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Abstract This study aimed to determine the envi-
ronmental and health risks of the heavy metal levels
in the Danube River in Hungary. The metals, includ-
ing Fe, Mn, Zn, Cu, Ni, Cr, Pb, and As, were meas-
ured in the period from 2013 to 2019. The Spearman
correlation and heatmap cluster analysis were uti-
lized to determine the origin of pollution and the fac-
tors that control surface water quality. Several indi-
ces, such as the heavy metal pollution index (HPI),
metal index (MI), hazard quotient oral and dermal
(HQ), hazard index oral and dermal (HI), and car-
cinogenic risk (CR), were conducted to evaluate the
potential risks for the environment and human health.
The values of the HPI were between the range of
15<HPI <30, which indicated moderate pollution;
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however, the MI results showed high pollution in
Dunafoldvar and Hercegszant6 cities. The ecological
risk (RI<30) and HI values (< 1) showed low envi-
ronmental risks and non-carcinogenic impacts of the
existing metals, either on adults or children. The mean
CR value of oral arsenic was 2.2E—04 and 2.5E—04
during April-September and October—March, respec-
tively, indicating that children were the most vulner-
able to arsenic-carcinogenic oral effects. While lead’s
CR oral values for children during April-September
exceeded the threshold of 1.0E—04, chromium’s oral
and dermal CR values for both adults and children
were 2.08E—04, 6.11E—04, 1.97E—04, and 5.82E—-04
during April-September and October—March, respec-
tively. These results demonstrate the potential carci-
nogenic risks related to chromium exposure within
the two pathways in Hungary and highlight the need
for effective measures to mitigate these risks.
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Introduction

The presence of heavy metals in aquatic environ-
ments has raised significant global concerns due to
their potential adverse effects on human health (Ali
et al., 2016; Chowdhury et al., 2016). These heavy
metals are recognized as systemic toxins capable
of causing damage to various organs and leading to
teratogenic and carcinogenic effects (Tchounwou
et al., 2012). Some metals, such as copper (Cu), zinc
(Zn), iron (Fe), and manganese (Mn), are essen-
tial for human metabolism at certain levels but can
become toxic when their concentrations exceed the
permissible limits of drinking water. On the other
hand, metals like arsenic (As) and lead (Pb) have
no physiological role and can disrupt the endocrine
system. Heavy metals can find their way into the
human body through many pathways, including oral
consumption, dermal contact, and inhalation (Jafari
et al., 2019; Mohammadi et al., 2019; Rezaei et al.,
2019). These elements are significant contaminants
in different drinking water resources, such as sur-
face water and groundwater (Izah et al., 2016), bev-
erages (Izah et al., 2017), and vegetables (Chibueze
Izah & Omozemoje Aigberua, 2017). Additionally,
heavy metals are known to be prevalent air pollut-
ants (Uzoekwe & Ajayi, 2018; Di Vaio et al., 2018).
Their introduction into the environment is primarily
attributed to industrial, agricultural, domestic, medi-
cal, and technological activities, as well as the use
of materials holding these metals (Tchounwou et al.,
2012). Excessive levels of heavy metals in drinking
water, exceeding the permissible limits set by inter-
national organizations, can lead to acute and chronic
health problems. These health issues range from less
severe circumstances like muscle weakness to more
serious illnesses, for example, nervous system dys-
function, brain disorders, and cancer. To guarantee
the protection of the environment and human health,
it is important to examine water quality. The primary
step involves assessing the overall water quality and
then detecting the source of pollutants to mitigate
pollution levels. A well-established technique to eval-
uate water quality with respect to heavy metals is the
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heavy metal pollution index (HPI), HQ, and HI inte-
grated with the Monte Carlo method. Furthermore,
cluster analysis has proven to be an effective tool
for classifying the sources accountable for present-
ing heavy metals into surface water and groundwater.
Using these approaches offers a reliable understand-
ing and representation of the condition of the water
body. This, in turn, helps in developing a comprehen-
sive management plan intended at reducing pollution
levels (Sethi et al., 2023). Potential health risk assess-
ment involves the calculation of chronic daily intake
and relevant absorption coefficients to quantitatively
estimate potential human health risks associated with
heavy metal exposure (Li et al., 2014; Yang et al,,
2015). To comprehensively assess the ecological risk
posed to the environment, researchers have utilized
various indices, including the heavy metal pollution
index (HPI), the metal index (MI), and the potential
ecological risk index (RI) (Hakanson, 1980; Venkata
Mohan et al., 1996). To enhance analysis efficiency,
additional techniques have been employed, such as
multivariate statistical analyses aimed at identifying
potential sources of heavy metals (Race et al., 2015).
Moreover, geographic information system (GIS)
methods have been applied to examine spatial pollut-
ant distribution patterns and determine potential pol-
lutant sources (Tiwari et al., 2015, 2016). Addressing
the challenge of parameter uncertainty and obtaining
accurate results, the Monte Carlo simulation method
has gained popularity in assessing potential health
risks associated with toxic substances present in sur-
face water, groundwater, and soil (Sheng et al., 2021;
Shokoohi et al., 2021). In light of this, the current
research study employs the Monte Carlo simulation
technique to conduct a robust assessment of probabil-
istic health risks linked to hazardous materials (HMs)
in the surface water of the lower Danube River basin
in Hungary. This approach ensures a thorough evalu-
ation by accounting for uncertainties and providing a
more accurate representation of potential health risks
posed by heavy metal contamination.

The Danube River, a remarkable aquatic ecosys-
tem, fosters an astonishing variety of plant and animal
life. However, the looming specter of heavy metal
pollution casts a shadow over its thriving diversity.
Research has uncovered that heavy metals, when pre-
sent in aquatic environments, can reverberate across
an extended timeframe, leaving an indelible impact
on various denizens of these waters. This impact
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extends to fish populations (ichthyofauna), the myr-
iad of organisms inhabiting the water’s bed (benthic
fauna), and the lush aquatic flora (macrophytes). This
recognition has galvanized scientists to direct their
efforts toward both mitigating pollution sources and
curtailing the deleterious effects of heavy metals
on these aquatic organisms. A central tenet of their
endeavors underscores the critical role of consistent
monitoring of pollutants within aquatic ecosystems,
facilitated through diverse analytical methods (Cal-
muc et al., 2021; Calmuc et al., 2020; Sambito and
Freni, 2021). The formidable sources of heavy metal
pollution within the confines of the Lower Danube
region encompass a constellation of influences. Sew-
age discharge, municipal waste, fertilizers, pesti-
cides, the combustion of fossil fuels, and a spectrum
of activities tethered to navigation and mining con-
verge as primary contributors (Calmuc et al., 2021).
In light of these concerns, the potential risks wrought
by trace metals for the inhabitants and beneficiaries
of the Danube River cannot be dismissed lightly. As
this iconic river traverses through the territories of
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nine of Europe’s most industrially prolific nations,
a clarion call emerges for an augmented, systematic
regimen of heavy metal monitoring and assessment.
These actions, rooted in regularity and meticulous-
ness, are paramount to safeguarding the integrity and
sustainability of the aquatic realm within the expan-
sive bounds of the Danube River region.

The aims of this study were to carry out a thor-
ough analysis of the potential risks posed by heavy
metals on both the environment and human health
in the lower basin of the Danube River watershed
in Hungary; to (i) identify potential sources of the
heavy metals by employing multivariate statistical
techniques such as Spearman correlation analysis and
heatmap cluster analysis along with the interpolation
IDW technique; (ii) assess the potential non-carci-
nogenic and carcinogenic human health risks from
heavy metals; and (iii) apply the Monte Carlo method
to decrease the uncertainty and predict the values of
hazard quotients (HQ) for heavy metals.

