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Abstract: Magnetic measurement was combined with geochemical analysis to investigate the trace
metal pollution of atmospheric dustfall from rural areas of Inner Mongolia and urban regions of
Hebei province in northern China. It is found that the type of magnetic mineral within atmospheric
dustfall samples in Inner Mongolia is similar to those found in Hebei province, but the atmospheric
dustfall samples in Inner Mongolia have lower magnetic mineral concentrations and finer particles.
Linear multiple regression analyses show that the relationship between magnetic parameters and
trace metals is found to vary between the contrasting rural and urban areas, and is controlled by
the different source magnetic minerals. The concentration- and type-dependent magnetic properties
of the particles correlated strongly with the concentrations of trace metals derived from natural
processes, and the grain size-dependent magnetic parameters correlated negatively and significantly
with the concentrations of trace metals derived from anthropogenic activities.

Keywords: atmospheric dustfall; environmental magnetism; magnetic characteristics; trace metals

1. Introduction

Among abiotic stresses to earth’s ecosystem, atmospheric pollution ranks as the
most harmful [1], and particulate matter (PM) in the atmosphere can cause serious health
problems for humans and animals, as well as visible degradation to infrastructure. PM can
be of natural or anthropogenic origin and emitted from point, mobile, or areal sources [2].
It can impact air quality both in local source regions and in large areas downwind, due to
long-range transport. Diversity in particle origin and size composition is observed in PM.
Therefore, dust prediction and observations can help constrain the relative contribution
of natural or anthropogenic origin to total pollution. It allows the drawing-up of policies
aimed at reducing emissions and the appraisal of their long-term effectiveness [3].

Trace metals, sometimes with serious toxic side effects, are omnipresent in PM and can
be transported over long distances [4]. The atmospheric-deposited dust in urban settings
is an important carrier of these trace metal contaminants [5]. Magnetic measurements
on deposited atmospheric dust can provide ancillary parameters for rapidly assessing
environmental pollution. They rely on the naturally-present magnetic iron oxides and
hydroxides which can comprise up to 70% of the bulk Fe content in urban PM [1] and are
readily measured with standard instrumentation.

Application of mineral magnetic techniques to the study of atmospheric dust com-
mencing in the 1980s are successfully able to recognize different source types [6–9]. Since
then, many studies have combined chemical and magnetic parameters to characterize
atmospheric dust [10–12]. The statistical relationship between magnetic and chemical
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parameters in the dust [5,13], soil [11,14], sediment [15,16], and plants [17,18] was observed,
indicating that magnetic parameters can be employed as effective proxies to assess trace
metal pollution.

Dry deposition is a key sink of atmospheric particles, which impact human and ecosys-
tem health, and the radiative balance of the planet [19]. Therefore, the usage of dustfall
samples collected from dry deposition sampler for the prediction of airborne trace metal
concentrations may provide a practical alternative to the complex PM sampling meth-
ods and chemical analyses of airborne trace metals. In this study, atmospheric-deposited
material was collected simultaneously from rural locations in Inner Mongolia and urban
locations in Hebei. The magnetic properties and trace metal concentrations in dustfall
samples were measured. The primary aim of this case study was to establish a method
for predicting trace metal concentrations in PM using the stepwise method with pollu-
tant concentrations and magnetic properties as inputs, thus exploiting the demonstrated
relationship between trace metal concentrations and magnetic properties.

2. Materials and Methods
2.1. Study Area and Sampling

The Hunshandake Sandy Land (HSL, Figure 1) is located in the eastern part of Inner
Mongolia where there are 50–110 windy days yearly with wind velocities ≥ 5 ms−1 are
capable of moving sand grade material [20]. The HSL lies directly upwind of extensive
metropolitan areas and the airborne dust is transported across much of northern China
including Beijing, central Hebei, and Tianjin; it can potentially move farther to the east over
Korea and ultimately over Japan [21]. In Inner Mongolia the population is predominantly
rural; people live mostly in separate households and can cover quite large areas as they
pasture their animals [22]. In contrast, the population of Hebei province is predominantly
urban and concentrated, and there is an extensive industrial infrastructure with mining
and manufacturing incorporating materials including coal, iron, oil, steel, and textiles.

