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A B S T R A C T

Assessing the geochemical background is critical for addressing soil contamination, particularly in regions with 
complex interactions between the natural geological context and anthropic activities. Traditional methods for 
distinguishing geochemical backgrounds from anthropogenic anomalies often struggle to account for overlapping 
signals in such areas, leading to limitations in accurately identifying contamination sources. This study in
troduces the “anthropigene” method, an adaptation of the “geochemical gene” method initially developed for 
mining applications in the environmental context. By classifying geochemical indicators (“genes”) associated 
with urban and agricultural contamination, the anthropigene provides a robust framework for distinguishing 
anthropogenic anomalies from natural geochemical signals. Applied to approximately 3000 topsoil samples from 
the Campania region in Italy, the method allowed the determination of multivariate geochemical patterns linked 
to urban and agricultural sources of contamination. Samples considered contaminated were eliminated from the 
original dataset, and the remaining data were used to assess geochemical backgrounds.

Results showed that the background values determined through the proposed approach significantly differed 
from those generated by applying Italian guidelines; they are also generally more conservative if used as a 
reference for a tier-one human health risk assessment and environmental restoration. Using the proposed method 
could have favorable practical implications for unveiling the presence of large-scale diffuse contamination 
processes that could be easily mistaken for natural enrichments due to their spatial extension.

The method certainly has wide margins for improvement, and future studies will focus on identifying specific 
indicators of anthropic processes not considered in this paper and improving the techniques for estimating 
background values at a regional scale.

1. Introduction

In recent decades, environmental geochemistry has emerged as a 
critical discipline for understanding and managing natural ecosystems 
and mineral resources. It plays a pivotal role in ensuring the sustainable 
extraction of resources by minimizing environmental impacts, such as 
those caused by mining activities, soil degradation, and water contam
ination through the mobilization of metals (Adriano, 2001). Moreover, 
environmental geochemistry provides essential methodologies for 
addressing global environmental challenges, including pollution reme
diation and climate change mitigation, by elucidating the chemical 
processes that govern the transport and transformation of contaminants 
in natural systems (Alloway, 2012).

One of the key objectives in this field is to differentiate geochemical 
background levels, representing the natural concentrations of chemical 
elements within specific geological contexts, from anomalies caused by 
natural processes or human activities. Estimating reliable natural 
background concentrations is fundamental for distinguishing natural 
variations from anthropogenic impacts. In mining, such estimations help 
locate concealed mineral deposits and optimize extraction, while in 
environmental monitoring, they enable the detection of contamination 
and the assessment of its effects on ecosystems. Over the years, various 
methodologies have been developed to accurately separate natural and 
anthropogenic contributions in environmental media, ranging from 
univariate and multivariate statistical approaches (Matschullat et al., 
2000; Reimann et al., 2005; Négrel et al., 2019) to fractal methods 
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(Cheng et al., 1994; Albanese et al., 2007; Zuo and Wang, 2016) and 
compositional data analysis (CoDA) (Pawlowsky-Glahn and Egozcue, 
2006; Reimann et al., 2012).

The “geochemical gene” concept introduced by Yan et al. (Yan et al., 
2018) recently provided a novel framework for interpreting geochem
ical anomalies. This method focuses on stable elemental signatures akin 
to genetic inheritance and has primarily been applied in mineral 
exploration and geosciences. Geochemical genes are classified as litho
genic, reflecting the geological characteristics of a region, or metal
logenic, associated with mineral deposits. Lithogenic genes use 
immobile elements as tracers of geological processes, establishing stable 
geochemical codes that persist under weathering conditions (Yan et al., 
2018; Wu et al., 2021). Subsequent studies expanded this approach, 
introducing metallogenic genes to trace elements such as gold, tungsten, 
and rare earth elements, demonstrating its utility across various fields, 
including archaeology and forensic investigations (Gong et al., 2020; Li 
et al., 2019).

Based on these premises, to expand this approach to the environ
mental context, we propose here the anthropigene method, an adapta
tion of the original concept (Yan et al., 2018) which aims at 
distinguishing geochemical anomalies proceeding from anthropic 
sources of contamination from the natural fingerprint associated with 
geology (geochemical background). The proposed approach uses 
immobile elements to define natural geochemical conditions and indi
cator elements to identify anthropogenic inputs. By constructing spec
tral lines and calculating similarity percentages (Gong et al., 2020) 
relative to an ideal background gene, representative of uncontaminated 
soil conditions, the method provides a sound solution for identifying and 
quantifying contamination from urban and agricultural sources. The 
anthropigene approach provides an advancement in geochemical data 
analysis by addressing the inherent limitations of traditional methods, 
such as the potential overestimation of baseline levels due to the in
clusion of anthropogenically influenced samples. Unlike conventional 
statistical approaches, which primarily rely on outlier removal and 
statistical averages, the method utilizes normalized values and genetic 
similarity to isolate anthropogenic influences.

In this study, we apply the anthropigene method to approximately 

3000 topsoil samples (collected across the Campania region in southern 
Italy) to distinguish between urban and agricultural sources of 
contamination, estimate natural geochemical background (baselines, in 
case of elements featured by a historical diffuse anthropogenic input) 
following anomaly detection and separation, and compare the results 
with those eventually provided by “traditional” methods.

