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Introduction

Permanent disposal in sanitary landfills is one of the most 
common solid waste treatment methods in Canada [1,2]. The 
major concern with the use of landfill technology is the generation 
of landfill gas and leachate during anaerobic decomposition 
of buried organics. Due to the abundance of closed and active 
landfills, Canadian studies on modelling of landfill gas and 
leachate are not uncommon [3-5]. Landfill leachate, if not 
properly managed, can percolate through soil formations and 
contaminate groundwater [6-8]. Specifically, elevated levels of 
heavy metal concentrations are toxic to many living organisms 
and is a major threat to groundwater quality [9-12]. Groundwater 
is the main water source in Canada. In Saskatchewan, about 45% 
of the population rely on groundwater for municipal, domestic 
and rural use [13,14]. As such, residents of Saskatchewan are 
especially vulnerable to groundwater contamination due to 
landfill leachate. The 60ha unlined landfill cell in the City of 
Regina, the capital city of Saskatchewan, has been in service since 
1961. The City implemented a groundwater monitoring program 
at the proximity of the site. However, frequent missing data and 
irregular sampling frequency make interpretation of data difficult  

 
[3,4,15]. In a previous study conducted by Fallah et al. [5] three 
groundwater quality indices such as heavy metal evaluation index, 
heavy metal pollution index and degree of contamination were 
investigated using geostatistical analysis and ordinary kriging. 
In this study, correlation analysis and multiple linear regression 
(MLR) were applied to investigate the parameters and to explore 
the interactions between them. Most groundwater studies focus 
on waste disposal sites or landfills with liner or some form of 
groundwater protection mechanism [16-18], however, there 
is a lack of literature on the operation of an unlined landfill on 
groundwater quality.

Dissolved metals in groundwater

The influence of dissolved metals on surface and groundwater 
quality has been widely studied due to their practical 
importance. However, inconsistencies in results regarding the 
metal concentration ranges and the dominating species are not 
uncommon. Chofqi et al. [19] studied the impact of landfill leachate 
near a coastal aquifer and reported elevated concentration of Cd 
(0.015-0.025mg/L) and Pb (0.06-0.1mg/L). In a study by Mor 
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et al. [6], a total of 7 metals (Cd, Cr, Cu, Fe, Ni, Pb and Zn) were 
investigated, and they found that Fe concentration in groundwater 
samples was considerably higher than the regulated levels and no 
correlation was observed among the heavy metals. Jaskelevicius & 
Lynikiene [20] focused on heavy metals that can jeopardize public 
health (Fe, Cu, Ni, Zn, Pb, Mn, Cr) and found that Fe has an average 
concentration exceeding 200 times the admissible value in 
Lithuania. Bahaa-Eldin et al. [21] reported higher concentrations 
of Fe and Pb (0.97mg/l and 0.32mg/l, respectively) in a Malaysian 
study and found that the metals originated from a nearby landfill 
site. Bandara et al. [22] studied landfill co-disposal practices 
on groundwater quality in a suburban landfill in Sri Lanka and 
reported that Cd exceeded the local drinking water quality 
standard at 0.025 to 0.038mg/L.

Correlation analysis is typically conducted to reduce the 
data dimensions and to examine the interactions between metal 
pollutants. In a case study in Casablanca, Morocco, Smahi et al. 
[8] studied the temporal changes of groundwater contamination 
using correlation analysis. Fe, Zn, Pb, Al, Mn, Cu, Cd, Cr were 
identified as important metal pollutants. Smahi et al. [8] however 
observed no significant correlations between heavy metals. Based 
on metal availability and mobility in landfill leachate, El-Salam et 
al. [23] selected eight metals (Ni, Pb, Cu, Mn, Cr, Cd, Zn and Fe) 
to evaluate the groundwater quality near an Egyptian landfill 
using correlation analysis. Mn and Fe were the two elements 
that exceeded the local drinking water guideline, and statistically 
significant correlations among Zn, Mn and Fe were observed in 
their study with a confidence level of 95% or higher. In an Indian 
study, De et al. [24] found that groundwater was heavily polluted 
with Cd, Fe, Hg, Mn, Ni and Pb as a result of leachate originating 
from an adjacent 24.7 ha landfill. De et al. [24] found that Hg was 
significantly correlated with Ni, Cr, and Cu, and similar significant 
correlations were observed between Cu with Pb and Ni.

Literature review suggests that landfill leachate is a common 
subsurface metal pollutant source and the relative concentrations 
of the metals are highly site-specific. Correlations among metals 
are only observed in some studies. MLR has been commonly 
applied in many recent surface and groundwater studies 
to analyze the relationships between various groundwater 
parameters and contaminant concentrations [25,26]. MLR models 
have the flexibility to apply many independent variables [27] and 
results are easy to understand and interpret [28,29]. Ahsan et 
al. [30] applied MLR for modeling As in groundwater using 113 
wells in Bangladesh. Boy-Roura et al. [31] used MLR to evaluate 
aquifer vulnerability to nitrate pollution in Spain and to assess the 
relationships between the parameters. Pan et al. [15] used both 
regression techniques and machine learning approach to model 
the total dissolved solids in an urban aquifer and concluded that 
regression techniques such as MLR are more advantageous.

In this study, both correlation analysis and MLR are used to 
assess the dissolved heavy metals in groundwater near an unlined 

landfill. Groundwater data in the years 2012 and 2015 are selected 
based on the availability of data to investigate temporal changes. 
The objectives of this study are to 

(i) investigate the groundwater pollution using eleven 
common heavy metals and to evaluate temporal changes during a 
3-year period in a semi-arid climate, 

(ii) assess the correlation between these heavy metals in 
ground water wells in 2015 using correlation analysis, and 

(iii) generate empirical equations on selected parameters 
using linear regression. This study gives insight to dissolved 
metal contamination of a shallow aquifer with heavy metals 
near an unlined landfill. The present study is a continuation of 
a comprehensive study on the impact of an unlined municipal 
landfill to an urban shallow aquifer [3,5,15], with main focus on 
dissolved metal contamination near an unlined landfill.

Site description

The Regina Landfill is located northeast of the city and 
overlies both the Condie and Regina aquifers [32,33], and is the 
sole municipal landfill in the surrounding area (Figure 1). The 
operation of the primary landfill cell began in 1961 with a total 
footprint of 100ha. In 2011, the 60-ha primary cell (unlined) 
reached its full capacity. The landfill has expended in recent years 
with an additional 80 years of life expectancy [33]. The landfill 
has accepted a wide variety of materials containing construction 
and demolition, rubbish, recyclable concrete, fill dirt, residential 
recyclables, asphalt [34]. Over 380,000 tonnes of municipal 
solid waste is disposed of annually. Some industrial wastes are 
disposed of at the Regina landfill in the past and may contribute to 
the concentration of metal pollutants [20].

The Regina landfill site is located in a semi-arid zone and the 
precipitation is low (Joshua 2014) [5]. The geological formation 
at the study area is complex and is surrounded by a number of 
aquifers. The Condie, Regina, and Zehner aquifers overlap each 
other, as shown in Figure 2. The Condie aquifer is shallow and 
vertical migration of pollutants is possible from one aquifer to 
another. Near the landfill, the Condie aquifer is generally 8-10 m 
below ground surface and the regional groundwater flow direction 
is generally to the southwest. A description on the site geologic 
and flow regime can be found in Pan et al. [3,15] and Fallah et al. 
[5] (Figure 1 & 2).

Material and Method

Groundwater samples and monitoring wells

Sampling was done by environmental services at the City 
of Regina and the samples were delivered to a third party for 
analysis [36]. Groundwater samples considered in this study were 
collected from 27 monitoring wells (Table 1). The monitoring 
wells were classified into 5 groups located both upstream and 
downstream of the landfill, as shown in Figure 1. It should be 
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noted that no data is available for five wells (ID 30, 35, 62, 64, and 
65) in 2012. In other words, the number of monitoring wells in the 
year 2012 and 2015 are 22 and 27, respectively. Therefore, in total 

517 water samples are considered in this study. Information on 
sampling process has been previously reported by Pan et al. [3,15] 
and to avoid duplication has not been repeated here (Table 1).

Figure 1: Regina landfill and monitoring wells [33].

Figure 2: Regina area aquifers [35].
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Table 1: Geospatial distribution of monitoring wells at the City of Regina landfill.

Group Monitoring Wells Comments

Group 1 67, 69, 70 and 78
Background Monitoring Wells. These monitoring wells are located upstream of the landfill. This group 
of wells is assumed to be out of the landfill zone of influence. The groundwater is flowing from north-

east to southwest.

