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Abstract 23 

Concentration of eight heavy metals in the surface and groundwater around Dhaka Export 24 

Processing Zone (DEPZ) industrial area were investigated, and estimated the health risk of 25 

theposed to  local children and adult residents was determined via ingestion and dermal 26 

contact was evaluated using deterministic and probabilistic approaches.  Metal concentrations 27 

(except Cu, Mn, Ni, and Zn) in Bangshi River water were above the drinking water quality 28 

guidelines, while in groundwater were less than the recommended limits. Concentration of 29 

metals in surface water decreased as a function of distance. Those eEstimations of non-30 

carcinogenic health risk for surface water revealed that mean hazard index (HI) values of As, 31 

Cr, Cu, and Pb for combined pathways (i.e., ingestion and dermal contact) were > 1.0 for 32 

both age groups. The estimated risk mainly came from the ingestion pathway. However, the 33 

HI values for all the examined metals in groundwater were < 1.0, indicating no possible 34 

human health hazard. Deterministically estimated total cancer risk (TCR) via Bangshi River 35 

water exceeded the acceptable limit of 1 × 10-4 for adult and children.  Although, 36 

probabilistically estimated 95th percentile values of TCR exceeded the benchmark, mean 37 

TCR values assessed by Monte Carlo simulation were less than 1 × 10-4. Simulated results 38 

showed that 20.13 % and 5.43 % values of TCR for surface water were > 1 × 10-4 for adult 39 

and children, respectively. Deterministic and probabilistic estimations of cancer risk through 40 

exposure to groundwater wereas well below the safety limit. Overall, the population exposed 41 

to Bangshi River water remained at carcinogenic and non-carcinogenic health threat and the 42 

risk was higher for adults. Sensitivity analysis identified exposure duration (ED) and 43 

ingestion rate (IR) of water were as the most relevant variables affecting the probabilistic risk 44 

estimation model outcome.  45 

Keywords: Water pollution; health risk analysis; deterministic approach; probabilistic 46 

approach; Monte-Carlo simulation. 47 



1. Introduction  48 

Due to bioaccumulation capacity and persistence nature, heavy metals are considered 49 

as priority pollutants among a large amount of toxic substances released into water through 50 

human activates (Mainali et al., 2013). Although some heavy metals (e.g., Cu, Mn and Cr) 51 

are essential for human, their presence in excess amount may be toxic (Armendáriz et al., 52 

2015; Espín et al., 2014). On the contrary, some metals (e.g., As, Hg, Cd and Pb) are highly 53 

toxic at very low concentration with no known benefit for human health (Kavcar et al., 2009; 54 

Saha and Zaman, 2013). When entering enter into the environment, these metals can disrupt 55 

not only the aquatic ecosystem but also the human health (Quandt et al., 2010; Saha et al., 56 

2016).  57 

 Analysis of heavy metal distribution in water is useful to trace the degree of water 58 

contamination induced by anthropogenic pressure (Alves et al., 2014). Recently, estimation 59 

of potential human health risk associated with the exposure to contaminated water has 60 

become a largely applied practice (Alves et al., 2014; Amaya et al., 2013; Wyatt et al., 1998). 61 

The traditional deterministic (point) approach in human health risk analysis through exposure 62 

to heavy metals using US Environmental Protection Agency (USEPA) guidance is 63 

straightforward, involving the application of simple formulas (USEPA, 1996). Deterministic 64 

risk analysis is based on assigning a single representative value to each input parameter in 65 

risk equation, which leads to an output of single value of risk (Zeng et al., 2009; Li and 66 

Zhang, 2010; Giri and Sing, 2015). The implementation of this conservative deterministic 67 

method in risk calculation is complicated due to the fact that the input parameters cannot be 68 

treated as fixed point values. Instead, the value of each parameter varies within a range. 69 

Assignment of multiple values for each input parameter in risk equation results in multiple 70 

estimates of risk. In order to address this complication and logical refinement in the practice 71 

of human health risk assessment, probabilistic approach has recently become popular and has 72 



been broadly applied in environmental science (Jiang et al., 2015; Kavcar et al., 2009; Qu et 73 

al., 2012). Probabilistic risk analysis combines the probability distributions (based on 74 

stochastic methods such as Monte Carlo simulation) of several input parameters in risk 75 

equation to estimate the probability distribution of output risk. Thus, the probabilistic 76 

approach may provide more accurate description than the traditional point estimate approach 77 

through the curve of probability density function (PDF), which evaluates intervals of possible 78 

values of the risk, each one with a specified probability ( Kavcar et al., 2009; Rivera-79 

