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Abstract 

A detailed geoelectrical resistivity survey supported by 

hydrochemistry analysis was conducted in Al-Abyad 

phosphate mine area, Central Jordan to evaluate the 

groundwater quality and distribution and estimate the 

environmental impact of the leaching phosphate water. To this 

some thirteen vertical electrical resistivity traverses were 

conducted and hydrochemical analyses were made to water 

samples collected from three wells and from the washing and 

leaching phosphate ponds. The resistivity survey revealed the 

presence of five subsurface layers beneath the study area with 

variable resistivities in the range 4Ohm.m to 1500Ohm.m. The 

fresh water aquifer is represented by the fourth deduced layer 

whose resistivity is mostly in the range 20Ohm.m – 80Ohm.m. 

It is a fissured cherty limestone layer that occurs at a depth of 

about 70m. Beneath the north-eastern part of the study area, 

close to the leaching pond, its calculated resistivity is reduced 

to about 4Ohm.m – 5Ohm.m as caused by contamination due 

to leaching water from the nearby phosphate pond. At a depth 

of about 120m, the fifth layer occurs with resistivities of about 

1100Ohm.m representing dry marly limestones. 

The calculated Isosalinity contour maps (EC µS/cm and TDS 

mg/L)clearly show that their values increase in a northeast 

direction towards the leaching pond. This increase correlates 

well with the calculated resistivity decrease in the same 

direction. The water types occurred in the study area correlate 

inversely with the resistivities of the natural and polluted 

ground- and surface water resources. This is indicated by the 

further hydrochemical evaluation, water type and genesis as 

shown in Piper and Durov diagrams. 

Keywords: Geoelectric, Hydrochemistry, Al-Abyad 

Phosphate Mine, Groundwater, Jordan. 

INTRODUCTION 

Jordan can be described as a water-scarce country, due to a 

semiarid climate and population that increases at a relatively 

high range. Agriculture and industrial development have placed 

heavy demands on water resources and their pollution. This is 

particularly true when phosphate mining is considered, as 

various pollutants are being emitted to the surrounding air, soil 

and water resources. The activities of the phosphate rock 

mining industry potentially could result in a wide variety of 

adverse environmental effects. Typically, these effects are quite 

localized, and in most cases, confined to the mine site. During 

recent decades, attention and concern have been focused 

increasingly on the environmental impacts from industrial 

activities such as mining [1].In the study area of Al Abyad 

phosphate mine, Fig. (1),two large ponds have existed for a few 

tens of years and are directly related to the extraction of 

phosphate. Representing relatively large catchment areas, the 

volume of each pond is about five million cubic meters. In one 

of these, the water is originating from leaching of phosphate 

washing water and in the other, water is accumulating from the 

natural rain. The sizes and volumes of these ponds suggest 

direct influence on the groundwater of the area. This study is 

designed to conduct a quantitative estimation to these 

environmental effects on Al Abyad area. To this a detailed 

geophysical and hydrochemical study has been conducted in 

the study region. Preliminary results are included in this article. 

The study area is located in the central part of Jordan and it is 

about  55 km southeast of  Al-Karak city  and is bounded by 

the coordinates 36.0661 E –35.01486 E and 31.05187 N – 

30.099275N (Fig 1 ). 

 

Geology of the Study Area 

The Precambrian basement rocks that outcrop in the 

southwestern part of Jordan represent the northern extension of 

the Arabian Shield[2]. During Tethys Transgression, thick 

sediments were deposited in north and northeastern parts of 

Jordan. In its central part, marine sediments were deposited 

during Middle Cambrian, Middle Jurassic and Upper 

Cretaceous to Tertiary. The sedimentary sequence overlying 

the Precambrian rocks starts with clastic sediments mostly of 

continental to shallow marine origin (Palaeozoic sandstones). 

In the study area of Al Abyad, different types of sedimentary 

rock formations occur. Wadi As-Sir (A7) - Amman (B2) 

Formations, represent the major aquifer complex of this area. 

