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ABSTRACT
This research aims to assess contamination status of water and sediment in Sabalan dam 
reservoir (SDR) and evaluate the impact of water withdrawal depths on the carcinogenic and 
non-carcinogenic risks of metals for exposed people. Results of metal pollution indices 
revealed some degree of pollution in water and sediment of the reservoir, especially associated 
with arsenic. Risk assessment of metals in water of the SDR for non-carcinogenic materials 
through different scenarios of water withdrawal depth revealed that consuming water from the 
depth of 10 m can be somewhat troublesome to human health. The carcinogenic risk of arsenic 
from depth of 10 m of the reservoir was about four times greater than that from water surface. 
Minimum carcinogenic risk of consuming water in the reservoir was found to be 1.69 × 10E-4, 
which is higher than the maximum limit proposed by the U.S. EPA, indicating the water 
consumption from the SDR can result in harmful effects on human health.
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1. Introduction

Most of Iran’s dam reservoirs are currently suffering from 
water quality problems such as salinity [1, 2], eutrophi-
cation [3,4], taste and odor [5], and microbial pollution 
[6]. Recently, concerns were raised about heavy metal 
pollution in dam reservoirs in Iran that are mainly 
impounded to provide domestic and agricultural water 
for surrounding areas [7–9]. Although specific concen-
tration of heavy metals (HMs) would be beneficial for 
many living species, they can cause serious threats to 
the environment at higher concentration than permis-
sible level [10–17]. Aside from toxicity, the HMs are 
persistence in the environment, as a result of their resis-
tance against oxidation, degradation, and conversion by 
chemical-biological processes to less toxic components 
[18–23]. Such characteristics of HMs make them as one 
of the most challenging environmental issues world-
wide [24–32].

Reservoir impoundment increases the residence 
time of water [33] that can result in the accumulation 
of HMs in both sediment and water strata. 
Accumulated HMs in lakes/reservoirs degrade aquatic 
environment, threaten human health, and negatively 
affect food chain [34–37]. Therefore, heavy metal pol-
lution studies can provide beneficial information for 
reservoir sustainable water resources management 
especially in those impounded to supply domestic 
water like Sablan dam reservoir (SDR), Iran.

In a study conducted by [7] contamination status 
of SDR with respect to HMs in water and sediments 
were evaluated. Despite high concentration of 
arsenic (As) in the SDR, the implemented indices 
revealed none or some degree of pollution with 
metals in this reservoir. Given As is categorized as 
a carcinogen [35], further investigation is needed to 
assess the carcinogenic and non-carcinogenic risks of 
As in the SDR. In addition, since different indices 
revealed different degrees of pollution in water and 
sediments [38], this study aims to compare different 
popular heavy metal pollution indices in both water 
and sediment strata by considering the new results of 
this study with those reported by [7]. It provides 
better perspective about the implications and relia-
bility of metal indices for water resources manage-
ment in reservoirs.

2. Material and Methods

2.1. Study area

Ardabil province, located in the northwest of Iran, 
is currently suffering from water shortage due to 
extensive withdrawal from under-groundwater 
resources, frequent droughts and climate change 
[39–43]. To mitigate the drought and climate 
change impacts as well as provide safe water for 
a population of more than 1.2 million people, the 
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local water authority has impounded five large 
dams with a capacity about 270 million cubic 
meters (MCM) during the last decades. Among 
these, Sabalan dam, built on Qareh-Su river, is the 
largest dam with a capacity of about 105 MCM 
impounded in 2006 to supply water for down-
stream land irrigation and domestic water for its 
surrounding populated areas (Figure 1a).

Reports and concerns were raised about the con-
tamination of water resources in Ardabil province with 
As [44]. At a recent research conducted by [7] on SDR, 
concerns were reported about the possible contamina-
tion of water and sediments of reservoir with As. Since 
SDR was reported to be likely contaminated with 
metals such as As, it is vital to further study the possi-
ble carcinogenic and non-carcinogenic risks of HMs in 
this reservoir.

