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Geomechanical Analysis to Determine
The Maximum Limit of Water Injection
in the Keutapangan Formation,

“ZA” Field, North Sumatra Basin

DOI: 10.17794/1gn.2026.2.1

Original scientific paper

Zahra Adinda Billgish'*, Andika Wicaksono**, Sismanto Sismanto™ @ *

"' Geophysics Laboratory, Department of Physics, Faculty of Mathematics and Natural Sciences, Universitas Gadjah Mada,
JI. Geografi, Yogyakarta, 55281, Indonesia.
2 Pertamina Hulu Rokan, Jl. Prof. DR. Satrio no. 30, Jakarta, Indonesia.

Abstract

The “ZA” Field is located in the North Sumatra Basin and is predominantly affected by geopressure issues. As such,
geomechanical analysis is crucial during drilling operations to mitigate potential hazards. The geomechanical analysis
conducted in this study utilizes a 1D Mechanical Earth Model (MEM), which includes the following components: over-
burden stress, pore pressure, rock strength, rock elastic properties, and minimum horizontal stress. The data used in this
analysis were obtained from the following sources: wireline logging for all geomechanical calculations, pressure tests to
validate pore pressure values, fracture gradient data to validate the minimum horizontal stress curve, step-rate tests to
determine the injection pressure limit, and well reports. The “ZA” Field exhibits a complex geopressure regime, ranging
from underpressure to overpressure, with transitional zones that combine both conditions. Overpressure is primarily
attributed to loading mechanisms, while underpressure results from historical fluid extraction during previous drilling
activities. Lithological analysis indicates that the reservoir consists of shaly sand and fine-grained formations. Due to the
shallow burial depth, these rocks remain poorly consolidated, resulting in a narrow safe injection window above the pore
pressure. This constraint is exemplified by one well, where the maximum allowable injection pressure was 7.63 MPa, with

only a 2 MPa margin above the pore pressure.

Keywords:

1D MEM, pore pressure, rock strengths, rock elastic properties, minimum horizontal stress

1. Introduction

Geomechanics plays a crucial role in minimizing
hazards during drilling operations. It is used to analyze
fault seal potential, predict pore pressure, assess well-
bore stability, and evaluate various stimulation methods
(Lanin, 2021). With current technological advance-
ments, various methods have been applied in geome-
chanical data processing, one of which is machine learn-
ing-based approaches such as real-time LWD analysis.
This technology enables the rapid and accurate estima-
tion of geomechanical parameters, thereby supporting
more effective, safe, and efficient decision-making dur-
ing drilling operations and reservoir management (Liu
et al., 2025). Neglecting geomechanical considerations
has led to numerous incidents, including the Lapindo
mudflow disaster. This disaster was triggered by subsur-
face overpressure, where the drilling mud weight was
insufficient to counteract the formation pressure. As a
result, the high-pressure mud erupted to the surface (Nu-

* Corresponding author: Sismanto

e-mail address: sismanto@ugm.ac.id

Received: 5 May 2025. Accepted: 20 September 2025.
Auvailable online: 13 March 2026

raini, 2023). This incident underscores the importance
of geomechanical applications, particularly developing
a Mechanical Earth Model (MEM), to mitigate subsur-
face risks.

The Mechanical Earth Model (MEM) is a compre-
hensive representation of rock mechanical properties,
fracture behaviour, and subsurface stresses, pressures,
and temperatures at depth. Geoscientists use MEM to
predict rock deformation and failure during drilling.
MEM integrates geological, geophysical, and field
measurement data, including core tests, well logs, drill-
ing records, and production data (Zain et al., 2020). Ad-
ditionally, MEM helps estimate the maximum allowable
fluid injection pressure, which must be carefully cali-
brated based on reservoir pore pressure and in-situ stress
conditions. Excessive injection pressure can fracture cap
rocks, leading to fluid leakage into unintended forma-
tions (Rozamuri et al., 2022). Mechanical Earth Mod-
els (MEMs) can be categorized into one-dimensional
(1D) and three-dimensional (3D) models. The 1D MEMs
demonstrate significant potential in addressing various
challenges associated with reservoir planning and man-
agement. Furthermore, they also serve as a foundational
step toward the development of 3D MEMs. This pro-
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gression can enhance the understanding of reservoir be-
haviour and improve predictive capabilities in geologi-
cally complex environments (Verma et al., 2021).
Previous geomechanical studies on the Keutapang
Formation were conducted by Aziz & Bolt (1984) and
Yosandian et al. (2014). Aziz & Bolt (1984) attributed
overpressure in the formation to high sedimentation
rates and recommended a mud weight of 16.5 ppg for
safe drilling. Similarly, Yosandian et al. (2014) con-
firmed overpressure in the Keutapang Formation, with
density-sonic transit time cross-plots showing no evi-
dence of mineral transformation. Another geomechani-
cal study was conducted in southwest Iran, which used
1D MEMs to predict pressure and deformation changes,
also assess the risk of fault reactivation and caprock sta-
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Figure 1. North Sumatra Basin (Wardhana et al., 2021)

bility. This approach can recognize the risk management
of injection in old reservoirs. Although the processing is
easier, if the data is incomplete, it can make the model
less accurate and the risk of failure increases due to ex-
treme conditions that cannot always be predicted
(Saadatnia et al., 2023). This study aims to further in-
vestigate subsurface conditions through geomechanical
analysis and determine the maximum safe injection
pressure limit Keutapangan Formation, “ZA” Field,
North Sumatra Basin.

2. Geological Setting

The North Sumatra Basin is one of Sumatra’s three
back-arc basins, situated along the western margin of
Sundaland and spanning approximately 60,000 km?,
covering both onshore and offshore areas (Tampubolon
et al., 2017). It is bounded by (see Figure 1); The Ba-
risan Mountains to the southwest (SW), the Asahan Arch
to the southeast (SE), the Andaman Sea to the northwest
(NW), and the Malacca Platform to the northeast (NE).

The basin’s dominant structural trends align in NW-
SE and NE-SW directions. As shown in Figure 1, the
North Sumatra Basin lies within a tectonically active
zone on the western edge of the Sibumasu Block, where
multiple tectonic events have significantly influenced its
geological evolution. The basin’s complex structural
framework results from rotational and translational
movements of major tectonic plates (Wardhana et al.,
2021). The basin’s tectonic model is primarily governed
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Figure 2. Basin stratigraphy (Syarifuddin et al., 2018)
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by a dextral strike-slip fault system (Wardhana et al., 4. Bampo Formation: characterized by poorly lami-
2021). nated, pyritic carbonate shale with low carbonate
Based on the stratigraphic column of the North Suma- content (Muchlis & Elder, 2020)
‘Flcrla B%SIE (see Figure 2), nine formations have been 5. Peutu-Belumai Formation: consists of claystone
1dentified:

1. Tampur-Meucampli Formation: composed of car-
bonate and dolomite sediments with chert nodules,
deposited in sublittoral to marine environments. It
is located on the eastern high of the basin near the
Asahan Arch.

2. Meucampli Formation: consists of clastic sedi-
ments exposed in northwest Aceh

3. Parapat/Bruksah Formation: dominated by con- 7.
glomerates and sandstones, with sandstone de-
rived from local horst block contributions.

and siltstone, moderately to highly calcareous, of-
ten fossil-rich, and slightly glauconitic (Soepard-
ji, 1983). Belumai Formation: Comprises fine-to
medium-grained sandstones, located in the eastern
shelf area of the basin

. Baong Formation: composed of shale, sandstone,

and mudstone (Wardhana et al., 2021).

Keutapang Formation: features fine sandstone and
clay with interbedded shale and thin limestone lay-
ers (Prasetyo et al., 2021).
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8. Seurula Formation: consists of sandstone, shale,
and clay

9. Julu Rayeu Formation: comprised of fine- to
coarse-grained sandstone and claystone (Astawa
et al., 2012).

3. Materials and Methods

This research involves 26 wells across the North Su-
matra Basin. The data used includes wireline logging,
pressure test, fracturing report, and well reports. The
wireline logging data used comprises gamma ray logs,
sonic logs, and density logs, all of which are available
for every well. Pressure test data only available for one
well (Well-23) and fracturing report data, includes step
rate test data and fracture gradient, is available for only
one well (Well-7). All geomechanical data calculations
were performed in Microsoft Excel, where the process-
ing flow can be seen in Figure 3.

The data limitations and applications are that the lim-
ited availability of pressure test data (only one well) lim-
its direct comparisons across the field and prevents ex-
trapolation to other wells, single-well step rate test is
applied conservatively and locally without generaliza-
tion to field-wide operations, and fracture gradient data
serves as key validation for stress field modelling. The
integration of these datasets enables robust pore pressure
prediction through Eaton’s method with empirical vali-
dation, accurate determination of injection pressure lim-
its for reservoir management, and comprehensive stress
field characterization for wellbore stability analysis

All data processing and interpretations follow stand-
ard petroleum engineering protocols, with quality con-
trol measures applied to ensure data reliability. Where
data is limited (pressure tests, step rate tests), conserva-
tive engineering approaches are employed to mitigate
uncertainty. While this study does not include direct
validation using numerical simulations, core-based
MEMs, or machine learning approaches, the mechanical
parameters and equations adopted in the 1D MEM con-
struction are consistent with widely accepted geome-
chanical modelling practices as demonstrated in numer-
ous previous studies, such as Zain et al. (2020), Shen et
al. (2024), and Larsen et al. (2000).

Overburden stress is caused by the weight of the over-
lying formation layers. Density logs are typically used to
determine the overburden stress. The value of the over-
burden stress can be obtained using the equation (Knoll,
2016),

z
o, = fo p(z)gdz (1)
Where:
o, —overburden stress (Pa),
p(z) — bulk density (kg/m?),
z  —depth (m),
g  — gravity constant (m/s?).

Hydrostatic pressure is caused by static or non-mov-
ing fluid at a certain depth (Wicaksono, 2021). Hydro-
static pressure is defined by

P =py,gz (2)
Where:

P —hydrostatic pressure (Pa),

pw — water density (kg/m?),

g — gravity constant (m/s?),

z —depth (m).

The Normal Compaction Trend (NCT) represents a
linear relationship derived from optimally compacted
intervals in low-permeability formations. This funda-
mental geomechanical parameter serves two critical
functions, i.e. baseline reference for normal pressure
conditions, and a diagnostic tool for identifying geopres-
sure zones where pore pressure exceeds hydrostatic
pressure (see Figure 4).

TOG = Top of geopressure

ATn = log sonik pada kondisi normal

ATo = log sonik pada wireline logging

Figure 4. Pore pressure prediction based on NCT
(Shaker, 2007)

Key characteristics of NCT exhibit an exponential de-
crease with depth, it requires At mudline (sonic transit
time at mud-line) as the input parameter, typical range of
185-200 us/ft (Zhang, 2013), and formation-specific
variations may occur based on lithology.