The first consists mainly of lime-dolomite rocks, and is 

characterised by a medium permeability while the second 

consists of limestone, flint stone and phosphates. Of a 

determined Campanian age, Cracks and joints have resulted in 

increasing its permeability [3].  In the central part of the study 

area,  two younger formations exist, namely Al-Muwaqqar 

(B3) and Um Rijam (B4). The first consists of marl and chalk 

rocks and dates back to the Maastrichtian Age [4]  
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Figure 1: Location of the study area of Al Abyad Phosphate, Central Jordan. 

 

The eastern part of the study area is covered mainly by valley 

sediments while in its northern part; outcropping rocks belong 

to the older rocks of the AjlunGroup (Fig 2). 

Two major fault systems cross the study area. These are the 

NW-SE trending Karak-Fayha system and the ENE-WSW 

trending Silwan fault[5] 
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Figure 2: Geologic map of the study area including Locations of the Vertical Electrical Sounding traverses (VES 1 to VES 13), 

Collected Water Samples (6-samples); Leaching and Natural Water Ponds and  the Geoelectrical Cross Section. 

 

The Geoelectrical Resistivity Survey 

Field Survey and Data Analysis 

Some 13 vertical electrical sounding traverses were conducted 

in the study area during the period February-March 2017, Fig. 

(2).The lengths of these varied in the range 360m – 900m, thus 

allowing the study of subsurface rocks down to a depth of about 

80m – 200m.The observed resistivity data were subjected to 

qualitative and quantitative interpretation utilizing the available 

geology, lithology, hydrology and  seismic refraction  results[6] 

Iso-resistivity Maps were constructed from the data of the 13 

traverses for the depths 70m and 120m, Fig (3a &3b). It is 

noticed that the calculated resistivity values on the two depths 

of penetration show a general southwestward and 

northeastward decrease, i.e. the resistivities decrease to the 

lowest value (4 Ohm.m – 5 Ohm.m) close to the leaching pond 

and its northern continuation.  

 

 

(a) 
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(b) 

Figure 3: The calculated Iso-resistivity contour map of the study area using current  

electrode spacings: (a) C1C2= 360m, and (b) C1C2= 600m. 

 

Quantitative interpretation to the resistivity data was made for 

all traverses, all VES's measured during the survey were carried 

out utilizing the IPI2win program[7].  Two examples are 

presented on Figs (4& 5) for the data of traverses 1 and 3. The 

first was executed over a total length 700 m close to the natural 

flooding pond and parallel to it. The final interpretation of the 

data of this traverse is presented on (Fig 4). The best-fitted 

model consists of nine subsurface resistivity layers; the first 

layer represents dry top soil with 0.5m thickness and 59 

Ohm.m. The second represents a wet clayey marl layer, 0.8m 

thick with a resistivity19Ohm.m. At a total depth 1.4m, the 

third layer occurs. It consists of marl and limestone with 

resistivity 40 Ohm.m .The thickness of the fourth marl layer is 

3m and its resistivity is 6 ohm.m. The resistivities of the fifth 

and sixth layers are39 ohm.m and 7 ohm.m. These represent 

marly and cherty limestone. The thickness of the seventh layer 

is45m and its resistivityis1485 Ohm.m. It is interpreted to 

represent limestone overlapped with chert. Layer number eight 

is interpreted to represent the fresh water saturated aquifer. 

With its 60Ohm.m resistivity and 45m thickness, it occurs at a 

depth 71m beneath this traverse. The resistivity of the bottom 

deduced marly limestone layer is 1001ohm.m, Fig. (4). 

 

 

 

Figure 4: The observed resistivity data of traverse 1 and its quantitative interpretation. 
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Figure 5: The observed resistivity data of traverse 3 and its quantitative interpretation. 

 

The observed resistivity data of traverse 3 and its final 

interpretation are presented on Fig. (5). Eight subsurface layers 

were obtained from the best-fitted model. The fresh water 

saturated aquifer is interpreted to be the seventh deduced layer. 

With some 61m thickness and 78 Ohm.m resistivity, it occurs 

at a depth 70m. 