The flowchart of the current research was pre-
sented schematically in Fig. 1.
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Materials and methods
Study area description and water sampling

The study focused on the water quality of the Danube
River in Hungary, specifically in Dunafoldvar, Baja,
and Hercegszantd, over a period of seven years, from
January 2013 to December 2019. Water samples were
collected from seven different monitoring locations
along the lower basin of the Danube River, which
were located in the south of Hungary between 46° 10’
54.4548" N and 18° 57’ 15.5016" E. These sites were
identified as “S1, S2, S3” for the right, left, and mid-
dle streams of the Danube River in Dunaf6ldvar city,
“S4” represents the left bank of the Danube River
in Baja city; and “SS5, S6, S7” for the right, left, and

middle streams of the Danube River in Hercegszant6
city, as illustrated on the map (Fig. 2). The samples
were collected from these locations to cover different
land use activities (industrial, agricultural, and urban
areas) on the two sides of the river that could be
sources of heavy metals. The total number of samples
and locations were detected according to the regions
that are characterized by intensive industrial, urban,
and agricultural land.

The Danube River flows through several more
countries after passing through these cities before
ultimately emptying into the Black Sea. Hun-
gary experiences a continental climate, charac-
terized by hot summers with low humidity and
frequent showers, as well as cold and snowy win-
ters. Furthermore, Hungary also receives moderate
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precipitation throughout the year. Therefore,
the regional weather can vary significantly from
north to south. According to Hungary’s climatol-
ogy from 1991 to 2020 (“Hungary—Climatology
| Climate Change Knowledge Portal”), the average
maximum temperature recorded during the period
of July—August was 29 °C, and the average mini-
mum temperature was recorded during the period
of December—February (— 2.59 °C). The study area
experiences heavy rainfall between May and July,
with an average annual rainfall of 619 mm. The
current study aims to: (i) identify potential sources
of heavy metals by employing multivariate statisti-
cal techniques such as Spearman correlation anal-
ysis and heatmap cluster analysis along with the
interpolation IDW technique; (ii) assess the poten-
tial non-carcinogenic and carcinogenic human
health risks from heavy metals; and (iii) apply the
Monte Carlo method to decrease uncertainty and
predict the values of Hazard Quotients (HQ) for
heavy metals.

Samples preparation and heavy metal determination
techniques

A total of 280 water samples were collected and
placed in plastic bottles that had been pre-washed
with acid. The samples were then filtered through a
0.45 mm cellulose nitrate membrane, acidified with
diluted nitric acid, and stored in the fridge at —4 °C
before analysis. The concentrations of arsenic,
chromium, copper, nickel, and lead were measured
using electrothermal atomization atomic absorption
spectrometry (ETA-AAS), while iron, manganese,
and zinc were measured using flame atomic absorp-
tion spectrometry (FAAS). Consequently, Atomic
Absorption Spectrometry was employed to analyze
500 mL of each sample. Subsequently, the acidified
samples were divided into two 250 mL beakers, and
their volume was reduced to 25 mL. An additional
step was taken to analyze arsenic (As) samples,
which were mixed with 0.5 mL of ascorbic acid,
0.5 mL of potassium iodide, and 3 mL of HCI for
a 2-h period before being analyzed. This differed
from the procedure for the other heavy metals in the
study. Precision was ensured through triplicate anal-
yses for each sample, resulting in relative standard
deviations of <5%.

Descriptive and multivariate statistical analysis

This study used Spearman correlation coefficient anal-
ysis (SC) to investigate the correlation between heavy
metal concentrations. Heatmap cluster analysis (HCA)
was applied to identify the relationships among the
eight heavy metals existing in the study area and their
potential sources. All data analysis and visualization
were carried out using Python, while maps were pre-
pared using QGIS software (version 3.16.4).

Heavy metal pollution analysis index (HPI) and metal
index (MI)

The heavy metal pollution Index (HPI) is considered
the most effective method for assessing water contami-
nation levels due to the presence of heavy metals (HMs)
in water samples (Al-Hejujel et al. 2017). This index
evaluates the suitability of water quality for human con-
sumption based on metal contamination and considers
the absolute nature of water in relation to heavy met-
als. The HPI is calculated using a weighted arithmetic
mean approach, achieved by establishing a rating scale
for each chosen parameter and assigning weights to
each pollution parameter. The rating scale ranges from
0to 1, and its determination is based on the significance
of individual quality factors or can be established by
comparing values relative to recommended standards
for comparison (Shankar, 2019). The heavy metal pol-
lution index (HPI) offers a mathematical assessment of
water quality by considering the presence of heavy met-
als (HMs) in the water. The equation for calculating the
HPI is provided below (Egs. 1 and 2).

Zi Wi,
X W

where Q; stands for the sub-index parameter; n is the
number of parameters taken for analysis; w; depicts
the weight of each parameter, evaluated as 1/S; S;
symbolize the standard value of each parameter; Q;
represents the sub-index of the boundary, determined
by Eq. 2.

HPI = (1)

n Cl
0, = ; 100 x 5 )

The heavy metal pollution index (HPI) was calculated
based on the concentration of eight HMs, namely
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chromium (Cr), copper (Cu), iron (Fe), manganese
(Mn), nickel (Ni), lead (Pb), zinc (Zn), and one met-
alloid, arsenic (As) (due to its toxic characteristics).

A three-class modified scale is frequently used
to accurately depict moderate levels of heavy metal
pollution. This scale classifies heavy metal pollution
as low (HPI<15), medium (15 <HPI<30), or high
(HPI>30) (Edet & Offiong, 2002; Qu et al., 2018).

On the other hand, the metal index (MI) of drink-
ing water considers the cumulative potential impact
of heavy metals (HMs) on human health and pro-
vides an evaluation of the overall quality of drinking
water (Ojekunle et al., 2016). The MI assumes that
the toxicity of HMs to organisms has a linear relation-
ship with their concentration. HMs can cause a range
of acute and chronic toxic effects on various body
organs. The MI is calculated using a comprehensive
assessment of the current situation. If the concentra-
tion of a metal exceeds its respective upper allowable
limit (UAL) value, the quality of the drinking water
will be degraded. The concept of MI was first intro-
duced by Tamasai and Cini (Shankar, 2019) and can
be expressed as follows (Eq. 3):

l Cave
M; = ; UAL, 3)
where C,,. signifies the average concentration of
each studied HMs; UAL,; stands for the upper allow-
able limit of the ith metal in the sample. Metal
index (MI) has 6 classes: very clean (MI<0.3);
clean (0.3<Ml<1); partly affected (1<MI<?2);
moderately affected (2<MI<4); heavily affected
(4<MI<6); and severally affected (MI>6) (Witha-
nachchi et al., 2018).

The Potential ecological risk index of heavy metals

The potential ecological risk index (RI) for heavy met-
als, as introduced by Hakanson in 1980, is a technique
employed to evaluate the potential risk associated with
the presence of heavy metals in a specific ecosystem.
This index takes into account factors such as the con-
centrations, types, sensitivity, toxicity, and background
levels of the heavy metals, as noted by Xie et al. (2013).
While it has been utilized across various scientific dis-
ciplines, in this study, it was employed to assess the
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ecological risks of heavy metals in river water. The for-
mula is presented as follows (Eq. 4):

R e
RI:ZE;:Tr’x{ﬁ} )

bg

where E, indicates a substance’s potential ecological
risk factor; T, illustrates the given heavy metal toxic
response factor (Table S1); C(fwe denotes the average
concentration of each heavy metal in the sample; ng

stands for the background values of each heavy metal
(Table S1). RI is the overall contamination’s potential
ecological risk. RI has four risk levels: low (below
30), moderate (30-60), considerable (60-120), and
very high (over 120) (Yuan et al., 2015).