2. Study area

The Campania region, located along the Tyrrhenian margin of 
southern Italy, covers an area of approximately 13,590 km2 and is one of 
the most densely populated regions in the country. The geological 
setting of Campania is complex, composed of volcanic lithotypes (both 
rocks and loose materials from fall-out), carbonate rocks, siliciclastic 
deposits, and alluvial sediments (Fig. 1). The eastern sector features the 
Apennine mountains, a fold and thrust belt system formed during the 
Miocene, consisting of Mesozoic sedimentary units such as dolostone, 
limestone, siliceous schists, and terrigenous sediments (Steckler et al., 
2008; Pierantoni et al., 2020). The western sector encompasses a Plio- 
Pleistocene graben, formed due to extensional forces associated with 
the Apennine chain's formation, filled with siliciclastic, carbonate, and 
evaporitic sediments, and correlating with the present Campania and 
Sele plains (Vitale and Ciarcia, 2018). The region's volcanic activity, 
linked to the Roman Comagmatic Province, extends from 600 ka BP to 
the present and is evidenced by four major volcanic complexes: Mt. 
Roccamonfina, Mt. Somma-Vesuvius, Phlegraean Fields, and Ischia Is
land. Potassic to ultrapotassic rocks are the prominent products of the 
Campania volcanism, and pyroclastic deposits cover significant portions 
of the region, including most of the Apennine reliefs and a limited 
portion of the inner territory (De Vivo et al., 2020; Peccerillo, 2005; 
Peccerillo, 2017).

Campania's fertile volcanic soils, combined with a favorable climate, 
result in exceptional agricultural productivity. The region is a major 
agricultural center in Italy, producing a wide range of crops, including 
wheat, cereals, potatoes, tomatoes, and fruits such as chestnuts, olives, 
grapes, and citrus (Albanese et al., 2007). The diverse mineralogical 
composition of the soils contributes to these agricultural products' 

Fig. 1. a) Simplified geological map of Campania region (modified after Guarino et al.2022); b) Land use map (modified after Corine Land Cover, 2018).
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unique flavors and nutritional properties (Verdi et al., 2018).
Major urban areas, including Napoli, Benevento, Caserta, and Avel

lino, are strategically located in the coastal plains and inland regions, 
fostering both industrial and agricultural activities (Fig. 1b). Industrial 
zones in Campania are typically situated near urban centers or accessible 
flat areas, enhancing the synergy between the industrial and agricultural 
sectors. This proximity contributes to significant urban pollution, 
particularly pronounced in regions with strong industrial and agricul
tural economies like Campania. Such pollution primarily arises from 
emissions related to industrial activities and vehicular traffic. These 
sources lead to soil contamination, especially with PTEs like Pb, Cu, and 
Zn (De Vivo et al., 2021; ARPAC, Agenzia Regionale per la Protezione 
dell'Ambiente Campania, 2021). Furthermore, industrial emis
sions—including those from coal combustion—combined with the 
intensive use of pesticides and fertilizers in agriculture exacerbate 
nutrient imbalances in the soil, resulting in long-term environmental 
degradation (SNPA, Sistema Nazionale per la Protezione dell'Ambiente, 
2023).

3. Materials and methods

3.1. Data

In this study, we analyzed 3751 topsoil samples (collected from a 
depth of 0–15 cm) covering the entire regional area, with higher sam
pling density in urbanized zones and lower density in rural areas. The 
samples were collected up to 2017 as part of the research activities 
conducted by the Environmental Geochemistry Working Group at the 
Department of Earth, Environmental and Resource Sciences (DiSTAR) of 
the University of Naples Federico II (Buccianti et al., 2015; De Vivo 
et al., 2016; Minolfi et al., 2018; Guarino et al., 2022). Although the 
samples were gathered over five years, the preparation and analysis 
methods remained consistent. The soil samples underwent accurate 
preparation at the DiSTAR Environmental Geochemistry laboratory, 
which included drying at temperatures below 37 ◦C to minimize Hg 
volatilization. Each sample (approx. 30 g, < 2 mm fraction) was then 
sent to Bureau Veritas (formerly Acme) Analytical Laboratories Ltd. 
(Vancouver, Canada) for analysis. Samples were digested in a modified 
Aqua Regia solution (2 parts HCl + 2 parts HNO₃ + 2 parts distilled 
water) and analyzed using a combination of ICP-MS (Inductively 
Coupled Plasma Mass Spectrometry) and ICP-ES (Inductively Coupled 
Plasma Emission Spectrometry) to determine the concentration of 52 
elements. These elements include Mo, Cu, Pb, Zn, Ag, Ni, Co, Mn, Fe, As, 
U, Au, Th, Sr, Cd, Sb, Bi, V, Ca, P, La, Cr, Mg, Ba, Ti, B, Al, Na, K, W, Sc, 
Tl, S, Hg, Se, Te, Ga, Cs, Ge, Hf, Nb, Rb, Sn, Zr, Y, Ce, In, Re, Be, Li, Pd, 
and Pt.

3.2. Anthropigene method

The geochemical gene proposed by Yan et al. (Yan et al., 2018) 
provides a robust framework for identifying and differentiating 
geochemical anomalies by comparing samples with natural background 
materials through specific indicator elements. Based on the above 
concept, the anthropigene method was developed to address anthro
pogenic contamination in environmental contexts, focusing on dis
tinguishing urban and agricultural sources of pollution. The technique 
follows a well-established operational sequence: (1) selection of ele
ments, (2) determination of reference values, (3) construction of spectral 
lines, (4) generation of “ideal gene” codes of uncontaminated soils 
(Anthropigenes), and (5) estimation of similarity percentages between 
anthropigenes and sample genes.

The first step in constructing the anthropigene involves selecting 
critical elements to differentiate between natural and anthropogenic 
inputs. Six immobile elements—Fe, U, Th, La, Ti, and Al—were chosen 
due to their relative stability during weathering processes, as docu
mented in prior studies (Dosseto et al., 2019; Ma et al., 2019; Gong et al., 

2011). These elements are considered reliable markers of natural 
geological conditions, as they are less likely to be mobilized under 
typical environmental conditions, although extreme weathering can 
lead to some degree of mobility (Frierdich and Catalano, 2012; Pok
rovski et al., 2006).