Group 2 84, 35, 45, and 118 These wells are located on the east side of the Landfill and inside the disposal area.

Group 3 112, 103, 104 and 114 They are located at the southwest corner of the disposal site, immediate downgradient of the landfill.

Group 4 81, 85, 71, 28, 23, 26, 
30, and 32 They are located along the west side of the disposal site, immediate downgradient of the landfill.

Group 5 87, 86, 65, 64, 42, 43 
and 62 Furthest away from the disposal site, located at the far west.

Statistical analysis and water quality standard

Statistical analysis on the concentration of eleven heavy 
metals: Aluminum (Al), Arsenic (As), Boron (B), Cadmium (Cd), 
Calcium (Ca), Nickel (Ni), Copper (Cu), Manganese (Mn), Zinc 
(Zn), Iron (Fe) and Uranium (U) was conducted in 2012 and 
2015. No data was available for U in 2012. These heavy metals 
were chosen based on the literature review and the availability of 
ground water quality data from City of Regina. Maximum (Max), 
minimum (Min), median and the interquartile ranges of parameter 
(Q1 and Q3) were also identified. The criteria of contamination 
in monitoring wells are based on Saskatchewan’s drinking water 
quality standard [37].

Correlation matrix and MLR

The 2015 well dataset is used to construct the correlation 
matrix to explore the potential interactions of metal pollutants in 
the subsurface environment. A coefficient of 0.75 to 1.00 indicates 
stronger correlation between the parameters, a coefficient ranges 
from 0.50 to 0.74 suggests a moderate correlation [38-40]. 
A p-value less than 0.05 was used to verify the significances of 
results [23,24]. Multiple linear regression (MLR) is defined with 
a dependent and two or more independent parameters and is 
described by Equation 1:

0 1 1 ........                         (1)i i i i k ky x x xβ β β β ε+ += + + + + +  

Where:

y: dependent variable

xi (i = 1, 2,.., k): independent variables

βi (i = 0, 1, 2,.., k): regression coefficients

ε: residual error

Prior to developing MLR equations, assumptions should be 
checked to ensure that MLR model can be applied to the dataset. 
The first assumption is that the dependent parameter should have 
a normal distribution and thus in this study, the distribution of 
the selected dependent parameters is evaluated using the two 
Kolmogorov-Smirnov (K-S) and Shapiro-Wilk tests. In the present 

study, correlation and MLR analyses were conducted using SPSS 
(v. 25) and a confidence interval of 95% was used [41,42]. The 
null hypothesis is that there is no normal distribution and no 
statistical differences between the dataset. Therefore, if the 
significance of the K-S and Shapiro-Wilk tests are higher than 0.05 
(confidence interval of 95%), this means the data has a statistical 
normal distribution and the null hypothesis is failed to reject. The 
second step is to identify the multicollinearity problem, hence, 
the correlation coefficients between independent parameters 
obtained from the correlation analysis were compared to the 
critical Pearson correlation coefficient (Rcrit) defined as presented 
by Equation 2 [43,44]. There is no multicollinearity if the absolute 
value of coefficient is greater than the Rcrit.

2
                     (2)crit

crit

crit

tR
df t

=
+and

                                (3)df n k= −  

where df is the analysis degree of freedom, n is the number of 
datasets, k presents the number of variables.

Using a two-tailed test with significance of 0.05, the Rcrit value 
calculated in this study was 0.284. Another assumption in MLR 
is that the error or the residuals have a normal distribution and 
the residuals should hold the homoscedasticity assumption (e.g. 
the variance of the errors is constant [45]. All these assumptions 
should be satisfied in order to have a statistically valid MLP 
equation. Multiple regression is performed between dependent 
and independent parameters with a minimum confidence interval 
of 95% [41,42]. The validity of each regression model is verified 
using ANOVA test, with a p value less than 0.05.

Results and Discussion

Dissolved metals

Heavy metal concentration data for 2012 and 2015 are 
presented in Tables A1 & A2, respectively. Among the eleven 
metals considered in this study, Mn, U, As and Fe concentrations 
are noticeably higher than the local drinking water standards and 
they are separately discussed below.
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Manganese

Figure 3 shows the concentrations of groundwater metal 
pollutants in 2015 at the study site. In this figure, the triangle 
symbol of the box plot represents the median value. The bottom 
and top edges of the box represent the first and third quantile 
(25th and 75th percentile) of each group. Moreover, the lower 
and upper level of the vertical solid line shows the minimum 
and maximum concentrations of the heavy metal in each group, 
respectively. Among the four metal pollutants considered in this 

study, Manganese (Mn) was the only pollutant that was well 
over the horizontal dash line, representing the Saskatchewan 
drinking water guideline of 0.05mg/L, in all monitoring wells 
in 2015 (Figure 3a). Larger variations of Mn concentrations 
are observed in group 2. Group 1 (background) has the lowest 
mean concentration at about 1mg/L, as well as the lowest data 
variability. The median Mn concentration in the background 
group is 20 times higher than the standard. According to Mor et 
al. [6], municipal landfill leachate may cause Mn and Fe to be more 
soluble in groundwater.

Figure 3: Concentrations of groundwater metal pollutants in 2015 at the study site for (a) Mn, (b) U, (c) As, and (d) Fe. Dash line presents 
Saskatchewan drinking water standard limit.

Thick layers of sedimentary rock exist in Southern 
Saskatchewan [46] and they may contribute to the elevated Mn 
level. According to the British Columbia groundwater association 
[47], elevated Mn and Fe may also be the result of weathering 
from minerals and rocks. Buamah et al. [48] found similar results 
in a site near the gold belt zone of Ghana and concluded that 
Manganese occurrence in aquifers might be originated from 
dissolution of compounds such as MnO2.

Groups 2 and 3 have higher median Mn concentrations than 
other groups (Figure 3a), probably due to the fact that the wells in 
these groups are mostly located within the disposal area (Figure 
1). Elevated Mn in groundwater was found to be related to the 
operation of a landfill in an Egyptian study [23]. The results from 
this study suggest that the landfill operation may negatively impact 
the groundwater quality, at least in terms of the Mn concentration.

Figure 4 shows the temporal changes of the metal concentration 
during the study period. The mean Mn concentrations in 2012 and 
2015 are 1.35mg/L and 1.47mg/L, respectively. The concentration 

of Mn generally increased during the 3-year period, as illustrated 
in Figure 4a. As discussed, data of five wells (ID 30, 35, 62, 64, and 
65) are not available in 2012, therefore, temporal comparisons 
are not possible, and the data are omitted. All monitoring wells 
in group 2 show noticeable increases (14-33%) in Manganese 
concentration during the study period. Mn concentration in 
well 104 in group 3 increased from 0.78mg/L to 2.1mg/L, 
representing the highest percentage increase of 170%. A similar 
trend is observed in Fe concentration (Figure 4c), but not in As 
concentration (Figure 4b), as discussed in the following sections. 
Well 87 in Group 5 observed the largest reduction in Mn from 1.4 
to 0.55mg/L or about 61%. Well 87 is located on the left-hand 
side of the landfill (Figure 1) and could be considered as spatially 
isolated from the landfill operation (Figure 3 & 4).

In 2015, about 27% of well samples had a higher Uranium 
concentration than the local drinking water standard (0.02mg/L). 
The highest concentration of U was observed in group 2 
(monitoring well 118) with a concentration of 0.054mg/L, 
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about 2.7 times higher than the standard (Figure 3b). Group 
1 (background) again had the lowest median U concentration. 
However, unlike other groups, Group 2 is the only group with a 
median U concentration higher than the standard of 0.02mg/L. 

Group 5 is located furthest from the landfill (Figure 1), and less 
variabilities in data are observed (Figure 3b). The 2012 Uranium 
data is not available, and temporal analysis is not possible.

Figure 4: Temporal analysis of selected metal pollutants in 2012 and 2015 at the study site for (a) Mn, (b) As, and (c) Fe.

The 2012 and 2015 average groundwater pH were 7.75 and 
7.77, respectively. Uranium is highly adsorbed by sediments when 
pH is between 6 to 10 [49]. In shallow aquifers, the presence of 
U is mainly related to weathering of uranium-bearing tills that 
release dissolved uranium to the groundwater [50], and field 
evidence has been reported in many parts of Canada such as 
southern Alberta [50], southeastern Manitoba [51], and northern 
Ontario [52]. According to Ranville et al. (2007), this phenomenon 
is observed in the glacial till deposits in Saskatchewan. The 
increases in the dissolved U concentrations in groundwater may 
be related to till oxidation, and surficial weathering of tills might 
be a more important contributor of U contamination in Condie 
aquifer in this study. However, direct evidence is not available to 
validate this claim.

