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Abstract Food production in areas contaminated by

industrial wastes poses a serious risk to farmers and

consumers. Here, we evaluate Cd, Cr, Ni, and Pb

concentrations in the soils and the edible parts of

lettuce, chives, tomatoes, pepper, and cassava plants

grown by small farmers in areas contaminated by slag

from an abandoned steel plant in Havana, Cuba. The

total, environmentally available, and bioavailable

concentrations of metals in the soils and the metals

bioconcentration factor in the plants were determined.

The risks to human health from food and soil ingestion

were estimated. The total and environmentally avail-

able concentrations of Cd, Cr, and Pb were above

values considered safe by international standards, with

likely adverse effect on human health. Cadmium was

the most bioavailable metal, reflected in the highest

accumulation in the crops’ edible parts. Even with

negligible DTPA-available Cr concentrations in soils,

the Cr concentrations in edible parts of the crops

exceeded regulatory levels, suggesting that rhizo-

sphere mechanisms may increase Cr availability. The

consumption of vegetables represented 70% of the

daily intake dose for Cr, Cd, and Ni, while accidental

ingestion of contaminated soil is the predominant

human exposure route for Pb. Our results demon-

strated the health risks associated with cultivating and

consuming vegetables grown on metal contaminated

soils in Havana and can assist public policies capable

of guaranteeing the sustainability of urban agriculture

and food security.

Keywords Cadmium � Lead � Soil pollution � Trace
elements � Urban agriculture

Introduction

Heavy metal contaminated soils are a relevant socio-

environmental problem worldwide. The accumulation

of heavy metals in soils can affect soil and crop quality

and pose a risk to human health either through the

direct exposure to contaminated soils or the entry of

these contaminants into the food chain (Kumar et al.,

2019; Margenat et al., 2019). Heavy metals have

several adverse effects on human health, including

renal dysfunction, damage to the central nervous

system, and cancer (Skerfving et al., 2015; Vigneri

et al., 2017). Therefore, studies that assess the impacts

of the entry of heavy metals into soils and crops and

their effects on populations exposed to contamination
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are fundamental for ensuring food security and human

health.

Heavy metals in soils originate from natural and

anthropogenic sources (Sidhu et al., 2018, 2020).

Natural sources correspond to lithogenesis, weather-

ing, erosion, and other geological processes (Kabata-

Pendias, 2011), while anthropic sources include

industrial activities (Antoniadis et al., 2019; Kase-

model et al., 2019), recycling of electronic waste

(Jiang et al., 2019), disposal and incineration of solid

urban waste (Figueiredo et al., 2019), vehicular

emissions (Silva et al., 2017b), and agricultural

activities, mainly the use of pesticides and chemical

fertilizers (Silva et al., 2016). In general, the highest

concentrations of heavy metals in soils are derived

from industrial processes, notably mining and metal-

lurgy (Shaheen et al., 2017; Silva et al., 2017a; Zhang

et al., 2018).

Metallurgy poses a risk of heavy metal contamina-

tion due to the indiscriminate disposal of slag in soils

and atmospheric deposition of particulate matter

emitted by smokestack chimneys (Qing et al., 2015;

Vareda et al., 2019). For instance, soils in the vicinity

of an iron and steel plant in China had mean

concentrations of As, Cd, Pb, Ni, Cr, and Zn above

the background values for the region; besides, Cd and

Zn concentrations were higher than the maximum

permissible values for agricultural soils (Zhou et al.,

2019a). The inadequate slag disposal by a Pb smelter

plant in Santo Amaro, Brazil, led to the highest

environmentally available concentrations of As, Cd,

Pb, and Zn in soils surrounding smelting plants

reported in the country (Silva et al., 2017a).