2.2. Water and sediment sampling

In January 2018, water and sediment samples were 
taken at six stations along the reservoir from river 
input to the dam structure through one sampling cam-
paign (Figure 1b). Water depth at two beginning sta-
tions E and F and station A adjacent to the dam 
structure were 12 and 43 m, respectively. Middle sta-
tions D, C, and B were about 15, 36, and 39 m deep, 
respectively. Water samples were taken at water sur-
face and water depth of 10 m (hereafter named as 
water column) for all six sampling stations. Bottom 
sediment samples were dark and dark brown in color 
(Fig. S1), with a pungent odor that derived from accu-
mulation of organic matter in the reservoir bottom. To 
further investigate As pollution in the reservoir, 
another sampling campaign was done one year after 
the main sampling campaign (i.e., in January 2019). 
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Figure 1. (a) Land-use pattern, and (b) sampling stations (specified by red circles) and digital elevation map of the Sabalan dam 
watershed located in the northwest of Iran.
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During this sampling campaign, As concentration was 
measured in two water samples taken from the water 
surface and water column at point A (Figure 1b).

Water and sediment samplers designed by Hydro- 
Bios Company were used for sampling water at two 
different depths, i.e. depths of 0 and 10 m, and surface 
sediments in the SDR as shown in (Figure 2). Water 
temperature was also measured with a thermometer 
(accuracy of about 0.2 °C) embedded inside the water 
sampler. Some 0.45 µm membrane filters were used 
according to standard methods to eliminate the sus-
pended phase from water samples [45]. Pre-cleaned 
polyethylene bottles with nitric acid were used for the 
storage of water and sediment samples. Water sam-
ples’ pH values were reduced to about two by nitric 
acid and then they were transferred to laboratory for 
further analysis. Sediment samples were dried up at 80 
°C for about 12 hours. Afterwards, desiccated samples 
were digested with a mixture of acids (including HCl, 
HF, HNO3, and HClO4).

Given no information was accessible about the state 
of HMs in the SDR, a wide range of HMs selected for 
further investigation. It is important since this reservoir 
supplies water for domestic and agricultural purposes. 
In this regard, aluminum (Al), copper (Cu), iron (Fe), 
manganese (Mn), cadmium (Cd), cobalt (Co), chro-
mium (Cr), nickel (Ni), lead (Pb), vanadium (V), zinc 
(Zn), and As were measured in both water and sedi-
ment samples by ICP-OES. The U.S. EPA Method 3005A, 
Rev. 1 [46] and U.S. EPA Method 3050B (U.S. EPA) [47] 
were used to analyze the concentration of metals in 
water and sediment, respectively. To check the quality 
of the experiments on water samples, NIST 1640 was 
used [45], as for sediments NIST 2709a was used [48]. 
Acceptable recovery rate from 92% to 104% was 
observed for the duplicate analysis of blanks and sam-
ples with the standard deviation of less than 5%.

2.3. Water and sediment pollution indices

2.3.1. Metal index (MI)
Metal index (MI) proposed by [49] was used to evaluate 
the effects of n number of HMs on human health in 
terms of domestic water quality. It is calculated as: 

MI ¼
Xn

i¼1

Ci

CMi
(1) 

where Ci is the mean concentration of ith element in 
water and CMi represents the maximum permissible 
value of ith element in the water.

The threshold value of warning (MI >1) was pro-
posed by [49], for domestic water.

2.3.2. Potential ecological risk index (RI)
In 1980, Hakanson proposed Eq. (2) for the evaluation 
of desired risk in sediments.

Ci
f ¼

Ci

Ci
n

; Ei
r ¼ T i

f � Ci
f 

RI ¼
Xn

i¼1

Ei
r (2) 

where Ci
f is the level of contamination of metals, Ci is the 

concentration of metals in sediment, Ci
n is the reference 

value of the metal, RI is the potential ecological risk 
index of metals; T i

f is the factor of toxicity of metal and 
Ei

r is the potential ecological risk of ith element [50].
Potential ecological risk index classification asso-

ciated with different values of Ei
r and RI are given in 

Table 1 [50,51].

