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Abstract 25 

  The Republic of Azerbaijan has suffered from low agricultural productivity caused by soil salinization and 26 

erosion, and limited and insufficient soil data are available for economic and political reasons. In this study, soil 27 

elemental composition and heavy metal levels were assessed by comparing the results of XRF and ICP-OES analyses 28 

for the first time. Leachability assessment and spatial variability analysis were conducted to understand the soil 29 

salinization properties, and 632 surface soil samples categorized as agricultural (Ag) or salt-affected (SA) soils from 30 

the Mugan Plain were collected and analyzed. Based on our observations, the elemental concentrations of Ca, Fe, Cl 31 

and S were high among 20 elements compared with the median values for world soils. Apatite, calcite, gypsum, 32 

quartz, olivine, microcline and jarosite were proposed as possible mineral structures. The heavy metal guidelines 33 

suggested by the neighboring country of Georgia would be appropriate for assessing heavy metal contamination, and 34 

Ni and Pb were the most concerning elements. Leachability assessment confirmed that 99 % of the cationic ions were 35 

cationic salts and Na was the most problematic ion. Analysis of the electrical conductivity and sum of leachates 36 

showed that the exchange of interlayer cations, dissolution of minerals with low dissolution rates, transformation of 37 

metal (hydr)oxides and additional precipitation would be the reasons for this disparity. More leachable salts were 38 

accumulated in the lowland area, which is due to water movement and high evaporation. The spatial analysis results 39 

confirmed the reciprocal relationship between total Ca and total Fe and between total Fe and DW-leached Fe. This 40 

result indicates that less-stable iron complexes are prevalent in SA soils, while stable iron complexes are found in Ag 41 

soils. We believe that this approach can provide a foundation for the international study of Azerbaijani soil by sharing 42 

soil and salinization data with researchers worldwide and can help to diminish or solve agricultural problems in both 43 

Azerbaijan and neighboring countries suffering from soil salinization. 44 
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1 Introduction 49 

 The Republic of Azerbaijan (hereafter simply Azerbaijan) is a former member of Soviet Union, and the 50 

dissolution of Soviet Union led to the independence of Azerbaijan in 1991. The energy industry, including oil and 51 

natural gas, has accounted for over 80 % of Azerbaijan’s exports in recent decades, and the recent oil price shock in 52 

2014 dropped the gross domestic product (GDP) from 75.24 billion USD in 2014 to 37.87 billion USD in 2016, 53 

according to data from the World Bank. In addition, only 2 % of the labor force is employed in the energy industry, 54 

while over 40 % are in the agricultural sector, but the latter group only contributes less than 5 % of GDP. The reason 55 

for this low agricultural productivity is due to legacy from the Soviet time, various geological and environmental 56 

parameters, such as 1) high concentrations of salt in the soil caused by uplifted sediments; 2) low precipitation and 57 

water resources; 3) soil erosion from mountains and hillside fields, which represent 60 % of the total area; and 4) lack 58 

of knowledge and technology regarding soil characterization (Babaev et al., 2015; Feyziyev et al., 2016; Goverment 59 

of The Republic of Azerbaijan, 2014; Oglu, 2018). Despite these problems, agriculture in Azerbaijan still has high 60 

potential because of the various climate regions, 4.6 million ha of arable land, neighboring markets and newly 61 

installed irrigation systems (Goverment of The Republic of Azerbaijan, 2014; Oglu, 2018). However, to the best of 62 

our knowledge, there are only a few international studies reporting soil characteristics for a limited area in 63 

Azerbaijan; the data are limited because different soil analysis technologies, mainly from the Soviet Union, have been 64 

applied in Azerbaijan and modern analytical technology to characterize soil properties is lacking (Hommels et al., 65 

2003). These reasons have blocked the development of modern agricultural and soil management systems in 66 

Azerbaijan. The Mugan Plain is located northwest of Iran in the southern part of Azerbaijan and is the most arable 67 

land in Azerbaijan. Many canals, called Kahriz in Azerbaijani, have been developed and are operated as underground 68 

water tunnels to supply water and prevent evaporation and contamination; however, the Mugan Plain still has severe 69 

salinity problems, and hot spots with high levels of salinity are easily observable. For this reason, understanding the 70 

fundamental soil properties in the Mugan Plain is essential to understanding Azerbaijani soils and to preparing further 71 

plans for agricultural productivity and desalinization (Babaev et al., 2015; Oglu, 2018). 72 

Fundamentally, understanding soil characteristics and elemental concentrations is important to assess 73 

agricultural productivity and environmental soil quality, especially in developing countries (Towett et al., 2015). The 74 

soil elemental composition and distribution yield not only basic information to understand the reasons behind and 75 

progress of soil salinization problems but also the nutrient levels of soils for crop cultivation and the hazardous 76 
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elements that may be transferred to humans through the crops (Frouz et al., 2011; Han et al., 2014). Only 16 % of 4.6 77 

million ha has been cultivated as arable land because of soil erosion and salinization, and 44 % of the arable land 78 

suffers from soil salinization, which causes severe problems in agricultural productivity (Goverment of The Republic 79 

of Azerbaijan, 2014). In contrast to salinization data, soil pollution levels have not been previously reported. It is 80 

difficult to quantify heavy metal levels and establish guidelines to regulate contamination; thus, the toxic heavy 81 

metals and trace elements should be fully identified to enable the further development of agriculture in Azerbaijan. 82 