Food production in locations close to industrial

areas occurs in several regions of the world and is

directly related to urbanization, rapid population

growth, and high demand for food in large cities

(Feng et al., 2019; Saljnikov et al., 2019). Agriculture

in areas that received industrial wastes can promote

the transfer of heavy metals from the soil to edible

parts of the crops (Sidhu et al., 2018). The consump-

tion of contaminated food represents the main non-

occupational pathways of exposure to heavy metals

(Antoniadis et al., 2019; Hu et al., 2018; Sharma &

Nagpal, 2019).

The accumulation of metals in crops varies with the

metal availability in the soil and mobility in the plant

(Bi et al., 2009; Pan et al., 2016). Zhuang et al. (2009)

found that the consumption of vegetables was the most

significant route of metal exposure for humans, with

Cd posing the highest risk to human health due to the

high transfer from the soil to the crops (Sidhu et al.,

2018). Indeed, Cd was the metal with the greatest

translocation from the soil to the edible tissues of 78

food crops grown in contaminated soils in China, with

leafy and tuberous root species showing the highest Cd

bioaccumulated (Zheng et al., 2020). In agricultural

sites contaminated with As, Cd, Hg, and Pb nearing

industrial areas, unacceptable human health risks were

reported, with the consumption of vegetables being the

main route of metal daily intake (Huang et al., 2018).

In this scenario, to assess both the metal bioavail-

ability in contaminated soils and the accumulation of

metals in edible parts of crops are essential for food

security. Here, we evaluated an agricultural area

influenced by slag deposition of an abandoned steel

plant in Havana, Cuba, currently used for subsistence

agriculture by people living in the vicinity of the plant.

The work aimed (i) to determine the plant-available

and the environmentally available concentrations of

Cd, Cr, Ni, and Pb in the soils surrounding the steel

plant, (b) to evaluate the metal accumulation and

bioconcentration factor in the edible parts of different

crops grown in the contaminated soils, and (c) to

estimate the human health risks from vegetables con-

sumption and ingestion of soil particles.

Material and methods

Study area and sampling of soils and crops

The study area lies in Havana, Cuba

(23� 20 22.4300 N–82� 160 27.3800 W). The mean

annual temperature, air humidity, and precipitation

are 27 �C, 81%, and 1032 mm, respectively; winds

have mean annual velocity of 7.6 mph and West-

Southwest (WSW) predominant direction (NOAA,

2019). The site lies in the vicinity of an abandoned

steel plant that received slags contaminated with

metals. Currently, the area belongs to Cuba’s forest

heritage and is mainly dedicated to forest production.

However, small growers living in the region produce

food in the contaminated soils, which poses a health

risk to the local communities. Five of the areas under

cultivation had samples of soils and foodstuff col-

lected for analyses (Tables 1 and 2). The soils in the
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study area are Inceptisol and Entisol (Soil Survey Staff

2010) developed from hard limestones.

Soil samples were collected at a depth of 0.0–0.2 m

with a stainless steel auger. Ten samples were taken at

each sampling site, within a 100 m radius, and mixed

to obtain the composite samples. The soils were dried

at room temperature, ground, and passed through a

2.0 mm mesh sieve for further analysis. Edible parts

from five crops were sampled at the same soil

collection sites: tomato (Lycopersicon esculentum)

and pepper (Capsicum spp.) fruits, chives (Allium

fistulosum), and lettuce (Lactuca sativa L.) leaves, and

cassava (Manihot esculenta) tubers. Two samples

composed of 15 single random samples from each

edible part were obtained from each area. The

vegetable samples were washed with running water,

subjected to a triple wash with distilled water, dried in

an oven at 65 8C, and crushed in a Wiley mill.

Chemical analyses and quality control

The bioavailable concentrations of Cd, Cr, Ni, and Pb

in the soils were assessed by DTPA (Lindsay &

Norvell, 1978). Ten grams of soil were shaken for 2 h

at 180 rpm in a 20 mL solution containing

0.005 mol L-1 DTPA ? 0.1 mol L-1 TEA ?

