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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• Ag, As, Cd, Pb, Sb, and Zn were 
dramatically enriched in a millennia-old 
Ag/Pb mine. 

• XANES analysis revealed that As was 
primarily associated with scorodite. 

• Soil-to-plant transfer of Cd was high in 
Malva sylvestris. 

• Olives surpassed the limits for Cd and 
Pb, thus, a consumption should be 
avoided. 

• Cancer risk of As exposure was unac-
ceptably high, well beyond the 1 × 10-4 

threshold.  
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A B S T R A C T   

Lavrio is a Greek town with several abandoned Ag/Pb mines. In this study, 19 potentially toxic elements (PTEs) 
were measured in soil, weeds, and olives. Levels of seven of the studied PTEs in soil were highly elevated: Zn 
(56.2–58,726 mg kg-1), Pb (36.2–31,332), As (7.3–10,886), Cu (8.3–1273), Sb (0.99–297.8), Cd (0.17–287.7), 
and Ag (0.09–38.7). Synchrotron-based X-ray absorption near edge structure analysis of the soils revealed that As 
was predominantly associated with scorodite, Pb with humic substances, Zn with illite, Zn(OH)2 and humic 
substances, and Fe with goethite-like minerals. The transfer of the PTEs to weeds was relatively low, with the 
transfer coefficient being less than 1.0 for all PTEs. Cadmium in table olives surpassed 0.05 mg kg-1 fresh weight 
(the limit in EU), while Pb surpassed its limit in approximately half of the samples. Health risk assessment 
confirmed soil contamination in the study area where As and Pb hazard quotients were well above 1.0 and the 
average hazard index equaled 11.40. Additionally, the cancer risk values exceeding the 1 × 10-4 threshold. The 
results obtained in the study indicate that Lavrio urgently requires an adequate ecofriendly remediation plan, 
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including revegetation with tolerant species and targeted efforts to chemically stabilize harmful PTEs. The 
presented approach may serve as a pivotal study for industrial areas with similar contamination levels.   

1. Introduction 

Potentially toxic elements (PTEs) are hazardous to plants and ani-
mals and may cause health issues to humans (Ali et al., 2020; Hou et al., 
2020). They may be of geogenic and anthropogenic origins, but when 
they are present in elevated quantities, their source tend to be anthro-
pogenic (Liu et al., 2020; Palansooriya et al., 2020; Pavlovic et al., 
2021). Mining is historically a disruptive human activity, in which vast 
quantities of PTEs are released into neighboring environments. Released 
PTEs are eventually deposited in the soil (Luo et al., 2020; Gabersek and 
Gosar, 2021). Over a short period of a few decades, mining activities 
have been the primary cause of elevated PTEs in the soil of multiple 
countries, especially in those under rapid industrialization (e.g., China, 
Xi et al., 2020; Nigeria, Adewumi et al., 2020; Spain, Gallero et al., 2019; 
Equador, Mora et al., 2019). Presently, historical mining sites are re-
ported to still cause contamination (Mariet et al., 2016). Mining areas 
with highly elevated PTE contents in soil do not only generate problems 
for plants, but also enhance the risk to human health through direct soil 
ingestion. Additionally, crops in close proximity to mining activities are 
susceptible to the risk of transferring PTEs to humans through the plant 
(food)-to-human pathway (Antoniadis et al., 2019a). The silver/lead 
mines of Lavrio, South Attica, Greece is one of the legacy mining sites in 
southern Europe (Kalyvas et al., 2018). 

Presently, Lavrio is experiencing contamination of its soil through 
the presence of high PTE levels, owing to the past mining activities 
(Panagopoulos et al., 2009). Underlying rocks contain elevated con-
centrations of a range of PTE-bearing minerals, mostly containing vast 
quantities of As, Cd, Sb, Zn, and Ag. Additionally, the ground water is 
reported to be contaminated with PTEs (Stamatis et al., 2001), as evi-
denced by contaminated river sediments (Alexakis, 2011). For surface 
soil, there have been attempts to study various PTEs, mainly targeting Pb 
as a metal most associated with environmental concern (Korre et al., 
2002; Aberg et al., 2001). Excluding the aforementioned studies, most of 
the literature related to Lavrio has reported on As, Cd, Cr, Cu, Ni, and Zn 
(Kalyvas et al., 2018). These studies have described the magnitude of the 
impacts associated with PTEs. However, the studies target areas in close 
proximity to the mines and do not include urban areas within the town 
itself, where health risk assessment would be beneficial. 

To the best of our knowledge, there are no published scientific 
studies that report on the presence of PTEs in soils within the town. 
Similarly, there has not been any study concerning native plant species 
growing as weeds; these well-adapted species could be good candidates 
for phytoremediation. Thus, in this study weed species growing in open 
spaces inside the urban area of Lavrio were collected to assess their PTE 
levels and the possibility of using them as phytoremediation species, two 
of which, Anchusa undulata and Avena sterillis, have never been studied 
before. Furthermore, because residents of Lavrio cultivate olive trees in 
their backyards and small vacant plots for consumption, it is essential 
that the risk to residents be assessed. Additionally, published studies do 
not describe monitoring PTEs other than As, Cd, Cu, Zn, as well as those 
constituting the structure of main primary minerals, i.e., Al, Fe, and Mn. 
Other important elements are overlooked, although they may be of 
significance in contaminated areas. These elements would include Ag, 
Co, Hg, Mo, Sb, Se, Sn, Ti, and V. 

Hence, this study aimed at thoroughly monitoring the urban area of 
Lavrio that has not been studied prior to this research. The levels of 19 
PTEs (namely, Ag, Al, As, Cd, Co, Cu, Cr, Hg, Fe, Mn, Mo, Ni, Pb, Sb, Se, 
Sn, Tl, V, and Zn), as well as four plant species growing as weeds, and 
olive trees inside the town (leaves, olive flesh, and olive cores) were 
studied. We aimed at achieving this by assessing: (a) the level of the PTE 
enrichment using contamination indices, (b) the association of elevated 

toxic elements (As, Pb, Fe, and Zn) with soil colloidal phases using the 
synchrotron-based X-ray absorption near edge structure (XANES) tech-
nique, (c) weeds as potential phytoremediation species, and (d) the PTE- 
related human health risk based on the soil-to-human and olive 
consumption-to-human pathways. We measured the concentrations of 
19 toxic elements in soils and their uptake by plants, and described their 
environmental fate and the associated risk to human health. 