2.3.3. Contamination factor (CF) and pollution load 
index (PLI)
To assess the environmental quality of sediments, CF 
and PLI was calculated using proposed method by [52]: 

PLI ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
CF1 � CF2 � CF3 � . . . . . . ::� CFn

n
p

(3) 
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CFn ¼
Cn=CG

(4) 

where, Cn is the concentration of elements in sedi-
ment, CG is background concentration of elements, 
and n is the number of studied elements.

According to [52], the PLI values are divided into 
three categories: (i) PLI = 0, representing a perfect 
condition, (ii) PLI = 1, considering as a baseline value 
of available pollutants, and (iii) PLI >1, indicating 
a progressive deterioration of site quality. Also, four 
levels of CF have been suggested as: low contamina-
tion for CF <1, moderate contamination for 1≤ CF <3, 
considerable contamination for 3≤ CF <6, and very 
high contamination for CF ≥6 [52].

2.4. Health risk assessment

Since SDR was planned to supply domestic and agri-
cultural water, it is vital to understand the hazardous 
impact of existing metals in water of reservoir on the 
health of consumers. Therefore, probability and 
adverse effects of HM exposure on human health 
were investigated for adults and children using gen-
eral exposure equations [46,53,54]. Figure 3a shows 
the procedure followed to assess health risk of HMs 
for domestic purposes in the SDR. Accordingly, aver-
age daily intake (DIave) values were calculated. 
Thereafter, carcinogenic and non-carcinogenic mate-
rials were specified according to the classification of 
International Agency for Research on Cancer IARC’s 

Table 1. Potential ecological risk index classification. This table was addapted from [50,51].
Ei

r Status RI Status

Ei
r <30 Low risk RI <100 Low risk

30 < Ei
r <50 Moderate risk 100< RI <150 Moderate risk

50 < Ei
r <100 Considerable risk 150< RI <200 Considerable risk

100 < Ei
r <150 Very high risk 200< RI <300 Very high risk

Ei
r >150 Disastrous risk RI >300 Disastrous risk

(a)

Health risk 
assessment

Metal 
concentrations

Carcinogens?

Exposure 
evalution

Average 
daily intake

Non-
carcinogenic 

risk assessment

Carcinogenic 
risk assessment 

(CR)

Hazard 
quotient (HQ)

Hazard 
index  (HI)

HI > 1

Adverse health 
effect may occur

Adverse health 
effects are 
unlikely

NO

Yes

Yes

No

Reference 
dose (RFD)

∑HQ

Slope factor 
(SF)

Slope factor 
(SF)

1×10-6 < CR < 1×10-4 Acceptable 
risk

Yes

No

CR > 1×10-4

High risk of 
developing 

cancer

Yes

Safe

No

Figure 3. (a) Health risk assessment procedure, (b) water withdrawal scenarios from the Sabalan dam reservoir.
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[35]. Finally, associated health risk of each metal was 
estimated with the proposed methods by U.S. 
EPA [55].

Average daily intake calculation

Given analyzed metal concentrations in both water and 
sediment of SDR, the DIave values were calculated as [56]: 

DIave ¼
HM� IR� EF � ED

BW � AT
(5) 

where, HM is the concentration of heavy metal in water 
(mg/L), IR refers to ingestion rate (L/d), EF is the fre-
quency of exposure (d/yr), ED is the duration of expo-
sure (yr); BW is body weight (kg), and AT is the 
averaging time (d).

In this study, following assumptions were made to 
estimate the harmful effect of consuming SDR water:

(i) IR was considered to be 2 L/d for adults and 
children [57]

(ii) EF was assumed to be about 330 d/yr
(iii) ED for adults and children were considered to 

be 70 and 18 years, respectively
(iv) BW was considered to be about 75 kg for adults 

and 30 kg for children [58]
(v) AT was calculated for adults and children, 

25,550 and 6,570 days, respectively.

