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ABSTRACT

Magnetic susceptibility (MS) is employed among others magnetic pa-
rameters to investigate pollution along a high traffic density road. In this
study, MS field survey and magnetic laboratory analyses were applied to
five sites along the Via Salaria road in the northern districts of Rome.
Scanning electron microscope and energy dispersive spectroscopy analy-
ses have also been employed to reveal the nature of Fe rich particles of an-
thropogenic origin. In general, the soil samples revealed to contain low
coercivity minerals (e.g., magnetite) with different grain size, Fe-oxides
occurring in various forms (spherules, aggregates, octahedral crystals and
angular particles) are typically found close to the road side border at some
of the analyzed sites. Magnetic minerals concentration in proximity of
the road border resulted higher at sites with higher traffic volume and, in
general, decreases with the distance from it. Evidences of anthropogenic
material in topsoils were found within the first 5 m from the road border.
The study confirms that the in situ measurements of the magnetic sus-
ceptibility are a valuable tool to rapidly investigate variations in the mag-

netic susceptibility profile related to anthropogenic contribution.

1. Introduction

In the last decade numerous studies on anthro-
pogenic pollution demonstrated a close relation among
heavy metals and magnetic parameters in tree leaves or
barks [e.g., Moreno et al. 2003, Gautam et al. 2004,
Blaha and Appel 2005; Maher et al. 2008, Szonyi et al.
2008], urban dustfall [e.g., Muxworthy et al. 2001, Xia et
al. 2008], and soils [e.g., Durza 1999, Petrovsky et al.
2001, Hanesch and Scholger 2002, Lecoanet et al. 2003,
Magiera et al. 2006, D’Emilio et al. 2007]. In particular
several studies utilized the magnetic susceptibility field
measurements as a rapid, low cost method to investi-
gate the source and distribution of pollutants in soils
along heavy traffic roads [Hoffman et al. 1999, Lu et al.
2011]. These studies remark an overall enhancement of
the magnetic susceptibility field signal in the first few

meters close to the roadside border [Gautam et al.
2004, Kim et al. 2009, Bu¢ko et al. 2011]. Rock magnetic
analysis on selected samples, pointed out a direct cor-
relation among the susceptibility enhanced values and
anthropogenic pollutants from automotive and indus-
trial plants [Strzyszcz and Magiera 1998, Goddu et al.
2004, Marié et al. 2010]. These correlations generally
apply when strict conditions characterize the analyzed
area, i.e., unploughed terrains, flat soil surface, constant
winds direction, and homogeneous soil parent material
[Hoffmann et al. 1999], while the effect of soil proper-
ties and local conditions (i.e., prevalent winds direc-
tions, slope of the investigated area, weathering due to
heavy rain) could clearly affect the final results [Kapicka
etal. 2001].

For the research development of this study we ap-
plied a pre-existent methodology to a sector of the
Salaria state road (S.S. 4). The sites investigated differ
for characteristics of the parental rock material and site
local conditions. This local study applies the surficial
magnetic susceptibility method as screening for anthro-
pogenic magnetic pollutants in conditions where dif-
ferences in local geology and morphology persist.

2. Methods and materials

The objects of the study are natural soils sampled
at five localities which differ for the characteristic of the
rock parental material outcropping nearby. Then, being
the soils the result of the alteration of the parental rock,
background lithology of the natural soils along the in-
terstate Salaria road are not homogeneous (Figure 1).
The extra urban sector of the Via Salaria state road is
surveyed for surficial magnetic susceptibility with in situ
measurements and discrete soil samples analysis, on the
aim to characterize the origin of the magnetic fraction
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Susceptibility profiles and sampling locations,
numbers refer to distance in kilometers from
downtown Rome

Daily mean traffic: 20,730 vehicles,
=" of which 1,738 trucks
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of which 1000 trucks
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" of which 716 trucks

. Daily mean traffic: 2,417 vehicles,
of which 454 trucks

m sm B Rough limit of the Volcanic products influence

Figure 1. Location map of the study area, stars locate the sampling sites, symbols as in legend. Site denomination follows the kilometric dis-

tance from downtown Rome along the state Salaria road SS4.

content. Traffic volume, slope of the selected areas, and
characters of the topsoils are not alike among the stud-
ied sites. The numbering of the sites refers to the kilo-
meters along the Salaria road whose zero point is placed
in downtown Rome (Figure 1).