Atmospherically-deposited dust has been collected in Inner Mongolia and Hebei
Province from locations spanning a NW-SE zone embracing two contrasting sets of sites,
firstly in countryside away from pollution sources and representative of the rural back-
ground, and secondly at sites within the zones of anthropogenic pollution (Figure 1). The
sampling approach and the methods of element analysis and magnetic measurement are
described in detail in [23] and will not be repeated here. Based on the magnetic susceptibil-
ity values and the sufficient amount for element analysis (exclude site DS2-1), we selected
48 samples from the same month in each quarter for trace metal analysis. Sites DS2-7 and
DS2-8 are distributed in Beijing, site DS2-5 is located on the border of Inner Mongolia and
Hebei province, so we do not consider these sites in this study.

2.2. Descriptive Analysis, Correlation Analysis, and Multivariate Analysis

Descriptive data analysis, including calculation of the mean and standard deviation (SD),
has been performed on the concentrations of the trace metals. Correlation coefficients are
calculated to identify relationships between the different elements and to identify sources
that may have similar origins. Principal component analysis (PCA) is routinely used to
emphasize variations and highlight patterns in a dataset; it is employed in this study to reduce
dimensionality in the data whilst aiming to preserve relationships present in the original
results [24]. The program SPSS for window, version 18.0 (SPSS Inc, USA) has been used for
the descriptive and correlation analyses, and for the multivariate statistical analysis.
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Figure 1. Map showing the distribution of sampling sites (solid circles) of the atmospherically-de-
posited dust used in this study. These span the swathe of ground ranging from arid to semi-arid in 
the northwest to the strongly urbanized industrial belt embracing Beijing and Tianjin in the south-
east. The inset map shows the regional location of the study area within China. 

2.2. Descriptive Analysis, Correlation Analysis, and Multivariate Analysis 
Descriptive data analysis, including calculation of the mean and standard deviation 

(SD), has been performed on the concentrations of the trace metals. Correlation coeffi-
cients are calculated to identify relationships between the different elements and to iden-
tify sources that may have similar origins. Principal component analysis (PCA) is rou-
tinely used to emphasize variations and highlight patterns in a dataset; it is employed in 
this study to reduce dimensionality in the data whilst aiming to preserve relationships 
present in the original results [24]. The program SPSS for window, version 18.0 (SPSS Inc, 
USA) has been used for the descriptive and correlation analyses, and for the multivariate 
statistical analysis.  

3. Results and Discussion 
3.1. Elemental Concentrations  

The average concentration of trace metals, expressed as mass-related contents (μg/g), 
in dustfall was in the decreasing order of K > Ca > Fe > Mg > Ba > Mn > Zn > Pb > V > Cr 
> Cu >Ni > Co for Inner Mongolia. With the exception of K, this order is largely preserved 
in urban Hebei: Ca > Fe > Mg > K > Ba > Mn > Zn > Pb ≈ Cr > V ≈ Cu > Ni > Co (Table 1). 
The enrichment factor (EF) is one of the most common environmental indices applied to 
distinguish the anthropogenic and natural sources of the elements in the samples based 
on their ratio to the primary component in the background soil composition [25,26].  

The EF was calculated according to the following algorithm: 

EF = (X/Eref)sample/(X/Eref)background  

where X is the concentration of the element to be evaluated and Eref is the concentration 
of the reference element. Selection of a relevant background composition is crucial in the 

Figure 1. Map showing the distribution of sampling sites (solid circles) of the atmospherically-
deposited dust used in this study. These span the swathe of ground ranging from arid to semi-arid in
the northwest to the strongly urbanized industrial belt embracing Beijing and Tianjin in the southeast.
The inset map shows the regional location of the study area within China.

