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ABSTRACT

Background: This study evaluated the seasonal and spatial distribution of twelve heavy metals in the groundwater
samples collected in fifty wells with the aim of assessing the quality of water and health hazards associated with it. The
data were analyzed to compare the wet and dry seasons were the analytical data using pollution indices, the Nemerow
Pollution Index (NPI), and the Single-Factor Pollution Index (SFPI). The results revealed that the water quality was
mainly excellent (NPI < 0.01) even though in some areas, lead, vanadium, and copper were contaminated. Arsenic
(0.0008–0.0145 µg/L), chromium (0.0009–0.0096 µg/L), and nickel (<0.0020–0.234 µg/L) concentrations were still
within the World Health Organization acceptable limits, but the lead concentrations were high (0.5387 µg/L) and
exceeded the guideline values in some places. The seasonal analysis indicated high concentrations of boron, copper,
and manganese in the dry season, but vanadium and lithium showed low seasonal changes. The correlation analysis
revealed a significant relationship between copper and lead (r = 0.860) and a moderate relationship between chromium
and nickel (r = 0.588). The study also evaluated the heavy metals in groundwater through Hazard Quotient (HQs),
and the evaluation showed that the levels of heavy metals had no serious health risks, and all the values were lower
than the critical values in both wet and dry seasons. Although most wells were in good water quality, contamination
was localized, which highlights the importance of continuous monitoring and the adoption of management strategies to
reduce the possibility of health risk.

Keywords: Groundwater contamination, Geospatial analysis, Health risk assessment, Seasonal variability

Introduction

Groundwater (GW) is one of the most precious and
indispensable natural resources for human life and
sustainable development.1 According to the distribu-
tion of water on Earth, only around 3% of it is fresh,
and of that, only 0.8% is reachable or usable, with
the remainder frozen in the polar ice caps.2 Glob-
ally, nearly 80% of the world’s population relies on
groundwater as a supply of drinking water, making

it the most dependable source of freshwater or/and
surface water.3 Groundwater is the major source of
water in the city of Erbil and the Bashtapa sub-basin,
both as a source of domestic water use and agricul-
tural water to support a rapidly increasing population
and various economic activities.4,5 Water quality
refers to the chemical, physical, and biological quality
of water, depending on its intended use.6 Physical
and chemical characteristics of water play a major
role in the distribution and production of aquatic
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life, as these parameters may directly or indirectly
influence the quality of water.7 The quality of wa-
ter is one of the most important issues worldwide,
especially in those areas where industrial processes,
mining, and urban runoff are observed. Heavy metals
and other contaminants are very hazardous to both
human health and the environment.8–10 The contam-
ination of potentially dangerous substances is split
into two categories: anthropogenic (mine, agricul-
tural, and industrial) and natural (bedrock weather-
ing and erosion) actions.11 Heavy metals are consid-
ered to be one of the most persistent contaminants
in the water, being characterized by their atomic
density exceeding 6g.cm-3. They do not break down,
unlike other contaminants, and they can accumulate
along the food chain, which may pose a threat to
human health and disrupt the ecological balance. The
heavy metals are of natural origin (weathering of the
bedrock, soil erosion) and anthropogenic origin (min-
ing, industrial effluents, farm chemicals, untreated
urban wastewater) are sources of heavy metals.10,12

The further development of industrial activity and
agricultural enhancement of Erbil and Bashtapa pose
a threat of metal contamination, and this threat needs
to be thoroughly investigated in terms of its occur-
rence and distribution. Certain metals, such as copper
(Cu), manganese (Mn), iron (Fe), and zinc (Zn), are
essential micronutrients that are needed by the body,
although when they are high, they become toxic.
In contrast, other metals such as arsenic (As), cad-
mium (Cd), chromium (Cr), lead (Pb), and mercury
(Hg) are widely reported to be harmful to health
even at low concentrations. According to the World
Health Organization, the impact of exposure to such
metals, which most commonly occurs via polluted
water, could have hazardous health effects such as
neurological disorders, renal damage, and cancer-
inducing effects, which is why such metals are also
monitored.13,14

The World Health Organization also noted that
even the minimum levels of such metals could be
detrimental, and thus, the wide scope of assessment
of their presence and interaction in the water bodies
is required.15–17 Conversely, some heavy metals like
arsenic, cadmium, chromium, lead, andmercury have
the potential to produce biological toxicity. The most
common metals in groundwater include lead (Pb),
barium (Ba), copper (Cu), and manganese (Mn); each
metal poses varying degrees of health risk depending
on the degree of exposure and duration of expo-
sure.18 Lead is a common neurotoxin whose exposure
limit is not safe; chronic exposure to contaminated
groundwater may cause serious neurological defects,
childhood developmental delays, kidney defects, and
heart problems in adults.19,20

The World Health Organization (WHO) establishes
a strict guideline level of lead in drinking water
since it is cumulative in terms of toxicity and it
lasts long in the human body. Exposure to barium,
which mainly occurs in natural geology or as a result
of industrial releases, may cause cardiovascular and
gastrointestinal effects at high levels, and the WHO
advises that limits be set to avoid hypertension and
muscular weakness.21 Copper is a crucial micronu-
trient essential in enzymatic reactions; too much
copper in groundwater may lead to gastrointestinal
upsets, liver and kidney damage, and, with chronic
exposure, may lead to oxidative stress and cellular
toxicity. Manganese is also needed in physiologi-
cal processes like bone formation and metabolism,
although excessive amounts of manganese intake
have been linked to neurotoxicity, which includes
cognitive and motor impairment, especially in the
susceptible groups of infants and people with com-
promised iron metabolism.21,22

The intensities of pollution can be identified in
several indices generally determined in groundwater
(GW).23,24 These indices include the impact of
specific HMs on whole water quality; some of them
are applicable in finding the combined effect of all the
measured metals on total pollution.25 The correlation
of these trace metals is critical to quality management
and pollution control strategies of water. The research
proposes to investigate the relationship between a set
of trace metals in water samples in diverse locations,
which will give information about their relationship
with each other. The exploration of these correlations
will help to learn more about the processes of metal
contamination and its effects on the safety of water.