Five additional indicator elements were selected to capture anthro
pogenic influences: Pb, Zn, Au, Sb, and Hg for urban contamination; Cu, 
As, P, Na, and K for agricultural contamination. These elements reflect 
typical urban pollution sources, such as vehicular emissions, industrial 
activities, waste mismanagement, and agrarian practices involving fer
tilizers, pesticides, and fungicides (De Vivo et al., 2021; Rashid et al., 
2023; FAO and UNEP, 2021).

According to Li et al. (Li et al., 2019), average values for each 
element were calculated for the four major lithotypes of the Campania 
region reported in the framework of this paper as siliciclastic units, 
carbonate units, alluvial, lacustrine, and coastal units (referenced in the 
text as “alluvial units”), and volcanic units (Table 1). In uncontaminated 
environments, the values of the six immobile elements remain consis
tently unchanged, reflecting their stability under natural geochemical 
conditions. Conversely, the five indicator elements representing 
anthropogenic inputs, such as urban or agricultural contamination, 
show significant enrichment in contaminated areas while remaining low 
in natural conditions. This disparity forms the basis for distinguishing 
natural geochemical variability from anthropogenic influences.

3.2.1. Immobile elements
The reference values of the six immobile elements (Al, Fe, La, Th, Ti, 

and U) are determined based on the four lithotypes as follows: 

1. Select the minimum value for each immobile element (Table 1) 
among the average values calculated for the four lithotypes and 
calculate the relative logarithmic values (base 10) (lgCmin);

2. Subtract 0.1 from each lgCmin; 0.1 is commonly selected according 
to the accuracy tolerance of analytical quality for geological samples 
(Yan et al., 2018).

3. Determine the reference value for each immobile element (C[Imm] 
ref) using the following equation [Eq. (1)]:

C[Imm]ref = 10(lgCmin− 0.1) (1) 

The calculated reference values for Campania are reported in 
Table 1.

3.2.2. Indicator elements
The reference values of the five indicator elements are determined as 

follows: 

1. Select the maximum value for each indicator element (Table 1) 
among the average values of the four lithotypes and calculate the 
relative logarithmic values (base 10) (lgCmax);

2. Add 0.1 to each lgCmax (Yan et al., 2018);
3. Determine the reference value for each indicator element (C[Ind]ref) 

through the following equation [Eq. (2)]:

C[Ind]ref = 10(lgCmax+0.1) (2) 

Concerning the Campania region, the reference values calculated for 
Au, Hg, Pb, Sb, and Zn (urban) and As, Cu, K, Na, and P (agricultural) are 
reported in Table 1.

3.2.3. Sequencing of elements
The log-ratio between the average values for each of the eleven el

ements and their corresponding reference values is calculated based on 
individual lithotypes. The values are plotted as a spider diagram, namely 
a spectral line (Rollinson, 1993) (Fig. 2). Specifically, to construct the 
spectral line for both of the anthropigenes (urban and agricultural), the 
following steps were performed: 
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1) Calculate the range of the log-ratios for each element for the four 
geological units;

2) Arrange the six immobile elements (Ti, U, Th, La, Al, Fe) in 
descending order based on their ranges;

3) Similarly, arrange the five indicator elements in descending order 
based on their ranges, as well; for the Campania region, we have a) 
Au, Hg, Sb, Pb, Zn for the urban anthropigene; b) Na, K, Cu, P, As for 
the agricultural anthropigene;

4) Alternate one indicator element with one immobile element 
following the respective orders for each anthropigene; in our case:

Urban: Ti, Au, U, Hg, Th, Sb, La, Pb, Al, Zn, Fe.
Agricultural: Ti, Na, U, K, Th, Cu, La, P, Al, As, Fe.
Based on the data used in this study, the spectral lines generated for 

the urban and agricultural anthropigenes are presented in Fig. 2.

3.2.4. Construction of the anthropigene code
For each anthropigene, spectral lines are transformed into their 

corresponding gene code, according to Yan (Yan et al., 2018). The code 
is eleven numbers in length and begins with the number 1; the following 
numbers will be 0, 1, or 2 based on the difference (Δi) between two 
adjacent values [Eq. (3)]: 

Δi = lg(Ci)N − lg(Ci− 1)N (3) 

where i is the sequence number of the elements (from 2 to 11) and N is 
the corresponding value in the spectral line.

Based on Δi, a number (gi) is assigned to the elements in the gene 
code, according to the following rules: 

• gi = 2, if Δi > 0.1;
• gi = 1 if − 0.1 ≤ Δi ≤ 0.1;
• gi = 0 if Δi < − 0.1.

where i is from 2 to 11, and the value of gi is only 0, 1, or 2 in the gene 
code.

For both the urban and agricultural anthropigenes, the codes equal 
10,202,020,202 for all the lithotypes.

3.2.5. Sample similarity
The ultimate step is to evaluate the similarity of individual soil 

samples with the anthropigenes.
First, the urban and agricultural sample gene codes have to be 

determined for each topsoil. They are calculated using the same 
approach applied for the anthropigene using the specific concentration 
values of the selected elements and the reference values in Table 1.

Subsequently, Eqs. (3) and (4) are applied to build the code. The 
sample gene code is compared with the urban and agricultural anthro
pigene codes, considering the geological unit where the samples fall. By 
chance, in the present study, the anthropigene codes are the same for all 
the geological units.

For each element, the degree of similarity (Rdi) of individual samples 
with the anthropigene is determined as follows: 

Table 1 
Average values for immobile and mobile elements calculated in relation to the major lithotypes of the Campania region and separated according to the urban and 
agricultural land use. Estimated reference values are reported in bold. Units are in mg/kg except for Au and Hg reported in μg/kg.