Human health risk assessment of heavy metals
Non-carcinogenic human health risk method

The consumption of drinking water contaminated
with toxic metals increases the potential for both non-
carcinogenic and carcinogenic diseases in humans
(Bineshpour et al., 2021; Qu et al., 2018). This study
utilized methods outlined by the U.S. Environmental
Protection Agency (Selvam et al., 2022) to assess the
non-carcinogenic risks associated with As, Cr, Cu, Fe,
Mn, Ni, Pb, and Zn (Selvam et al., 2022). The USEPA,
(2004) established a health risk assessment approach
to determine the non-cancer human health risks from
heavy metal elements in groundwater and surface water
through ingestion, inhalation, and skin contact. The pri-
mary risk stemmed from direct water consumption and
absorption through the skin (Mukherjee et al., 2020; Qu
et al., 2018; Saha et al., 2017; Saleem et al., 2019; Sel-
vam et al., 2022). This method calculates the quantity
of pollutants consumed by humans using the chronic
daily intake (CDI) approach, which expresses the daily
dose of pollutants in kilograms consumed through
ingestion (CDI ingestion) and dermal absorption (CDI
dermal) using Egs. 5 and 6, respectively (Jehan et al.,
2020; Tokatli & Ustaoglu, 2020; USEPA, 2004).

Cye X IR X EF
CDI,, = 2" " " xED )
BW x AT

C

ave

xETxEFprxSAxCF

CD Idermal = BW x AT

x ED
(©6)
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where CDI represents the chronic daily intake (mg/
kg/day); C,,. depicts the average concentration of
each heavy metal (mg/L); IR stands for the intake rate
(adult: 2.2 L day_l; child: 1.8 L day_l); EF denotes
the exposure frequency (adult and child: 350 days/
year); ED signifies the exposure duration (adult: 70
years; child: 6 years); ET represents the exposure
time (adult: 0.58 h day™"; child: 1 h day™"); K, is the
permeability coefficient (cm/h) given in Table S1. SA
depicts the skin area (adult: 18,000 ; child: 6600 cmz).
BW is the body weight (adult: 70 kg; child: 15 kg);
CF is the unit conversion factor (1x107 L cm™);
AT indicates the average time for carcinogenic risks
(adult: 25,550 days; child: 2190 days) (Saleem et al.,
2019; Selvam et al., 2022; Xu et al., 2020).

In the second step, we calculated the hazard quo-
tient (HQ) by dividing the chronic daily intake (CDI)
by the reference dose (RFD) for both oral and dermal
exposure using Eqs. 7 and 8, respectivey (Imran et al.,
2019; Mthembu et al., 2022; Saha & Paul, 2019).

CDIdermal/CDI()ral
HQuermavoral = R, /RMD, 7
Rﬂ)dermal = RfDoral X ABS (8)

In the final step, the overall potential non-carcino-
genic risks were assessed by calculating the hazard
index (HI) using Eq. 9 (Jehan et al., 2020; Rupakheti
etal., 2017).

HI = HQoral + HQdermal (9)

Toxic metals that have a hazard index (HI) or haz-
ard quotient (HQ) of greater than 1 may pose negative
impacts on human health, while those with a HI or
HQ of less than 1 are considered to have no adverse
effects (Selvam et al., 2022).

Carcinogenic human health risk method

Following Li and Zhang’s methodology (Li & Zhang,
2010), the degree of carcinogenic risk (CR) was
ascertained using Eq. 10. The resulting value indi-
cates the probability of developing cancer throughout
one’s lifetime due to exposure to carcinogens. Nor-
mally, the acceptable or permissible range for such
risks lies between 1x 107 and 1x 10~ (Li & Zhang,
2010).

CR = CDI x CSF (10)

where CSF is the cancer slope factor (Table S1).

Monte Carlo simulation approach and sensitivity
analysis

The primary objective of the Monte Carlo simula-
tion in this study was to estimate the probability dis-
tributions for various factors, including heavy metal
concentration, ingestion rate, exposure duration,
exposure time, exposure frequency, average time, per-
meability coefficient, body weight, and skin-surface
area (Fig. 3). This estimation was conducted to deter-
mine the uncertainty’s probability distribution associ-
ated with assessment metrics (Qu et al., 2018).

The utilization of Monte Carlo analysis in con-
junction with the USEPA health risk assessment
method enables the evaluation of uncertainty associ-
ated with human health risks for exposure to heavy
metals by generating a probability distribution of CR
values. Moreover, sensitivity analysis was performed
to identify the most significant variables contributing
to health risk, which is determined by the correlation
coefficient between each parameter (e.g., concentra-
tion, intake rate, body weight, average time, exposure
frequency, and exposure duration) and the risk value.
A higher correlation coefficient signifies a greater
contribution to the final health risk, and the sensitivity
of each variable was expressed as a percentage (Qu
et al., 2018). In the current study, the Monte Carlo
method was applied to predict the HQ (oral and der-
mal) and CR (oral and dermal) for children and adults
to decrease the uncertainty and increase the reliability
of the non-carcinogenic and carcinogenic health risks
for the heavy metals in the Danube River. The input
parameters included the concentration of the heavy
metals, and the factors mentioned previously (Eq. 5,
6, and 10). For the accuracy of the Monte Carlo simu-
lation, the Python programming language ran 10,000
iterations, and the measured and predicted values of
the HQ were similar, confirming the success of the
model. While heavy metal concentration distributions
were derived from available monitoring data between
2013 and 2019, the distributions of other parameters,
including ingestion rate, exposure duration, body
weight, and skin-surface area, were modeled as a
normal distribution to reflect the true distribution of
these parameters more accurately.
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Monte Carlo Simulation Process

Initiate: Start the
process.

Data Input: Enter the
required data.
{HMConcentration, EF, ED,
ET, SA, CF, KR, BW, AT}

Quantitative Indicators
Selection: Choose
indicators that quantify
risks effectively.

Screen and Process:
Examine and manipulate

risk indicators, ensuring
their mutual
independence.
Probability Distribution

Estimation: Calculate the
probability distribution
for the risk index and
establish a threshold.

Risk Factor Simulation:
Generate random
numbers to simulate
various risk factors.

Sufficiency Check: Are
the simulations
sufficient?

{ v
Yes: No:
Continue the Employ Extensive
Biccess Random Sampling.
Consider the Probability
Distribution and Sensitivity
Analysis of the resulting
risk index.

Output:
CDlingestion+dermal,
HQingestion+dermal,
Hlingestion+dermal,
CRingestion+dermal

Conclusion:
End the procedure
systematically.

