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Abstract

Introduction: The parent material and geology have a significant contribution to heavy metal
contents and magnetic susceptibility in soils. Magnetic susceptibility is known as the extent of a
material’s impact on the magnetic field, which depends on the concentration and the type of
magnetic minerals in the soil. Magnetic susceptibility measurement is fast, easy, economically
convenient, and non-destructive. Mass magnetic susceptibility and frequency-dependent
magnetic susceptibility are among the conventionally used parameters. The type of land use is
among the main factors influencing magnetic susceptibility distribution in soil. Besides, soil
magnetic susceptibility is affected by slope position and different soil properties such as soil
organic matter and carbonates. A variety of relationships have been observed between heavy
metal concentrations and magnetic susceptibility across various types of soil, parent material and
climatic regimes. Generally, magnetic properties have positively correlated with the type and
concentration of magnetic minerals as well as the particle size of soil fractions. Besides, magnetic
susceptibility has a weak negative correlation with diamagnetic components such as quartz,
gypsum, calcite, and organic materials. The main objectives of this study were to i) determine the
relationships between magnetic susceptibility (MS) and concentration of some heavy metals such
as copper, iron, zinc, and manganese in the surface soils and ii) explore the impacts of land use
and geomorphological units on the variability of heavy metals and MS in a semi-arid region in
the west of Iran.

Materials and Methods: The present study was conducted in Kurdistan province located in
western Iran, the area is about 110,000 ha and mean altitude of 2277m above sea level. The area
has an average annual temperature of 10.20 °C and an average annual rainfall of 369.8 mm,
which dominantly occurs in spring and winter. Besides, the area has soil moisture and
temperature regimes of Xeric and Mesic, respectively. The lithological setting of the studied area
includes reddish of sandy marls and marl sandstone, river deposits, alluvium-cultivated land, and
granite. The studied area was divided into different parts in terms of geomorphology and land
use. Soil sampling was done using the stratified random sampling approach. A total of 347
samples were collected from the surface layers (0-30 cm depth) of the studied area. Magnetic
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susceptibility at both high and low frequencies was measured using a Bartington MS2 dual-
frequency sensor. The amounts of all the selected heavy metals including iron, zinc, manganese,
copper, and nickel were measured using atomic absorption spectrophotometer. Soil particle sizes,
acidity, SOC, CCE and electrical conductivity were measured in all soil samples. The
concentration factor and Tomlinson’s Pollution Load Index were calculated. The Spearman
correlation coefficient was used to examine the correlation between different parameters. The
analysis of variance was used to evaluate the effects of geomorphology and land use on heavy
metals and magnetic susceptibility. Spatial analysis was done conducted for some variables (Fe,
Mn, Zn, Ni, Cu, and yIf) and the map of variables were created in ArcGIS v.13 software.

Results and Discussion: The results showed that the positive significant correlations were
observed between heavy metals and silt content and negative significant correlations were
observed between heavy metals and sand content. Fine soil fraction compared with coarse
fraction has the higher specific surfaces and more susceptible to attract heavy metals. Moreover,
positive and significant correlations were obtained between the SOC and heavy metals across
various land use types and geomorphic units. Organic matters have a high cation exchange
capacity, therefore they adsorb heavy metals and hold them on their surfaces. pH and CCE
showed negative and significant correlations with heavy metals and magnetic susceptibility. The
positive correlation between heavy metals and magnetic susceptibility in agricultural land,
piedmont, and river plains units observed. Also, PLI and CF have a positive correlation with
magnetic susceptibility. The t-test showed that a significant difference between agricultural lands
and non-agricultural land types and ANOVA results in various geomorphic units of the study
area indicated that the magnetic susceptibility between piedmont and mountainous areas were
significantly different.

Conclusion: Results indicated a significant correlation between magnetic susceptibility and
heavy metals. Besides, the magnetic properties of the soil are influenced by its physical and
chemical properties that have large impacts on reducing or improving its magnetic field.
Significant differences were observed between agricultural lands and non-agricultural lands as
well as mountainous and piedmont areas that had different parent materials. These results
indicate the great impact of parent materials constituting the soil on the absence or presence of
diamagnetism in the region.
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Figure (1) Location of the site studied and the soil sampling in Kurdistan Province, west Iran
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1- Diamagnetic
2- Naimi et al.
3- Karimi et al.
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Table (2) Descriptive statistics of magnetic susceptibility parameters and heavy metals of the

surface layers of the study area.