3. Results and Discussion
3.1. Elemental Concentrations

The average concentration of trace metals, expressed as mass-related contents (µg/g), in
dustfall was in the decreasing order of K > Ca > Fe > Mg > Ba > Mn > Zn > Pb > V > Cr >
Cu >Ni > Co for Inner Mongolia. With the exception of K, this order is largely preserved in
urban Hebei: Ca > Fe > Mg > K > Ba > Mn > Zn > Pb ≈ Cr > V ≈ Cu > Ni > Co (Table 1). The
enrichment factor (EF) is one of the most common environmental indices applied to distinguish
the anthropogenic and natural sources of the elements in the samples based on their ratio to the
primary component in the background soil composition [25,26].

The EF was calculated according to the following algorithm:

EF = (X/Eref)sample/(X/Eref)background

where X is the concentration of the element to be evaluated and Eref is the concentration
of the reference element. Selection of a relevant background composition is crucial in the
calculation of EF, and a local, study-specific background could be a better strategy [27,28].
For most trace metals of environmental interest, concentrations in soil easily vary over 2–3
orders of magnitude depending on the parent material from which the soil was derived [29].
Therefore, the trace metal contents of soils in Inner Mongolia and Hebei were used as the
regional background values (Table 1) [30]. Al, due to its terrestrial origin and dominance in
the earth’s crust composition, was used as the reference element in our study.

Both EF and pollution load index (PLI) specify various levels of contamination in the
studied areas although their outcomes are mostly uniform. In our previous study, we used
PLI to assess the metal contamination in dustfall [23]. PLI is an aggregative explanation
of the overall level of metal pollution, whereas EF was calculated for individual elements
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over the average elemental composition, and EFs use terrestrial element (Al in this study)
for normalization in the calculation and appear to provide better contamination assessment
than PLI, as it considers more metals [31].

Table 1. Trace metals concentrations in the dustfall samples and the trace metal enrichment factors
(mean ± SD).

Element

Inner Mongolia (n = 20) Hebei (n = 15)

Content in
Mass (µg/g) EF Background

Value (µg/g)
Content in
Mass (µg/g) EF Background

Value (µg/g)

Mg (103) 5.17 ± 2.86 1.03 ± 0.57 6.2 13.02 ± 2.54 2.85 ± 0.59 8.7
K (103) 18.32 ± 3.27 1.24 ± 0.31 20.8 10.83 ± 1.55 1.11 ± 0.14 18.5
Ca (103) 15.41 ± 9.14 1.14 ± 0.58 18 33.33 ± 7.85 2.91 ± 0.73 21.8

V 34.29 ± 17.33 0.9 ± 0.41 51.1 59.37 ± 20.53 1.51 ± 0.41 73.2
Cr 28.96 ± 15.36 0.94 ± 0.45 41.4 112.49 ± 116.05 3.08 ± 3.07 68.3
Mn 485.01 ± 443.22 1.2 ± 0.94 520 515.54 ± 129.43 1.58 ± 0.27 608

Fe (103) 14.6 ± 7.83 0.84 ± 0.39 23.1 26.89 ± 8.7 1.77 ± 0.43 28.2
Co 8.42 ± 4.97 1.11 ± 0.65 10.3 11.21 ± 5.05 1.66 ± 0.62 12.4
Ni 17.08 ± 12.44 1.14 ± 0.71 19.5 30.18 ± 16.59 1.84 ± 0.94 30.8
Cu 27.02 ± 41.62 2.48 ± 3.79 14.4 53.93 ± 14.98 4.74 ± 1.48 21.8
Zn 98.14 ± 64.7 2.25 ± 1.49 59.1 381.57 ± 414.7 9.14 ± 8.67 78.4

Ba 611.68 ± 117.92 1.58 ± 0.39 542 794.52 ±
1257.36 2.86 ± 4.08 497

Pb 50.48 ± 72.62 3.86 ± 5.47 17.2 125.58 ± 103.88 11.07 ± 8.02 21.5

Number shown in red highlight element contents in dustfall samples that are larger than the background values
defined by the element contents in topsoils. Based on the magnetic susceptibility values and the sufficient amount
for element analysis (exclude site DS2-1), we selected 48 samples from the same month in each quarter for trace
metal analysis. Sites DS2-7 and DS2-8 are distributed in Beijing, site DS2-5 is located on the border of Inner
Mongolia and Hebei province, so we did not consider these sites in this study.

