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Abstract

This study examines the physical properties of HEM samples taken from metamorphic rocks (R1, R2, R3) of
the Bharveli mine area, as well as soil (S) and water (W) samples from Gangulpara Lake, at three temperature
conditions: 25°C, 30°C, and 35°C. Textural analysis revealed that sample R1 contained the highest amount of
sand at 92.5%, while the Gangulpara soil sample contained the lowest amount of clay at 5%. pH values varied
from 6.08 in R2 to 6.95 in water sample W. Electrical conductivity (EC) was highestin R2 at 586 puS/cm and
lowest in W at 245 uS/cm. Density measurements ranged from a maximum of 0.9966 g/cm? in R2 to a
minimum of 0.9929 g/cm?3 in W. Viscosity was highest in W at 0.8147 mPa:s and lowest in R2 at 0.6143
mPa-s. Surface tension measurements showed a similar trend, with the highest value at 85.17 mN/m in R2
and the lowest at 72.79 mN/m in W. These results provide important information about the physical properties

of the material under different thermal conditions, both in mining and in lake sites.
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Figure 1: Graphical abstract of the schematic of research objects.
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Introduction

Mountains, composed primarily of igneous and metamorphic rocks, are a natural source of minerals essential
for the recharge of agricultural land [1, 2]. Through processes such as weathering, erosion, rain leaching,
snowmelt, and glacial runoff, these rocks release macronutrients such as calcium, magnesium, potassium, and
phosphorus and micronutrients including iron, zinc, manganese, copper, and boron to surrounding ecosystems
[3, 4]. Glaciers and icebergs in mountainous regions act as seasonal reservoirs, slowlyreleasing mineral-rich
meltwater that feeds rivers, lakes, and groundwater systems [5, 6]. This water-contains important chemical
compounds such as carbonates for pH regulation, silicates, a source of silica, sulfates, and nitrates for plant
nutrition, and trace metals essential for enzymatic and plant processes [7]. As this water flows downhill, it
deposits nutrient-rich silt and sediment, providing naturally fertile irrigation to agricultural lands, as seen in
the Ganges River from the Himalayas and the Nile River from the Ethiopian highlands [8, 9]. Scientific studies
emphasize the global importance of mountains in maintaining soil fertility and agriculture [10, 11]. According
to the FAO, mountain regions supply 60-80% of the worlds freshwater, which also contains nutrients essential
for lowland agriculture [12-14]. NASA has confirmed that melting mountains improves the quality of lower-
lying soils by delivering dissolved minerals [15]. The USGS states that sediment carried by Mountain Rivers
contributes up to 50% to soil fertility in valleys, while the Journal of Hydrology reports that mountain-based
irrigation systems can increase crop yields by 20-40% due to the increased availability of micronutrients [16-
18]. In India, Himalayan rivers deliver 30-50 million tonnes of mineral-rich sediments annually to the Indo-
Gangetic plains [19, 20].

Mining activities at Bharveli, a strategic site of the Balaghat Mining Complex and Asia's largest underground
manganese mine, have significantly altered the local hydro-climatic environment. Operating since 1903 and
owned by MOIL Limited, the mine is located in a geologically rich region composed of metamorphic

sedimentary rocks such as sericite schist, phyllite, feldspathic quartzite, and gritty conglomerates containing
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striated manganese ore bodies [21]. Continued extraction of manganese has disrupted the physical and

chemical properties of the region's soil and water, reducing water-holding capacity, altering infiltration rates,
and diminishing soil fertility [22, 23]. These changes highlight the environmental impact of continued mining
operations on local ecosystems. These changes result in the development of new mineral assemblages and

structures, while often preserving remnants of their sedimentary origin [24, 25].

Commonly encountered metamorphic sedimentary lithologies include sericite schist, phyllite, feldspathic
quartzite, and gritty conglomerates. Sericite schists are typically fine-grained, clay-rich sedimentary rocks,
such as mudstones [26]. They are characterized by a foliated texture dominated by granular sericite mica,
which gives them a silky luster and cleavage. Their appearance often indicates metamorphism and deformation
[27]. Phyllite is a metamorphic rock that is a transitional rock between slate and schist [28]. Derived from
mudstone, it has a fine-grained, foliated texture [29]. Feldspathic quartzite forms from arkosic sandstones rich
in feldspar and quartz [30]. During metamorphism, these rocks crystallize into a hard, dense rock containing
quartz and feldspar grains [31]. Preservation of sedimentary cross-bedding is visible, providing clues about
the rock’s protolith and deposition. After metamorphism, sandy conglomerates retain the rough, clastic texture

of their sedimentary predecessors but exhibit crystallization and foliation around the clasts.