JEN S oSl b Ol T PR e S S o L3S
Minimum Maximum  Mean Std. Dev Variance CcVv Skewness Kurtosis
&JslaS a0 - Agriculture land (N=257)
xIf
(x10 8 mPkg?) 28.82 387.22 86.24 47.49 2255.82 55.07 2.44 8.78
yxhf
(x10 ¥ mP kg™ 27.72 382.87 83.73 46.60 2172.09 55.66 2.49 9.22
Zfd (%) 0.682 8.79 3.02 1.41 1.99 46.71 0.98 1.62
o1 (Fe) (mglkg) 5080 21260 11016  3753.88 14091636 34.08 0.14 078
3, (2n) (mg/kg) 20 58 30.95 6.81 46.46 2202 1.23 242
75 (Mn) (mg/kg) 424 1588 934.1 22713 51588.18 2431 0.30 -051
o~ (Cu) (mg/kg) 8 35 21.19 5.87 34,54 27.73 2004 079
JSs (Ni) (mg/kg) 43 153 93.15 23.80 566.65 2555 0.16 -0.80
Gt Rangeland (N=35)
xIf
(x10 8 m kg 4757 348.22 111.0 77.66 6032.10 69.96 1.89 2.94
xhf
(x10 8 m* kg 45.25 344.55 107.9 77.45 5998.92 71.74 1.90 2.95
Zfd (%) 0.972 8.440 3.47 1.76 3.13 50.88 051 0.29
o1 (Fe) (mg/kg) 6660 26860 16466  4810.61 23141971 29.21 0.34 -0.19
5 (Zn) (mg/kg) 22 58 33.31 7.40 54.81 22.22 1.21 2.35
75 (Mn) (mgrkg) 618 2212 1280.1 435.56 189719.2 34.01 0.79 -045
o= (Cu) (mgrkg) 14 41 25.74 6.74 45.49 26.2 0.51 -0.15
JSs (Ni) (mg/kg) 49 127 95.20 18.05 325.98 18.97 -0.41 -0.05
sy - Piedmont (N=218)
xIf
(x10 8 m3 kg ™) 34.07 387.22 87.61 49.72 2472.83 56.76 2.50 8.51
yxhf
(x10 8 m kg ™) 33.20 382.87 85.29 49,25 2426.12 57.75 2.54 8.70
7fd (%) 0.77 8.79 2.902 1.21 1.48 41.96 0.99 2.43
LT -0.71
o1 (Fe) (mglkg) 5080 21260 11065  3698.81 13681196 33.43 0.15
2, (Zn) (mglkg) 20 54 30.49 6.42 41.30 21.07 1.07 182
<. -0.42
75 (Mn) (mgrkg) 490 1588 9303 220.25 48511.47 23.67 0.33
-0.74
o= (Cu) (mg/kg) 8 35 21.38 5.83 34.07 27.3 -0.09 0
(NI -0.76
JS< (Ni) (mgrkg) 43 153 96.36 23.77 565.09 24.67 0.01
slalss g,y glacis - River plains (N=39)
xIf
(x10 8 m kg 32.32 265.32 97.81 49.24 2425.45 50.35 1.16 2.10
xhf
(x10 8 m kg 31.67 251.45 94.50 46.64 2175.43 49.36 1.12 1.99
7fd (%) 0.682 8.59 3.007 2.05 421 68.3 1.24 1.05
T -1.56
o1 (Fe) (mg/kg) 5440 14860 10410 305535 9335197 29.35 -024
-0.25
> (Zn) (mg/kg) 20 42 2958 5.03 25.30 17 0.36
£ 0.32
75(Mn) (mg/kg) 424 1438 881.8 228.62 52267.87 25.93 0.41
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-0.89
o= (Cu) (mg/kg) 10 30 19.23 4.96 24,65 25.82 0.04
JS< (Ni) (mgrkg) 49 100 75.25 14.37 206.66 191 -011 -081
Lse S - Mountains (N=30)
xIf
(x10 8 m kg 47.57 366.37 127.0 94.60 8951.00 74.49 1.52 1.14
yxhf
(x10 ¥ mP kg™ 45.25 363.12 124.0 94.42 8916.13 76.14 1.52 1.14
Afd (%) 0.88 6.16 3.23 1.61 2,59 49.78 0.20 -0.89
T -0.18
o1 (Fe) (mgrkg) 11100 28040 17185 4760.64 22663711 27.7 0.90
031
3, (Zn) (mg/kg) 22 48 32.48 6.42 4133 19.79 0.58
£ -0.44
75 (Mn) (mgrkg) 752 2212 1302 428.06 183241 32.86 0.82
37
o~ (Cu) (mg/kg) 14 41 26.17 6.13 37.64 23.44 0.56 03
JSs (Ni) (mg/kg) 64 127 94,68 17.04 290,50 18 2022 -072