Since no reference values were found for IR and BW 
in Iran, we used the suggested values by the [57] and 
the [58], respectively. Therefore, the results of this 
study may not be fully certain. To account for the 
uncertainties raised from using these databases, multi-
ple scenarios were developed as follows:

● Scenario A: In this scenario, IR and BW values sug-
gested by [57] and [58], respectively, were used.

● Scenario B: This scenario represents 10% increase 
in IR and 10% decrease in BW values suggested by 
[57] and [58].

● Scenario C: This scenario represents the 10% 
decrease in IR and 10% increase in BW values 
suggested by [57] and [58].

Non-carcinogenic risk assessment

Non-carcinogenic risks are usually determined by hazard 
quotient (HQ), i.e. a ratio of DIave to materials reference 
dose (RFD) [55]. To calculate the combined effects of 
metals, hazard index (HI) was proposed as [55]: 

HQ ¼
DIave

RFD
(6) 

HI ¼
Xn

i¼1

HQi (7) 

As shown in Figure 3a, HI <1 and HI >1 indicate lack 
and existence of adverse health effects, respec-
tively [59].

Carcinogenic risk assessment

Carcinogenic risks (CR) are the probability of an indivi-
dual developing cancer over a lifetime of exposure to 
potential carcinogens [60]. It is calculated by means of 
a slope factor (SF) (mg/kg-d) to convert the DIave of 
a toxin over a lifetime as Eq. (8): 

CR ¼ DIave � SF (8) 

Arsenic has been categorized as a carcinogen [61–64]. 
Other metals were considered to be non-carcinogens 
(e.g., Al, Cu, Fe, and Mn). As shown in Figure 3a, CR 
>10−4, 10−6< CR <10−4, and CR <10−6 are unacceptable 
risk, acceptable risk, and safe without any further 
consequences, respectively [60,65,66]. The required 
SF and RFD value for each element was acquired 
from [67], regional screening levels – Generic tables, 
Table S1.

Uncertainties induced by water withdrawal 
depth

Deep lakes/reservoirs do not usually mix in depth in 
terms of water quality constituents such as metals even 
during thermal mixing [68]. In addition to thermal stabi-
lity and mixing, dissolved oxygen and pH are also impor-
tant on depth variation of metals in lakes/reservoirs [7]. 
Anoxic conditions can diffuse out metals from sediments 
to water [69] and pH decrease can increase the solubility 
of metals [70]. Therefore, different water withdrawal 
depths can bring different results for health risk of HM 
exposure.

Given anoxic conditions in the SDR and decreasing 
trend of pH through the depth during sampling cam-
paigns [71], uncertainties in health risk assessment of 
HMs induced by water withdrawal depth should be 
considered to acquire the optimum water quality for 
consumers. In this regard, the DIave values were esti-
mated using three water withdrawal scenarios as 
shown in Figure 3b: (s1) domestic water is withdrawn 
entirely from the water surface in the SDR, (s2) 
consumed water by target city is a combination of the 
water withdrawn from water surface and water 
column, (s3) domestic water is supplied from the 
water column.
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3. Results and discussion

3.1. Metal concentrations in water and sediment

Concentrations of Cd, Co, Cr, Ni, Pb, V, and Zn in the 
water were below the detection limit of instruments 
used for the evaluation of HMs in water (Tables S2 and 
S3). Thus, they were excluded from the further analysis. 
Detected concentration of metals in water followed 
the order as: Fe >Al >Mn >As >Cu in almost all of the 
sampling locations. Cd level in sediments was below 
the detection limit, so it was excluded from the analy-
sis. The evaluated concentration of metals in sedi-
ments followed the order of: Al >Fe >Mn >Cu >V 
>Zn, Cr, Ni >As >Co >Pb (Table S4).

