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With dwindling supply of surface water, Ground water is increasingly being used 

as a source of fresh water in many cities across the world. Consequently, there is an 

increasing need to evaluate groundwater potential of an area. Over the past few 

decades, Remote Sensing and GIS have been used for systematic investigations on 

potential recharge of aquifers. As in major cities of the world, the demand for water 

in Pune City is also increasing every year and demand outstrips the supply of surface 

water. This study delineated potential zones for artificial recharge across Pune City 

by using Multi-criteria analysis and the Analytical Hierarchy Process (AHP) 

techniques.  

Artificial recharge techniques especially the use of rainwater harvesting (RWH) 

are being deployed globally to augment supply of fresh water. Ground-water recharge 

is directly influenced by surface characteristics such as rainfall, geology, soil types, 

Land Use/Land Cover (LULC), drainage, lineaments/fractures, etc. Hence, six such 

parameters, namely, LULC, Slope, Soil texture, Rainfall, Drainage density, and 

Geology were considered to generate a groundwater recharge potential map. Based 

on the analysis, the study area was zoned into five classes, namely, low, moderate, 

good, very good and high groundwater potentials. About 45% of the city shows good 

to high potential for recharge. The results reveal that the high and good potential 

recharge zones lie to the western part of the city, whereas the central part (inner city) 

and the eastern part show medium to low potential for recharge. The results can help 

to identify areas for recharge and formulate a framework for systematic recharge of 

the existing aquifers in the area under study. 

Keywords: 

Groundwater Recharge Potential/ 

Rainwater Harvesting/ Multi 

Criteria Analysis/ Analytic 

Hierarchy Process/ Weighted 

Overlay Analysis/ Pune City  
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1. INTRODUCTION

Water scarcity is increasingly becoming a global 

phenomenon in urban growth centers, even in 

developed countries. Population growth and rapid 

urbanization have led to increased demand of water and 

over exploitation of groundwater and consequently 

water stress. In this scenario, maintaining the 

groundwater balance assumes immense importance. 

Artificial recharge of groundwater using different 

techniques such as roof-top rainwater harvesting, 

recharge pits, check dams, percolation tanks, and 

injection wells is therefore crucial for the restoration of 

the hydrological balance (Rao et al., 2022). 

Research carried out by several workers 

(Senanayake et al., 2016; Adham et al., 2016; Paul et 

al., 2020) on rainwater harvesting (RWH) have 

focused on identifying potential sites for surface 

recharge to the aquifers in non-urban areas. Recharge 

of groundwater from rainfall has been studied 

extensively and numerous methods like Thiessen 

polygon (Kim et al., 2003), Agricultural non-point 

source (Mohammed et al., 2004), water balance 

approach (Jasrotia et al., 2009) and Soil Conservation 

Service Curve Number (SCS-CN) (Kadam et al., 

2012) have been suggested to identify potential sites 

for groundwater recharge.  

Citation: Vaddadi N, Vansarochana C, Raghavan V. Identification of potential groundwater recharge zones using GIS based multi-criteria and AHP 

technique: A case study of Pune City, Western Maharashtra. Environ. Nat. Resour. J. 2023;21(3):198-210. 

(https://doi.org/10.32526/ennrj/21/202200257)
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Besides these conventional techniques, 

integrated application of Remote Sensing (RS), 

Geographic Information Systems (GIS) and Multi 

Criteria Decision Analysis (MCDA) techniques for 

the delineation of recharge zones/sites have drawn 

attention in recent times. The use of thematic layers 

and techniques like Weighted Overlay Method 

(WOA) based on Analytic Hierarchy Process (AHP) 

are increasingly being used for identification of 

ground water potential recharge zones, exploitation, 

and management of ground water resources. 

The MCDA and WOA workflow incorporating 

different parameters, such as geology, geomorphology, 

soil type, land use/land cover, and slope was applied 

by Kadhem and Zubari (2020) to identify optimal 

locations for managed aquifer recharge in Bahrain.  The 

use of MCDA was found useful in assessing potential 

groundwater zones in Sidhi area of India (Tiwari et al., 

2020) and to identify suitable sites for potential 

recharge in West Medinipur district of West Bengal by 

Chowdhury et al. (2010). Paul et al. (2020) used 

multi‑criteria evaluation technique for assessment of 

groundwater potential zones in the Paisuni River Basin, 

India. They suggested that proper technical design and 

identification of suitable sites are crucial to efficient 

RWH. 

The AHP method applied using thematic layers 

like slope, drainage, lithology, LULC, and soil type 

has been used by several other researchers like Nasiri 

et al. (2013), Jamali et al. (2014), Akter and Ahmed 

(2015), Singh et al. (2017), Çelik (2019), and Benjmel 

et al. (2020). Akter and Ahmed (2015) evaluated 

potentiality of RWH systems in Chittagong city 

(urban catchment) of Bangladesh applying the AHP 

approach and using roof area, slope, drainage density 

and runoff coefficient as themes. Das and Pal (2019) 

used AHP and WOA to delineate potential 

groundwater zones in Puruliya District of West Bengal 

in India. Kumar et al. (2020) used RS, GIS and AHP 

techniques to identify potential groundwater zones in 

parts of the Deccan Volcanic Province. Venkatarao et 

al. (2019) calculated the groundwater recharge 

potential zones using a cross-correlation technique 

between groundwater levels in wells and rainfall 

events. Vaddadi et al. (2022) estimated the potential 

for ground water recharge available from roof-top 

rainwater harvesting for Pune city to be 49.05 million 

cubic meters (MCM) and that effective recharge using 

RWH techniques could supplement the groundwater 

annually by about 22-25 MCM. 

The demand for Pune City in 2020 was 424 

MCM and the budget for the year 2021-2022 was 

568.31 MCM. With growth in population, the annual 

water demand will increase to 23.34 TMC (660.91 

MCM) by 2031-2032. (Pune Municipal Corporation,

2021). The gap between demand and supply

necessitates looking for alternative sources of potable

water to cater to the shortfall. The objective of this

study, therefore, was to delineate potential zones for

artificial recharge across Pune city considering urban

factors like land-use by using GIS, Multi-criteria

analysis, and the Analytical Hierarchy process (AHP)

techniques. Six parameters, namely, LULC, Slope,

Soil texture, Rainfall, Drainage density, and Geology

were considered to generate a groundwater recharge

potential map.

2. THE STUDY AREA

Pune City, a part of the Pune urban area is a 

plateau region set on the western margin of the Deccan 

Volcanic Province. The Pune Municipal Corporation 

(PMC, Pune City) covers about 331.26 km2. Pune City 

is the second largest city in Maharashtra state and 

ninth largest in India with a population of 3,124,458. 

(Census India - Population Census, 2011). The study 

area lies between 18°27’ and 18°40’ N - 74°39’ and 

74°00’ E (Figure 1) and is within the Deccan Volcanic 

Province. Of the total area of the city, the study area 

covers about 250 km2. The average annual 

precipitation is 780 mm with maximum rainfall 

occurring in the month of July. The area experiences 

three seasons - summer, monsoon and winter and 

usually faces a shortage of water if the monsoon has 

failed in the previous year.  

2.1 Geology and hydrogeology 

The area falls in the Western part of the Deccan 

Volcanic Province and is underlain by basalts of upper 

Cretaceous to Eocene age. The city is bounded by hills 

on the West and in the South. Mula and Mutha Rivers 

are the main rivers in the study area. Two more rivers, 

Pavana and Indrayani flow from North-western 

direction. The drainage is dendritic, sub-dendritic and 

sub-parallel. Structural control in the drainage is 

evident at many places. 
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Figure 1. Location map of study area 

Based on lithostratigraphy, the lava flow 

sequence seen in the area have been divided into four 

Formations - Indrayani, Karla, Diveghat and 

Purandargarh Formations. The flows belonging to 

Indrayani, Diveghat and Purandargarh Formations are 

dominantly of simple nature, while those of Karla 

Formation show a compound nature.  

Based on field characteristics, the lava flows are 

broadly classified into two types, namely, simple and 

compound flows. The simple flows are characterized 

by a fragmented top, a thin brecciated base (basal 

clinker) and a compact, jointed massive core. The 

compound flows are vesicular and amygdaloidal at the 

top and show a certain amount of weathering at places. 

The middle portion is hard, compact, fractured, and 

jointed. The basal sections of these flows are 

characterized by pipe amygdales. The thickness of the 

flows varies on an average from 10 to 20 meters.   

The water bearing capacity of the rock 

formations is mainly governed by the porosity which 

determines the volume available for storage of water. 

Due to their compact nature the basalt flows show very 

low primary porosity and permeability. Secondary 

porosity developed due the presence of openings and 

cavities, vertical joints and horizontal sheet joints, 

weathering, and flow contacts impart the water 

holding and transmission capacity to these flows.  

The weathered parts of the flows exhibit higher 

porosity and permeability when compared to the fresh 

units. The secondary porosity is also higher in the 

flows exhibiting columnar joints, sheet joints, 

brecciated and vesicular flow tops. 

In terms of hydro-geological properties, the 

flows are usually classified as vesicular/amygdular 

basalt (which also includes the Flow Top Breccia 

(FTB)), jointed basalt, and massive, compact basalt. 

The vesicular/amygdular basalt, jointed basalt, and 

weathered basalt act as aquifers as they have better 

porosity while the massive compact basalts act as 

aquifuges or aquitards. The clayey tuffaceous layers 

occurring between the flows act as an aquiclude.  

Groundwater circulation happens through the 

fractured portions in the massive basalt, the vesicular 

upper sections and through the weathered portion of 

the flows.  Recharge to deeper horizons occurs mainly 

through deep fractures and fractured dykes. 

3. METHODOLOGY

In the present study, a MCDA approach using 

AHP  was  used  for  delineation  of  potential  ground 

water recharge zones. Physiographic elements have a 

close relationship with groundwater recharge (Doke et 

al., 2021). According to Choudhari et al. (2018) the 

level  of  groundwater  varies  according  to  elements 
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such as geology, drainage density, lineament, rainfall, 

and land-use. Many researchers have used criteria like 

lithology, geomorphology, geology, drainage density, 

soils, lineament, rainfall, land-use, and distance from 

the river for delineation of groundwater zone (Das and 

Pal, 2019; Maity and Mandal, 2019). Rao (2006) 

computed a groundwater potential index (GPI) 

considering factors such as rainfall, slope, run-off, 

infiltration, soil cover, moisture content, lineaments, 

weathered and fractured rocks, drainage, groundwater 

levels, and vegetation with relation to geomor-

phological units. 

3.1 Thematic layers 

The present study uses multi-criteria, namely, 

LULC, slope, geology, soil, drainage density, and 

rainfall which are some factors known to affect the 

recharge of groundwater. Thematic maps were 

prepared using QGIS for these factors for further AHP 

and WOA studies. 

Survey of India toposheets were used as the 

reference map by georeferencing and digitisation and 

for generating the drainage density. Geological data 

obtained from the District Resource Map of 

Geological Survey of India (GSI, 2001), was geo-

referenced and digitized to obtain the geological 

map of the area. Landsat 8 was used for generating 

LULC layer (Vaddadi et al., 2022) and classified into 

four classes. The slopes for the area were calculated 

in degrees from Cartosat DEM image of 5 m 

resolution. Soil data was obtained from the soil map of 

the Indian National Bureau of Soil Survey and Land 

Use Planning (NBSS and LUP). The classification of 

soils given by NBSS and LUP is used in this study. 

High Spatial Resolution (0.25×0.25 degree) ‘Gridded 

Rainfall Data Set Over India’ data available from India 

Meteorological Department was used to create the 

rainfall map (Pai et al., 2014) (https://imdpune.gov. 

in/cmpg/Griddata/Rainfall_25_Bin.html). Drainage 

was digitized from toposheet, and the density was 

calculated using point density method in QGIS. 

Geospatial data (Table 1) was processed using 

QGIS software, while weight generation and 

associated functions like Consistency Index and 

Consistency Ratio were calculated by the AHP 

method in Microsoft Excel. The input thematic layer 

data for the different layers was reclassified to obtain 

four or more discrete classes based on the available 

data and literature survey. The workflow used for the 

study is shown in Figure 2. 

Table 1. Data sources 

Data type Resolution/Scale Thematic layer Data source 

Landsat 8 OLI/TM 30 m  Land use/land cover Earth Explorer - USGS 

Cartosat DEM 5 m  Slope, drainage density Bhuvan ISRO 

District Resource Map - Geology 1:250,000 Geology (Lithology) Geological Survey of India 

Rainfall data 0.25×0.25 degree Rainfall India Meteorological Department 

Soil map 1:250,000 Soil distribution National Bureau of Soil Sciences and 

Land Use Planning  

Figure 2. Workflow used in the analysis 
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3.2 AHP analysis 

AHP is a decision-making procedure widely 

used in management for establishing priorities in 

multicriteria decision problems. It uses a structured 

mathematical process based on expert knowledge. 

AHP was first developed by Saaty (1987). Though 

introduced as a management tool, it has been used 

across disciplines as an effective tool for dealing with 

complex decision-making. AHP converts multi-

dimensional complexity into a single dimension scale 

of priorities (Choosumrong et al., 2012). 

The AHP process has also been widely used in 

GIS to normalize the assigned weights of different 

thematic layers. In this study, the weights of different 

thematic layers were assigned based on literature 

survey, published data and expert opinion for different 

environmental and geological conditions (Table 2). 

Table 2. Input parameters 

Rank Thematic 

layer 

Class Class description Weight/Sub 

rank 

Area 

(km2) 

Area 

(%) 

Normalized 

weight 

1 LULC 4 Vegetation 4 36.42 15.00 0.41 

3 Water 3 2.08 1.00 

2 Barren land 2 86.37 34.00 

1 Construction 1 125.65 50.00 

2 Slope 0-5° Flat surface 6 189.52 75.28 0.23 

5-10° V. gentle slope 5 44.39 17.63 

10-15° Gentle slope 4 12.06 4.79 

15-20° Moderate slope 3 4.37 1.73 

20-25° Steep slope 2 1.07 0.42 

<25° Very steep slope 1 0.36 0.14 

3 Drainage 

density 

<80 Very low drainage  4 9.83 4 0.14 

80-160 Low drainage  3 78.89 32 

160-240 Moderate drainage 2 115.06 46 

>240 High drainage 1 46.62 19 

4 Rainfall >4.8 mm/day High rainfall 4 29.62 11.83 0.11 

4.1-4.5 mm/day Moderate rainfall 3 142.63 56.95 

3.8-4.13 mm/day Low rainfall 2 55.28 22.07 

<3.8 mm/day Very low rainfall 1 22.93 9.16 

 5 Soil Type 1 (118*) Loamy, mixed and iso-

hyperthermic, moderate 

stoniness 

5 104.44 42 0.07 

Type 2 (76*) Clayey skeletal, strongly 

calcareous, strong stoniness 

4 0.36 0 

Type 3 (216*) Fine, clayey, moderately 

calcareous, moderate 

stoniness 

3 4.96 2 

Type 4 (266*) Fine, strongly Calcareous, 

clayey, montmorillonitic 

2 4.89 2 

Type 5 (244*) Clayey, calcareous, 

moderate salinity, fine 

1 135.86 54 

6 Geology Karla formation Dominantly compound 

pahoehoe flows  

4 128.59 51 0.04 

Diveghat formation Dominantly Aa’ and simple 

flows with thick FTB 

(Fragmented tops) 

3 61.67 25 

Indrayani formation Aa’ flows with thick FTB 

(Fragmented tops) 

2 58.91 24 

Purandargarh 

formation 

Aa’ and simple flows with 

thin FTB (Fragmented tops) 

1 1.35 1 

*Soil types - Figures in parentheses indicate Index number as per NBSS and LUP map.
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After the ranking of the criteria, the weight for 

each criterion was determined by using AHP to get a 

Pairwise Comparison Matrix (PCM) for the main 

decision criteria being used (Table 3). In doing a 

pairwise comparison, the relative importance of a set 

of criteria is decided for determining the suitability for 

a given objective. The comparison and rating between 

criteria are conducted using a 9-point continuous 

scale. (Saaty, 2008). 

The following steps were adapted to allocate 

and normalize weights of the thematic layers using the 

AHP technique - (1) Defining the criteria; (2) Defining 

scaled rank (weights) for each criterion based on 

expert opinion and literature survey; (3) Establishment 

of pairwise comparison metrics (P) based on scaled 

ranks; (4) Calculation of the geometric mean; (5) 

Calculation of normalized weights; and (6) 

Calculation of consistency ratio to verify the 

coherence of judgments. 

AHP process involves a PCM of the various 

criteria which influence a particular process to derive 

priority weightages. The influencing factors or themes 

are based on expert judgement. 

The PCM is calculated on basis of assigned 

weightages and, shows how a particular criterion is 

significant when compared to the others Saaty (1987), 

Saaty (1990), and Saaty (2008). Based on PCM, the 

relative weight matrix and the normalized principal 

eigenvalue were derived to determine the percentage 

of contribution of each criterion. 

Table 3.  Pair-wise comparison matrix for the six themes and calculation of normalized weights by the analytic hierarchy process 

Matrix 

L
U

L
C

 

S
lo

p
e 

D
ra

in
ag

e 

d
en

si
ty

 

R
ai

n
fa

ll
 

S
o

il
 

G
eo

lo
g
y
 

Normalized 

principal 

eigenvector 

LULC 1 3 5 3 5 5 0.41 

Slope  1/3 1 3 3 3 5 0.23 

Drainage density  1/5  1/3 1 2 3 5 0.14 

Rainfall  1/3  1/3  1/2 1 3 3 0.11 

Soil  1/5  1/3  1/3  1/3 1 3 0.07 

Geology  1/5  1/5  1/5  1/3  1/3 1 0.04 

Each of the six thematic layer has four or more 

sub-classes, thereby making the relationships between 

these interdependent classes complex. The 

relationship between the factors and their relative 

importance is derived using the AHP. The result of the 

AHP is assignment of normalized weights which are 

then used in the weighted overlay analysis. 

3.3 Overlay analysis 

The final weights are obtained from the 

computation of the principal Eigenvector of the PCM. 

To evaluate the consistency of the pair-wise 

comparison in AHP, the Consistency Index (CI) is 

determined based on the maximum Eigen value, λmax. 

λmax is calculated by summing up the product 

of each element in the relative weights (the Eigen 

vector) by the respective column total of the original 

comparison matrix.   

The CI is determined by the equation below. 

 CI = − (λmax  −  n )/n − 1   (1) 

Where; λmax is the largest Eigen value of the 

matrix and can easily be determined from the matrix 

mentioned, and n is the number of factors or criteria 

being considered. In this case, the λmax obtained is 

6.539 and the CI is 0.108.  
To verify whether the CI is appropriate, Saaty 

(1990) suggests the Consistency Ratio (CR) which is 

determined as the ratio between the CI and the 

Random Consistency Index (RCI). The value of RI for 

selected ‘n’ values are as per the Consistency Index 

suggested by Saaty (1990). 

CR =  CI / RCI (2) 

The comparison matrix is consistent if the 

resulting CR is less than 10% (Saaty, 1990). If the CR 

exceeds 10%, it is necessary to rework the comparison 

matrix and recalculate the weights to get a better 

weighting scheme. 

The CR obtained was 0.87 (8.8%) which is less 

than the threshold limit (0.1). This indicates that the 

weight assignment for the parameters used in this 

study is consistent. 
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4. RESULTS AND DISCUSSION

Anthropogenic alterations, which are a result of 

increasing urbanization lead to a major impact on the 

natural resources like water especially in terms of 

recharge potential. The quantitative impacts of 

urbanization include a general decline in groundwater 

level, a reduction of the areal extent of the aquifer, and 

a change in groundwater flow direction (Khazaei et al., 

2004). 

4.1 Thematic layers 

To implement effective artificial recharge 

methods, it is important to determine potential 

recharge zones especially in urban areas. Several 

spatial factors come into play when considering 

potential zones for recharge by RWH. Besides rainfall, 

other factors like slope of the land and soil texture also 

play a crucial role in the recharge.  The ranking of the 

criteria used in the study are summarized in Table 2.  

Land use/land cover impacts the rate of surface 

runoff, infiltration, and utilization of the groundwater 

(Senanayake et al., 2016). Urbanization, especially 

concretisation leads to increased run-off and surface 

flow thereby reducing the water available for recharge. 

The LULC of an area is thus a particularly important 

influencing factor in recharge in an urban context. The 

greater the concretisation, the less is the recharge and 

hence LULC was given the highest attribute rank. 

Within LULC, the built-up area was given the lowest 

weight. Vegetated areas, wetlands and water bodies 

are considered to have high infiltration rates.  

LULC was derived from Landsat 8 Satellite of 

30 m Resolution for year 2019 (Vaddadi et al., 2022). 

The study area was classified into four classes Barren 

Land, Settlement, Water Bodies and Vegetation based 

on a Supervised Classification study (Figure 3). The 

analysis shows that a major part of the study area is 

occupied by constructions or built-up area which 

occupies about 125 km2 (50%). About 86 km2 (34%) 

is occupied by barren land. Vegetated areas and water 

bodies which are very good for infiltration together 

constitute 39 km2 (16%).

Figure 3. LULC map 

The slope of an area influences rainfall 

infiltration and is an important parameter in recharge 

potential. Infiltration will be higher in low-slope areas 

where surface flow and run-off are less and where it 

takes more time to travel downstream, as compared to 

high slope areas where the run-off is higher and 

quicker (Rajaveni et al., 2015). 

The slopes for the area were calculated in 

degrees from Cartosat DEM image of 5 m resolution. 

The slopes were classified into six classes with slope 

from 0-31°. The maximum areal extent in the study 

area was for range 1-5° (Flat surface).  About 189 km2 

(75%) of the study area is flat and conducive to 

infiltration (Figure 4).
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Figure 4. Slope map 

Drainage density is a significant parameter 

which affects the groundwater recharge potential. A 

low drainage density region causes more infiltration 

and results in good groundwater potential zones as 

compared to a high drainage density region (Shekhar 

and Pandey, 2014). Drainage was digitized from 

toposheet, and the density was calculated using point 

density method in QGIS. The obtained densities were 

classified into four classes which ranged from 0.43-

306.80. Of these classes, the areas occupying low and 

very low density which are good for ground water 

infiltration occupy about 162 km2 (65%) of the area. 

Area with moderate density occupies an area of 79 km2 

(32%) and is also suitable for recharge. Drainage class 

with least density was assigned the highest weightage 

on account of the lower number of drainages per unit 

area (Figure 5). 

Figure 5. Drainage density map 
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Rainfall is essential to recharge. Groundwater is 

formed by rain infiltrating the ground. Using tritium 

injection studies, Rangarajan and Athavale (2000) 

estimated a linear relation between rainfall and natural 

recharge for major hydrogeological units like granites, 

basalt, sediments and alluvium. According to Mondal 

and Ajaykumar (2022), rainfall is the primary source of 

groundwater recharge, whereas irrigation areas, rivers, 

ponds, lakes, etc., are the secondary sources of 

groundwater recharge. Grid based rainfall data with a 

resolution 0.25×0.25 degrees was downloaded from 

India Metrological Department (IMD) site 

(https://imdpune.gov.in/cmpg/Griddata/Rainfall_25_ 

Bin.html). This data was then converted to Rainfall 

point data by using the IMD data converter. This point 

data was then interpolated to create the Rainfall Map 

(Figure 6). Though rainfall is a key factor for assessing 

the suitability of a region for harvesting it was ranked 

much lower than LULC and slope since it was found 

that a major part of the city area is built up leading to 

run-off instead of infiltration. 

The rainfall in the area ranged between a high 

of 4.79 and a low of 3.47 mm/day. Based on this, the 

study area was re-classified into four classes of high, 

moderate, low, and very low rainfall. These occupy 

11.83%, 56.95%, 22.07%, and 9.16%, respectively. 

Figure 6. Rainfall map 

Soil texture is another important parameter 

that influences rainfall infiltration into the ground. The 

rate and amount of infiltration depend on grain 

structure, size, and shape. Soil texture and hydraulic 

characteristics (permeability) influence rate of 

infiltration. 

The soil map was obtained from NBSS and 

LUP. It was then clipped to the study area and used to 

create the soil type vector data. The classification of 

soils given by NBSS and LUP is used in this study. 

The study area exhibits five broad textural classes or 

types of soil (Figure 7). About 42% (104 km2) of the 

area is occupied by loamy, mixed and iso-

hyperthermic, moderate stoniness soil which is good 

for infiltration. Fine Clayey and calcareous soil 

occupies 136 km2 (54%) of the area. The other layers 

together constitute only about 4% of the area. 

According to Cornell University (2010), Sandy loams, 

Loams, Clay loams or Clay soils have an infiltration 

capacity of 0.4 to 0.8, 0.2 to 0.4, and less than 0.2 

inches per hour, respectively. Considering the texture 

and its sand content, Type 1 soil (loamy, mixed, and 

iso-hyperthermic soil) was given the highest rank and 

the Type 5 soil (clayey soil) the lowest rank. 

The lithology of an area determines the 

infiltration capacity as different rocks exhibit different 

properties. Porosity differs from one type to another 

and has an essential effect on the recharging capacity 

(Senanayake et al., 2016). The lithology was derived 

from the District Resource Map of the Geological 

Survey of India (GSI, 2001). The resource map was 

georeferenced and digitized to obtain the geological 

map of the area. The area contains basaltic flows 

belonging to four different formations, namely, Karla, 
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Figure 7. Soil map 

Diveghat, Indrayani, and Purandargarh formations, 

each exhibiting distinctive characteristics (Figure 8) A 

major part, about 129 km2 (51%) of the area is 

occupied by the Karla Formation constituted of 

dominantly compound pahoehoe flows. Other 

lithologies like aa' and simple flows with thick 

fragmented tops, known as Flow Top Breccia (FTB), 

predominantly aa' flows with thick FTB and aa' and 

simple flows with thin FTB constitute 25%, 24%, and 

1% of the area, respectively. Being vesicular in nature, 

the compound pahoehoe flows show maximum 

recharge potential. According to Kulkarni et al. 

(2000), the weathering and jointing of the vesicular 

amygdaloidal basalt and the joints within the compact 

basalt create the aquifers. Aa’ flows being compact 

and dense in nature do not exhibit much infiltration 

capacity.

Figure 8. Geological map of the area 
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4.2 Groundwater recharge potential zones 

After obtaining the weights from the AHP 

analysis, the six thematic layer maps were integrated 

using Weighted Overlay Analysis in the open source 

QGIS software to determine the Groundwater 

Recharge Potential (GRP).  The following equation 

was used to estimate the groundwater potential.  

GRP = ∑ (MCi ×  wi × ri)
6
i=1 (3) 

Where; MC1 and MC6 are the 6 main criteria, 

w1-w6 are the normalized weights generated using 

AHP method and r1-r6 are the ranks given to the main 

criteria.  

  The groundwater recharge potential map of the 

study area generated through this weighted overlay 

analysis has been categorized into five zones, viz., 

low, moderate, good, high and very high potential. The 

Groundwater potential map (Figure 9) shows a 

coverage of 13.24 km2 (5%), 124.71 km2 (50%), 72.92 

km2 (29 %), 8.11 km2 (3%), and 30.27 km2 (12%) for 

the above zones, respectively.  

Assessment of potential zones within the study 

area reveals that the high and good potential zones lie 

to the western part of the city. The central part or inner 

city, which is mainly built-up area, shows low 

potential for recharge. Earlier studies by Vaddadi et al. 

(2022) on roof top rainwater harvesting estimated the 

total water available for Rainwater harvesting in Pune 

city to be 49.05 Million Cubic Metres (MCM) and that 

effective recharge using RWH techniques could 

supplement the groundwater annually by about 22-25 

MCM. The present study, when used in conjunction

with the RWH studies, can provide effective strategies

to manage systematic groundwater recharge of the

shallow aquifers.

Figure 9. Map of ground water recharge potential zones 

5. CONCLUSION

Use of rainwater harvesting for recharge of 

groundwater has become an effective method globally 

to maintain the water balance, overcome water crisis 

and to ensure sustainable water resources management, 

especially in urban growth areas. For effective recharge 

to happen, it is vital that the mapping and identification 

of groundwater potential zones in an area are done on a 

systematic and scientific basis.  