Fig. 3 Operational sequence of a Monte Carlo simulation
model

Tablel The parameters for the computation of HQ, HI, RI and CR

Results and discussion
Heavy metal concentrations in surface water

The present study investigated the distributions of
eight heavy metals at seven representative sites, as
illustrated in Table 1. Specifically, the concentra-
tions of the following heavy metals—As, Cr, Cu, Fe,
Mn, Ni, Pb, and Zn—were determined and averaged
over two distinct periods: April-September and Octo-
ber-March. During April-September, the average
concentrations of As, Cr, Cu, Fe, Mn, Ni, Pb, and Zn
were 1.29, 1.43, 4.03, 520.63, 53.02, 2.70, 1.31, and
15.00 pg/L, respectively. The mean concentrations of
these heavy metals were ranked in descending order:
Fe>Mn>Zn>Cu>Ni>Cr>Pb>As. Conversely,
during October—March, the average concentrations
of As, Cr, Cu, Fe, Mn, Ni, Pb, and Zn were 1.44,
1.36, 3.69, 403.36, 39.71, 2.51, 1.27, and 15.59 pg/L,
respectively. The mean concentrations of these deter-
mined heavy metals were ranked in descending order:
Fe>Mn>Zn>Cu>Ni>As>Cr>Pb. Importantly,
the mean concentrations of Fe and Mn exceeded the
standard limits established by both the EU Directive
and WHO in 2017.

Geospatial modeling and analysis

Figure 4 illustrates the spatial distribution of As,
Cr, Cu, Fe, Mn, Ni, Pb, and Zn in the surface water
of the lower basin of the Danube River in Hungary
using a map generated by inverse distance weight-
ing (IDW). The map depicts varying concentrations
of heavy metals across different regions of the river.
Notably, it showcases a significant disparity in the
spatial distribution of the eight heavy metal elements.

HM As Cr Cu Fe Mn Ni Pb Zn Ref

RfD Oral(mg/kg/day) 0.0003  0.003 004 07 0.024 0.02 0.0014 0.3 (Xu et al., 2020)
ABS 1 0.025 0.3 0.2 0.04 0.04 0.3 0.2 (Xu et al., 2020)
Rfd Dermal(mg/kg/day)  0.0003  0.000075 0.012 0.14 0.00096  0.0008 0.00042 0.06 (Xu et al., 2020)
CSFing mg/kg/day 1.5 0.5 0.5 (Xu et al., 2020)
CSFderm 50 500 500 (Xu et al., 2020)

K, 0.001 0.002 0.001  0.001 0.001 0.0002  0.0001 0.0006 (USEPA, 2004)
Background (ug/g) 10 30 30 15,000 500 20 20 100 (Woitke et al., 2003)
T, 10 2 5 1 1 5 5 1 (Hakanson, 1980)
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The majority of these heavy metals exhibited high
concentrations both upstream and downstream of the
study area. These areas are characterized by dense
populations and industrial activities, resulting in the
discharge of human and industrial waste into the
river. Moreover, the excessive use of fertilizers in
agriculture along the river contributes to the elevated
levels of trace metals in the water.

Arsenic (As)

Elevated levels of arsenic in water have adverse
impacts on both human health and the environment.
Arsenic is a highly toxic substance and is associ-
ated with immune disorders, skin cancer, and repro-
ductive dysfunction (Kacmaz, 2020; Selvam et al.,
2022; Tokatli & Ustaoglu, 2020). The concentration
of arsenic in water was measured during two peri-
ods: April-September and October—March, with lev-
els ranging from 0.9 to 3.90 pg/L and an average of
1.29 pg/L for the former, and from 0.1 to 3.79 ug/L
with an average of 1.44 ug/L for the latter. These con-
centrations were found to be within the acceptable
limits for drinking water as set by the EU and WHO,
which is 10 pug/L, as shown in (Fig. 4; Table 2).

Chromium (Cr)

Despite reaching a peak concentration of 3.49 ug/L
with an average of 1.43 pg/L during April-Septem-
ber, and increasing to 4.89 pg/L with an average of
1.36 pg/L during October—March, the levels of chro-
mium (Cr) did not exceed the permissible limits
established by the EU and WHO, which are 25 pg/L
and 50 pg/L, respectively. The slight reduction in
chromium concentration during April-September
suggests a decrease in activities that contribute to
chromium levels in the Danube River due to seasonal
effects. This trend is positive for both the environ-
ment and public health.

Copper (Cu)

Copper is an essential nutrient for the human body
(Samantara et al., 2017; Selvam et al., 2022). Our
study revealed that copper concentrations were ele-
vated during April-September, ranging from 2.6 to
8.59 pg/L with an average of 4.03 pg/L, and slightly
decreased to a maximum of 8.09 pg/L with an aver-
age of 3.69 ug/L during October—March. However,
the concentrations of copper remained within the
acceptable limits set by the EU and WHO.

Table 2 The summary of the mean heavy metal concentrations in ug L™! at the lower basin of the Danube River, Hungary

Period As Cr Cu Fe Mn Ni Pb Zn
S1 April-Sep 121 145 429 6268 5526 255 122 1645
Oct-March  1.30 1.07 3.33 4055 38.88 241 093 1435
S2 April-Sep 127 1.3 4.17 5183 4826 2.64 1.61 1478
Oct-March 127 093 3.37  336.1 4478 229 137 1444
S3 April-Sep 134 142 44 634.73 55.26 2.64 142 17.66
Oct-March 145 1.01 3.71 4529 3437 271 103 1625
S4 April-Sep 135 1.8 348 170.67 40 3.1 1.14 1293
Oct-March 128 1.58 3.81  208.3 26 245 1.3 12.79
S5 April-Sep 1.37  1.11 374 436.76 4342 287 1.2 11.98
Oct-March 146 142 3.62  381.2 3191 23 .12 16.13
S6 April-Sep 120 149 411 5905 72.1 286 145 14.38
Oct-March 1.70 1.83 3.79 511 6571 2.6 1.55 158
S7 April-Sep 1.31 144 403 666.67 56.84 227 114 1638
Oct-March 1.60 1.65 4.17 5285 36.3 2.8 1.34  19.39
EU-Directive-2020/2184 (The European Parliament and the 10 25.0 2000 200 50 20 10

Council of the European Union 2020)
WHO-2017 (WHO, 2017)

10 50.0 3000 300 50 70 10 1000

Bold values indicate that they have exceeded the given standards of EU and WHO
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Iron (Fe)

The elevated iron (Fe) levels observed in surface
water could potentially be attributed to various
sources, including industrial waste discharge or non-
point sources from rainwater runoff. Iron concentra-
tions exceeding 300 ug/L have been reported to cause
damage to laundry and plumbing components (Mollo
et al., 2022; WHO, 2017). In the current study, iron
concentrations varied from 10 to 2250 pug/L with an
average of 520.6 pg/L during April-September and
increased from 1 to 2900 ug/L with an average of
403.3 pug/L during October—March (Fig. 4; Table 2).
The measured concentrations of iron (Fe) exceeded
the acceptable limits set by the EU and WHO, which
are 200 and 300 pg/L, respectively. Uzinger et al.
(2015) reported that the Ajka red mud released dur-
ing the 2010 Ajka alumina plant accident contained a
high concentration of iron oxide, specifically Fe,0s,
at around 40-45%. The significant iron concentration
in the Danube River could likely be attributed to the
deposition of iron after the Ajka accident in the Mar-
cal and Raba rivers, which eventually flowed into the
Danube River. This scenario appears to be the most
plausible cause contributing to the elevated iron lev-
els in the study area.

Manganese (Mn)

Although manganese is an essential element, exces-
sive exposure to it can have detrimental effects on
human health (Obasi & Akudinobi, 2020). In this
study, manganese concentrations ranged from 5
to 350 pg/L with an average of 53.02 pg/L during
April-September, and from 5 to 350 pg/L with an
average of 39.7 pg/L during October—March. How-
ever, the levels of manganese in some sites exceeded
the allowable limits set by both the EU and WHO for
both periods, which are 50 pg/L (Fig. 4; Table 2).