Material and methods

Location of study area

The Bashtapa sub-basin is situated in the south-
ern part of the Erbil basin. Geographically, the area
is located between the longitudes of (43°50’ E to
44°10’ E) and the latitudes of (35°50’ N to 36°10’
N) with an elevation of about 420 m. The total area
is approximately 885 km2. Also, depending on the
climate classification, the area is classified as an arid
and semi-arid region.26 According to Hussein et al.27

the wells in the region that were investigated were
able to enter the Bai Hassan Formation and the Qua-
ternary.19,20 Deposits, and some of the wells were
also able to penetrate the Muqdadiya Formation. In
this area, there are two different kinds of aquifers:
confined and unconfined.28 Water samples were
collected from different sites within the Bashtapa sub-
basin in Erbil City, Kurdistan region of Iraq Fig. 1.
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Fig. 1. Location map of different studied wells in the Kurdistan region of Iraq.

Data collection and heavy metal analysis

Fifty water samples were collected from different
sites within the Bashtapa sub-basin in Erbil City, Kur-
distan region, during both dry and wet seasons. All
wells were selected based on their proximity to indus-
trial, agricultural, and other human activities, rather
than through random sampling. The selection criteria
were primarily determined by the distance between
the wells and the surrounding anthropogenic activi-
ties. The dry season samples were taken between May
17 and June 4, 2024, while the wet season samples
were collected between October 15 and January 5,
2025. Samples were collected in 500 mL high-density
polyethylene bottles, which were pre-rinsed with ul-
trapure deionized water and then with the sampled
groundwater. Each sample was filtered through a
0.45 µm membrane filter, acidified with nitric acid
to pH <2 for heavy metal stabilization, and stored
at 4°C until analysis. The concentrations of heavy
metals were determined using Inductively Coupled
Plasma Mass Spectrometry (ICP-MS) (Agilent 7900,
USA).29 Certified reference materials (CRMs) were
employed to confirm the accuracy of the found con-

centration. Duplicate samples and procedural blanks
were also determined to check for contamination
and reproducibility. Calibration was performed with
multi-element standard solutions that had been pre-
pared from traceable stock standards, and calibration
curves with correlation coefficients (R2) above 0.999
were ensured. The limit of detection (LOD) of all
the metals was established based on three times the
standard deviation of the blank analyses. Intergroup
interferences on the spectra were minimized using
collision/reaction cell technology with the Agilent
7900 ICP-MS and further corrected using the applica-
tion of correction equations when required. All these
precautions were taken to ensure the precision and
accuracy of the concentration of the heavy metals.

Data analysis

Data analysis was conducted using SPSS 26.0.
Descriptive statistics were computed to summarize
heavy metal concentrations. Data visualization and
graph creation were performed using GraphPad Prism
software (version 8.0.2). Pearson correlation coeffi-
cients were determined to assess relationships among
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different metals. Principal Component Analysis (PCA)
was performed to identify possible pollution sources.
Normality tests (Shapiro-Wilk) and variance homo-
geneity tests (Levene’s test) were conducted prior
to ANOVA to compare seasonal variations in con-
tamination levels. The ArcGIS platform was used to
create the interpolation map from the inverse dis-
tance weighting (IDW) tool to represent the elements
distributed in the Central-Erbil sub-basin. Analyzing
the spatial distribution of the wells can provide valu-
able insights into patterns of potential contamination,
allowing for the identification of areas that may be
at greater risk of environmental impact. Additionally,
different environmental indices were used, including
the Single Factor Pollution Index (SFPI) and Nemerow
Pollution Index (PNPI), to evaluate and quantify the
heavy metals pollution in the present study. These in-
dices are commonly used of environment assessment
and were selected to evaluate the single pollutions as
well as the overall water quality pollution level.

Single-factor pollution index

The single-factor pollution indices are an estimated
technique based on the contamination’s use of envi-
ronmental quality criteria. Additionally, it is unable
to reverse all pollution levels brought on by a combi-
nation of different pollution components.30

Pi =
Ci
Si

(1)

where Pi represents the pollution index of a certain
water quality index i; Ci denotes the observed pol-
lutant concentration (mg l-1); Si signifies the normal
environmental quality level (mg l-1).

Nemerow pollution index

A weighted multi-factor environmental quality in-
dicator called the Nemerow index takes into account
extreme values or exceptional maximum values.31

Which is the method used to calculate the compre-
hensive pollution index, as shown in Tables 1 and 2,
to divide water quality into two different categories:

Table 1. Assessment of water quality levels with the single-factor

pollution index.

Water quality level Pi Pollution assessment

I ≤ 1 No pollution
II 1.1 – ≤ 2 Slightly pollution
III 2.1 – ≤ 3 Lightly pollution
IV 3.1 – ≤ 5 Moderately polluted
v > 5 Seriously pollution

Table 2. Assessment of water quality levels with

the Nemerow pollution index.

Water quality level NPI

I < 0.59
II 0.59 – < 0.74
III 0.74 – < 1.00
IV 1.00 – < 3.50
v ≥3.50

NPI =

√

(P1) 2 + (P imax) 2

2
(2)

Where NPI represents the whole pollution index of
the sample location, Pimax denotes the highest value
of the individual pollution index for the pollutants
at the sampling site; P1=

∑

Pi is signifies the mean
value of the single-factor index.

Health risk assessment index

The Hazard Quotient (HQ) is an important param-
eter of risk assessment in environmental health, as it
measures the possible non-carcinogenic health haz-
ards of exposure to chemical substances. It is given
as the ratio of estimated exposure dose, usually the
Chronic Daily Intake (CDI), to the reference dose
(RfD) Table 3, which is the highest acceptable dose
of the exposure, which is probable to have no signifi-
cant adverse effects, orally. The HQ can be calculated
formally as:

HQ =
CDI

RfD
CDI =

C ∗ IR ∗ EF ∗ ED

RBW ∗ ATfD
(3)

C = metal concentration, IR is the ingestion rate.32

EF is the exposure frequency, and ED is the exposure
duration. BW is the average body weight, and AT
is the average time to lifespan (EF × ED). RfD =

reference dose of metals.33,34 An HQ value below
unity (HQ < 1) implies that the exposure is unlikely
to pose appreciable health risks, whereas values ex-
ceeding unity (HQ > 1) signal potential for adverse
effects, necessitating further evaluation or interven-
tion. The calculation of HQ employs standardized
exposure parameters, as delineated by the United
States Environmental Protection Agency (USEPA) for
adult populations via the oral ingestion pathway.
These parameters include an ingestion rate (IR) of 2.2
liters per day, an exposure frequency (EF) of 365 days
per year, an exposure duration (ED) of 30 years to
represent chronic exposure, and a body weight (BW)
of 70 kilograms reflecting average adult anthropom-
etry. The averaging time (AT) for non-carcinogenic
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risk assessments is set at 10,950 days, corresponding
to the exposure duration multiplied by days per year.
Collectively, these factors underpin the quantitative
assessment of chemical exposure risks and facilitate
prioritization in environmental health studies.35

Table 3. Reference Doses (RfD) for Selected Metals

(mg/kg/day).

