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Abstract 
     Due to rapid urbanization and industrialization that occurred in Al- Muthanna 

province in southeastern Iraq during the last decade, pollutants such as heavy metals 

were emitted into the environment and became a serious threat to human health. 

Environmental pollution could be caused by different types of pollutants, which 

come from different sources. 

     This study aims to assess the environmental magnetism efficiency for heavy 

metal pollution assessment using the magnetic susceptibility technique which 

became a more rapid and cost-effective compared to conventional methods. 

Increasing heavy metal contents in soils causes an increase in the magnetic mineral 

concentration. The study area is located in Al- Muthanna province, southeast of Iraq, 

and contains three cement plants, an oil refinery, bricks factories, and power plants. 

Fifty topsoil and subsoil samples (0-50 cm depth) were collected from five sites; Al-

Jinoob cement plant (one site), Samawa oil refinery (two sites) and Al- Muthanna 

cement plant (two sites). In this study, magnetic properties of samples in vertical 

sections and levels of heavy metal elements; of selected samples from regions with 

different geological settings were compared. The heavy metals analysis included 

chromium (Cu), iron (Fe), nickel (Ni), copper (Cu), Arsenic (As) and lead (Pb), 

which could give indications of heavy metal pollution in soil. The highest magnetic 

susceptibility value (65.23 x10
-8

 m
3
kg

-1
) was recorded in Al-Muthanna cement plant 

(TSL-4) and the highest Cu concentration (602.57 ppm) was also recorded in Al-

Muthanna cement plant (TSL-5-3). The results of magnetic properties show the 

dominance of coarse magnetite, which is supposed to have originated from 

pedogenic particles in natural soils, causing the positive correlation between 

magnetic susceptibility (χ) and anhysteretic remanent magnetisation (ARM). 

According to the results of frequency dependent susceptibility ratio (κfd%), the 

magnetic particles showed an admixture of multi-domain and pseudo-single domain 

behaviour. Magnetic susceptibility and heavy metal analyses results indicated 

emissions from nearby industrial plants. X-ray fluorescence (XRF) was carried out 

for heavy metal analyses which supported our results. Results of this study 

demonstrate the suitability of applying magnetic techniques for assessing 

environmental situations. 
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 الخلاصه
العقج هب شخق العخاق خلال نعخاً لمتحزخ الدخيع والترشيع الحي حجث في محافعة السثشى في جش     

، فان السمهثات مثل السعادن الثقيمة  انبعثت في البيئة وأصبحت ذات تهجيجاً خطيخاً عمى صحة الساضي
 .الإندان. ان التمهث البيئي قج يحجث من انهاع مختمفة من السمهثات والتي تأتي من مرادر مختمفة

تقييم تمهث التخبة  بالسعادن الثقيمة تهجف هحه الجراسة إلى تقييم كفاءة االطخيقة لسغشاطيدية البيئية ل     
باستخجام تقشية الحداسية السغشاطيدية والتي اصبحت طخيقة سخيعة وفعالة من حيث التكمفة مقارنة بالطخق 

تقع مشطقة ان ارتفاع محتهى التخبة من العشاصخ الثقيمة سيديج من تخكيد السعادن السغشاطيدية. التقميجية. 
، جشهب شخق العخاق ، والتي تحتهي عمى ثلاثة مرانع للأسسشت ومرفاة لمشفط الجراسة في محافعة السثشى 

سم(  00-0ومرانع الطابهق ومحطات الطاقة. تم جسع خسدين عيشة من التخبة الدطحية و تحت الدطحية )
من خسدة مهاقع ؛ مرشع اسسشت الجشهب )مهقع واحج( ، مرفاة الدساوة )مهقعين( ومرشع اسسشت السثشى 

(. في هحه الجراسة ، تست مقارنة الخهاص السغشاطيدية لمعيشات في السقاطع الخأسية والعشاصخ )مهقعين
)والتي تعطي مهشخ عمى تمهث ( القرجيخ، الخصاصالسعجنية الثقيمة )الكخوم ، الحجيج ، الشيكل ، الشحاس ، 

 لعيشات مختارة من السشاطق ذات جيهلهجية مختمفة. التخبة بالعشاصخ الثقيمة( 
( x10-8 m3kg-1 65.23سجمت اعمى قيسة لمحداسية السغشاطيدية في مشطقة معسل اسسشت السثشى )     

(TSL-4)  واعمى قيسة لعشرخ الشحاص(602.57 ppm)   كانت ايزاً ضسن مهقع معسل اسسشت السثشى
(TSL-5-3). 