Arsenic

As shown in Figure 3c, median As concentration in all wells 
are below the standard at 0.01mg/L. Group 1 (background) and 
group 2 monitoring wells have the highest and lowest median 
concentrations in 2015, respectively (Figure 3c). Unlike other 
metal pollutants considered in this study, the variability of As 
concentration is considerably higher in the background group 
(Group 1). It also appears that the operation of a 60ha unlined 
landfill has no apparent effect on As concentration in groundwater. 

According to Buchhammer et al. [10], As in groundwater may 
originate from chemical rock weathering and soil erosion. 
Local geology and precipitation rates also impact pH and As 
concentration in groundwater [11,53].

The Regina landfill is located in a semi-arid area, and mass 
exchange between As and the geological materials may be 
mainly controlled by the presence of Fe and Al mineral oxides 
and hydroxides phases [54]. According to Welch [55], dissolved 
organic matters can be another factor in increasing As and should 
be investigated in future studies. The mean value of Arsenic 
concentration slightly decreased from 0.0073mg/L in 2012 to 
0.0051mg/L in 2015. With the exceptions of well 26, 69, and 
85, Arsenic concentration generally decreased during the study 
period (Figure 4b). Group 3 is located immediately downstream 
of the landfill and a constant decreasing As trend is observed. It is 
interesting to note that increase in groundwater concentration in 
well 26 is only observed in As, but not Mn and Fe.

Iron

About 14.8% of well samples were over the Saskatchewan 
drinking water guideline for Iron in 2015, and all of them 
originated from group 4 wells (Figure 3d). With the exception of 
group 4, all results are precise with minimal of variability. It is not 
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clear why significantly larger Fe variability is observed in group 
4. Group 4 contains more wells (Figure 1), but larger variability 
is not observed with respect to other metal contaminants (Figure 
3a-3c). Buamah et al. [48] reported that the source of Fe in 
groundwater may be due to the dissolution of iron (II) and the 
reduction of iron oxyhydroxides.

A closer look at the data suggest that the mean Fe 
concentrations were substantially higher in 2012. The mean 
concentration of Fe shows significant decrease from 1.2mg/L in 
2012 to 0.16mg/L in 2015. Except well 104 in Group 3, reductions 
in Fe are observed in all wells.

Correlation matrix
Table 2: Correlation matrix between various groundwater parameters in 2015.

 pH Al U Fe Zn Mn Cu Ni Ca Cd As B

pH 1            

Al -0.15 1           

U -0.32 0.23 1          

Fe -0.37 0.19 0.27 1         

Zn -0.02 0.03 -0.01 0.02 1        

Mn -0.36 -0.12 0.42* 0.21 0.02 1       

Cu 0.32 0.11 0.2 -0.26 0.56** -0.06 1      

Ni -0.12 0.15 0.43* -0.18 0.06 0.1 0.36 1     

Ca -0.54** 0.07 0.65** 0.25 0.08 0.44* 0.1 0.36 1    

Cd -0.06 -0.04 -0.01 -0.09 -0.08 0.08 -0.03 0.69** 0.06 1   

As -0.04 0.78** -0.02 0.31 -0.02 -0.08 0.01 -0.17 -0.24 -0.12 1  

B -0.36 0.87** 0.31 0.22 0.05 0.09 0.04 0.18 0.23 -0.04 0.68** 1

** Correlation is significant at the 0.01 level (2-tailed). 

* Correlation is significant at the 0.05 level (2-tailed).

A total of 11 metal pollutants and groundwater pH were 
studied using correlation analysis. The resulting correlation 
matrix is shown in Table 2, with statistically significant results 
bolded. The results indicate that Al is strongly correlated with As 
and B (r = 0.78 and 0.87, respectively). Ni is moderately correlated 
with Cd (r = 0.69), and Cu is moderately correlated with Zn (r = 
0.56), with p < 0.01 in this study. These correlations may be 
originated from the improper disposal of consumer electronics 
and batteries. B also showed a significant correlation with As (r = 
0.68, p < 0.01). The correlation between B and As in groundwater 
has also been noticed in other studies [54,56]. Ca and U show a 
moderate correlation with r value of 0.65 (p < 0.01) in this study 
(Table 2).

In 2015, the pH in well waters measured from 7.43 to 
8.17 with an average value of 7.77. Heavy metal solubility 
in groundwater decreases with alkalinity [9]. This was also 
observed in Jaskelevicius & Lynikiene [20] where all heavy metal 
concentrations were lower in samples with higher pH, and a 
significant negative correlation was observed. With exception of 
Cu, groundwater pH is negatively correlated with all metals. The 
correlations between pH, Ca and Fe were also observed in different 
studies [6,54], as summarized in Table 3. Huang et al. [57], 
reported that a strong negative correlation (r = -0.95, p < 0.01) 
existed between Fe and pH (Table 3). In this study, the correlation 

between Fe and pH is, however, weak and insignificant (r = 0.37, 
p > 0.05). In the current study, no significant correlation between 
Mn and pH is observed. In the studies by Buamah et al. [48] & 
Huang et al. [57], moderate negative correlations were observed 
between pH and Mn (r = - 0.69 and r = - 0.64, respectively, p < 
0.01) in groundwater with pH below 6.5. Insignificant correlations 
of pH with Mn were also reported in a study by Rao [58], who 
suggested that Mn and Fe released easily from host rocks and 
metal organic compounds under acidic conditions. Comparisons 
of results are tabulated in Table 3. Various studies suggested that 
pH, Ca and Mn may impact U mobility in groundwater [49,59-61] 
due to the water rock interactions and microbial activity result 
in increases in carbonate alkalinity and Ca in groundwater wells. 
The relationship between As and pH in groundwater has been 
documented by Welch [55]. A weak and insignificant correlation 
between As and pH are however observed in this study (Table 
3). The results suggest the complexity of shallow aquifer and the 
importance of using site-specific data in geological studies (Table 
3).

Equations from MLR

In this study, regression analysis was conducted on the 
parameters identified in correlation matrix using trial and 
error. The sets of significant correlated parameters identified 
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using correlation analysis were Ca, U, pH and Mn; Al, As and B. 
According to the K-S test, the p value of the Ca, U, Al, As and B were 
ranged from 0.0001 to 0.028 all greater than 0.05. Therefore, the 
normality assumption was violated, and it was realized that these 
parameters are not suitable for developing MLR models. Using the 
K-S test, only pH and Mn were normally distributed with p value 
0.200 for both, hence, Mn was selected as dependent parameter 
while Ca, U and pH were independent factors with correlation 
coefficients of 0.54, 0.42 and 0.36, respectively. No significant 

collinearity exist between predictor parameters since correlation 
coefficients were greater than Rcrit = 0.284. From the regression 
analysis, the model had R2 and adjusted R2 of 0.247 and 0.148, 
respectively. ANOVA test showed the model was not statistically 
significant with p = 0.084 greater than 0.05. In the MLR equation, 
the coefficients of Ca, U and pH were 0.001, 14.222 and -0.571 
with p value 0.514, 0.320 and 0.403 greater than 0.05 and were 
not statistically significant.

Table 3: Correlation coefficients reported in different groundwater studies (2000-2019).

Reference Location Site Description Contaminants Parameters and Key Findings

Welch [55] United States Alkaline aquifer, existence of iron 
oxide

As, presence of 
organic carbon 
and iron oxide

pH As weak

Smedley et al. 
[56] Argentina Silts and fine sands; cold, arid envi-

ronment

As, F, NO3-N, B, Mo, 
Se and U and high 

salinity

As pH r=0.46

As B weak

Mor et al. [6] India

Semi-arid environment, dry conditions 
associated with hot summers and cold 
winters, high conductivity values. pH 

range 7.02 to 7.85.

Cu, Fe and Zn pH Fe, Ca r=-0.172

Mor et al. [6] India Wells are under the unlined landfill  No correla-
tion   

Bhattacharya et 
al. [54] Argentina

Semi-arid western part of Chaco Plain. 
Layers of gravel, sand, silt and clays, 
forming several sub-aquifers. Sedi-
ment contains Mn, Fe and Al oxides 
and hydroxides. Presence of organic 
ash. pH range: 6.4 - 9.3 (average of 

7.6).