 

Geo-electrical Cross-Sections 

The results of the final interpretation of the thirteen resistivity 

traverses were utilized to visualize the distribution of electrical 

resistivities three- dimensionally beneath the study area. This 

process facilitates the geological interpretation of the results 

and the hydrogeological evaluation of the groundwater and its 

quality [8]. Fig.( 6) represents a combined cross section which 

runs in a SW-NE direction. With its 5200m length, it combines 

the quantitative results of traverses VES1, VES3, VES10 and 

VES8, Fig (2).The upper 2-3 deduced resistivity layers attain a 

total thickness of about 4m. These are dry with relatively high 

resistivities in the range 85Ohm.m-1000Ohm.m. These three 

are combined in one layer on the section of Fig. (6) and are 

underlain by a marl layer  which appears to  occur beneath most 

of the study area with resistivities in the range 25Ohm.m. to 

less than 5Ohm.m.beneath VES10 where water leaching occurs 

from the nearby pond. The third layer of the cross-section 

consists of dry cherty limestone with high resistivities in the 

range 280Ohm.m-1500Ohm.m. Beneath this, the fourth layer 

occurs representing the fresh water saturated aquifer with a 

resistivity in the range 25Ohm.m-78Ohm.m. Close to the 

leaching pond, its resistivity decreases to about 4Ohm.m - 

5Ohm.m which confirms the contamination of the fresh water. 

The total depth of this aquifer beneath the study area is about 

70m. It decreases to about 40m beneath VES10due to the 

leaching from the nearby pond as water level rises due to 

recharge of water from the leaching pond. The bottom deduced 

marly limestone layer is dry. 

 

 

Figure 6: A combined SW-NE trending cross-section of the resistivity results in study area. 
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Hydrochemistry 

The samples of groundwater as obtained from three productive 

wells in the study area were taken after operating the wells 

about 2 hours.  Three more samples were collected from the 

natural flood pond, the leaching pond and the third from the 

washing site of the phosphate ore (Fig 2). Field measurements 

including the Electrical Conductivity (ECµS/cm)and pH values 

were made using EC-meter and pH-meter,. Total Dissolved 

Solids (TDS mg/L) were calcaulated utilizing the EC values in 

µS/cm according to the following equation:  

TDS mg/L =EC (µS/cm)*0.64 [9] 

 

Interpretation of the Hydrochemistry data 

Salts may be added to the groundwater as soluble products of 

rock weathering and erosion by rainfall and flowing water. In 

the present, the population growth, industrial, agricultural and 

other human activities lead to a large increase of water demand 

[10]. An example is the leached water used  in the processing 

of phosphate . Therefore, the leaching water and the increasing 

amounts of cations and anions in the aquifer may affect the 

quality of water. These ions with the electric conductivity 

(ECµS/cm), and the Total Dissolved Solids (TDS mg/L) are 

considered the most important parameters to determine the 

water quality. 

 

The highest value measured was found 3730 µS/cm in the 

leaching pond also the high EC values were observed in the 

washing site of phosphate and well No.5 which is located close 

to the leaching pond which indicates the groundwater of this 

well is affected by leaching polluted water to the aquifer. The 

lowest value is342 µS/cm as measured in the natural flood 

pond. By using Surfer Program(Version 13),  the contour map 

shows the distribution of (ECµS/cm) in the study area ( Fig 7). 

The figure of the Iso-EC contour map shows that the EC values 

increase in the north-eastern direction close to the leaching 

pond, and decrease in the south-western part of the study area 

close to the natural flood pond. Comparing Iso-electrical 

conductivity (µS/cm) contour map of Fig 7 with the Iso- 

resistivity contour maps of Fig (3a &3b).; a clear correlation is 

observed , i.e. the increase in EC correlates with a decrease in 

resistivity values. 

 

 

 

Figure 7: The calculated Iso-electrical conductivity contour map in (µS/cm) in the study area 

 

 

The Total Dissolved Solids (TDS mg/L) were determined 

mathematically depending on the EC values utilizing the 

following equation: 

                     TDS = EC(µS/cm)*0.64  [9]. 