Urban land use Immobile elements Indicator elements

Lithotypes Al Fe La Th Ti U Au Hg Pb Sb Zn

siliciclastic units 24,586 23,389 25.2 7.6 363.5 1.3 3.9 41.4 30.9 0.5 75.6
volcanic units 44,750 25,513 46.4 14.3 1355.5 4.0 14.4 120.7 79.6 1.1 122.8
carbonate units 25,935 23,426 30.0 5.8 330.9 1.7 4.5 78.7 32.4 0.6 80.0
alluvial, lacustrine, coastal units 39,172 24,439 38.7 11.5 1109.1 3.3 22.9 144.2 93.6 1.5 148.1
Reference values (Cref) 19,529 18,578 20.0 4.6 262.8 1.1 28.9 181.5 117.9 1.9 186.5

Agricultural land use Immobile elements Indicator elements

Lithotypes Al Fe La Th Ti U As Cu K Na P

siliciclastic units 24,586 23,389 25.2 7.6 363 1.3 7.7 47.4 4893 568 823.4
volcanic units 44,750 25,513 46.4 14.3 1355 4.0 13.8 126.5 16,972 4583 1833.5
carbonate units 25,935 23,426 30.0 5.8 331 1.7 9.0 46.6 2361 153 852.6
alluvial, lacustrine, coastal units 39,172 24,439 38.7 11.5 1109 3.3 12.2 110.1 12,761 3500 1789.1
Reference values 19,529 18,578 20 4.6 263 1.1 17.3 159 21,367 5769 2308

Fig. 2. Spectral lines of urban and agricultural anthropigene in different geological materials for a) urban gene and b) agricultural gene.
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• Rdi = 1, if the values of gi are the same;
• Rdi = 0.5, if the values of gi are adjacent (1 and 0, or 1 and 2);
• Rdi = 0, if the values of gi are not adjacent (2 and 0, or 0 and 2).

Finally, the similarity (R) between a sample gene and the anthro
pigene codes is calculated as [Eq. (4)]: 

R =

∑n
i=2Rgi

n − 1
×100% (4) 

where n is 11, and the value of R ranges between 0 % and 100 %.
If the similarity is 80 %, the sample features one indicator element 

enriched compared to the anthropigene. Similarly, in the case of two 
indicator elements enriched in a sample, the similarity will decrease to 
60 %, and so on. Therefore, we can use the similarity between a sample 
and the anthropigene to estimate its degree of contamination.

The sample gene codes for the 3182 topsoils of the Campania region 
were calculated through a script developed by authors using the pro
gramming environment of R software (Supplementary Material: SM1). 
The similarity values were mapped through QGIS 3.22, using equal in
tervals (i.e., 0 %–20 %, 20 %–40 %,40 %–60 %, 60 %–80 %, 80 %–100 
%) (Fig. 3).

3.3. Geochemical background assessment

Geochemical background values for the indicator elements were 
determined using the original dataset, deprived of those samples 
featuring a similarity value <80 %, deemed anomalous. Subsequently, 
the samples were divided based on the lithotype they belonged to, and 
data were transformed using the Box-Cox technique (Box and Cox, 1964) 
to normalize their distribution as much as possible and improve their 
statistical handling. The normalization operation was carried out using 
the “boxcox” function implemented in the “MASS” package (Venables 
and Ripley, 2002) available in the R software computing environment.

For each element and each referenced lithotype of the Campania 
region, the Upper Background Limit (UBL) was determined by first 
calculating the upper tolerance limit with 95 % confidence and 90 % 
coverage (95UTL90) on the Box-Cox transformed data using the ProUCL 
software (USEPA, 2022).

The UBL values (mg/kg) were then obtained by applying the inverse 
Box-Cox transformation to the 95UTL90s.

4. Results

For a better interpretation of the results obtained by applying the 
proposed method, two dot maps (one for the urban and one for the 
agricultural anthropigene) showing the spatial distribution of the simi
larity were generated (Fig. 3). Samples were classified using five equal 
intervals covering each a range of 20 %. The 0–20 % similarity interval 
indicates the highest degree of contamination, meaning all five indicator 
elements significantly deviate from their reference. Conversely, the 
80–100 % interval features samples with low or almost absent 
contamination, as anthropic sources influence none or, at most, one 
indicator element.

Out of the 3182 topsoil samples analyzed concerning the urban 
anthropigene, the distribution of samples across the similarity intervals 
is as follows (Fig. 3a): 

• 0–20 % similarity interval: 28 samples;
• 20–40 % similarity interval: 38 samples;
• 40–60 % similarity interval: 94 samples;
• 60–80 % similarity interval: 192 samples;
• 80–100 % similarity interval: 2830 samples.

The samples characterized by the lowest similarity values (0–20 %), 
indicating significant environmental alteration due to anthropogenic 

factors, are primarily located in correspondence with the downtown of 
the region's major urban and industrial centers, namely Naples and 
Salerno (Fig. 3b, c). Moderate contamination (20–40 % similarity) fea
tures the suburbs of the cities as well as the main regional transport 
routes. The similarity classes of 40–60 % and 60–80 %, corresponding to 
progressively lower contamination degrees, characterize samples pro
ceeding from areas predominantly located on the external edges of 
major urban centers and consisting of rural or semi-rural landscapes. 
Finally, samples with the highest similarity (80–100 %), indicating 
minimal contamination, are widespread in correspondence with inner 
and/or mountainous regions far from urbanization.

Concerning the agricultural anthropigene, a total of 3405 samples 
were analyzed, and they are spanned across the similarity intervals as 
follows (Fig. 3d): 

• 0–20 % similarity interval: 0 samples;
• 20–40 % similarity interval: 1 sample;
• 40–60 % similarity interval: 37 samples;
• 60–80 % similarity interval: 349 samples;
• 80–100 % similarity interval: 3018 samples. 

