly composed ofmarwous series from the
Palaeozoic to the Quaternary age and containedretiesilts and lacustrine limestone
formations, which are distributed in centres andmof the Beni Moussa perimeter (Fig. 2)
[19].

Soil sampling and analysis

In the present study, 17 soil samples (0, 20) cmewellected in February 2020 for
laboratory analysis. These samples were colleatad L3 locations within hydromorphic
soil zones, with only four locations in Cambisaddl, within the Beni Moussa perimeter.
This limited distribution is attributed to the pedence of hydromorphic soils along poorly
drained rivers (Day, Ouerna, and Arich), which ekmpd the restriction in the number of
collected samples. The main objective was to aghesgroperties of these two distinct soil
types to analyse the influence of hydromorphismtioese soils. The soil parameters
analysed include pH, OM, CaGCEC, CEC, Extractable iron, soil colour, mass nedign
susceptibility, grain size, and heavy metal analy§ihese properties were measured
following standard technical guidelines.

Statistical analysis

The data obtained underwent multivariate staticticelysis techniques, focused on
facilitating a consistent assessment of severabbias using Pearson’s correlation, PCA,
and linear statistical analysis (Fig. 3).
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Fig. 3. Flowchart of the methodology used in thislg

Pearson’s correlation is generally used to asshses relationship between two
variables. It is a simple measure to show how weele variable predicts the other.
A correlation coefficientr) of +1 indicates that the two variables are pélfegositively
related, whiler = —1 indicates a negative linear correlation. Heaveno relation between
the two variables exists if = 0. Thus, a positive correlation coefficient beén two
variables suggests that they share a common sauhile,a negative correlation coefficient
indicates a different source [21, 22]. The PCA a#tern recognition method that aims to
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interpret the variance within a large set of vdaalby transforming them into a smaller set
of independent variables [23]. It provides inforiroaton the most significant parameters
used to describe the data sets and summarisestdtistical correlation among soll
constituents [24, 25]. Cluster analysis (CA) idatistical analysis whose primary purpose
is to group objects based on their characteriqid& 27]. It is often represented as
a dendrogram and displays intuitive similarity knlsetween any sample and the entire data
sets [27-29].

Results and discussion
Physico-chemical properties

The findings derived from the collected data onghgsicochemical properties of the
soil, including soil pH measured in both® and KCI solutionsEC, CEC, total organic
matter (TOM), CaCg soil texture (represented as percentages of sdhdnd clay), mass
magnetic susceptibility, extractable iron, soilaoi, and heavy metal concentrations, are
elaborated upon in the following sections.

The presence and distribution of OM in the soil gl collected from the study area
are influenced by the hydromorphic conditions & thgion. Most of the samples collected
from hydromorphic sites exhibit higher organic reattexceeding 10.00 %. The sample
with the highest OM content, at 33.00 %, was ctdlddrom location No. 1, which may be
attributed to the proximity of the sampling site ttee sewerage network. Conversely,
Cambisols, soils formed from recent alluvial depséexhibit lower OM content, with
values of less than 10.00 %. This disparity in Odtent between the two soil types may
have significant implications for plant and croptahility and the soil capacity to retain
nutrients and moisture [30]. According to Likhanoetal. [31], soil OM distribution is
greatly influenced by hydromorphic circumstancescdise plant material is preserved as
peat in hydromorphic soils, organic carbon buildimp these conditions increases
significantly under surplus moisture (0.38, 0.58ptyear ([tf] = tonne = 0y = Mg) and
decreases during moisture deficiencies (0.07, Q/hajyear [31].