The mobility of 
As was assessed 
in the study not 

the heavy metals 
contamination

pH Ca r=-0.6

As Ca r=-0.47

As B r=0.76

As pH r=0.59

Buamah et al. 
[48] Ghana

Wells are located in the gold-belt zone 
of Ghana. Sulphide minerals especially 

arsenopyrite. pH range is 5.6-6.5.
Mn, Fe and As As depen-

dent
pH, Fe and 

Mn r=-0.69

Giménez et al. 
[11] Argentina

pH varies from 6.50 to 8.94 with the 
average of 7.54 (neutral to slightly 

alkaline).
As

Fe As r=0.17

Mn As r=-0.07

Smahi et al. [8] Morocco

Unlined landfill, bedrock of the landfill 
is formed of Cambrian and Ordovician 

marine sediments modified by the 
Hercynian orogenesis.

Organic matter Heavy metal  No correla-
tion

Huang et al. [57] China Subtropical monsoon climate, pH 
changes from 6.2 to 7.2 Fe and Mn

pH Mn r=-0.643

Fe Mn r=0.602

Zn Cu r=0.228

pH Fe r=-0.95

Salam et al. [23] Egypt
Wells under the municipal solid waste 
landfill, Unconfined aquifer, pH ranges 

from 7.2 to 7.9.

Organics, salts and 
heavy metals (Fe, 

Mn and Cd)
Mn Zn, Fe r=0.985, 

r=0.362

De et al. [24] India

The soil strata of the city consist 
of clay, silt, various grades of sand 

gravels and pebbles. Hot and humid 
climate.

Fe, Cd, Hg, Mn, Ni 
and Pb

Hg Cu, Ni r=0.907, 
r=0.957

Cu Ni, Pb r=0.900, 
r=0.944
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Present study Canada
Wells are located under the unlined. 
Regina landfill semi-arid zone with 
low precipitation. pH average is 7.7.

Mn, Fe and As

Al B r=0.87

Al As r=0.78

Zn Cu r=0.56

pH Fe r=-0.41

pH Ca r=-0.54

B As r=0.68

After testing different parameters for constructing MLR, the 
simple linear regression model between pH and Ca was found to 
satisfy all assumptions. pH was normally distributed with p values 
of 0.2 and 0.7 (p > 0.05) based on K-S and Shapiro-Wilk test, 
respectively. In this model, the statistically significant R2 of 0.297 
and adjusted R2 of 0.268 with p = 0.003 from ANOVA test were 
between dependent and explanatory parameters. Based on the 
homoscedasticity results from the Levene’s test of equality of error 
variances, it was observed that there is no significant differences 
of the error variances with the p value of 0.051 and this condition 
is satisfied. The results from the normality tests of the residuals 
showed both of K-S and Shapiro-Wilk tests had the p value greater 
than 0.05 (p of 0.200 and 0.094, respectively). Therefore, there 
was no evidence of any significant deviation from normality for 
the residuals. It was found that the data normality and equality 
of variance were satisfied the conditions for performing linear 
regression between pH and Ca. Therefore, the equation for linear 
regression was defined as:

0.001 8.107                     (4)pH Ca= − +

Equation 4 is valid for aquifer with slightly alkaline pH (7.43 
< pH < 8.17), and Ca range of (120mg/L < Ca < 500mg/L). The 
magnitude of the coefficient of Ca is noticeably small, probably 
due to the narrow range of pH encountered in the Condie aquifer.

Linear regression analysis was also performed for Mn and 
U, while Mn is the dependent parameter. K-S and Shapiro-Wilk 
normality tests had the p values of 0.200 and 0.888, respectively, 
showing the normal distribution of Mn data. The model was 
statistically significant (p = 0.029) with weak R2 of 0.176 and 
adjusted R2 of 0.143. The results of the Levene’s test (p = 0.228) 
revealed the constant variance of the error term, thus, the 
homoscedasticity assumption was satisfied. Using the K-S and 
Shapiro-Wilk tests (p value of 0.200 and 0.700, respectively) the 
normality of the residual error was also observed. The equation 
for Mn is valid for aquifers with Mn concentration between 0.18-
2.6mg/L and U concentration between 0.0066 - 0.054 mg/L was 
provided as follow:

24.536 1.005                       (5)Mn U= +

As shown in Figure 5a & 5b these linear regression models can 
only accurately predict about 29.7% and 17.6% of the observed 
pH and Mn data, respectively. From the result, it can be concluded 
that the linear regression method is not helpful in accurately 

predicting and modeling heavy metals in Condie aquifer around 
the Regina landfill. The proposed equations may only be applicable 
to sites having similar hydrogeological conditions (Figure 5).

Figure 5: Comparison of the predicted and measured values of 
linear regression models (a) pH dependent and Ca independent 
parameter; (b) Mn dependent and U independent parameter.

Conclusion

Due to the existence of an unlined landfill in the City of Regina, 
and potential influence of landfill leachate on groundwater 
quality, pollution with heavy metals was assessed using 
correlation analysis and MLR. Statistical analysis showed that Mn 
concentrations moderately increased from 1.35 to 1.47mg/l over 
the study period. Mn concentration is however higher than local 
drinking water standards. The increases in Mn concentrations in 
group 2 and 4 monitoring wells may be the result of operations of 
the unlined landfill. According to the data from monitoring wells, 
the U contamination in groundwater was very low and might be 
related to groundwater pH and surficial weathering as reported 
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in a number of other Canadian studies. Both Mn and U had the 
highest mean concentration upstream of the landfill (group 
2 monitoring wells). In 2015, Mn, U, As and Fe exceeded the 
Saskatchewan drinking water quality standard limits. However, in 
2012, the heavy metals that exceeded the guideline were: Mn, As, 
Fe and Cd. Overall, the groundwater monitoring wells did not have 
severe contamination in 2015 except for Mn. Based on correlation 

analysis, Ni was positively correlated with Cd, Zn with Cu. In this 
study, it was attempted to generate MLR models using heavy 
metal parameters, however, among them only pH and Mn had a 
normal distribution, thus two linear models were provided for pH 
and Mn. The proposed equations provide statistically significant, 
simple estimates of key groundwater metal pollutants in semi-
arid regions with similar hydrogeological conditions.

Appendix A

Table A1 & A2

Table A1: Concentration of heavy metals in 2012 (Note: Data is not available for five wells: ID 30, 35, 62, 64, and 65 in 2012).

 

Monitor-
ing wells 

(ID) pH

Alumi-
num 

(mg/l)
Arsenic 
(mg/l)

Boron 
(mg/l)

Cadmium 
(mg/l)

Calcium 
(mg/l)

Nickel 
(mg/l)

Copper 
(mg/l)

Manganese 
(mg/l)

Zinc 
(mg/l)

Iron 
(mg/l)

Ura-
nium 

(mg/l)

