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BACKGROUND AND OBJECTIVES: Landslide disasters in Thailand between 1970 and 2011 revealed 
a notable pattern: they primarily originated on mountain slopes, distinguished by a deeper soil 
profile. This soil profile comprised clay loam and sandy loam textures and was situated over aged 
geological formations of granite and shale rocks. The affected areas included the southern and 
northern provinces of Thailand.
This study investigated the consequences of landslide hazards on stream water and sediment 
quality in two watersheds: the Mae Phul–Mae Prong watershed in Uttaradit province, the northern 
part of Thailand, and the Klong Kram watershed in Surat Thani province, the southern part of 
Thailand. These watersheds had experienced recurrent landslides, primarily on mountain slopes 
characterized by deep clayey and sandy loam soils over old granite and shale rock types as well as 
old granite limestone. 
METHODS: During wet and dry periods in April and November 2015, 108 samples were collected 
from 18 stations (9 stations in the Klong Kram watershed and 9 stations in the Mae Phul–Mae Prong 
watershed). These samples included upland soil, stream water, and sediments. For upland soils, 1 
kilogram samples were collected through auger and V-shaped pit techniques using a stainless-steel 
spade, with composite sampling conducted at 0–30 centimeters across all 18 stations. Stream water 
was collected in one part using a 1-L polyethylene bottle at 30 centimeter from the stream layer, 
while other samples were compositely collected in sterilized glass bottles to determine coliforms. 
Soil and sediment samples were compositely collected from the bottom using a stainless-steel 
spade. All samples were stored at 4 degrees Celsius and transported to a laboratory for analysis. 
The insight gained from these collection efforts elucidated the dynamics of landslide impacts at the 
spatial scale for the two watersheds. 
FINDINGS: Most water samples met Thai surface water quality standard for various parameters; 
however, microbial contamination of the water samples attributed to community activities along 
stream banks was detected. Notably, arsenic was consistently detected in upland soil, stream water, 
and sediment samples. For Uttaradit, the average arsenic concentrations were 0.22 ± 0.09 milligram 
per kilogram, 0.01 ± 0.14 milligram per liter, and 9.74 ± 4.42 milligram per kilogram in upland soil, 
water, and sediment samples, respectively. For Surat Thani, arsenic concentrations were 87.63 
± 208.83 milligram per kilogram, 0.01 ± 0.01 milligram per liter, and 19.44 ± 36.38 milligram per 
kilogram in upland soil, water, and sediment samples, respectively, particularly near landslide scars 
where the arsenic concentrations were significantly higher in sediments and upland soils compared 
with stream water, highlighting the role of landslides near streams. These data suggest that sediment 
transport from upland soil in the landslide scar into stream water affects water quality, particularly 
in terms of arsenic concentration near the landslide scar, often surpassing natural standards.
CONCLUSION: The study concluded that stream water was directly affected by landslides as 
these watersheds were unsuitable for consumption due to arsenic and microbial contaminations. 
This conclusion emphasizes the critical need to incorporate landslide hazard considerations into 
watershed management practices to safeguard downstream communities and preserve water 
resources.
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INTRODUCTION
Landslides are a process associated with mass 

transport deposits that involves the descent of soil 
masses along with litter, shrubs, and trees from 
steep slopes and highland areas, regardless of 
vegetation cover. Sedimentary geology describes 
these movements as slides, slumps, and debris flows 
(Shanmugam 2015). Landslides typically occur during 
monsoon owing to intense, heavy rainfall lasting an 
extended duration, sometimes exceeding 3 days with 
more than 400 mm of rainfall per storm; moreover, 
these events often result in elevating sand levels in 
rivers and impacting reservoir water quality and 
river ecohydrology (Opiso et al., 2016; Chiang et 
al., 2021). Researchers have reported a key finding 
that landslide detection probability increases with 
rainfall intensity and cumulative rainfall (Paolini 
et al., 2005). In tropical mountain areas, typhoon-
induced rainstorms trigger extensive landslides and 
deliver large amounts of sediment to watersheds 
(Paolini et al., 2005; Chen, 2009; Lin and Chen, 2012). 
Fracture rocks (cracked rocks) would presumably be 
an important factor as a catalyst for the landslide 
process. Quaternary sediments and the occurrence of 
dense bedded basalt cover beds are responsible for 
landslide susceptibility at a critical slope angle of 3°–5 
degrees°. A reduction in the movement-triggering 
rainfall threshold causes a decrease in the overall 
slope stability (Damm and Terhorst, 2010; Preuth et 
al., 2010). The above-ground forest cover may not 
seem to play an important role in accelerating the 
landslide process; however, the root system holds 
the soil particles underneath the mountain slope soil 
surface. Additionally, other natural disasters, such as 
earthquake and mudflows, have been observed to 
trigger landslides, reshaping the structure of rivers. 
These events can lead to sudden changes in river water 
quality, characterized by elevated levels of suspended 
solids (Payus et al., 2023). Land use changes affect 
the landslide potential due to land cover changes 
causing topsoil detachment during rainfall (Rijsdijk et 
al., 2007). Gradual land use and land cover changes 
have been reported in several areas worldwide, e.g., 
the cultivated area declined from 37.3% to 20.7% in 
Yanchang City, China during 1990 to 2008 (Zhen et al., 
2014). The substantial urban growth involving rural 
roads, trails, and settlements, which substantially 
produced runoff and sediment at the watershed 
scale (Trincsi et al., 2014). Accumulations of released 