The recharge potential for ground water zones 

was mapped using thematic layers, MCDA and AHP 

techniques. Groundwater in the study area is mainly 

controlled by the Land cover and use (LULC), Slope, 

Rainfall, Soil and Drainage Density, and lithological 

factors. Based on the study, the study area is classified 

into five classes, namely, low, moderate, good, very 

good and high groundwater potential. The results 

show a coverage of 5%, 50%, 29%, 3%, and 12% for 

the above zones, respectively. This indicates that 

nearly half (45%) of Pune city has good to high 

potential for recharge.  Assessment of potential zones 

within the study area reveals that the high and good 
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potential zones lie to the western part of the city. The 

central part or inner city which is mainly built-up area 

shows low potential for recharge.  Though the city has 

seen rapid urbanisation in the last decade resulting in 

concretisation, major parts of the city show good 

potential for recharge. The prospective zones were 

also cross-checked with groundwater priority recharge 

maps published by the state’s Groundwater Survey 

and Development Agency (GSDA, 2017). 

Comparison of the maps of representative areas show 

a good relationship between the two. The study is of 

immense importance, as the results when used in 

conjunction with the roof top RWH studies can help to 

identify effective sites/areas for recharge and to 

formulate a framework for systematic recharge of the 

existing aquifers in the area under study. Further, the 

workflow has been implemented using Open-Source 

Software and Open Data and is thereby applicable to 

other urban areas too. 
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This article describes a combination of the driver-pressure-state-impact-response 

(DPSIR) framework and the logical framework approach (LFA) to develop water 

management strategies for a lagoon floodplain in Thailand. The DPSIR 

framework identified the cause-effect relationship between water and 

anthropogenic activities. LFA developed management strategies based on a 

systematic and logical approach. DPSIR analysis for the issue of water shortages 

for irrigated areas revealed the need for income from agriculture is a major driver, 

as indicated by agricultural development policy. The driver exerted pressure on 

increasing irrigation water demand, which increased the risk of a water shortage. 

The impact of water shortage was indicated by loss of farmer income. Existing 

responses led to inadequate problem-solving, for example, the promotion of 

mixed farming. Using data captured from DPSIR analysis for LFA analysis, 

proposed strategies to address the root causes of “ineffective irrigation water 

allocation” focused on improving (1) the performance of rotating irrigation 

systems; (2) monitoring water allocation; and (3) water use efficiency. The 

strategies developed using the combined DPSIR framework and LFA are 

effective because: (1) this method provides insight into complex water systems; 

(2) the strategies are developed logically to solve the problem at its root cause;

and (3) there is intensive stakeholder participation and in-depth study of the area.

This method is a helpful tool for developing a management strategy for a complex

water system and is suitable for application by decision-makers. Stakeholder

verification is required for future research to ensure that the strategies are

appropriate and capable of being implemented.
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1. INTRODUCTION

Water-related issues are often complex and 

challenging to address. Understanding the entire 

system associated with water management is required 

to manage water effectively (Enteshari and Safavi, 

2021). Therefore, tools that can be used to structure 

problems and help policymakers address complex 

water issues are required. Previous studies have shown 

that the DPSIR framework is an analytical framework 

essential in promoting policy and regulation design to 

manage ecosystems effectively (Gari et al., 2015; Roy 

et al., 2017; Chen et al., 2022). DPSIR was developed 

in the late 1990s by the Organisation of Economic 

Cooperation and Development and the European 

Environment Agency to help decision-makers 

structure and organise cause-effect relationships 

between environmental and human systems (OECD, 

1993; EEA, 1999; Tscherning et al., 2012). It 

identifies the cause-effect relationships in five 

economic and social development categories: driving 

forces (D) that exert pressure (P) on the environment; 

changes in the state of the environment (S) and 

impacts (I) on the ecosystem, human health, and other 

materials; and society’s preventive, adaptive, or 

curative solution responses (R) to the driving forces, 

pressures, states, or impacts (Jago-on et al., 2009). 

DPSIR has been wildly used for analysing 

environmental problems emanating from human 

Citation: Teerakul B, Rongsayamanont C, Darnsawasdi R, Kosolsaksakul P. A combined DPSIR framework and logical framework approach for 

sustainable water resources management in the lagoon floodplain. Environ. Nat. Resour. J. 2023;21(3):211-221.
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activities in policy-making and research (Gari et al., 

2018; Lu et al., 2022; Agramont et al., 2022), 

including water issues (Kagalou et al., 2012; Hashemi 

et al., 2014; Gari et al., 2018; Ashfaq et al., 2018; Lu 

et al., 2022). Hashemi et al. (2014) found the 

framework useful for analysing the changing state of 

floods, structuring data, and examining leverage 

points at which appropriate responses can be exerted. 

Although DPSIR was widely applied, 

oversimplifying the complex reality of socio-

ecological systems was criticised (Wang et al., 2018; 

Agramont et al., 2022). As the complexity of the 

socio-environmental systems relies on several layers 

of social, political, and economic institutions and the 

environmental consequences behind their interactions 

(Teodosiu et al., 2009), the simplicity of DPSIR can 

be misguiding, ignoring the possible synergistic 

relations existing between DPSIR categories (Maxim 

et al., 2009). Thus, the responses defined by DPSIR 

analysis governed by a standardised framework may 

disregard such aspects. In addition, DPSIR does not 

explicitly prioritise responses and cannot individually 

determine the effectiveness of each response when 

working with complex systems (Gari et al., 2015; 

Malmir et al., 2021). To define responses that consider 

relevant layers under D-P-S-I-R categories and 

determine the effectiveness of DPSIR responses, there 

is a need to use other tools with this framework.  

The logical framework approach (LFA) is a 

strategic planning and project management 

methodology that guides the systematic and logical 

analysis of key interrelated elements that constitute 

well-designed management interventions (The World 

Bank, 2000). LFA was developed in the 1960s to 

assist the US Agency of International Development 

(USAID) in improving project planning and 

evaluation systems (Republic of Serbia Government 

European Integration Office, 2011). LFA has been 

used in many development projects (Musiyarira et al., 

2019). The problem tree, objective tree, and analysis 

of strategies is an LFA methodology for identifying 

main problems and their causes and effects, helping 

project planners formulate clear and manageable 

objectives and strategies for achieving them. The 

problem tree can identify the underlying causes of D-

P-S-I-R categories, that is, the layers that cannot be 

identified using DPSIR. The underlying causes will be 

translated into solutions and formulated logically to 

formulate management interventions.  

The combination of DPSIR and LFA will form 

water management tools for comprehensively 

analysing the water resources system and formulating 

logical and effective management interventions. This 

article demonstrates a combination of the driver-

pressure-state-impact-response (DPSIR) framework 

and the logical framework approach (LFA) to develop 

water management strategies for the Sathing Phra 

peninsula lagoon floodplain.   

2. METHODOLOGY

2.1 Study area

Floodplains are defined as areas periodically 

inundated by the lateral overflow of rivers and lakes. 

Floodplains support diverse ecosystems which provide 

critical benefits to people, especially in agricultural 

development (Binh et al., 2022). Floodplains are among 

the most threatened ecosystems in which the annual 

flood cycle critically impacts productivity (Islam and 

Braden, 2006). Threats are severe in lagoon floodplains 

because the hydrological regime is highly dynamic and 

impacted by salt water (López-Juambeltz et al., 2020).   

The Sathing Phra peninsula, a lagoon floodplain 

in Thailand was selected as a study area. It is an 

important rice production area, holding approximately 

31% of the rice field area in Southern Thailand. Water 

shortages occasionally occur during the dry season. 

Floods occur in the wet season. In 2013, severe floods 

caused damage to 10,654 households, affecting 36,725 

people (Songkhla Provincial Disaster Prevention and 

Mitigation Office, 2017). Ban Khao Sub-District was 

selected to demonstrate a combined DPSIR and LFA 

(Figure 1). 

2.2 Method  

2.2.1 Historical water resource development 

and management 

Participatory Rapid Appraisal (PRA) 

(Chambers, 1994) was applied to study the history of 

water resource development and management. PRA 

tools, including secondary data reviews, semi-

structured interviews, and focus group discussions, 

were conducted during 2012-2019. Sixty-nine people 

from government organisations, local administrative 

organisations, communities, academics, private 

sectors, and NGOs participated.   

The communities and community leaders 

provided information and jointly surveyed the area to 

understand its context and suggested management 

guidelines. Relevant government agencies share 

information about water management, analyse 

problems, and discuss appropriate management. The 

qualitative data was validated by triangulation.
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Figure 1. Sathing Phra peninsula floodplain 

2.2.2 DPSIR framework 

DPSIR was used to describe water resource 

problems using data from the PRA step. The cause-

effect relationship between the water resources 

systems and anthropogenic activities was identified in 

terms of the following elements:  

- Drivers (D) are the driving forces acting on

water resources systems comprising human needs. 

- Pressures (P) include all human activities

undertaken due to increased needs, which apply 

pressure on the stage. 

- Stage (S) is the current status of water

resources. 

- Impacts (I) are categorised as loss of functions

or services of water resources to humans. 

- Response (R) included management practices

for managing water resources in the area (Ashfaq et 

al., 2018).  
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This study first identified water resources 

problems (S) and their impacts (I). Next, pressures (P) 

and drivers (D) were analysed. Finally, existing 

responses (R) were analysed. The link between 

categories is shown in the diagram. Statistics for 

analysing water resource status are descriptive 

statistics data such as mean, percentage, etc. 

DPSIR indicators for agriculture’s water 

shortage are shown in Table 1. 

2.2.3 LFA 

LFA was applied to analyse the underlying 

layers/causes of D-P-S-I-R categories and formulate 

water management strategies and measures. The 

indicators in Table 1 were also used. Data captured 

from DPSIR analysis were transferred into a problem 

tree and disaggregated into causes, root causes, and 

consequences. State (S) was placed as a problem at the 

centre of the problem tree diagram. Major causes and 

root causes that contribute to the problem were 

replaced with drivers (D), pressures (P), and causes of 

ineffective responses (R). The effects were replaced 

with Impacts (I). Negative situations were converted 

into objectives in the objective tree diagram. The 

means to achieve the objectives of the root causes were 

determined as management strategies.

Table 1. The DPSIR indicators for agriculture’s water shortage 

DPSIR 

framework 

DPSIR component Indicators Unit 

Drivers Need of income from agriculture (rice) Existence of policies that support agricultural 

development  

Yes/no 

Pressures Intensive irrigation water demand Irrigated area (off-season rice farming) km2 

Climate variation  Annual rainfall mm/year 

State Water shortage for irrigated area Number of years in which salt water intrudes 

during off-season rice cultivation 

Year 

Uncultivated irrigated paddy field km2 

Impacts Loss of income Income from the sale of off-season rice 

products 

baht/year 

Conflict on irrigation water use Level of conflict  Level (low, medium, 

violence)  

Responses Activities to prevent water shortage for irrigated area 

- Promotion of mixed agriculture/ oil

palm

- Rice field area promoted to mixed

agriculture/ oil palm

km2 

- Promotion of less water rice farming - Rice field area promoted to less water

farming

km2 

- Improving irrigation canals - The distance of irrigation canals has been

improved

km/year 

- Establishing water user groups for

managing irrigation water

- The existence of water user groups Yes/no 

Activities to reduced impact from water shortage 

- Compensation for rice farming damage  Amount of compensation baht/rai (equivalent to 

0.0016 km2) 

- Conflict mediation The existence of a conflict mediator Yes/no  

3. RESULTS

3.1 Historical water resources management in the

Sathing Phra peninsula

Timelines of Ban Kao Sub-District water 

resources management are shown in Figure 2.  

Pre-irrigation development, the main activity 

was rainfed rice farming. Water shortages were 

common in the dry season. In the second phase, 

irrigation systems were developed to address the water 

shortage. The Thung Ranod Irrigation Project 

supported 136 km2 of rice fields (RID, 2012). Farmers 

conduct rice farming twice a year, with some 

increasing to five times in two years. The off-season 

rice fields in Ranod district increased steadily from 

29.2 km2 in 1988 to 182.7 km2 in 2004.  

The third phase involved community 

adaptation. In 2005, a severe flood destroyed much of 

the in-season rice, after which most farmers shifted the 

in-season rice farming period to after the rainy season 

and postponed their off-season rice farming. The 

adaptation increased the dependence on irrigation 

water, resulting in more severe water shortages. 
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3.2 DPSIR water resources system analysis 

The water resources system of the Sathing Phra 

peninsula is depicted in Figure 3, which shows two 

linked causal loops: (a) water shortage for the irrigated 

area; and (b) flooding. This study only describes 

causal loop (a) (Table 2).

Figure 2. Timelines of water resources development and management in the Ban Kao Sub-District 

Figure 3. DPSIR analysis for the Sathing Phra peninsula 
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Table 2. DPSIR for causal loop (a) water shortage for the irrigated area 

Phase 

DPSIR 

framework 

DPSIR component Indicators Phase 1: pre-

irrigation 

development 

(before 1948) 

Phase 2: Irrigation 

development  

(1948-2005) 

Phase 3: Community 

adaptation to water 

shortage  

(2005-2015) 

Drivers Need to increase 

income from 

agriculture (D1) 

Existence of policy 

that supports 

agricultural 

development  

Most rice farming 

was rainfed  

Policy to increase 

agricultural 

productivity through 

irrigation 

development 

Policy to promote 

mixed agriculture/oil 

palm and less water 

farming  

Pressures Increasing of 

irrigation water 

demand (P1)    

Irrigated rice farming 

area (Off-season rice 

farming) 

0 rai Increase of 100% 

from phase 1  

Increase of 100% 

from  phase 1  

Climate variation 

(P2)  

Annual rainfall n/a During 1974-2005, 

annual rainfall 

below 1,500 

mm/year for 3 years 

During 2006-2011,  

no annual rainfall 

below 1,500 mm/year 

State Water shortage for 

irrigated area (S1)  

Number of years in 

which salt water 

intrudes during off-

season rice 

cultivation 

n/a 4 years  during  

1992-2005 

1 year during 

2006-2010 

Uncultivated 

irrigated paddy field 

None 20.64 km2 for 4 

years (1992-2005) 

20.64 km2 for 1 year 

(2006-2010) 

Impacts Loss of income 

(I1) 

Income from the sale 

of off-season rice 

products 

- 23.5 million baht 

(0.71 million 

USD)/year 

(for 4 years)  

45.9 million baht 

(1.39 million USD)/ 

year (for 1 year) 

Conflict on 

irrigation water use 

(I2)  

Level of conflict None Low  Low 

Responses Activities to prevent water shortage for irrigated area 

- Promotion of 

mixed farming/oil 

palm cultivation 

(R1) 

- Rice field area 

promoted to mixed 

agriculture/oil palm 

None n/a 1%  of the total area 

of irrigated rice 

farming  

- Promotion of less

water rice farming

(R2)

- Rice field area

promoted to less

water farming

None None None 

- Improving

irrigation canals

(R3)

- The distance of

irrigation canals has

been improved

n/a  n/a n/a 

- Establishing

water user groups

(R4)

- The existence of

water user groups

No Yes  Yes 

Activities to reduce impact from water shortage 

- Compensation for 

rice farming 

damage cause by 

water shortage 

(R5)  

Amount of 

compensation 

No Insufficient Insufficient 

- Conflict

mediation (R6)

The existence of 

conflict mediator 

No (no conflict) Yes Yes 

n/a=not available 

From Figure 3 and Table 2, in developing the 

area from phase 1 to phase 2, farmers’ poverty led to 

needing to increase income from agriculture which is 

described as a first driver (D1). This driver was 

investigated based on the existence of policies to 

support agricultural development. In phase 2, under 
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the 2nd National Economic and Social Development 

Plan, the important policy regarding agricultural 

development focused on increasing productivity via 

developing irrigation systems (National Economic and 

Social Development Board, 1967). Therefore, the 

Thung Ranod irrigation project was developed.  

 The pressure reflected by the driver is 

increasing irrigation water demand (P1) which is 

considered based on irrigated rice farming area. In the 

second phase, the irrigated rice farming area increased 

100% from the first phase, increasing irrigation water 

demand (RID, 2012).  The change in the state due to 

pressures is water shortage for the irrigated area (S1) 

which one indicator is the number of years that 

saltwater intrusion caused uncultivated rice farming, 

which occurred in 1991, 1992, 1993, 2005, and 2010. 

The other indicator is the uncultivated irrigated rice 

farming area, which indicated 20.64 km2 in the four 

years that the aforementioned saltwater intrusion 

occurred (Regional Irrigation Office 16, 2011).  

The impacts of water shortage caused loss of 

income (I1) and conflict in irrigation water use (I2), 

which is quantified by indicators including income 

from the sale of irrigated rice products and level of 

conflict between water users. Inability to do irrigated 

rice farming in 1991, 1992, 1993, 2005, and 2010, 

caused the area a loss of income of approximately 

23.5  million  baht (0.71 million USD)/year (Songkhla 

Provincial Agriculture and Cooperatives Office, 

2022). In addition, because irrigation water supply is 

limited, conflicts between farmers occurred almost 

every year.  

In the second phase, the results from the study 

indicated that the existence of the water user group 

(R4) helped prevent water shortages as the water user 

group set rules for equitable allocation of limiting 

irrigation water among users, while other responses 

did not show clear results due to lack of information. 

The compensation for rice field damage from water 

shortage (R5) is insufficient as the cost of 

compensation was only 28% of the actual cost (actual 

cost 2,700 baht (81 USD)/rai (Regional Irrigation 

Office 16, 2011) and compensation 1,113 baht (34 

USD)/rai (Songkhla Provincial Agriculture and 

Cooperatives Office, 2020).  

For the third phase, policy regarding 

agricultural development changed to promoting mixed 

agriculture/oil palm and less water rice farming. 

However, the off-season rice farming area is similar to 

the second phase. This indicated that the new policies 

have little impact on the water resource system. The 

reason is that new policies have implementation 

limitations, for example, inappropriate area, farmer 

budget, and land tenure problems. 

3.2 LFA 

Taking causal loop (a) as an example for the 

LFA analysis, the problem tree analysis showed three 

significant causes of water shortage for the irrigated 

area: (1) insufficient water in the dry season, which the 

indicator showed that during 1992-2005 there were 

four years that the area of uncultivated irrigated rice 

farming was 20.64 km2/year; (2) increased water 

demand for rice farming which is indicated by an 

increase of irrigated rice farming area of 100% 

compare to the pre-irrigation development phase; and 

(3) ineffective irrigation water allocations which is

indicated by the area of uncultivated irrigated rice

farming mentioned above. The root causes of each

major cause are also shown in Figure 4.

The major causes were then transformed into 

objectives which were: (1) sufficient water; (2) water 

demand for rice farming appropriate to the water 

available; and (3) effective irrigation water allocations 

(Figure 5). 

After the desired future situation, the most 

feasible strategies and measures were identified. In 

this study, only the third chain of the objective tree in 

Figure 5 (effective irrigation water allocation) was 

selected as an example. The target of management 

strategies for this chain is at least 70% of farmers 

having enough water for off-season rice farming. This 

is achieved by:  

1) Improving the performance of the rotating

irrigation systems through developing an automatic 

water-level monitoring system and strengthening the 

water user groups. 

2) Improving the monitoring and evaluation of

irrigation water allocation and delivery through 

participatory monitoring and evaluation of irrigation 

water allocation and delivery. 

3) Improving irrigation water use efficiency

through applying economic instruments. 

The details of management strategies and 

indicators are shown in Supplementary Table S1. 
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Figure 4. Problem tree analysis for causal loop (a) water shortage for the irrigated area 

Figure 5. Objective tree analysis for causal loop (a) water shortage for the irrigated area 

4. DISCUSSION

Water management strategies for the Sathing 

Phra peninsula were developed using the combined 

DPSIR framework and LFA. DPSIR analysis showed 

the important driver for the issue of water shortage in 

irrigated areas is the need for income from agriculture, 

which is associated with water user groups and is 

difficult to change. Growing demand for irrigation 

water, combined with natural factors, posed a risk of 

water shortages. Current responses, such as 

government policies to promote the transition from 

rice farming to mixed farming and the promotion of 
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less water rice farming, which have very little 

application, are ineffective and unable to mitigate 

water shortages and their impacts. The results 

illustrated that DPSIR analysis allowed understanding 

the variables affecting the system, the weights of the 

variables, the roles of stakeholders, and evaluating the 

effectiveness of existing responses. This study’s 

findings are consistent with Agramont et al. (2022), 

who discovered that DPSIR allows understanding the 

sources of socio-ecological distress and reveals the 

ineffectiveness of policy responses in Bolivia’s Katari 

River Basin. However, the root cause of the problem, 

which is useful for developing management strategies, 

is difficult to identify by DPSIR analysis. 

Using the results from the DPSIR analysis to 

formulate strategies to resolve the root causes using 

LFA, three strategies to increase the efficiency of 

irrigation water allocation were proposed. First, 

improving the rotating irrigation systems' performance 

by developing an automatic water-level monitoring 

system and strengthening water user groups. The 

system provides real-time data that helps water 

managers and users track transmission and 

conveyance losses and take decisions to improve 

water use efficiency (Reddy et al., 2016). 

Strengthening the water user group will lead to 

continuous, more efficient, and concrete management 

of water resources, consistent with the study of 

Teamsuwan and Satoh (2009), which concluded that 

the Water User Organisations (WUOs) in the Chao 

Phraya Delta, Thailand, demonstrate successful long-

term management because of the clear definition of the 

WUOs’ common management activities and a budget 

to guarantee the activities. Second, improving 

monitoring and evaluating the irrigation system 

through participatory monitoring and evaluation of 

irrigation water allocation and delivery. The 

advantage of this strategy is collaborative problem-

solving through the generation and use of knowledge 

that leads to corrective action by involving all levels 

of stakeholders in shared decision-making. Uprety et 

al. (2019) also suggested that the principles of citizen 

science can help improve the spatial coverage of data, 

aiding local decision-makers in the water resource 

management realm. Third, improving water use 

efficiency in irrigated agriculture by applying 

economic instruments is instrumental in achieving 

efficient and equitable use and encouraging 

conservation and protection of water resources (Rey et 

al., 2019). 

The proposed strategies differ from strategies 

suggested by the Royal Irrigation Department using 

rational planning (RID, 2012). Regarding the IWRM 

component (Global Water Partnership, 2000), for the 

institutional roles, this study suggests strategies 

related to water user groups, while RID emphasises the 

functions of regulators. For the management 

instruments, this study proposed economic 

instruments for optimising water use, while the RID 

proposed guidelines on the effective use of irrigation 

water and public relations to educate farmers. The 

result indicated that strategies proposed by this study 

focus on improving management mechanisms of water 

user groups differently from those proposed by the 

rational planning method, which focuses on the 

function of regulators. The reason is that DPSIR helps 

structure the information on water resources issues 

and clearly explains the relationship between DPSIR 

categories. From this study, DPSIR analysis showed 

that the important driver is the need for income from 

agriculture which is associated with water user groups, 

as mentioned above. While the rational planning 

method does not analyse the system-wide problem, it 

is too narrow in focus due to the focus on water 

management by the responsible authorities and the 

emphasis on infrastructure development.  

Our results demonstrated that the combined 

DPSIR and LFA enable the development of 

appropriate and realistic water management solutions. 

DPSIR provides a framework for comprehensively 

analysing cause-effect relationships, factors, and 

actors’ influences in the complex water resource 

system. Analysing the data with stakeholders and 

revising the DPSIR diagram several times gives us an 

in-depth and comprehensive understanding of the 

relationships among variables affecting water systems. 

In addition, an intermediary study with no interest in 

the area resulted in facts that reflected water 

management problems in the area better than studies 

by agencies or decision-makers due to the 

embarrassment of the informants in providing 

information. From the comprehensive understanding 

of the water system obtained from DPSIR analysis, 

when further analysed using LFA, it is possible to 

identify root causes contributing to the problem, which 

enables the development of feasible solutions/ 

strategies to solve at the leverage point. Combined 

DPSIR and LFA is a modified method for analysing 

water resource systems, an essential step in planning. 

DPSIR has been used with other tools for analysing 

water resource systems; for example, Zare et al. (2019) 
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applied DPSIR as an analytical framework to support 

the problem scoping and structuring phase in the SD 

modelling process, and Apostolaki et al. (2019) 

combined DPSIR with the ecosystem services 

approach and scenario assessment for developing 

programs of measures and river basin management 

plans. 

5. CONCLUSION

Applying the combined DPSIR framework and 

LFA effectively developed water management 

strategies for a complex water system, including a 

lagoon floodplain in Thailand. The strategies 

developed using this method are more effective than 

those developed using other tools that do not analyse 

the water system comprehensively and let the 

responsible authorities focus only on their duties. The 

effectiveness of the strategies is due to: (1) this method 

provides insight into complex water systems, 

stakeholder relationships, key factors influencing the 

system, and root causes; (2) the strategies developed 

systematically and logically solve the problem at its 

root cause, which is the real problem; and (3) intensive 

stakeholder participation in problem-cause analysis 

and in-depth study of the area. This method is 

appropriate for decision-makers because it provides a 

framework for in-depth analysis of problems and their 

causes and root causes, covering socioeconomic and 

environmental aspects. It aids in formulating logical 

management approaches to solving problems at their 

root cause. For future research, verifying strategies by 

stakeholders is needed to ensure the strategies are 

suitable and applicable.  
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Nepalese community forests are globally recognized for sustainable forest 

management and improving the livelihoods of forest-dependent communities, but 

their contribution to carbon sequestration in trees and soil is rarely studied. This study 

was performed to understand the effect of management practices on carbon stock of 

two community forests (CFs) - Taldanda (managed) and Dangdunge (unmanaged) - 

dominated by Sal (Shorea robusta) in the mid-hills of Nepal. Twenty-one concentric 

sample plots, each of 250 m2, were laid out in each forest to estimate different carbon 

pools and a stratified random sampling intensity of 0.5% used to collect data. Results 

showed significant (p<0.05) differences in above and below-ground biomass and 

carbon sequestration potential between the two CFs. The managed and unmanaged 

forests had total carbon stock of 269.3±27.4 and 150.0±22.7 ton/ha, respectively, 

demonstrating 1.79 times higher carbon stock in the former than the latter. The 

managed forest had significantly (p<0.05) greater mean soil organic carbon (SOC) 

stock than the unmanaged forest. The SOC was highest in the upper soil layer (0-10 

cm), with a steady decrease as the soil depth increased. All other measured carbon 

pools values were higher in managed compared to unmanaged forest. The difference 

in carbon stock was due to the manipulation of different forest management activities, 

including thinning, timber extraction, fire control, grazing, and fuel wood/fodder 

extraction. The study suggests that the implementation of proper forest management 

would be necessary for enhancing carbon stock in forest trees and soils. 
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1. INTRODUCTION

Carbon sequestration refers to the removal, 

capture, or sequestration of carbon dioxide (CO2) from 

the atmosphere by condensing and storing it in a sink 

in a benign manner (Kirschbaum, 2003). It is the 

prolonged deposition of carbon in soils, plants, oceans, 

and atmosphere (Selin, 2019). Carbon sequestration in 

the forest is the process of removing CO2 from the 

atmosphere and accumulating it in trees (Jindal et al., 

2008). Trees and other plants in a forest absorb CO2 

during photosynthesis and then sequester it as 

biomass, which comprises standing timber, branches, 

foliage and roots, as well as all of the plant organisms 

(Jana et al., 2009). Forest trees and soils account for 

about 60% of the world's terrestrial carbon (Lal, 2004; 

Bajracharya et al., 2018); thus, they are the principal 

carbon pools in the forest ecosystem (Amir et al., 

2018). Forests stock up to 70% to 80% of world’s 

carbon and play a crucial role in mitigating greenhouse 

gas (GHG) emissions and climate change (Batjes, 

2014; Vance, 2018). Furthermore, soil organic carbon 

(SOC) is the most influential carbon pool (Ali et al., 

2019; Hou et al., 2019), and its increase has been 

recognized as a viable strategy for mitigating climate 

change through increased soil carbon sequestration 

(Alidoust et al., 2018). Based on the United Nations 

Framework Convention on Climate Change 

(UNFCCC) and the Kyoto Protocol, IPCC (2003), five 

terrestrial carbon pools (soil, litter, under-ground and 

above-ground biomass, and deadwood) and their 

Citation: Gautam S, Timilsina S, Shrestha M, Adhikari B, Khatri BBA, Timsina J. Do managed Hill Sal (Shorea robusta) community forests of 

Nepal sequester and conserve more carbon than unmanaged ones? Environ. Nat. Resour. J. 2023;21(3):222-231.
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dynamics are considered to estimate carbon stocks. 