Group 1

67 7.74 0.0032 0.012 0.068 0.037 110 0.00067 0.0034 0.88 0.004 0.06 -

70 7.83 0.11 0.0059 0.086 0.06 130 0.00095 0.0004 0.93 0.008 0.24 -

69 7.83 0.008 0.0062 0.096 0.053 120 0.0005 0.0007 0.65 0.012 0.06 -

78 7.91 0.0087 0.0055 0.079 4.90E-05 300 0.011 0.0034 1.2 0.014 0.15 -

Group 2

84 7.68 0.0035 0.0018 0.087 0.16 360 0.0017 0.013 1.1 0.023 0.6 -

35 - - - - - - - - - - - -

45 7.7 0.0032 0.0083 0.13 0.065 360 0.0019 0.0004 2 0.017 1.1 -

118 7.58 0.0045 0.0007 0.1 0.45 430 0.025 0.014 2.1 0.015 0.27 -

Group 3

103 7.91 0.046 0.015 0.15 0.00011 170 0.00072 0.0032 1.1 0.012 0.49 -

104 7.91 0.0094 0.016 0.21 0.00007 140 0.00079 0.0003 0.78 0.015 0.064 -

112 7.77 0.006 0.0024 0.11 0.069 330 0.0049 0.005 2.2 0.016 0.32 -

114 7.82 0.0035 0.0065 0.15 0.093 290 0.0035 0.006 1.5 0.013 0.06 -

Group 4

81 7.71 0.014 0.0074 0.059 0.064 270 0.0006 0.0079 1.2 0.01 0.94 -

71 7.74 0.0011 0.0052 0.084 0.11 350 0.0015 0.0089 1.3 0.013 1.4 -

85 7.85 0.0018 0.0007 0.095 0.13 350 0.014 0.0057 0.7 0.012 0.06 -

28 7.6 0.0021 0.0084 0.45 0.00019 490 0.0072 0.0045  0.014 1.5 -

23 7.67 0.0047 0.0069 0.14 0.00016 380 0.013 0.0073 1.4 0.083 0.33 -

26 7.45 0.0025 0.011 1.2 0.24 460 0.012 0.015 1.2 0.049 5.1 -

30 - - - - - - - - - - - -

32 7.61 0.011 0.028 0.12 0.14 400 0.0042 0.013 1.7 0.02 5.7 -

Group 5

87 7.81 0.001 0.0018 0.092 0.064 410 0.0019 0.0039 1.4 0.013 0.55 -

86 7.8 0.0048 0.0014 0.071 0.055 410 0.0052 0.0083 1.5 0.01 0.44 -

42 7.68 0.0023 0.0081 0.14 0.062 390 0.0011 0.0036 2.2 0.014 1.3 -

64 - - - - - - - - - - - -

65 - - - - - - - - - - - -

43 7.78 0.0035 0.0006 0.12 0.27 310 0.012 0.0004 1.3 0.004 0.06 -

62 - - - - - - - - - - - -
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Table A2: Concentration of heavy metals in 2015.

 
Monitor-
ing wells 

(ID)
pH Aluminum 

(mg/l)
Arsenic 
(mg/l)

Boron 
(mg/l)

Cadmium 
(mg/l)

Calcium 
(mg/l)

Nickel 
(mg/l)

Copper 
(mg/l)

Man-
ganese 
(mg/l)

Zinc 
(mg/l)

Iron 
(mg/l)

Uranium 
(mg/l)

Group 
1

67 8.07 0.003 0.0099 0.007 5.00E-05 130 5.00E-04 0.00035 0.99 0.0049 0.06 0.007

70 8.08 0.006 0.0026 0.008 2.00E-05 140 0.002 0.0005 1 0.0031 0.06 0.007

69 8.17 0.006 0.011 0.088 2.00E-05 120 1.00E-03 0.0038 0.63 0.003 0.06 0.007

78 7.86 0.003 0.00058 0.079 0.0004 380 0.012 0.0056 1.6 0.084 0.06 0.015

Group 
2

84 7.56 0.003 0.0012 0.1 2.00E-05 390 0.002 0.00043 1.3 0.0042 0.12 0.018

35 7.8 0.003 0.00053 0.073 3.00E-05 500 0.007 0.0017 0.18 0.012 0.06 0.027

45 7.86 0.005 0.0055 0.14 0 450 0.004 0.0015 2.6 0.012 0.06 0.018

118 7.88 0.003 0.00048 0.12 0.0005 500 0.024 0.0032 2.4 0.013 0.06 0.054

Group 
3

103 7.8 0.003 0.011 0.14 9.00E-05 140 0.002 0.0002 0.96 0.035 0.06 0.009

104 7.57 0.003 0.0065 0.17 5.00E-05 330 0.001 0.0002 2.1 0.0072 0.14 0.009

112 7.85 0.003 0.00046 0.12 5.00E-05 310 0.004 0.00072 2.2 0.0073 0.06 0.023

114 7.76 0.003 0.0015 0.11 5.00E-05 260 0.004 0.0007 1.4 0.003 0.06 0.024

Group 
4

81 7.92 0.003 0.0033 0.071 3.00E-05 300 5.00E-04 0.00065 1.4 0.0064 0.063 0.013

71 7.96 0.005 0.0043 0.084 2.00E-05 390 0.001 0.0002 1.5 0.0079 0.78 0.019

85 7.57 0.003 0.00076 0.088 0.0001 330 0.017 0.0016 0.99 0.0034 0.06 0.018

28 7.49 0.003 0.0083 0.11 0 390 0.001 0.0003 1.9 0.014 0.71 0.016

23 7.52 0.003 0.0025 0.11 2.00E-05 330 0.002 0.0002 1.6 0.014 0.14 0.014

26 7.61 0.21 0.025 1.3 0.0002 380 0.013 0.0018 1.1 0.017 0.37 0.031

30 7.43 0.003 0.0033 0.72 0.0002 460 0.01 0.00054 2.3 0.016 0.28 0.026

Group 
5

32 7.47 0.003 0.0053 0.12 6.00E-05 390 0.003 0.0003 1.9 0.022 0.75 0.038

87 7.79 0.003 0.00032 0.11 0.0001 380 0.013 0.00087 0.55 0.0059 0.06 0.011

86 7.72 0.003 0.001 0.08 2.00E-05 390 0.006 0.00053 1.5 0.0047 0.06 0.018

42 7.71 0.003 0.0051 0.15 4.00E-05 400 0.001 0.0006 2.2 0.0054 0.06 0.02

64 7.71 0.003 0.0011 0.12 0.21 370 0.035 0.00092 1.7 0.0076 0.06 0.018

65 7.71 0.003 0.0014 0.079 0.0002 400 0.004 0.00086 1.4 0.022 0.06 0.019

43 7.94 0.003 0.00043 0.13 0.0003 280 0.012 0.0013 1.4 0.012 0.06 0.019

62 7.94 0.003 0.0002 0.12 2.00E-05 250 5.00E-04 0.00053 0.7 0.03 0.06 0.007

Declarations

Funding

The research reported in this paper was partly supported by a 
grant from the Natural Sciences and Engineering Research Council 
of Canada (RGPIN-385815), to the second author (K. T. W. Ng), 
using computing equipment funded by FEROF at the University of 
Regina. The authors are grateful for their support.

Conflicts of interest/Competing interests

The authors declare that they have no known competing 
financial interests or personal relationships that could have 
appeared to influence the work reported in this paper.

Availability of data and material

The data provided in appendix Table A1 & A2

Acknowledgement

The research reported in this paper was partly supported by a 
grant from the Natural Sciences and Engineering Research Council 
of Canada (RGPIN-385815), to the second author (K. T. W. Ng), 
using computing equipment funded by FEROF at the University 
of Regina. The authors are grateful for their support. The views 
expressed herein are those of the writers and not necessarily 
those of our research and funding partners.

References

1. Statistics Canada (2019a) Table 38-10-0032-01 (formerly CANSIM 
153-0041), Disposal of waste, by source. 

2. Statistics Canada (2019b) Table 38-10-0033-01 (formerly CANSIM 
153-0042), Materials diverted, by source. 

http://dx.doi.org/10.19080/IJESNR.2020.26.556181


How to cite this article: Bahareh F, Kelvin T W N, Amy R, Hoang L V, Wei P, et al. Spatial-Temporal Analysis of Dissolved Metal Pollutants near an Unlined 
Municipal Landfill in a Semi-Arid Climate. Int J Environ Sci Nat Res. 2020; 26(2): 556181. DOI: 10.19080/IJESNR.2020.26.556181046

International Journal of Environmental Sciences & Natural Resources

3. Pan C, Ng KTW, Fallah B, Richter A (2019a) Evaluation of the Bias and 
Precision of Regression Techniques and Machine Learning Approaches 
in Total Dissolved Solids Modeling of an Urban Aquifer. Environmental 
Science and Pollution Research 26(2): 1821-1833.

4. Fallah B, Ng KTW, Vu HL, Torabi F (2020) Application of a multi-stage 
neural network approach for time-series landfill gas modeling with 
missing data imputation. Waste Management 116: 66-78.

5. Fallah B, Richter A, Ng KTW, Salama A (2019) Effects of groundwater 
metal contaminant spatial distribution on overlaying kriged maps. En-
vironmental Science and Pollution Research 26: 22945-22957.

6. Mor S, Ravindra K, Dahiya RP, Chandra A (2006) Leachate Characteri-
zation and Assessment of Groundwater Pollution Near Municipal Solid 
Waste Landfill Site. Environmental Monitoring and Assessment 118(1-
3): 435-456. 

7. Bashir MJ, Isa MH, Kutty SRM, Awang ZB, Aziz HA, et al. (2009) Landfill 
leachate treatment by electrochemical oxidation. Waste Management 
29(9): 2534-2541.

8. Smahi D, Hammoumi OE, Fekri A (2013) Assessment of the Impact of 
the Landfill on Groundwater Quality: A Case Study of the Mediouna 
Site, Casablanca, Morocco. Journal of Water Resource and Protection 
05(04): 440-445.