2. Materials and methods 

2.1. Area description and sampling 

Lavrio (also often referred to as Lavrion, Laurion or Laurium) is sit-
uated at the southernmost tip of the Attica Peninsula, South Greece, 
approximately 60 km SE of the country’s capital city, Athens. The town 
has a Mediterranean climate of hot-dry summers and wet-mild cold 
winters, with an average annual temperature of 17.3 ◦C and an average 
annual rainfall of approximately 360 mm (Kalyvas et al., 2018). Lavrio is 
among the oldest mining areas worldwide, with mining activities having 
been recorded since the second millennium BC. During the classical 
period of ancient Greece, the town was exploited for its silver due to the 
presence of rich Ag-bearing ores. Mining activity in the area was revi-
talized approximately 170 years ago, with metallurgical companies 
targeting existing mine tailings, which were sufficiently rich in Pb and 
Ag. Mining and smelting metallurgical activities continued with 
numerous interruptions until the end of World War II and eventually 
ceased in the 1970’s. In this study, sampling was conducted in the urban 
area of Lavrio in May 2019, during the period when weeds were abun-
dant. The 35 sample locations used in this study included vacant land, 
parks and school yards. We collected 35 surface (0–20 cm) soil samples; 
the map of the area is shown in Fig. 1. At each location, a composite 
sample of 3–4 subsamples scattered in a space of 10 m2 were collected 
using an auger and placed in a clean plastic bag. Between 1 and 3 plant 
samples were collected at each location by cutting them approximately 
10 cm above ground level. The aerial biomass per plant species was 
collected and placed in separate paper bags. The plant species sampled 
were Oryzopsis miliacea (L.) Asch. and Schweinf, Anchusa undulata L., 
Malva sylvestris L., and Avena sterilis L. at 35, 16, 9, and 14 locations, 
respectively. These species were collected as samples owing to their 
abundance in the area. The soil and plant samples were then transported 
for analysis to the Laboratory of Soil Science, at the University of The-
ssaly, in Volos, Greece. In November of 2019, during olive harvesting, 
we collected olive fruits and leaves from 20 locations in the town. Trees 
within the town were targeted, typically from house backyards or 
small—of a few dozens m2 each—open spaces among houses functioning 
as “unofficial urban fields.” Olive trees at these locations tend to be 
hand-picked by owners for either table olive preparation and con-
sumption or olive oil extraction. At each location, we sampled 2–3 
different neighboring trees and leaves, and their fruits were placed into 
one composite sample in paper bags and transported to the laboratory 
for analysis. A total of 55 samples (35 of soil and weeds plus 20 of olive 
trees) was considered to be an adequate representation of the relatively 
small urban area of the town of Lavrio. 

The soil samples were air dried, ground using a pestle and mortar, 
and then passed through a 2-mm sieve. The soil samples were subse-
quently placed in clean plastic vials ready for analysis. The plant sam-
ples were washed with tap water, followed by 0.5 M HNO3, and then 
rinsed with distilled H2O. The weeds were dried at 70℃, until no 
further weight loss was recorded. Similarly, the olive tree samples were 
separated into leaves, fruit and cores and dried similarly to the weeds. 
All plant samples (weeds and the three olive tree parts) were ground to a 
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fine powder with a non-metallic mill and placed in clean plastic vials. 
Along with 1 kg of the sieved soil samples, they were then sent to the 
Department of Soil and Groundwater Management, Wuppertal Univer-
sity, Germany, for the PTE analyses. 

2.2. Analytical procedures 

The remaining soil samples at the Volos laboratory were analyzed for 
selected physico-chemical properties according to the standard methods 
reported by Rowell (1994). These included pH (1:2.5 H2O), electrical 
conductivity (1:1 H2O), equivalent CaCO3 (Bernard calcimeter), organic 
C (i.e., Walkley and Black methods of wet oxidation with surplus 
K2Cr2O7, back-titrated with FeSO4.7 H2O), and particle size analysis 
(Bouyoucos hydrometer). 

All the PTE analyses on the soil and plant samples were performed in 
the Wuppertal University laboratory. For the pseudo-total concentra-
tions of soil PTEs, a 0.6-g subsample was digested in triplicates in an 
ETHOS EASY (Milestone, Germany) microwave system, according to the 
US EPA 3051a (2007). Furthermore, we extracted soils using 1 M 
NH4HCO3 - diethylenetriaminepentaacetic acid (AB-DTPA) (Soltanpour 
and Schwab, 1977). A sample of 1 g of the plant material was extracted 
with 20% HCl after being dry-ashed for 5 h at 500 ◦C in triplicate (Jones 
et al., 1991). The soil and plant extracts were analyzed for Ag, Al, As, Cd, 
Co, Cr, Cu, Fe, Mn, Mo, Ni, Pb, Sb, Se, Sn, Tl, V, and Zn in an 
inductively-coupled plasma optical emission spectrometry (ICP-OES; 
Ultima 2, Horiba Jobin Yvon, Unterhaching, Germany). The total Hg 
concentrations in soil and plant samples were directly measured using a 
Milestone DMA-80 Hg analyzer which has a detection limit of 

0.01 ng L-1. 

2.3. Quality control and statistical analyses 

All the reagents used for extraction and analyses in this study were of 
analytical grade (high purity reagents), and the standard solutions were 
purchased from the Merck group (Labmix24 GmbH, Germany). Addi-
tionally, all plastic- and glassware was soaked in 3% nitric acid for 24 h 
and rinsed with deionized water before use. Moreover, all the equipment 
was regularly and routinely calibrated and data uncertainties were 
calculated to ensure the accuracy of the extracted and measured data. 
Quality control of the extraction and analysis efficiency of the pseudo- 
total content of the studied PTEs in soils was performed using the 
certified soil reference materials CRM051 and CRM042 obtained from 
the Sigma-Aldrich Chemie GmbH (Taufkirchen, Germany), and BRM9b, 
BRM10a, BRM12, and BRM 13 from the Federal Institute for Materials 
Research and Testing (Berlin, Germany). The average recovery per-
centage of the studied elements ranged from 89% to 101%. Quality 
control of the extraction and analysis efficiency of the PTEs content in 
the plant samples was performed using the certified plant reference 
materials IPE677 and IPE682 obtained from the International Plant 
Analytical Exchange evaluating programs for analytical laboratories 
(Wageningen, Netherlands). We also used the certified plant reference 
materials BCR-679 and BCR-414 obtained from Labmix24 GmbH, Ger-
many, and produced by the European Commission Joint Research 
Center, Institute of Reference Materials and Measurements. The average 
recovery percentage of the studied elements ranged from 89% to 109%. 
Details on the reference materials are shown in Table SM-1 in the 

Fig. 1. Map of the urban area of Lavrio with the 35 sampling points of soil and weeds and 20 sampling points of olive trees.  
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Supplementary material. The validity of the measured data using ICP- 
OES was ensured by employing measurements of different concentra-
tions (6.25, 12.5, 25.0, 50.0, 100.0, 500.0, and 1000.0 µg L-1) of the 
PTEs standard solutions (MERCK) in triplicate. The limits of detection 
(LOD) and quantification (LOQ) of each element were tested and 
established. Values lower than the LOQ were excluded. The analyses 
were done in triplicate, followed by the automatic calculation of the 
average and relative standard deviation (RSD) values using ICP-OES. 
The maximum RSD between quintuplicates was set to 10.0% and 
15.0% for soil and plant samples, respectively, and values above the 
maximum RSD were excluded from the statistical analyses. The statis-
tical analyses and graphing were conducted using the IBM SPSS Statis-
tics 26 software. Additionaly, we performed one-way ANOVA and 
Duncan’s multiple range test at the level of significance of 95% 
(p < 0.05). 