0.01 mol L-1 CaCl2 (pH 7.3).

The soil samples were macerated in an agate mortar

and sieved in a 150 mm opening mesh to obtain the

environmentally available concentrations of the met-

als. 0.5 g of soil in Teflon tubes was digested in an acid

solution (9.0 mL HNO3 ? 3.0 HCl) at 175 �C for

40 3000 using a microwave (Milestone–Ethos Easy)

(USEPA 2007).

To determine the total metal concentrations, 0.5 g

of the macerated and sieved soil (Ø\ 150 mm) was

digested in a Teflon beaker with an acid solution

containing HF, HNO3, HClO4, and HCl at 190 �C in a

hot plate (Alvarez et al., 2001). The total concentra-

tions of heavy metals were determined to calculate the

bioconcentration indexes in plants and to estimate the

potential risk to human health through direct exposure

to contaminated soil. 0.5 g of plant samples was

digested with HNO3 ? H2O2 solution (3:1) in a

microwave oven (Milestone–Ethos Easy) at 180 �C
for 100 according to the modified 3050B methodology

(USEPA, 1996).

All extracts obtained from the digestions were

filtered (Ø\ 2.0 lm), with the volume made up to

25 mL with ultrapure water in certified volumetric

flasks. The Cd, Cr, Ni, and Pb concentrations in the

Table 1 Characteristics of sampling sites around an abandoned steel plant in Havana, Cuba

Sampling location Soil typea Geologyb Agricultural crop Geographic coordinates

Site 1 Inceptisol Hard limestone Allium fistulosum 23� 0202600 N 82� 240 1900 W
Site 2 Lycopersicon esculentum 23� 020 3500 N 82� 240 2100 W

Site 3 Manihot esculenta 23� 020 4700 N 82� 240 2700 W
Site 4 Entisol Lactuca sativa L 23� 030 0700 N 82� 230 2500 W
Site 5 Capsicum spp. 23� 030 0400 N 82� 230 2600 W
aSoil classification according to the soil taxonomy system (Soil Survey Staff 2010)
bAlfaro et al., (2015)

Table 2 Chemical and

physical properties of soils

aorganic matter
bONN (2009)
cONN (2017)

Sampling location pH (H2O)
b pH(KCl)bb OMa,c Sandc Siltc Clayc

1:2.5 1:2.5 g kg-1

Site 1 6.60 5.75 5.55 141.50 369.40 489.10

Site 2 7.91 7.00 4.31 277.50 263.80 458.70

Site 3 6.10 5.28 4.15 178.00 262.00 560.00

Site 4 7.90 7.10 4.55 266.10 244.30 488.60

Site 5 6.50 5.50 3.00 287.40 136.60 576.00
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extracts were determined by inductively coupled

plasma optical emission spectrometry (ICP—OES

Perkin Elmer Optima 7000 DV). Reference materials

SRM 2709a (San Joaquin Soil) and SRM 1570a

(Spinach Leaves) with metal concentrations certified

by the National Institute of Standards and Technol-

ogy—NIST, and blank samples were used for quality

control of analyses.

The calibration solutions were prepared using

elementary standards (Certipur Standard IV—Merck).

All the material used in the analyzes was previously

decontaminated with 5% HNO3 for 24 h and washed

with distilled water. The analyzes were performed in

duplicate, and the limits of detection (LOD) for the

elements were determined according to the protocols

of NT Technical Report 569 (Hovind et al., 2011). The

recoveries of Cd, Cr, Ni, and Pb in the reference

materials varied between 80 and 104% and 87–96%

for SRM 2709a and SRM 1570a. The LOD were

0.007, 0.074, 0.068, and 0.073 mg kg-1 for Cd, Cr,

Ni, and Pb, respectively.