Various techniques can be used to determine the elemental composition of soil; X-ray fluorescence (XRF) 83 

and inductively coupled plasma optical emission spectroscopy (ICP-OES) instruments were delivered to Azerbaijan 84 

and used for this study. XRF is a versatile tool to measure solid-phase samples, and no pretreatment is required, while 85 

ICP-OES has greater accuracy and can be used to detect trace levels in both the solid and water phase (Schneider et 86 

al., 2016). Comparing results from both techniques enables better interpretation of the elemental composition. Not 87 

only the elemental composition but also the mineral structure or binding mechanism is important to evaluate the 88 

availability of individual elements. X-ray diffraction (XRD) is the most suitable technique to analyze such 89 

information, but this method was not available for this study; thus, a leachability assessment was conducted to 90 

evaluate how various elements leach out to the water system and organisms (Janoš et al., 2010). 91 

Spatial analysis is a type of geographical analysis used to mathematically and geometrically interpret 92 

spatially expressed patterns of natural conditions or human behavior (Emadi and Baghernejad, 2014; Towett et al., 93 

2015). Recent developments in remote sensing and geographic information systems have enabled us to see results 94 

more clearly and easily with better spatial information (Daliakopoulos et al., 2016). The results of elemental 95 

composition and leachability assessment are essential to understand the fundamental properties of Azerbaijani soils, 96 

but the spatial distribution of such characteristics is also crucial to present the results to the government and public in 97 

a more easily understandable fashion. 98 

Therefore, the objectives of this study were to 1) determine the elemental composition to achieve a 99 

fundamental understanding of Azerbaijani soils, 2) evaluate the results obtained using XRF and ICP-OES to collect 100 

accurate and correct data, 3) appraise the heavy metal levels using guidelines from other countries, 4) assess 101 

leachability to indirectly estimate the binding mechanism, and 5) interpret the spatial variability in elemental 102 

composition and leachability to evaluate the soil quality and improve agricultural productivity. 103 

 104 
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2 Materials and Methods 105 

2.1 Study area 106 

 All surface soil samples were collected from the Mugan Plain in Azerbaijan. The Mugan plain is 107 

geographically a part of the biggest lowland of the Caucasus region, Kur-Aras lowland. It is originally a large plain 108 

located in southern part of Azerbaijan and northern part of Iran (Fig. 1). Its main area is located within Azerbaijan 109 

(approximately 0.5 million ha). As its entire territory is at elevations (10-33 m) below sea level, accumulation 110 

processes have played an important role in formation of homogeneous topography, geology and soil continuum. 111 

Parent materials are mostly alluvial in the north, marine sediments in the south and east, lacustrine sediments in the 112 

central part, alluvial-proluvials in the south and south-west. Depending on the geomorphological structure and origin 113 

of the sediments, ground water level largely varies, from 0.5 m to a few meters. It has an arid climate with a mean 114 

annual precipitation and temperature of 24.5 mm and 14.9 °C, respectively (based on Shirvan City).  115 

The grid sampling method was originally planned, but grid sampling was not completely applied due to 116 

access limitations to private land and insufficient time and resources. A total of 532 samples were collected with GPS 117 

locations for further analysis. The Mugan Plain has two distinctive sections: desert-like salt-affected soil in the 118 

middle and agricultural soil surrounding it (Fig. 1). Based on the presence of vegetation, the collected samples were 119 

categorized as agricultural soils (Ag soils) and salt-affected soils (SA soils) for further data interpretation. The two 120 

regions have been preliminarily addressed by Azerbaijani soil scientists, and the results are available in English in the 121 

National Atlas published by the government of the Azerbaijan Republic (2014). The Ag soils mainly consist of 122 

kaolinite with 0.25-0.5 % salt, while the SA soils have a majority of montmorillonite with over 1 % salt 123 

concentration. The soil texture has been identified as clay sandy loam for both soils, and the infiltration rate is 0.1-0.5 124 

mm min-1. The soils have 100-150 ton ha-1 organic matter, >9 % iron oxides, >57 % silicon oxide and good nutrient 125 

levels (no specific description). The average elemental concentrations of Zn, Co, Mn and Mo in the reference text 126 

were 62, 15.6, 1225 and 1.8 mg kg-1, respectively (Goverment of The Republic of Azerbaijan, 2014). 127 

 128 

2.2 Physicochemical characterization 129 

 The collected soils were air-dried, sieved to a particle diameter of <2 mm, and homogenized in preparation 130 

for further analysis. The soil pH and electrical conductivity (EC) were potentiometrically measured with a pH and EC 131 

meter (Orion 3 Star, Thermo, USA) in soil solution after agitating 5 g of soil sample with 25 ml of distilled water in a 132 
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50 mL polystyrene conical tube. For elemental composition, the soil samples were ball-milled, and a sample cup with 133 

polypropylene film was filled with the ground samples. Three different wavelengths of XRF (S1 Titan 600, Bruker, 134 

