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Abstract: In the present study, the salinization trends of different soil types from a small hydrographic
basin situated in NE Romania (Ros, ior basin) are investigated. The climatic conditions are favorable
for long dry summers and intensive evaporation. The soils are developed on immature evolved
clay sediments, as revealed by geochemical analysis. The salinity varies among soil types, attaining
maximum values for Solonetz with total dissolved salts (TDS) between 1165.75 to 1881.25 mg/L.
The aqueous solutions are represented by natural water and soil solution. The hydrogeochemical
facies of the natural waters change from HCO3

−—Mg2+ in the upper basin to SO4
2−—Na+ in the

middle or lower basin. The soil solution is moderately or strongly salinized and shows anionic
variations from HCO3

− to SO4
2− in the studied profiles, whereas Na+ is always the main cation. The

concentrations of Na+ and SO4
2− evolve simultaneously. Raman spectroscopic exploration of the

white efflorescences, which occur on topsoil, reveals the presence of thenardite as the dominant phase.
The composition of soil solution results from both the ionic exchange and evaporation processes. The
nature of soil solution mineralization and summer temperatures are two main factors that interact and
promote the thenardite precipitation. The soil salinization induces negative effects on crop nutrition,
impacting further the crop yields. The results of this study can be extrapolated to larger areas formed
on Sarmatian sedimentary deposits affected by salinization processes.

Keywords: salinization; sodic soil; thenardite; Raman spectroscopy

1. Introduction

At the global level, humanity’s food and water needs represent an issue that has
become more acute in the context of climate change. Although the annual population
growth rate had slightly decreased from 1.1% per year in 2010 [1] to 1% in 2022 (World
Population Growth Rate 1950–2022), food production must increase by 57% until 2050 [2].
Moreover, the exploitation of water resources for human consumption, agriculture, or
industry has intensified and responsible consumption is required [3,4]. In this context, the
quality of soils and water used for irrigation sets a strain on agricultural production.

Environmental factors such as a reduction in the amount of precipitation, rising
temperatures, increasing evapotranspiration, or soil degradation through salinization
influence the ability of plants to absorb nutrients from the nutritional environment [5]. In
the case of crops, this is reflected in a quantitative and qualitative decrease of the yield.

Salinization is the process that leads to the accumulation of salts more soluble than gyp-
sum (CaSO4 × 2H2O) in the soil [6–8] above a level that puts agricultural crop productivity
at risk and impacts environmental and human health and economic prosperity [2,9].

Soils with high salt content are classified using the following parameters: pH, electrical
conductivity (ECe), sodium absorption ratio (SAR), and exchangeable sodium percentage
(ESP). All these parameters are determined in the saturation extract, but SAR and ESP may
be estimated from the concentrations of the dissolved cations [10]. Three types of soils have
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been defined [2,7,11]: (i) saline soils (with pH < 8.5, EC > 4 dS/m, SAR < 13 mmol/L and
ESP < 15%); (ii) sodic soils (pH > 8.5, EC < 4 dS/m, SAR > 13 mmol/L and ESP > 15%),
and (iii) saline-sodic soils, the last category displaying the characteristics of both saline and
sodic soils. Also, the process of soil salinization occurs when the total soluble salts content
exceeds 100 mg/100 g soil if the salinization is of the chloric type, or if it is greater than
150 mg/100 g soil if the salinization is of the sulfate type [12].

Mineralization of natural water interacting with the soil layer is a primary source of
salinization. The salt enrichment of groundwater is determined by various factors, such
as the dissolution of secondary minerals from the lithological substrate, ion exchange
reactions, evapotranspiration, an input of saline water from neighboring aquifers, land use,
irrigation waters, or anthropic input. Frequently, an increase in the salt concentration of
groundwater is a consequence of a combination of the factors above, having harmful effects
on crops through the accumulation of large amounts of salts, which cannot be tolerated by
plants [13,14]. Other sources of salinization (secondary) of soil are due to human activities
such as agriculture, irrigation, and intensive and improper land use [5,15–17].

