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Abstract

This study evaluates the microbial biodiversity and ecological health of the freshwater
distribution system in Chamchamal District, Iraq, through an integrated lens of heavy metal
stress and bacterial community structure. Over four seasonal campaigns (January—June 2025), 40
samples from ten sites were analyzed for eleven heavy metals and bacterial abundance (TVC and
TC). While the Heavy Metal Pollution Index (HPI) remained below critical thresholds (Mean:
44.23), taxonomic stressors such as Mercury and Lead frequently exceeded national standards.
Ecological diversity was quantified using Shannon-Wiener (H') and Simpson (1-D) indices,
revealing significant spatial and temporal shifts in bacterial community structure, with diversity
peaking in warmer months. A novel Metal-Bacteria Interaction Index (MBII) was developed
(MBII = Cd x logl0 (1 + Atotal)) to quantify the combined effects of chemical stressors and
microbial richness. MBII identified Sites 4 and 9 as critical ecological hotspots (Class III).
Spearman correlations revealed significant positive associations between Nickel and bacterial
richness (p=0.697), suggesting a selective metabolic advantage for certain taxa under metal
stress. This study demonstrates that traditional pollution indices may overlook cumulative
ecological risks, and the MBII offers a robust tool for assessing biodiversity stability in
anthropogenically stressed aquatic habitats.

Keywords: Biodiversity of bacteria, Health risk assessment, Heavy metals, CMBII and Water
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The right to clean drinking water is one of the human rights that are vital to the health of the
population (United Nations Human Rights Council [UNHRC], 2025). Nevertheless, the quality
of water keeps deteriorating around the world, as the cases of heavy metal contamination grow
larger (Sanusi et al., 2025). These metals find their way into water systems by natural geological
processes and human activities like industrial waste, mining and agricultural runoffs (Xu et al.,
2024). Unlike the majority of pollutants, heavy metals are environmentally persistent,
bioaccumulate in the body tissues and are toxic at trace levels of parts per billion (Obun et al.,
2025). Geologic weathering, industrial effluent, agricultural runoff, and failing distribution
systems are the sources of heavy metals in drinking water (Teschke and Xuan, 2025). The
ground water and surface water are the most common drinking water sources to a large
population but they are also contaminated due to geochemical processes, agricultural activities,
and poor wastewater treatment (Mustafa, 2019). Hydrological changes, which are the result of
hot-dry summer season and wet-cold winter season in the region, also affect heavy metal
mobilization in freshwater systems (Al-Ansari, 2021).

There are around 191,283 residents of the Chamchamal District of Sulaimani Governorate that
consists of three sub-districts, namely, Chamchamal Center, Shorsh, and Takiay Kakamand
(Kurdistan Region Statistics Office [KRSO], 2024). The district supplies water to approximately
169,143 residents (88.4% of the population) with its supply infrastructure having its sources in
ground and surface water which can be influenced by natural and anthropogenic processes. There
is limited comprehensive monitoring of the levels of contamination and health hazards of heavy
metal in this district. In the meantime, there is a tremendous water shortage in the district in the
late spring and summer months.

Studies in Iraq and the Middle East have indicated alarming rates of heavy metals that are more
than the WHO and Iraqi national levels (Tahir et al., 2025; Abood, 2025). Nevertheless, there is
still a severe gap: the seasonal changes in metal concentrations were not analyzed in the
Kurdistan Region, and an overall assessment of health risks among this group of people was not
carried out. Precipitation, temperature, and agricultural activities vary based on the season, which
impacts the solubility of heavy metals in water systems (Maphanga et al., 2024), necessitating
the use of a temporal analysis in order to successfully manage water quality.

Health Risk Assessment (HRA) is a data-based, systematic assessment of the probability of harm
to environmental pollutants exposure (Sayed et al., 2025). The usefulness of the USEPA
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approach, in particular, is the capacity to distinguish between carcinogenic and non-carcinogenic
risks and assess the populations at risk of harm, including children (Flinders et al., 2025).
Combining HRA and water quality indices (WQI and HPI) offers an effective full package of
regulatory and population health decisions (Eid et al., 2024).