The CEC refers to the ability of a soil to retaimdaxchange positively charged ions,
such as sodium, magnesium, potassium, and caldiuma crucial parameter that aids in
assessing the soil’s fertility and productivity [3Zhe observed CEC values in the study
area varied from 27.60 cmol/kg to 91.00 cmol/kghvén average value of 49.88 cmol/kg,
which may be attributed to the high levels of OM the soil. The CEC is directly
proportional to the clay content, OM content, aail gH [33]. The high CEC values in the
study area suggest that the soil can retain antaexe cations, promoting plant growth
and soil fertility. Nonetheless, this parameter iBtiobe assessed alongside other soil
parameters and the plant species cultivated instile Oorts et al. [34] found a strong
relationship between CEC and soil organic matt€dM$ According to their findings,
SOM makes up between 75 % and 85 % of the CEC itd, sehich is a significant
contribution. These findings highlight the critichinction that SOM plays in soil ion
exchange and retention mechanisms. The signifieamtunt of CEC ascribed to SOM
highlights its critical impact on the physicocheaticharacteristics of the soil [34].

The pH;,o of the soil samples collected ranged from 6.90.1® 8with an average of
7.04, indicating that the soil is neutral to alkali The pHc values of all the samples were
satisfactory, with values greater than 5.30, intiticano risk of soil toxicity. The difference
between the pkbo and pH values was between 0.50 and 1.00, indicating geera
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exchangeable acidity and the presence of a stroidifyareserve. The variation observed
can be ascribed to the soil's buffering capacitye(tb the presence of swelling clays such
as smectite and vermiculite), cultivation methodad climatic factors influencing the
exchange between soil components. According to figtmier et al. [35], vermiculite is the
primary clay mineral in alkaline soil conditionsdais frequently linked with iron-rich
trioctahedral smectite (of the saponite type). hilse, our findings confirm the
identification of iron-rich chlorites associatedthviFe-rich trioctahedral smectite (saponite
type) in neutral to alkaline conditions [36].

EC is a parameter used to measure the ability of teoitonduct electricity and is
considered an indicator of soil salinity [37]. Ssdlinity can adversely affect plant growth
and agricultural productivity, especially in irrtga areas. The results of the study area
indicate lowEC values, not exceeding 1.00 mS, which implies thatsoil is not highly
saline. However, it is worth noting that sample Moshows a relatively higgC value,
which may indicate that it is from an area whergation practices are not adequately
managed, or there is a high presence of dissoledrais [37].

The analysis of carbonates Ca{i®soil revealed that most samples contain limeston
concentrations not exceeding 11.00 %, except fosdhcollected at Oued Arich, which
exhibits notably high values of up to 35.00 %. Maeiation in limestone concentrations
observed in these samples may be linked to theogmall composition of the parent rock
that formed these soils. The observed carbonat€O¢saalues align closely with those
documented in a recent investigation conductedsacrarious sites within the Beni Moussa
area [6].

The soil texture refers to the distribution propmrtof different granular sizes such as
sand, silt, and clay. The sand content in the aealysamples ranges from 4.00 % to
33.00 %, with an average value of 17.09 %, whike gHit content varies from 23.31 % to
80.83 %, with an average of 61.01 %. The clay auntanges from 3.20 % to 63.68 %,
with an average of 21.89 %. These results sugbastmtost soils have a silty loam to silt
clay loam texture and are primarily composed afadl and red silt.

Table 1
Physicochemical parameters of hydromorphic soilgam
Samples OoM CEC pH H20 pH Kcl EC CaCOs Sand Silt Clay
[%] [cmol/kg] [] [] [[mS]| [%] [%] [%] [%]
S1 33.00 91.00 7.20 6.50 3.68 7.00 11.00 80|83 8|17
S2 14.00 58.20 6.90 6.10 0.5 6.00 13.00 23|32  63.68
S3 16.40 71.10 6.90 6.40 0.5 11.0 7.00 55|42  37.58
S4 7.70 30.20 6.80 6.20 0.31L 5.00 21.00 5498 24.02
S5 11.80 63.40 6.80 6.30 0.2 7.00 4.0 62/00 34.00
S6 11.10 50.30 6.80 6.20 0.24 7.00 13.00 83|80 3|20
S7 9.00 43.20 6.90 6.10 0.28 6.00 15.00 7429 1Q0.71
S8 10.90 54.40 6.90 6.10 0.1p 5.00 13.00 80|87 6|13
S9 15.90 44.10 7.20 6.30 0.66 29.00 28.00 40{14 31.86
S10 12.80 42.10 7.20 6.70 0.5 35.00 23.00 56{30 20.70
S11 14.60 44.70 7.00 6.50 2.31 23.00 33.00 63]20 3|80
S12 14.90 64.70 7.00 6.20 0.2 34.00 17.00  56(50 26.50
S13 10.30 50.10 7.80 7.30 0.3 6.00 2580 60{55 13.95
S14 7.10 44.50 8.10 7.60 0.28 9.00 16.00  69/02 1498
S15 7.50 29.00 6.70 5.90 0.2 8.00 21.00 61j06 17.94
S16 6.60 27.60 6.70 5.90 0.2p 6.00 15.00 49/03 35.97
S17 9.90 39.40 6.90 6.00 0.4p 7.00 15.00 65/98 19.02
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Assessment of the behaviour of iron in hydromorphioil