The relationship between soil salinization and groundwater mineralization has been
studied in different regions by various methods: in situ experiments [18]; studying the
physical and mineralogical characteristics of the soil [19,20]; modelling the dynamics
of groundwater that affect salt migration [21]; or comparing the spatial distribution of
groundwater chemistry and soil salt content [22].

In Northeast Romania, studies were carried out on the impact of climate change on
groundwater level [23–25] or the physical degradation of the soil [26,27] but there is limited
information in the literature about the geochemistry of salinized soils and the relationships
between them and the parental materials on which they evolved.

The main objectives of the present study are the following: (i) the evaluation of the
interactions between sediments, soil, and aqueous solution; (ii) the assessment of soil
salinization; (iii) the impact of saline efflorescence on plant life and soil quality.

2. Materials and Methods
2.1. Study Area

With an area of 18.3 km2 Ros, ior river basin is a left tributary of the Bahlui river situated
in North-Eastern Romania (Figure 1). Over time, the river has undergone hydrotechnical
works on its upper course and is currently intermittent on its middle and lower courses
due to the low flow. Geologically, the studied area belongs to the central-eastern part of
the Moldavian Platform and is characterized by the occurrence of the Lower Bassarabian
(Sarmatian age) and Quaternary deposits. Sarmatian deposits consist of silty clays, sandy-
clayey silts, and clayey silts [28,29]. Pleistocene deposits have a limited occurrence in the
upper part of the terraces and are composed of sand and silt [29].

The genesis of the relief was linked to a geotectonic, fluvio-denudational process and
“pre-existing marine” factors [30], which materialized through the accumulation, in the
Moldavian Platform, of the “clay with Cryptomactra” formation of Middle Sarmatian age
(Bassarabian) with a high content of soluble salts.

The direction of groundwater flow is conditioned by the quasi-horizontal slope of the
sedimentary cover from NW to SE. The phreatic water is contained in the discharge hydro-
structure of the terrace alluvial deposits and is fed by precipitation and surface waters.

The mean annual temperature is 9.9 ◦C and the mean annual precipitation is 589 mm,
based on annual averages for the period 1961–1990 (the reference climatologic interval used
in Romania), recorded at the nearby Ias, i meteorological station (Figure 2a). Although the
climatic data over the period 1961–1990 does not highlight a typical semi-arid character of
this area, the temperature anomalies calculated for the 1990–2021 interval (Figure 2b) show
that the climate is already shifting towards semi-arid (steppe) conditions corresponding to
BSk climate type in Köppen-Geiger classification [25,31].
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Figure 1. Study area with indication of soil, sediment, and water sampling points.

The climatic conditions, as well as the lithological structure and moisture variation
caused by the oscillation of the groundwater, have allowed the formation of a wide range
of soils specific to steppe areas. Thus, the dominant soils that cover the interfluves are
represented by Calcic Chernozems (Cambic), while on the steeper slopes they occur in
association with Salic Chernozems and Solonetz, often affected by erosion and landslide
processes. The low-elevation areas of the basin represented by the narrow valleys are
occupied mainly by Salic and Sodic Fluvisols and Gleysols (soil names according to [10]).
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Figure 2. (a) Climogram showing monthly mean precipitation and temperature averages for the
period 1961−1990 at Iasi meteorological station; (b) average temperature anomaly relative to the
1961−1990 average temperature recorded at Iasi meteorological station.

Halophilic species are found in the spontaneous vegetation (Suaeda maritima, Artemisia
sp., Portulacaceae sp.).

2.2. Sampling and Methodology

A total of 142 samples were collected as follows: 20 from the topsoil (0–10 cm interval)
from a cross-section over the Ros, ior riverbed, where efflorescences occur; 122 from the soil
profiles at specific depths of 0–20 cm, 20–40 cm, 40–60 cm, and 60–80 cm. The lithological
substrate was investigated through 8 samples collected from the “clay with Cryptomactra”
formation. The sampling method for soil and sediments was based on [32] procedure.
Approximately 500 g of soil was collected in sampling bags, labelled at each sampling
point, and delivered to the laboratory. Also, 12 water samples were taken in September
2021 and 2022, respectively, from the Ros, ior river and the well. Water was collected from
each sampling point in two 500 mL polyethylene bottles [33]. Temperature, pH, electrical
conductivity, and total dissolved solids (TDS) were measured on-site.
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The water content of the soil samples was obtained gravimetrically after drying 10 g
of the soil in an oven for 48 h at 105 ◦C. The remaining soil and sediment samples were
air-dried at room temperature. Following drying, the samples were crushed and passed
through a 2 mm sieve.