The slight difference in the number of samples analyzed for the 
two anthropigenes is due to the absence of concentration data for 
some of the selected elements in a portion of the initial dataset.

In this case, the data highlights the prevalence of high similarity 
values (80–100 %), which is even higher than that related to urban 
pressure, indicating limited contamination across the region. Areas with 
extremely high agricultural contamination (0–20 % similarity interval) 
are absent, with relevant contamination (20–40 % similarity interval) 
primarily near Benevento. Moderate contamination levels (40–60 % and 
60–80 % similarity intervals) are observed in rural and peri-urban areas, 
particularly around Caserta, Avellino, and Salerno, and correspondence 
with Ischia Island, Vesuvius slopes, and the Sarno River plain (Fig. 3e, f). 
In contrast, areas with 80–100 % similarity are predominantly located in 
mountainous and rural regions, indicating minimal or no contamina
tion, associated with low levels of human activity or traditional farming 
practices.

As reported above, for assessing the UBLs of the indicator elements 
for the main regional lithotypes (Table 2), samples within the 80–100 % 
similarity interval for both the urban and agricultural anthropigene 
were selected (Fig. 4).

Considering the indicator elements used for the urban anthropigene: 

• The highest UBL values of Pb were determined for the alluvial (150 
mg/kg) and the volcanic (142 mg/kg) units, while the lowest value 
features the siliciclastic units with 69.08 mg/kg.

• Zn UBLs show a clear separation between soils developed on volcanic 
and alluvial units (at 238 and 234 mg/kg, respectively) and those 
related to sedimentary lithotypes, with siliciclastic and carbonatic 
units characterized by 131 and 133 mg/kg, respectively.

• Au is characterized by the highest UBL for the soil of the alluvial 
units (36 μg/kg), followed by the volcanic unit at 33.1 μg/kg and, at 
a distance, by sedimentary lithotypes.

• Sb remains relatively low, with its highest UBL values featuring the 
alluvial units and carbonate lithotypes at 2.27 and 4.25 mg/kg, 
respectively.

• Hg has its highest UBL in the soil of the alluvial units (353 μg/kg) and 
its lowest value on siliciclastic materials, like Zn and Au.

For the agricultural gene indicator elements: 

• Cu UBLs peak in soils developed on alluvial, lacustrine, and coastal 
units (275 mg/kg) and volcanic materials (257 mg/kg) with mark
edly lower values for sedimentary units.
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Fig. 3. Spatial distribution of similarity classes for urban (a, b, c) and agricultural anthropigenes (d, e, f) in the Campania region. The red boxes highlight areas that 
are subsequently zoomed in on the right-hand side of the figure. (For interpretation of the references to colour in this figure legend, the reader is referred to the web 
version of this article.)
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• As shows an almost homogeneous distribution across the four lith
ological units, with slightly higher values for carbonate units (47 
mg/kg).

• P presents more marked UBL values in the alluvial and volcanic units 
(3871 and 3658 mg/kg, respectively) and the lowest values in cor
respondence with the siliciclastic units (1702 mg/kg).

• Na shows exceptionally high UBLs in the volcanic and alluvial units 
(10,967 and 10,219 mg/kg, respectively) in contrast to the sedi
mentary units, which instead present relatively low values (2762 
mg/kg for carbonate units and 2110 mg/kg for siliciclastic units).

• K, similarly to Na, reaches its highest UBL values in the volcanic and 
alluvial units (37,790 and 34,858 mg/kg, respectively), in contrast to 
siliciclastic units featuring extremely low values (1478 mg/kg) in 
relation to the other units.

5. Discussions

The analysis of the similarity distribution with the urban anthro
pigene for Campania soils reveals a pronounced contamination gradient 
associated with urban and industrial areas. It is important to note that 
the similarity index is based on the background gene reference. There
fore, areas with lower similarity values represent zones with higher 
degrees of anthropogenic impact. Conversely, more remote and moun
tainous regions exhibit minimal or no contamination, likely due to their 
reduced exposure to anthropogenic pressures. In urban areas, similarity 
values (0–20 %) can be attributed to anthropogenic sources linked to the 
selected indicator elements (Pb, Zn, Au, Sb, and Hg) commonly 

associated with industrial processes and urban pollution sources. Pb is 
frequently related to vehicular emissions, paints used in older buildings, 
and improper industrial waste management. Similarly, Zn is released 
into the atmosphere and deposited on the soil by metallurgical activities, 
galvanic processes, fossil fuel combustion, and tire consumption, mak
ing it a major environmental contaminant in densely populated urban 
areas (Zuzolo et al., 2017; de Almeida Ribeiro Carvalho et al., 2022; 
Cicchella et al., 2020; Nawrot et al., 2020).

Au and Sb can be traced back to specific industrial activities such as 
precious metal processing, alloy production, and electronics 
manufacturing, but they can also be associated with catalytic converters 
in motor vehicles. Although these elements are relatively rare in nature, 
they tend to accumulate in the soil of industrialized and/or highly 
populated areas due to emissions from production sites and improper 
disposal of waste containing these substances (Wang and Qin, 2006; 
Dupont et al., 2016; Ding et al., 2019; Yan et al., 2020). Lastly, Hg 
contamination is often due to the historical use of this element in in
dustrial and mining processes and coal combustion (Feng et al., 2002; 
Selin, 2009). Urban sources of Hg also include emissions from chlor- 
alkali and electronic industries and crematoria (Davies et al., 1986; 
Southworth et al., 2004; Lim and Schoenung, 2010).

The distribution of these elements in the topsoil of Campania's urban 
areas thus reflects the environmental pressure exerted by anthropogenic 
activities and industrial processes, creating a clear distinction between 
the most impacted urban zones and less affected areas of the region.