ions are highly concentrated at the base of slopes. 
Geographically, these ions migrate along with water, 
influencing the ecohydrology of watersheds (Fan, 
2017); these natural disasters are main contributors 
to sediment yield (La Licata et al., 2023). In a previous 
study, root cohesion increased from 300 to 1500 
Pa causing a two-third reduction in the number 
of landslide occurrences; moreover, deep-rooted 
vetiver grass demonstrated high water absorption 
that tended to accelerate the landslide process for a 
weathered rock slope of approximately 60o and depth 
of 0.8 m (Bathurst et al., 2010). Furthermore, vetiver 
roots can potentially provide a pathway for water 
infiltration and increase pore water pressure, thus 
reducing the safety factor of a slope by approximately 
10% (Jotisankasa et al., 2014). A landslide event 
contributes to sediment sequences in depositional 
basins such as lakes, swamps, estuarine areas, 
coastal wetlands, coastal foothills, and the nearshore 
and offshore zones of continental platforms (Glade, 
2003; Sewell et al., 2015). Debris and rock piles 
in the catchment area of a river after a landslide 
contaminate stream water with heavy metals and 
sediment, causing flash floods and adversely affecting 
aquatic habitats and water quality (Turner et al., 
2010; Chen, 2009). Notably, contamination caused 
by heavy metals, particularly arsenic (As), cadmium 
(Cd), and copper (Cu), along with their coloration 
with total nitrogen (TN) and phosphorus, originating 
from upland parent materials, is evident during these 
events. Thailand has faced notable challenges related 
to landslide and mudflow disasters since the 1970s, 
resulting in substantial loss of human and animal lives 
and property damage. The main causes of landslide 
events in the country include increased rainfall, 
steep slopes owing to changes in land use patterns 
(i.e., cultivation practices), soil fertility enhancement, 
and effective management of landslide and water 
resources (Priyono et al., 2022). The estimated cost 
of the damages resulting from these events was 
more than USD 8.4 million. As part of prevention 
efforts, the Thai government selected Surat Thani 
and Uttaradit Provinces as representative sites from 
the south and north of the country, respectively. 
The focus of the associated study was to assess the 
influence of landslide hazards on potential stream 
water pollution, a critical concern with respect to 
human consumption. Data from this study are crucial 
for preserving water quality in landslide-prone 
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regions, thereby ensuring the safety and health of 
affected communities. Addressing landslide hazards 
and their impact on stream water quality emerges 
as a pivotal element of disaster management and 
environmental protection in Thailand. To achieve 
these objectives, in this study, upland soil, sediment, 
and water samples affected by landslide events 
were collected. This study aims to investigate the 
consequences of landslide hazards on stream water 
and sediment quality in two important watersheds 
in Thailand, namely, the Mae Phul–Mae Prong (UT) 
watershed in Uttaradit Province and the Klong Kram 
(SR) watershed in Surat Thani province, during the 
wet and dry periods in April 2015 and November 
2015, respectively. 

MATERIALS AND METHODS
Study areas

Surat Thani and Uttaradit Provinces were selected 
as the study sites from the south and north of 
Thailand, respectively, considering their previous 
history with severe landslide disasters. The study 
site in the north was in Mae Phul sub-district, Lab 
Lae district, Uttaradit Province (Universal Transverse 
Mercator 47Q 598067-610873 East (E), 1970074-
1954242 North(N)) The study site in the south of 
Thailand was in Ban Na Tham, Tha Utae sub-district, 
Karnchanadit district, Surat Thani province (Universal 
Transverse Mercator 47P 575370-580638E, 1000957-
0991428 N) (Fig. 1). 

