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Abstract 

This study aims to analyze the spatial variation of the physicochemical characteristics of Auya River water and its relationship to 
geological conditions in Paniai Regency, Central Papua. In situ measurements were conducted at 20 stations (ST01–ST20) from upstream 
to downstream for Total Dissolved Solids (TDS), pH, Electrical Conductivity (EC), and temperature. Based on field conditions, the stations 
were grouped into Intrusive Igneous Rock (ST01–ST05), Siltstone (ST06–ST10), and Sand (ST11–ST20). Data were analyzed using 
descriptive statistics, One-Way ANOVA, Welch ANOVA, Tukey HSD, Pearson correlation, and partial correlation by controlling for 
cumulative distance. The results showed TDS 25–153 mg/L, pH 6.50–7.77, EC 48–166 µS/cm, and temperature 16.80–20.20 °C, with an 
increasing trend from upstream to downstream. One-Way ANOVA showed significant differences between groups for TDS, pH, EC, and 
temperature (p < 0.001). Tukey's test showed that all pairs of groups differed significantly in TDS, pH, and EC, while temperature between 
Intrusive Igneous Rock and Siltstone was not significantly different (p = 0.073). Pearson's correlation showed a very strong positive 
relationship between parameters (r = 0.969–0.985; p < 0.001), but the coefficient decreased after cumulative distance was controlled. 
These findings suggest that the physicochemical characteristics of the water form spatial gradients that coincide with changes in geological 
conditions. Because the geological groups are also arranged in an upstream–downstream sequence, these statistical differences are 
interpreted as geological–spatial associations, not evidence of an independent influence of lithology. Thus, variations in the Auya River 
water likely reflect the combined contributions of geological conditions, longitudinal position, solute accumulation, elevation, and 
environmental factors along the river course, which also need to be considered in hydrogeochemical interpretations. 
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1. Introduction 

River water is an important part of the hydrological 
system whose physicochemical characteristics can change 
spatially due to variations in environmental, hydrological, 
and geological conditions along the river basin. These 
changes can be observed through Total Dissolved Solids 
(TDS), pH, Electrical Conductivity (EC), and temperature. 
TDS describes the amount of dissolved substances, EC 
relates to the concentration of dissolved ions, pH reflects 
acid-base conditions, while temperature describes thermal 
conditions that also influence physical and chemical 
processes in water. These parameters have been used to 
evaluate the condition and spatial variation of water 
characteristics in various water systems (Irwan et al., 2017; 
Pohan et al., 2017; HAR et al., 2023; Ayuningrum et al., 
2023; Yanidar et al., 2023; Ayu et al., 2024; Rumabar et al., 
2024). 

Physicochemical variations in water can also be related 
to geological conditions and the materials interacting with 
the water. Water contact with rocks, sediments, and 
weathered materials allows for chemical weathering, 
mineral dissolution, leaching, and ion exchange. These 
processes can release dissolved constituents, contributing 
to changes in TDS and EC, as well as acid-base balance, as 
reflected in pH (Bastia and Equeenuddin, 2019; Su et al., 
2022; Goldrich-Middaugh et al., 2022; Ma et al., 2023; Raj 
and Maya, 2023). Conceptually, based on previous research, 

differences in mineral composition and reactivity can result 
in different weathering responses; weathering of silicate 
minerals can release dissolved constituents gradually, 
while more soluble materials can contribute more rapidly 
to the water's ionic composition. These mechanisms are 
used as the basis for geochemical interpretation and are not 
intended to identify specific minerals in the Auya River 
geological material. The magnitude of this process is also 
influenced by the nature of the geological material, the level 
of weathering, the time of water–rock contact, and local 
hydrological conditions (Duan et al., 2023; Hartanto et al., 
2023; Razi et al., 2024). 

The relationship between geological conditions and 
water characteristics has been reported in various 
hydrogeological environments. Differences in lithology, 
weathering processes, and water-rock interactions can 
produce distinct hydrogeochemical characteristics 
(Dianardi et al., 2018; Mairizki et al., 2021; Maria et al., 
2022; Gaur et al., 2022; Afrilita et al., 2024; Islam and 
Mostafa, 2024; Laratmase et al., 2024; Masitoh et al., 2025). 
These variations can also develop spatially and temporally 
as a result of the interaction of geological conditions, 
hydrological processes, and environmental factors 
(Listyani and Ridayati, 2024; Duan et al., 2024; Hidayat et 
al., 2025; Basharat et al., 2025). In this study, the 
relationship to geological conditions was primarily 
considered for TDS, EC, and pH through the release and 
dissolution processes of dissolved constituents. In contrast, 
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temperature is more influenced by elevation, solar 
radiation, vegetation, flow conditions, and measurement 
time and is therefore not assumed to be a direct response to 
lithology, although temperature changes can affect 
geochemical reaction rates and water conductivity. 

The Auya River in the Obano area of Paniai Regency, 
Central Papua, flows through varying geological conditions. 
Previous research by Boma and Mote (2026) showed that 
TDS and pH of the Auya River vary across the river section, 
related to changes in lithology and weathering levels. This 
study provided initial empirical evidence regarding the 
relationship between geological conditions and water 
characteristics, but it only included six observation points 
and two main parameters: TDS and pH. Consequently, the 
spatial physicochemical patterns of water along the course 
have not been characterized in detail. Furthermore, 
lithological changes occur along the upstream-downstream 
gradient, so differences in water parameters cannot be fully 
separated from other spatial factors that change along the 
course. These limitations leave a gap in knowledge 
regarding variations in TDS, pH, EC, and temperature over 
a narrower spatial range and their relationship to the 
geological conditions of the Auya River. 

This study was developed to address this gap through 
observations at 20 stations (ST01–ST20) and 
measurements of TDS, pH, EC, and temperature. The 
observation stations are located in river segments 
characterized by intrusive igneous rocks, siltstone, and 
sand , while the weathering level of outcrops is used as 
supporting geological information. Increasing the number 
of stations from six to 20 and the addition of EC and 
temperature allow for the evaluation of water 
physicochemical change patterns with more detailed 
spatial resolution. Statistical analysis is used to 
quantitatively evaluate spatial variations, parameter 
differences between lithological groups, and relationships 
between parameters, as is the approach used in spatial 
variation studies and hydrogeochemical characterization 
(Yanidar et al., 2023; Listyani and Ridayati, 2024; Basharat 
et al., 2025). 

However, the lithological groups at the study site are 
arranged along the upstream–downstream gradient of the 
Auya River, so that differences in parameters between 
groups may reflect a combination of geological conditions 
and other spatial factors. Therefore, the differences found 
are not interpreted as evidence of a direct causal 
relationship between lithology and water characteristics, 
but rather as a spatial association between water 
physicochemical variations and geological conditions along 
the Auya River. Based on this framework, this study aims to 
analyze the spatial variations of TDS, pH, EC, and 
temperature; evaluate their differences in segments with 
different lithological conditions; analyze the relationships 
between parameters; and interpret the obtained patterns in 
relation to the geological conditions and weathering levels 
of outcrops in the Auya River, Paniai Regency, Central 
Papua, Indonesia. 

2. Regional Geology 

This research was conducted in Obano District, Paniai 
Regency, Central Papua Province. Regionally, the research 
area falls within the scope of Geological Map of the Enarotali 
Sheet, Irian Jaya, scale 1:250,000 . Based on the map, the 
area around the Auya River is composed of several 
geological units with different ages and lithological 
characteristics, especially the Timepa Monzonite (Tmpt), 
the Kemelangan Group (JKk), and Lake Deposits (Ql) 

(Harahap et al., 1990). This geological composition reflects 
the development of the region influenced by magmatic 
activity, sedimentation, deformation, and deposition of 
surface materials. This diversity of geological conditions is 
important in the study because the Auya River flows 
through or adjacent to different geological materials, 
allowing for interactions between water and rocks and 
sediments along the river flow. 

