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ABSTRACT: Groundwater is the most reliable resource for consumptive uses worldwide, but it is vulnerable to anthropogenic pollution in
this post-industrialization era. Pollution of the resource may result from anthropogenic activities; hence, analysing the effects of leachate on
groundwater is imperative. This study assessed the spatial distribution of physicochemical parameters of groundwater in Roundhill landfill vicinity
of South Africa and conducted their hydrogeochemical analysis. Water samples were collected from 3 boreholes in the landfill surroundings and
analysed for selected physicochemical characteristics. Spatial distribution of these parameters showed dominant pollution by Mn2+, Fe2+, and
NHj , which surpassed prescribed allowable limits of the country in most of the study area. Possibilities of simple dissolution and ion mixing
were deduced from the Durov diagram. Magnesium carbonate, sodium chloride, and mixed faces of groundwater were dominant in boreholes
1 to 3, respectively. The dominance of Ca?*, Cl-, Mg?*, and NH, ions in some boreholes suggested anthropogenic pollution. Landfill leachate

was associated with groundwater pollution in the study area.
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Introduction

Groundwater is the largest and most essential resource of
potable water worldwide and more than 1.5 million people
depend on it daily.! In sub-Saharan Africa including South
Africa, the resource is deemed as the most reliable to meet the
ever-increasing water demands.? However, groundwater’s
vulnerability to contamination has become a growing con-
cern. Groundwater pollution mainly results from the rise of
urbanization and industrialization although it can be geo-
genic. The pollution varies temporally and spatially. These
developments prompt the generation of solid waste, its indis-
criminate dumping, and mismanagement in landfills and
open dump yards. Landfilling is a common solid waste man-
agement approach worldwide although such facilities are pre-
established pollution threats to both surface water and
groundwater through leachate infiltration in capped and
uncapped landfills.?

A number of studies evaluating the effects of leachate on
groundwater resources have been done and resultant findings
have differed due to the site-specific nature of aquifers. One
such study reported minimal impact although its contamina-
tion by bacteria was reported.* Another physicochemical
parameter analysis of groundwater during post-monsoon and
pre-monsoon seasons in 3 Indian landfill vicinities deemed
the resource unsuitable for consumption.’ In South Africa’s
Mabhikeng area, groundwater showed minimal pollution and
assayed physicochemical parameters were within South

African National Standards (SANS)® permissible limits with
exception of turbidity and Escherichia coli.' Borehole drinking
water in Mpumalanga and Northwest provinces of South
Africa was contaminated with leachate and required pre-
treatment before consumption.”

Roundhill landfill in Eastern Cape, South Africa,
reported operational challenges such as shortage of cover
material leading to exposed waste, inadequately lined air-
spaces that alter the landfill’s slopes, illegal dumping, and
waste picking.® These challenges enhance leachate genera-
tion and its unmanaged flow, which increases its risk of con-
tamination to surrounding resources. According to Stroebel
et al,? groundwater is the most reliable and accepted source
of water in the area. As such, incidents of leachate overflow
and seepage from the faulty collection system in the landfill
could lead to groundwater pollution.!® Buffalo city metro-
politan municipality, where the landfill is situated, sought
for specialist services to improve infrastructure and reduce
potential pollution risk in the facility.’® Although these cor-
rective measures are in place, leachate characterization,
functionality, and effects on the surrounding groundwater
resources remain scantily understood and a possible pollu-
tion threat. In addition, spatial distribution of physico-
chemical parameters in the area is non-delineated. This
study aimed at determining the spatial distribution of
characteristics and its

groundwater physicochemical

hydro-geochemistry.
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Figure 1. Study area and the location of Roundhill landfill.
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Materials and Methods
Study area and sampling