Figure 4 shows the concentration of HMs in the 
water and sediment samples. Fe had the most abun-
dancy in water (Figures 4a and 4b) whilst the most 
abundant metal in sediments was Al (Figure 4c). 
Concentrations of Ni and Cr are frequently found in 
many rocks with high spatial variation [72]. The con-
centration of Ni and Cr in sediments of SDR showed 
similar behavior, indicating that their source of origin 
might be mostly lithogenic.

In general, concentration of HMs in the water col-
umn was higher than that of water surface although 
the reservoir was thermally mixed [7]. This could be 
a result of chemical stratification which is common in 
deep lakes/reservoirs that are thermally stratified most 
of the year [68]. Also, lack of oxygen and decreasing 
trend of pH in water column can contribute to higher 
level of HMs in deeper layers [69,70]. Generally, 

concentration of HMs in the water of SDR decreases 
by the increase of depth. It can be a result of lower 
water velocity near the dam structure, leading to 
higher settlement rate of HMs which is in-line with 
the findings of [73]. Furthermore, the more the depth 
of reservoir, the more the concentration of HMs in the 
sediments (Figure 4c). Therefore, metal concentrations 
in the sediment of SDR raised moving from the 
entrance till the deepest point, i.e. station A, close to 
the dam structure. This observation could be a result of 
hydrodynamic characteristics of reservoir, which allows 
further settlement of fine-grained suspended particles 
in deep areas of SDR.

Given the higher concentration of As compared to 
the permissible level for domestic water in the SDR [7], 
we have further investigated this element close to 
water withdrawal point, i.e. station A. Our findings 
revealed that As concentration in water surface has 
doubled in January 2019 compared to January 2018 
(increase from 5 to 10.7 µg/L). In addition, As level in 
water column (18.6 μg/L) was greater than that mea-
sured in January 2018 (11 μg/L). Such an increase in As 
level during just a year raises serious concerns for 
consumers as discussed in the next sections.

3.2. Results of pollution indices

3.2.1. Results of metal index
MI values index calculated for water surface and water 
column in the SDR are given in Figure 5. The MI value in 
the water column is observed to be nearly twice 
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compared to the water surface, concluding the water 
quality associated with the HMs in deep layers is lower 
than that of upper layers. This phenomenon may result 
from depth variation of pH in SDR [7] as well as metal 
release from sediment to water due to anoxic condition 
in deep layers [69]. In general, MI values for both water 
surface and water column exceed the threshold limit of 
1. Given the MI value of 2.1 in water column, water 
quality in the depth of reservoir is severely degraded 
with respect to the HMs. High level of As in both water 
surface and water column may contribute to high 
values of MI in the reservoir. Considering the raised 
concerns regarding As in this reservoir, we measured 
As concentration in station A to understand about the 
possible threats for water quality in SDR one year after 
the main sampling campaign. Consequently, MI values 
were recalculated using the acquired As concentrations 
(Figure 5). All other metal concentrations were assumed 
to stay constant from 2018 to 2019 in this evaluation. In 
2019, the MI values at water surface and water column 
were found to be more than 1.5 times higher than the 
values obtained in 2018. This excessive increase is 
a result of As-rich water in the reservoir. According to 
unpublished reports about As level and published 
reports in local media [44], As is likely one of the main 
issues regarding surface water and groundwater quality 
in Ardabil province. High level of As in natural water-
bodies are usually associated with geothermal areas, 
mine tailings and As-rich parent materials [74]. 
Weathering and dissolution of As-bearing rocks is the 
major source of As in aquatic environment. It was stated 
by others that volcanic rocks can be responsible for the 
release of high level of As into groundwater resources 
[75,76]. Since the location of SDR is close to the Sabalan 
volcano and no apparent change in the land-use is 
observed during this one-year period, the increasing 
As concentration in the SDR is likely a result of weath-
ering of volcanic rocks. There is some evidence that can 
properly support this hypothesis. For example, [77] 
reported that As concentration in thermal springs (10 

springs) in the Sabalan area varied from 21.3 μg/L to 
2493 μg/L with a mean value of 452 μg/L. These As-rich 
thermal springs that usually discharge into the Qareh- 
Su river and its tributaries can be considered as the 
main natural source of As in the SDR. In addition, 
a study conducted by [78] revealed high concentrations 
of As up to 23 µg/L and 93 µg/L, respectively, in rural 
and urban drinking water resources in the Sabalan 
region, Iran. In another study, [79] concluded that the 
Sabalan volcano mainly contributes to groundwater 
deterioration by As in the Sabalan area. Other studies 
also reported the dominant role of Sabalan volcano on 
both groundwater and surface water resources in the 
SDR watershed [80].