The Timepa Monzonite (Tmpt) is a Pliocene unit 
associated with magmatic activity. This unit is composed of 
quartz diorite, monzonite, porphyry diorite, quartz 
andesite, and muscovite-biotite granite (Harahap et al., 
1990). Based on the general characteristics of its 
constituent rocks, this unit can contain silicate minerals 
such as feldspar and quartz, accompanied by mafic minerals 
in certain rock types, while muscovite and biotite are the 
minerals explicitly mentioned in muscovite-biotite granite. 
When exposed at the surface, the minerals that make up 
igneous rocks can undergo physical and chemical 
weathering through processes such as hydrolysis, 
dissolution, and leaching. These processes conceptually 
allow for the release of dissolved components from the 
rocks into the water. However, because this study did not 
conduct direct mineralogical analysis at each station, the 
presence and proportion of specific minerals are not used 
as direct evidence regarding the minerals that control the 
water characteristics of the Auya River. 

Another unit that developed in the study area is the 
Kemelangan Group (JKk) of Middle Jurassic–Paleocene age. 
According to Harahap et al. (1990), this unit is primarily 
composed of siltstone , which in the northern part has 
undergone deformation to develop into slate. In some parts, 
siltstone is found interbedded with sandstone, while 
mudstone is present locally. In general, clastic sedimentary 
rocks such as siltstone and sandstone can be composed of 
quartz, clay minerals, feldspar, and rock fragments in 
varying proportions. The local presence of mudstone also 
indicates the possible presence of carbonate material in 
certain parts of the unit. However, the actual mineral 
composition and proportions at the observation location 
have not been determined through direct mineralogical 
analysis, so the mineralogical characteristics are used as a 
framework for geological interpretation, not as a result of 
mineral identification in the study samples. 

The characteristics of siltstone are important in the 
context of this study because it is a fine-grained clastic 
sedimentary rock that has undergone lithification. 
Relatively fine grain size, mineral composition, degree of 
cementation, fracturing, and weathering can influence the 
extent and intensity of contact between the rock and water. 
During weathering, the minerals and materials composing 
siltstone can undergo leaching and dissolution, potentially 
releasing dissolved components into the aquatic system. 
These processes provide a geological basis for evaluating 
the possible association between the presence of siltstone 
and variations in TDS, EC, and pH measured in the Auya 
River. However, this relationship remains interpreted as an 
association based on geological conditions and spatial 
patterns, rather than as evidence of a direct causal 
relationship. 

The younger geological unit, the Lake Deposit (Ql), is 
Holocene in age and composed primarily of mud and sand 
(Harahap et al., 1990). Unlike the Timepa Monzonite and 
the Kemelangan Group, which consist of consolidated rocks, 
the material in the Lake Deposit is relatively unconsolidated 
surface sediment. In this study, the term "sand" is used to 
describe loose, sand-sized sediment found at the 
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observation site and is regionally associated with the 
presence of younger surface deposits. Sand material has 
different physical characteristics compared to intrusive 
igneous rocks and siltstones, particularly in terms of grain 
size, porosity, permeability, and the contact conditions 
between water and sediment grains. These differences in 
characteristics can influence the exchange of material 
between the solid and water phases, although the extent of 
the contribution to water composition remains dependent 
on the mineral composition and local environmental 
conditions. 

Based on field conditions, geological materials at the 
observation stations in this study are grouped into three 
main categories, namely Intrusive Igneous Rock, Siltstone, 
and Sand. This grouping needs to be distinguished from the 
nomenclature of regional geological units. Timepa 
Monzonite (Tmpt), Kemelangan Group (JKk), and Lake 
Deposits (Ql) are regional geological units according to 
Harahap et al. (1990), while Intrusive Igneous Rock, 
Siltstone, and Sand are geological material groups used to 
classify conditions at the observation stations. Intrusive 
Igneous Rock and Siltstone are rock materials that have 
been consolidated, while Sand is loose sedimentary 
material that has not undergone lithification. This 
distinction is important so that the classification of 
materials at the research stations is not directly equated 
with the names of formations or stratigraphic units on 
regional geological maps. 

The differences in the properties of rocks and sediments 
provide conditions that allow for interactions between 
water and geological materials through weathering, 
dissolution, leaching, hydrolysis, and ion exchange. The 
release of ions and dissolved materials from rocks and 
sediments is potentially reflected in changes in Total 
Dissolved Solids (TDS) and Electrical Conductivity (EC), 
while reactions between water and minerals or weathered 
materials can be related to changes in pH. Temperature is 
interpreted more carefully because in addition to being 
related to physicochemical processes, this parameter can be 
influenced by other spatial factors, such as elevation, solar 
radiation, vegetation cover, discharge, and flow 
characteristics. Therefore, geological conditions in this 
study are treated as one of the factors associated with water 
physicochemical variations, not as the sole controlling 
factor. 

 

Fig 1. Regional Geology of the Research Area 
Source: Regional geological map sheet Enarotali (1990) 

Regional geological information from Harahap et al. 
(1990) was then used as a framework to understand the 
distribution of rock and sediment units around the Auya 
River and to support the interpretation of observation 
results at 20 stations. (ST01–ST20). The geological map of 
the research area needs to clearly show Auya River flow, 

ST01–ST20 locations, boundaries between geological units, 
map scale, and north direction. Since the geological material 
groups at the observation stations are also arranged along 
an upstream–downstream gradient, variations in TDS, pH, 
EC, and temperature in the Intrusive Igneous Rock, 
Siltstone, and Sand groups are interpreted as geological–
spatial associations. This approach allows the relationship 
between geological conditions and physicochemical 
characteristics of water to be evaluated without assuming 
that differences in water parameters are entirely due to 
differences in lithology. 

3. Research Methods 

This study used an observational quantitative approach 
to analyze the spatial variation of the physicochemical 
characteristics of Auya River water in relation to geological 
conditions. Data collection was conducted in Obano District, 
Paniai Regency, Central Papua, from late July to early 
August 2026. A total of 20 observation stations (ST01–
ST20) were determined purposively following the direction 
of river flow from upstream to downstream by considering 
changes in geological conditions, spatial representation, the 
presence of outcrops or geological materials, and location 
accessibility. The coordinates and elevation of each station 
were determined using a Garmin eTrex 10 GPS. The 
elevation of the observation locations ranged from 2,185 m 
at ST01 to 1,769 m at ST20, while the cumulative distance 
from ST01 ranged from 0.000–8.032 km and was used to 
represent the longitudinal position along the river flow. 

Based on field observations, stations were grouped into 
three geological condition groups, namely Intrusive 
Igneous Rock (ST01–ST05; n = 5), Siltstone (ST06–ST10; n 
= 5), and Sand (ST11–ST20; n = 10). The difference in the 
number of stations between groups follows the distribution 
and length of the geological material zones encountered 
along the research track. The Sand Zone covers a longer 
section of the track and is therefore represented by a 
greater number of stations. The weathering conditions of 
the outcrops were visually classified based on color 
changes, surface conditions, and physical changes of the 
material into Slightly Weathered (ST01–ST04), Moderately 
Weathered (ST05–ST15 and ST20), and Highly Weathered 
(ST16–ST19). Weathering data were used as supporting 
geological information in the interpretation of the results 
and were not treated as the main factor in the inferential 
statistical analysis. 