In pore pressure prediction, the primary reference for
Eaton’s method calculations and critical for identifying
transition zones between pressure regimes, enables the
detection of under-compaction anomalies (Shaker,
2007). The NCT curve’s reliability depends on the qual-
ity of sonic log data, proper selection of reference shales,
and accounting for regional geological variations. This
methodology provides the foundation for accurate pore
pressure prediction, essential for well planning and drill-
ing hazard mitigation.

At, = At, + (At — Aty)e™ 3)
Where:
At,, — transit time value in Normal Compaction Trend
(ns/ft),
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At,, — transit time value in wireline logging (us/ft),

At,,; — transit time value of mudline (ps/ft),

¢ —constant,

z  —depth (m).

Pore pressure refers to the fluid pressure within rock
pore spaces. Under normal hydrostatic conditions, it
equals the pressure exerted by a vertical column of for-
mation water. Direct measurement techniques include
Repeat Formation Tester (RFT), and Modular Dynamic
Tester (MDT) (Wicaksono, 2021). Wireline log-based
pore pressure calculations achieve greater accuracy in
shale intervals than in sandstone due to fundamental dif-
ferences in compaction behaviour:

Especially in Shale Characteristics: extremely low
permeability inhibits fluid escape, mechanical compac-
tion under overburden stress leads to fluid retention and
pressure buildup, and diagenetic processes can further
enhance overpressure conditions. While for Sandstone
behaviour, higher permeability enables fluid redistribu-
tion, and rapid pressure equalization occurs despite dia-
genetic effects (Osborne, 1997).

The Eaton method was developed for the Gulf of
Mexico’s undercompacted, overpressured shales. This
widely used technique derives from the principle of ef-
fective stress. The method can be identified the specifi-
cally designed for shale formations; incorporates sonic,
resistivity, or density log data; relies on normal compac-
tion trend analysis; and is particularly effective in young,
Tertiary basins.

This equation to approach remains fundamental in
modern pore pressure prediction workflows, though it
requires careful calibration with direct pressure meas-
urements in each basin.

O—effzo—u_sz) (4)
Where:

o — effective stress (Pa),

o, — overburden stress (Pa),

P, — pore pressure (Pa).

Terzaghi’s principle states that when a rock experi-
ences vertical stress, that stress is countered by the pore
fluid pressure within the rock, which consists of pore
pressure and effective stress. Effective stress can be cor-
related with log data such as resistivity, wave velocity, or

transit time to establish the Eaton relationship in (Knoll,
2016)

At \"
Pp =0, — (O'U—P) (E) (5)
Where:
g, —overburden stress (Pa),
P — hydrostatic pressure,

At,, — transit time value in wireline logging (ps/ft),
At, — transit time value in Normal Compaction Trend

(us/tt),
n  — constant that is used for calibration.

The elastic properties of rocks can be classified into
static and dynamic elastic properties. Static elastic prop-
erties are obtained through core analysis to determine
Young’s modulus and Poisson’s ratio, with depth-specif-
ic information limited to the locations where core sam-
ples are taken. In contrast, dynamic elastic properties are
derived from sonic log measurements (Knoll, 2016).
Based on laboratory testing, static and dynamic elastic
properties are not identical due to differences in strain
magnitude. The measured modulus is not purely elastic,
as it includes additional irreversible deformation caused
by friction. This indicates that static strain is always
greater than dynamic strain, resulting in static elastic
modulus values that are consistently lower than dynamic
elastic modulus values (Knoll, 2016). The equation for
static Young’s modulus is presented in (Amin et al,

2022);
304.8\**°
E, = (0.076 X ( i, ) ) (6)
Where:
E¢ — static young modulus (GPa),
At,, — slowness of compression wave (ps/ft).

Poisson’s ratio is defined as the (negative) ratio of lat-
eral strain to axial strain under uniaxial stress conditions
(Tandirerung, 2023). The equation for Poisson’s ratio is
presented in Christaras et al. (1994);

Vsta = 0.71vgy, + 0.063 (7)

Where:

Vstq — Static Poisson ratio and vy, — dynamic Poisson
ratio.

Rock strength is the ability of a rock to resist external
deformation when subjected to external stress (Gunawan
et al., 2017). Rock strength can be represented by uncon-
fined compressive strength (UCS), tensile strength, and
friction angle. An empirical approach is commonly ap-
plied using various correlation methods. One such tech-
nique involves relating uniaxial compressive strength
(UCS) to the compressional wave transit time interval, as
shown in Equation 8 (Amin et al., 2022). Rock strength
based on UCS is classified into four categories, as pre-
sented in Table 1 (Attewell & Farmer, 1976).

Rock strength refers to a formation’s capacity to with-
stand external stresses without permanent deformation
(Gunawan et al., 2017). This fundamental geomechani-
cal property is typically quantified through three key pa-
rameters;

1. Strength Parameters (Unconfined Compressive
Strength (UCS), Tensile Strength, and Internal
Friction Angle).

2. Empirical Determination Methods (The most
common approach utilizes established correla-
tions, including UCS derivation from compres-
sional wave (P-wave) transit time (At) (Amin et
al,, 2022), and other log-derived relationships
(sonic, density, or resistivity-based).
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Table 1: Rock strength classification based on UCS
(Attewell & Farmer, 1976)

Strength Strength .

Classification | Range (MPa) LTI S
Weathered and weakly

Very weak 10-20 compacted sedimentary
rocks
Weakly-cemented

N 20-40 sedimentary rocks, schist
Competent sedimentary

. rocks, some low-density

Medium 40-80 . .
coarse-grained igneous
rocks
Competent igneous rocks,

Strong 80-160 some metamorphic rocks,
and fine-grained sandstones

3. UCS Classification System: Attewell and Farmer’s
(1976) classification, as referenced in Wilson et al.
(2022), categorizes rock strength into four distinct
classes based on UCS magnitude (see Table 1)

This classification system provides essential guidance

for Wellbore stability analysis, Hydraulic fracturing de-
sign, Sand production prediction, and Drilling parameter
optimization

The empirical correlations remain particularly valua-

ble when core data is unavailable, though they require
regional calibration for optimal accuracy in different
geological settings (Moos et al., 1999 in Knoll. 2016).

UCS = 42.1 exp(1.9 x 1071*pV,?) ®)

Where:
UCS — unconfined compressive strength (MPa),
p  —density log (g/cm?),
V,  —compressional wave velocity (m/s).
Tensile strength is defined as the maximum amount of

tensile stress that a material can withstand before failure
occurs. In the context of rock mechanics, tensile strength

is crucial as it affects the stability and integrity of rock
structures (Perras & Diederichs, 2014). According to
Perras & Diederichs (2014), an empirical equation for
tensile strength is presented in;

1
T = 15X UCS 9)

Where:
T  —tensile strength (MPa),
UCS —unconfined compressive strength (MPa).

The tensile strength can be classified for various rock
types based on Lockner (1995), as shown in Figure 5.

The friction angle is a measure of a rock’s ability to
resist shear stress. It represents the ratio between the
normal force and the resultant force during failure
caused by shear stress. The friction angle, along with
UCS, is essential for many commonly used failure crite-
ria to estimate rock strength at depth. An empirical equa-
tion to calculate the friction angle is presented in Zain et
al. (2020);

@ =265-374(1—¢ — Vyay) +

2
+62.1(1 = ¢ = Veiay) (10)
Where:
@ — friction angle (°),
¢ — porosity,

Veiay — volume of clay.

Based on Linh et al. (2021), the friction angle is cat-
egorized into three groups, as shown in Table 2.

Minimum horizontal stress represents the threshold at
which rock begins to fracture, indicating the rock’s
strength limit (Wicaksono, 2021). This stress can be
measured using extended leak-off tests (XLOT) or mini-
frac tests. In these methods, fluid is injected into the
wellbore to pressurize the exposed rock interval until
fracturing occurs. As pumping continues at a constant
rate, the fracture propagates away from the wellbore.

Tensile Strength

marble

— ——— —
'—-—‘0 o
lL_;:';=1 | 00 o

de—‘w

tuff a o

shale
sandstone

quartzite

hmestone

granite, dionte

gabbro, diabase,
basalt, amphibolite

©0 00 ©°

r
ll:;i;g..l-..llnnnnl.‘..l.

T

Figure 5. Classification of tensile
strength (Lockner, 1995)
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Table 2. Classification of friction angle (Linh et al., 2021)

. . Friction angle
Classification (degree) Type of rock
Low 20-27 Schist (mica), clay, marl
Medium 27.34 San.dstone, siltstone, chalk,
gneiss, slate
High 34-40 Basalt, granite, limestone,
and conglomerate

The fracture grows in a direction perpendicular to the
least principal stress, as this orientation requires the least
energy for propagation. Consequently, the pressure re-
quired to propagate the fracture is equal to or greater
than the minimum horizontal stress (Knoll, 2016).
Fracture propagation will cease when the rate of fluid
leakage from the fracture and wellbore into the forma-
tion exceeds the rate of fluid injection. If pumping is
stopped, fluid continues to leak from the fracture walls
until the fracture closes and becomes disconnected from
the wellbore. The fracture closes once the pressure falls
below the normal stress acting on it, which corresponds
to the minimum horizontal stress, and the value of the
minimum horizontal stress can be calculated using an
equation (Knoll, 2016),
(11

v
min = 70y —
Shmin T V(a,, P,)+P,

Where:

Shmin — minimum horizontal stress (Pa),

Vv — poisson ratio,

g, — overburden stress (Pa),

P, — pore pressure (Pa).

The injection pressure window refers to the pressure
range used to inject fluid into the reservoir, where the
pressure must be high enough to induce shear failure and
enhance permeability, yet low enough to avoid damag-
ing the formation. Elevated injection pressures can trig-
ger shear failure, thereby improving permeability. An
effective degree of shear failure can be achieved by
maintaining injection pressures within this optimal win-
dow (Collins, 2002).

Determining the appropriate injection pressure win-
dow requires an understanding of both the pore pressure

and the minimum horizontal stress. Pore pressure repre-
sents the fluid pressure within the formation, while the
minimum horizontal stress defines the lower bound be-
yond which rock fracturing will occur.

Underpressure is defined as a pressure that is lower
than hydrostatic pressure. It typically occurs when fluids
are extracted from a reservoir, leading to a reduction in
fluid volume and, consequently, a decrease in pore
pressure. This phenomenon is commonly observed in
depleted fields — reservoirs that have already produced
oil and gas.

In addition to production-related causes, underpres-
sure can also occur naturally. Naturally occurring
underpressure can be classified into gravity-driven and
geologically driven processes. Gravity-driven under-
pressure arises from changes in elevation, flow rates, or
the selected reference for the hydrostatic gradient. In
contrast, geologically induced underpressure results
from geological changes that alter the intrinsic proper-
ties of rocks or the pressure—volume—temperature (PVT)
conditions of fluids, preventing the fluid pressure from
equilibrating with its surroundings (Birchall et al.,
2022).