Metal RfD(mg/kg/day)

Arsenic (As) 0.0003
Barium (Ba) 0.2
Chromium (Cr VI) 0.003
Copper (Cu) 0.04
Lead (Pb) 0.0035
Nickel (Ni) 0.02
Zinc (Zn) 0.3
Manganese (Mn) 0.14
Boron (B) 0.2
Vanadium (V) 0.009
Lithium (Li) 0.002

Results

The concentrations of twelve heavy metals in 50
wells during the wet and dry seasons were assessed
as shown in Tables 4 and 5. The analysis of ground-
water samples from 50 wells revealed generally low
concentrations of heavy metals and trace elements,
all measured in micrograms per liter (µg/L). Ar-
senic content ranged between 0.0008 to 0.0145 µg/L,
which means that there is no significant contam-
ination of arsenic throughout the study area. The
concentration of barium and boron had significant
variation; the maximum range of 0.1739 µg/L was
seen in barium, whereas the highest possible level of
0.6270 µg/L was in boron, which could be attributed
to natural geological variations.
The amount of chromium and copper was low, with

the highest values of 0.0096 µg/L and 0.6079 µg/L,
respectively. Another indicator of low concentrations
of lead was the high amounts, and the highest levels
were 0.5387 µg/L, which is far below the normal
drinking water standards, and there was no major
anthropogenic influence. Lithium,manganese, nickel,
vanadium, and zinc were observed to be present in
low to moderate concentrations, with the highest
maximum concentration of zinc of 4.1301 µg/L, sug-
gesting local areas of high zinc concentration. The
trace metal levels were in line with the natural levels
of background levels across all the wells and did not
show a high degree of contamination and pollution.
These findings suggest that the groundwater in the
sampled area is of good chemical quality with re-
spect to heavy metals, posing minimal risk to human
health or the environment based on the analyzed
parameters.

Spatial distribution and seasonal variation of heavy

metal concentrations

The Earth’s crust contains significant amounts of
native arsenic, which also appears in small concentra-
tions in rock and soil, air, and water.36 The recorded
arsenic levels during the wet season extended be-
tween (0.008 to 0.0145 µg/L). The ranges in dry
season extended from (0.0010 to 0.0146 µg/L) as
shown in Fig. 2.

Barium (Ba)

The seasonal analysis of Ba element concentration
showed values ranging between (0.0004 to 0.0174
µg/L) during the wet season. Fig. 3 shows As levels
spreading from a minimum of 0.0005 µg/L to a max-
imum of 0.184 µg/L during the dry season.

Boron (Bo)

Soils containing organic matter at low concentra-
tions contain boron elements because of biological
activity.37 According to Lima et al.38 As Sb, B, and
other trace elements become mobile through natural
weathering, biological processes, as well as geochem-
ical reactions, volcanic events, and human-related
activities. The Bo element concentration during the
wet season ranged from 0.0017 µg/L to 0.627 µg/L.
Fig. 4.

Chromium (Cr)

The elemental concentration of Cr was determined
to range between (0.0009 to 0.0096 µg/L) in the
wet season, while in the dry season, it varied from
(0.0002 to 0.629µg/L). In terms of dry season results,
the studied element concentrations stretched from
0.0010 µg/L to 0.0097 µg/L Fig. 5.

Copper (Cu)

Likewise, Cu element measurements spanned from
0.0002 µg/L to 0.608 µg/L and from 0.0009 µg/L to
0.627 µg/L in wet and dry seasons, respectively. The
dry season data for the ranges extended from (0.0009
to 0.627µg/L) as shown in Fig. 6.

Lead (Pb)

The range of Pb concentrations found in water sam-
ples during the wet season extended from 0.002 to
0.539 µg/L. The ranges for this element during the
dry season extended from 0.0003 µg/L to 0.541 µg/L
Fig. 7.
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Table 4. Heavy metal concentrations in the wet season in the study area.

Well Arsenic Barium Boron Chrom- Copper Lead Lithium Manga- Nickel Vanad- Zinc

No. Easting Northing µg/L µg/L µg/L ium µg/L µg/L µg/L µg/L nese µg/L µg/L ium µg/L µg/L

W1 400243 3973708 0.0031 0.0004 0.0081 0.0021 0.0639 0.0007 0.0115 0.0117 0.0020 0.0085 0.0036

w2 403474 3972808 0.0033 0.0316 0.1461 0.0015 0.0859 0.0167 0.0174 0.0177 <0.0020 0.0025 0.3271

w3 405715 3970732 0.0029 0.0928 0.0181 0.0033 0.0029 0.0747 0.0064 0.0180 0.0068 0.0061 0.0039