من السفتخض أنها قج نذأت من  اظهخت الشتائج السغشاطيدية سيادة حبيبات معجن السغشاتايت الكبيخة والتي     
 χ قيسة الحداسية السغشاطيدية جديئات متجاندة في التخبة الطبيعية مسا تدبب في وجهد علاقة إيجابية بين

 الحبيبات، تُعهخ ٪(κfdالحداسية التي تعتسج عمى التخدد ) وفقًا لشتائج .(ARMوقيم السغشاطيدية الستبقية )
اق واحج. تذيخ نتائج تحميل )متعجد الانطقة( و حبيبات ذات نط شاطيديةالسغشاطيدية مديجاً من حبيبات مغ

الحداسية السغشاطيدية والسعادن الثقيمة إلى اان تمهث التخبة ناتج عن انبعاثات العشاصخ الثقيمة من السشذآت 
. تهضح نتائج لتحميل السعادن الثقيمة دعست نتائجشا  (XRF)الرشاعية القخيبة. ان نتائج تحميل الأشعة الديشية

 هحه الجراسة مجى ملائسة تطبيق التقشيات السغشاطيدية لتقييم الهضع البيئي.
Introduction 

     Industrial processes related to anthropogenic activities increase pollution rates and give rise to 

dangerous particle emission, including different magnetic minerals. After the particles are settled 

down in soils, they penetrate through the subsoils and sediments reaching to groundwater. 

Various studies were conducted to discriminate the magnetic mineralogy and heavy metal 

concentrations and to draw correlations between them. 

     A previous work [1] studied the magnetic susceptibility and heavy metal contamination in 

agricultural soils and concluded that they were  highly recorded, positively correlated, and strongly 

influenced by anthropogenic activities.  

     In some cases, the presence of heavy metals in the topsoil can be regarded as an indication of 

inorganic soil contamination, as identified by magnetic measurements [2]. Presence of heavy metals is 

connected with magnetic particles, which are magnetic signal carriers in atmospheric dust. This was 

concluded from a study performed in alkaline dusts from power and cement plants in southern Poland 

[2]. 

     A rock magnetic study was conducted for lake sediments in southern Iraq [3]  and the results 

showed the dominance of hard magnetic (hematite) and soft magnetic (magnetite) phases (as the main 

magnetic carriers) along with a small portion of super-paramagnetic particles.  

Improved magnetic measurements could be used as a proxy measure for the degree of heavy metal 

contamination, showing the distribution of pollution components in industrial sectors and indicating 

powerful anthropogenic contribution in soil samples [4]. 

     A combined assessment of the concentration, type, and mineral grain size of magnetic minerals in 

road dust samples could identify the sources of pollutants in road dust, while magnetic measurements 

were widely used as prospective tools to monitor and classify pollution [5]. The high value of 
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magnetic mineral content in road dust is dispersed largely in regions with more demand for building 

materials, greater housing density, and heavier traffic than anywhere else in the region. 

     The research presented in this work is focused on an intense pollution area; Samawa City (Al-

Muthanna province) with population of about 700.000 which had two cement plants, one oil refinery 

and many brick factories. These anthropogenic activities are a main factor in increasing the emissions 

of heavy metal particles, which settle on the soils and affect the vegetation and human health. This 

study aimed at a comprehensive description of the mineral particles of dust from the above-mentioned 

pollution sources, with special respect to the magnetic minerals detection by magnetic measurements 

of this dust as the main carrier of heavy metals. The method of magnetic mineralogy was used to 

assess the heavy metal content and test the use of magnetic susceptibility as proxy measurement. 

Materials and methods 

1. Site description 

The study area is located in Samawa City, Al- Muthanna province, south-western Iraq (Figure-1). 

The governorate's landscape is dominated by desert plains, with only a small ribbon of irrigated 

agricultural land in the north along the Euphrates River. The climate in Al-Muthanna is a dry desert, 

with temperatures easily exceed 40 °C during the summer, while rainfall is very scarce and limited to 

the winter months. The direction of the wind is northwest. 