In addition to chemical contamination, the assessment of biodiversity of bacteria in drinking
water systems has become an effective ecological structure through which to interpret the
dynamics of microbial contamination. Classical species richness indices such as Shannon-
Wiener Index and Simpson Diversity Index (1-D) have quantitative data on community structure
that is supplementary to conventional enumeration techniques (Molina et al., 2024). Moreover,
the mechanistic links between heavy metal contamination and bacterial quality are that at sub-
lethal levels, the metals (mainly the Iron, manganese, and nickel) are crucial micronutrients in
favoring bacterial metabolism and biofilm formation (Zhang et al., 2025), whereas at higher
levels they have antimicrobial effects by disrupting membranes and causing oxidative stress
(Balta et al., 2025). To bring these two indexes of chemical and microbiological dimensions
together, this paper proposes a new Composite Metal-Bacteria Interaction Index (CMBII) that is
a synthesis of the Degree of Contamination and cumulative bacterial abundance to define dual-
burden hotspots where the two types of contamination are co-occurring. The combined
methodology is a major strength of the traditional water quality assessment, where chemical and
microbiological parameters are usually assessed separately.

The objectives of the study include: (1) establishing the presence of eleven heavy metals in the
drinking water of ten sampling points within Chamchamal District; (2) establishing the spatial
and seasonal changes by repeating the sampling at a minimum of four times per year; (3)
comparing the obtained results against the WHO guidelines and Iraqi Standards; and (4)
calculating the WQI, HI, HQ, CR and TCR scores to identify the overall quality of water. (5)
assess the bacterial biodiversity at different sites and seasons based on ecological diversity
indices, including the Shannon-Wiener Index and Simpson Diversity Index; and (6) present and
implement a new Composite Metal-Bacteria Interaction Index (CMBII) to define two-burdens
hotspots where chemical and microbiological pollution are found together. The results will have
a crucial baseline data in enhancing the water quality management and safety of the people in the

district.
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Martial and methods
Study Area Description

The Chamchamal District is in southwest of Sulaimani Governorate, Kurdistan Region of Iraq, at
an approximate distance of 45km west of Sulaimani city. The district lies in a semi-arid
Mediterranean climate region with an altitude that ranges between 650 and 810 m.a.s.l. which
have a warm and dry climate in summer (June-September) and cooler climate in winter
(November-March). Geologically, the region is made of the sedimentary rock units (limestones,
dolomites, and marls) located in the Zagros fold-thrust belt and affect the groundwater chemistry
and could provide some trace elements naturally occurring in aquifers. The district also has five
sub-districts and a total of 191283 population with 169143 (88.4) people living in urban centers

where water is treated and distributed centrally.

Sampling Sites and Strategy

Ten sampling points were chosen in three sub-districts according to the geographic distribution,
the representation of the distribution systems, and the possibility to access these areas repeatedly
and the population density. The samples of water were gathered in four campaigns, including
January 2025 (mid-winter), February 2025 (late winter), April 2025 (spring onset), and June
2025 (early summer), making 40 samples out of them. APHA Standard Methods of the
Examination of Water and Wastewater, 24th edition (APHA, 2023) was used in collection
procedures. Acidification of samples to be analyzed by heavy metal was done using HNO3 to pH
< 2 and bacteriological samples were transferred using sterile glass bottles with sodium
thiosulfate to eliminate any remaining chlorine. All the samples were carried at 4degC in
insulated coolers. The inductively coupled plasma optical emission spectrometry (ICP-OES)
used the procedure of APHA Method 3125 B to measure eleven heavy metals (As, Co, Cr, Cu,
Fe, Hg, Mn, Ni, Pb, Se, and Zn). Total viable count (TVC) was determined using the pour plate
method on plate count agar incubated at 37°C over 48 hours (CFU/ml). The number of total
coliform bacteria was counted by Most Probable Number (MPN) method according to APHA
Method 9215 B (cells/100 ml).

Pollution Indices

The Heavy Metal Pollution Index (HPI) was calculated using Iraqi Standards (IQS 417:2009) as
reference values (Yiicel, 2025; Hassan et al., 2023): HPI = (ZW;xQ;) / £W;, where W; is the unit
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weight and Q; = [(Mi — Li) / (Si — I})] x 100. Values over 100 indicate that water is unsuitable for
drinking. The Contamination Factor (Cf = C; / MAC;) and Degree of Contamination (Cd = ZCf)
were calculated following Hakanson (1980), with Cf classified as: < 1 (low), 1-3 (moderate), 3—
6 (considerable), > 6 (very high); and Cd as: < 3 (low), 3—6 (moderate), 612 (considerable), >
12 (very high).

Human Health Risk Assessment

Health risk assessments followed USEPA Risk Assessment Guidance for Superfund (USEPA,
2011). Non-carcinogenic risk was evaluated via Hazard Quotient (HQ = CDI / RfD) using oral
reference doses from the USEPA IRIS database: As (0.0003), Co (0.0003), Cr (0.003), Cu (0.04),
Fe (0.7), Hg (0.0003), Mn (0.024), Ni (0.02), Pb (0.0035), Se (0.005), and Zn (0.3) mg/kg/day.
The total Hazard Index (HI = XHQ) values > 1 indicate potential adverse health effects.
Carcinogenic risk was estimated as CR = CDI x SF using slope factors from the USEPA IRIS
database. Total Cancer Risk (TCR = XCR) values below 10 are negligible, below 10~ are

acceptable, and above 10~ indicate unacceptable risk requiring remediation.