Hydro-Edaphic-Metamorphic (HEM) characterization involves assessing the physical properties of soil to
understand their water-holding capacity, infiltration, and fertility potential [32-34]. Physical parameters
include bulk and particle density, porosity, and water-holding capacity, while chemical properties evaluated
include pH, electrical conductivity, and other macronutrients such as nitrogen, phosphorus, potassium, and
sulfur [35-37]. A study of mining-affected soils in Balaghat revealed that these soils exhibit neutral to slightly
alkaline pH, low salinity, and basic physical properties such as density, porosity, and surface tension. These
results provide a comparative basis for assessing similar environmental conditions in the Bharveli mining area
location indicated as R1, R2, R3, and the nearby Gangulpara Lake two samples indicated as S for soil and W

for water (Figure 1).

The objective of this study is to analyze the physical and hydrological properties of mining-affected soils in
Bharveli, Balaghat, focusing on indicators such as soil texture, density, porosity, water-holding capacity, pH,
electrical conductivity, and macronutrient status. The assessing these parameters, the study attempts to assess

the extent of soil charging profiles due to mining activities.
Materials and Methods
Study area

The Bharveli mine and Gangulpara Lake are located near the Balaghat mining area (21°50°N, 80°14’E), an
area with a tropical dry savanna climate and undulating terrain within the Satpura Wainganga Valley system
(Figure 2). The mine and lake are located within the Proterozoic Mansar Group geological formations, which

include schists, quartzites, and conglomerates associated with manganese ore bands.
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Figure 2: Maps and satellite images of the study sites.
Sample collection

Sampling sites determination locations indicated rocks (R1, R2, R3) were selected in the mining area Bharveli
mine affected areas, and hydro-edaphic (water and soil) samples (S and W) were collected from the non-

mining sites of Gangulpara Lake.

Metamorphic rock samples of 100 g each were collected from selected sites R1, R2, and R3 of the Bharveli
mine area. Hydro-edaphic samples containing 100 g of soil (S) and 100 ml of water (W) were collected in

sterile containers from Gangulpara Lake.
Laboratory analysis

A total of five sampling sites were identified and designated R1, R2, R3, S, and W. Representative soil and
rock samples were collected from each site for analysis. The solid samples were first air-dried and then finely
powdered using a mechanical grinder to ensure uniform particle size. After grinding, the powdered samples
were dissolved in distilled water in a controlled ratio to prepare a homogeneous suspension suitable for

physical testing.

Texture estimation

The determined sedimentation analysis was used to determine the relative proportions of sand, silt, and clay
in soil and water from lake and rock samples collected from designated locations [38]. A total of 100 grams
of each sample was collected. The rock samples were first cleaned and air-dried to remove moisture [39-41].
The rock samples were then crushed and ground into a fine powder. For dispersion, 50 grams of powdered
rock and clay were placed in a beaker with 100 ml of distilled water, stirred at 250 rpm using a magnetic
stirrer, and allowed to stand overnight. The dispersed mixture was transferred to cylinders, and sedimentation

was monitored at specific time intervals at room temperature to calculate the particle size distribution, such as
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sand (>0.05 mm), silt (0.002-0.05 mm), and clay (<0.002 mm). The soil texture is based on the relative

proportions of these three components.
Physical properties estimation

The five physical parameters were measured to analyze these prepared soil and rock finely ground powder

water suspension samples.