The pH of the soil samples was determined through the potentiometric method, in
aqueous suspension with a glass electrode using a WTW Inolab 730 MultiLevel pH meter,
the ratio between soil and distilled water being 1:2.5, after shaking and resting for 1 h.
The pH meter was calibrated with buffer solution after each set of 10 determinations. Soil
to water ratio of 1:5 has been used to prepare the soil solution and determine the ion
concentration and the EC value of the soil after stirring, resting time, and filtration [34].
The electrical conductivity (EC) was determined through the conductimetric method, in
aqueous suspension with a Crison EC-meter GLP 31+ conductometer.

Particle-size analysis was carried out by pipetting method [32] after the removal of
the organic matter with 30% H2O and carbonates with 0.2 N HCl. The texture of soil and
sediment samples was established according to [10].

The chemical analyses conducted on the sediment samples were performed at the
Romanian Geological Institute. The major ions content of the natural waters and the soil
solution was determined through the analytical method, using the national standards (Na+,
K+ through the flame photometric method: SR ISO 9964-3:1993; Ca2+, Mg2+ through the
complexometric method: SR ISO 6059-2008; HCO3

−, CO3
2− by titration with HCl: SR ISO

9963-1:2002; SO4
2− through the spectrophotometric method HACH 8051; and Cl− through

the titrimetric method with AgNO3 O.1 N ISO 9297-2001).
Mineralogical analysis of the saline efflorescence was done by Raman spectrome-

try. Raman spectra were obtained on a Horiba Jobin-Yvon RPA-HE 532 spectrograph by
exposing the samples for 3 s, 100 acquisitions, at 100% maximum laser power.

2.3. Geochemical Indices

Sediment maturity was determined using the index of compositional variability (ICV).
ICV decreases from non-clay minerals to clay minerals. Immature sediments have ICV
greater than 1, while mature sediments typically show ICV lower than 1 [35,36]. The oxides
are expressed in wt%.

ICV = (Fe2O3 + K2O + Na2O + CaO + MgO + TiO2)/Al2O3

To estimate the degree of chemical alteration of the sediments, we used the ternary
diagrams Al2O3-(CaO + K2O + Na2O)-(Fe2O3 + MgO) [A-CNK-FM], Al2O3-(CaO + Na2O)-
K2O [A-CN-K] and the Chemical Index of Alteration (CIA). This index is based on the
alteration of feldspars, the release of alkali metals, and the accumulation of alumina in
the reaction products [37]. The CIA is calculated based on the molar concentration of the
oxides, but the CaO content combined with carbonates or phosphates have been excluded.
The CIA reflected the evolution of chemical alteration in the source area [38,39].

CIA = [Al2O3/(Al2O3 + CaO + Na2O + K2O)] × 100

The cation-chloride ratio (CCR) index in correlation with Cl−/(Cl− +HCO3
−) showed

the process that affects the mineralization of the aqueous solution. The CCR index reflected
changes in major cation concentrations (in meq/L) relative to chloride concentration [40,41]:

CCR = [(Ca2+ +Mg2+)/Cl−]-[(Na+ + K+)/Cl−]

The sodium adsorption ratio (SAR) was calculated from soil solution data (cations
given in meq/L): SAR = Na+/[(Ca2+ + Mg2+)/2] 0.5 (mmol/L) [10,34].
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3. Results
3.1. Sediments and Soil Texture

The particle size distribution of the sediments and soil samples is graphically rep-
resented in Figure 3. The water condition from the Middle Sarmatian age allowed the
accumulation of clay and silt with sandy intercalation. This was observed in the sediment
samples where the clay fraction was dominant. Two samples belonged to the silty clay
sediments because they had a high content of silt and carbonates. Soil texture varied from
clay to clay-loam, sandy clay loam, and loam, reflecting the lithological substrate on which
pedogenetic processes took place.
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3.2. Sediment Geochemistry