By convention, a value of 0.5 ≤ EF ≤ 1.5 indicates that the trace elements enrichment is
entirely provided by crustal contribution, whereas EF > 1.5 suggests that contamination is
linked to anthropogenic sources [32]. Moreover, five contamination categories classified into
deficiency to minimal enrichment (EF < 2), moderate enrichment (2 ≤ EF < 5), significant
enrichment (5 ≤ EF < 20), very high enrichment (20 ≤ EF < 40), and extremely high
enrichment (EF ≥ 40) [33]. Cu, Zn, and Pb in dustfall from Inner Mongolia, with their
mean EFs between 2 and 5 (Table 1, Figure 2a), were classified as moderately contaminated.
The mean EFs for Mg, Ca, Cr, Cu, Zn, Ba, and Pb in samples from Hebei province were all
higher than 2 (Table 1, Figure 2b), and this indicates that the dominant source for these
elements was non-crustal sources.

3.2. Correlation Analysis

Pearson’s correlation coefficients of trace metals in the dustfall samples are compiled
in Table 2. From Table 2, most of the trace metal pairs show significant positive or negative
relationships in the Inner Mongolia dustfall samples. Mg, Ca, V, Cr, Mn, Fe, Co, and Ni
correlate significantly positively with each other (r ≥ 0.475, p = 0.01 or p = 0.05), which may
suggest a common origin, while Cu, Zn, and Pb form another group based on their positive
correlation (r ≥ 0.522, p = 0.01 or p = 0.05). Ca and Cr are also positively correlated to Cu,
Zn, and Pb (r ≥ 0.485, p = 0.01 or p = 0.05), indicating that apart from a natural source, it
may also be influenced by anthropogenic activities. K is negatively correlated with other
metals except significant positive relationships are found among K and Ba (r = 0.674, p =
0.01), reflecting different sources of K, Ba, and other elements.
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Figure 2. Boxplot of enrichment factors (EFs) for trace elements in the atmospheric dustfall in rural
Inner Mongolia (a) and urban Hebei (b). (a) Cu, Zn, and Pb in dustfall from Inner Mongolia, with
their mean EFs between 2 and 5; (b) The mean EFs for Mg, Ca, Cr, Cu, Zn, Ba, and Pb in samples
from Hebei province were all higher than 2, and this indicates that the dominant source for these
elements was non-crustal sources. Note that the boxplot basically divides the normalized EFs into
quartiles. The line inside the box represents the median; the boxes mark the 25th and 75th percentiles;
the horizontal line outside the box, as is also called whisker, mark the values that extend 1.5 times the
width of the box).

Table 2. Correlation matrix for trace elements concentrations.

Mg K Ca V Cr Mn Fe Co Ni Cu Zn Ba Pb

Inner Mongolia
Mg 1
K −0.751 ** 1
Ca 0.865 ** −0.551 * 1
V 0.967 ** −0.849 ** 0.798 ** 1
Cr 0.948 ** −0.843 ** 0.802 ** 0.966 ** 1
Mn 0.828 ** −0.425 0.854 ** 0.713 ** 0.736 ** 1
Fe 0.981 ** −0.748 ** 0.857 ** 0.974 ** 0.953 ** 0.828 ** 1
Co 0.571 ** −0.456 * 0.566 ** 0.587 ** 0.500 * 0.475 * 0.604 ** 1
Ni 0.857 ** −0.522 * 0.810 ** 0.761 ** 0.796 ** 0.927 ** 0.847 ** 0.401 1
Cu 0.429 −0.442 0.666 ** 0.458 * 0.500 * 0.248 0.414 0.234 0.312 1
Zn 0.523 * −0.338 0.632 ** 0.513 * 0.556 * 0.580 ** 0.544 * 0.061 0.538 * 0.522 * 1
Ba −0.396 0.674 ** −0.206 −0.491 * −0.476 * −0.007 −0.403 −0.362 −0.114 −0.257 0.268 1
Pb 0.429 −0.38 0.698** 0.424 0.485 * 0.329 0.408 0.201 0.367 0.984 ** 0.577 ** −0.156 1