The physicochemical parameters of water were 
measured directly ( in situ ) at each station using the Water 
Quality Tester 5-in-1 Model EZ-9909, including Total 
Dissolved Solids (TDS; mg/L ) , pH, Electrical Conductivity 
(EC; µS/cm ), and temperature (°C). The instrument was 
prepared and calibrated according to the instrument usage 
procedures before measurement. The sensor was cleaned 
before use at the next station to minimize cross-
contamination. Measurements were made by placing the 
sensor in river water, then the TDS, pH, EC, and temperature 
values were recorded after the instrument readings 
stabilized. The same measurement procedure was applied 
at all stations to maintain consistency and comparability of 
data between locations. 

Data were analyzed using IBM SPSS Statistics 27 with a 
significance level of α = 0.05. Descriptive statistics were 
used to determine the minimum, maximum, mean, and 
standard deviation values of TDS, pH, EC, and temperature, 
both overall and by geological condition group. Prior to 
inferential analysis, the distribution of data in each group 
was examined using the Shapiro–Wilk test, while 
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homogeneity of variance was evaluated using the Levene 
test. Differences in the average physicochemical 
parameters between the Intrusive Igneous Rock, Siltstone, 
and Sand groups were analyzed using One-Way ANOVA. 
Given the unbalanced group sizes (n = 5, 5, and 10), Welch 
ANOVA was used as a robustness analysis to evaluate the 
consistency of the results against the imbalance in group 
size and possible differences in variance. The Levene test 
results showed a p value > 0.05 for all parameters so that 
the assumption of homogeneity of variance was met. If the 
ANOVA showed a significant difference ( p < 0.05), the 
analysis was continued using the Tukey HSD post-hoc to 
identify significantly different group pairs. This approach 
also ensures that ANOVA significance is not immediately 
interpreted as evidence that all pairs of groups are different. 

The relationships between TDS, pH, EC, and 
temperature parameters were analyzed using a two-way 
Pearson correlation at a significance level of α = 0.05 and 
visualized through a scatterplot with a linear regression 
line. Because the geological condition groups are arranged 
along an upstream-downstream gradient, the correlations 
between parameters are potentially influenced by the same 
spatial trend. Therefore, partial correlations controlling for 
cumulative distance from ST01 were used to evaluate the 
relationships between parameters after accounting for the 
linear component of longitudinal position. Elevation was 
used as an additional sensitivity analysis to evaluate the 
stability of the relationships between parameters with 
respect to topographic gradients. This analysis was used to 
distinguish directly observed relationships between 
parameters from those that may be influenced by spatial 
position along the river. 

Interpretation of results was carried out by integrating 
geological conditions, weathering levels, elevation, 
cumulative distance, physicochemical characteristics of 
water, and statistical analysis results. In the sampling 
design of this study, the Intrusive Igneous Rock, Siltstone, 
and Sandstone groups coincided with the upstream, middle, 
and downstream sections of the Auya River, respectively. 
This condition caused geological factors and longitudinal 
position to be unable to be completely separated as 
independent factors. Therefore, differences in TDS, pH, EC, 
and temperature between groups were interpreted as 
geological–spatial associations, not as evidence of a causal 
relationship or independent influence of lithology on water 
characteristics. This interpretative framework was used to 
maintain consistency between the observational design, 
statistical analysis, research results, and conclusions. 

4. Results And Discussion 

4.1. Field Data and Geological Conditions of 
Observation Stations 

Field observations were conducted at 20 stations 
(ST01–ST20) sequentially distributed along the main flow 
of the Auya River, Obano District, Paniai Regency, Central 
Papua. The distribution of stations follows the flow 
direction from the upstream in the northwest to the 
downstream approaching Lake Paniai (Figure 2). The 
upstream section has a relatively steeper relief indicated by 
tighter contours with an elevation of around 2,300–2,500 
m, while the downstream section exhibits a gentler relief 
with an elevation of around 1,700–1,800 m. The 
arrangement of stations following the flow direction 
provides a spatial framework for evaluating changes in 
geological conditions and physicochemical characteristics 
of water from upstream to downstream.  

 

 

 

 

 

 

 

 

 

 

Fig 2. Map of research locations and distribution of observation 
stations ST01–ST20 along the Auya River.  

Source: Map of research locations, processed by the author (2026). 

The results of field geological observations indicate that 
the research stations can be grouped into three main 
geological material groups, namely Intrusive Igneous Rock 
at ST01–ST05, Siltstone at ST06–ST10, and Sand at ST11–
ST20. This grouping is based on the geological material 
found at each observation location and is used as the basis 
for grouping data in statistical analysis. The term Siltstone 
at ST06–ST10 refers to fine-grained clastic sedimentary 
rocks that have undergone lithification, not loose silt 
sediment. Meanwhile, Sand at ST11–ST20 is loose 
sedimentary material that has not been consolidated. This 
distinction is important because Intrusive Igneous Rock and 
Siltstone are consolidated rocks, while Sand is 
unconsolidated sedimentary material. 

Fig 3. Photo of an intrusive igneous rock sample  

In the upstream section (ST01–ST05), the geological 
conditions of the field are dominated by Intrusive Igneous 
Rocks. In this group, the degree of weathering of the 
outcrops varies from slightly weathered in ST01–ST04 to 
moderately weathered in ST05. The physicochemical 
characteristics of the water in this section show a TDS of 
25–48 mg/L, pH 6.50–6.73, EC 48–83 µS/cm, and 
temperature 16.80–17.71 °C. The relatively lower 
parameter values in the upstream section describe the 
initial conditions of the water at the series of research 
stations before the flow enters the river section associated 
with the next geological material.  

In the middle section (ST06–ST10), the geological 
material observed was siltstone with a moderate level of 
weathering. The transition from intrusive igneous rock to 
siltstone was spatially followed by an increase in TDS to 70–
93 mg/L and EC to 86–118 µS/cm. The pH value ranged 
from 6.72–7.08, while the water temperature ranged from 
17.57–18.47 °C. These conditions indicate that changes in 
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geological material groups from the upstream to the middle 
section coincided with changes in the physicochemical 
characteristics of the water. However, because lithological 
changes occur in the direction of the upstream–
downstream position, this pattern at the field observation 
stage was treated as a spatial association and has not been 
interpreted as a direct result of lithological changes. 

Fig 4. Photo of a siltstone sample 

In the downstream section (ST11–ST20), the material 
encountered is dominated by sand, which is loose, 
unconsolidated sediment. The level of weathering recorded 
in the environment around the station is generally in the 
moderate weathering category, while highly weathered 
conditions are found in ST16–ST19. In this group, TDS 
ranges from 108–153 mg/L, pH 7.20–7.77, EC 125–166 
µS/cm, and temperature 18.42–20.20 °C. Compared to the 
stations in the upstream and middle sections, the 
downstream section shows generally higher TDS, EC, pH, 
and temperature values. 

Fig 5. Photo of sand sample 

Overall, the field data showed a spatial pattern of 
increasing TDS from 25 mg/L at ST01 to 153 mg/L at ST20, 
while pH ranged from 6.50–7.77, EC between 48–166 
µS/cm, and temperature between 16.80–20.20 °C. The 
increase in these parameters occurred simultaneously with 
changes in geological material from Intrusive Igneous Rock 
at ST01–ST05, Siltstone at ST06–ST10, to Sand at ST11–
ST20. However, this pattern does not directly indicate a 
causal relationship because the geological material groups 
are also arranged along an upstream–downstream 
gradient. Thus, the field data showed a spatial 
correspondence between changes in geological conditions 
and variations in the physicochemical characteristics of the 
Auya River water, which was further evaluated through 
statistical analysis. 