2.4. X-ray absorption near edge structure (XANES) analysis 

In four selected soil samples, a XANES analysis was conducted at 
Beamline 07 A for As, and Beamline 17 C for As, Fe, Zn and Pb, at the 
National Synchrotron Radiation Research Center, in Hsinchu, Taiwan. 
The monochromators of the beamlines were calibrated to the absorption 
K edge of As (11867 eV), Zn (9569 eV) or Fe (7112 eV), and the ab-
sorption L3 edge of Pb (13035 eV) for the analysis of the corresponding 
element. Additional information on the methodology employed (i.e., 
steps of energy and time for each step) are described in the Supple-
mentary material. A minimum of two scans were collected for individual 
samples in fluorescent mode using a Lytle detector and then processed 
for energy calibration, baseline correction and normalization, using the 
Athena software (version 0.9.23) (Athena, 2005; Ravel and Newville, 
2005a). The sources of the materials mentioned below are shown in the 
Supplementary material (Table SM-2). Linear combination fitting (LCF) 
was conducted to determine the chemical speciation of As, Fe, Zn, and 
Pb in the samples using the Athena software with a set of reference 
spectra (arsenic reference compounds: Goethite-bound As(V), 
goethite-bound As(III), beudantite, ferrihydrite-bound As(III), ferrihy-
drite bound As(V), scorodite, and FeAsS; iron reference compounds: 
Scorodite, ferrihydrite, FeSO4, goethite-like minerals, and siderite; lead 
reference compounds: PbCl2, humic acid-bound Pb, PbO, PbCO3, and 
PbS; zinc reference compounds: Zn(NO3)2, Zn3(PO4)2, Zn(OAc)2, Zn 
(OH)2, ZnS, humic acid-bound Zn, and illite-bound Zn). The LCF pro-
cedure was performed using all possible binary combinations of the 
reference spectra, while not permitting energy shifts in the reference 
spectra during the LCF. The goodness of fit test was evaluated using the 
statistical R factor, defined as 

∑
(data - fit)2/

∑
(data)2 (Ravel and 

Newville, 2005b; see also the “Athena Users’ Manual” for details; 
Athena, 2005). To avoid overfitting, adding a third or fourth reference 
spectrum to LCF was only allowed when the added spectrum accounted 
for over 5% of the fitted sample spectrum, and the R value of the fitting 
decreased. 

2.5. Use of contamination indices 

In this study we calculated various indices based on Antoniadis et al. 
(2017a), for better comparison with other studies. First, to calculate the 
soil-to-plant transfer with the unitless transfer coefficient (TC) we 
followed:  

TC = CP/CS                                                                                    (1) 

where CP = PTE concentration in the plant; CS = pseudo-total PTE in 
the soil. 

To calculate the Contamination Factor (CF):  

CF = CS/CRefS                                                                                (2) 

where CRefS = PTE background concentrations (“world soil average,” 

Kabata-Pendias, 2011, p. 41). 
To calculate the Pollution load index (PLI):  

PLI = (CF1 × CF2 × … × CFn)1/n                                                    (3) 

where 1, 2, …, n are the studied PTEs. 
To calculate the Enrichment Factor (EF):  

EF = (CS/AlS)/(CRefS/AlRefS)                                                             (4) 

where AlS is the Al concentration in contaminated soils and AlRefS is 
the background Al. EF is categorized into enrichment classes: I: EF < 1.5 
(pristine soil), II: EF = 1.5–3 (soil with “minor”), III: EF = 3–5 (“mod-
erate”), IV: EF = 5–10 (“severe”), V: EF > 10–20 (“extreme” or “very 
severe”). 

2.6. Health risk assessment 

2.6.1. Non-carcinogenic risk indices 
Concerning the “soil-to-human” pathway, we calculated ingestion, 

DS (mg kg-1 BW d-1): 

DS = CS⋅
IngR⋅EF⋅ED

BW⋅AT
⋅10− 6 (5)  

where IngR = Ingestion rate (100 mg d-1); EF = Exposure frequency 
(350 d yr-1); ED = Exposure duration (30 yr); BW = Body weight 
(70 kg); and AT = Averaging time (EDx365 d=10,950 d). 

Then, Hazard Quotient (HQ):  

HQS = DS/RfD                                                                               (6) 

where RfD (mg kg-1 BW d-1) is reference dose (values shown in 
Table SM-3; Appendix A). 

Subsequently, Hazard Index:  

HIS = Σ(НQS)                                                                                 (7) 

Concerning the “food-to-human” pathway: DF (units same as for DS): 

DF = CF ⋅
MIDVC⋅EF⋅ED

BW⋅AT
⋅10− 6 (8)  

where CF is PTE concentrations in table olive fruits in mg kg-1 fresh food, 
and MIDVC is the mean individual daily food consumption, obtained as 
11.23 g of table olives per capita per day (FAO, 2020). 

Similar to the soil pathway, we assessed the induced from food 
Hazard Quotient (HQF):  

HQF = DF/TDI                                                                               (9) 

where TDI is the maximum tolerable daily intake (same units as DF, 
values shown in Table SM-3; Appendix A). 

Then, the associated Hazard Index (HIF):  

HIF = Σ(НQF)                                                                               (10)  

2.6.2. Indices related to carcinogenic risks 
The unitless soil-associated Cancer Risk (CR) was assessed as follows:  

CRS = DS x OSF                                                                           (11) 

where OSF is the oral slope factor. 
Here DS substitutes ED with LT=Lifetime (70 yr). 
Then, food-associated risk:  

CRFi = DF x OSF                                                                          (12) 

OSF values are shown in Table SM-3 (Appendix A). 
In all equations the values were extracted from USEPA (2002, 2016, 

2017). 
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3. Results and discussion 

3.1. Soil characterization 

The soil samples were predominantly alkaline (average pH = 7.78), 
and calcareous (average CaCO3 = 7.28%), with low organic C (average 
1.83%), which is typical of Mediterranean climates. Soils had relatively 
low clay content (average of 15.3%, sand 64.3% and silt 20.4%), but 
were rich in total “free” oxides (average Fe oxides = 7040.01,Al =
868.84, and Mn = 1391.80 mg kg-1, with average total oxides 
183.59 mmol kg-1). The total mean for Fe was 41,987 mg kg-1, Al was 
13,800 mg kg-1, and Mn was also relatively high, at 2194 mg kg-1 

(Table 1, and Table SM-4, Appendix A). 

3.2. Pseudo-total content of trace elements in soil 

We found that the majority of the measured PTEs (Table 2) was 
elevated above their background levels (reported as “world soil average,” 
Kabata-Pendias, 2011, p. 41). The average value (mg kg-1) for Ag was 
8.78 vs. background of 0.13, indicating a serious enrichment, not un-
expected for a Ag-mining area. Arsenic had an average concentration of 
1522.34 vs. background of 6.83 mg kg-1, similar to Cd, which was 
elevated by two orders of magnitude compared to the background 
(39.59 vs. 0.41 mg kg-1). Other elements with elevated average values 
included Pb (average 7844 vs. background of 27 mg kg-1), Sb (76.68 vs. 
background of 0.67 mg kg-1, a two-order-of-the-magnitude enrich-
ment), and Zn (6458 vs. background of 70 mg kg-1). Among the rest of 
the studied elements, some were elevated above their background 
levels, but not as dramatically (Co, Cr, Cu, Ni, Sn, and Tl). Among the 
studied PTEs, average values were below their background in the case of 
Mo (detected in 13 out of the 35 samples), Se (detected in only 4 sam-
ples), and V (average 51.77 vs. background of 129 mg kg-1), while Hg 
was barely detected in any of the samples analyzed. PTEs with average 
values exceeding all the reported limit values were As, Cd, Pb and Zn, 
whereas Cu and Ni exceeded their European Union (EU) limits of 140 
and 75 mg kg-1, respectively (CEC, 1986). These results confirm the 
extent to which the soils are enriched with PTEs. 