TDS values of groundwater samples measured as (mg/L) units 

are shown in Table (1). These were calculated utilizing the 

following equation [11]:  

TDS( mg/L) = Ca2+ + Mg2+ + Na+ + K+ + SO4
2- + Cl- + NO3

- + 

0.5 HCO3   

The (TDS) in the study area varies in the range of 213.9 mg/L 

(in the natural flood pond) to 1620.6 mg/L (in the washing site 

of phosphate).High TDS values were observed in well No.5 

which is located near the leaching pond. 
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Table 1. Measured and calculated TDS (mg/l) 

Sample No TDS mg/L 

measured 

TDS Factor1 

(0.5 HCO3) 

TDS 

Factor2 

TDS-Calc mg/L 

(0.5 HCO3) 

TDS-Calc 

mg/L 

1- Natural Floods 143 0.55 0.63 188.4 213.9 

2- Leaching Pond 1502 0.53 0.42 1969.8 1550.2 

3- Washing site 1370 0.58 0.50 1872.4 1620.6 

4- Well No.10 807 0.55 0.51 1107.9 1030.8 

5- Well No. 5 1275 0.55 0.51 1763.4 1615.4 

6- Well No .1 365 0.54 0.56 503.8 514.6 

 

The Iso-TDS contour map of fig.(8) shows that the TDS values 

increase in the north-eastern direction close to the leaching 

pond but they decrease in the south-western part of the study 

area close to the natural flood pond. Correlating the total 

dissolved solids TDS contour map ( mg/L) (Fig 8) with the Iso-

resistivity contour map Fig (3a &3b), an excellent correlation 

is also observed, i.e. an increase in TDS correlates with a 

decrease in the resistivity values. 

 

 

 

Figure 8: The Iso-Total Dissolved Solids contour map in (mg/l) in study area 

 

The analysed water samples were subjected to classification 

techniques in order to determine their water types and the 

variations in their water quality[12]. The hydrochemical 

characteristics of the water samples were analysed using 

Aquachem Software (AQUACHEM 2014.2) Piper, Stiff and 

Durov diagrams were constructed to define the relative 

composition of the cations and anions from one side, the ion 

balance from the other side, in addition to the geochemical 

processes affecting the water genesis, respectively [13; 14].  

Piper diagram [13] describes the relative composition of 

cations and anions in the form of a triangular diagram. [15] 

classified the water into seven types (facies). Ionic 

concentrations for study area samples have been plotted in a 

Piper diagram to evaluate the geochemical characteristics of the 

sampled groundwater. All ions concentrations and the outputs 

in mg/L (Tables 2) are plotted on Piper diagram (Figure 9). 
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Table 2: Chemical analysis (mg/L) and water types in the study area. 

Sample Ca+2 Mg+2 Na+ K+ Cl- SO4-2 HCO3 NO3- PO4-3 
Water 

type 

1- Natural 

floods 
24.05 7.29 38.18 2.74 19.57 17.42 156.21 1.05 0.351 Na-HCO3 

2- Leaching 

pond 
368.74 9.72 345.38 3.13 1041.88 121.20 100.07 29.76 0.050 Ca-Cl 

3- Washing 

site 
199.40 91.41 337.41 4.30 821.73 329.52 156.21 10.54 0.098 Na-Cl 

4- Well No.10 136.27 52.27 204.24 2.74 516.51 59.04 268.49 2.54 0.131 Na-Cl 

5- Well No. 5 172.34 57.13 410.32 2.74 825.28 138.24 289.85 12.40 0.810 Na-Cl 

6- Well No .1 88.18 28.45 57.50 1.56 101.39 86.40 279.47 0.62 0.650 Ca-HCO3 

According to Piper classification, 83% of the water samples of 

the study area belong to Earth alkaline water with increase 

portion of alkalis and 17%  belong to Alkaline water distributed 

as follows: 

 1- Earth alkaline water with increased portion of alkalis water 

with prevailing bicarbonates with 33% of the total samples. 