The in situ magnetic susceptibility variations are
recorded along profiles perpendicular to the road axis.
Measurements have been taken on only one side of the
road since the intense grade of urbanization made im-
possible to get cross-road surveying. Discrete samples
have been collected for laboratory rock-magnetic and
chemical analytical determination at given points along
the profiles (positions of the discrete sampling are visi-
ble in the profile of Figure 2). In total, forty topsoil sam-
ples have been collected and analyzed. The topsoil at
the sampling sites is constituted by: recent alluvial de-
posits at site SS17, SS87, and SS94; Pliocene-Pleistocene
sand and clay at site SS39, and middle Eocene-
Oligocene marl and clay marl at SS50. Additionally,
close to sites SS39 and SS17 localized outcrops of pe-
dogenised tufa are exposed [Carta Geologica d’Italia
1:100,000, Sheets 150, 144, and 139].

The profiles of the in situ low-field magnetic sus-
ceptibility (k x 107 SI) extended up to a maximum dis-
tance of 50 m off the road side, depending on local site

conditions (Figure 2). The measurements were taken
using a Bartington MS3 susceptibility meter System,
equipped with D field loop sensor; measurements were
performed every 0.5 m in the first 10 m of the profile,
and then every 1 m. Measurements at each site were re-
peated in different time and seasonal period, this to
avoid any possible meteorological effects on the data.
The discrete samples have been collected with standard
cubic plastic containers of 8 cm? along the profiles, and
then dried at room temperature. The 40 samples were
then analyzed in laboratory to determine the low field
mass specific susceptibility (), m?/kg, on AGICO Kap-
pabridge system, KLY-2 model); a 2G Enterprises (model
755) with an in-line AF demagnetizer and DC field so-
lenoid was used to impart an anhysteretic remanent
magnetization (ARM) using a bias field of 0.05 mT and
a peak-alternating field (AF) of 100 mT. The magnetic
intensity of the samples was then measured and step-
wise demagnetized using AF peaks of 10, 20, 30, and,
40 mT. Hysteresis properties, i.e., coercive force (H),
saturation magnetization (M), and saturation rema-
nent magnetization (M, ) were attained (MicroMag
magnetometer, Princeton Measurements Corp. Model
2900 MicromagTM), with a maximum applied field of
1 T. Coercivity of remanence (H_) was derived from
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Figure 2. Magnetic susceptibility field profiles for sites SS17 (A), SS39
(B), SS50 (C), SS87 (D), and SS94 (E). Dashed dark line represents the
trend of slope profile. APS: is the averaged peak magnetic suscepti-
bility value; ABG: is the averaged magnetic susceptibility back-
ground value.

backfield remagnetization curves. The magnetic stan-
dard parameters obtained are listed in Table 1. Ther-
moremanent susceptibility curves in the temperature
range of 40-700°C in air, made on magnetic extracted
samples (Nd-Fe-B-REE magnet, Rare Earth Element)
were determined (MFK1-FA Kappabridge, coupled
with a CS-3 high-temperature furnace apparatus).

Microscope observations, have been carried on se-
lected soil samples to qualitatively characterize the
chemical content and identify the morphological as-
pects of the magnetic fraction. For this set of analyses
the samples were dried at room temperature, gently
powdered and subject to magnetic extraction using a
Nd-Fe-B-REE (Rare Earth Element) magnet housed in
a plastic sheath. JEOL JSM 6500F Field Emission Scan-
ning Electron Microscope (FESEM, resolution of 1.5
nm), operating at 10/15 kV equipped with detectors for
x-ray (EDS, with a resolution of 133 eV) was used to
analyze the extracted material sparse on conductive
dedicated tape. All the laboratory rock magnetic analy-
ses and morphological study utilized the facilities pres-
ent at the paleomagnetism and high pressure high
temperature laboratories of the Istituto Nazionale di
Geofisica e Vulcanologia (INGV, Rome).

