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Abstract

Soil contamination linked to abandoned lead—zinc mining wastes represents a serious environmental hazard of worldwide
concern, raising the need for cost-effective tools to spatialize the contaminated area and assess the risks. In worldwide
industrial environments, positive correlation between magnetic susceptibility and heavy metal soil contamination is often
reported and used for fast preliminary site assessments. In this study, we report monitoring of an olive grove, situated below
one of the abandoned tailings dump of the former Jebel Ressas Pb—Zn mining site (Tunisia), with three different commercial
susceptibilimeters (Terraplus KT10, Bartington MS2D and Geonics EM38 induction device). Integration depths of above-
mentioned susceptibilimeters vary from 3 to 150 cm. Similar broad-scale magnetic susceptibility maps for the three devices
emphasize the effect of topography and runoff transfer as the main mechanisms for tailings material dispersion. Very low
susceptibilities (~ 10 x 107 SI) characterize the contaminants magnetic signal, while uncontaminated soils susceptibilities are
one order of magnitude higher (100—150x 107> SI). This unique case of reverse correlation between magnetic susceptibilities
and contamination (Pb, Zn, Cd) trace efficiently the degree of contamination and is substantiated by further mineralogical
and magnetic properties analyses showing the predominance of iron amorphous oxyhydroxides in the dump, while (titano)
maghemite is the main natural magnetic carriers in the uncontaminated soils in this specific carbonated context. The Geonics
EM 38, with a proper calibration procedure, reveals a performant tool increasing the depth of investigation and when com-
bined with shallower susceptibilimeter, opens perspectives for qualitative 3D spatialization of metallic contamination.

Keywords Magnetic susceptibility - Metallic contamination - 3D spatialization - Geonics EM38 - Reverse correlation -
Carbonated context

Introduction non-negligible impacts on ecosystems, and hence on living

and health conditions (see, for example, Berntsen et al. 2010;

Among the modern societal concerns, the environmental
quality and its impact on human health have become major
challenges. It has been demonstrated that heavy metals have
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Hansard et al. 2011). Metals can migrate from the source of
contamination to soil via several physical-chemical trans-
fer mechanisms (Kabata-Pendias and Pendias 1992). If the
source is not isolated, contaminants may reach the biosphere
(Kabata-Pendias 2004) and accumulate up to and above
thresholds of toxicity for human’s health (see, for example,
Gutiérez et al. 2016; Ding et al. 2018; Monneron-Gyurits
et al. 2020). Cadmium (Cd) and lead (Pb) are common pol-
lutants which have, to different degree, a relationship with
many pathological states such as renal and bones damage,
growth and neurobehavioral problems, high blood pressure
and even, potentially, cancer (Kabata-Pendias and Pendias
1992; USEPA 2012). Zinc (Zn), although being an essential
oligoelement, also becomes toxic at very high doses espe-
cially on immunity and digestive systems (Fosmire 1990).
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These heavy metals must be considered as potentially haz-
ardous substances (PTEs) inducing a risk to human health
(Adriano 2001).

Countries from the Mediterranean southern riverside
display large mine tailings quantities rich in heavy metals
like Pb, Cd, Zn, Sb, As and Hg coming from mining sites
abandoned or still in activity (Guttiérez et al. 2016). For
the majority of these sites, villages and farmlands devel-
oped adjacent to the treatment plant. Health risk assessment
linked with waste metallic particles depends upon multiple
and complex interactions of several parameters such as waste
mineralogy, climatic conditions and contamination transfer,
time elapsed since mine closure, land use, local population
practices and type of remediation, if undertaken, to reduce
impacts of contamination (Johnson et al. 2000; Passariello
et al. 2002; Doumas et al. 2018; Guttiérez et al. 2016). In
Tunisia, around 50 mining sites have been exploited leaving
important volumes of mine tailings for which high concen-
trations in Pb, Cd, and Zn have been evidenced (Ghorbel
et al. 2010; Othmani et al. 2013; Boussen et al. 2013; Dal-
doul et al. 2015; Souissi et al. 2015; Pascaud et al. 2015;
Sliti et al. 2019). Despite the absence of acid drainage linked
to the carbonated context, the fine granulometry, the light
cohesion, the absence of vegetation cover and the lack of
specific remediation actions render these tailings particu-
larly vulnerable to hydric and aeolian erosion processes
notably linked to intense and time-limited climatic events
(high-speed winds and heavy rainfall) characteristic of the
semi-arid climate of this region. Therefore, miner’s villages
built adjacent to former treatment plants and surrounding
farmlands have often undergone historical accumulation of
metals in soils, generating exposure of inhabitants via differ-
ent pathways (Ghorbel et al. 2010, 2014; Ghorbel 2012; Dal-
doul et al. 2015; Béjaoui et al. 2016; Pascaud et al. 2015).

Recognition of contaminated areas generally rely on
time-consuming procedures based on numerous sampling
followed by expensive geochemical analyses. Development
of indirect methods such as geophysical measurements
emerged in the last decade as a valuable tool for contamina-
tion spatialisation and first assessments of principal mecha-
nisms responsible for tailings dispersion (Steeples 2001;
Pérez et al. 2014; Pierwola et al. 2020). Magnetic methods
combined with magnetic mineralogy and selected geochemi-
cal analyses have proven their efficiency in tracking heavy
metal contamination both in urban and industrialized zones
worldwide (see, for example, Schmidt et al. 2005; Maher
2009; Jordanova et al. 2010, 2013; Wang 2013). This tech-
nique presents the advantage of being quick, easy to operate,
and cost-effective. Almost generally, positive correlations
between magnetic susceptibilities and heavy metal (Pb, Cd,
Zn, As, etc.) concentrations are found, explained by the abil-
ity of Fe-oxides, often associated with the waste generated
by the metallurgical processes or derived from the ore after
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weathering, to retain potential toxic elements on their sur-
face due to sorption processes (i.e., Pérez et al. 2014 and
references therein). However, for each given context, the
relationship between the soil’s heavy metal contamination
and the magnetic mineralogy needs to be assessed.