The chemical composition of the sediment samples from the hydrographic basin of
the Ros, ior river is presented in Table 1. The sediments displayed a homogeneous content
for SiO2 (between 50.15 wt% and 52.90 wt%) and relatively varied concentrations for Al2O3
(11.95–21.55 wt%) and Fe2O3 (3.68–6.32 wt%). The SiO2/Al2O3 ratio varied from 2.34 to
4.42 and was lower than in the Upper Continental Crust (UCC) [41]. The relatively low
silica content (the average value of SiO2 is 52.06 wt%) and the low value of the SiO2/Al2O3
ratio suggest proximity to clayey rocks, in which the quartz component has a moderate
frequency. The amount of Na2O and K2O varied from 0.8 wt% to 1.43 wt%, and from
1.45 wt% to 2.17 wt%, respectively.

Table 1. Chemical composition of sediments (wt%).

SiO2 TiO2 Al2O3 Fe2O3 FeO MnO MgO CO2 CaO Na2O K2O P2O5
SiO2/
Al2O3

ICV CIA

mean 52.07 0.69 15.55 11.60 1.19 0.14 3.21 7.71 7.03 097 1.84 0.12 3.44 1.04 74.74
min 50.15 0.5 11.95 3.68 0.82 0.13 2.65 1.90 3.01 067 1.45 0.10 2.34 0.76 67.26
max 58.90 1 21.55 56.10 1.50 0.20 3.55 39.00 9.38 1.43 2.17 0.14 4.42 1.24 83.91

The Pearson correlation coefficients between SiO2 and the other oxides were weak and
negative, except TiO2, which had a moderate positive correlation (r = 0.68). The correlation
trends between Al2O3 and Fe2O3 (r = 0.89) or Al2O3 and MnO (r = 0.81) could be related to
the same source (e.g., oxyhydroxides coating on clay mineral particles) [42].

These clays were enriched in MgO and showed a positive correlation between MgO
and Na2O (r = 0.62), indicating a common source. The sources of calcium can be repre-
sented as either a mineral fraction or bioclastic fraction and brought high CaO content.
Consequently, the correlation between CaO and MgO (r = 0.23) was disturbed.
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The moderate correlation between MgO and Na2O (r = 0.62) may indicate an enrich-
ment process of clay minerals in magnesiu, due to Mg accommodation in the octahedral
site in clay minerals (montmorillonite) [43].

CIA values ranged from 67.25 to 83.91, with a mean of 74.74, indicating a moderate
alteration of the primary clay material [41,44]. Thus, the samples were projected in the
smectite field (Figure 4).
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In the A-CNK-FM and A-CN-K diagrams, the samples were projected onto an area
showing different concentrations of Al2O3, CaO, Na2O, and K2O, compared to the UCC
values. It was observed that alteration had reached the stage where significant concentra-
tions of the alkaline and alkaline earth elements had been removed from the sediments.
An enrichment in Fe2O3 and MgO of the sediments was also found. The Mg/(Fe2+ +Fe3+)
ratio [45] was below 1 and the inverse proportionality relationship with Al2O3 can be
explained by changing the quantitative ratio between the smectites and illite present in the
clay fraction [28].

ICV for the sediment samples from the Ros, ior basin ranged from 0.7 and 1.24, thus
being at the borderline between mature and immature sediments (Figure 5). Consequently,
we used the SiO2/Al2O3 ratio as an indicator of sediment maturity. If this ratio exceeded 5,
then the sediment had a mature composition [35]. In our case, the values of this ratio were
between 2.34 and 4.42, indicating the immaturity of the sediment samples.
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3.3. Geochemistry of the Aqueous Solutions

Aqueous solutions are the environments in which substances from chemical or bio-
chemical processes are dissolved and in which there is an exchange with the atmosphere,
hydrosphere, and pedosphere [46,47]. In this study, we considered as “aqueous solution”
the natural water and soil solution.