W4 408355 3970210 0.0036 0.0037 0.1260 0.0025 0.0838 0.0146 0.0176 0.0109 <0.0020 0.0054 0.1031

W5 412073 3967534 0.0011 0.0013 0.0263 0.0018 0.1078 0.0386 0.0073 0.0172 <0.0020 0.0016 0.0021

W6 412803 3965729 0.0024 0.0026 0.0904 0.0033 0.1608 0.0916 0.0099 0.0006 <0.0020 0.0148 0.1021

W7 414328 3963190 0.0066 0.0068 0.1790 0.0043 0.0092 0.0738 0.0188 0.0138 <0.0020 0.0193 0.0032

W8 417507 3960746 0.0023 0.0025 0.1050 0.0018 0.0908 0.0216 0.0119 0.0122 0.0068 0.0176 0.1851

W9 403801 3976169 0.0010 0.0291 0.1401 0.0009 0.1279 0.0587 0.0188 0.0191 <0.0020 0.0021 0.2731

W10 406645 3974873 0.0057 0.0269 0.1041 0.0047 0.0899 0.0207 0.0111 0.0114 <0.0020 0.0041 0.0040

W11 406151 3973171 0.0011 0.0013 0.0227 0.0033 0.0048 0.0598 0.0041 0.0006 <0.0020 0.0033 0.3281

W12 410247 3971818 0.0032 0.0034 0.0915 0.0009 0.0092 0.0738 0.0108 0.0089 0.0028 0.0085 0.3071

W13 413786 3969733 0.0145 0.0056 0.0017 0.0025 0.0063 0.0647 0.0030 0.0194 <0.0020 0.0044 0.1861

W14 416074 3967564 0.0008 0.0010 0.0254 0.0096 0.0081 0.0565 0.0046 0.0186 <0.0020 0.0092 0.3271

W15 417928 3964108 0.0024 0.0026 0.0090 0.0047 0.0145 0.0501 0.0016 0.0149 <0.0020 0.0217 0.3061

W16 415822 3965042 0.0017 0.0019 0.1090 0.0062 0.0722 0.0030 0.0125 0.0128 0.0020 0.0181 0.0011

W17 406594 3977050 0.0022 0.0531 0.0821 0.0030 0.0769 0.0077 0.0100 0.0123 <0.0020 0.0044 0.0021

W18 408297 3976745 0.0033 0.0398 0.1081 0.0022 0.0713 0.0021 0.0117 0.0120 <0.0020 0.0058 0.1031

W19 411307 3975646 0.0033 0.0034 0.0090 0.0009 0.0045 0.0601 0.0016 0.0178 0.0020 0.0029 0.2741

W20 414415 3975157 0.0016 0.0017 0.6270 0.0024 0.0666 0.0020 0.0077 0.0036 <0.0020 0.0066 0.1041

W21 415595 3970596 0.0065 0.0067 0.0848 0.0018 0.0008 0.0638 0.0128 0.0063 <0.0020 0.0090 0.1631

W22 420556 3968189 0.0008 0.0010 0.0081 0.0030 0.0101 0.0747 0.0045 0.0014 <0.0020 0.0026 4.1301

W23 423544 3966669 0.0033 0.0034 0.0081 0.0026 0.0101 0.0747 0.0163 0.0103 <0.0020 0.0016 0.0021

W24 421269 3964430 0.0014 0.0016 0.0081 0.0017 0.0181 0.0827 0.0095 0.0146 <0.0020 0.0025 0.6551

W25 421409 3960859 0.0051 0.0053 0.1470 0.0019 0.0868 0.0176 0.0182 0.0185 <0.0020 0.0092 0.0030

W26 409307 3979825 0.0017 0.0627 0.0978 0.0015 0.0691 0.0034 0.0151 0.0154 <0.0020 0.0036 0.0032

W27 412664 3978470 0.0011 0.0488 0.0895 0.0032 0.1599 0.0907 0.0091 0.0094 <0.0020 0.0082 0.1621

W28 416214 3978380 0.0054 0.1739 0.1781 0.0010 0.0101 0.0747 0.0180 0.0183 0.0028 0.0041 0.0064

W29 417669 3976021 0.0043 0.0045 0.0081 0.0021 0.0036 0.0610 0.0086 0.0098 0.0020 0.0100 0.0021

W30 420814 3975674 0.0024 0.0238 0.0906 0.0087 0.0101 0.0747 0.0100 0.0103 <0.0020 0.0090 0.0608

W31 420036 3973305 0.0035 0.0037 0.0906 0.0037 0.0101 0.0747 0.0112 0.0048 <0.0020 0.0016 0.0021

W32 422502 3972634 0.0027 0.0028 0.0221 0.0018 0.6079 0.5387 0.0003 0.0031 <0.0020 0.0072 0.0299

W33 419820 3970182 0.0026 0.0028 0.0190 0.0015 0.0724 0.0032 0.0113 0.0166 <0.0020 0.0049 0.0074

W34 424832 3970470 0.0048 0.0343 0.0218 0.0016 0.0039 0.0607 0.0033 0.0036 <0.0020 0.0092 4.1291

W35 425693 3967275 0.0037 0.0242 0.0882 0.0031 0.1228 0.0536 0.0136 0.0139 0.2340 0.0166 0.1031

W36 411739 3981189 0.0088 0.0531 0.0966 0.0014 0.0796 0.0104 0.0140 0.0057 <0.0020 0.0046 0.1021

W37 413004 3981828 0.0046 0.0004 0.0221 0.0009 0.0784 0.0092 0.0008 0.0005 0.0020 0.0008 0.0011

W38 417404 3982255 0.0066 0.1059 0.0661 0.0025 0.0029 0.0776 0.0128 0.0172 <0.0020 0.0095 0.0056

W39 420772 3979931 0.0023 0.0285 0.1011 0.0035 0.0724 0.0032 0.0050 0.0053 <0.0020 0.0133 0.0425

W40 423483 3978305 0.0013 0.1689 0.0254 0.0034 0.1069 0.0377 0.0065 0.0068 <0.0020 0.0064 0.0289

W41 425329 3977872 0.0029 0.0030 0.0181 0.0013 0.0101 0.0747 0.0060 0.0118 0.0068 0.0098 0.0618

W42 425211 3974669 0.0048 0.0004 0.0081 0.0009 0.0036 0.0610 0.0008 0.0011 0.0020 0.0008 0.0011

W43 428272 3974134 0.0029 0.0510 0.0987 0.0056 0.0700 0.0008 0.0159 0.0162 <0.0020 0.0142 0.0011

W44 427123 3972470 0.0047 0.0319 0.0221 0.0018 0.6079 0.5387 0.0035 0.0038 <0.0020 0.0130 0.6541

W45 427800 3970498 0.0022 0.0371 0.6261 0.0023 0.0657 0.0011 0.0069 0.0072 0.0069 0.0120 0.0092

W46 421209 3981764 0.0038 0.0291 0.0052 0.0027 0.0002 0.0749 0.0188 0.0152 <0.0020 0.0100 0.0040

W47 424226 3979742 0.0010 0.0967 0.1251 0.0038 0.0829 0.0137 0.0168 0.0171 <0.0020 0.0109 0.2231

W48 426521 3979523 0.0024 0.0316 0.0079 0.0062 0.0036 0.0004 0.0174 0.0302 <0.0020 0.0067 0.1861

W49 429238 3978500 0.0055 0.0209 0.0015 0.0056 0.0051 0.0009 0.0093 0.0262 <0.00020 0.0038 0.0131

W50 431379 3977718 0.0018 0.0344 0.0975 0.0024 0.0805 0.0113 0.0148 0.0151 <0.0020 0.0125 0.0026

Min. 0.0008 0.0004 0.0017 0.0009 0.0002 0.0020 0.0003 0.0005 0.0020 0.0008 0.0011

Max. 0.0145 0.1739 0.6270 0.0096 0.6079 0.5387 0.0188 0.0302 0.2340 0.0217 4.1301
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Table 5. Heavy metal concentrations in dry season in the study area.