Roundhill landfill is found in Buffalo city metropolitan munic-
ipality of Eastern Cape, South Africa (latitude 32°53'13.66"S
and longitude 27°37'26.20"E; Figure 1). The facility is located
near a national road and was previously used as natural grass-
land. It borders active croplands and dairy farms in the north-
east and southeast, respectively. It is a general large landfill,
which receives more than 500 tonnes of waste daily and is
found in an area vulnerable to leachate generation due to posi-
tive water balance. The landfill facility began operations in
2006 and serves Buffalo city municipality and the southeast
coast parts of the province.!® The site is located between
Nahoon and Buffalo river catchments and its geology is char-
acterized by dykes and dolerite sheets dating to Jurassic age as
well as Beaufort sediment of the Karoo family.? Area ground-
water flows to the southeast and northeast and is classified as a
minor aquifer with low groundwater yields of 1 L/s in most
boreholes and a deep depth of >40 m. The area has clayey
soils.” To evaluate the effect of leachate on groundwater, sam-
ples were collected in 3 monitoring boreholes near the landfill
facility (Figure 2). A handheld GARMIN GPS-60 receiver
was used to locate the sampling points whose coordinates were
georeferenced and documented as shown in Table 1. This GPS
technology enhanced the precision of data obtained and inte-
grated it into the geographical information system. Samples
were collected in plastic containers, acidified with 1% (v/v)
nitric acid, and stored at 4°C for analysis.

Determination of physicochemical and microbial
parameters in water

Physical parameters. Physical parameters considered in this
study were colour, turbidity, and total suspended solids (T'SS).
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Figure 2. Distribution of monitoring boreholes in the relation to the
landfill proximity. BH1 indicates borehole 1; BH2, borehole 2; BH3,
borehole 3.

Colour was determined using a handheld tristimulus colorim-
eter and resultant values were converted to a colour scale in the
Platinum—Cobalt (Pt-Co) system.!! Turbidity was determined
using nephelometry documented using standard methods,
and readings were in nephelometric turbidity units (NTU).
Total suspended solids were determined using gravimetric
method, where 100 mL of sample was shaken and filtered
through a pre-weighed dry filter paper. Collected suspended
residue and filter paper were oven-dried at 105°C to constant
mass then cooled. Total suspended solids were then determined
using equation (1)

Weight of filter paperand dried residue
—Weight of filter paper 1)

TSSinmg/L =

Sample volume

Chemical parameters. Various chemical parameters including

pH, total dissolved solids (TDS), electric conductivity (EC),
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Table 1. Location of sampling sites.

WATER SOURCE ABBREVIATION  LOCATION

Borehole 1 BH 1 32°53'29"S 27°37'27"E
Borehole 2 BH 2 32°53'26"S 27°37'19"E
Borehole 3 BH 3 32°53'24"S 27°37'32"E

major cations (Ca?*, Mg?*, Na*, Fe?*, K*, and Mn?"), and
anions (CI-, SO, NO3, and F-) were assessed. pH was meas-
ured using a digital metre that had been pre-calibrated using
pH buffers. The metre was inserted in water samples before
recording the readings from a screen. Total dissolved solids and
EC levels in groundwater were determined using a conductiv-
ity metre pre-calibrated using distilled water. Major cations
were determined using flame atomic absorption spectropho-
tometry (FAAS) equipment and EPA method 700B." The
method involved aqua regia digestion of samples in nitric acid
using a hot plate followed by sample cooling and dilution.
Background standards were prepared and used to correct ele-
mental interferences during analysis and ensure high recover-
ies. Argentiometry was used to determine CI- while SO; and
NO; were determined by turbidimetry and ultraviolet spectro-
photometry, respectively.!# Calorimetry was used to determine
F-and NH; in water.™

The microbiology of groundwater was assessed using 2
measures: total coliforms (T'C) and E co/i, which are faecal coli-
torms. The 2 parameters were determined using EPA method
1604.%5 In the method, 100 mL of sampled water was filtered
through a cellulose ester membrane filter of 47 mm and 0.45
pm pore size that does not allow bacteria filtration. The filter
was placed in MI agar in a plate and incubated for 24 hours at
35°C. Resultant colonies were inspected and blue and white
colonies resulting due to ultraviolet light exposure were counted
as TC. The blue colonies resulting from the breakdown of
(IBDG)
enzyme in the media and fluorescent light were considered as
E coli.’5

Indoxyl-B-D-glucuronide by B-glucuronidase

Hydrogeochemical analysis of. groundwater

Acquired physicochemical data were graphically analysed using
Piper, Durov, and Schoeller diagrams that were plotted using
Aquachem v3.7 software. The Piper diagram modified by
Handa'® consists of 2 separate triangular representations of
cations and anions and a diamond shape of combined ions that
are used to explain hydrogeochemical faces of water samples.
This tri-linear diagram depicts water chemical aspects defini-
tively and have been used in many studies.’”!® A Durov!? dia-
gram was used to explain the chemical characteristics of
groundwater by displaying dominant ions as percentage milli-
equivalents in 2 ternary graphs representing ions and summing

up to 100%.
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This approach has been used in several hydrogeochemical
analyses.’”8 Schoeller?® diagram was used to assess variations
in concentrations and relations of assayed parameters.