YU uilS 5 55 bline (), L=YhE (i85 a ateol s cwblie (o5l 0 = (ol (uilS 3 5 nblie (ol 4 =yIf
¥If = magnetic susceptibility at low frequency; yhf = magnetic susceptibility at high frequency; yfd = Frequency
dependent magnetic susceptibility

SIS 33 5 (P<0.05) s gme o5 5555 o5 Jheo
s o QLS |y Calises
Gobpdy  » Siledigesil WU (owy
il Gla e 53 Wbl e g 4
OLLY o 53 55 #5085 i 5l andllas 5 5o aidlae
3 ombliie (618 500 (g (gl5 gre C9Masl &S sl
s (PF*<0.01) b 5 (P**<0.05)VL .55 5 53
Gl Oliabl ol Ol B S 55 syl
Osa5T 3l eslazal b aS (oroly 5 YU (sla LS 3) publine
2315 0Lt «esl 0td | Suial ANOVA 05037 51 (S5
5 Sy Cawd 93w gmablie ()18 s ol 0l
omb s (P<0.05) YU o S 3 55 Obua S
Sl ol Cl ls gae Sosls (gly15(P**<0.01)
(5 ok o3le 0350 QLSS ez 1 b Ys Wil 5 a s sme
5ol ke Bl e a8
Calbes bl 53 abliasbs slge Sosline SaST,
S o oBn S Og e JS S sbay L sl
Flmy bl a4 (GleaS) Gadis Gbla
—osle palae il g nle sl 5y Luw dald (Cisdy)

s Sl slae js alS e g ebliaels gla

5 peelS DL S el s e )
Slaen 0 Ssassy Koo el b pmblite (558 54
it Sianan O Jgir 4 a5 L (Y)Y 5 s
1 xR S8 Ly il ST s iy blite (6l
S Jsa il e Golia ) (Ses pide as g 0L
5 oreb Lite l)ls & ol _bolial )b 5 (glaesle 05 5
S s Ktaman (¥) Sl Soglite (5 pke 5l g0 L
5ol SLa s 93 (ebline ()10 5 oK
5 eman 330 (T 0 5 5 (V508 ) 0l Kes
ol 0 A
G iy = (2 S $US (s
- e Dl okl 77 Jgd yo Q}a)‘T@l:J
3V (WS 5 93 53 bl (o)l 5y (P*<0.05) I
(F IS CL s gas ol Cadies (6558 93 s (s
Lo ilS 3) anbline (655 500 (sla :Kibe o sl
S Ans e 0L Bl (658 Lidw 93 531 (b s VU
o) 03 ol ol s t ijTJ:l»ij_kJ Ly
gl (il i abais Jols Oliabl dols 51 4ls 4o
35 72 53 )13 5ai b ) s s ead 93w (S )13 e
o Jols Olial Aol ¢ nboline (58 500 iS5

20- Lu et al.
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Table (3) Spearman correlation between selected soil properties and heavy metals.