Velasquez et al., 2013; Koupaie and Eskicioglu, 2015).  80 

 Industrial pollution of Mother Nature has become a matter of great concern 81 

worldwide, most notably for the under developed countries like Bangladesh. The present 82 

study area (23°56'54.03"N and 90°16'22.55"E), Dhamsona Union under Savar sub-district is 83 

located ~ 30 km north of Dhaka city (capital of Bangladesh) and the fastest growing 84 

industrial area surrounded by numerous industries including dyeing, textile, leather goods, 85 

metal products, chemical, fertilizers and so on. This industrial area comprises of two export 86 

processing zones (EPZ) called Dhaka Export Processing Zone 1 and 2 (DEPZ 1 and DEPZ 2) 87 

(Fig. 1). The national highway from Dhaka to the northern part of Bangladesh is running 88 

between these two EPZ’s. The untreated wastewater from industrial sites is discharged into 89 

the Dhalaibeel (a natural lake) and eventually follows its way to the downstream of Bangshi 90 

River (Fig. 1). The topography of the studied area comprises irregular elevated land blocks 91 

on which people live and surrounding low-laying area which is mostly cultivable lands and 92 

water bodies. The rural population  also usesonce used Bangshi River water for drinking 93 

purposes by simply boiling it and now government sets policy for not to use surface water 94 

without purification. Contaminated water from the Dhalaibeel and Bangshi River are mainly 95 

used to irrigate crops (mainly rice and various types of vegetables) in adjoining agricultural 96 

areas. This results in The industrial heavy metals contained in wastewater are transferred 97 



transfer of heavy metals to soils and eventually enter to the human body via food chain. 98 

Moreover, these heavy metals have the potential to contaminate groundwater by leaching. 99 

Strongly sorbed metals are likely to either remain near surface soil or transport to a stream via 100 

runoff. On the other hand, weakly sorbed but persistent heavy metals may readily leach 101 

through soil and contaminate groundwater that is mainly used for drinking purpose (Sponza 102 

and Karaoǧlu, 2002). 103 

 Adverse impact of economic and industrial growth on the environment has become a 104 

prime concern for global populations and policy makers. Although the expansion of labor-105 

intensive export industries in the present study region is promoting the employment and per 106 

capita income of thousands of population, this rapid industrial growth can also accelerate the 107 

release of heavy metals and other chemical toxins into the environment and the rate of is 108 

suffering enormous environmental degradation owing to industrialization environmental 109 

degradation, with sever health hazards. Reliable heavy metals data in surface and 110 

groundwater adjoin to the industries are critical to investigate the impact of industrial 111 

pollution on health of different age groups (e.g., adult and children). , the assessment of 112 

health hazard related to adult and children exposure to surface and groundwater around 113 

DEPZ industrial zone is scarce. Regardless, Most efforts to investigateions on the DEPZ 114 

industrial pollution have been focused mostly on determining levels of metals in 115 

environmental matrices (e.g., soil, sediment, and foodstuff) and possible sources without 116 

providing detailed information on human health risk derived from heavy metals in water 117 

(Ahmed et al., 2012b; Islam et al., 2015; Rahman et al., 2012a; Rahman et al., 2014; Rahman 118 

et al., 2012b). Thus, the aims of this study were to understand the spatial variability of heavy 119 

metal concentration (such as As, Cd, Cr, Cu, Mn, Ni, Pb, and Zn) in surface water from the 120 

industries, to characterize the groundwater quality around DEPZ, and to determine the 121 



exposure and health risk of local population via ingestion and dermal contact with water 122 

using deterministic and more robust probabilistic approach. 123 

2. Materials and methods  124 

2.1. Water sampling and analytical procedures 125 

 A total 105 water samples including surface water (60 samples) and ground water (45 126 

samples) were collected for this study. Surface water samples (prefixed surface water [SW]) 127 

were collected from 20 sampling points from the study areas of Dhalaibeel (n = 30) and 128 

Bangshi River (n = 30), up to a distance of 7.5 km from the DEPZ industrial area during 129 

monsoon season between June and July in 2015.  Water samples from Dhalaibeel and 130 

Bangshi River were collected 250 m and 500 m apart, respectively, at same time interval. 131 

Groundwater samples from 15 tube wells (prefixed groundwater [GW]) around DEPZ 132 

industrial area were also collected (Fig. 1). Before the collection of groundwater samples, 133 

tube-wells were pumped for 5 min to wash out the stagnant water inside the tube-wells and to 134 

get fresh water. All samples were collected in plastic bottles following filtering through 135 

Whatman No. 541 filter paper. From each sampling point, three samples were taken in 136 

separate sampling bottles. The collected samples were acidified immediately with the 137 

addition of 2 ml ultra-pure HNO3 per litre of water sample to stop microbial activities, shaken 138 

well and preserved in a refrigerator at 4o C before laboratory analysis (APHA, 1998).  139 