Hebei
Mg 1
K −0.152 1
Ca 0.133 −0.115 1
V 0.392 0.009 0.267 1
Cr −0.218 0.234 0.055 0.043 1
Mn 0.294 0.148 0.217 0.753 ** 0.538 * 1
Fe 0.495 0.006 0.308 0.970 ** 0.037 0.785 ** 1
Co 0.471 0.077 0.309 0.829 ** −0.061 0.638 * 0.875 ** 1
Ni −0.095 0.253 0.128 0.194 0.974 ** 0.660 ** 0.187 0.093 1
Cu −0.113 −0.025 0 0.33 0.627 * 0.437 0.336 0.212 0.613 * 1
Zn 0.19 −0.137 0.035 0.482 −0.023 0.317 0.449 0.432 0.005 0.029 1
Ba 0.191 −0.004 −0.039 0.511 −0.005 0.384 0.496 0.483 0.029 −0.003 0.975 ** 1
Pb 0.198 −0.18 0.181 0.468 −0.061 0.243 0.437 0.424 −0.04 0.015 0.962 ** 0.918 ** 1

* Correlations significant at the 0.05 level (2-tailed); ** Correlations significant at the 0.01 level (2-tailed); The
numbers in red also highlight correlations significant at the 0.05 or 0.01 level.

As shown in Table 2, significant positive relationships are found among V and Mn,
Fe, Co (r ≥ 0.753, p = 0.01), Mn and Fe, Co, Ni (r ≥ 0.638, p = 0.01 or p = 0.05), Fe and
Co (r = 0.875, p = 0.01) in Hebei dustfall, indicating that they may have the same sources.
By the way, Ni is also positively correlated to Cr and Cu (r ≥ 0.613, p = 0.01 or p = 0.05),
indicating that Ni was likely to be of mixed origin. Moreover, Pb exhibits a significant
positive correlation with Zn and Ba (r ≥ 0.918, p = 0.01), it can be interpreted as the
same contribution.

3.3. Principal Component Analysis

PCA was conducted on the metal concentrations in dustfall samples to identify the
possible sources of the trace metals. According to the Kaiser criterion, the first three
components with eigenvalues larger than 1.0 have dominant influences. For Inner Mongolia,
all the trace metals were well represented by principal component 1 (PC1), principal
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component 2 (PC2) and principal component 3 (PC3), which accounted for 88.5% of the
total variance. In the loading plot of PCA shown in Figure 3, three groups were identified.
Mg, Ca, V, Cr, Mn, Fe, and Ni (loading range 0.772–0.958) formed a group, accounting
for 62.8% of the total variance. The factor PC2 is characterized by high loadings for Cu
(0.954) and Pb (0.958) and endorses their strong positive relationships and enrichment
degrees indicating a derivation from anthropogenic sources. The third group consisted of
K (−0.727), Ba (−0.956), and Co, with a high loading for Co (0.502), accounting for 11.8% of
the total variance.
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Figure 3. PCA results of Inner Mongolia dustfall samples in three-dimensional space: plots of loading
of the first three principal components (different color refer to different cluster-groups).

The PCA results of the Hebei dustfall are illustrated in Figure 4. Four major compo-
nents are identified with eigenvalues larger than 1.0 and together these explain 83.1% of
the total variance. The first PCA factor (PC1) has high loadings for Mg, V, Mn, Fe, and Co,
and the initial eigenvalue of the first factor is the largest: 5.09, accounting for 39.2% of the
total variance (Figure 4a). This suggests the existence of one dominant emission source
or a group of emission sources of some elements. The factor PC2 is characterized by high
loadings for Zn (0.972), Ba (0.951), Pb (0.939), and the association Zn-Ba-Pb is evident on
the PC2 axis of Figure 4b. As shown in Figure 4c, the factor PC3 is characterized by high
loadings for Cr (0.963), Ni (0.952), and Cu (0.777), accounting for 13.1% of the total variance.
The fourth group consisted only of K, which had a higher loading in PC4.
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3.4. Source Identification of Trace Metals
3.4.1. Inner Mongolia