Table 1. Physicochemical characteristics of water and geological 
conditions of ST01–ST20 

Station Position TDS pH EC Temperature 
Geological 

Materials 

Outcrop 

Weathering 

ST01 Upstream 25 6.50 48 16.80 
Intrusive 

Igneous 

Rock 

A little 

weathered 

ST02 
Upstream 

31 6.55 56 17.00 
Intrusive 

Igneous 

Rock 

A little 

weathered 

ST03 
Upstream 

36 6.64 64 17.24 
Intrusive 

Igneous 

Rock 

A little 

weathered 

ST04 
Upstream 

42 6.58 72 17.49 
Intrusive 

Igneous 

Rock 

A little 

weathered 

ST05 
Upstream 

48 6.73 83 17.71 
Intrusive 

Igneous 

Rock 

Moderate 

weathering 

ST06 Middle 70 6.72 86 17.57 Siltstone 
Moderate 

weathering 

ST07 Middle 76 6.89 100 17.80 Siltstone 
Moderate 

weathering 

ST08 Middle 81 6.80 102 18.04 Siltstone 
Moderate 

weathering 

ST09 Central 87 7.08 115 18.22 Siltstone 
Moderate 

weathering 

ST10 Central 93 6.94 118 18.47 Siltstone 
Moderate 

weathering 

ST11 Downstream 108 7.20 126 18.42 Sand 
Moderate 

weathering 

ST12 Downstream 113 7.41 141 18.68 Sand 
Moderate 

weathering 

ST13 Downstream 118 7.23 125 18.79 Sand 
Moderate 

weathering 

ST14 Downstream 123 7.49 149 19.10 Sand 
Moderate 

weathering 

ST15 Downstream 128 7.35 134 19.21 Sand 
Moderate 

weathering 

ST16 Downstream 133 7.63 153 19.47 Sand 
Very 

weathered 

ST17 Downstream 138 7.53 161 19.76 Sand 
Very 

weathered 

ST18 Downstream 143 7.68 153 19.84 Sand 
Very 

weathered 

ST19 Downstream 148 7.64 166 20.15 Sand 
Very 

weathered 

ST20 Downstream 153 7.77 161 20.20 Sand 
Moderate 

weathering 

Source: Field research data ST01–ST20 (2026). 

 

Fig 6. Longitudinal profile of the Auya River 
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4.2. Spatial Variation of Physicochemical 
Characteristics of Auya River Water 

The results of descriptive statistical analysis showed 
variations in the physicochemical characteristics of water at 
20 observation stations along the Auya River. Total 
Dissolved Solids (TDS) values ranged from 25–153 mg/L 
with an average of 94.70 ± 41.93 mg/L. The pH value ranged 
from 6.50–7.77 with an average of 7.118 ± 0.427, while the 
Electrical Conductivity (EC) ranged from 48–166 µS/cm 
with an average of 115.65 ± 37.57 µS/cm. The water 
temperature ranged from 16.80–20.20 °C with an average 
of 18.50 ± 1.05 °C. This range of values indicates that the 
physicochemical conditions of the Auya River water are not 
uniform, but experience spatial changes from upstream to 
downstream. 

Table 2. Descriptive statistics of the physicochemical 
characteristics of Auya River water 

Source: Results of research data processing using IBM SPSS Statistics 
27 (2026). 

TDS showed a clear increasing trend along the flow 
direction. The lowest value of 25 mg/L was found at ST01 
in the upstream section and generally increased to 153 
mg/L at ST20 in the downstream section. A similar trend 
was seen for EC, which increased from 48 µS/cm at ST01 
and reached a maximum value of 166 µS/cm at ST19. The 
similarity of TDS and EC patterns indicates that the 
concentrations of dissolved materials and ions tend to be 
higher downstream than upstream. Hydrogeochemically, 
this pattern may be related to the accumulation of dissolved 
substances during water travel, increased contact time 
between water and rocks and sediments, and possible input 
of materials from tributaries and the environment along the 
flow. However, the available data do not yet allow for the 
relative contributions of each of these processes to be 
determined separately. 

The pH value also shows an increasing trend from 
upstream to downstream, but with fluctuations at some 
stations. At ST01, the pH was recorded at 6.50 and 
increased to 7.77 at ST20. The upstream section generally 
exhibits slightly acidic to near-neutral conditions, while the 
downstream section tends to be neutral to slightly alkaline. 
The non-linear pattern, such as decreases and increases in 
pH between adjacent stations, suggests that the acid-base 
conditions of the water are likely influenced by a 
combination of geochemical processes and local 
environmental conditions, so that pH changes cannot be 
explained solely by station location or geological material 
type. 

Water temperature shows an increasing trend from 
16.80 °C at ST01 to 20.20 °C at ST20. This increase occurs 
simultaneously with the change in position from upstream 
to downstream and a decrease in elevation along the Auya 
River profile. Based on the longitudinal profile, the 
elevation decreases from approximately 2,185 m above sea 
level at ST01 to 1,769 m above sea level at ST20. Therefore, 
temperature variations are not directly associated with 
changes in lithology because they can also be influenced by 
elevation, sunlight intensity, vegetation cover, flow 

conditions, water depth, discharge, and microclimate 
conditions along the river. 

Spatially, changes in physicochemical characteristics 
occur simultaneously with changes in geological conditions 
observed in the field. ST01–ST05 in the upstream section 
are associated with Intrusive Igneous Rock, ST06–ST10 in 
the middle section with Siltstone, while ST11–ST20 in the 
downstream section is dominated by Sand. Locations 
associated with Siltstone and Sand generally show higher 
TDS, EC, pH, and temperature values than locations with 
Intrusive Igneous Rock. This pattern indicates a spatial 
relationship between changes in geological conditions and 
the physicochemical characteristics of the Auya River 
water. 

However, these relationships need to be interpreted 
with caution because the distribution of geological material 
groups follows an upstream–downstream gradient. With 
this sampling design, the influence of along-stream position 
cannot be independently separated from differences in 
geological conditions. Increases in TDS, EC, pH, and 
temperature at different site groups cannot be attributed 
solely to lithological changes because distance from the 
headwaters, elevation reduction, solute accumulation, 
tributary input, and other hydrological and environmental 
conditions may contribute to the observed patterns. 
Therefore, differences in parameters between geological 
groups in this study are better understood as geologic–
spatial associations, rather than as evidence of a direct 
causal relationship between lithology and water 
physicochemical characteristics. 

Overall, the descriptive statistics show a spatial 
gradient in the physicochemical characteristics of the Auya 
River water from upstream to downstream, primarily in the 
form of an increase in TDS and EC and a tendency towards 
increasing pH and temperature. This gradient coincides 
with a change in geological material from intrusive igneous 
rock to siltstone and sandstone and a decrease in elevation 
along the course. These results provide a basis for 
subsequent statistical analysis to evaluate differences in 
physicochemical characteristics between geological 
location groups. However, any statistical differences found 
should be interpreted in the context of the relationship 
between geological conditions and spatial position and 
should not be used as evidence that lithology is the sole 
factor controlling variations in the Auya River water. 

4.3. Spatial Variation of Physicochemical 
Characteristics of Water in Relation to Geological 
Conditions 

Descriptive statistics show variations in the 
physicochemical characteristics of water in different 
geological condition groups along the Auya River. Based on 
field observations, ST01–ST05 in the upstream section are 
associated with Intrusive Igneous Rock, ST06–ST10 in the 
middle section with Siltstone, while ST11–ST20 in the 
downstream section is dominated by Sand. The average 
values of TDS, pH, EC, and temperature show an increasing 
trend from the Intrusive Igneous Rock location group 
towards Siltstone and Sand (Table 3). However, because the 
three groups are also arranged sequentially following the 
upstream–downstream gradient, differences between 
groups need to be interpreted as part of the river's spatial 
variation and do not directly indicate the influence of 
lithology independently. 