 Prior to analysis of heavy metals, the water samples were filtered through Whatman 140 

No. 541 filter paper into 100 mL pre-washed plastic bottles and the analytical grade HCl was 141 

used to adjust water pH to 3.5. The concentrations of all heavy metals were determined by 142 

atomic absorption spectrophotometer (Model AA-6800, Shimadzu Corporation, Japan) in 143 

Nuclear Analytical Chemistry Laboratory, NRCD, Institute of Nuclear Science and 144 

Technology, Gonakbari, Savar. In order to check the measurement precision, standard 145 

reference solutions with a known concentration of the analysed metals were used as control 146 



samples. After every three samples, the control sample was analysed to check the accuracy of 147 

the analysis. Each sample was measured at least three times to check the reproducibility of 148 

the measurement. Samples were reanalysed if the relative standard deviation of the 149 

measurement exceeded 10%.  150 

2.2. Data analysis and Monte Carlo simulation  151 

Uncertainty is pervasive in human health risk assessment due to the lack of precise 152 

knowledge, and the variability of environmental and individual human characteristics. In 153 

order to minimize the uncertainties in risk calculations, cCarcinogenic and non-carcinogenic 154 

risks were quantified via Monte Carlo simulation performed by means of Oracle Crystal Ball 155 

(version 11). The software platform Oracle Crystal Ball is one of the most commonly used 156 

Monte Carlo modelling tools. Monte Carlo simulation is a computer-based method of 157 

analysis that uses statistical sampling techniques in obtaining a probabilistic approximation to 158 

the solution of a mathematical equation or a model (Firestone et al., 1997; Thompson et al., 159 

1992). The number of iterations for every equation was set at 10,000. The statistical and 160 

linear regression analysis was performed by SPSS (version 21) software.  161 

2.3. Human health risk assessment 162 

2.3.1. Average daily dose (ADD) 163 

Human exposure to heavy metals may occur via three main pathways including direct 164 

ingestion, inhalation through the mouth and nose, and dermal absorption through exposed 165 

skin. For metals in a water environment, ingestion and dermal adsorption play the most 166 

important role. Considering these two pathways, the average daily dose was calculated using 167 

Equations (1) and (2) adapted from the US Environmental Protection Agency (Alves et al., 168 

2014; USEPA, 1996). Calculations were performed for two subpopulation groups; adults (as 169 

the general population) and children (as a sensitive group) separately.   170 



(1)
ATBW

EDEFIRC
ADD w

ing 



  171 

(2)
ATBW

CFETEDEFKSAC
ADD pw

derm 



  172 

Where ADD represents average daily dose through ingestion (ADDing) and dermal absorption 173 

(ADDderm) (µg kg-1 day-1); Cw is the metal concentrations (µg L-1) in water; IR is the ingestion 174 

rate (day-1) of water, EF & ED are the exposure frequency (day year-1) and duration (year); 175 

BW is the body weight (kg); AT is the averaging time (day); SA is the exposed skin surface 176 

area (m2); Kp is the dermal permeability constant (cm h-1); ET is the exposure time (h day-1); 177 

CF is the unit conversion factor (= 10). 178 

The values and description of all the parameters used for deterministic and 179 

probabilistic approaches are summarized in supplementary Table S1. For the heavy metals in 180 

Bangshi River water with sample number < 15, triangular distribution was assigned because 181 

concentrations of contaminants in the environment were frequently found to follow triangular 182 

distribution (Jiang et al., 2015). The probability distribution of the metals in the groundwater 183 

was determined by fitting distribution functions with the help of goodness-of-fit tests, which 184 

were Anderson-Darling (AD), Kolmogorov-Smirnov (KS), and chi-square (CS) tests (Kavcar 185 

et al., 2009). The Crystal ball software was used in fitting distribution. Table S21 represents 186 

the analysed trace metals in the groundwater with fitted probability distributions, AD statistic 187 

values, and rank of the selected distribution by all three goodness-of-fit tests. The beta, 188 

exponential, gamma, normal, lognormal, logistic, pareto, and Weibull distributions were 189 

considered.  Pb, Cd, and Zn concentrations in the groundwater were triangular, while As, Cu, 190 

and Mn were fitted to beta. Ni and Cr were fitted to pareto and Weibull distribution 191 

respectively (Table S21).  192 

2.3.2. Non-carcinogenic risk 193 



The potential non-carcinogenic human health risks posed by heavy metal exposure are 194 

usually characterized by the hazard quotient (HQ), which is the ratio of ADD of each 195 

contaminant for an individual exposure pathway (i.e., ingestion and dermal) to the 196 

corresponding reference dose (RfD, expressed in µg kg-1 day-1).  The HQ was calculated 197 

using Equation (3) (USEPA, 2004). 198 

(3)
RfD

ADD
HQ   199 

HQ is unit less and when its value exceeds 1, there might be a concern for potential non-200 