Spatial representation of physicochemical
pammeters

Spatial interpolation in this study was used to produce contin-
uous information using the 3 distinct borehole locations.
Inverse distance weighted (IDW) method which interpolates
using known values of a specified area was used. In the method,
values near the prediction location influenced interpolated val-
ues more than those far away; hence, more weight was assigned
to the former and weight decrease was directly proportional to
distance.?! Geostatistical relationships of known borehole
points used Arc-GIS 10.3 software to interpolate physico-
chemical parameters of groundwater in the study area and rep-
resent their distribution in maps.

Results and Discussion
Physical parameters

Physical parameters assayed in groundwater and their spatial
distribution were as shown in Figure 3. The colour of water
ranged from 15 to 51 Pt-Co units (Figure 3A). Areas around
all boreholes were above the permissible requirements of <15
Pt-Co units. High Pt-Co units physically indicate pollu-
tion.?1?? Turbidity levels ranged from 0 to 373 NTU and the
highest levels were recorded in borehole 1 (BH 1; Figure 3B).
Most parts of the study area had NTU levels >1, which was
beyond SANS permissible limits and the results corresponded
to unsightly appearance of groundwater, which could be due to
the presence of suspended solids such as sediments, algae, col-
oured inorganic, and organic matter in the boreholes.'* The
levels of non-filterable residue of water, T'SS ranged between 1
and 89 mg/L, and BH 1 reported elevated levels compared
with the others (Figure 3C). High T'SS levels probably corre-
sponded to the presence of foreign materials including bacteria
and inorganic matter. In Niger Delta wells, elevated T'SS and
turbidity levels were attributable to municipal solid waste lea-
chate from area dumpsites.!*

Chemical Parameters

Chemical characteristics of groundwater in the study area and
their spatial distribution was as shown in Figures 4 to 7. Figure
4 showed the distribution of pH, TDS, Ca?*, and Mg?*. pH
levels in all the boreholes ranged between 7.4 and 7.69 reflect-
ing neutral to slightly alkaline waters that were within SANS
permissible limits of =5 to <9.7. Total dissolved solids levels
were between 278 and 768 mg/L, and borehole 3 (BH 3) had
the highest levels. At the 3 sampling points, values were within
the <1200 mg/L limit by SANS but inferred to saline water
that contained anions and cations possibly from microorgan-
isms and heavy metals in groundwater from leachate. A study



Air, Soil and Water Research

Colour (Pt-Co)

0.12 Kilometers

0 003 008 0.12 Kilometers

TSS (mgll)

Turbidity (NTU)

mO0-44

m44-83

m83-117
@ 117- 148
0148-175
@175 - 206
@ 206 - 241
241 -
= 280-323
™ 323-373

0.12 Kilometers W

A

m1-6

m6-12
m12-19
=19-26
0 26- 34
0134.-43
m43-53
m53-64
M 64-76
-76-89

C

Figure 3. Physical parameters of groundwater representing (A) colour, (B) turbidity, and (C) TSS. BH1 indicates borehole 1; BH2, borehole 2; BH3,
borehole 3; NTU, nephelometric turbidity units; Pt-Co, Platinum—Cobalt; TSS, total suspended solids.
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Figure 4. Chemical parameters of groundwater in the study area representing (A) pH, (B) TDS, (C) Ca?*, and (D) Mg?*. BH1 indicates borehole 1; BH2,

borehole 2; BH3, borehole 3; TDS, total dissolved solids.

in Thiruvananthapuram district of India reported high TDS
levels in groundwater and attributed the trend to the water’s
eutrophic nature due to major cations from waste dumping in
the vicinity.?3 Unscientific disposal of solid wastes in Warri,
Agbor, and Agbarho areas of Delta state, Nigeria, leading to
leachate runoff was attributed to the high TDS levels in area
groundwater.