Nickel (Ni)

As indicated in Table 2 and Fig. 4, nickel concen-
trations ranged from 1.6 to 9.59 pg/L with a mean
of 2.70 pg/L during April-September, and from 0.7
to 6.39 pug/L with a mean of 2.51 pg/L during Octo-
ber—March. These values were found to be within the
permissible limits set by the EU and WHO, which
are below 20 ug/L and 70 pg/L, respectively. It is

noteworthy that nickel is considered a carcinogenic
metal by the International Agency for Research on
Cancer (IARC) (Mollo et al., 2022; WHO, 2017).

Lead (Pb)

Lead levels ranged from 0.2 to 4.19 pg/L with an
average of 1.31 pg/L during April-September, and
from 0.3 to 8.99 pg/L with an average of 1.27 pg/L
during October—March. However, all samples were
found to fall within the permissible range for drink-
ing water (Fig. 4; Table 2). The decrease in lead con-
centration might be attributed to a reduction in the
release of industrial effluents and petroleum-related
transportation into the river.

Zinc (Zn)

Zinc plays a crucial role in human metabolism and
immune function (Karunanidhi et al., 2021; Saman-
tara et al., 2017; Selvam et al., 2022). In this study,
zinc concentrations ranged from 2.1 to 46.99 ug/L
with an average of 15.0 pg/L during April-Sep-
tember, and from 7.2 to 40 pg/L with an average of
15.59 pg/L during October—March. These levels did
not exceed the permissible limits set by the EU and
WHO, indicating their suitability for drinking pur-
poses (Fig. 4; Table 2).

The observed fluctuations in heavy metal con-
centrations in the water samples during both afore-
mentioned periods can be attributed to contributions
from both natural processes and human activities
(Sharma et al., 2019). Natural factors such as varia-
tions in weather patterns, geological characteristics,
and soil composition can influence the levels of heavy
metals in surface water. Conversely, anthropogenic
actions, including industrial and agricultural prac-
tices, can introduce heavy metals into surface water.
Hence, ongoing monitoring and assessment of heavy
metal sources and levels in surface water are crucial
for comprehending potential risks to human health
and the environment. Table S2 presents the concen-
trations of certain heavy metals (loids) in the lower
basin of the Danube River across Serbia and Romania
during different seasons from 2007 to 2012, alongside
the concentration of certain heavy metals in various
global rivers. The first three positions correspond to
the point where the river is initially crossed down-
stream from the Ajka accident site, with the incident
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occurring upstream. In these locations (S1, S2, and
S3), iron (Fe) and manganese (Mn) concentrations
significantly surpass the standards set by both the
World Health Organization (WHO) and the Euro-
pean Union (EU). The elevated levels of Fe and Mn
in these sites can be attributed to the Ajka accident,
which released substantial amounts of these metals
into the river. As the polluted water progresses down-
stream, it gradually reaches these initial positions,
leading to the observed high concentrations. Upon
reaching the mid-position (S4), Fe and Mn levels
decrease, suggesting dilution as water from additional
sources mixes with the contaminated water, lead-
ing to reduced concentrations. However, as the river
advances toward the final positions (S5, S6, and S7),
Fe and Mn concentrations start to rise again. This
escalation indicates that sources beyond the Ajka
accident contribute to the elevated levels of these ele-
ments. The presence of agricultural and urban areas
along the riverbanks in the study area implies that
these sources could be responsible for the heightened
Fe and Mn concentrations observed in the last three
positions, as depicted in Fig. 5.

Heavy metal pollution index (HPI) and metal index
(MI)

The heavy metal pollution index (HPI) model serves
as a valuable tool for evaluating the overall pollution
level in surface water. This model enables the assess-
ment of heavy metal impacts on water quality and aids
in the monitoring and management of potential health
risks associated with heavy metal exposure (Rahman
et al., 2022). The highest HPI values for the studied
heavy metal elements in the lower basin of the Dan-
ube River were observed during the October—March
period. The mean HPI value for April-September was
recorded at 21.91, ranging from 17.63 to 25.17, while
the mean HPI value for October—-March was 19.42,
ranging from 15.82 to 25.59. Based on the findings
and referring to Edet and Offiong (2002) (Edet &
Offiong, 2002), nearly 100% of the samples taken in
both periods fell within the moderate pollution range
of the HPI (15-30). Notably, the surface water was
found to be mostly free from the studied heavy metal
contamination, except for iron (Fe) and manganese
(Mn). However, the presence of significant quantities
of Fe and Mn at all sites contributed to elevated HPI
values at those sampling locations. (Fig. 6A).
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Fig. 5 Land use map of the study area

To comprehend the impact of heavy metals on
water quality, the MI (Metal Index) method was
employed alongside the HPI index to assess the
level of heavy metal contamination in water, uti-
lizing the upper allowable limit values outlined
in the EU-Directive Framework guideline. The
average MI values for April-September and Octo-
ber-March were determined to be 4.13 and 3.28,
respectively. These values indicate that the water
samples exhibited severe contamination during
April-September and moderate contamination dur-
ing October—March. The extent of contamination,
relative to the upper limit values set by the EU-
Directive Framework guideline, suggests a signifi-
cant impact and contamination of heavy metals in
the water samples. This underscores the need for
urgent monitoring and enhancement of water qual-
ity in the lower basin of the Danube River in Hun-
gary. (Fig. 6B).
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Spearman correlation and heatmap cluster analysis

The normality of the data was assessed using the
Kolmogorov—Smirnov test prior to conducting the
statistical analysis. The relationships among the
various heavy metal parameters in the Danube sur-
face water can provide insights into their sources
and movements. For non-normally distributed
parameters, the nonparametric Spearman correla-
tion matrix was utilized, as depicted in Fig. 7. In
the period of April-September (Fig. 7A), with a
significance level of p<0.01, several positive cor-
relations were observed. Specifically, there was a

- 1.0
0.5

00 (A)
0.14 m (B ¥A-0.037 0.0006 -0.056 -0.19

0.4

Cu Pb Zn Fe Cr Mn As

0.17 0.19
Pb Cu Ni
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positive correlation between chromium (Cr) and iron
(Fe) (r=0.33), between Cr and manganese (Mn)
(r=0.23), and between Cr and zinc (Zn) (r=0.37).
Similarly, positive correlations were found between
Fe and Mn (r=0.40), Fe and Zn (r=0.39), as well
as between Mn and lead (Pb) (r=0.32), and between
Mn and Zn (r=0.31). Additionally, at a significance
level of p<0.05, there were positive correlations
between arsenic (As) and Fe (r=0.17), between cop-
per (Cu) and nickel (Ni) (#=0.19), and between Ni
and Pb (r=0.17). The significant positive correla-
tions between Cr, Fe, Mn, Zn, and Pb at a signifi-
cance level of p<0.01 imply a common source for

.o (B)

0.24 0.15 0.2 0.1 0.087

Ni Cu Zn As Mn Fe Pb Cr

Fig. 7 Heatmap and Spearman correlation for the studied heavy metal: A during April-September; B during October—March
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these elements. Conversely, the positive correlations
between Ni, Cu, As, and Zn at a significance level of
P <0.05 suggest diverse origins from which these ele-
ments may arise (Table 3).