carcinogenic health risks associated with overexposure (USEPA, 2004).  201 

In order to evaluate the total potential non-carcinogenic risks from more than one exposure 202 

pathway, the hazard index (HI) was introduced, which is the sum of HQs from all applicable 203 

pathways (De Miguel et al., 2007; Li and Zhang, 2010).  204 

(4)HQHI
n
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 205 

Where i is the exposure pathway (ingestion and dermal are the two exposure routes of 206 

contaminants considered in this study). HI > 1 indicates a potential for an adverse effect on 207 

human health or the necessity for further study (USEPA, 2004).  208 

2.3.3. Carcinogenic risk (CR) 209 

The carcinogenic risk is the unit less incremental probability of an individual developing 210 

cancer over a lifetime due to carcinogenic exposure. The carcinogenic risk was evaluated by 211 

Equation (5) (USEPA, 2004).  212 

(5)CSFADDCR   213 



Where ADD is the average daily dose (expressed in µg kg-1 day-1) and CSF is the cancer 214 

slope factor (expressed in [µg kg-1 day-1]-1). The cancer risk was evaluated for As, the only 215 

element for which CSF values are available (0.0015 and 0.00366 [µg kg-1 day-1]-1 for 216 

ingestion and dermal, respectively) (De Miguel et al., 2007; Li and Zhang, 2010). The CR of 217 

As was evaluated from the two exposure pathways (i.e., ingestion and dermal) and then the 218 

values were summed to determine total carcinogenic risk (TCR). The range of carcinogenic 219 

risks acceptable or tolerable by the USEPA is 1 × 10-6 to 1 × 10-4.  Risks surpassing 1 × 10-4 220 

are viewed as unacceptable while the risks below 1 × 10-6 are not likely to pose significant 221 

health hazards.  222 

 223 

3. Results and discussion 224 

3.1. Metal concentrations in ground and surface water 225 

The results obtained from the heavy metal analyses of the groundwater samples 226 

around DEPZ and the surface water samples from Dhalaibeel and Bangshi River are 227 

graphically shown in Figs. 2 and 3, respectively, and are compared with the guideline values. 228 

The concentration data for 8 trace metals according to sampling locations are also 229 

summarized in supplementary Table S31 and S42. The mean metal concentrations (µg L-1) in 230 

ground and surface water, respectively, followed a decreasing order as: Zn (127.63) > Cu 231 

(78.60) > Mn (11.21) > Ni (7.93) > Pb (5.21) > Cr (4.43) > As (0.64) > Cd (0.34) and Zn 232 

(2623.34) > Cu (1118.71) > Pb (169.56) > Cr (115.40) > Mn (92.8) > Ni (74.81) > As (18.26) 233 

> Cd (8.21). In both cases, the highest concentrations were observed for Zn and Cu, while the 234 

lowest for As and Cd. The trends in metal concentrations found in this study agreed with the 235 

trend observed in Pearl River water in China (Cheung et al., 2003) and also with the results 236 

reported by the Hong Kong Environmental Protection Department (EPD, 1995), where Zn 237 

and Cu were the most abundant and Cd was the least. The relatively high level of Zn and Cu 238 



found in this area may be attributed to the cumulative impact of numerous industries (e.g., 239 

printing, dyeing, leather, electroplating, various chemicals and metallurgical industries) and 240 

extensive use of fertilizers, and Cu and Zn-based pesticides in the agricultural lands (Alves et 241 

al., 2014; Cheung et al., 2003; Facchinelli et al., 2001; Sponza and Karaoǧlu, 2002). 242 

Increased accumulation of Cu and Zn in soils and their subsequent translocation into the 243 

adjacent water bodies may be related to the excess use of fertilizers, manures, and Cu and Zn 244 

-based pesticides (Facchinelli et al., 2001). Similarly, higher accumulation of Cu and Zn were 245 

found in the water bodies next to industrial areas worldwide (Cheung et al., 2003; Sponza and 246 

Karaoǧlu, 2002).  247 

The Bangshi River is an important source of water for domestic uses, fisheries, and 248 

agriculture etc. Due to the higher cost of cultivation with groundwater, irrigation of the fields 249 

is primarily limited to waters derived from Bangshi River and Dhalaibeel. Therefore, the SW 250 

samples in Dhalaibeel and Bangshi River were compared with the irrigation water quality 251 

guidelines prescribed by Food and Agricultural Organisation (FAO) (Ayers and Westcot, 252 

1994). The recorded concentrations were also compared with the long-term trigger values 253 

(LTV) and short-term trigger values (STV) for heavy metals in irrigation water suggested by 254 