The chemical constituents of the waters from the study area came from the residual
salts that had been retained by the sediments of the Sarmatian Sea and washed away by the
circulating waters. The retention capacity was proportional to the accentuation of the clayey
character of the Sarmatian sediment. In the fraction larger than 0.063 mm, the presence of
pyrite was indicated, which was the origin of the gypsum neoformations in this clay-silt
unit [28].

The changes that occur over time in the chemistry of these waters are caused by the
process of drainage, the absorption process, and the exchange of ions between clay and
water. The establishment of the chemical composition of the waters in the study area
allowed the identification of their origin and of the geochemical processes that occurred at
the water-rock or water-soil interfaces. The water samples were alkaline, with a pH varying
between 7.24 and 9.42, and highly variable EC1:5 between 0.814 and 7.660 dS/m. Total
dissolved solids (TDS) ranged from 1190.5 mg/L to 2971.8 mg/L, which allowed them to
be classified as brackish water (TDS > 1000 mg/L) [46]. In September 2022, the highest
recorded value of 7380.2 mg/L was found in an artificial reservoir. The excessive drought
from the summer of 2022 led to increased mineralization. Also, an increase in the value
of TDS was observed for both surface water and groundwater, from north to south, in the
direction of the river’s flow. This variation was mainly attributed to geochemical reactions
that occurred between aqueous solutions and the solid phase.

The main ions (Na+, Ca2+, Mg2+, HCO3
−, SO4

2−, Cl−) had variable concentrations
(Figure 6) due to the leaching of the salts stored in clay or silty-clay sediments, being the
result of the ion exchange processes between water and clay minerals, or a secondary
product of the alteration of metalliferous minerals (pyrite) present in very small amounts
in the silt fraction [28]. The anion evolution of the waters showed a transition from the
dominant anion HCO3

− in surface water and the phreatic water of the upper basin of the
Ros, ior river to the SO4

2− type in the waters situated in the middle and the lower part of
the hydrographic basin. Also, in the cationic evolution of waters, there was a transition
from dominant Mg2+ to Na+.
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We used Gibbs diagrams to clarify what factors influenced the water mineralization
(Figure 7). The samples with Cl/(Cl− + HCO3

−) < 0.4 showed the influence of the ion ex-
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change process on the source of mineralization of the waters. The relation between TDS and
the Na+/(Na+ + Ca2+) ratio indicated evaporation and precipitation as the main processes.
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In the soil solution, pH values (between 7.1 and 9.8) showed an alkaline reaction but
varied in depth from one soil type to another (Table 2). The concentration of the major ions
allows the following sequences: SO4

2− > HCO3
− > Cl− and Na+ > Mg2+ > Ca2+.

Table 2. Mean values of soil solution salinity at different depths.

Soil Type Depth
(cm)

pH EC1:5
(dS/m)

Cl− SO42− HCO3− Na+ K+ Ca2+ Mg2+ TDS

(g/kg)

