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Top soil is a very important environmental compartment for
many reasons, like it being the medium where plants grow,
carbon accumulates, and so forth. But it also represents the
“sink” where a wide range of waste materials, in very het-
erogeneous chemical forms, are disposed of and accumulate.
This fact may allow contaminants to move downward the
soil profile and reach subsurface and groundwater reservoirs.
Agricultural activities can lead to land contamination due
to the improper use of pesticides, agrochemicals, fertilizers,
conditioners, and several other materials. The problem of
contaminated land is exacerbated by industrial activities,
including waste disposal and accidental spills that can also
contribute to extensive contamination in the near surface
environment. Dangerous contaminants can impact the char-
acteristics and productivity of the surface soil as well as
the subsurface and valuable natural resources conditions.
Soil pollution threats human health, quality of foods, and
groundwater but affects also the quality of the air.

Surface and subsurface soil monitoring and characteriza-
tion can be challenging since chemical analyses at sampling
points are local providing an inadequatemodel of the subsur-
face. Thus, novel, cost-effective, and multidisciplinary meth-
ods are needed to accurately describe surface/subsurface
soil contamination whilst monitoring the evolution of the
contamination over time producing time-lapse models. Con-
tinuous advances on characterization methods (such as
automated acquisition systems of subsurface parameters),
changes in regulatory standards, and the development of
remediation systems further complicate this task.

With this special issue, we aim at bringing together
scientists from different disciplines, with research focused on
surface soil and subsurface contamination. Furthermore, we
want to highlight recent research advances on characteriza-
tion and monitoring methods and identify the pathways for
their implementation to industry, agriculture, and society to
encourage their adoption.

The manuscript entitled “Chemical and Physical Char-
acteristics in Uncultivated Soils with Different Lithology in
Semiarid Mediterranean Climate” by D. Moraetis et al. aims
to identify the chemical and physical characteristics in uncul-
tivated soils derived from different parent materials under
semiarid Mediterranean climatic conditions which favored
the formation of fragile soils. The authors used PCA analysis
to demonstrate the soil quality stage, regarding nutrient
availability showing that one of the major physicochemical
characteristics such as cation exchange capacity (CEC) is
controlled exclusively frommineralogy and not from organic
matter. PCA also shows the unusual correlation of K+ not
only with illite content but also with the OM in fragile soils
inMediterranean climate which is evident in Crete inmost of
the 54 samples investigated.

The manuscript by C. Noel et al., entitled “Com-
bining Geoelectrical Measurements and CO

2
Analyses to

Monitor the Enhanced Bioremediation of Hydrocarbon-
Contaminated Soils: A Field Implementation,” deals with
the combined application of Electrical Resistivity (ER) and
Induced Polarization (IP) geophysical methods with gas
analyses of CO

2
concentration and its carbon isotopic ratio,

Hindawi Publishing Corporation
Applied and Environmental Soil Science
Volume 2016, Article ID 5192691, 2 pages
http://dx.doi.org/10.1155/2016/5192691

http://dx.doi.org/10.1155/2016/5192691


2 Applied and Environmental Soil Science

to develop a less invasive methodology for monitoring the
biodegradation of hydrocarbons. A more conductive and
chargeable area which corresponds to the contaminated
zone and high CO

2
emissions has been measured applying

successfully geophysical and chemical methods, respectively.
Combining geophysics with gas analyses is therefore a
promising tool for in situmonitoring.

Themanuscript entitled “Long-TermDynamics of Urban
Soil Pollution with Heavy Metals in Moscow,” by N. E.
Kosheleva and E. M. Nikiforova, deals with the spatial
distributions and concentrations models of the nine heavy
metals (Zn, Cd, Pb, Cu, Cr, Co, Ni, Mn, and Cs) present
in top soils located in Moscow territory. Some geochemical
anomalies maps, realized using the data collected in 1989,
2005, and 2010, are presented and discussed. The analysis
of the geochemical anomalies maps has allowed the identi-
fication of areas characterized by different types of pollution
phenomena and the evaluation of the environmental risk of
the contamination. Finally, the study highlighted a significant
increase of the pollution phenomena due to the increase of
the heavy metals presence, which could be attributed to the
growth of the total amount of industrial and motor transport
emissions and change in absorption capacity of the urban
soils.

The manuscript “Transport Processes in Porous Media
by Self-Potential Method” by V. Giampaolo et al. describes a
controlled diffusion/infiltration column experiment aiming
at the monitoring of the leakage of a salty water plume
by applying time-lapse self-potential (SP) measurements.
The measured self-potential values were converted into salt
concentration and the sand diffusion (𝐷) and longitudinal
dispersivity (𝛼𝐿) values were estimated by modelling the
transport equations using the COMSOL Multiphysics.

The manuscript entitled “Aggregate Indices Method in
Soil Quality EvaluationUsing the Relative Soil Quality Index”
by H. N. Pham et al. describes a new approach to assess
the soil quality by aggregate indices using the Relative Soil
Quality Index (RSQI).The authors applied the RSQI to assess
the Soil Environmental Quality of rice intensive cultivation
areas through a case study in Haiduong province in 2013.
The RSQI is calculated for sampling points in 12 districts and
simulated the Soil Environmental Quality on GIS map.

The manuscript entitled “Determination of Tetracycline
and Fluoroquinolone Antibiotics at Trace Levels in Sludge
and Soil” by M.-V. Salvia et al. describes the development
of a sensitive analytical method to determine simultaneously
traces of tetracycline and fluoroquinolone antibiotics in
sludge and soil, based on a PLE extraction, followed by
SPE purification and finally an analysis by LC-MS/MS. The
method was successfully applied to the analysis of the target
antibiotics in sludge as well as soil that received spreading.
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Katherine Huddersman
Francesco Sdao

Dimitrios Ntarlagiannis
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The aim of this study is to identify the chemical and physical characteristics in uncultivated soils derived from different parent
materials under semiarid Mediterranean climatic conditions which favoured the formation of fragile soils. The current work is of
great interest in the agriculture and environmental stakeholders for providing a “benchmark” of undisturbed soil quality regarding
organic content andnutrients availability. Principal ComponentAnalysis (PCA)was used as the primary tool to demonstrate the soil
quality stage, regarding nutrient availability. The statistical analysis revealed that one of the major physicochemical characteristics
such as cation exchange capacity (CEC) is controlled exclusively from mineralogy and not from organic matter. Mineralogy and
bulk chemical analysis is directly related to soil parent material lithology. The availability of inorganic nutrients (macro- and
micronutrients) is low and relatively identical to most of the soils. PCA shows the unusual correlation of K+ with not only illite
content but also the OM in soils. The development of soils which are already of low quality in respect of organic content and
nutrients is evident in Crete in most of the 54 samples investigated.

1. Introduction

Soil is the dynamic link between the biosphere and litho-
sphere and constitutes a practically not renewable (very low
rate of formation) natural resource, with a key role for the
environment and for the agriculture. It is a key component of
the Earth System since it controls the hydrological, ecological,
biological, and geochemical cycles [1–5]. The properties that
are critical for soil quality (i.e., nutrients content, pH, and
electrical conductivity) are governed by climatic, biolog-
ical, and geological factors [6–9]. Mineral weathering is
an important source of inorganic nutrients in soils under
natural conditions [10]. Geologic gradient affects severely
nutrient pools in soils [10]. Areas underlain by serpentinite
or generally ultramafic rocks are rich in Mg, Fe, Ni, and Cr
and depleted in K, Ca, P, and Zn [11]. On the other hand,
soils developed in volcanic ash exhibit high cation exchange
capacity (CEC) [12]. Hepper et al. [13] stated that CEC was

controlled mainly by clay content in ash rich soils and by
organic matter (OM) in ash free soils.

Apart from nutrients release through weathering pro-
cesses, soil characteristics are further affected by atmospheric
deposition, drainage outflow, biomass removal, and other
processes such as cation exchange and organicmatter decom-
position, while pronounced interrelations exist between all
factors mentioned above [7].

High geologic variability mainly appeared in tectonically
active areas like boundaries of orogenetic belts. Crete is
situated in the external plate of the Eurasian plate and exhibits
a large variety of geomorphic and geologic features. So far,
a number of papers have been published concerning soil
taxonomy in Greece (i.e., [14, 15]). The geological frame-
work of Crete has been studied thoroughly [16–18] and soil
development appears mainly in limestones, ultramafic rocks,
calcareous marls, metamorphic rocks (phyllites-quartzites),
and alluvial sediments. Moreover, Crete exhibits a semiarid
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Mediterranean climate (long hot-summers 20–31∘C) which
remained unchanged the last 20Ma (late Miocene-early
Pliocene till present) [19]. Thus, soils appear relatively fragile
with low organic content, sparse vegetation, and being prone
to desertification [20, 21]. The last decade a major concern
has been raised regarding the preservation of our soils and
that it ismentioned also in the recent accomplished European
funded project Soil Transformation in European Catchments
(SoilTrEC) [22]. Climate change has been reported as a
severe driving force for soil deterioration in areas such as
England and Wales [23–27]. Crete will also be affected by
climate change and represents an area of high desertification
risk. Although many studies on the soil degradation have
been published for Mediterranean countries, very few are
reporting the current state of uncultivated and undisturbed
soils [28–30]. The reason behind it is that very few places
in Europe are still intact of manmade activities. Many soil
modeling studies specifically for carbon sequestration and/
or erosion are missing data for undisturbed soils (initial
conditions) ([31] and references therein and [32]). The lack
of data is magnified when the soil lithology variability is
considered. Crete still preserves several places of undisturbed
soil development over different lithologies. Such areas could
be used as a benchmark against which the soil manmade
impact and the future climatic changes could be further
quantified.

The present study aims to identify physical and chemical
characteristics in undisturbed soils of different lithology of
parent rock with sparse vegetation under the influence of
Mediterranean climatic conditions.We aim to clearly demon-
strate the fragile nature of soils from Crete for uncultivated
areas with low organic content and to supply data that are
important for assessing thin soils in semiarid climates. For
this reason, soil samples from uncultivated areas of different
bedrocks were collected and their mineralogical character-
istics, physical and chemical properties, and their nutrient
content were investigated. Principal Component Analysis
(PCA) was applied on chemical and physical characteristics
of all samples in order to identify groups of samples with
common characteristics and to investigate and to rationalize
the potential correlations among soil characteristics.

2. Materials and Methods

2.1. Geological Outline. The samples were collected from
six areas in the island of Crete with four different bedrock
lithologies. The different bedrocks are alluvial sediments
(quaternary sediments) from two plateaus, ultramafic rocks,
quartzite-phyllite rocks, and Neocene marly limestones.
Mesozoic limestones were excluded since they are mainly
situated in high altitudes with limited soil profiles. The
aforementioned lithologies are present at Omalos Plateau (O)
in western Crete, Lasithi Plateau in East Crete (La), Anogia in
central Crete (U), Kantanos (Ka) and Kantanos-Kountoura
(Kb) in western Crete, and Platanos (PL) in west Crete
(Figure 1). The areas exhibit generally thin soil development.

Omalos area is situated in the west part of “Lefka Ori”
mountains and its geomorphology is a typical plateau (1050m
elevation). The rock formations around the Omalos Plateau

are mainly part of the Trypali limestones and less of the
Plattenkalk limestones with minor outcrops of phyllites-
quartzites series, whereas quaternary sediments have filled
the plateau [16–18, 33]. The soil samples were collected from
areas where the soil overlaid the quaternary formations
(alluvial) within the plateau.

Lasithi soils were collected from Lasithi Plateau (353m),
which shows similar geological setting to Omalos Plateau.
Limestones, mainly of Plattenkalk nappe and phyllites-
quartzite group, are situated in the surrounding area of the
plateau, whereas the soil samples were collected from the top
of alluvial deposits.

Anogia area is underlain by ophiolites (mainly ultramafic
rocks: peridotites). The most extended ophiolite outcrop in
Crete exists in the area of Anogia village (701m elevation).
The ultramafic rocks comprise predominantly serpentinized
peridotites. The overlying soil is mainly of limited thickness,
whereas in land depressions and cavities the soil layer appears
much thicker.

The parent rock of Kantanos area comprises meta-
morphic quartzite-phyllite group. Quartzite group in west
Crete facies belt is characterized by an alternation of meta-
greywackes, meta-sandstones, and metapelites [34, 35]. Two
different sets of soil samples were collected from Kantanos
area (Ka) and Kantanos-Kountoura area (Kb) (both around
350m elevation). The former soil is developed in eroded
quartzite-phyllite group rich in quartz, whereas the latter is
developed in phyllite-quartzite group with less quartz and
higher mica content.

Platanos area comprises mainly of Neocene marls with
intercalations of limestones and sandstones. The area is
situated in the most western part of Crete compared to the
other sampling sites (Figure 1) and elevation is 250m.

2.2. Sample Collection and Pretreatment. Sampling was car-
ried out using a special soil auger, designed for all soil
types, and samples were collected from the top 20 cm. 54
samples were collected from sites chosen according to three
strategic guidelines: (i) sites with uncultivated in situ soils
(covered rarely by shrubs), (ii) sites where the mineralogical
variation was apparent due to different parent materials, and
(iii) sites with varied precipitation due to orientation (east-
west). Samples were taken from six different areas, as follows
(Figure 1): Omalos Plateau, nine samples (O1–O9); Kantanos,
seven samples (Ka1–Ka7); Kantanos-Kountoura, eleven sam-
ples (Kb1–Kb11); Anogia, eight samples (U1–U8); Lasithi,
eleven samples (La1–La11); and Platanos, eight samples (PL1–
PL8). Samples were transferred to the laboratory, dried at
37∘C for 48 h, and subsequently sieved through the 2mm
sieve.

2.3. Mineralogical Analysis. Mineralogical composition was
determined by X-ray diffraction (XRD) technique using a
Siemens D500 powder diffractometer, on two grain frac-
tions, silt (<63 𝜇m) and clay (<2𝜇m). These fractions were
attained by separation with an Atterberg cylinder [36]. The
data were obtained at 35 kV and 35mA, with a graphite
monochromator, using CuKa radiation. A 0.03∘ scanning
step and 2-s scanning time per step were used for the range
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Figure 1: Geological outline in the sampling areas.

3 to 70∘. The qualitative evaluation of the data was done
with the Software Diffrac Plus (SOCABIM SAS France). The
quantitative analysis was carried out by the Rietveld Method.

2.4. Chemical Analyses on Soils and Extraction Solutions.
The bulk chemical analysis of the samples was carried out
by X-ray fluorescence spectroscopy (S2 Ranger, Bruker EDS
XRF), on the less than 2mm sample fraction. Measurements
were carried out at 40 kV with an Al filter (500 𝜇m) for
the heavier elements (Fe, Mn, Ti, Ca, and K) and at 20 kV
for the lighter elements (P, Si, Al, Mg, and Na) without the
use of filter. pH was determined in the supernatant of a
soil : water mixture 1 : 2, according to Thomas [37] by a pH
meter (WTW, 340i). Electrical conductivity was determined
by a conductivity electrode (WTW, 340i) in the extract from
saturated soil pastes. Calcium content was determined in
the same extract after filtration, by flame atomic absorption
spectrometry (AAS) (Perkin Elmer, AA100). Available K+

and Mg2+ were extracted from soil samples by agitation in
1M CH

3
COONH

4
pH 7 solution [38, 39] and determined by

AAS. Available micronutrients Fe2+, Cu2+, Mn2+, and Zn2+
were extracted from the soil samples by the DTPA method,
at pH 7.3 [40], and their concentrations were determined
by AAS. Phosphorous extraction was carried out by a 0.5M
sodium bicarbonate solution [41] and its concentration was
measured photometrically at 882 nm (HACH, DR/4000U)
using a standard calibration curve. Nitrates were extracted
with 1M KCl and NO

3
-N concentration was measured

photometrically [42]. The concentration of organic matter
was calculated according to Walkley and Black [43].

2.5. Cation Exchange Capacity-Grain Size Analysis. Cation
exchange capacity (CEC) was determined by the method
described by Sumner and Miller [44] modified for soils in
arid regions. After the removal of CaCO

3
with HCl 2N, soil
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Table 1: Mineralogical quantitative analysis mean values for <63 𝜇m and <2 𝜇m fractions.

<63 𝜇m (%) <2𝜇m (%)
O La U Ka Kb PL O La U Ka Kb PL

Calcite 0.3 — — — — 64.3 — — — — — 33.3
Dolomite — — 2.9 — — 1.9 — — — — — —
Quartz 67 58.2 9.7 27.4 22.7 13.2 4.5 4.4 2.2 3.1 — 5.3
Feldspars — 13.7 — 3.7 5.8 5 — — — 8.6 — —
Illite 12.1 17.6 1.3 33.3 33.2 15.5 55.8 60.8 2.8 23 71.6 43.5
Kaolinite 20.6 3.2 — 26.5 26.8 — 39.7 18.9 — 63 14.8 —
Paragonite — — 7.4 9.1 11.5 — — — — 2.3 13.7 —
Chlorite — 7.4 21.2 — — — — 15.9 46.4 — — 6.5
Antigorite — — 49.2 — — — — — 33.7 — — —
Talc — — 8.3 — — — — — — — — —
Smectite — — — — — — — — 14.8 — — 11.4
—: not determined.

Table 2: Mean concentrations for major elements content in soils (energy dispersive-XRF); measurement relative standard error was less
than 5%.

Sample Na
2
O

(%)
MgO
(%)

K
2
O

(%)
CaO
(%)

TiO
2

(%)
MnO
(%)

Fe
2
O
3

(%)
Al
2
O
3

(%)
SiO
2

(%)
P
2
O
5

(%)
LOI
(%) SUM

O 0.6 0.5 1.2 1.0 0.4 0.1 3.8 8.4 83.1 <0.05 1.0 100.1
La <0.2 3.8 1.7 0.9 0.6 0.2 6.2 23.3 61.6 0.4 1.6 100.1
U <0.2 26.4 0.5 1.2 0.4 0.3 11.1 6.2 40.9 <0.05 13.8 100.6
Ka 1.5 0.5 1.6 0.02 0.8 0.04 4.9 14.2 72.1 0.1 4.2 99.9
Kb 1.00 <0.2 1.8 0.4 0.8 0.03 4.1 14.5 62.2 <0.05 14.9 99.7
PL <0.2 2.5 1.7 26.4 — 0.1 2.3 4.7 24.2 — 38.4 100.2
—: not determined.

sampleswere saturatedwithCaCl
2
2Nand the adsorbedCa2+

was extracted usingNaCl 2N solution [45]. Determination of
Ca2+ in extracted solutions was carried out by AAS.

The content of sand, clay, and silt of the samples (grain size
analysis) was determined with the Bouyoucos method [36].

3. Results

Results for the physical and chemical parameters of soils are
presented separate for each area and then PCA analysis is
applied for all samples and it is presented in a separate section.
Lasithi andOmalos are presented together since they are both
plateau areas and Kantanos and Kantanos-Kountoura data
are also presented together since both are adjacent areas with
seemingly the same soil parent material.

3.1. Omalos and Lasithi Plateaus. Omalos and Lasithi soils
have been developed in plateau and the parent material is
alluvial deposits as has already been mentioned. The soils
have contrasting characteristics in mineralogy, in bulk chem-
ical analysis and other physical and chemical parameters.
The silt fractions (<63 𝜇m) of Omalos (O) soils exhibit
higher quartz content compared to the Lasithi (La) soils and
this is also reflected in the chemical analysis of the soils
(Tables 1 and 2). Chlorite is present in the clay fraction
(<2𝜇m) for La soil samples, but it is absent in O samples.
Illite and kaolinite are characteristic weathering products

of feldspars which are present in the bedrocks. Calcite is
only a minor phase in both areas despite the widespread
limestone outcrops in the plateau surrounding area attributed
to the ease of calcite dissolution (karstification). O soils
contain higher kaolinite and less illite content compared to La
soils.

Table 2 shows the chemical composition (XRF) of the
soil samples. Omalos soils have higher SiO

2
content (83.1%)

compared to other areas. Lasithi samples exhibit higherMgO
content (3.79%) compared to Omalos soils (0.47%).

Average,minimum,maximumvalues, and standard devi-
ation (due to spatial variability) of the physicochemical
parameters measured for all soils are illustrated in Table 3.
Lasithi soils have statistically the same pH (7.4) compared
to Omalos soils (6.4) (Table 3). This is not the case with
electrical conductivity values (O: 187, La: 364𝜇S/cm) and this
is related to different availability of nutrients in the two areas.
Lasithi soils exhibit on average higher availability of nutrients
compared to Omalos soils (La: 114, 228, 38mg/kg, O: 50, 64,
5mg/kg, for K+, Mg2+, Ca2+, resp.); however, there is spatial
variability for both sites which is expected in sedimentary
basins such as in those plateaus.

Lasithi samples have higher CEC values (8.52meq/
100 gr), compared to Omalos soils CEC (4meq/100 gr)
(Table 3). Grain size analysis shows loam and silt loam
fractions for O soils, whereas La soils are finer (mainly in clay
loam fraction).
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Table 3: Average values in soils from investigated areas for pH, electrical conductivity, CEC,macronutrients (Mg2+,Ca2+, K+, NO
3

−

, PO
4

3−

),
micronutrients (Cu2+, Mn2+, Fe2+, Zn2+), and organic matter (OM). Standard deviation, minimum, and maximum are also presented.
Identical letters in the same column denote no statistical difference in average values according to t-test with alpha coefficient 5%.

pH EC
(𝜇S/cm)

CEC
(meq/100 g)

K+
(mg/kg)

Mg2+
(mg/kg)

Ca2+
(mg/kg)

Cu2+
(mg/kg)

Mn2+
(mg/kg)

Fe2+
(mg/kg)

Zn2+
(mg/kg)

P-PO
4

3−

(mg/kg)
N-NO

3

−

(mg/kg) OM%

O (9 samples)
Average 6.4ba 187a 4a 50b 64a 5a 0.5a 10a 6a 0.3a 1.1ab 2.6a 0.64c

min 5.0 75 1 23 13 0.2 0.1 1 0.1 0.1 0.4 0.8 0.19
max 8.4 487 6 80 281 15 1 26 26 0.5 2.2 5.3 2.86
stdev 1.4 133 2 8 83 6 0.2 8 9 0.2 0.7 1.5 0.87

La (11 samples)
Average 7.4a 364cb 9b 114a 228b 27a 0.7a 17a 18b 0.72b 1.5b 3.0a 1.47a

min 7.1 210 3 67 64 18 1 7 8 0.45 1.3 0.2 1.02
max 7.5 487 16 172 506 75 2 33 40 1.22 2.4 5.0 1.66
stdev 0.2 77 4 28 170 24 0.4 8 9 0.24 0.4 1.8 0.23

U (8 samples)
Average 7.4a 279ac 12b 66ab 1611c 4a 0.7a 7a 17b 0.3a 0.5a 7.5b 0.44bc

min 7.0 151 5 8 397 0.1 0.1 1 4 0.2 0.4 5.6 0.02
max 8.5 485 21 157 2572 11 2 15 31 0.7 0.7 10.3 1.00
stdev 0.5 134 6 52 845 4 0.6 6 11 0.2 0.1 1.9 0.29

Ka (7 samples)
Average 5.6b 292ac 2a 61ab 101a 10a 0.3a 5a 7a 0.4a 0.7ab 2.9a 0.38bc

min 4.9 153 1 24 24 0.6 0.2 0.2 4 0.3 0.4 2.4 0.11
max 6.5 450 3 162 209 31 0.4 20 14 0.7 1.1 3.6 1.07
stdev 0.6 99 1 47 60 12 0.1 7 3 0.1 0.2 0.5 0.32

Kb (11 samples)
Average 6.2b 603bc 3a 200c 127ab 11a 0.4a 19a 15ab 0.7a 0.8ab 11.6b 1.09ab

min 5.1 130 0.8 67 109 2 0.1 1 3 0.2 0.4 5.3 0.41
max 7.0 1697 7 374 143 33 1 90 57 3.1 1.2 34.7 1.80
stdev 0.6 477 2 24 11 10 0.3 25 16 0.8 0.3 10.3 0.60

PL (8 samples)
Average 7.9a 1496b 11b 90a 146ab 136a 0.9a 2a 6a 0.7b 1.0ab 17.1c 0.44bc

min 7.5 448 8 39 27 28 0.3 0.3 3 0.4 0.4 13.0 0.10
max 8.3 2990 21 140 197 559 2 5 7 1 3.1 24.3 1.50
stdev 0.3 1014 4 33 51 187 0.5 2 2 0.3 1.0 3.9 0.48

3.2. Anogia. Anogia soils contain abundant serpentine in
both 63 𝜇m and 2 𝜇m soil fractions (Table 1). Serpentine is
a typical constituent of ultramafic rocks (ophiolites) and out-
crops in the area. The presence of talc in the silt soil fraction
can also be attributed to the bedrock. Quartz content in the
silt fraction is not related to the parent material. Chlorite in
both silt and clay soil fractions could be either primary (from
ultramafic rocks) or secondary mineral. Smectite in the clay
fraction is a secondary mineral.