v/ Extractable iron by citrate-dithionite and ammoniaralate
The outcomes of iron extraction using citrate-ditiie and ammonium oxalate

methods indicate that the levels of Fe that areaetdble with citrate-dithionite are low and

range from 0.33 ppm to 4.24 ppm, while those esdifzle with ammonium oxalate vary
from 0.25 ppm to 3.93 ppm (Table 2). The low valabtained with these methods suggest
that the iron in the samples is present in a fdnat ts not easily extractable using these
techniques. This could be due to the iron beinggarein a mineral form that is insoluble in
the reagents or bound to other components in tim@lsa which impedes its extraction.

The discrepancy between the two iron extractiormvides an estimate of the sail
ferruginous mineral concentration (such as hemaditel goethite). Additionally, the
correlation between the two types of iron extrawdiocan indicate the level of iron
crystallisation and soil formation, as the crysallion of iron oxides is a critical aspect of
soil genesis [38]. The analysis results for theammeters are presented in Table 2 and
demonstrate the following:

» Except for samples 4 and 10, wherg Falues are higher than dithionite extractable
iron (Fe) values, the results of iron extraction by citrdithionite (Fq values) are
representative of the majority of the samples, wheg values are more significant
than Fg values. This suggests that certain soils may t@avew concentration or
absence of ferruginous minerals, responsible fer difference in iron extraction
between the two methods.

» Most samples exhibit very low levels of crystallingn; in some instances, it is absent.
This can be attributed to the fact that thg Eencentrations are higher than the Fe
concentrations in samples 4 and 10.

Table 2
Levels of free iron extracted with dithionite andatate from the different samples
Samples Fe [ppm] Fe, [ppm] FeJ/Feq[-] Crystallised iron (Feq— Fe) [ppm]
S1 4.16 3.93 0.95 0.23
S2 1.25 0.48 0.38 0.77
S3 4.36 0.68 0.16 3.68
S4 0.33 2.58 7.77 0.00
S5 0.43 0.25 0.59 0.18
S6 4.14 3.50 0.85 0.64
S7 3.85 3.57 0.93 0.28
S8 4.28 3.68 0.86 0.60
S9 3.46 3.42 0.99 0.03
S10 3.15 3.06 0.97 0.09
S11 0.42 2.67 6.36 0.00
S12 1.03 0.50 0.48 0.53
S13 0.82 0.75 0.91 0.07
S14 2.53 0.41 0.16 2.12
S15 112 0.44 0.39 0.68
S16 2.16 1.23 0.57 0.94
S17 3.62 2.09 0.58 1.54

The high ratios of F#Fey in soils correspond with maximum J~eoncentrations,
indicating a low degree of iron crystallisation.ig bould be attributed to the low content of
ferruginous minerals or unfavourable crystallisati@onditions. Typically, OM is
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responsible for high BA-e; ratios observed in surface soils [38]. Buyukkgical. [39]
showed a strong correlation between the amounthfit©the soil and the abundance and
availability of iron in various forms. The studyealed that OM has a significant role in
determining the variation of iron levels in soihderscoring the need to comprehend and
take into account the OM composition when evalgation accessibility in soil-plant
relationships [39].