Sample preparation

After the sedimentation process was complete, a transparent upper layer of water containing dissolved
minerals and fine colloidal particles was observed in each cylinder. This upper layer was carefully removed
using a sterile pipette, and 50 ml of each sample was transferred to glass conical flasks labeled corresponding
to the sedimentation sites (R1, R2, R3, S, and W). To avoid contamination, the collected water samples were
stored in tightly closed containers and placed in a temperature-controlled chamber at 25°C for 60 minutes as
part of the thermal treatment process [42]. Next, two separate sets of samples were heated in a pre-calibrated

hot air oven, one set at 30°C and the other at 35°C, for an additional 60 minutes to ensure uniform heating.
pH

The pH meter was first calibrated using standard buffer solutions with pH values of 4.00, 7.00, and 10.00 [43,
44]. The electrode was immersed in each solution sequentially, rinsed with distilled water between
calibrations, and the meter was adjusted accordingly. The collected mineral water samples were then
transferred to clean, labeled beakers for pH measurements at three specific temperatures: 25°C, 30°C, and
35°C. The samples were brought to the desired temperature using a water bath, with a digital thermometer
used to ensure precise temperature control. Before each measurement, the electrode was rinsed and gently
wiped to avoid contamination. Then, it was fully immersed in the sample without air bubbles, and after

stabilization, the pH reading was taken.
Electrical conductivity

The conductivity meter was first tested for proper functionality and calibrated using a standard potassium
chloride solution with a known conductivity value at 25°C [45]. The conductivity probe was rinsed with
distilled water and carefully dried to remove any residual impurities. Each mineral water sample was then
divided into three parts and placed in separate beakers for conductivity testing at 25°C, 30°C, and 35°C. A
digital thermometer was used to confirm the exact temperature of each sample before measurement. The
conductivity probe was completely immersed in the solution, ensuring no air bubbles were present, and the
sensing element was completely submerged [46, 47]. Gentle shaking ensured an even distribution of ions, and
once the reading stabilized, the electrical conductivity was recorded in microsiemens per centimeter (US/cm)
[48]. This process was repeated for each sample at all three temperatures, and the results were carefully

recorded.
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Density

A clean, dry 100 ml crystallizer bottle was selected and thoroughly rinsed with distilled water, then dried in a
hot air oven to remove any residual moisture [49]. The empty bottle was weighed using an analytical balance
with a precision of at least 0.001 g, and this mass was recorded as mi. Next, the bottle was filled with 50 ml
of mineral water sample, and the filled bottle was weighed again to obtain m2, which is the mass of the bottle
containing the liquid sample. This arrangement was designed to determine the mass of the liquid sample by

calculating the difference between mz and mi [50, 51].

Mass (m)

Density (p) = We(v)

Viscosity

The Ostwald viscometer was first thoroughly cleaned with distilled water and alcohol, then thoroughly dried
to avoid contamination. Calibration was performed using distilled water at 25°C to determine the reference
viscosity, and the flow time was recorded for relative comparison [52-54]. Each liquid sample was then
brought to the desired test temperatures of 25°C, 30°C, and 35°C using a controlled water bath to ensure
uniformity. A measured volume of each sample was drawn into the viscometer through the inlet without
generating air bubbles, drawn above the upper mark by suction, and then allowed to flow naturally downward
under the influence of gravity [55]. To determine the viscosity of the sample at each temperature, the time

taken for the sample to pass between the two marked points was recorded using a stopwatch.

p*t
p0 *t0

Viscosity (n) = n0 =

Where: viscosity of sample (1), viscosity of reference (10), density of sample (p), density of reference

(p0), time of sample (t), time of reference (t0).
Surface tension

A clean and dry stalagmometer was selected and thoroughly cleaned with distilled water, then ethanol, and
then air-dried to remove any potential contaminants [56]. The instrument was first calibrated by counting the
number of droplets formed from a fixed volume using a reference standard, a liquid with a known surface
tension [54]. Each test liquid was then brought to target temperatures of 25°C, 30°C, and 35°C using a
temperature-controlled water bath to maintain constant test conditions. The sample was drawn to the upper
mark of the stalagmometer using a suction device, and the instrument was held vertically so that the liquid
could form droplets under the influence of gravity [55, 57]. The number of droplets (n) formed from the known

volume was carefully counted for each temperature.

n0 x p

Surface tension (y) = y0 *
nx* p0
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Where: surface tension of sample (y), surface tension of reference (y0), density of sample (p), density

of reference (p0), drop of sample (n), drop of reference (t0).
Results and Discussions

The geology of the Bharveli mines area, which includes the Gangulpara Lake area, is primarily composed of
metamorphosed sedimentary rocks such as sericite schist, phyllite, feldspathic quartzite, and gritty
conglomerates. These geological formations contain ore bodies and also influence the characteristics of the
lake where the water and soil samples were studied. The physical properties of these samples were analyzed

at different temperatures to understand their solubility and behavior in water-based conditions.