In this experiment designed before the release of the ISO
21226:2019, we present a rare case of reverse correlation
between metallic contamination and magnetic susceptibility
from a former Pb—Zn mining site in North-Eastern Tuni-
sia (see Fig. 1A). We focused our detailed contamination
study on an olive grove situated next to a flattop waste dump
nearby the former miner’s village of Jebel Ressas (Dump II1,
Fig. 1; Ghorbel et al. 2010; Souissi et al. 2015). To spatialize
the contamination, we tested the reliability of three commer-
cial susceptibilimeters (GEONICS EM38, Bartington MS2D
sensor; Terraplus KT10) the two latter being commonly used
to measure magnetic susceptibility in environmental studies.
The three devices mainly differ in their integration depths
varying from 150 cm for the deepest GEONICS EM38 to
3 cm for the shallowest Terraplus KT10. To better assess
the origin of our susceptibility signal, we completed our
in situ study with laboratory magnetic mineralogy and port-
able X-ray fluorescence analyses of soils and mining wastes
sampled in the field.

Materials and methods
Site description and sampling

The village of Jebel Ressas, located about 30 km southeast
of Tunis (36° 36’ 33.02", 10° 18' 56.58", Fig. 1A), developed
close to an ancient extraction Pb—Zn site, at the foot of the
Jebel Ressas mountain (literally the lead mountain). Pb and
Zn ores are hosted in the Jurassic calcareous layers and are
composed of Pb, Zn, and Fe sulfides (galena, sphalerite and
pyrite) with abundant secondary minerals, Pb—Zn bearing
carbonates, silicates and iron oxides hosted in the limestones
(Sainfeld 1952; Jemmali et al. 2011). The village involves
an area of 0.07 km? with a few hundreds of inhabitants and
expands southwards by and westwards on the contaminated
area of the ore-processing plant where the ore was ground
and concentrated. Extraction and subsequent ore treatment
between 1880 and 1956 resulted in almost two millions of
tons of gravimetry and flotation wastes dumped in three dis-
tinct flat top heaps (see Fig. 1b in Ghorbel et al. (2010) for
respective location of DI, DII, and DIII). The northernmost
heap DIII (Fig. 1B) is the largest one (about 35, 250 m?)
with mean concentrations of the waste material of 7.11 wt%
for Zn, 2.3 wt% for Pb and 290 mg/kg for Cd (Ghorbel et al.
2010). No vegetation has grown on the dump. The waste
material exhibits a weak cohesion and fine grain size domi-
nated by silts and clay and no specific remediation action
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Fig. 1 Setup of the study. A Location map of Jebel Ressas Village.
B Google Earth image with location of the geophysical study (White
dotted square). Part of Jebel Ressas village is observable on the East
of Dump III. Blue stars correspond to the depth profiles from this

was undertaken to prevent erosion and/or chemical alteration
(Ghorbel et al. 2010).

Westerly and north-westerly winds prevailed in the
region and favor contaminated dust transfer from Dump
III towards the village (Fig. 1B). However, simulations of
metal contamination in aerosols during the summer period
by Ghorbel et al. (2014) have shown spreading of contami-
nation towards agricultural lands to the North West of the
dump (and notably toward the olive groove investigated
in this study) by easterly stronger winds more efficient for
dust emission and transfer. The annual precipitations aver-
age slightly less than 500 mm but under the Mediterranean
climate occur generally as heavy storms, which favor the

T iTo

study, Red star materialize the localization of the soil profile of Sou-
issi et al. (2015) (see text). Colored Diamonds show individual data
points

runoff transport (Doumas et al. 2018). This contamination
transfer mechanism impacted the olive grove investigated in
this study, situated downslope West of dump DIII (Fig. 1B)
and characterized by a topographic depression in its center,
with field evidences of runoff from the dump toward this
depression (Ghorbel 2012).

Our in situ magnetic susceptibility measurements were
performed along eight parallel transects separated by 20 m
on average in the olive grove to the North West of dump DIII
(Fig. 1). Along the transects TO (100 m), T1 (100 m), T2
(100 m), T3 (90 m), T4 (90 m), T5 (75 m), T6 (45 m), and
T7 (40 m), measurements were taken every 10 m on average.
Locally, additional measurements (5 on average /transect)
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Fig.2 Volumic susceptibility maps of the Olive grove along the pro- »
files of Fig. 1. a With the Terraplus KT10; b with the Bartington
MS2D, and ¢ with the Geonics EM38. Localization units are UTM.
The color scale is the same for the three maps

were realized to assess the reliability of the observed varia-
tions and avoid disturbances linked to small metallic particle
waste unrelated with our investigation goals. Two perpen-
dicular transects (Fig. 1B) were also measured on dump DIII
topmost surface (only with Bartington MS2D sensor device)
to assess the level and variability of the susceptibility meas-
urements linked to the most contaminated surfaces. In the
field, for all points taken with the Bartington MS2D probe,
three distinct measurements were averaged to account for the
variability linked with soil surface irregularities and prevent
potential unrepresentative metallic contamination. All the
profiles were positioned with GPS then transferred to UTM
coordinates (Fig. 2).