Following the UNFCCC and its subsequent 

agreements, nations that are required to report on GHG 

emissions and removals must estimate the amount of 

carbon sequestration related to forestry, land use 

changes, and other land use-related activities (Di 

Cosmo et al., 2022).  

In Nepal, forest covers about 45.3% of the total 

land area (FRTC, 2022) accumulating 1,055 million 

tons of carbon, which has a substantial contribution to 

mitigating the adverse consequences of climate 

change (DFRS, 2015). Forest ecosystems are being 

spoiled globally by different biotic and abiotic factors 

such as human encroachment, road constructions, 

wildfires, community reliance on forests, desertifi-

cation, and mining (Arnold, 2022). In tropical and 

subtropical forests, carbon stocks are declining at the 

rate of 1-2 billion tons/year (Subedi et al., 2014). 

Based on the degree of disturbances, Nepalese forests 

are categorized into degraded and non-degraded 

forests (Jina et al., 2008). Bhattarai et al. (2012) 

mentioned that forest management practices influence 

carbon sequestration in both trees and soil. Therefore, 

effective forest management not only slows down 

deforestation and forest degradation rates (Nagendra 

et al., 2008) but also benefits the forest’s carbon 

store and carbon sequestration (Chhatre and Agrawal, 

2009; Pandey et al., 2014; Solomon et al., 2017). 

Presently, 2.4 million ha of forests are being operated 

by 22,682 local communities across the country as 

community forests (CFs) (GoN, 2022). These forests 

are either fully or partially managed or unmanaged by 

the local communities and have great potential to 

increase the carbon sequestration and mitigate the 

climate change. Moreover, agroforestry systems 

practiced within and outside the CFs also store carbon 

in trees and soil (Dhakal et al., 2022) and provide a 

range of ecosystems services (ES) that need to be 

considered in CF management (Ojha et al., 2022). 

In unmanaged forests, occasional large-scale 

disturbances and frequent small-scale disturbances 

allow late-successional phases to develop, resulting in 

a fine-grained mosaic of different developmental 

phases (Bengtsson et al., 2000). Thus, unmanaged 

forests display typical features, such as large amounts 

of dead wood and decaying trees, old and large trees, 

and pits and mounds around root plates (Spies and 

Yurner, 1999). On the other hand, managed forest 

landscapes are characterized by frequent disturbances 

with low variability in disturbance size and display 

more homogeneous tree composition, vertical 

stratification, age structure, and successional 

dynamics but lack senescent phases (Kuuluvainen et 

al., 1996; Commarmot et al., 2005). At the local scale, 

unmanaged forests in general are said to contain more 

species than managed forests (Okland et al., 2003).  

Sal (Shorea robusta) forests dominate both in 

hills and plains of Nepal and are managed by both 

government and local communities. Sal forests have 

been heavily exploited either to generate state revenue 

or to meet the forest product demand of the ever-

increasing population (Acharya et al., 2002). Though 

the role of CFs in improving the livelihoods and 

ecosystems services have been studied (Dhakal et al., 

2022; Ojha et al., 2022), their contribution in terms of 

carbon sequestration in trees and soil has rarely been 

reported. Though a few researchers have assessed the 

carbon stocks for a variety of land-use classes, species, 

and physiographic regions in CFs, most of them have 

no records of carbon stocks (Shrestha and Singh, 

2008). Moreover, the soil carbon sequestration 

potential under CFs and agroforestry systems is still 

underappreciated (Kafle, 2020; Joshi et al., 2021; 

Dhakal et al., 2022). There is also a knowledge gap on 

the variation in carbon stock between managed and 

unmanaged forests in the same geographic region, 

climate, altitude, and within same species. Thus, this 

study assesses the above- and below-ground carbon 

stocks in trees and soil under managed and unmanaged 

Hill Sal CFs of Nepal. The study also illustrates the 

influence of management activities on Sal biomass 

and carbon stock, as well as the association between 

SOC and bulk density with depth. Additionally, this 

study offers fundamental knowledge on the 

association between altitude and carbon stock and 

provides the baseline information for the carbon 

sequestration potential of managed and unmanaged 

Hill Sal CFs of Nepal.  

2. METHODOLOGY

2.1 Study area

The study was conducted in a managed 

Taldanda and an unmanaged Dangdunge CFs of 

Tanahun District in Nepal’s Gandaki Province 

(27°74′-28°13′ N and 83°94′-84°56′ E) (Figure 1). 

Taldanda and Dangdunge CFs, with respective land 

areas of 100.12 ha and 81.98 ha, are both Sal-

dominated. These CFs were chosen because they are 

nearly identical in terms of the growing stock observed 

10 years ago (154 m3/ha), altitude, climatic zone, and 

aspect, but differ in their management practices.
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Figure 1. Map of Nepal showing study area with two community forests 

2.2 Selection criteria 

The criteria for managed and unmanaged CFs 

are shown in Table 1. Based on these criteria, 

Taldanda was considered as ‘managed CF’ and 

Dangdunge as an ‘unmanaged CF’. 

2.3 Sampling design and procedure 

The majority of the data was gathered through a 

direct field survey of biophysical measurements. The 

diameter at breast height (DBH) and height of the tree 

were measured with a diameter tape (D-tape) and an 

Abney’s level, respectively. A linear tape in the plot 

was laid out according to the sampling design (Figure 

2). According to the guidelines for measuring carbon 

stocks in CF, 12 and nine sample plots were laid out in 

Taldanda and Dangdunge CF, respectively (ANSAB, 

2010). Due to complex geology and variable altitude, 

a stratified random sampling method was used for 

measurements. Based on the Ministry of Forest and 

Soil Conservation’s inventory guidelines, a sampling 

intensity of 0.5% was used (DoF, 2004).  

Due to moderately dense woody vegetation, 

trees were measured within a circular plot of 250 m2 

with radius of 8.92 m to quantify above ground tree 

biomass (AGTB) (MacDicken, 1997). The DBH was 

measured at 1.3 m (DBH≥5 cm was considered as 

tree) and tree height was measured in each circular plot 

of 250 m2 (Figure 2). For sapling measurements, a 

nested subplot of 100 m2 with a radius of 5.64 m was 

established within larger plots (ANSAB, 2010). For 

assessing regeneration, smaller nested subplots with a 

1 m radius were established within the larger nested 

plots. Saplings with diameters ranging from 1 to 5 cm 

were measured at 1.3 m above ground level, while 

saplings with diameter <1 cm were counted as 

regenerated. The regeneration data were used to 

observe the quality of regeneration. 

The SOC was determined using samples 

collected from the IPCC (2006) recommended depth 

of 30 cm. A single 30 cm deep pit was dug at the center 

of each plot of both managed and unmanaged forests. 

To calculate bulk density, three soil samples from 

three depths (0-10 cm, 10-20 cm, and 20-30 cm) of 

approximately 300 cm3 were collected from each plot 

using a standardized 300 cm3 metal soil sampling 

core. Likewise, three samples from the same depths 

were collected to determine the organic carbon 

concentration in each depth. In addition, secondary 

data sources like published literature on carbon 

estimation were also used. 
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Table 1. Selection criteria of managed and unmanaged CFs 

Criteria Activities Remarks 

Thinning and Timber extraction  Implementation of guidelines prescribed by respective CF

operation plan (OP)

If Yes, Managed 

If No, Unmanaged 

Weeding and cleaning  Weeding at seedling stage

 Cleaning at sapling stage

If Yes, Managed 

If No, Unmanaged 

Fire  Fire line construction

 Controlled or prescribed burning

 Legal measures to prevent fire

(Sharma et al., 2011; Mathema, 2016)

If Yes, Managed 

If No, Unmanaged 

Grazing  Hoofmarks and dungs of livestock

 Broken tops of seedlings and saplings

 Signs of trampling

(Joshi et al., 2020)

If Absence, Managed 

If Presence, Unmanaged 

Fuel wood/fodder collection  Restriction

(Jina et al., 2008)

If Yes, Managed 

If No, Unmanaged 

Figure 2. Sampling design of circular plots 

2.4 Measurements and data collection 

2.4.1 Above ground tree biomass 

Above-ground tree biomass (AGTB) was 

estimated by using the following allometric equation 

devised by Chave et al. (2005): 

AGTB = 0.0509 × ρ D2 H  (1) 

Where; AGTB=above-ground tree biomass 

(kg); ρ=wood specific gravity (g/cm2); D=tree 

diameter (m); and H=tree height (m). 

The biomass stock density (kg/m2) was 

calculated by adding the individual tree weight (kg) in 

the sampling plot and dividing by sampling plot area 

(250 m2) and multiplying by 10 to convert to ton/ha. 

Biomass stock density was then converted to carbon 

stock density by multiplying by the default carbon 

fraction of 0.47 (IPCC, 2006). 

2.4.2 Above-ground sapling biomass 

Above-ground sapling biomass (AGSB) 

consisted of foliage, branch,  and stem. The following 

regression model was used to calculate the AGSB. 

Log (AGSB) = a + b log (D) (2) 

Where; log=natural log (dimensionless); 

a=intercept of allometric relationship for saplings 

(dimensionless); b=slope allometric relationship for 

saplings (dimensionless); and D=over bark diameter at 

breast height (measured at 1.3 m above ground) (cm). 

To evaluate the AGSB, national allometric 

biomass tables was utilized, which was generated by 

the Department of Forest (DoF), the Department of 

Forest Research and Survey (DFRS), Tree 

Improvement and Silviculture Component (TISC) 

(Tamrakar, 2000). Biomass stock density was then 

converted to carbon stock density by multiplying by 

the default carbon fraction of 0.47 (IPCC, 2006). 

2.4.3 Below-ground biomass 

The below-ground biomass (BGB) included the 

biomass of all live roots except fine roots with <2 mm 

diameter (Chavan and Rasal, 2012). The BGB was 

calculated by multiplying the AGB by 0.26 (constant 

factor) as per the Good Practice Guidelines of IPCC 

(2006) and Mandal and Joshi (2015):  

0.56 m - Soil organic carbon

1 m - Regeneration (<1 cm dbh, count)

5.64 m - Saplings biomass (1-5 cm dbh)

8.92 m - Tree biomass (=>5 cm dbh)

Source: Asia Network for Sustainable Agriculture and Bio-resources 

 (ANSAB, 2010)
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BGB = AGB × 0.26 (3) 

Where; BGB=below-ground biomass and 

AGB=above-ground biomass. 

2.4.4 Deadwood biomass 

The deadwood biomass (DWB) was evaluated 

by adding AGB and BGB and then multiplying by 

0.11 (constant factor) as prescribed by IPCC (2006):  

DWB = (AGB + BGB) × 0.11 (4) 

Where; BGB=below-ground biomass and 

AGB=above-ground biomass. 

2.4.5 Soil organic carbon and soil bulk density 

Soil samples from 0-10, 10-20, and 20-30 cm 

depths from two replications were used to calculate 

bulk density and the carbon content of each plot in the 

laboratory. 

Bulk density: Sixty-three soil samples were 

taken to the soil lab of the College of Natural Resource 

Management (CNRM), Puranchaur, Nepal. Samples 

were oven-dried at 105°C for 24 h and dried soils were 

passed through a 2 mm sieve. The sieved soils were 

weighed and the volume of stones was measured by 

water displacement method for stone correction. The 

following formula was employed to compute the bulk 

density (Pearson et al., 2005). 

Bulk density (g/cm3) 

   =
Oven dry mass (g/cm3)

Core volume (cm3) − 
Mass of coarse fragments (g)

Density of rock fragment (g/cm3)

(5) 

Carbon concentration (%): Sixty-three soil 

samples from each plot were dried at room 

temperature for three days and then quantified for 

carbon measurement by clearing stones and plant 

residue of >2 mm in size. Then they were taken to 

the Soil and Fertilizer Testing Laboratory (SAFTL), 

Gandaki Province, Pokhara where the titrimetric 

method based on Walkley and Black (1934) was 

employed for determination of carbon concentration. 

Carbon stock density of soil organic carbon was 

calculated following Pearson (2007):  

SOC = ρ × d × %C  (6) 

Where; SOC=soil organic carbon stock per unit 

area (ton/ha); ρ=soil bulk density (g/cm3); d=soil 

depth at which the sample was taken (cm); and 

%C=carbon concentration (%). 

2.5 Statistical analysis 

To compare the carbon stock density between 

managed and unmanaged CFs at 5% level of 

significance, T-tests were performed using SPSS 

software. Correlation and regression analysis was 

conducted to establish the relationships between 

altitude and carbon stock for both managed and 

unmanaged CFs. 

3. RESULTS AND DISCUSSION

3.1 Properties of forest stand

The mean diameter and height of trees was 

29.28 cm and 18.36 m, respectively, in Taldanda CF, 

while they were 16.71 cm and 7.95 m respectively in 

Dandunge CF. Similarly, the mean diameter (dbh) of 

saplings was 2.63 cm and 1.89 cm respectively in 

Taldanda and Dangdunge CFs. On the other hand, tree 

and sapling density CF were 366 and 1,151 per ha, 

respectively in Taldanda, while they were 662 and 

1,649 per ha, respectively, in Dangdunge CF. The 

results demonstrate that diameter, dbh, and height of 

the tree were higher in the managed CF while tree and 

sapling densities were higher in unmanaged CF. 

Managed CF had also more regeneration (10,896 per 

ha) than unmanaged CF (6,719 per ha) (Table 2). 

Dominant tree species in managed and unmanaged 

CFs are presented in Table 3. 

Table 2. Properties of forest stand under the managed and unmanaged CFs in Nepal 

CF No. 

of 

plots 

Tree Sapling Regeneration 

dbh (cm) height (m) trees

/ha 

dbh (cm) Saplings/ 

ha 

Seedlings/ha 

Min Max Mean Min Max Mean Min Max Mean 

Taldanda 

CF 

12 5.5 55.8 29.28 5.3 27.5 18.36 366 1.3 4.9 2.63 1,151 10,896 

Dangdunge 

CF 

9 5.3 46.1 16.71 1.3 21.1 7.95 662 1.1 4.6 1.89 1,649 6,719 
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Table 3. Dominant tree species in managed and unmanaged CFs 

Dangdunge CF Taldanda CF 

Shorea robusta Shorea robusta 

Schima wallichii Schima wallichii 

Castanopsis indica Dalbergia sissoo 

Lagerstroemia parviflora Acacia catechu 

Wrightia arborea Melastoma malabathricum 

Photinia integrifolia Colebrookea oppositifolia 

3.2 Vegetative biomass and carbon stock 

The above-ground tree biomass (AGTB) and 

carbon stock in Taldanda CF were 294.17 ton/ha and 

138.26±19.47 ton/ha, respectively, compared to 

145.37 ton/ha and 68.33±16.88 ton/ha in Dangdunge 

CF. Similarly, the above-ground sapling biomass 

(AGSB) and carbon stock in Taldanda CF were 18.65 

ton/ha and 8.77±0.83 ton/ha, respectively, compared 

to 4.65 ton/ha and 2.18±0.39 ton/ha in Dangdunge CF. 

The below-ground biomass (BGB) and carbon stock 

in Taldanda CF were 81.33 ton/ha and 38.22±5.03 

ton/ha, respectively, compared to 39.00 ton/ha and 

18.33±4.37 ton/ha, respectively, in Dangdunge CF. 

Likewise, the deadwood biomass (DWB) and carbon 

stock in Taldanda CF were 43.35 ton/ha and 

20.37±2.68 ton/ha, respectively, compared to 20.79 

ton/ha and 9.77±2.33 ton/ha, respectively, in 

Dandunge CF. The data reveal that all biomass and 

carbon parameters had higher values for managed CF 

compared to unmanaged CF. 

3.3 Soil organic carbon stock 

Taldanda CF had higher mean SOC than 

Dangdunge CF, with 63.72±5.11 ton/ha and 51.38± 

4.76 ton/ha, respectively. The maximum SOC was in 

the upper layer (0-10 cm) in both managed and 

unmanaged CFs and gradually decreased with 

increasing soil depth. In both CFs, as the soil depth 

increased, SOC decreased (Figure 3(a)) but bulk 

density increased (Figure 3(b)). Taldanda CF also had 

a higher bulk density than Dangdunge CF on average.

Figure 3. Amount and trend of (a) soil organic carbon stock (b) soil bulk density in each soil depth 

3.4 Total biomass and carbon stock 

The total carbon stock density was computed by 

summing the carbon stock density of the individual 

carbon pools (Table 4). The Taldanda CF had a total 

carbon stock of 269.34±27.44 ton/ha compared to only 

149.98±22.69 ton/ha in Dangdunge CF (Table 4). In 

Taldanda CF, the total C stock partitioned to 51% in 

above-ground trees, 3% in above-ground saplings, 

14% in below-ground biomass, 8% in the deadwood, 

and 24% in the soil. In Dangdunge CF, it partitioned 

to 45% in above-ground tree, 2% in above-ground 

saplings, 12% in below-ground biomass, 7% in 

deadwood and 34% in soil. The data reveal that 

partitioning of total C in Taldanda was higher in plant 

biomass while in Dandunge it was higher in soil 

biomass. 

3.5 Altitude, aspect and carbon stock 

In both managed and unmanaged CFs, plots 

were allotted without consideration of aspect, so the 

majority of the plots were located in south facing slope 

(29%) followed by east (28%), north (24%), and west 

(19%) facing slopes. Altogether, the altitude ranged 

from 473 m to 1,090 m from the mean sea level. There 

were negative correlations between altitude and total 

C and aspect and total C, suggesting that the carbon 

stock density decreases with an increase in altitude or 

aspect (Figure 4). 
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Table 4. Carbon pools and total carbon stock in Taldanda and Dangdunge CFs 

Carbon pools Carbon stock (ton/ha) p-value

Taldanda CF Dangdunge CF 

Above ground tree carbon 138.26±19.47 68.33±16.88 0.0253 

Above ground sapling carbon 8.77±0.83 2.18±0.39 0.0168 

Below ground carbon 38.22±5.03 18.33±4.37 0.0498 

Deadwood carbon 20.37±2.68 9.77±2.33 0.0012 

Soil organic carbon 63.72±5.11 51.37±4.76 0.0327 

Total 269.34±27.44 149.98±22.69 0.0287 

Figure 4. Altitude vs. carbon stock in both managed and unmanaged forests 

4. DISCUSSION

Total carbon stock and tree biomass were 

significantly higher for the Taldanda CF than 

Dangdunge CF (Table 4) due to the absence of 

disturbances, including grazing, fuel wood/fodder 

collection, and timber harvesting (Joshi et al., 2020). 

Agro-forestry practices, grazing management, 

restoration of degraded land, mixing fertilizers, and 

inclusion of grass species are the best strategies for 

carbon storage under the fodder production system 

(Prasad et al., 2018). Also, the differences in above-

ground carbon stock in the two CFs might be due to 

variations in forest age, plant species, and local factors 

(Bohara et al., 2021). The proper management 

activities lead to more effective stand productivity, 

and greater increment and assemblage of biomass 

(Jati, 2012). Joshi et al. (2020) also mentioned both the 

tree and sapling carbon stock were higher in non-

degraded (managed) forests. Furthermore, there was 

better decomposition of leaf, litter, and tree branches, 

and below ground fine roots in Taldanda CF due to the 

protection of the forest from fire, grazing, and 

fodder/fodder extraction restriction. In contrast, due to 

lack of such protections, such advantages were not 

observed in Dangdunge CF which might have 

affected the BGB and carbon stock (Singh et al., 

1987). Kafle et al. (2019) found a deadwood biomass 

of 22.39 ton/ha and deadwood carbon of 10.74 ton/ha 

in Parsa National Park, Nepal. Site parameters such as 

stand establishment and quantity, grade, age, and 

management activities may affect the deadwood 

carbon stock in the forest. Our study found a 

deadwood carbon stock value of 20.37±2.68 in 

Taldanda and 9.77±2.33 in Dangdunge CF, which was 

much less than other estimates, e.g., 0 to >600 ton/ha 

(Bastienne and Pablo, 2008).  

Higher SOC in the managed CF was a result of 

the prevention of forest fires and livestock grazing. 

The presence of decomposable organic matter from 

branches and litter fall can boost the soil carbon in 

forests (Jati, 2012; Bhatta et al., 2021). Such boosting 

can occur significantly in the managed forest. 

However, in an unmanaged forest, forest fire always 

imbibes aboveground biomass and forest floor carbon, 

and based on the extent of the fire, belowground roots 

and soil carbon may be adversely impacted (Joshi et 

al., 2020). Tarus and Nadir (2020) predicted that when 

exposed to excessive fire, the carbon retained in the 
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forest floor litter and branches undergoes prompt 

oxidation, permitting it to transfer to a gaseous phase. 

Forest management practices affect the rate as well as 

the intensity of carbon stock and SOC (Mandal et al., 

2013). 

There were differences in the average bulk 

density of the two forests -1.26 g/cm3 in Taldanda CF 

and 1.03 g/cm3 in Dangdunge CF (Figure 3(b)). 

Higher soil compaction in Taldanda CF could be due 

to management activities like thinning, weeding, and 

cleaning. On the other hand, intensive grazing, 

movement of local people to the forest for livestock 

grazing and leaf, litter, fuel wood and fodder 

collection might be the causes for soil compaction in 

Dangdunge CF. Animal trampling can cause changes 

in bulk density, infiltration rate, soil moisture, and soil 

mechanical properties (Chaichi et al., 2005; Dunne et 

al., 2011). Grazing influences the soil nutrient release 

and availability, degradation of leaf litter and roots, 

and the organic matter (Cornwell et al., 2008; He et 

al., 2012). Hence, forest management activities have 

an impact on soil carbon sequestration and emissions 

(Jandl et al., 2007). Finally, in agreement with findings 

of this study, Thong et al. (2020) mentioned that soil 

carbon sequestration can be significantly affected by 

aspect and altitude. 

5. CONCLUSION

Taldanda CF had a total carbon stock of 

269.3±27.4 ton/ha and a CO2 sequestration of 987.6 

ton/ha, whereas Dangdunge CF had a total carbon 

stock of 145.0±22.7 ton/ha with CO2 sequestration of 

549.9 ton/ha. SOC constituted 24% of total C stock in 

managed forest, while 34% in unmanaged forest. The 

SOC decreased gradually as soil depth increased, 

whereas bulk density increased in both CFs. 

Furthermore, carbon density had a negative 

correlation with altitude and aspect in both CFs. This 

study shows that managed CFs have a higher capacity 

to store CO2 in forest biomass than unmanaged forests 

but soil C sequestration is higher in unmanaged CF. 

The study suggests that the implementation of proper 

forest management activities is of utmost important 

not only for the enhancement of carbon stock in tree 

and soil but also for sustainable forest management 

and mitigating climate change. The study recommends 

that the growing biomass stock and carbon stock need 

to be estimated and updated on a regular basis nation-

wide to ensure accurate estimates of carbon emissions 

and carbon sequestrations necessary for reporting 

requirements and meeting the net zero target. 
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Salinity stress is a form of abiotic stress that threatens the sustainability of 

agriculture in almost all countries in the world. It has an impact in reducing plant 

productivity. Red amaranth (Amaranthus tricolor L.) is a vegetable crop that has 

high nutritional value, but extensive saline land area can cause red amaranth 

yields to decline. Osmopriming is a seed priming method in which seeds are 

immersed in a solution that has a high osmotic potential, such as PEG 

(polyethylene glycol) in order to increase germination under unfavorable 

conditions. This study determined the effect of osmopriming on germination, 

physiological, and root anatomical attributes of red amaranth roots under salinity 

stress conditions. The research design used a completely randomized design with 

two types of treatment, namely, osmopriming and salinity stress. Each treatment 

used three concentrations, seed osmopriming with 0%, 5%, and 10% of PEG and 

salinity stress of 0 mM, 50 mM, and 100 mM of NaCl. The measured parameters 

were germination, growth, physiological, and root anatomical characters. 

Osmopriming of seeds with 10% PEG increased germination as indicated by the 

germination percentage, time, and rate reaching 95.55%, 1.393 day, and 

71.98%/day, respectively. Red amaranth plants that had been osmoprimed with 

10% PEG grew faster when exposed to salinity stress. Application of PEG 5% 

and 10% increased total chlorophyll levels while decreasing proline levels and 

Ca-oxalate crystal density. Under salinity stress conditions, PEG application 

improved the root anatomical characters of red amaranth as shown by increased 

epidermis thickness, cortex thickness, and stele diameter. Priming application 

with 10% PEG has the potential to increase the tolerance of red amaranth to 

salinity stress. 
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1. INTRODUCTION

The need for vegetables continues to increase 

along with increasing public awareness of the 

importance of a well-balanced nutrition in building 

immunity. Red amaranth (Amaranthus tricolor L.) is a 

highly nutritious leafy vegetable crop. Amaranth 

leaves and stems are rich in protein including the 

essential amino acids lysine, arginine, histidine as well 

as vitamins (A, C, K, B2, B3, and B6), minerals such 

as magnesium, calcium, potassium, iron, phosphorus, 

zinc, and iron (da Silva et al., 2019) and a red color in 

the form of betacyanins, which acts as an antioxidant 

(Li et al., 2019). Environmental stresses such as 

salinity stress decrease water availability (drought) 

and nutrients, and limit efforts to increase plant 

productivity. 

Salinity stress occurs when an excessive amount 

of dissolved salt in the soil causes a decrease in plant 

growth and productivity. Salinity causes osmotic stress 

which is followed by ion toxicity, nutrient imbalance, 

impaired ROS detoxification ability, decreased 

photosynthetic rate, and disturbances in the mechanism 

of stomata opening and closing (Menezes et al., 2017). 

The capacity of the root system to absorb water declines 

during the early stages of stress, whereas the 

transpiration rate of the leaves increases dramatically. 

Citation: Amalia DR, Rachmawati D. Seed osmopriming improves germination, physiological, and root anatomical attributes of red amaranth 

(Amaranthus tricolor L.) in salinity stress condition. Environ. Nat. Resour. J. 2023;21(3):232-244.

(https://doi.org/10.32526/ennrj/21/202200258) 
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The presence of ROS causes oxidative damage to 

various cellular components, such as proteins, lipids, 

and DNA (Boughalleb et al., 2017). 

Seed germination is a critical stage of the plant 

life cycle. Priming is a seed treatment that allows seeds 

to carry out the process of imbibition and activation of 

early metabolic processes during seed germination 

while inhibiting growth and emergence of radicles 

(Arjmand et al., 2014). Seed priming as a pre-planting 

treatment technique is carried out to increase 

germination and growth under non optimal envi-

ronmental conditions (Chen et al., 2021). Priming 

prepares the process of seed metabolism, making the 

seeds more ready to germinate. Priming serves several 

purposes, including the production of healthier and 

stronger seedlings, which allow plants to grow faster 

in the field, as well as seedlings are protected from 

disease or other stresses during the development 

process. Typically, seed priming results in seedlings 

having a more developed root system, which allows 

them to survive stressful conditions. 

Osmopriming is one of the most common used 

priming methods by immersing seeds in a solution 

with a high osmotic potential which allows pre-

germination metabolic activity to continue while 

preventing the emergence of radicles (Debbarma and 

Das, 2017). Polyethylene glycol (PEG) is an 

osmopriming agent that is often used because it is non-

toxic and has a high molecular weight. The use of PEG 

can improve physiological and biochemical processes 

in seeds by controlled addition of water to imbibition 

media with low osmotic potential (Pallaoro et al., 

2016). Osmopriming can boosts crop yields in 

addition to increasing the percentage of seed 

germination. Osmopriming with PEG has been shown 

to alleviate the effects of drought stress on Ipomoea 

reptans (Latifa and Rachmawati, 2020).  