Overpressure can be categorized into two main mech-
anisms: loading and unloading. The loading mechanism
(see Figure 6a) is typically caused by rapid sedimenta-
tion in a basin, during which the fluids within the rock
pores are unable to escape — a process known as disequi-
librium compaction. This mechanism generally produc-
es consistent patterns in sonic and density logs, reflect-
ing the imbalance between fluid retention and the rate of
pore compaction. As sediment accumulates, vertical
stress — or gravitational loading — increases, potentially
generating excess pressure due to uneven compaction
(Buntoro et al., 2022).

The unloading mechanism (see Figure 6b), on the
other hand, contributes to overpressure through process-
es that transfer the load from grain-to-grain contact
within the rock to the fluids occupying the pores (Bun-
toro et al, 2022). This can occur when pore fluids are
introduced or when part of the solid matrix spontane-
ously transforms into fluid, increasing pore pressure —
assuming the fluid cannot escape. In such cases, a por-
tion of the stress previously supported by the rock

Pressurelstress Porosity Sonic Density Pressure/stress Porosity Sonic Density
= = S S S
3 3 o a a . s
8 8 3 H A g2 §
(] A (a] A s B e (=}
! U c c
I 1 i
148 [ 1:} I
i 1 h I
| dc e ; h
anslanl Conslgnt Con;lgnl Const;nl Decreasing Normal porosity Sonic reversal Normal density
effective stress porosity transit time density effective stress decrease and increase and
small increase small decrease
at the bottom at the bottom

Figure 6. Overpressure mechanism a) Loading mechanism b) Unloading mechanism
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framework is transferred to the pore fluid, resulting in
elevated pore pressure due to load redistribution (Bun-
toro et al., 2022).

4. Results and Discussion
4.1. Analysis of 1D Mechanical Earth Model

This study presents a one-dimensional geomechanical
model analysis conducted on 26 wells within the Keuta-
pang Formation of the ‘ZA’ Field, located in the North
Sumatra Basin. The analysis encompasses pore pressure,
elastic properties, rock strength, the injection pressure
window, and injection pressure limits.

The pore pressure anomalies identified in this study
are classified into three categories: underpressure, over-
pressure, and a combination of overpressure and under-
pressure. Each well exhibits distinct pore pressure be-
haviour at various depths, as summarized in Table 3.

Table 3. Depth of overpressure-underpressure in each well

Wells | Pore Pressure Problem ];:gtsl:l:: zz;e
ZA-3 Underpressure 440-640

ZA-5 Underpressure 500-680

ZA-21 | Underpressure 410-540

ZA-22 | Underpressure 425-580

ZA-26 | Underpressure 340-710

ZA-1 Overpressure 550-630

ZA-6 Overpressure 320-430

ZA-7 Overpressure 630-750

ZA-8 Overpressure 350-590

ZA-11 | Overpressure 470-510

ZA-13 | Overpressure 340-600

ZA-16 | Overpressure 250-310 & 420-540
ZA-20 | Overpressure 300-390

ZA-2 | Overpressure-Underpressure | 530-570 ; 590-830
ZA-4 | Overpressure-Underpressure |490-560 ; 655-835
ZA-9 | Overpressure-Underpressure | 500-560 ; 660-750
ZA-10 | Overpressure-Underpressure | 520-570 ; 600-660
ZA-12 | Overpressure-Underpressure |490-560 ; 560-720
ZA-14 | Overpressure-Underpressure | 490-540 ; 590-735
ZA-15 | Overpressure-Underpressure |470-520 ; 590-750
ZA-17 | Overpressure-Underpressure |480-530 ; 620-680
ZA-18 | Overpressure-Underpressure |465-510 ; 560-710
ZA-19 | Overpressure-Underpressure |470-520 ; 720-790
ZA-23 | Overpressure-Underpressure | 540-560 ; 590-710
ZA-24 | Overpressure-Underpressure | 550-595 ; 595-720
ZA-25 | Overpressure-Underpressure |490-530 ; 560-730

Out of the 26 wells analyzed, three representative
wells are selected to illustrate each type of pore pressure
condition. Figure 7 presents an example of a one-di-

mensional Mechanical Earth Model (MEM) curve dis-
playing an underpressure condition. Underpressure oc-
curs when the pore pressure is lower than the hydrostatic
pressure. As shown in Figure 7, the pore pressure (green
curve) lies to the left of the hydrostatic pressure (red
curve).

The underpressure mechanism observed in the study
area is attributed to fluid extraction from the reservoir
during past production activities. This condition com-
monly arises in depleted fields, where reduced fluid vol-
ume within the rock leads to a drop in pore pressure. As
the amount of fluid in the pore spaces becomes insuffi-
cient to support the overburden pressure, underpressure
conditions are developed.

Figure 8 presents a sample of one-dimensional Me-
chanical Earth Model (MEM) curves illustrating an over-
pressure condition. Overpressure occurs when the pore
pressure exceeds the hydrostatic pressure. As shown in
Figure 8, the pore pressure (green curve) is positioned to
the right of the hydrostatic pressure (red curve).

The overpressure mechanism observed in the study
area is attributed to a sedimentation rate that outpaces
the rate at which fluids can escape from the rock pores, a
process referred to as the loading mechanism. This typi-
cally occurs at relatively shallow formation depths. In
such cases, fluids become trapped within the rock matrix
rather than being expelled, resulting in a buildup of pore
pressure and the development of overpressure.

Figure 9 presents a sample of one-dimensional Me-
chanical Earth Model (MEM) curves illustrating a com-
bined overpressure—underpressure condition. Overpres-
sure occurs when the pore pressure exceeds the hydro-
static pressure, while underpressure occurs when the
pore pressure falls below the hydrostatic pressure. As
shown in Figure 9, the pore pressure (green curve) lies
both to the right and left of the hydrostatic pressure (red
curve). The overpressure observed in the study area is
attributed to a sedimentation rate that exceeds the rate of
fluid expulsion from the rock pores, a process commonly
referred to as the loading mechanism. In contrast, the
underpressure condition is linked to fluid extraction
from the reservoir during past production activities. The
presence of both overpressure and underpressure within
a single well may result from rapid sedimentation over-
lying an underpressured formation.

4.2. Analysis of Rock Elastic Properties
and Rock Strengths

The wells in this field exhibit a relatively consistent
range of elastic properties and rock strength. Young’s
modulus values range from 0.5 to 2 GPa, while Pois-
son’s ratio is approximately 0.2. These values suggest
that the rocks are relatively deformable and susceptible
to fracturing.

In terms of rock strength, the wells display uncon-
fined compressive strength (UCS) values in 42 MPa,
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Figure 9. 1D MEM of ZA-4 well

Table 4. Rock strength for each well

Tensile strength | Friction angle

Sumur UCS (MPa) (MPa) )

ZA-3 42 4 22-29
ZA-5 42 4 22-26
ZA-21 42 4 20-32
ZA-22 42 4 20-30
ZA-26 42 4 20-27
ZA-1 42 4 21-30
ZA-6 42 4 21-26
ZA-7 42 4 20-35
ZA-8 42 4 22-26
ZA-11 42 4 22-30
ZA-13 42 4 21-29
ZA-16 42 4 21-25
ZA-20 42 4 20-25
ZA-2 42 4 21-31
ZA-4 42 4 20-23
ZA-9 42 4 20-29
ZA-10 42 4 21-26
ZA-12 42 4 21-26
ZA-14 42 4 21-31
ZA-15 42 4 21-25
ZA-17 42 4 21-25
ZA-18 42 4 22-28
ZA-19 42 4 21-27
ZA-23 42 4 20-28
ZA-24 42 4 20-29
ZA-25 42 4 20-24

tensile strength in 4 MPa, and friction angles ranging
from 20° to 31°. Detailed rock strength values for each
well are provided in Table 4.

These data indicate that the formations are composed
of weak sedimentary rocks with a shaly sand lithology.
This lithology, characterized by fine grain size, tends to
be more resistant to deformation if the rocks are well-
compacted. However, in these wells, the rocks are not
yet fully compacted, as evidenced by the relatively low
friction angles. A low friction angle implies that the rock
grains can be easily displaced under shear stress.

4.3. Analysis of Injection Window and Limit

The injection window is defined by the pressure range
between the pore pressure (formation pressure) and the
minimum horizontal stress, or fracture gradient. The
minimum horizontal stress tends to approximate the
overburden pressure at greater depths and the hydrostat-
ic pressure at shallower depths. In this field, the injection
window is relatively wide, encompassing both overpres-
sure (1-2 MPa) and underpressure (1.5-5 MPa). The in-
jection window for each well is detailed in Table 5.

Based on these values, the formations in this field are
considered to be relatively shallow, as the pressures are
closer to hydrostatic pressure than to overburden pressure.
In addition to the injection window, this study also identi-
fies the maximum injection limit. This limit is determined
from the maximum pressure step-rate test, which is avail-
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Table 5. Injection window for each well

Injection Depth of Pore
el Window (MPa) (UG EENG Pressure (m)
ZA-3 |25 underpressure | 440-640
ZA-5 |2 underpressure | 500-680
ZA-21 |3 underpressure | 410-540
ZA-22 |5 underpressure | 425-580
ZA-26 |2.5 underpressure | 340-710
ZA-1 1 overpressure 550-630
ZA-6 1 overpressure | 320-430
ZA-7T |2 overpressure 630-750
ZA-8 1.5 overpressure | 350-590
ZA-11 |1 overpressure | 470-510
ZA-13 |1 overpressure 340-600
250-310
ZA-16 |1 overpressure & 420-540
ZA-20 |1 overpressure 300-390
) overpressure & | 530-570 ;
Lt Zao: underpressure | 590-830
) overpressure & |490-560 ;
Lt underpressure | 655-835
. overpressure & | 500-560 ;
ZA9 e underpressure | 660-750
) overpressure & | 520-570 ;
el 7 underpressure | 600-660
) overpressure & |490-560 ;
Zicllz | Bens underpressure | 560-720
overpressure & |490-540 ;
Aalb el Cod underpressure | 590-735
. overpressure & |470-520 ;
ZA-1S | 1.5&3 underpressure | 590-750
) overpressure & |480-530 ;
el et underpressure | 620-680
) overpressure & | 465-510 ;
Ll e underpressure | 560-710
) overpressure & |470-520 ;
2l L3 underpressure | 720-790
) overpressure & | 540-560 ;
) |13t underpressure | 590-710
) overpressure & | 550-595 ;
Aachi | Zata2: underpressure | 595-720
overpressure & |490-530 ;
A | a2 underpressure | 560-730

able in the fracturing report data. However, this data is
only available for well ZA-7, with a value of approxi-
mately 1106 psi or 7.63 MPa. Consequently, the other
wells do not have defined maximum injection limits based
on step-rate tests. This pressure represents the threshold at
which the formation begins to fracture; therefore, to pre-
vent formation damage or fluid leakage, injection pres-
sures exceeding 1106 psi or 7.63 MPa are not allowed.