Australia ‒ New Zealand (ANWQG) (Anzecc, 2000) (Fig. 3). The LTV and STV refer the 255 

maximum concentration of contaminants in the irrigation water, which can be tolerated 256 

assuming 100 and 20 years, respectively, of irrigation. Figure 3 revealed that the median 257 

concentrations of As, Cd, Mn, Ni, and Pb were within the recommended limits suggested by 258 

FAO and LTV values, while Cr, Cu, and Zn exceeded the permissible limits. However, all the 259 

metal values were lower than the Australia ‒ New Zealand recommended STV values.  260 

Local residents also use the Bangshi River water for drinking purposes. The metal 261 

concentrations found in the river water samples were notable and exceeded the WHO (WHO, 262 

2006) recommended levels except Cu, Mn, Ni, and Zn. Mean Pb concentration (136.85 µg L-263 



1) was ~14 times higher than the WHO provided guideline value (10 µg L-1). Whereas, the 264 

mean concentrations of Cd, Cr, and As were ~ 2 times higher than the respective WHO 265 

prescribed values. These high concentrations of hazardous metals (As, Cd, Cr, and Pb) 266 

recorded in water samples may have serious human health implications (Bhowmick et al., 267 

2015). The present values of the examined metals were higher than the values reported by 268 

Ahmed et al. (2012b) in and around DEPZ. However, our metal concentrations agreed well 269 

with the recently found values in DEPZ surface water by Rahman et al. (2014). In 270 

comparison with the Buriganga River in Bangladesh, Pb, Ni, and Cu concentrations were 271 

several fold higher, while Cd and Cr concentrations were lower (Ahmad et al., 2010). 272 

All the trace metals measured in the GW, which is used as the main source of 273 

drinking water by the local population, were below the WHO (WHO, 2006), USEPA 274 

(USEPA, 2012), and Bangladesh (ECR, 1997) recommended guideline values (Fig. 2), 275 

indicating no possible human health hazards. Our average concentrations of Pb, Cd, Cu, Mn, 276 

and As were lower, while Zn concentration was in line with the values reported by Biswas 277 

and Banu (2006) in the groundwater samples from the locations of north-west side of 278 

Dhalaibeel. The concentrations of Ni, Cr, and Zn found in this study were lower, Cu and As 279 

concentrations were ~3 fold higher, and Pb and Cd concentrations were similar to the values 280 

observed in shallow and deep tube wells water inside and around DEPZ by Ahmed et al. 281 

(2012a).  282 

3.2. Water contamination gradient at Dhalaibeel and Bangshi River  283 

The distribution of heavy metals in SW displayed a large spatial variation with higher 284 

concentration close to DEPZ industrial areas (Fig. 4). A significant decrease in metal 285 

concentrations with increasing distance from the DEPZ industrial zone was observed in Fig. 286 

4. The most important factor controlling the spatial variation of metals may be attributed to 287 

the discharge of untreated industrial effluents into the Dhalaibeel, which migrated along the 288 



Bangshi River hydrological gradients. In addition, surface runoff from the agricultural land 289 

could bring excess trace metals into nearby water environment. However, the decrease in 290 

metal concentration as a function of distance from DEPZ due to the downward dilution effect 291 

of metal-bearing industrial effluents is an indication of industrial pollution for these elements 292 

in surface water. Significant decreasing trends in metal levels with distance from Aliga metal 293 

industry district in Turkey was also reported by Sponza and Karaoǧlu (2002). Some 294 

exceptions with no apparent concentration gradient were observed in this study. For example, 295 

fluctuation in As concentrations did not follow any statistically significant trend (As = 18.27 296 

– 0.0002 × distance from DPEZ; R2 = 0.00) (Fig. 4b). Although a linearly decreasing trend in 297 

Mn concentration was observed, statistically this relationship was very weak (Mn = 101.12 – 298 

2.51 × distance from DEPZ; R2 = 0.11) (Fig. 4d). In order to understand the reason for such 299 

exception, surface water data set were subjected to principal component analysis (PCA) 300 

(Table S5). The PCA result identified two principal components (PCs) that played a critical 301 

role in explaining metal contamination in the surface water. PC1 and PC2 explained 46.5% 302 

and 21% of the total variance, respectively. PC1 was loaded heavily on Cd, Cr, Cu, Ni, Pb, 303 

and Zn, and could represent industrial sources. On the other hand, PC2 was loaded on As and 304 