9. Batayneh AT (2011) Toxic (aluminum, beryllium, boron, chromium 
and zinc) in groundwater: health risk assessment. International Jour-
nal of Environmental Science and Technology 9(1): 153-162.

10. Buchhammer EE, Blanes PS, Osicka RM, Gimenez MC (2012) Environ-
mental risk assessment of arsenic and fluoride in the chaco province, 
argentina: research advances. Journal of Toxicology and Environmen-
tal Health A 75(22-23): 1437-1450. 

11. Giménez MC, Blanes PS, Buchhamer EE, Osicka RM, Morisio Y, et al. 
(2013) Assessment of Heavy Metals Concentration in Arsenic Contam-
inated Groundwater of the Chaco Plain, Argentina. ISRN Environmen-
tal Chemistry 2013: 1-12. 

12. Chowdhury S, Mazumder MAJ, Al-Attas O, Husain T (2016) Heavy met-
als in drinking water: Occurrences, implications, and future needs in 
developing countries. Science of the Total Environment 569-570: 476-
488. 

13. Government of Canada (2013) Water sources: groundwater. 

14. Natural Resources Canada (2017) Groundwater and Aquifers.

15. Pan C, Ng KTW Richter A (2019b) An Integrated Multivariate Statisti-
cal Approach for the Evaluation of Spatial Variations in Groundwater 
Quality near an Unlined Landfill. Environmental Science and Pollution 
Research 26(6): 5724-5737. 

16. Bjerg PL, Albrechtsen HJ, Kjeldsen P, Christensen TH, Cozzarelli IM 
(2003) The groundwater geochemistry of waste disposal facilities. 
Treatise on geochemistry 9: 612.

17. Longe EO, Enekwechi LO (2007) Investigation on potential groundwa-
ter impacts and influence of local hydrogeology on natural attenuation 
of leachate at a municipal landfill. International Journal of Environ-
mental Science and Technology 4(1): 133-140.

18. Aderemi AO, Oriaku AV, Adewumi GA, Otitoloju AA (2011) Assessment 
of groundwater contamination by leachate near a municipal solid 
waste landfill. African Journal of Environmental Science and Technol-
ogy 5(11): 933-940.

19. Chofqi A, Younsi A, Lhadi EK, Mania J, Mudry J, et al. (2004) Environ-
mental impact of an urban landfill on a coastal aquifer (El Jadida, Mo-
rocco). Journal of African Earth Sciences 39(3-5): 509-516.

20. Jaskelevičius B, Lynikiene V (2009) Investigation of influence of lapes 
landfill leachate on ground and surface water pollution with heavy 
metals. Journal of Environmental Engineering and Landscape Manage-

ment 17(3): 131-139.

21. Bahaa-Eldin EAR, Yusoff I, Rahim SA, Wan Zuhairi WY, Abdul Ghani MR 
(2008) Heavy Metal Contamination of Soil Beneath a Waste Disposal 
Site at Dengkil, Selangor, Malaysia. Soil and Sediment Contamination: 
An International Journal 17(5): 449-466. 

22. Bandara NJGJ, Hettiaratchi JPA (2010) Environmental impacts with 
waste disposal practices in a suburban municipality in Sri Lanka. Inter-
national Journal of Environment and Waste Management 6(1/2): 107.

23. El Salam MMA, Abu Zuid GI (2015) Impact of landfill leachate on the 
groundwater quality: A case study in Egypt. Journal of advanced re-
search 6(4): 579-586.

24. De S, Maiti SK, Hazra T, Debsarkar A, Dutta A (2015) Assessment of 
groundwater pollution by municipal solid waste (MSW) landfill leach-
ate: A case study in Kolkata, India. 

25. Cho KH, Sthiannopkao S, Pachepsky YA, Kim KW, Kim JH (2011) Predic-
tion of contamination potential of groundwater arsenic in Cambodia, 
Laos, and Thailand using artificial neural network. Water Res 45(17): 
5535-5544.

26. Brix KV, De Forest DK, Tear L, Grosell M, Adams WJ (2017) Use of mul-
tiple linear regression models for setting water quality criteria for cop-
per: a complementary approach to the biotic ligand model. E n v i r o n 
Sci Technol 51(9): 5182-5192. 

27. Sahoo S, Jha MK (2014) On the statistical forecasting of groundwater 
levels in unconfined aquifer systems. Environmental Earth Sciences 
73(7): 3119-3136.

28. Heuvelmans G, Muys B, Feyen J (2006) Regionalisation of the parame-
ters of a hydrological model: Comparison of linear regression models 
with artificial neural nets. Journal of Hydrology 319(1-4): 245-265.

29. Adeloye AJ (2009) Multiple Linear Regression and Artificial Neural 
Networks Models for Generalized Reservoir Storage–Yield–Reliability 
Function for Reservoir Planning. Journal of Hydrologic Engineering 
14(7): 731-738.

30. Ahsan SM, Islam N, Uddin J, Uddin MT (2008) Statistical modeling of 
the groundwater arsenic contamination level in Bangladesh due to 
chemical elements. Journal of Applied Quantitative Methods 3(3): 254-
262.

31. Boy Roura M, Nolan BT, Menció A, Mas Pla J (2013) Regression model 
for aquifer vulnerability assessment of nitrate pollution in the Osona 
region (NE Spain). Journal of Hydrology 505: 150-162.

32. City of Regina (2014a) Annual Landfill Report. City of Regina Environ-
mental Services. Regina, SK. 

33. City of Regina (2015) City of Regina Landfill Groundwater Monitoring 
Report. City of Regina Environmental Services. Regina, SK. 

34. City of Regina (2009) City of Regina Landfill Groundwater Monitoring 
Report. City of Regina Environmental Services. Regina, SK. 

35. (2016) Infrastructure servicing strategy RM of Sherwood. 

36. City of Regina (2014b) City of Regina Landfill Groundwater Monitoring 
Report. City of Regina Environmental Services. Regina, SK.

37. Saskatchewan Environment (2006) Saskatchewan Drinking water 
standard.

38. Nolan J, Weber KA (2015) Natural Uranium Contamination in Major 
U.S. Aquifers Linked to Nitrate. Environmental Science & Technology 
Letters 2(8): 215-220.

39. Molofsky LJ, Richardson SD, Gorody AW, Baldassare F, Connor JA, et al. 
(2018) Purging and other sampling variables affecting dissolved meth-
ane concentration in water supply wells. Science of The Total Environ-
ment 618: 998-1007.