A study conducted by Blume and Schwertmann in 1868ed to examine the
functions of different soluble paedogenic oxides viarious soil types, encompassing
aluminium, iron, and manganese. This investigatigilised ammonium oxalate and
dithionite citrate solutions. They observed thate tipresence of dithionite- and
oxalate-soluble iron was indicative of significgratedogenic processes and could serve as
an indicator of crystallinity in soil samples. Thfare, these solutions have been used
as a substitute for detecting the degree of chirstslin soil samples [38].

v" Soil colour

The MUNSELL code is a commonly used method for abtmrising and
communicating the colour of soil samples. This c@deomposed of three attributes: hue,
value, and chroma, which can be employed to defiaecolour of a soil sample precisely in
terms of its predominant wavelength, brightnesdavkness, and intensity or saturation.

In this study, soil colour was determined using Mi@NSELL code in different states
(Table 3):

* In the desiccated state, the soil colour is evalliatfter dehydration and pulverisation
into a fine powder.

« In the hydrated state, the soil colour is evaludtdidwing its mixture with water and
subsequent air-drying.

» After extracting iron, the soil colour is evaluatafter treating it with a solution
containing dithionite and oxalate. This procedwlitates the identification of colour
changes in the soil arising from iron removal.

Table 3
Soil colour
' Sample ' ' Sqil g:olqur' Soil colou;
Soil types Dry soil colour | Wet soil colour post—dlthlon_lte iron post—oxala_te iron
extraction extraction
Hydromorphic S1 GLEY2;6/5PB GLEY2;5/5PB GLEY2;6/10B GLEY2;6/5PB
soils of Ouerna S2 GLEY2;6/5GB GLEY2;6/10B GLEY2;6/10B GLEY2;6/5GB
River S3 GLEY2;6/5PB GLEY2;5/10B GLEY2;5/10B GLEY2;6/5PB
S4 GLEY2;7/10G GLEY2;6/5PB GLEY2;6/5PB GLEY2;7/10G
S5 5YR6/3 5YR5/3 5YR5/1 5YR6/3
Hydromorphic S6 5YR6/3 5YR4/3 GLEY1;7/5G /2 5YR6/3
soils of Day River S7 7.5YR6/2 7.5YR5/3 GLEY2;7/5PB 7.5YR6/2
S8 5YR6/4 5YR4/3 GLEY2;7/5PB 5YR6/4
S9 2.5YR6/2 2.5YR4/3 GLEY1;5/10Y 2.5YR6/2
. S10 GLEY1;8/10Y GLEY1;7/5G_/2 GLEY1;8/5GY GLEY1;®Y
HS%?IrSOQOArﬁEE S11_ | GLEYL,7/10Y | GLEY15/5GY|  GLEYL6/10Y GLEY1,7/10Y
River S12 GLEY1;7/10Y GLEY1;6/5G_/2 GLEY1;6/5G_/1 GLEY11DY
S13 GLEY2;7/5PB | GLEY2;5/10GH GLEY2;6/5GB GLEY2;7/8P
S14 2.5YR6/2 2.5YR4/4 2.5YR6/1 2.5YR6/2
Cambisols S15 10R6/2 10R4/2 GLEY1;6/5G_/2 10R6/2
S16 10R7/3 10R6/3 7.5YR6/2 10R7/3
S17 5R7/4 5R5/6 5R7/2 5R7/4




374 Abdessalam Salmi, Mohamed EI Baghdadi, Hassan Mpaaimed Barakat and Abdessamad Hilali

It should be emphasised that multiple factors,udiclg the presence of organic matter,
weathering, and mineralogy, can impact the coldw soil sample. Therefore, it is crucial
to interpret the MUNSELL colour code alongside otfeevant soil data to understand the
soil sample properties comprehensively.