In addition to the field measurements, samples of the soil
surface (1-2 kg on average) were taken at each point along

4052450

4052400
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Ghorbel et al. (2010) have shown that calcite is the most rep-
resentative mineral in the Jebel Ressas mining waste. Pres-
ence of ankerite (Ca (Mg, Fe) (CO3),) is also detected. The
clay minerals are principally kaolinite (Al,Si1,05(OH),) and
illite (KAI,SizAlO,4(OH),). The metallic bearing phases (Pb,
Zn, and Cd) are in majority carbonates (cerusite (PbCO;),
smithsonite (ZnCOj), and hydrozincite (Zns(OH)4(CO5),)),
silicates (hemimorphite (Zn,Si,0,(OH),(H,0), and willem-
ite (Zn,Si0,)), sulfides (galena, sphalerite, pyrite) and iron
oxyhydroxides. Cadmium appears as zinc substitution in the
different species of zinc minerals. The chemical composition
and the absence of signal in the XRD converge to the idea
that the iron oxyhydroxides are mainly amorphous, such as
ferrihydrite, and high pH (characteristic of alkaline carbon- . 1
ated environments) like lepidocrocite or goethite (Pankhurst 617600 617650 617700
and Pollard 1992; Liu et al. 2007). No hematite was identi- (T T T
fied in the mineralogical analyses of Dump III. 10 30 50 70 90 110 130
According to Souissi et al. (2015), clay and silt princi- K 105S1.

pally compose the soils near Dump III where kaolinite, illite,

calcite dolomite, and quartz dominate. For the soils along
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radial referred as R8, which cross our field investigation area
to the West of Dump III, hemimorphite, cerussite, barite,
and hydrozincite are also present. Along this radial, Souissi
et al. (2015) report the highest contents of Zn, Pb, and Cd
(6.65%, 2.39%, and 296 mg/kg respectively). Iron oxyhy-
droxides represent around 3% (samples PR6 and PR7) of the
mineral phases in the soils without further characterization
(Souissi et al. 2015). Values of 57, 3814, and 9203 mg/kg for
Cd, Pb, and Zn, respectively, are also reported in our area of
investigation (Sample P3, Elouear et al. 2016).

Magnetic susceptibility datasets

Volumic magnetic susceptibilities (x) were measured in situ
with two field susceptibilimeters (Bartington MS2D sensor,
and Terraplus KT10).

We also performed susceptibility measurements (x) with
a GEONICS EM38 electromagnetic induction (EMI) device.
This instrument is usually devoted to conductivity surveys
but can also be used to map qualitative variations of field
susceptibility (De Smedt et al. 2014). To obtain quantita-
tive measurements, an additional calibration is necessary.
We used the protocol described in Thiesson et al. (2016)
using theoretical calculation from a ground layer with dif-
ferent susceptibilities. First, we took a non-magnetic purely
conductive aluminum sphere to find the converting coef-
ficient between field measures and ppm (part per million).
For our instrument, the adjusted coefficient is 35 ppm (from
the secondary field over the primary field ratio), to be com-
pared to the coefficient of 29 ppm indicated in the user’s
manual of GEONICS. Second, we calibrated the electro-
magnetic response of the device to convert ppm values into
real susceptibility values. Using our calibration results, we
re-calculated the data obtained in the field. The goal was to
test the reliability of this device and method in comparison
with more classical near surface susceptibilimeters. With
this protocol, this instrument integrate volumetric suscepti-
bility measurements at greater depth than the other devices.

Measurements with the GEONICS EM38 and Barting-
ton MS2D were realized simultaneously in May 2012. The
Terraplus KT10 measurements were realized the same year
during a second field campaign using the same profiles and
position. The three instruments differ mostly by the volume
on which the susceptibility (measured in SI) is integrated.
The effective penetration depth is considered to be 6-8 cm
for the MS2D sensor (diameter of 164 mm) corresponding to
90% of the recorded signal (Lecoanet et al. 1999) and about
3 cm for the KT10 (diameter of 65 mm). The sensitivity is
similar for the KT10 and the MS2D on the order of 1.107°
SI. Variations in surface susceptibility values measured with
the Bartington MS2D and Terraplus devices are ascribed to
their different penetration depths revealing magnetic prop-
erties inhomogeneity in the media investigated (Jordanova

et al. 2003). In comparison, for the GEONICS EM38, the
depth of response is supposed to be up to 150 cm with a
sensitivity on the order of 107 SI.

To investigate the instrumental responses produced by the
different devices, we realized the measurements following
the principle of a square pattern in an olive grove situated
below and to the West of dump III (see Fig. 2). It is worth
to note here that the olive grove is plowed almost every
6 months up to a depth estimated by the farmer at 40—-60 cm.
The measurements with the MS2D susceptibilimeter, EM38
device and the sampling was realized before plowing of the
field whereas, those with the KT10 susceptibilimeter were
done shortly after. Maps for each of the concerned devices
were drawn with the commercial SURFER Software (https:/
www.goldensoftware.com/products/surfer) using minimum
curvature interpolation. Unfortunately, a technical failure
prevented the in situ measurements of the T6 and T7 profiles
with the Bartington MS2D sensor. However, soil samples
were taken at each measurement point of these two profiles
as well as for profiles T4 and T1 to perform the laboratory
magnetic analyses (see Sect. 3). In the light of the results
obtained on the soil samples (see “Magnetic properties and
anti-correlation with contamination”), we built a composite
map (combining in situ and laboratory measurements) to
allow a better visualization and comparison of the results,
even if, therefore, the westernmost part of the map has to
be taken with more caution (see Sect. 3 for explanation and
discussion).

Magnetic properties and portable X-ray
fluorescence (pXRF) analyses

Magnetic properties investigations were performed at the
GET (Toulouse, France), IPGP (Paris, France), and LFC
(Pau, France) Magnetism Laboratories.