Sampling stations
Samples of upland soil, soil sediment, and stream 

water were collected from nine stations in the SR 
watershed and nine stations in the UT watershed 
(total: 18 stations) during the wet in April, 2015 and 
dry in November, 2015 periods. Three samples each 
of upland soil, soil sediment, and stream water were 
collected from each station; thus, the total number 
of samples for upland soil, soil sediment, and stream 
water was 108 samples totaling at 324 samples for all 
samples was collected (Fig. 2).

Upland soil sampling
One hundred and eight soil samples were 

collected using an auger and a V-shaped pit with 
a stainless-steel spade, and composite sampling 
methods were used at upland soil sampling stations. 
Soil samples were collected from 18 stations (UT 
watershed: 9 stations and SR watershed: 9 stations) 
at a depth of 0–30 centimeter (cm) as this was the 
average depth for plant roots. Three sediment 
samples were collected at each station during the 
dry and wet periods. Each soil sample weighed 1 
kilogram (kg).

Sediment sampling
Sediment samples were collected using a stainless-

steel spade using composite sampling from 18 
stations, including 9 stations in the UT watershed and 
9 stations in the SR watershed. At each station, three 
sediment samples were collected during the wet 
and dry periods, resulting in a total of 108 sediment 
samples. The samples were kept in individual black 
bags to prevent photodecomposition and stored at 
4oC during transport to the laboratory. 

 
                                           (a)      (b) 
 

 

Fig. 1: Geographic location of the study area in (a) Uttaradit Province and (b) Surat Thani province, Thailand 

  

Fig. 1: Geographic location of the study area in (a) Uttaradit Province and (b) Surat Thani province, Thailand
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Stream water sampling and analysis 
Four-liter samples were collected from 18 stations 

in the wet and dry periods. One part of the stream 
water sample was collected using a 1-L polyethylene 
bottle at 30 cm from the top of the stream layer. The 
other part of the sample was collected separately 
in a sterilized glass bottle for the determination 
of coliforms. All samples were stored at 4 degrees 
Celsius (°C) and transported directly to the laboratory 
for analysis. The laboratory procedures included the 
measurement of various parameters, such as potential 
Hydrogen (pH), electrical conductivity (EC), total 
solids (TS), total dissolved solids (TDS), temperature, 
turbidity, ammonia, nitrate (NO3

−), phosphate (PO4
−), 

biochemical oxygen demand (BOD), dissolved oxygen 
(DO), iron (Fe), manganese (Mn), arsenic (As), lead 
(Pb), calcium (Ca) and magnesium (Mg), following 
standard methods outlined in APHA (2017), as 
detailed in Table 1. Notably, dissolved oxygen (DO) 
measurements were conducted in the field (APHA, 
2017). Specifically, heavy-metal analysis of water 
samples was conducted using flame atomic absorption 
(FAA) spectrophotometry (FAAS). A 100 milliliter (mL) 
water sample was mixed with 10 mL of concentrated 
nitric acid in an Erlenmeyer flask and gently heated 

until reaching a slow boil, maintaining a final volume 
of approximately 10 mL. After cooling, the sample was 
transferred to a 100-mL volumetric flask and adjusted 
with respect to volume using distilled water, followed 
by filtration through Whatman No. 42 filter paper to 
eliminate any impurities. Subsequently, the filtered 
sample was subjected to heavy-metal content analysis 
using FAAS as per APHA guidelines (2017). Analysis to 
determine the quantity of bacteria, including coliform 
and Escherichia coli (E. coli), was conducted to 
investigate the contamination caused by fecal bacteria 
for assessing the wastewater discharge activity of the 
community into the stream. Total coliform bacteria 
(TCB), fecal coliform bacteria (FCB), and E. coli were 
analyzed in the laboratory using the multiple-tube 
fermentation method: APHA-9221, following APHA 
standards (2017). Bacteria were solely collected and 
analyzed as part of the water quality assessment; this 
procedure was not conducted in case of the sediment 
and upland soil samples because this study focused 
on impact of human activities on the river. Coliform 
bacteria are aerobic, while sediments, particularly in 
landslide-prone areas, show limited oxygen content, 
promoting anaerobic conditions (Kondratyeva et al., 
2020). 