Mn, and can be explained as natural (geogenic) sources. Natural origin of these two metals in 305 

the studied surface water could be the reason of showing no apparent concentration gradient 306 

from the DEPZ industries.  307 

3.3. Human health risk assessment 308 

3.3.1. Average daily dose 309 

The heavy metal concentrations measured in the Bangshi River water and groundwater 310 

samples were used to assess the average daily dose (ADD) through ingestion and dermal 311 

contact. Two population groups (i.e., adult and children) were considered throughout the 312 

analyses. Adult and children exposure and risk assessments were carried out by both 313 



deterministic and probabilistic approaches for the eight analysed heavy metals. The 314 

deterministically and probabilistically estimated ADD values (mean, median, 5th, and 95th 315 

percentile) for adult and children through ingestion and dermal contact of SW and GW are 316 

summarized in Table 2 S6 and 3S7. However, some of the highest model values from 317 

probabilistic approach might be overestimation and consequently, it has been suggested to 318 

use the 95th percentile values as high-end estimates instead of the maxima (Kavcar et al., 319 

2009).  In this study, 5th percentile and 95th percentile were considered as the low - and high 320 

- end estimates for probabilistic and deterministic risk calculations. Although the mean ADD 321 

values calculated by deterministic and probabilistic approaches were pretty same, the range 322 

of variation of ADD values estimated by probabilistic approach was higher than the 323 

deterministic approach. For example, probabilistically calculated 95th percentile ADD values 324 

for adult through ingestion of SW and GW were ~ 4 times higher than the values calculated 325 

deterministically. Whereas the probabilistic estimates of 5th percentile ADD values were ~ 326 

15 times less than that calculated by the deterministic approach.  327 

With regard to the different exposure routes of water, ingestion played the dominant 328 

role in total ADD (ingestion and dermal combined) for all the metal analysed as reported by 329 

many other studies (Alves et al., 2014). In comparison to dermal contact, the estimated ADD 330 

values through ingestion were ~ 2 to 3 orders of magnitude higher, indicating human 331 

exposure to heavy metals through dermal contact of water was negligible (Table 2S6 and 332 

3S7). Moreover, a big difference between ADD values for SW and GW was observed due to 333 

higher metal content in SW relative to GW. Human exposure (ingestion and dermal 334 

combined) to heavy metals through Bangshi River SW was ~ 5 to ~30 times higher than 335 

through the GW. Between two different exposure groups, deterministic estimation of mean 336 

ADD values showed that children were ~ 1.7 times more exposed to SW as well as GW than 337 

adult. On the other hand, probabilistically calculated mean ADD values for adult and children 338 



were pretty similar (Table 2S6 and 3S7). Among all of the investigated heavy metals, adult 339 

and children were most exposed to Zn and Cu because of their higher concentrations in the 340 

SW and GW, while the people in the present study area were least exposed to Cd (Table 2S6 341 

and 3S7).  For instance, the probabilistic mean ADD values of Zn and Cu for adult through 342 

SW ingestion reached at 1.07E+02 and 4.64E+01µg kg-1 day-1, respectively. In contrast, 343 

respective mean ADD value for Cd was 3.59E-01 µg kg-1 day-1, representing 0.3% and 0.8% 344 

of the exposure to Zn and Cu, respectively.  345 

3.3.2. Hazard quotient 346 

Deterministic and probabilistic estimates of HQ for eight trace metals in Bangshi 347 

River and groundwater through exposure to ingestion and dermal contact for with adult and 348 

children are displayed in Fig. 5 (also see Table S84 and S95). HQs > 1 indicates a potential 349 

for a non-carcinogenic adverse health effect to occur or the need for further study. For 350 

Bangshi River SW ingestion, the mean HQ values of As, Cr, Cu, and Pb exceeded the 351 

respective safe reference doses (i.e., HQs > 1) for adult as well as children (Fig. 5a). For the 352 

exposed population to SW, Pb and As contributed the most to total HQs followed by Cr, Cu, 353 

and Cd. Rest of the metals (i.e., Ni, Zn, and Mn) had a minimum contribution on the total 354 

HQs (Fig. 5a). Although Zn was characterized by the highest ADD value, it posed a least 355 

non-carcinogenic risk due to its relatively high reference dose value. Considering the dermal 356 

pathway of SW, mean HQs values of all the metals were below the safety level (i.e., HQs < 357 

1) (Fig. 5b). However, the probabilistic estimates of dermal HQ for Cr ranged from 0.02 to 358 

2.46 for adult and from 0.01 to 1.72 for children. Anyhow, for GW, the HQ values calculated 359 

for adult and children by probabilistic and deterministic approaches through ingestion and 360 

dermal contact were less than 1.0 (Fig. 5c and 5d), indicating no possible health threat for 361 

human in terms of groundwater intake in the present study area.  362 



Probabilistic/deterministic ratios of mean HQ values through SW ingestion for adult 363 

and children ranged from 1.22 to 1.44 and 0.73 to 0.85, respectively, for the analysed heavy 364 

metals. According to this study, the range of variability of HQ values estimated 365 

probabilistically was higher than the values determined deterministically. For example, 366 

probabilistically estimated 95th percentile HQ values of metals for adults and children were 367 