On the sampled soils, after resampling in cubes of 11
cm?, low field volumic susceptibility x was measured first
with a Kappabridge KLY3 (AGICO) susceptibilimeter to
compare with results obtained directly in the field. Then, low
(0.465 kHz) and high (4.65 kHz) frequencies of the mass-
normalized magnetic susceptibility were measured with a
Bartington MS2B frequency sensor. Frequency-dependent
susceptibility (yqq =100 X (v vnp)xnp) 1 @ widely used nor-
malized parameter reflecting magnetic particles with grain
sizes close to the superparamagnetic/single domain (SP/SD)
boundary (Verosub and Roberts 1995). The high percentage
levels of (SP/SD) found with the Bartington MS2B sensor
(see “Magnetic properties and anti-correlation with contami-
nation”) lead us to realize complementary measurements
with a more sensible AGICO MFK1 Kappabridge follow-
ing the procedure defined in Hrouda et al. (2013, 2015) to
obtain the numerically equivalent y,, normalized parameter
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(Xon=(200/7) tans, where 9 is the phase angle (Jackson
2003).

To assess the different components of the magnetic min-
eralogy, we performed temperature-dependent magnetic sus-
ceptibilities K-T curves, under Argon atmosphere, using a
CS3 high-temperature unit attached to a KLY 3 Kappabridge
(AGICO).

To explore the conjugate variations between contami-
nation and magnetic signal, measurements of elemental
occurrences for Pb, Zn, and Cd were realized in the GET
(Toulouse, France) using a portable Bruker’s XRF S1 Titan
spectrometer on the same soils samples used for magnetic
properties in the laboratory (Profiles T1, T4, and depth pro-
file C4). Measurements protocol follow the ex situ protocol
described in Horta et al. (2015). The external reproducibil-
ity of the method is addressed by repeated measurements
of international standard NIST 44 (National Institute for
Standards and Technology) throughout the analytical session
(every 5 measurements on average) with certified values of
330+ 48 mg/kg and 656 + 75 mg/kg for Pb and Zn, respec-
tively. Over 8 measurement a calculated mean of 308.5 mg/
kg (mean error of 6.5% and mean reproducibility of 96%)
and 639.5 mg/kg (mean error of 2.5% and mean reproduc-
ibility of 91%) was found for Pb and Zn, respectively, with a
calculated 20 deviation of 8% for Pb and 18% for Zn.

Results and interpretations
Spatial distribution of magnetic susceptibilities

After characterizing the background susceptibility signal on
the uncontaminated soil matrix about 3 km away from Dump
III, which gave value of 100-150 x 10~ SI, susceptibilities
were first measured on DIII dump top along a 60 m long
transect to define the contaminated surface susceptibility
response (Fig. 1B). Susceptibilities measured each 10 m
with the Bartington MS2D probe on D3a (Fig. 1B) range
between 9 and 13.3 x 107> SI with an average of 10.7 x 107>
SI. These low values suggest the quasi absence of ferri-
magnetic phases in the mineralogical assemblage of the
dump. Similar values (9.3-12.25 x 1073SI with an average
of 10.6 x 107°ST) are observed for the 60 m long perpendicu-
lar transect (D3b—Fig. 1B) even if even shallower levels
of susceptibility (2—5 x 10~ SI) associated with a visible
unanalyzed dark crust are also encountered. These measure-
ments are consistent with the presence of lepidocrocite or
goethite for which typical susceptibilities are on the order of
a few 107 SI and amorphous iron oxyhydroxides as already
suggested by the mineralogical studies (Ghorbel et al. 2010).

Figure 2 shows the spatial distribution of the suscep-
tibilities in the olive grove obtained with the three differ-
ent devices used. The three datasets are plotted using the
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SURFER10 software using minimum curvature interpola-
tion and the same color scale for direct comparison. Meas-
ured susceptibilities range between 17 and 108 x 107 SI, 31
and 114 x 107 SI, and 10 and 159 x 107 SI for the Barting-
ton MS2D, KT10, and EM38, respectively. Similar ranges
are observed for the variations with the MS2D and KT10
and slightly higher for the EM38 interpreted as due to the
penetration differences and soil volumes integrated by the
different devices.

Recalling that the unpolluted susceptibility background
signal is around 100-150 x 10 SI, the one order of mag-
nitude lower susceptibilities obtained directly on the mine
tailing show that soil contamination is most probably evi-
denced in this study by a decrease in magnetic susceptibili-
ties. Magnetic susceptibility and level of contamination are,
therefore, here anti-correlated contrary to what is usually
expected for metallic contamination (i.e., Evans and Hel-
ler 2003; Chaparro et al. 2007; Dankoub et al. 2012; Wang
2013). Further evidences of this strong anti-correlation are
described in “Magnetic properties and anti-correlation with
contamination”, and Fig. 3.

The first-order coherency of the patterns displayed is sim-
ilar despite some variations in sensibility and/or penetration
of the different tools. KT10 and to a lesser extent Bartington
susceptibilimeters probably due to their shallow penetration
depth seem more influenced by high-frequency disturbances
linked to soil asperities, shallow and localized variations of
lithology and/or small and shallow metals particles. Plowing
of the field seems to have a limited effect on the repartition
of the anomalies. All maps show a non-uniform distribu-
tion of the magnetic susceptibilities. Contaminants seems to
accumulate in a central zone on the olive grove correspond-
ing to a topographic depression zone in the field and along
two pathways linking this depression zone to the dump slope
and corresponding to streaming water line (or temporary
brooks) also identified in the field. Despite the undeniable
contribution by eolian transfer (Ghorbel et al. 2014), the
main mechanism for contamination transfer toward these
agricultural zones is most probably, therefore, linked to run-
off transfer.