3. Rock magnetic analysis methods and results

A total of 44 discrete soil samples were analyzed
to characterize the magnetic content through rock mag-
netic specific analyses. The instruments utilized and the
main results are detailed in the following sections.

3.1. Magnetic susceptibility field profiles

The overall view of the susceptibility in situ pro-
files defines a sharp magnetic susceptibility enhance-
ment close to the road border at four out of the five
studied sites, i.e., SS17, SS39, SS50, and SS94 (Figure 2A-
B-C and E). At S§94 an unexpected peak is observed
also at circa 40 m off the road, caused by an undisclosed
local source of magnetic susceptibility disturbances, as
probably a residual of a camp fire (Figure 2E). Instead,
at site SS39 the magnetic susceptibility values show that
the increased MS values are spread over wide portion
of the profile, defining a broad area of MS enhance-
ment (Figure 2B). The trend of the slope, dashed line in
Figure 2B, probably favored the transport and spread
of the pollutant magnetic materials to long distances
from the road border. At site SS50 the trend of the slope
instead facilitated the stagnation and concentration of
pollutant magnetic mineral close to the road edge (Fig-
ure 2C, dashed line).

At site SS87 was not possible to isolate any clear
magnetic susceptibility peak (Figure 2D). At this site,
located in a area of moderate traffic volume (Figure 1),
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Magnetic parameters

Site ss17 x M M H. He, H_/H, M, /M M, /x
108 m’kg! 107 Am*kg ! 1072 Am?kg ! mT mT kA m™!

Media 272 31.9 357.1 5.35 15.73 3.12 78 10.59
Maximum 403 119.22 714.4 10.88 22.77 4.69 167 29.56
Minimum 210 18.33 237.02 2.86 59 1.44 46 6.86
Site ss39

Media 760.57 61.92 1151.95 3.71 19.52 5.88 57 8.38
Maximum 1047 97.67 2002 5.84 25.65 11.7 92 16.55
Minimum 214.61 20.35 555 1.49 9.23 2.77 21 4.24
Site ss50

Media 116.5 12.99 166.51 4.53 17.31 4.38 66 9.34
Maximum 207.11 50.61 314.5 11.52 34.54 7.68 0.16 28.89
Minimum 44.33 2.07 30.65 1.5 5.45 1.94 21 3.69
Site ss87

Media 58.37 6.2 63.2 6.11 15.76 3.08 106 10.52
Maximum 143.33 20.75 155.5 9.29 19.82 7.39 162 20.05
Minimum 21.3 2.35 18.82 2.68 8.16 1.2 36 6.14
Site ss94

Media 150 16.99 123.54 10.8 32.27 3.01 0.12 8.17
Maximum 357.53 55.3 363.28 12.08 35.62 3.4 171 15.47
Minimum 12.75 0.76 6.63 9.73 26.48 2.43 12 0.8

Table 1. Statistical values of magnetic parameters.

a guard rail runs close to the road side and probably
acted as a primary barrier for the diffusion of the po-
tential pollutant material.

For the sites experiencing a MS peak close to the
road border (i.e., SS17, S839, SS50, SS94), the amplitude
of the observed peaks and the corresponding magni-
tude are variable (Figure 2A-E), the k values do not
decay at the same distance from the road border and
lower values are reached at different distance charac-
teristic of each site. The averaged background suscep-
tibility value (reported as ABG in Figure 2) is highly
variable across the different sites, likely mirroring the
natural magnetic content of the parental rock material.
Instead, the averaged peak magnetic susceptibility
value (APS in Figures 2) reflects the contribution of the
anthropogenic magnetic pollutants to the magnetic sus-
ceptibility peaks registered at the road border.