The investigation of soil colour after iron extriact is a significant parameter for
determining the type of iron accountable for thseyled colouration (Fig. 4). The study
results indicate that most soil samples have cldiegéouration due to iron oxidation in
hydromorphic soils in the Day River, resulting itoas of their original colour. Following
iron extraction, these soils reverted to their iahitgray colouring. Conversely,
a considerable decrease in colour saturation (Chyavas observed for soils originally red
after iron extraction with dithionite. In contrastther hydromorphic soils in the Ouerna
River and Arich River demonstrated a distributi@ewed towards higher saturation values.
Analysis of the soil samples revealed that red anown colouring is attributed to
crystallised iron oxide, specifically hematite agmethite. This is corroborated by previous
research, such as the findings of Lamouroux ef4él], who identified that hematite is
mainly responsible for the red colour of soils &mat its largest crystallites are dissolved by
hydrochloric acid and sodium dithionite.

" Seil's natural
colour

Seil colour
post-dithionite
iron extraction

Soil's natural
colour

_ «  Soil colour
. post-dithionite
iron extraction

Fig. 4. Variation in the colour of the soil aftbetextraction of dithionite iron

v" Magnetic susceptibility

Magnetic susceptibility refers to the extent to ethia material influences a given
magnetic field, and this influence depends on ype and quantity of magnetic compounds
present in the analysed sample, such as soil. T prevalent iron forms found in soils
include hematite, goethite, lepidocrocite, magaetdnd maghemite. The emergence of
these forms is influenced by the prevailing climatel geological conditions [41]. As the
iron content increases from the bedrock to theaserfthere is a concomitant rise in the MS
of soil particles [42].

The grain size of the ferromagnetic phase is anortapt factor affecting the soil
frequency-dependent (FD). This susceptibility isisiive to sub-micron-sized grains,
particularly those that fall within the super-paegmnetic (SP) and single domain (SD)
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limits (0.01-0.03) [43-45]. The magnetic methodsliate the level of ferromagnetic
minerals and their granulometric fraction, whickoak differentiation between metallic
dust and pedological particles [46].

The soil samples were analysed using mass magsigtiteptibility measurements in
low- and high-frequency modeglf(and yhf), and the magnetic susceptibility frequency
dependenceyfd) reported in Table 4. The results indicate thihtthe samples have low
positive values, indicating the presence of pararatg minerals such as ilmenite, siderite,
and clay minerals. Moreover, 11 samples have erdudlues offd between 10 % and
14 %, which suggests that most soils have a higitepgage (greater than 75 %)
of super-paramagnetic (SP) magnetic grains of pedkdl origin, indicating that these
sediments have undergone significant pedogenaestaritrast, the remaining samples show
a mixture of SP grains (diameter < 0.005 mm) andrs® grains (MD and PD) with
moderate concentrations. These findings are camistith those reported by EI Hamzaoui
et al. [6], who found that the FD value of Beni Mea soils ranges from 5.64 % to
19.68 %, with an average of 12.14 %. FD > 5 % iattis the presence of a large quantity
of ultrafine ferromagnetic material, which might fegated to the presence of a paedogenic
SP magnetite.

Table 4
Magnetic susceptibility of hydromorphic soil
Samples XIf [S1] xhf [SI] Xfd [%]
S1 2.86 - 10’ 2.56 - 10/ 9.58
S2 6.41 - 10’ 5.69 - 10 11.30
S3 5.24 - 10 4.69 - 10 10.30
S4 1.96 - 1CF 1.75 - 1 11.10
S5 1.69 - 10° 151 1C 10.90
S6 5.91 - 10 5.36 - 10 9.44
S7 1.93 - 1CF 1711 11.30
S8 1.50 - 1C° 1.33. 10 11.40
S9 5.09 - 1C° 434 .10 14.90
S10 3.43 .10 3.50 - 1C° 4.10
S11 595 . 10 593 1CF 5.66
S12 6.55 - 1C° 6.92 . 10 2.87
S13 1.75 - 10 1.56 - 1C¢ 11.00
S14 2.00 - 1CF 1.76 - 1 11.90
S15 1.06 - 10° 9.53 . 10 10.30
S16 1.28 - 1CF 1.14 - 1 11.30
S17 6.39 - 10’ 5.78 - 10 9.94