The purpose of this research is to discover the 

role of osmopriming in increasing the growth and 

resistance of red amaranth (Amaranthus tricolor L.) 

under salinity stress conditions in terms of germination, 

physiological, and anatomical characteristics of red 

amaranth roots. Through the study of germination, 

physiological and root anatomical characters, the role 

of osmopriming to alleviate the negative effect of 

salinity stress can be determined. 

2. METHODOLOGY

2.1 Experimental site and design

This experiment was conducted in the 

greenhouse at the Karanggayam Research Station, 

Laboratory of Plant Physiology and Laboratory of 

Plant Structure and Development, Faculty of Biology, 

Universitas Gadjah Mada from February 2022 to July 

2022. 

Complete randomized design was used to 

arrange this research containing two variables: seed 

osmopriming and salinity stress. Seed osmopriming 

was performed with three levels of PEG concentration 

of 0%, 5%, and 10%, and salinity stress with three 

level of NaCl concentration of 0 mM, 50 mM, and 100 

mM. Each treatment combination consisted of three 

replications. Osmopriming was carried out by soaking 

red amaranth seeds in PEG solution with three 

different concentrations (0%, 5%, and 10%) for 24 h. 

Subsequently, the seeds were dried at room 

temperature for 24 h and then the primed seeds were 

germinated in a petri dish. Three replications of 15 red 

amaranth seeds each were placed on petri dishes Ø 9 

cm on one layer of filter paper. The seeds were 

supplied daily with distilled water during the 

germination trial which lasted four days (Amalia, 

2022). Seed germination was characterized by the 

appearance of a radicle with a length of ±1 mm. 

Germination characters including germination 

percentage, mean germination time, mean germination 

rate and germination rate index were observed based 

on the method of Al-Mudaris (1998). Germination 

percentage was calculated according the formula as 

follows: 

   Germination percentage =
Number of germinated seeds

Total number of seeds for germination
× 100  

The germination rate provides a measure of the 

time course of seed germination. Mean germination 

rate (MGR)=CV/100=1/T; where T is mean 

germination time and CV: coefficient of velocity. 

Mean germination time (MGT)=ΣFx/ΣF; where F is 

the number of seeds germinated on day x. Germination 

rate index is calculated as the ratio between the sum of 

the number of seeds germinated each day and the 

number of days elapsed between sowing and 

germination. Germination rate index (GRI)= 

G1/1+G2/2+...+Gi/i; where; G1 is the germination 

percentage on day 1, G2 is the germination percentage 

at day 2; and so on (Al-Mudaris, 1998). 

Germinated seeds were grown in tray pots for 

14 days. The 14-days old individual seedling of each 

cultivar was transferred into a pot consisting of 2 kg 

growing media (compost and soil with a ratio of 1:3, 

respectively) and acclimated for seven days before 
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being treated with salinity stress at NaCl concentration 

of 0 mM, 50 mM, and 100 mM. Application of salinity 

stress was carried out for 21 days every two days and 

the dose given is 150 mL per polybag. The red 

amaranth plants were harvested at 35 days after 

transplanted (DAP). 

2.2 Growth and physiological analysis 

Growth parameters including plant height was 

measured from the base to the shoot tip every three 

days from the 14 DAP to 35 DAP, and root length was 

measured from the base to the tip of the longest root at 

35 DAP. Dry weight of shoots and roots were recorded 

at 35 DAP. 

Physiological parameters observed include total 

chlorophyll content, proline content, oxalic acid 

content, and Ca-oxalate crystal density. The total 

chlorophyll content was analyzed from 0.1 g leaf 

samples. Samples were homogenized in 80% cold 

acetone and the absorbance of supernatants was 

measured using GENESYS 10 UV Scanning, Thermo 

Scientific at  the multi-wavelength of 645 nm and 664 

nm according to the method of Yoshida (1976). The 

chlorophyll content was expressed in mg/g FW (fresh 

weight). 

The proline level of samples was measured 

according to the Bates method (Bates et al., 1973). 

Leaf samples about 0.25 g were homogenized in 5 mL 

of 3% sulfosalicylic acid, and 1 mL of filtered 

supernatant was reacted with 1 mL of CH3COOH, 1 

mL of ninhydrin acid then incubated at 94°C for 1 h 

and chilled in an icebox. Two mL of toluene were 

added to separate the proline from the organic phase. 

The absorbances were measured at 520 nm and the 

proline content was determined by comparing the 

results with a standard curve of proline. 

The oxalic acid content was determined with the 

principle of permanganometry titration according to 

Fitriani et al. (2016). Two grams of red amaranth 

leaves was crushed to a fine powder and then added to 

100 mL aquadest. The extract was heated for 20 min 

and then filtered. The filtrate was diluted with 

aquadest up to 250 mL. Then, 50 mL diluted filtrate 

was added with 1 mL of H2SO4 and titrated with 0.01 

N of KMnO4 until the equivalent point was reached. 

Oxalic acid content is calculated using the following 

formula: 

Oxalic acid normality  VK × NK   =  Vo × No 

Vo × No =
Oxalic acid mass (mg)

EW

Oxalic acid content (mg/g) =  
Oxalic acid mass (mg)

Sample weight (g)

Where; VK=Volume of potassium permanganate 

(mL); NK=Normality of potassium permanganate (N); 

VO=Volume of sample (mL); NO=Normality of oxalic 

acid (N); EW=Equivalent weight of oxalic acid=63. 

Ca-oxalate Crystal Density was determined 

according to the method described by Harijati (Harijati 

et al., 2011). The stem was free-hand sectioned, and 

the sections were placed in 70% alcohol before being 

examined under a microscope and documented with 

an optilab. Formula for calculating Ca-oxalate Crystal 

Density as follow: 

Ca-Oxalate Crystal Density  = 

 (Crystal/mm2) 
Total observed crystals

View area (mm2)

2.3 Root anatomical analysis 

A cross section of the root 5 cm from the base 

was prepared using the embedding method (Ruzin, 

1999). The root anatomical structure including 

epidermis thickness, cortex thickness and stele 

diameter were observed using a binocular light 

microscope (BOECO BM-180) with an optilab. 

Measurements of epidermis thickness, cortex 

thickness and stele diameter were performed using 

Image Raster software.   

2.4 Data analysis 

The significant differences of the data between 

all treatments in each parameter were tested and 

obtained from the ANOVA test, were then followed 

by the Duncan multiple range test with a significance 

level of 5% using SPSS Software (IBM-SPSS Ver 

25.00.US). 

3. RESULTS AND DISCUSSION

3.1 Germination attributes

Osmopriming with PEG had a positive and 

significant effect (p<0.05) (Table 1) on germination 

parameters by increasing germination percentage, 

mean germination rate, and germination rate index, 

and decreased mean germination time of red amaranth 

seeds compared to control seeds without osmopriming 

treatment. Table 1 showed that the highest percentage 

of germination, mean germination rate, and 

germination rate index were found in the 10% PEG 

priming treatment with values of 95.55%, 71.98%, and 

80.37%, respectively. These results were not 

significantly different (p≥0.05) with 5% of PEG but 

significantly different (p<0.05) with control without 
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PEG treatment. The control seeds showed the lowest 

results compared to the application of 5% and 10% of 

PEG with the germination percentage of 82.22%, 

mean germination time of 2.132 days and mean 

germination rate of 46.94%/day. 

Table 1. Seed germination attributes A. tricolor after osmopriming treatment 

Osmopriming 

(% PEG) 

Germination percentage 

(%) 

Mean germination time 

(day) 

Mean germination rate 

(%/day) 

Germination rate index 

0 82.22±3.85a 2.132±0.085a 46.94±1.83a 45.92±0.64a 

5 91.11±3.84b 1.386±0.054b 71.67±2.88b 74.81±5.13b 

10 95.55±3.85b 1.393±0.095b 71.98±5.08b 80.37±2.31b 

The number followed by the same letter in the same column has no significant difference based on DMRT α=0.05, n=3. 

These results are in line with the results of Kim 

et al. (2022) which showed an increase in germination 

properties of Aruncus dioicus, such as germination 

percentage, rate, and time to achieve 50% germination 

(T50) compared to unprimed seeds. Improvement in 

germination properties caused by PEG could be 

facilitating water absorption and protein synthesis. 

Besides that, priming treatments with PEG prolongs 

phase II (activation) in the germination process where 

membrane and DNA repair occurs, accumulation of β-

tubulin, and mobilization of food reserves (Ghiyasi 

and Tajbakhsh, 2013). Prolongs phase II (activation) 

in the germination process where membrane and DNA 

repair occurs, accumulation of β-tubulin, and 

mobilization of food reserves (Ghiyasi and Tajbakhsh, 

2013). Starch degradation and greater sugar 

accumulation in primed seeds contributed positively to 

the attributes of better germination and stress tolerance 

(Lei et al., 2021). During the osmopriming treatment, 

the enzymes ATPase, ACC synthetase and isocitrate 

lyase which play a role in membrane repair also 

increased, thus increasing membrane integrity, and 

reducing metabolic leakage (Rachma et al., 2016; Raj 

and Raj, 2019). 

 Osmopriming also contributes to increase the 

expression of aquaporin proteins that facilitate the 

transport of water across cell membranes (Alleva et 

al., 2012). The potential for seed germination is 

increased by increased aquaporin expression because 

it enhances the water supply to the growing tissue (Raj 

and Raj, 2019). Additionally, osmopriming increases 

the accumulation of LEA (Late Embryogenesis 

Abundant) protein which is important for maintaining 

macromolecules and cell structure. This can increase 

seed tolerance when grown under abiotic stress 

conditions, such as salinity stress (Battaglia and 

Covarrubias, 2014). 

3.2 Growth and physiological attributes 

Salinity stress significantly decreased the height 

of red amaranth plants (Figure 1), particularly in those 

that had not received osmopriming treatment. 

Meanwhile, osmopriming-treated plants exhibited 

better growth than control plants despite being 

subjected to salinity stress, especially when treated 

with 10% PEG. 

Figure 1.  Plant height of red amaranth (A. tricolor) plants aged 5 weeks after osmopriming application with PEG (P0: 0%; P1: 5%; P2: 

10%) and NaCl stress (N0: 0 mM; N1: 50 mM; N2: 100 mM). Bar=5 cm. 
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Figure 1.  Plant height of red amaranth (A. tricolor) plants aged 5 weeks after osmopriming application with PEG (P0: 0%; P1: 5%; P2: 

10%) and NaCl stress (N0: 0 mM; N1: 50 mM; N2: 100 mM). Bar=5 cm (cont.). 

Plant height decreased as the concentration of 

NaCl increased. This is caused by increased osmotic 

pressure which inhibits the absorption and transport of 

water. Another negative effect of excess NaCl is a 

decrease in water potential due to stomatal guard cells 

losing turgor pressure causing disruption of the 

regulation of opening and closing of stomata. This 

situation hampers the gas exchange of CO2 and O2 and 

ultimately reduces the rate of photosynthesis. Another 

impact is the distribution of assimilates, such as 

carbohydrates and the distribution of various growth 

hormones (Kotagiri and Viswanatha, 2017). In 

addition, the excess concentration of NaCl causes the 

production of ROS (Reactive Oxygen Species) in plants 

to increase. Excess ROS production causes a series of 

oxidative damage to chlorophyll, carbohydrates, lipids, 

DNA and proteins that significantly affect cellular 

components and cell membranes (Alzahrani et al., 

2019). Meanwhile, plants that were given osmopriming 

treatment showed good tolerance in salinity stress 

conditions as indicated by the increased height in red 

amaranth plants. Osmopriming stimulates gene 

expression to produce various antioxidant compounds 

that can protect plant cells from oxidative damage, 

therefore the process of division and expansion of plant 

cells becomes more optimal even when plants are under 

stress (Kubala et al., 2015). The presence of antioxidant 

compounds can reduce oxidative damage by reducing 

lipid peroxidation and increasing the stability of plant 

cell membranes. Osmopriming also increases the 

effectiveness of mobilizing several compounds, such as 

proteins, amino acids, and dissolved sugars from 

sources organ to various plant sink tissues during plant 

exposure to stress. Additionally, osmopriming 

stimulates plant growth through the mechanism of 

modification of sucrose metabolizing enzymes. 

Osmopriming increases the activity of the enzyme 

sucrose synthase (SS) which causes an increase in plant 

growth under various stress conditions. Since sucrose is 

the primary assimilate form transported in plants, 

sucrose metabolism is thought to be the primary factor 

in determining the sink strength. Sink strength describes 

the ability of sink organs to distribute assimilate to 

support plant growth, development, and maintenance 

(Kaur et al., 2005). 

The increase in plant height under salinity stress 

in the osmopriming treatment was related to the root 

system (Figure 2). The plant height and root length 

significantly decreased as the NaCl concentration 

increased. According to Menezes et al. (2017), plants 

236



Amalia DR and Rachmawati D / Environment and Natural Resources Journal 2023; 21(3): 232-244

experienced osmotic stress due to salinity stress which 

will decrease their ability to absorb water and nutrients 

and gradually reduce the rate of photosynthesis and 

result in decreased of photosynthate. This affects the 

translocation of photosynthate from source to sink and 

carbohydrate metabolism in leaves, causing a 

reduction in overall plant growth (Morales et al., 

2012). On the other hand, osmopriming stimulates 

plant growth through modification of sucrose 

metabolic enzymes by increasing the activity of 

sucrose synthase, which acts as a sucrose cleavage 

enzyme. Sucrose acts as the main carbon link between 

sources and sinks and is the main form of assimilate 

transported in plants (Kaur et al., 2005). 

Figure 2. Plant height and root length of red amaranth (A. tricolor) aged 5 weeks after osmopriming application with PEG (P0: 0%; P1: 

5%; P2: 10%) and NaCl stress (N0: 0 mM; N1: 50 mM; N2: 100 mM). Mean with the same letter in each character has no significant 

difference based on DMRT α=0.05, n=3. 

The increase in root length due to osmopriming 

was caused by increased metabolic activity at the 

beginning of the germination period which overall had 

a valuable effect on the plant growth and development. 

Osmopriming has a positive effect on several 

biochemical activities including the breakdown of 

hydrolytic enzymes, protein and RNA synthesis, and 

DNA replication. Decomposition of food reserves and 

synthesis of metabolites for earlier germination of 

seed priming led to faster sugar availability for 

embryonic development. Faster sugar availability has 

a positive impact on plant growth and development, 

one of which is forming a stronger root system 

(Hussian et al., 2014). In contrast to the root system is 

related to the capacity of plants to obtain water and 

nutrients from the deepest layers of the soil, the growth 

of plant height shows the capacity of plants to obtain 

and use resources obtained from the soil (Price et al., 

2014). As a result, roots determine growth and 

development of above-ground plant (Fort et al., 2013). 

Salinity stress causes a decrease in several 

growth parameters. Salinity stress significantly 

reduced root and shoot dry weight, also root to shoot 

ratio, especially at 100 mM NaCl concentration 

(Table 2).  These results were in line with the finding 

of Omami et al. (2006) where shoot growth was 

reduced and at 50 and 100 mM NaCl the reduction was 

greater in A. tricolor and Accession '83 than in A. 

hypochondriacus and A. cruentus. Additionally, 

Hoang et al. (2019) stated that applying a NaCl 

concentration of 100 mM to Amaranthus tricolor L. 

caused a 34% decrease in plant height, 40% in leaf 

number, and 58% in leaf area index. Because of 

osmotic stress, high NaCl concentrations can induce a 

decrease in plant water content. This condition 

correlates with a decrease in the rate of photosynthesis 

which leads to a reduction in CO2 fixation, which in 

turn reduces assimilate production and has a negative 

impact on the accumulation of plant biomass 

(Benincasa et al., 2013). A decrease in the dry weight 

of a plant, both roots and shoots, also indicates an 

increase in metabolic energy demands and a decrease 

in carbon availability as a form of plant response to 

salinity stress (Puvanitha and Mahendran, 2017). 
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Table 2. Root and shoot dry weight of red amaranth (A. tricolor) aged 5 weeks after PEG osmopriming and NaCl stress 

Parameters Osmopriming 

(% PEG) 

NaCl concentration (mM) Average 

0 50 100 

Root dry weight (g) 0 1.39±0.36de 0.67±0.57b 0.41±0.35a 0.82±0.43p 

5 1.42±0.42de 1.03±0.19c 0.72±0.05b 1.06±0.22q 

10 1.52±0.35e 1.30±0.17d 0.73±0.57b 1.18±0.36r 

Average 1.44±0.38z 1.33±0.31y 0.62±0.32x 

Shoot dry weight (g) 0 7.50±0.34bc 5.70±0.15b 2.61±0.21a 5.27±0.70p 

5 7.87±0.30c 6.82±1.01bc 3.84±2.60a 6.18±1.30p 

10 8.28±0.52c 7.05±0.29bc 6.53±0.24bc 7.29±0.35q 

Average 7.88±0.39z 6.52±0.48y 4.32±1.01x 

Root to shoot ratio (g) 0 0.10±0.02ab 0.09±0.02ab 0.07±0.01a 0.08±0.01p 

5 0.11±0.01b 0.10±0.02ab 0.08±0.02ab 0.09±0.01p 

10 0.11±0.01b 0.15±0.01c 0.08±0.01ab 0.11±0.01q 

Average 0.10±0.01y 0.11±0.01y 0.07±0.01x 

The number followed by the same letter in row and column of each parameter has no significant difference based on DMRT α=0.05, n=5.

Osmopriming increased root dry weight, shoots 

dry weight, and root to shoot ratio under various 

conditions (Table 2). The dry weight of roots and 

shoots, as well as root to shoot ratio, increased as the 

PEG concentration increased. Under conditions of 

salinity stress, the application of PEG 10% was able to 

significantly increase the dry weight of roots and 

shoots (p<0.05) compared to PEG 5% and PEG 0%. 

The increase in root dry weight, shoots dry weight, and 

root to shoot ratio in plants due to osmopriming 

correlated with the increase in root length. These 

results are in line with those of Latifa and Rachmawati 

(2020) which found a positive correlation between 

root length and dry weight of osmopriming Ipomoea 

reptans plants. A well-developed root system 

increases the reach of the roots in absorbing wider 

water so that more water and nutrients are available. 

These conditions increase photosynthetic activity and 

contribute positively to the accumulation of plant dry 

weight (Khan et al., 2015). Additionally, osmopriming 

improves the ability of plants to make osmotic 

adjustments, enabling them to retain their stomata, 

photosynthetic activity, and cellular turgor potential 

(Abid et al., 2017). Osmopriming also increases the 

rate of metabolic processes involved in germination 

processes, such as the synthesis of RNA, protein, and 

DNA during hydration of the embryo. The increase in 

the amount of nucleic acid caused by RNA synthesis 

occurs at the time of priming and after priming. In 

addition, the respiration process and ATP production 

were higher in seeds that were given primed seeds 

compared to those that were not given priming 

treatment, thereby supporting the accumulation of 

plant dry weight (Parera and Cantliffe, 1994). 

Salinity stress results the lower chlorophyll 

content (Table 3). The decrease in total chlorophyll of 

salt-stressed plants is a result of either slow synthesis 

or fast breakdown, indicating that there was a 

photoprotection mechanism through reducing light 

absorbance by decreasing chlorophyll contents (Kibria 

and Hoque, 2019).  From the research of Mane et al. 

(2010) has stated that at concentrations of NaCl 50 

mM, the level of chlorophyll a and b was significantly 

reduced, followed by a decrease in the net 

photosynthetic rate. Chlorophyll plays an important 

role in carbon assimilation and maintains photo-

synthetic capacity. The decrease in chlorophyll levels 

occurred due to an increase in chlorophyllase activity 

and chlorophyll degradation.  In order to reduce the 

amount of ROS produced by chloroplasts, plants limit 

the amount of chlorophyll in their systems. This is one 

of their adaptive methods to prevent oxidative stress 

(Pospíšil, 2016). 

The decrease in chlorophyll content at high 

NaCl concentrations occurs because plants experience 

a deficiency of magnesium ions. Magnesium functions 

as a key atom for chlorophyll synthesis which plays a 

role in the activity of the pigment-protein complex to 

collect photons in photosystem I (PSI) and 

photosystem II (PSII) (Chaudhry et al., 2021). 

Reduced chlorophyll pigment can also be associated 

with the formation of ROS, such as H2O2 which causes 

lipid peroxidation and chlorophyll damage (Nxele 

et  al.,  2017).  Decreasing   chlorophyll  levels  due  to 
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salinity stress can reduce turgor pressure on leaves, 

causing water deficits, closing of stomata, and 

decreased stomatal conductance which ultimately 

reduces the rate of photosynthesis and inhibits 

photoassimilate transport (Wulandari et al., 2021). 

The PEG osmopriming effect increased total 

chlorophyll levels when compared to controls (Table 

3). This is related to the osmopriming effect which can 

increase the concentration of important ions, one of 

which is the Mg2+ ion which acts as the main mineral 

constituent in the formation of chlorophyll (Lei et al., 

2021). Increasing chlorophyll levels can increase the 

performance of photosystem II in the photosynthetic 

process resulting in an increase in the net CO2 

photosynthetic rate which overall has a positive 

impact on plant yields (Abdelhamid et al., 2019). 

Table 3. Total chlorophyll and proline levels of red amaranth (A. tricolor) aged 5 weeks after PEG osmopriming and NaCl stress 

Parameters Osmopriming 

(% PEG) 

NaCl concentration (mM) Average 

0 50 100 

Total chlorophyll 

(mg/g) 

0 3.490±0.10c 3.162±0.05b 2.523±0.02a 3.058±0.06p 

5 3.749±0.07cd 3.474±0.14c 3.569±0.36cd 3.597±0.19q 

10 3.878±0.07d 3.632±0.04c 3.552±0.07c 3.687±0.06q 

Average 3.705±0.08c 3.422±0.08b 3.215±0.15a 

Proline (µmol/g) 0 0.653±0.25ab 0.811±0.09bc 0.957±0.03c 0.807±0.12q 

5 0.626±0.03ab 0.513±0.14a 0.740±0.12abc 0.626±0.10p 

10 0.616±0.10ab 0.739±0.15abc 0.628±0.08ab 0.661±0.11p 

Average 0.632±0.13x 0.688±0.13xy 0.775±0.08z 

The number followed by the same letter in row and column of each parameter has no significant difference based on DMRT α=0.05, n=3. 

Increasing the concentration of NaCl enhanced 

proline levels, while osmopriming with PEG 

significantly reduced proline levels (p<0.05) (Table 3). 

Proline levels in the osmopriming treatment with 5% 

and 10% PEG concentrations were lower than 0% PEG. 

The proline level increased as the increase in NaCl 

concentration the highest proline level was shown in the 

100 mM NaCl concentration treatment. Proline 

accumulation is related to plant response to external 

osmotic changes.  The increase in proline levels under 

salinity stress was caused by the breakdown of proline 

rich proteins (PRPs) (Abdelaziz et al., 2018). Proline 

acts as an osmoprotectant which is produced to protect 

cells from the adverse effects of salinity stress (Ahmad 

et al., 2013). Proline acts as a protective enzyme 

combats the effects of free radicals, maintains protein 

structure, as well as nitrogen reserves. (Abid et al., 

2020). The decrease in proline levels due to 

osmopriming treatment showed that the application of 

osmopriming with PEG could reduce the level of 

salinity stress in plants. This is related to the 

accumulation and synthesis of antioxidant enzymes, 

such as peroxide enzymes (POD) and superoxide 

dismutase (SOD). Peroxidase enzymes play a role in 

catalyzing the reduction of H2O2, peroxynitrite, and 

various other organic hydroperoxides that can trigger 

oxidative stress in plants (Uddin et al., 2021), while 

SOD is able to catalyze the elimination of ROS by 

reducing them to O2 and H2O2 so that the levels of free 

radicals in cells are reduced within the safe range (Das 

and Roychoudhury, 2014).  

Increases in dissolved oxalate levels under 

salinity stress were accompanied by increases in the 

density of calcium oxalate crystals (Figure 3). Control 

plants (P0) showed higher levels of dissolved oxalate 

and calcium oxalate crystal density compared to plants 

that treated with 5% (P1) and 10% (P2) of PEG 

osmopriming treatments. The lowest levels of dissolved 

oxalate and calcium oxalate crystal density were found 

in red amaranth which was primed with 10% PEG. 

In general, the application of osmopriming 

reduces the dissolved oxalic acid levels and the density 

of calcium oxalate crystals (Figure 3). The decrease in 

oxalate due to osmopriming may be due to an increase 

in the activity of the enzyme oxalate oxidase, an 

enzyme involved in the breakdown of oxalate to CO2 

and H2O2 (Maksimov et al., 2004). The CO2 

compounds formed can be used as a carbon source in 

photosynthesis, while H2O2 compounds will be 

degraded into H2O and O2 by ROS scavenger 

compounds (Tooulakou et al., 2016). The reduction in 

oxalate levels can also happen through the 

decarboxylase mechanism in addition to the oxidation 

process. Oxalate decarboxylase catalyzes the 

decarboxylation of oxalate to produce formic acid and 

CO2 (Cai et al., 2018).  
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Figure 3.  Ca-oxalate crystal density and oxalic acid content of red amaranth (A. tricolor) aged 5 weeks after osmopriming application 

with PEG (P0: 0%; P1: 5%; P2: 10%) and NaCl stress (N0: 0 mM; N1: 50 mM; N2: 100 mM). Mean with the same letter in each character 

has no significant difference based on DMRT α=0.05,  n=3. 

Based on research by Wang et al. (2011), plants 

accumulate various organic acids, such as citric, 

formic, lactic, acetic, succinic, malic, and oxalic acids 

under salinity stress. Organic acids are important 

intermediaries in carbon metabolism in plant cells and 

play a role in controlling cell physiology, including 

signaling messengers and absorbing nutrients from the 

soil. Overall, it can increase plant resistance to a 

certain extent in less than optimum environmental 

conditions (Fang et al., 2021). Oxalic acid crystals, 

particularly calcium oxalate crystals, are formed for 

the regulation of calcium, metal detoxification, and 

herbivore defense (Nakata, 2021). Oxalic acid can 

bind minerals, such as calcium which can trigger the 

formation of crystals (Xu et al., 2006). 

3.3 Root anatomical attributes 

Roots are organs that are directly affected by the 

salinity stress of the growing media. Salinity stress has 

a negative impact on plant structure and root systems. 

From Table 4, increasing the concentration of NaCl 

decreased the thickness of the epidermis, cortex 

thickness, and diameter of the stele. A NaCl 

concentration of 100 mM caused the most significant 

decrease in decreasing epidermal thickness, cortex 

thickness, and stele diameter. These results are in line 

with the research of Yildiz et al. (2020) which reported 

that excess concentration of NaCl in the root area 

causes the roots to be unable to absorb water and 

nutrients optimally due to external conditions of low 

water potential. This condition inhibits the process of 

cell expansion and growth in the plant root area. It was 

also reported by Boughalleb et al. (2009) that NaCl 

stress caused a decrease in root cortex thickness in 

Nitraria retusa L. plants and a reduction in stele and 

xylem areas in Medicargo arborea L. given a NaCl 

stress of ≥200 mM. The decrease in the cortex 

thickness is caused by cells that experience a decrease 

in size under stress conditions. The structure of the 

epidermis as a protective tissue can also be affected by 

high concentrations of NaCl. In addition, the toxicity 

of Na+ causes inhibition of photosynthate transport to 

the root area, water dan solute transport, causing a 

significant decrease in root volume and diameter 

(Hasanuzzaman et al., 2022). The decrease in the value 

of each parameter is also due to the negative effect of 

salinity stress which causes changes in the shape of the 

cells to become flatter when compared to the control. 

Excessive NaCl accumulation causes changes in the 

uptake process of various important elements, such as 

Al, Ca, Fe, and Mg (Hasan and Miyake, 2017).  