4.4. Water Injection Evaluation
on Z-600 Layer

This study also includes an injection evaluation in the
“ZA” Field, specifically targeting the Z-600 marker. The
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N
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e (production well)

T T
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Figure 10. Pore pressure condition after water injection
in Z-600 reservoir layer

Z-600 marker refers to a stratigraphic horizon identified
from well log responses, and its lateral continuity is lim-
ited to log-based correlation across the study wells. It is
situated at a depth of approximately 600 meters, with a
thickness ranging from 30 to 40 meters. Although the
depth varies due to local geological structures, the cor-
relation of this marker does not imply regional geologi-
cal homogeneity. Wells marked with black circles indi-
cate normal pressure, red circles indicate overpressure,
and blue circles indicate underpressure.

Figure 10 shows that, among the production wells,
only one well — ZA-1 — experiences overpressure in the
7-600 layer. This overpressure condition is due to the
continuous injection of fluid from injection well ZA-3,
which causes the pore pressure of ZA-1 to exceed the
hydrostatic pressure. This occurs because injection well
ZA-3 not only supports production well ZA-1, but also
injects fluid into wells ZA-10 and ZA-12 until their pres-
sures return to normal.

Figure 10 also shows production wells that experi-
ence underpressure in the Z-600 layer, including wells
7ZA-24, 7ZA-23, and ZA-25. Well ZA-23 experiences un-
derpressure despite its proximity to injection wells ZA-2
and ZA-4, which is attributed to its low permeability.
The low permeability hinders the flow of injected fluid
into the production well. Meanwhile, wells ZA-23 and
ZA-25, despite having relatively high permeability, also
experience underpressure. This is due to the distance be-
tween injection well ZA-22 and production well ZA-23,
as well as the fact that injection well ZA-26 is located in
a different structural contour than ZA-23. Additionally,
well ZA-25 receives injection only from ZA-8, as an in-
jection well ZA-9 has not yet been put into operation. It
is assumed that injection well ZA-8 prioritizes injection
into production wells within the same structural contour.

Based on this evaluation, it is concluded that the pro-
duction wells in the “ZA” Field contribute to enhanced
oil recovery, although three production wells are still ex-
periencing under-pressure.
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5. Conclusions

This study developed a one-dimensional Mechanical
Earth Model (1D MEM) that includes elastic properties
(Young’s modulus and Poisson’s ratio), rock strength pa-
rameters (UCS, tensile strength, and friction angle),
overburden pressure, pore pressure, and minimum hori-
zontal stress. Based on the 1D MEM for each well in the
“ZA” Field, several pore pressure anomalies were iden-
tified, including over-pressure, under-pressure, and
combined overpressure-under-pressure conditions. Un-
derpressure is primarily attributed to fluid depletion
from previous production activities, while overpressure
results from loading mechanisms.

Each well in the field exhibits UCS values is 42 MPa,
tensile strength is 4 MPa, and friction angles ranging
from 20° to 31°. These values suggest that the rocks in
this field are mechanically weak, likely due to their fine-
grained texture. The wells are characterized by shaly
sand lithology, which is associated with relatively low
friction angles. This is likely due to the unconsolidated
nature of the formation, making the rock grains more
susceptible to shear under friction. This observation is
further supported by reports of sand production events in
the “ZA” Field. Additionally, the injection pressure win-
dow in each well is relatively wide, both in terms of
overpressure (1-2 MPa) and underpressure (1.5-5 MPa).
The maximum injection pressure value is currently
available only for well ZA-7, recorded at approximately
1106 psi or 7.63 MPa. Therefore, step-rate tests are still
required for the remaining wells to determine their ac-
tual maximum injection limits.

The results of the geomechanical analysis, particu-
larly through the development of a Mechanical Earth
Model (MEM), provide a strong technical basis for de-
fining the safe upper limit of injection pressure. This in-
formation directly supports operational decision-mak-
ing, including injection rate optimization, formation
damage risk mitigation, and well planning — ultimately
enhancing both safety and field operation efficiency.
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SAZETAK

Geomehanicka analiza za odredivanje maksimalne granice injekcije vode
u formaciji Keutapangan, nalaziste ,ZA”, bazen Sjeverna Sumatra

Polje ,ZA” nalazi se u bazenu Sjeverne Sumatre i pretezno je pogodeno problemima geotlaka. Zbog toga je geomehanic-
ka analiza klju¢na tijekom busenja kako bi se ublaZile moguce opasnosti. Geomehanicka analiza provedena u ovome
istraZivanju koristi se jednodimenzionalnim mehani¢kim modelom Zemlje (1D MEM), koji uklju¢uje sljedec¢e kompo-
nente: naprezanje nadtereta, porni tlak, ¢vrstocu stijene, elasti¢na svojstva stijena i minimalno horizontalno naprezanje.
Podatci koristeni u ovoj analizi prikupljeni su iz sljedecih izvora: mjerenja pomocu zi¢ne sonde za sve geomehanicke
izracune, testovi tlaka za provjeru vrijednosti pornih tlakova, podatci o gradijentu loma za potvrdu krivulje minimalnoga
horizontalnog naprezanja, testovi stupnjevitoga protoka za odredivanje granice tlaka injekcije te izvje$ca s busotina.
Polje ,ZA” pokazuje sloZen rezim geotlaka, koji varira od podtlaka do nadtlaka, s prijelaznim zonama koje kombiniraju
oba stanja. Nadtlak se uglavnom pripisuje mehanizmima opterecéenja, dok je podtlak rezultat povijesne ekstrakcije fluida
tijekom prethodnih busenja. Litoloska analiza pokazuje da se rezervoar sastoji od glinovitoga pijeska i sitnozrnatih for-
macija. Zbog male dubine zakopavanja, ove stijene ostaju slabo konsolidirane, $to rezultira uskim sigurnim injekcijskim
prozorom iznad pornoga tlaka. Ovo ogranic¢enje prikazano je na primjeru jedne busotine, gdje je maksimalni dopusteni
tlak injekcije iznosio 7,63 MPa, s razmakom od samo 2 MPa iznad pornoga tlaka.

Kljucne rijedi:
1D MEM, porni tlak, ¢vrstoca stijena, elasti¢na svojstva stijena, minimalni horizontalni napon
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Abstract

It is well known that in oil-producing countries with advanced industrial development, one of the most pressing unre-
solved challenges is protecting the internal surfaces of equipment and facilities from the effects of aggressive corrosive
environments, thereby extending their operational life. Based on this, the present article explores the results of numer-
ous laboratory tests on the effects of the newly developed organic MARZA-4 reagent and a composition provisionally
named HAK-2 against hydrogen sulfide, carbon dioxide, and sulfate-reducing bacteria, which are primary causes of
internal surface corrosion in the oil industry. For the first time, the MARZA-4 reagent was studied for its effectiveness
against sulfate-reducing bacteria in aggressive corrosive environments such as neutral, acidic, and alkaline media, as
well as in the “Postgate-B” nutrient medium. It was determined that the MARZA-4 reagent possesses bactericidal-in-
hibitor properties at an optimal concentration of 20 mg/L. At this concentration, its corrosion protective effect in
neutral, acidic, and alkaline environments was found to be 98%, 98%, and 94%, respectively. In the “Postgate-B” nutrient
medium, the bactericidal effect against Desulfovibrio desulfuricans and Desulfomicrobium cells was 78% and 81%,

respectively.

Keywords:

sulfate-reducing bacteria, inhibitor, hydrogen sulfide, carbon dioxide, aggressive environment

1. Introduction

Ensuring the reliability and long-term operation of
field equipment and pipeline systems is one of the criti-
cal challenges in the development of oil and gas fields
and the subsequent transportation of hydrocarbon re-
sources. In this study, the term “aggressive environ-
ment” specifically refers to conditions that accelerate
corrosion due to their chemical composition. These in-
clude acidic media (such as hydrochloric acid solutions),
neutral chloride-containing media (such as 3.5% NaCl
solution), alkaline media (sodium hydroxide solutions),
and gas-rich environments containing hydrogen sulfide
(H2S), carbon dioxide (COz), or their combination-all of
which are representative of actual conditions encoun-
tered in oil and gas production systems. While acidic
and neutral media are commonly found in production
and pipeline systems, alkaline conditions may arise in
the oil industry during enhanced oil recovery (EOR)
techniques — such as alkaline flooding — or during chem-
ical treatments involving basic agents like sodium hy-
droxide. Furthermore, the presence of gases like HS,
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COz, and O: in these environments significantly intensi-
fies corrosion aggressiveness under operational condi-
tions (Abdel-Gaber et al., 2011; Ansari et al., 2020).
Additionally, condensation formed during the cooling of
oil in pipelines presents a major corrosion risk, as it cre-
ates a biphasic system where corrosion processes pri-
marily occur in the aqueous phase (Bao et al., 2012;
Gurbanov and Gasimzade, 2023a).

The detrimental effects of corrosion extend beyond
the degradation of metals. Particularly concerning is hy-
drogen sulfide-induced stress corrosion cracking. Fur-
thermore, dispersed corrosion products (iron sulfides
and oxides) clog and corrode pumping equipment, lead-
ing to reduced productivity of oil reservoirs. Iron sulfides
and oxides extracted with well fluids act as stabilizers of
oil emulsions, complicating demulsification and increas-
ing the costs associated with crude oil preparation (Gur-
banov et al., 2023b, Xu et al., 2016).

It should be noted that CO- gas reacts with water in
the corrosive environment to form carbonic acid
(H2CO:s). It is specifically in the presence of carbonic
acid that the corrosion of iron (Fe) occurs. The following
reactions take place in the presence of CO: gas.

The dissolution of carbon dioxide in water and subse-
quent formation of carbonic acid occurs according to the
following Equation 1:


https://orcid.org/0000-0003-0167-5707
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C0,+H,0~H,CO, (1)

The dissociation of carbonic acid occurs in two steps,
as shown in the following Equations:

H,CO,=H*+HCO," )

HCO,=H* + €0, 3)

The ionization of iron as the anodic reaction can be
represented by the following Equation 4:

Fe—Fe*™42e - 4

The cathodic reaction, involving the reduction of
hydrogen ions, proceeds according to the following
Equation 5:

2H*+2e —H, 1 5)

As aresult, Fe?" ions react with carbonate ions to form
iron(Il) carbonate (FeCOs), which constitutes a passivat-
ing layer, as shown in the following Equation 6:

Fe?*+C0,>—FeCO,l (6)

The resulting FeCO:s layer can act as a protective bar-
rier; however, in some cases, it is unstable, breaks down,
and corrosion continues (Matamoros-Veloza et al.,
2020).