Anomalous low susceptibilities can be detected with the
geophysical measurements more than 200 m away from
the dump. Using the progressive penetration depths of the
devices used, we observed that the contamination maximize
below 3 cm and tend to fade away at 150 cm, apart in the
central depression where it accumulates. It is worth to note
that the influence of soil moisture is negligible on magnetic
susceptibility measurements contrary to other geophysical
investigations methods (Maier et al. 2006; Pierwola et al.
2020) and, therefore, that the signal cannot be biased by the
water content.

Comparison of the results maps obtained with the three
devices allows us to validate the use of the Geonics EM38
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Fig.3 A ‘In situ’ (Bartington MS2D) and laboratory (hand-samples
AGICO-KLY3) volumic susceptibility measurements along profiles
T1 and T4. B Hand sample’s volumic susceptibilities for profiles T6
and T7 incorporated in the ‘composite’ Bartington MS2D map of
Fig. 2 after failure of this latter device in the field. C pXRF elemen-
tal concentration in mg/kg for Pb, Zn, and Cd versus AGICO-KLY3

volumic magnetic susceptibilities for profiles T1 and T4 exhibiting
strong anti-correlation. Associated determination coefficients are
displayed. D AGICO-KLY3 volumic susceptibilities versus depth on
profiles C1 and C4 measured in the laboratory and conjugate pXRF
elemental concentration for Pb, Zn, and Cd versus depth on profile C4
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as a quantitative field susceptibilimeter, granted that calibra-
tion is properly done following the procedure described in
Thiesson et al. (2016). The combination of the devices with
different penetration depths also opens the possibility for
qualitative 3D mapping of contaminated area.

Magnetic properties and anti-correlation
with contamination

To interpret the susceptibilimeters record and characterize
the magnetic carriers involved, magnetic properties inves-
tigations and pXRF measurements were conducted at the
GET magnetism Laboratory (Table 1). Susceptibilities (y)
of surface samples from 4 profiles (T1, T4, T6, and T7) and
two depth profiles were measured with a KLY3 (AGICO)
susceptibilimeter. Along profiles T1 and T4, results display
a very good agreement between the Bartington field MS2D
sensor measurements and the sub-surface samples taken at
the same points (Fig. 3). Determination coefficients (R?)
of 0.7 and 0.8 are, respectively, found (Fig. 3). This result
allowed us to use the laboratory susceptibilities measured
for T6 and T7 (Fig. 3B) to build the ‘Bartington’ composite
map of Fig. 2 and palliate to the technical failure of the Bar-
tington susceptibilimeter in the field. The coherency between
the laboratory and field measurements is also encouraging to
consider the latter as representative of the magnetic mineral-
ogy present in the field.

To evidence the relation between contamination and
magnetic susceptibilities, pXRF values for Pb, Zn, and
Cd realized on soils sampled on profiles T1 and T4 were
plotted against the AGICO-KLY3 susceptibilities realized
on the same sampled soils (Fig. 3C). Determination coef-
ficients (R%) of 0.86 (T1) and 0.9 (T4) are found for the anti-
correlation with Pb, 0.9 (T1) and 0.88 (T4) for Zn, and a
slightly lower anti-correlation is found for Cd with R? values
of 0.63 (T1) and 0.74 (T4) (Fig. 3C). Even if pXRF might
be sensible to soil moisture and heterogeneities of the soil
matrix, Horta et al. (2015) showed doing pairwise compari-
son pXRF and ICP-AES that pXRF was highly applicable
to measure Pb and Zn while potentially less accurate for
Cd. It is worth to note that Pb, Zn, and Cd concentrations
found with pXRF in this study are very similar to concentra-
tions reported for the same olive groove (Souissi et al. 2015;
Elouear et al. 2016).

The most detailed depth profile C4 show that suscepti-
bilities start to increase below 20 cm depth to reach values
close to 80-100x 10~ SI at 4050 cm on the order of the
unpolluted matrix susceptibilities (Fig. 3D). The pXRF val-
ues again substantiate the strong anti-correlation between
susceptibility and contamination even at depth with R? above
0.9 for the three elements considered (Pb, Zn and Cd) and a
clear decrease of contamination in Pb, Zn, and Cd at depth.
These results reinforce the interpretation of the geophysical
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measurements based on the penetration depths of the differ-
ent devices. The combined data show that the highest soil
contamination degree by the mine tailing is restrained to
the 20-25 cm first centimeters and then tend to diminish to
become almost undetectable with magnetic susceptibilities
below 50 cm depth, which is approximately the depth of the
plowing estimated by the farmer.

Figure 4 shows examples of representative temperature-
dependent magnetic susceptibilities (K-T curves) from top
of dump IIT (A) representative of the mine tailing and the
olive grove (B) surface samples. Realized in argon atmos-
phere, all curves exhibit an irreversible behavior probably
linked to a change in mineral phases during heating (Tauxe
1998, 2005). For DIII K-T curve (Fig. 4A), the absence of
susceptibility signal up to 350 °C is coherent with the pre-
dominance of amorphous iron oxyhydroxides and/or lepido-
crocite inferred from the mineralogical studies (“Mineralogy
of Dump III and adjacent soils”). The curve display a Curie
temperature (7)) of 592 °C as determined by the tangent
method (Petrovsky and Kapicka 2006). Transformation of
lepidocrocite into maghemite upon heating as described by
Gendler et al. (2005) would explain the change in slope in
the heating susceptibility curve observed around 510 °C
(Fig. 4A) and the later presence of hematite absent from
the mineralogical studies. Although maghemite (y-Fe,05)
has the same composition as hematite (a-Fe,05), it has the
structure of a spinel (a cation-deficient spinel, lacking suf-
ficient Fe** ions to fill the available Fe sites) and is ferrimag-
netic. It is metastable with respect to hematite and therefore
inverts to hematite upon heating which is coherent with the
progressive decrease delineated by a low slope between 600
and 680 °C, suggesting the presence of maghemite and/or
hematite (Tauxe 1998; Evans and Heller 2003).