Germany) were emitted for 20 s each, for a total of 60 s per sample, and triplicate analysis was employed for all XRF 135 

measurements in the laboratory. The average and standard deviation of each sample were calculated using Instrument 136 

Tools software (Bruker, Germany). A total of 25-35 elements were detected in XRF analysis, and 20 elements were 137 

identified above the limit of detection (LOD). Oxide phase calculations were automatically applied by the XRF 138 

software; thus, Al2O3, K2O, MgO and SiO2 were identified as oxide minerals at the elemental concentrations 139 

measured. Fe, Mn, Ca, Cu, Na, P, S, Cl and Zn were identified as abundant elements, while As, Cr, Co, Ti, Ni, Se and 140 

V were determined as potential hazardous elements. The reproducibility of measurements was ensured by measuring 141 

reference materials provided by the manufacturer for every 30 measurements, and no significant changes were 142 

observed during measurement (C.V.<7.3 %). The XRF data were compared with the data obtained by ICP-OES with 143 

aqua regia digestion, as described below. Total 532 samples were collected, and different number of samples was 144 

employed for further analysis. The sample number was 532 for soil pH and EC, 346 for XRF, 93 for leachability 145 

assessment, and 116 for pseudo-total concentration by ICP-OES because of limitation in the resource and manpower 146 

for the experiment. 147 

 148 

2.3 Leachability Assessment 149 

 Leachability assessment is used to evaluate the mobility of elements, and the method used here was 150 

modified from a previous study (Cappuyns and Swennen, 2008). Distilled water (DW) and aqua regia (AR) were 151 

employed; DW created leaching conditions simulating rainfall conditions, and AR was used to determine the pseudo-152 

total concentration of elements. For the DW leaching test, the soil solutions from the pH and EC measurements were 153 

employed to save resources and time. After the pH and EC measurements were finished, the samples were 154 

equilibrated for 7 days; then, the soil solution from the pH and EC measurements was filtered with filter paper (5 μm 155 

pore size), and the filtrate was acidified with a drop of concentrated HNO3 (62 %) and stored in the refrigerator for 156 

further ICP-OES analysis. For AR digestion, a modified version of ISO 11466:1995 was applied. One gram of 157 

ground soil sample and 10 mL of AR solution were placed in a 100 mL Teflon cup, capped with a Teflon cover and 158 

heated at 130 °C for 4 hr. After cooling, the digested sample was diluted with DW and transferred to a 50 mL 159 

volumetric flask for accurate dilution. The solution was filtered with filter paper (5 μm), and the solution was 160 
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transferred to a conical tube and kept for further ICP-OES analysis. For ICP-OES analysis, multielement standard 5 161 

(Cat. No. 54704, Sigma-Aldrich, USA) was used to quantify the concentrations of Ag, Al, Ba, Ca, Cd, Co, Cr, Cu, 162 

Fe, Ga, K, Li, Mg, Mn, Mo, Na, Ni, Pb, Sr, V and Zn. The ICP-OES was purchased from Thermo (Icap-7200, USA) 163 

and had an automatic sampler (ASX-560, Teledynes, USA). The DW and AR samples were typically diluted 5-5000 164 

times depending on the concentration, but concentrations below the LOD and guidance level were not remeasured. 165 

Triplicates were employed for all measurements. Leachability was calculated using the following equation: 166 

!"#$ℎ#&'(')*	(%) = 0123,5 167,58 9Χ	100  (Eq. 1) 167 

where CDw,i is the concentration of element i from the DW leaching test, while CAR,i is the concentration of element i 168 

from AR digestion.  169 

 170 

2.4 Spatial analysis 171 

 All measured data were arranged in CSV format, and spatial analysis was conducted using the free and open 172 

source software QGIS 3.8.1. Inverse distance weighting (IDW) interpolation, a method to estimate a value from 173 

nearby locations by weighting distance, was employed. The equation for IDW interpolation is given as Eq. 2: 174 

=(>) = 	∑ @5AB=5C
5DE ∑ @5ABC

5DE⁄  (Eq. 2) 175 

where Z(x) is an estimated value at the interpolated point, Zi is the value at a measured point, n is the total number of 176 

measured points used in the interpolation, and @5AB is the distance between measured point i and the estimated point. 177 

For the illustration, the satellite map from Google Earth software was employed (Map data: Maxar technologies and 178 