H-S gas creates a mildly acidic environment in water
and leads to the formation of iron sulfide (FeS), which
contributes to corrosion. The reactions can be represent-
ed by the following Equations:

H,S=H*+HS~ @)
HS-=H*+ S~ ®)
Fe—Fe**+2e~ )

2H*+2e—H,1 (10)

Formation of iron sulfide through the reaction of Fe**
ions with HS™ or S*” ions can be expressed by the follow-
ing Equation 11:

Fe?*+HS-—>FeSl+H* (11)

As a result, FeS is black in color and may sometimes
act as a protective layer; however, it can also form a po-
rous structure that allows corrosion to continue (Wang
et al., 2021).

The corrosion of steel well equipment, as well as
trunk and process pipelines, not only shortens their ser-
vice life and increases repair costs, but also causes se-
vere environmental damage. Equipment damage results
in soil salinization by aggressive groundwater, as well as
contamination of soil and natural water bodies with oil
and oil products. Therefore, significant attention is being
paid to extending the service life of technological well
equipment in oil fields (Kalinina et al., 2016; Kashko-
vskiy et al., 2012).

One of the most effective methods to combat corro-
sion in oil production is the use of corrosion inhibitors.
These inhibitors, which can be individual compounds or
compositions of various substances, are designed to sig-
nificantly reduce metal corrosion losses in harsh envi-
ronments involving aggressive gases such as H.S, COx,
and O-, as well as salts in technological media (Kuznet-
sov et al., 2000). Inhibitor-based protection is consid-
ered one of the most widely adopted and economically
justified methods of corrosion protection for field equip-
ment and pipelines. By varying the inhibitor dosage or
using inhibitors with different anti-corrosion properties,
it is possible to reduce corrosion rates to acceptable lev-
els without significantly altering existing technological
schemes (Lecante et al., 2011; Lusk, 2008).

Sulfate-reducing bacteria (SRB), which cause severe
corrosion, are microorganisms that live in anaerobic
(oxygen-free) conditions and reduce sulfate (SO4>") ions
to produce hydrogen sulfide (H-S).

As a result of SRB activity, the produced H-S reacts
with the metal surface to form iron sulfide (FeS) and
other corrosion products, as shown in the following
Equation 12:

Fe+H,S—FeSL+H,1 (12)

It should be noted that the FeS layer is usually uneven
and porous, and it does not fully protect the metal sur-
face, resulting in the development of pitting corrosion.
SRBs also accelerate corrosion through cathodic depo-
larization (Wang et al., 2021).

Normally, in metal corrosion, hydrogen ions (H") ac-
cept electrons to form molecular hydrogen (Hz). How-
ever, hydrogen molecules can accumulate on the metal
surface, slowing down the corrosion process. Sulfate-
reducing bacteria (SRBs) consume this hydrogen, pre-
venting its accumulation and thereby increasing the rate
of corrosion, as shown in Figure 1 and represented by
the following Equation 13:

4H,+S0,2 -S> +4H,0 (13)

The mechanism presented in Figure 1 illustrates the
microbiologically influenced corrosion (MIC) process
initiated by sulfate-reducing bacteria (SRB). These an-
aerobic microorganisms utilize sulfate as a terminal
electron acceptor, reducing it to hydrogen sulfide (H2S),
which subsequently reacts with metallic iron to form
iron sulfide (FeS) corrosion products. This biogenic pro-
cess not only deteriorates the protective oxide layer but
also promotes localized corrosion through cathodic de-
polarization. The described mechanism is consistent
with the model proposed by Matamoros-Veloza et al.
(2020).

Oil production companies impose high requirements
on inhibitor compositions, demanding universal effects,
including reducing hydrogen sulfide, carbon dioxide,
and microbiological corrosion while mitigating hydro-
genation of structural materials. Furthermore, it is ex-
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Figure 1. Mechanism of metal corrosion
under the influence of sulfate-reducing bacteria
(Matamoros-Veloza et al., 2020)

pected that their concentrations in operation environ-
ments should not exceed 100-200 mg/L. However, near-
ly all commercially produced corrosion inhibitors have
narrow optimal application ranges (Martens and Bern-
er 1974; Milovzorov et. al., 2012).

The development, research, and application of locally
produced similar inhibitors not only address the issue of
import substitution but also solve the problem of reduc-
ing the dependency on foreign products in the domestic
market. Thus, the development of universal inhibitors
capable of reducing hydrogen sulfide, carbon dioxide,
and microbiological corrosion, as well as mitigating hy-
drogenation of construction materials, remains one of
the most pressing issues in the oil industry (Morris and
Richard, 2002).

One promising approach to the search for such inhibi-
tors is the creation of new multifunctional compositions
from substances with individual inhibitory properties
(Salasi et al., 2007). By jointly enhancing protective
properties, these compositions aim to increase the effec-
tiveness of corrosion protection (Starosvetsky et al.,
2010; Talybov et al., 2020).

In conclusion, protecting the internal surfaces of
equipment and pipelines in the oil industry from the ef-
fects of aggressive electrochemical corrosion environ-
ments with varying compositions necessitates the devel-
opment of effective individual reagents and composi-
tions. The study of their properties in laboratory
conditions remains one of the most urgent tasks of our
time (Taraneh et al., 2008; Zafari et al., 2020).

Objective of the Study: This research investigates
the protective and bactericidal effects of the MARZA-4
reagent in neutral, acidic, alkaline environments, and in
conditions where sulfate-reducing bacteria (SRB) are
active. SRB activity results in the formation of FeS,
Fe(OH):, and H:S on metal surfaces, promoting pitting

corrosion. The release of HzS, a highly toxic and hazard-
ous gas, presents a serious risk to pipelines and oil-gas
equipment. SRB-induced corrosion is a common prob-
lem in oil and gas production facilities, pipelines, and
underground storage systems.

The primary objective of this study is to evaluate the
corrosion protection performance of a newly developed
reagent, HAK-2, and its composition under laboratory
conditions. The research aims to compare the effective-
ness of MARZA-4 and HAK-2 inhibitors, examine their
chemical interaction mechanisms, and determine their
overall impact on corrosion rates under different envi-
ronmental conditions relevant to oil and gas operations.

2. Method

It is known that the equipment and installations used
in the oil industry are primarily made from steel of grade
Ct3. Therefore, in laboratory conditions, samples made
of Ct3 steel were used to study the corrosion rate on
metal specimens. The chemical composition of Ct3 steel
is presented in Table 1.

Table 1. The elemental content of Ct3 steel (%)
C|[Mn| Si | P S | Cr | Ni | Cu| Fe
02]0.5[0.15/0.04/0.05| 03 | 02| 02| 984

Ct3

As seen in Table 1, Ct3 steel contains nine chemical
elements in various percentages, with the main compo-
nent being 98.36% iron. Specimens of Ct3 steel measur-
ing 30x20x1 mm were used to conduct laboratory ex-
periments. It should be noted that to determine the effi-
ciency of the reagent’s corrosion inhibition, the
experiments were carried out under room conditions for
a duration of six hours. The MARZA-4 reagent and a
new composition, conditionally named HAK-2, consist-
ing of MARZA-4 and chloroprene in a 1:1 ratio, were
used as corrosion agents. MARZA-4 is an organic chem-
ical compound, and its molecule comprises carbon, hy-
drogen, oxygen, halogen atoms, and a triple bond.
MARZA-4 is a reagent produced in Azerbaijan, and its
chemical formula is not disclosed by the manufacturers
for commercial purposes (Pashayeva, 2022). In indus-
try, this reagent is produced using methane gas, unsatu-
rated monohydric alcohols, and halides as raw materials.

The experiments related to sulfate-reducing bacteria
were carried out following the sequence outlined in RD-
39-3-973-83. It should be noted that the laboratory tests
were conducted in the “Postgate-B” medium, which pro-
vides an optimal environment for the growth of sulfate-
reducing bacteria, at temperatures ranging from 28°C to
30°C (Zhang et al., 2009; Zhao et al., 2020).

The corrosion rate in an aggressive environment was
determined using the gravimetric method outlined in
RD-39-3-973-83. Metal coupons were exposed to the
corrosive environment for a specified duration, after
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Table 2. Composition of the “Postgate-B” nutrient medium, g/I

FeSO,
“Postgate-B” NH,Cl |K,HPO, |MgSOx7H,0 |CaSO, |lactate-Ca |NaS Na,SO, (5% solution in 1% HCI)
1,0 0,5 2,0 1,0 2,6 0,2 2,0 0,5

which they were cleaned and re-weighed to quantify the
mass loss.

The protective effect of the MARZA-4 inhibitor was
studied in acidic, neutral, and alkaline environments.
The acidic environment was created using an HCI solu-
tion, resulting in a pH of 3. The alkaline environment
was prepared with a NaOH solution, yielding a pH of 11.
The neutral environment was created using a 3.5% NaCl
solution, with a pH of 7. The pH values in the environ-
ments were measured and verified using a Hanna Instru-
ments HI 2211 model pH meter. The metal sample sur-
faces were polished with #800 grit sandpaper, washed
with distilled water, and dried. The effects of the MAR-
ZA-4 inhibitor at concentrations of 5, 10, 15, and 20
mg/L on corrosion environments were investigated. The
corrosion rate K (g/m?-hour), retardation coefficient (y),
and protective efficiency (Z, %) were calculated.

Surface Preparation and Experimental Setup: before
starting the experiments, the surfaces of the steel speci-
mens were cleaned. Initially, the surfaces of the steel
specimens were ground on a grinding machine. Then,
the surfaces were wiped with acetone and alcohol, and
their weights were determined using an analytical bal-
ance. Corrosion rate tests were conducted in two envi-
ronments: the first being an aggressive corrosive envi-
ronment, and the second being the same environment
with the addition of an inhibitor.

After completing the laboratory experiments conduct-
ed at room temperature, the steel specimens were re-
moved from the aggressive corrosion environment, and
corrosion products were removed from their surfaces.
Hydrochloric acid, 40% formalin, and cotton were used
to clean the surfaces of the steel specimens. After chem-
ical treatment, the specimens were rinsed with running
water and then dried with acetone. The specimens were
kept in a desiccator for two hours before and after the
experiments. The purpose of storing the steel specimens
in the desiccator was to bring them to a stable weight.
After this process, the steel specimens were weighed
again using an analytical balance to determine their final
weights (Postgate, 1984).

The rate of corrosion in aggressive environments
under laboratory conditions is calculated, as given in
Equation 14, as follows (Pashayeva, 2022):

m;—m;

K =
ST

(14)
Where: m — mass of the steel sample before the experi-
ment, g; m, —mass of the steel sample after removing the
corrosion products from its surface, g; S — surface area of
the steel sample, m?; T — duration of the experiment, hours.