The chemical composition of Anogia soils resembles that
of ultramafic rocks with SiO

2
content < 45% and high MgO

concentration (26.4%) (Table 2).
Anogia soils exhibit an average pH value of 7.4. Electrical

conductivity is rather low (279𝜇S/cm). Magnesium shows
high availability in Anogia soils (1611mg/kg) whereas potas-
sium and calcium are rather low (66 and 4mg/kg, resp.)
(Table 3).

Anogia samples display the highest cation exchange
capacity (12meq/100 g) compared to the CEC of the other
soils (Table 3). Anogia soils are coarse grain (sandy loam).

3.3. Kantanos and Kantanos-Kountoura. Kantanos and
Kantanos-Kountoura soils contain abundant illite, kaolinite,
and quartz (Table 1). Quartz is the predominant mineral in
the silt fraction (<63 𝜇m) for both Ka and Kb soils. Illite and
kaolinite are present in both 63 𝜇m and 2 𝜇m soil fractions
and both are typical products of weathered micaceous
rocks such as those in phyllites-quartzites series. However,
although the silt fraction of the two soils has comparable
mineralogical composition, the clay fraction of Ka soil is rich
in kaolinite whereas that of Kb soil has high illite content
(Table 1).

Ka soils exhibit higher concentration of SiO
2
(72.1%)

compared to Kb soils (62.2%) (Table 2).
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Figure 2: (a) PCA of chemical analysis (Na
2
O,MgO, K

2
O, Fe
2
O
3
, MnO, CaO, Al

2
O
3
, SiO
2
, and LOI). (b) PCA of macronutrients availability

(N-NO
3
, P-PO

4
) and physical parameters (clay content: clay%, organic content: OC%, and cation exchange capacity: CEC). 54 soil samples

from Omalos Plateau (O), Lasithi Plateau (La), Kantanos (Ka, Kb) Anogia (U), and Platanos (PL). Variable axes are depicted in the figure.

Low pH values are observed for soil samples from Ka and
Kb (5.6, 6.2), which are related to SiO

2
-rich parent materials

(Phyllites-Quartzites). Electrical conductivity exhibits spatial
variability for both areas and the average value is higher
for Kb soils (Ka: 292, Kb: 603 𝜇S/cm). Potassium concen-
tration in extraction solutions from the Kb soils is higher
(200mg/kg) compared to that from Ka soils (61mg/kg)
something that is in accordance with the higher illite content
in the clay fraction for Kb soils (Tables 1 and 3).

Ka and Kb soils show low CEC (Ka: 2.1meq/100 g, Kb:
3.1meq/100 g). Moreover, soils from Ka and Kb areas are
sandy loam and sandy clay loam, respectively.

3.4. Platanos. Platanos soils contain abundant calcite in both
the silt and clay fractions which is related to sedimentation
in shallow marine basins [46] (Table 1). Platanos soils are
developed over marly limestones and sandstones (Neocene
rocks). Smectite is present in the clay fraction.

On Table 2 the high CaO (26.4%) and SiO
2
(24.2%) con-

tents are illustrated and are typical for submarine sediments
with marly limestones and sandstones. MgO is noticeable
(2.45%), whereas high loss on ignition (LOI) is attributed to
calcite presence.

PL soils exhibit the highest pH values compared to other
soils (in average 7.9, standard deviation 0.3) which can be
related to the high content of basic cations (Ca2+: 125mg/kg)
in extraction solution (Table 3). Moreover, PL soils have the
highest electrical conductivity (1496 𝜇S/cm).

Platanos samples exhibit the second higher cation
exchange capacity (CEC) compared to other soils (11meq/
100 gr). Grain size distribution is that of clay loam for PL soils.

3.5. Principal Component Analysis. The chemical analysis
(XRF) is presented in Table 2. Figure 2(a) shows the Principal
Components Analysis (PCA) results for 54 samples with
variables the chemical species obtained by XRF analysis.
The first three principal components describe 81% of the
total variability. Three groups of samples are set, that is,
PL samples (high Ca content), U soils (high Mg content),

and Ka, Kb, O, and La soil samples (high Si
2
O content)

(groups in circles in Figure 2(a)). The first component (34%
variability) correlates Si

2
OandAl

2
O
3
, the second component

(32% variability) correlates MnO, Fe
2
O
3
, and MgO, and

the third principal component strongly correlates K
2
O and

Al
2
O
3
. The categorization of Ka, Kb, O, and La in the same

group shows common chemical characteristics of those soil
samples. Figure 2(b) shows another PCA that is applied
for physical and chemical variables such as clay content,
OM, CEC, pH, N-NO

3
, and P-PO

4
. The first three principal

components (PCs) captured 75% of the variability and there
is an obvious correlation between CEC, pH, clay content, and
N-NO

3
content. Samples from La show some increase in P-

PO
4
that is related to organic content. The first PC (34% of

variability) correlates the CEC and N-NO
3
content with clay

content and pH. The second PC (22% of variability) strongly
correlates OM% and P-PO

4
. The third PC (19% of variability)

correlates the OM% with N-NO
3
.

Figure 3(a) shows the PCA analysis for all soil samples
for variables such as macronutrients content (K+, Mg2+, and
Ca2+), OM%, clay content, and total illite content in both
silt and clay fractions. The first three principal components
described the 75% of total variability. The striking feature in
this analysis is the first principal component that describes
34% of total variability and sets K+ content, organic content,
and illite content to be analogous.The illite content is referred
to as corrected since the total concentration percentage
includes illite in both silt and clay fractions and normalized
to 100. The second PC shows (23% variability) that Ca2+ is
related to clay content and the third PC (20% variability) cor-
relates Mg2+ and K+ with clay content. Figure 3(b) shows the
PCA for all samples with variables, only the macronutrient
availability. It is clear that K+ and Mg2+ availability in soils is
relatively the same in all samples and deviates only for Anogia
soils (U-samples in circle Figures 3(a) and 3(b)) and some soil
samples from Platanos area (PL-arrows in Figures 3(a) and
3(b)). Kb11 sample (arrow in Figures 3(a) and 3(b)) exhibits
higher K+ availability compared to all samples. The first two
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Figure 3: (a) PCA analysis of macronutrients availability (Ca2+, Mg2+, and K+) and physical characteristics (clay content: clay%, organic
content: OC%). (b) PCA analysis of macronutrients availability (Ca2+, Mg2+, and K+). 54 soil samples included from Omalos Plateau (O),
Lasithi Plateau (La), Kantanos (Ka, Kb) Anogia (U), and Platanos (PL). The variable axes are depicted in the figure.
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Figure 4: (a) PCA analysis of micronutrients availability (Zn2+, Cu2+, Fe2+, and Mn2+) and physical characteristics (clay content: clay%,
organic content: OC%). (b) PCA analysis of micronutrients availability (Zn2+, Cu2+, Fe2+, and Mn2+). 54 soil samples from Omalos Plateau
(O), Lasithi Plateau (La), Kantanos (Ka, Kb) Anogia (U), and Platanos (PL). The variable axes are depicted in the figure.

PCs capture 73% of variability and Mg2+ related positively
to K+ (first PC-37% variability) whereas Ca2+ and Mg2+ are
negatively correlated with K+ (second PC-36% variability).

Micronutrients (Zn2+, Cu2+, Fe2+, and Mn2+), clay con-
tent, and OM% are the variables for the PCA depicted in
Figure 4(a). The first 3 PCs explain the 79% of the variability.
The first PC (39% of variability) shows high correlation with
organic content for all micronutrients apart from Zn2+. The
second PC (21% variability) interrelates Cu2+ content to clay
content. The third PC (19% variability) shows low interrela-
tion between Fe2+ and OM% and high correlation with Cu2+
and Zn2+. Figure 4(b) shows PCA for the micronutrients
(Zn2+, Cu2+, Fe2+, and Mn2+) and it is obvious that all
samples are gathered in a cloud and only three samples are
deviated (shown with black arrows in Figures 4(a) and 4(b)).
The first two PCs capture 73% of total variability. The first
PC (47% variability) correlates Fe2+ with Cu2+ and Mn2+,
and the second PC (26% variability) correlates Zn2+ and
Cu2+.

4. Discussion

4.1. Mineralogy and Chemical Analysis of Soils in relation to
Different Parent Material. As it is expected, parent material
influences primarymineral phases of soils. Twomain reasons
impose differences in the soil samples from Omalos Plateau
and Lasithi Plateau and these are differences in the parent
material and differences in the amount of precipitation
in those areas. The presence of feldspars and chlorites
and the lower quartz content in La soils compared to O
soils are attributed to differences in the lithology of the
weathering products (Table 1). This can be attributed to
lithology differences of the surrounding rocks (phyllites and
quartzites series) which they supplied with weathered prod-
ucts (sediments), both plateaus. In western Crete, phyllites
and quartzites are dominated by quartz (Omalos Plateau-
quartzites), whereas in eastern Crete they have high mica
content (Lasithi Plateau-phyllites). The presence of less illite
and more kaolinite in O soils compared to La soils can be
attributed to higher precipitation in O plateau compared to
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La plateau. Omalos Plateau is situated in higher elevation
compared to Lasithi Plateau, whereas apart from the oro-
graphic gradient there is also strong directional gradient since
western parts of the island gets more rain than the eastern
part and that is demonstrated by recent studies (i.e., 1190–
1670mm/a in Omalos Plateau, 720–1190mm/a in Lasithi
Plateau) [47, 48]. Kourgialas et al. [49] presented the strong
rainfall gradient due to elevation differences (𝑦 = 0.7105 ∗
𝑥 + 578.4, 𝑦 = rain, and 𝑥 = elevation).

The silt fraction ofAnogia soils exhibits characteristic pri-
mary mineralogy with serpentine and talc as inherited from
ultramafic rocks (Table 1). Smectite (a secondary mineral) in
clay fraction can be attributed to Mg abundance in soil. The
detection of quartz is noteworthy; a possible explanation for
the presence of quartz may be dust deposition [50, 51].

Ka and Kb soils have quartz, feldspars, and phyllosilicates
(paragonite) in silt and clay fractions which are related
to phyllites-quartzite parent material. Ka soils exhibit dif-
ferences in secondary minerals compared to Kb soils. Ka
soils contain lower illite in clay fraction compared to Kb
soils, which is attributed to differences within the phyllites
and quartzites series (Kb soils less acidic: low presence
of quartzites) since both sampling areas are in the same
elevation.This is an evident that soils from different lithology
exhibit different content of secondary mineralogy like illite
under the same climatic conditions (same amount of rain).

Platanos soils show mineralogy which is characteristic
of the calcaric Neocene sediments (parent material) with
abundant calcite in both silt and clay fractions. The presence
of smectite in the PL soils is linked to MgO presence in
chemical analysis. PL soils contain illite, which might be
secondary and/or primary sedimentary mineral.

Smectite is present in soils with different lithological
characteristics (i.e., ultramafic: U, alluvial: La, and limestone:
PL). This is an indication that factors like precipitation and
drainage of soils affect concentration of basic cations (i.e.,
Mg2+ and Ca2+) favouring the formation of smectite. This is
also evident from bulk chemical analysis where U, PL, and La
exhibit significant Mg2+ concentrations (Table 2).

Bulk chemical analysis of soils reflects themain character-
istics of the parent materials (Table 2, Figure 2). The striking
feature is the relative common chemical characteristics for O,
La, Ka, and Kb soils (Figure 2) which is evidence that alluvial
sediments in Omalos and Lasithi Plateau are comprised of
weathered products of metamorphic schists like those in
Ka and Kb sites. Thus, O and La soils exhibit high SiO

2

concentration in bulk chemical analysis related to alluvial
rocks lithology. O soils exhibit higher SiO

2
content compared

to La soils probably due to higher precipitation in Omalos
Plateau as it has been alreadymentioned, which promotes the
increase of elements leaching and the increase of weathering
resistant material like quartz. The highest MgO and FeO
concentrations are found in U soils since they are inherent
characteristics of its parent material (serpentine). Kb and Ka
soils exhibit the highest SiO

2
concentration that is related

to their parent materials (phyllites and quartzites); Kb soils
show lower SiO

2
concentration compared to Ka due to less

acidic parent material in the former as it has already been

mentioned. PL soils show the highest CaO content compared
to the other soils related to a Neocene sediment mixture of
sand and marly limestones.

Soil texture shows that sedimentary parent material
exhibits finer grain size soils (PL, O, and La), whereas soils
with nonsedimentary parent material are coarser grained
(Ka, Kb, and U). Parent material of the PL soils (soils with
finer grains) is a biochemical sedimentary rock and the
deposition of fine grain calcite is common [46].

4.2. Macronutrients andMicronutrients in relation to Different
Soil Parent Material. PCA analysis showed strong interre-
lation between potassium content, organic matter, and illite
content (Figure 3(a)). In addition, Ca2+ is related to clay
content and negatively related to Mg2+ and K+. Moreover, it
is obvious from Figure 3(a) that most of the soil samples are
gathered in one “cloud” without separating any group, except
Anogia soils (U). The same is shown from PCA, where three
macronutrients are considered as variables (K+, Mg2+, and
Ca2+) (Figure 3(b)). The previous shows soils from different
lithologies (alluvial-O, La metamorphic Ka, Kb, and calcaric
PL) to have identical availability of macronutrients and the
samples deviating from those are Anogia samples due to high
availability of Mg (samples in circles, Figures 3(a) and 3(b))
and some samples from Platanos area due to high availability
of Ca (arrows in Figure 3(b)). In other words it is shown that
all soils apart from Anogia samples and some from Platanos
area are in a common state regarding K+, Mg2+, and Ca2+
availability. Only in Anogia soils, lithology characteristics
of the parent material influence macronutrient availability
such as Mg2+, whereas the case is the same with some
samples from Platanos area. Stutter et al. [7] showed that a
strong relationship exists between basic cations (i.e., Ca2+,
Mg2+) and basic parent material in soils. The high calcite
content in PL soils is due to the origin of the Neocene parent
material (sediment pool in shallowmarine environment) [46]
which mainly consist of unconsolidated crystals of calcite,
clay minerals, and quartz. To verify the results, 𝑡-tests were
applied for all samples to identify significant different average
values. As it is shown in Table 3, most of the samples are not
significantly different regarding K+ availability, apart from
Kb samples, which show higher illite content. The previous
is observed also in Figure 3(b) where Kb samples are along
K+ variable axis. Omalos samples exhibit the lowest K+
availability and they are slightly different to La soil samples
which are probably connected with increased K leaching
due to higher precipitation in Omalos Plateau compared to
Lasithi Plateau. In addition, potassium availability in our case
is controlled by both illite content and organic matter, which
is an unusual case and it is observed onlywhen organicmatter
contribution in the total CEC is less than 15%, which has been
shown by detailed study of Poonia and Niederbudde [52] on
the K+ absorption in soils. The aforementioned is verified by
the weak interrelation of OM% and CEC as revealed in PCA
(Figure 2(b)). Visualization of the aforementioned is shown
also in Figures 5(a) and 5(b) where plots of K+ availability
versus illite content andOMcontent share an almost identical
𝑅
2 (0.53 to 0.59).
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Figure 5: (a) Potassium availability versus % illite corrected content calculated from both silt and clay fractions normalized to 100%. (b)
Potassium availability versus organic matter %. Fitted lines and 𝑅2 are also shown.

Identical results can be inferred for Mg2+ availability;
thus, all samples apart from U exhibit the same Mg2+ and
there is again a small difference between O and La samples
as it is for potassium. Calcium shows no statistical difference
in average values among all soil samples and that is also the
case for the soilswith calcaric parentmaterial. Someone could
infer that the in situ uncultivated soils investigated in Crete
regarding K+, Mg2+, and Ca2+ have reached a common stage
in the availability of these nutrient elements. Differences are
observed in soils like Anogia (ultramafic parentmaterial) and
in some soils in Platanos (calcaric parent material), where
the lithological factor is still strong and overcomes the low
organic matter availability.

Figure 4(a) shows that the micronutrients are mostly
associated with organic content. Micronutrients availability
in 54 soils is relatively identical as it is described in Fig-
ure 4(b). Only three samples exhibit high values of certain
elements (arrows in Figures 4(a) and 4(b)), an observation
that can be related to spatial lithological and/or chemical
differences. Indeed, Table 3 shows on average identical
statistical values for most of the micronutrients. Fe exhibits
on average statistical different values only for the areas of La
and U: the former is related to the high organic content (i.e.,
La11) whereas the latter is related to the higher content of
minerals rich with Fe (i.e., chlorite) and this is also obvious in
bulk chemistry of U soils (Table 2). U soils exhibit high pH,
which is crucial for low leaching rate of available Mn2+ and
Fe2+ into soil solution [53]. In contrast, soils with low pH (i.e.,
Kb11, Figures 4(a) and 4(b)) show higher availability in Mn2+
and Fe2+ and that is also observed by other researchers [54].
Thus, pH seems to influence availability of Mn2+ and Fe2+.
In addition, Cu2+ and Zn2+ concentrations are low and they
do not vary significantly among the soils, probably due to the
relatively low organic matter content (see Section 4.3) and/or
the already low concentrations of these ions in the bedrock
geology (limestones, ultra-mafic rocks, etc.).

4.3. Organic Matter, Nitrates, and Phosphates Availability in
relation to Different Parent Material. OM content is similar
in most of the soil samples and it is slightly lower than typical
Mediterranean soils (1 to 1.5%) [55–58], except La and Kb
soils due to denser vegetation in those areas (shrubs, etc.).
Two observations are obvious: parent material origin does
not affect the OM content of uncultivated soils in Crete and

that Mediterranean climate is a crucial regulating factor of
OM content in soils. López-Piñeiro et al. [59] mentioned that
many soils from theMediterranean region are poor in organic
matter.The same is observed also for nitrates and phosphates
in the soils studied here. Fast decomposition of OM due to
climatic conditions (low rainfall, high temperatures) and low
vegetation grow (low input of organic residues) lead to high
rates of N mineralization and finally high leaching of nitrates
through rainfall during winter time and especially by first
flush events [57, 60–65]. The nitrogen-nitrate shows corre-
lation with clay content this is related probably to positively
charged sites in clays which has also been observed by others,
especially in deeper soil horizons in the absence of organic
matter [66]. Figure 2(b) shows P-PO

4
to be strongly correlated

with organic matter. The aforementioned are also evident
in Table 3 where P-PO

4
content is on average statistically

different for La samples that also exhibit higher content of
organic matter in some samples. The N-NO

3
abundance

is different for PL soils, which are finer. Kb and U soils
show also different N-NO

3
content which can be related to

higher organic content and to the type of clay (i.e., smectite),
respectively. More studies are needed in order to clarify these
observations.

4.4. Soil Physicochemical Variations in relation to Different
Soil Parent Material. Figure 2(b) shows that CEC is related
to both clay content and pH and the correlation of organic
content with CEC is rather weak. Only La sample exhibits
high CEC which can be correlated with organic content
which is different and higher compared to other soils in
Crete. U, PL soils exhibit the highest CEC values and the
highest smectite content compared to other soils and this
is also verified by 𝑡-test. However, considering the highest
theoretical CEC of smectite for U soils (70–130meq/100 g)
[67] and that only the clay fraction contributed to CEC, then
16% of the total CEC could be exchanged into extraction
solution. Thus, smectite is not the only mineral contributed
to CEC. Hence, Wauters et al. [68] referred to exchange sites
that consist of sites in planar and/or interlayer clay minerals,
humic substances, and frayed edge sites (FES) located at
the edges of micaceous minerals. In addition, Fe-Mn oxide
minerals can contribute to CEC [69, 70]. Thus, in our
case both edges of phyllosilicates minerals (i.e., serpentine,
chlorite) and oxides surfaces could contribute to CEC. pH
controls CEC of such surfaces.
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PL, U, and La soils exhibit high pH values, due to the
high content of basic cations like Mg2+ and Ca2+, whereas
soils like Ka and Kb exhibit low pH, due to high content of
silicon and depletion of basic cations. O and La soils exhibit
different pH values despite their similar parent materials, due
to differences within the alluvial deposits as already have
been mentioned and/or the higher precipitation in Omalos
Plateau. The dependence of CEC on pH is related to the
presence of exchangeable sites on the edges of the silicate
minerals and oxides and on the competitive adsorption of
H+ in exchangeable sites [71, 72]. Thus, in the absence of
significant organic matter, parent material affects directly the
soil pH which in turn influences CEC.

4.5. Soil Quality in Fragile Undisturbed Soils of Crete. Finally
the present study shows the fragile soil development in
different lithological units of Crete. To visualize the low
nutrient capacity of uncultivated soils in Crete, we consider
the fertilization requirements of olive trees which are a
widespread cultivation in Mediterranean area [73]. Table 4
shows the availability of macronutrients per hectare in the
soils investigated and the recommended values for olive trees
(in average rainfall 400–700mm). It is clearly shown that
the availability of nutrients is at least 575, 6, 1647, 3300, and
3368 times lower than the recommended fertilization (TDC-
Olive project) values for olive trees cultivation. The previous
values are calculated by comparing the area with the higher
availability for each nutrient to the nutrient recommended
value for olive trees cultivation. Thus, the soil states of
the undisturbed soils in semiarid Mediterranean climatic
conditions have developed soils of low organic content and
low nutrient availability and only in certain cases like Mg2+
content in Anogia.

5. Conclusions

Conclusions from the results of the chemical and mineralog-
ical analyses in undisturbed soils in Crete can be summarized
to the following.

(i) Primary mineralogical phases and bulk chemical
analysis of soils reflect parent material lithology;
however, PCA revealed that most of the soils showed
identical macronutrient availability irrespectively of
the parent rock lithology.Only the case ofMg2+ shows
higher availability in limited samples from ultramafic
parent rock.

(ii) Most of the sampling sites show that micronutrients
availability has reached a common stage and is low
due to low organic content. Only few samples show
higher micronutrient availability related possibly to
local lithological differences without significantly sta-
tistically changing the overall arguments.

(iii) PCA revealed that potassium is low and it is con-
trolled from both the secondary minerals and the
organic content in soils.

(iv) Cation exchange capacity is low and it is connected
to smectite presence, edges of minerals, and pH and

no relation is identified to organic matter, with the
exception of one sample from Lasithi Plateau.

(v) Nutrients like nitrogen, phosphorous, Mn2+, Fe2+,
Cu2+, and Zn2+ are not correlated with the parent
material, and all soils exhibit common behaviour
while the availability in those nutrients is low.

(vi) Organic content in undisturbed soils in Mediter-
ranean semiarid climatic conditions is low and it
should be considered in future perspectives of soil
modeling studies, soil management, and soil pro-
tection. Identically, macro- and micronutrients have
been washed out in the undisturbed soils due to
missing host sites like organic matter.
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Results of 21-year-long (1989–2010) observations of the concentrations and the spatial distribution patterns of nine heavy metals
(HMs) in topsoils of the Eastern district of Moscow are presented.The quantitative parameters of soil pollution include the annual
increase rates of HM concentrations in several land-use zones. The maps of geochemical anomalies were compiled using the data
collected in 1989, 2005, and 2010.The growth of the total volume of industrial and vehicles’ emissions between 1989 and 2005 caused
significant deposition of Pb, Zn, Cu, and Cd.The additional input of Cd to the soils is attributed to the application of sewage sludge
as fertilizers. The relative increment of concentrations was the highest for Pb, Co, Cu, Ni, and Cr. In 2005–2010, the relative annual
increment rate was the highest for Cr, Cd, Co, and Ni, and it increased by an order of magnitude as compared to the previous
period. By contrast, Pb and Cu concentrations decreased owing to the soil reclamation, the exclusion of leaded gasoline as a fuel
for vehicles and closing some hazardous enterprises. Joint analysis of snow and soil geochemical maps allows identification of the
zones of actual, permanent, and relict pollution.

1. Introduction

Development of industrial cities and rapid growth of urban
population aggravates ecological problems caused by air
and water contamination and permanent accumulation of
pollutants in soils. Heavymetals (HMs) are of special concern
since they belong to very hazardous substances. The content
and distribution of HMs in Moscow soils have been analyzed
bymany authors [1–7]. At the same time, such urgent issues of
urban ecology as a long-term dynamics of soil contamination
with HMs in different land-use zones have not yet been
considered. The aim of this research is to study spatial-
temporal trends in soil contamination with HMs in one of
the most polluted districts of Moscow.

The specific purposes of the study are as follows:
(i) to investigate the main features of long-term dynam-

ics of HM content in the soil cover in relation to land-
use type and fluctuations in urban activities;

(ii) to map technogenic geochemical anomalies in urban
soils for different time periods;

(iii) to determine the character and intensity of HM
accumulation in urban soils by combined analysis of
snow and soil geochemical maps;

(iv) to evaluate the environmental risk of the contamina-
tion on the basis of integral indices.