v" Heavy metals

X-ray fluorescence analysis can be used to deterrttie concentration of major
elements (ME) and trace metallic elements (TME)}dil samples in parts per million
[ppm]. The findings are presented in Table 5. Tba concentration [ppm] values obtained
from this examination indicate that the soils ofdfgmorphic nature in Arich River
demonstrate low levels, which increase progresgifi@im the top to the bottom of the
River, as depicted in Figure 5. The iron’s migratia a reduced state by water, from the
top to the bottom of the River, could account fas phenomenon. The same trend is noted
for Ouerna River, except for sample No. 2. The o&éxamined samples present high values
ranging from 11,107.50 ppm to 40,708.44 ppm.



37€  Abdessalam Salmi, Mohamed El Baghdadi, Hassan Mosaimed Barakat and Abdessamad Hilali

Table 5
Major element concentrations

Samples | Fe[ppm]| Ca [ppm] Klppm] | Mn[ppm] | Alfppm] | Cu[ppm] | Zn [ppm]
S1 11,107.50 29,329.58 1,477.3( 269.46 3,932/02 170635 107.69
S2 27,774.18 36,707.70 6,299.03 406.61 13,205.80 30.91 153.83
S3 23,519.20 46,841.20 4,477.84 366.66 7,56459 31.08 578.82
S4 25,958.83 43,765.77 5,197.06 270.77 14,428.52 23.37 136.09
S5 27,458.54 37,187.41 8,814.92 532.04 17,726.90 45.32 12381
S6 40,708.44 45,032.11 10,817.7D 652.71 20,564.70 853.1 148.19
S7 36,527.54 36,315.39 10,075.2D 461.48 17,384.30 947.3  150.80
S8 27,304.12 44,200.36 8,905.12 518.71 16,295.09 38.70 85.86
S9 31,252.03 26,285.17 9,633.94 613.43 17,863.30 37.63 106.29
S10 5,462.73 165,541.70 1,828.99 122.30 4,426[79 21.01 211.05
S11 5,704.63 223,367.80 2,277.29 174.46 5,164[79 - 744.2
S12 8,874.98 150,434.80 2,955.26 125.07 4,839)96 - 335.9
S13 11,244.87| 191,532.70 4,399.4] 124.92 8,989/29 18.08 54.39
S14 30,729.55 16,899.40 6,285.21 500.6% 12,744.65 26.27 84.35
S15 23,531.09 54,749.67 5,329.82 385.69 13,300.97 19.42 67.83
S16 27,813.98 38,251.27 9,831.80 398.77 14,973.24 40.97 96.28
S17 29,821.28 57,199.35 6,695.23 442.57 14,702.95 - 4571.

9000
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3000

Iron concentration [ppm]

River B aich [ Day B8 ouvema

b)
|

40000

30000

20000

10000

1 2

Sample

Fig. 5. Representative profile of iron results e soils of the: a) Arich, b) Day and c) Ouernadriv

Multivariate statistical techniques

from upstream to downstream

Multivariate statistical methods, including Pearsmmrelation coefficient, PCA, and
HCA, were utilised to extract significant data gfsis. All mathematical and statistical
calculations were performed using the R programrtanguage.

Pearson’s correlation cofficient

Pearson correlation coefficient was calculated &denine the interrelationship
between some physicochemical soil properties aeid thlation to the behaviour of iron in
the Beni Moussa plain (Fig. 6) [47].
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oM