Compared with background values of soils, Cu, Zn, and Pb have elevated concentra-
tions in the dustfall of Inner Mongolia (Table 1), which suggests anthropogenic sources of
these elements, and other elements have concentrations approximating their corresponding
background values, indicating a natural origin. A strong correlation among Mg, Ca, V, Cr,
Mn, Fe, and Ni in both correlation analysis and PCA is an indicator of the common source
or sources (Table 2, Figure 3). The low EFs determined for these metals (Table 1, Figure 2)
may suggest significant natural sources. Cu and Pb, K and Ba are also correlated in both
analyses, suggesting other common sources. Vehicle emissions and the long-time use of
coal associated with the accelerated industrialization of China have both been recognized
as the leading contributors to airborne Pb pollution [34,35]. Whereas the normal activity
and deterioration of vehicles on the roads can emit Cu into the air [36–38]. The strong
positive relationship between Cu and Pb (r = 0.984, p = 0.01) indicates that these two metals
derive mainly from traffic emissions. Ba is released to environmental media by both natural
processes and anthropogenic sources, and K is found in an abundance of approximately
2.5% in the Earth’s crust [39]. K is correlated with Ba in correlation analysis, which indicates
perhaps come mainly from soil sources. The factor PC3 shows a high loading for Co
(0.502); Co is the transition metal next to Fe in the Periodic Table and significant positive
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relationships are also found among Co and Fe as well as Mg, Ca, V, Cr, and Mn, indicating
that the bulk of the Co originates in natural sources.

3.4.2. Hebei Province

The PCA, correlation analysis, and EF analysis have created an impression that V,
Mn, Fe, and Co in dustfall samples of Hebei province may have a natural source, and the
emission source for these elements is primarily the resuspension of soil-derived particles.
The association Zn-Ba-Pb is evident (Figure 4b). Industrial metallurgic processes lead to
increasing concentration of Zn [40] and this element is also associated with the abrasion of
rubber tires [41]. Products containing Ba have a wide range of uses, such as in detergents
and dispersants, and are also incorporated into oxidation and corrosion inhibitors in engine
lubricating oils; additionally, they are used for smoke suppressant additives in diesel
fuels [42]. The province of Hebei is a highly strategic location for its logistics, iron and
steel fabrication, and heavy manufacturing industries. Road traffic emissions are the likely
primary sources for Zn, Ba, and Pb. Cu and Ni are both important constituents of many
metal alloys [43,44] and the emission sources of these trace metals are logically attributed
to the pyrometallurgical manufacturing activities within the urban region.

3.5. Magnetic Properties

χlf, SIRM, ARM, and the average χARM values were higher in Hebei province than in
Inner Mongolia (Table 3), indicating the important contribution of anthropogenic activities
in the concentration of magnetic minerals. As shown in Figure 5a, the SIRM and χlf values
were linearly correlated (R2 = 0.84), indicating that ferrimagnetic minerals were the dominant
magnetic minerals in dustfall samples. The average S-ratio values were high and varied within
a narrow range, from 0.92 to 0.94 in Inner Mongolia and Hebei province (Table 3), which
further indicated the dominant contribution of low-coercivity magnetite-type ferrimagnetic
minerals to the dustfall samples. There was a significant correlation between χARM and
χlf (R2 = 0.76; Figure 5a), whereas high χlf values corresponded to low χARM/χlf and low
χARM/SIRM ratios (Figure 5b); thus, the significant enhancement of χlf was closely related
to coarser ferrimagnetic phases. These results confirmed that the magnetic minerals in the
dustfall samples were dominated by low-coercivity ferrimagnetic minerals.

Table 3. Summary of the magnetic properties (mass specific) of dustfall samples collected from Inner
Mongolia and Hebei province.