 
                                          (a)                                          (b)

 
 
 

Fig. 2: Sampling stations for upland soil, soil sediment, and stream water in a) the Mae Phul–Mae Prong watershed, 
Mae Phul sub-district, Lablae district, Uttaradit Province, and northern Thailand; b) the Klong Kram watershed, Tha 

Utae sub-district, Kanchanadit district, Surat Thani province, and southern Thailand 
  

Fig. 2: Sampling stations for upland soil, soil sediment, and stream water in a) the Mae Phul–Mae Prong watershed, Mae Phul sub-district, 
Lablae district, Uttaradit Province, and northern Thailand; b) the Klong Kram watershed, Tha Utae sub-district, Kanchanadit district, Surat 

Thani province, and southern Thailand
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Soil and sediment analysis
The soil and sediment samples were air-dried 

under shade conditions, subsequently finely ground, 
and finally sieved through sieves having different 
sizes: 2 and 0.5 mm. The sieved samples were 
analyzed to determine soil characteristics, including 
physical attributes such as texture and an array of 
chemical properties, including pH levels and the 
presence of heavy metals, specifically As, Fe, Mn, 
and Pb (Okalebo et al., 2002). Heavy metals from 
the soil matrix and sediment samples were dissolved 
using USEPA Method 3050B, which involves the 
use of acid digestion solutions comprising 30% 
nitric acid and 70% hydrochloric acid. The acid 
solutions were added to the soil samples, followed 
by a controlled heating process to facilitate metal 

dissolution. Thereafter, the samples were cooled 
and filtered to eliminate solid residues. Heavy-
metal concentrations were measured using an FAA 
spectrophotometer (model: Agilent 240FSAA; serial 
No. MY14150004) (USEPA, 1996), as shown in Table 
2.

RESULTS AND DISCUSSION
Upland soil characteristics in the landslide areas

The results for the upland soil samples analyzed for 
the percentage of soil content, organic matter, and 
heavy metals are shown in Fig. 3. The percentages of 
sand, silt, and clay in the SR watershed were higher 
than in the UT watershed. The percentage of sand was 
higher than those of clay and silt. The soil was slightly 
acidic, with average pH values of 5.2 ± 0.82 and 4.81 

Table 1: Standard methods for water and wastewater analysis 
 
 

 
  

Parameters Methods Sources of methods 
Temperature Thermometer APHA, 2017: 23rd edition, part 2550 
TS Total solids dried at 103–105°C APHA, 2017:  23rd edition, part 2540 B 
pH pH meter APHA, 2017: 23rd edition, part 4500-H+ C 
DO Azide modification APHA, 2017:  23rd edition 
BOD Azide modification APHA, 2017:  23rd edition, part 5210B 
NH3 N2 Phenate method APHA, 2017:  23rd edition, part 4500-NH3 C 
NO3

- N2 Cadmium reduction 

PO4
3- Vanadomolybdo-phosphoric acid 

colorimetric method  
APHA, 2017:  23rd edition, part 4500-P 

Ca FAAS APHA, 2017:  23rd edition, part 3500 
Mg FAAS APHA, 2017:  23rd edition, part 3500 
Fe FAAS APHA, 2017:  23rd edition, part 3500 
Mn FAAS APHA, 2017:  23rd edition, part 3500 
Zn FAAS APHA, 2017:  23rd edition, part 3500 
Pb FAAS APHA, 2017:  23rd edition, part 3500 
As AAS (vapor generation technique) APHA, 2017:  23rd edition, part 3500 
Cd FAAS APHA, 2017:  23rd edition, part 3500 
Hg  AAS (vapor generation technique) APHA, 2017:  23rd edition, part 3500 
TCB MPN method APHA, 2017: 23rd edition, part 9221 B 
FCB MPN method APHA, 2017:  23rd edition, part 9221 B 
E.coli Presence-absence test APHA, 2017:  23rd edition, part 9221 B 

Table 1: Standard methods for water and wastewater analysis

Table 2: Methods for soil and sediment analysis 
 
 

Parameters Methods Sources of methods
Soil texture  Hydrometer method Okalebo et al., 2002
pH pH meter Okalebo et al., 2002 
Ca Atomic absorption spectrophotometry Okalebo et al., 2002 
Mg Atomic absorption spectrophotometry Okalebo et al., 2002 
As Acid digestion (USEPA Method 3050B) USEPA, 1996 
Fe Acid digestion (USEPA Method 3050B) USEPA, 1996 
Mn Acid digestion (USEPA Method 3050B) USEPA, 1996 
Pb Acid digestion (USEPA Method 3050B) USEPA, 1996 