For the Olive grove sample taken on the T4 profile
(Fig. 4B), similar features, though less pronounced, are
observed, attesting the contamination by the mine tailing.
However, the presence of a susceptibility signal at low tem-
peratures and the progressive decrease of this signal between
250 and 440 °C plus the lowering of the main 7, to 572 °C,
indicate the presence of additional magnetic carriers, proba-
bly titanomaghemite (or partially oxidized titanomagnetite),
initially originating from the unpolluted soil. Titanomagh-
emite is unstable over heating and inverts to rhombohe-
dral hematite (aFe,0;) at temperatures between 250 and
750 °C (Ozdemir 1990). These titanomaghemites probably
originate from slow oxidation under ambient conditions of
titanomagnetites, a process also often called maghemitiza-
tion frequently reported in soil (Dunlop and Ozdemir 2001;
Soubrand-Colin et al. 2009).

The frequency-dependent magnetic susceptibility y;,q 1s
used to indicate the occurrence and abundance of ultrafine
superparamagnetic (SP) magnetic particles (Dearing et al.
1996; Evans and Heller 2003). Measurements of the yq%
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Table 1 Volumic magnetic susceptibilities kK measured with AGICO-KLY3 and pXRF concentrations for Pb, Zn, and Cd obtained with Bruker’s
XRF S1 Titan spectrometer on depth profiles C1 and C4 and surface profiles T1 and T4

Samples K (107 SI) Depth (cm) Pb (mg/kg) Zn (mg/kg) Cd (mg/kg)
Depth profiles
C1-20 60.37 4.61 3770 9173 bdl
C1-100 55.51 23.08 3006 6908 bdl
C4-18 24.07 5.26 22000 73000 320
C4-70 21.56 20.45 24000 82000 335
C4-100 45.87 29.21 14000 43000 184
C4-130 79.02 37.98 7928 22000 64
C4-165 92.08 48.2 8337 23000 65
Surface profiles
T1
T1-0 62.16 3875 9336 bdl
T1-10 62.67 2646 6002 bdl
T1-20 36 12000 34000 147
T1-30 38.23 8651 25000 87
T1-35 59.42 4755 11000 72
T1-37 69.15 2753 8399 bdl
T1-40 48.65 6456 17000 101
T1-50 51.24 6993 18000 60
T1-60 57.02 6417 16000 89
T1-70 58.24 5727 14000 50
T1-80 64.73 4661 11000 42
T1-90 68.99 3771 7540 bdl
T1-100 69.7 3610 6849 bdl
T4
T4-0 114.34 3804 7809 bdl
T4-10 81.29 8835 23000 114
T4-15 61.38 16000 45000 219
T4-17 72.73 16000 46000 194
T4-20 40.61 18000 54000 254
T4-30 20.77 23000 82000 295
T4-35 28.01 21000 68000 247
T4-40 21.51 22000 68000 306
T4-46 32.25 21000 68000 320
T4-50 27.84 20000 62000 295
T4-60 26.66 24000 75000 324
T4-67 29.08 21000 64000 346
T4-70 22.32 23000 71000 305
T4-80 31.04 25000 78000 345
T4-90 29.3 25000 85000 361
Min Max Mean Median Max SD (%)
Pb (mg/kg) 2307 27,000 12,856 8835 12
Zn (mg/kg) 6583 86,000 38,605 25,000 7
Cd (mg/kg) 33 411 198 206.5 36

Basic statistics of measured soil concentrations (mg/kg) also provided

SD standard deviation, bdl below detection limit
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Fig.4 Representative temperature-dependent magnetic susceptibilities curves (K-T curves) from dump III surface sample and soil from the

Olive grove

parameter with the laboratory MS2B Bartington sensor
(operating frequencies 0.465 kHz (LF) and 4.65 kHz (HF)),
gave relatively high values for surface samples taken along
profiles T1, T4, T6, and T7 in the olive grove. These values
range from 7.97 to 11.3%, with a mean of 10.81+0.33% for
combined T6-T7 profiles and means of 9.36 +077% and
9.33+0.5% for T4 and T1, respectively. Similar value range
is also observed for depth profiles C1-C4 with a mean of
10.01 £0.86%.

Maximum y;;% values are similar in theoretical calcu-
lations and in synthetic grain data, reaching 14.5-16.9%
for magnetite and 11.6-14.3% for maghemite with values
of ~10-12% for a wide and equal distribution of SP grains
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(Dearing et al. 1996). The tendency for higher percentage
values away from the tailing (T6-T7 profiles) can be inter-
preted as a higher concentration of SP (titano)maghemite
probably originating from the original natural uncontami-
nated soil while the soils closer to the tailings indicate a
lower degree in SP magnetic grains in agreement with a
higher content of paramagnetic and canted antiferromagnetic
minerals (ferrihydrite, goethite, etc.) originating from the
tailing. The same tendency to increased percentage value at
depth on the profiles C1 and C4 (Fig. 5) also strengthens this
interpretation. Though poorly resolved, the slight decrease
at about 20 cm depth on profile C4 would in the same line
of interpretation indicate a higher degree of contamination
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Fig.5 Variations of the frequency-dependent parameters y (%) and yy (Hrouda et al. 2013) versus depth for depth profiles C1 and C4
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at depth in this part of the olive grove in accordance with
the concomitance of the topographic depression previously
mentioned (“Site description and sampling”).