Well Arsenic Barium Boron Chrom- Copper Lead Lithium Mangan- Nickel Vanad- Zinc

No. Easting Northing µg/L µg/L µg/L ium µg/L µg/L µg/L µg/L ese µg/L µg/L ium µg/L µg/L

W1 400243 3973708 0.0033 0.0005 0.0100 0.0022 0.0829 0.0030 0.0116 0.0126 0.0020 0.0086 0.0045

w2 403474 3972808 0.0035 0.0317 0.1480 0.0016 0.1049 0.0190 0.0176 0.0185 <0.0020 0.0027 0.3280

w3 405715 3970732 0.0031 0.0929 0.0200 0.0034 0.0089 0.0770 0.0065 0.0189 0.0068 0.0062 0.0048

W4 408355 3970210 0.0038 0.0039 0.1279 0.0026 0.1028 0.0169 0.0178 0.0117 <0.0020 0.0056 0.1040

W5 412073 3967534 0.0013 0.0014 0.0282 0.0019 0.1268 0.0409 0.0075 0.0180 <0.0020 0.0018 0.0030

W6 412803 3965729 0.0026 0.0027 0.0923 0.0034 0.1798 0.0939 0.0101 0.0014 <0.0020 0.0150 0.1030

W7 414328 3963190 0.0068 0.0069 0.1809 0.0044 0.0098 0.0761 0.0190 0.0146 <0.0020 0.0195 0.0041

W8 417507 3960746 0.0025 0.0026 0.1069 0.0019 0.1098 0.0239 0.0121 0.0130 0.0068 0.0178 0.1860

W9 403801 3976169 0.0012 0.0292 0.1420 0.0010 0.1469 0.0610 0.0190 0.0199 <0.0020 0.0023 0.2740

W10 406645 3974873 0.0059 0.0270 0.1060 0.0048 0.1089 0.0230 0.0113 0.0122 <0.0020 0.0043 0.0049

W11 406151 3973171 0.0013 0.0014 0.0246 0.0034 0.0238 0.0621 0.0043 0.0014 <0.0020 0.0035 0.3290

W12 410247 3971818 0.0034 0.0035 0.0934 0.0010 0.0098 0.0761 0.0110 0.0097 0.0028 0.0087 0.3080

W13 413786 3969733 0.0146 0.0057 0.0002 0.0026 0.0189 0.0670 0.0031 0.0203 <0.0020 0.0045 0.1870

W14 416074 3967564 0.0010 0.0011 0.0273 0.0097 0.0271 0.0588 0.0048 0.0194 <0.0020 0.0094 0.3280

W15 417928 3964108 0.0026 0.0027 0.0109 0.0048 0.0335 0.0524 0.0018 0.0157 <0.0020 0.0219 0.3070

W16 415822 3965042 0.0019 0.0020 0.1109 0.0063 0.0912 0.0053 0.0127 0.0136 0.0020 0.0183 0.0020

W17 406594 3977050 0.0024 0.0532 0.0840 0.0031 0.0959 0.0100 0.0101 0.0132 <0.0020 0.0045 0.0030

W18 408297 3976745 0.0035 0.0399 0.1100 0.0023 0.0903 0.0044 0.0119 0.0128 <0.0020 0.0060 0.1040

W19 411307 3975646 0.0035 0.0036 0.0109 0.0010 0.0235 0.0624 0.0018 0.0186 0.0020 0.0031 0.2750

W20 414415 3975157 0.0017 0.0018 0.6289 0.0025 0.0856 0.0003 0.0079 0.0044 <0.0020 0.0068 0.1050

W21 415595 3970596 0.0067 0.0068 0.0867 0.0019 0.0198 0.0661 0.0130 0.0071 <0.0020 0.0092 0.1640

W22 420556 3968189 0.0010 0.0011 0.0100 0.0032 0.0089 0.0770 0.0046 0.0023 <0.0020 0.0028 4.1310

W23 423544 3966669 0.0034 0.0035 0.0100 0.0027 0.0089 0.0770 0.0164 0.0111 <0.0020 0.0018 0.0030

W24 421269 3964430 0.0016 0.0017 0.0100 0.0018 0.0009 0.0850 0.0096 0.0155 <0.0020 0.0027 0.6560

W25 421409 3960859 0.0053 0.0054 0.1489 0.0020 0.1058 0.0199 0.0184 0.0193 <0.0020 0.0094 0.0039

W26 409307 3979825 0.0019 0.0628 0.0997 0.0016 0.0881 0.0022 0.0153 0.0162 <0.0020 0.0038 0.0041

W27 412664 3978470 0.0013 0.0489 0.0914 0.0033 0.1789 0.0930 0.0093 0.0102 <0.0020 0.0084 0.1630

W28 416214 3978380 0.0056 0.1740 0.1800 0.0011 0.0089 0.0770 0.0182 0.0191 0.0028 0.0043 0.0073

W29 417669 3976021 0.0045 0.0046 0.0100 0.0022 0.0226 0.0633 0.0087 0.0106 0.0020 0.0102 0.0030

W30 420814 3975674 0.0026 0.0239 0.0925 0.0088 0.0089 0.0770 0.0102 0.0111 <0.0020 0.0092 0.0617

W31 420036 3973305 0.0037 0.0038 0.0925 0.0038 0.0089 0.0770 0.0113 0.0056 <0.0020 0.0018 0.0030

W32 422502 3972634 0.0028 0.0029 0.0240 0.0019 0.6269 0.5410 0.0004 0.0039 <0.0020 0.0074 0.0308

W33 419820 3970182 0.0028 0.0029 0.0209 0.0016 0.0914 0.0055 0.0115 0.0174 <0.0020 0.0051 0.0083

W34 424832 3970470 0.0050 0.0344 0.0237 0.0017 0.0229 0.0630 0.0035 0.0044 <0.0020 0.0094 4.1300

W35 425693 3967275 0.0039 0.0243 0.0901 0.0032 0.1418 0.0559 0.0138 0.0147 0.2340 0.0168 0.1040

W36 411739 3981189 0.0090 0.0532 0.0985 0.0015 0.0986 0.0127 0.0142 0.0151 <0.0020 0.0048 0.1030

W37 413004 3981828 0.0048 0.0005 0.0240 0.0010 0.0974 0.0115 0.0010 0.0019 0.0020 0.0010 0.0020

W38 417404 3982255 0.0068 0.1060 0.0680 0.0026 0.0060 0.0799 0.0130 0.0180 <0.0020 0.0096 0.0065

W39 420772 3979931 0.0025 0.0286 0.1030 0.0036 0.0914 0.0055 0.0052 0.0061 <0.0020 0.0135 0.0434

W40 423483 3978305 0.0015 0.1690 0.0273 0.0035 0.1259 0.0400 0.0067 0.0076 <0.0020 0.0066 0.0298

W41 425329 3977872 0.0030 0.0031 0.0200 0.0014 0.0089 0.0770 0.0061 0.0126 0.0068 0.0100 0.0627

W42 425211 3974669 0.0050 0.0005 0.0100 0.0010 0.0226 0.0633 0.0010 0.0019 0.0020 0.0010 0.0020

W43 428272 3974134 0.0031 0.0511 0.1006 0.0057 0.0890 0.0031 0.0161 0.0170 <0.0020 0.0144 0.0020