o e o Colda ol @l (ST S Db edS 0L S
Sand (%)  Silt (%) Clay (%) S S pH SOC (%) CCE (%)
EC (dS/m)
&JskaS ol - Agriculture land (N=257)
o1 (Fe) (mg/kg) 030%  034% 014 -0.02ns 0.70%%  0.20% Q.52
s (LnZn) (MOkQ) g o7ux  gogex 015 0.14* -0.23%*  0.25% -0.27**
Fa(Mn) (mglka) g gpuk  gagrr Q1gw -0.04ns 053%* 031+ 057+
o~ (CU) (mg/kg) 043%%  045% 0,245 0.05ns 0.60%*  0.32% 0,46
JS5 (Ni) (markg) 056%% 052 0.34%* 0.02ns 050" 0.23% 0.35%
Gt Rangeland (N=35)

o1 (Fe) (mg/kg) 0.07ns  -0.07ns  -0.00ns  -0.15ns 021ns  -0.11ns -0.11ns
s (LnZn) (Mok®)  go3ns  -007ns  0.17ns -0.09ns 0.24ns  -0.17ns -0.01ns
75 (Mn) (mglkg) 042 040  0.29ns -0.19ns 051  0.33ns 0.27ns

o~ (CU) (ma/kg) 0.17ns  -0.15ns  -0.18ns 0.04ns 0.06ns  -0.19ns 0.07ns

J55 (Ni) (mglkg) 058 053 040 0.45%* 0.03ns  0.39*% 0.22ns

ey - Piedmont (N=218)

o1 (Fe) (mglkg) -0.28**  0.30%*  0.12ns -0.01ns -0.67%%  0.19% -0.47%*
so(LnZn) (Mokg) — gogex 027+ 0.16% 0.15% 0.18%  0.21%* -0.29%*
M) (MOKQ)  gages 0agec  0lgtc 0030 04T 0.25% -0.58%*
o~ (CU) (mg/kg) -0.40%*  0.40%*  0.21%* 0.04ns 0.57**  0.24% -0.47%*
JS5 (Ni) (markg) 050%*  048%*  0.26% 0.05ns 0544 .20 0.41%*

slalss g,y glacis - River Plains (N=39)

o1 (Ln Fe) (mg/kg)

029ns 039  0.02ns 0.35* 072 0.63% -0.58%*
3, (2n) (malkg) 03lns  037*  0.16ns 0.23ns 005ns 034 -0.01ns
7% (Mn) (mg/kg) 031*  037*  0.08ns 0.26ns 0.48%%  0.49% -0.35%
o~ (CU) (mg/kg) -0.48**  0.57**  0.19ns 0.46%* -0.56%*  0.73%* -0.35%
JS5 (Ni) (mgrkg) 065  0.69%* 035 0.38* 036%  0.49% -0.11ns
Lse 55" - Mountains (N=30)

T (Fe) (mglkg) 033%  024ns  -0.34* 0.22ns 025ns -0.36% -0.25ns
3, (Zn) (mg/kg) 0.0ins  -0.07ns  0.04ns 0.07ns -0.12ns  -0.11ns 0.04ns
5 (Mn) (malka) o605 0.28ns  0.0ns -0.27ns 053 0.20ns -0.36
o~ (Cu) (mg/kg) 0.26ns  -0.19ns  -0.32* -0.03ns 0.03ns  -0.37* -0.06ns
JS5 (Ni) (mglkg) 062 058%  0.41% 0.58%* 0.19ns  0.37* 0.33*

s 13 s2a NS s 53 40 C]a.w B Lg)\ALS:M* RWRTE LY cla.« 23 Sls g *x

** Correlation is significant at the 0.01 level. *Correlation is significant at the 0.05 level. ns Non significant
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Table (4) Spearman correlation between selected soil properties with magnetic susceptibility