3.2.2. Results of potential ecological risk index
Calculated RI values for sediments in the SDR are shown 
in Figure 6a. The results suggest higher level of sediment 
contamination near the dam structure, i.e. station 
A (RI = 104.79). Calm hydrodynamic conditions allow 
the settlement of fine-grained particles carried out from 
the reservoir catchment at station A. As it was stated by 
81 fine particles mainly contribute to the accumulation of 
HMs in sediments since they have large surface area and 
high capacity to adsorb both metals and nutrients.

In addition to RI, Er values for each metal are shown 
in Figure 6b. Associated risk of As was found to be 
considerable in sediments. High concentration of As 
was observed in the sediments of SDR [7], mainly 
originated from the reservoir catchment upstream. 
Same concerns about As concentration in Ardabil pro-
vince’s water resources were also reported [44]. These 
results raise a serious concern about hazardous effects 
of As on the health of consumers of reservoir water.

3.2.3. Results of pollution load index and 
contamination factor
Calculated PLI and CF values are illustrated in 
Figures 7a and 7b, respectively. PLI values show 
a sudden fall from station C to D. The topography of 
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the reservoir could contribute to such observation. 
Moving from station F towards the dam structure, the 
shape of the reservoir experiences a sudden expansion 
in width which can have extensive effect on the hydro-
dynamic conditions in the reservoir (stations C and D). 
Therefore, the calm hydrodynamic conditions in 
stations A to C provide a suitable environment for 
the settlement of fine-grained particles enriched 
by metals. However, PLI values do not express 
any degrees of toxicity with respect to HMs in 
sediments.

The CF values were calculated for each metal at each 
sampling station, separately (Figure 7b). A general 
increasing trend was observed from station F to the 
dam structure (station A) in CF values. According to the 
calculated CF values, a moderate contamination for Cu 
and Mn and a very high contamination for As were 
observed in the SDR. Note that PLI accounts for 
a combination effect of HMs in sediment whilst CF con-
siders each metal individually. Thus, there is no toxic 
effect observed by employing PLI while CF indicates 
toxicity for some metals.

To better understand about the accuracy of the 
employed guidelines and indices, the obtained results 
of sediment and water quality assessment in this study 
are compared with those reported by [7].

(i) Water quality indices: Since [7] stated that the 
heavy metal evaluation index (HEI] was the most 
reliable index for water quality assessment, HEI 
was compared to the MI used in the present 
study. HEI revealed low contamination of the 
SDR’s water surface regarding the HMs whilst 
the water column was moderately contami-
nated. Considering MI values, water surface pol-
lution exceeded the threshold level of warning 
(MI = 1.06 >1) whilst the water column was so 
much higher than the threshold value 
(MI = 1.66 >1 threshold value). Therefore, the 
level of warning by HMs in water column is more 
severe than the water surface. Considering the 
given results, it could be concluded that MI send 
a more alarming message regarding the SDR 
water pollution by HMs than HEI. Therefore, 
the MI is suggested for heavy metal pollution 
assessment in the SDR because it provides more 
conservative results that could protect human 
health well.