     The geological settings of Samawa City is generally flat and covered by 1-10 m of recent alluvial 

deposits, which unconformably overlie three formations identified by paleontological and lithological 

studies. The three formations are, from bottom to top: (1) the Rus Formation, consisting of more than 

90 m of anhydrite rocks alternating with thin beds of nonfossiliferous limestone and marl; (2) the 

Dammam Formation, consisting of limestone and dolomitic limestone and dolomite and (3) the 

Euphrates Formation, consisting of conglomerate,  marl and limestone [6]. 

 

 
Figure 1-Location map of the five sampling sites; Al-Jinoob cement plant (SA-1), Samawa oil 

refinery (SA-2, SA-3) and Al-Muthanna cement plant (SA-4, SA-5). 
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2. Field work 

     Fifty topsoil and subsoil samples (vertical profiles) of 0-50 cm depth were carefully collected as 

one sample for each 5 cm to obtain better resolution and to cover different industrial areas from five 

sites; Al-Jinoob cement plant (one site), Samawa oil refinery (two sites) and Al-Muthanna cement 

plant (two sites). 

The samples were put in sealable plastic bags of pocket size, tagged, permitted to be air dried at room 

temperature, and then transferred for magnetic measurements to the magnetic laboratory at Tübingen 

University, Germany. 

3. Experimental Methods  

3.1 Magnetic monitoring 

     After air drying in the laboratory, the 5 cm-interval samples were homogenized and about 17 g of 

subsoil samples were packed into 10 cm3 nonmagnetic cylindrical plastic boxes for the following 

series of magnetic measurements; bulk magnetic susceptibility (κ) of soil samples was measured with 

a Kappabridge Kly-3 (AGICO) and normalized to the mass, determining the mass-specific magnetic 

susceptibility (χ). Frequency-dependent magnetic susceptibility was measured with a Kappabridge 

MFK1-FA at two different frequencies of 976 Hz and 15.616 Hz in a peak field of 200 A/m, then 

κfd% was calculated (κfd%= (κlf - κhf)/κlf) ×100). This parameter is sensitive to the presence of ultrafine 

super-paramagnetic magnetite grains [7]. Anhysteretic remanent magnetization (ARM) was measured 

by a long-core cryogenic magnetometer (2G Enterprises Model 755-1.65UC). MMPM9 pulse 

magnetizer (Magnetic Measurements Ltd.) was used and the S-ratio was calculated using a saturated 

isothermal remanent magnetization (SIRM) of the samples with a maximum field (1 T) for the SIRM 

and a reverse field IRM of 0.3 T (IRM-300) based on a previously reported equation [8]. A CS-3 

heating device attached to the Kappabridge KLY-3 (AGICO) was used to perform thermomagnetic 

runs of magnetic susceptibility (κ-T) from room temperature to 700 °C. All magnetic and grain size 

measurements were carried out in the magnetic laboratories at the Department of Geosciences, 

University of Tübingen. 

3.2 X-ray fluorescence  

     Analysis of X-ray fluorescence (XRF) was used to explore the selected samples for heavy metal 

content of Cr, Fe, Ni, Cu, As, Pb; the samples were grinded and then analyzed with the Ametek 

Spectro Xepos model Xepos 03 9STD Gas in the German- Iraqi laboratory at the Geology Department, 

University of Baghdad, Iraq. 

3.3 Grain size analyses 

     For selected samples, Laser-beam diffraction coupled with a Malvern Mastersizer 2000 which is 

sensitive to particle diameters between 20 nm to 2 mm, were used to measure the bulk grain size 

distribution. Then the grain size was determined (after removal of organic matter and dissolution of 

carbonate). Statistical analysis was implemented to assess the results. 

Results and Discussion 

     Vertical profiles of mass-specific magnetic susceptibility for the five sites are shown in Figure-2.  