Calcium and magnesium levels (Figure 4C and D) were used
to assess groundwater quality as they are associated with its
hardness. Their levels ranged from 0 to 892 and 0 to 785 mg/L.
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in respective order and BH 1 had the highest levels in both
cases. Most of the study area levels were beyond the documented
permissible levels of 75 mg/L for Ca?* and 30 mg/L for Mg?*.24
Elevated levels pointed to very hard groundwater possibly
because of polyvalent metallic ions’ seepage from contaminated
soils, solid waste, and sedimentary rocks of the vicinity.
According to Barakat et al,?* elevated levels of Ca?* and Mg?*
in groundwater resulted from leaching of their CI-, SOi_ ,and
CO? salts whose sources were from solid waste dumping and
lithogenic origin in a case study at Piedmont, Morocco.
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borehole 2; BH3, borehole 3.

Ammonium levels of groundwater ranged from 0.2 to 25
mg/L (Figure 5B) and BH 1 areas had the highest levels. Most
of the region had levels >1.5 mg/L, which is the SANS per-
missible limit. Elevated levels possibly indicated the leaching
of nitrogen-rich water from landfill leachate and the decay of
organic matter in the vicinity. Elevated levels of NHj in
groundwater of El-Arab landfill vicinity of Egypt were attrib-
uted to leachate contamination.* Spatial distribution of Na*,
Fe?*, and Mn?* concentrations are shown in Figure 5A to D,
respectively. Levels of Na* ranged from 62 to 245 mg/L and
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elevated levels beyond the SANS 200 mg/L limits were areas
near BH 3. Levels of Fe?* and Mn?* were beyond the allow-
able limits of 300 and 100 pg/L, respectively, in the entire
study area. The 3 elements depicted area groundwater to be of
poor aesthetic appearance and possibly corresponded to their
natural origin in addition to anthropogenic sources through
the leaking of landfill leachate. According to Sidibe et al,?
Fe?*,Mn?*,and Na* levels are elevated in groundwater due to
weathering of rocks and minerals that contain the elements or
the generation of leachate from dumped solid waste.
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Figure 7. Chemical parameters in sampled groundwater representing (A) Escherichia coli and (B) total coliforms. BH1 indicates borehole 1; BH2,
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Figure 6 showed the spatial distribution of Cl, SOi_, NO,,
and - ions in sampled groundwater. Chloride levels ranged
from 93 to 310 mg/L and were beyond the SANS allowable
limits of <300 mg/L in areas near BH 3. Levels of F- ranged
between 0.1 and 8.1 mg/L and most regions of the study area
were beyond the <1.5 mg/L allowable limits by SANS.
Although CI” and F~ occur in groundwater naturally, observed
elevated levels could be attributable to anthropogenic sources
such as landfill leachate seepage considering that the study area
is a natural grassland. In major cities of Indochina Peninsular
countries, anthropogenic practices such as poor solid waste and
wastewater management were blamed for the elevated levels of
CI" in groundwater.?” Fluoride contamination of groundwater
was associated with disposal of solid wastes such as ceramics in
open dumpsites. 1423

Nutrient composition of groundwater was assessed using
Soif and NOj (Figure 6B and C). Nitrates which are impor-
tant in the development and growth of algae ranged between 2
and 28 mg/L in the study area. Regions near BH 1 had elevated
levels beyond SANS recommendations of <11 mg/L while sul-
phate concentrations in the region were within the permissible
limits of <250 mg/L. Elevated NO3- levels could be attributa-
ble to the oxidizing effect of landfill leachate, which results to
water nitrification where ammonia is oxidized to nitrates while
sulphates are reduced, hence the lower concentrations of the
latter. A similar trend was observed in a Croatian catchment
located near a landfill whereby elevated levels of NO3% in
groundwater were attributable to leachate’s redox capacity on
soils and the vadose zone during infiltration.?® Similarly, high
nutrient content in groundwater was an indicator of anthropo-
genic-based pollution from landfill leachate in Egypt.*

Results on the spatial distribution of faecal coliforms and
total coliforms in the study area were as shown in Figure 7. All
boreholes and the entire area had detectable E co/i colony
forming units (CFUs). This was above the 0 CFU/100 mL
recommendations by SANS and points to the presence of
disease-causing organisms in the groundwater. A study by
Wanda et al,” in groundwater of Northwest province, South
Africa, detected E co/i and attributed it to the presence of

Downloaded From: https://bioone.org/journals/Air,-Soil-and-Water-Research on 04 May 2024
Terms of Use: https://bioone.org/terms-of-use

pathogens that rendered it harmful for consumption. E co/i
could be an indication of sewage and leachate contamination
in groundwater as established in 3 Polish landfill by Talalaj
and Biedka.?? Total coliforms were detected throughout the
study area and their levels were beyond SANS <10 CFU/100
mL limit. This observation could be due to leachate contami-
nation in groundwater and could indicate the presence of
pathogens. In Pondicherry and Tamil Nadu states of India,
TC detected in groundwater was attributable to the entry of
contaminated leachate from the vicinity and had disease-
causing microorganisms.