 2- Earth alkaline water with increased portion of alkalis with 

prevailing sulfate and chloride with 50% of the total samples. 

 3- Alkaline water with prevailing sulfate and chloride with 

17% of the total samples. 

 

 

Figure 9: Piper Trilinear diagram classifying major hydrochemical facies for water samples in study Area  [15]. 
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The main purpose of the Durov diagram [14] is to cluster the 

data points indicating the samples with similar chemical 

composition as well as to reveal useful relationships and 

properties for a large sample group. This method has been 

adopted in order to evaluate the water types from the 

geochemical process that could have affected the groundwater 

type, and more to present the total or absolute concentrations of 

two selected parameters such as total cations or ion 

concentration, pH or TDS. The advantage of this diagram over 

Piper diagram is that it displays some possible geochemical 

processes that could affect the water genesis. All ions 

concentrations and the outputs in mg/l of the analysed water 

samples collected from study area (Tables 2) are plotted on 

Durov diagram (Figure 10). 

The Durov diagram reveals that there are three geochemical 

processes that may have affected the water genesis in the study 

area.  

1. Most of water samples about 4 out of 6 samples (66.0%) 

are plotted in field 4 (Table 5.8). which shows that Ca and 

SO4 are dominant, frequently indicates recharge water in 

lava and gypsiferous deposits, otherwise mixed water or 

water exhibiting simple dissolution may be indicated. 

2. With 17% of the total samples are plotted in field 5. No 

dominant anions or cations, indicates water exhibiting 

simple dissolution or mixing.  

3. With 17% of the total samples are plotted in field 6. SO4 

dominant or anion discriminate and Na dominant; is a 

water type that is not frequently encountered and indicates 

probable mixing or uncommon dissolution influence. 

 

 

 

Figure 10: Durov diagram depicting hydrochemical processes for water samples of study area. 

 

CONCLUSIONS  

The geoelectrical resistivity survey and hydrochemistry 

analysis at AL-Abyad phosphate mine area revealed the 

following: 

1- Nine subsurface resistivity layers have deduced beneath the 

study area. These are represented by the five geological layers 

of the cross-section of fig. (6). 

2- Down to a variable depth in the range 40m – 70m, all layers 

are dry with large resistivities, mostly in the range 85Ohm.m-

2000Ohm.m. The wide range of variation is caused mainly by 

partial water saturation and the presence of thin marly beds and 

lenses. 

3- The fresh water saturated aquifer is represented by the 

fractured cherty limestone layer with a resistivity in the range 
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25Ohm.m-78Ohm.m. 

4- Beneath the north eastern part of the study area,close to the 

leaching pond, the resistivity of this aquifer decreases to about 

4Ohm.m - 5Ohm.m. This is interpreted to be caused by 

contamination brought about by leaching from the nearby 

phosphate pond. 

5- The calculated Isosalinity (EC µS/cm and TDS mg/L) 

contour maps clearly show that their values increase in a 

northeast direction towards the leaching pond. This increase 

correlates nicely with the calculated resistivity decrease in the 

same direction, see figs (5-2, 5-3 and 4-3). 

6- According to the Piper diagram, the water of the study area 

falls in different groups: 

83% of the water samples of the study area belong to earth 

alkaline water with increase portion of alkalis and 17% belong 

to alkaline water distributed as follows: 

 Earth alkaline water with higher portion of alkalis 

with prevailing bicarbonates of about33% of the total 

samples. 

 Earth alkaline water with higher portion of alkalis 

with prevailing sulfate and chloride of about 50% of 

the total samples. 

 Alkaline water with prevailing sulfate and chloride of 

about 17% of the total samples.  

It is worth to mention that the subsurface low resistivies are 

associated with the alkaline water with prevailing sulfate and 

chloride. While more resistive earth materials are associated 

with the earth alkaline water with higher portion of alkalis with 

prevailing bicarbonates. This situation is proven also by using 

the Durov diagram. 
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