The EF corroborated these findings. Among the studied elements, 
seven indicated “extreme enrichment” with an EF > 20, while others 
scored higher values. For Pb, the average EF was 431, As = 423, Sb 
= 180, Cd = 156, Zn = 145, Ag = 102, and Tl = 20.3 (Fig. 2). Four el-
ements showed “severe enrichment”: Mn = 7.73, Cu = 7.17, Sn = 6.04, 
and Ni = 5.94. The remaining elements fell within the categories of less 
severe enrichment: Cr (2.87) and Co (1.82) were of “minor enrichment,” 
while Se (0.54), V (0.50) and Mo (0.40) were found at levels typical to 
“pristine soil.” These findings were similar to another contamination 
index, the CF (Fig. SM-1, Appendix A). 

There is an absence of literature that describes multiple elements at 
these enriched levels in soil (Table 2). This is indicative of how mining 
activities unearthed and deposited excess PTEs such as Ag, As, Cd, Pb, 
Sb, Tl, and Zn in surface layers. There have been similar studies in the 

literature that have reported high levels of such PTEs. Particularly Yil-
dirim and Sasmaz (2017) studied an area with reportedly the richest Ag 
deposits in Turkey. They found that the mean Ag in the soil was 37.78 
(max. was 127), mean As was 4771 (max. 14,662), and mean Pb was 
4320 (max. 13,556; all values in mg kg-1). Similarly, Zhou et al. (2020) 
studied a farmland adjacent to a legacy Zn smelting area in China, and 
reported Ag levels similar to our results of 6.95 mg kg-1, while As, Cd, Pb 
and Zn levels were highly elevated, but not close to the values we re-
ported; Tl was close to its background levels. Furthermore, Oyarzun 
et al. (2011) studied a Pb-Ag-Zn mine area in Spain and reported that in 
12 soil samples the maximum value of Ag was 36.0 mg kg-1 (max. 38.70 
in our study), Pb = 6010 (max. 31,332 in our study), Zn = 5250 (vs. 58, 
726 here), and Sb = 174 (vs. 298 here; all values in mg kg-1). However, 
there are earlier reports on Ag mining areas in which Ag was discovered 
to have very low values, for example, studies by Aide (2009) on soils 
close to Pb-Zn-Cd-Ag-In mines in Missouri, United States of America, 
and Huang et al. (2020) on soils close to a Pb-Zn-Ag mine. Some studies 
did not consider Ag in their analysis related to Ag mining activities, as 
was the case with Jung (2001) and Lee et al. (2001), both reporting 
results for soils close to a Au-Ag mine in Korea. 

The enrichment of these PTEs was likely geogenic, because Lavrio is 
still abundant in minerals that initially attracted the mining activities. 
Such minerals are the sulfuric Ag-bearing galena (PbS), sphalerite (ZnS), 
and arsenopyrite (FeAsS) (Pappa et al., 2018). There are also prototype 
minerals identified as “type locality,” first found in-situ, including 
georgiadesite—Pb8(AsO4)2OCl7(OH), thorikosite—Pb3(SbIIIAsIII) 
O3(OH)Cl2, and fiedlerite—Pb3Cl4F(OH)⋅H2O. 

For Tl, there are few reported cases in the literature that describe 
significant Tl contamination. For example, Huang et al. (2018a) re-
ported high Tl content of up to 8 mg kg-1 (the average was 6.07 in our 
study, with a 90th percentile at 12.19 mg kg-1). There are other studies 
that reported extremely high Tl concentrations attributed to either 
natural (Xiao et al., 2004a) or anthropogenic origins (Xiao et al., 2004b; 
Funes Pinter et al., 2018). For Sb, with few reported cases in the liter-
ature, our study determined that theses Sb levels are attributed to the 
naturally occurring Sb-bearing minerals in the area. Highly elevated Sb 
concentration are typically reported in soils in the vicinity of Sb mines, 
as in the case of Tang et al. (2020). They reported an average soil Sb 
level of 4368 mg kg-1 in an Sb mine in Xikuangshan, China (our study 
showed average soil Sb levels of 76.68 mg kg-1, two orders of magni-
tude), while the levels of As and Pb were much lower than those in our 
study. Similarly, Mbadugha et al. (2020) reported maximum Sb levels in 
an historical mining site in Scotland of 1504 mg kg-1 (in our study, the 
maximum Sb was 297.86 mg kg-1), while co-related As had a maximum 
value of 15,490 mg kg-1 (max. As = 10,886 here). Moreover, in a review 
concerning Sb contamination in Poland, maximum levels were reported 
in an Sb mine with concentrations of 5600 mg kg-1 (Lewinska and 
Karczewska, 2019). Contrary to these reports, other studies on highly 
polluted soils reported Sb levels of much lower concentrations. These are 
described in Zhang et al. (2019) (with Sb = 18.10), (with Sb=14.8 in a 
Tl-mining site with Tl = 44.8), and Teng et al. (2020) (with Sb = 67; all 

Table 1 
Descriptive statistics of selected physico-chemical properties of the soils studied in the urban area of Lavrio, southern Greece.   

Sand Clay OC CaCO3 pH EC Al-ox Fe-ox Mn-ox Oxides Fe-t Al-t Mn-t S-t 

_____________%_____________ — μS cm-1 _______mg kg-1_______ mmol kg-1 _____________mg kg-1_____________ 

Min  40  4  0.51  2.44  7.25  147  129.64 396.9  98.3  13.7 2575.0 2078.0 81.3 344.6 
10th-perc  49  7  0.81  7.35  7.44  186  361.70 1218.0  282.2  50.5 17,439.0 7623.0 465.6 543.2 
50th-perc  64  14  1.83  13.13  7.77  365  837.72 3413.8  1109.8  119.7 33,187.0 13,117.0 1475.1 1228.2 
Average  64  15  2.04  14.56  7.78  784  868.84 7040.0  1391.8  183.5 41,987.0 13,800.0 2194.3 5767.9 
90th-perc  80  24  3.90  27.85  8.12  1599  1331.15 12,570.6  3156.9  297.7 77,485.0 20,312.0 2585.9 9509.8 
Max  91  34  4.80  35.78  8.40  6954  2071.88 51,680.0  5656.9  1036.9 171,339.0 31,358.0 13,981.1 92,193.4 
Skewness  0.07  0.83  0.99  1.03  0.04  3.78  0.60 3.41  1.90  3.14 2.47 0.81 3.00 5.8 

Al-t. Fe-t, Mn-t, S-t = total contents of Al, Fe, Mn, and S. 
Al-ox. Fe-ox, Mn-ox = Total “free” oxides in mg kg-1. 
Oxides = The sum of Al, Fe, and Mn oxides in mmol kg-1. 
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values in mg kg-1). Antimony is highly related to As, as confirmed by the 
significant correlation between the two elements (r = 0.519, p < 0.01; 
Table SM-5, Appendix A): both are metalloids with similar chemical 
behavior and lithogenic occurrence. Both elements are redox-sensitive 
(they have dual species with +III and +V oxidation numbers) and 
found as anion species in soil solution, with Sb predominantly present as 
SbV(OH)6

- and As as AsIIIO3
3- and AsVO4

3- (Teng et al., 2020). Elements 
such as Se, Sb, Mo, Sn and Ag are scarcely measured in similar moni-
toring studies (Mykolenko et al., 2018, reporting Sb). Often in cases of 
soil contamination, the study of these elements is ignored (Rodrigue-
z-Iruretagoiena et al., 2016). The total elemental content was found to 
be influenced by some soil properties, including the oxides content 
(correlated with As, Fe, Mn, and Tl), clay content (Al), organic C (Cd and 
Sb), and CaCO3 (Ag, Al, Fe, Mo, Pb, Sb, Se, and Zn; data not shown). 