 

Table 2: Methods for soil and sediment analysis
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± 0.42 in the UT and SR watersheds, respectively. In 
the SR watershed, Ca and Mg concentrations were 
considerably high owing to the parent material 
being limestone. Furthermore, As concentration was 
considerably high in the landslide scar area (station 
No. 2 in the SR watershed) because this area was 
geologically composed of granite and limestone. In 
the UT watershed, Pb, Mn, and Fe concentrations 
were high owing to the parent material being 
mudstone or shale. Additionally, the As concentration 
in the SR watershed exceeded the standard limits. 
The aforementioned results indicates that the soil 
characteristics were related to the parent material 
or the rock-weathering process in the slip zone soil, 
which was silty clay. The slip zone soil was formed 
from mudstone, and the main mineral components 
of the slip zone were montmorillonite, illite, feldspar, 
and quartz. The soil in the landslide impact area had 
become compacted and dry. (Cheng et al., 2012; Jian 

et al., 2019). The Pearson correlation analysis results 
showed a significant correlation between erodibility 
indices and certain soil properties such as clay and the 
sand fraction of soils (p < 0.05, p < 0.01). Soils were 
weakened by land use activity, and their chemical 
properties and bulk density were low; moreover, soil 
particles were not consolidated (Karkanc et al., 2008). 
Therefore, they detached easily when impacted by 
flood water. 

Furthermore, the texture of upland soil in both the 
watersheds remained consistent between 2015 and 
2022, maintaining clay loam in the UT watershed 
and sandy clay loam in the SR watershed. In line 
with this result, upland soil parameters, including 
Mg, Mn, Fe, Pb, and As concentrations, showed no 
significant differences (p > 0.05) between 2015 and 
2022. However, a decline in Ca concentration was 
observed in both the watersheds (from 666.20 ± 
408.38 to 264.52 ± 157.65 milligram per kilogram 

 
(a)

(b)
 

 

Fig. 3: Upland soil quality a) Soil texture; b) Heavy metals 
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Fig. 3: Upland soil quality a) Soil texture; b) Heavy metals
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(mg/kg) and 264.68 ± 189.29 to 157 ± 104.21 mg/
kg in the UT and SR watersheds, respectively). This 
decrease can be attributed to the leaching process 
of Ca induced by rainfall infiltrating the soil, soil 
erosion, and runoff processes. Heavy rainfall has 
the potential to trigger erosion and landslides on 
hillslopes, impacting stream water quality (Chiang 
et al., 2021). Contaminated runoff from landslides 
could release pollutants, elevating toxicity levels in 
nearby freshwater for an extended period, possibly 
spanning several years. The natural erosion of the 
entire deposit might take more than 60 years. The 
positive correlation observed between the ratio of 
the landslide area to the catchment area and calcium 
ion (Ca2+) and bicarbonate (HCO3

−) levels in stream 
water indicates interactions with sliding surfaces and 
landslide deposits. Shallow landslides posed risks to 
both soil movement and water quality (Göransson et 
al., 2018; Yoshihara et al., 2022).

Sediment in a landslide area
The results are shown in Fig. 4. The sediments in the 

SR watershed mostly contained sand particles (>80%) 
in both the watersheds; moreover, these sediments 
contained negligible amounts of silt and clay 
particles. The results indicated an upland soil wherein 
sand particles were common. The pH of upland soil 
indicated that the pH of the soil sediment was neutral 
owing to a buffer reaction in the soil;; ; accordingly, 
the average pH values of the soil sediments in the SR 
and UT watersheds were 7.51 ± 0.37 and 6.84 ± 0.56, 
respectively. Sediment in streams following landslide 
events leads to their deposits in stream water. This 
finding was also reported in previous studies such 
as the shallow landslide and river bed variations 
associated with extreme rainfall-runoff events in 
a granitoid, mountainous, forested watershed in 
Japan, resulting in shallow landslides (<1.0 m depth) 
based on physical processes (Mouri et al., 2011). 
Therefore, rainfall and stormwater delivered large 
amounts of colluvial sediment into the river, leading 
to a twofold increase in the discharge of post-seismic 
sediment; however, the precipitation was only half 
that of the pre-earthquake rate (Chuang et al., 2009). 
The sediment textures of clays in the UT and SR 
watersheds showed a slight difference, with higher 
clay content observed in UT compared with SR (6.69% 
± 3.50% to 1.91% ± 0.81%) during the dry and wet 
periods. This difference could be attributed to the 