3.38 to 4.1 and 1.64 to 2.05, respectively, times greater than the values calculated 368 

deterministically. On the other hand, probabilistic/ deterministic ratios of 5th percentile HQ 369 

values for adults ranged from 0.01 to 0.09, whereas for children ranged from 3.38 to 4.31. 370 

This indicates that the probabilistic approach covers all the possible scenarios including 371 

extremes, which might not be encountered by the deterministic approach.  372 

3.3.3. Hazard index 373 

The non-carcinogenic risk associated with the combined ingestion and dermal exposure to 374 

As, Cr, Cu, and Pb exceeded the safety level (HI > 1.0) for adult and children at the Bangshi 375 

River area (Fig. 6a and Table S106). The mean HI values of Cd were in the line of 376 

benchmark value of 1.0 (Fig. 6a). Lead exhibited the highest value of HI for adult (varied 377 

from 2.09 to 4.39 with a mean value of 3.28 for deterministic calculation, while varied from 378 

0.15 to 17.4 with a mean value of 4.67 for probabilistic calculation) and children (varied from 379 

3.45 to 7.25 with a mean value of 5.41 for deterministic calculation, while varied from 0.62 380 

to 13.6 with a mean value of 4.64 for probabilistic calculation) followed by As, Cr, Cu, Cd, 381 

Zn, Mn, and Ni (Fig. 6a). Only a minor contribution (< 1% for As, Zn, Cu, Ni, and Pb; ~ 5% 382 

for Mn; ~ 19% for Cd; ~ 33% for Cr) of the dermal pathway on HI of the analysed metals 383 

was observed in this study. However, the HI values for all the metals in groundwater for adult 384 

and children were less than 1.0 (Fig. 6b), giving no possible indication of human health 385 

hazards. Furthermore, it is noteworthy to state that the deterministic HI of children was 386 

higher than that of adults by a factor of 1.65, indicating that children were more susceptible to 387 



non-carcinogenic risk from the heavy metals. However no significant difference between 388 

children and adults HI were observed for simulation results (Fig. 6 and Table S106).  389 

3.3.4. Ingestion, dermal and total cancer risk (TCR)  390 

To date, oral and dermal slope factors have been derived only for As. Consequently, 391 

the risk of cancer for adult and children due to ingestion and dermal exposure to surface and 392 

groundwater were only estimated for As by the deterministic and probabilistic approach and 393 

graphically shown in Fig. 7 (also see Table S117). There is no uniform carcinogenic risk 394 

standard. Although the most commonly considered cancer risk level is 1-in-1,000,000 (i.e., 1 395 

× 10-6), this level may change to 1-in-10,000 (1 × 10-4) according to national standards and 396 

environmental policies (USEPA, 2012).  Thus, the generally considered acceptable range of 397 

cancer risk is 1 × 10-6 to 1 × 10-4. This study also considered the higher end (i.e., 1 × 10-4) of 398 

the carcinogenic risk as unacceptable, exceedance of which may pose detrimental health 399 

hazards to exposed population.   400 

Considering both exposure pathways of SW, deterministically estimated TCR for 401 

adult ranged from 1.91E-04 to 5.31E-04, while that for children was between 6.31E-05 and 402 

1.75E-04. On the other hand, the probabilistically estimated TCR was in the range of 6.18E-403 

06 to 2.42E-04 for adult and between 7.20E-06 and 1.01E-04 for children (Fig. 7a). 404 

Deterministic mean TCR for adult and children exceeded the safety limit of 1 × 10-4 (Fig. 405 

7a). For adult, even the 5th percentile deterministic value (1.91E-04) was ~2 times and 95th 406 

percentile value was ~ 5 times higher than the upper recommended limit (Fig. 7a). 407 

Conversely, the probabilistic mean TCR for adult and children were less than 1 × 10-4 408 

(although 95th percentile TCR values exceeded the upper benchmark) (Fig. 7a). In this study, 409 

probabilistic simulation for SW showed that 20.13% TCR values for adult and 5.43 % TCR 410 

values for children were > 1 × 10-4. On the other hand, deterministic estimation seems to over 411 



predict the TCR calculation with 100% and 80 % of TCR values > 1 × 10-4 for adult and 412 

children, respectively.    413 

For GW deterministic estimates for TCR varied from 1.14E-04 to 1.70E-05 for adult 414 

and from 3.76E-06 to 5.61E-06 for children. On the contrary, the probabilistic estimate 415 

ranged from 2.65E-07 and 9.77E-06 for adult and between 3.12E-07 and 3.98E-06 for 416 

children (Fig. 7b). Our results showed that TCR through exposure to GW around DEPZ was 417 

well below 1 × 10-4 for adult and children estimated by two different approaches (i.e., 418 