Frequency-dependent susceptibility measurements were
reproduced on a more sensible MFK1 AGICO susceptibilim-
eter based at the LFC (Pau, France), using the out of phase
susceptibility component following the procedure described
in Hrouda et al. (2013) and using the y,, parameter. Com-
parison of the y,, parameter with the ygy (5. 4.5 (see for-
mula 11 in Hrouda et al. 2013) previously measured with
the Bartington MS2D sensors exhibit a fairly good linear
correlation (y,, = 1.01 gy, R*=0.68) confirming the varia-
tions already observed and, therefore, the above-mentioned
interpretations (Fig. 5).

4. Discussion

From the methodological point of view, the comparison on
the same profiles of a given parcel of susceptibility meas-
urements obtained with three different commercial suscep-
tibilimeters (KT10, Bartington MS2D, GEONICS EM38)
demonstrate the reliability and reproducibility of suscep-
tibility measurements to track soil contamination and the
ability of these different devices to spatialize it accurately,
despite their different penetration depths. With the appropri-
ate calibration procedure (Thiesson et al. 2016), the integra-
tion depth of about 1.5 m of the GEONICS EM38 allows to
investigate the contamination at higher depths than other
frequently used field susceptibilimeters. It also allows over-
coming possible noise induced by small superficial contami-
nation variations or small metallic artifacts, even if users
have to be aware that the susceptibility measurements can
partly integrate, like in this study, the susceptibility signal
of the uncontaminated soils. We therefore demonstrate, with
this dataset, the efficiency of the GEONICS EM38 for sus-
ceptibility measurements in contaminated soils studies while
this specific use was up to now mainly restrained to Geoar-
cheology (i.e., De Smedt et al. 2014; Heil and Schmidhal-
ter 2019). The advantage of using the GEONICS EM38 for
environmental prospection, besides its investigation depth,
resides in the possible combination, with a single device, of
the susceptibility maps with soil resistivity ones for which
the GEONICS EM 38 is mostly dedicated (i.e., Heil and
Schmidhalter 2019). The commercial Terraplus KT10 and
MS2D Bartington susceptibilimeters (even if known for their
slightly lower sensitivity compared to laboratory susceptibil-
imeters) also proved their reliability even in the case of very
low intensity signal rarely reported to our knowledge in the
literature. This is evidenced by the good correlation between
the laboratory and field data which allowed us to realize a
combined map following the failure of the Bartington MS2D
sensor in the field for profiles T6 and T7 .

Besides the metrological contribution, this study also
displays a very rare case of proven anti-correlation between
magnetic susceptibility measurements and soil contamina-
tion successful in detecting metallic pollution. Magnetic
studies in soils from various contaminated environments
worldwide often report enhancement of the magnetic sus-
ceptibility (and/or other related magnetic parameters) posi-
tively correlated with increased metals content (for Zn, Pb,
Ni, and Cu, see, for example, Dankoub et al. 2012; Bourliva
et al. 2016; Attoucheik et al. 2017; Magiera et al. 2018;
Wang et al. 2018; Chaparro et al. 2020 for recent publi-
cations). However, spatialization of a metallic contamina-
tion in soils with the reverse behavior is reported here for
the first time to our knowledge in the literature. This anti-
correlation case is nevertheless very robust as a tracer of
this contamination and corroborated by our pXRF data. Our
mineralogical results obtained on dumpD III (both from thin
section and magnetic properties) clearly indicate the feeble
concentration of ferromagnetic carriers in the mining waste
characterized by a ‘low’ magnetic signal. The iron oxyhy-
droxides are mainly amorphous such as ferrihydrite with
a minor component of most probably maghemite coming
from slow transformation at low temperature and low pH.
In the olive grove, the relatively higher magnetic suscepti-
bilities (compared to those of the mining waste) found in
the surface samples (profiles T1-T4 and T6-T7) and their
associated magnetic properties show a higher contribution
of (titano)maghemite of natural origin probably originating
from mixing with the initial uncontaminated soils, poten-
tially increased by the plowing. Nevertheless, in most of
the olive grove and especially on the susceptibility maps
of the ‘shallow susceptibilimeters’, the intensity of signal,
below the range of magnetic susceptibilities measured in
uncontaminated matrix (100—150x 107 SI), allow to visual-
ize the extent of contamination to at least more than 200 m
from dump DIII (see Fig. 2) in accordance with the previous
findings from mineralogical and geochemical investigations
(Souissi et al. 2015; Béjaoui et al. 2016). At depth, the mag-
netic properties on profile C4 evidence a strong decrease
of the detectable contamination below about 50 cm cor-
roborated by pXRF data. Souissi et al. (2015) also show a
strong decrease in Pb, Zn and Cd between 50 and 70 cm on a
depth profile realized about 200 m from the flotation tailings
dump DIII (PR7 on Fig. 1). The localization of the profile
PR7 (Souissi et al. 2015) and C4 (this publication) are about
50 m apart and lie on the same susceptibility contour on the
magnetic susceptibility map produced with the GEONICS
EM38. This further confirms the magnetic susceptibility and
heavy metal contamination reverse correlation as an accurate
qualitative tool, both at surface and depth, for Pb, Zn, and Cd
concentrations. A reassessment of these findings following
the methods from the ISO21226:2019 would be the next
step to refine the use of magnetic susceptibility to trace soil
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contamination and extend its use even in cases of very low
signal (International Organization for Standardization 2019.
Soil Quality—Guideline for the Screening of Soil Polluted
with toxic elements using Soil Magnetometry (ISO Standard
No. 21226:2019)).