Chernozems

0–20 8.12 1.149 0.087 2.131 0.623 0.997 0.023 0.160 0.061 3.908

20–40 8.20 1.633 0.107 3.462 0.607 1.133 0.017 0.407 0.186 5.553

40–60 8.54 2.375 0.288 6.202 0.606 1.749 0.019 0.796 0.325 8.074

60–80 8.78 2.404 0.089 5.679 0.846 1.621 0.022 0.748 0.334 8.174

Fluviosols

0–20 8.14 0.713 0.167 1.201 0.567 0.509 0.039 0.162 0.088 2.426

20–40 8.30 1.024 0.146 2.028 0.593 0.782 0.041 0.200 0.135 3.482

40–60 8.44 2.434 0.306 4.478 0.501 2.086 0.035 0.329 0.244 8.275

60–80 8.54 3.505 0.429 5.983 0.526 2.850 0.035 0.656 0.349 11.918

Gleysols

0–20 8.21 1.234 0.347 1.923 0.751 1.026 0.051 0.147 0.114 4.200

20–40 8.52 1.775 0.298 3.346 0.824 1.575 0.057 0.191 0.164 6.036

40–60 8.46 4.140 0.555 10.959 0.608 3.331 0.048 1.058 0.696 14.076

60–80 8.42 4.977 0.698 12.700 0.489 4.128 0.028 1.013 0.723 16.921

Solonetz

0–20 8.65 5.533 0.379 9.357 0.871 3.813 0.079 0.535 0.323 18.813

20–40 9.03 5.154 0.337 8.547 0.860 3.887 0.051 0.355 0.192 17.525

40–60 9.10 4.529 0.341 8.293 0.984 3.381 0.087 0.510 0.306 15.398

60–80 9.20 3.439 0.338 6.321 0.848 2.386 0.049 0.466 0.353 11.658
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In Solonetz, an increase in Na+ concentration from the samples collected below
60 cm to the topsoil was noted. An inverse situation was recorded in Chernozems, Gleysols,
and Fluvisols. SO4

2− had the highest values in the lower part of Gleysol, where moisture
was present, compared to Solonetz, which appeared in the upper horizon. The total of
soluble salts varied with depth and was proportional to EC values. The highest salinity
(EC1:5 = 15.32 dS/m) was found in Solonetz and was inversely proportional to depth, while
other soils had higher EC values in the lower horizons. The soils in which water stagnated
due to the development on clays parental material, preventing proper drainage, showed an
enrichment of hydrolysed ions in the soil solution.

The Piper diagram was used to determine the hydrogeochemical facies. Surface
waters belonged to the Mg2+-HCO3

− and Na+-HCO3
− types, while Na+-SO4

2− types
characterized the groundwater (Figure 8).
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For the Chernozems, there were different types of soil solutions. In the layer between
0–20 cm, where there were better conditions for aeration and the exchange with atmospheric
gases, the soil solution was Ca2+-HCO3

− or Na+-HCO3
−. In deeper layers, this changed in

Na+-SO4
2− and Ca2+ -SO4

2− types. The same tendency was observed in Fluvisols, but in
deep horizons, Ca2+-SO4

2− was missing. In some Gleysols, Mg2+-HCO3
− or Mg2+-SO4

2−

types occurred in the upper layer, but in general, the soil solution was Na+-SO4
2− type. In

Solonetz, the soil solution was Na+-SO4
2− type for all profiles, with some exceptions such

as on the top layer where it was Na+-HCO3
− type.

The CCR index vs. Cl−/(Cl− + HCO3
−) diagram [31] that allows the identification of

hydrogeochemical processes was also used for the soil solution to assess the evolution of the
chemistry as the two environmental components–water and soil–interact. Data projection
allowed the differentiation between aqueous solutions directly influenced by contact with
the atmosphere (the Ca2+-Mg2+-HCO3

− or Na+-HCO3
− types) and aqueous solutions

whose chemistry was directly influenced by the solubilization of salts from sedimentary
environments (the Na+-SO4

2−-Na+-Cl− type) (Figure 9).
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3.4. Saline Efflorescence

Samples collected from the topsoil, transversal on the riverbed, showed that pH, EC1:5,
and TDS parameters vary widely. Thus, pH varied from weak to strong alkaline and
EC1:5 had values between 0.19 and 4.93 dS/m. Electrical conductivity in soil saturation
extract (ECe) was estimated by EC determined in 1:5 soil water ratio suspension, using a
conversion factor (f) for a different type of soil texture [34]: Ece = f EC1:5. For clay, the soil
factor was 7.19 and for the loamy soil, the soil factor was 7.62 (Table 3).

Table 3. Statistical parameter for topsoil samples.

Statistic H2O (%) pH EC1:5 (dS/m) ECe (dS/m) TDS (g/kg)

Nr. of Obs. 20 20 20 20 20
Min. 12.400 5.405 0.194 1.393 0.892
Max. 27.740 10.061 4.930 35.447 22.686

1st Quartile 15.894 7.308 0.222 1.596 1.022
Median 18.852 7.953 0.661 4.749 3.039

3rd Quartile 21.329 8.958 2.840 20.420 13.069
Mean 19.185 7.964 1.543 11.095 7.101

Std. dev. 4.380 1.188 1.558 11.201 7.169
Var. coef. 0.228 0.149 1.010 1.010 1.010

There is a classification of soils into four classes of salinization [18]: non-salinization
soils (<1 g/salt content), weak salinization soils (1–2 g/kg), medium salinization soils
(2–4 g/kg), and strong salinization soils (>4 g/kg). The analyzed topsoil samples varied
from non-salinization to strong salinization soils, with a TDS value between 0.892 and
22.69 g/kg. The medium and strong salinization soils were found in the minor bed of
the Ros, ior river or, locally, on the slope area, being influenced by the geomorphological,
hydrological, or climatic conditions.