Meanwhile, osmopriming with PEG tended to 

significantly increase epidermal thickness, cortex 

thickness, and stele diameter (p<0.05) under salinity 

stress conditions, especially osmopriming with 10% 

PEG concentration. The osmoprimed plants showed 

better root anatomical structure, both under normal 

and stressed conditions. This can be related to the early 

growth and development of seeds. Rehman et al. 

(2021) reported that osmoprimed seeds had a larger 

embryonic surface area thereby increasing the 

availability of nutrients for the developing radicle and 
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increasing the embryo axis during germination 

compared to control seeds.   

An increase in α-amylase and β-amylase 

activity during the early stages of germination is 

associated to improved root anatomical structure, 

which then enhances the availability of energy from 

starch metabolism and stimulates root growth (Farooq 

et al., 2019). Priming treatment can also promote root 

viability and reduce damage to root cells and tissues 

by maintaining the integrity of root cell membranes. 

Table 4. Epidermis thickness, cortex thickness, and stele diameter of red amaranth (A. tricolor) aged 5 weeks after PEG osmopriming and 

NaCl stress  

Parameters Osmopriming 

(% PEG) 

NaCl concentration (mM) Average 

0 50 100 

Epidermis thickness 

(µm) 

0 33.34±4.18abc 31.27±2.76ab 26.53±2.01a 30.38±2.98p 

5 37.02±0.92bcd 42.51±6.61d 39.64±6.44cd 39.72±13.97q 

10 41.57±5.38d 35.28±3.23bcd 30.60±3.77ab 35.81±4.13q 

Average 37.31±3.50z 36.35±4.20xy 32.25±4.07x 

Cortex thickness 

(µm) 

0 204.67±35.96bc 158.63±11.60ab 117.26±20.97a 160.18±22.84p 

5 216.83±15.02c 205.68±42.56bc 194.82±16.51bc 205.77±24.70q 

10 220.87±18.24c 217.39±15.56c 201.55±43.27bc 213.27±25.70q 

Average 214.12±23.07y 192.57±23.24xy 171.21±26.91x 

Stele diameter 

(µm) 

0 1,376.83±88.32cd 984.35±68.53a 808.59±174.65a 1,056.59±110.50p 

5 1,508.15±101.28de 1,387.17±54.39cd 1,011.47±100.72ab 1,302.26±85.46q 

10 1,649.29±192.67e 1,438.59±200.95cde 1,230.39±55.07bc 1,439.42±115.17r 

Average 1,511.42±127.42z 1,270.03±107.95y 1,016.81±110.14x 

The number followed by the same letter in row and column of each parameter has no significant difference based on DMRT α=0.05, n=5. 

Increasing the concentration of NaCl causes 

changes in the shape of the epidermal cells (Figure 4). 

Under normal conditions, the epidermis is round and 

neatly arranged around the cortex, whereas when the 

plant is under salinity stress, the epidermis will be 

compressed, thereby the shape is slightly flattened 

with an irregular arrangement. This correlates with a 

decrease in the area of epidermal cells (Hasan and 

Miyake, 2017). The decrease in cortex thickness due 

to salinity stress is related to a strategy of plant 

adaptation to shorten the distance of water transport 

into the stele and xylem so that roots are more 

effective in transporting water and nutrients. 

Rosawanti et al. (2015) has reported that the decrease 

in cortex thickness occurs due to decreased food 

supply and cortical cell turgidity. The decrease in root 

conductivity to water and minerals that occurs in 

response to high NaCl concentrations results in a 

reduction in the ability of the roots to absorb nutrients. 

Stele diameter decreases because the stele parenchyma 

shrinks during salt stress (Hasan and Miyake, 2017). 

A decrease in xylem and phloem area can also occur, 

causing obstacles to the transportation of water and 

important substances which have an impact on 

structure of the roots (Atabayeva et al., 2013). 

Figure 4. Cross section of red amaranth root (A. tricolor) plants aged 5 weeks after osmopriming application with PEG (P0: 0%; P1: 5%; 

P2: 10%) and NaCl stress (N0: 0 mM; N1: 50 mM; N2: 100 mM). Bar=100 μm. (Note: Ep=Epidermis, C=Cortex, S=Stele) 

P0 
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Figure 4. Cross section of red amaranth root (A. tricolor) plants aged 5 weeks after osmopriming application with PEG (P0: 0%; P1: 5%; 

P2: 10%) and NaCl stress (N0: 0 mM; N1: 50 mM; N2: 100 mM). Bar=100 μm. (Note: Ep=Epidermis, C=Cortex, S=Stele) (cont.) 

4. CONCLUSION

According to the study’s results, priming with 

PEG 6000 improved germination percentage, mean 

germination rate, germination rate index, plant height, 

leaf number, root length, chlorophyll content, and 

characteristics of red amaranth roots (epidermis 

thickness, cortex thickness, and stele diameter) under 

salinity stress conditions, but decreased proline, 

soluble oxalate, and Ca-oxalate crystal density levels. 

It indicates that priming with PEG 6000 reduces 

salinity stress in red amaranth. 
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The prevalence of microplastics (MPs) in the environment has had a significant 

impact on ecosystems and posed a major threat to human health. This study 

investigated the distribution and characteristics of MPs in the Nhue - Day River basin 

in Vietnam, which is a critical source of biodiversity and used to support the 

economic growth of about 12 million people. The effect of seasonal variation and 

anthropogenic activities on the MP abundance was assessed. The findings revealed 

that the MPs abundance was significant in this study area. The average abundance of 

MPs in the dry season (754 items/m3) was insignificantly higher than that in the rainy 

season (706 items/m3) with n=9. The range in the abundance of MPs in the dry and 

rainy seasons was 49-2,827 and 400-1,133 items/m3, respectively. Microplastics in 

fiber forms were dominant in both seasons. The majority of the collected MPs were 

in the 0.5-2.0 mm size range, varying from 71% to 100% of the total MPs depend on 

sampling point. The total percentage of MPs size 0.3-0.5 mm in the dry season was 

56.97% compared to 119.85% in the rainy season, indicating that the MPs were 

broken into smaller pieces due to UV exposure and weather conditions. Colored items 

occupied the majority of the MPs. This study can be used to gain a better knowledge 

of MP pollution in Vietnam’s river water. 
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1. INTRODUCTION

Due to its potential harm to aquatic ecosystems 

and human health, MP contamination has recently 

become a much more concerned issue on a global scale 

(Wanner, 2021). Microplastics (MPs) are defined as 

plastic particles with a diameter of less than 5.0 mm, 

comprising primary MPs discharged during industrial 

production and secondary MPs produced during the 

breakdown of more substantial plastic products (De 

Falco et al., 2019). Because of the ability to absorb 

toxic chemicals or pathogens that can then be 

transferred to living organisms through the food chain, 

MPs are considered as a contaminant (Baldwin et al., 

2020; Dai et al., 2022; Sulistyowati et al., 2022). Wang 

et al. (2018a) examined the chemical distribution and 

adsorption behavior of MPs. In China, Greece, and 

Portugal, polychlorinated biphenyl (PCB) congeners, 

polycyclic aromatic hydrocarbon isomers, hexa-

chlorocyclohexane isomers, and dichloro-diphenyl-

trichloroethane metabolites were discovered in plastic 

pellets. Chemical PCB congeners are more 

concentrated on black or aged MPs than on colored or 

white MPs (Beckingham and Ghosh, 2017). It has 

been reported that MPs can travel long distances in 

the water flow because of their small size and their 

ability to remain in the environment for long periods 

of time due to their resistance to degradation. 

Microplastics have recently been discovered and 

traced in a variety of environments, including drinking 

water (Schymanski et al., 2018), the atmosphere (Liu 

et al., 2019), soil (Nizzetto et al., 2016), food (Vitali et 

al., 2022), and even human bodies (Wright and Kelly, 

2017). Therefore, it is critical to understand the 

occurrence, abundance, behavior, and fate of MPs in 

the natural environment. 

Numerous studies on MPs in the marine 

environment (water, sediment, and biota) have been 

conducted. However, it remains limited for freshwater 

Citation: Nguyen HT, Nguyen TH, Hien TT, Hoang MT. Distribution and characteristics of microplastics in Nhue - Day River Basin, Vietnam.
Environ. Nat. Resour. J. 2023;21(3):245-255. (https://doi.org/10.32526/ennrj/21/202200244)
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environments, particularly in Asia, where significant 

plastic pollution has been observed because of rapid 

economic and demographic growth, as well as 

urbanization development (Wang et al., 2018b). 

Furthermore, it has been demonstrated that rivers are 

not only important sinks of MPs in urban areas, but 

they are also one of the major sources of MPs in the 

oceans (Eerkes-Medrano et al., 2015). The Changjiang 

River in China is estimated to transfer 16-20 trillion 

MPs weighing 537.6-905.9 tons to the ocean through 

the surface water layer each year (Zhao et al., 2019); 

the Saigon River in Vietnam annually transports 115-

164×1012 items of synthetic fibers to the sea (Strady et 

al., 2020). As a result, it is obvious that knowledge of 

MP pollution in urban freshwater bodies is essential 

for establishing efficient plastic waste management 

methods in both metropolitan regions and the oceans. 

Nonetheless, evidence of MP pollution in inland 

freshwater bodies is more restricted than in marine 

areas (Eerkes-Medrano et al., 2015).  

Vietnam is one of the top 20 countries in terms 

of plastic waste input into the ocean, with 

approximately 1.8 million tons of plastic waste 

discharged each year, which is 10% more than the 

global average (Jambeck et al., 2015). The abundance 

of MP in aquatic systems in Vietnam has been reported 

in previous studies with the MP abundance ranging 

from 0.35 to 2,522 items/m3 (Chau et al., 2020; Tran-

Nguyen et al., 2022). In the Red River, the 

concentration of MP was 2.3 items/m3, the lowest level 

among the investigated areas, while the highest 

concentrations were measured in urban and smaller 

rivers: 93.7 items/m3 in the Nhue River and 2,522 

items/m3 in the To Lich River (Strady et al., 2021). In 

Danang City, the Phu Loc Channel it was reported as 

a MP pollution hotspot with a MP concentration of 

1,482.0±1,060.4 items/m3 in water (Tran-Nguyen et 

al., 2022). In the south of Vietnam, the Saigon River 

basin has high concentrations of fibers and fragments, 

172,000 to 519,000 items/m3 and 10 to 223 items/m3, 

respectively (Lahens et al., 2018). 

The Nhue - Day River flow through Hanoi and 

four other provinces (Hoa Binh, Ha Nam, Ninh Binh, 

and Nam Dinh) before joining at Phu Ly City in Ha 

Nam Province. This river basin, which has a length of 

236 km and an area of around 7,655 km2, is a source 

of critical biodiversity and is used to support the 

economic growth of about 12 million people. The 

effluents from large residential areas     like Hanoi, 

which has over 4,000 industrial facilities, about 500 

traditional artisan villages, and roughly 1,400 

hospitals and healthcare facilities, have a negative 

impact on the water quality of these rivers (Le et al., 

2022). This river system provides most of the 

freshwater for agriculture and aquaculture in the 

region. The presence of MPs in this river system has 

been reported by Strady (Strady et al., 2021). 

However, information on MP pollution in these 

systems is still rather limited to exploring the source 

of MPs in the investigated area. Therefore, 

investigating MP pollution in this river basin is very 

important for a comprehensive understanding of MP 

content situation to provide information to trace the 

sources and pathways of MPs in the aquatic 

environment. In this study, the MPs in surface water 

along the Nhue - Day River Basin was investigated 

with an aim to explore the effects of seasonal variation 

and anthropogenic activities on MP contamination 

and characteristics in the Nhue - Day River basin. 

Understanding the presence of MPs in river water will 

help to develop workable solutions and strategies to 

reduce the conflicting effects of MP contamination on 

the ecosystem and public health. The findings from 

this study can be used as trustworthy support for future 

research on the effects of MP pollution on human 

health in Northern Vietnam.   

2. METHODOLOGY

2.1 Sampling points and sample collection

The Nhue - Day River Basins are one of the ten 

major river systems in Vietnam. It includes two large 

rivers: Nhue - Day River. The Nhue River has a length 

of 74 km, taking water from the Red River and flows 

into the Day River at Ha Nam Province. The Day 

River has a length of 237 km, also taking water from 

the Red River and flows into East Sea. Surface water 

samples were collected at nine points along the Nhue 

- Day River Basin, including four points on Nhue

River and five points on Day River. The samples were

collected in March 2021 represented for dry season

samples and November 2021 for the rainy season in

the North Central region. Figure 1 and Table 1

describe the details of the nine sampling points.

2.2 Sample preparation 

River water samples were collected using a 

Manta mesh (mesh size 300 µm, mouth width 

15×30 cm) fitted with a General Oceanic flowmeter 

(ensuring the mouth of the net was completely under 

the surface of the water) (Dris et al., 2018) for 120-240 

seconds. Depending on the conditions at the sampling 

location, the two below methods were applied: 
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- At monitoring points with large currents and

wide riverbeds, samples were collected in the middle 

of the stream from a boat. Sampling time and boat 

speed are calculated to ensure that the sample volume 

in the net is at least 1 m3. 

- For the point with low flow and narrow

riverbed area that cannot be netted, a 100-200 L 

sample was collected into a bucket and slowly pour 

into the sampling device or through a sieve with 0.3 

mm mesh size. 

- The sampling device, after being taken from

the river, was washed with clean water from the 

outside to wash away the dirt as well as the MPs (if 

any) on the mesh wall and move to the cup at the 

bottom of the device. This process is repeated several 

times until the sampler is clean of MPs. After that, 

water samples were transferred to 100 mL glass vials, 

kept refrigerated and dark before being transported to 

the laboratory. Then, the water sample was 

refrigerated at 4oC in the field for immediate analysis 

or stored in the refrigerator at 20oC for further analysis 

(stored time within 15-20 days).

Figure 1. Microplastic sampling points in Nhue - Day River Basin 

Table 1. The basic information of surface water sampling points in Nhue - Day River Basin 

No Province/city Sample 

symbol 

River 

name 

Coordinate Sampling point description 

X Y 

1 Hanoi ND1 Nhue River 580499.178 2332119.309 Upstream monitoring point of 

Nhue River to get water from 

the Red River 

2 Hanoi ND2 Nhue River 583181.017 2315161.439 Area receiving domestic 

wastewater in Cau Giay 

District and surrounding areas 

3 Hanoi ND3 Day River 574060.905 2300545.244 Evaluation of MP pollution at 

Hanoi City 

4 Hanoi ND4 Nhue River 587598.865 2298950.196 Assessment of MP pollution in 

Nhue River 

Map of Microplastic Monitoring Points 

in the Nhue - Day River Basin 
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Table 1. The basic information of surface water sampling points in Nhue - Day River Basin (cont.) 

No Province/city Sample 

symbol 

River 

name 

Coordinate Sampling point description 

X Y 

5 Hanoi ND5 Day River 578284.590 2287467.761 Assessment of MP pollution in 

Day River 

6 Ha Nam ND6 Nhue River 594284.270 2282200.214 Evaluation of MP pollution at 

Hanoi City 

7 Ha Nam ND7 Nhue - Day 

River Basin 

596439.229 2269667.671 Assessment of MP pollution 

for Nhue - Day River in Ha 

Nam Province 

8 Ninh Binh ND8 Nhue - Day 

River Basin 

597954.548 2247725.092 Assessment of MP pollution 

for Nhue - Day River at Ninh 

Binh Province 

9 Nam Dinh ND9 Nhue - Day 

River Basin 

615060.390 2239898.168 Assessment of MP pollution 

for Nhue - Day River Basin at 

Nam Dinh Province 

2.3 Sample analysis 

A volume of 100 mL of water sample was put 

into a 500-mL glass beaker and dried at 40oC for 24 to 

48 h. Then, 50-70 mL of 30% H2O2 and FeSO4 0.05 M 

were added to dissolve the organic matters, until the 

appearance of the solution was clear. After that, the 

solution was redried to remove water. The carbonate 

compounds in samples were eliminated by adding 10-

20 mL of HCl 1 M solution to the glass beaker and 

shaking well until no bubbling before letting it dry at 

40oC for 12 h.  

After the drying step, a volume of 30 mL of 

ZnCl2 solution d=1.6 g/mL was slowly added to the 

beaker and mixed well, then the whole mixture was 

transferred into 50 mL PE centrifuge plastic tubes. The 

mixture in the canister was centrifuged at a rotational 

speed of 3,000 Relative Centrifugal Force (RCF) per 

min to separate MPs and other solids remaining in the 

water. Microplastics with light density float on the 

surface of the ZnCl2 solution. The solution at the top 

of the test tube will be filtered to separate the MP 

particles from the remaining solid layer. The ZnCl2 

solution containing the supernatant MPs was collected 

by the overflow method, placed in a 500 mL Nalgene 

filter cup, and then filter through grid paper with 47 

mm diameter, 0.45 µm filter pore size, each piece of 

paper has 100 cells with the size of each cell 3.1×3.1 

mm. With the smallest MP particle size of 0.35 mm,

filter paper with the above pore size can be used. Filter

paper was gently removed and stored in aluminum foil

bags, dried at 45oC for about six hours before

determining the quantity and composition of MPs.

The number of MPs in dried samples were 

determined using a Euromex stereo microscope, with 

a maximum focal length of 40x, and a DC5.0 Stereo 

Camera with ImageFocus 4 English Version software 

to determine the size, shape, color, and quantity of 

suspected MPs. 

3. RESULTS AND DISCUSSION

3.1 Microplastic abundance

In this study, MPs in surface water were 

detected at each sampling and in both dry and rainy 

seasons. The results shown in Figure 2 and Figure 3 

indicated that the distribution and abundance of MP in 

Nhue - Day River system was significantly affected by 

season and geographical location. In the dry season, 

the concentration of MPs in surface water ranged from 

49 to 2,827 items/m3, with an average abundance of 

754 items/m3. The sampling area with the highest 

abundance of MPs was the ND3. The ND3 point is at 

the confluence of the Day River, the section of Hoa 

Vien Bridge, and near ND3 market, Ung Hoa District, 

Hanoi. This is a high population density area. 

Moreover, in recent years, various kinds of trading 

activities along the river in ND3 point have produced 

untreated wastes and the survey area pollution has 

been quite serious. In addition, various kinds of small, 

scattered enterprises and industrial activities such as 

wool and fabric factories, garment factories, and some 

manufacturers and traders of plastic products have 

been recorded as sources of MP discharge in the area. 

Point ND6 was also reported to have high levels of 

MPs in surface water (1,423 items/m3). Previous 

studies connected the presence of MPs in the aquatic 

environment to the effects of human activity (Zhao et 

al., 2020). It explained the reason for the highest MP 

concentration at ND6 is because it runs through a high 

population density area and industrial area related to 

engineering, electronics, assembly, food production 

and some light industry. Additionally, the close 

distance between ND6 and rubbish dumping indicated 
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a high MP concentration at this point. The fact that 

intense economic activities, such as industrial 

discharge and land use, can cause poor water quality 

to some extent has raised alarm. The idea that MP 

abundance is driven by economic activity is indirectly 

supported by the potential positive association 

between poor water quality and high MP content.  

In the rainy season, the abundance of MP in 

Nhue - Day River ranged from 400 to 1,133 items/m3, 

with an average abundance of 706.67 items/m3 which 

was lower than that in the dry season. It is clear that 

the MPs are distributed more evenly along the river 

basin due to the influence of the river flow in rainy 

season instead of concentrating at some points in dry 

season. This phenomenon indicates that the abundance 

of MPs was gradually diluted when the water volume 

increased. The two survey points with the largest 

concentration of MPs were recorded at ND2 and ND6 

with the corresponding value of 1,133 and 1,066 

items/m3, respectively. This difference in distribution 

pattern of MPs may be due to hydraulic and flow 

conditions that were significantly affected by season 

factor. In the rainy season, tributaries, and overflows 

in residential areas on both sides of the river are 

formed. This may partly explain why in the rainy 

season the number of MPs at the lower limit increases 

and the recorded upper limit decreases. The increase 

in hydrology is also a factor governing the distribution 

of these plastics. 

Figure 2. Distributions of MP contamination in surface water of Nhue - Day River Basin in dry season (a) and rainy season (b) 

(a) 
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Figure 2. Distributions of MP contamination in surface water of Nhue - Day River Basin in dry season (a) and rainy season (b) (cont.) 

Figure 3. Microplastics abundance in surface water of Nhue - Day River Basin during dry and rainy season 
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The abundance of MPs in the surface water from 

urban areas in other parts of Vietnam and over the world 

is displayed in Table 2. The results in this study were 

compared with those in other rivers in Vietnam such as 

the Red River, Han River (which runs through Da 

Nang), and Dong Nai River. It is clear that, except for 

the To Lich River (2,522 items/m3; (Strady et al., 

2021)), the MPs concentration in the surface waters of 

the Nhue - Day River is in high levels. In particular, the 

average value of microplastics recorded in a m3 of 

surface water in the study area is 327 times greater than 

the number of microplastics recorded in the Red River, 

nearly 280 times greater than the number of 

microplastics received from Han River water, and more 

than 193 times greater than the number of microplastics 

received from Dong Nai River. Especially, compared to 

Nhue - Day River itself in 2020, there is a significant 

increase in the microplastics abundance in 2021 

(sample collected time of this study) alarming the 

polluted issue of this area. 

The Nhue - Day River Basin has a greater MP 

concentration in waters than some rivers in Asian 

countries, such as Duong Tu River of China (8.6 

items/m3) and Surabaya River in Indonesia (1.47-

43.11 items/m3). The same situation happened when 

comparing with Rhine River in Europe, and Los 

Angeles River or San Gabriel River in the USA, where 

barely a few items per m3 were found.  

Table 2. Distribution of MPs in surface water in Vietnam and some countries in the world 

Location Size 

(mm) 

Average abundance 

(items/m3) 

Abundant range 

(items/m3) 

References 

Vietnam 

Nhue - Day River, rainy season 0.3-5.0 706 400-1,133 This study 

Nhue - Day River, dry season 0.3-5.0 754 49-2,827 This study 

Red River 0.3-5.0 2.3 Strady et al. (2021) 

Han River 0.3-5.0 2.7 Strady et al. (2021) 

Dong Nai River 0.3-5.0 3.9 Strady et al. (2021) 

Nhue River (2020) 0.3-5.0 93.7 Strady et al. (2021) 

To Lich River (2020) 0.3-5.0 2,522 Strady et al. (2021) 

Saigon River <5 22,812-251,000 Strady et al. (2020) 

Other countries 

Hoang Ha River, China, dry season <0.5 930 623-1,392 Han et al. (2020) 

Maozhou River, China 0.001-5.000 4,000- 25,500 Wu et al. (2020) 

Duong Tu River, China 0.3-5.0 8.6 Zhao et al. (2014) 

Surabaya River, Indonesia 0.3-5.0 1.47-43.11 Lestari et al. (2020) 

Han River, Korea 0.1-5.0 0-42.9 Park et al. (2020) 

Danube River, Austia 0.5-5.0 17 Lechner et al. (2014) 

Ravi River, Pakistan, rainy season 0.3-5.0 768 Aslam et al. (2022) 

Ravi River, Pakistan, dry season 0.3-5.0 1,324 Aslam et al. (2022) 

Rhine River, Europe 0.3-5.0 3.9 Mani et al. (2015) 

Seine River, France 0.1-5.0 108 Dris et al. (2015) 

Marne River, France <5 398 Dris et al. (2018) 

Los Angeles River, USA 0.3-5.0 13.7 Moore et al. (2005) 

San Gabriel River, USA 0.3-5.0 0.6 Moore et al. (2005) 

Hudson River, USA 0.1-5.0 0.98 Miller et al. (2017) 

Ottawa River, Canada 0.1-5.0 0.2 Vermaire et al. (2017) 

3.2 Morphology of MPs 

3.2.1 Shape distribution 

Figures 4 and 5 show the composition of MP 

pollution based on different types. In both seasons, 

fibers identified as the most dominant type of MPs 

collected from the sampling points was similar to 

those of other studies on freshwater MP (Koelmans et 

al., 2019). Fibers come from a variety of sources, such 

as washing clothes, using and wearing plastic objects, 

and the waste plastic produced during industrial 

production (Browne et al., 2011). Furthermore, fiber-

like MPs are likely to be formed from huge blocks of 

plastic during migration, which are subject to wind, 

water flow, temperature, and abrasion by hard things 
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(Peters and Bratton, 2016). Indeed, in both seasons, 

this form of plastic produced much more fibrous MPs 

than other types of MPs. Fibers were 93.26% of all MP 

types, while fragments were 6.47% in dry season. In 

rainy season, there was a light increase in the number 

of fragmented MP. Fragment MPs have a higher 

density than fibers, some types of density can increase 

to 1.2 g/L. In the rainy season the river water discharge 

increases causing a high-water velocity which 

facilitated the transportation of fragment in the flow. 

Therefore, the concentration of MP in fragment shape 

in dry season was higher than that in rainy season. 
Figure 4. Shape distribution and pictures of MPs in surface water 

of Nhue - Day River Basin during dry and rainy season 

Figure 5. Photomicrographs of the MPs found in Nhue - Day River water 

3.2.2 Colors distribution 

Microplastics with different colors are presented 

in Figure 6. In dry season, black was seen to be the 

dominant color (33.6%), followed by blue (31.6%) and 

red (18.5%). Other pigmented particles, such as green 

(4.46%), yellow (1.53%), grey (0.03%), occurred only 

at low proportions. The colored particles are more likely 

to be mistaken for food by aquatic biota because they 

resemble low-trophic-level organisms (Browne et al., 

2008). Furthermore, green MPs with irregular forms 

may be formed because of the breakdown of single-use 

plastic products containing colorants (Wang et al., 

2018b). In contrast, in rainy season, white was the most 

common MP color with a percentage reaching 49.6%, 

followed by blue (31.6%). In both seasons, grey is the 

least common one. This result agreed with number of 

previous studies which high proportion of colorless 

MPs (transparent and white) was found (Phuong et al., 
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2018; Lestari et al., 2020; Wu et al., 2020). In addition, 

it was reported that the reason may be caused by the 

overflow of plastic manufacture from nearby 

companies, as well as fading during significant 

weathering processes such as wave action by tidal 

currents.

Figure 6. Colors distribution of MPs in surface water of Nhue - Day River Basin during dry and rainy season 

3.2.3 Size distribution 

Figure 7 shows the size distribution of MPs in 

both dry season (a) and rainy season (b). The 

microplastics tend to be unevenly concentrated in 

sizes as MPs with the size of 0.5-2.0 mm accounted 

for 71% to 100% in both seasons. In the dry season, 

the recorded MPs size values ranged from 0.301 mm 

to 4.71 mm. While in the rainy season, those numbers 

were 0.306 mm and 4.453 mm.  

Even though there were no significant 

differences in the size range and the size majority of 

the MPs between two seasons, the sum of the 

percentage of MPs size 0.3-0.5 mm from all nine 

points in the dry season is smaller than in the rainy 

season, 56.97% compared to 119.85%, respectively. 

This can be explained by the fact that MPs in the dry 

season are subjected to adverse weather conditions 

with prolonged high temperatures, as well as the 

influence of UV, causing these MPs to break into 

smaller pieces. In the rainy season, these particles are 

transported everywhere by the water flow, so the 

encountering of small-sized pieces of MPs is more 

frequent. 

Figure 7. Size distribution of MPs in surface water of Nhue - Day River Basin during dry (a) and rainy (b) seasons 
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Figure 7. Size distribution of MPs in surface water of Nhue - Day River Basin during dry (a) and rainy (b) seasons (cont.) 

4. CONCLUSION

In this study, the microplastic (MP) 

contamination, and MP characteristics in surface 

water along the Nhue - Day River Basin were 

investigated. The results showed the presence of MPs 

at different levels in water samples of all sampling 

points along the study area. Although there is no 

significant difference in abundance of MP between 

dry season and rainy season, the MPs were distributed 

more evenly along the river basin in the rainy season 

due to the influence of the river flow instead of 

concentrating at some specific points as in the dry 

season. In terms of shape, fiber was the dominant form 

of MP in both seasons.  