http://dx.doi.org/10.19080/IJESNR.2020.26.556181
https://link.springer.com/article/10.1007/s11356-018-3751-y
https://link.springer.com/article/10.1007/s11356-018-3751-y
https://link.springer.com/article/10.1007/s11356-018-3751-y
https://link.springer.com/article/10.1007/s11356-018-3751-y
https://www.sciencedirect.com/science/article/abs/pii/S0956053X20304128
https://www.sciencedirect.com/science/article/abs/pii/S0956053X20304128
https://www.sciencedirect.com/science/article/abs/pii/S0956053X20304128
https://link.springer.com/article/10.1007/s11356-019-05541-z
https://link.springer.com/article/10.1007/s11356-019-05541-z
https://link.springer.com/article/10.1007/s11356-019-05541-z
https://link.springer.com/article/10.1007/s10661-006-1505-7
https://link.springer.com/article/10.1007/s10661-006-1505-7
https://link.springer.com/article/10.1007/s10661-006-1505-7
https://link.springer.com/article/10.1007/s10661-006-1505-7
https://www.sciencedirect.com/science/article/abs/pii/S0956053X09001780
https://www.sciencedirect.com/science/article/abs/pii/S0956053X09001780
https://www.sciencedirect.com/science/article/abs/pii/S0956053X09001780
https://cyberleninka.org/article/n/420235
https://cyberleninka.org/article/n/420235
https://cyberleninka.org/article/n/420235
https://cyberleninka.org/article/n/420235
https://link.springer.com/article/10.1007/s13762-011-0009-3
https://link.springer.com/article/10.1007/s13762-011-0009-3
https://link.springer.com/article/10.1007/s13762-011-0009-3
https://pubmed.ncbi.nlm.nih.gov/23095162/
https://pubmed.ncbi.nlm.nih.gov/23095162/
https://pubmed.ncbi.nlm.nih.gov/23095162/
https://pubmed.ncbi.nlm.nih.gov/23095162/
https://www.hindawi.com/journals/isrn/2013/930207/
https://www.hindawi.com/journals/isrn/2013/930207/
https://www.hindawi.com/journals/isrn/2013/930207/
https://www.hindawi.com/journals/isrn/2013/930207/
https://pubmed.ncbi.nlm.nih.gov/27355520/
https://pubmed.ncbi.nlm.nih.gov/27355520/
https://pubmed.ncbi.nlm.nih.gov/27355520/
https://pubmed.ncbi.nlm.nih.gov/27355520/
https://link.springer.com/article/10.1007/s11356-018-3967-x
https://link.springer.com/article/10.1007/s11356-018-3967-x
https://link.springer.com/article/10.1007/s11356-018-3967-x
https://link.springer.com/article/10.1007/s11356-018-3967-x
https://ui.adsabs.harvard.edu/abs/2003TrGeo...9..579B/abstract
https://ui.adsabs.harvard.edu/abs/2003TrGeo...9..579B/abstract
https://ui.adsabs.harvard.edu/abs/2003TrGeo...9..579B/abstract
https://link.springer.com/article/10.1007/BF03325971
https://link.springer.com/article/10.1007/BF03325971
https://link.springer.com/article/10.1007/BF03325971
https://link.springer.com/article/10.1007/BF03325971
https://www.ajol.info/index.php/ajest/article/view/74204
https://www.ajol.info/index.php/ajest/article/view/74204
https://www.ajol.info/index.php/ajest/article/view/74204
https://www.ajol.info/index.php/ajest/article/view/74204
https://www.sciencedirect.com/science/article/abs/pii/S0899536204001320
https://www.sciencedirect.com/science/article/abs/pii/S0899536204001320
https://www.sciencedirect.com/science/article/abs/pii/S0899536204001320
https://www.tandfonline.com/doi/pdf/10.3846/1648-6897.2009.17.131-139
https://www.tandfonline.com/doi/pdf/10.3846/1648-6897.2009.17.131-139
https://www.tandfonline.com/doi/pdf/10.3846/1648-6897.2009.17.131-139
https://www.tandfonline.com/doi/pdf/10.3846/1648-6897.2009.17.131-139
https://www.tandfonline.com/doi/abs/10.1080/15320380802304342?journalCode=bssc20
https://www.tandfonline.com/doi/abs/10.1080/15320380802304342?journalCode=bssc20
https://www.tandfonline.com/doi/abs/10.1080/15320380802304342?journalCode=bssc20
https://www.tandfonline.com/doi/abs/10.1080/15320380802304342?journalCode=bssc20
https://www.sciencedirect.com/science/article/pii/S2090123214000265
https://www.sciencedirect.com/science/article/pii/S2090123214000265
https://www.sciencedirect.com/science/article/pii/S2090123214000265
http://www.academicscience.co.in/admin/resources/project/paper/f201502251424874860.pdf
http://www.academicscience.co.in/admin/resources/project/paper/f201502251424874860.pdf
http://www.academicscience.co.in/admin/resources/project/paper/f201502251424874860.pdf
https://www.sciencedirect.com/science/article/abs/pii/S0043135411004465
https://www.sciencedirect.com/science/article/abs/pii/S0043135411004465
https://www.sciencedirect.com/science/article/abs/pii/S0043135411004465
https://www.sciencedirect.com/science/article/abs/pii/S0043135411004465
https://pubmed.ncbi.nlm.nih.gov/28409924/
https://pubmed.ncbi.nlm.nih.gov/28409924/
https://pubmed.ncbi.nlm.nih.gov/28409924/
https://pubmed.ncbi.nlm.nih.gov/28409924/
https://link.springer.com/article/10.1007/s12665-014-3608-8
https://link.springer.com/article/10.1007/s12665-014-3608-8
https://link.springer.com/article/10.1007/s12665-014-3608-8
https://www.sciencedirect.com/science/article/abs/pii/S0022169405003641
https://www.sciencedirect.com/science/article/abs/pii/S0022169405003641
https://www.sciencedirect.com/science/article/abs/pii/S0022169405003641
https://ascelibrary.org/doi/10.1061/%28ASCE%29HE.1943-5584.0000041
https://ascelibrary.org/doi/10.1061/%28ASCE%29HE.1943-5584.0000041
https://ascelibrary.org/doi/10.1061/%28ASCE%29HE.1943-5584.0000041
https://ascelibrary.org/doi/10.1061/%28ASCE%29HE.1943-5584.0000041
https://agris.fao.org/agris-search/search.do?recordID=AV20120131272
https://agris.fao.org/agris-search/search.do?recordID=AV20120131272
https://agris.fao.org/agris-search/search.do?recordID=AV20120131272
https://agris.fao.org/agris-search/search.do?recordID=AV20120131272
https://www.sciencedirect.com/science/article/abs/pii/S0022169413007014
https://www.sciencedirect.com/science/article/abs/pii/S0022169413007014
https://www.sciencedirect.com/science/article/abs/pii/S0022169413007014
https://rmofsherwood.ca/wp-content/uploads/2016/09/RM-of-Sherwood-Infrastructure-Servicing-Strategy-FINAL.pdf
http://www.saskh2o.ca/DWBinder/EPB207Drinking_Water_Standards_post.pdf
http://www.saskh2o.ca/DWBinder/EPB207Drinking_Water_Standards_post.pdf
https://pubs.acs.org/doi/abs/10.1021/acs.estlett.5b00174
https://pubs.acs.org/doi/abs/10.1021/acs.estlett.5b00174
https://pubs.acs.org/doi/abs/10.1021/acs.estlett.5b00174
https://www.sciencedirect.com/science/article/abs/pii/S0048969717324178
https://www.sciencedirect.com/science/article/abs/pii/S0048969717324178
https://www.sciencedirect.com/science/article/abs/pii/S0048969717324178
https://www.sciencedirect.com/science/article/abs/pii/S0048969717324178


How to cite this article: Bahareh F, Kelvin T W N, Amy R, Hoang L V, Wei P, et al. Spatial-Temporal Analysis of Dissolved Metal Pollutants near an Unlined 
Municipal Landfill in a Semi-Arid Climate. Int J Environ Sci Nat Res. 2020; 26(2): 556181. DOI: 10.19080/IJESNR.2020.26.556181047

International Journal of Environmental Sciences & Natural Resources

40. Kotchoni DOV, Vouillamoz JM, Lawson FMA, Adjomayi P, Boukari M, et 
al. (2018) Relationships between rainfall and groundwater recharge in 
seasonally humid Benin: a comparative analysis of long-term hydro-
graphs in sedimentary and crystalline aquifers. Hydrogeology Journal 
27: 447-457.

41. Civelekoglu G, Yigit NO, Diamadopoulos E, Kitis M (2007) Prediction of 
bromate formation using multi-linear regression and artificial neural 
networks. Ozone Sci Eng 29(5): 353-362.

42. Viswanath NC, Kumar PD, Ammad KK (2015) Statistical analysis of 
quality of water in various water shed for Kozhikode City, Kerala, In-
dia. Aquatic Procedia 4: 1078-1085. 

43. Sousa SIV, Martins FG, Alvim Ferraz MCM, Pereira MC (2007) Multi-
ple linear regression and artificial neural networks based on principal 
components to predict ozone concentrations. Environ Modell Software 
22(1): 97-103.

44. Azadi S, Karimi Jashni A (2016) Verifying the performance of artificial 
neural network and multiple linear regression in predicting the mean 
seasonal municipal solid waste generationrate: A case study of Fars 
province, Iran. Waste Manage 48: 14-23.

45. Kumar A, Samadder SR (2017) An empirical model for prediction of 
household solid waste generation rate A case study of Dhanbad, India. 
Waste Manage 68: 3-15.

46. Storer John (1989) Geological History of Saskatchewan. Saskatchewan 
Museum of Natural History (now, Royal Saskatchewan Museum).

47. Government of British Columbia (2007) Water Stewardship Informa-
tion Series Iron & manganese in groundwater. British Columbia: The 
British Columbia Ground Water Association. 

48. Buamah R, Petrusevski B, Schippers JC (2008) Presence of arsenic, iron 
and manganese in groundwater within the gold-belt zone of Ghana. 
Journal of Water Supply: Research and Technology-Aqua 57(7): 519-
529.

49. Langmuir D (1997) Aqueous environmental geochemistry. Prentice 
Hall, Upper Saddle River, NJ, pp. 495-512.

50. Ivanovich M, Fröhlich K, Hendry MJ (1991) Uranium-series radionu-
clides in fluids and solids, Milk River aquifer, Alberta, Canada. Applied 
Geochemistry 6(4): 405-418.