parameters.
o e o Cols S e SToS bl s ol S
Sand (%)  Silt (%) Clay (%) S S pH SOC (%) CCE (%)
EC (dS/m)
Cedy - Piedmont (N=218)
Ln yIf
(x108m%g ™) 0.20**  -0.18**  -0.03ns -0.15* -0.28**  -0.06ns -0.43%*
Ln xfd (%) 0.42*%*  0.43** 0.18** 0.10ns -0.24*%*  0.36%* -0.15*
sl g,y glacis - River plains (N=39)
Ln yIf
(x10m’kg ™) 0.43** -0.33*  -0.47* 0.09ns -0.44%* 0.36* -0.48**
Ln xfd (%) 0.20ns 0.38* -0.13ns 0.25ns -0.50%*  0.74%* -0.15ns
lao 58
Mountain (N=30)
Ln yIf
(x10~8mkg™) 0.30ns  -0.31ns  -0.18ns -0.35ns -0.20ns  -0.32ns -0.23ns
Ln xfd (%) -0.69**  0.63** 0.47** 0.47** 0.22ns 0.57** 0.35ns
$iysaS 2l - Agriculture land (N=257)
Ln yIf
(x10m’kg ™) 0.14* -0.12* -0.03ns -0.09ns -0.30**  0.08ns -0.46**
Ln xfd (%) -0.35%*  0.42%* 0.10ns 0.11ns -0.30%*  0.42** -0.16%*
sl Rangeland (N=35)
Ln yIf
(x10m’kg ™) 0.18ns -0.13ns  -0.19ns -0.42%* -0.25ns  -0.17ns -0.43**
Ln xfd (%) -0.69**  0.57**  0.58** 0.48** 0.05ns 0.66** 0.32ns

s 513 52 NS s 55 40 Cb.«): Sl sae * Ao ys 44 c]a..:): ‘_gjl:dhu*

*

** Correlation is significant at the 0.01 level. * Correlation is significant at the 0.05 level. ns Non significant
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Table (5) Spearman correlation between and heavy metals with magnetic susceptibility

parameters.
AT ey J o JS
Fe (mg/kg) Zn (mg/kg) Mn (mg/kg)  Cu (mg/kg) Ni (mg/kg)
Sy
Piedmont (N=218) (Ln Zn)
Ln yIf
(x10m’kg ™) 0.23** 0.01ns 0.11ns 0.21%* 0.09ns
Ln yfd (%) 0.39** 0.29** 0.53** 0.41%* 0.50%*
slal=s gy glacis
River plains (N=39)
Ln yIf
(x10m’kg ™) 0.35* 0.00ns 0.26ns 0.24ns 0.00ns
Ln yfd (%) 0.58** 0.39* 0.55** 0.67** 0.50**
Lo S
Mountains (N=30)
Ln yIf
(x10m’kg ™) 0.04ns 0.09ns 0.06ns 0.15ns -0.52%*
Ln xfd (%) -0.22ns -0.08ns 0.02ns -0.30ns 0.70**
SoysasS ol
229 [CaudV] (Ln Zn)
Agriculture land (N=257)
Ln yIf
(x10m’kg ™) 0.30%** 0.11ns 0.17** 0.26%* 0.11ns
Ln yfd (%) 0.42%* 0.27** 0.50** 0.47** 0.48**
5 50,
i (Ln Zn)
Rangeland (N=35)
Ln ylf
(x10"8mkg™) 0.10ns 0.05ns 0.22ns 0.20ns -0.36**
Ln yfd (%) 0.02ns 0.06ns 0.14ns -0.07ns 0.63**

e )l e NS .dp 55 40 c!a..:); 6)\>6w* W SERLY da.d B éjbtf.’"*

*

** Correlation is significant at the 0.01 level. * Correlation is significant at the 0.05 level. ns Non significant
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Table(6) T test result between agriculture land and uncultivated land.