The majority of the collected MPs were in the 

0.5-2.0 mm size range, varying from 71% to 100% of 

the total MPs depending on the sampling point. The 

sum of the percentage of MPs size 0.3-0.5 mm from 

all nine sample points in the dry season was 56.97%, 

compared to 119.85% in the rainy season, indicating 

that the MPs were broken into smaller pieces due to 

UV exposing and weather condition. The results allow 

us to conclude that the Nhue - Day River is highly 

polluted with MPs compared to some other rivers in 

Vietnam, as well as in the world. It is of practical 

significance to understand the sources and sinks of 

MPs in inland freshwater environments. 
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Globally, there is growing concern about the problem of plastic waste. The majority 

of plastic waste is dumped into landfills, where it occupies space, reducing landfill 

capacity and causing a variety of environmental issues. Plastic waste pyrolysis has 

gained popularity because it can reduce the volume of plastic waste while also 

producing alternative fuels. This study assessed the feasibility of producing fuel oil 

from plastic waste using the catalytic pyrolysis process. Polyethylene (PE), 

polypropylene (PP), and polystyrene (PS) waste samples were collected from 

municipal solid waste (MSW) landfills on Samui Island, Surat Thani Province, 

Thailand. Pyrolysis was carried out in a 3-L bench-scale reactor at 450ºC using a 3% 

spent FCC catalyst. PE, PP, PS, and mixed plastic waste were used as feedstocks. 

The results showed that the pyrolysis of PS produced the most liquid product (91.44 

wt%), whereas the pyrolysis of PE produced the highest percentage of diesel range 

product (36.60 wt%). Furthermore, the results of the analysis revealed that the 

characteristics of diesel from improved PE pyrolysis oil by naphtha removal were 

similar to those of commercial diesel B7. According to the cost-benefit analysis, the 

operating costs of pyrolysis oil and improved diesel were 0.37 and 0.65 USD/L, 

respectively, which were lower than the current market price of diesel B7. The 

findings of the study demonstrated the feasibility of converting plastic waste from 

MSW on Samui Island into alternative energy using eco-friendly and cost-effective 

technology. 
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1. INTRODUCTION

Samui Island is one of Thailand’s most popular 

tourist destinations. The increasing number of 

residents and visitors contributes to a large volume of 

solid waste.  According to the report of the TISTR 

(2020), the major component of municipal solid waste 

(MSW)  on Samui Island was plastic waste, which 

accounted for 40.4% and 64.4% of new and old MSW, 

respectively.  Since plastics degrade slowly, they take 

up a lot of space, resulting in overflowing landfills. In 

addition, leachate, toxic dyes, and additives in plastic 

products have a negative impact on the environment 

(Miandad et al., 2017a; Yansaneh and Zein, 2022). 

Although several approaches have been 

implemented for MSW management on Samui Island, 

there are still many problems and obstacles.  These 

include landfills that have reached their maximum 

capacity, leachate contamination from landfill sites 

to the nearby environment, and the MSW incinerator 

that has been out of order since 2012. To solve the 

problems, the municipality has transported the waste 

to be disposed of outside the area with a large budget. 

However, the accident in which a ferry capsized 

during MSW transportation from Samui Island to 

Surat Thani Province in August 2020, causing 60 tons 

of MSW to sink into the sea (Bangkok Post, 2020; 

Thai PBS, 2020), has raised concerns. 

Currently, pyrolysis technology is growing in 

interest. This technology involves the thermal 

degradation of complex molecules into smaller 

molecules at temperatures ranging from 300 to 600°C 

in the absence of oxygen (Singh et al., 2019; Zhang et 

al., 2020; Lee et al., 2021). This method reduces a 

massive amount of MSW and can potentially convert 

Citation: Chotiratanasak J, Vitidsant T, Khemkhao M. Feasibility study of plastic waste pyrolysis from municipal solid waste landfill with spent 
FCC catalyst. Environ. Nat. Resour. J. 2023;21(3):256-265.  (https://doi.org/10.32526/ennrj/21/202200270)
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plastics to more valuable chemicals and fuels 

(Hakeem et al., 2018; Maafa, 2021). 

A number of studies have been documented on 

the factors affecting the yield and distribution of 

pyrolysis products. Miandad et al. (2017b) conducted 

the pyrolysis of polystyrene (PS), polypropylene (PP), 

polyethylene (PE), and polyethylene-terephthalate 

(PET) at 450°C for 75 min of retention time and found 

PS provided the maximum liquid yield, while PE 

pyrolysis converted plastic into wax instead of liquid 

products. While the thermal and kaolin catalytic 

pyrolysis of PP waste was conducted in a horizon glass 

reactor at 450°C for 30 min of retention time, 67.48 

wt%  and 79.85 wt%  of the liquid products were 

obtained, respectively (Hakeem et al., 2018), whereas 

plastic bag pyrolysis in a fixed bed reactor at 500°C 

with three catalysts (ZSM-5, dolomite, and kaolin) 

showed that non-catalytic pyrolysis provided the 

largest amount of liquid products (Chaiphet et al., 

2022). These studies demonstrated that the 

distribution and yield of pyrolysis oil depend on 

several factors, such as temperature, type of catalyst, 

reactor type, and feedstock characteristics. 

According to the above-mentioned MSW 

management issue on Samui Island, pyrolysis could 

be an alternative method for Samui Island MSW 

management. However, since the yield and 

characteristics of liquid products and the cost-

effectiveness of this approach have not been 

evaluated, this research aimed to determine the 

feasibility of using catalytic pyrolysis to convert 

plastic waste from Samui Island’s MSW into fuel. The 

results provided the information necessary for the 

relevant organizations to select the appropriate means 

of MSW management that facilitate the environmental 

and economic sustainability of Samui Island. 

2. METHODOLOGY

2.1 Study site

Samui Island, Thailand’s third-largest island, is 

a municipality in Surat Thani Province.  The island is 

situated off the east coast of Thailand between 

latitudes N9°24’ to N9°36’ and longitudes E99°54’ to 

E100°06’, which cover an area of around 227 km2 as 

shown in Figure 1 (Nazaruddin, 2020). In 2021, the 

population in the Samui Island municipality was 

68,698 (Koh Samui City, 2021).  

Figure 1. Map of Samui Island, Surat Thani Province, Thailand
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2.2 Raw material survey and preparation 

Municipal plastic waste samples were randomly 

collected from Samui Island Landfill in April 2022. 

PE, PP, and PS were the three major types of plastic in 

the landfill in the ratio of 80:15:5 wt%. Thus, this 

study conducted the pyrolysis based on the types of 

plastic and the mixed plastic ratio in terms of mixed 

plastic waste.  All samples were shredded to less than 

3 cm and dried to less than 1% moisture content. 

2.3 Reactor system and experimental set-up 

The pyrolysis experiments were carried out in a 

3-L bench-scale horizontal cylindrical reactor 

comprised of 316 stainless steel materials with a 10 cm 

internal diameter, 2 cm thickness, and 39 cm length. 

The center shaft was equipped with an agitator and a 

compartment for inserting a thermocouple to monitor 

the temperature inside the reactor. The reactor was 

heated via an electrical furnace, and nitrogen gas was 

used to carry the obtained product vapor to the 

condenser. A counter-current heat exchanger and the 

chiller were installed to support cool water for the heat 

exchanger. The schematic diagram of the reactor is 

shown in Figure 2. 

Figure 2. The schematic diagram of the reactor 

The pyrolysis experiment was carried out at a 

reaction temperature of 450ºC with 3 wt% spent FCC 

catalyst in the feed. A total of 250 g of PE, PP, and PS 

and mixed plastics of PE, PP, and PS in a ratio of 

80:15:5, which was the plastic ratio in the Samui Island 

Landfill, were used to determine the effect of the plastic 

types on the yield and selectivity of the product. Two 

thermocouples were used to indicate the reaction 

temperature (RT) and the oil vapor’s temperature (VT) 

over time at TI04 and TI05, respectively. The pyrolysis 

oil product was collected gradually until the reaction 

ended. The carbon residues that remained in the reactor 

were collected and weighed. Finally, the mass balance 

was used to calculate the gas product. 

2.4 Analytical methods 

Ash content,  moisture content,  volatile matter, 

and fixed carbon of plastic waste samples were 

determined by proximate analysis according to ASTM 

D3172-3175. Carbon, hydrogen, nitrogen, and sulfur 

were determined by ultimate analysis according to 

ASTM D5373. Meanwhile, heating value and thermal 

degradation temperature were determined via the 

bomb calorimeter and TGA, respectively. 

The composition of liquid products from the 

pyrolysis process was analyzed by a Simulated 

Distillation Gas Chromatography (DGC; Agilent 7890 

model) equipped with a DB-1 column (J&W 

Scientific) and simulation distillation software. The 

heating value, viscosity, and acidity of pyrolysis liquid 

products were analyzed following the ASTM 

standards. The quality of improved pyrolysis oil was 

compared with diesel standards to assess the 

possibility of using it as an alternative fuel. 
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2.5 Cost-benefit evaluation of plastic waste 

pyrolysis 

The cost-benefit analysis focused only on the 

pyrolysis of plastic waste to produce a liquid product 

with the same quality and characteristics as diesel fuel. 

The cost-benefit analysis was based solely on the 

estimated monthly operational costs of the plastic 

waste pyrolysis process and income from diesel sales. 

PE plastic waste with a moisture content of 0.77 wt% 

was used as the feedstock for the pyrolysis process at 

a rate of one ton per day. 

3. RESULTS AND DISCUSSION

3.1 Characteristic of plastic waste samples

In April 2022, 30 kg of plastic waste samples 

were randomly collected from the landfill. The plastic 

waste samples contained 80% PE, 15% PP, and 5% 

PS. Table 1 presents the proximate and ultimate results 

of plastic waste samples. The PP had the highest gross 

calorific value, fixed carbon, and hydrogen content, 

whereas the PS had the highest volatile matter and 

carbon content. In the meantime, the moisture content, 

ash, nitrogen content, and sulfur content of mixed 

plastic waste were the highest among PP, PS, and PE. 

Table 1. Proximate and ultimate analysis of plastic waste samples 

Parameters Methods Unit PP PS PE Mixed plastic 

Gross calorific value ASTM D5865 cal/g 10,381.47 9,843.51 9,824.28 9,718.4 

Moisture content ASTM D3172 wt% 0.77 0.22 1.03 1.11 

Volatile matter ASTM D3173 wt% 95.19 99.57 93.24 93.05 

Ash ASTM D3174 wt% 2.03 0.11 5.66 5.68 

Fixed carbon ASTM D3175 wt% 2.01 0.10 0.07 0.16 

Carbon content ASTM D5373 wt% 82.22 92.00 77.55 78.97 

Hydrogen content ASTM D5373 wt% 13.84 8.34 12.81 12.77 

Nitrogen content ASTM D5373 wt% 0.14 0.05 0.21 0.24 

Sulfur content ASTM D4239 wt% UD 0.002 0.015 0.024 

Remark: UD refers to Undetectable 

3.2 Thermogravimetric analysis of plastic wastes 

The degradation temperatures of individual and 

mixed plastic wastes were determined using TGA. In 

Figure 3, all plastic degradation temperatures began 

around 300°C (as shown on the TG line in solid lines). 

PE degraded slowly initially until it reached 450°C 

then the degradation occurred rapidly. While PP, PS, 

and mixed PE/PP/PS degradation occurred rapidly 

after reaching 440, 425, and 390°C, respectively. As 

shown on the DTG line, the peaks of the dashed lines 

showed that the maximum temperatures for PS, PP, 

PE, and mixed PE/PP/PS degradation were 414.0, 

467.7, 480.2, and 470.3°C, respectively. PE had the 

highest maximum degradation temperature, followed 

by mixed PE/PP/PS, PP, and PS. The differences in 

pyrolysis temperatures between plastic types are 

caused by the polymer structures of each plastic 

(Gałko and Sajdak, 2022). 

Figure 4 depicts the RT and VT against the 

reaction time. The PS experimental results showed 

that when the desired RT (solid line) was reached at 

450ºC, the VT rapidly rose (dashed line). A rapid 

increase in the oil vapor temperature in PS pyrolysis 

indicated that PS cracked easily to produce pyrolysis 

oil and gas products when compared to PP, PE, and 

mixed PE/PP/PS; corresponding to TGA results, the 

PS degradation reaction occurred at a lower 

temperature when compared to other plastics. Figure 5 

depicts the differential oil and accumulative oil against 

reaction times. It was clearly observed that the 

differential oil receiving of all samples conformed to 

the oil vapor’s temperature with time, as mentioned in 

Figure 4. PS had a reaction termination time of 120 

min, whereas PP, PE, and mixed plastics had times of 

210, 240, and 225 min, respectively. 

PS degrades more easily than other plastics 

(Maafa, 2021). As shown in Figure 6, PS has a long-

chain hydrocarbon molecular structure with 

alternating carbon centers attached to phenyl groups. 

PS plastic degradation is typically caused by end-

chain scission, followed by beta scission, which can 

occur at low temperatures (Singh et al., 2019). 

Meanwhile, PE had the highest peak pyrolysis 

temperature compared to the others. PE requires 

higher temperatures to degrade than other plastics 

(Rizzarelli et al., 2016; Miandad et al., 2017b) due to 

its structure being linear and symmetrical without a 

functional group, resulting in a higher crystalline 

structure. Furthermore, cracking may occur only on 

both sides of the polymer chain’s end, resulting in 
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small molecular hydrocarbon products (Cheng et al., 

2022). The study results also exhibited that the 

reaction temperature of mixed PE/PP/PS (80:15:5) 

was higher than PS and comparable to PP and PE. This 

is caused by the composition of the plastics used as 

feedstock, which contributes to the interaction of the 

mixed polymers that affects the onset temperature, 

peak decomposition temperature, and endset 

temperature (Yu et al., 2016; Anene et al., 2018). 

Figure 3. The TGA results (TG refers to Thermogravimetric; DTG refers to Differential Thermogravimetric) 

Figure 4. The reaction temperature (RT) and the oil vapor’s temperature (VT) against reaction time 
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Figure 5. Differential and accumulative oil against reaction time 

Figure 6. Molecular structures of PE, PP, and PS (Maafa, 2021) 

Plastic molecular structures also influence 

reaction times. In this study, the time required for the 

complete pyrolysis reaction of PS was the shortest, 

which was 120 min, whereas the time required to 

complete the pyrolysis reactions of PP, PE, and mixed 

PE/PP/PS was 210, 240, and 225 min, respectively. 

Furthermore, a 3% catalyst was used in the reaction 

condition, which improved the cracking of polymers, 

particularly PS, leading to the conversion into styrene 

over catalysts at relatively low temperatures via 

simple thermal cracking (Maafa, 2021). 

3.3 Yield and distribution of pyrolysis products 

Figure 7 presents the maximum liquid yield 

from the pyrolysis of PS at 91.44 wt%, while the 

pyrolysis of PE, PP, and mixed PE/PP/PS yielded 

72.65, 73.75, and 69.19 wt%, respectively. Further-

more, PS plastic waste produced the least amount of 

gas and carbon residue. This is consistent with 

previous research showing that pyrolysis of PS 

produced the most liquid product with the least 

amount of gas and char when compared to PE and PP 

(Miandad et al., 2017b; Palmay et al., 2022). However, 

when compared to individual plastics, mixed plastic 

waste pyrolysis produced the lowest yield of liquid 

product and the highest yield of carbon residue and gas 

products. The proportion of plastic types in the mixed 

feedstock has a significant impact on the oil yield of 

mixed plastic waste (Kusenberg et al., 2022; Palmay 

et al., 2022; Zein et al., 2022).
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Figure 7. Effect of the plastic types on yield of pyrolysis product 

Figure 8 exhibits the variation in the 

composition of pyrolysis oil derived from each 

feedstock type. The percentage of naphtha (C5-C12), 

kerosene (C12-C15), diesel (C15-C33), and long residue 

varies in the range of 39.55-72.25%, 0.35-18.70%, 

24.00-36.60%, and 3.40-6.80%, respectively. In liquid 

products, pyrolysis of PS yielded the highest 

percentage of naphtha range, followed by diesel range, 

long residue, and kerosene range, whereas pyrolysis of 

PE yielded the highest percentage of naphtha range, 

followed by diesel range, kerosene range, and long 

residue. When PS was mixed with PE and PP, the light 

hydrocarbon molecule decreased while the heavy 

hydrocarbon molecule increased. These findings 

confirmed the previously reported influence of plastic 

type and plastic waste composition on the yield and 

formation of certain hydrocarbon groups (Al-Salem et 

al., 2017; Miandad et al., 2017a; Santaweesuk and 

Janyalertadun, 2017). 

Figure 8. Effect of the plastic types on selectivity of pyrolysis product 
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product was obtained. The remaining pyrolysis oil in 

the reactor was a diesel product with a naphtha content 

similar to diesel B7 (around 10 wt%). Furthermore, the 

liquid diesel composition from the pyrolysis process, 

as shown in Table 2, had a relative value to 

commercial diesel B7. 

3.5 Application of pyrolysis oil from plastic waste 

According to the improved pyrolysis oil, its 

properties were close to those of diesel B7, so the oil 

could be used as a fuel for diesel engines. However, 

before use, pyrolysis liquid oils should be upgraded 

through various methods such as distillation, refining, 

and blending with conventional diesel. Various studies 

have reported on the use of pyrolysis oil in diesel 

engines for electricity generation (Rehan et al., 2016; 

Kassargy et al., 2018; Lee et al., 2021) and the use of 

pyrolysis oil or blended pyrolysis oil with con-

ventional diesel as a transportation fuel (Faussone, 

2018; Jahirul et al., 2022; Uebe et al., 2022). 

Furthermore, because of the high-value chemical 

potentials of pyrolysis oils, they could be used in 

industries such as the browning and flavoring of wood 

adhesives (Kunwar et al., 2016) and could be a source 

of precursor chemicals in plastic, including 

biocompatible and biodegradable plastic industries 

(Lu et al., 2021; Mahari et al., 2022). 

Table 2. Characteristics of diesel after improvement and commercial diesel 

Characteristic Methods Diesel after improvement Commercial diesel B7 

1. Density at 15°C (kg/m3) ASTM D 1298 809.60 827.48 

2. Kinematic viscosity at 40°C ASTM D 445 1.45 3.74 

3. Heat value (MJ/kg) ASTM D 240 45.376 44.864±0.295 

4. API gravity ASTM D 1298 43.10 39.5 

5. Distillation (°C)

 IBP

 T10

 T50

 T90

 FBP

ASTM D 86 

140.00 

191.00 

280.00 

364.00 

435.00 

206.59 

251.70 

316.18 

375.34 

398.21 

6. Cetane index ASTM D 976 63.58 68.89 

7. Flash point (°C) ASTM D 93 55.00±1.20 81.50±0.70 

8. Acid value (mg KOH/g) ASTM D 664 0.15 0.3 

9. Liquid composition ASTM D 2887 

 Naphtha 12.70 12.20 

 Kerosene 23.30 21.10 

 Diesel 55.40 57.20 

 Long Residue 8.60 9.50 

IBP=Initial Boiling Point; FBP=Final Boiling Point; T10, T50, T90=10, 50, 90 % recovery temperature (°C), respectively (ASTM International, 2020) 

3.6 Cost-benefit evaluation of plastic waste 

pyrolysis 

As previously mentioned, the study’s target 

pyrolysis product is diesel. In terms of the cost-benefit 

analysis presented in Table 3, it was focused only on 

the cost of pyrolysis operations and the income from 

diesel based on the current diesel price. A total of 

21,795 L of pyrolysis oil were produced from 1 

ton/day, or 30 tons/month, of PE plastic waste 

pyrolysis. Following the removal of the excess 

naphtha, the process will produce 13,730 L/month of 

diesel fuel (with a 10% loss during operation). The 

total operating cost of pyrolysis oil will be 8,144.69 

USD/month, or 0.37 USD/L. While the operating cost 

for diesel production will be added up for naphtha 

separation and additives, the total cost will be 8,859.89 

USD/month or 0.65 USD/L. Based on the current 

market price of diesel, which is 1.01 USD/L, the 

monthly income from selling diesel will be 13,931.96 

USD (PTT OR, 2023). However, this benefit is not 

included in the naphtha revenue evaluation. In 

addition, the carbon residue and gas products, mainly 

ethane and propane, can be recycled as fuel for heating 

the reactor on pilot and commercial scales, leading to 

a lower operation cost.
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Furthermore, because a large amount of plastic 

waste will be pyrolyzed, this project will assist Samui 

Municipality in overcoming solid waste problems, 

resulting in sustainable solid waste management, 

which corresponds to SDG 6: Water and Sanitation 

and SDG 11: Sustainable Cities and Communities. 

Table 3. Monthly expenditure and income 

Items Quantity Cost per unit Total (USD) 

PE plastic waste  1 (ton/day × 30 days) 30 tons 877.12 USD/ton 2,613.73 

Catalyst 900 kg 0.15 USD/kg 130.69 

Bleach substances 763 kg 0.87 USD/kg 664.6 

Electricity 692.15 units 0.13 USD/unit 88.87 

Workforce 4 persons 726.04 USD/month/person 2,904.15 

Maintenance cost 871.24 

Others 871.24 

Total cost for pyrolysis oil 8,406.06 

Cost per liter of pyrolysis oil (USD/L) 0.37 

Adding up cost of improvement from pyrolysis oil to diesel grade 

Separating 21,795 L 0.15 USD/L 316.47 

Additives (Cetane improver, PPD) 13,730 L 0.029 USD/L 398.74 

Total cost for diesel 8,859.79 

Cost per liter of diesel product (USD/L) 0.65 

Remark: Monthly expenditure and income calculated based on 1-month pyrolysis operation with 30 tons/month of PE plastic waste. 1 baht=0.029 USD 

(January 3rd, 2023) 

4. CONCLUSION

The pyrolysis of municipal plastic wastes from 

Samui Island landfill was carried out in a 3-L bench-

scale reactor at a temperature of 450ºC with a 3 wt% 

spent FCC catalyst loading.  PE, PP, PS, and mixed 

plastic waste were used as feedstock. Although 

catalytic pyrolysis of PS plastic waste yielded the most 

liquid products, catalytic pyrolysis of PE plastic waste 

yielded the most diesel-range products. The properties 

of the improved pyrolysis oil after naphtha removal 

were quite similar to commercial diesel B7. 

Furthermore, the operation cost of plastic waste 

pyrolysis and liquid product improvement was less 

than the market price of diesel fuel.  This study 

demonstrated that plastic pyrolysis is a feasible and 

cost-effective intervention for addressing Samui 

Island’s plastic waste problem. 
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Safe and clean water is an indispensable component for all kinds of living beings. 

An attempt was taken to examine the drinking water, particularly the groundwater 

quality of Savar Upazila under the Dhaka District of Bangladesh by assessing 

some physicochemical parameters such as pH, total dissolved solids (TDS), 

electrical conductivity (EC), and temperature and the levels of different heavy 

metals (Cu, Cd, Cr, Fe, Mn, and Zn). To measure the concentration of the six 

selected metals from the groundwater samples collected from 38 different 

locations of Savar Upazila, Atomic Absorption Spectrophotometry (AAS) was 

used. Our results showed that the pH, TDS, EC, and temperature ranged from 

(6.56-7.72), (73-437 mg/L), (117-654 µS/cm), and (27.7-30.5ºC), respectively 

which were found within the limit of water standards recommended by national 

and global regulatory authorities. The mean concentration of different studied 

metals in the reported water samples of Savar Upazila followed the order of Fe > 

Zn > Mn > Cr > Cu > Cd. The average concentration was 0.136±0.188 mg/L, 

0.121±0.289 mg/L, 0.033±0.060 mg/L, 0.015±0.0096 mg/L, 0.0104±0.005 mg/L, 

and 0.0022±0.0019 mg/L for Fe, Zn, Mn, Cr, Cu, and Cd, respectively. In this 

study, Water quality index (WQI) was also calculated for the studied samples and 

it was observed that the groundwater of Savar Upazila belonged in the good to 

excellent categories and can be recommended as suitable for drinking purposes.  
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1. INTRODUCTION

Water plays a pivotal role in the existence of all 

known forms of life on the earth’s surface. A large 

number of sources of drinking water like rivers, ponds, 

lakes, wells, and tube wells are present in our 

environment and it is highly desirable to keep these 

sources safe and secure from any kind of pollution. If 

these resources of essential drinking water become 

contaminated, they may pose the greatest risk to 

human health. The random and misuse of agricultural, 

industrial, and various natural activities throughout 

Bangladesh have led to the degradation of the quality 

of groundwater resources over the past few decades 

(Bhuiyan et al., 2015; Bodrud-Doza et al., 2016; Islam 

et al., 2017; Islam et al., 2018). This deterioration of 

groundwater quality is highly threatening as it is very 

difficult to control the severity of groundwater 

contamination which causes environmental as well as 

human health hazards (Gupta et al., 2008). In recent 

days, industrial growth is occurring rapidly which 

expedites the discharge of chemical toxins along with 

heavy metals into the environment (Saha et al., 2017). 

The waste from the industries and factories is usually 

discharged into the ponds, rivers, lakes, and into the 

ocean if the industry is located near seaside zones with 

or without proper treatment and causes surface water 

as well as groundwater contamination (Bakis and 

Tuncan, 2011; Lu et al., 2016).  

Heavy metals are defined as metallic elements 

which are found in the nature and have a very high 

Citation: Nesha M, Fardous Z, Islam H, Pinkey PD, Rahman MA, Chowdhury MAZ. Investigation of some physicochemical parameters and heavy 

metals for monitoring the groundwater quality of Savar Upazila of Dhaka, Bangladesh. Environ. Nat. Resour. J. 2023;21(3):266-278.
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density which is greater than 5 g/cm3 (Singh et al., 

2018). Heavy metals in water are toxic to the human 

body even in trace levels which are related to several 

health problems such as nutritional deformities, 

immunological disfigurement, deficient intrauterine 

growth, imperfect psycho-social behavior, and many 

more (Nweke and Sanders, 2009; Khan et al., 2011). 

Generally, these metals are not degradable with any 

kind of environmental chemicals or microbial attack 

and remain in the environment for a very long time. 

They are often transported from soil and water sources 

and deposited into various tissues of plants and 

animals causing long-term deleterious effects on 

recipient species. Various human organs such as the 

liver, kidneys, lungs, bones, and brain can be highly 

affected due to chronic exposure to heavy metals 

(Tchounwou et al., 2012). Both essential and toxic 

elements if excessively present are of concern in 

groundwater investigations. Long-time exposure to 

copper (Cu) in potable water can lead to copper 

toxicities which results in liver and kidney damage, 

anemia, hepatic cirrhosis, and corrosion of the basal 

ganglia (Harris and Gitlin, 1996). High levels of zinc 

(Zn) in the drinking water can lead to stomach cramps, 

neurological problems, vomiting (Hooper et al., 1980). 

Manganese (Mn) is an essential element for human 

body which is a significant cofactor for a variety of 

enzymes in the brain (Hurley and Keen, 1987). In a 

study of the rural area Araihazar in Bangladesh, it was 

found that elevated levels of Mn exposure in drinking 

water may hinder learning mathematics in elementary 

school children (Khan et al., 2012). An extreme level 

of iron (Fe) accumulation is associated with Parkinson 

disease, hyperkeratosis, cardiovascular disease, 

Huntington disease, diabetes mellitus, pigmentation 

changes, Alzheimer disease, kidney, liver, respiratory, 

and neurological disorders (Powers et al., 2003; Kell, 

2010; Farina et al., 2013). Over consumption of 

chromium (Cr) in the body may create health risks 

including the damage of liver, kidney, nose, lungs, and 

possible asthma attacks (Kleefstra et al., 2004). 

Cadmium toxicity is linked with the damage to the 

cardiovascular system, kidneys, and bones (Fang et 

al., 2014). The types of the bedrock and the pH value 

also play important roles for the presence of such 

elements (Gore et al., 2010). According to WHO, 80% 

of diseases arise due to contaminated groundwater 

(Smith et al., 2000). Therefore, it is necessary to 

protect the quality of water particularly groundwater 

as this is mostly used for drinking purposes.  