Bacterial Biodiversity Indices

Three ecological diversity indices were adapted for microbial contamination assessment across
the sampling network, where "species" corresponds to temporal sampling events and

"abundance" to bacterial counts (TVC + TC) across three shared months (February, April, June).

Shannon—Wiener Diversity Index (H’).

The Shannon—Wiener Index (Shannon, 1948) quantifies the uncertainty in predicting which
temporal sampling event a randomly chosen bacterium belongs to:

H'=-2(pi X Inpj)

where pi is the proportion of total abundance in the i™" temporal sample. Higher H' values
indicate greater temporal diversity of contamination. H' = 0 when contamination occurs in only
one sampling period; H' = In(S) when contamination is perfectly distributed.

Simpson's Diversity Index (1-D).

Simpson's Index (Simpson, 1949) expresses the probability that two randomly selected bacteria
from a site's temporal record come from different sampling periods:

1-D=1-3[mmi—1)/NN-1)]
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where n; is the bacterial count in the i temporal sample and N is the total count across all
samples. Values range from 0 (no diversity) to 1 (maximum diversity).

Composite Metal-Bacteria Interaction Index (CMBII).

A novel composite index was developed to quantify the simultaneous severity of chemical and
microbiological contamination at each site:

CMBII = Cd % logio(1 + Atota))

where Cd is the Degree of Contamination and At is the sum of all TVC and TC values
recorded at each site across all sampling periods. The multiplicative structure ensures that high
CMBII values require co-occurring chemical and microbiological contamination, while the
logarithmic transformation of the bacterial term normalizes the highly right-skewed distribution
of microbial data. For TC values reported below the detection limit (<2 cells/100 mL), a
substituted value of 1 was used (half the detection limit); values exceeding the upper
quantification limit (>1600 cells/100 mL) were conservatively recorded as 1600. A four-tier
classification system was developed to categorize combined chemical and microbiological
contamination severity: Class I (CMBII < 5, low dual burden), Class II (5 < CMBII < 10,
moderate dual burden), Class III (10 < CMBII < 15, high dual burden), and Class IV (CMBII >
15, very high dual burden).

Statistical Analysis

All statistical analyses were performed using IBM SPSS Statistics (Version 31.0.0, 2025) on a
data matrix of 13 variables (11 metals + TVC + TC) and 30 observations. Principal Component
Analysis (PCA) was applied to z-score transformed data to identify common contamination
sources and groupings. PCA biplots were generated to visualize sample ordination and variable
loading patterns on the first two principal components. Graphical visualization was performed

using GraphPad Prism (version 10.1.2).
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Results

Heavy Metal Concentrations

The overall mean concentrations of 11 heavy metals across 40 samples (10 sites x 4 months)
followed the abundance order: Fe (236.55 ng/L) > Cu (181.32) > Zn (134.05) > Mn (30.49) > Cr
(17.53) > Ni (8.73) > Se (4.91) > As (4.61) > Pb (4.51) > Hg (3.2) > Co (1.82 pg/L). Compliance
assessment showed that mercury had the highest exceedance rate with 100% of samples
exceeding the IQS limit of 1 mg/L. Lead had 67.5% exceedance of IQS, iron and nickel had
equal exceedance rate of 12.5%. In violation of WHO guidelines, all metals were within
permissible limits, except mercury (10% exceedance). Temporal analysis showed rising metal
concentrations from winter to summer with June showing the highest mean concentrations for

most metals. The monthly mean concentrations (£SD) for all sites are shown in Table 1.

Table 1. Mean (£ SD) of heavy metal concentrations (ng/L) at 10 sites in Chamchamal.