2. Materials and Methods

The Eastern district has been chosen as a study object; it
is located on the Meshchera outwash plain. The southern,
most polluted, part of the Moscow Eastern district was
investigated. This territory belongs to the southern taiga
Meshchera landscapes with a temperate continental climate.
The snow cover appears in late October–early January and
reaches the maximum height in February-March. A flat plain
with altitudes of 150–160m a.s.l. is composed of glaciofluvial
sands and loams with low content of HMs [8]. Soil cover
has been severely disturbed; natural sod-podzolic, podzolic-
bog, and bog soils are preserved only locally in the suburbs
and green areas. The major part of the area is occupied by
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Figure 1: The map of land-use zones for the territory of the Eastern district of Moscow [12].

specific urban soils, that is, urbanozems and technozems [9],
developed on filled redeposited substrates and the cultivated
layer; in some parks and recreation zones, soils develop on
the natural parent rocks.

The most widespread soils are urbanozems that are
deeply transformed anthropogenic soils, the profiles of which
change to a depth of more than 50 cm. Their main difference
from natural soils is the presence of a diagnostic “urbic”
horizon. This surface horizon is a filled mixed layer with an
admixture (>5%) of anthropogenic inclusions (construction
and industrial waste, domestic garbage); as a rule, it contains
organic matter. The physical and chemical properties of this
horizon change owing to the input of eolian dust [5].

The territory has multispecialized industries, including
instruments and equipment producing, chemical and oil-
processing factories, heating power stations, incineration
plant, and a dense network of roads. Highways are the
Moscow Ring Road (MKAD) and Shosse Entuziastov. Motor
transport is the main source of pollution in the district [10].
The largest industrial zones are Karacharovo and Sokolinaya
Gora in the north-east of the study area; Perovo in the
center; Vykhino and Gaivoronovo in the south. Owing to

the fall in production and decrease in the volume of wastes
and emissions, the input of stationary air pollution sources
decreased from 26-27% of the total mass of technogenic
load, in the early 1990s to 10% at the end of the decade [11].
Nevertheless Moscow still ranks 10th–13th among Russian
cities by the total pollution level from stationary sources;
industry remains the most important factor responsible for
the contamination of the urban environment with specific
emissions.

The geochemical studies and soil sampling were per-
formed during the summers of 1989, 2005, and 2010 at the
same points (Figure 1). Samples were collected at approxi-
mately uniform grid with a sampling spacing of 700–900m.
This scheme is widely used in the world for geochemical
mapping of cities [13]. Altogether 153 soil mixed samples
were taken from themost humus enriched and contaminated
upper (0 to 15 cm) horizons of the urban soils. Mixed samples
were composed of 4 individual ones. Soddy-podzolic soils
of the Meshchera Plain (45–50 km east of the city, where
its influence was not displayed) were studied as background
analogues. These light-textured soils develop under meadow
grass-forb and forest spruce-birch communities. Ten samples
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Table 1: Levels of landscape pollution with HMs and dust [14].

Levels of
pollution

Dust deposition
𝑃
𝑛
, kg/km2 per day

Total indices of
HM immission 𝑍

𝑑
Snow pollution 𝑍

𝑐
Soil pollution 𝑍

𝑐

Low <200 <1000 <32 <16
Medium 200–300 1000–2000 32–64 16–32
High 300–500 2000–4000 64–128 32–64
Very high 500–800 4000–8000 128–256 64–128
Maximum >800 >8000 >256 >128

were taken from the surface horizons of the reference soils.
The bulk content of Zn, Cd, Pb, Cu, Cr, Co, Ni, Mn, and Cs
was determined by atomic absorption spectrometry using an
Hitachi 180–70 spectrometer. To determine all the elements
soil samples were transferred into the state of the solution
using the mixture of acids HCl, HClO

4
, and HNO

3
, with

triple evaporation and complexation of HF with boric acid.
The residue was then dissolved in HCl.

The type of land use is of primary importance for the
formation of technogenic geochemical anomalies; therefore
land-use zoning of the territory was performed using satel-
lite high-resolution images [12]. The following areas were
specified (Figure 1): highways and industrial zones, medium-
rise residential blocks within MKAD, recreation zone (parks,
forest parks, and leisure areas), new high-rise buildings
(Novokosino, Kozhukhovo), old residential blocks (private
low-rise buildings in Novoukhtomskii, Kosino, and Rudnevo
settlements), and agricultural area (arable lands of the former
Mossovet sovkhoz).The zones differ in duration and intensity
of anthropogenic stress. Geochemical maps were compiled
using spline interpolation (GeostatisticalAnalyst, ArcGIS 10).

The accumulation or dispersion of dust andHMs in urban
soils was evaluated using enrichment or depletion factors
estimated via comparison with the data on the HM concen-
trations𝐶𝑓 in the reference soddy-podzolic soils: EF = 𝐶/𝐶𝑓
and DF = 𝐶𝑓/𝐶, where 𝐶 is the element concentration in
urban soils. The results are displayed on a special plot named
geochemical spectrum. The immission of the solid fraction of
HMs to soil𝐷 equals the dust load 𝑃

𝑛
in the snow multiplied

by HM concentration in it; 𝐷 = 𝑃
𝑛
⋅ 𝐶. Exceedance of HM

fallout above background values 𝐷𝑓 is characterized by a
factor 𝐾

𝑑
= 𝐷/𝐷𝑓. Total multielemental pollution of snow

and soil cover is defined by integral indices of immission
𝑍
𝑑
= ∑
𝑛

𝑖=1
𝐾
𝑑
−(𝑛−1) and total pollution𝑍

𝑐
= ∑
𝑛

𝑖=1
EF−(𝑛−1),

respectively, where 𝑛 is number of elements with 𝐾
𝑑
or EF >

1. They summarize the excess of the HM contents in urban
soils over background levels and thus display the degree of
their anthropogenic geochemical transformation [14, 25, 26].
Integral indices have 5 levels which determine the degree of
pollution (Table 1). Maps of these parameters reveal spatial
patterns of pollution in these depositing media.

3. Results and Discussion

3.1. Accumulation of HMs in Urban Soils. The intensity
of HM accumulation in the soils of the Eastern district
(Figure 2) was evaluated in relation to the background soils

Pb Zn Cu Cd Ni Cs Cr Mn Co

1989
2005
2010

EF

DF
4

1

4

7

9

Figure 2: Geochemical spectra of urban soils in the Eastern district
of Moscow showing enrichment and depletion factors (EF, DF) of
metals in relation to background soils.

of Meshchera plain which have trace-level concentrations of
all HMs under study, except for Cd and Cs. Low values of
metal concentrations in background soils are explained by
their contents in parent fluvioglacial sands [8] and the small
intensity of fallout from the atmosphere [2, 9].

In 1989 the group of four elements accumulated
in urban soils with the following sequence according
to their enrichment factors EF (inferior indices):
Pb
4.4
Zn
3.7
Cu
1.7
Cd
1.4
. Other metals dissipated with intensity

whichwas defined by their depletion factors DF (top indices):
C]2.3Mn1.4Cr1.3Cs1.2Ni1.1. The content of HMs in urban soils
was very variable; coefficients of variation CV of particular
HMs changed from 41 to 89%, reaching 102% for Cd because
of differences between the individual land-use zones.

In 2005 metals pollutants showed the increasing content
while preserving the above sequence: Pb

9.9
Zn
4.9
Cu
2.6
Cd
1.8
.

During 1989–2005 the average concentrations of two main
pollutants, Pb and Zn, increased by a factor of 2.2 and 1.3,
respectively.The content of Cr, Cs, and Ni came close to their
background levels; onlyCo andMnhad concentrations below
the background values (DF 1.6 and 1.2). Soil concentrations of
all HMs under study were slightly less variable than in 1989
(CV 32–66% for Co, Ni, Mn, Cs, Zn, Cr, and Cu and 91-92%
for Cd and Pb).

In 2010, 21 years after the beginning of investigations,
further growth of soil pollution with HMs was observed, and
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Table 2: Mean content of HMs (mg/kg) in topsoils of natural background and various land-use zones in the Eastern district of Moscow in
1989, 2005, and 2010.

Year (number of samples) Pb Zn Cu Cd Co Cr Ni Mn Cs
Natural background of the Meshchera lowland

1989 (10) 9.04 37.5 27.9 0.34 6.60 32.0 15.2 585 5.40
Highways (0) and industrial zones (P)

1989 (12) 60.5 224 80.7 0.65 3.85 34.0 17.6 442 5.58
2005 (14) 174 305 130 0.81 5.82 51.7 26.9 518 8.08
2010 (13), 0 59.5 183 67.5 1.23 8.48 89.9 32.2 412 1.90
2010 (5), ` 114 286 88.0 1.37 9.3 92.2 35.4 513 1.88

Residential zone with low-rise buildings (L)
1989 (5) 72.4 138 39.4 0.64 2.67 32.1 16.2 463 4.53
2005 (5) 159 180 65.7 0.81 3.84 47.9 22.6 549 6.34
2010 (5) 68.8 163 60.6 1.33 8.12 95.6 33.6 544 1.64

Residential zone with medium-rise buildings (M)
1989 (16) 23.4 130 40.1 0.35 2.48 20.5 12.1 340 4.65
2005 (17) 39.9 165 58.8 0.48 3.76 29.2 17.8 414 6.47
2010 (10) 66.7 223 62.3 1.43 8.6 106 30.0 493 2.09

Residential zone with high-rise buildings (H)
1989 (5) 16.4 76.5 24.6 0.14 1.61 16.3 9.14 260 2.43
2005 (5) 20.2 88.3 28.1 0.15 1.82 18.2 10.6 309 2.91
2010 (7) 44.1 162 54.0 1.45 8.57 104 26.1 389 1.99

Recreational zone (R)
1989 (6) 21.1 76.7 24.3 0.17 2.44 9.24 7.58 512 4.04
2005 (6) 32.9 82.7 28.9 0.20 2.87 11.6 9.20 538 4.44
2010 (9) 49.4 147 50.4 2.05 8.8 101 29.0 482 1.87

Agricultural landscapes (AG)
1989 (5) 45.6 96.3 57.7 1.07 3.20 34.0 18.0 535 3.74
2005 (5) 84.7 122 71.2 1.44 4.09 37.9 21.5 640 5.19
2010 (3) 34.0 173 67.0 3.70 7.7 137 27.3 492 1.47

the group of metals concentrated in topsoils was expanded
up to seven elements. According to EF values, they form
the following sequence: Pb

6.8
Zn
5.0
Cd
4.7
Cr
3.1
Cu
2.3
Ni
2.0

Co
1.3
.

Mn and Cs have the contents below background (DF 1.2 and
2.8, resp.). Since Cs is concentrated in hydroxides of Mn, its
removal (washout) from the topsoils is accompanied by a sig-
nificant decrease in the content of Cs [27].The concentration
of Pb—the main pollutant—decreased by a factor of 1.4 in
comparison to 2005 that could be the result of soil reclama-
tion in combination with the exclusion of leaded gasoline as
a fuel for vehicles and the closing some hazardous enterprises
which produced machines and electronic equipment. The
intensive growth of Cd content in urban soils is caused by its
presence in the motor vehicle emissions; in agricultural and
recreation zone it is related to the application of large amounts
of mineral and organic fertilizers and sewage sludge which
contain Cd as an admixture. Concentrations of other metals
increased slightly or remained at the same level.The contents
of Co, Cs, and Pb in soils became less variable, while that of
Zn and Cr increased up to 68–70% and of Cd, up to 136%.

3.2. HM Content in Soils with Different Type of Land Use.
Distinctions in the levels of HM concentration in soils of

different land-use zones were revealed through the analysis
of values in Table 2. Differences in mean HM content were
evaluated by 𝑡-test. They were significant at P 90–95% for
the majority of the elements and land-use zones since mixed
samples which were composed of 4 individual ones were
used. In 1989 Pb and Zn were accumulated in soils of all
land-use zones, particularly within old low-rise residential
areas (EF 8.0 and 3.7, resp.), near highways (6.7 and 6.0), and
agricultural areas (5.0 and 2.6).The third priority pollutant—
Cu—was mostly accumulated in the industrial and transport
zones (2.9). Soils of the recreational zone and new high-rise
residential areas showed low contents of HMs. Among them
the greatest dispersion of Cr (DF 3.5 and 2.0) and Co (2.7 and
4.1, resp.) in comparisonwith background soils was observed.

In 2005 the overall picture of HMs distribution in the
soils of individual zones was the same, but the concentra-
tions ofmain pollutants—Pb and Zn—significantly increased
(Table 2). The highest concentrations were found in the soils
of highways and industrial zone (EF 19.2 and 8.1, resp.), old
residential blocks (17.6 and 4.8), and agricultural areas (9.4
and 3.3). Low concentrations of the majority of HMs (Co, Cr,
Cd, Ni, Mn, and Cs) in comparison with background values
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Table 3: Mean surplus/decrease rate of HM contents in topsoils of the Eastern district of Moscow.

Period Increment rate Pb Zn Cu Cd Co Cr Ni Mn Cs

1989–2005 mg/kg per year 3.1 2.8 1.6 0.01 0.08 0.64 0.36 4.40 0.11
% 0.08 0.03 0.04 0.03 0.04 0.03 0.03 0.02 0.03

1989–2005 mg/kg per year −5.4 1.2 −2.1 0.20 0.90 13.0 2.2 3.8 −0.86
% −0.36 0.03 −0.15 0.89 0.71 0.97 0.45 0.04 −1.1

were observed in the soils of recreational zone and new high-
rise residential quarters (DF 3.6–1.1).

In 2010 geochemical contrasts in the soils of individual
land-use zones became less pronounced. The concentrations
of Cr, Co, and Mn increased in comparison with 2005
practically in all land-use zones, and those of Pb, Cu, Zn
decreased in transport and industrial zones, old residential
and agricultural areas (except for Zn). The content of Pb in
these zones decreased by a factor of 2.3–2.5 that is apparently
related to the soil reclamation, as well as to improvement
of fuel and changes of vehicle structure. The content of Cd
sharply increased, especially in the soils of recreational and
agricultural zones.This could be explained by the application
of high doses of sewage sludge and phosphoric fertilizers.

3.3. Long-Term Dynamics of HM Anomalies in Urban Soils.
The time-spatial patterns of HMs distribution in soils are
presented on the maps of𝑍

𝑐
index compiled for several years

of the 21-year-long period of observations (Figure 3). In 1989
the territory was characterized by low level of total pollution
(𝑍
𝑐
< 16) as a result of rather weak industrial and transport

influence on urban soils. On this background there were
several small spots of low-contrast technogenic anomalies of
HMs with medium level of pollution located in northwest,
southeast, and central parts of the district. In the centers of
these anomalies the values of𝑍

𝑐
indicator did not exceed 32–

35.
In 2005 the existing anomalies of HMs in soil cover of

the district considerably increased their size and contrast;
the total pollution of soils increased by a factor of 1.7 for
the 16-year period. The most contrast technogenic anomaly
of HMs with 𝑍

𝑐
about 48 in its center was formed in the

northwest under the influence of emissions from the large
industrial zone “Sokolinaya Gora” and Shosse Entuziastov
Highway. Several anomalies along the Moscow Ring Road
(MKAD at Figure 1) which were poorly expressed in 1989
became larger with maximum 𝑍

𝑐
32–40. Southeast anomaly

of HMs in soils also became more pronounced, up to 𝑍
𝑐
48.

Thus, the pollution level in anomalies has changed from the
medium to high.

In 2010 a further increase in the areas and intensity
of HM anomalies was observed. The northwest anomaly
with the total index of soil pollution 𝑍

𝑐
48–80 expanded

beyond the industrial zone “Sokolinaya Gora” and partly
covered residential areas to the south of Shosse Entuziastov
Highway. In the center of the district large anomaly with𝑍

𝑐
>

100 was formed under the influence of the industrial zone
“Perovo” and district heating station (DHS) “Perovskaya.” In
the southeast part of the district technogenic anomaly ofHMs

was extended to the east while the 𝑍
𝑐
indicator increased up

to 50–70. It is the result of emissions of recently constructed
incineration plant near the settlement of Rudnevo.

Growing contamination of urban soils with HMs is
caused not only by an increase in emissions from industry
and transport in particular, but also by a change in absorption
capacity of the soils. Anthropogenic transformation of the
physical and chemical properties of the soils leads to the
formation of complex physical and chemical barriers. They
arise as a result of precipitation of carbonate construction
dust enriched by fine particles, application of soil peat
compost mixtures with a high content of humic substances
for planting of greenery as well as flooding and soil sealing
which alters its gas and redox regimes.TheHMaccumulation
on these man-made barriers is not necessarily accompanied
by a reduction in their mobility; analysis of mobile forms of
HMs showed that their precipitation from the atmosphere
exceeds the speed of their washout from topsoils [28].

3.4. Trends of HM Accumulation in Topsoils and Snow Cover.
Tendencies of HM accumulation in the urban soils were
evaluated for two periods: 1989–2005 and 2005–2010 by
calculation of average annual growth of HM content in the
topsoils (Table 3) which differ considerably depending on the
type of land use (Figure 4).

From 1989 to 2005 the growth of HM content in soils
of the Eastern district was relatively small. The maximum
absolute increase was inherent of Mn (4.4mg/kg per year)
> Pb (3.1) > Zn (2.8) > Cu (1.6) > Cr (0.64). Thus, the
relative rate was the greatest for Pb, Co, Cu, Ni, and Cr (0.07–
0.03% per year) in the soils of industrial zones and near
highways, old low-rise residential quarters, and agricultural
areas (Figure 4).

In 2005–2010, the rates of HM accumulation in the soils
increased and became more differentiated among the land-
use zones (Figure 4). Depending on the average annual values
HMs form the following sequence: Cr (13.1mg/kg per year) >
Mn (3.8) > Ni (2.2) > Zn (1.2) > Co (0.9). Cr, Cd, Co, and Ni
had the maximum relative rate of growth (up to 0.5–1.0%),
in comparison with the previous period it increased by tens
times (Table 2). The content of Pb, Cs, and Cu significantly
decreased showing negative values of the annual rate mainly
owing to soil reclamation.

Uneven distribution of HM accumulation rates within
the territory of the district is well seen on Figure 4. Cr and
Cd show the overall growth, especially in less polluted zones
(recreational, agricultural, and new residential areas), while
Pb and Zn dissipate in the soils of industrial zones and
highways, old low-rise residential and agricultural areas.
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Figure 3: Total technogenic anomalies of HMs (according to 𝑍
𝑐
index) in topsoils of the Eastern district of Moscow in 1989, 2005, and 2010.
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Figure 4: Average increase or reduction of the content of Pb, Cd, Zn, and Cr in the topsoils of different land-use zones in the Eastern district
of Moscow for two periods of observations (1989–2005 and 2005–2010). Symbols of land-use zones are given in Table 2.

Table 4: Long-term dynamics of total HM pollution of soils in the Eastern district of Moscow depending on the type of their use.

Observation year
Average values of total index of pollution 𝑍

𝑐
in soils of the land-use zones

Highways Industrial Medium-rise
residential

High-rise
residential Recreational Low-rise

residential Agricultural Total for the
district

1989 15.6 6.3 2.9 3.5 13.2 10.4 9.02
2005 33.4 10.3 3.7 5.0 25.5 17.2 17.3
2010 17.9 28.3 20.4 15.4 17.9 18.6 22.9 19.4

The dynamics of soil pollution was compared with the
distribution of HMs in the snow. The snow cover reflects
actual state of the environment while the soil represents
more stable long-term pollution. Joint analysis of snow and
soil geochemical maps allows identification of the areas of
actual, permanent, and relict pollution. The relict techno-
genic anomalies occur only in soil cover,modern ones, only in
snow, and permanent ones in snow and soils simultaneously
[25]. The snow pollution with HMs in the Eastern district of
Moscow was defined using the integral index of immission
𝑍
𝑑
[29]. It characterizes both the composition and amount

of dust which accumulates in snow. Overlay of the maps of
𝑍
𝑐
and 𝑍

𝑑
integral indices resulted in the identification of

permanent anomalies within the major part of the district
(Figure 5). In the center of the area a relict anomaly was

formed as a result of elimination and reprofiling of the
stationary sources of emissions. On the north, along the
Shosse Entuziastov Highway a modern anomaly of HMs was
discovered in the vicinity of Terletskiy park.

3.5. Assessment of Environmental State of Urban Soils. The
analysis of average zonal values of the total indicator of
pollution𝑍

𝑐
(Table 4) showed that in 1989 themost part of the

territory under study was characterized by a low level of HM
pollution. The average value of 𝑍

𝑐
was only 9.0 that indicates

harmless ecological condition of soils.𝑍
𝑐
values exceeded this

level only in 10 of 49 sampling sites (i.e., 20.4%), mainly in the
industrial zones and near highways.

In 2005 much less sampling points showed 𝑍
𝑐
values <

16 (31 of 52, i.e., 59.6%). Moreover, 14 points (26.9%) shifted
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Figure 5: Location of areas of actual, permanent, and relict pollution in the Eastern district of Moscow according to anomalies in soils and
snow cover.

Table 5: Clarks in the lithosphere [15] and the average contents of Pb, Zn, Cr, and Ni in soils (mg/kg) of the various cities of the world
(compiled by the authors according to [16–24] and to own data for the Eastern district of Moscow, 2010).

HM Lithosphere
clark Stockholm Madrid Seville Berlin Hamburg London Hong

Kong Palermo Naples Belgrade Da
Nang

Moscow,
Eastern
district

Pb 16 101 161 161 119 218 294 93.4 253 262 55.5 20.0 61.8
Zn 83 171 210 107 243 516 183 168 151 251 118 142 189
Cr 83 34.0 74.7 42.8 35.0 95.4 — <40.0 39.0 74.0 32.1 92.2 100
Ni 58 12.8 14.1 23.5 10.7 62.5 — <20.0 19.1 — 68.0 22.6 30.6

to medium and 7 points (13.5%) to high level of pollution.
Average 𝑍

𝑐
value for the district was 17.3 that corresponds

to medium level of HM pollution of soils. There were only
three land-use zones with low level of soil contamination,
residential zones with medium- and high-rise buildings, and
recreational zone (Table 4). In 2005 soils of the residential
low-rise zone and agricultural landscapes had medium level
of HM pollution, and those of highways and industrial zones
had high one.

In 2010 the average 𝑍
𝑐
value for the district increased

up to 19.4. In contrast to the decrease of soil pollution level
for highways, industrial and residential zones with low-rise
buildings, a significant increase of HM pollution occurred
in recreational, agricultural, and residential high-rise zones.

Thus it is only in the latter zone where the level of soil
contamination corresponds to harmless category; other zones
are moderately polluted (𝑍

𝑐
17.9–28.3).

To assess the ecological rank of Moscow in terms of
the level of HM accumulation in soils among the cities of
the world, we compared the average contents of four most
common HMs (Pb Zn, Cr, and Ni) in the soils of large and
capital cities of several countries with their values in the soils
of the Eastern district of Moscow. Soils of the large cities
of the world have rather high average HM concentrations
(Table 5) comparable toMoscow quantities, especially Pb and
Zn. Most intensive accumulation of Pb is typical for the soils
of London, Naples, Palermo, and Hamburg, while that of
Zn is typical for the soils of Hamburg, Naples, Berlin, and
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Madrid. The contents of Cr and Ni are below their clarks in
the lithosphere; theminimum values are observed in the soils
of Madrid, Berlin, Palermo, and Stockholm. So, according to
2010 data, soils of the Eastern district of Moscow do not show
particularly high levels of HM accumulation. The average
content of Pb in the topsoils of the district is close to its values
in the soils of Belgrade and that of Zn is close to its values in
the soils of Stockholm and London. The same levels of the
content of Cr, as in soils of the Eastern district, are recorded
in Palermo andHamburg, and that of Ni is recorded in Seville
and Palermo.

4. Conclusions

Soils of the Eastern district of Moscow show the gradual
increase of HM pollution levels. Among them Pb and Zn are
the leaders with enrichment factors EF 3.7–9.9. In 2010 Cd
joined them (EF 4.7); the intensive growth of its content is
caused by its presence in the motor vehicle emissions as well
as by application ofmineral and organic fertilizers and sewage
sludge containing Cd as an admixture. Over the last 5 years
the contents of Pb and Cu in soils of the district decreased
owing to the soil reclamation and adding uncontaminated
material, the exclusion of leaded gasoline as a fuel for vehicles,
and also conversion and closing a number of hazardous
industrial enterprises which emit these metals.

In 1989–2005 the annual increase of HM concentrations
in soils of the Eastern district was rather low. Pb and Cu
demonstrated themaximumrates of increase (0.08 and 0.04%
per year, resp.). In 2005–2010 rates of the annual increase
of HM concentrations in soils were higher, with more
pronounced differentiation in particular land-use zones. Cr,
Cd, Co, andNi had themaximumrates of increase (1.0–0.45%
per year). The contents of Pb and Cu in the soils of industrial
zones and highways, agricultural, and old residential areas
went down. Nevertheless, these zones still have the highest
contents and the widest range of elements pollutants.