During the October—March period (Fig. 7B), posi-
tive correlations were observed at a significance level
of p<0.01. Specifically, lead (Pb) and chromium
(Cr) were positively correlated (r=0.24), as were
Pb and iron (Fe) (r=0.40), Pb and manganese (Mn)
(r=0.272), and Fe and Mn (r=0.515). Furthermore,
at a significance level of p <0.05, zinc (Zn) was posi-
tively correlated with arsenic (As) (r=0.19), Mn with
Cr (r=0.199), and Fe with copper (Cu) (r=0.17).
The significant positive correlations between Cr, Fe,
Mn, and Pb at a significance level of p <0.01 during
October—March indicate a possible shared source for
these elements. On the other hand, the positive cor-
relations between As, Zn, Cu, and Ni at a significance
level of p <0.05 suggest diverse origins for these ele-
ments. The heatmap cluster tree is a valuable visuali-
zation tool for identifying clusters of variables with
similar correlation patterns in a correlation matrix.
The results of the heatmap cluster tree analysis in
this study were consistent with the findings from
the Spearman correlation matrix, which was used to
analyze non-normally distributed parameters. The
positive correlations between the studied heavy met-
als, such as Cr, Fe, Mn, Zn, and Pb, observed in the
Spearman correlation matrix were also evident in the
heatmap cluster tree. Similarly, the diverse origins of
heavy metals such as As, Zn, Cu, and Ni identified in
the Spearman correlation matrix were also apparent
in the heatmap cluster tree. These findings underscore
the utility of the heatmap cluster tree as a comple-
mentary tool to the correlation analysis matrix, par-
ticularly for non-normally distributed data, in reveal-
ing correlation patterns among variables. In terms of
heavy metal movement, storm runoff can transport
heavy metals from various sources (industrial, trans-
portation, and human activities) into rivers (Xiong
et al., 2021). As a result, heavy metals can be intro-
duced to river water from reservoir banks and hydro-
fluctuation areas. When favorable environmental con-
ditions (such as redox potential and pH) are present,
heavy metals in sediments can be released into the
water, leading to heavy metal pollution (Gao et al.,
2018). Thus, it is important to implement technical
solutions to mitigate heavy metal pollution in bank
soil, such as ecosystem conservation and restoration

@ Springer

through afforestation, reduction of peripheral busi-
nesses, and conversion of cropland to forest (Xiong
et al., 2021). Manganese, being widely distributed in
the Earth’s crust and often associated with iron, sug-
gests a connection between Mn and Fe. The cluster
analysis grouped the heavy metals into three main
clusters:

Cluster 1 (Fe, Cr, Mn, Zn): This group likely indi-
cates metals that might share similar sources or behav-
iors in the river. These metals could potentially have
a common origin, possibly linked to industrial pro-
cesses, urban runoff, or agricultural activities. Clus-
ter 2 (Pb, Ni, Cu): The second cluster includes metals
that exhibit a different pattern from the first group.
This suggests that they might have separate sources or
behave differently in the river system. These sources
could be related to industrial discharges, traffic pollu-
tion, or other anthropogenic activities. Cluster 3 (As):
Arsenic (As) forms its own cluster, indicating that it
may have distinct sources and behaviors compared to
the other metals. Arsenic contamination could be influ-
enced by various factors such as geological sources,
agricultural practices, or industrial discharges. Strong
Positive Correlations: The correlation values (0.4,
0.32, 0.31) between Mn and Fe, Mn and Zn, and Mn
and Pb indicate moderate to strong positive relation-
ships. This could imply that these metals share com-
mon sources or that their behavior in the river is inter-
connected. For example, the correlation between Mn
and Fe might suggest a connection between iron-rich
sediments and manganese. Moderate Positive Correla-
tions: The correlations between Cr and Fe (0.33) and
Cr and Zn (0.37) suggest moderate positive relation-
ships. Similar to the above point, this could indicate
co-occurrence due to shared sources or similar envi-
ronmental behaviors. Low Correlations: The fact that
Ni and As have correlations below 0.1 with all other
metals suggests that their presence might be influ-
enced by different factors or sources, and they may not
exhibit strong interdependencies with the other metals
in the dataset. Industrial Sources: Metals in the same
clusters, like Cluster 1 (Fe, Cr, Mn, Zn), might suggest
industrial inputs as a potential source, possibly from
industrial discharges or effluents. Urban and Agricul-
tural Sources: Considering the Danube River’s location
near urban and agricultural areas, metals like Cu, Pb,
and Zn might come from urban runoff, traffic emis-
sions, and agricultural practices. Geological Sources:
Elements like As might have geological sources,
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possibly arising from the natural composition of the
soil and rock in the region. These findings could be
valuable for understanding pollution sources, planning
environmental management strategies, and implement-
ing measures to mitigate heavy metal contamination in
the Danube River.

The potential ecological risk index (RI)

The potential ecological hazard index, developed by
Hakanson in 1980, is a widely recognized method
used for evaluating the extent of heavy metal pollu-
tion and its potential impact on both sediment and
water environments. This index considers a range of
factors, including the concentration of heavy met-
als, their ecological and toxicological effects, as
well as their broader environmental implications.
By integrating these factors, the index provides a
comprehensive assessment of the ecological risks
associated with heavy metal pollution in sediment
and water systems. In this study, the potential eco-
logical risk index (RI) for heavy metals was exam-
ined, as depicted in Fig. 8. The calculated average
RI values for samples collected during the periods
of April-September and October—March were 3.35
and 3.34, respectively. These findings suggest that
the heavy metals investigated in the lower basin of
the Danube River in Hungary pose a relatively low
ecological risk (RI<30). Figure 8 illustrates the
potential ecological risk index (RI) in relation to the
sampling locations within the study area. This visu-
alization helps demonstrate the connection between
the degree of pollution and the associated ecological

risk. The study area is characterized by the pres-
ence of significant agricultural and residential zones
located near the river and its inflow streams. These
factors could contribute to the accumulation of
higher concentrations of heavy metals in sediment,
which can subsequently make their way into the
Danube River. Therefore, the assessment of poten-
tial ecological risks related to heavy metal contami-
nation in aquatic ecosystems is of paramount impor-
tance. This assessment informs the development of
effective management strategies and policies aimed
at mitigating the potential hazards posed by these
trace pollutants.

Health risk assessment

The non-carcinogenic and carcinogenic risk hazard
indices (HI) were assessed by calculating the haz-
ard quotients (HQ) for both ingestion and dermal
absorption pathways. The outcomes reveal the com-
bined potential health risks for humans resulting from
exposure to different heavy metals during both the
April-September and October—March time frames for
both children and adults.

Non-carcinogenic health risk

The toxic elements arsenic (As), chromium (Cr),
copper (Cu), iron (Fe), manganese (Mn), nickel (Ni),
lead (Pb), and zinc (Zn) were evaluated to deter-
mine the non-carcinogenic risk in both children and
adults (Fig. 9). During the April-September period
for adults, the HQ ingestion ranged from 1.2E—1