Metal January February April June WHO 1IQS
As 491+ 1.68 4.26 +1.06 437+1.19 491 +1.68 10 10
Co 1.67 £0.37 1.80 + 0.68 2.15+0.68 1.67+0.37 50 50
Cr 13.4+4.44 154 +6.31 21.5+£9.81 19.8 +4.63 50 50
Cu 183 £87.5 216 +59.8 143 +£86.5 183 £87.5 2000 1000
Fe 250 £ 64.0 200 £47.7 247+61.5 250 £ 64.0 NHB 300
Hg 333+1.73 2.02+0.93 4.10+1.83 333+1.73 6 1
Mn 33.8+22.3 342+ 16.8 20.2+9.72 33.84+£22.3 80 100
Ni 7.85+3.90 6.66 +2.42 12.6 +£3.98 7.85+3.90 70 20
Pb 6.36+1.71 1.83 +0.28 3.47+0.83 6.36+1.71 10 3
Se 5.74+£2.25 4.97+3.19 3.19+2.55 5.74+2.25 40 10
Zn 155+34.5 138 +£42.6 88.6+36.4 155+£34.5 NHB 5000

NHB= No health based guideline established; WHO (2022);10S 417:2009

Spatial and Temporal Distribution

Sites 7, 8, 9, and 10 turned out to be multi-metals hot spots containing elevated amounts of Cu,
Fe, Ni, and Pb and Site 6 was found to have the lowest levels. Arsenic was the highest in Site 7
with a mean value of 6.49 ng/L, and lowest in Site 5 (2.67 pg/L). Manganese had the most
spatial heterogeneity (CV = 40.7%), which was influenced by Site 5 (64.67 pg/L), >3.5 times
higher than Site 1. Temporal analysis showed two different seasonal behaviors: the first group
(Pb, Zn, Se, Fe) was the highest on the drier months and the second group (Ni, Cr, Co, Hg) was
the highest in April Lead showed the most dramatic variation, declining from 6.36 pg/L
(January) to 1.83 pg/L (February). Mercury exceeded the IQS limit across all months.
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Correlation analysis revealed seasonally shifting inter-metal associations: Cu—Fe (r = 0.720) and
As—Se (r = 0.527) were strongest during dry months, while Fe-Ni (r = 0.710) dominated in
April.

Pollution Indices

The Heavy Metal Pollution Index (Table 2 and Figure 1) varied from 22.85 (Site 2, February) to
76.18 (Site 1, January) and the mean value was 44.23, which is much less than 100 and shows
low heavy metal pollution. The worst months in terms of the monthly mean HPI were June
(54.40), followed by January (48.33), April (45.00), and February (29.18). All individual
Contamination Factors were less than 1.0, with iron having the highest Cf (0.802). The overall
Degree of Contamination was 3.52. Mercury had the greatest contribution to HPI values, as it
was already consistently above WHO guidelines.

Table 2. Heavy Metal Pollution Index (HPI) values by site and month.

Site Jan Feb Apr Jun Mean Class.
S1 79.56 25.52 35.90 80.21 55.30 Acceptable
S2 42.30 23.76 53.51 42.94 40.63 Acceptable
S3 63.57 25.37 34.10 64.12 46.79 Acceptable
S4 38.87 37.01 52.86 40.58 42.33 Acceptable
S5 42.29 25.66 69.41 43.18 45.14 Acceptable
Sé6 41.00 4537 39.26 41.84 41.87 Acceptable
S7 53.54 28.64 44.57 53.57 45.08 Acceptable
S8 45.86 27.45 38.02 45.81 39.29 Acceptable
S9 41.08 33.99 59.54 41.61 44.06 Acceptable

S10 55.99 30.68 48.09 56.02 47.69 Acceptable

Mean 50.41 30.35 47.53 50.99 44.82 Acceptable
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Figure 1. The values of the Heavy Metal Pollution Index (HPI) for each sampling site in successive

months (with site mean).
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Non-Carcinogenic Health Risk

The mean Hlrotal (Figure 2) for the adults was 1.68 (range: 1.56-1.92) and that of the children
was 2.92 (range: 2.70-3.37). All ten monitoring sites exceeded the acceptable HI threshold of 1.0
for both population groups with children showing an estimated 1.7-fold elevated risk. The major
contributors to the HI were arsenic (mean HQ = 0.52 (adults) and 0.86 (children)), mercury (0.35
and 0.58), cobalt (0.18 and 0.31), and chromium (0.17 and 0.27). The arsenic HQ was greater
than 1.0 for Sites 1, 6 and 8 for children. Monthly HI values showed a seasonal trend with values

increasing from 1.33 in February to 1.86 in June in adults and 2.20 to 3.07 in children.

Total Hazard Index (HI) - Adults vs Children by Site

3.5 A

== HI =1 (Risk threshold)
I Adults (HI Total)
I Children (HI Total)

Hazard Index (HI)

Site 1 Site 2 Site 3 Site 4 Site 5 Site 6 Site 7 Site 8 Site 9 Site 10
Sampling Sites

Figure 2. Comparative evaluation of Total Hazard Index (HI) for adult and child populations for each

site.