At present, a medium total pollution level is common for
the soils of the Eastern district, with the 𝑍

𝑐
index reaching

28.3 in the industrial zone. The priority contaminants are Pb,
Zn, and Cd.Themaximum level of Pb and Zn concentrations
(114 and 286mg/kg, resp.) in topsoils has been revealed in
the industrial zone, while that of Cd (3.7mg/kg) has been
revealed in the recreational zone.

To represent the stages of development of the technogenic
multielemental anomalies in urban soils maps of a total
index of pollution 𝑍

𝑐
were compiled for particular years of

the 21-year period of observations. Their analysis revealed
a significant increase of the contrast and the area of HM
anomalies in recent years, which could be attributed to the
growth of the total amount of industrial and motor transport
emissions and change in absorption capacity of the urban
soils.
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Hydrocarbon-contaminated aquifers can be successfully remediated through enhanced biodegradation. However, in situ
monitoring of the treatment by piezometers is expensive and invasive and might be insufficient as the information provided is
restricted to vertical profiles at discrete locations. An alternative method was tested in order to improve the robustness of the
monitoring. Geophysical methods, electrical resistivity (ER) and induced polarization (IP), were combined with gas analyses, CO

2

concentration, and its carbon isotopic ratio, to develop a less invasive methodology for monitoring enhanced biodegradation of
hydrocarbons. The field implementation of this monitoring methodology, which lasted from February 2014 until June 2015, was
carried out at a BTEX-polluted site under aerobic biotreatment. Geophysical monitoring shows a more conductive and chargeable
area which corresponds to the contaminated zone. In this area, high CO

2
emissions have been measured with an isotopic signature

demonstrating that the main source of CO
2
on this site is the biodegradation of hydrocarbon fuels. Besides, the evolution of

geochemical and geophysical data over a year seems to show the seasonal variation of bacterial activity. Combining geophysics
with gas analyses is thus promising to provide a new methodology for in situmonitoring.

1. Introduction

Petroleum hydrocarbon leaks and accidental spills happen
commonly during the production, refining, transport, and
storage of petroleum. Release of petroleum hydrocarbons
into the environment causes damage to ecosystems [1] and to
soil and water resources [2]. Increasing demand for drinking
water and cropland with population growth requires effective
remediation techniques to treat the contamination and to
decrease hostile effects on health and environment. In situ
remediation techniques such as enhanced bioremediation
were shown to be effective in cleanup of the contamination
[3, 4]. Enhanced bioremediation involves the addition of
nutrients or electron acceptors to the subsurface environment
to accelerate the natural biodegradation processes which
degrade hydrocarbons [5]. Due to the potential of cost
saving of in situ techniques compared to conventional ex situ

techniques, there is an economical interest for commercial
providers to use enhanced bioremediation [6]. However,
these processes remain partially unexploited, mainly because
their in situ monitoring, before, during, and after soil treat-
ment operations, is often expensive and technically challeng-
ing. Indeed,where significant subsurface heterogeneity exists,
conventional intrusive groundwater sampling campaigns can
be insufficient to obtain relevant information as they are
restricted to costly monitoring piezometers at discrete loca-
tions. New monitoring tools are needed to overcome these
limitations and make the enhanced bioremediation more
reliable and robust, as well as economically competitive.

Previous studies suggest that geoelectrical techniques,
especially electrical resistivity (ER) and induced polarization
(IP), can be used to detect the presence of LNAPLs (Light
Nonaqueous Phase Liquids) [7–10] as well as monitoring
the effects of their biodegradation [11–14]. Biodegradation
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processes modify ground electrical properties because they
change biophysicochemical conditions in the subsurface: (i)
bacteria modify local redox conditions, inducing changes in
self-potential (SP) [15]; (ii) microbial activity can produce
organic acids and/or carbonic acid that affect the pore water
conductivity, modifying both the in-phase and the quadra-
ture conductivity [16]; (iii) during microbial growth and
formation of biofilms, biomass can clog pores and potentially
change the porosity and hydraulic conductivity, increasing
the storage of electrical charges [17, 18]. Thus, ER and IP
are expected to be effective nonintrusive tools to monitor
enhanced bioremediation.

Some studies have implemented geoelectrical meth-
ods to characterize hydrocarbon-contaminated sites under
biodegradation [19–22], but only few apply thesemethods for
long-term monitoring or to prove the efficiency of enhanced
bioremediation [23].These previous field studies suggest that
ER and IP are highly sensitive to the biophysicochemical
processes associated with biodegradation. Nevertheless, the
interpretation of geophysical data remains challenging partly
because several factors may contribute to the observed
electrical response (presence of metallic particles or clays,
e.g.) and/or influence the electrical response in function of
time (variation of water saturation and temperature). That
is why geoelectrical methods are often used in conjunction
with geochemical measurements (temperature, pH, redox
potential, water conductivity, and dissolved oxygen content)
to detect changes in the chemical and physical properties
of the soil and groundwater. With the aim of minimizing
the use of piezometers, microbial activity is followed by
studying gas emissions at the ground surface. Indeed, aerobic
degradation of hydrocarbons results in the production of
CO
2
[24]. Due to its limited solubility (in alkalinity saturated

groundwaters), CO
2
gas will tend to migrate toward the

ground surface and surface CO
2
fluxes can be directly linked

to the biodegradation intensity. Meanwhile, this CO
2
pro-

duction occurs concurrently with natural root and microbial
soil respiration. Thus, tools capable of quantifying CO

2

sources are also needed. Carbon stable isotopic analyses
(ratio of 13C/12C) use the fact that petroleum hydrocarbon
isotopic signature is distinguishable (range from−18 to−34‰
versus Vienna Pee Dee Belemnite or VPDB [25]) from other
aquifer components: for example, carbonate minerals have a
signature between +2 and −12‰ versus VPDB [26] and the
C
3
plants (plants that use the Calvin or C

3
cycle of carbon

fixation) produce organic matter with isotopic signature near
−25 ± 5‰ versus VPDB [25, 27, 28]. Moreover, bacteria can
induce a carbon isotopic fractionation as they preferentially
use the lighter isotope 12C (due to the lower energy required
to break intramolecular bonds) [29]. Some studies linked
the CO

2
production with contaminant degradation rate in

laboratory [30–32] and at contaminated field sites [33]. Some
researchers have examined the isotopic signature of CO

2
and

dissolved inorganic carbon from aerobic biodegradation of
petroleum hydrocarbons to support their analysis [34–38].
Results reflect the difficulty in definitively attributing CO

2

produced from biodegradation of contaminants versus that
from possible interferences of background CO

2
under field

conditions. The other natural sources of CO
2
, plant root

respiration in shallow sediments and carbonate dissolution
in subsurface sediments, must be taken into account in field
experiments [25].

Integrating both geoelectrical methods and gas analyses
could help to develop a less invasive technique with a little
geochemical sampling in piezometers in order to monitor
enhanced biodegradation of hydrocarbons. These tools were
previously tested at laboratory scale in sand-columns with
toluene as model pollutant and an exogenous bacterial strain
[39]. The promising results from the column study allowed
implementing a monitoring strategy at the field scale. The
site was a gasoline station where gasoline and diesel fuels
leaked eighteen years ago. A reactive barrier supplied the
necessary oxygen to the aquifer in order to stimulate the
aerobic bacterial processes since April 2014. Geoelectrical
measurements and ER and IP surveys, as well as CO

2

analyses, had been performed from February 2014 until June
2015 on this site.

2. Materials and Methods

The experimentation had been implemented at a gasoline
station over a 16-month period, from February 2014 to June
2015. After a preliminary characterization of the site (baseline,
February 2014), and the start of the oxidative reactive barrier
in April 2014, the long-term monitoring had been carried
out.

The site had been equipped to monitor time-lapse
changes in electrical properties of the subsurface with elec-
trical resistivity (ER) and time domain induced polarisation
(TDIP) systematic 2D tomographies. This monitoring had
been combined with regular CO

2
fluxes measurements and

its carbon isotopic ratio at the ground surface.
The indirect monitoring was completed with several

analyses in piezometers to assess the nonintrusive survey:
(i) measurements of pollutant concentration and carbon
isotopic signature of selected aromatic hydrocarbons and (ii)
monitoring of groundwater physicochemical properties with
probes.

2.1. Site Description. The site studied was a gasoline station
where gasoline and diesel fuels leaked in 1997 (Figure 1). It
is still in activity but the former tank installation (source
of contamination) was dismantled. Several piezometers had
been drilled for previous studies on this site. These studies
showed that

(i) the ground was mainly composed of silts and clays:
a first layer (thickness ranging from 0.5 to 3.5m) of
backfills made of brown silts, which often contained
gravels, followed by a succession of loamy strata, with
varying degrees of sands, and even sandy clays with
limestone or millstone blocks (until 5 to 7.5m depth);
and then argillaceous limestones are interbeddedwith
thin layers of sandy clays;

(ii) the ground had a low permeability (between 10−6 and
10−7m/s);

(iii) the direction of flow was northwest;
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Figure 1: Map of the site showing gasoline station, former tank
installation, monitoring piezometers, and the benzene concentra-
tions measured in water in September 2013.

(iv) the water table depth ranged between 2.5 and 4.5m
and depends on seasons (winter, summer);

(v) there was a presence of hydrocarbons in the area
of the former tank installation and the fraction of
benzene, toluene, ethylbenzene, and xylenes (BTEX)
represented a consequent part of the pollutants (Fig-
ure 1);

(vi) there were indications of a natural attenuation
(hydrocarbon degradation) which prove the presence
of a bacterial flora, such as absence of dissolved
oxygen, that matched the BTEX plume in water [40].

An important limiting factor in bioremediation of soils
contaminated with hydrocarbons is the lack of oxygen to
support microbial activities [41, 42]. Injection of aqueous
H
2
O
2
was the selected method to overcome this limitation

and to stimulate aerobic metabolic processes.
A permeable reactive barrier of 4m depth × 35m long
× 1.5m wide was implemented to stop the plume migration
(Figure 2). The site was equipped with 3 pumping wells
just upstream the barrier, 3 injection wells in the barrier,
and 2 injection wells just downstream the barrier. Pumped
water was filtered through active charcoal. After filtration,
diluted H

2
O
2
was added to the treated water and oxygenated

water was reinjected in the barrier, through the 3 injection
wells, slotted from −2 to −4m in order to deliver oxygen in
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Figure 2: Map of the site showing the reactive barrier and the
monitoring disposal: 2 electrical profiles and 21 gas metering
stations.

the upper part of the water table. The permeability of this
barrier (10−3m/s) allowed an homogeneous distribution of
the treating fluid. Finally, the last part of the oxygenatedwater
was injected in 2 boreholes downstream the barrier, slotted
from −6 to −8m, to bring oxygen in the deepest part of the
water table. The biostimulation was started in April 2014.

2.2. Electrical GeophysicalMeasurements. Geophysicalmeth-
ods are a standard tool for obtaining information on volu-
metric distributions of subsurface physical properties of rocks
and fluids. Among several electrical methods which measure
electrical properties of the ground, two of them were used:
the electrical resistivity (ER) and the time domain induced
polarization (TDIP).

In a typical ER measurement, four electrodes are used.
ER instrumentation measures potential differences between
pairs of electrodes, where the potentials result from a current
applied by the instrumentation between two other electrodes.
By making measurements with current and potential elec-
trodes at many different locations, one can collect sufficient
data which allow the construction of an electrical resistivity
section (a 2D slice of the earth).

Whereas ER is sensitive to pore fluid resistivity (and
consequently to total dissolved solids or ionic strength),
the IP method measures the capacitive behaviour of the
subsurface, which strongly depends on the properties of the
mineral surface. Different studies have shown the sensitivity
of IP to mineral precipitation and changes occurring at
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pore-grain interfaces, where biological reactions occur [12].
TDIP measurements use the same instrumentation as ER
measurements. Here, the injected current is alternately ON
and OFF. The decrease of the induced voltage is measured
to calculate the chargeability, which is the ground capacity to
store charges. Hereafter, in this paper, the normalized charge-
ability (defined as the chargeability divided by the resistivity
magnitude) will be calculated to free the chargeability from
variation of resistivity [43].

Two time domain ER and IP profiles were carried out
at the study site. Positioning of the profiles was performed
according to the contaminant plume and barrier location:
both profiles went across the plume, one was perpendicular
to the barrier, and the other was parallel, 8m downstream the
barrier (Figure 2).

The perpendicular profile was buried permanently at
50 cm of depth. Apparent resistivity and chargeability mea-
surements were obtained using a system with 60 stainless
steel electrodes: 30 electrodes, with a constant spacing of
4m, were dedicated to current injection, and the other
30, with a spacing of 4m as well, were used for potential
measurement to avoid electromagnetic (EM) coupling effect.
The two sets of electrodes are disposed staggered, so that each
electrode is laid out at a constant interval of 2m. To achieve
a good lateral resolution and to avoid EM coupling effect,
the dipole-dipole array was applied to obtain the apparent
resistivity and chargeability pseudosections. A Syscal R1+
(from IRIS Instruments©, Orleans, France) has been used in
this study.Measurementswere performed continuously every
two days. The second profile, parallel to the barrier, was a
temporary profile. It consists in 48 electrodes separated by
1m. Measurements were performed every two months with
an Elrec Pro (IRIS Instruments, Orleans, France).

After performing time-lapse ER and IP measurements,
the electrical data were analysed in three stages:

(i) Initial anomalous data were filtered by a process of
elimination:

(a) current 𝐼 < 100mA;
(b) potential 𝑉 < 0.1mV;
(c) apparent chargeability𝑚 < 0;
(d) error 𝑄 > 5% (resistivity measurements) and
𝑄 > 2% (chargeability measurements);

(ii) The quadrupoles in common to all the data sets were
selected;

(iii) Data processingwas performedwithRES2DINV soft-
ware [44], in time-lapse mode. The process is based
on several iterations comparing the measured data
with a model calculated by the software for each time
series data set. This process enables obtaining a 2D
distribution of resistivity and chargeability sections at
every time.The following settings were used to define
the type of constrains applied during the time-lapse
inversion process:

(a) The relative importance given to minimize the
difference between models at different times is

controlled by the time-lapse damping factor. A
value of 0 to 5 can be generally used: if a value
of 0 is used, the inversion of the different time
series data sets would be carried out indepen-
dently; if a value of 1 is used, equal weight would
be given to reducing the difference between the
models at different times; a larger value of the
damping factor forces the different time models
to be more similar. After some previous tests, a
value of 3 was selected.

(b) Time-difference roughness filter was set for
“smooth changes” between time models.

(c) The maximum number of iterations was 5.

2.3. CO
2
Analyses: Emissions Fluxes and Carbon Isotopic

Ratio. The geoelectrical measurements were combined with
CO
2
analyses. The measurements of CO

2
effluxes at the

ground surface demonstrate the occurrence and rate of
aerobic hydrocarbon biodegradation [33]. However, to deter-
mine the accuracy of the method, contaminated-derived soil
respirationmust be distinguished from chemistry ofmineral-
carbonates and from the natural soil respiration, resulting
from biodegradation of dead organic matter and plant root
respiration.

CO
2
produced by fossil hydrocarbon degradation may

be distinguished from that produced by other processes
based on the carbon isotopic compositions, characteristic
of the source material, and/or fractionation accompanying
microbial metabolism. Indeed, carbon isotopic signature of
CO
2
reaches those of contaminant and it can be accompanied

by significant carbon isotope fractionation [37].
Stable isotopic ratio represents the abundance of the

rare isotope with respect to the abundant isotope (13C/12C).
Due to slight analytical variations, it is common to compare
isotopic ratios measured in an unknown sample to those in a
standard material; this results in the delta notation:

𝛿

13C (‰) = [

[

(

13C/12C)sample

(

13C/12C)VPDB
− 1

]

]

∗ 1000
(1)

with (13C/12C)VPDB = 0.011237 [45].
CO
2
concentration and 𝛿13C isotopic ratio in produced

CO
2
are measured by a high-resolution laser infrared spec-

trometer, called SPIRIT (Spectrometer Infrared In Situ Tro-
pospheric) and developed by the LPC2E (CNRS, Orleans,
France). This spectrometer is an adaptation of the original
SPIRIT, described in Guimbaud et al. (2011) [46] and used
for greenhouse gas emissions at the air-land interface [47, 48],
by the implementation of a quantum cascade laser using the
12CO
2
and 13CO

2
ro-vibrational lines. The uncertainty for

𝛿

13C determination on field deployment is on the order of
0.4‰. A complete description of the adapted SPIRIT for
13C/12C isotopic ratio quantification is available inGuimbaud
et al. [49]. The spectrometer is directly connected with
a closed accumulation chamber set on a permanent PVC
cylinder collar (diameter = 30 cm) sunk into the soil to
measure CO

2
emission fluxes and 𝛿13(CO

2
). The ground
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Table 1: List of probes in the monitoring piezometers (function and
depth).

Monitoring piezometer Probes Depth (m)

Pz4
O
2

6.15
Water level 4.15
Conductivity 4

Pz7 O
2

3.68
Conductivity 4.13

Pz2

Temperature A 5.29
Temperature B 7.36
Temperature C 9.3
Water level 6.3

P2 Temperature 5.09

Pz24 O
2

4.98
Conductivity 5.14

P4
O
2

5.09
Conductivity 4.98
Water level 5.06

surface inside the PVC collar was cleared of vegetation (grass,
roots) over 15 cm depth. We had 21 measuring points on the
site, upstream, above, and downstream the reactive barrier
(Figure 2). Measurements were performed every two months
since February 2014.

2.4. Geochemical Monitoring in Piezometers. To assess the
indirect monitoring of the enhanced bioremediation, chem-
ical analyses were performed every two months in water
samples from monitoring piezometers. BTEX concentration
and carbon isotopic ratios of these BTEX were measured.
Moreover, some piezometer probes had measured continu-
ously the water table level, temperature, conductivity, and
oxygen rate in monitoring piezometers (Table 1).

3. Results

3.1. Baseline Characterization. Baseline characterization con-
sisted of collecting datasets prior to the oxygen injection
(February-March 2014).

3.1.1. Geophysical Data. Figure 3 shows the results for the per-
manent profile in March 2014. This profile went through the
barrier (metric point 51m) and was within close proximity to
several piezometers (from north to south: Pz12, P5, Pz7, P3,
Pz24, P1, and Pz4) whose positions are plotted on Figure 3.
The temporary profile was located around 8m downstream
the barrier and it overlappedwith twopiezometers (fromwest
to east: Pz24 and P2, Figure 4).

The electrical resistivity tomography from the permanent
profile showed resistivities between 40 and 80Ω⋅m, over
the 6 first meters, which correspond to the sandy-loamy
layer of the aquifer. From 6-meter depth, resistivity was
much smaller (<20Ω⋅m) and this may be associated with a
sandy clay level. The tomography from the temporary profile
displayed the same resistivity range since the pilot site is quite
homogeneous. Nevertheless, areas less resistant (<30Ω⋅m)
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Figure 3: Resistivity and normalized chargeability sections across
the plume for the permanent electrical profile, on 6th March 2014.
The black rectangle highlights a zone of lower resistivity and higher
normalized chargeability.
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Figure 4: Resistivity and normalized chargeability sections across
the plume for the temporary electrical profile, on 6th March 2014.
The black rectangles highlight zones of lower resistivity and higher
normalized chargeability.

could be identified between 1.5 and 6m depth, on both
profiles:

(i) Between themetric points 50 and 72m for the perma-
nent profile.

(ii) Between the metric points 7 and 14m; 16 and 25m;
and 29 and 42m, for the temporary profile.

Regarding the normalized chargeability tomographies
(chargeability divided by resistivity), the values were in the
range of 0.025 to 1mS/m, and the zones of higher normalized
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Figure 5: Maps of measured CO
2
emissions (a) and its carbon isotopic ratio versus VPDB (b), in February 2014.

chargeability (>0.2mS/m) matched the lower resistivity
zones. These normalized chargeability anomalies correspond
to a polarization effect. On the permanent profile, the
normalized chargeability was quite high beyond 6m depth.
This confirms the presence of clays, very chargeable, at these
depths.

According to the geochemical data (Figure 1), the local-
ization of these anomalies (higher normalized chargeability
and lower resistivity) matched the hydrocarbon polluted
area, downstream the former tank installation, at the top
of the water table, where natural biodegradation produces
conductive byproducts and where chargeable bacteria are
numerous (proximity of an organic carbon source).

3.1.2. SPIRIT Data. Figure 5 displays the maps of measured
CO
2
emissions and its carbon isotopic ratio in February 2014.

There were quite high CO
2
emissions on this site, around

3.8 𝜇mol⋅m−2⋅s−1, despite the fact that, during cold periods
(December–March), gas fluxes are presumably very low [50,
51]. These results were consistent with those found by Sihota
et al. (2011) [33] where the average CO

2
efflux associated with

contaminant degradation in the hydrocarbon-contaminated
zone was estimated at 2.6 𝜇mol⋅m−2⋅s−1. Moreover, the mea-
sured 𝛿13C(CO

2
), ranging between −22.2 ± 0.4‰ and −28.8

± 0.4‰ versus VPDB (averaging −25.3 ± 3‰), were very
negative compared to 𝛿13C of atmospheric CO

2
(around

−11‰ versus VPDB, one meter above the ground) and

distinguishable from 𝛿13CofCO
2
fromvegetation respiration

(around −28‰ versus VPDB [25, 27, 28]). This was an indi-
cation of natural biodegradation of hydrocarbons. Indeed,
during biodegradation, CO

2
has an isotopic signature near

those of the carbon source, which is quite negative in the
case of fossil organic carbon (range from −23 to −29‰versus
VPDB for the BTEX of the site [40]).

3.2. Cleanup Progress after One Year of Biostimulation. Fig-
ure 6 presents the BTEX (benzene, toluene, ethylbenzene, and
xylenes) concentrations over time for 4 piezometers, between
February 2014 (two months before barrier activation) and
April 2015 (one year after barrier activation). There was an
increase in the pollutant concentrations due to the remo-
bilization of contaminants during the barrier construction.
The discharge of BTEX may have had significantly slowed
down the oxygen diffusion downstream the barrier: it had
been quickly consumed and the amount ofH

2
O
2
could not be

increased for avoiding bacteria stress. And, one year after the
beginning of biostimulation, there was just a little decrease in
benzene and toluene concentrations.

3.3. One Year of Electrical Monitoring. Before barrier activa-
tion, it was possible to localize a zone of natural biodegrada-
tion on the permanent and the temporary profile (Figures 3
and 4). Figure 7 shows the evolution of the electrical data over
a year of enhanced biodegradation, for the permanent profile.
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Figure 6: Evolution of BTEX (benzene, toluene, ethylbenzene, and xylenes) concentrations in water over time, measured in four monitoring
piezometers: Pz2 (a), Pz24 (b), Pz29 (c), and P1 (d), between February 2014 and April 2015.

The resistivity model sections were obtained after time-lapse
inversion of 12 datasets, spaced about a month, acquired
between March 2014 and April 2015. The convergence of
iterative inversion is excellent (<1% for resistivity and <2
for normalized chargeability) and it is comparable with the
noise level of the resistivity meter (1%, according to Iris
Instruments).

In order to compare the electrical data taking into
account the impact of temperature and water saturation on
electrical resistivity and chargeability, the inversed data were
considered only in the saturated zone and adjusted at 25∘C
thanks to a linear law [52, 53]:

𝜌

25

𝜌

𝑇

= 𝛼 ∗ (𝑇 − 25) + 1, (2)

where 𝜌
𝑇
is resistivity at temperature 𝑇 (∘C), 𝜌

25
is resistivity

at 25∘C, and 𝛼 (∘C−1) is a temperature compensation factor.
The temperature compensation factor 𝛼was calculated based
on Pz4 (located in a nonpolluted area) temperature data
and found to be equal to 0.014, which means that resistivity
decreases by 1.4% when temperature increases by 1∘C.

Figure 7 shows the anomaly of lower resistivity and
higher normalized chargeability on all the tomographies,

fromMarch 2014 to April 2015. It was possible to identify two
periods of decreasing resistivity and increasing normalized
chargeability: a first period fromMarch 2014 toOctober 2014,
and a second period fromMarch 2015 to April 2015. In order
to quantify the evolution of the differences, the percentage
difference of resistivity and normalized chargeability from
March 2014 were calculated (Figure 8). A decrease in resis-
tivity up to 15% is noticed in the area of interest (between
metric points 50 and 70m) at the end of the summer of
2014. However, such a seasonal variation cannot be seen
on water conductivity (Figure 9(a)). Regarding normalized
chargeability, the tendency is less clear and there are increases
outside the area of interest as well.