TDS showed a clear increasing trend between the site 
groups. The average TDS in Intrusive Igneous Rock was 
36.40 ± 9.02 mg/L with a range of 25–48 mg/L, then 

Parameter N Minimum Maximum Average 
Elementary 

School 
TDS (mg/L) 20 25 153 94.70 41.93 
pH 20 6.50 7.77 7,118 0.427 
EC (µS/cm) 20 48 166 115.65 37.57 
Temperatu
re (°C) 

20 16.80 20.20 18.50 1.05 
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increased to 81.40 ± 9.02 mg/L in Siltstone with a range of 
70–93 mg/L, and reached 130.50 ± 15.14 mg/L in Sand with 
a range of 108–153 mg/L. This pattern indicates that 
dissolved material concentrations were generally higher at 
the middle and downstream stations compared to the 
upstream stations. Although differences in geological 
materials can provide different conditions for water–rock 
or water–sediment interactions, the increase in TDS cannot 
be directly attributed to changes in lithology because the 
position of the stations also changes systematically from 
upstream to downstream. Accumulation of dissolved 
material during water travel, increased distance and time of 
contact with materials along the flow, input from 
tributaries, and local hydrological conditions may also 
contribute to this pattern. 

Table 3. Descriptive statistics of the physicochemical 
characteristics of water in geological condition groups 

Geological 
conditions 

N 
TDS 

(mg/L) 
pH 

EC 
(µS/cm) 

Temperature 
(°C) 

Intrusive 
Igneous 
Rock 

5 36.40 ± 
9.02 

6,600 
± 
0.089 

64.60 ± 
13.63 

17.248 ± 
0.365 

Siltstone 5 81.40 ± 
9.02 

6.886 
± 
0.137 

104.20 
± 12.85 

18,020 ± 
0.351 

Sand 10 130.50 ± 
15.14 

7.493 
± 
0.193 

146.90 
± 14.75 

19,362 ± 
0,623 

Source: Results of research data processing using SPSS (2026). 

EC showed a trend in the same direction as TDS. The 
average EC increased from 64.60 ± 13.63 µS/cm in intrusive 
igneous rocks to 104.20 ± 12.85 µS/cm in siltstone and 
146.90 ± 14.75 µS/cm in sand. The similarity of TDS and EC 
patterns indicates that the increase in dissolved material 
content along the river coincided with an increase in the 
water's ability to conduct electrical current. This is 
consistent with the EC character related to the presence of 
dissolved ions in water. However, the higher EC value in the 
sand group cannot be interpreted as directly producing 
higher ion concentrations, because the group is located 
downstream and has received the cumulative influence of 
processes occurring along the flow. 

The pH value also shows a spatial increase. The average 
pH in the intrusive igneous rocks is 6.600 ± 0.089, 
increasing to 6.886 ± 0.137 in the siltstone and 7.493 ± 
0.193 in the sand. Overall, the pH ranges from 6.50–7.77, 
indicating a change in water conditions from slightly acidic 
to slightly alkaline. pH variations may be related to various 
geochemical reactions that occur during water contact with 
rocks, sediments, and weathered materials. Regional 
geological conditions indicate the presence of igneous rocks 
in the Timepa Monzonite and sedimentary rocks in the form 
of siltstone, sandstone, and local muddy limestone in the 
Kemelangan Group (Harahap et al., 1990). This material 
diversity provides a geological basis for the possibility of 
water-rock interactions. However, because the mineral and 
geochemical composition of rocks at each station has not 
been directly analyzed, the processes of mineral 
dissolution, hydrolysis, and ion release in this study are 
treated as possible mechanisms and not as processes that 
have been directly proven. 

Water temperature shows an increasing pattern from 
an average of 17.248 ± 0.365 °C in Intrusive Igneous Rock 
to 18.020 ± 0.351 °C in Siltstone and 19.362 ± 0.623 °C in 
Sand. This temperature increase occurs simultaneously 
with the change in station position from upstream to 
downstream. The longitudinal profile of the Auya River 
shows a decrease in elevation from 2,185 m above sea level 

at ST01 to 1,769 m above sea level at ST20. Therefore, 
temperature variations cannot be directly related to 
geological conditions. In addition to elevation, water 
temperature can be influenced by the intensity of sunlight, 
vegetation cover, measurement time, water depth, 
discharge, flow velocity, and river morphology. 

Descriptively, the four parameters show an average 
sequence of Intrusive Igneous Rock < Siltstone < Sand. 
However, the sequence coincides with the spatial 
arrangement of upstream (ST01–ST05) → middle (ST06–
ST10) → downstream (ST11–ST20). This condition 
indicates that geological factors and position along the flow 
cannot be separated independently in the sampling design. 
Thus, the higher parameter values in the Siltstone and Sand 
groups cannot be considered solely as a result of lithological 
differences. Downstream processes, including 
accumulation of dissolved substances along the flow, 
elevation reduction, input from the surrounding 
environment, and changes in hydrological conditions, need 
to be considered together with geological conditions in 
explaining the variations found. 

Based on these results, descriptive statistics indicate a 
spatial gradient in the physicochemical characteristics of 
Auya River water that coincides with the change in 
geological conditions from Intrusive Igneous Rock to 
Siltstone and Sandstone. This finding supports an 
association between geological conditions and water 
physicochemical variations, but cannot yet be used to 
conclude a direct cause-and-effect relationship. Water-rock 
interaction mechanisms such as weathering, leaching, and 
geological mineral dissolution may contribute to changes in 
water characteristics, but their contribution cannot be 
specifically determined without direct mineralogical or 
geochemical evidence. Therefore, the results at this stage 
are used to describe the geological-spatial association, 
while the significance of differences between groups is 
further evaluated through ANOVA and post-hoc tests . 

4.4 Differences in Physicochemical Characteristics of 
Water Between Geological Condition Groups 

Before performing One-Way ANOVA , the data were 
tested to meet the assumptions of normality and 
homogeneity of variance. The Shapiro–Wilk test showed 
that the data in each geological condition group had a p-
value > 0.05. For example, the p-values for TDS in the 
Intrusive Igneous Rock, Siltstone, and Sand groups were 
0.979; 0.979; and 0.892, respectively. Similar results were 
obtained for the parameters pH, EC, and temperature, so 
there was insufficient evidence to reject the assumption of 
normality. Furthermore, the Levene test produced p-values 
of 0.168 for TDS, 0.164 for pH, 0.772 for EC, and 0.112 for 
temperature. All of these values were greater than 0.05, so 
the assumption of homogeneity of variance was met. Based 
on the results of testing these assumptions, One-Way 
ANOVA was used to evaluate the mean differences between 
geological condition groups, followed by a Tukey HSD post-
hoc test to identify significantly different pairs of groups. 

The One-Way ANOVA results showed significant 
differences in the averages among the three geological 
condition groups for TDS (F(2,17) = 96.174; p < 0.001), pH 
(F(2,17) = 57.923; p < 0.001), EC (F(2,17) = 59.276; p < 
0.001), and temperature (F(2,17) = 30.870; p < 0.001). The 
Welch test results as a robust test also provided consistent 
results, with values of 106.768 for TDS, 70.543 for pH, 
55.026 for EC, and 32.130 for temperature, all at p < 0.001. 
However, the significance of the ANOVA only indicates that 
there is a difference in at least one group average and does 
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not indicate that all pairs of groups are significantly 
different. Therefore, the interpretation of differences 
between groups was further based on the results of the 
Tukey HSD post-hoc test. 

Table 4. One-Way ANOVA results of physicochemical 
characteristics of water between geological condition groups 

Parameter F df p Interpretation 

TDS 96,174 2;17 <0.001 
There are 

differences 
between groups 

pH 57,923 2;17 <0.001 
There are 

differences 
between groups 

EC 59,276 2;17 <0.001 
There are 

differences 
between groups 

Temperature 30,870 2;17 <0.001 
There are 

differences 
between groups 

Source: Results of research data processing using SPSS (2026). 