Hydrochemical Faces of Groundwater
Piper and Durov diagrams were used to represent the hydro-
chemical faces of sampled water as showed in Figure 8. As
Handa¢ explained, various faces were identified in the bore-
holes as shown in Figure 8A. Borehole 1 had Mg-type of
water contrary to borehole 2 (BH 2) and BH 3 that had
sodium plus potassium type. Chloride type of water was
dominant in 2 boreholes with exception of BH 1 that had
bicarbonate water. A combination of both cations and anions
classified waters from BH 1 as magnesium bicarbonate, BH 2
was sodium chloride and BH 3 was mixed. A study in
Karnataka state of India established that groundwater of the
area was dominated with Ca?*-Mg?"-HCO?3- ions in a
hydro-chemical analysis using this approach.!” Different ions
were localized in various sampling sites. A research by
Sughosh et al'® established that groundwater of Uttar Pradesh
region of India had localized distribution of cations at various
sampling sites using a Piper diagram. Sampled groundwater
in BH 1 had high alkaline earth metals and was characterized
by strong acids unlike BH 2 and BH 3 that had moderate
amounts of these metals. These results agreed with a hydro-
geochemical analysis of groundwater from SRLIS river basin
(India), whereby alkaline earth metals were dominant.!
Results of the Durov diagram (Figure 8B) showed localized
distribution of cations just as in the Piper diagram. Borehole 1
showed simple dissolution and mixing of cations while BH 2
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showed high dominance of Na* and CI-, hence the possibility
of reverse ion exchange. A similar trend was reported using this
approach in a hydro-chemical analysis of groundwater in India
whereby some sampling sites exhibited high dominance of Na*
and CI- ions while others had mixed ion dissolution where
none of the ions were dominant.!” The presence of anions Cl-
as dominant anions localized in BH 2 to 3 could be associated
with anthropogenic contamination. A similar trend was
demonstrated using a Durov diagram in a hyrdrogeochemical
evolution assessment of groundwater in India whereby CI-
dominated waters occurred.’® The dominance of Na* and
Mg?* in BH 2 to 3 and BH 1, respectively, compared with
Ca?* is an indicator of foreign pollution to groundwater.
According to Hussien and Faiyad,® natural groundwater has
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high levels of Ca?* but the dominance of Na* and Mg?* cati-
ons results from dissolution of polluted rocks and soils.
Unique aspects of each sampling sites were presented using
the Schoeller diagram as shown in Figure 9. Borehole 1 showed
high concentrations of all assessed parameters with exception
of CI" and SO% , which corresponded to the highest pollution
compared with BH 2 to 3. High levels of cations (Mg?* and
Ca?*) corresponding to enriched water was evident in all bore-
holes. Groundwater quality assessment in Rafsanjan region of
Iran reported high levels of cations using this approach and
attributed it to pollution of urban water.3? Shapes of Schoeller
representations of sampling sites in this study were typical of
polluted water as was established in a geochemical analysis of
groundwater in Khorramabad, Iran, whereby peaks of ions
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concentrations displayed using this approach were correlated to
pollution.33 Hoaghia et al®* also noted that high peaks in
Schoeller diagrams are geochemical signatures of pollution in a
study that assessed contamination in groundwater of Sibiu
county of Romania.

Conclusions

Spatial representation of physicochemical parameters of
groundwater in Roundhill landfill vicinity and its hydrogeo-
chemical analysis made several revelations regarding its nature.
First, Fe?*, Mn?*, and NH), that surpassed SANS allowable
limits confirmed pollution of groundwater in most of the
study area. Pollution was dominant in BH 1 whereby most
parameters were elevated compared with other boreholes. A
hydrogeochemical analysis using Durov diagram depicted
reverse ion exchange in BH 2 to 3 due to Na* and CI- domi-
nance while BH 1 showed simple ion mixing and had no
dominant ions. Magnesium carbonate water was deduced
from BH 1 that was dominated with strong acids and alkaline
earth metals using the Piper diagram while BH 2 had sodium
chloride water. The dominance of cations (Ca?* and Mg?*)
compared with anions in all boreholes suggested anthropo-
genic pollution. Roundhill landfill leachate is a probable cause
of pollution in the area.