The UN Agenda 2030 and the Sustainable 

Development Goals (SDGs) have given fair 

significance to the goals that are “by 2030, improve 

water quality by reducing pollution, eliminating 

dumping and minimizing release of hazardous 

chemicals and materials, halving the proportion of 

untreated wastewater and substantially increasing 

recycling and safe reuse globally” (UN, 2017). 

Population growth led to a demand for resources for 

industrialization and urbanization worldwide 

(Boojhawon and Surroop, 2021). In a developing 

country like Bangladesh, groundwater pollution by 

heavy metals causes environmental risk which may 

have a negative impact on the environment, and the 

effects may be irreparable. Savar is a rapidly growing 

industrial area of Bangladesh which is located near the 

capital city of Dhaka and many industries like 

garments, textile mills, electronic equipment, leather 

materials, chemicals, paper, fertilizers, metals, and 

miscellaneous manufactures have been established in 

the area. Industrial development causes pollution in 

both surface and groundwater in many areas of 

Bangladesh (Rahman et al., 2020). As an economic 

zone of Bangladesh, Savar Upazila is expanding its 

industrial area very quickly which may pose a great 

threat to the groundwater due to untreated and 

contaminated industrial wastes and debris. This 

necessitates the investigation of the quality of the 

groundwater used for drinking purposes by the 

inhabitants of Savar Upazila. The aim of the present 

study was to monitor the physicochemical properties 

and the levels of different elements (Cu, Cd, Cr, Fe, 

Mn, and Zn) for assessing the groundwater quality of 

Savar Upazila of Dhaka of Bangladesh.   

2. METHODOLOGY

2.1 Description of the study area and water

sampling

Our study sites were in the Savar Upazila which 

has an area of about 280 km2 and is the second largest 

Upazila of Dhaka District located on the northern side 

of the district. The geographical position of the studied 

area lies between 23°44'N and 24°12'N latitude and 

between 90°11'E and 128 90°22'E longitude. This is 

one of the most densely populated areas in the country 

which consists of a total population of about 1.39 

million people. The northern side of the Upazila is 

bounded  by  Kaliakair  and  Gazipur  Sadar  Upazilas, 

Keraniganj Upazila is on the south side, Dhamrai and 

Singair  Upazilas  are  found  on  the  West  and on  the 
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eastern side, Mirpur, Mohammadpur, Pallabi, and 

Uttara thanas are found. This studied region is a 

rapidly growing industrial and urbanized area of the 

country and surrounded by the Bangshi, Dhaleswari, 

Karnatali, and Turag Rivers.  

2.2 Sample collection and preservation 

A total of 38 groundwater samples (S1-S38) 

from different places of Savar Upazila adjacent to 

Dhaka City of Bangladesh were collected in the month 

of July, 2022 (Figure 1). The geographical positions of 

the selected sampling points were determined by 

Global Positioning System (GPS). To get fresh 

groundwater samples free from any kind of unwanted 

debris, the tap was run for 10 min before sampling and 

then the representative water samples (500 mL) were 

taken in acid-washed, cleaned plastic bottles which 

were rinsed three times with sampled water. The 

collected samples were shifted immediately to the 

Laboratory. The pH of the studied samples was 

measured by Hanna Instrument and some other 

physicochemical parameters such as total dissolved 

solids (TDS), electrical conductivity (EC), and 

temperature were analyzed by using a multiparameter 

analyzer EZDO 7200. For the analysis of six selected 

heavy metals (Cu, Cd, Cr, Fe, Mn, and Zn), the 

collected samples were then filtered using Whatman 

filter paper (number 42), acidified with 2 mL of 65% 

nitric acid (Merck, Germany) per litre of water for the 

removal of microbial growth, chemical absorption and 

precipitation (Singare et al., 2013), and then preserved 

in a refrigerator at 4ºC until final analysis.

Figure 1. Map of the sampling points of the Savar Upazila, Dhaka, Bangladesh 
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2.3 Reagents and standards 

Analytical grade reagents and calibration 

standards without any further treatment were used 

throughout the study. The six different metal standards 

of Fe, Zn, Mn, Cr, Cu, and Cd with a concentration of 

1,000 mg/L were obtained from inorganic ventures, 

USA. Reference standards with different 

concentrations and the reagent blank solution for 

escaping the risk of contamination during sample 

preparation and analysis were prepared with deionized 

distilled water. 

2.4 Analysis of metals 

The selected groundwater samples were 

analyzed by flame atomic absorption spectroscopy 

(AAS) (Model: AA-7000, Shimadzu Corporation, 

Japan) for this study. Background correction of the 

machine was done using the deuterium-arc lamp. An 

aliquot of the samples was injected into the air 

acetylene flame for six chosen metals (Fe, Zn, Mn, Cr, 

Cu, and Cd) using a Shimadzu auto sampler ASC-

7000. The operating conditions (shown in Table 1) for 

the Flame AAS were followed by the instrument 

manufacturer’s specifications. A blank reading was 

taken to allow background correction and necessary 

corrections were made during the calculation of 

concentration of our desired elements. The value of the 

blank sample was deducted from the studied 

groundwater samples to make sure that the equipment 

read only the particular values of heavy metals.

Table 1. The instrumental settings of AAS for metal analysis of groundwater samples of Savar Upazila 

Elements Wavelength Lamp current Slit width Gas flow rate 

Cd 228.8 nm 8 mA 0.7 nm 1.8 L/min 

Cr 357.9 nm 10 mA 0.7 nm 2.8 L/min 

Mn 279.5 nm 10 mA 0.2 nm 2.0 L/min 

Cu 324.8 nm 6 mA 0.7 nm 1.8 L/min 

Fe 248.3 nm 12 mA 0.2 nm 2.2 L/min 

Zn 213.9 nm 8 mA 0.7 nm 2.0 L/min 

2.5 Groundwater quality index (WQI) analysis 

The Department of Environment’s (DoE) 

standard for Bangladesh groundwater quality was used 

to determine the WQI using four steps (Rahaman et 

al., 2020). Firstly, the weight (wi) was assigned on a 

scale of 1 to 5 based on the likelihood that each 

parameter (pH, TDS, EC, Fe, Mn, Cu, Zn, Cd, and Cr) 

would have an adverse effect on human health (Tabrez 

et al., 2022). Secondly, the following equation was 

used to obtain the relative weight (Wi). 

Wi  =  
wi

∑ wi
n
i=1

(1) 

Where; wi=each parameter’s weight and n=total 

number of parameters. 

Thirdly, the quality rating scale (qi) was derived 

by using the formula: 

qi =  
Ci

Si
 × 100 

Where; Ci=each parameter’s concentration in 

mg/L and Si=groundwater standard value for a specific 

parameter as set by the DoE in mg/L. Finally, after 

calculating the sub index (SI) for each parameter, the 

WQI was computed by summing the SIs. The 

equations are: 

SIi = Wi  ×  qi  (2) 

WQI = ∑ SIi  (3) 

Where; SIi=subindex for ith parameter, 

qi=quality rating scale for ith parameter, and 

Wi=relative weight of ith parameter. Each parameter’s 

relative weights (Wi) have been calculated and given 

in Table 2. 

2.6 Statistical analysis 

Data for different physicochemical parameters 

and heavy metals of groundwater samples of the 

studied region of Dhaka were analyzed statistically 

using the Microsoft Excel 2016 software and the 

analyzed data were presented as mean±standard 

deviation (SD).
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Table 2. Relative weight of drinking water quality parameters 

Chemical parameters DoE standard Weight (wi) Relative weight (Wi) Reference 

pH 8.5 4 0.1176 Tabrez et al. (2022) 

TDS 1,000 4 0.1176 Tabrez et al. (2022)

EC 1,000 4 0.1176 Tabrez et al. (2022)

Fe 1 4 0.1176 Tabrez et al. (2022)

Mn 0.1 4 0.1176 Tabrez et al. (2022)

Cu 1 3 0.0882 Tabrez et al. (2022)

Zn 5 1 0.0294 Tabrez et al. (2022)

Cd 0.005 5 0.1471 Tabrez et al. (2022)

Cr 0.05 5 0.1471 Tabrez et al. (2022)

3. RESULTS AND DISCUSSION

3.1 Physicochemical characteristics of ground-

water of Savar Upazila

Different physicochemical parameters (pH, 

TDS, EC, and temperature) of the studied groundwater 

samples of Savar Upazila were analyzed and the 

obtained results were presented in Table 3. In our 

present study, the pH of the water samples from 

different regions of Savar Upazila ranged from 6.99-

7.62. The value of pH is a traditional measuring 

parameter for water that affects biological and chemical 

reactions. The solubility and toxicity of chemicals and 

heavy metals in the water can be highly affected based 

on the level of pH in  the water (EPA, 2012). Low level 

of pH in drinking water has a profound effect on pipes 

which may be degraded and may increase the level of 

toxic metals in the water supply, causing health issues 

if consumed. Besides, water containing high pH 

provides an unpleasant taste and has certain concerns 

such as skin and eye irritations (Fink, 2005). The 

average (±SD) pH value of groundwater samples of 

Savar was obtained at 7.24 (±0.28) which is slightly 

alkaline in nature. According to the water quality 

standards of WHO (2011) and DPHE, Bangladesh 

(2019), the pH of drinking water should be between 6.5 

and 8.5 and the measured pH of the water of the studied 

region is within the allowable limit. A similar study in 

Savar Upazila documented the mean pH value of 6.90 

which also followed the standard range of  WHO (2011) 

and DPHE, Bangladesh (2019) (Hasan et al., 2022). 

The level of pH in the water of Dhaka metropolitan city 

was obtained (6.54±0.42) which was found slightly 

acidic in nature (Sharmin et al., 2020) while the mean 

pH was characterized  as alkaline (8.07±0.51) in an 

industrial area of Narayanganj City (Rahman et al., 

2020).  

One of the most important parameters for 

drinking water quality assessment is TDS which is 

comprised of dissolved substances and organic matter 

in water. The mean±SD of TDS value in this study was 

reported 181.63±82.69 mg/L which was under the 

permissible limit proposed by different national and 

international authorities. The highest TDS was 

obtained in the S1 site and the value was 437 mg/L, 

while the lowest TDS value was 73 mg/L obtained in 

the S24 site. The mean TDS was reported  at 270.80 

mg/L in groundwater samples of Savar Upazilla in 

another study done by Hasan et al. (2022).  In other 

recent studies, the mean TDS value was reported 

321.30 mg/L, 242.25 mg/L, 237.5 mg/L, and 162.2 

mg/L in Dhaka Metropolitan City, Rangpur, Gazipur, 

and Jamalpur area of Bangladesh, respectively (Bakali 

et al., 2014; Zakir et al., 2018; Saha et al., 2019; 

Sharmin et al., 2020). Another essential water quality 

assessment parameter is EC which was measured in 

the collected water samples of our studied region and 

it was observed that the EC varies from 117-654 

µS/cm which was within the standard limit set by 

WHO (2011) and USEPA (2009). EC has a strong 

relationship with TDS. The mean value of EC in the 

studied area was 265.47 μS/cm which was lower than 

the studies performed in Chittagong, Rajshahi, and 

Sylhet (Ahmed et al., 2010; Mostafa et al., 2017; 

Ahmed et al., 2019). As TDS and EC values are 

interdependent, high values are a sign of salt in the 

groundwater (Hasan et al., 2022). According to 

Bangladesh standards, the water temperature (ºC) 

should be ranged between 28 and 30, and in our study 

done in Savar Upazila, it varies from 27.7-30.5ºC with 

a mean of 29.40±0.70ºC which was within the safe 

limit of DPHE, Bangladesh (2019) standard. 
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Table 3. The physicochemical properties of studied groundwater samples of Savar Upazila 

Sampling station Longitude Latitude pH TDS (mg/L) EC (µS/cm) Temperature (ºC) 

S1 90.3277 23.7876 6.94 437 654 28.9 

S2 90.3268 23.7881 7.01 247 361 29.6 

S3 90.3259 23.7887 7.04 312 470 29.6 

S4 90.2802 23.7951 7.25 204 308 29.6 

S5 90.2798 23.7942 7.00 215 327 29.7 

S6 90.2713 23.7933 7.22 227 342 29.8 

S7 90.2573 23.8116 7.15 222 334 29.6 

S8 90.2575 23.8140 7.52 213 317 29.5 

S9 90.2569 23.8165 7.68 250 376 29.5 

S10 90.2574 23.8391 7.30 182 274 29.8 

S11 90.2592 23.8510 6.92 257 385 29.7 

S12 90.2632 23.8605 6.80 212 315 29.5 

S13 90.2727 23.8721 7.02 137 203 29.6 

S14 90.2732 23.8800 7.62 105 164 29.5 

S15 90.2719 23.8896 6.85 103 160 29.1 

S16 90.2539 23.9032 7.72 87 131 29.8 

S17 90.2592 23.9115 7.29 177 263 29.7 

S18 90.2603 23.9128 6.56 97 147 30.5 

S19 90.2661 23.9223 7.51 106 157 28.5 

S20 90.2589 23.9267 7.40 112 165 27.7 

S21 90.2665 23.9305 7.55 104 156 27.8 

S22 90.2709 23.9603 7.66 78 117 28.2 

S23 90.2797 23.9551 7.58 86 132 27.7 

S24 90.2723 23.9368 7.36 73 119 30.0 

S25 90.2757 23.9362 7.30 107 163 29.8 

S26 90.2768 23.9364 7.00 236 393 29.6 

S27 90.2927 23.9367 7.30 252 376 29.7 

S28 90.2896 23.9372 7.30 170 255 29.7 

S29 90.2838 23.93715 7.20 171 256 29.9 

S30 90.3080 23.9308 7.10 157 236 29.7 

S31 90.3074 23.9321 7.02 158 238 29.6 

S32 90.3039 23.9341 7.02 158 237 29.6 

S33 90.3207 23.9105 7.69 396 265 28.7 

S34 90.31874 23.9131 7.10 184 274 28.7 

S35 90.3187 23.9136 7.20 205 312 28.6 

S36 90.3309 23.8972 7.60 183 282 28.6 

S37 90.3308 23.8980 7.40 192 291 28.8 

S38 90.3296 23.8989 7.05 90 133 30.0 

Mean 7.24 181.63 265.47 29.4 

SD 0.28 82.69 112.07 0.71 

DPHE, Bangladesh (2019) 6.5-8.5 1,000 - 20-30 

BIS (2012) 6.5-8.5 500-2,000 - 20-30 

WHO (2011) 6.5-8.5 500 1,500 - 

USEPA (2009) 6.5-8.5 500 750 - 

3.2 Concentration of different heavy metals in 

groundwater of Savar Upazila 

The concentrations of the six selected heavy 

metals (Cu, Cd, Cr, Fe, Mn, and Zn) in the studied 

groundwater of 38 different locations of Savar Upazila 

of Dhaka are shown in Table 4. Figure 2 illustrates the 

average concentration of the studied heavy metals 

found in collected groundwater samples of the Savar 
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Area of Dhaka, Bangladesh. The obtained results for 

heavy metals concentration showed the decreasing 

order of Fe > Zn > Mn > Cr > Cu > Cd and the Fe was 

detected in the highest amount with an average (±SD) 

of 0.136 (±0.188) mg/L. The value of Fe in the 

selected locations of the Upazila ranged from Below 

the Detection Limit (BDL) to 0.756 mg/L, where the 

maximum Fe was detected in the S9 site of the 

Upazila. The maximum acceptable limit of Fe in 

drinking water is 1 mg/L according to the drinking 

water standard set by the DPHE, Bangladesh (2019) 

and all the samples showed lower levels of Fe than the 

DPHE, Bangladesh (2019) standard, though 

groundwater from four different locations, S7, S9, 

S11, and S12, of Savar crossed the international 

regulations which is 0.3 mg/L set by Health Canada 

(2001), USEPA (2009), BIS (2012), and WHO (2011). 

The obtained concentration of Fe in studied 

groundwater ties well with the previous study done in 

the Savar Upazila wherein the content of Fe in 

groundwater was 0.18 mg/L which was also lower 

than the standard water quality guideline values 

(Hasan et al., 2022). The reported Fe level was 

compared with other studies done in different cities of 

Bangladesh and it was observed that the level of Fe in 

the groundwater of the Savar Area was comparatively 

lower than Sylhet, Rajshahi, Chittagong, Lakshipur, 

which exceeded the standard limits, while studies from 

Dhaka Metropolitan City, Gazipur which are near to 

our studied region also maintained drinking water 

standards (Table 5). From the study of Sharmin et al. 

(2020) and Bodrud-Doza et al. (2020), it was clearly 

seen that the Fe level in Dhaka City was 0.0896 mg/L, 

and 0.208 mg/L, respectively, which was also within 

the safe limit of drinking water quality.  

Table 4. Concentration (mg/L) of heavy metals and estimated WQI value with the classification of studied groundwater of Savar Upazila 

Sampling station Zn Fe Mn Cr Cd Cu WQI Classification 

S1 0.4891 0.0078 0.0126 0.0358 BDL 0.0077 34.90 Excellent 

S2 0.0524 0.0563 0.0108 0.0358 BDL 0.0115 29.45 Excellent 

S3 0.0460 BDL 0.0042 0.0393 BDL 0.0045 31.06 Excellent 

S4 0.0588 0.0089 0.3213 0.0184 BDL 0.0071 59.47 Good 

S5 0.0615 BDL 0.0135 0.0271 BDL 0.0071 25.72 Excellent 

S6 0.0830 0.0606 0.0130 0.0289 BDL 0.0090 27.56 Excellent 

S7 0.0654 0.4020 0.0387 0.0098 0.0017 0.0052 33.69 Excellent 

S8 0.1368 0.2448 0.0515 0.0150 0.0037 0.0083 41.03 Excellent 

S9 0.0691 0.7564 0.2320 0.0202 0.0012 0.0052 63.74 Excellent 

S10 0.0190 0.0002 0.0343 0.0011 0.0019 0.0102 25.52 Excellent 

S11 0.1407 0.6681 0.0232 0.0098 0.0019 0.0127 36.39 Excellent 

S12 0.0668 0.5862 0.0179 0.0115 0.0030 0.0096 36.94 Excellent 

S13 0.1107 0.2943 0.0303 BDL 0.0015 0.0285 25.47 Excellent 

S14 0.0185 BDL 0.0011 0.0011 0.0019 0.0096 19.85 Excellent 

S15 0.1272 0.1015 0.0090 0.0011 0.0012 0.0228 18.96 Excellent 

S16 0.5229 0.0218 0.0128 0.0092 0.0039 0.0228 29.70 Excellent 

S17 0.0194 BDL 0.0076 0.0116 0.0026 0.0071 27.29 Excellent 

S18 0.0493 0.0175 0.0053 0.0092 0.0027 0.0064 23.51 Excellent 

S19 0.0119 BDL 0.0222 0.0116 0.0031 0.0071 28.70 Excellent 

S20 0.0133 BDL 0.0121 0.0139 0.0032 0.0083 28.51 Excellent 

S21 0.0119 BDL 0.0083 0.0116 0.0029 0.0071 26.50 Excellent 

S22 0.2928 0.0724 0.0098 0.0185 0.0031 0.0127 29.74 Excellent 

S23 1.7110 0.2071 0.0290 0.0162 0.0038 0.0096 35.94 Excellent 

S24 0.0488 0.1723 0.0152 0.0140 0.0075 0.0117 42.57 Excellent 

S25 BDL 0.1845 0.0167 0.0089 0.0060 0.0103 37.77 Excellent 

S26 BDL 0.1740 0.0203 0.0073 0.0052 0.0075 39.03 Excellent 

S27 BDL 0.1671 0.0191 0.0174 0.0013 0.0167 27.75 Excellent 

S28 0.0303 0.0017 0.0195 0.0089 0.0037 0.0110 30.30 Excellent 

S29 BDL 0.1340 0.0235 0.0073 0.0009 0.0117 23.60 Excellent 

S30 0.1066 0.0313 0.0215 0.0089 BDL 0.0096 23.15 Excellent 
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Table 4. Concentration (mg/L) of heavy metals and estimated WQI value with the classification of studied groundwater of Savar Upazila 

(cont.) 

Sampling station Zn Fe Mn Cr Cd Cu WQI Classification 

S31 BDL 0.0278 0.0211 0.0106 BDL 0.0089 21.11 Excellent 

S32 0.0550 0.0174 0.0215 0.0140 BDL 0.0082 21.95 Excellent 

S33 0.0677 0.1793 0.0627 0.0056 0.0045 0.0103 42.92 Excellent 

S34 BDL 0.1462 0.0199 0.0123 0.0037 0.0082 33.85 Excellent 

S35 0.0303 0.2558 0.0223 0.0157 0.0039 0.0103 37.88 Excellent 

S36 0.0860 0.0609 0.0215 0.0292 0.0005 0.0110 29.44 Excellent 

S37 BDL 0.0696 0.0255 0.0190 0.0037 0.0110 36.31 Excellent 

S38 0.0147 0.0296 0.0203 0.0174 BDL 0.0103 20.33 Excellent 

Mean 0.1210 0.1360 0.0335 0.0146 0.0022 0.0104 31.78 

S.D. 0.2890 0.1880 0.0600 0.0096 0.0019 0.0049 9.644 

Figure 2. Comparison of the mean concentration (mg/L) of heavy metals in groundwater of Savar 

The level of Zn was also analyzed in studied 

groundwater samples and it was detected in the highest 

amount followed by Fe. The mean concentration of Zn 

in the Upazila was documented as 0.121±0.289 mg/L 

which was far below the tolerable limit provided by 

both national and international regulatory bodies. The 

range for Zn in the groundwater of our study area in 

Upazila was BDL-1.711 mg/L. The location S23 

contained the maximum level of Zn (1.711 mg/L) in 

the present study. Our study clearly showed that there 

is no risk in the consumption of water on the basis of 

the concentration of Zn. A similar study in a coastal 

area in Bangladesh showed the mean concentration of 

Zn (0.17333±0.12146) mg/L that followed the 

standard range of Health Canada (2001), USEPA 

(2009), BIS (2012), and WHO (2011) (Deeba et al., 

2021). Another study showed the average 

concentration of Zn (0.010383±0.010199) mg/L that 

was absolutely fine according to drinking water 

quality standards and consistency with our study 

(Bodrud-Doza et al., 2016). Previous studies from 

Rakib et al. (2020), Bhuiyan et al. (2016), and Sharmin 

et al. (2020) detected the concentration of Zn in 

different cities in Bangladesh and the value was 0.420, 

0.02164, and 0.0053 mg/L, respectively, which were 

all within the water quality guidelines.  

The concentration of Mn in the groundwater of 

the Savar area varied from 0.0011-0.3213 mg/L, 

reaching an average of 0.0335 mg/L. The maximum 

allowed limit of Mn in drinking water is 0.4 mg/L and 

0.1 mg/L set by WHO (2011) and DPHE, Bangladesh 

(2019) respectively. In addition, Health Canada (2001) 

and USEPA (2009) determined a maximum limit of 

0.05 mg/L for Mn. Though the samples from S4 
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(0.3213 mg/L) and S9 (0.232 mg/L) sites exceeded the 

limit of DPHE, Bangladesh (2019), Health Canada 

(2001), and USEPA (2009), the level of Mn was still 

within the permissible limit of WHO (2011). The Mn 

content from the present investigation was compared 

with recent past findings. Our data are consistent with 

other studies done on the groundwater samples of 

Dhaka city nearby Savar Upazila. The mean 

concentration of Mn was determined  to be 0.057 

mg/L, and 0.058 mg/L in Dhaka city groundwater 

samples studied by Bodrud-Doza et al. (2020) and 

Sharmin et al. (2020), respectively. Another study 

described the mean Mn value as 0.22693 mg/L which 

was under the permissible limit of WHO (2011), but 

exceeded the DPHE, Bangladesh (2019) standard 

(Deeba et al., 2021) (Figure 3). 

Figure 3. Maximum permitted limits of heavy metals (mg/L) for drinking water quality 

The concentrations of Cr and Cu in the 

groundwater of the Savar Upazila of Dhaka varied 

among the sampling locations (S1-S38) and the 

mean±SD of the metals were 0.0146±0.0096 and 

0.010±0.0049 mg/L, respectively. Hasan et al. (2022) 

found a similar amount of Cr from the groundwater 

samples of Savar Upazila and it was reported as 

0.01152 mg/L. Cr is a vital ingredient for the human 

metabolism of sugar and fat, but excessive amounts 

from eating, inhalation, or skin contact may be 

harmful to one’s health (Rahman et al., 2020). Both 

the Cr and Cu levels in the studied Upazila were found
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under the permissible limit of drinking water quality. 

The observed data, therefore, indicated that the 

groundwater samples of Savar Upazila were not 

contaminated with Cr and Cu. A minor quantity of Cu 

is required for maintaining sound health and if 

exposed to excess concentration, these may cause 

various health complications such as gastrointestinal 

distress, anemia, and disrupt liver and kidney 

functions. A similar kind of research on Dhaka City 

detected almost the same amount of Cu (0.0096 mg/L) 

in groundwater (Sharmin et al., 2020). Deeba et al. 

(2021) reported a high level of Cu (0.05680±0.01522 

mg/L) at the South Eastern Coastal Area, Cox Bazar 

District which was beyond the limit of both WHO 

(2011) and DPHE, Bangladesh (2019). Most of the 

cities of Bangladesh showed a higher level of Cu than 

the present report, while in the Jamalpur Area of 

Bangladesh, the amount of Cu was detected at a low 

level in groundwater (Table 5). In a study of the 

Chittagong area, the level of Cu (0.010 mg/L) was 

found in a similar amount that was obtained in our 

present study. Except for Kushtia, the concentration of 

Cd (0.0022 mg/L) in our study was lower than the 

other cities of Bangladesh (Table 5). In the studied 

location of S24, the maximum amount (0.0075 mg/L) 

of Cd was detected and the level exceeded the 

maximum allowable limit of drinking water which is a 

great concern. Among all the samples of groundwater, 

only two samples (S24 and S25) were beyond the limit 

of DPHE, Bangladesh (2019) as the standard 

determined the maximum level as 0.005 mg/L. 

3.3 Water quality index (WQI) 

The suitability for human consumption of our 

studied groundwater was assessed by measuring the 

Water quality index (WQI) value. The results indicated 

that the range varied from location to location of Savar 

Upazila of Dhaka of Bangladesh. Following the 

standard equations, the obtained result was presented in 

Table 4 and the result revealed that the WQI for the 

selected samples ranged between 18.96 and 63.74 with 

a mean value of 31.78. WQI is usually categorized into 

five different classes from excellent to unsuitable for 

drinking (Table 6). The method used for WQI indicated 

that the permissible WQI value for drinking is 

considered 100 and the water quality will be 

categorized as poor and hence unsuitable for drinking if 

the value surpassed this tolerable limit. Our study 

reported that almost all the studied groundwater quality 

was excellent while a sample from the site S4 was 

categorized as good (59.47) and hereafter, it can be 

inferred that the groundwater is safe and suitable for 

drinking purposes by the dwellers of the Savar Upazila 

of Dhaka, Bangladesh. 

Table 6. Drinking water categories based on WQI values (Ramakrishnaiah et al., 2009; Tabrez et al., 2022). 