Texture analyses

Texture analysis of soil and adequate rock powder samples from the Bharveli mine area (R1, R2, R3) and
Gangulpara Lake (S) sites was conducted at three temperature levels at 25°C, 30°C, and 35°C. The facts
revealed variations in sand, silt, and clay content across both sites and temperatures [39, 40]. Samples from
the Bharveli mine area showed a similar sandy texture, with a higher sand content at all temperatures. At 25°C,
both R1 and R2 contained 92% sand, while R3 contained 91%. Silt content ranged from 7% to 8%, and clay
content ranged from 0.5% to 1%. Minor changes occurred as temperatures increased to 30°C and 35°C. At
35°C, R1 showed a slight increase in clay content, from 1% to 1.5%. Clay content increased slightly with
increasing temperature, from 0.5% to 1% in R2, while sand content fluctuated slightly between 92% and
92.5%. At 30°C, R3 showed a slight decrease in sand content to 90%, while silt and clay content increased
similarly, returning to nearly their previous levels at 35°C. Samples from Bharveli were coarser, with higher
sand and lower clay content, indicating lower water-holding capacity and lower nutrient retention, typical of
the pulverized bedrock of rocks affected by mining [38]. Soil samples from Gangulpara Lake showed a more
balanced texture, with significantly lower sand content and higher silt and clay content compared to the mining
area. At 25°C, the composition was 80% sand, 15% silt, and 5% clay. As the temperature increased, the sand
percentage gradually decreased to 78% at 30°C and 75% at 35°C, while the silt and clay content increased. At
35°C, the clay content increased from 5% to 8%, indicating a shift toward finer-textured soil. This trend
indicates that the natural soil composition and water-holding capacity of Gangulpara Lake were better than

the rock dust from the Bharveli mines (Figure 3).
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Figure 3: Texture analysis at different temperatures.
pH Analysis

Investigated the effect of temperature on the acidity or alkalinity of mineral-soluble water, the pH values of
water samples taken from two different sources, the Bharveli mine and Gangulpara Lake, were measured at
25°C, 30°C, and 35°C. In all samples, the pH values decreased with increasing temperature, which is
consistent with the known behavior of water due to the temperature dependence of ionization equilibrium.
Three samples of rock mineral-soluble water, R1, R2, and R3, were taken from the Bharveli mine. At 25°C,
the pH values were 6.62 for R1, 6.25 for R2, and 6.58 for R3. The temperature increased to 35°C, and the pH
values dropped to 6.46, 6.08, and 6.32, respectively. This drop in pH reflects an increase in the spontaneous
ionization of water with increasing temperature, which increases the hydrogen .ion concentration and,
consequently, lowers the pH value of the three samples. R2 consistently exhibited the lowest pH value at all
temperatures, indicating that this sample may have a higher concentration-of dissolved acidic minerals or a
different chemical composition affecting its buffering capacity [44]. Soil mineral-soluble water and lake water
samples were collected from Gangulpara Lake (S and W). At 25°C, the pH values were 6.66 for S and 6.95
for W. At 35°C, these values increased to 6.42 and 6.77, respectively. Compared to the samples from Bharveli,
both samples from Gangulpara maintained higher pH levels, indicating a lower concentration of acidic
minerals or a greater buffering effect due to soil-derived substances [43]. Sample W showed the highest pH
value at all temperature points, remaining close to neutral, which may indicate relatively low mineral

dissolution or a slightly alkaline character due to the natural composition of the lake (Figure 4).
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Figure 4: Effect of temperatures on pH of samples.
Electrical conductivity analysis