Log yhf Log yIf
t df Sig. (2-tailed) t df Sig. (2-tailed)
Equal variances assumed ~ -2.27 290 0.02 -2.34 290 0.02
S39998 390935 Lilisno Sl w19 (o ANOVA (g03T gl (V) Joue
Table(7) ANOVA test in different parts of geomorphology.
Log yhf Log yIf
Sum of Squares df Mean F Sig. Sum of Squares df Mean F Sig.
Square Square
Between Groups 0.388 2 0.194 46 0.011 0.397 2 0.199 48  0.009
Within Groups 11.914 283 0.042 11.716 283 0.041
Total 12.301 285 12.113 285
Ol IS 9 gl 8 20 985 Y1y 5 5 9 bl 5560 5 90
Log yIf Estimation Plot Log yhf Estimation Plot
(2) (b)
2'5_: * C :Ua 2'5_: . - - g
] e oo 0.5 & ] . L 05 &
. ! e : e
. E 23 1 & E 23
2.0 : E E3 0] - g3
ok mElbib, 2 2 kb 24
o%® N oS +H o oS
.0= = [ =
o8 = 3
5 g 1 2
1.5 E 154 ¢ ]
gI I 1 1 I
\o"\@f Q@"‘:;} Rangfland Er el \@@j &é\b-G Rangeland S lyl
?é 5’)‘ Q&‘e‘r Agriculture i 79(\0 5“)‘ Q?o.’ef 4 Agriculture S5l
(cml 9 YL S ill” ) (bl (85U 31y (S aSileo D9l Cl 1o g (1) O
Fig(3) Graph CI of difference between mean in Log yhf in Log yIf
Log yIf Log yhf
99% Confidence Intervals (Tukey) 95% Confidence lnl‘er\"ali‘("'l" ukey)
b gl 3 33 guabolido 558 5 (51 Glisel! alold WU GuilS 3 33 bl (50 2y 511 oy laebo! alos
a ; o (b) : 8
River Plains - M in : e} River Plains - M i - : @)
s — sl s = oS — slails0y oo ;—
2 ——r s
T g | 2 T ooy é
Piedmont - River Plains - '—0—*—‘ g Piedmont - River Plains - »—o——- %
S35 Sl Cid m Ciovhad : o G109 5 (GBS m oy : :

T T T
0.3 0.2 -0.1 0.0

3 il w09l Difference between group means

0.1

43 02 01 00 0.1

g (ufile w0y Difference between group means

(el 9 YU S ils” ) _subolidio (5366 s Oolisabo! Lol LONT (§) JCh
Figure(4) Graph confidence intervals differences in Log yhf in Log yIf
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Table(8) result of the best model of The Spatial behaviors.

= P e T . - . . Z.
b sze Kow S Je Slasks 31 Skl d= als (M) e P o;l.i.- Nl y
Variable Kriging Model Nugget Sill Range R? Spatial
Type Type dependency
ool e $s5S5 0.003 0.006 33 0.97 L e
(LnFe) Universal  Spherical Moderate
- oslw 65,5 0.343 0.640 107 0.75 L ga
(Cu) Simple Spherical Moderate
9 oslw $s5S5 0.915 0.084 168 0.19 Camd
(zn) Simple Spherical Weak
Ee, e 65,5 0.005 0.003 65 0.72 L e
(LnMn) Universal  Spherical Moderate
15 e 655 0 314 21 0.99 KOS
(Ni) Universal  Spherical Strong
bl )5 0 oslw 65,5 0.363 0.636 16 0.77 L e
Loylf Simple Spherical Moderate
47150 47'300E Losas! y 47'150'E 47'30'0E (PSTN )
j Zn (mgkg') Cu(mgkg')
[C3] o
20-23.41 - 8-13.19
: 23.41-25.79 ‘o 13.19-17.19
o= Il 25.79-27.45 E B 17.19-20.28
< I 27.45-28.61 I 20.28-22.66
[0 28.61-30.27 B 22.66-24.5
Bl 30.27-32.65 Bl 2452633
I 32.65-36.06 B 26332871
I 36.06-40.95 I 28.71-31.80
40.95-47.96 31.80-35.80
47150E 47300E 47.6-58 47150E 47'300'E s
012 4 6 8 012 4 6 8
47'150E 47'300°E Lo ) 47150E 47'300E (PSP )
Ll}l‘_(mg kg) J Ln }l\:nn(mg kg')
43-57.19 2.63-2.79
= 2 57196882 = 2.79.2.88
i .2 I 68.82.78.34 2 e 288293
g 3 I 78.34-86.13 2 29329
[ 86.13-92.52 1 2.96.2.98
I 92.52-100.31 B 2.983.00
I 100.32-109.83 . 3.003.03
I 109.83-121.46 B 3.033.08
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Figure(5) spatial distribution of heavy metals and yIf identified by kriging method
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