Acknowledgements

Gratitude is paid to the Global Consulting Laboratory services
of East London for the help offered during groundwater sam-
pling and analysis.

Author Contributions

JN undertook the groundwater sampling, analysis and pre-
pared the manuscript. EO supervised the sampling, analysis
of groundwater and corrected the draft manuscript.

ORCID iDs
Joan Nyika
Ednah Onyari

https://orcid.org/0000-0001-8300-6990
https://orcid.org/0000-0001-6606-2675

REFERENCES

1. Palamuleni L, Akoth M. Physico-chemical and microbial analysis of selected
borehole water in Mahikeng, South Africa. Int | Environ Res Public Health.
2015;12:8619-8630.

2. XuY, Seward P, Gaye C, Lin L, Olago D. Preface: groundwater in Sub-Saharan
Africa. Hydrogeol J. 2019;27:815-822.

3. Abdel-Shafy H, Mansour M. Solid waste issue: sources, composition, disposal,
recycling, and valorization. Egypt J Petrol. 2018;27:1275-1290.

4. El-Salam MMA, Abu-Zuid GI. Impact of landfill leachate on the groundwater
quality: a case study in Egypt. JAdv Res. 2015;6:579-586.

5. Negi P, Mor S, Ravindra K. Impact of landfill leachate on the groundwater qual-
ity in three cities of North India and health risk assessment. Environ Dev Sustain.
2018;34:165-178.

6. South African National Standards (SANS). Drinking Water. Part 1: Microbiologi-
cal, Physical, Chemical, Aesthetic and Chemical Determinants (South African National
Standards 241). Pretoria, South Africa: SABS Standards Division; 2015.

7. Wanda E, Mamba B, Msagati T. Determination of the water quality index rat-
ings of water in the Mpumalanga and North West provinces, South Africa. Phys
Chem of Earth. 2015;92:70-78.

Downloaded From: https://bioone.org/journals/Air,-Soil-and-Water-Research on 04 May 2024
Terms of Use: https://bioone.org/terms-of-use

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Dookhi AS. Engineering compliance- East London regional waste disposal site:
a case study. Paper presented at: Proceedings of the 23rd WasteCon Conference;
October 17-21, 2016; Johannesburg, South Africa.

Stroebel D, Thiart C, de Wit M. Towards defining a baseline status of scarce
groundwater resources in anticipation of hydraulic fracturing in the Eastern
Cape Karoo, South Africa: salinity, aquifer yields and groundwater levels. § Afr
J Geol. 2018;117:301-315.

Dookhi N, Jewskiewitz S, Jewaskiewitz B. East London Regional (Roundhill)
waste disposal site: wasting no time on the road to compliance. Civ Eng.
2015;23:35-41.

ASTM International. Standard Test Method for Color of Liquids Using Tristimulus
Colorimetry. West Conshohocken, PA: ASTM International; 2018.

Kitchener B, Wainwright J, Parsons A. A review of the principles of turbidity
measurement. Prog Phys Geog. 2017;41:620-642.

U.S. Environmental Protection Agency (USEPA). Method 700B: Flame Atomic
Absorption Spectrophotometry. Washington, DC: USEPA; 2007.

Idise EO, Igborgbor J. Impact of waste dumpsites on the physicochemical and
microbiological qualities of well water sources located in their vicinities. I[JEE.
2017;2:80-86.

Thayagan S. Rapid Detection of Escherichia Coli in Field Based Potable Water Appli-
cations [master’s thesis]. Blacksburg, VA: Virginia Polytechnic Institute and State
University; 2018.

Handa BK. Modified Hill-piper diagram for presentation of water analysis data.
Curr Sci. 1965;34:131-314.