3.4. One Year of CO
2
(Fluxes and Carbon Isotope Ratio)

Monitoring. Gas monitoring was carried out every one-
two months, between February 2014 and June 2015. The
time allowed for measurements was very short (2 days per
campaign). As a consequence, priority was given to flux
measurements and then to isotopic ratio measurements of
metering points with the highest emissions (more accurate).

CO
2
fluxes ranged between 2.5 and 100 𝜇mol⋅m−2⋅s−1

(Figure 10(a)). As there was no vegetation inside the PVC
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Figure 7: Resistivity (a) and normalized chargeability (b) sections, adjusted at 25∘C in the saturated zone, for the permanent electrical profile,
between March 2014 and April 2015. The inversion results were obtained after 5 iterations, with 0.58 and 1.82% of error for resistivity and
chargeability, respectively.
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Figure 8: Percentage difference (𝑃) over March 2014 of resistivity 𝜌 (a) and normalized chargeability 𝑛𝑚 (b) sections, for the permanent
electrical profile, with 𝑃

𝜌
= (𝜌

𝑡𝑖
− 𝜌

𝑡0
)/𝜌

𝑡0
∗ 100 and 𝑃

𝑛𝑚
= (𝑛𝑚

𝑡𝑖
− 𝑛𝑚

𝑡0
)/𝑛𝑚

𝑡0
∗ 100.

collar used to put the SPIRIT chamber, theCO
2
released at the

ground surface should come from degradation of soil organic
matter and mainly from hydrocarbon biodegradation. The
lower emissions were recorded in February 2014. Then, they
gradually increased up to August 2014, and decreased during

winter 2014-2015. However, meteorological conditions affect
gas emissions: CO

2
fluxes were lower when temperatures

were low and ground was wet (high rainfalls) (Figure 10)
[50]. In order to throw off this effect, we chose a reference
measuring point, no. 7, located in the nonpolluted area, where
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Figure 9: Water conductivity (a) and temperature (b) and ground water level (c) evolution over time.

changes in fluxes are supposed to be only due to temperature
and moisture conditions. The difference of flux with season
at this point was subtracted from the values obtained at the
other measuring points to keep only the flux variations due
to bacterial activity (degradation of natural organic matter
and hydrocarbons) (Table 2). A seasonal variation of the
CO
2
emissions is still monitored (Figure 11): there were more

emissions during summer and fall, when groundwater level is
low (Figure 9(c)), water temperature is warmer (Figures 9(b)
and 10(b)), and ground is less moist (Figure 10(c)).

Moreover, CO
2

emissions had been measured with
an isotopic signature typical of hydrocarbon biodegrada-
tion. Indeed, 𝛿13C(CO

2
) were measured between −27 and

−30‰ versus VPDB since February 2014 (Figure 12(a)),
in accordance with the BTEX 𝛿13C signature measured in
water (around −25 to −26‰ versus VPDB) (Figure 12(b)).
Besides, CO

2
released at the surface originates from a more

or less degraded BTEX located below the gas measuring
station. Indeed, in December 2014, average evolution of
𝛿

13C(benzene) increased from (−28.1 ± 0.5)‰ to (−26.7 ±
1.2)‰ and 𝛿13C(toluene) increased from (−27.4 ± 0.4)‰ to
(−24.8 ± 1.9)‰, from upstream to downstream the pollu-
tion plume. At the same time, 𝛿13C(CO

2
) increased, from

upstream to downstream as well, from (−30.5 ± 0.7)‰ to

(−28.3 ± 1.6)‰ in July 2014 and from (−28.1 ± 1.1)‰ to (−27.0
± 1.2)‰ in October 2014 [49]. Although these 𝛿13C(CO

2
)

values were only a few per mil less than the 𝛿13(CO
2
) from

microbial degradation of plant material, 𝛿13(CO
2
) showed a

light isotopic fractionation (1 to 3‰) through the stream of
the pollution plume:

(i) 𝛿13(CO
2
) was lower than 𝛿13C(hydrocarbon source).

(ii) The pollutant was enriched in 13C when it was
degraded, when residual BTEX concentrations were
lower than 2000𝜇g⋅L−1.

(iii) The CO
2
tended to be depleted in 13C, when fluxes

were higher than 20𝜇mol⋅m−2⋅s−1.

It means that molecules with light isotopes (12C) were
preferred by bacterial metabolism. This is a typical isotopic
fractionation due to biodegradation. This is in agreement
with one example of a successful field application of iso-
topic assessment of biodegradation in an aviation gasoline
contaminated aquifer where aerobic biodegradation of the
gasoline constituents produced significantly enriched CO

2

[54]: the 𝛿13C(CO
2
) values were ranging from −22.0 to

−26.3‰, soil organic matter for the site ranged from −13.5 to
−26.1‰, and the aviation gasoline 𝛿13C values were between
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Table 2: Corrections made to CO
2
measurements from April 2014 to April 2015 (February 2014 is the baseline, uncorrected) from gas

measuring point number 7.

Apr. 2014 May 2014 June 2014 July 2014 Aug. 2014 Oct. 2014 Dec. 2014 Feb. 2015 Apr. 2015
Corrections (𝜇mol⋅m−2⋅s−1) −0.6 −1.4 −3.05 −7.87 −9.9 −7.65 +1.22 +1.2 −3.27
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Figure 10: Measured CO
2
emissions (a); air, ground, and water temperatures (b); and rainfall (c) over time.
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of monitoring.
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Figure 12: Carbon isotopic ratio versus VPDB of CO
2
(a) in function of CO

2
fluxes at the ground surface and carbon isotopic ratio versus

VPDB of residual toluene (b) as a function of toluene concentrations in water.

−20.5 and −27.3‰. Conrad et al. (1999) [54] concluded that
the difference of 𝛿13C was discernible. Another study from
Aelion et al. (1997) [55] was carried out at a gasoline contam-
inated groundwater site under aerobic degradation. Although
some of the 𝛿13C(CO

2
) values from the contaminated site

(between −35.9 and −22.0‰) overlapped with background
𝛿

13C(CO
2
) (between −22.9 and −23.9‰) from uncontam-

inated areas, on average the stable isotopic values were
distinguishable between the contaminated and background
sites.

4. Integration of Results and Conclusion

At the pilot site, the combination of geoelectrical measure-
ments (ER and TDIP) with CO

2
analyses (fluxes and carbon

isotopic ratios) was tested as monitoring tools to follow an
enhanced biodegradation of hydrocarbons.

The results from the baseline characterisation in
February-March 2014 had shown a more conductive and
chargeable zone, around 3 meters in depth, which matches
the polluted zone defined by geochemical borehole analyses,
at the top of the water table (Figures 1, 3, 4, and 13). In this
area, it can be assumed that there are numerous chargeable
bacteria and production of conductive metabolites due to
the pollutant degradation. This is consistent with the age
of the gasoline leakage (almost twenty years ago), sufficient
to allow the development of natural bacterial flora able to
degrade hydrocarbons [56, 57] and to transform an electrical
resistive substance in a more conductive one [12]. Moreover,
CO
2
emissions were strong in this area and had an isotopic

signature typical of hydrocarbon biodegradation. However,
the overlap between 𝛿13C(CO

2
) values from uncontaminated

areas (plant root respiration and organic matter degradation)
and from contaminated areas (with petroleum hydrocarbon
degradation in addition) suggests that the combined
measurement of 𝛿13C(CO

2
) and 𝛿13C(BTEX) may be needed

to confirm that the CO
2
is indeed from the contaminant

degradation and not from microbial metabolism of natural

plant materials. The northern zone of the site must be
considered as a potential contaminated zone as well,
accepting that the CO

2
emissions (measuring points 1, 12,

and 16) are a sign of biodegradation and not the result of the
presence of gas preferential pathways in this area (Figure 13).

The treatment for enhanced biodegradation was started
in April 2014, with the activation of the reactive barrier
that brought oxygen to the water table to stimulate aerobic
biometabolism.The regularmonitoring over one year showed
that the area of biodegradation was still detected by both
indirect methods (Figure 13). Moreover, a seasonal variation
(after correction of effects associated with groundwater and
soil temperature and soil moisture) for both electrical and
gas monitoring was highlighted. Indeed, we observed highest
conductivities of the ground at the end of summer and
during fall, seasons when the piezometer probes measured
the warmer groundwater temperatures (Figure 9(b)). The
inverted resistivity sections were adjusted from temperature
effect [52, 53], with a correction limited at groundwater level.
In piezometer Pz2, at 5.29m depth, the highest variation
of temperature over a year is of the order of 2∘C (Fig-
ure 9(b)), which corresponds to a variation of resistivity
(1.4% per ∘C) lower than 3%. Nonetheless, a significant
decrease in resistivity up to 15% was observed in the area of
biodegradation at the end of the summer of 2014 and such
a seasonal variation cannot be seen on water conductivity
(Figure 9(a)).However, there is also a seasonal variation of the
bacterial activity: when groundwaters are warmer, bacterial
activity is more intensive and degrades more hydrocarbons
and should produce more conductive metabolites [58–62].
Similarly, gas analyses, mainly CO

2
fluxes measurements,

showed a seasonal variation. However, this should be mainly
due to variation of soil respiration processes; otherwise we
would have observed a seasonal variation in BTEX isotopic
signatures. On the basis of this analysis, it is possible to
make an assertion that seasonal variation of biodegradation
processes was detected by our nonintrusivemonitoring tools,
especially by geoelectrical measurements.
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Figure 13: Maps of electrical resistivity measured on the permanent profile (a) and of measured CO
2
emissions (b), in July 2014.The elliptical

shape highlights the area of biodegradation with production of conductive metabolites and CO
2
.

However, the permeability of the ground is low and
the groundwater table velocity is around 17m/year. The
oxygen from the barrier diffused slowly and its effect was
not detected by both direct and indirect monitoring. The
seasonal variation of bacterial activity was not yet “erased”
by the continuous oxygen injection. Nonetheless, our first
results over a year of monitoring show the interest of
using geophysical methods and gas analyses to monitor and
evaluate in situ remediation.

By applying the technology described here, fewer pi-
ezometers will be required for the monitoring and the
understanding of bioremediation processes, leading to sig-
nificant cost saving due to fewer monitoring requirements
(piezometers, samples, and lab analyses) andmore optimized
remedial applications based on rapid identification of missed
target zones.
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A controlled diffusion/infiltration column experimental activity was carried out with the aim of monitoring the leakage of a salty
water plume by time-lapse self-potential (SP) measurements. In particular, three tracer tests with different NaCl concentrations
(6.00, 1.00, and 0.25 g L−1) were performed and all the measured SP signals showed a sharp reduction corresponding to the
arrival of saline front with negative electrical potential values (−78.99 ± 3.24mV, −54.52 ± 2.28mV, and −24.12 ± 1.21mV) which
decrease with increasing volume of tracer introduced into the column. Then, measured self-potential values were converted into
salt concentration ones by the Planck-Henderson equation and sand diffusion (𝐷) and longitudinal dispersivity (𝛼

𝐿

) values were
estimated bymodelling the transport equations in the COMSOLMultiphysics environment. Finally, the results show that measured
and estimated NaCl concentrations are well correlated.

1. Introduction

One of the most difficult tasks for the hydrogeologist is to
characterize solute transport mechanism in heterogeneous
aquifers; in fact, flow pathways and velocity and the medium
permeability are necessary information to evaluate the pos-
sible contamination effect and to design and optimize reme-
diation strategies. Usually, subsoil heterogeneities, linked to
rock texture, pore-space geometry, and mineralogy, affect
solute transport processes that could display a heterogeneous
behaviour and significant spatial-temporal changes of solute
concentrations.

As a result of this high variability degree of the involved
phenomena, typical measurements, for example, invasive
soil and water sampling, are mostly unable to adequately
characterize transport properties and processes.

Therefore, in the last year, environmental geophysicists
have concentrated their research activity on the development
of high resolution geophysical techniques for the study of flow
and transport processes. In particular, several works have
shown the efficacy of coupling geophysical prospecting and
tracer test as a useful device to reconstruct solute transport
phenomena in the subsoil [1–4]. In fact, the use of a noninva-
sive and indirect methodology with a high sampling density,

the possibility to acquire data in an automated time-lapse
manner, and the ability to modulate the measurement scale
by suitable survey strategy make the geophysical methods
an important tool for subsurface transport characterization.
However, in order to improve the reconstruction of solute
transport phenomena in heterogeneous subsoil starting from
geophysical imaging techniques, it is necessary to use petro-
physical relationships that link geophysical parameters to
transport related ones.

The most suited geophysical methods for the transport
processesmonitoring are techniques sensitive to variations in
the subsoil electrical properties. Traditionally, themonitoring
of salt plume by geophysical techniques is performed by
electrical resistivity tomography (ERT) or ground pene-
trating radar (GPR) [1–3]; however, also the self-potential
(SP) method has been shown to be a suitable tool for
monitoring solute transport processes because it is sensitive
both to groundwater flow (electrokinetic potential) [5–9]
and to electrochemical processes (electrochemical potential)
related to gradients of the ionic species chemical potential
and redox potential (Eh) in the pore water [10–23]. The
most recent efforts have been those to estimate hydrological
properties, starting from electrical potential valuesmeasured,
using coupling equations linked by coupling coefficients
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that describe the groundwater flow and the self-potential
phenomena [3, 13, 14, 24–30]. One of the approaches consists
in converting the measured electrical potential into solute
concentration using hydrogeophysical relations [31], and
then the estimated solute concentrations, combined with
direct hydrologic observations, are used to condition an
inversion procedure for calculatingmedium parameters such
as hydraulic conductivity and longitudinal dispersivity. In
particular, Maineult et al. [13, 14, 29] estimated NaCl plume
concentration in sandbox-controlled experiments from SP
measurement, while Revil and Jardani [30] assessed, using
a stochastic approach, the hydraulic conductivity and dis-
persivity values of a fine sand using time-lapse self-potential
measurements. Moreover, Ikard et al. [32] localized preferen-
tial fluid flow pathways in a porous medium by measuring
time-lapse electrical potential values during a salt tracer
injection in a sandbox experiment. In order to replicate the
time-lapse self-potential distribution measured, they per-
formed a synthetic case study and,with a finite elementmodel
by COMSOLMultiphysics, they determined the porosity and
hydraulic conductivity of the medium.

In this work, the self-potential method was applied to
trace in real time the front of a leaking salt plume during
three pulse input tracer tests at different salt concentration
and estimated the diffusion and the dispersivity parameters
of the porous material applying a hydrogeophysical inversion
approach. A laboratory experiment was performed at the
Hydrogeosite Laboratory of IMAA-CNR of Marsico Nuovo
(Italy). The main objective of this study was to analyse in
time-lapse the contamination phenomenon by self-potential
measurements in the presence of simulated constant water
flow and evaluate the transport processes occurring in a
homogeneous porous medium in saturated conditions. In
detail, a sand column was set up performing a controlled
diffusion/infiltration experiment in order to monitor the
leakage of a salty water plume by time-lapse self-potential
measurements. Finally, a finite element inversion model
was implemented with COMSOL Multiphysics software, in
order to build a numerical model and to have a compari-
son between experimental measurements and the modelled
one. Moreover, inversion approach refines and improves the
interpretation of experimental studies by providing system
transport parameters assessment.

2. Theoretical Background

The self-potential (SP) method is a passive geoelectrical
technique consisting in measuring the electrical potential
differences (𝑉) long profiles and/or maps, between two
nonpolarisable electrodes driven into the ground, at the
surface of the earth, or in boreholes.These voltage differences
are linked to electric fields generated by natural sources
distributed in the subsoil, produced by various phenomena
(hydraulic, chemical, and thermal).

The instrumentation typically used in SP measurement
surveys consists of a multimeter, two nonpolarisable elec-
trodes, and electric cables (Figure 1). Currently, there are
multichannel systems for SP measurement not only for a
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Figure 1: Instrumentation for SP measurement [33].

better spatial coverage along profiles or maps, but also for a
continuous observation during time of the evolution of the
related phenomena [34].

In the last years, the objective of SP interpretation became
to solve coupled problems characterized by a system of linear
equations, in order to obtain information about where and
how the natural electrical current sources generate SP signal
measured at surface and how big these sources are.

From Poisson’s continuity equation, the general equation
for SP signals can be written as follows:

∇ ⋅ (𝜎∇𝜑) = ∇ ⋅ 𝐽

𝑠

, (1)

where 𝜎 is the bulk electrical conductivity, 𝜑 is the self-
potential, 𝐽

𝑠

is the external current density (electrical current
source), and the total electric current density is divergence-
free [17]. The self-potential source mechanisms were firstly
theorized in the framework of Onsager’s equations for cou-
pled flows [5, 35, 36]:

𝐽

𝑠

= ∑

𝑖

𝑗

𝑖

,

𝐽

𝑖

= −∑

𝑘

𝐿

𝑖𝑘

∇𝑥

𝑘

,

(2)

where ∇𝑥

𝑘

are external forces (hydraulic, chemical, and
thermal gradients) and 𝐿

𝑖𝑘

are the phenomenological coef-
ficients (coupling coefficients). The self-potential data are
therefore a function of themedium electrical resistivity, of the
remote thermal, chemical, and hydraulic gradient, and of the
coupling coefficient distribution.

Neglecting the thermal contribution, the self-potential
source term can be described as the superposition of two
components: the so-called electrokinetic and electrochemical
potentials.

2.1. Electrokinetic Potential. The electrokinetic potential (or
streaming potential) is induced by the motion of electrolytic
fluids through porous media. It is generated, in particular,
by the flow of the water circulating in the subsoil that,
during its path in the interconnected pores, carries with
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it electrical charges present at the mineral/water interface,
where it generates a triple electric layer [37–39].

The fluid, under a pressure gradient, flows and carries
with it a part of the cations, causing a separation of electric
charges at the mineral/water interface. Consequently, an
electric field, induced along it, develops, whose potential
difference is called 𝜁 potential.

In particular, in saturated and isothermal conditions, the
current density (𝐽

𝑠

) is linked to the pressure (∇𝑃) and the
electric potential (∇𝑉) gradients by the coupling equation:
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∇𝑃. (3)

The first term represents Ohm’s law, where the coupling coef-
ficient 𝐿

22

is the bulk electrical conductivity 𝜎
𝑟

(Sm−1), while
𝐿

21

represents the electrokinetic coupling coefficient that
is usually experimentally obtained by applying a hydraulic
gradient and measuring the resulting electric potential (Δ𝑉):
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where 𝜇

𝑓

is the electrolyte dynamic viscosity (kgm−1 s−1),
𝜀

𝑓

is the electrolyte dielectric constant (Fm−1), 𝜎
𝑓

is the
electrolyte electrical conductivity (Sm−1), and Δ𝑃 = 𝜌

𝑤

𝑔Δℎ

is the pressure gradient (Pa)with𝜌
𝑤

,𝑔, andΔℎ corresponding
to fluid density (kgm−3), gravity acceleration coefficient
(m s−2), and hydraulic head (m), respectively.

Considering the modern approach that tries to interpret
SP solving coupled problems characterized by a system of
linear equations, 𝐽

𝑠

generated by the water flux in the subsoil
can be described by [40]:

𝐽

𝑠

= 𝑄V𝑢, (5)

where𝑄V (Cm−3) is the effective charge per unit pore volume
that can be dragged by the flow of the pore water and 𝑢 is
the Darcy velocity (m s−1). Equation (5) is valid also under
unsaturated conditions, and, in saturated condition, Revil
and Leroy [40] related 𝑄V to the coupling coefficient 𝐶sat
(VPa−1) through
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where 𝐾

0

is the hydraulic conductivity (m s−1). Laboratory
measurements suggest that 𝐶sat is mainly dependent by the
pore water electrical conductivity 𝜎

𝑓

[41]; moreover, Jardani
et al. [42] showed that𝑄V increases with decreasing hydraulic
conductivity.

2.2. Electrochemical Potential. The electrochemical potential
was used primarily in the mining exploration because the
greatest anomalies of self-potential are generated in corre-
spondence with bodies of pyrite, graphite, or other metallic-
conductor minerals [43].

Electrochemical sources can be produced by several
phenomena. The common ones are the diffusion of ions

dissolved in water and the presence of a redox potential. In
the last case, the current source 𝐽

𝑠

can be generated by the
contaminant biodegradation through microbially mediated
redox reactions and can be described by the following
equation [23]:
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where 𝜎

𝑒

is the electrical conductivity of an electronically
conducting body and 𝐸

𝐻

is the redox potential. This phe-
nomenon is equivalent to the corrosion of two metals in a
short-circuited energy-producing cell described by Bockris
and Reddy [44]. For this reason, this kind of self-potential
source has been defined as “biogeobattery” [23, 45–47].

The absence of strong SP anomaliesmay be due to the lack
of an electron conductor (𝜎

𝑒

in (7)). In this case, the SP signals
are explained as diffusion potential [21].

The diffusion potential is another common electrochem-
ical source mechanism caused by the presence of a gradient
of the ionic species chemical potential in groundwater. It is
described by the following equation:
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where 𝑘

𝑏

is the Boltzmann constant, 𝑇 is the absolute
temperature (K), 𝑡±

𝑖

is the Hittorf transport number of a
species 𝑖 dissolved in water, 𝑞

𝑖

is the charge of the species 𝑖,
and 𝐶

𝑖

is the concentration of ions (g L−1).
The diffusion potential is also called junction potential

when an electrical double layer of positive and negative
charges is created at the junction of two solutions at different
concentration. The more concentrated solution will tend to
spread into the less concentrated one, developing a potential
difference at the point of connection, due to the ionic transfer.
The electrical potential anomaly generated depends on the
relative speeds of the ions.

Assume the case of a saturated porous medium where a
very small amount of NaCl solution behaving as a tracer is
injected. Ideally, it is possible to neglect the variation of the
electrokinetic potential due to the introduction of the NaCl
solution, while the junction potential (𝜑) can be calculated by
integrating (8). Therefore, according to Revil [31], Maineult
et al. [13, 14], and Martinez-Pagan et al. [3], the measured
electrical potential differences (Δ𝜑,𝑉) inside a moving saline
front depend on (Planck-Henderson equation)
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(9)

where 𝑛 is the porosity, 𝑒 is the elementary charge of the
electron (𝑒 = 1.602 × 10−19 C),𝐶 (g L−1) represent the solution
concentration, and 𝛼

∗ is called junction coupling coefficient
that, for a NaCl tracer, is around 5.15 × 10−3 V [30].

As suggested by Bolève et al. [48] and Crespy et al. [49],
(8) and (9) are valid in porous media only for small Dukhin
numbers (i.e., the ratio between the surface conductivity of
the grains and the pore water electrical conductivity).
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Figure 2: Experimental column facility installed at the Hydrogeosite Laboratory of CNR-IMAA (Marsico Nuovo, Italy).

The junction potential term can be obtained by integrat-
ing (9):
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Therefore, (10) allows us to estimate, starting from electrical
potentialmeasurements, the salt solution breakthrough curve
at each point, where the junction potential is measured
during the experiment:

𝐶 = −

𝐶

0

𝑛𝛼

∗

[(𝑛𝛼

∗

+ 1)

(𝜑−𝜑0)/𝜑0
− 1] .

(11)

Considering one-dimensional flow and transport, the analyt-
ical solution of the breakthrough curve is [50] as follows:
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where 𝑢 is Darcy’s velocity (m s−1), 𝑛

𝑐

is the kinematic
porosity (dimensionless), and𝐷 is the dispersion (m2 s−1). In
conclusion, (12) allows us to estimate the medium diffusion
(𝐷) and dispersivity values (𝛼

𝐿

).

3. Materials and Methods

3.1. Sand Column Experimental Setup. The aim of this
experiment was to use SP method for locating the front of
a leaking salt plume during a tracer test experiment and
estimating the dispersivity parameters of a porous material.

The experimental setup is shown in Figure 2.The experiment
was performed in a 1m high Plexiglas column with a radius
of about 6 cm.The column is open at the top and close at the
bottomwhere a little holewas done to allow thewater outflow.
Thewater level in the column can be controlled by a hydraulic
circuit consisting of two tanks connected to the column.This
system is also used to keep the recharge rate constant.

The column was partially filled with well-sorted silica
sand, saturated by tap water, for a total height of 0.50m.
This sand has been already used in previous hydrogeophysical
experiments at the laboratory [51–53] and is characterized
by mostly spherical grains, with a diameter ranging from
0.063 to 0.125, a porosity 𝑛 = 0.49, a tortuosity 𝜏 = 0.79,
and a hydraulic conductivity of 5.26 × 10−6ms−1. Moreover,
the sand is characterized by an electrical resistivity value of
50Ωm (in tap water saturated conditions) and a formation
factor 𝐹 of about 2.62.

The first step was to fix nine flat nonpolarising Ag-AgCl
electrodes of 1mm diameter (FIAB) along one column side
with a spacing of 5 cm. These electrodes used for medical
applications (electrocardiogram)have very high performance
in terms of noise and voltages offset. Moreover, a reference
electrode was put in the first recharge tank, in direct contact
with fresh water, and always kept outside the salt plume.