The term “retardation coefficient” (y) is also used in
corrosion processes and is calculated as shown in Equa-
tion 15, as follows (Pashayeva 2022):

Ko
Kinh

Y= (15)
Where: K — corrosion rate without reagents; K,  — corro-
sion rate with the presence of the reagent (g/m?-hour). The
retardation coefficient (y) is a dimensionless quantity.

The protective effect of the reagents used in the ex-
periment is calculated, as shown in Equation 16, as fol-
lows (Pashayeva, 2022):

=0 M 100%

2 (16)

Where: K — corrosion rate without reagents; K. — cor-
rosion rate with the presence of the reagent (g/m?-hour).

One of the terms used in corrosion processes is the
penetration factor (K;), which is calculated as shown in
Equation 17, as follows (Pashayeva 2022):

8760K,, .
K,=———-10" mm/year

(17)

Where: K, — corrosion rate, g/m?-hour; p — density of
the metal being studied, g/cm?; 8760- a constant repre-
senting the number of hours in a year.

All chemicals used in the experiments (HCI, NaCl,
NaOH, ethanol, acetone, chloroprene, etc.) were of ana-
lytical grade (AR) and were officially supplied to the
Azerbaijani market by well-known manufacturers such
as “Sigma-Aldrich” and “Merck.”

Corrosion tests based on mass loss were conducted us-
ing the gravimetric method, in accordance with the ASTM
G31-21 and GOST 9.905-82 international standards.

Bactericidal Studies: the bactericidal properties of the
reagents against sulfate-reducing bacteria were investi-
gated in the “Postgate-B” nutrient medium (see Table 2).

In the laboratory, each experiment was repeated five
times, and the standard deviation was calculated to en-
sure the reliability of the results. During the experiments,
carbon dioxide (CO-) was continuously introduced into
the environment at a specific flow rate. Initially, the gas-
es were introduced into the corrosive medium through
controlled gas injection, simulating real-world condi-
tions where gases interact with the metal surface (see
Table 3).

The concentration of H>S was set at 0.015 psi, repre-
senting typical field conditions where low levels of H2S
can significantly impact the corrosion rate. The CO- con-
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centration was set at 10%, which is commonly found in
pipeline systems. During the experiments, the pH of the
solution was monitored, as the dissolution of CO: leads
to the formation of carbonic acid, which lowers the pH.
Initially, the pH was 6.5, and it decreased to approxi-
mately 5.2 in the presence of COs.

Corrosion rates were measured using both weight loss
and potentiodynamic polarization methods. Both gases
were maintained in the experimental environment for 24
hours. The simultaneous application of CO: and H.S
was performed to analyze their joint influence on corro-
sion, with flow rates carefully controlled during their
introduction. These techniques provided real-time data
on the influence of H>S and CO: on corrosion behavior.

Finally, the impact of the inhibitors MARZA-4 and
HAK-2 on H-S and CO: environments was assessed.
The results demonstrated that higher concentrations of
these inhibitors significantly reduced corrosion rates.

Bactericidal Activity Calculation: For the growth
and development of sulfate-reducing bacteria, the “Post-
gate-B” nutrient medium is used, and the research is
conducted based on the NACE standard methodology.
The number of sulfate-reducing bacterial cells in 1 ml of
the initial suspension which is calculated as shown in
Equation 18, as follows (Pashayeva 2022):

1000an
M=

s (18)

Where: M — the number of cells in 1 ml of the suspen-
sion; a — the average number of cells in the square grid;
h — the depth of the chamber (in mm); S — the area of the
square grid (in mm?); n — the dilution rate of the suspen-
sion; 1000 mm? =1 ml.

The growth rate of sulfate-reducing bacteria (N,%)
with the involvement of the bactericide which is calcu-
lated as shown in Equation 19, as follows (Pashayeva
2022):
100(ng- nyyp)

N

N,%= (19)
Where: no — the number of microorganisms in the rea-
gent-free medium; njy, — the number of microorganisms
in the reagent-containing medium.

The bactericidal effect (S,%) of the reagent based on
the amount of hydrogen sulfide which is calculated as
shown in Equation 20, as follows (Pashayeva 2022):

Cinh

Cq-
5,06= 0" Cinn
inh.

100 (20)
Where: Co — the concentration of biogenic hydrogen
sulfide in the reagent-free medium; Ci., — the concentra-
tion of biogenic hydrogen sulfide in the reagent-contain-
ing medium.

The change in biogenic hydrogen sulfide concentra-
tion was measured using the methylene blue spectropho-

tometric method, a well-established technique for de-
tecting HoS in sulfate-reducing bacteria cultures. This
method involves the reaction of H.S with N,N-dimethyl-
p-phenylenediamine and FeCls under acidic conditions,
forming methylene blue, which was quantified at 667
nm wavelength. The use of this method ensures high
sensitivity and accuracy in detecting even minor chang-
es in HaS levels. The decrease in H-S production directly
correlates with the bactericidal efficiency of MARZA-4.
The methodology aligns with similar studies on SRB in-
hibition (Postgate, 1984; Muyzer and Stams, 2008).

Scanning Electron Microscopy (SEM) Analysis:
surface morphology and microstructural changes of the
steel specimens before and after exposure to the corro-
sive medium were investigated using scanning electron
microscopy (SEM). The SEM analysis was performed
using a JEOL JSM-7001F field emission scanning elec-
tron microscope operating at an accelerating voltage of
15 kV under high vacuum conditions. Prior to imaging,
all samples were cleaned with ethanol, air-dried, and
then coated with a thin layer of gold (approx. 10 nm) us-
ing a sputter coater (Quorum Q150R ES) to enhance sur-
face conductivity and imaging resolution.

The SEM investigation was carried out at various
magnifications (ranging from x500 to x10,000) to assess
surface degradation features such as pit formation, crack
propagation, and corrosion product morphology.

All images were captured with a calibrated scale bar,
and the micrographs were analyzed using ImageJ soft-
ware to estimate the average pit diameter and surface
coverage of corrosion products. Representative images
were selected from at least three different areas on each
specimen to ensure statistical reliability and reproduci-
bility of the observations.

3. Results and discussions

Initially, the laboratory studies were conducted in
three aggressive corrosion environments: neutral, acidic,
and alkaline. It should be noted that the experiments for
determining the corrosion rate were carried out in a U-
shaped setup. The gravimetric method for determining
the corrosion rate in a U-shaped setup was carried out in
accordance with ASTM G31-72. It should be noted that
the experiments for determining the corrosion rate were
carried out in a U-shaped setup. The gravimetric method
for determining the corrosion rate in the U-shaped setup
was conducted in accordance with ASTM G31-72. Dur-
ing the experiments, there was no liquid flow in the sys-
tem; however, to simulate real field conditions, a con-
tinuous flow of CO. and/or H.S gases was introduced
into the system at a controlled flow rate. The results of
the numerous laboratory experiments lasting six hours
are presented in Table 3.

The data presented in the table demonstrates the pro-
tective effectiveness of the MARZA-4 inhibitor under
different environmental conditions: neutral, acidic, and
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Table 3. The protective effectiveness of the MARZA-4 inhibitor in various aggressive environments

N C,, : _ .l(’ g/m’-hour _ SD () Retardation Protective
— Without inhibitor With inhibitor coefficient, y effect, Z%
a) Protective effectiveness of MARZA-4 inhibitor in a neutral environment (pH=7)

1 0 - - - -

2 5.0 0.0749 +0.002 8.34 88

3 10.0 0.6248 0.0562 +0.0018 I1.11 91

4 15.0 0.0249 +0.0012 25.09 96

5 20.0 0.0124 +0.0008 50.38 98

b) Protective effect of MARZA-4 inhibitor in acidic environment (pH=3)

1 0 - - - -

2 5.0 0.1730 +0.004 7.14 86

3 10.0 1.2364 0.1236 +0.003 10.00 90

4 15.0 0.0618 +0.0025 20.00 95

5 20.0 0.0247 +0.0015 50.05 98

¢) Protective effect of MARZA-4 inhibitor in alkaline environment (pH=11)

1 0 - - - -

2 5.0 0.2024 +0.004 5.00 80

3 10.0 1.012 0.1619 +0.0035 6.25 84

4 15.0 0.1416 +0.0032 7.14 86

5 20.0 0.0607 +0.0016 16.67 94

alkaline. As the concentration of MARZA-4 increases,
there is a consistent improvement in corrosion protec-
tion across all environments. This indicates that the in-
hibitor is effective in mitigating corrosion as its concen-
tration rises.

In the neutral environment, the protective efficiency
of MARZA-4 increases steadily with the concentration
of the inhibitor. Initially, the corrosion rate without the
inhibitor is relatively high. However, as the inhibitor is
introduced, a significant reduction in corrosion is ob-
served, with the protection efficiency rising considera-
bly. The highest inhibitory efficacy in the neutral envi-
ronment was achieved at a concentration of 20 mg/L,
with a protection efficiency of 98%.

Similarly, in the acidic environment, the inhibitor ex-
hibits a similar trend of increasing protection efficiency
with higher concentrations. Acidic conditions typically
accelerate corrosion, but MARZA-4 effectively counter-
acts this by reducing the corrosion rate as its concentra-
tion increases. Even at lower concentrations, there is a
noticeable reduction in the corrosion rate, which contin-
ues to improve with higher inhibitor concentrations. At
20 mg/L, the protection efficiency reached its maximum
in acidic conditions, with a value of 98%.

In the alkaline environment, while the overall corro-
sion rates are lower than those in acidic conditions, the
inhibitor still proves effective. The pattern of increased
protection efficiency with higher concentrations remains
consistent, although the degree of improvement is slight-
ly less pronounced compared to the acidic environment.
At 20 mg/L, the highest protection efficiency in the alka-

line environment was 94%. This suggests that the inhib-
itor performs better in acidic conditions but still provides
significant protection in alkaline conditions.

Overall, the MARZA-4 inhibitor demonstrates strong
protective properties across various environments, with
higher concentrations offering more effective corrosion
resistance. The results suggest that MARZA-4 is a ver-
satile inhibitor capable of enhancing corrosion resist-
ance in a range of pH conditions, with the highest effi-
cacy observed at a concentration of 20 mg/L across all
test environments.

It is known that the internal corrosion of oil pipelines
is primarily due to formation water and sulfate-reducing
bacteria present in the oil. It should be noted that corro-
sion caused by the activity of sulfate-reducing bacteria
progresses rapidly, often resulting in leaks in pipelines
within a short period. Therefore, the effect of MARZA-4
inhibitor on sulfate-reducing bacteria was also studied
under laboratory conditions.

Figures 2—4 present the potentiodynamic polarization
curves obtained for Ct3 steel in neutral, acidic, and alka-
line environments with varying concentrations of the
MARZA-4 inhibitor. The results clearly show that in-
creasing the inhibitor concentration shifts the corrosion
potential (E<sub>corr</sub>) in a more positive direction
and reduces the corrosion current density (I<sub>corr</
sub>), indicating a significant inhibition effect.