Bioconcentration factors for metals (BCF)

The bioconcentration factor (BCF) evaluated the

potential for metal accumulation in the crops edible

parts related to the soil’s metal total concentration

(Sidhu et al., 2017). The BCF was calculated using

Eq. (1):

BCF ¼
M � plant

mgkg�1ð Þ
M � soil

mgkg�1ð Þ
ð1Þ

whereM—plant is the metal concentration (Cd, Cr, Ni

or Pb) in the crop edible part (mg kg-1), and M—soil

is the metal concentration (Cd, Cr, Ni e Pb) in the soil

(mg kg-1).

Human health risk assessment

We estimated the non-carcinogenic risk to human

health by exposure to Cd, Cr, Ni, and Pb in soils and

crops edible parts according to the United States

Environmental Protection Agency (USEPA, ). The

carcinogenic risk was estimated and considered

acceptable; hence, it was not discussed here. Two

exposure routes were considered when modeling the

non-carcinogenic risk: (i) ingestion of soil particles

and (ii) ingestion of crops edible parts. Initially, the

daily exposure doses (DED) (mg kg-1 day-1) were

calculated for metals, taking into account the exposure

routes (Eqs. 2 and 3). The description and values of

the behavioral, toxicological, and exposure variables

used in risk modeling are displayed in Table 3.

CDIing ¼ Csoil �
Ring � EF � ED

BW � AT
� CF ð2Þ

CDIveg ¼ Cveg �
MC� EF� ED

BW� AT
ð3Þ

The hazard ratio (HQ) was calculated for each

metal n using the relationship between the exposure

dose of the metal n in the different routes and the

reference dose (RfD) of the respective metal (Eq. 4).

RfD is the maximum exposure dose at which there is

no observable adverse effect on human health.

HQn ¼
CDIn

RfDn
ð4Þ

The multi-element interaction can have a synergis-

tic effect on the receptor (Zhaoyong et al., 2018);

therefore, the risks of individual elements are additive.

We calculated the cumulative non-carcinogenic haz-

ard expressed by the hazard index (HI) (Luo et al.,

2012; Zhaoyong et al., 2018) to Eq. (5). HI values B 1

indicate unlikely risk, while HI[ 1 indicates a

probable adverse effect on human health.

HI ¼
X

Cd;Cr;Pb;Ni

X
HQing þ HQveg

� �
ð5Þ

Statistical analysis

The minimum, maximum, mean, standard deviation,

and coefficient of variation values were calculated for

all variables analyzed. Pearson’s linear correlation

analysis (p\ 0.05) was performed between variables.

All statistical procedures were carried out using the

STATISTICA software (v 10.0).

Results and discussion

Bioavailable and environmentally available

concentrations of heavy metals in soils

Both the total and the environmentally available

concentrations of metals in the soils followed the
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order Cr[ Pb[Ni[Cd (Fig. 1). The environmen-

tally available concentrations of Pb (in all cases), Cd

(in three out of five sites), and Cr (in one site) were

higher than the quality reference values for metals in

the soils of Cuba, which are 50.0, 0.6, and

153.0 mg kg-1 for Pb, Cd, and Cr, respectively; on

the other hands, Ni concentrations were below the soil

quality reference value (170.0 mg kg-1) (Alfaro et al.,

2015). Besides, the concentrations of metals in soils, in

general, were higher than the limits regarded as toxic

to crops: 72.0, 75.0, 30.0, and 1.3 mg kg-1 for Pb, Cr,

Ni, and Cd, respectively (CONAMA, 2009).

The mean environmentally available concentra-

tions of Cd, Cr, and Ni in the soils were threefold

higher than reported to similar studies elsewhere

(Table 4). The high Cr concentrations resulted mainly

from the deposition of slag in the cultivation areas.

Chromium has a high affinity for oxygen and is one of

the elements added during the steel deoxidation

process (Fisher & Barron, 2019). Also, there is an

input of Cr through other urban-industrial wastes used

in the area and the atmospheric deposition of industrial

activities. The use of agricultural inputs, especially

solid urban wastes, has also been reported as a

significant Cd input source in cultivated soils in Cuba

(Alfaro et al., 2017).