Carcinogenic Health Risk

The risk of cancer was above the USEPA unacceptable level of 10~ across all ten locations for
the adult and child populations (Figure 3). For adults, TCR ranged from 3.85 x 10 to 6.77 X
10~* (mean: 5.26 x 107*). For children, TCR ranged from 1.35 x 10~ to 2.37 x 10~* (mean: 1.85 x
10™%). The main contributors were nickel (53% of the total cancer risk), chromium (22%) and

arsenic (20%).
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Total Cancer Risk (TCR) - Adults vs Children by Site

=== Unacceptable (10-%)
—=- Negligible (10-%)
H Adults (TCR Total)
B Children (TCR Total)

— 1071 - -

Total Cancer Risk (TCR|

106 4=== - —— J— - - - - - - —_—

Site 1 Site 2 Site 3 Site 4 Site 5 Site 6 Site 7 Site 8 Site 9 Site 10
Sampling Sites

Figure 3. Total Cancer Risk (TCR) for adults and children at each sampling site

Bacteriological Quality

Total coliform was detected in 27 out of 40 samples (67.5%), with 62.5% exceeding the 1QS
limit of 2.2 MPN/100ml. The most alarming finding was >1,600 cells/100ml at Site 4 in June,
exceeding WHO standards by orders of magnitude. Mean coliform concentration increased from
6.4 cells/100ml in February to 209.8 cells/100ml in June. Total coliform prevalence was found to
be 27 samples out of 40 i.e. 67.5%, with 62.5% samples were found >IQS (2.2 MPN/100 ml).
The highest point was a concentration higher than 1,600 cells 100 /ml at Site 4 in June which
was several orders of magnitude higher than WHO limits. Mean coliform concentrations have

increased from 6.4 cells/100 ml in Feb to 209.8 cells/100 ml in Jun.

Table 3. Total viable count (CFU/ml) at ten sampling sites in the sampling months.

Site Description Feb  Mar Apr Jun
S1  Takiay Kakamand-Residence 0 40 0 0
S2  Chamchamal-Asuda 0 0 0 50
S3  Chamchamal-Raparin 0 0 0 75
S4  Chamchamal-Center 0 0 0 66
S5  Takiay Kakamand-Main pool 0 0 0 0
S6  Shorsh-Water Plant Pool 0 0 40 155
S7  Shorsh-Barez City 0 0 0 115
S8  Shorsh-Qadir Karam 0 0 0 80
S9  Shorsh-Priady 0 65 90 155

S10  Shorsh-Mamostaian 0 0 0 0
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Table 4.Total coliform bacterial (cells/100 mL) taken at ten sites at sampling months.

Site Description Feb Mar Apr Jun
S1  Takiay Kakamand-Residence <2 17 2 17
S2  Chamchamal-Asuda 13 22 <2 4
S3  Chamchamal-Raparin 4 17 <2 80
S4  Chamchamal-Center 13 17 <2 >1600
S5  Takiay Kakamand-Main pool 2 13 <2 <2
S6  Shorsh-Water Plant Pool <2 13 <2 17
S7  Shorsh-Barez City 4 8 <2 280
S8  Shorsh-Qadir Karam <2 4 <2 26
S9  Shorsh-Priady 4 11 4 500

S10  Shorsh-Mamostaian <2 50 <2 110

Temporal Trend of TVC

Monthly Trends in Bacteriological Quality

Temporal Trend of Total Coliform
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Figure 4. Temporal trends in the TVC and Total Coliforms accompanied by detection rates.

Bacterial Biodiversity Indices

Bacterial biodiversity indices for three shared months (February, April, and June) showed a large
spatial heterogeneity (Table 5 and Figure 5). The Shannon-Weiner Index (H') varied from 0.050
at Site 4 to 1.040 at Site 5. The Composite Metal-Bacteria Interaction Index (CMBII) revealed
two hotspots: Site 4 CMBII = 12.11 and Site 9 CMBII = 11.81 which are the two critical
hotspots. Total viable count (TVC) richness ranged from zero sites in February to seven sites in

June with a corresponding increase in Shannon diversity for TVC from 0.000 to 1.868, which is

indicative of an increasingly even distribution of contamination.

Monthly biodiversity analysis revealed temporal intensification of bacterial community structure

(Figure 6). TVC richness increased from 0 sites in February to 2 in April and 7 in June. TC
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richness was highest in February (6 sites) and June (7 sites), with a dip in April (4 sites).
Shannon diversity for TVC increased from 0.000 (February) to 0.617 (April) to 1.868 (June).

Table 5. Bacterial diversity and Metal-Bacteria Interaction Indices per site.