oM CEC
CEC pH H20
pPHH20 | 0.05 | 0.12 pHkCL
pHkCI | 0.04 | 0.16 cE
CE 0.09 | 0.1 CaC03
caco3 (049 | 0.02 [ 042 | 041 |01 sand
sand | .0.14 | -0.49 | 027 | 022 | 0.13 | 0.49 sitt
sit [ 012 [ 020 | 009 |013 [o021 |-0.26 | -0.20 Clay
Clay | 0.08 0.04 -0.21 -0.24 | -0.27 0.01 -0.28 Fo [ppm]
Felppm] | -0.42 | -0.27 | -0.23 | -0.30 | -0.60 | -0.86 | -0.42 | 0.08 | 0.12 Fed [ppm]
Fed[ppm] | 0.31 | 0.28 | 0.00 | -0.09 [ 011 | -0.01 | -0.34 | 0.43 | -0.26 | 0.35 FeO [ppm]
FeO[ppm] | 0.34 | 0.04 | -0.15 [-0.19 | 0.39 [ 010 | 021 | 0.46 |-0.85 | 0.08 FedFe0
FedFeO | .0,07 | -0.30 | -0.16 | -0.02 | 0.25 | 0.04 | 0.50 | -0.02 |-0.22 | -0.23 |-0.46 | 0.27 Fed-FeO [ppm]
Fed-FeO[ppm] | -0.07 | 047 | 0.10 [ 0.2 | -0.19 | -0.20 | -0.47 | -0.02 | 024 | 025 | 039 |-0.41 | -0.38 MS.LF[S1]
MS.LF[SI] 031 | 019 | 021 |-045 |07 |-026 | 022 |-0.09 ”m ’ 0.20 | -0.22 | 0.07 | 0.00 ME.HF[51]
MS.HF [S1] 0.32 | 018 [ 020 | -0.45 0.25 | 022 |-0.09 044 |[-.021 |-0.22 | 0.07 | 0.00 MS. fd
ms.fd | 047 | -0.16 | 0.09 | 0.00 | -0.20 -0.18 | -0.12 | 0.20 - 020 | 003 |-0.14 |0.14
-1 -0.8 -0.6 -0.4 -0.2 o 0.2 0.4 0.6 0.8 1

Fig. 6. Pearson correlation matrix of some phydieocical properties of soils in the Beni Moussa area

The Pearson correlation coefficient was utilisethtestigate the relationship between
various physicochemical soil properties [48]. Fag6 shows the correlation coefficients of
soil properties from the Beni Moussa irrigated peter. The results indicate that OM is
positively correlated with CEC and cation excha(@Eg), with correlation coefficients of
0.83 and 0.85, respectively. Conversely, OM is tiegly correlated with Magnetic
Susceptibility Low Frequency (MS.LF) and Magnetias8eptibility High Frequency
(MS.HF), with correlation coefficients of —0.57, a®ll as iron oxide measured by XRF
(r = 0.42), indicating that increases in OM are aigded with decreases in MS.LF, MS.HF,
and iron oxide. A previous study conducted by He@wibert in 2002 found a positive
association between CEC and OM, indicating that @G&€losely related to OM and the
proportion of clay in the soil. Guibert also inttaed the concept of "organic CEC", which
refers to the increase in CEC associated with tegkls of OM in the soil. In addition,
calcium carbonate (CaGpis positively correlated with sand € 0.49) but negatively
correlated with MS.LF, MS.HF, and Fine Sand (FD¥ (-0.7). Iron is positively correlated
with FD (r = 0.7) but negatively correlated with samd=(-0.608), as confirmed by several
previous studies [49-51]. Clay is strongly negdtiveorrelated with silt { = —0.88) and
iron oxide ¢ = —0.55), respectively. These findings can beetaback to the work of
Blume and Schwertmann [38] who demonstrated ttast cligration in sediments is mainly
caused by low soil iron concentration [ppm].

Principal component analysis

The PCA was performed on data sets containing dividuals (sampling points) and
17 variables (parameters analysis results). Thé/sinamade it possible to retain several
dimensions. PCA reveals that the first two dimensitogether account for 45.29 % of the
total variability in our data sets. This indicathat a significant portion of the variability in
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the persons or variables may be explained by tH:eatk plane produced by these
dimensions. This proportion, notably, is higher nththe 40.7 % reference value,
highlighting the statistical importance of the eaipkd variability. As shown in Figure 7,
these results emphasise the significance of thegresed dimensions in identifying and
clarifying important patterns within the data sets.
v" Description of the dimension 1

Dimension 1 opposes individuals such as 7, 13,, &, 4nd 14 (to the right of the
graph). The data sets highlight several categstiessing apparent geographic segregation
in the graph, from people with highly positive cdimates on the axis (e.g., 1, 10, 3, 12, 9,
and 2) to those with substantially negative valudetably, the numbers 7, 8, and 6
comprise a unified group with positive coordinateéigh silt and Fe [ppm] readings
identify this cluster, demonstrating the strong atipof these factors. In contrast, there is
a divergent trend in the data sets for this grevpch shows lower values for CE and sand.
These results highlight the data sets spatialibligton and unique features, illuminating
the connections between important variables.