The daily manifestation of soil salinization lies in the appearance of efflorescence in the
form of crusts or powder, the thickness of which depends on climatic conditions (Figure 10).
Saline efflorescence appears especially in small depressionary zones that have exposure to
the south or west. Higher EC values were also found for the topsoil samples collected from
the slope of the hill, but they did not display efflorescence, only halophilic flora (Arthemisia
sp., Suaeda maritima).
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The Raman spectra obtained on the saline efflorescence indicated the presence of
anhydrous sodium sulfate (thenardite). An example of the Raman spectra type can be seen
in Figure 11, while the comparative data from the other studies are presented in Table 4.
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Table 4. Raman wavenumbers (cm−1) from the database of randomly oriented samples.

Free Ion Values [48] [49] [50] [51] Ros, ior Basin Samples

SO4 ν1-981 992 993.2 992

SO4 ν2-451 451
465

451.8
466.6

461
480

SO4 ν3-1104 1135
1178

1103
1133
1154

1102.1
1132.1
1152.7

1101
1129
1150

SO4 ν4-613 620
642

631
648

620.5
632.8
647.2

626
645

The sulfate had a simple chemical structure and consisted of tetrahedral sulfate groups
whose O atoms were coordinated with interstitial cations [49]. A very good correlation
can be observed between our measured data and the literature [48–51]: the four modes
of vibration of sulfate tetrahedral oxyanion occur at 992–993.2 (ν1–symmetric stretching),
451–466.6 (ν2–symmetric bending), 1102.1–1178 (ν3–antisymmetric stretching), and
620–647.2 (ν4–antisymmetric bending). For our samples, the Raman spectra corresponded
to Na2SO4, with spectral signature features showing a strong peak at 992 cm−1 for ν1,
which in turn corresponded to the symmetric stretches of the S-O4 tetrahedron. Other
signals were at 461/480 cm−1 for ν2, at 1101/1129/1150 cm−1 for ν3, and at 626/645 cm−1

for ν4. The absence of the characteristic signal between H and O in water argues for the
presence of thenardite and other polymorphs (e.g., mirabilite).

4. Discussion

The geochemical composition of the aqueous solutions and the sediments on which
soils have evolved in the Ros, ior area are strongly influenced by current climate change,
where evaporation exceeds precipitation and the chemical weathering of the parent material
is more intense as the temperatures rises. The temperature anomalies recorded for the
1961–2021 interval (Figure 2b) reflect an accentuated tendency of aridization, especially in
the last two decades, which are marked only by positive anomalies that led to a higher rate
of soil salinization.

These conditions affect the geochemical balance of the environment and are conducive
of the primary salinization and sodification of the soil.

In the CIA-A-CN-K diagram, all sediment samples were plotted close to the Al2O3-
CaO + Na2O joint, reflecting the high abundance of smectite minerals in the clay fraction.
Also, these sample positions denoted a contribution of plagioclase to clay generation. The
incongruent dissolution of plagioclase could be the main source of sodium over time.

The CIA and ICV indices showed that the silty-clay and clay, being immature sedi-
ments with a moderate weathering of the primary material, released soluble cations such
as Na+, Ca2+, or Mg2+, which were transferred to the groundwater or the soil solution. As
the weathering and pedeogenetic processes advanced, the soil layer thickness increased,
and the underline clay sediments hindered the movement of mineralized water and pro-
gressively accumulated in the soil.

In the climatic conditions of the study area, the cations tended to remain in the
exchangeable soil complex, or to precipitate as salt minerals. The less soluble salt (calcium
and magnesium carbonates) was precipitated in the first stages of saturation of the soil
solution. Thus, the concentration of Na+ exceeded the concentration of Ca2+ or Mg2+ in
the soil solution, and a replacement of some exchangeable cations by Na+ on the exchange
complex of soil occurred [9].