Inner Mongolia Hebei

χlf (10−8 m3/kg) Range 5.71–104.50 111.24–369.81
Mean ± SD 44.0 ± 31.16 215.92 ± 79.03

χARM (10−8 m3/kg) Range 19.24–680.9 287.56–1125.61
Mean ± SD 245.57 ± 182.18 699.82 ± 247.33

SIRM (10−3 Am2/kg) Range 1.50–36.26 16.27–89.92
Mean ± SD 12.38 ± 10.31 51.86 ± 21.21

ARM (10−6 Am2/kg) Range 7.66–271.06 114.48–448.09
Mean ± SD 97.76 ± 72.52 278.59 ± 98.46

S-ratio Range 0.86–0.98 0.88–0.97
Mean ± SD 0.92 ± 0.04 0.94 ± 0.03

χARM/χlf Range 0.97–36.58 2.53–6.20
Mean ± SD 7.06 ± 7.34 3.35 ± 1.05

χARM/SIRM (10−5 m/A) Range 12.84–31.88 11.03–17.75
Mean ± SD 21.58 ± 4.92 14.06 ± 2.5

SIRM/χlf (105 A/m) Range 0.08–1.6 0.14–0.43
Mean ± SD 0.33 ± 0.32 0.24 ± 0.08
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3.6. Correlations among Magnetic Properties and Trace Metal Concentrations

The correlation coefficients of the magnetic properties and trace metals are presented in
Table 4 and Figure 6. For Mg, Ca, V, Fe, Ni, Cu, Zn, and Pb, their concentrations correlated
significantly and positively with χlf, SIRM, and χARM (Figure 6a–c). The highest r was
that of the correlation between Mg and χARM (0.867) (Figure 6c). The S-ratio correlated
positively and significantly with Mg, Ca, V, Cr, Mn, Fe, Co, and Ni. For K and Ba, their
concentrations correlated negatively and significantly with χlf, SIRM, χARM and S-ratio
(Figure 6d). Nearly all metals, except K, Mn, Cu, and Ba, correlated significantly and
negatively with χARM/SIRM (Figure 6e,f). Such correlation is mainly based on the fact that
trace metals occur in close association with magnetic particles, either absorbed or through a
common origin. This justifies environmental magnetism analyses as proxies for evaluating
the concentrations of airborne trace metals.

Table 4. Pearson’s correlation coefficients (r) between trace metals and magnetic properties.

Mg K Ca V Cr Mn Fe Co Ni Cu Zn Ba Pb

χlf 0.863 ** −0.798 ** 0.780 ** 0.772 ** 0.341 0.234 0.813 ** 0.414 * 0.424 * 0.425 * 0.729 ** −0.560 ** 0.445 *
SIRM 0.842 ** −0.790 ** 0.796 ** 0.697 ** 0.310 0.303 0.734 ** 0.323 0.444 * 0.391 * 0.833 ** −0.591 ** 0.493 **
χARM 0.867 ** −0.804 ** 0.788 ** 0.693 ** 0.281 0.406 * 0.754 ** 0.338 0.482 ** 0.396 * 0.772 ** −0.559 ** 0.462 *
S-ratio 0.583 ** −0.504 ** 0.455 * 0.639 ** 0.380 * 0.441 * 0.652 ** 0.606 ** 0.502 ** 0.081 0.160 −0.450 * 0.004

χARM/χlf −0.244 0.123 −0.251 −0.195 −0.158 −0.050 −0.211 0.053 −0.145 −0.199 −0.268 −0.032 −0.190
χARM/SIRM −0.726 ** 0.649 ** −0.707 ** −0.622 ** −0.406 * −0.339 −0.650 ** −0.423 * −0.475 ** −0.324 −0.608 ** 0.565 ** −0.362 *
SIRM/χlf −0.084 −0.025 −0.088 −0.065 −0.076 0.047 −0.071 0.147 −0.035 −0.129 −0.112 −0.172 −0.100

* Correlation is significant at the 0.05 level (2-tailed); ** Correlation is significant at the 0.01 level (2-tailed).

The interrelationships of the trace metal contents and magnetic parameters were
further examined in multiple regression analysis for Inner Mongolia and Hebei province,
respectively. Using the stepwise method, we obtain regression equations for 6 elements in
Inner Mongolia showing relatively high correlation coefficients (R2 = 0.59–0.84; p = 0.01)
with corresponding magnetic parameters and 4 elements (R2 = 0.52–0.78; p = 0.01) for Hebei
province (Table 5 and Figure 7). χlf and SIRM generally reflect the concentration of magnetic
minerals, especially ferrimagnetic minerals [45,46], unlike SIRM, χlf is also influenced by
paramagnetic and diamagnetic minerals [45], and χARM is selectively sensitive to the
abundance of ferrimagnetic grains within the stable single domain and fine pseudo-single
domain range [47,48]. The overall findings show that the elements of dustfall samples
from soil and other lithogenic sources were positively and negatively related to these
concentration- and type-dependent magnetic parameters; whereas from the anthropogenic
sources were negatively related to grain size-dependent ratio parameter χARM/SIRM.
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Table 5. Multiple linear regression results of the trace metal concentrations in the dustfall samples.