W44 427123 3972470 0.0049 0.0320 0.0240 0.0019 0.6269 0.5410 0.0037 0.0046 <0.0020 0.0132 0.6550

W45 427800 3970498 0.0024 0.0372 0.6280 0.0024 0.0847 0.0012 0.0071 0.0080 0.0069 0.0122 0.0101

W46 421209 3981764 0.0040 0.0292 0.0071 0.0028 0.0087 0.0772 0.0190 0.0160 <0.0020 0.0101 0.0049

W47 424226 3979742 0.0012 0.0968 0.1270 0.0039 0.1019 0.0160 0.0170 0.0179 <0.0020 0.0111 0.2240

W48 426521 3979523 0.0026 0.0317 0.0098 0.0063 0.0051 0.0027 0.0176 0.0310 <0.0020 0.0068 0.1870

W49 429238 3978500 0.0057 0.0210 0.0034 0.0057 0.0043 0.0014 0.0094 0.0270 <0.00020 0.0039 0.0140

W50 431379 3977718 0.0052 0.1840 0.0858 0.0025 0.0189 0.0670 0.0122 0.0131 0.0033 0.0163 0.0579

Min. 0.0010 0.0005 0.0002 0.0010 0.0009 0.0003 0.0004 0.0014 0.0020 0.0010 0.0020

Max. 0.0146 0.1840 0.6289 0.0097 0.6269 0.5410 0.0190 0.0310 0.2340 0.0219 4.1310
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Fig. 2. Spatial distribution and seasonal variation of Arsenic in dry and wet seasons.

Fig. 3. Spatial distribution and Seasonal variation of Barium in dry and wet seasons.

Fig. 4. Spatial distribution and seasonal variation of Boron in dry and wet seasons.
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Fig. 5. Spatial distribution and seasonal variation of Chromium in dry and wet seasons.

Fig. 6. Spatial distribution and seasonal variation of Copper in dry and wet seasons.

Fig. 7. Spatial distribution and seasonal variation of Lead in dry and wet seasons.
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Fig. 8. Spatial distribution and seasonal variation of Lithium in dry and wet seasons.

Fig. 9. Spatial distribution and seasonal variation of Manganese in dry and wet seasons.

Lithium (Li)

The analysis of Li concentrations in water during
the wet season showed levels between (0.0003 to
0.0188 µg/L). The measurement areas in dry season
spanned from (0.0004 to 0.0190 µg/L) according to
Fig. 8.

Manganese (Mn)

Natural bedrock, together with environmental pol-
lutants, serve as two primary sources of manganese
found in drinking water.39 Scientific research showed
that higher manganese concentrations in water affect
neurodevelopment and behaviors in children.40 The
seasonal evaluation of Mn element concentration dis-

played a range from (0.0005 to 0.0302 µg/L) during
the wet season Fig. 9.

Vanadium (V)

The Vanadium concentrations measured 0.0008 to
0.0217 µg/L in the wet season and extended to
0.0010 to 0.0146 µg/L during the dry season Fig. 10.

Zinc (Zn)

Zinc concentrations ranged between 0.0011 and
4.130 µg/L during both wet and dry seasons. The
mean Zn concentration was 0.275 µg/L throughout
the wet season. The ranges measured during the dry
season extended from (0.0020 to 4.131 µg/L) as
shown in Fig. 11.
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Fig. 10. Spatial distribution and seasonal variation of Vanadium in dry and wet seasons.

Fig. 11. Spatial distribution and seasonal variation of Zinc in dry and wet seasons.

Correlation analysis of heavy metals in water

samples

The results of the correlation matrix, as shown in
Fig. 12, indicated that there was a very significant
positive correlation between Pb and Cu (0.860). A
moderate positive association of (0.588) was detected
between Cr and Ni (0.588). Correlation Analysis of
(0.636) between Ba and Cr indicated a potential
relationship where higher barium levels may coin-
cide with increased chromium levels in the water
samples. The results demonstrated that there is a pos-
itive correlation between Copper and Arsenic (0.432)
observed. In contrast, (–0.319) indicated a moder-
ate negative correlation between Lead and Lithium

(–0.319). Additionally, a weak negative correlation
(–0.245) was indicated by Manganese and Lead. In
contrast, metals such as zinc, lithium, and vanadium
demonstrated weak or negligible correlations with
the other trace metals. For instance, zinc exhibited a
minimal correlation with other metals, with r values
ranging between –0.107 and –0.078.

Environmental assessment

The results of the overall pollution analysis of the
Nemerow Pollution Index (NPI) indicated different
degrees of pollution in the studied wells in the Fig. 13.
Wells 1, 2, 17, 18, 20, 25, 26, 33, 36, 37, 48, and
49 had an NPI value of 0.001, which represented a
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Fig. 12. Correlation matrix of heavy metal concentrations.