Fig. 8 Ecological risk The Potential Ecological Risk Index (RI)

index (RI)
—— RI April-September

—— RI October-March

Rl Values
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/
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Fig. 9 Hazard quotient and Hazard index for oral and dermal pathways: A during April-September; B during October—March

to 1.4E—1, 1.1E-2 to 1.8E-2, 2.6E-3 to 3.3E-3,
7.3E-3 to 2.9E-2, 5.0E-2 to 9.1E-2, 3.4E-3 to
4.7E-3, 2.5E-2 to 3.5E-2, and 1.2E-3 to 1.8E-3
for As, Cr, Cu, Fe, Mn, Ni, Pb, and Zn, respectively.
The HQ ingestion for children for the same period
ranged from 4.6E—1 to 5.3E—1, 4.3E-2 to 6.9E-2,
1.0E-2 to 1.3E-2, 2.8E-2 to 1.1E—1, 1.9E—1 to
3.5E-1, 1.3E-2 to 1.8E-2, 9.4E-2 to 1.3E—1, and
4.6E-3 to 6.8E-3 for As, Cr, Cu, Fe, Mn, Ni, Pb,
and Zn, respectively (Fig. 9A). Conversely, dur-
ing the October—March period, the HQ ingestion
for adults ranged from 1.3E—1 to 1.7E—1, 9.3E-3
to 1.8E-2, 2.5E-3 to 3.1E-3, 9.0E-3 to 2.3E-2,
3.3E-2 to 8.3E-2, 3.5E-3 to 4.2E-3, 2.1E-2 to
3.3E-2, and 1.3E-3 to 1.9E-3 for As, Cr, Cu, Fe,
Mn, Ni, Pb, and Zn, respectively. The HQ inges-
tion for children for the same period ranged from
4.9E-1 to 6.5E—1, 3.6E-2 to 7.0E-2, 9.6E-3 to
1.2E-2, 3.4E-2 to 8.7E-2, and 1.2E—-1 to 3. 2E—1,
1.3E-2 to 1.6E-2, 8.1E-2 to 1.3E—1, and 4.9E-3
to 7.4E-3 for As, Cr, Cu, Fe, Mn, Ni, Pb, and Zn,
respectively. (Fig. 9B).

Based on HQ oral values, it seems that the human
health risks associated with exposure to As, Cr, Cu,
Fe, Mn, Ni, Pb and Zn through ingestion are gener-
ally higher for child than for adult during April-Sep-
tember period. It is worth noting that though HQ
oral values are within the permissible limit under 1,
these values are specific to the location and period
studied and that the actual human health risks may
vary depending on various factors such as exposure
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duration and frequency, individual susceptibility, and
environmental conditions.

Nonetheless, during April-September, the HQ der-
mal values for adults were in the range of 6E—4 to
7E—4, 42E-3 to 6.9E-3, 1E-5 to 4E—4, 2E—4 to
7E—4, 6E-3 to 1.07E-2, 1E—4 to 3E—4, 0 to 1E-S5,
and 1E-5 to 3E-5 for As, Cr, Cu, Fe, Mn, Ni, Pb, and
Zn, respectively. Moreover, for children during the
same period, the HQ dermal values were in the range
of 1.7E-3 to 1.9E-3, 1.25E-2 to 2.03E-2, 1E—4 to
2E—4, SE—4 to 2E-3, 1.76E-2 to 3.17E-2, 2E—4 to
3E—4, 1IE—4 to 2E—4, and 1E—4 to 1E—4 for As, Cr,
Cu, Fe, Mn, Ni, Pb, and Zn, respectively (Fig. 9A).
In contrast, during October—March, the HQ dermal
values for adults were in the range of 6E—4 to 8E—4,
3.5E-3 to 7E-3, 2E-5 to 4E-5, 2E—4 to 5E—4,
3.9E-3 to 9.8E-3, 1E—4 to 2E—4, 1E-5, 2E—4, and
1E-5 to 2E-5 for As, Cr, Cu, Fe, Mn, Ni, Pb, and
Zn, respectively. For children during the same period,
the HQ dermal values were in the range of 1.8E—3
to 24E-3, 1.05E-2 to 2.06E-2, 1E—4 to 1E—4,
6E—4 to 1.6E-3, 1.14E-2 to 2.89E-2, 2E—-4 to
3E—4, 1IE—4 to 2E—4, and 1E—4 to 1E—4 for As, Cr,
Cu, Fe, Mn, Ni, Pb, and Zn, respectively. (Fig. 9B).
Based on HQ oral and dermal values, it seems that
the human health risks associated with exposure to
As, Cr, Cu, Fe, Mn, Ni, Pb and Zn through dermal
exposure are generally higher for child than for adult
during October—March. It is worth noting that though
HQ dermal values are within the permissible limit
under 1, these values are specific to the location and
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period studied and that the actual human health risks
may vary depending on various factors such as expo-
sure duration and frequency, individual susceptibility,
and environmental conditions. The lower basin of the
Danube River in Hungary used the hazard index (HI)
to show the overall potential health risk that heavy
metals pose. This was determined by adding up the
hazard quotients (HQs) associated with all conceiv-
able exposure routes, including ingestion and dermal
pathways. During April-September, the hazard index
(HI) values for adults were 1.3049E—1, 1.9819E-2,
3.0854E-3, 2.2947E-2, 7.4476E-2, 4.1716E-3,
2.8275E—2, and 1.5280E-3 for As, Cr, Cu, Fe, Mn,
Ni, Pb, and Zn, respectively. Moreover, for chil-
dren during the same period, the HI values were
49771E—1, 7.0938E-2, 1.1739E-2, 8.7153E-2,
2.7751E-1, 1.5844E-2, 1.0792E—1, and 5.8156E-3
for As, Cr, Cu, Fe, Mn, Ni, Pb, and Zn, respectively
(Fig. 9A). On the other hand, during October—March,
the HI values for adults were 1.4506E—1, 1.8789E—2,
2.8208E-3, 1.7778E-2, 5.5776E-2, 3.8697E-3,
2.7320E-2, and 1.5887E—3 for As, Cr, Cu, Fe,
Mn, Ni, Pb, and Zn, respectively. For children dur-
ing the same period, the HI values were 5.5325E—1,
6.7253E-2, 1.0732E-2, 6.7521E-2, 2.0783E-1,
1.4697E-2, 1.0428E—1, and 6.0466E—-3 for As, Cr,
Cu, Fe, Mn, Ni, Pb, and Zn, respectively. (Fig. 9B).

According to the HI values, it can be concluded
that the HI for both adult and child were within safe
levels during October—March. None of the HI values
exceeded 1. However, it is still essential to monitor
the levels of these metals in the Danube river and
their potential health effects, especially for vulnerable
populations such as children where the Danube river
is one of the main water resources used for drinking
and irrigation in Hungary.

Monte Carlo simulation approach and sensitivity
analysis

The Monte Carlo simulation was applied to predict
the values of HQ (oral and dermal) of As, Cr, Cu, Fe,
Mn, Ni, Pb, and Zn as well as CR (oral and dermal)
of As, Cr, and Pb for both adults and children.

Non-carcinogenic risk

The results of the Monte Carlo simulation indicated
that the predicted HQ values for all heavy metals did

not exceed the standard limits (HQ<1). The esti-
mated exposure levels are unlikely to pose a signifi-
cant health risk for either adult or child in oral and
dermal contact pathways. However, it is essential to
note that risk assessments are typically based on con-
servative assumptions and uncertainties in the avail-
able data, therefore, it is essential to continue to mon-
itor exposure levels and update risk assessments as
new information becomes available (Fig. 10 and 11).

Carcinogenic health risk

In this study, the Monte Carlo method was utilized
to simulate carcinogenic risk assessments obtained
through the deterministic approach for both oral and
dermal exposure pathways in adults and children. The
5th and 95th percentile risk exposures represented the
best-case and worst-case scenarios, respectively.