WQI range Category of water Number of location Percentage of groundwater samples 

<50 Excellent water 37 97.44 

50-100 Good water 1 2.56 

100-200 Poor water - - 

200-300 Very poor water - - 

>300 Unsuitable for drinking - - 

4. CONCLUSION

The major focus of the present investigation 

was to monitor the groundwater quality of Savar 

Upazila of Dhaka for evaluating its suitability for 

drinking purposes. Safe drinking water is obligatory 

for human health which will save us from many water-

borne diseases. The residents of the Upazila almost 

entirely rely on groundwater for their daily activities 

such as drinking, bathing, washing, and other 

household activities. The obtained physicochemical 

parameters (pH, TDS, EC, and temperature) and the 

level of six different metals (Cu, Cd, Cr, Fe, Mn, and 

Zn) in almost all the studied water were within the 

guideline values proposed by different regulatory 

authorities. The level of Mn in two different sites of 

Savar exceeded the desirable standard limit of 

Bangladesh while the limit was within the maximum 

allowed level of WHO (2011). Though the 

concentration of Cd in two different locations was 

beyond the maximum residue limit, the measured 

WQI values of the groundwater samples of Savar area 

revealed that all the water samples were in the good to 

excellent category and recommended as suitable for 

drinking and may be considered as safe reserves of 

water for future use. Therefore, it can be concluded 

that our studied groundwater quality is considered 

suitable for drinking on the basis of the level of our 

studied physicochemical parameters and WQI 

276



Nesha M et al. / Environment and Natural Resources Journal 2023; 21(3): 266-278

analysis. This study can help the national authorities 

of Bangladesh to know the current status of the 

drinking water quality of the Savar Upazila and may 

aide taking appropriate measures for maintaining the 

standard quality of drinking water for safe 

consumption in the future. It is recommended that 

seasonal variation should be measured in the regions 

and periodic monitoring should be carried out to retain 

the standards of the water and, thus, to maintain 

functional human health. 
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Mining activity always presents threats to soil and water pollution. As an 

extractive industry, it disturbs the ground and the biodiversity associated with 

soil and plants. Its operations have led to severe geological and environmental 

problems, including the depletion of land and water resources, geological 

dangers, and ecological landscape devastation that may have accelerated the 

desertification of mining areas. This case study analyzed the soil’s physical and 

chemical properties in a nickel laterite mine, including soil erodibility K factor, 

soil pH, and heavy metal accumulation, as a basis for establishing mine 

management protocol during and post-mining operations in Tubay, Agusan del 

Norte, Philippines. Results determined a slightly alkaline pH level. An estimate 

of soil erodibility ranging from 0.016 to 0.066 was determined using the USLE-

K factor, with the highest erodibility at Mine 7, where % silt is high and % sand 

is lowest. X-ray fluorescence (XRF) spectroscopy was used to analyze soil 

samples. The findings show that Ni, Fe, Co, and Mn in the soil were above the 

WHO-permitted limits. The surface soil had mean values of 9,239 ppm for nickel, 

302,618 ppm for iron, 639 ppm for cobalt, and 5,203 for manganese. Heavy 

metals in soil may be consumed by crops and pollute land and water. 
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1. INTRODUCTION

Nickel ore mining plays an immense role in the 

global nickel industry (Trescases, 1997) by creating 

valuable technologies and infrastructure, including 

operations in agriculture. They are Mg-rich or 

ultramafic rocks with primary Ni contents ranging 

from 0.2 to 0.4 percent through a lateritisation process 

(Golightly, 1981). The depth of a nickel laterite profile 

usually ranges from 10 meters to 50 meters below the 

surface (Nahon, 1986) and is excavated through open-

cut mining methods, removing wasteful overburden.  

Mining has long been vital to human economic 

prosperity; however, the economic and technological 

demands have increased mining disturbance over the 

years. Its operations have resulted in severe geological 

and environmental issues, such as the degradation of 

land and water supplies, geologic hazards, and 

ecological landscape destruction, potentially 

contributing to the desertification of mining areas (Jha, 

2020; Lei et al., 2016; Wu, 2017; Zhang et al., 2011). 

Generally, nickel extraction significantly impacts 

water and sediment quality (Schmidt et al., 2012) if 

left uncontrolled and improperly managed. 

The Philippines possesses vast copper, gold, 

nickel, and other minerals. Its economic expansion is 

fueled by the mining sector, both directly and 

indirectly. Approximately 24 nickel ore mines are 

active in the country. As of 2021, Region XIII - Caraga 

has fourteen (14) companies focused on exploring 

Nickel ore mines, with one location in Tubay, Agusan 

del Norte. The Tubay nickel ore mining site is about 

10 km south of Lake Mainit, with rolling mountains, 

dense flora on the sidehills, and flatlands that encircle 

the coastline area. It receives 2,125.7 millimeters of 

precipitation annually with an average of 157 days 

with precipitation, according to climatic normal data 
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from 1991 to 2021. The mining site is in a nearby 

community where the livelihood of the locals is 

mainly rice farming and fishing. Due to its proximity, 

the co-existence of mining and agriculture poses harm, 

especially in extreme rainfall events where erosion 

and sediment transfer can be a significant threat. 

Soil erodibility, K, as a measure of soil 

sensitivity to erosion, shows the intrinsic susceptibility 

or resistance of the soil to erosive action and is the most 

critical component in predicting soil loss (Huang et al., 

2022; Ostovari et al., 2019; Salehi-Varnousfaderani et 

al., 2022). The K factor in Universal Soil Loss Equation 

or USLE (Wischmeier and Smith, 1986) is most 

adopted in soil erosion models (Auerswald et al., 2014; 

Kulikov et al., 2020), represented by Equation 1: 

A =  R × K × L × S × C × P    (1) 

Where; A is average annual soil loss, R is the 

rainfall factor, K is the soil erodibility factor, LS is the 

topography factor, C is the crop factor, and P is the 

control practice factor.  

USLE is a conservation tool generally accepted 

and widely used in various kinds of research regarding 

soil management. It includes the estimation of erosion 

for land use (Okorafor et al., 2018), upland erosion 

(Almasalmeh et al., 2021; National Institute of 

Hydrology, 2017), specific sediment yield (Rajbanshi 

and Bhattacharya, 2020), erosion patterns (Pijl et al., 

2020), as well as estimating soil erosion in mining 

(Ramli et al., 2020). This model and its subsequent 

Revised (RUSLE) and Modified (MUSLE) variants 

are commonly used worldwide, with a significant 

number of developed models (Aksoy et al., 2019; 

Hajigholizadeh et al., 2018). It has inspired several 

other models, including LISEM (Limburg Soil 

Erosion Model) (de Roo et al., 1998), WEPP (Water 

Erosion Prediction Project) (Morgan and Nearing, 

2011), EUROSEM (European Soil Erosion Model) 

(Morgan et al., 1998), EGEM (Ephemeral Gully 

Erosion Model), and PESERA (Pan European Soil 

Erosion Risk Assessment) (Okorafor et al., 2018) and 

EPIC - Erosion Productivity Impact Calculator 

(Williams et al., 1990). 

Sediment mobility through runoff directly 

impacts land and water quality. They are classified as 

significant contaminants in the aquatic environment 

(Frey et al., 2015; Milligan and Law, 2013). In a 

scenario where there is an anthropogenic activity like 

mining, heavy metals such as Ni, Fe, and Al are present 

in high concentrations (Apodaca et al., 2018; Gavhane 

et al., 2021) in mine waste (tailings dams and 

overburden waste rock sites) (El Azhari et al., 2017; 

Chileshe et al., 2020; Lei et al., 2016). In turn, heavy 

metals could endanger agricultural resources due to 

surface or groundwater pollution, offsite contamination 

via water erosion, and uptake by plants (Chileshe et al., 

2020; Shirani et al., 2020). Additionally, fishes tend to 

experience sublethal stress from suspended sediments 

(Binet et al., 2018; Wang et al., 2020) rather than 

lethality. Additionally, natural weathering, such as 

wind erosion, rainfall flushing, and sulfide oxidation in 

the discarded overburden, may release heavy metals 

into soils, surface water, and groundwater, posing 

environmental hazards (Bartzas et al., 2021). 

It is crucial to understand the possible impacts 

of the open-pit nickel mining site on its surrounding 

environment. Hence, the USLE-K factor is used in this 

study to examine the soil erodibility in Tubay, Agusan 

del Norte. Heavy metal accumulation in the soil is 

determined using X-ray fluorescence (XRF) 

spectroscopy. XRF spectroscopy has proven to be a 

dependable method for an in-situ soil analysis to 

evaluate metal pollution (Peralta et al., 2020). This 

study can produce insight that gives awareness to the 

locality, better mine management, and a decision tool 

for policymaking in the local government unit. 

2. METHODOLOGY

2.1 Study site background

The research area (Figure 1) is a nickel ore 

mining facility located in the northern part of Agusan 

del Norte, Mindanao, Philippines, under the 

jurisdiction of the municipalities of Tubay, Jabonga, 

and Santiago, Agusan del Norte. The mine site lies 

within 9°10'30" and 9°19'30" north latitude and 

125°29'30" to 125°33'30" east longitude. It is within a 

4,995-hectare Mineral Production Sharing Agreement 

(MPSA) contract area. Boundaries of the mining site 

include the western range approximately 10 km south 

of Lake Mainit, rolling mountains with thick and 

varied vegetation on the sidehills, and flatlands that 

encompass the coastal area. According to the soil order 

classification by the Bureau of Soil and Water 

Management (BSWM) (DA-BSWM, 2017), the soil 

study site falls under Acrisols. The subsurface of 

Acrisols has more clay than the topsoil due to 

pedogenetic processes (particularly clay migration) 

that result in an argic subsoil horizon. Acrisols have 

low-activity clays and low base saturation in the 50-

100 cm deep range. They are most prevalent in 

tropical, subtropical, and warm temperate regions 
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where forests dominate native vegetation (IUSS and 

WRB, 2015). Acrisols are taxonomically related to 

USDA soil order Oxisols. Oxisols are tropical and 

subtropical soils with a high level of weathering and 

are rich in minerals such as quartz, kaolinite, and iron 

oxides (USDA-NRCS, 2023). 

The   mining   facility   has   twelve   areas   for 

exploration; however, during the study, four of the 

mining sites were inaccessible, and safety was at risk; 

hence this study focuses on seven mining sites: 1, 2, 3, 

4, 5, 7, and 9. The discharge area (10) was also 

included. As of 2021, an estimated 20% of the mined 

area was undergoing rehabilitation leaving at most 

80% bare soil. 

Figure 1. Study area for soil quality assessment 

2.2 Soil sampling and analysis 

A total of eight mine locations served as test 

zones for soil samples, including the discharge area, to 

evaluate the soil composition in the nickel laterite 

mine. This research utilized a composite soil sampling 

method. Each mine site had 18 subsamples taken, 

totaling 144 subsamples. Each subsample was mixed 

and blended to create three homogenous samples, 

while large rocks and other elements were removed. 

Forty-eight (48) composite samples, 24 at the mine 

surface and 24 at the settling ponds, were analyzed for 

this study. 

Soil samples were collected from 0 to 15 

centimeters from the top surface. Each sample was air-

dried and sieved through a 2 mm mesh for analysis, 

including particle size distribution of sand, silt, clay, 

soil texture, organic matter content, and pH. Table 1 

presents the summary of the soil analysis conducted in 

this study. 

Particle Size Analysis (PSA) determines the 

soil’s relative sand, silt, and clay amounts. These size 

fractions constitute the mineral component of the soil 

when combined. The particle distribution of sand (0.05-

2.00 mm), silt (0.05-2.00 mm), clay (<2 mm), and clay 

were determined using the sieve analysis and 

hydrometer method (Gee and Or, 2004) and USDA 

triangle (USDA, 1987) for soil texture. Table 2 presents 

the common soil textural classes according to USDA.

Table 1. Summary of soil analysis conducted in this study 

Parameter Method Reference 

% Sand Sieve analysis Gee and Or (2004) 

% Silt Sieve analysis/ Hydrometer test Gee and Or (2004) 

% Clay Sieve analysis/ Hydrometer test Gee and Or (2004)

Organic matter Loss of ignition   Nelson and Sommers (2018);  

ASTM D7348 (Webster, 2003) 

Soil pH Electrochemical ASTM D4972-19 

Heavy metals (Ni, Co, Fe, Mn) XRF 

Soil erodibility factor, K USLE Wischmeier and Smith (1986) 
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Table 2. USDA textural classes of soil (coarse and moderately coarse) 

Common names of soils (general texture) Sand Silt Clay Textural class 

Sandy soils (coarse texture) 86-100 0-14 0-10 Sand 

70-86 0-30 0-15 Loamy sand 

Loamy soils (moderately coarse texture) 50-70 0-50 0-20 Sandy loam 

Soil texture affects nutrient retention, water 

storage, drainability, and other agricultural variables. 

Clay soils hold more nutrients and water than sandy 

soils.  

Soil organic matter plays a crucial role in soil 

quality and erodibility. It influences how soil particles 

aggregate to form a stable soil structure (Kumar and 

Kushwaha, 2013). It is measured using the Loss of 

Ignition (LOI) method (Nelson and Sommers, 2018), 

Equation 2: 

%OM =  
W105 −  W450

W105
 ×  100     (2) 

Soil samples (2mm) were carefully weighed 

and put into a 450°C preheated porcelain crucible. 

Samples were dried in the furnace at 105°C for 16 

hours and left cool in a desiccator, establishing the 

initial weight (W105). The samples were heated again 

to 450°C in the furnace for 16 hours. After cooling, the 

final weight (W450) is determined. According to 

(Murphy et al., 2012), soil organic matter levels are 

based on the soil textural class, ranging from 

extremely low (1%) to average (2% to 4%) to very 

high (>5%) by weight. 

Soil erodibility factor K of the Universal Soil 

Loss Equation (USLE) (Wischmeier and Smith, 1986) 

determines the estimated soil erodibility in the area. 

Soil erodibility is a critical indicator for assessing a 

soil’s erosion vulnerability, with a mathematical 

formula shown in Equation 3: 

K =  2.1 M1.14 ×  10−4 (12 − OM) (3) 

+3.25(S − 2) + 2.5(P − 3)

Where; M, Equation 4, is the texture of the top 

15 cm of soil, Equation 4, relating to soil particles, OM 

is the organic matter content determined in the 

laboratory, as described in Table 2 using the Loss of 

Ignition (LOI) method (Nelson and Sommers, 2018), 

and S and P are codes for soil structure and 

permeability, respectively. The percentage of clay is 

0.002  mm,  the percentage of silt is  0.002-0.050  mm, 

and the percentage of extremely fine sand is 0.05-0.10 

mm (USDA, 1987).  

M = (100 − % clay) (% very fine sand + % silt)   (4) 

As the soil texture becomes finer, soil 

erodibility increases. Increased erodibility readings 

imply that the soil is more prone to erosion (Kumar 

and Kushwaha, 2013). Soil erodibility factor ranges 

from 0.02, the least erodible,  to 0.64, for most erodible 

soils (IWR, 2002). Clay-rich fine-textured soils have 

low K values ranging from 0.02 to 0.15, while sandy 

soils range from 0.05 to 0.20. Medium textured soils, 

including silt loam, have moderate K values, 0.25 to 

0.40. Silty soils are the most erodible, crust readily, 

and have a high drainage rate (Pijl et al., 2020). 

Soil samples at MS and SP passing through a 2 

mm sieve were evaluated for pH level. Soil pH 

measures soil acidity or alkalinity and is crucial in 

agricultural productivity management (Gozukara et 

al., 2022). Nutrient mobilization, microbial activity, 

and plant uptake increase with ideal pH. In this study, 

soil pH determination used an electrochemical method 

described by (Webster, 2003) and ASTM D4972-19. 

Twenty (20) g of air-dried soil was added with 20 mL 

of reagent water, covered, and continuously stirred at 

240 rpm for 5 min. The soil suspension was allowed 

to stand for about 1 hour to allow most of the 

suspended clay to settle out from the suspension. After 

which, the electrodes for pH reading was immersed 

into the suspension. Soil pH ranges from <5.5 as 

strongly acidic to strongly alkaline at >9.2. The ideal 

soil pH is between 6.5 and 7.5, approaching neutral 

(Khan et al., 2022).  

X-ray fluorescence (XRF) spectroscopy, a non-

destructive method in determining the elemental 

makeup of substances, was used to analyze heavy 

metals in the soil samples, including Ni, Co, Fe, and 

Mn. Powdered soil samples (approximately 50 µm) 

were placed in a 30 mm outer ring cup with holes lined 

with a 3.6 µm Mylar film and were analyzed using the 

Epson 1 EDXRF machine. The maximum permissible 

limits for Ni, Co, Fe, and Mn according to World Health 

Organization (WHO, 1996) are listed in Table 3. 
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Table 3. Maximum allowable limit of heavy metals concentrations 

in soil by WHO (1996) 

Heavy metal Maximum permissible level in soil in ppm 

Ni 50 

Fe 50,000 

Co 50 

Mn 2,000 

2.3 Statistical analyses 

Pearson’s correlation analysis determined the 

relationships between the soil erodibility indicators 

and their influencing factors. The linear regression 

method evaluated the correlations between soil 

erodibility indicators and soil surface characteristics. 

3. RESULTS AND DISCUSSION

3.1 Particle size distribution, soil texture, organic

matter, and K factor

Table 4 displays the soil particle distribution (% 

sand, % silt, % clay) and organic matter content within 

the research region’s 0-15 cm topsoil. The study 

region has an average sand content of 90.61 percent, 

7.76 percent silt, 1.33 percent clay, and an average 

organic matter content of 4.33 percent, classified as 

sandy soil (USDA, 1987). Categorizing by each mine 

site, each was classified as sandy except for Mine site 

7. Mine site 7 falls under the loamy sand classification,

which recorded the most significant percentage of silt

and the lowest percentage of sand.

Mine site 4 recorded the highest % of sand at 

94.46% and the lowest at Mine site 7 (84.78%). 

Percent silt is also highest at Mine site 4 (8.43%) and 

lowest in Mine site 2 at 4.07%. Clay concentration in 

the mining site is generally low, ranging from the 

highest at 2.72% (discharge) and the least at 1.21% 

(Mine site 1). By Murphy rating, the site has a high to 

extremely high OM rating (Murphy et al., 2012), with 

the highest value at site 5 (7.42%) and the lowest at 

mine 1 (2.3%). The estimated K values are generally 

low due to the high sand concentration (Pijl et al., 

2020). K factors are most significant at mine site 7, 

where the percentage of sand is lowest, and silt is the 

most abundant. 

Table 4. Summary data on particle size distribution, soil texture, organic matter, and K factor 

Site Elevation (m) % Sand % Silt % Clay Soil Texture % OM USLE-K 

Mine 1 209 92.99 5.80 1.21 Sandy 2.38 0.027 

Mine 2 245 94.46 4.07 1.47 Sandy 3.45 0.017 

Mine 3 265 93.23 5.15 1.62 Sandy 2.29 0.016 

Mine 4 262 90.27 8.43 1.30 Sandy 6.52 0.025 

Mine 5 277 91.86 6.90 1.24 Sandy 7.42 0.016 

Mine 7 130 84.78 13.54 1.68 Loamy sand 3.38 0.066 

Mine 9 238 89.49 8.72 1.79 Sandy 5.91 0.033 

Discharge 17 87.83 9.45 2.72 Sandy 3.28 0.045 

Mean 90.61 7.76 1.63 Sandy 4.33 0.031 

Figure 2 presents the variation of the K factor 

and the elevation change. The estimated K factor 

generally decreases at higher altitudes and increases as 

elevation decrease. Also exhibiting the lowest 

projected soil erodibility are mines 3 and 5 at higher 

elevations. 

By correlation, as shown in Table 5, the USLE-

K factor value correlates positively with silt and clay 

percentages in the soil and negatively with sand and 

organic matter. Regression analysis revealed a 

significant positive relationship between USLE-K and 

% silt (r=0.78, p=1.93E-05). Consequently, USLE-K 

has a significant negative correlation between % sand 

(r=0.80, p=9.44E-06). The indices of soil erodibility 

and susceptibility to erosion are impacted by soil 

aggregates (Khanchoul and Boubehziz, 2019; Kumar 

and Kushwaha, 2013; Madubuike et al., 2020). Given 

that sandy soils have a low drainage rate, the findings 

of this study indicating that sand content has a 

significant negative correlation with the erodibility 

factor suggest that soils high in the sand can achieve 

lower erodibility since sand content decreases soil 

erodibility (Khanchoul and Boubehziz, 2019; 

Madubuike et al., 2020; Radziuk and Switoniak, 

2021).

In contrast, there is a clear positive link between 

clay and silt. High silt-content soils are more prone to 

erode due to their ease of detachment and high runoff 

rate, while clay particles create clumping (Ghosal and 

Das Bhattacharya, 2020; Radziuk and Switoniak, 
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2021). As a binder for the aggregates needed for soil 

structure analysis, clay is essential for calculating the 

K factor. Clay particles, however, might not combine 

with water, increasing soil loss. 

Figure 2. Site elevation (m) vs. K factor 

Table 5. The correlation coefficient of soil properties and erodibility factor, K 

% Sand % Silt % Clay Organic matter 

1. % Sand - 

2. % Silt -0.98 - 

3. % Clay -0.81 0.68 - 

4. OM 0.09 -0.07 -0.13 - 

5. USLE-K -0.80 0.78 0.65 -0.29

This study shows a significant positive 

correlation between the percent clay and soil 

erodibility (r=0.65, p=0.0011), suggesting that a 

higher percentage of clay in the soil may increase 

erodibility. Clay-rich soils, however, seem to show 

considerable resilience to erosion in other studies 

(Khanchoul and Boubehziz, 2019; Madubuike et al., 

2020; Ostovari et al., 2019). The only likely direct 

source of a positive correlation between clay content 

and K factor value is a contemporaneous decline in 

sand content (Radziuk and Switoniak, 2021). The clay 

content in the soil samples under examination is likely 

insufficient to generate an aggregate resistant to 

erosion, but it is sufficient to decrease the soil’s 

permeability and raise the likelihood of surface runoff 

(Radziuk and Switoniak, 2021). 

The association between OM and K is not as 

strong as in this study’s other soil characteristics. OM 

shows no significant correlation between OM and K 

(r=0.29, p=0.19). A related study shows that OM in the 

soil properties may reduce soil erodibility (Madubuike 

et al., 2020) at the mine site. Higher OM con-

centrations suggest that soil detachment susceptibility 

and erosion will decrease (IWR, 2002; Khanchoul and 

Boubehziz, 2019). 

3.2 Soil pH 

Overall, the mine site is generally classified as 

slightly alkaline, as in Figure 3. Soil pH in the settling 

pond is relatively higher than at the surface, ranging 

from 7.2 to 8.6 and 7.0 to 8.4, respectively. SP shows 

a strong alkaline pH value (8.6) in mine 1 and 

gradually decreases to a moderately alkaline value of 

8.2 at the exit. Meanwhile pH level at the surface also 

recorded a moderately alkaline value of 8.4 at the exit 

area. 

Nevertheless, the surface and settling pond’s pH 

level generally shows values within the acceptable pH. 

The result suggests that soil at this level is calcareous 

(Thomas, 1996). Hence, soil acidity and the addition 

of lime are not a concern. Carbonate-rich soil is said 

to have the ability to stabilize organic materials due to 
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chemical stabilization mechanisms (Virto et al., 2017). 

A strong alkaline observed at the settling pond of mine 

site 1 corroborates an initial high pH level and 

decreases when mine residues pass through a series of 

settlings ponds. A correlation coefficient of r=0.70, 

p=0.0013 suggests a significant positive relationship 

between pH at the surface and the settling pond. 

Figure 3. pH Level at the settling ponds (SP) and mine surface (MS) 

3.3 Heavy metal concentration 

3.3.1 Nickel (Ni) 

Nickel concentrations were recorded from a 

minimum of 6,980 ppm to a maximum of 11,350 ppm 

at the mine surface, while nickel in settling ponds 

ranged from 5,000-11,000 ppm, illustrated in Figure 4. 

These values exceeded the maximum allowable limit 

(MAL) by WHO at 50 ppm for all mine sites. The 

recorded concentrations are approximately 130-200 

times higher than the allowable limit. 

3.3.2. Iron (Fe) 

The permissible allowable limit of Fe content in 

the soil is 50,000 ppm, as recommended by WHO. In 

Figure 5, the iron concentration recorded higher values 

than the limit for all mine sites. Fe is found to have a 

concentration of 185,650-443,100 ppm at MS and 

95,250-463,775 ppm at SP. 

3.3.3. Cobalt (Co) 

WHO recommends a Co concentration of 50 

ppm maximum allowable limit in soil. By XRF 

analysis, the sampling sites exceeded the limit by 8 to 

22 times more. The highest Co accumulation at MS 

was found in Mine sites 3 and 5 at 700 ppm, while 

1,125 ppm was recorded in Mine site 5 (SP), as shown 

in Figure 6.

Figure 4. Nickel concentration in the mine surface (MS) and settling pond (SP) 
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Figure 5. Fe concentrations in the mine surface (MS) and settling pond (SP) 

Figure 6. Co concentrations in the mine surface (MS) and settling pond (SP) 

3.3.4. Manganese (Mn) 

Manganese (Mn) recorded the lowest 

concentrations compared to WHO values (2,000 ppm), 

ranging from 3,850-7,500 ppm and 3,300-8,475 ppm 

at the mine surface and settling pond, respectively, 

Figure 7. However, the values still exceeded the 

allowable limit as recommended by WHO, except at 

Mine site 1 (SP), which has 2,000 ppm, just equivalent 

to the maximum allowable limit. 

3.4. Implications and future work 

It is well established that soil is more prone to 

erosion in areas with a high silt concentration. Due to 

their ease of detachment and fast flow rate, silt is more 

sensitive to soil erodibility (IWR, 2002; Radziuk and 

Switoniak, 2021), while organic matter and a high 

sand content reduce soil erosion impacts (Chen et al., 

2021; Kumar and Kushwaha, 2013; Tian et al., 2022). 

The area with the highest silt concentration had the 

highest significant value for K; as a result, soil 

conservation management has to be given more 

consideration in this area. However, calibration and 

validation can improve the K-factor estimations' 

accuracy. An area-specific map of the soil erodibility 

may also help plan soil conservation strategies, 

modeling, and forecasting erosion. Correspondingly, 

accurate information on the site data is beneficial to 

prevent soil loss and minimize the consequences on its 

surroundings, particularly in high rainfall events. 
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Figure 7. Mn concentrations in the mine surface (MS) and settling pond (SP) 

Although the soil pH level in the area is ideal, 

the overly high presence of heavy metals is alarming. 

It causes plant growth inhibition, chlorosis, necrosis, 

and wilting (Bhalerao et al., 2015; Prematuri et al., 

2020; Sreekanth et al., 2013). When considering the 

impact on the food chain, the ingestion of plants from 

soils with significant levels of heavy metals could be 

dangerous to human health. Ni also adversely affects 

marine plants and organisms (Gavhane et al., 2021). 

Hence, natural farming is not an option before any 

mine rehabilitation is applied. Post-mining 

remediation and revegetation may be carefully 

planned to remove the excess presence of heavy metal 

in the soil, specifically Ni, Fe, Co, and Mn, and reduce 

harmful environmental effects and possible re-

utilization of the site. Further research should be 

carried out to study the accumulation of heavy metals 

in the surrounding environment, especially in crops 

and waters. 

Due to the significant residues of Ni, the 

possibility of phytomining in the area can also be 

considered as part of a progressive rehabilitation 

strategy to re-vegetate huge areas stripped by lateritic 

nickel mining and generate income by “harvesting” 

nickel metal. Developing plant-based remediation 

technologies for Ni-contaminated soils has garnered 

much interest due to its cost-effectiveness, 

environmental friendliness, and lack of adverse side 

effects (He et al., 2012). Hyperaccumulators, plants 

accumulating high heavy metal concentrations, make 

excellent models for investigating metals’ uptake, 

movement, and storage and their evolution and 

environmental adaptation. 

4. CONCLUSION

The nickel ore mining site in Tubay, Agusan del 

Norte, was subjected to soil erodibility estimate, pH 

value determination, and heavy metal accumulation 

(Ni, Fe, Co, Mn). This study has determined an 

erodibility estimate of 0.016 to 0.066 using the USLE-

K erodibility factor formula. The k factor is highest at 

mining site 7, where sand is the lowest (84.78%), and 

silt is highest (13.54%). The nickel ore mine has a 

slightly alkaline pH level at an average soil pH of 7.4 

and 7.8 at the surface and settling pond, respectively, 

within the acceptable range. The heavy metal 

accumulation of Ni, Fe, Co, and Mn exceeded the 

recommended permissible limit by WHO. The 

excessive heavy metal levels in the soil are potentially 

available for crop intake and may pose a threat to land 

and water environment pollution, including humans. 
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