The electrical conductivity (EC) of water samples was measured at three different temperatures, such as 25°C,
30°C, and 35°C, to assess how ionic concentration and mobility change with temperature. EC is an important
indicator of the presence of dissolved salts, minerals, and ions in water and typically increases with
temperature due to increased ion mobility. Samples R1, R2, and R3 obtained from Bharveli Mines showed a
steady increase in electrical conductivity with increasing temperature. The EC of sample R1 was 446 uS/cm
at 25°C, which increased to 478 puS/cm at 30°C and 552 puS/cm at 35°C. Similarly, sample R2 increased from
528 puS/cm to 586 puS/cm, and R3 increased from 432 uS/cm to 546 uS/cm, over the same temperature range.
This upward trend reflects both the natural increase in ion mobility with temperature and the presence of
dissolved rock minerals in the samples [46]. R2 consistently had the highest EC value, indicating a higher
concentration of dissolved ionic species, likely derived from soluble rock minerals in the mining area [48].
The sharp increase in R3 conductivity between 25°C and 30°C from 432 to 534 uS/cm indicated significant
temperature-sensitive dissolution or ionization of some minerals. In contrast, samples S and W of Gangulpara
Lake showed less consistent patterns. Sample S increased from 375 pS/cm at 25°C to 444 uS/cm at 30°C, but
decreased slightly to 426 uS/cm at 35°C. This slight decrease at higher temperatures may be due to temporary
ionic saturation or precipitation effects, or sample variability. Sample W, on the other hand, increased from
245 uS/cm at 25°C to 362 uS/cm at 35°C, although it remained the lowest conductivity of all samples (Figure
5). This indicates a low dissolved ionic content, which is characteristic of natural surface water with minimal

mineral or pollutant influence [45].
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Density analysis

The density of samples collected from two different locations, Bharveli Mine rock mineral soluble in water
labeled (R1, R2, and R3), and Gangulpara Lake soil mineral soluble in water (S) and water (W), was analyzed
at three different temperatures, such as at 25°C, 30°C, and 35°C. Bharveli Mine, three samples labeled R1,
R2, and R3 were tested. The density of sample R1 was measured to be 0.9962 g/cm? at 25°C, which decreased
to 0.9947 g/cm? at 30°C, and further decreased to 0.9934 g/cm? at 35°C. Similarly, sample R2 showed a
density of 0.9966 g/cm? at 25°C, which decreased to 0.9949 g/cm?3 at 30°C and then further decreased to
0.9937 g/cm? at 35°C. Sample R3 also showed a similar trend, with densities of 0.9963 g/cm?, 0.9948 g/cm3,
and 0.9935 g/cm? at 25°C, 30°C, and 35°C, respectively. These results indicate that mineral-soluble water
samples exhibit a consistent decrease in density with increasing temperature. In the case of Gangulpara Lake,
two samples (soil mineral-soluble water S and water W) were analyzed, labeled S and W. Sample S had a
density 0of 0.9961 g/cm3 at 25°C, which decreased to 0.9942 g/cm? at 30°C and 0.9932 g/cm? at 35°C. Sample
W showed a slightly lower initial density of 0.9958 g/cm? at 25°C, which decreased to 0.9936 g/cm? at 30°C
and 0.9929 g/cm3 at 35°C (Figure 6). The densities of these soil mineral-soluble water for S, and water for W,

also showed a clear decrease with increasing temperature [50].
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Viscosity and time analysis

The effect of temperature on fluid resistance and flow behavior, the viscosity and flow time of water samples
were measured at 25°C, 30°C, and 35°C. As expected, in all cases, viscosity decreased with increasing
temperature, which is consistent with the normal physical behavior of liquids. Three samples of rock mineral-
soluble water, R1, R2, and R3, were taken from the Bharveli mine. At 25°C, the viscosity values were 0.7126
mPa-s for R1, 0.6331 mPa-s for R2, and 0.6477 mPa-s for R3. These values steadily decreased as the
temperature increased to 30°C and then to 35°C. At 35°C, R1 decreased to 0.6343 mPa-s, R2 decreased to
0.6143 mPa-s, and R3 decreased to 0.6343 mPa-s. Flow time, which indicates the time.it takes for a liquid to
pass through a capillary cavity, also decreased with increasing temperature. The flow time of sample R1 was
120 seconds at 25°C, which decreased to 93 seconds at 35°C. The same trend was observed for R2 and R3,
indicating that water became less viscous and more mobile at higher temperatures. These observations are
consistent with the physical principle that increasing temperature increases the kinetic energy of molecules,
weakens intermolecular forces, and thus reduces flow resistance [54, 55]. The expected trend of decreasing
viscosity with increasing temperature was observed in soil mineral-soluble water as S and lake water as W
samples collected from Gangulpara Lake. At 25°C, the viscosities of Sample S and W were 0.7635 mPa-s and
0.8147 mPa-s, respectively, the highest of all samples. This suggests the presence of dissolved clay organic
matter, which could have increased intermolecular friction. The temperature increased to 30°C and 35°C, the
viscosity of Sample S decreased to 0.7024 mPa-s, while that of Sample W decreased to 0.7567 mPa-s.
Similarly, their flow times also decreased significantly, with the Sample W flow time at 25°C decreasing from
105 seconds to only 78 seconds at 35°C (Figure 7). This confirmed the conclusion that the thermal decrease