deterministic and probabilistic) (Fig. 7b), meaning that local population can safely drink 419 

groundwater.  420 

Overall, our results showed that population exposed to Bangshi River water remained 421 

at high cancer risk and this risk was higher for adults relative to children due to exposure to 422 

the surface as well as groundwater. With regard to different exposure pathways, the dermal 423 

route contributed very little (< 1%) to the total cancer risk.  424 

 425 

3.3.5. Sensitivity and uncertainty analysis  426 

Sensitivity analysis was performed to identify input variables that contribute most 427 

significantly to the probabilistic non-carcinogenic and carcinogenic risk estimation. The 428 

results of sensitivity analysis showed that exposure duration (ED) and ingestion rate (IR) 429 

were the two most influential variables to surface and groundwater HI and TCR for both 430 

adult and children (Fig. A1 and A2).  431 

Uncertainty analysis for the simulated HI (surface and groundwater) and TCR was 432 

conducted using the boot-strapping method. The results of uncertainty analysis are presented 433 

in Table S128, S139, and S140. Environmental managers and policy makers would be better 434 



equipped with these ranges in decision making. It should be pointed out that in conjunction 435 

with the quantified uncertainty of the simulated results, there are some other uncertainties that 436 

could not be quantified and may be a limit to the validity of the case presented. For example, 437 

(i) seasonal variation of trace metals were not investigated, (ii) daily intake of water and body 438 

weights were acquired not measured, (iii) most of the probability distributions used for 439 

simulation were based on the USEPA data, (iv) uncertainty in the best fitted distribution, (v) 440 

CSF was treated as a constant for all members of the population, but in reality it can vary 441 

from person to person, (vi) total metal concentrations found in the water samples were 442 

considered as bioavailable concentration in human body that could somewhat overestimate 443 

the risk assessment, and (vii) metal speciation is important for more robust health risk 444 

estimation because the metal occurs as different species and exhibits different toxicity. 445 

Although the risk assessments in this study may not provide an absolutely accurate scenario 446 

of human health hazards, this study provides a preliminary investigation of health risk of 447 

heavy metals to local adult and children in the vicinity of DEPZ.   448 

 449 

4. Conclusion  450 

This study found that among eight heavy metals, Zn and Cu represented the highest 451 

mean concentrations in both surface and groundwater, while As and Cd concentrations were 452 

the least. A Ssignificant decrease in metal concentration (except As and Mn) with distance 453 

from the DEPZ industrial area was observed in surface water, which was an indicationcan be 454 

attributed to of industrial metal pollution to nearby water bodies. With a few exception (Cr, 455 

Cu, and Zn), SW metal concentrations were within the recommended limits for irrigation 456 

purposes. The current results exhibited that four toxic metals (i.e., As, Cd, Cr, and Pb) in 457 

Bangshi River water exceeded the WHO recommended limit for drinking water, whereas, 458 

metals in groundwater samples were well within the WHO prescribed limits.  459 



The potential of exposure and human risk assessments study were found that 460 

population around DEPZ industrial were more exposed to Zn and Cu in Bangshi River water 461 

and ingestion was the dominant pathway of metal exposuredue to mostly ingestion of water 462 

from the Bangshi River. Human health risk assessment indicated that ingestion of Bangshi 463 

River water Thus it can be a better is a matter of great concern for the local residents due to 464 

non-cancer risk from As, Cr, Cu, and Pb, and carcinogenic risk from As. This study identified 465 

As, Cr, Cu, and Pb as priority pollutants that calls for further attention and investigation. Both 466 

Carcinogenic and non-carcinogenic risks throughassociated with dermal contact could be 467 

ignored. However, the groundwater was identified as safe for human consumption by both 468 

deterministic and probabilistic approaches but can be critical due to increasing industrial 469 

activities. Thus surface and groundwater around this rapidly increasing industrial area should 470 

keep under continuous investigation. In addition, sensitivity analysis showed thatidentified 471 

exposure duration (ED) and ingestion rate (IR) of water were as two most important variables 472 

for probabilistic health risk estimation.  473 

Finally, reliance on unprotected and untreated industrial water for irrigation and 474 

drinking purposes put the local population at risk of chemical contamination. regulations on 475 

the overuse of agrochemicals and water treatment technologies should be taken into account 476 

to Bangshi River water. Improved and continuous environmental monitoring, industry 477 

transparency, construction and proper use of waste water treatment plants, and new 478 

regulatory initiatives including substantial fines and criminal penalties could help to resolve 479 

industrial contamination of surface water and to reduce human health risks. In order to 480 

improve the environmental condition, policy makers should emphasis on management of 481 

environmental and human health risks, without considering industrial and associated 482 

economic growth as single most important policy objective.   483 
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