The lower k values are recorded at site SS50, SS87,
SS94, where the soil is mainly constituted by clays orig-
inating from the predominant parental rock formation
(i.e., grey clay formation); the corresponding soil sam-
ples, taken off the road border, have low averaged k
and mass magnetic susceptibility (), in m?/kg) values

(Table 1). The higher magnetic susceptibility values are
recorded at SS17 and SS39; at these sites the k and y val-
ues are quite high through all the profile, although the
maximum is reached at point and samples close to the
road border (Figure 2A,B). The high background values
observed at these sites are likely due also to the contri-
bution of the volcanic rock exposed nearby the sam-
pling sites (Figure 1).

The trends of k along the profiles is illustrated in
Figure 2 while the maximum, minimum and mean val-
ues of the specific mass susceptibility for the discrete
samples at each site are listed in Table 1.

3.2. Thermoremanent susceptibility curves

The high-temperature thermomagnetic curves
were performed on all the set of samples once obtained
a magnetic extract using a Nd-Fe-B-REE (Rare Earth El-
ement) magnet. The curves show a distinct step be-
tween 560-600°C, that is typical of all the measured
samples (Figure 3). The corresponding Curie tempera-
ture (ca. 580°C), obtained by linear fit to inverse sus-
ceptibility [Petrovsky and Kapicka 2006] indicates the
presence of magnetite as main magnetic carrier. An ad-
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Figure 3. Thermomagnetic (A-E) curves for one representative specimen for each site.

ditional inflection at about 450°C is observed at sam-
ples belonging to site SS17, SS39, SS50 sites (Figure 3A-
C); these peaks reflects the possible presence of natural
titanomagnetite [Jackson and Bowles 2014]. Quite all
the thermomagnetic curves, exception made for site
S839, are not reversible; cooling curves were above the
heating curves. This behavior is distinctive of the for-
mation of new magnetic phases during heating. Newly
formed magnetite may be responsible of the suscepti-
bility peak observed over 450°C [Dunlop and Ozdemir
1997, Zhu et al. 1999] in samples of site SS87 and SS§94
(Figure 3D,E). In general, the irreversibility of thermo-
magnetic curves has been already observed in several
researches treating with airborne particles [Muxworthy
etal. 2001, Gautam et al. 2004, Sagnotti et al. 2009] and
in some cases linked to the presence of diesel exhaust
samples [Sagnotti et al. 2009], whose contribution is
possible in our specimens.

3.3. Hysteresis properties

The majority (~75%) of the soil samples show
very narrow hysteresis loops and low value of coerciv-
ity (1.5<H_<6.8 mT, Table 1, Figure 4B-H) a behavior

typically observed when magnetite is the main mag-
netic carrier [Roberts et al. 1995]. Slightly open curves
and higher coercive force values are observed for sam-
ples SS1701 , SS87, and for the whole SS94 site
(9.7<H_<12 mT, Figure 41,]). Hysteresis parameters,
obtained after paramagnetic slope correction, are sum-
marized in a “Day plot” (Figure 5) [Day et al. 1977,
Dunlop 2002]. Most of the data samples plot in the field
of ideal PSD magnetite grains field, and their distribu-
tion parallel on the right the single domain (SD)-MD
mixing curve indicating no contribution by superpara-
magnetic minerals (SP). Samples with higher values of
H_/H_ (25) and low M_ /M (<0.05) may be domi-
nated by MD grains that are known to produce con-
stricted hysteresis loops [Tauxe et al. 1996, Dunlop
2002]. Samples falling on the left respect to the SD-MD
mixing curves may consist in a mixture of mineralogi-
cal phases.

3.4. Room-temperature biplots

Some compositional information of the samples
can be derived from the speculation of the specific biplots
of magnetic parameters [Peters and Thompson 1998,
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Figure 4. Representative hysteresis curves for each site (A-]). First column is relative to the samples taken nearby the road border, second

column refers to the samples off the road border.

Peters and Dekkers 2003]. M, /y ratio versus
ARM, ../ARM, .. plot is used to identify the pres-
ence of haematlte and pyrrhotites minerals, none of
the sample fall in the corresponding area (Figure 6); be-
side that, none of the samples analyzed have a H_,
greater than 40 m'T, when values over 100 mT are dis-

tinctive of haematite/goethite minerals (see Table 1);
instead the samples concentrate mainly in the titano-
magnetite and hard magnetite field (soft magnetite lays
in the lower left part of the diagram; Peters and
Thompson [1998]). However, it has to be considered
that the presence of paramagnetic (and or superpara-
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magnetic particles, which is not our case) affecting the
X values, may contribute to lower down the M__/y ratio
giving unclear and not straight forward interpretation
of resulting bi-plots [Thompson and Oldfield 1986, Pe-
ters and Thompson 1998].