The background values, determined for soils developed on the four 
considered lithotypes (Table 2), represent the chemical elements' 

Table 2 
UBLs estimated for the indicator elements concerning major lithotypes of Campania.

Lithotype Pb (mg/kg) Zn (mg/kg) Au (μg/kg) Sb (mg/kg) Hg (μg/kg) Cu (mg/kg) As (mg/kg) P (mg/kg) Na (mg/kg) K (mg/kg)

Siliciclastic units 69.08 131 9.2 1.09 89.8 112.11 17.99 1702 2110 1478
Volcanic units 142 238 33.1 2.02 337 257 23 3658 10,967 37,790
Alluvial units 150 234 36 2.27 353 275 22 3871 10,219 34,858
Carbonatic units 81 133 15 4.25 243 113 47 2241 2762 5330

Fig. 4. Spatial distribution of Background topsoil samples.
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natural concentrations, primarily reflecting the lithological and miner
alogical characteristics of each unit and the natural weathering pro
cesses occurring to them.

Indeed, Pb UBLs feature their highest level in the alluvial unit due to 
the accumulation of sediment proceeding from volcanic areas and layers 
of organic matter typical of alluvial environments (Dewey et al., 2021; 
Izquierdo et al., 2012). Zn UBLs distribution confirms a natural presence 
of the element in the volcanic soils of Campania (Zuzolo et al., 2020) and 
in soils developed on transported sediments (alluvial units) fed by the 
products of the weathering of volcanic units. Similarly to Pb and Zn, Au 
UBLs, which are higher in soils of the volcanic and alluvial units, depend 
on the different compositional nature of the source rocks (Pitcairn, 
2011). Sb UBLs show reduced variability in Campanian soils, probably 
due to the generally low content of this element in the regional lith
otypes. The slightly higher UBL value for soils associated with carbonate 
units can be related to their relative stability and the presence of an 
acidic environment (Diquattro et al., 2021), promoted by the presence of 
organic matter in soils of the Apennine reliefs commonly associated with 
the widespread coverage of woods (Fig. 1b).

Finally, Hg UBLs show increased values in the alluvial and volcanic 
units, probably due to the natural enrichment of this element in volcanic 
materials (Peña-Rodríguez et al., 2012) and the higher organic content 
and specific adsorption properties of sediment in the floodplain zones 
(Gervais-Beaulac et al., 2013).

The spatial analysis of the similarity with the agricultural anthro
pigene (Fig. 3d) highlights a clear difference between areas featuring a 
high pressure from agriculture, associated with contamination due to 
indicator elements (Na, K, P, Cu, and As), and others unaffected by 
human action.

The slopes of Mt. Somma-Vesuvius, the Phlegraean field area, the 
island of Ischia, and the Sarno River plain (Fig. 3e, f) are affected by a 
more spatially homogeneous contamination from agricultural practices. 
However, the similarity values do not fall below 40 %, suggesting a 
moderate impact of agriculture on soil chemical alteration.

The southeastern slopes of Vesuvius represent an area where agri
culture thrives due to the fertility of volcanic soils. Here, typical prod
ucts and various high-quality horticultural and fruit crops are cultivated 
(e.g., Piennolo tomatoes and apricots), reflecting the local biodiversity 
(Tranchida-Lombardo et al., 2018; Carillo et al., 2019; Fratianni et al., 
2022). The mineral-rich composition of volcanic soil ensures high- 
quality yields. It supports the sustainable agricultural tradition of the 
Mt. Somma-Vesuvius area, including viticulture (Ciriminna et al., 2022), 
although the use of biological Cu-based fungicides (Komárek et al., 
2010; Roviello et al., 2021) and fertilizers containing (among other el
ements) K and P (Randall and Hoeft, 1988) cannot be avoided.

Similarly, the contamination determined for the Phlegraean Fields 
and Ischia Island can be explained by a renowned wine-making tradi
tion, supported by volcanic soils with peculiar mineralogical charac
teristics and an ideal microclimate for vine cultivation (Pollini et al., 
2013).

The Sarno river plain, one of the most fertile areas in the Campania 
region, featuring a low to moderate level of contamination, is the 
growing zone of the San Marzano tomato, regarded as an Italian excel
lence (Rao et al., 2006; Raimondi et al., 2021). The contamination 
highlighted by the similarity analysis is potentially attributable to 
environmental pressures arising from intensive agriculture. The river 
plain is characterized by greenhouses and high-yield farming, supported 
by abundant water resources and extremely productive alluvial soils 
(Montuori et al., 2013; Cicchella et al., 2014).

Similar to Pb (included in the urban anthropigene sequence), the 
distribution of Cu UBLs, showing a clear separation between values 
associated with alluvial and volcanic units and the siliciclastic and 
carbonatic lithotypes, suggests a strong influence exerted on the overall 
variability by the spreading of regional volcanism products (Fig. 1a). On 
the contrary, As, featuring widespread homogeneous UBLs across the 
regional territory (probably due to its limited content in local 

lithotypes), only shows a spike in correspondence with the carbonate 
units; this behavior is possibly due to the weathering (associated with 
the Mediterranean climate) of the bedrock containing iron minerals 
usually carrying As (Xia et al., 2024).

The general common trend of soil UBLs' variability shown by mac
ronutrients included in the agricultural anthropigene (i.e., P, Na, and K) 
is mainly related, as for some of the considered trace elements, to the 
underlying presence (or absence) of volcanic materials and their trans
ported alteration products (alluvial units).

Understandably, the difference in K UBLs between volcanic and al
luvial units and sedimentary units (siliciclastic and carbonate) is 
particularly marked due to the alkaline nature of the regional magmatic 
activity (De Vivo et al., 2020).