Table 5. Results of the Tukey HSD post-hoc test between geological 
condition groups 

Parameter Group pairs 
Average 
differen

ce 
p Interpretation 

TDS 

Intrusive 
Igneous 
Rock–

Siltstone 

45.00 
mg/L 

<0.001 Significant 

 
Intrusive 
Igneous 

Rock–Sand 

94.10 
mg/L 

<0.001 Significant 

 Siltstone–
Sandstone 

49.10 
mg/L 

<0.001 Significant 

pH 

Intrusive 
Igneous 
Rock–

Siltstone 

0.286 0.031 Significant 

 
Intrusive 
Igneous 

Rock–Sand 
0.893 <0.001 Significant 

 Siltstone–
Sandstone 

0.607 <0.001 Significant 

EC 

Intrusive 
Igneous 
Rock–

Siltstone 

39.60 
µS/cm 

0.001 Significant 

 
Intrusive 
Igneous 

Rock–Sand 

82.30 
µS/cm 

<0.001 Significant 

 Siltstone–
Sandstone 

42.70 
µS/cm 

<0.001 Significant 

Temperatur
e 

Intrusive 
Igneous 
Rock–

Siltstone 

0.772 
°C 

0.073 
Not 

significant 

 
Intrusive 
Igneous 

Rock–Sand 

2,114 
°C 

<0.001 Significant 

 Siltstone–
Sandstone 

1,342 
°C 

0.001 Significant 

Source: Results of research data processing using SPSS (2026). 
Significance level α = 0.05. 

post-hoc test showed that TDS differed significantly 
across all pairs of geological condition groups. The average 
difference in TDS between Intrusive Igneous Rock and 
Siltstone was 45.00 mg/L (p < 0.001), between Intrusive 
Igneous Rock and Sand was 94.10 mg/L (p < 0.001), and 
between Siltstone and Sand was 49.10 mg/L (p < 0.001). 
Based on descriptive statistics, the average TDS increased 
from 36.40 mg/L in the Intrusive Igneous Rock group to 
81.40 mg/L in Siltstone and 130.50 mg/L in Sand. Thus, the 
differences in TDS identified through ANOVA were 

supported by significant differences across all pairs of 
groups. 

The same pattern was found in pH. The mean difference 
between Intrusive Igneous Rock and Siltstone of 0.286 was 
significant at p = 0.031, while the difference between 
Intrusive Igneous Rock and Sand of 0.893 and between 
Siltstone and Sand of 0.607 were each significant at p < 
0.001. The mean pH value increased from 6.600 in Intrusive 
Igneous Rock to 6.886 in Siltstone and 7.493 in Sand. These 
results indicate that all three pairs of groups have 
statistically significant differences in pH. 

EC also showed significant differences across all pairs of 
groups. The mean difference between Intrusive Igneous 
Rock and Siltstone was 39.60 µS/cm (p = 0.001), between 
Intrusive Igneous Rock and Sand was 82.30 µS/cm (p < 
0.001), and between Siltstone and Sand was 42.70 µS/cm (p 
< 0.001). The mean EC increased from 64.60 µS/cm in 
Intrusive Igneous Rock to 104.20 µS/cm in Siltstone and 
146.90 µS/cm in Sand. The trend of EC in the same direction 
as TDS indicates that locations with higher dissolved 
material content generally also have higher electrical 
conductivity. 

In contrast to TDS, pH, and EC, post-hoc results on 
temperature showed that not all pairs of groups differed 
significantly. The average temperature difference between 
Intrusive Igneous Rock and Siltstone of 0.772 °C was not 
significant at the α = 0.05 level (p = 0.073). In contrast, the 
difference between Intrusive Igneous Rock and Sand of 
2.114 °C was significant (p < 0.001), as was the difference 
between Siltstone and Sand of 1.342 °C (p = 0.001). Thus, 
the significance of the ANOVA on temperature was 
primarily related to the difference between the Sand group 
and the other two groups, while the temperature between 
Intrusive Igneous Rock and Siltstone groups did not show a 
statistically significant difference. 

Although TDS, pH, and EC showed significant 
differences across all pairs of groups, these results need to 
be interpreted in the context of the spatial distribution of 
the observation stations. The Intrusive Igneous Rock group 
is located at ST01–ST05 in the upstream section, Siltstone 
at ST06–ST10 in the middle section, and Sand is found at 
ST11–ST20 in the downstream section. Thus, changes in 
geological conditions occur simultaneously with changes in 
position along the stream. This configuration means that 
the influence of geological conditions cannot be separated 
independently from the upstream–downstream gradient. 
Therefore, the differences identified through ANOVA and 
Tukey HSD indicate the presence of statistical associations 
between physicochemical characteristics of water, 
geological conditions, and spatial position, are not evidence 
that lithology directly causes changes in water parameters. 

The increase in TDS and EC from the upstream to 
downstream location groups may be related to the 
accumulation of dissolved substances during water travel, 
input from tributaries and the surrounding environment, 
and the interaction of water with rocks and sediments along 
the flow. Changes in pH may also involve geochemical 
reactions during water contact with geological materials. 
However, without direct mineralogical, geochemical, or 
dissolved ion composition data, specific mechanisms such 
as mineral dissolution, hydrolysis, leaching, or ion release 
cannot be determined based on these statistical results. 
These mechanisms are therefore considered geochemically 
probable processes, not directly proven causes. 

Temperature variations require careful interpretation 
because, in addition to the lack of significant differences 
between intrusive igneous rocks and siltstones, water 
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temperature is influenced by various environmental 
factors. The longitudinal profile of the Auya River shows a 
decrease in elevation from approximately 2,185 m above 
sea level at ST01 to 1,769 m above sea level at ST20. In 
addition to elevation, solar radiation, vegetation cover, 
water depth, discharge, flow velocity, measurement time, 
and river morphology can contribute to temperature 
variations. Therefore, the temperature differences found in 
the downstream sand group cannot be interpreted as a 
direct result of the type of geological material. 

Overall, the results of ANOVA and Tukey HSD show that 
TDS, pH, and EC differ significantly in all pairs of Intrusive 
Igneous Rock, Siltstone, and Sand groups , whereas 
Temperatures differed significantly between Intrusive 
Igneous Rock–Sand and Siltstone–Sand, but not between 
Intrusive Igneous Rock–Siltstone. These findings 
demonstrate statistically significant variations in 
physicochemical characteristics between groups of 
locations with different geological conditions. However, 
because the geological condition groups are also arranged 
along an upstream–downstream gradient, the results of this 
study are more appropriately interpreted as a geological–
spatial relationship to the physicochemical variations of the 
Auya River water, rather than as a direct causal relationship 
between lithology and water characteristics. 

4.5 Relationship between Physicochemical Parameters 
of Water and the Effect of Spatial Gradients 

Pearson correlation analysis was used as an initial 
bivariate analysis to evaluate the relationships between 
TDS, pH, EC, and temperature at 20 observation stations. 
The results showed that all parameter pairs were strongly 
and significantly positively correlated (r = 0.969–0.985; p < 
0.001). However, because all four parameters generally 
increased from ST01 to ST20, the magnitude of the 
correlation could potentially be influenced by a shared 
spatial trend from upstream to downstream. To evaluate 
the influence of spatial gradients on the relationships 
between parameters, the relationship patterns were 
examined through scatterplots and partial correlations by 
controlling for cumulative distance from ST01. Elevation 
was used as an additional sensitivity analysis. 