The quality of water from the upper river source was good, with a low salt content (EC
0.814–3.25 dS/m), while the water from artificial accumulation situated on the middle river
course had poor quality because of leaching and drainage of the salt soil to the valley. In the
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Gibbs diagram and CCR index vs. Cl−/(Cl− +HCO3
−) (Figure 9) the samples’ positions

reflect the climatic influences on water mineralization.
Cl−/SO4

2− ratio was used to determine the type of soil salinization [12,52]. In the
study area, the concentrations of sulfate ions were higher than chloride ions, and therefore
the value at this ratio was below 1, which suggests the soil salinity is sulfate.

During the summer season, due to high evaporation processes, the soil solution tended
to be more concentrated and the salts that were more soluble than gypsum precipitated.
This situation determined the variations of the salinity parameters, which can affect the
dynamics of pedogenetic processes. Sodium salts are often found in the early stages of
salinization [7]. Because the salinity was due to the presence of sodium salts, it can lead to
the development of sodic soil or saline-sodic soil. In this situation, the values of the SAR
index must exceed 13 mmol/L. The samples analyzed with this characteristic showed a
variation between 13.43 and 48.69 for the SAR index.

According to soil salinity parameters (pH, ECe, SAR and ESP), there was 9.83% saline
soil, 14.75% saline-sodic soil, and 13.11% sodic soil in the investigated area. These soils
occurred at the foot of the slope and on valley floors, where the water table makes the soil
saline. Due to the deficit of precipitation, the amount of water was not sufficient to leach
the salt accumulated below the root zone into the aquifer.

The high content of clay in soil, caused by lithogenic factors, influenced the water
infiltration and aeration of the root zone. The chemistry of the soil solution was influenced
by the ion exchange process that was produced between cations (mono and divalent)
and clay minerals. These minerals presented a negative charge at the surface that was
compensated by the positive charge of cations [9].

Thenardite (Na2SO4) occurs in evaporitic deposits in arid regions, very commonly
as crusts and efflorescence [53]. The monomineralic character of saline efflorescence is
determined by the regulation of the salinity and its constant maintenance at a certain
degree of saturation in salt, which allows the precipitation of the same minerals. This is
possible when there is a constant supply of water in the sediment environment; when the
concentration increases through evaporation, under a restrictive hydrodynamic regime; or
through the output of a part of the solution that becomes hypersaline through infiltration
into the sediments.

The sulphate was mobilized by dissolving the gypsum crystals present in the clays
with Cryptomactra or was a product of the alteration of the pyrite present in the silty
fraction [23]. The consequences of the salinization of these soils are manifested in crops,
which have reduced productivity due to the blocking of nutrients at the root level by the
salt [54].

The presence of Na+ in the soil profile causes lower water infiltration, hardening,
sealing, and poor aeration of the root zone and prevents root growth [55]. These factors
reduce the plant’s ability to absorb water and inhibits plant growth through an osmotic
effect that limits the water potential for soil and plant roots [2,9]. The crops have lower
than normal vegetative emergence, with variable plant heights (Figure 12).
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5. Conclusions

The lithology-soil-water system can be observed through the correlation between the
mineralization of aqueous solution that interacts with the solid component of the system
and their chemical composition.

The salinization and the sodicity process affect a wide variety of areas under semi-
arid conditions associated with the steppe environment. In the Ros, ior area, the primary
salinization of soil is linked to the chemical composition of sediments, the oscillation and
mineralization of the groundwater, or the infiltration of water with the salt from the topsoil
under lower horizons of soil.

A share of 37.69% of soil samples showed salinization and/or sodicity, so the soil with
ECe below 4 dS/m may limit the yields of higher sensitive crops.

The use of water for irrigation from the artificial accumulation source is not recom-
mended, because of its high EC value.

The Raman spectra are effective tools for determination of salt efflorescence mineralogy,
which revealed, in our study, the presence of thenardite.

To reduce the negative effect of salinization on crops it is necessary to use conservation
agricultural practices such as crop rotation, to manage the fertilization scheme efficiently,
and to select crops that can be adapted to the soil conditions.
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