(ii) Sediment quality indices: To provide a proper 
comparison, the indices that present the toxicity 
status considering all metals (e.g. PLI and mean 
probable effect concentration quotients 
(mPECQs)) were distinguished from the ones 
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that clarify the toxicity status for individual ele-
ments (e.g. Er, CF, and geochemical accumula-
tion index (Igeo)). Considering PLI, no sediment 
pollution was observed with respect to the HMs 
in SDR whilst the mPECQ values revealed some 
degree of contamination [7]. So, the mPECQ is 
preferable since it provides more conservative 
results with greater safety factor for the ecosys-
tem conservation. Considering Er, concentration 
of As showed considerable risk whilst CF 
revealed high contamination of sediments with 
As and moderate contamination with Cu and 
Mn. So, CF is more preferable than Er. Hence, 
CF is chosen for comparison with Igeo results 
reported by [7]. Igeo revealed no degree of pollu-
tion with respect to HMs whilst CF showed high 
levels of toxicity. Therefore, CF is more prefer-
able for assessment of sediment toxicity in the 
SDR.

3.3. Health risk assessment

Health risk assessment of HMs in the reservoir water 
was carried out using both HQ and CR for non- 
carcinogens and carcinogens, respectively. Three 
water withdrawal scenarios were assumed to calculate 
the average daily ingestion of HMs for adults and 
children (Tables 2 to 4).

The HI values for adults and children followed the 
order of: HI (scenario s3: water column) >HI (scenario s2: 
mixture) >HI (scenario s1: water surface). By moving 
from water surface to the depth, HI value increases. 
This is also true for different BW and IR values (scenarios 
A–C). Since the HI value of water column was almost 1 
and 2.5 for adults and children, respectively, it is not 
recommended to withdraw water from the depth of 
10 m in the SDR. Consuming the water 
withdrawn under scenario s2 (mixture) is also not 
recommended since the calculated HI value for children 
was 1.74.
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Given the results of Tables 2, 3, and4, children are 
the most vulnerable group amongst the consumers of 
SDR water. The results show that children are affected 
considering withdrawal from water column (s3) or 
mixture (s2) and under different BW, IR values. So, it is 
highly recommended to withdraw water from the sur-
face of reservoir as it contains the lowest amount of 
metals. It is noteworthy to mention that, IR is directly 
and BW is inversely related to the DIave value so to 
consider the most extreme scenarios IR was increased 
and BW was decreased to have the highest effect on 
DIave value, the opposite was done for the mild 
scenario.

The calculated carcinogenic risk (CR) of As on con-
sumers is shown in Figure 8. The CR values for adults 
calculated using the IR and BW values suggested by 
[57] and [58] followed the order of: water column 
(scenario s3) >mixture (scenario s2) >water surface 
(scenario s1). This order is also true for 10% decrease 
and increase in both IR and BW values in the SDR. The 
water column has the highest CR value (4.46E-04) 
whilst CR value at scenario s1 (water surface) and 
scenario s2 (mixture) are 1.69E-04 and 3.07E-04, 
respectively. Although the carcinogenic risk of con-
suming water from the water surface and water col-
umn is not acceptable (CR >1E-04), the CR value for the 
water surface is about 25% less than that in water 

column. Using a combination of water surface and 
water column has reduced the carcinogenic risk of As 
to about one-third of that in water column, yet it also is 
not acceptable. Our results suggest the risk of water 
consumption for children is about three times of that 
for adults (Figure 8). Considering different scenarios 
develop in the model either for the variable selection 
(scenarios A–C) or for water withdrawal depth (scenar-
ios s1–s3), the cancer risk for adults and children is 
higher than the threshold value. This gives the idea 
that domestic use of water from this reservoir is hazar-
dous and can increase the risk of cancer for the con-
sumers. The risk of developing cancer over time is four 
times higher when consuming water from the depth 
rather than the water surface in the SDR. Considering 
these results, it is highly recommended to stop any 
water withdrawal and take action immediately to 
reduce the concentration of As in the SDR.

4. Conclusions

Since reported results on pollution of Sabalan dam 
reservoir with metals were worrisome, this study was 
conducted to evaluate carcinogenic and non- 
carcinogenic risks of metals in this reservoir. It was 
observed that water and sediment of reservoir were 
highly contaminated with As. Contamination status of 

Table 2. Calculated hazard quotient (HQ) and hazard index (HI) values using the IR and BW values suggested by [57] and [58] for 
different scenarios of water withdrawal depth from the Sabalan dam reservoir.