Our study found contamination by multiple elements that was 
confirmed by the PLI of 11.32 (data not shown), much higher than that 
in many other areas reported elsewhere (Gabersek and Gosar, 2018). In 
other studies reporting significant contamination cases, the PLI has 
rarely recorded high values as those in our study. For example, Shaheen 
et al. (2020) reported a PLI ranging from 1.1 to 5.2 in contaminated soils 
in Egypt and Germany; Hadjipanagiotou et al. (2020) reported a PLI of 

2.4 in a Cu mine in Cyprus, while Sofianska and Michailidis (2016) re-
ported a mean PLI = 3.1 in a Mn mine, and Rinklebe et al. (2019) re-
ported an average PLI of 1.73 in highly contaminated soils in Germany. 
Studies on contaminated soils have even reported of PLI of less than 1.0 
(Shahmoradi et al., 2020). 

To investigate the geochemical characteristics of important elements 
we studied the XANES spectra of Fe, As, Pb, and Zn in four samples with 
highly elevated contents (#12, #18, #25, and #29; Fig. 3, Table 3). For 
Fe, it was found that the most predominant species was goethite-like 
minerals (goethite idealized formula, FeIIIO(OH)), a known abundant 
mineral of the study area, and also a predominant oxide in the clay 
fraction of the soil. This phase accounted for 68% of bound Fe in sample 
#12, 64% in #18, 69% in #25% and 72% in #29. The second dominant 
form of Fe was FeSO4 (the association ranged from 14% for sample #29 
36% for #18), a soluble mineral crystallized in the presence of abundant 
SVI, which is readily found in the area due to the presence of S-bearing 
ores. The third mineral associated with Fe was scorodite (in samples 
#12, 25, and 29). The occurrence of other Fe phases was tested using the 
best fits of the samples but no improvement was obtained. Considering 
the sensitivity and resolution of XANES, those Fe forms were not 
included in the LCF to avoid over-fitting, even though their occurrences 
could not be completely ruled out. As for the predominant forms of Fe (i. 
e., goethite-like minerals, FeSO4 and scorodite), the occurrence of these 
secondary minerals may have resulted from the on-site transformation 
of pyrite, which is a common mineral in mining ores. 

The LCF analysis revealed that As was associated predominantly with 
scorodite (FeIIIAsVO4.2 H2O), an important primary As-bearing mineral 
of the area. This mineral accounted for 60% of the As in sample #12, 
77% in #18%, and 78% in #25 and #29. Scorodite was followed by As 
(V)-bearing goethite (40% of total binding in sample #12, 23% in #18, 
21% in #25% and 7% in #29). Arsenopyrite, i.e., FeAsS, an abundant 
mineral in the study area, was also found in sample #29. Previous 
studies indicate that the oxidation of FeAsS could lead to the formation 
of scorodite, accompanied by As-bearing Fe oxide and sulfate (such as 
beundantite) (Majzlan et al., 2014; Yang et al., 2020). The association of 
As with these minerals revealed that As-associated sulfide minerals 
could be the origin of As in the soils. Meanwhile, scorodite is 
metal-stable and thus could lead to the formation of Fe oxides (Bluteau 
and Demorpoulos, 2007; Langmuir et al., 2006; Yang et al., 2020). The 
LCF results also indicated that the predominant association of As with Fe 
in soils is through precipitation and sorption, represented by scorodite 
and As-bearing goethite, respectively. Although the association of As 
with other metals cannot be completely ruled out, the inclusion of any 
other reference materials did not further improve the LCF results, indi-
cating their relatively insignificant contribution to As occurrence in the 
soil. Owing to the limitations of the sensitivity and resolution of XANES, 
As-bearing goethite may represent As sorption with various hydrous Fe 
oxides and similar coordination environments. Compared with the 

Table 2 
Pseudo-total concentrations of potentially toxic elements (mg kg-1) in the urban area of Lavrio, southern Greece.   

Ag As Cd Co Cr Cu Mo Ni Pb Sb Se Sn Tl V Zn 

Min 0.09 7.30  0.17 1.04 7.33  8.29 0.00  7.21 36.17 0.75 0.00 0.99 0.00 8.09 56.19 
10th-perc 0.64 120.35  2.79 6.89 32.17  26.43 0.00  37.64 820.19 11.24 0.00 3.06 1.84 22.66 581.97 
50th-perc 5.36 837.05  22.57 14.44 116.58  104.00 0.00  114.29 4624 43.26 0.00 6.95 4.24 39.55 3561 
Average 8.78 1522.3  39.59 13.85 120.27  166.01 0.32  119.49 7844.0 76.68 0.05 9.82 6.07 41.77 6458 
90th-perc 21.39 3548.57  79.78 21.13 191.94  307.48 1.00  213.97 24,221 188.91 0.08 18.44 12.19 65.31 11,501 
Max 38.70 10,885.86  287.70 25.29 310.82  1273.32 2.02  280.03 31,332 297.86 0.62 42.93 30.69 102.95 58,726 
Skewness 1.69 2.83  3.30 -0,11 0.73  3.87 1.94  0.68 1.52 1.49 3.03 2.18 2.68 0.96 3.98 
BG 0.13 6.83  0.41 11.3 59.5  38.9 1.1  29 27 0.67 0.44 2.5 0.5 129 70 
EU – –  3 – –  140 –  75 300 – – – – – 300 
TAV 40 65  20 100 450  500 20  150 300 – 10 50 – 340 1500 
MAC – 20  5 50 200  150 10  60 300 – – – – 150 300 

BG=Background as reported by Kabata-Pendias p. 41) (2011). 
EU=Limits according to the European Union Directive (CEC, 1986). 
TAV=Maximum value of the range of Trigger Action Values as reported by Kabata-Pendias p. 24) (2011). 
MAC=Maximum value of the range of Maximum Allowable Concentrations as reported by Kabata-Pendias p. 24) (2011). 

Fig. 2. Enrichment factor of 35 soil samples in the urban area of Lavrio, 
southern Greece. 
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precipitate phases, sorbed As has lower stability and thus may 
contribute to soil As availability. 