In order to monitor SP signal during the infiltration
experiment, all the electrodes were connected to amultichan-
nel voltmeter (2700/EDMM,Keithley Instruments Inc.) and a
PC, to collect and visualise the electrical potential differences
between column electrodes and the reference one in real time.
For the entire experiment, the sand into column was kept
saturated; in particular, a hydraulic head of about 0.70m was
set in order to establish a one-dimensional steady-state flow
in the sand (𝑄 = 0.35 L h−1). In this way, about 2 litres of
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Figure 3: Tracer test experiments: the salt solution was injected at the top of the sand. Water electrical conductivity, monitored both in the
column and at the output, shows the tracer behaviour during the test.

water remained above the sand body. After the steady-state
flowwas created, the voltage difference for each electrode was
measured every 10 minutes for one day in order to set up a
background baseline and noise level for the used geophysical
method (characterization experimental phase).

3.2. Tracer Test Monitoring by SP. One day after steady-state
flow was created, a salt solution of tap water and NaCl was
injected at the top of the sand; in this way, the salt water began
to migrate in the column by advection and diffusion. Three
experimental phases were performed with a diminishing
amount of salt concentration by injecting small volumes of
salt solution into the system in order to make steady-state
flow disturbances negligible. During the three experiments,
the SP signals and the solution concentrationweremonitored
every 1 and 15 minutes, respectively. The water electrical
conductivity wasmeasured both in the column and in a small
box at the column end (output box) where the spreading
solutions were collected (Figure 3).

The experiments lasted about 40 hours which was a time
long enough to observe the return of normal conditions of
water electrical conductivity in the output box.

The first experimental phase consisted in the monitoring
by self-potential measurements of the saline front movement

after the injection of 6.00 g L−1 NaCl solution at the top of the
column. When this salt solution was injected up to the sand
body, the water was mixed to the tap water in order to ensure
a homogeneous input concentration. These actions required
less than 15 seconds; therefore, we can approximate the
solution injection as a pulse. Few minutes after the injection,
the electrical conductivity of water suddenly increased from
312 to 1455 𝜇S cm−1 (normalized at 20∘C) and then quickly
reduced its values as the effect of themigration of salt solution
and the inflow of tap water from the recharge tanks.

The second experimental phase consisted in the monitor-
ing by SP of the saline front movement after the injection of
1.00 g L−1 NaCl solution. In this case, when this salt solution
was injected, the electrical conductivity of water increased
from 295 to 458𝜇S cm−1 (normalized at 20∘C).

Finally, the third experimental phase consisted in moni-
toring by SP the saline front movement after the injection of
0.25 g L−1 NaCl solution. In this last experimental phase, after
the salt solution injection, the electrical conductivity of water
recorded a small variation from 308 to 343 𝜇S cm−1 (normal-
ized at 20∘C). Converting water electrical conductivity into
solution concentration, it was possible to monitor the input
salt concentrations evolution at the top of the column during
the three experiments (Figure 4).
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Figure 4: Input salt concentration measured at the top of the
column during the experiment.

4. Results and Discussion

Figure 5 shows the SP values, acquired during the tracer test,
at different salt solution concentration, while Figure 6 shows
the comparison between SP values measured at different salt
solution concentration (blue = 6.00 g L−1, green = 1.00 g L−1,
and violet = 0.25 g L−1), at three different positions of the
column. SP data have been corrected taking into account SP
signals measured during the characterization experimental
phase.

In particular, analysing SP measured values, it is possible
to observe that (1) all electrodes measured a sharp reduc-
tion of the SP signal, in correspondence with the saline
front passage; (2) this phenomenon is more rapid with
the diminishing concentration of injected solution; and (3)
the absolute values of SP anomaly increase with increasing
amount of NaCl solution added to the system, where the
greater negative measured SP anomalies were about −78.99±
3.24mV for the salt concentration of 6.00 g L−1, −54.52 ±

2.28mV for the salt concentration of 1.00 g L−1, and −24.12 ±

1.21 for the salt concentration of 0.25 g L−1. During the last
experimental phase, the electrode SP8 measured very low SP
values (−5mV) with a great noise level; therefore, it is not
considered in the following discussions.

Moreover, analysing the response of SP electrodes, it
is possible to see that, in all experimental phases, the SP3
electrode reacts to the salt passage with some delay; therefore,
also in this case SP3 was not considered.

The salt front took about 21min to reach the first elec-
trodes (SP9). The average travel time of the salt front at each
electrode resulted to be 39.22, 32.33, and 29.67min with an
error of ±1.27min, for salt concentrations of 6.00, 1.00, and
0.25 g L−1, respectively.

Table 1: Hydrogeophysical input parameter for the simulation.

Parameters Values
Hydraulic permeability 𝐾 5.26𝑒 − 6 (m s−1)
Porosity 𝜃 0.49 (dimensionless)
Dispersivity 1𝑒 − 3 (m)
Diffusion coefficient 1–9 (m2 s−1)
Tortuosity factor 0.79 (dimensionless)

For a one-dimensional flow configuration, the salt front
average velocity at each electrode can be calculated, for the
different salt concentration, knowing the average travel time.
The average flow velocities were estimated to be 1.3, 1.5, and
1.7mm min−1 with an error of ±0.2mmmin−1, for the 6.00,
1.00, and 0.25 g L−1 concentrations, respectively.

4.1. SP Modelling. In order to estimate sand dispersivity
parameters and determine the flow pathway of the salt
solution and its concentration changes inside the column,
a hydrogeophysical inversion approach has been used. In
particular, self-potential measurements were transformed in
salt concentration values using (11) and then concentration
values were optimized to obtain transport parameters (see
(12)). Figure 7 shows concentration curves obtained from SP
data at different time instants and heights in the column.

Both the forward finite element model and the inversion
were performed with COMSOL Multiphysics 4.3b, a multi-
physics software tool for the solution of partial differential
equations (PDEs), which is based on the finite element
method. Physical properties used in the starting forward
model are assumed to be constant throughout the entire
solution domain and are summarized in Table 1.

The sand column is fully saturated and a water flux was
created. The system physical conditions allowed us to use
the module Fluid Flow → Porous Media and Saturated Flow
→ Darcy’s Law → Stationary conditions to estimate Darcy’s
velocity field that was characterized by𝑢 = V

𝑥

= 0, V = V
𝑦

= 0,
and 𝑤 = V

𝑧

̸= 0.
Because the salt solution travels through the column

according to the advection-dispersion equation, the Fluid
Flow module wascoupled to the module Chemical Species
Transport → Solute transport → Time depending conditions.
Moreover, in order to perform the optimization of transport
parameters the Optimizationmodule has been further added
to the simulation. The entire 3D domain was discretized in
1247 domain tetrahedral elements.

In the case of a pulse tracer injection from the top, the
boundary condition at the top of the column (𝑥 = 0.5m) is
that, (1) for t

0

= 0 s, the concentration C is null (C0 = 0), and
the hydraulic head is H = 0.70m, while (2) at the time 𝑡

𝑖

,
H remains constant due to the low concentrations of solute
introduced.

Moreover, considering the salt solution small amount
injected, it is possible to neglect the effect of salt concentra-
tion upon dynamic viscosity and mass density of the pore
water.
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Figure 5: SP data measured during the tracer test with a salt concentration of (a) 6.00 g L−1, (b) 1.00 g L−1, and (c) 0.25 g L−1.

On the contrary, the boundary condition at the bottom
of the column (𝑥 = 0m) is atmosphere/gauge for the Fluid
Flowmodule and outflow for the Solute transport one. Finally,
the sides boundaries are characterized by no flow and no flux
conditions.

The input parameters for the Optimization module are
constituted by salt breakthrough curves inside the column
during all the experiments estimated starting frommeasured
SP measurements (Figure 7). On the contrary, the terms D
and 𝛼L (diffusion and dispersion) represent the parameters
to optimize because they mostly influence the variation of
the saline concentrations in the investigated medium. The
dispersion tensor is constituted by the linear terms 𝛼x =
alpha𝐿; 𝛼y = alpha𝐿/10; and 𝛼z = alpha𝐿/10. In particular, the
nonlinear last square Nelder-Mead optimizationmethod was
chosen.

Figure 8 shows the results of the inversion obtained
by COMSOL Multiphysics of the saline trace test in the
column (input salt concentration of 6.00 g L−1), where

the solution concentration inside the sand body reaches the
maximum values just after the injection and then decreases
during time. The values of D and 𝛼L, determined for all
three experiments, are shown in Table 2. The diffusion and
longitudinal dispersivity values estimated are comparable
with fine sands typical ones measured in laboratory [13, 30].

For each experiment, Figure 9 shows a comparison
between the NaCl concentrations calculated by (11), starting
from the electrical potential differences measured by SP elec-
trodes, and those modelled by the COMSOL Multiphysics
inverse procedure. These results confirm the validity of the
model, showing a good agreement between themodelled and
observed NaCl concentrations.

5. Conclusions

At the Hydrogeosite Laboratory of CNR-IMAA, a controlled
diffusion/infiltration sand column experimental activity was
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Figure 6: Comparison between SP values measured at different salt solution concentration (blue = 6.00 g L−1, green = 1.00 g L−1, and violet =
0.25 g L−1), at three different positions of the column. The red lines indicate the arrival time of the saline front at the electrodes.

Table 2: Values of diffusion and longitudinal dispersivity calculated
using self-potential signals registered at each electrode along the
column using a hydrogeophysical inversion approach.

Tracer test 𝐷 (m2 s−1) 𝛼

𝐿

(m) 𝑅

2

6.00 (kgm−3) 1𝑒 − 8.95 0.00186 0.986
0.95 (kgm−3) 1𝑒 − 8.95 0.00128 0.985
0.26 (kgm−3) 1𝑒 − 9.03 0.00114 0.984

carried out with the aim ofmonitoring the leakage of a plume
of salty water using time-lapse self-potential measurements.

In particular, three pulse input tracer tests were moni-
tored by SP and the diffusion and the dispersivity parameters
of the porous material were estimated applying a hydrogeo-
physical inversion approach.

The salt plume movement inside the column generated
clear negative self-potential anomalies; in fact, all electrodes
showed a sharp reduction in the measured SP signal, in
correspondence with the saline front passage. In particular,
this phenomenon is more rapid with the diminishing con-
centration of injected solution, while the absolute values of
SP anomaly increase with increasing NaCl solution added to
the system.

These measured self-potential anomalies were produced
by the combination of the streaming potential, due to the
pore water flow, and the diffusion potential linked to the
ions chemical potential gradients in groundwater. Moreover,
due to the low concentrations of solute introduced into the
system, we assumed that the electrokinetic effect linked to the
injection of the NaCl solution was negligible.

Self-potential measurements have been used to obtain
diffusion (𝐷, m2 s−1) and longitudinal dispersivity (𝛼L, m)
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Figure 7: Salt concentration obtained by the measured SP signals at three different positions of the column.
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Figure 8: Simulation of a saline trace test in the column water flow by COMSOL Multiphysics.

firstly converting electrical potential values (mV) into con-
centration values (g L−1) by the Planck-Henderson equation
and then calculating the transport parameters by the equa-
tions implemented in the COMSOL Multiphysics environ-
ment.

This paper shows the capability of self-potential as a
cheap tool to detect contaminants at very low concentrations.
Moreover, the use of the SP data allows us to define and
optimize the physical parameters of the model that simulates
the distribution of the contaminant in the simulated aquifer.
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Figure 9: Comparison between breakthrough curves obtained from self-potential signals (dots) and those calculated by inversion (lines) for
the tracer test with a salt concentration of (a) 6.00 g L−1, (b) 1.00 g L−1, and (c) 0.25 g L−1.

More field work of this nature is necessary to validate the
usefulness of self-potential in real heterogeneous conditions
with limited hydrological data.
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This work describes the development of a sensitive analytical method to determine simultaneously traces of tetracycline and
fluoroquinolone antibiotics in sludge and soil, based on PLE extraction, followed by SPE purification and finally an analysis by
LC-MS/MS. Recoveries were greater than 87% in the case of fluoroquinolones and between 25.4 and 41.7% for tetracyclines. Low
relative standard deviations (<15%) were obtained in both matrices. The limits of quantification were comprised between 1.1 and
4.6 ng/g and between 5 and 20 ng/g in soil and sludge, respectively. The method was then successfully applied to the analysis of the
target antibiotics in sludge as well as soil that received spreading. The substances most frequently found and with the highest levels
were fluoroquinolones with concentrations exceeding 1,000 ng/g in several samples of sludge and up to 16 ng/g in soil.

1. Introduction

Thepresence ofmany organic substances in all compartments
of the environment, from our domestic life as well as from
agricultural and industrial activities, is now a proven fact [1–
4]. Among the compounds that represent a source of concern
to the scientific community are veterinary and human antibi-
otics. Many prescriptions are given to treat bacterial infec-
tions in human or animals and antibiotics are also used for
growth promotion [5–7]. After their administration, antibi-
otics are partially metabolized by the body [5, 8] and sub-
sequently excreted and pass through treatment plants where
they can appear recalcitrant to treatments [9–11]. These com-
pounds are then present in the effluent or sewage sludge and
also in the manure applied to agricultural land. The dissem-
ination of antibiotics into the environment can have adverse
effects over time. Indeed, they can induce pathogen resistance
[12–14] and be harmful to ecosystems and human health.

According to a report from ANMV (French National
Agency of Veterinary Medicine), the total sales volume in
France amounted to 782 tons of veterinary antibiotics in 2012
[15].This is the lowest tonnage recorded since tracking began.
However, given the differences of activity of antibiotics and

their varied doses, tonnages sold do not accurately reflect
the use of antibiotics. Indeed, recent antibiotics are gener-
ally more active and require the administration of a lower
amount. In human medicine, the quantitative consumption
level has increased continuously since 2010, according to
ANSM (French National Agency for Medicines Safety and
Health Products). Thus, it reaches 32.3 numbers of defined
daily doses per 1,000 inhabitants per day.

Two families of antibiotics are especially noteworthy:
tetracyclines and fluoroquinolones. Tetracyclines represent
almost half the sales of antibiotics for veterinary purpose
in France [15]. These molecules have the characteristic of
having four linearly annelated six-membered rings with
a characteristic arrangement of double bonds (Table 1).
They are substituted with more or less hydrophilic groups
(hydroxyl, amide, or ketone) which form chelates with the
cations (Ca2+, Mg2+) naturally present in the environment
[16, 17]. Consequently tetracyclines will tend to complex
with di- or trivalent cations present in the soil and thus
to be strongly adsorbed on this matrix and therefore not
leached. In addition, these molecules have an amphoteric
character. Indeed, they have three ionizable sites and can exist
in cationic, anionic, or zwitterionic forms. The adsorption
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Table 1: Physicochemical properties of selected substances.

Compound Formula Log𝐾ow
Water solubility

(mg/L) p𝐾a

Ciprofloxacine

HN
NN

F
O O

OH
0.28 30000 (20∘C) p𝐾a1 = 5.90

p𝐾a2 = 8.89

Danofloxacin
NN

N

F
OO

OHH3C
−0.3 172000 (25∘C) p𝐾a1 = 6.07

p𝐾a2 = 8.56

Difloxacin
NN

N

F

F

OO

OH

H3C
∙ HCl

0.89 1330 (25∘C) p𝐾a1 = 4.33
p𝐾a2 = 9.05

Enrofloxacin
NN

N

F
OO

OH

H3C

0.70 3400 (25∘C) p𝐾a1 = 6.27
p𝐾a2 = 8.30

Marbofloxacin

CH3

N
N

N
N

F

O

O

O

OH

H3C

−0.83 7520 (25∘C) p𝐾a1 = 5.77
p𝐾a2 = 8.22

Norfloxacin

HN
CH3

NN

F
OO

OH
−1.03 178000 (25∘C) p𝐾a1 = 6.23

p𝐾a2 = 8.55

Ofloxacin

CH3

N
N

N

F
OO

O

OH

H3C

−0.39 28300 (25∘C) p𝐾a1 = 5.97
p𝐾a2 = 8.28
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Table 1: Continued.

Compound Formula Log𝐾ow
Water solubility

(mg/L) p𝐾a

Orbifloxacin
HN

CH3

NN

F
F

F

OO

OH

H3C
−0.78 909 (25∘C) p𝐾a1 = 5.95

p𝐾a2 = 9.01

Chlortetracycline H

OO O

Cl N

OHOH

OH
OH

NH2

HO

CH3H3C
H3C

−0.62 630 (25∘C)
p𝐾a1 = 3.30
p𝐾a2 = 7.44
p𝐾a3 = 9.27

Doxycycline

O

OO

H3C
N

OH

OH
OH

OH

NH2HO

CH3 CH3

−0.02 630 (25∘C)
p𝐾a1 = 3.50
p𝐾a2 = 7.70
p𝐾a3 = 9.50

Oxytetracycline

OOO

H3C
H3C

N

OHOH

OH OH
OH

NH2

H HHO

CH3

−0.90 313 (25∘C)
p𝐾a1 = 3.27
p𝐾a2 = 7.32
p𝐾a3 = 9.11

Tetracycline

OOO

H3C
H3C

NOH

OHOH

OH

NH2

H

H HO

CH3

−1.30 231 (25∘C)
p𝐾a1 = 3.30
p𝐾a2 = 7.68
p𝐾a3 = 9.30

of tetracyclines on the soil strongly depends on the pH;
the cation exchange interaction is also known to be a very
important adsorption process [18]. These substances present
low log𝐾ow (octanol-water partition coefficient) values as
shown in Table 1. Log𝐾ow is currently used to characterize
or evaluate the presence of organic micro pollutants in the
various phases of the environment. It is a measure of the
equilibrium concentration of a compound between octanol
andwater that indicates the potential for partitioning into soil
organic matter.

The volume of sales of fluoroquinolones for veterinary
use is lower than tetracyclines (0.6% of total sales). However,
total sales of fluoroquinolones tend to increase gradually. It
went from 3.3 to 4.9 tonnes between 1999 and 2012 [15]. Of
the 14 years of monitoring, the level of exposure of animals
to fluoroquinolones has increased by a factor of 2 [15].
Moreover, they are often used in human. Fluoroquinolones
have been categorized as being of the highest priority for

risk management among antimicrobials in a report of the
WHOAdvisory Group on Integrated Surveillance of Antimi-
crobial Resistance [19]. This document emphasizes that flu-
oroquinolones are the sole or one of the few alternatives
to treat serious disease such as severe Salmonella and E.
coli infections. But these antibiotics are known to select for
fluoroquinolone-resistant Salmonella and E. coli in animals.

Quinolones have a bicycle structure with nitrogen at
position 1, a carboxylic acid function in position 3, and a
carbonyl in position 4 (Table 1). Fluoroquinolones contain,
in addition, fluorine in position 7. The presence of fluorine
as well as a carboxylic acid functional group imparts a polar
character (log𝐾ow between −1.03 and 0.89). As tetracyclines,
these substances tend to form stable complexes with di- and
trivalent cations (Ca2+, Mg2+, and Al3+). Interactions are also
being established between the ion, the oxygen of the ketone
in position 4, and the carboxylic acid function (position
3) [20]. Fluoroquinolones will therefore tend to adsorb on
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solid matrices. In addition, these compounds have mostly
two ionizable functions, the carboxyl group and the nitrogen
atom in the ring. Different shapes, cationic, anionic, and
zwitterionic, will be present in the medium according to the
pH, which will affect their mobility or transfer in soil.

Several methods have already been published to analyze
fluoroquinolone and/or tetracycline antibiotics in soil or
sludge. Assuredly, the most difficult and time-consuming
task for the determination of these substances in solid
environmental matrices is the sample preparation, which
often combines one or more extraction and purification
procedures. Pressurised liquid extraction (PLE) [21–23],
ultrasonic-assisted extraction [22, 24, 25], or techniques
based on the use of microwaves [22, 24, 26] have been
described. An additional purification step is necessary to
eliminate residual interfering substances that affect the qual-
ity and robustness of the analysis. Solid phase extraction
(SPE) appears as the most suitable technic [21, 23–25] since
it is fast and efficient and the range of phase available is very
wide. Moreover, it requires a low quantity of solvent and
presents limited risk of sample contamination.

Few procedures have been dedicated to the quantification
of both tetracyclines and fluoroquinolones and, above all,
there is lack of method allowing the evaluation of the transfer
of these compounds from sludge to soil. Therefore, detection
and quantification with few steps and in a reasonable time of
these antibiotics are a necessity to evaluate their occurrence
and levels in sludge and soil or to estimate the potential
of transfer of these compounds from sludge through the
environment.

In this paper, we describe the development of a sensitive
method capable of determining simultaneously traces of
tetracycline and fluoroquinolone antibiotics in sludge and
soil. This method is based on PLE extraction, followed by
SPE purification and finally an analysis by LC-MS/MS. The
method is then successfully applied to the analysis of the tar-
get antibiotics in both sludge and soil that received spreading.
Our approach was a bit different from what is usual since we
have developed the method of extraction from 13 substances
to better understand the role of each of the optimization
settings. However, once optimal conditions are identified, we
have validated and applied the method on real samples only
for five substancesmost likely to be found in the environment.

2. Experimental

2.1. Chemicals and Materials. High purity (>98%) analytical
standards were used. Tetracycline, oxytetracycline, chlor-
tetracycline, doxycycline, minocycline, norfloxacin, dano-
floxacin, enrofloxacin, ofloxacin, ciprofloxacin, marboflox-
acin, orbifloxacin, and difloxacin were purchased from
Sigma-Aldrich (Saint-Quentin Fallavier, France).

Stock solutions of each standardwere prepared at concen-
trations of 200mg/L inmethanol and were stored at −23∘C in
amber glass. Working solutions were prepared by the appro-
priate mixture and dilution of the stock solutions.

Methanol (MeOH), acetonitrile (ACN) (LC-MS grade),
dimethylsulfoxide (DMSO), and acetone (HPLC grade) were
purchased from Sigma-Aldrich. Pure water was obtained

from a MilliQ device from Millipore (Saint-Quentin-en-
Yvelines, France). Formic acid (98%, LC-MS grade) and citric
acidmonohydrate were purchased from Sigma-Aldrich while
sodiumhydroxidewas obtained fromProlabo (Paris, France).

2.2. Solid Samples. For the development and validation of the
method, clay-loam soil that was never treated withmanure or
sludge was used. The soil sample was passed through 3mm
sieve to remove coarse particles. It was subsequently ground
in a mortar and passed through 0.63mm sieve to obtain a
homogeneous sample. For the application to real samples,
soils were collected in amber glass bottles, at a depth of 10 cm,
and then were stored at −23∘C before the pretreatment and
analysis.

For the development and validation of the method in
sludge, digested sludge was used. It was frozen in a previously
burnt aluminium tray and then freeze-dried for 48 h. It was
finally ground in a mortar and sieved to 0.25mm. For the
application to real samples, sludge measurements were car-
ried out in glass bottles by authorized personnel of each treat-
ment plant, according to the norm NF EN ISO 5667-15 (Oct.
2009) dealing with the conservation and treatment of sludge.

2.3. Extraction and Clean-Up. PLE experiments were per-
formed with the system ASE 350 from Thermo Scientific
(Villebon-sur-Yvette, France). 11-mL PLE cell was filled with
5 g of soil or 0.5 g of sludge and completed with diatomaceous
earth from Sartorius (Germany).

The extraction procedures were performed at the temper-
ature of 80∘C, the pressure of 120 bar, 10min of static time, and
2 cycles. The composition of the solvent was MeOH, ACN,
and 0.2M citric acid (pH = 4.5) in the proportions 40/40/20.
At the end of the two cycles, the extract was supplemented to
500mL with MilliQ water.

After PLE, the clean-up was performed by SPE using
the Thermo Scientific Dionex AutoTrace 280 Instrument
with StrataX cartridges (200mg/3mL) fromPhenomenex (Le
Pecq, France).The cartridge was previously conditioned with
5mL MeOH and then 5mL H

2
O. The volume of 500mL

of reconstituted PLE extract was loaded in the cartridge at
the flow rate of 5mL/min. The cartridge was subsequently
washed with 5mL H

2
O and then dried for 15min under

a stream of nitrogen and finally eluted with 6mL MeOH
at the flow rate of 2mL/min. Then, 100𝜇L of DMSO was
added to the extract before the evaporation ofMeOH under a
gentle stream of nitrogen at the temperature of 40∘C. Finally,
375 𝜇L H

2
O and 25 𝜇L ACN were added prior to LC-MS/MS

analysis.