The available concentrations of Pb, Ni, and Cd in

the soils varied between 16.8 and 104.0, 1.1–1.8, and

0.2–0.5 mg kg-1, respectively (Fig. 1). We found

positive correlations between the available and envi-

ronmentally available concentrations of Pb, Ni, and

Cd in soils. The mean available Pb concentration

(52.0 ± 37.3 mg kg-1) was 37- and 130-fold higher

than Ni and Cd, respectively. The high Pb concentra-

tion in all sites ([ 70.0 mg kg-1) is likely due to Pb

anthropic sources, as 80% of the total Pb was readily

available for plant uptake. Other studies have also

found high concentrations of available Pb in soils that

received industrial residues, especially foundry and

steel slag (150.0–2485.0 mg kg-1) (Pelfrêne et al.,

2011; Silva et al., 2017a).

The available Cr concentrations were below the

LOD (0.074 mg kg-1). The low bioavailability of Cr

is because most of the Cr in the soil is associated with

the immobile residual fraction ([ 80% of the total),

mainly adsorbed onto clay minerals and, to a lesser

Table 3 Definitions and parameter values used in human risk models for exposure to soil and food consumption

Factors Definitions Units Values References

Csoil Total metal

content in soil

mg kg-1 – (This

study)

Cveg Total metal

content in crop

mg kg-1 – (This

study)

Ring Ingestion rate of

soil

mg

day-1
200 (USEPA,

1989)

Rfood Daily food intake kg day-1 0.003 (A. fistulosum), 0.026 (L. esculentum), 0.02 (M. esculenta), 0.0003
(Capsicum spp.) and 0.009 (L. sativa)

(Swartjes,

2013)

EF Exposure

frequency

days

years-1
365 (ATSDR,

2012)

ED Exposure duration years 77 (WBG,

2020)

BW Average body

weight

kg 65 (WBG,

2020)

AT Average time day 365 9 ED (USEPA,

2001)

CF Conversion factor mg kg-1 1 9 10–6 (USEPA,

1989)

RfD Oral reference

dose

unitless 5.0 9 10–4 (Cd), 3.0 9 10–3 (Cr)a, 2.0 9 10–2 (Ni) and 3.5 9 10–3 (Pb) (USEPA,

2013)

aCr toxicity is directly dependent on its valence state (Cr?6 or Cr?3), in this study, the RfD of Cr?6 was represented by total Cr
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extent to iron oxides and organic matter (Kabata-

Pendias, 2011). Besides, Cr has high chemical stability

in steel slags as it is an alkaline material with a high

concentration of phosphates and carbonates. The pH

also governs the bioavailability of Cr (III and VI) in

the soil (Ertani et al., 2017; Fisher & Barron, 2019;

Guo et al., 2018). At pH[ 5, Cr is in the form of a

stable precipitate [Cr(OH)3nH2O] of low solubility,

which reduces bioavailability (Ahmed 2016). The use

of hard water in irrigation, which tends to alkalinize

Fig. 1 Available and environmentally available mean concen-

trations (± standard deviation) of Cd, Cr, Ni, and Pb in soils

contaminated by steel slag and cultivated with food crops in

Havana, Cuba. Pearson’s linear coefficient, p\ 0.05 significant

at 5% probability. The available Cr contents were below the

detection limit (0.074 mg kg-1)

Table 4 Range of heavy metals concentrations in soils contaminated by industries in different countries

Country n Cd Cr Ni Pb References

mg kg-1

Cuba 15 0.3–1.8 61.5–187.7 35.3–73.4 66.7–136.6 (This study)

United States 36 0.2–0.5 14.0–49.0 Na 5.0–180.0 (Harada et al., 2019)

Saudi Arabia 30 1.3–23.1 5.2–195.0 22.1–49.9 3.4–835.0 (Alsaleh et al., 2018)