Concerning the mechanism for contaminant dispersion,
the interpretation of the susceptibility maps from the olive
groove evidences the impact of rainfall transfer and topog-
raphy (see “Magnetic properties and anti-correlation with
contamination”) in the dispersion and accumulation of the
contaminants in this area west of the dump. Aeolian pro-
cesses also play a role (Ghorbel et al. 2014), like in other
contexts (see Pierwola et al. 2020 for example), but localiza-
tion of the highest contamination levels along two observed
pathways corresponding to streaming water line (or tempo-
rary brooks) linking a central depression zone to the dump
slope favor rainfall transfer as the dominant mechanism for
the contamination repartition. Magnetic susceptibility map
realized with the EM38 susceptibilimeter evidences a high
degree of contamination reaching up to 150 cm depth (inte-
gration depth of the device) in localized areas exhibiting
minimum values around 10*107 SI (Fig. 2) as found on the
top of Dump III (profile D3). Values, one order of magnitude
higher and similar to those of the measured unpolluted soil
matrix, localize mostly on the North Western Edge of the
map and indicate a progressing vanishing of the impregna-
tion at depth of the contamination. This further confirms the
‘almost’ 3D mapping potential of the magnetic susceptibility
field data.

Health risk assessment in these agricultural soils near
former mining sites remains the ultimate goal for map-
ping contamination with geophysical methods. For olive
groove surrounding Jebel Ressas, Béjaoui et al. (2016)
found that all olive samples had Pb concentrations above
limits (i.e., 0.1 mg/kg WW—Commission Regulation (EC)
No 1881/2006 of 19 December 2006 setting maximum lev-
els for certain contaminants in foodstuffs (Text with EEA
relevance). Indeed, for the olive groove concerned by this
study, olive sample JR4 shows Pb contents of 0.168 mg/kg
WW, while content in Cd is 0.018 mg/kg WW (below rec-
ommended limit of 0.05 mg/kg WW). They also point out
the extreme values of sample JR3 situated just west of profile
T5-T6 of the investigated zone (Fig. 1), where susceptibility
maps exhibit a maximum degree of contamination both in
the sub-surface and at depth. However, these authors also
point out that if a good correlation between olive Cd content
and total surface soil content is found, olive Pb content is not
correlated to total surface soil content (Béjaoui et al. 2016).
If transfer in fruit not simply related to Pb content concentra-
tion in soils can be invoked as done by Béjaoui et al. (2016),
another hypothesis may arise from the geophysical meas-
urements. On the susceptibility maps, the position of the
JR4 samples lies on the 55-60 - 107 SI, 35 - 107 SI and
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30 - 1075 SI contours for the Terraplus KT10, Bartington
MS2D, and Geonics EM38 sensors, respectively. Given the
increasing integration depths of the devices and the low
susceptibilities recorded with the Geonics EM38, this may
indicate an increasing impregnation at depth of the contami-
nants with a lower concentration on the surface layer [which
were sampled in the Béjaoui et al. (2016) study] compared to
more deeper ones. Olive trees are known to have a shallow
root system developed principally in the first meter (mainly
between 60 and 100 cm). In a different context, Petrovsky
et al. (2001) also reported a better correlation between mag-
netic susceptibility and heavy metal content (Pb, Cd and
Zn) at depth versus surface in alluvial soils formed after
breakdown of a dam lagoon with deposited ashes of a lead
ore smelter. The absence of correlation between Pb total
surface soil content and olive Pb content could, therefore, be
linked to Pb soil content at depth, which might differ from
the surface one and then further strengthen the need for a
more 3D vision of the contamination. Geophysical methods
as exemplified here combined with selected geochemical
analysis could in this way provide important constraints for
bioaccessibility studies and in turn to health risk assessments
and tuning of agricultural practices.

In turn, the good correlation (0.85) between Olive Cd
content and total surface soil content could indicate a more
homogenous distribution in the soil linked to different
transfer mechanisms of this element between surface and
depth in this context or a lower efficiency of the magnetic
methods in tracing this contaminant. If numerous studies
document good correlations between Cd content in soil
and magnetic susceptibility worldwide (see, for example,
Petrovsky et al. 2001; Pérez et al. 2014; Magiera et al.
2018; Rai et al. 2019 among other) more rarely poor corre-
lation can also be reported (Karimi et al 2011). It is notice-
able that in this study, lower determination coefficients R?
are found for correlation of magnetic susceptibilities with
Cd content compared to Zn and Pb. Further investigating
processes like surface complexation to iron oxyhydroxides
(Palumbo-Roe et al. 2009; McCann et al. 2015) is needed
to better resolve this issue and refine interpretations of the
susceptibility maps but is beyond the scope of this paper.

Conclusions

The realization of magnetic susceptibility maps with three
different commercial susceptibilimeters (Terraplus KT10,
Batrington MS2D, Geonics EM38) in olive groove soils
contaminated with heavy metals (mainly Pb, Zn, and Cd)
dispersed from adjacent tailings lead to the following con-
clusions :
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e Evidence of a rare case of proved reverse correlation of
magnetic susceptibility and heavy metal contamination.

e Demonstration of the ability and coherency of the differ-
ent susceptibilimeters as quick and cost-effective tools for
spatializing the contamination even at very low signal and,
therefore, constituting a decision predictive tool to reduce
the number of more costly analyses.

e The contamination distribution as imaged by the suscep-
tibility maps evidence the impact of rainfall transfer and
topography as the specific transfer mechanisms in these
carbonated soils under semi-arid climate leading to con-
taminant soil enrichment in the investigated area.

e With a proper calibration, and due to its investigation depth,
the Geonics EM38 revealed an efficient tool for spatializ-
ing the contamination at depth and coupled with shallower
susceptibilimeters provides a qualitative 3D imaging of the
contamination to be used notably for elements mobility and
bioaccessibility studies.

This study demonstrates that even in this particular indus-
trial and environmental combination, susceptibility even with a
very low signal remains a performant, quick, and cost-effective
tool for spatializing soil contamination and combined with
selected geochemical analysis can provide important con-
straints on heavy metals mobility and bioaccessibility, to be
taken into account for adaptation of agricultural practices.
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