The inhibition performance of the MARZA-4 com-
pound on Ct3 grade carbon steel was systematically
evaluated using the potentiodynamic polarization meth-
od. Experiments were carried out in media of varying
pH-neutral (pH = 7), acidic (pH = 3), and alkaline (pH =
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Figure 2. Potentiodynamic polarization curves of Ct3 steel

in a neutral medium in the presence of the MARZA-4
inhibitor
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Figure 3. Potentiodynamic polarization curves of Ct3 steel
in an acidic medium in the presence of the MARZA-4
inhibitor

11) —to assess the inhibitor’s effectiveness under diverse
corrosion environments. For each condition, polariza-
tion curves were constructed for inhibitor concentrations
of 0, 5, 10, 15, and 20 mg/L (see Figures 2—4).

The electrochemical measurements were supported
by gravimetric data, which provided estimated corrosion
current densities (I<sub>corr</sub>). These values were
used to quantify the inhibitor’s impact on the corrosion
kinetics. Test parameters, including a metal surface area
0f 0.0013 m?, density of 7850 kg/m?, and 6-hour immer-
sion time, were maintained consistently across all sys-
tems to ensure comparability.

As observed from Figures 2 to 4, increasing the con-
centration of MARZA-4 led to:

* A progressive shift in corrosion potential (E<
sub>corr</sub>) toward more positive values, sug-
gesting enhanced surface passivation,

* A substantial reduction in corrosion current density
(I<sub>corr</sub>), indicating effective suppres-

~0.70 —0.65 —0.60 —0.55 —0.50 —0.45 —0.40 —0.35 —0.30
Potential (V vs. SCE)

Figure 4. Potentiodynamic polarization curves of Ct3 steel
in an alkaline medium in the presence of the MARZA-4
inhibitor

sion of electrochemical activity at the metal—elec-
trolyte interface.

These trends confirm that MARZA-4 functions as a
mixed-type inhibitor, affecting both anodic metal disso-
lution and cathodic hydrogen evolution or oxygen re-
duction reactions. This dual-mode inhibition likely aris-
es from the formation of a protective adsorbed film on
the steel surface, which acts as a physical and electro-
chemical barrier to charge and mass transfer.

The highest inhibition efficiency was observed in
the acidic medium (pH = 3), where a reduction in
I<sub>corr</sub> of approximately 90-95% was re-
corded at 20 mg/L. This superior performance may be
attributed to the enhanced adsorption of MARZA-4 mol-
ecules in acidic conditions, where protonation of func-
tional groups can facilitate electrostatic interactions with
the positively charged metal surface. The agreement be-
tween the electrochemical and gravimetric protection ef-
ficiencies (Z%) supports this interpretation.

In both neutral and alkaline environments, a similar
concentration-dependent inhibition trend was observed,
although the magnitude of protection was slightly lower.
This suggests that MARZA-4 remains active across a
broad pH spectrum, a critical feature for practical appli-
cations in variable oil and gas pipeline environments
where pH conditions may fluctuate due to processing
fluids or environmental ingress.

Collectively, the data demonstrate that MARZA-4 ex-
hibits:

* Strong inhibition across all tested media,

» Enhanced activity in acidic environments,

* A mechanism consistent with adsorption-controlled
inhibition,
* The characteristics of a passivating, mixed-type in-

hibitor capable of forming a stable barrier layer on
steel surfaces.
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These findings place MARZA-4 among the most
promising candidates for corrosion control in oilfield en-
vironments, particularly where aggressive acid media
are encountered. Compared to literature-reported inhibi-
tors with similar structures and mechanisms (Enning
and Garrelfs, 2014; Gu et al., 2019), MARZA-4 pro-
vides competitive or superior protection, affirming its
potential for industrial-scale deployment.

The effect of MARZA-4 inhibitor on the growth of
sulfate-reducing bacteria was examined over seven days.
Figure 5 presents the impact of the inhibitor on Desulfo-
vibrio desulfuricans bacterial cells, while Figure 6
shows its effect on Desulfomicrobium bacterial cells.
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Figure 5. Effect of MARZA-4 reagent on the growth
coefficient of Desulfovibrio desulfuricans bacterial cells
(over 7 days)
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Figure 6. Effect of MARZA-4 reagent on the growth
coefficient of Desulfomicrobium bacterial cells (over 7 days)

From the figures, it is evident that as the concentration
of the MARZA-4 inhibitor increases in the nutrient me-
dium, its inhibitory effect on the growth coefficient of
bacterial cells also rises. Specifically, at concentrations of
5,10, 15, and 20 mg/L, the inhibitory effect on the growth
coefficient of Desulfovibrio desulfuricans bacterial cells
18 45%, 60%, 72%, and 81%, respectively. For Desulfomi-
crobium bacterial cells, the corresponding inhibitory ef-
fects are 48%, 63%, 78%, and 85%. Thus, a concentration

of 20 mg/L was found to be the most effective in suppress-
ing bacterial growth in both strains tested.

In the “Postgate-B” nutrient medium, the bactericidal
effect of the MARZA-4 inhibitor against Desulfovibrio
desulfuricans and Desulfomicrobium cells was calculat-
ed based on changes in the concentration of biogenic
hydrogen sulfide. The results for various concentrations
of the MARZA-4 inhibitor are shown in Figure 7 and
Figure 8, respectively.
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Figure 7. Bactericidal effect of the MARZA-4 reagent
in a medium containing Desulfovibrio desulfuricans
bacterial cells (over 7 days)
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Figure 8. The bactericidal effect of MARZA-4 reagent
in a medium containing Desulfomicrobium bacteria cells
(over 7 days)

The experimental results presented in the figures pro-
vide insight into the bactericidal effects of the MAR-
ZA-4 inhibitor on Desulfovibrio desulfuricans and Des-
ulfomicrobium bacterial cells in the “Postgate-B” nutri-
ent medium. The data shows a clear trend in the increase
of bactericidal activity with higher concentrations of
MARZA-4.

In the case of Desulfovibrio desulfuricans, the inhibi-
tor demonstrates a notable bactericidal effect, which in-
tensifies as the concentration of MARZA-4 increases.
The highest level of bactericidal activity is observed at a
concentration of 20 mg/L.

For Desulfomicrobium bacterial cells, a similar pat-
tern is observed, with increasing bactericidal effects cor-
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responding to higher concentrations of MARZA-4. The
results also indicate that the inhibitor’s efficiency is
higher against Desulfomicrobium than Desulfovibrio
desulfuricans, as reflected in the overall percentages of
bacterial inhibition at each concentration level.

These trends highlight the effectiveness of MARZA-4
as a bactericidal agent, with its efficacy improving at
higher concentrations, and demonstrate the compound’s
potential in inhibiting the growth of sulfate-reducing
bacteria in relevant industrial contexts. During the re-
search process, a new composition, conditionally named
HAK-2, was prepared under laboratory conditions using
a 1:1 ratio of MARZA-4 inhibitor and chloroprene rea-
gent, and its properties were studied. Laboratory tests
were initially conducted in aggressive corrosion envi-
ronments containing hydrogen sulfide, carbon dioxide,
and both gases together.

Reagents based on chloroprene (2-chloro-1,3-butadi-
ene), particularly compositions containing polychloro-
prene, are widely used as effective corrosion inhibitors
in industrial applications. Their high anti-corrosion effi-
ciency is attributed to the chemical structure of chloro-
prene and the functional groups facilitating adsorption
onto the metal surface (Zhang et al., 2021).

The mechanism of action of chloroprene-based in-
hibitors, such as those found in the MARZA-4 reagent,
can primarily be explained by the following factors:

Formation of an adsorption barrier: the unsaturat-
ed C=C bonds and the electronegative chlorine atom in
the chloroprene structure strongly interact with the metal
surface, promoting chemisorption. This leads to the for-
mation of a uniformly distributed, dense adsorption lay-
er, which acts as a physical barrier between the metal
and the electrolyte, thereby limiting the ingress of oxy-
gen and water molecules to the metal surface. MAR-
ZA-4 enhances this mechanism by including organic
surfactants and polar functional groups (e.g. carboxylic
and amine groups), which further increase adsorption
density and stability on the steel surface (Oginni et al.,
2018; Gurbanov et al., 2022).

Electrochemical passivation: due to the electron-
withdrawing effect of the chlorine atom in chloroprene,
the electron density on the metal surface is reduced,
thereby suppressing anodic dissolution reactions (e.g. Fe
— Fe?" + 2e7). MARZA-4 contains halogenated organic
compounds and stabilizers that complement this effect
by forming complexation zones at anodic sites, contrib-
uting to decreased corrosion currents and reduced metal
ion solubility (Akinmoladun et al., 2018; Gurbanov et
al., 2022).

Jointly enhancing protective properties within the
composition: the combination of chloroprene-based in-
hibitors with ionic and non-ionic surfactants in MAR-
ZA-4 improves the destabilization of oil-water emul-
sions, which is critical in corrosion-prone environments.
Our experiments showed that the MARZA-4 mixture
accelerated phase separation and enhanced the homoge-
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Figure 9. Dependence of the reagent concentration
on the protective effect in an H,S environment (t = 24 hours)
for the HAK-2 composition

neity of the adsorption film. This is attributed to its for-
mulation, which includes emulsifiers and dispersants
that increase surface coverage and minimize interfacial
tension (Xu et al., 2018; Gurbanov et al., 2022).

Prevention of microbiologically influenced corro-
sion: chloroprene-based compounds have been shown to
suppress the metabolic activity of sulfate-reducing bac-
teria (SRB), a common source of MIC. MARZA-4 fur-
ther improves this function through the incorporation of
organic biocides and quaternary ammonium salts, which
exhibit strong antimicrobial effects against SRB and ac-
id-producing bacteria. This dual inhibition mechanism
effectively mitigates both electrochemical and biologi-
cal corrosion (Popoola et al., 2017; Akinmoladun et
al., 2018; Gurbanov et al., 2022).

Analysis of our experimental results demonstrated
that the application of the chloroprene-based composi-
tion significantly reduced the quantity of corrosion prod-
ucts on the metal surface. Moreover, the inhibitor effi-
ciency, expressed as a percentage, was observed to be
10-15% higher compared to previously tested variants.
These findings confirm that chloroprene provides a com-
prehensive protective effect through both physical bar-
rier formation and chemical passivation mechanisms.

The corrosion rate was calculated using the gravimet-
ric method. Subsequently, the composition’s corrosion
protective effect and penetration factorwere determined.
For durations of 24 and 240 hours, the dependency of
the composition’s concentration on its protective effect
in the hydrogen sulfide environment is presented in Fig-
ures 9 and 10. The dependency of the composition’s
concentration on its protective effect in the carbon diox-
ide environment is shown in Figures 11 and 12, and in
environments containing both hydrogen sulfide and car-
bon dioxide, this relationship is shown in Figures 13
and 14.