CNES/Airbus). 179 

 180 

3. Results and Discussion 181 

3.1 Elemental concentration and composition 182 

 Table 1 summarizes the pH, EC, elemental concentration and composition of all Ag and SA soils obtained 183 

by XRF and reference data for world soils, crusts and sediments (Bowen, 1979). The elements were separated into 184 

major and minor elements based on their abundance; thus, different units (% and mg kg-1) were applied. The average 185 

values of pH and EC were 7.93 and 1.53 mS cm-1 for all soils, 7.87 and 0.98 mS cm-1 for Ag soils, and 8.09 and 3.11 186 

mS cm-1 for SA soils, respectively. The SA soils showed higher pH and EC values than the Ag soils, which implies 187 

that the presence of vegetation is highly correlated with salt concentration. The concentrations of the major elements 188 
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in all soils were 5.17, 20.0, 7.81, 1.80, 1.85, 6.88, 0.13, 0.01, 0.52 and 0.81 % for Al, Si, Ca, K, Mg, Fe, Mn, Ti, Cl 189 

and S, while the concentrations of the minor elements were 19.1, 89.6, 164, 11.7 162, 8.6, 91.5, 85.5, 966.7 and 3.2 190 

mg kg-1 for As, Co, Cr, Ga, Ni, V, Zn, Cu, P and Se, respectively. The concentrations of Al, Si, Mg and Ti were 191 

significantly lower than the median values in world soils, while the concentrations of Ca, Fe, Cl and S showed the 192 

opposite trend. The Cl and S concentrations were far greater than the range reported in the literature. For comparison, 193 

the ratio of the elemental concentration in SA soils to that in Ag soils is provided in Table 1. The ratios ranged from 194 

0.81-1.12 except for Cl (2.26), S (1.95) and V (2.69), which implies that Cl and S could be the reason for the presence 195 

of vegetation coupled with cationic salts, such as Ca, K, Mg and Na; however, Na could not be detected by the XRF 196 

method employed, and thus, the Na concentration and distribution are discussed below with the ICP-OES results. In 197 

the case of V, there would be no significant effect on the vegetation because the average concentration was relatively 198 

low. 199 

Before discussing the details of elemental composition, the two methods applied in this study should be 200 

compared and evaluated. Because XRF is versatile and easy to perform without extensive pretreatment, it is difficult 201 

to determine the abundance of trace elements, and particle size has a significant effect on measurements. In addition, 202 

salt is the major problem in Azerbaijani soils, but the Na concentration was not measurable using the current XRF 203 

system. In contrast, ICP-OES coupled with AR digestion has high accuracy and reproducibility and can measure ppb 204 

levels of contamination of over 60 elements, but it requires a phase transition from solid to liquid. During acid 205 

digestion, massive amounts of toxic acid are required, and it is extremely difficult to establish a satisfactory safety 206 

level in developing countries. Furthermore, AR digestion is used to determine the pseudototal concentration because 207 

it is difficult to break down phyllosilicate structures in soil; however, acid digestion using HF is not applicable in 208 

such an environment. For this reason, we analyzed 346 samples using XRF, while only 120 samples were measured 209 

by ICP-OES with AR digestion. The average concentrations of 11 elements by XRF and ICP-OES are plotted in Fig. 210 

S1 to evaluate the results obtained using the two methods. 211 

The white circles indicate concentrations, and the gray dashed line indicates the 1:1 line where the 212 

concentrations measured by XRF and ICP-OES are equal. Points below the 1:1 line indicate that a higher 213 

concentration was obtained by XRF than by ICP-OES. All 11 elements were located below the 1:1 line, which 214 

indicates that XRF measured a higher concentration than ICP-OES. Previous studies have frequently reported similar 215 

disparities; Das and Ting (2017) reported an extraction efficiency of approximately 40-90 % for AR compared with 216 
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AR with HF digestion. Santoro et al. (2017) also found 10 % lower values from AR-only digestion than AR and HF 217 

digestion. Schneider et al. (2016) compared the results from portable XRF and ICP-OES using AR, and they found 218 

similar results to the current study. The previously reported average concentrations of Ca, Fe and Mn by XRF were 219 

168, 111 and 96 % higher, respectively, than the results from ICP-OES, and the corresponding differences were 125, 220 

227 and 106 % in this study. It is difficult to compare the values directly because the elemental composition and 221 

abundance of AR-resistant minerals in the soils determine the disparity between the two methods. In addition, Co 222 

showed the largest gap among the 11 elements, which was mainly caused by the differences between the LODs of the 223 

two methods. 224 

The correlation matrix of the two soil types is listed in Table S1 and was used to estimate the crystallized 225 

mineral composition based on the literature. XRD data would be better for analyzing the composition of mineral 226 

structures, but no XRD system was available in Azerbaijan, and it was impossible to export the soil samples to South 227 

Korea. Based on the correlation coefficients (r) among the XRF data, the general composition of elements was found. 228 

Al, Si, K, Fe, Mn and Ti in Ag soils showed a significant correlation (r>0.49), while significant correlations between 229 

Ca and S (r=0.49) and between Ca and P (r=0.55) were found. Fe also showed a significant correlation with Cu, Ni 230 

and Zn (r>0.64). SA soils also had significant correlations among Al, Si, K, Fe, Mn and Ti (r>0.49) and between Ca 231 

and S (r=0.7) and Ca and P (r=0.59). Cr, Cu, Ni and Zn showed significant correlations with 6 elements (Al, Si, K, 232 