Lead was found to be associated predominantly with humic sub-
stances. Τhis association explained 67% (sample #18) to 85% (sample 
#12) of bound Pb; this is not unexpected for Pb, an element known for 
its strong retention with organic matter due to its tendency of forming 
strong organo-metallic complexes, also a possible source of available Pb. 
Apart from humic substances, PbO and PbCO3, two sparingly soluble 
solid phases in alkaline soils, such as in our study area, were also found 
to have an important role in binding Pb (PbO in samples #12, 18, and 
25; PbCO3 in #18, 25, and 29). Lead (II) oxide is the stable and insoluble 
end product of the weathering of galena (PbS) accelerated under 
oxidation conditions (i.e., in aerated surface soils such as our study area) 
(Wang et al., 2021). This explains the limited bioavailability of Pb, as 
noted in our study for plant uptake. Additionally, the presence of humic 
substances hinders Pb transformation to its secondary species (Liu et al., 
2018). 

As for the fourth XANES-explored metal, Zn, we found that three 
solid phases had nearly evenly distributed predominance in its binding 
in samples #12 and #18: (a) illite (a 2:1 clay phyllosilicate with rela-
tively high charge of ca. 0.9 molc ½mol-1, but a rather low ion exchange 

capacity of 40 cmolc kg-1), (b) its insoluble hydroxide species Zn(OH)2, 
known to be abiding in alkaline environments, and (c) humic sub-
stances. In sample #25, illite was predominant (60%), while humic 
substances were predominant (84%) in sample #29. 

3.3. Trace elements in weeds and olive trees 

The trace element availability was reflected in the uptake by local-
ized weeds. We selected two species (Anchusa undulata and Avena ster-
illis) not previously studied. Among the other two species, Oryzopsis 
miliacea was found to have been studied only once in the past decades 
(Schwab et al., 1983), and Malva sylvestris, owing to the fact that it may 
be used for medicinal purposes, was studied in eight similar studies 
(search retrieved through Scopus). We analyzed all previously cited 
PTEs in O. miliacea (results shown in Table 4), as the most promising 
among the sampled weeds, while the other three species were measured 
for Cd, Cu, Fe, Mn, Pb, and Zn only (Table SM-6). It was found that, as 
also predicted by the DTPA extractions (Table SM-7; Appendix A), Mo 
and Tl were below the level of analytical detection. For the physiolog-
ically essential elements (Fe, Mn, Zn, Cu, and Ni), we found high con-
centrations. This was not unexpected as it is common for weeds growing 
in soils with extremely elevated levels of essential metals to absorb 
rather high concentrations. Among the non-essential elements, Pb was 
found at very high levels that averaged 19.57 (ranging from zero to 
98.92 mg kg-1), while the average As content was high (3.04, with 
maximum of 10.12 mg kg-1) among the 35 sampling points. Concerning 
Ag and Sb, two elements of particular interest to that specific locality, it 
was found in detectable concentrations, although at low average levels 
of 0.32 and 0.36 mg kg-1, respectively. This finding has not been pre-
viously reported in similar studies, and signifies the ability of these el-
ements to be transferred to plants in highly enriched soils, however low 
this transfer may be. Τhe soil-to-plant transfer coefficient is reported and 
discussed in the Appendix (Table SM-8). 

Furthermore, we investigated the impact of soil contamination on 
olive trees. Within the town of Lavrio, we collected olive tree leaves, 
seeds, and fruits (Table 5) during the olive ripening period from 20 
sampling locations. In the olive fruit measurements, we detected Hg 
above the analytical quality level; thus, we report this element. For 
reasons of better arrangement in Table 5, we excluded Tl, which was 
found below the level of quality, from the presentation. We found that 
for the physiologically essential elements, their average values in leaves 
were not high (Fe = 223, Mn = 43, Cu = 7.3, Zn = 53, and Ni =
3.32 mg kg-1), although some particular areas may indicate toxicity 
problems (e.g., maximum Fe was 398 mg kg-1, a value likely exhibiting 
toxicity). For the non-essential elements, the average As and Pb levels 
were similar to those in O. miliacea (As = 4.42, Pb = 22.34 mg kg-1), 
while Ag, Cd and Sb levels were higher in olive tree leaves. As for the 
olive seeds, all PTE levels were considerably lower, for both essential 

Fig. 3. The arsenic K-edge (a), iron K-edge (b), lead L3-edge (c), and zinc K-edge (d) X-ray absorption near edge structure (XANES) spectra of the selected soil samples 
(solid lines, V12, V18, V25, V29) and their linear combination fitting spectra (blue dash line). 

Table 3 
The linear combination fitting results of the X-ray absorption near edge structure 
(XANES) of As, Fe, Pb, and Zn of the 4 selected soil samples, V12, V18, V25 and 
V29.  

As 
speciation  

Scorodite Goethite_As 
(V) 

FeAsS R- 
factor  

V12 60% 40% – 0.003  
V18 77% 23% – 0.004  
V25 78% 21% – 0.002  
V29 78% 7% 17% 0.004 

Fe 
speciation  

FeSO4 goethite Scorodite R- 
factor  

V12 22% 68% 10% 0.003  
V18 36% 64% – 0.004  
V25 24% 69% 6% 0.007  
V29 14% 72% 13% 0.006 

Pb 
speciation  

Pb_humic 
acid 

PbO PbCO3 R- 
factor  

V12 85% 13% – 0.001  
V18 67% 11% 17% 0.002  
V25 82% 8% 13% 0.001  
V29 76% 0% 27% 0.001 

Zn 
speciation  

Zn_illite Zn(OH)2 Zn_humic 
acid 

R- 
factor  

V12 27% 36% 34% 0.0005  
V18 36% 30% 31% 0.0005  
V25 60% 8% 29% 0.005  
V29 9% 6% 84% 0.002  
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and non-essential elements. This was probably because trace elements 
are mostly immobile within the aerial tree parts; thus, from the leaves, 
where they are initially stored after uptake, they are scarcely transferred 
through the phloem (Zaanouni et al., 2018). The same was found by 
Gurel and Basar (2014), who investigated nutrient and non-essential 
trace elements in olive leaves and fruits. Rarely in the literature have 
olive trees been investigated as an index of soil contamination as done in 
this study. Olive trees are generally only investigated when organic 
amendments are applied to soil (Tsadila et al., 2009, although total soil 
content in PTEs was very low), or in studies reporting the nutrient status 
of the tree (Petousi et al., 2015; Bargagli, 1995). However, even in these 
cases, olive seeds were not investigated. Therefore, our study is the first 
to describe the presence of PTEs in olive seeds. 