Brazil 15 0.1–0.2 na Na 10.9–30.0 (Dala-Paula et al., 2018)

Spain 250 0.4–2.3 10.1–70.5 3.4–39.0 32.7–585.0 (Boente et al., 2017)

Canada 32 na na 0.7–38.2 1.4–240.0 (Oka et al., 2014)

Nigeria 50 0.1–0.2 na 0.2–0.8 2.7–25.7 (Pasquini, 2006)

QRV Cuba 33 0.6 153.0 170.0 50.0 (Alfaro et al., 2015)

na not available, n number of samples
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soils (Aguilar et al., 2015), also decreases Cd

bioavailability in the studied sites (Table 2).

Other studies evaluating the availability of Cr in

soils found results similar to ours (Alexakis et al.,

2019; Sun et al., 2019). Gattullo et al. (2020),

evaluating the bioavailability and fractionation of Cr

in polluted agricultural soils (3807.0–5160.0 mg kg-1

Cr), found that despite the high total concentrations,

the Cr availability estimated by DTPA in soils wase

negligible (\ 0.3 mg kg-1 Cr), and that 99% of the

total Cr accumulated in the most recalcitrant soil

fractions (organic matter and sulfides) and residual

fraction.

Heavy metal concentrations in the edible parts

of vegetables

The concentrations of Cd, Cr, Ni, and Pb in the crops

varied between\LD (0.007) and 1.3, 1.3 and 46.9,

0.9 and 23.1, and\LD (0.073) and 5.9 mg kg-1,

respectively. The highest levels were observed in the

leafy vegetables (chives and lettuce), while the

cassava tubers showed the lowest metal concentrations

(Fig. 2a and d). The mean concentrations (mg kg-1)

of Cr (31.6), Ni (16.9), Pb (4.9), and Cd (1.0) in leafy

vegetables were up to 2000%, 1308%, 145%, and

150%, respectively, larger than in the edible parts of

the other species. Similar results were found by Fan

et al. (2017) and Zheng et al. (2020), who reported

higher concentrations of As, Cd, Cr, Cu, Ni, Pb, and

Zn in leafy vegetables than fruits and tubers.

Several studies have shown that leafy species, such

as cabbage, mustard, spinach, chicory, and lettuce

grown on contaminated soils had a high concentration

of metals, representing a significant route for human

metal exposure (Pelfrêne et al., 2019; Zhou et al.,

2016). The bioaccumulation of heavy metals in leafy

vegetables is probably due to the high transpiration

rate inherent in the large mass of leaves, which

increases the absorption of water and metals by mass

flow (Marchiol et al., 2004). Such crops can also

uptake metals via leaf by resuspension of fine soil

particles and atmospheric deposition in areas with

high metal concentrations in the soil (Zhou et al.,

2016).

The metal concentrations in the plant tissues were

compared with the maximum permissible concentra-

tions of metals in plants and vegetables (0.2, 1.3, 3.0

and 10.0 mg kg-1 for Cd, Cr, Pb, and Ni, respectively)

intended for human and animal nutrition (WHO, 1996,

FAO/WHO, 2001). In chives and lettuce, the mean

concentrations of Cr, Cd, and Ni were 24-, 5- and

twofold higher than the food safety regulatory levels,

respectively. The Cr concentrations in the fruits of

tomatoes and pepper exceeded the allowable values,

for the latter, the Cd concentrations were four times

higher than allowed. Pb concentrations exceeded the

allowable limits for chives (98%), lettuce (27%), and

pepper (22%). For cassava, the metals concentrations

were within safety standards.