Fe, Mn and Ti), and Fe had the highest correlation coefficient. Interestingly, Ca was not correlated with the 6 233 

elements (r<0.18) in the Ag soils, except Fe (r=-0.41), while Ca in the SA soils showed a significant and negative 234 

correlation with the 6 elements. 235 

Based on the correlation matrix among the 20 elements, it is reasonable to presume that 1) apatite 236 

(Ca10(PO4)6F2), which has low bioavailability, is the major phosphate mineral (Abedi and Talibudeen, 1974b; Paytan 237 

and McLaughlin, 2007); 2) calcite (CaCO3) and gypsum (CaSO4•2H2O) are the major sulfate minerals, and calcite is 238 

dominant based on the molar ratio between Ca and S; 3) kaolinite and montmorillonite are abundant in the Ag soils 239 

and SA soils, but additional primary and secondary minerals are also present based on the relatively similar Al/Si 240 

molar ratio (0.264-0.269): quartz (SiO2), olivine ((Mg,Fe)2SiO4), microcline (KAlSi3O8), and jarosite 241 

(KFe3(SO4)2(OH)6) (Abedi and Talibudeen, 1974a; Baldermann et al., 2019); and 4) the heavy metals present at the 242 

ppm level are mainly bound with iron-containing minerals, such as jarosite and iron (hydr)oxides. However, it was 243 

difficult to confirm the presence of iron (hydr)oxides because the soil color mainly ranged from light gray to dark 244 
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gray despite the high concentration of iron and oxic conditions at the surface. 245 

 246 

3.2 Abundance of heavy metals 247 

 Heavy metals are toxic elements, and they have harmful effects on the ecosystem and human health, but 248 

most countries have different criteria for heavy metal concentrations depending on their natural abundance in native 249 

soils. In addition, most developing countries do not have such criteria to regulate soil pollution; thus, it is difficult to 250 

evaluate the soil pollution level. Employing criteria from neighboring countries or developed countries is an 251 

alternative approach, but the soils of Azerbaijan are unique because the soil is uplifted from sea sediment. 252 

Neighboring Russia has its own guidelines for heavy metal contamination, and Georgia has no standard guidelines, 253 

but Bakradze et al. (2018) suggested guideline values depending on the ecological state of soils. It was difficult to 254 

find guidelines for Iran and Armenia; thus, the soil criteria for England are listed as an example of a developed 255 

country in Table 2. 256 

  Table 2 summarizes the statistical values for 8 heavy metals and soil guideline values from the three 257 

countries mentioned above. The average concentrations of As, Se, Cd, Cr, Cu, Ni, Pb and Zn were 19.1, 3.25, 0.26, 258 

60.6, 50.3, and 86.6 mg kg-1, and the maximum values were 39.0, 10.5, 0.49, 102, 90.2, 146, 83.4 and 130 mg kg-1, 259 

respectively. 260 

The concentration of metalloid As in all samples by XRF did not exceed 50 mg kg-1, which is the guideline value in 261 

England, while 39 % of the samples had metalloid Se contents (determined by XRF) above the guideline level (3 mg 262 

kg-1). The LOD for Se was calculated to be 0.1 mg kg-1; thus, the average value only represented 305 instead of 346 263 

samples. Cd is considered a highly dangerous heavy metal, but only 54 out of 116 samples had concentrations above 264 

the LOD (10 µg kg-1), and the maximum concentration was below the minimum guideline value for Georgia, 265 

indicating that no significant level of Cd is present in the Mugan Plain. Most countries regulate chromate, which has 266 

an oxidation state of +6, but impose fewer regulations on the total chromium applied. The concentration of total Cr 267 

was also below the guideline values. In the case of Cu, Ni, Pb and Zn, some samples exceeded the minimum 268 

guideline values, but only Ni was above the maximum guideline value for England. The percent of samples 269 

exceeding the minimum guideline values for Russia was 39, 91 and 22 % for Cu, Ni and Zn, respectively. In addition, 270 

66 and 13 % of the samples had concentrations over the guideline values of Georgia and England, respectively. 271 

The concentrations of Cr, Cu, Ni and Zn by XRF showed higher levels, as illustrated in Fig. 2. As mentioned above, 272 
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this disparity may be caused by the presence of crystal-structured minerals, which are vulnerable to AR digestion, and 273 

most countries employ the acid digestion method instead of XRF; thus, the ICP-OES results are mainly discussed 274 

here. However, heavy metals sequestered in crystal-structured minerals will not easily dissolve, leach to the water 275 

system and be taken up by organisms. 276 

It is difficult to define the contamination levels of Azerbaijani soils because there are no guideline values 277 

from the Azerbaijani government and no background studies have properly addressed this issue. However, the 278 

guidelines from Russia would be strict for Azerbaijan, while the guidelines from England are flexible. Studies from 279 

Georgia would be appropriate to evaluate the heavy metal levels in Azerbaijan (Bakradze et al., 2018). We believe 280 

that the results of this study will be useful for evaluating heavy metal levels and can be employed in further 281 

approaches to define guideline levels for Azerbaijan. 282 

 283 

3.3 Leachability assessment 284 

 Based on the results of pH, EC and elemental composition, salt ions, such as Na+, K+, Ca2+, Mg2+, Cl- and 285 