51. Betcher RN, Gascoyne M, Brown D (1988) Uranium in groundwaters of 
southeastern. Manitoba, Canada. Can J Earth Sci 25: 2089-2103.

52. Gilliss ML, Alta Blouse DW, Hall GEM (2004) Dispersion of metals de-
rived from weathering of mineralization under glacial cover: Tillex Cu-
Zn deposit, Matheson, Ontario. Geochem Explor Environ 4: 291-305.

53. Ayotte JD, Montgomery DL, Flanagan SM, Robinson KW (2003) Arsenic 
in groundwater in eastern New England: occurrence, controls, and hu-
man health implications. Environmental science & technology 37(10): 
2075-2083.

54. Bhattacharya P, Claesson M, Bundschuh J, Sracek O, Fagerberg J, et al. 
(2006). Distribution and mobility of arsenic in the Río Dulce alluvial 
aquifers in Santiago del Estero Province, Argentina. Science of The To-
tal Environment 358(1-3): 97-120.

55. Welch AH, Westjohn DB, Helsel DR, Wanty RB (2000) Arsenic in 
Ground Water of the United States: Occurrence and Geochemistry. 
Ground Water 38(4): 589-604.

56. Smedley PL, Nicolli HB, Macdonald DMJ, Barros AJ, Tullio JO (2002) 
Hydrogeochemistry of arsenic and other inorganic constituents in 
groundwaters from La Pampa, Argentina. Applied geochemistry 17(3): 
259-284.

57. Huang B, Li Z, Chen Z, Chen G, Zhang C, et al. (2015) Study and health 
risk assessment of the occurrence of iron and manganese in ground-
water at the terminal of the Xiangjiang River. Environmental Science 
and Pollution Research 22(24): 19912-19921.

58. Rao NS (2006) Seasonal variation of groundwater quality in a part of 
Guntur District, Andhra Pradesh, India. Environmental Geology 49(3): 
413-429.

59. Dong W, Brooks SC (2006) Determination of the Formation Constants 
of Ternary Complexes of Uranyl and Carbonate with Alkaline Earth 
Metals (Mg2+, Ca2+, Sr2+, and Ba2+) Using Anion Exchange Method. 
Environmental Science & Technology 40(15): 4689-4695.

60. Ginder Vogel M, Criddle CS, Fendorf S (2006) Thermodynamic con-
straints on the oxidation of biogenic UO2 by Fe (III)(hydr) oxides. En-
vironmental science & technology 40(11): 3544-3550.

61. Wang Z, Lee SW, Kapoor P, Tebo BM, Giammar DE (2013) Uraninite ox-
idation and dissolution induced by manganese oxide: A redox reaction 
between two insoluble minerals. Geochimica et Cosmochimica Acta 
100: 24-40.

62. Frederick J (2014) Evaluation of Contaminant Containment at Regina 
Landfill. Doctoral dissertation, University of Regina, Canada. 

Your next submission with Juniper Publishers    
      will reach you the below assets

• Quality Editorial service
• Swift Peer Review
• Reprints availability
• E-prints Service
• Manuscript Podcast for convenient understanding
• Global attainment for your research
• Manuscript accessibility in different formats 

         ( Pdf, E-pub, Full Text, Audio) 
• Unceasing customer service

Track the below URL for one-step submission 
 https://juniperpublishers.com/online-submission.php

This work is licensed under Creative
Commons Attribution 4.0 License
DOI:10.19080/IJESNR.2020.26.556181

http://dx.doi.org/10.19080/IJESNR.2020.26.556181
https://link.springer.com/article/10.1007/s10040-018-1806-2
https://link.springer.com/article/10.1007/s10040-018-1806-2
https://link.springer.com/article/10.1007/s10040-018-1806-2
https://link.springer.com/article/10.1007/s10040-018-1806-2
https://link.springer.com/article/10.1007/s10040-018-1806-2
https://www.tandfonline.com/doi/abs/10.1080/01919510701549327
https://www.tandfonline.com/doi/abs/10.1080/01919510701549327
https://www.tandfonline.com/doi/abs/10.1080/01919510701549327
https://www.sciencedirect.com/science/article/pii/S2214241X15001376
https://www.sciencedirect.com/science/article/pii/S2214241X15001376
https://www.sciencedirect.com/science/article/pii/S2214241X15001376
https://www.sciencedirect.com/science/article/abs/pii/S1364815205002240
https://www.sciencedirect.com/science/article/abs/pii/S1364815205002240
https://www.sciencedirect.com/science/article/abs/pii/S1364815205002240
https://www.sciencedirect.com/science/article/abs/pii/S1364815205002240
https://www.sciencedirect.com/science/article/abs/pii/S0956053X15301434
https://www.sciencedirect.com/science/article/abs/pii/S0956053X15301434
https://www.sciencedirect.com/science/article/abs/pii/S0956053X15301434
https://www.sciencedirect.com/science/article/abs/pii/S0956053X15301434
https://www.sciencedirect.com/science/article/abs/pii/S0956053X17305263
https://www.sciencedirect.com/science/article/abs/pii/S0956053X17305263
https://www.sciencedirect.com/science/article/abs/pii/S0956053X17305263
https://iwaponline.com/aqua/article-abstract/57/7/519/28997/Presence-of-arsenic-iron-and-manganese-in?redirectedFrom=PDF
https://iwaponline.com/aqua/article-abstract/57/7/519/28997/Presence-of-arsenic-iron-and-manganese-in?redirectedFrom=PDF
https://iwaponline.com/aqua/article-abstract/57/7/519/28997/Presence-of-arsenic-iron-and-manganese-in?redirectedFrom=PDF
https://iwaponline.com/aqua/article-abstract/57/7/519/28997/Presence-of-arsenic-iron-and-manganese-in?redirectedFrom=PDF
https://www.sciencedirect.com/science/article/abs/pii/088329279190040V
https://www.sciencedirect.com/science/article/abs/pii/088329279190040V
https://www.sciencedirect.com/science/article/abs/pii/088329279190040V
https://pubs.acs.org/doi/abs/10.1021/es026211g
https://pubs.acs.org/doi/abs/10.1021/es026211g
https://pubs.acs.org/doi/abs/10.1021/es026211g
https://pubs.acs.org/doi/abs/10.1021/es026211g
https://pubmed.ncbi.nlm.nih.gov/16055168/
https://pubmed.ncbi.nlm.nih.gov/16055168/
https://pubmed.ncbi.nlm.nih.gov/16055168/
https://pubmed.ncbi.nlm.nih.gov/16055168/
https://pubs.er.usgs.gov/publication/70022646
https://pubs.er.usgs.gov/publication/70022646
https://pubs.er.usgs.gov/publication/70022646
https://www.sciencedirect.com/science/article/abs/pii/S0883292701000828
https://www.sciencedirect.com/science/article/abs/pii/S0883292701000828
https://www.sciencedirect.com/science/article/abs/pii/S0883292701000828
https://www.sciencedirect.com/science/article/abs/pii/S0883292701000828
https://pubmed.ncbi.nlm.nih.gov/26289336/
https://pubmed.ncbi.nlm.nih.gov/26289336/
https://pubmed.ncbi.nlm.nih.gov/26289336/
https://pubmed.ncbi.nlm.nih.gov/26289336/
https://link.springer.com/article/10.1007/s00254-005-0089-9
https://link.springer.com/article/10.1007/s00254-005-0089-9
https://link.springer.com/article/10.1007/s00254-005-0089-9
https://pubs.acs.org/doi/10.1021/es0606327
https://pubs.acs.org/doi/10.1021/es0606327
https://pubs.acs.org/doi/10.1021/es0606327
https://pubs.acs.org/doi/10.1021/es0606327
https://pubs.acs.org/doi/10.1021/es052305p
https://pubs.acs.org/doi/10.1021/es052305p
https://pubs.acs.org/doi/10.1021/es052305p
https://www.sciencedirect.com/science/article/abs/pii/S0016703712005753
https://www.sciencedirect.com/science/article/abs/pii/S0016703712005753
https://www.sciencedirect.com/science/article/abs/pii/S0016703712005753
https://www.sciencedirect.com/science/article/abs/pii/S0016703712005753
https://ourspace.uregina.ca/handle/10294/5451
https://ourspace.uregina.ca/handle/10294/5451
https://juniperpublishers.com/online-submission.php
http://dx.doi.org/10.19080/IJESNR.2020.26.556181