χ decreased with depth in the five sites; in Al-Jinoob cement plant (TSL1), magnetic susceptibilities 

varied from 14.04 to 32.72 x 10
−8

 m
3
kg

−1 
with a mean value of 25.74 x 10

−8
 m

3
kg

−1
, whereas the 

magnetic susceptibility values varied between 13.29 to 63.15 x 10
−8

 m
3
kg

−1 
with a mean value of 35.82 

x 10
−8

 m
3
kg

−1 
and 16.17 to 36.60 x 10

−8
 m

3
kg

−1 
with a mean value of 29.01 x 10

−8
 m

3
kg

−1
 in the 

Refinery_1 (TSL2) and Refinery_2 (TSL3) sampling sites, respectively. In Al- Muthanna cement 

plant_1 (TSL4) and Al-Muthanna cement plant_2 (TSL5), the magnetic susceptibilities varied from 

16.36 to 38.24 x 10
−8

 m
3
kg

−1 
with a mean values of 31.35 x 10

−8
 m

3
kg

−1 
and from 15.28 to 65.23 x 10

−8
 

m
3
kg

−1 
with a mean value of 42.63 x 10

−8
 m

3
kg

−1 
, respectively. Magnetic enhancement could be 

caused by many factors such as the variation in lithology (lithogenic), processes for soil formation 

(pedogenesis), and anthropogenic contribution of magnetic signal [9, 7]. 
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Figure 2-Vertical profiles of magnetic susceptibility (χ) versus depth from five sampling sites as 

follows: (a) Al-Jinoob cement plant (TSL-1); (b) Refinery site (TSL-2); (c) Refinery site (TSL-3); (d) 

Al-Muthanna cement plant (TSL-4) and (e) Al-Muthanna cement plant (TSL-5).  

  

     The high-temperature dependent susceptibility of representative samples is shown in Figure-3A 

decrease in the cooling curve around the temperature of 580 ᵒC, which is the magnetite curie 

temperature, can be observed in all samples [10], indicating the presence of magnetite in the samples 

as the major magnetic mineral. During heating, additional magnetic minerals may be produced 

because the magnetic susceptibility in the heating curve is greater  that in the cooling curve when the 

temperature is below 500 ᵒC [11]. 

     According to the model presented previously [7], the comparative contribution of fine 

superparamagnetic particles (SP) to the total assembly of magnetic particles in soils could be asserted 

by κfd%. 
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Figure 3-High-temperature dependent susceptibility of selected samples; (κ/κmax is magnetic 

susceptibilities versus their maximum values under heating and cooling for each sample).  
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     Our results show low χfd% values (below 3 %) (Figure-4) in regions of strong magnetic 

concentration, indicating that the particles are in the grain size range of multi-domain (MD) and 

pseudo-single domain (PSD). The dominance of strong magnetic minerals indicates that fly ash grains 

are mainly coarse- grained spheres [12, 13].  

     The correlation between χ and ARM was significant (R
2
=0.75) (Figure-5); the relatively high 

correlation indicates the contribution of ferro(i)magnetic minerals in the samples rather than the 

paramagnetic and superparamagnetic grains [14]. 
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Figure 4-Bivariate diagram of χfd% versus χ showing the distribution of magnetic grain sizes in the 

soils from five sampling sites as follows: (   ) Al-Jinoob cement plant (TSL-1); (    ) Refinery site 

(TSL-2); (   ) Refinery site (TSL-3); (    ) Al-Muthanna cement plant (TSL-4) and (   ) Al-Muthanna 

cement plant (TSL-5). 
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Figure 5-Correlation between magnetic susceptibility (χ) and anhysteritic remanent magnetisation 

(ARM). 
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     To analyse the magnetic components, isothermal remanent magnetisation (IRM) acquisition curves 

were conducted for selected samples as representative samples (tsl3_2, tsl3_4, tsl3_6, tsl3_8, tsl3_10, 

tsl4_2, tsl4_4, tsl4_6, tsl4_8, tsl4_10, tsl5_2, tsl5_4, tsl5_6, tsl5_8, tsl5_10) for this study as shown in 

Figure-6. IRM acquisition curves provide an appropriate way to estimate the proportion of soft and 

hard magnetic minerals, since soft magnetic minerals such as magnetite can be saturated below 300 

mT, whereas hard magnetic minerals such as hematite cannot be saturated even at 1 T [15]. From the 

measured curves in Figure-6, all the samples show near saturation at 1 T field indicating the 

dominance of soft magnetic minerals like magnetite and confirming that they are essential in all 

samples as shown in the thermomagnetic curves (Figure-3) 
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Figure 6-Isothermal remanent magnetization (IRM) acquisition curves for selected samples from five 

sites as follows: (a) Al-Jinoob cement plant (TSL-1); (b) Refinery site (TSL-2); (c) Refinery site 

(TSL-3); (d) Al-Muthanna cement plant (TSL-4) and (e) Al-Muthanna cement plant (TSL-5).  