SO42-, were identified as the reasons for the low vegetation in the SA soils. It is crucial to evaluate the binding 286 

mechanisms of these ions in soils to assess the salinity effect on vegetation. For example, Na in highly soluble 287 

precipitates, such as halite (NaCl), thenardite (Na2SO4) and glauberite (Na2Ca(SO4)2), is easily dissolved and 288 

transported to the water system and plants, while primary and secondary minerals, such as albite (NaAlSi3O8) and 289 

Na-intercalated montmorillonite (Na(Al,Mg)2Si4O10), are resistant to environmental weathering and have no 290 

significant salinity effect on the water system and plants. Sequential extraction procedures (SEPs) are usually 291 

employed to characterize binding mechanisms (Tessier et al., 1979), but it was not feasible to conduct SEPs in 292 

Azerbaijan; thus, DW extraction was conducted to simulate precipitation conditions. XRF confirmed the relatively 293 

high abundance of Cl- and S-containing minerals, but the measurement of such elements using ICP-OES is difficult; 294 

thus, the leachability of essential elements and heavy metals was calculated. 295 

 Table 3 lists the results of DW extraction and AR digestion for 15 elements, categorized as all, Ag and SA 296 

soils. The concentrations of major elements from DW extraction were 1.89, 763, 1863, 90.0, 258, 0.81 and 0.14 mg 297 

kg-1 for Al, Ca, Na, K, Mg, Fe and Mn, while the concentrations of minor elements were 0.17, 0.15, 8.56, 0.04, 0.08, 298 

0.11, 0.54 and 0.12 mg kg-1 for Li, Mo, Sr, Cd, Cr, Ni, Cu and Zn, respectively. The DW-extracted concentrations in 299 

SA soils differed significantly from those in Ag soils, especially for Ca, Na, K and Mg, which are the reason for 300 
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salinity. The sum of the average concentrations in the DW extracts of Ag soils was 2040 mg kg-1, while the sum was 301 

5307 mg kg-1 in the SA soils. It was difficult to describe a relationship using concentrations obtained from two 302 

extraction and digestion approaches for 15 elements; thus, leachability was selected to easily describe this effect. 303 

 The leachability of major elements in the Ag soils was 0.01, 0.89, 47,8, 1.50, 1.28, 0.003, and 0.02 % for Al, 304 

Ca, Na, K, Mg, Fe and Mn, respectively, while the corresponding values in the SA soils were 0.00, 2.50, 65.3, 3.18, 305 

2.06, 0.001 and 0.02 %. Except for Al and Fe, the leachability of other elements was significantly increased. Based 306 

on the concentration data, higher levels of abundance were found in the SA soils, but the leachability results indicate 307 

that in addition to exhibiting higher concentrations, the major elements in the SA soils were more easily mobilized by 308 

water extraction. In addition, monovalent ions such as Na and K showed high leachability, and Na was clearly 309 

distinguished from the other elements because the fraction of Na (Na/sum of 15 elements) in the DW extract was 310 

0.508 and 0.639 for Ag and SA soils, respectively. The cationic salt fraction ((Ca+Na+K+Mg)/sum of 15 elements) in 311 

the DW extract was 0.993 and 0.996 for Ag and SA soils, respectively, which indicates that the mobility of these salts 312 

governs soil productivity by affecting plants. 313 

Not only does the leachability of major cations cause salt stress in the soil, but the leachability of heavy 314 

metals is also important because such compounds can easily accumulate in organisms through the food chain, 315 

eventually affecting human health. The leachability of heavy metals such as Cd, Cr, Cu, Ni and Zn with respect to 316 

guideline values was evaluated and discussed, and the values for Li, Mo and Sr, detected during ICP-OES 317 

measurements, are listed for further study. In the case of Pb, the concentration of most samples was below the LOD 318 

(0.015 mg kg-1); thus, Pb was excluded. The concentrations of Cd, Cr, Cu, Ni and Zn in the DW extracts were 0.04, 319 

0.08, 0.54, 0.11 and 0.12 mg kg-1, respectively, and the concentrations showed no significant difference with respect 320 

to soil type. The concentrations of Cd and Cr were close to the LOD (0.02 for Cd and 0.03 mg kg-1 for Cr) in the ICP-321 

OES measurements. The leachability of Cd, Cr, Cu, Ni and Zn in all soils was 13.0, 0.13, 1.09, 0.12 and 0.19 %, 322 

respectively. The higher leachability values for Cd were caused by the low concentration close to the LOD for both 323 

the DW extraction and AR digestion method. Except for Cd and Cu, the leachability of other heavy metals was less 324 

than 0.19 %; considering that Cu acts as an essential element at low concentration and the abundance was relatively 325 

low, Cu would not cause severe hazardous effects to water bodies and the ecosystem (Alloway, 1995). 326 