parent materials of UT, which comprised mudstone, 
while SR comprised limestone and granite. The 
sediment analysis revealed no significant differences 
in Pb concentrations between the two watersheds 
during the dry and wet periods (p > 0.05). For UT, the 
average Pb concentration was 35.39 mg/kg, while for 
SR, it was 15.43 mg/kg. However, Ca concentration 
in the clay of UT (188.66 mg/kg) was significantly 
higher than in the clay of SR (243.17 mg/kg; p < 0.05). 
This difference can be attributed to the shale rock 
parent materials of UT, known to contain higher Ca 
concentrations (Sanghapi et al., 2016). Furthermore, 
As concentration in the sediment of SR (19.46 mg/
kg) was higher than in the sediment of UT (9.74 mg/
kg). This difference in heavy-metal concentrations 
can be attributed to the parent materials of the soil in 
the SR watershed, primarily comprising granite rock, 
known to have elevated levels of these heavy metals 
(Uchida et al., 2017). Comparison of the soil texture, 
pH, and Ca, Mg, Fe, Mn, Pb, and As concentrations 
of the clay between the UT and SR watersheds from 
2015 to 2022 revealed considerable similarity, with 
no significant differences noted.

Stream water quality
Runoff processes after a landslide affect the stream 

water quality, particularly with respect to water 
consumption by residents near the landslide area. 
The SR and the UT watersheds experienced major 
landslide events in 2011 and 2006, respectively. 
Evidence of the considerable effects of these events 
on water quality is highlighted by the fact that water 
from the watersheds is used for consumption. Traces 
of heavy-metal elements were found in the sediment, 
particularly in landslide-prone areas, leading to their 
runoff into water. Stream water was collected for 108 
samples in the watersheds equally in the wet and 
dry periods in 2014 as marginal seasonal variation 
was observed (Mark et al., 2024). Results showed 
that most water quality indices were within the Thai 
standard limits for surface water quality, according to 
the (National Environment Board, 1994). As shown in 
Fig. 4, BOD values were higher for the UT watershed 
than for the SR watershed, although the station in 
proximity to residential areas in the SR watershed 
showed BOD values exceeding the standard limit 
(≤4.0 mg/L). However, the As concentrations at most 
locations in the wet and dry periods did not exceed 
the Thai surface water quality standards (<0.01 
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mg/L), with the exception of station No. 2 in the SR 
watershed (0.02 mg/L), which was in proximity to 
the landslide scar. Furthermore, the total and fecal 

coliforms did not exceed the standards; however, at 
every sampling station, the E. coli levels exceeded the 
permissible standards for drinking water (National 

(a) (b) 

(c) (d) 

(e)               (f) 

 

Fig. 4: Soil quality in Mae Phul–Mae Prong, Uttaradit and Klong Kram, Surat Thani during the wet and dry period. a) 
As; b) Cd c) Fe; d) Mg; e) Mn; f) Pb 
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Environment Board, 1994). The t-test results showed 
notable difference in water quality between wet and 
dry periods, particularly in the SR watershed for TS, 
phosphate, Ca, Mg, and Mn. In the UT watershed, 
significant differences were observed in pH, As, 
Ca, Mg, and Mn (p < 0.05). These variations can be 
attributed to the different parent material rocks, 
with limestone and granite predominating in the 
SR watershed and shale and mudstone in the UT 
watershed.

The stream water quality changed due to 
runoff and landslide processes such as typhoon-
triggered landslides that delivered sediments to the 
downstream channels of the Shihmen Reservoir, 
Taiwan. Turbidity in the reservoir rapidly increased 
up to tenfold in the river catchment drainage every 
time, and the weight of landslide debris exceeded the 
total sediment discharge by fivefold (Lin et al., 2012). 
Moreover, land use and settlements were related to 
stream water quality (Cadwalader et al., 2011; Kiben 
et al., 2014; Palma et al., 2014). Although no clear 
empirical evidence for the dependency between 
slope stability and ion-loaded water was observed, 
the findings suggest that the flowing stream water 
might accelerate landslide movement (Preuth et 
al., 2010). In all these pollutants, freshwater could 
be detected for an extended period, where it could 
take more than 60 years for the entire deposit to 
erode naturally (Göransson et al., 2018). External 
environmental factors, such as precipitation and 
location, as well as the internal environmental 