The fairly good linear relation found for M, and y,
parameters (Figure 7; R? = 0.86) indicates an increment
in magnetic concentration for samples falling in the
upper right corner of the diagram [ Thompson and Old-

field 1986]. Samples respecting the covariance relation
have ferromagnetic minerals dominating the magnetic
properties of the soils [Urbat et al. 2004]. Data displaced
in the upper part of the diagram in general correspond
to magnetic minerals having a significant contribution
from coarse ferromagnetic grains size, originating from
anthropogenic supply or specific pedogenic origin; the
ferromagnetic contribution decreases toward the ori-
gin of the diagram where low M  and x would point
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toward paramagnetic mineral content [Lecoanet et al.
2003]. In our case study the results suggest that the
variations among sites are mainly related to magnetic
concentration and grain size variability, rather than dif-
ferences in mineralogy [Urbat et al. 2004]. Exceptions
to this behavior are found for some discrete samples
falling away from the regression line (i.e., one sample of
site SS17; Figure 7), for which high coercive haematite
is present. The samples falling away from the origin in
the graph belong to site SS39 (i.e, the ones in the right
upper corner of the graph), and in particular the ones
sampled close to the road border (distance less that 15
m) where it is expected a major concentration of mag-
netic mineral of anthropogenic origin.

3.5. FESEM and EDS analyses of Fe-particles

Fe-rich particles of anthropogenic origin have been
recognized at almost all soil samples sites when ob-
served through the Field Emission Scanning Electron
Microscope.

At sites SS39 and SS17 the magnetic material is rep-
resented prevalently by natural Fe-oxides along with
fine (<1 micron) sparse magnetic material of anthro-
pogenic origin (Figure 8D). Fe-oxides in lamellae shape
are observed at site SS17 (Figure 8C), accompanied
with altered magnetic oxides of natural origin of ca.
1 pm dimension. Fine Fe-oxides in aggregate form are
observed at site SS50, SS87 and SS94 (Figure 8E,EG,
respectively). Fe-sulphides were detected at site SS94
(Figure 8H), where they assume “orange peel” and
framboid structure, the dimension varies from few mi-
cron to the nanometre. Framboid shaped sulphides of
anthropogenic origin characterize the magnetic parti-
cles of the second magnetic susceptibility peak regis-
tered at site SS94 40 meter off the road border (cf.
Figure 2E and Figure 8H).

Other non-magnetic elements isolated in the sam-
ples and originating from anthropic contribution are:
Ni particle, Cu in association with Fe or Zn, these lat-
ter probably deriving from agricultural fungicide (prob-
ably at site SS39) and to traffic derived emission
[Chaparro et al. 2010]; Cu can be originated from
brakes abraded particles and Zn from tire abrasion. In-
stead the Pb found is likely a residual of the circulation
of “pre-euro” engines (site S§94 and SS87).

4. Discussions and conclusion

Via Salaria is one of the main interregional roads,
connecting the city of Rome to the north-eastern dis-
tricts, it is characterized by variable automotive and
truck traffic flow (Figure 1). The ensemble of the analy-
ses done shows that at three sites, i.e., SS17, SS50 and
SS94, the increase of the k mean values close to the road

border (<5 m) is frankly due to anthropogenic pollut-
ing contribution. At two of these sites the natural fer-
romagnetic concentration is quite low (Table 1) and the
paramagnetic contribution is significant, the resulting k
peak clearly identifies better the presence of magnetic
anthropogenic materials (e.g., SS50 and SS94). For these
sites the morphological analysis evidenced the presence
of Fe-oxides aggregates and orange peel titanomag-
netite of anthropogenic origin. Instead, at other sites the
anthropic contribution (e.g., spherical anthropogenic
magnetite associated to nickel and sulphates), is par-
tially obscured by the natural magnetic content of the
parent rock material, making difficult to define the limit
of the spatial distribution of the magnetic pollutants.
This is particularly true for site SS39 and SS17 where
the soil in enriched by natural titanomagnetite. A fairly
good correlation exists between the remanent magne-
tization and y, (10”8 m?kg™!) that points to higher con-
centration of ferromagnetic minerals for these two
sites for which the contribution from the rock parent
materials plays a fundamental role (i.e., natural titano-
magnetite of volcanic origin).