2.4. Analysis by Liquid Chromatography-Tandem Mass Spec-
trometry. The liquid chromatographic separation was per-
formed on an Agilent Series 1100 HPLC system from Agilent
Technologies (Les Ulis, France) equipped with a binary
pump, a degasser, and a column oven. The separation was
performed with a Poroshell 120 EC-C18 (100 × 2.1mm,
2.7 𝜇m) column from Agilent Technologies preceded by
columnprefilterKrudKatcher fromPhenomenex.Themobile
phase was composed of 0.1% formic acid in MilliQ water
(A) and 0.1% formic acid in MeOH (B) with the following
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Table 2: Precursor and product ions, collision energy (CE), and
declustering potential (DP).

Compounds Precursor ion → product ion (CE (eV)) DP (V)
Tetracycline 445 → 410 (25) and 445 → 154 (35) 36
Oxytetracycline 461 → 426 (25) and 461 → 443 (19) 36
Chlortetracycline 479 → 444 (27) and 479 → 462 (23) 36
Minocycline 479 → 441 (27) and 479 → 352 (23) 36
Doxycycline 445 → 428 (23) and 445 → 154 (41) 41
Ciprofloxacin 332 → 288 (23) and 332 → 231 (49) 51
Enrofloxacin 360 → 316 (25) and 360 → 245 (35) 51
Ofloxacin 362 → 261 (35) and 362 → 318 (23) 51
Norfloxacin 320 → 276 (27) and 320 → 231 (51) 61
Danofloxacin 358 → 340 (27) and 358 → 82 (67) 26
Marbofloxacin 363 → 72 (37) and 363 → 320 (23) 21
Orbifloxacin 396 → 295 (33) and 396 → 352 (23) 31
Difloxacin 400 → 356 (25) and 400 → 299 (35) 41

gradient: 85% (A) for 4min and from 85% to 0% (A) in
2min. At the end of the analysis, the column was rinsed by
100% (B) for 5min. The flow rate was 0.4mL/min, the oven
temperature was 60∘C, and the injection volume was 20 𝜇L.

The LC systemwas coupled to a triple-stage 3200QTRAP
(ABSciex, Les Ulis, France) with an electrospray ion source
used in positive mode. The MS/MS settings and the param-
eters of the source were optimized by manual infusion
and by the flow injection of each standard at 10mg/L. The
source parameters were as follows: 5500V source voltage,
600∘C source temperature, nebulisation gas at 45 psi, and
desolvation gas at 55 psi (nitrogen). The MS/MS conditions
are summarised in Table 2. The analytes were identified both
by their chromatographic characteristics and by their specific
multiple reaction monitoring (MRM) fragmentation pat-
terns. Data processing was performed with Analyst software
(version 1.5.1).

3. Results and Discussion

3.1. Development of the PLE. During the development of
the method based on PLE, several parameters had to be
optimized such as the temperature, the pressure, the static
time, and the number of cycles, as well as the nature of the
extraction solvent. The solvent is the parameter that most
affects the extraction efficiency. Therefore, the temperature,
the pressure, the static time, and the number of cycles
were chosen based on literature data and we optimized the
extraction solvent.

Some previous studies have been dedicated to the extrac-
tion of tetracyclines and fluoroquinolones from soil by
PLE. Relatively low temperatures, comprised between room
temperature and 100∘C, were used to extract tetracyclines,
substances sensitive to thermal degradation [27–29]. In addi-
tion, the use of an elevated temperature can lead to another
limitation: the coextraction of compounds of the matrix
that may interfere with the target analytes [29]. Regarding
fluoroquinolones, a temperature of 100∘C was generally used
[8, 30]. We therefore set a temperature of 80∘C. A pressure

between 100 and 150 bar is often used for these two families
of antibiotics [8, 27, 28, 30]. We therefore set the pressure at
120 bar. A 10-minute static time was generally reported [8,
27, 28, 30]; therefore we chose this time. Finally, 2 or 3 cycles
were oftenmentioned in the literature to extract tetracyclines
or fluoroquinolones. We chose to run 2 cycles [27, 28].

With these conditions, we attributed great importance
to the choice of solvent to optimize the extraction of both
tetracyclines and fluoroquinolones. These tests were carried
out from 1 g of soil spiked at 500 ng/g with each substance.
The sample was then left for 8 hours at room temperature
before the extraction, to allow the solvent to evaporate.

The extracts obtained were relatively loaded with organic
matter making their direct injection into the LC-MS/MS sys-
tem difficult. Therefore, purification by SPE was performed
using the polymeric StrataX cartridges. In order to evaluate
only the recoveries from the PLE during the optimization,
we compared the responses of the solids spiked before
the extraction and after the PLE extraction but before the
purification step.

As preliminary tests, we evaluated the effectiveness
of acetone, MeOH, or mixtures acetone/MeOH (50/50),
MeOH/H

2
O (80/20), and ACN/H

2
O (70/30). The extracts

obtained were evaporated and dissolved in 1mL of 95/5
H
2
O/MeOH and then injected into LC-MS/MS. The results

showed that only mixtures of organic solvent with water
allowed the extraction of a minimum of fluoroquinolones.

We therefore continued the optimization with mixtures
of more complex solvents, including an aqueous portion. We
first chose to evaluate solvents based on citric acid. Indeed,
it was demonstrated that fluoroquinolones and tetracyclines
easily form strong complexes with di- and trivalent cations
contained between the layers of clay or with the hydroxyl
groups at the solid particle surface [8, 27]. In addition,
cation exchange, hydrophobic reactions, or hydrogen bond
formation could also take place [27], making the extraction
of these antibiotics difficult. To reduce these interactions, a
complexing agent could be added in the extraction solvent.
Citric acid could represent a good choice. Moreover, acidic
pH could favor electrostatic repulsion between target sub-
stances and soil surface, both protonated.

Preliminary experiments dealing with the choice of
the solvent described above put in evidence the notion
that fluoroquinolones were better extracted with ACN/H

2
O

(70/30). On the other hand, tetracyclines appeared to bemore
extracted from the solid matrix with MeOH/H

2
O (80/20).

We therefore assessed various compositions of solvents con-
taining acetonitrile, methanol, and citric acid. Jacobsen et
al. investigated the amount of citric acid to the tetracyclines
extraction from soil [27]; they demonstrated that a con-
centration of 0.2M in the aqueous portion of the solvent
mixture allowed reaching the most interesting recoveries.We
therefore chose to introduce 0.2M citric acid in the aqueous
fraction of each of the mixtures and the equivalent of 0.1M
to 50/50methanol/acetonitrile. Sodiumhydroxide was added
to adjust the pH values of 3 or 4.5. The recoveries obtained
with the various compositions of solvent (MeOH/ACN/0.2M
citric acid) and pH values are presented in Figures 1(a) and
1(b) for tetracyclines and fluoroquinolones, respectively.
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Figure 1: Recoveries obtained for (a) fluoroquinolones and (b) tetracyclines, with various compositions of PLE solvent (MeOH/ACN/0.2M
citric acid) and pH values.

These figures show that the 50/50mixture ofMeOH/ACN
containing citric acid very little extracted the target sub-
stances. A minimum volume of water was required for
extraction of tetracyclines and fluoroquinolones. Moreover,
we note that fluoroquinolones were better extracted with
the composition 40/40/20 MeOH/ACN/citric acid adjusted
to pH = 4.5 (recoveries between 65 and 133%). On the
other hand, the extraction of tetracyclines appeared to be
less affected by the composition of the solvent and the
pH, except in the case of oxytetracycline for which the
extraction was favored with the 25/25/50 MeOH/ACN/citric
acid composition and the pH = 3. Under these conditions,
the choice of the extraction solvent for both families was
40/40/20 MeOH/ACN/citric acid adjusted to pH = 4.5.

3.2. Optimization of the Injection Conditions. In a previous
study dealing with the development of a method dedicated to
the analyses of pharmaceutical compounds and hormones in
sludge by LC-ToF-MS [31], we put in evidence the positive
role of DMSO in the response of the target compounds.
We showed that DMSO was playing a double role. Firstly, it
prevented the complete evaporation of the extract, thereby
facilitating the dissolution of the residue in the injection
solvent. And secondly, it allowed a significant increase of the
ionization of certain substances in the electrospray source in
the presence of acidified water.

Therefore, we evaluated the influence of the presence of
DMSO on the signal of tetracyclines and fluoroquinolones.
Two sets of experiments were conducted: the first one to
assess whether DMSO played a role and what was the best
proportion in the mixture of solvents and the second one
to evaluate the optimal final volume of solvents. For these
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Figure 2: Signal response of some tetracyclines and fluoro-
quinolones as a function of the percentage of DMSO in 1mL of
extract.

optimizations, soil was previously spiked at 80 ng/g with
each of the target substances and was submitted to the PLE
extraction and then the SPE purification as described above.
Various volumes of DMSO were added to the extract and
MeOH was evaporated under nitrogen. A volume of 50𝜇L
ACN was added and the solvent was made up with water
to 1mL. The response obtained by LC-MS/MS for these
various proportions of DMSO is presented in Figure 2. The
results indicate that DMSO played a positive role in the
response obtained in the case of fluoroquinolones but had no
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Table 3: Validation parameters: linearity, limits of detection and quantification (MDL and MQL), recoveries (𝑅), and precision (relative
standard deviation, RSD) in soil and sludge.

Compounds
Linearity (𝑟2) MDL (ng/g) MQL (ng/g) 𝑅 (%) Intraday precision

RSD (%)
Interday precision

RSD (%)
Soil

1–200 ng/g
Sludge

5–2500 ng/g Soil Sludge Soil Sludge Soil Sludge Soil Sludge Soil Sludge

Norfloxacin 0.9956 0.9906 0.7 3.8 1.1 12.7 96.6 91.4 1.2 15.0 16.5
Ciprofloxacin 0.9869 0.9911 1.4 6 4.6 20.0 92.6 87.1 1.2 13.1 8.0
Ofloxacin 0.9947 0.9941 0.4 1.5 1.3 5.0 96.9 89.8 7.0 11.0 2.8
Tetracycline 0.9948 0.9917 0.3 2.4 1.9 6.2 38.9 41.7 14.7 1.9 6.7
Oxytetracycline 0.9970 0.9968 0.7 6 2.3 20.0 25.4 33.5 4.7 5.4 15.1

significant effect on the tetracyclines. The best response was
generally obtained for a volume of 300 𝜇L. However, themea-
sure was less reproducible with this content than with 200𝜇L
DMSO. Therefore, the following proportions were selected:
20% DMSO, 5% ACN, and 75% H

2
O. Second, several total

volumes of solvent from 400 𝜇L to 1000 𝜇L were tested with
these proportions of DMSO, ACN, and H

2
O. The best signal

intensities were obtained for a volume of 500 𝜇L. To the best
of our knowledge, the influence ofDMSOon theMS response
of tetracyclines or fluoroquinolones was not evidenced.

Finally, the injection volume was also optimized. The
volume could be increased up to 20𝜇L while maintaining
good sharpness of the peaks.

3.3. Performance of the Methods. The validation procedure of
the method was carried out using spiked soil or sludge. As
it was not possible to find sludge that was free of the target
analytes, the sludge samples were previously analyzed and the
LC-MS/MS signals corresponding to the target compounds
were subtracted. With regard to the soil, analysis of unspiked
soil showed that it was free of targeted substances.

The methods were evaluated in terms of linearity, recov-
eries, and intra- and interday repeatability as well as the limits
of detection and quantification.

The linearity was evaluated by assessing the signal
response of each compound from spiked samples over a
concentration range from 1 to 200 ng/g in soil and from 5
to 2500 ng/g in sludge. The model was evaluated in triplicate
on three days. Table 3 indicates that the methods were linear
over the specified concentration ranges, in bothmatrices.The
determination coefficients (𝑅2) were higher than 0.99, except
in the case of ciprofloxacin in soil (0.9869).

To evaluate recoveries, the signal obtained for solid sam-
ples spiked before the sample preparation (𝑆spiked before) was
compared with the signal obtained for solid extract spiked
after the sample preparation with MeOH solution containing
the target substances at the same concentration (𝑆spiked after),
where 𝑆blank corresponds to the signal of a nonspiked extract
of the sample, according to

recovery (%) = (
𝑆spiked before − 𝑆blank

𝑆spiked after
) × 100. (1)

Recoveries were different for tetracyclines and fluoro-
quinolones (Table 3). Indeed, they were greater than 87%

in the case of fluoroquinolones but only between 25.4
and 41.7% for tetracyclines. These lower values confirmed
the strong interactions that exist between tetracyclines and
environmental solid matrices. The difficult extraction of
tetracyclines was previously reported by Carvalho et al. [24]
that compared the efficiency of vortex agitation, ultrasonic
extraction, and microwave assisted extraction but did not
obtain recoveries higher than 59% and 42% for tetracy-
cline and oxytetracycline, respectively, in sediment. Similarly,
previous methods involving SPE for the extraction did not
exceed 27% for the recovery of tetracycline from sludge [21]
or 54% for tetracycline and oxytetracycline [23]. Recently,
Huang et al. [25] developed a method that allowed recoveries
superior to 81% for tetracycline. However, this efficient
method was quite complex and time and solvent consuming
since it involved extraction overnight by a solvent, then three
successive ultrasonic-assisted extraction procedures aided
by mechanical shaking, and finally clean-up by solid phase
extraction.

Precision was appraised through intra- and interday
analyses. It was performed at 80 ng/g and 250 ng/g, in soil and
sludge, respectively. It consisted in three replicates conducted
on the same day or three different days, respectively, and
was expressed as the relative standard deviation (RSD, %).
Good intraday precision results were obtained, with RSD
values inferior to 15% for all the compounds in both matrices
(Table 3).

The limits of detection and quantification of the method
(MDL and MQL, resp.) were finally determined. They were
defined as the analyte concentration that produced a peak
signal of three and ten times the background noise, respec-
tively.Themethod appeared to be sensitive sinceMQL values
were all inferior to 5 ng/g in soil and inferior to 20 ng/g in
sludge (Table 3). These limits were broadly the same order
of magnitude as the methods proposed in the literature for
the quantification of fluoroquinolones [22, 25, 32]. Only
Lillenberg et al. [21] developed a method for their analysis
to levels below 2 ng/g in sludge. On the other hand, the
limit of quantification of tetracyclines did not fall below
80 ng/g. For the analysis of tetracyclines, the MQL of the
developed method are generally lower than or equivalent to
those reported in the literature [21–25, 33].

For quantification in sludge or soil, one of the drawbacks
is the presence of residual interfering compounds in the
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Table 4: Levels (ng/g dry matter) of target tetracyclines and fluoroquinolones measured in sludge and soil that received the corresponding
sludge.

Sludge Sludge 1 Sludge 2 Sludge 3 Sludge 4 Sludge 5 Sludge 6 Sludge 7 Sludge 8 Sludge 9 Sludge 10 Sludge 11 Sludge 12
Norfloxacin nd 2,055 (157) nd 937 (41) 132 (8) 74 (3) nd 130 (5) 84 (7) 1,004 (42) 362 (17) 562 (21)
Ciprofloxacin nd 3,148 (94) 63 ± (2) 2,786 (115) 251 (11) 55 (2) nd 356 (15) 123 (5) 379 (16) 576 (28) 755 (33)
Ofloxacin nd 8,492 (212) 66 ± (3) 2,577 (93) 398 (14) 93 (30) 208 (67) 824 (29) 156 (54) 1,189 (42) 641 (25) 1,152 (39)
Tetracycline nd 124 (3) nd nd nd nd nd nd nd 61 (2) nd 135 (2)
Oxytetracycline nd nd nd nd nd nd nd nd nd nd nd nd
Soil Soil 1 Soil 2 Soil 3 Soil 4 Soil 5 Soil 6 Soil 7 Soil 8 Soil 9 nd Soil 11 Soil 12
Norfloxacin nd 16.5 (0.3) nd 9.7 (0.2) nd nd nd nd nd 3.6 (0.1) nd nd
Ciprofloxacin nd nd nd nd nd nd nd nd nd nd nd nd
Ofloxacin nd nd <MQL nd <MQL <MQL <MQL 1.8 (0.2) <MQL 1.31 (0.1) <MQL <MQL
Tetracycline nd nd nd nd nd nd nd nd nd nd nd 6.9 (1.1)
Oxytetracycline nd nd nd nd nd nd nd nd nd nd nd nd
nd: not detected
The analyses were performed in duplicate. The standard deviation appears in parentheses.

extract that causes the suppression or enhancement of the
signal in the mass spectrometer. Several strategies can be
involved in such complex matrices, in order to compensate
these so-called matrix effects. Each of the strategies presents
advantages, but also disadvantages. Isotopic-labelled internal
standards are often used to compensate the matrix effects.
However, it can be difficult to find such substances affordable
in the case of tetracyclines. Moreover, because of the differ-
ence between the MRM transitions of the target compounds
and their respective internal standard, the compensationmay
not be correct [34]. The matrix-matched calibration can be
used if a matrix similar to the matrix to be analyzed and free
of the target compounds is available. Finally, the standard
addition method is probably the most rigorous since it fits
all samples and their different compositions but is also the
most time-consuming approach. In the absence of samples
free of the contaminants of interest (or blank samples),
sludge samples were quantified by addition standards. In case
the contents in the sludge exceeded the calibration range,
the extracts were diluted accordingly. The soil used in the
development and validation of the method was also used to
build the calibration by matrix matching.

3.4. Application to Real Samples. The developed method was
applied to 12 sludge samples from various sewage treat-
ment plants in France. The results (Table 4) indicated that
fluoroquinolone antibiotics were present in all the samples
except one,with concentrations up to 8,492 ng/g (dryweight).
The substance most frequently found and with the highest
levels was ofloxacin, whose average concentration was about
1,400 ng/g. Tetracycline was also quantified in 3 sludge
samples with levels comprised between 31 and 135 ng/g.

The sludge from these stations is regularly applied to
agricultural soils. The soils that had been amended with
these sewage sludge samples were also analyzed. Samples
were collected about two months after sludge spreading. The
results (Table 4) indicate the presence of fluoroquinolones at
low levels in the soil, in all samples except one. Ofloxacin was

present inmost samples, but its concentration rarely exceeded
the limit of quantification (maximum value: 1.8 ng/g). The
frequency of detection of norfloxacin was lower than that
of ofloxacin, but the levels were slightly higher (between 3.6
and 16.5 ng/g). These results suggest transfer of ofloxacin and
norfloxacin from sludge to soil. Tetracycline was present in
a single sample. Ciprofloxacin, which was quantified in most
sludge samples, was not detected in soils. It should be noted,
however, that the MDL of ciprofloxacin was slightly higher
than the MDL of ofloxacin and norfloxacin. The absence of
detectable ciprofloxacin did not exclude its presence at very
low level in soil.

4. Conclusions

A method for the determination of tetracyclines and flu-
oroquinolones was developed, adapted to both soil and
sludge matrices. This method involved extraction by PLE
followed by SPE clean-up. The analysis of sludge and soil
that received spreading from this sludge indicated relatively
high levels of the target compounds in sludge (sometimes
exceeding 1000 ng/g in the case of fluoroquinolones) and
suggested transfer of certain substances between sludge and
soil. The method would therefore be useful to get more
information regarding this phenomenon, which is critical to
assess the risks associated with the presence of tetracyclines
and fluoroquinolones in biosolids.
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“Metabolism and excretion kinetics of 14C-labeled and non-
labeled difloxacin in pigs after oral administration, and antimi-
crobial activity ofmanure containing difloxacin and itsmetabo-
lites,” Environmental Research, vol. 109, no. 3, pp. 225–231, 2009.

[9] W. Xu, G. Zhang, X. Li et al., “Occurrence and elimination of
antibiotics at four sewage treatment plants in the Pearl River
Delta (PRD), South China,” Water Research, vol. 41, no. 19, pp.
4526–4534, 2007.

[10] J. Du, Y. Fan, and X. Qian, “Occurrence and behavior of
pharmaceuticals in sewage treatment plants in eastern China,”
Frontiers of Environmental Science & Engineering, vol. 9, no. 4,
pp. 725–730, 2015.

[11] W. Qi, H. Singer, M. Berg et al., “Elimination of polar micropol-
lutants and anthropogenic markers by wastewater treatment in
Beijing, China,” Chemosphere, vol. 119, pp. 1054–1061, 2015.

[12] A. E. Van Den Bogaard and E. E. Stobberingh, “Epidemiology
of resistance to antibiotics: links between animals and humans,”
International Journal of Antimicrobial Agents, vol. 14, no. 4, pp.
327–335, 2000.

[13] R. I. Aminov and R. I. Mackie, “Evolution and ecology of anti-
biotic resistance genes,” FEMSMicrobiology Letters, vol. 271, no.
2, pp. 147–161, 2007.

[14] H. Storteboom, M. Arabi, J. G. Davis, B. Crimi, and A. Pruden,
“Identification of antibiotic-resistance-gene molecular signa-
tures suitable as tracers of pristine River, urban, and agricultural
sources,” Environmental Science and Technology, vol. 44, no. 6,
pp. 1947–1953, 2010.

[15] A. Chevance and G. Moulin, Suivi des Ventes de Médicaments
Vétérinaires Contenant des Antibiotiques en France en 2010
(Volumes et Estimation de la Consummation d’Antibiotiques chez
les Animaux), Agence Nationale du Médicament Vétérinaire
(ANSES), 2011.

[16] Y. J. Wang, D. A. Jia, R. J. Sun, H. W. Zhu, and D. M. Zhou,
“Adsorption and cosorption of tetracycline and copper(II) on
montmorillonite as affected by solution pH,” Environmental
Science & Technology, vol. 42, no. 9, pp. 3254–3259, 2008.

[17] P.-H. Chang, Z. Li, J.-S. Jean et al., “Desorption of tetracycline
from montmorillonite by aluminum, calcium, and sodium: an
indication of intercalation stability,” International Journal of
Environmental Science and Technology, vol. 11, no. 3, pp. 633–
644, 2014.

[18] S. A. Sassman and L. S. Lee, “Sorption of three tetracyclines
by several soils: assessing the role of pH and cation exchange,”
Environmental Science and Technology, vol. 39, no. 19, pp. 7452–
7459, 2005.

[19] WHO, Criticall Important Antimicrobials for Human Medicine,
3rd revision, 2011.
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This paper presents a new approach to assess the soil quality by aggregate indices using the Relative Soil Quality Index (RSQI)
proposed by Ho Ngoc Pham. RSQI is integrated from the individual indices into a simple formula for overall assessment of the soil
quality. RSQI is different fromother approaches. Particularly, the individual indices and theweighting factors of Phamare calculated
from the analytical laboratory data and the environmental standards, respectively, and not self-regulated as in methods of some
other authors. In this paper, the authors applied the RSQI to assess the Soil Environmental Quality of rice intensive cultivation areas
through a case study in Haiduong province in 2013. The RSQI is calculated for sampling points in 12 districts and simulated the
Soil Environmental Quality on GIS map. The results show that the Soil Environmental Quality of rice intensive cultivation areas
in Haiduong is predominantly divided into three levels: good, moderate, and poor. According to the report of General Statistics
Office for Haiduong province, rice intensive cultivation areas in 2013 achieved a relatively high average rice yield of 5.90 tonnes per
hectare; it means actual soil properties are in line with results of the research.

1. Introduction

The assessment of soil degradation in the world is primarily
based on single criteria to build the assessment thresholds
for each group of total content of bioelements, content of
available forms of bioelements, heavy metals, and so forth,
in which each parameter in the group of total content of
bioelements and the group of content of available forms of
bioelements is categorized into three levels: high, medium,
and low or rich, moderate, and poor, respectively, to serve for
the degradation assessment of agricultural land and forestry.
The environmental quality index (EQI) approach to assess air,
water, and soil was first mentioned in the work of Ott [1], and
afterwards, the application of EQI to assess the soil quality
(SQ) is continuously developed and widely used [2–7].

The soil degradation assessment in Vietnam has inter-
ested many scientists. Vietnamese scientists have made in-
depth studies on the thresholds and the assessing scale for

the group of total content of bioelements, content of available
forms of bioelements and heavy metals, and so forth. In
which, typical studies are of Nguyen [8], Le [9], Tran [10],
Nguyen [11], Le and Tran [12], and the National Technical
Standards on the soil environment for the heavymetals group
[13]. However, the approach to assess soil degradation by
aggregate indices in Vietnam is still new. Such approach was
first mentioned in the dissertation of Nguyen in order to
create an environmental land map at the provincial scale
[14]. The author applied the Total Soil Quality Index (TSQI)
proposed by Pham [15] to determine the Soil Environmental
Quality for agricultural land (rice cultivated areas). Neverthe-
less, calculating theweighting factors of each group is compli-
cated. Therefore, Pham developed the TSQI into the Relative
Soil Quality Index (RSQI) which simplifies the calculation of
the weighting factors of total content of bioelements, content
of available forms of bioelements, pHKCl, and heavy metals
group in reality [16]. Because of the paper’s scope, the authors
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only apply RSQI into aggregate assessment of the SQ of rice
intensive areas in Haiduong province.

2. Materials and Method

2.1. Materials. (i) The research used the soil sample analysis
data for 12 districts with rice intensive cultivation areas in
Haiduong province [17].