factors, such as the physical–chemical properties of 
the water, were closely related to the distribution 
of TCB, while FCB distribution was more associated 
with external inputs from seasonal runoff (Hong et 
al., 2010). Although heavy-metal concentrations 
in the stream water in both the watersheds did 
not exceed the standard limits, except for the As 
concentration in the dry period at the station very 
close to the landslide scar, heavy-metal accumulation 
in the soil sediment was significantly different due 
to the specific characteristics of each heavy metal. 
Several previous studies have reported that heavy-
metal concentrations were relatively high in the 
suspended compared to the bed sediment samples. 
Furthermore, for the wet season, the results revealed 
a positive correlation between As concentrations 
in surface water and fluvial sediments (Tapia et 
al., 2022). Contamination sources in the bed and 
suspended sediment samples were natural processes 
and anthropogenic activities (Nazeer et al., 2014). 
The processes that sequester trace elements can 
be grossly termed sorption, which to a large extent, 
determines the partitioning between the solid and 
solution phase. Factors such as soil pH, chemical 
speciation, fertility and soil amendments, redox 
potential, clay content, and soil structure, which 
affect trace element mobility and transport have 
been previously discussed (Carrillo-González et al., 
2006). The pH changes also influenced the suspended 
particles, particularly heavy-metal particles to be 
subsequently deposited, as they posed a toxicity 
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risk to aquatic life and plankton (Usami et al., 2019). 
Natural weathering of the As-rich solid phases affects 
As release, mainly from superficial soil horizons, with 
runoff contributing As to the surface water (Bossy et 
al., 2012). This process was further escalated owing 
to the biogeochemistry of the areas with elevated 
As concentration in the bedrock. In addition, higher 
heavy-metal concentration was observed during the 
wet season. (Azlini et al., 2020). In water, As usually 
occurs in dissolved forms, with inorganic As being 
the most toxic (Barats et al., 2014). The dissolved 
As concentration in a river system depends on high 
hydrological variability and the drainage through 
different geological formations. The quantification 
of these As revealed that 79% was transported as 
particulate matter, with weathering contributing 
(58%–62%) more than geothermal spring discharge 
(38%–42%) to the total As content in river water 
(Zhou et al., 2022). The highly heterogeneous 
distribution of As in draining through metamorphic 
rocks was influenced by the ore deposits containing 
arsenopyrite. Sedimentary rocks usually had low 
concentrations of As. Metamorphic rocks, including 
arsenopyrite, were located in proximity of the upland 
soil and were related to granite. As was dissolved 
and associated with natural organic matter, and the 
conditional distribution coefficients of As binding 
to the natural organic matter were relatively high 
(Neubauer et al., 2013). Although As and Pb were 
associated with similarly-sized particles, solid-phase 
As was more effectively mobilized and transported 
than Pb and Cd, which could pose a severe threat to 
the aquatic environment (Palma et al., 2014). This was 
attributed to the geological composition comprising 
granite and limestone, where arsenic discharge 
resulted from hydrogeochemical anomalies. These 
anomalies were promoted by chemical reactions 
between black shale and limestone, with pyrite 
oxidation leading to sulfuric acid formation. This 
accelerated rock weathering and discharge of heavy 
metals (Anda et al., 2021; Sun et al., 2021; Del Gaudio 
et al., 2024; Li et al., 2024). Some species of heavy 
metals originate from various land use activities, e.g., 
the presence of chromium and nickel in soils were 
determined to be primarily due to iron ore mining. 
Agricultural activities were responsible for the 
observed concentration of Cu and Zn in soils (Samimi 
and Nouri, 2023). Relatively high concentrations of 
As were found in soils near gold mining activities 

(Luo et al., 2010).  As found in the SR watershed may 
be related to granite rock and historical ore mining 
over the past 30 years, while that found in the UT 
watershed may be associated with shale rock and 
agricultural activities in upland areas. Analysis of 
water quality data from both watersheds in 2015 
revealed no significant difference (p > 0.05), except for 
BOD concentrations. The UT stream water exhibited 
higher BOD concentrations than the SR watershed 
(1.45 ± 1.31 vs. 0.87 ± 0.46 mg/L), attributed to 
organic substance contamination due to mudflow 
processes during heavy rainfall and wastewater 
discharge from households near the stream water. 
The UT watershed had a larger number of households 
than the SR watershed. Comparing data between 
2015 and 2022, BOD concentration in UT increased 
from 1.45 ± 1.31 mg/L in 2015 to 2.37 ± 0.12 mg/L 
in 2022 owing to population growth within the area. 
Conversely, the SR watershed had fewer households 
and minimal population growth. TCB levels increased 
from 4000.00 ± 379 to 4600.00 ± 325 most probable 
number per 100 mL (MPN/100mL) in UT and from 
1300.00 ± 214 to 6500.00 ± 465 MPN/100mL in SR, 
while FCB increased from 370.00 ± 58 to 400.00 ± 67 
MPN/100mL in UT and from 200.00 ± 34 to 600.00 ± 25 
MPN/100mL in SR. Concentrations of Ca, Mg, Pb, and 
As in both watersheds were relatively similar in 2022 
compared to 2015, with no significant differences 
observed. These findings align with those regarding 
the Ontake Lake, where water quality remained 
stable from 2015 to 2019 prior to a landslide (Usami 
et al., 2019). 