The results of the procedure used to determine UBLs through the 
method developed in this study were compared with those based on the 
application of the “Guideline for the determination of background 
values for soils and groundwaters” issued by the Italian National Envi
ronmental Protection System (SNPA, 2018) (from now referenced in the 
text as “SNPA method”). In the SNPA method, the process begins with 
the removal of outliers (or anomalous values) through a univariate 
statistical analysis of the data distribution based on boxplot (Supple
mentary Material: SM2, SM3) and QQ-plot diagrams (Supplementary 
Material: SM4) (Albanese et al., 2007; Reimann and Filzmoser, 2000). 
The Q-Q plots were created for this paper in the R software environment 
using the “qqPlot” function available in the “car” package (Fox and 
Weisberg, 2019), utilizing the data normalized via the Box-Cox 
transformation.

Subsequently, for the assessment of the UBLs, the “refined” dataset 
undergoes the same treatment applied to the data extracted using the 
“similarity criteria” (i.e., values >80 %) proposed in this work.

The comparison, hence, aimed to determine whether there were 
significant differences in the distribution and mean values of the data
sets generated through the application of the two different approaches 
(i.e., the “similarity criteria” and “SNPA” methods).

To this end, Welch's t-test for independent samples, a robust statis
tical test that assumes unequal variances between two groups (Table 3) 
(West, 2021), was applied. The test is based on comparing the means of 
the two datasets and identifying any statistically significant discrep
ancies between them.

The analysis was conducted using JASP software (version 0.18.3.0). 
The test result is commonly reported in terms of “p-value.” If the 
resulting p-value exceeds the significance level (α = 0.05), it indicates no 
statistically relevant difference between the two groups compared. 
Conversely, if the p-value <0.05, a significant difference is expected 
among the groups.

In our case, detecting a significant difference among the datasets 
generated by applying the similarity criteria and SNPA methods led to 
the assumption that the UBLs generated based on them were also 
significantly different.

In the specific case of the urban indicator elements, the results 
revealed statistically significant differences among the distribution of 
Pb, Zn, Au, Sb, and Hg generated by the two methods (p-value<0.05) 
(Table 3). Specifically, focusing on the geochemical background of these 
elements and individual lithotypes: 

• For the siliciclastic units, UBLs of Pb (69.08 mg/kg versus 69.07 mg/ 
kg) and Zn (131 mg/kg versus 126 mg/kg) resulted almost the same 
despite the Welch's t-test suggesting a significant difference among 
the distribution of the datasets generated by applying the similarity 
criteria and the SNPA method. Similarly, Hg exhibits a slight 
discrepancy between values (89.8 μg/kg versus 94.8 μg/kg), though 
the UBLs remain comparable.

• A pronounced deviation was observed for the UBLs of Pb (142 mg/kg 
versus 201 mg/kg), Zn (238 mg/kg versus 285 mg/kg), Au (33.1 μg/ 
kg versus 44.8 μg/kg), and Hg (337 μg/kg versus 438 μg/kg) for the 
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volcanic units, with increasingly higher values for the datasets 
generated by applying the SNPA method.

• For the alluvial units, UBLs of Pb (150 mg/kg versus 236 mg/kg), Zn 
(234 mg/kg versus 392 mg/kg), Sb (2.27 mg/kg versus 5.60 mg/kg), 
and Hg (353 μg/kg versus 563 μg/kg) display notable differences 
among the values, with values based on the SNPA method generally 
higher.

• The UBL values of Zn (133 mg/kg versus 150 mg/kg) and Hg (243 
μg/kg versus 272 μg/kg) exhibited moderate deviations for the car
bonate units.

Significant changes were found for all the agricultural indicator el
ements, except for As in the case of alluvial (p-value = 0.085) and car
bonate (p-value = 0.924) units.

Concerning geochemical backgrounds for the considered lithotypes: 

• In the siliciclastic units, Cu and As UBLs exhibit slightly higher values 
for the dataset generated by applying the similarity criteria (112.11 
mg/kg for Cu, 17.99 mg/kg for As) than for the one based on the 
SNPA method (95.44 mg/kg for Cu, 16.13 mg/kg for As). For major 
elements (P, Na, and K), the UBLs from the dataset produced using 
samples with a similarity >80 % are generally higher, though no 
wide variations are observed.

• For the volcanic units, a more marked difference is observed among 
the UBLs of Cu, with a much higher value for the dataset produced 
through the SNPA method (414 mg/kg) than the one based on the 
similarity criteria (257 mg/kg). While As UBLs feature no substantial 
changes (23 mg/kg versus 22 mg/kg, respectively), major elements 
(P, Na, and K) consistently yield higher UBLs in the SNPA-based data, 
showing variable differences. Particularly, Na (10,900 mg/kg versus 
11,400 mg/kg) and K (37,700 mg/kg versus 45,200 mg/kg) present 
notable discrepancies.

• For the alluvial units, the trend for Cu remains similar, with the SNPA 
method producing higher UBLs (329 mg/kg) compared to the simi
larity criteria (275 mg/kg). Significant changes are seen for P and K, 
while Na presents the same UBL values (10,200 mg/kg) across both 
datasets.

• Cu UBL is higher in the SNPA dataset (139 mg/kg) for the carbonate 
units than in the similarity-based dataset (113 mg/kg). Arsenic, Na, 
and K UBLs are higher for the similarity criteria dataset (47 mg/kg 
for As, 2700 mg/kg for Na, and 5300 mg/kg for K) compared to the 
SNPA method (33 mg/kg for As, 1400 mg/kg for Na, 4700 mg/kg for 
K). P (2,200 mg/kg versus 2600 mg/kg) shows higher UBL values in 
the SNPA dataset.