Olives were also investigated in an attempt to assess the degree of 
PTE transfer to a major food product (table olives). The analysis in oil 
was not undertaken owing to evidence from the literature, which re-
ported no significant PTE content was to be expected (Fourati et al., 
2017). Additionally, there was a comparison of the measured values 
with those reported as maximum allowable limits for olive products in 
various countries and legislations (Table 5). For olives, the values we 
report are in fresh weight; thus, such comparisons may be feasible (legal 
limits are based on consumption of food in the normal state, as “on the 
table,” or “ready to eat”). The contents were well above those reported 
elsewhere (Tuna and Gecgel, 2011). Cadmium levels surpassed the legal 
limit of 0.05 mg kg-1 fresh weight in the EU (“vegetables and fruit,” 
section 3.2.15, Directive 629/2008; CEC, 2008) in all samples, with 
maximum levels climbing up to 0.55 mg kg-1, which are 11 times higher 
than the limit. For Pb, the limits in the EU (“fruit, excluding berries and 
small fruits,” section 3.1.12, Directive 1881/2006; CEC, 2006) and 
Australia/New Zealand (“fruits,” FRLI, 2015) are both set at 
0.10 mg kg-1. The concentrations found in our study surpassed this limit 
for half of the sampled areas. The limit set by the Codex Alimentarius 
Commission (“table olives,” FAO/WHO, 2017) is more relaxed, at 0.40, 
but it was still surpassed in 9 out of the 20 sample locations. The limit in 
China (“fruit products,” concerning “fruits processed with vinegar, oil 
and salt,” GB2761/2012, accessed via USDA, 2014) of 1.00 mg kg-1 was 
surpassed in eight of our samples. Our results signify the considerable 
risk to human health of the chronic consumption of table olives culti-
vated in Lavrio. The uptake behavior of olive trees may well be 
explained by the characteristics of various biochemical processes in the 
rhizosphere, as follows: the uptake of some of the studied elements may 
have been influenced by antagonisms caused by similar chemical 
behavior of some elements that have a net effect in nutrient acquisition 
by the olive trees. The high As concentration in the soil resulted in an 
average leaf content value of 4.42 mg kg-1, an extremely high concen-
tration; however, being a typically non-mobile element in plant, phloem 
mobilization was limited, resulting in an average content in olive fruits 
of only 0.73 mg kg-1 (Table 5). Similarly, the antagonisms between Cd 
and Zn may have resulted in relatively low Zn concentrations being 
absorbed compared to the extreme soil Zn contents. This may well be the 
result of a high Cd concentration being concurrently absorbed (average 
Cd content in leaves 1.19 mg kg-1 vs. 52.55 of Zn). 

3.4. Health risk assessment 

Health risk assessment (HRA) is a widely used risk analysis tool that 
interlinks PTE concentrations in soils and plants with human health. Іt 
allows for better comparison between studies and is a simple method to 
assess potential risk. HRA was based on two scenarios of exposure: “soil- 
to-human” and “food-to-human.” Hazard quotients (HQ) higher than 
unity indicate significant health risk for conditions other than cancer 
(Fig. 4 presents the most highly scoring PTEs; all studied PTEs are pre-
sented in Fig. SM-2). Concerning the soil ingestion pathway, our results 
indicate that As was by far the most offensive element (average As HQ =
6.95). Among the other extremely enriched elements found in the soil 
(Cd, Pb, Sb, Tl and Zn), Pb also had a HQ score of well over unity (3.07), Ta
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Table 5 
Potentially toxic elements in olives parts (leaves, cores and flesh) (mg kg-1; Hg in μg kg-1) in the urban area of Lavrio, southern Greece, and limit values for table olives by Institutions around the globe. Olive leaves and 
cores are reported in mg per kg dry weight, while olive flesh concentrations are reported in mg per kg fresh weight for reasons of better comparison with the reported limit values (also given in fresh weight). Parentheses in 
the limit values denote the number of cases surpassing this maximum limit values out of the 20 measured olive trees.   

Ag Al As Cd Co Cr Cu Fe Hg Mn Mo Ni Pb Sb Se Sn V Zn 

Leaves                   
Min 0.00 59.36 2.20 0.78 0.74 0.96 5.73 95.64 5.70 19.93 0.00 1.90 3.81 0.00 0.00 0.00 0.00 32.29 
10th-perc 1.04 93.45 2.32 0.79 0.83 1.05 5.92 123.25 18.56 24.50 0.00 2.18 8.29 0.00 0.00 0.00 0.00 34.07 
50th-perc 1.26 157.36 3.56 0.99 1.11 1.54 7.13 201.25 23.44 45.61 0.00 2.39 16.40 0.71 2.45 0.80 0.00 44.56 
Average 1.31 179.61 4.42 1.19 1.07 1.67 7.31 222.93 25.41 43.41 0.00 3.32 22.34 1.09 2.02 0.68 0.55 52.55 
90th-perc 1.71 286.58 6.70 1.75 1.24 2.30 8.53 336.50 34.44 57.99 0.00 6.22 44.18 2.89 3.54 1.32 1.91 79.65 
Max 1.98 325.17 12.22 2.19 1.48 2.95 10.16 398.17 49.30 64.54 0.00 7.11 53.60 3.67 4.05 1.62 2.30 84.78 
Skewness -1.48 0.47 2.11 0.96 0.13 1.01 0.82 0.42 0.63 -0.37 NR 1.52 1.15 0.71 -0.46 -0.03 1.14 0.60 
Cores                   
Min 0.62 2.70 0.00 0.43 0.00 0.89 4.13 17.43 0.04 4.08 0.00 1.33 0.00 0.00 0.00 0.00 0.00 13.97 
10th-perc 0.76 5.40 0.00 0.43 0.00 1.32 4.66 19.77 0.05 4.66 0.00 1.60 0.00 0.00 0.00 0.00 0.00 17.04 
50th-perc 0.93 11.57 0.38 0.66 0.57 2.38 5.48 30.14 0.06 5.85 0.76 2.05 0.00 0.00 0.43 0.00 0.00 31.81 
Average 0.90 11.91 0.88 0.63 0.58 3.14 5.72 35.80 0.06 5.86 0.66 2.16 1.00 0.41 0.88 0.42 0.00 33.31 
90th-perc 1.11 17.70 2.14 0.76 1.00 3.44 6.78 35.91 0.08 6.88 0.92 2.84 3.65 1.62 2.08 1.18 0.00 55.65 
Max 1.13 28.25 2.53 0.90 1.58 16.09 7.98 155.65 0.10 8.22 1.27 3.85 4.72 2.40 2.42 1.28 0.00 63.08 
Skewness -0,01 1.19 0.41 0.03 0.52 3.66 0.56 3.75 0.90 0.37 -0.96 1.57 1.38 1.84 0.31 0.58 NR 0.68 
Flesh                   
Min 0.42 2.77 0.00 0.25 0.12 0.00 1.26 5.49 5.49 1.26 0.00 0.46 0.00 0.00 0.00 0.00 0.00 11.10 
10th-perc 0.44 4.59 0.46 0.29 0.16 0.24 1.73 8.16 8.16 1.64 0.00 0.49 0.00 0.00 0.00 0.00 0.00 11.34 
50th-perc 0.51 7.66 0.70 0.40 0.24 0.42 2.58 15.19 15.19 2.37 0.00 0.80 0.86 0.64 0.60 0.11 0.00 14.98 
Average 0.52 9.01 0.73 0.39 0.25 0.44 2.68 17.94 17.94 2.42 0.13 0.83 1.04 0.57 0.44 0.17 0.04 17.11 
90th-perc 0.59 15.76 1.16 0.49 0.34 0.80 3.77 30.83 30.83 3.60 0.31 1.05 2.76 1.23 0.94 0.42 0.14 27.60 
Max 0.66 18.78 1.40 0.55 0.37 0.96 4.83 42.46 42.46 3.94 0.42 2.04 3.58 1.51 1.11 0.50 0.39 29.46 
Skewness 0.46 0.84 0.01 -0.05 -0.01 0.57 0.87 0.98 0.98 0.69 0.48 2.11 0.99 0.39 0.04 0.42 2.62 1.02 
EUa    0.05 (20)         0.10 (10)   200 (0)   
FAO/WHOb             0.40 (9)   250 (0)   
Chinac             1.00 (8)   250 (0)   
Australia/NZd             0.10 (10)   250 (0)   