Site  Abund. TVCR TCR H' 1-D  CMBII Classification Category

S1 20 0/3 2/3 0.518 0.279 4.69 Class II Moderate
S2 68 1/3 2/3 0.561 0.338 6.42 Class 11 High
S3 160 1/3 2/3 0.155  0.061 6.71 Class II High
S4 1680 1/3 2/3 0.050 0.017 12.11 Class III Critical
S5 4 0/3 1/3 1.040  0.833 2.47 Class I Low
S6 210 2/3 1/3 0.594 0.386 7.76 Class 1T High
S7 413 1/3 2/3 0.189  0.084 8.68 Class 11 High
S8 111 1/3 2/3 0.593 0.376 6.84 Class 1T High
S9 757 2/3 2/3 0.581 0.350 11.81 Class IIT Critical
S10 112 0/3 1/3 0.102  0.036 6.84 Class II High

Shannon H'

TVC R = TVC temporal richness;, TC R = TC temporal richness, H' = Shannon—Wiener Index; 1-D = Simpson’s Index; CMBII
= Metal-Bacteria Interaction Index.

Shannon Diversity Index (H') Simpson Diversity Index (1-D) Metal-Bacteria Interaction Index
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Figure 5. Bacterial Diversity and Interaction Indices across the 10 Sampling Sites
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Monthly Bacterial Community Metrics and Metal Contamination

Shannon Diversity Index
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Figure 6. Monthly Diversity comparison showing Shannon, Simpson, and Evenness Indices for TVC and TC

Heavy Metal-Bacteria Correlations

Spearman's rank correlation analysis (n = 30) revealed significant positive associations between

heavy metal concentrations and bacterial parameters (Table 4). Nickel showed the strongest

correlation with TVC (p = 0.697, p <.001), followed by the Degree of Contamination (p = 0.620,
p <.001) and Toxic Metal Load (p = 0.503, p =.005). For total coliform, only Total Metal Load

showed a significant correlation (p = 0.478, p = .008). Linear regression confirmed that nickel

alone accounted for 42.8% of TVC variance (R? = .428, p <.001).

Table 6. Significant Spearman correlations between heavy metals and bacterial indicators.

Variable p (TVO) p Sig. p(TO) p Sig.
Fe 0.481 0.007 ok 0.272 0.145
Mn 0.377 0.040 * 0.094 0.623
Ni 0.697 <.001 HoA* 0.198 0.294
Pb 0.453 0.012 * 0.198 0.294
Total 0.400 0.028 * 0.478 0.008 ok
Metal
Toxic 0.502 0.005 ok 0.188 0.320
Load
Cd 0.620 <.001 oAk 0.239 0.204

*p <.05; **p<.01; ¥***p<.001.
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Principal Component Analysis

PCA of the 13-variable standardized matrix extracted three principal components explaining
54.6% of total variance. PC1 (27.0%) was dominated by nickel (+0.453), lead (+0.429), TVC
(+0.400), manganese (+0.345), and iron (+0.330). PC2 (15.8%) was characterized by copper
(+0.454), selenium (+0.426), and zinc (+0.335), opposing cobalt (—0.428). PC3 (11.8%) was
dominated by mercury (+0.611). The PCA biplot clear-cut the June samples from the February

PCA Biplot: Heavy Metals and Bacterial Parameters
(Red arrows = bacterial, Black arrows = metals)
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samples along the first principal component (PC1), and thus provided evidence of both metal and
bacterial contamination augmentation in season. A strong seasonal isolation was observed along
PC1 with the February samples on the negative and June samples on the positive side implying

an increase in contamination during warmer months.

Figure 9. Principal Component Analysis (PCA) biplot of the ordination of samples with the

respective loadings for the metal and bacteria variables.

Discussion

Pollution Indices and Metal Contamination Profile

The heavy metal pollution index (HPI = 44.23) was consistently found to show that the absolute
metal contamination levels in the drinking water of Chamchamal are generally low to moderate
as compared to the WHO standards. This finding is consistent with several regional research:
Dizayee and Ahmed (2025) used HPI and Degree of Contamination indices on Kurdistan
drinking water sources and all metals were found below WHO limit with low indices which
provide a good contrast to strengthen the idea that the contamination in Chamchamal is
infrastructure driven rather than geogenic. Regionally, the average iron content (240.72 ug/L) is
higher than Sulaimani city (178 pg/L) and Dukan (135 pg/L; Aziz & Maulood, 2015), while the
HPI of 44.23 is similar to Rania (42.1; Shareef et al., 2025). Despite the generally moderate
classification according to the HPI, the surpassing of the quality limit of the IQS for mercury
(100 % of samples) and the widespread exceedances of lead (67.5%) point to the selective, but
significant contamination of certain metals. Mercury contamination at these levels (mean 3.32
pg/L, 1.23-8.00 pg/L) is likely because of both geogenic sources (from local geology) and
anthropogenic (from agricultural activities) mercury contamination since mercury- containing
pesticides and fertilizers have been widely used in the region (Kusin et al., 2024).