Elements in upland soil, sediment, and stream water
The correlations among the upland soil, sediment, 

and stream water demonstrate that the values of silt, 
As, and Mg concentrations in upland soil exhibited a 
significant correlation with the soil sediment and that 
the pH, Ca, Mg, and Mn concentrations in the soil 
sediment exhibited a correlation with stream water (p 
< 0.05). The results revealed that some heavy metals 
such as As were adsorbed by soil particles (Samimi 
et al., 2023), particularly clay and silt particles, but 
some elements, including Ca and Mg, were dissolved 
and released from the soil sediment to the water 
body; which could increase the pH of the water (UT 
average = 7.84  ± 0.47 and SR average = 7.96 ± 0.34). 
The research findings align with heavy metal studies 
conducted in Iran and Indonesia. The sediment 
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primarily contained Mn and Fe of natural origin, 
while Ca likely had an organic origin (Karbassi et al., 
2015; Anda et al., 2021). The average concentrations 
of As in the SR watershed were 121.0, 24.8, and 
0.004 mg/L for the soil, sediment, and stream water, 
respectively, while those in the UT watershed were 
0.025, 0.0015, and 0.003 mg/L, respectively. The 
stream water and sediment were affected by soil 
loss caused by landslide erosion (Rajasekar et al., 
2024). Key factors influencing heavy-metal pollution 
were related to slope, land use, and the predominant 
rock types, and the monsoon season (Reymond 
et al., 2023). This implies that remedying existing 
landslides and reducing sediments in the watershed 
can considerably influence the potential of human 
water consumption and aquatic ecology (Tsai et al., 
2012). Where the land use and land cover also played 
an important role in water quality changes (Dumago 
et al., 2018). 

CONCLUSION
The findings of this study reveal that the majority of 

particles in the upland soil and soil sediment samples 
comprise 80% sand. The soil in both the watersheds 
exhibits a slightly acidic nature and low organic 
matter content. Notably, the SR watershed displays 
considerably elevated concentrations of Ca and Mg, 
attributed to its limestone-based parent materials. 
Conversely, station No. 2 within the SR watershed, 
located in the landslide scar area, exhibited remarkably 
high levels of As owing to the geological composition 
comprising granite and limestone. Additionally, 
elevated levels of Pb, Mn, and Fe were observed in 
the UT watershed, resulting from the predominance 
of mudstone and shale as the parent materials in this 
region. Moreover, the biological quality of stream 
water revealed E. coli contamination at all sampling 
stations in both the watersheds, stemming from 
community activities such as wastewater discharge 
into the stream and sanitary tank leakage. Comparing 
water quality between wet and dry periods in the 
SR watershed revealed significant differences in SS, 
phosphate, Ca, Mg, and Mn. Conversely, in the UT 
watershed, differences were observed in pH and As, 
Ca, Mg, and Zn concentrations. These differences 
can be attributed to the geological composition of 
the respective watersheds. Although heavy-metal 
concentrations in the stream water of both the 
watersheds remained within standard limits, except 

for As concentration near the landslide scars during 
the dry period, heavy-metal accumulation in the soil 
sediment varied significantly owing to the different 
characteristics and environmental interactions of 
each metal. This study revealed the substantial 
impact of soil loss resulting from landslides on the 
quality of the soil sediment and stream water. The 
contamination of the stream water to the extent 
that it was unsuitable for direct human consumption 
emphasizes the critical role of considering arsenic 
contamination in landslide protection measures. The 
results of this study are valuable for the development 
and implementation of watershed plans aimed 
at protecting water resources and improving 
maintenance projects in prone areas to reduce costs 
and hazards. Moreover, the study highlights the 
importance of raising awareness among villagers and 
implementing effective mitigation strategies.
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