4.5.1 Pearson Correlation and Scatterplot Diagram 

Table 6. Pearson correlation results between physicochemical 
parameters of Auya River water 

Parameter 
pairs 

Pearson r p Interpretation 

TDS–pH 0.972 < 0.001 
Very strong 

positive; 
significant 

TDS–EC 0.985 < 0.001 
Very strong 

positive; 
significant 

TDS–
Temperature 

0.975 < 0.001 
Very strong 

positive; 
significant 

pH–EC 0.973 < 0.001 
Very strong 

positive; 
significant 

pH–
Temperature 

0.969 < 0.001 
Very strong 

positive; 
significant 

EC–
Temperature 

0.971 < 0.001 
Very strong 

positive; 
significant 

Source: Results of processing research data ST01–ST20 
(2026). 

 

Fig 7. Distribution diagram of the relationship between the 
physicochemical parameters of Auya River water: (a) TDS–pH, (b) 

TDS–EC, (c) TDS–temperature, (d) pH–EC, (e) pH–temperature, 
and (f) EC–temperature. The lines indicate linear regression. 

Source: ST01–ST20 research data; visualization based on 
Pearson correlation analysis (2026). 

Figure 7 shows a positive correlation pattern across all 
parameter pairs. However, a strong linear pattern in a 
scatterplot does not necessarily indicate a causal 
relationship. Because the observation points are also 
arranged along an upstream-downstream gradient, this 
pattern needs to be compared with a partial correlation to 
evaluate the linear contribution of spatial position. 

4.5.2 Pearson Comparison with Partial Correlation 

Table 7. Pearson comparison and partial correlation after 
controlling for cumulative distance and elevation 

Partner 
Pears
on r 

p 

Partial 
r  

Distan
ce 

p 

Partial 
r  

Elevati
on 

p 

TDS–pH 0.972 
<0.0
01 

0.587 
0.00

6 
0.831 

<0.0
01 

TDS–EC 0.985 
<0.0
01 

0.851 
<0.0
01 

0.833 
<0.0
01 

TDS–
Temperat

ure 
0.975 

<0.0
01 

0.573 
0.00

8 
0.809 

<0.0
01 

pH–EC 0.973 
<0.0
01 

0.711 
<0.0
01 

0.851 
<0.0
01 

pH–
Temperat

ure 
0.969 

<0.0
01 

0.294 
0.20

8 
0.807 

<0.0
01 

EC–
Temperat

ure 
0.971 

<0.0
01 

0.759 
<0.0
01 

0.769 
<0.0
01 

Note: N = 20; the main partial correlation controls the cumulative 
distance from ST01. Elevation control is presented as a sensitivity 
analysis. Source: Results of research data processing (2026). 

Comparison of Pearson's partial correlations shows that 
all coefficients decrease after cumulative distance from 
ST01 is controlled. This pattern suggests that the very high 
Pearson correlations partly reflect a shared spatial trend. 
However, the magnitude of the decrease differs across 
pairs, and five of the six relationships remain significant 
after controlling for the linear component of upstream–
downstream distance. 

The TDS–EC relationship was the most consistent. The 
Pearson coefficient of r = 0.985 (p < 0.001) decreased to a 
partial r = 0.851 (p < 0.001) after controlling for distance, 
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but remained very strong and significant. 
Physicochemically, this pattern is consistent with a 
relationship between dissolved materials and water 
electrical conductivity. These results are still treated as 
statistical associations and not evidence of causality. 

The TDS–pH relationship decreased from r = 0.972 to 
partial r = 0.587 (p = 0.006), while TDS–temperature 
decreased from r = 0.975 to partial r = 0.573 (p = 0.008). 
Both remained significant, but the decrease in coefficients 
suggests that some of the initial Pearson correlation 
strength was related to the tendency of the parameters to 
change together along the upstream–downstream gradient. 

The pH–EC relationship decreased from r = 0.973 to 
partial r = 0.711 (p < 0.001), while the EC–temperature 
relationship decreased from r = 0.971 to partial r = 0.759 (p 
< 0.001). Both pairs remained strongly positive after 
controlling for distance. Thus, spatial gradients contributed 
to the initial correlation, but did not fully explain either 
relationship. 

The most significant change occurred in pH–
temperature. The initially very strong Pearson correlation 
(r = 0.969; p < 0.001) decreased to a partial r = 0.294 and 
was not significant (p = 0.208) after distance was 
controlled. This finding suggests that the very strong 
bivariate pH–temperature relationship is primarily related 
to the tendency of both parameters to change 
simultaneously along the spatial gradient. After the linear 
component of distance was accounted for, there was 
insufficient statistical evidence for an independent linear 
pH–temperature relationship at α = 0.05. 

Elevation control yielded partial correlations that 
remained significant for all pairs (partial r = 0.769–0.851; p 
< 0.001). The differences in results between distance and 
elevation control indicate that the two variables represent 
different aspects of the spatial gradient. Because parameter 
changes follow the spatial sequence from ST01 to ST20, 
cumulative distance was used as the primary control, while 
elevation was treated as a sensitivity analysis. 

4.5.3 Implications for Interpretation of Geological 
Conditions 

Neither Pearson's correlation nor partial correlation 
results are used as independent evidence that lithology 
controls the physicochemical characteristics of water. 
Geological conditions also vary spatially, with intrusive 
igneous rocks at ST01–ST05 in the upstream section, 
siltstone at ST06–ST10 in the middle section, and sand at 
ST11–ST20 in the downstream section. Thus, changes in 
geological conditions coincide with the upstream–
downstream gradient. A more appropriate interpretation is 
that variations in TDS, pH, EC, and temperature are related 
to spatial gradients and changes in geological conditions 
along the Auya River, without establishing a direct causal 
relationship. 

Overall, this analysis suggests that very high initial 
correlations need to be considered alongside the possible 
influence of downstream trends. Once distance is 
controlled, the strength of all correlations diminishes, and 
the pH–temperature relationship becomes insignificant. 
Therefore, the discussion clearly distinguishes between 
correlation, spatial gradient, and causation. 

4.6 Relationship between Physicochemical Variations 
of Water with Geological Conditions and Spatial 
Gradients 

The results of this study indicate a consistent spatial 
pattern in the physicochemical characteristics of Auya River 

water that coincides with changes in geological conditions 
along the study area. Intrusive Igneous Rock groups are 
found at ST01–ST05 in the upstream section, Siltstone at 
ST06–ST10 in the middle section, while Sand is found at 
ST11–ST20 in the downstream section. This distribution 
indicates that the geological condition groups are arranged 
along an upstream–downstream gradient and are not 
distributed independently along the river. Therefore, 
differences in water characteristics between groups in this 
study are interpreted as geological–spatial associations, not 
as evidence that lithology independently controls the 
physicochemical characteristics of water. 

Descriptively, all parameters show an average increase 
from the Intrusive Igneous Rock group towards Siltstone 
and Sand. In the Intrusive Igneous Rock group, the average 
TDS was 36.40 mg/L, pH 6.600, EC 64.60 µS/cm, and 
temperature 17.248 °C. In the Siltstone group, the average 
value increased to TDS 81.40 mg/L, pH 6.886, EC 104.20 
µS/cm, and temperature 18.020 °C. The highest value was 
found in the Sand group, with an average TDS of 130.50 
mg/L, pH 7.493, EC 146.90 µS/cm, and temperature 19.362 
°C. This pattern produces the sequence Intrusive Igneous 
Rock < Siltstone < Sand for all observed parameters. 
However, since the sequence of these geological groups also 
coincides with the upstream < middle < downstream 
positions, this pattern cannot be attributed solely to 
differences in geological materials. 