NR: Not relevant. 
a For the European Union, Cd concerns “vegetables and fruit” (section 3.2.15, Directive 629/2008). Pb concerns “fruit, excluding berries and small fruits” (section 3.1.12, Directive 1881/2006). Sn concerns “canned 

foods other than beverages” (section 3.4.1, Directive 1881/2006). 
b Codex Alimentarius Commission (FAO/WHO, 2017): Pb concerns “table olives” (p. 51 of the cited document). Sn concerns “canned foods other than beverages” (p. 55 of the cited document). 
c GB2762–2012, accessed through USDA (2014): Pb concerns “fruit products” (p. 4 of the cited document; “fruit products” are further defined as “fruits processed with vinegar, oil and salt,” p. 13). Sn concerns “foods” 

(p. 9 of the cited document). 
d FRLI (2015): Pb concerns “fruit.” Sn concerns “canned food.” 
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while that of Tl was also very high, but lower than unity (0.83). The HQ 
of Cd was 0.054, while that of Sb was also low (0.263). The occurrence 
of such elements as major contributors to health risk is not uncommon in 
the literature (Nawab et al., 2018). HRA is related not only to the initial 
PTE soil content, but also to the chronic oral PTE reference dose. For 
example, As RfD is among the lowest of the measured elements, 
1 μg kg-1 BW day-1, whereas that of Zn (extremely enriched in soil, but 
very low in HQ) is as high as 500 μg kg-1 BW day-1, a value reflecting 
that Zn is a major micronutrient. The case of Tl is similar to that of As 
(RfD = 0.07 μg kg-1 BW day-1). The high soil HQ for Tl has rarely been 
reported in the literature; for example, in a Tl-contaminated area, the 
HQ of Tl was well below the risk threshold of unity (Liu et al., 2017). 
Industrial accidents that resulted in the release of high PTE concentra-
tions to soils were not identified as source of significant Tl exposure to 
health risk (Nadal et al., 2016). Although As is described as a primary 
source of health risk in the literature, the level of risk reported in our 
study is rarely observed. For example, Antoniadis et al. (2019b) studied 
the industrial area of Volos, Greece, while Ding et al. (2018), Huang 
et al. (2018b), Lin et al. (2018), and Sun and Chen (2018), evaluated 
highly contaminated areas in China: their results show As HQ values 
much lower than those found in our study. As for HQ from table olives 
consumption, values were much lower owing to the lower contents in 
olive fruits and the relatively low daily consumption rates of 11.23 g per 
day per capita. However, even in this pathway, As was found to be the 
element with the highest risk to human health, with a HQ of 0.103, 
followed by Cd (0.063), Pb (0.048), Ni (0.048), and Hg (0.035). 

The average value of the total health risk, HI, was equal to 11.40 for 
soil ingestion and 0.39 for table olives consumption (Fig. 5). In the soil 
samples, the HI was above unity in 31 out of the 35 samples, and the 
maximum value in the study area was 59.62. This extremely high HI is 
very unusual among similar studies that monitored highly contaminated 
areas (Reyes et al., 2021; Nguyen et al., 2020). Tang et al. (2017) re-
ported a median HI of 1.40, Li et al. (2015) an HI of 2.45, and Jiang et al. 
(2017) HI of 3.62, all reporting data from highly contaminated sites. 
Additionally, Antoniadis et al. (2017b) reported HI as high as 20.81 in a 
highly contaminated former mining area. Antoniadis et al. (2017c), 
studied a contaminated area near Athens and reported a mean HI of 
1.62. Similarly, Antoniadis et al. (2019b) reported a HI of 3.24 in an 

industrially contaminated area. For the food-derived HI, we were unable 
to make comparisons, because, to our knowledge, such information is 
absent in the literature. However, in studies where both soil and food 
pathways are assessed, it is often found that soil ingestion produces a 
higher health risk than that food consumption. 

Two elements in our study, As and Pb, listed by USEPA (2016) as 
those with carcinogenic effects, were used to calculate the carcinogenic 
risk (CR). In Fig. 6, CR values for both the soil and food are presented 
separately for each element. CR of lower than 1 × 10-6 is considered 
acceptable, with the risk increasing when CR values are higher than 
1 × 10-4. A CR value of 10-x denotes a risk of one additional person in a 
group of 10x persons developing cancer due to this particular exposure. 
The CR derived from soil As was 31.28 × 10-4, whereas that from soil Pb 
was two orders of magnitude lower (91.33 ×10-6); similarly with the CR 
related to olive consumption as fruit, the As CR was 1.9 × 10-4 and that 
of Pb was 14.1 × 10-6. This shows that As is a major carcinogenic risk 
factor by either exposure pathways, with each separately producing an 
unacceptable CR value higher than 1 × 10-4. This is an unusual finding, 
especially concerning other studies of contaminated soils in the south-
east Mediterranean. Studies based on major Greek cities generated no 
such potential cancer risk: e.g., Antoniadis et al. (2019b) in Volos, 
Bourliva et al. (2016) in Thessaloniki, Urrutia-Goyes et al. (2017) in 
Athens, and Nikolaidis et al. (2013) in northern Greece. 

4. Conclusions 

The pseudo-total soil concentrations of Ag, As, Cd, Pb, Sb, Tl, and Zn 
were found in extremely high levels. There is insufficient literature that 
details similar findings. The XANES spectra revealed that As was pre-
dominantly associated with scorodite, Pb with humic substances, while 
Fe appeared mostly as goethite-like minerals; Zn, was associated with 
illite in sample #25, with humic substances in sample #29 and also had 
an evenly distributed association with illite, Zn(OH)2, and humic sub-
stances in samples #12 and #18. In table olives, Cd levels surpassed the 
EU maximum allowable limits in all obtained samples, while Pb sur-
passed the limits in approximately half of the samples. Hence, we sug-
gest that residents of Lavrio should avoid the consumption of locally 
produced olives as edible fruits. Health risk assessment confirmed the 
considerable risk to human health, with As and Pb hazard quotients 
being well above the risk threshold of HQ = 1. Further research is 
necessary to develop ecofriendly and feasible remediation plans that 
should include, apart from the possible introduction of tolerant plant 
species, soil treatment with suitable additives to achieve hydro-
geochemical stabilization, thereby reducing the bioavailability of the 
highly present PTEs in the study area. Additionally, future research 
should include other environmental components, such as water to 

Fig. 4. Hazard quotient (HQ), derived from soil ingestion (A) (35 samples) and 
table olives consumption (B) (20 samples) of the seven most highly risk- 
inducing elements in the urban area of Lavrio, southern Greece. 

Fig. 5. Hazard index (HI) derived from soil ingestion (35 samples) and table 
olives consumption (20 samples) induced by all 19 studied elements in the 
urban area of Lavrio, southern Greece. 

V. Antoniadis et al.                                                                                                                                                                                                                             



Journal of Hazardous Materials 434 (2022) 128906

11

further explore the potential health risks. 
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