The BCFs of heavy metals in vegetables were\ 1

and followed the order Cd[Ni[Cr[ Pb (Fig. 2e–

h). The highest BCFwas found for Cd in lettuce; it was

63%, 57%, and 42% higher than chives, tomatoes, and

pepper, respectively. Lettuce is a Cd accumulator

species and is considered a model plant for metal

phytotoxicity studies (Kolahi et al., 2020; Oteef et al.,

2015; Zorrig et al., 2019). The high Cd BCF may be

related to the higher bioavailable concentration of Cd

in the soil (61% of the total) compared to the other

metals evaluated. Cd has high availability and mobil-

ity in the soil solution because it is found mainly in

free ion (Cd2?) form. It is also found in minerals with a

low resistance to weathering, such as sphalerite,

biotite, and amphiboles, favoring the increase of Cd

solubility in the soil (Kabata-Pendias, 2011). Because

of the chemical similarity between Cd and Zn, Cd

uptake occurs through the Zn transporters (ZIP

family), facilitating Cd accumulation in plants (As-

gher et al., 2015; Kramer et al., 2007).

The BCF for Pb in the crops was much lower

(\ 0.06) than the other metals, indicating the low

translocation and restricted mobility of Pb in plants.

The plant Pb uptake correlates positively with the Pb

concentrations in the soil solution, but only 0.005% to

0.13% of Pb in the soil can be absorbed by plants

(Ashraf et al., 2020; Monferran & Wunderlin, 2013).

Blaylock et al. (1997) showed that in soils with a pH

between 5.6 and 7.5, Pb solubility is controlled by

phosphates or carbonate precipitates, which dramati-

cally decreases Pb solubility.

Pb adsorption by the oxides of Fe and Mn is

considered the primary process of retaining this metal

in the soil and explains Pb low availability for plants

(Kabata-Pendias, 2011). The absorbed Pb preferen-

tially accumulates in the root system; it has been

estimated that only 3% of the Pb in the roots is

translocated to the aerial part (Ashraf et al., 2020). The
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Pb retention in the roots occurs by precipitation of Pb

with anions and Pb adsorption on negatively charged

sites on the cell wall. This extracellular mechanism

leads mainly to the formation of Pb carbonate

precipitates. Meyers et al. (2008) found that Pb can

be stored in the vacuoles after root absorption. The

authors also stated that the primary mechanism

responsible for accumulating Pb in the roots is the

Pb deposition on the cell wall in the form of Pb—

pyrophosphate.

The largest BCFs for Cr occurred in chives and

lettuce. Despite the apparent low availability in the

soils, the Cr concentrations exceeded by up to 20 times

the Cr regulatory levels allowed for these crops. A

similar result was observed by Fan et al. (2017), who

identified Cr concentrations above the allowable limits

in leafy vegetables, fruits, and tubers, despite the

exchangeable pool of Cr being less than 1%. The

accumulation and distribution of Cr in the plant do not

depend only on the soil characteristics and metal

concentration but also on the plant species (Golovatyj

et al., 1999). For example, the production of root

exudates, mainly citric and oxalic acid, can increase

the lability of the insoluble species of Cr in the soil,

thus boosting Cr uptake and accumulation in the plant

(Srivastava et al., 1998). Communities of rhizospheric

microorganisms can also influence metals availability

and transfer metals from the microbial cell to the plant

cell by releasing low molecular weight organic acids

(Kumar et al., 2016; Pii et al., 2015).

Ni showed a behavior similar to that of Cr, with the

largest BCFs found in leafy vegetables. Nickel and Cr

have similar geochemical characteristics in the soil,

although Ni usually has higher availability (Fig. 1b

and c) (Vithanage et al., 2019). Nickel is a micronu-

trient absorbed by active processes and has high

mobility in the phloem, these factors explain Ni

absorption and distribution in plants (Kabata-Pendias,

2011).