 327 

3.4 Leachability and spatial analysis 328 
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Understanding soil properties starts with observing and analyzing the characteristics of the soil itself and the 329 

surrounding environment; however, it is almost impossible to acquire the data required to interpret soil properties in 330 

developing countries because of insufficient instruments and expertise. For this reason, the pH, EC and elevation 331 

were measured, and the correlations were evaluated and are illustrated in Fig. 2. The spatial analysis results using the 332 

IDW interpolation method are illustrated in Fig. 3 for 3 environmental parameters: Al/Si molar ratio, Ca and Fe 333 

concentration by XRF, and Fe and Na concentration by DW leaching test. 334 

The coefficient of determination between the pH and cationic salt elements (Ca, K, Mg and Na) showed no 335 

significant correlation (r2<0.08) in either Ag or SA soils, except for the correlation with Mg in SA soils. The Mg 336 

leachability decreased with increased pH (r2=0.15), which is typical of cation dynamics in soils. Based on the spatial 337 

analysis results, the pH was higher in the SA soils than the Ag soils, but the difference was not critical because on the 338 

difference between the average values listed in Table 1 was 0.22. An interesting result was observed in the correlation 339 

between cationic salt elements and EC: a significant correlation was observed in the Ag soils (0.25<r2<0.78), while a 340 

much smaller correlation was observed in the SA soils (0.00<r2<0.47). The slope was also higher in the Ag soils. 341 

Based on the DW extraction results, the percent of cationic salt elements among the 15 elements was 99.4-99.6 %; 342 

thus, a significant correlation was expected. The difference in response time between EC and DW extract analysis 343 

could be the reason for the difference. In addition, the dissolution of minerals with a low dissolution rate, partial 344 

reduction of metal (hydr)oxides or additional precipitation with microbial carbonate during incubation could explain 345 

the difference. Na showed a poor correlation, even though it was the most abundant element (over 60.6 %) among the 346 

15 elements and monovalent Na is the most stable ion in solution during precipitation because of its low reactivity. 347 

Intercalation between the 2:1 layered sheets of montmorillonite is the key mechanism for the interlayer distance and 348 

leachability of ions, and the exchange of intercalated Na with divalent cations has been previously reported (Han et 349 

al., 2016; Li et al., 2012); thus, Na ions from the interlayers may alter the correlation between Na leachability and 350 

EC. Based on the spatial analysis, EC values from eastern SA soils were higher than those in soils from other regions. 351 

The western SA soils showed a gradual decrease in EC, while the pH was similar to that in eastern SA soils. Based on 352 

the local information and satellite image, the western SA soils are subjected to irrigation treatment to remove salts, 353 

while the eastern part is still abandoned, which would cause the low level of EC. In the case of elevation, the opposite 354 

patterns were observed; the coefficient of determination was higher in SA soils (0.05<r2<0.22) than in Ag soils 355 

(0.00<r2<0.10), and the slope of the reciprocal correlation was lower in SA soils. Based on this information, the soils 356 
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in the lowland have more leachability, which indicates that dissolution caused by precipitation and soil water runoff 357 

leads to the accumulation of salt ions in the lowland. However, spatial analysis of elevation data showed that the 358 

northwest is the highest region and the elevation gradually decreases toward the southeast regions. Such elevation 359 

properties could suggest that the high leachability in the lowland area is a result of bias, but the Na concentrations 360 

obtained from DW leaching tests also showed similar levels in SA soils from the western and eastern regions; thus, 361 

bias can be excluded. 362 

The spatial distribution of the Al/Si molar ratio was calculated to estimate the indirect abundance of 363 

kaolinite and montmorillonite; the ideal molar ratios of kaolinite and montmorillonite are 1:1 and 1:2, respectively. 364 

The abundance of montmorillonite is an important factor because of the swelling properties and water holding 365 

capacity of montmorillonite (Li et al., 2012). The swelling caused by the intercalation of water molecules in the 366 

interlayers of montmorillonite increases the volume and decreases the infiltration rate. This property disturbs vertical 367 

water movement; thus, surface water will run off, causing soil erosion or ponding and evaporation with salt 368 

accumulation. The Al/Si ratio was 0.270 and 0.264 for Ag and SA soils, showing no significant difference, but the 369 

spatial distribution indicated a low Al/Si ratio in the eastern SA soils and a similar distribution to that of EC. This 370 

variation could be due to the difference in montmorillonite abundance, as suggested in the previous literature 371 

mentioned above (Goverment of The Republic of Azerbaijan, 2014). The Ca and Fe concentrations measured by XRF 372 

showed an opposite concentration trend to that observed in spatial analysis; the Ag soils showed lower concentrations 373 

of Ca than the SA soils, while the opposite was observed for Fe. IDW interpolation did not show the distribution of 374 

Ca properly because several hot spot points were observed, mainly located in Ag soils with no crops. Iron 375 