The magnetic analyses pointed mainly toward
PSD magnetite grains component as characteristic of
the magnetic carriers, and/or a mixing of SD-MD mag-
netite and titanomagnetite with minor or no contribu-
tion by SP grains. Haematite was found only at one soil
sample (at site SS17, sample at 1 m off road border),
and it is likely of anthropogenic origin.

Some features were noticed to influence signifi-
cantly the transport and diffusion of the magnetic ma-
terial from automotive origin, as: (i) guardrails (e.g., site
SS87) preventing the diffusion of the majority of pol-
lutant material into the survey area; (ii) slope, condi-
tioning that can widen the diffusion of pollutant over
an area, or concentrate it (§539 and SS50, respectively);
(ii1) ditches along roads, creating a shadowing zone for
the pollutant diffusions (SS17 and SS94).

As a general remark the averaged susceptibility
values decrease away from the city of Rome, reflect-
ing in part the characters of the rock parental mate-
rial, and the contribution from automotive circulation
to the magnetic fraction. This specific aspect is visible
in Figure 9, where the averaged magnetic susceptibil-
ity x (1078 m’kg™1) and SIRM values (Figure 8A,B) de-
creases away from the road side border for sites SS17,
SS39, SS50 (characterized by high and medium traffic
volume) and show low averaged values at sites SS87 and
SS94 (area of low traffic volume). At site SS39 the ratio
SIRM/7, (Figure 9), increases slightly at increasing dis-
tance from the road side border, suggesting a decrease
in concentration and/ or in grain size of magnetic min-
erals away from the road [Moreno et al. 2003].
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Figure 8. Morphological analysis and chemical composition of selected sample. (A) Road dusts Fe-Oxides aggregates as comparison (per-
sonal communication L. Alfonsi); (B) natural Ti-reach magnetite, in the images SS17 sample; (C) lamellae shaped Fe-oxides, sample SS17-1;
(D) Nanometre Fe-Oxides spherule from SS39-5; (E) orange peel shaped Fe-oxides at sample SS50-2; (F) orange peel Fe-oxides sample SS87-
4; (G) Fe-Oxides aggregates, SS94-5; (H) framboid shaped sulphide, SS94-40. The numbers aside the site abbreviation indicate the distance
from the road border; red stars indicate the position of chemical composition analysis.

To conclude, this study confirms that the in situ
magnetic susceptibility measurements on soils sedi-
ments is a valuable method to rapidly identify alteration
into the magnetic susceptibility profile, due to natural or
anthropogenic elements. Nevertheless, in order to give
a final statement on the nature of the magnetic mate-
rials, this low cost and rapid survey needs to be associ-

ated with detailed rock-magnetic laboratory analyses
and to microscope observations and analyses. Higher
susceptibility values related to the presence of anthro-
pogenic pollutants have been recorded in a number of
the investigated sites, their major impact is evident
within the first 5 m from the road side.

This study showed how natural soils, even if there
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Figure 9. Values of susceptibility, SITRM and SIRM/y, with respect of
the distance from the road border, and traffic volume (decreasing
from black to light grey).

are uneven conditions of rock parental material, geo-
morphology and local site conditions, can be used as
screening indicators for the enhancement in magnetic
minerals concentration, due to pollution derived from
vehicle emissions. Furthermore, as showed by other
magnetic methods applied to monitoring air pollution
in Rome [Moreno et al. 2003], these kind of studies can
provide a long term record of the magnetic pollution
load to a natural or urban environment.
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