Heavy metal RFD

HQ (adults) HQ (children)

Scenario s1 Scenario s2 Scenario s3 Scenario s1 Scenario s2 Scenario s3

Al 1 1.61E-03 1.89E-03 2.2E-03 4.02E-03 4.72E-03 5.4E-03
As 3.00E-04 3.75E-01 6.83E-01 9.9E-01 9.38E-01 1.71E+00 2.5E+00
Cu 4.00E-02 4.02E-03 3.01E-03 2.0E-03 1.00E-02 7.53E-03 5.0E-03
Fe 7.00E-01 2.18E-03 2.98E-03 3.8E-03 5.45E-03 7.46E-03 9.5E-03
Mn 1.40E-01 2.93E-03 3.13E-03 3.3E-03 7.32E-03 7.82E-03 8.3E-03

HI 3.86E-01 6.94E-01 1.002E+00 9.64E-01 1.74E+00 2.506E+00

Table 3. Calculated hazard quotient (HQ) and hazard index (HI) values by considering 10% increase in IR and 10% decrease in BW 
values suggested by [57] and [58] for different scenarios of water withdrawal from the Sabalan dam reservoir.

Heavy metal RFD

HQ (adults) HQ (children)

Scenario s1 Scenario s2 Scenario s3 Scenario s1 Scenario s2 Scenario s3

Al 1 1.96E-03 2.31E-03 2.65E-03 4.91E-03 5.77E-03 6.63E-03
As 3.00E-04 4.58E-01 8.35E-01 1.21E+00 1.15E+00 2.09E+00 3.03E+00
Cu 4.00E-02 4.91E-03 3.68E-03 2.46E-03 1.23E-02 9.21E-03 6.14E-03
Fe 7.00E-01 2.67E-03 3.65E-03 4.63E-03 6.67E-03 9.12E-03 1.16E-02
Mn 1.40E-01 3.58E-03 3.82E-03 4.07E-03 8.95E-03 9.56E-03 1.02E-02

HI 4.71E-01 8.48E-01 1.23e+00 1.18E+00 2.12E+00 3.06E+00

Table 4. Calculated hazard quotient (HQ) and hazard index (HI) values by considering 10% decrease in the IR and 10% increase in 
BW values suggested by [57] and [58] for different scenarios of water withdrawal from the Sabalan dam reservoir.

Heavy metal RFD

HQ (adults) HQ (children)

Scenario s1 Scenario s2 Scenario s3 Scenario s1 Scenario s2 Scenario s3

Al 1 1.32E-03 1.55E-03 1.78E-03 3.29E-03 3.86E-03 4.44E-03
As 3.00E-04 3.07E-01 5.59E-01 8.11E-01 7.67E-01 1.40E+00 2.03E+00
Cu 4.00E-02 3.92E-03 2.47E-03 1.64E-03 8.22E-03 6.16E-03 4.11E-03
Fe 7.00E-01 1.78E-03 2.44E-03 3.10E-03 4.46E-03 6.11E-03 7.75E-03
Mn 1.40E-01 2.40E-03 2.56E-03 2.72E-03 5.99E-03 6.40E-03 6.81E-03

HI 3.16E-01 5.68E-01 8.20E-01 7.89E-01 1.42E+00 2.05E+00
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water column in SDR was more severe than that of 
water surface. Non-carcinogenic risk of heavy metals 
was acceptable for the first scenario (water withdrawal 
from the water surface). Carcinogenic risk of As in the 
water of SDR revealed disturbing consequences, likely 
to develop cancer for consumers over time. To avoid 
any hazardous effects on consumers, we suggest water 
withdrawal from this reservoir to be delayed for further 
investigation. Considering associated concerns about 
metals in the reservoir water, evaluation of health risk 
of heavy metals for irrigation purposes would also 
provide beneficial information for the local water 
resources authority.
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