Fig. 13. Nemerow pollution index values for monitoring indicators in the studied wells.

level of water quality of I (excellent). Wells 4, 10, 39,
45, 47, and 50 also had slightly higher NPI values
of 0.002, which were also in the category of excellent
water quality. Wells 5, 8, 16, and 40 had an NPI value
of 0.003, whereas 9, 11, 14, 15, 19, 29, 34, 42, and
43 had a value of 0.004, thus still having a high level
of water quality. Wells 3, 7, 12, 13, 21, 22, 23, 28,
30, 31, 41, and 46 recorded a NPI value of 0.005,
which was slightly higher but still excellent. Wells
(24 and 38) recorded higher NPI values of 0.006 and

0.007 (6 and 27), respectively. Well 35 showed the
lowest NPI value, 0.008, and the largest NPI value
was recorded in wells (32 and 44) that nonetheless
fell into the category of excellent quality levels.

Single factor pollution index

The index of single factor index (Pi) of the indica-
tors observed in the wells under study indicated a
significant variation in heavy metals concentration,
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Fig. 14. Single factor index values for monitoring indicators in the studied wells.

as the levels of contamination varied, as demon-
strated in Fig. 14. Arsenic had similar values of Pi
when compared to different wells, with the highest
value observed in Well 7 (0.000671), which showed
slight contamination. The contamination of Barium
was also low, with Pi often near or below detec-
tion limits, but in only a few instances, like Well 5
(0.000031). Localized increases were demonstrated
in the higher levels of boron that were observed
in Well 7 (0.000075) and Well 26 (0.000075) in
the highest Pi levels. Chromium revealed moder-

ate variability, ensuring the maximum Pi in Well
32 (0.001428) and slightly high values in Well 7
(0.000087) and Well 3 (0.000067). There were also
low copper levels with low contamination of wells,
except that the Pi value of Well 27 was at its peak
(0.00919). There was a high spatial variability of
lead with high Pi values in various wells, espe-
cially Well 32 (0.053985), Well 7 (0.007498), and
Well 24 (0.008385). There was a moderate decrease
and increase in lithium levels, with the greatest Pi
value of Well 7 (0.001893) and Well 27 (0.001833),
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Fig. 15. Seasonal variation of hazard quotient (HQ) values for heavy metals in groundwater across sampled wells.

and the rest of the wells having relatively lower
concentrations. Manganese had low levels of con-
tamination in general, with Pi value considered the
highest in Well 7 (0.000037). Nickel concentrations
remained consistent across wells, with a Pi value of
0.0001 dominating most locations, except for a slight
increase in Well 35 (0.0117). Vanadium concen-
trations showed notable spatial variability, with
the highest Pi values in Well 42 (0.004735), Well
7 (0.003807), and Well 32 (0.001428), indicating
localized contamination. Zinc concentrations were
generally low, with isolated peaks observed in Well
34 (0.00138) and Well 7 (0.000034), Fig. 14.

Health risk assessment

The calculated Hazard Quotient (HQ) values for the
metals across sampled wells during wet and dry sea-
sons are shown in Fig. 15. Arsenic HQs ranged from

about 0.0001 to 0.0015, indicating non-carcinogenic
risk well below the concern threshold (HQ< 1) at all
sites. Barium and Boron HQs were consistently negli-
gible, with maximum values around 10−5 and 10−4,
respectively. Chromium HQs reached up to 0.00003,
while Copper values ranged between 10−5 and 10−4.
Lead showed slightly higher HQs but remained below
0.001, revealing a low ingestion risk. Lithium and
Manganese also exhibited low HQs, typically from
10−6 to 10−4. Seasonal comparisons revealed minor
variability, with dry-season HQs generally slightly
higher than those in the wet season.

Discussion

Traces and heavy metal concentrations showed sig-
nificant seasonal variations, which were the result of
environmental and anthropogenic factors. Mean con-
centrations of boron, copper, and manganese were
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higher in the dry seasons, which is probably caused
by the influence of evaporation and the decrease in
dilution capacity of water bodies. Furthermore, the
high concentrations of boron in the dry season, espe-
cially due to evaporation and runoff in agriculture,
were consistent with the previous research.41,42 The
findings are in line with the findings of earlier studies,
like those by Oyewo et al.,43 who established the
influence of weather conditions on the metal levels.
These trends showed that there is a complex interac-
tion between the natural and human processes that
affects the distribution of the metal in the aquatic
environments.,44–46 and that Pb can be of commercial
origin in agricultural fertilizers and household efflu-
ents.47 Littered gasoline use in cars, generators, and
water pumps, which may lead to abnormal levels of
lead ions.48

Conversely, the elements like vanadium and
lithium revealed small seasonal changes, representing
high adaptability to the changes in hydrology, just
like the results reported by Hassan et al.49 and Allouhi
et al.50,51 During both seasons, the concentration of
arsenic did not exceed the permissible levels, which is
explained by geogenic factors and the dilution effect
of aquifers, according to Fakhreddine et al.52 and also
this may be due to human and industrial activities and
filtering processes, which contributed to the increase
in the element Arsenic.38,53,54

Similarly, higher manganese concentrations, aver-
aging 0.0127 µg/L in the dry season, corroborate
studies like those by other researchers,52,54–56 which
reported natural leaching from geological formations
and anthropogenic inputs as contributing factors.
Correlation analyses showed that lead and copper

had good positive relations (r= 0.860) and chromium
and nickel had good positive relations (r = 0.588),
meaning that they were all affected by a common
source or route of contamination, similar to results
reported by Ougrad et al.57

Climatic conditions (precipitation, evaporation,
and temperature variations) are the main factors
that cause seasonal changes in metal concentrations.
The decreased groundwater recharge and increased
evaporation are found to increase the metals such
as boron, copper, and manganese in the dry sea-
son. Metals are also mobilized through agricultural
irrigation during these periods through runoff, and
this increases their levels further. These dynamics are
consistent with the results of the research on climate
variability and its effects on water quality.58,59

The anthropogenic processes associated with min-
ing, industrial emissions, and agricultural activities
in the region are associated with groundwater con-
tamination in Erbil and the Bashtapa sub-basin. The
metals included through the mining and industrial
processes include lead, chromium, and the agri-

cultural runoff brings in copper, manganese, and
vanadium. The emissions of urban wastewaters only
contribute to the contamination further, especially
around populated regions. The quality of groundwa-
ter is evaluated in the urban environment and spatial
pollution, this is align with previous researches.60,61

According to health risk assessments as per USEPA,
the majority of the heavy metals in groundwater were
found to have low risks of non-carcinogenicity (HQ<
1). Nevertheless, lead levels in some wells are beyond
the limits of safety, which brings up the issue of
neurological and renal consequences, with particular
attention to vulnerable groups. There is also a poten-
tial for neurotoxicity with manganese at high concen-
trations. This is consistent with the research that has
examined the toxicity of heavy metals and the health
hazards that are observed in groundwater.62