Arsenic The analysis of probabilities (Fig. 12 and
13A-D) suggests that the CR oral measurements in
the considered population groups follow the pattern of
children > adults. The findings demonstrate that dur-
ing both October—-March and April-September, the
95th percentile CR values in children were 3.6E—04
and 3.3E—04, respectively, while in adults, they
were 9.65E—05 and 8.636E—05, respectively. These
results indicate that children have a higher potential
health risk, with the highest 95th percentile among the
exposed groups (3.6E—04) during October—March.
Additionally, the CR dermal measurements show that
the 95th percentile values in children were 4.537E—05
and 4.055E—-05, respectively, while in adults, they
were 1.55E—05 and 1.380E—05, respectively. The
overall carcinogenic risk levels in children were much
higher than the acceptable cancer risk level (1.0E-04),
indicating the potential development of cancer for chil-
dren in the future due to prolonged exposure to arsenic
within the entire watershed. One possible explanation
for the higher CR in children is their lower weight
(Fallahzadeh et al., 2019). Arsenic is the primary car-
cinogenic substance derived from various sources in
the environment, although its concentration is typi-
cally low in natural settings. Consequently, it can be
deduced that human activities predominantly contrib-
ute to the presence of arsenic in surface water. These
activities encompass arsenic and arsenic-containing
metal mining, the utilization of arsenic and arsenide
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Fig. 10 Predicted oral hazard quotient A Adults oral during April-September; B Children oral during April-September; C Adults
oral during October—-March & D Children oral during October—-March

as raw materials, and coal combustion (Zhang et al.,
2022).

Chromium Figures 12 and 13A-D depict histo-
grams simulating the carcinogenic risk (CR) from
exposure to chromium through oral and dermal
pathways in both adults and children. The CR oral
results indicate that children are more vulnerable to
cancer development than adults, as their oral CR lev-
els exceed the threshold value of 1.0E—04 (oral CR
95% =1.2E—04), whereas the CR results for adults

@ Springer

during April-September and October—March were
negligible. On the other hand, the CR dermal results
for the 95th percentile confirm that both children and
adults are susceptible to cancer. During April-Sep-
tember and October—March, the CR dermal results
for children were 9.03E—04 and 8.53E—04, respec-
tively, while the results for adults were 3.050E—04
and 2.92E—-04, respectively. Therefore, reducing the
environmental chromium levels is likely to decrease
the associated health risks from exposure (Fallahza-
deh et al., 2019).
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Fig. 11 Predicted dermal hazard quotient A Adults dermal during April-September; B Children dermal during April-September; C
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Lead Histograms in Figs. 12 and 13A-D were gen-
erated using 10,000 iterations to model the cancer
risk of lead through oral and dermal exposure in
adults and children. The data indicate that children
are at a higher risk of developing cancer compared
to adults, as their oral CR levels surpass the thresh-
old value of 1.0E—04 (oral CR 95%=1.1E-04)
during April-September. However, neither children
nor adults were vulnerable to cancer during Octo-
ber—March, with negligible results recorded for chil-
dren (CR=2.922E-05) and adults (2.922E—-05 and
2.818E—05) during April-September and October—

March, respectively. Nonetheless, the 95th percen-
tile results of CR dermal demonstrate that neither
adults nor children were susceptible to cancer. The
CR dermal results for children during April-Sep-
tember and October—-March were 4.134E—05 and
4.004E—-05, respectively, while the results for adults
were 1.400E—05 and 1.363E—05, respectively.
Therefore, reducing lead levels in the environment
is crucial in mitigating the associated health risks,
especially for children.
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Sensitivity analysis

It’s important to highlight that elevated concentra-
tions of heavy metals in surface water can lead to
interactive effects on human health that should not
be ignored. Therefore, we conducted a sensitivity
analysis to identify the most significant parameters
contributing to health risks. As depicted in Fig. 14,
the parameters with the most notable influence on
increasing the risk of carcinogenicity due to the con-
sumption of trace metals in domestic water were
ranked in descending order as follows: concentration
of metal (Cw)>ingestion rate of water (IR)>expo-
sure frequency (EF)> exposure duration (ED) > aver-
age time (AT)>body weight (BW) (Fallahzadeh
et al., 2019). Notably, the sensitivity analysis illus-
trated an inverse relationship between body weight
and sensitivity, indicating that higher body weight
leads to reduced sensitivity (Ghoochani et al., 2019).
The presence of heavy metal elements has been
observed to positively impact exposure frequency
and ingestion rate, while concurrently having a nega-
tive effect on body weight. Moreover, a higher out-
put value is associated with an increased risk value,
signifying a more substantial impact (Jiang et al.,
2021). Therefore, implementing stringent controls
to regulate heavy metal levels in drinking water sys-
tems is crucial. This can be achieved through routine
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monitoring of heavy metals, with a particular focus
on chromium concentrations. These findings align
with prior research on human health risk assessment
(Mahato & Gupta, 2022). However, while sensitivity
analysis focused on individual elements can yield val-
uable insights, it’s vital to consider the potential com-
bined effects of these contaminants on human health.
Therefore, it is recommended that future studies inte-
grate sensitivity analyses of multiple contaminants
to gain a more comprehensive understanding of their
collective impact on human health. Such an approach
will provide a solid foundation for crafting risk man-
agement strategies and ensuring effective protection
of public health from exposure to these hazardous
substances.

Conclusion

The primary objective of this research was to inves-
tigate the levels of specific metals in the water of the
Danube River in Hungary and assess their potential
environmental and human health risks. The concen-
trations of manganese in both the southern (Her-
cegszanté and Hercegszant6 cities) and northern
(Dunafoldvar and Dunafdldvar cities) parts of the
study area exceeded permissible drinking water lim-
its. Iron concentrations also exceeded acceptable
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levels at all locations. This consistent increase in iron
concentrations could be attributed to industrial activi-
ties releasing iron-containing effluents into the river
or its tributaries. Conversely, the use of iron-based
fertilizers in regional agriculture might contribute to
elevated iron levels, while the selective use of man-
ganese-based fertilizers could lead to high concen-
trations in specific agricultural regions. The study
found no ecological risk (RI<30) in the Danube
River, as concentrations of arsenic (As), chromium
(Cr), copper (Cu), nickel (Ni), lead (Pb), and zinc
(Zn) remained below limit values. According to the
Heavy Metal Pollution Index, all water samples col-
lected during both periods indicated moderate pollu-
tion levels (15 < HPI < 30). However, the Metal Index
revealed that the middle section of the river showed
moderate pollution levels (2<MI<4), while the
north and south parts exhibited higher pollution lev-
els (4<Ml<6).4

In terms of health risk assessment, non-carcino-
genic health risk was evaluated using the hazard quo-
tient (HQ) and hazard index (HI) for both oral and
dermal exposures. The results indicated no significant
risk for both adults and children (HI< 1 and HQ < 1).
However, arsenic posed a carcinogenic health risk
to children through oral exposure (CR>1x107%),
and chromium presented a carcinogenic health risk
for both adults and children through dermal expo-
sure in both periods (CR>1x107%. Notably, the
data suggested that children were more susceptible
to lead-induced cancer compared to adults, as their
oral cancer risk (CR) exceeded the threshold value of
(CR>1x107%).

The application of the Monte Carlo simulation
method proved valuable for predicting hazard quo-
tient (HQ) for oral and dermal exposures in both
adults and children, as well as simulating the carcino-
genic effects of arsenic (As), chromium (Cr), and lead
(Pb), thereby validating deterministic calculations.
Sensitivity analysis indicated that metal concentra-
tion, intake rate, and exposure frequency were the
most influential parameters contributing to the risk of
carcinogenicity in the river. Therefore, regular moni-
toring of heavy metal concentrations in the Danube
River is essential to identify any potential increases
resulting from human activities. Moreover, proper
treatment of wastewater from industrial sectors before
discharge into the river is crucial to ensuring compli-
ance with standard limits.
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