Ravikumar P, Somashekar RK, Prakash KL. A comparative study on usage of
Durov and Piper diagrams to interpret hydrochemical processes in groundwater
from SRLIS river basin, Karnataka, India. Elixir Earth Sci. 2015;80:31073-31077.
Sughosh M, Arif A, Ashutosh K, Jyoti K, Pardeep S, Mishra PK. Geochemical
assessment of groundwater quality for its suitability for drinking and irrigation
purpose in rural areas of Sant Ravidas Nagar (Bhadohi), Uttar Pradesh. Geo/ Ecol
Landscapes. 2018;2:127-136.

Durov SA. Classification of natural waters and graphic representation of their
composition. Doklady Ak Nauk SSSR. 1948;59:87-90.

Schoeller H. Qualitative evaluation of groundwater resources. In: Methods and
Techniques of Ground-Water Investigations and Development. Water Resources
Series No. 33, Paris, France: UNESCO; 1965:54-83.

Shokr M, El-Baroudy A, Fullen M, et al. Spatial distribution of heavy metals in
the middle Nile Delta of Egypt. ISWCR. 2016;4:293-303.

ASTM D1209. ASTM industrial test methods for visual and instrumental
APHA colour scale. https://support.hunterlab.com/hc/en-us/articles/2057864
03-ASTM-Industrial-Test-Methods-for-visual-and-instrumental-APHA
-Color-Scale. Updated 2015.

Anilkumar A, Sukumaran D, Gnana S, Vincent T. Effect of municipal solid
waste leachate on groundwater quality of Thiruvananthapuram district, Kerala,
India. Appl Ecol Env Res. 2015;3:151-157.

Sengupta P. Potential health impacts of hard water. Int | Prev Med. 2015;4:
866-875.

Barakat A, Meddah R, Afdali M, Touhami F. Physicochemical and microbial
assessment of spring water quality for drinking supply in Piedmont of Béni-Mellal
Atlas (Morocco). Phys Chem Earth Parts A/B/C. 2018;104:39-46.

Sidibe A, Lin X, Kone S. Assessing groundwater mineralization process, quality,
and isotopic recharge origin in the Sahel region in Africa. Water. 2019;11:789.
Xaypanya P, Takemura J, Chiemchaisri C, Seingheng H, Tanchuling M. Char-
acterization of landfill leachates and sediments in major cities of Indochina pen-
insular countries: heavy metal partitioning in municipal solid waste leachate.
Environments. 2018;5:65.

Amic A, Tadic L. Analysis of basic physical and chemical parameters, nutrients
and heavy metals content in surface water of small catchment area of Karasica
and Vucica rivers in Croatia. Environments. 2018;5:27.

Talalaj I, Biedka P. Use of the landfill water pollution index (LWPI) for ground-
water quality assessment near the landfill sites. Environ Sci Pollut Res Int.
2016;23:24601-24613.

Vanith R, Sirajudeen J. Quantitative determination of total and fecal coliforms in
groundwater between Tamilnadu and Pondicherry states, India. J Environ Sci
Poll Res. 2016;2:57-59.

Hussien BH, Faiyad A. Modelling the hydrogeochemical processes and source of
ions in groundwater of aquifers within Kasra-Nukhaib region (west Iraq). Int ]
Geosci. 2016;7:1156-1186.

Hosseinifard SJ, Aminiyan MM. Hydrochemical characterization of groundwa-
ter quality for drinking and agricultural purposes: a case study in Rafsanjan
plain, Iran. Water Qual Expo Health. 2015;7:531-544.

Babanezhad E, Qaderi F, Salehi Ziri M. Spatial modeling of groundwater qual-
ity based on using Schoeller diagram in GIS base: a case study of Khorramabad,
Iran. Environ Earth Sci. 2018;77:339.

Hoaghia M, Roman C, Tanaselia C, Ristoiu D. Groundwater chemistry render-
ing using Durov, Piper and ion balance diagrams. Study case: the northern part
of Sibiu county. Studia Ubb Chemia. 2015;2:161-168.


https://orcid.org/0000-0001-8300-6990
https://orcid.org/0000-0001-6606-2675
https://support.hunterlab.com/hc/en-us/articles/205786403-ASTM-Industrial-Test-Methods-for-visual-and-instrumental-APHA-Color-Scale
https://support.hunterlab.com/hc/en-us/articles/205786403-ASTM-Industrial-Test-Methods-for-visual-and-instrumental-APHA-Color-Scale
https://support.hunterlab.com/hc/en-us/articles/205786403-ASTM-Industrial-Test-Methods-for-visual-and-instrumental-APHA-Color-Scale