In summary, the UBL values calculated using datasets produced 
through the similarity criteria tend to be generally lower and more 
conservative than those generated by the Italian guidelines. Their 
enhanced conservativeness is crucial for applications aimed at tier-one 
human health risk assessments or as a target for environmental reme
diation and restoration of contaminated sites. Importantly, these con
servative values are not simply based on precautionary limits but are 
derived through a more comprehensive and multivariate analysis of 
contamination sources, based on representative contaminant groups 
rather than isolated elements.

6. Conclusions

This work presents a methodological advancement in the spatial 
analysis of contamination processes, introducing an approach based on 
the quantification of deviations from geochemical background condi
tions through the concept of anthropigene similarity.

The integration of multiple contamination indicators enables a more 
robust classification of soils compared to traditional methods, enhancing 
the reliability of baseline definition and anomaly identification.

The main results obtained are summarized as follows: 

1. The proposed method enables a more accurate spatial interpretation 
of contamination processes, effectively distinguishing between 
urban and agricultural sources;

2. Compared to conventional approaches, the analysis based on 
anthropigene similarity demonstrates higher sensitivity and greater 
discriminative power;

Table 3 
UBL values estimated for urban and agricultural indicator elements, using the 
refined datasets obtained by applying the Similarity criteria (this paper)and the 
SNPA method (SNPA, 2018). The Welch's t-test for independent samples was 
performed to assess significant statistical differences between the results based 
on the two approaches (p-value <0.05). Elements featuring significant differ
ences in distributions are reported in bold.

Lithotypes UBLs (Urban indicator elements) Welch's t-test

Similarity criteria SNPA method p-value (α = 0.05)

(this paper) (SNPA, 2018)

Siliciclastic units
Pb (mg/kg) 69.08 69.07 < 0.05
Zn (mg/kg) 131 126 < 0.05
Au (μg/kg) 9.2 7.5 0.901
Sb (mg/kg) 1.09 1.17 0.465
Hg (μg/kg) 89.8 94.8 < 0.05

Volcanic units
Pb (mg/kg) 142 201 < 0.05
Zn (mg/kg) 238 285 < 0.05
Au (μg/kg) 33.1 44.8 < 0.05
Sb (mg/kg) 2.0 2.8 0.94
Hg (μg/kg) 337 438 < 0.05

Alluvial units
Pb (mg/kg) 150 236 < 0.05
Zn (mg/kg) 234 392 < 0.05
Au (μg/kg) 36 75 0,98
Sb (mg/kg) 2.27 5.6 < 0.05
Hg (μg/kg) 353 563 < 0.05

Carbonate units
Pb (mg/kg) 81 77 0,055
Zn (mg/kg) 133 150 < 0.05
Au (μg/kg) 15 18 0,815
Sb (mg/kg) 4.2 1.8 0,485
Hg (μg/kg) 243 272 < 0.05

Lithotypes UBLs (Agricultural indicator elements) Welch's t-test

Similarity criteria SNPA method p-value (α = 0.05)

(this paper) (SNPA, 2018)

Siliciclastic units
Cu (mg/kg) 112.11 95.44 < 0.05
As (mg/kg) 17.99 16.13 < 0.05
P (mg/kg) 1700 1600 < 0.05
Na (mg/kg) 2100 1800 < 0.05
K (mg/kg) 14,000 10,200 < 0.05

Volcanic units
Cu (mg/kg) 257 414 < 0.05
As (mg/kg) 23 22 < 0.05
P (mg/kg) 3600 4200 < 0.05
Na (mg/kg) 10,900 11,400 < 0.05
K (mg/kg) 37,700 45,200 < 0.05

Alluvial units
Cu (mg/kg) 275 329 < 0.05
As (mg/kg) 22 21 0.085
P (mg/kg) 3800 3900 < 0.05
Na 10,200 10,200 < 0.05
K 34,600 35,300 < 0.05

Carbonate units
Cu (mg/kg) 113 139 < 0.05
As (mg/kg) 47 33 0.924
P (mg/kg) 2200 2600 < 0.05
Na (mg/kg) 2700 1400 < 0.05
K (mg/kg) 5300 4700 < 0.05
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3. The application of the proposed procedure for the determination of 
the UBLs proved valuable not only for local applications (risk 
assessment, remediation, and management of contaminated sites) 
but also for the identification of large-scale diffuse contamination 
phenomena that might otherwise be attributed to natural enrich
ments, as observed in the case studies of Ischia Island and the Sarno 
River basin.

The method has wide margins for improvement. Future studies will 
focus on identifying specific indicators of anthropic processes not 
considered in this paper and improving techniques for estimating 
background values.

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.gexplo.2025.107832.
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Mercury content in volcanic soils across Europe and its relationship with soil 
properties. J. Soil. Sediment. 12, 542–555. https://doi.org/10.1007/s11368-011- 
0468-7.

Pierantoni, P.P., Penza, G., Macchiavelli, C., Schettino, A., Turco, E., 2020. Kinematics of 
the Tyrrhenian-Apennine system and implications for the origin of the Campanian 
magmatism. In: Vesuvius, Campi Flegrei, and Campanian Volcanism. Elsevier, 
pp. 33–56.

Pitcairn, I.K., 2011. Background concentrations of gold in different rock types. Appl. 
Earth Sci. 120 (1), 31–38. https://doi.org/10.1179/1743275811Y.0000000021.

Pokrovski, G.S., Borisova, A.Y., Roux, J., Hazemann, J.-L., Petdang, A., Tella, M., 
Testemale, D., 2006. Antimony speciation in saline hydrothermal fluids: a combined 
X-ray absorption fine structure spectroscopy and solubility study. Geochim. 
Cosmochim. Acta 70, 4196–4214.
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