 

     We further applied cumulative log-Gaussian (CLG) functions which can be used to analyse IRM 

spectrum [16]. The magnetic component is characterized by its SIRM, the field at which half of the 

SIRM is reached (B1/2), and the width of the distribution, expressed through the dispersion parameter 

DP [17]. Three selected samples were analysed and their summarized results are shown in Table-1. 

From CLG results, two components can be separated (Figure-7); a low coercivity dominating 

component (component 1) has B1/2 values from 40.2 to 42.4 mT contributing to ~70-80% of the total 

SIRM, which can be interpreted as magnetite. While the high coercivity component (component 2) has 

higher B1/2 valuues varying from 120 to 137.3 mT with ~20-30% contribution to the total SIRM 

(Table-1), which probably represents hematite. 

     Results of heavy metals of selected samples from five sites show that the highest concentration was 

for Cr and Ni elements (602.57 and 186.87 ppm, TSL1-5, respectively) (Figure-8). This may be 

caused by emission of dust from cement plants and its later precipitation into topsoil, because heavy 
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metals (i.e. Cr, Ni) are involved s as raw materials in cement industry. Also, oil industry leads to 

increase heavy metal concentrations in soil [18, 19].  

     The levels of heavy metals in the samples varied as follows; Cr (93.04-186.87 ppm), Ni (93.04-

186.87 ppm), Cu (12.94-31.87 ppm) and Pb (5.84-13.23 ppm). Cr and Ni levels were above the limits 

of the World Health Organisations while Cu and Pb were below the limits (Cr 1-5 ppm; Ni 30-75 ppm, 

Cu 50-140 ppm and Pb 50-300 ppm) [20].   

     The particle sizes range from 100 μm to 1000 μm according to the grain size measurements using 

the same samples as for χ measurements (Figure-9). 

 

Table 1-Log-Gussian analysis values for the chosen samples shown in Figure-7. 

Sample Component 
SIRM 

(A/m) 

Log(B1/2) 

(mT) 
(B1/2) (mT) 

Contribution 

(%) 

TSL 3-4 1 2982 1.60 40.2 70.4 

 2 1251 2.14 137.3 29.6 

TSL4-2 1 4435 1.60 40.2 73.5 

 2 1597 2.08 120.0 26.5 

TSL5-2 1 7189 1.63 42.4 80.1 

 2 1784 2.08 120.5 19.9 

 
Figure-7 Quantification of magnetic coercivity components using log-Gaussian analyses of IRM 

acquisition curves (Kruiver et al., 200). Two components are separated; components 1 with low 

coercivity which could be magnetite and high coercivity component 2 which could be hematite. 
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Figure 8-Column charts of six heavy metal elements for selected samples (and their χ values) from 

five sites as follows: (a) Al-Jinoob cement plant (TSL-1-5); (b) Refinery site (TSL-2-4); (c) Refinery 

site (TSL-3-5); (d) Al-Muthanna cement plant (TSL-4-3) and (e) Al-Muthanna cement plant (TSL-5-

3).    

 

 
 

Figure 9-Particle size distribution of the same (fifty) samples used for χ measurements (measured by 

Malvern Mastersizer 2000) from five sites as follows: (a) Al-Jinoob cement plant (TSL-1); (b) 
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Refinery site (TSL2); (c) Refinery site (TSL3); (d) Al-Muthanna cement plant (TSL4) and (e) Al-

Muthanna cement plant (TSL5).    

Conclusion  

     From the results of thermomagnetic analyses (Figure-3) and IRM acquisition (Figure-6), we 

conclude that magnetite is the dominant phase. According to the results of κfd%, the magnetic particles 

show admixture of multi-domain and pseudo-single domain behaviour. The magnetic enhancement 

could be due to pedogenic particles in natural soil, causing the positive correlation between χ and 

ARM (Figure-5). We also can conclude that the soils from the five studied locations are contaminated 

by industrial materials due to the fact that all samples have higher χ values but lower κfd% values [21]. 
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