Dim 2 (18.16%)
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Dim 1 (26.84%)
Fig. 7. Individual mapping in PCA visualising themntribution through cos2

The data sets reveal that the cluster of indivislda, 4, and 14 designated by positive
coordinates on the axis displays unique featurbis group has higher values for MS.HF
and MS.LF indicates a significant impact from theseiables. On the other hand, this
cluster has lower values for {Fand OM, suggesting a divergent trend in the data. s
Individuals 10, 3, 12, 9, and 2, shown by negatiwerdinates on the axis, form a cluster
that displays certain tendencies in the data sets.

Interestingly, this group shows higher values foe tlay, CaCqQ OM, and CE
variables, indicating a more substantial influefroen these components. Conversely, the
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variables MS.HF, MS.LF, and silt show lower valussggesting a different trend within
this cluster.

o

Dim 2 (18.16%)

Fed-Fe0 [ppm]

0.5

1.0 05 0.0 0.5 1.0
Dim 1 (26.84%)

Fig. 8. Factor map of PCA representing the distidvuand relationships of variables

v Hierarchical cluster analysis

The result of the Q-mode cluster analysis can Isplalyed in a tree-like structure
called a dendrogram. The derived dendrogram is us#us study and is shown in Figure
8. This Q-mode HCA has highlighted three largeteltss 1, 2, and 3 (Fig. 9).

Cluster 1 is mainly characterised by high levelsGHE, CaCQ, and OM, which
indicate that these are the most significant factam contrast, the group in question has
lower values for Fe [ppm] and MS.FD, suggestinguecimsmaller contribution from these
factors to Cluster 2 comprising people 2, 8, 9, 46d This cluster is characterised by
elevated values for MS.FD, clay, and Fe [ppm], witlese variables having the most
influence. Ultimately, individuals 6 and 7 in Clest3 are distinguished by elevated levels
of the variable Fe [ppm]. With a focus on the difet strengths and weaknesses of the
important variables in the data sets, this sumniaghlights the distinctive qualities of
every cluster. Cluster 1 comprises individualst@, 11, 12 and 13.
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Fig. 9. Ascending hierarchical classification of thdividuals

Conclusion

The main objective of this work is to analyse tleddwviour of iron and its relationship
with the physicochemical properties of hydromorpds in the Tadla plain in Morocco.
An in-depth approach, involving the use of physh®rical analysis of 17 soil samples
taken at a depth of 20 cm, as well as PCA and H@Mfa statistical perspective, was
employed to ensure a comprehensive assessmentedilits showed that:

e The studied soils had a loamy-sandy to loamy-clag&ture, with a neutral to alkaline
pHu20- They were rich in OM and carbonates CaCAditionally, they exhibited high
levels of iron, suggesting migration in reducedrfoiThe values cEC and MS were
positive and low, indicating an abundance of pagmtic minerals such as ilmenite,
siderite, and clay minerals.

e Statistical analysis, in conjunction with PCA, HGad Pearson correlation coefficient
analysis, revealed significant associations betwatifferent physicochemical
properties of hydromorphic soils in Beni Moussgyeesally between iron, OM, and
MS. This suggests a complex interdependence beta@énomponents, highlighting
the importance of iron in regulating specific pleggihemical characteristics of these
hydromorphic soils.

These results have important implications for ustderding the dynamics of iron in
hydromorphic soils and for improving irrigation ptizes and land management in the
region to promote sustainable agriculture. Thersfohis study contributes to scientific
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knowledge based on soil properties and providesntiss information for soil management
and agricultural practices in the Beni Moussa regind in similar contexts elsewhere.
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