R2 F Signif. F Regression Equations

Inner Mongolia 0.635 32.332 0.000 Mg = 1.891+ 0.013 χARM

0.587 26.595 0.000 V = 14.315 + 0.432
χlf

0.658 35.672 0.000 Cr = 11.138 + 0.07 χARM
0.742 52.728 0.000 Mn = 2.219 + 38.228 SIRM

0.686 40.343 0.000 Fe = 5.342 + 0.036
χARM

0.841 95.939 0.000 Ni = 2.727 + 1.136 SIRM
Hebei 0.696 12.43 0.004 V = 30.457 − 0.036 χARM + 0.236 χlf

0.78 18.749 0.001 Fe = 12.862 + 0.107 χlf − 0.015 χARM
0.518 11.75 0.008 Zn = 670.842 − 28.205 χARM/SIRM
0.595 15.716 0.003 Pb = 295.68 − 13.852 χARM/SIRM

R2 always increases as more variables are added to the multiple linear regression
model, as shown in Table 5. For Inner Mongolia, the R2 values of V and Fe were 0.587 and
0.686, whereas for Hebei province were 0.696 and 0.78. It is worth noting that the regression
equations for V and Fe in the dustfall of Hebei province involve the same variables (Table 5),
but there is a larger deviation between the estimate and observed values for V. This is a
consequence of Fe likely formed the iron oxides responsible for the magnetic properties of
dustfall samples.
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Figure 7. Predicted vs observed concentrations of (a) Mn, (b) Fe, (c) Ni for Inner Mongolia dustfall
samples; (d) V, (e) Fe, (f) Zn for Hebei province dustfall samples as described by the stepwise method.
Based on the correlation analysis, 30 samples were used in the multiple regression analysis (19 for
Inner Mongolia; 11 for Hebei province).

3.7. Environmental Implications

Our study was conducted in rural Inner Mongolia and urban Hebei province with
extensive industrial infrastructure. We found that the majority of the trace metals in
Inner Mongolia dustfall samples closely correlated with one another and the magnetic
parameters, whereas the trace metals in Hebei province have multiple sources causing
their concentrations to correlate poorly with each other. These findings indicate that
trace metal concentrations and magnetic parameters in environments with similar and/or
“single” source contributions have a more reliable linkage, whereas multiple sources of
heterogeneous chemical and magnetic particles can complicate determinations of the
relationships between atmospheric trace metals and magnetic parameters. Additionally, our
study also showed that the χARM/SIRM ratios correlated negatively and significantly with
the anthropogenic trace metals and therefore that comprehensive magnetic measurements
should be performed before trace metal contamination is assessed.

4. Conclusions

Atmospheric dustfall samples were collected in rural Inner Mongolia and urban
Hebei province. Compared to the trace metals and magnetic characteristics of atmospheric
dustfall from Inner Mongolia, the concentrations of trace metals and magnetic minerals
from atmospheric dustfall in Hebei province are higher. The type of magnetic minerals
is similar, and the higher ratios of χARM/χlf, χARM/SIRM, and SIRM/χlf indicate that the
dominant magnetic particles within atmospheric dustfall in Inner Mongolia are fine.

Linear regression equations with trace metal and magnetic parameters reveal that the
concentration- and type-dependent magnetic properties (χlf, SIRM) correlated positively
and significantly with the concentrations of trace metals derived from natural processes,
and the concentrations of trace metals derived from anthropogenic activities correlated neg-
atively and significantly with the grain size-dependent magnetic parameters (χARM/SIRM).
The mechanisms influencing this relationship remain to be elucidated in further studies.
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