in viscosity occurred regardless of mineral content.
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Figure 7: Analysis of viscosity vs. time at variable temperatures.
Surface tension and droplet number analysis

In this study, variations in surface tension and droplet number of water samples collected from two locations,
the Bharveli Mine and Gangulpara Lake, were investigated under the same temperature conditions explained
above. Rock mineral-soluble in water samples labeled R1, R2, and R3 were collected from the Bharveli Mine.
In all three samples, surface tension increased with increasing temperature, contrary to the general trend
observed for pure water. In sample R1, the surface tension increased from 75.89 mN/m at 25°C to 77.72 mN/m
at 30°C, and then to 81.92 mN/m at 35°C. A similar increase was observed in R2, where the surface tension
increased from 80.18 mN/m at 25°C to 85.17 mN/m at 35°C. In R3, the surface tension ranged from 78.42
mN/m to 82.71 mN/m at the same temperature. The number of droplets formed per unit volume also increased
with temperature in all three samples. In R1, the number of droplets increased from 93 at 25°C to 104 at 35°C,
indicating that smaller droplets formed at higher temperatures. This inverse relationship between droplet size
and number supports the typical behavior of water under thermal influence, although the surface tension data
indicated possible interference from dissolved rock minerals, which could potentially alter intermolecular
forces [54]. Soil mineral-soluble water as S and lake water as W samples were collected from Gangulpara
Lake. Both samples S and W showed an increase in surface tension with temperature, which differed from the
expected behavior of pure water [56, 57]. The surface tension of sample S was 74.30 mN/m at 25°C, which
increased to 79.64 mN/m at 35°C. Similarly, for sample W, the surface tension value increased from 72.79
mN/m to 76.11 mN/m over the same temperature range. The number of droplets increased steadily with
temperature. Sample S showed an increase from 95 droplets at 25°C to 107 droplets at 35°C, while W showed

a more pronounced increase from 97 to 112 droplets (Figure 8).
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Figure 8: Surface tension and droplet analysis at variable temperatures.
Viscosity vs. Surface tension

At temperatures of 25°C, 30°C, and 35°C, the showed a similar trend of decreasing viscosity (1 in mPa s) and
increasing surface tension (y in mN/m) for all samples. For R1, the viscosity decreased from 0.7126 mPa s at
25°C t0 0.6343 mPa s at 35°C, while the surface tension increased from 75.8950 mN/m to 81.9222 mN/m. R2
showed a similar trend, with viscosity decreasing from 0.6331 mPa s to 0.6143 mPa s, and surface tension
increasing from 80.1750 mN/m to 85.1734 mN/m. The viscosity of R3 decreased slightly from 0.6477 mPa-s
t0 0.6343 mPa-s, while its surface tension increased from 78.4169 mN/m to 82.7093 mN/m. Sample S showed
a greater decrease in viscosity from 0.7635 mPa-s to 0.7024 mPa-s, while its surface tension increased from
74.3047 mN/m to 79.6414 mN/m. Finally, W, which initially had the highest viscosity of 0.8147 mPa-s,
decreased to 0.7567 mPa-s at 35°C, and its surface tension increased from 72.7945 mN/m to 76.1090 mN/m.
All samples showed expected rheological behavior, with viscosity decreasing and surface tension increasing

as temperature increased (Figure 9).
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Figure 9: Viscosity vs. Surface tension analysis at variable temperatures.
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Conclusion

These results show a clear difference between the mineral-rich, thermally sensitive water of the Bharveli

mining zone and the more stable, naturally protected water of Gangulpara Lake. This provides insight into the

impact of mining on water quality on improving soil quality by recharging the soil with minerals near the

mining zone.
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