The seasonal variation of metal concentrations from winter to summer aligns with the changes in
the kinetics of temperature dissolution and corrosion (Zhang et al., 2022). As water temperature
increases, the reaction rate of iron pipes will also accelerate, and more dissolved iron and
manganese, and other associated metals will be released into the water (LeChevallier et al.,
2024). This mechanism can explain the increasing trend of iron at Site 9 from 340 pug/L in

January to 433 ng/L in June as well as the similar trends in manganese and nickel at most sites.
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These accelerated summer dynamics of dissolution are reflected by the HPI, which increased
from 29.18 in February to 54.40 in June.

Health Risk Assessment: The Pollution Index—Health Risk Paradox

Perhaps the most important result of this study is the apparent paradox of low pollution indices
and unacceptable health risks. While HPI indicates the water to be either safe or low in pollution,
the USEPA health risk assessment indicates Hazard Index (HI) is greater than 1.0 at all sites for
both adults (mean 1.68) and children (mean 2.92), and Total Cancer Risk (TCR) is greater than
the unacceptable 10-4 level (mean 5.26 * 10-4 for adults). This paradox is caused because
pollution indices assess metal concentrations separately from individual WHO guidelines
whereas the USEPA Hazard Index is a cumulative sum of individual Hazard Quotients for all 11
metals. It is worth noting that even each metal falls below their reference dose, but the sum total
of all the metals present in the drinking water in combination is well beyond the limit of what is
considered safe (USEPA, 2023). Arsenic (HQ = 0.519), Mercury (HQ = 0.348), Cobalt (HQ =
0.185) and Chromium (HQ = 0.166) alone seems to be manageable but when combined it brings
total HI to 1.68, which is similar to the findings of Muhammad et al. (2011) and Karim et al.
(2019) in Pakistan and Bangladesh (Mohammadpour et al., 2023).

The practical consequence of this is that regulatory dependence on individual metal standard in
IQS 417:2009 gives a false sense security in polymetallic scenarios, and cumulative health risk
assessment should be used to supplement the conventional monitoring (Nigra et al, 2024). The
dominance of nickel (53% of TCR) as the most important carcinogenic risk factor is of note and
somewhat unusual compared with studies in the region where arsenic and chromium are the most
likely to be the most important risk factors. This finding represents the relatively high
concentrations of nickel in the water of Chamchamal (mean value 12.11 pg/L, maximum value
39.62 ng/L of water at the Site 4 in June). The elevated levels of nickel are probably from the
dissolution of nickel-bearing minerals in the aquifer formation and corrosion of stainless steel
and nickel-plated fittings in the distribution system. In the case of metals leaching from pipes and
fittings, Zlatanovic et al. (2017) showed experimentally that stagnation periods up to 168 hours
(7 days) accompanied by an elevated summer temperature was a significant combination that
increased leaching of metals - and this is directly relevant for the six-day stagnation case in

Chamchamal during late spring and summer. Monthly HI increased from 1.33 to 1.86 (40%
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increase) and children are at especially high risk with mean HI 1.7 times compared to adults thus
highlighting the vulnerability of pediatric populations in the district.

Bacteriological Quality and Seasonal Dynamics

The bacteriological results show a high and seasonal microbiological challenge in the water
supply of Chamchamal. The detection of total coliform in 67.5% of samples is far above
acceptance levels for treated drinking water and is a failure of the barrier function of the
treatment and distribution system. The bacteriological contamination rates are slightly higher
than those reported by Kafia et al. (2009) for Erbil distribution systems, but higher than Hama
Aziz et al. (2021) for Sulaimani (55%) and Toma et al. (2019) for Erbil (48%). The seasonal
increase from 0% TVC detection in February to 70 % in June and the 33-fold rise in coliform
concentrations of 6.4 to 209.8 cells/100 mL represents the basic temperature dependence of
bacterial growth kinetics and rapid chlorine decay at summer temperatures (Furst et al., 2024).
These dynamics are very significantly compounded by extreme supply intermittency: in the
summer months households experience only 1 day/week access to water during the summer
months, leaving 6 days of stagnation - much worse than typical 4-12 hour interruptions
experienced in other parts of the world (Joshi et al., 2024). This extreme stagnation leads to the
decay of residual chlorine to negligible concentrations, continuous dissolution of metals,
prolonged incubation of biofilms without hydraulic shear and negative pressure transients
drawing contaminants into the network (Vacs Renwick et al., 2019). The recording of more than
1,600 cells /100 mL total coliform at Site 4 (Chamchamal-Center) in June is particularly
alarming considering that this site is serving the most densely populated area (75,913 residents).
The continuous TVC increasing at Site 9 (0 - 65 - 90 - 155 CFU/mL) indicates the establishment
and maturation of a bacterial biofilm in the distribution pipes - a self-reinforcing process that
becomes more and more resistant to chlorine disinfection over time (Flemming etal., 2016).
Bacterial Biodiversity & Ecological Interpretation