Differences between groups were supported by ANOVA 
results showing significant differences for TDS (F(2,17) = 
96.174; p < 0.001), pH (F(2,17) = 57.923; p < 0.001), EC 
(F(2,17) = 59.276; p < 0.001), and temperature (F(2,17) = 
30.870; p < 0.001). Tukey's post-hoc analysis showed that all 
pairs of groups differed significantly for TDS, pH, and EC. 
For temperature, significant differences were found 
between Intrusive Igneous Rock–Sand and Siltstone–Sand, 
while Intrusive Igneous Rock–Siltstone showed no 
significant differences. Thus, statistical analysis confirmed 
differences between geological/spatial condition groups, 
but could not determine whether these differences were 
independently caused by lithology because the geological 
groups also represent different positions along the flow. 

This pattern is also seen in the longitudinal distribution 
of parameters. TDS generally increased from 25 mg/L at 
ST01 to 153 mg/L at ST20, EC from 48 to 161 µS/cm, pH 
from 6.50 to 7.77, and temperature from 16.80 to 20.20 °C. 
At the same time, elevation generally decreased from 2,185 
m at ST01 to 1,769 m at ST20, with a cumulative distance 
based on inter-station coordinates reaching approximately 
8.03 km. This condition indicates that changes in 
physicochemical parameters occur simultaneously with 
changes in position along the river, elevation, and geological 
conditions. Thus, spatial gradients are an important 
component in explaining the observed patterns. 

The influence of spatial trends on the relationships 
between parameters is also evident from the comparison of 
Pearson correlations and partial correlations. The initial 
Pearson correlations showed a very strong positive 
relationship for all parameter pairs (r = 0.969–0.985; p < 
0.001). After cumulative distance from ST01 was 
controlled, all coefficients decreased. The TDS–EC 
relationship remained the strongest (partial r = 0.851; p < 
0.001), followed by EC–temperature (r = 0.759; p < 0.001) 
and pH–EC (r = 0.711; p < 0.001). The TDS–pH (r = 0.587; p 
= 0.006) and TDS–temperature (r = 0.573; p = 0.008) 
relationships also remained significant, while pH–
temperature decreased to r = 0.294 and was no longer 
significant (p = 0.208). The decrease in all coefficients after 
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controlling for distance indicates that the upstream–
downstream trend contributed to the high initial Pearson 
correlation. Therefore, the correlation between parameters 
should not be used as independent evidence that geological 
conditions control the physicochemical characteristics of 
water. 

The weathering conditions of the outcrops exhibit a 
similar spatial pattern. Slight weathering is primarily found 
at ST01–ST04 in the upstream section, while moderate 
weathering conditions dominate at subsequent stations. 
Because these changes in weathering levels also follow the 
spatial sequence of stations, their association with 
increases in TDS, EC, pH, and temperature cannot be 
separated independently from the upstream–downstream 
gradient. Therefore, weathering levels in this study are 
more appropriately treated as supporting geological 
characteristics accompanying changes in conditions along 
the river, rather than as independently confirmed causal 
factors. 

Geochemically, changes in geological conditions still 
provide a relevant framework for interpreting variations in 
water characteristics. Water contact with rocks and 
sedimentary materials theoretically allows for leaching, 
dissolution of mineral components, ion exchange, and 
release of dissolved materials, which could contribute to 
variations in TDS, EC, and pH. However, these mechanisms 
cannot be directly confirmed because this study did not 
measure the mineral composition of the rocks or the 
composition of dissolved ions in the water. Therefore, 
water–rock interactions are treated as a possible 
geochemical mechanism, not as a process that has been 
proven by research data. 

In addition to geological conditions, processes 
occurring along the flow also need to be considered. The 
movement of water from upstream to downstream can be 
accompanied by changes in contact time with geological 
materials and sediments, as well as input of materials from 
the environment along the flow. Hydrological factors and 
local environmental conditions also potentially contribute 
to parameter variations. Specifically, changes in 
temperature, elevation, vegetation cover, solar radiation, 
discharge, depth, and flow characteristics can influence 
observed patterns. Therefore, increases in parameters 
downstream cannot be attributed exclusively to changes in 
geological groups. 

Overall, the results of this study indicate that spatial 
variations in the physicochemical characteristics of Auya 
River water are associated with changes in geological 
conditions along the course. The Intrusive Igneous Rock 
group in the upstream section shows lower average 
parameters, Siltstone in the middle section shows 
intermediate values, while Sand in the downstream section 
shows the highest average values. Although these 
differences are supported by ANOVA and post-hoc analysis, 
the distribution of geological groups that follows an 
upstream-downstream gradient means that the 
contribution of geological conditions cannot be separated 
independently from spatial position and other river 
processes. Therefore, the results of this study indicate a 
relationship between spatial variations in water 
physicochemical characteristics and changes in geological 
conditions, without interpreting it as evidence of a causal 
relationship or independent lithological control. 

5. Conclusion And Recommendations 

Research at 20 stations along the Auya River showed 
spatial variations in the physicochemical characteristics of 

water from upstream to downstream. TDS, pH, EC, and 
temperature generally showed an increasing trend from 
ST01 to ST20. Based on geological condition groups, 
Intrusive Igneous Rock in the upstream had lower average 
parameter values, Siltstone in the middle showed 
intermediate values, while Sand in the downstream showed 
higher average values. ANOVA results showed significant 
differences in TDS, pH, EC, and temperature between 
geological/spatial condition groups (p < 0.001). Tukey's 
post-hoc test showed that all pairs of groups were 
significantly different for TDS, pH, and EC, while 
temperature between Intrusive Igneous Rock and Siltstone 
groups did not show significant differences. 

Pearson correlation analysis showed a very strong and 
significant positive relationship between the 
physicochemical parameters. However, after the 
cumulative distance from ST01 was controlled through 
partial correlation, all correlation coefficients decreased. 
Most relationships remained significant, especially TDS–EC, 
while the pH–temperature relationship was no longer 
significant. These results indicate that the upstream–
downstream spatial gradient contributed to the high 
bivariate correlations obtained in the initial analysis. 
Therefore, the relationships between parameters in this 
study are interpreted as statistical associations and do not 
indicate a causal relationship. 

Overall, the spatial variation in the physicochemical 
characteristics of the Auya River water is related to changes 
in geological conditions along its course. However, the 
intrusive igneous rock, siltstone, and sandstone groups are 
also arranged sequentially in the upstream, middle, and 
downstream sections. Thus, the contribution of geological 
conditions cannot be separated independently from the 
influence of position along the river. Statistical differences 
between groups cannot be used as evidence that lithology 
directly controls the physicochemical characteristics of the 
water. The results of this study more precisely indicate an 
association between changes in water characteristics, 
spatial gradients, and accompanying geological conditions 
along the Auya River. 

Interpretation of the research results is limited by the 
spatial relationship between geological groups and river 
locations, the relatively limited number of observation 
stations, and the unequal group sizes. This study also did 
not include analysis of major ions in water or direct 
characterization of the mineralogical and elemental 
composition of rocks, so the water-rock interaction 
mechanism cannot be confirmed geochemically. 
Furthermore, the weathering level of the outcrops is still 
classified qualitatively, while water temperature can be 
influenced by environmental factors such as elevation, 
vegetation cover, solar radiation, discharge, depth, and 
measurement time. 

Further research is recommended using a more 
representative number and distribution of stations so that 
similar geological conditions can be observed at different 
spatial locations. Water chemistry analysis needs to be 
complemented by measurements of major ions and other 
hydrogeochemical parameters. Rock characterization using 
X-Ray Diffraction (XRD) And X-Ray Fluorescence (XRF) is 
needed to obtain direct information on the mineralogical 
and elemental composition of rocks. Integration of rock 
mineralogical and geochemical data with water chemistry, 
quantified weathering rates, and spatial and environmental 
variables is expected to more directly examine the 
mechanisms of water–rock interactions and distinguish the 
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contribution of geological conditions from the influence of 
upstream–downstream gradients. 
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