(ii) Research materials of Vietnamese authors [8–12]
and Vietnam’s environmental regulations [13] were used
to convert the categorized scale of individual index into
the individual assessing scale of SQ which served for the
calculation of the SQ assessment by aggregate indices, using
RSQI.

2.2. Method

2.2.1. Formula of Relative Soil Quality Index (RSQI). RSQI is
a new approach to assess the SQ by aggregate indices. It is
based on the synthesis or integration of individual index 𝑞

𝑖

of 𝑛 surveyed parameters in order to form a formula which
simplifies the SQ assessment at each monitoring point. RSQI
proposed by Pham is determined by the following formula
[16]:

RSQI = 100 (1 −
𝑃
𝑘

𝑃
𝑛

) , (1)

where

𝑃
𝑘
=

𝑘

∑

𝑖=1

𝑊
𝑖
(𝑞
𝑖
− 1) , (2)

𝑃
𝑚
=

𝑚
1

∑

𝑖=1

𝑊
𝑖
𝑞
𝑖
+

𝑚
2

∑

𝑖=1

𝑊
𝑖
(1 − 𝑞

𝑖
) , (3)

𝑃
𝑛
= 𝑃
𝑚
+ 𝑃
𝑘
, (4)

𝑛 = 𝑚 + 𝑘 = 𝑚
1
+ 𝑚
2
+ 𝑘, (5)

where 𝑃
𝑛
is the common sum (sum of separate sums 𝑃

𝑘

and 𝑃
𝑚
); 𝑃
𝑚
includes 𝑚 of numbers of 𝑞

𝑖
with values ≤1; 𝑃

𝑘

includes 𝑘 of numbers of 𝑞
𝑖
with values >1; 𝑛 is the number of

monitored parameters.

Noting. Formula (1) clearly shows that RSQI depends on the
relative ratio 𝑃

𝑘
/𝑃
𝑛
. The higher the value of the ratio is, the

smaller the value of RSQI will be. Thus, the SQ is poorer.

(i) Calculating Individual Index 𝑞
𝑖
(Subindex) of Each Param-

eter 𝑖. To calculate RSQI in formula (1), we first need to
calculate individual index as the following:

(a) The groups below in Vietnam’s environmental regula-
tion (to the heavy metals group) are

𝑞
𝑖
=
𝐶
𝑖

𝐶∗
𝑖

. (6)

There are three cases:

Case 1: If 𝐶
𝑖
< 𝐶
∗

𝑖
so 𝑞
𝑖
< 1

(Soil with good quality—nondegraded soil) ,

Case 2: If 𝐶
𝑖
= 𝐶
∗

𝑖
so 𝑞
𝑖
= 1

(Soil with moderate quality—soil starting to degrade) ,

Case 3: If 𝐶
𝑖
> 𝐶
∗

𝑖
so 𝑞
𝑖
> 1

(Soil with poor quality—degraded soil) .

(7)

(b) The groups in the interval [𝑎, 𝑏] in Vietnam’s envi-
ronmental regulation (group of total content of
bioelements, group of content of available forms of
bioelements):

Case 1: If 𝐶
𝑖
< 𝑎 so 𝑞

𝑖
=
𝑎

𝐶
𝑖

> 1

(Soil with poor quality—degraded soil) ,
(8)

Case 2: If 𝑎 ≤ 𝐶
𝑖
≤ 𝑏 so 𝑞

𝑖
=
𝐶
𝑖

𝐶∗
𝑖

= 1

(Soil with moderate quality—soil starting to degrade) ,
(9)

Case 3: If 𝐶
𝑖
> 𝑏 so 𝑞

𝑖
=
𝑏

𝐶
𝑖

< 1

(Soil with good quality—nondegraded soil) .
(10)

(ii) Calculating the Separate Sums 𝑃
𝑘
, 𝑃
𝑚
, and the Common

Sum 𝑃
𝑛
Using Formulas (2) to (4). From (1) to (10),

𝐶
𝑖
is the actual monitoring value of parameter 𝑖,
𝐶
∗

𝑖
, 𝑎, and 𝑏 are the permitted limit values of param-

eter 𝑖,
𝑚
1
is the number of parameters with 𝑞

𝑖
= 1 (as 𝐶

𝑖
=

𝐶
∗

𝑖
),
𝑚
2
is the number of parameters with 𝑞

𝑖
< 1,

𝑘 is the number of parameters with 𝑞
𝑖
> 1.

2.2.2. Calculating the Temporary Weighting Factors 𝑊
𝑖
and

the Final Weighting Factors 𝑊
𝑖
. 𝑊
𝑖
is the final weighting

factors of the parameter 𝑖; 𝑊
𝑖
accounts for the importance

which presents the relation between each parameter 𝑖; and
𝑗 is the number of parameters of each examination group.
The final weighting factor 𝑊

𝑖
is determined through the

temporary weighting factor𝑊
𝑖
as follows.

(a) Groups Below in Environmental Regulation (Heavy Metals
Group).𝑊

𝑖
is calculated by formula:

𝑊


𝑖
=
(1/𝑗)∑

𝑗

1
𝐶
∗

𝑖

𝐶∗
𝑖

=
∑
𝑗

1
𝐶
∗

𝑖

𝑗 × 𝐶∗
𝑖

, (11)

where𝐶∗
𝑖
is allowance limited value of parameter 𝑖 and 𝑗 is the

number of parameters selected by the group for examination.



Applied and Environmental Soil Science 3

(b) Groups in the Interval [𝑎, 𝑏] in Environmental Regulations
(Group of the Total Content of Bioelements, Group of the Con-
tent of Available Forms of Bioelements). Consider parameter
groups in the intervals: [𝑎

1
, 𝑏
1
], [𝑎
2
, 𝑏
2
], [𝑎
3
, 𝑏
3
], . . . , [𝑎

𝑗
, 𝑏
𝑗
].

The formula to calculate𝑊
𝑖
of parameter 𝑖 for each group

is as below:

𝑊


𝑖
=
∑
𝑗

𝑖=1
(𝑏
𝑖
− 𝑎
𝑖
)

𝑗 × (𝑏
𝑖
− 𝑎
𝑖
)
, (12)

where the environmental regulation value of parameter 𝑖 in
the interval [𝑎

𝑖
, 𝑏
𝑖
] is (𝑏
𝑖
−𝑎
𝑖
) and 𝑗 is the number of parameters

of each group.

Example. There are 2 parameters (𝑗 = 2) given in [𝑎
1
, 𝑏
1
],

[𝑎
2
, 𝑏
2
]. The environmental regulation values of [𝑎

1
, 𝑏
1
] and

[𝑎
2
, 𝑏
2
] are (𝑏

1
− 𝑎
1
) and (𝑏

2
− 𝑎
2
), respectively. According to

(12), we calculate

𝑊


1
=
(𝑏
1
− 𝑎
1
) + (𝑏
2
− 𝑎
2
)

2 × (𝑏
1
− 𝑎
1
)
;

𝑊


2
=
(𝑏
1
− 𝑎
1
) + (𝑏
2
− 𝑎
2
)

2 × (𝑏
2
− 𝑎
2
)
.

(13)

(c) Calculate the Final Weighting Factor of Parameter 𝑖 (𝑊
𝑖
).

The final weighting factor of each parameter 𝑖 of each group
is identified by the following formula:

𝑊
𝑖
=
𝑊


𝑖

∑
𝑗

1
𝑊
𝑖

(14)

Obviously,
𝑗

∑

1

𝑊
𝑖
= 1, (15)

where 𝑗 is the number of parameters selected by the group for
examination.

2.2.3. Hierarchy for Assessing SQ of RSQI Index [16]. See
Table 1.

2.2.4. Converting Hierarchy for Assessing Criterion to Hierar-
chy for Assessing SQ. To apply (7)–(10) formulas, first, levels
and hierarchy for assessing criterion need to be converted to
levels and hierarchy for assessing soil quality (SQ) for each
individual criterion.

The conversion Tables 2, 3, and 4 are based on the
application of Vietnam research materials about criterion for
assessing soil groups.

3. Results and Discussion

3.1. Results

3.1.1. Hierarchy for Assessing SQ of RSQI. The hierarchical
scale for aggregate assessing soil quality of RSQI correspond-
ing to 𝑛 = 10 parameters in Table 1 is shown in Table 5.

3.1.2. Calculating the TemporaryWeighting Factors 𝑊
𝑖
and the

Final Weighting Factors 𝑊
𝑖
. (i) Calculating the Temporary

Weighting Factors𝑊
𝑖
is as follows:

The group of heavy metals (formula (11)):

𝑊


Cd =
2 + 50 + 70

3 × 2
= 20.33;

𝑊


Cu =
2 + 50 + 70

3 × 50
= 0.81;

𝑊


Pb =
2 + 50 + 70

3 × 70
= 0.58.

(16)

The group of the total content of bioelements (for-
mula (12)):

𝑊


OM

=
(2.5 − 1.25) + (0.2 − 0.1) + (0.1 − 0.06) + (2 − 1)

4 × (2.5 − 1.25)

=
2.39

5
= 0.48;

𝑊


Nt
=
2.39

4 × (0.2 − 0.1)
= 5.98;

𝑊


P
2
O
5t
=
2.39

4 × (0.1 − 0.06)
= 14.94;

𝑊


K
2
Ot
=
2.39

4 × (2 − 1)
= 0.60.

(17)

The group of the content of available forms of bioele-
ments (formula (12)):

𝑊


Nav
=
(8 − 2) + (4.6 − 3.6) + (15 − 10)

3 × (8 − 2)
=
12

18

= 0.67;

𝑊


P
2
O
5av
=

12

3 × (4.6 − 3.6)
= 4;

𝑊


K
2
Oav
=
12

3 × (15 − 10)
= 0.8.

(18)

(ii) Calculating the Final Weighting Factors𝑊
𝑖
(formula

(14)) is as follows:

𝑊Cd =
20.33

20.33 + 0.81 + 0.58
=
20.33

21.72
= 0.93;

𝑊Cu =
0.81

21.72
= 0.04;

𝑊Pb =
0.58

21.72
= 0.03.

(19)

The final weighting factors of other parameters of total
content of bioelements group and content of available forms
of bioelements group are calculated, respectively, and results
are shown in Table 6.
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Table 1: Hierarchy for assessing SQ of RSQI = 𝐼 index.

𝐼 − 𝑛 is even 𝐼 − 𝑛 is odd SQ Colour

50
2𝑛 − 1

𝑛
< 𝐼 ≤ 100 50

2𝑛 − 1

𝑛
< 𝐼 ≤ 100 Good/excellent (𝐼 = 100) (no degradation) Green

100
𝑛 − 1

𝑛
< 𝐼 ≤ 50

2𝑛 − 1

𝑛
100
𝑛 − 1

𝑛
< 𝐼 ≤ 50

2𝑛 − 1

𝑛
Moderate (start degradation) Yellow

50 < 𝐼 ≤ 100
𝑛 − 1

𝑛
50
𝑛 − 1

𝑛
< 𝐼 ≤ 100

𝑛 − 1

𝑛
Poor (degradation) Orange

100

𝑛
< 𝐼 ≤ 50

100

𝑛
< 𝐼 ≤ 50

𝑛 − 1

𝑛
Very poor (strong degradation) Red

0 ≤ 𝐼 ≤
100

𝑛
0 ≤ 𝐼 ≤

100

𝑛
Hazardous (very strong degradation) Brown

Note.
(i) When 𝑛 = 2, the levels poor, very poor, and hazardous are overlapped; therefore the hierarchy will consist of only 3 levels; when 𝑛 = 3, the levels very poor
and hazardous are overlapped; therefore the hierarchy will consist of 4 levels.
(ii) When𝑊𝑖 = 1 in (2) and (3) formulas, RSQI does not have weighting factors.
(iii) Suggestions are the following:
(a) Good/excellent SQ does not need treatment.
(b) Moderate SQ needs to be monitored.
(c) Poor SQ needs to be properly fertilized.
(d) Very poor: hazardous SQ needs appropriate technological treatment for parameters significantly greater than acceptable standard.

Table 2: Converting hierarchy for assessing criterion to hierarchy for assessing SQ for the group of total content of bioelements.

Parameter Criterion (%) Hierarchy Reference Hierarchy for SQ ∈ [𝑎, 𝑏] (%) SQ

SOM
>2.5 High >2.5 Good

1.25–2.5 Medium Nguyen [8] 1.25–2.5 Moderate
<1.25 Low <1.25 Poor

Total N
>0.2 Rich >0.2 Good
0.1–0.2 Moderate Nguyen [11] 0.1–0.2 Moderate
<0.1 Poor <0.1 Poor

Total P
>0.1 Rich >0.1 Good

0.06–0.1 Moderate Le [9] 0.06–0.1 Moderate
<0.06 Poor <0.06 Poor

Total K
>2 Rich >2 Good
1-2 Moderate Tran [10] 1-2 Moderate
<1 Poor <1 Poor

3.1.3. Calculating 𝑞
𝑖
, 𝑃
𝑚1
, 𝑃
𝑚2
, 𝑃
𝑘
, 𝑃
𝑛
, and RSQI. Based on

the research materials mentioned in Section 2.1, this research
calculated individual parameter 𝑞

𝑖
using formulas (7)–(10),

calculated 𝑃
𝑘
and 𝑃

𝑛
using formulas (2)–(4), and calculated

the RSQI index using formula (1) for soil samples.
Because of the large sample size of the rice intensive

cultivation areas surveyed in Haiduong including relatively
high, medium, and low plains, we present how to calculate
individual index 𝑞

𝑖
, the separate sums 𝑃

𝑚1
, 𝑃
𝑚2
, and 𝑃

𝑘
,

and the common sum 𝑃
𝑛
(𝑛 = 10 parameters) in order to

determine the RSQI of a particular soil sample S1 (Table 7).
Thus, only result of other samples is shown in Table 8:

𝑃
𝑚
1

=

3

∑

𝑖=1

𝑊
𝑖
𝑞
𝑖
= 0.02 × 1 + 0.27 × 1 + 0.12 × 1

= 0.41;

𝑃
𝑚
2

=

5

∑

𝑖=1

𝑊
𝑖
(1 − 𝑞

𝑖
)

= 0.93 × (1 − 0.01) + 0.04 × (1 − 0.19) + 0.03

× (1 − 0.26) + 0.68 × (1 − 0.6) + 0.73

× (1 − 0.3) = 1.76;

𝑃
𝑚
= 𝑃
𝑚
1

+ 𝑃
𝑚
2

= 0.41 + 1.76 = 2.17;

𝑃
𝑘
=

2

∑

𝑖=1

𝑊
𝑖
(𝑞
𝑖
− 1)

= 0.03 × (1.64 − 1) + 0.15 × (2.5 − 1) = 0.24;

𝑃
𝑛
= 𝑃
𝑚
+ 𝑃
𝑘
= 2.17 + 0.24 = 2.41;

RSQI = 100 × (1 −
𝑃
𝑘

𝑃
𝑛

) = 100 × (1 −
0.24

2.41
)

= 90.04—Moderate (according to Table 5) .
(20)
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Table 3: Converting hierarchy for assessing criterion to hierarchy for assessing SQ for the group of content of available forms of bioelements.

Parameter Criterion (mg⋅kg−1) Hierarchy Reference Hierarchy for SQ ∈ [𝑎, 𝑏] (mg⋅kg−1) SQ

N bioavailable
>80 Rich >80 Good
20–80 Moderate Le and Tran [12] 20–80 Moderate
<20 Poor <20 Poor

P bioavailable
>46 Rich >46 Good
36–46 Moderate Nguyen [11] 36–46 Moderate
<36 Poor <36 Poor

K bioavailable
>150 Rich >150 Good

100–150 Moderate Tran [10] 100–150 Moderate
<100 Poor <100 Poor

Table 4: Converting hierarchy for assessing criterion to hierarchy
for assessing SQ for heavy metals (mg⋅kg−1, top soil).

Parameter

Land for
agricultural
purpose,
reference
(QCVN

03:2008/BTNMT)
[9]

Hierarchy for SQ SQ

(1) Cadmium (Cd)
<2 Good

2 =2 Moderate
>2 Poor

(2) Copper (Cu)
<50 Good

50 =50 Moderate
>50 Poor

(3) Lead (Pb)
<70 Good

70 =70 Moderate
>70 Poor

Table 5: Hierarchy for assessing SQ of RSQI = 𝐼 with 𝑛 = 10
parameters (Cd, Cu, Pb, SOM, Nt, Pt, Kt, Nav, Pav, and Kav).

RSQI SQ Colour

96–100 Good/excellent (𝐼 = 100)
(no degradation) Green

91–95 Moderate
(start degradation) Yellow

51–90 Poor
(degradation) Orange

11–50 Very poor
(strong degradation) Red

0–10 Hazardous
(very strong degradation) Brown

3.1.4. Creating the Soil Environmental Quality Map. From
the Table 8, GIS technology with the spatial interpolation is
applied to develop a simulated map of the SEQ assessment at
the research area (Figure 1).

3.2. Discussion. (i) From Table 8, the SQ of rice intensive
cultivation areas in Haiduong is good (nondegraded soil),
moderate (soil starting degradation), and poor (degraded).

(ii) From the SQ map (Figure 1), incorporation with
digital land use map (Haiduong DoNRE, 2013 [18]) will
calculate the area of rice intensive cultivation for 12 districts
in hectare that consists of 3 groups: good (nondegraded),
moderate (starting degradation), and poor (degradation) Soil
Environmental Quality. Particularly, the nondegraded area of
the province is 25,106.85 ha (36.29%), the area which starts
to degrade is 28,821.69 ha (41.66%), and the degraded area is
15,254.33 ha (22.05%). To districts in the provinces with the
moderate and poor soil quality, the soil with moderate and
poor quality needs to be monitored and fertilized properly.

(iii) According to the General Statistics Office (2013) [19],
rice intensive cultivation areas in Haiduong province 2013
reached a relatively high average yield of 5.90 tonnes/ha.
Because the RSQI approach shows results of the soil with
good quality (nondegraded), the soil with moderate quality
(start degraded), and the soil with poor quality (degraded),
in which the degraded soil area accounts for only 22.05%, the
soil quality of rice intensive cultivation areas is considered
fairly good. Therefore, results of the research are in line with
the relatively high yield in reality.

4. Conclusion

The research used the soil sample analysis data for twelve
districts in Haiduong province to calculate individual indices
for 10 parameters. The selected basic parameters are Cd, Cu,
and Pb; Pt, SOM, Nt, and Kt; Nav, Pav, and Kav. The separate
sum 𝑃

𝑚
is integrated from parameters group with 𝑞

𝑖
≤ 1

whereas the separate sum 𝑃
𝑘
is integrated from parameters

group with 𝑞
𝑖
> 1. The common sum 𝑃

𝑛
equals 𝑃

𝑚
plus 𝑃

𝑘
.

Using these sums, we calculated the RSQI values for 36 soil
samples (16 samples in relatively high plains; 7 samples in
medium plains; and 13 samples in low plains).

The results of calculations show that the soil sample with
good quality (𝑞

𝑖
< 1) accounts for 14/36 = 38.88%; the

proportions of soil sample with medium quality (𝑞
𝑖
= 1) and

poor quality (𝑞
𝑖
> 1) are equal; both of them account for

11/36 = 30.56%.
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Soil quality of rice intensive
cultivation

Nondegraded
Starting degradation 
Degraded
Nonintensive rice
cultivation

Other factors
Provincial and district
capital
Provincial boundary
District boundary
National highway
Provincial highway
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The map of soil environment quality in land for rice in Haiduong province
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Figure 1:The SEQmap of rice intensive cultivation areas inHaiduong province in 2013 developed from the aggregate SQ assessment approach
by using RSQI. (The map is scaled from a map with the scale of 1 : 100,000.)

Table 6: The temporary weighting factors𝑊
𝑖
and the final weighting factors𝑊

𝑖
of 10 surveyed parameters.

Parameters Heavy metals Total content of bioelements Content of available forms of bioelements
Cd Cu Pb Pt SOM Nt Kt Nav Pav Kav

𝑖 1 2 3 4 5 6 7 8 9 10
𝑊


𝑖
20.33 0.81 0.58 14.94 0.48 5.98 0.60 0.67 4 0.80

𝑊
𝑖

0.93 0.04 0.03 0.68 0.02 0.27 0.03 0.12 0.73 0.15
∑𝑊
𝑖

1 1 1
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Table 7: Calculating RSQI for a particular soil sample S1 with 𝐶
𝑖
, monitoring values.

Parameters Heavy metals Total content of bioelements Content of available forms of bioelements
Cd Cu Pb Pt SOM Nt Kt Nav Pav Kav

𝑖 1 2 3 4 5 6 7 8 9 10
S1-𝐶
𝑖

0.01 9.55 18.58 0.17 1.64 0.18 0.61 61.60 155.60 40
𝑞
𝑖

0.01 0.19 0.26 0.60 1 1 1.64 1 0.30 2.50
𝑊
𝑖

0.93 0.04 0.03 0.68 0.02 0.27 0.03 0.12 0.73 0.15

Table 8: Results of calculation of RSQI based on monitoring data.

Soil samples 𝑃
𝑚

𝑃
𝑘

𝑃
𝑛

RSQI SQ
(a) Relatively high plains

S1 2.17 0.24 2.41 90.04 Moderate (starting degradation)
S3 1.93 0 1.93 100 Excellent (nondegraded)
S5 2.02 0.03 2.05 98.54 Good (nondegraded)
S7 2.03 0.12 2.15 94.42 Moderate (starting degradation)
S9 1.73 0.08 1.81 95.58 Good (nondegraded)
S11 2.30 0.16 2.46 93.50 Moderate (starting degradation)
S13 2.24 0.17 2.41 92.95 Moderate (starting degradation)
S15 2.01 0.23 2.24 89.73 Poor (degradation)
S17 1.94 0.15 2.09 92.82 Moderate (starting degradation)
S19 2.11 0.21 2.32 90.95 Moderate (starting degradation)
S21 1.95 0.22 2.17 89.86 Poor (degradation)
S23 2.05 0.20 2.25 91.11 Moderate (starting degradation)
S25 2.40 0.15 2.55 94.12 Moderate (starting degradation)
S27 2.21 0.09 2.30 96.09 Good (nondegraded)
S29 2.26 0.07 2.33 96.99 Good (nondegraded)
S31 2 0.66 2.66 75.19 Poor (degradation)

(b) Medium plains
S57 1.82 0.22 2.04 89.22 Poor (degradation)
S59 1.72 0.08 1.80 95.56 Good (nondegraded)
S61 2.09 0.07 2.16 96.76 Good (nondegraded)
S63 2.04 0.45 2.49 81.93 Poor (degradation)
S65 2.03 0.40 2.43 83.54 Poor (degradation)
S67 2.32 0 2.32 100 Excellent (nondegraded)
S69 2.42 0 2.42 100 Excellent (nondegraded)

(c) Low plains
S73 2.26 0.27 2.53 89.33 Poor (degradation)
S75 2.22 0.37 2.59 85.71 Poor (degradation)
S77 2.25 0.07 2.32 96.98 Good (nondegraded)
S79 1.64 0.03 1.67 98.20 Good (nondegraded)
S81 1.30 0.01 1.31 99.24 Good (nondegraded)
S83 2.04 0.37 2.41 84.65 Poor (degradation)
S85 2.33 0.16 2.49 93.57 Moderate (starting degradation)
S87 2.08 0.35 2.43 85.60 Poor (degradation)
S89 1.70 0.28 1.98 85.86 Poor (degradation)
S91 1.91 0.09 2.00 95.50 Good (nondegraded)
S93 1.93 0.14 2.07 93.24 Moderate (starting degradation)
S95 2.24 0.21 2.45 91.43 Moderate (starting degradation)
S97 2.12 0.11 2.23 95.07 Good (nondegraded)
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Based on the hierarchical scale of soil quality of RSQI,
the soil quality of rice intensive cultivation areas in Haid-
uong is predominantly divided into three levels: good (non-
degraded soil), moderate (soil starting degradation), and
poor (degraded soil), corresponding to 3 levels which were
assessed by individual index.

The RSQI values are simulated on digital land use map by
GIS technology. Each area has the same level described by the
same colour on the map. Based on this map, calculating the
area of each level (good, moderate, and poor) in hectare, the
nondegraded area of the province is 25,106.85 ha (36.29%),
the area which starts to degrade is 28,821.69 ha (41.66%), and
the degraded area is 15,254.33 ha (22.05%). The map which
is developed from the aggregate SQ assessment approach
by using RSQI provides local managers an overview of the
level of soil degradation before promptly taking appropriate
measures to prevent or reduce pollution.

In summary, our results are consistent with the reality.
Therefore, the calculation method using individual indices 𝑞

𝑖

and the aggregate index RSQI has a scientific basis and high
accuracy; themethod could be applied inwarning service and
environmental management at the provincial scale.
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