The diversity indices give an ecological insight into the structure and dynamics of the bacterial
contamination in the distribution network. Site 5 had the highest Shannon diversity (H'=1.040)
which suggests the presence of multiple contamination sources, while Site 9 had persistent
moderate diversity (H'=0.581) with the highest Simpson index (1- D=0.655) which represents a
stable and temporally diverse bacterial community representing mature biofilm formations and

established pipe corrosion communities. The Metal - Bacteria Interaction Index (CMBII) has
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been shown to be effective in determining where the chemical and microbiological
contamination burden is at its worst. The three sites with CMBII > 5 (Sites 9,6 and 7) are the
highest priority for intervention of infrastructure due to combined threats of long-term metal
exposure and short-term microbiological hazards. Site 9, which had the highest iron (433 ug/L)
and MBII of 11.81, revealed the most persistent bacterial contamination, confirming the
connection between iron, biofilm and bacteria.

Heavy Metal-Bacteria Interactions: Mechanisms for Understanding

The presence of significant positive correlations between several heavy metals with bacterial
parameters is one of the most important findings of this study. The strong association between
nickel and TVC (Spearman r=0.697, p < 0.001) may appear to be counter-intuitive as heavy
metals are generally known to be antimicrobial in nature. However, at the sub-lethal
concentrations measured in this study (all below WHO guidelines), metals are used as essential
micronutrients for bacterial metabolism (Sychantha et.al., 2024). Similarly, iron was
significantly correlated with TVC (Spearman r = 0.481, p = 0.007; Pearson r = 0.568, p = 0.001),
and the elements iron, TVC, manganese, nickel and lead were located in the same PC1 (27.0%
variance) by PCA. Iron and manganese are necessary cofactors in the activity of many bacterial
enzymes and therefore their availability in the water supply is a direct contribution to enhanced
microbial growth (Began et al., 2023; Aceves-Suriano et al., 2023; Igbal et al., 2023).

The mechanism is the dissolution of iron pipes which is then attached by biofilms creating
roughened surfaces on the pipes, providing electron donors for iron oxidizing bacteria and
generating microenvironments which favor a variety of communities (Zhu et al., 2025). This
forms a positive feedback system in which the combination of increasing temperatures and the
increased corrosion speed, chlorine breakdown and bacterial growth work hand in hand (Gillieatt
& Coleman, 2024; Gholipour et al., 2023; Zhu et al., 2025). The Degree of Contamination
increased in mean values from 2.84 in February to June (4.45) and the bacterial abundance
increased from near zero to widespread contamination confirming this co-escalation pattern.
Breaking this feedback loop by infrastructure renewal and corrosion control and improved
summer disinfection is the best intervention strategy (Oliveira et al., 2024).

Conclusion

This study created a full-scale seasonal baseline for drinking water quality of Chamchamal
District that serves 169,143 people, integrating heavy metals analysis, microbiological
assessment, pollution indices and health risk assessment. Despite the fact that heavy metal
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loading in general is low, three major issues were identified: exceeding the Iraqi limits for
mercury in a universal way, dramatic proliferation of bacteria in the summer months due to
warmer temperature, and high cumulative carcinogenic risk from arsenic, which is not accounted
for by compliance-based monitoring only. The novel Composite Metal - Bacteria Interaction
Index (CMBII) proved effective in identifying dual - burden hotspots where chemical and
microbiological contamination co - occurred in order to fill a gap left by conventional single -
dimension indices. These findings have shown how low aggregate contamination can mask
element specific and season specific risks posing real public health threats. The way to deal with
these issues involves identifying mercury sources through geologic and anthropogenic surveys,
rehabilitation of ageing distribution infrastructure to minimize leaching of metals and formation
of microbial biofilms, mandatory dry season microbiological monitoring, and the adoption of
integrated water safety plans using multi-parameter risk assessment. This study highlights the
need to shift from passive compliance water quality monitoring to proactive and risk-based
management of water quality to protect the health of exposed populations in Kurdistan Region of
Iraq.
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