Human health risk assessment

Average daily intakes of Cd, Cr, Ni, and Pb, consid-

ering exposure to soil ingestion and vegetable con-

sumption, varied between 0.57 and 13.8, 50.3–186.9,

18.6–110.9, and 25.8–54.3 lg day-1, respectively

(Fig. 3). In general, the daily intakes of Cd, Cr, Ni,

and Pb were lower than the maximum tolerable doses

established by the World Health Organization and the

United States Environmental Protection Agency (10.0,

2500.0, 5000.0, and 232.0 lg day-1 for Cd, Cr, Ni,

and Pb, respectively).

The contribution of vegetables to the daily amount

of metal ingested was greater than the intake of

contaminated soil, except for lead. On average,

vegetables consumption accounted for 80, 69, and

60% of Cd, Cr, and Ni daily intake values, respec-

tively. Lettuce, chives, and tomatoes were the food-

stuffs that most contributed to Cd, Cr, and Ni intakes;

for Pb, the intake of contaminated soil was the main

route of exposure (74% of the daily Pb intake). The

mean values of the hazard index (HI) followed the

order Cr[ Pb[Cd[Ni. The HI for each metal

was\ 1, but the synergistic effect of exposure to

metals exceeded the target value (in two out of the five

locations), indicating a likely adverse effect on human

health (Fig. 4). Cadmium, Cr, Ni, and Pb contributions

to the RHI varied by 1–25%, 51–75%, 3–6%, and

14–41%, respectively. Lettuce had the highest cumu-

lative HI (1.71), followed by chives (1.10), tomatoes

(0.64), cassava (0.49), and pepper (0.47).

Other studies have also reported high carcinogenic

and non-carcinogenic risks for exposure to soil and

food contaminated by As, Cd, Pb, and Zn in areas

under the influence of steel slag (Cai et al., 2019; Silva

et al., 2017a; Wei et al., 2020). The contributions of

smelting activities to the risk reached up to 94%,

indicating the high impact of this activity on agricul-

tural sites and reinforcing the need for soil metals

monitoring to guarantee food security.

bFig. 2 Mean concentrations (± standard deviation) of Cd, Cr,

Ni and Pb (A–D) and values of bioconcentration factors (E–H)

of food crops grown in soil contaminated by slag from an

abandoned steel plant in Havana, Cuba. LOD detection limit

(0.007 and 0.073 mg kg-1 for Cd and Pb, respectively); nc not

calculated
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Conclusion

The agricultural use of areas contaminated by indus-

trial wastes poses a serious risk to farmers and

consumers. The total and environmentally available

concentrations of Cd, Cr, and Pb in agricultural soils

contaminated by steel slags in Havana were above

values considered safe by international standards.

Despite having the lowest total and environmentally

available concentration in the studied soils, Cd was the

most bioavailable metal, reflected in the highest

accumulation in the crops’ edible parts, especially

the leafy vegetables. Even with negligible DTPA-

available Cr concentrations in soils, the Cr concentra-

tions in edible parts of the crops exceeded regulatory

levels, suggesting that rhizosphere mechanisms could

increase Cr availability. The hazard index values in

lettuce and chives cultivation systems indicate a likely

Fig. 3 Daily intake mean values (± standard deviation) of Cd,

Cr, Ni, and Pb from accidental ingestion of soil and consumption

of food crops grown in soil contaminated by slag from an

abandoned steel plant in Havana, Cuba. The daily intake by the

consumption of food crops for Cd at site 3 and Pb at site 2 was

not calculated because the contents these metals were below the

detection limit (0.007 and 0.073 mg kg-1 for Cd and Pb,

respectively)

Fig. 4 Hazard index mean values calculated for non-carcino-

genic effects in humans from exposure to Cd, Cr, Ni, and Pb

through soil ingestion and consumption of food crops grown on

soils contaminated by slag from an abandoned steel plant in

Havana, Cuba. HI hazard index
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adverse effect on human health. The consumption of

vegetables posed 70% of the daily intake dose for Cr,

Cd, and Ni. On the other hands, accidental ingestion of

contaminated soil particles was the Pb predominant

human exposure route.
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