(hydr)oxides are the major minerals for Fe, and they also retain nutrients due to their large surface area; thus, the 376 

correlation between vegetation and Fe concentration but not Ca was reasonable. However, the total Fe concentration 377 

showed a different distribution from the Fe concentration determined by DW extraction, which showed the opposite 378 

pattern. Comparison of the total Fe and leached concentrations indicates that the SA soils have less-stable iron 379 

compounds. Based on our observations, it was difficult to define the major mineral structure of iron because the 380 

collected soils had a high Fe concentration, but the soil was not yellow or red; such colors are mainly derived from 381 

ferric (hydr)oxides, such as goethite, hematite, lepidocrocite, ferrihydrite and maghemite (Claudio et al., 2017). 382 

Siderite, pyrite and magnetite are mainly abundant under reducing conditions, but the surface soils were presumed to 383 

be under oxic conditions; thus, such minerals were not considered. Jarosite would be present but not prevalent, 384 
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considering the sulfur concentration. Calcium ferrite or calcium aluminoferrite are possible minerals because a 385 

significant correlation with cationic metals was reported (Table 1), and they present with Al, Fe, Ca, Mg, Ti and Zn. 386 

However, there is no concrete evidence of an Fe mineral structure; thus, further study should be performed to 387 

examine the cycle of iron in this region. The Na concentrations determined by the leaching test were similar to the pH 388 

distribution and also showed a concentration gap between the eastern and western regions. Based on the total 389 

concentration data, fewer salts were present in the middle of the SA soils; satellite images obtained in Dec. 1987 390 

showed that a water pond was located in that region, and a recent satellite image showed the presence of vegetation. 391 

For this reason, the pond caused downward water movement with salt ions; thus, the middle region showed results 392 

distinct from those in the eastern and western regions. 393 

 394 

4. Conclusion 395 

 In this study, the elemental composition of the Mugan Plain in Azerbaijan was measured using two methods, 396 

XRF and ICP-OES. The two methods were compared and evaluated in terms of soil element analysis and salinity 397 

characterization, and the heavy metal level and leachability were assessed. The spatial variability in elemental 398 

composition and leaching concentration was also determined to understand the potential risks of heavy metals and 399 

salinization and to find a way to improve the agricultural productivity of Azerbaijan. 400 

 Based on our observations, the elemental concentrations of Ca, Fe, Cl and S were relatively high among 20 401 

elements, and apatite, calcite, gypsum, quartz, olivine, microcline and jarosite compose the mineral structure of 402 

Azerbaijani soils. The XRF results showed higher levels of concentration and were significantly correlated with the 403 

ICP-OES results obtained with AR digestion. The heavy metal guidelines suggested by neighboring Georgia would 404 

be appropriate for heavy metal contamination, and Ni and Pb are the most concerning elements in Azerbaijani soils. 405 

Leachability tests confirmed that 99 % of the cationic ions were cationic salts, and Na was the most problematic ion 406 

(50.1-63.9 %). Exchanging interlayer cations, the dissolution of minerals with low dissolution rates, the 407 

transformation of metal (hydr)oxides and additional precipitation are the reasons for the disparity between the EC and 408 

leaching test results, and more leachable salts were accumulated in the lowland. The spatial analysis results 409 

confirmed the reciprocal relationship between total Ca and total Fe and between total Fe and DW-leached Fe. This 410 

relationship indicates that less-stable iron complexes are prevalent in SA soils, while stable iron complexes are found 411 

in Ag soils; however, it was impossible to determine the crystal structure of these iron complexes from previous 412 
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studies and current results. 413 

  This study only provides fragmented information on the spatially resolved elemental concentration and 414 

leachability of surface soils in Mugan, and several assumptions and estimations were applied due to insufficient 415 

analytical resources and expertise. However, we believe that this approach will be a foundation for international 416 

studies of Azerbaijani soil by enabling the sharing of soil and salinization data with researchers worldwide and that 417 

these results will help to diminish or solve agricultural problems in not only Azerbaijan but also similar countries 418 

suffering from soil salinization. 419 
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Figure Captions 535 

 536 

Fig. 1 Google satellite map of the study area and location of sampling points. The blue circles and red triangles 537 

indicate agricultural and salt-affected soils, respectively. The light green line and white diamond indicate the 538 

border and capital, respectively, of the administrative division. A total of 532 samples were collected and 539 

plotted. The satellite map was from Google Earth software (Map data: Maxar technologies and 540 

CNES/Airbus). 541 

 542 

Fig. 2 Scatter plots and regression results between environmental parameters (pH, EC and elevation) and the 543 

leachability data (Ca, K, Mg and Na) for agricultural soils (blue circles) and salt-affected soils (red triangles). 544 

r2 indicates the coefficient of determination. 545 

 546 

Fig. 3 Spatial analysis results using IDW interpolation for pH (a), EC (b), elevation (c), AS/Si ratio by XRF (d), 547 

satellite image with sampling positions (e), Ca content (f), Fe content by XRF (g), Fe concentration by DW 548 

leaching (h), and Na concentration by DW leaching (i). Darker colors indicate higher concentrations. The 549 

CNES/Airbus). 551 

 552 

550 satellite map in the center was from © Google Earth software (Map data: Maxar technologies and 
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