Correlation analyses provided further insights, re-
vealed strong positive relationships between lead and
copper (r = 0.860) and chromium and nickel (r =

0.588), and indicated shared sources or pathways
of contamination, similar to the results of Ougrad
et al.57

Climatic factors like precipitation, evaporation, and
change of temperature are the main factors that cause
seasonal variations in metal concentrations. During
the dry seasons, when groundwater is low and water
is lost to the atmosphere, the levels of metals such as
boron, copper, and manganese increase. Metals are
also mobilized through agricultural irrigation in these
periods, through run-offs, which raises the levels even
more. These dynamics are consistent with those of a
study on climate variability and its effect on the water
quality.58,59

The anthropogenic activities in the region, such
as mining, industrial emissions, and agriculture, are
associated with groundwater contamination in Erbil
and the Bashtapa sub-basin. Mining and the industrial
processes bring in metals like lead and chromium,
and agricultural runoffs bring in copper, manganese,
and vanadium. The release of urban wastewater con-
tributes further to the pollution, especially around the
densely populated regions. Groundwater quality anal-
ysis in the city environment and the space pollution
analysis support this local context.60,61

According to the health risk assessment of ground-
water using guidelines provided by the USEPA, the
majority of heavy metals are low-non-carcinogenic
risks (HQ < 1) in groundwater. Nevertheless, some
wells contain higher amounts of lead than are safe,
and lead causes neurological and renal effects, par-
ticularly in vulnerable groups. There is also potential
neurotoxicity of manganese at high concentrations.
These assessments align with studies evaluating
heavy metal toxicity and associated health risks in
groundwater.62
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Conclusion and recommendations

This study revealed that the seasonal variation and
spatial heterogeneity have a great impact on the qual-
ity of groundwater in the study area. The high boron,
copper, and manganese levels in the dry season in-
dicate the impact of reduced rainfall and enhanced
evaporation, and the seasonal fluctuation in vana-
dium and lithium indicates reduced sensitivity of the
elements to hydrologic changes. Close relationships
between lead and copper, chromium and nickel show
that they could have common sources or interact
in a geochemical way. The results of the pollution
indexes proved that most of the groundwater wells
had an excellent water quality (NPI = 0.01 or less),
and Hazard Quotient tests showed that there was
a low level of non-carcinogenic risks during both
seasons.
However, despite these overall positive results, the

localized contamination, especially in the wells with
the higher NPI values of lead, vanadium, and copper,
signaled the need to remediate them specifically and
perform the monitoring. More stringent groundwater
quality monitoring of the sensitive sites is thus sug-
gested to be conducted so that contamination can be
detected early.
In addition, policymakers ought to contemplate the

creation of groundwater protection zones in order to
limit the release of pollutants in the areas around
the sensitive recharge areas. Pollution control precau-
tions on industrial and agricultural processes should
also be introduced and implemented in an attempt
to reduce the inputs of contaminants. Communities
that rely on affected water sources should be provided
with proper water treatment solutions, such as filtra-
tion and chemical treatment.
All these will help to preserve the health of the

population, protect the values of the vital body of
water, and foster sustainable management of water
in the region.
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التغيرات الموسمية والتوزيع المكاني للمعادن الثقيلة في المياه الجوفية: 
 اϵثار على جودة المياه والمخاطر الصحية

3شريف معروف ، چيای2، مسعود حسين حميد2، شڤان جميل جرجيس1موژدە قاسم قادر
 

 قسم الصحة العامة، جامعة هولير الطبية، أربيل، إقليم كردستان، العراق.
 قسم علوم اϷرض والنفط، جامعة صϼح الدين، أربيل، إقليم كردستان، العراق. 
 قسم علوم البيئة والصحة، جامعة صϼح الدين، أربيل، إقليم كردستان، العراق .

 الخϼصة

جمّعة من خمسين بئرًا، وذلك هدفت هذه الدراسة إلى تقييم التوزيع الموسمي والمكاني ϻثني عشر معدناً ثقيϼً في عينات المياه الجوفية الم
لية بغرض تقييم جودة المياه والمخاطر الصحية المرتبطة بها. تم تحليل البيانات لمقارنة موسمي اϷمطار والجفاف باستخدام البيانات التحلي

ودة المياه كانت في (. أظهرت النتائج أن جSFPI( ومؤشر التلوث أحادي العامل )NPIعبر مؤشرات التلوث، وهي مؤشر نيميرو للتلوث )
(، رغم وجود تلوث في بعض المناطق بعناصر الرصاص والفاناديوم والنحاس. وكانت تراكيز الزرنيخ NPI < 0.01معظمها ممتازة )

ميكروغرام/لتر(  0.00200.234ميكروغرام/لتر(، والنيكل )> 0.0096–0.0009ميكروغرام/لتر(، والكروم ) 0.0145–0.0008)
ميكروغرام/لتر( وتجاوزت القيم  0.5387لة لمنظمة الصحة العالمية، إϻ أن تراكيز الرصاص كانت مرتفعة )ضمن الحدود المقبو

اϹرشادية في بعض المواقع. وأشار التحليل الموسمي إلى ارتفاع تراكيز البورون والنحاس والمنغنيز في موسم الجفاف، في حين أظهر كل 
(، r = 0.860طفيفة. كما كشف تحليل اϻرتباط عن وجود عϼقة قوية بين النحاس والرصاص  ) من الفاناديوم والليثيوم تغيرات موسمية

(. كذلك قيمّت الدراسة المعادن الثقيلة في المياه الجوفية باستخدام معامل الخطورة r = 0.588وعϼقة متوسطة بين الكروم والنيكل )
(HQsوأظهرت النتائج عدم وجود مخاطر صحية جسيمة، إذ ،)  .مطار والجفافϷكانت جميع القيم أقل من الحدود الحرجة في موسمي ا

على الرغم من أن معظم اϵبار أظهرت جودة مياه جيدة، فإن التلوث كان موضعياً في بعض المناطق، مما يؤكد أهمية الرصد المستمر 
 واعتماد استراتيجيات إدارية للحد من احتمالية المخاطر الصحية.

 تلوث المياه الجوفية، التحليل المكاني، تقييم المخاطر الصحية، التغير الموسمي.الكلمات المفتاحية: 
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