As seen in Figure 9, in the hydrogen sulfide environ-
ment, the protective effect of the HAK-2 composition at
concentrations of 5, 10, 15, and 20 mg/L is 83.3%, 92.4%,
95.6%, and 98%, respectively, over a 24-hour period.
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Figure 10. Dependence of the reagent concentration
on the protective effect in an H,S environment
(t = 240 hours) for the HAK-2 composition

Figure 13. Dependence of reagent concentration
on the protective effect in an H,S + CO, environment
(t = 24 hours) for the HAK-2 composition
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Figure 11. Dependence of the reagent concentration
on the protective effect in a CO, environment (t = 24 hours)
for the HAK-2 composition
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Figure 12. Dependence of the reagent concentration
on the protective effect in a CO, environment (t = 240 hours)
for the HAK-2 composition

As seen in Figure 10, in the hydrogen sulfide envi-
ronment, the protective effect of the HAK-2 composi-
tion at concentrations of 5, 10, 15, and 20 mg/L is 73.1%,
82.4%, 91.3%, and 95.7%, respectively, over a 240-hour
period.

As seen in Figure 11, in the carbon dioxide environ-
ment, the protective effect of the HAK-2 composition at
concentrations of 5, 10, 15, and 20 mg/L is 76.3%,
82.2%, 90.4%, and 94.8%, respectively, over a 24-hour
period.

Figure 14. Dependence of reagent concentration
on the protective effect in an H,S + CO, environment
(t = 24 hours) for the HAK-2 composition

As seen in Figure 12, in the carbon dioxide environ-
ment, the protective effect of the HAK-2 composition at
concentrations of 5, 10, 15, and 20 mg/L is 60.22%,
69.86%, 87.15%, and 94.83%, respectively, over a 240-
hour period.

As seen in Figure 13, in the H,S+CO, environment,
the protective effect of the HAK-2 composition at con-
centrations of 5, 10, 15, and 20 mg/L is 76.8%, 81.6%,
91.5%, and 96.8%, respectively, over a 24-hour period.

As seen in Figure 14, in the H,S+CO, environment,
the protective effect of the HAK-2 composition at con-
centrations of 5, 10, 15, and 20 mg/L is 82.07%, 89.54%,
96.76%, and 99.23%, respectively, over a 240-hour
period.

The data from Figures 6-11 clearly demonstrate that
the corrosion protection efficiency of the HAK-2 com-
position increases proportionally with concentration
across all test environments and time intervals. The most
notable observation is that the highest corrosion inhibi-
tion in each environment was achieved at a concentra-
tion of 20 mg/L, validating this dosage as the most effec-
tive within the experimental range.

In the hydrogen sulfide environment (see Figures 9
and 10), the HAK-2 composition shows a consistently
high level of protection. This may be due to the inhibi-
tor’s strong chemisorption onto the metal surface, form-
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ing a dense protective film that resists the penetration of
corrosive H2S molecules. Over extended exposure (240
hours), although the protection slightly decreases com-
pared to the 24-hour results, it still remains highly effec-
tive (up to 95.7%).

In carbon dioxide environments (see Figures 11 and
12), the efficiency is slightly lower, especially over the
longer duration. This could be attributed to CO-’s ability
to form carbonic acid in aqueous environments, which
might partially compromise the integrity of the inhibitor
layer. However, the inhibitor still achieves 94.83% pro-
tection at 20 mg/L after 240 hours, highlighting its resil-
ience.

In mixed H.S+CO: environments (see Figures 13 and
14), the inhibitor’s performance is particularly impres-
sive. Despite the aggressive nature of this combined cor-
rosive environment, the HAK-2 composition delivers
superior protection — up to 99.23% at 20 mg/L over 240
hours. This suggests a synergistic protective mechanism,
where the inhibitor forms a dual-function barrier that
limits both sulfide and acid gas attack.

The increasing efficiency with concentration can be
explained by enhanced surface coverage and adsorption
of the active components, which block corrosion-prone
sites more effectively. Furthermore, the time-dependent
data show that the protective layer formed by the inhibi-
tor remains relatively stable over prolonged exposure,
especially at the highest concentration.

These results confirm that 20 mg/L is the optimal con-
centration for the HAK-2 composition, ensuring robust
corrosion resistance in acidic, COz-rich, and combined
environments commonly encountered in the oil and gas
industry.

Figure 15 shows the effect of the composition on the
growth rate of Desulfovibrio desulfuricans bacterial
cells, while Figure 16 shows the effect on the growth
rate of Desulfomicrobium bacterial cells.

As seen from the figures, as the concentration of the
HAK-2 composition in the nutrient medium increases,
the effect on the growth rate of bacterial cells also in-
creases. Specifically, at concentrations of 5, 10, 15, and
20 mg/L, the effect of the composition on the growth rate
of Desulfovibrio desulfuricans bacterial cells is 52%,
68%, 82%, and 89%, respectively, while the effect on the
growth rate of Desulfomicrobium bacterial cells is 55%,
72%, 85%, and 94%, respectively.

These results clearly demonstrate that the HAK-2
composition exhibits strong bacteriostatic activity, par-
ticularly against sulfate-reducing bacteria, which are
known to significantly accelerate microbiologically in-
fluenced corrosion (MIC) in oil and gas infrastructure.
The data indicate a dose-dependent inhibitory effect: as
the concentration of the composition increases, the abil-
ity of bacterial cells to proliferate diminishes substan-
tially. This is likely due to the disruption of bacterial cell
membranes and metabolic processes by the active com-
ponents in the HAK-2 formulation.
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Figure 15. Effect of the HAK-2 composition on the growth
rate of Desulfovibrio desulfuricans bacterial cells
(over 7 days)
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Figure 16. Effect of the HAK-2 composition on the growth
rate of Desulfomicrobium bacterial cells (over 7 days)

At a concentration of 20 mg/L, the highest level of
inhibition was achieved for both bacterial strains, with
growth suppression reaching 89% for Desulfovibrio
desulfuricans and 94% for Desulfomicrobium. These
findings suggest that 20 mg/L is the optimal concentra-
tion for effectively controlling bacterial activity and pre-
venting microbiological corrosion in operational envi-
ronments. This bactericidal effect complements the cor-
rosion protection function of the HAK-2 composition,
making it a dual-purpose reagent suitable for use in oil
and gas systems vulnerable to both chemical and bio-
logical corrosion mechanisms.

In the “Postgate-B” nutrient medium, based on the
change in the concentration of biogenic hydrogen
sulfide, the bactericidal effect of the HAK-2 composi-
tion on Desulfovibrio desulfuricans and Desulfomicro-
bium cells was calculated for different concentrations.
The obtained results are shown in Figure 17 and Figure
18, respectively.

The results presented in Figures 17 and 18 demon-
strate the bactericidal effectiveness of the HAK-2 com-
position in the “Postgate-B” nutrient medium against
Desulfovibrio desulfuricans and Desulfomicrobium bac-
terial cells. As the concentration of HAK-2 increases, a
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Figure 17. Bactericidal effect of the HAK-2 composition
in a Desulfovibrio desulfuricans bacterial cell medium
(over 7 days)
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Figure 18. Bactericidal effect of the HAK-2 composition
in a Desulfomicrobium bacterial cell medium (over 7 days)

significant enhancement in bactericidal activity is ob-
served for both bacterial strains.

For Desulfovibrio desulfuricans, the bactericidal ef-
fect increases progressively with higher concentrations
of the HAK-2 composition. The highest bactericidal ef-
ficiency is observed at the 20 mg/L concentration, indi-
cating the composition’s potential to effectively reduce
bacterial growth.

Similarly, for Desulfomicrobium, the bactericidal ef-
fect follows the same trend, with higher concentrations
resulting in greater bacterial inhibition. The inhibitor
demonstrates more pronounced effectiveness against
Desulfomicrobium than Desulfovibrio desulfuricans, as
indicated by the greater inhibition at corresponding con-
centrations.

These findings highlight the potential of HAK-2 as a
potent bactericidal agent, with its effectiveness improv-
ing as the concentration increases. The results suggest
that HAK-2 can be an effective tool for controlling sul-
fate-reducing bacteria in industrial environments.

Thus, for the first time, the corrosion protective effect
of the organic-origin MARZA-4 reagent, which can be
produced from local raw materials, in neutral, acidic,

and alkaline environments, as well as the new HAK-2
composition in aggressive corrosion environments with
hydrogen sulfide, carbon dioxide, and both gases togeth-
er, has been investigated. Their optimal consumption
rates have been determined. Additionally, the effect of
both reagents on sulfate-reducing bacteria in the “Post-
gate-B” nutrient medium has been studied. It has been
established that, compared to the MARZA-4 reagent, the
HAK-2 composition exhibits higher bactericidal-inhi-
bitor properties. Therefore, it is proposed to use the
HAK-2 composition as a widely applicable bactericidal-
inhibitor reagent in the oil industry, especially in field
conditions.

The observed bactericidal effectiveness of HAK-2
can be attributed to its ability to interfere with the meta-
bolic processes and membrane integrity of sulfate-re-
ducing bacteria. This inhibition is particularly important
in mitigating microbiologically influenced corrosion
(MIC), which poses a severe threat in oilfield operations.
The consistent increase in bactericidal activity with con-
centration suggests a dose-dependent response, with 20
mg/L emerging as the most effective dose. The superior
performance against Desulfomicrobium may be due to
structural or physiological differences between the two
bacterial species.

These findings highlight the potential of HAK-2 as a
potent bactericidal agent. Its dual function as both a cor-
rosion inhibitor and a biocide makes it highly valuable
for industrial application in environments prone to both
chemical and microbial corrosion.

Thus, for the first time, the corrosion protective effect
of the organic-origin MARZA-4 reagent, which can be
produced from local raw materials, in neutral, acidic,
and alkaline environments, as well as the new HAK-2
composition in aggressive corrosion environments with
hydrogen sulfide, carbon dioxide, and both gases togeth-
er, has been investigated. Their optimal consumption
rates have been determined. Additionally, the effect of
both reagents on sulfate-reducing bacteria in the “Post-
gate-B” nutrient medium has been studied. It has been
established that, compared to the MARZA-4 reagent, the
HAK-2 composition exhibits higher bactericidal-inhibi-
tor properties. Therefore, it is proposed to use the HAK-
2 composition as a widely applicable bactericidal-inhib-
itor reagent in the oil industry, especially under field
conditions.

As shown in Figure 19, the surface morphology of
the Ct3 steel coupons significantly differs depending on
the presence of the HAK-2 composite reagent and sul-
fate-reducing bacteria.

Figure 19a—d presents SEM images of steel surfaces
after 360 hours of exposure to environments containing
sulfate-reducing bacteria (SRB), specifically Desulfomi-
crobium and Desulfovibrio desulfuricans, both in the
absence and presence of the HAK-2 composite reagent
at its optimal concentration.
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Figure 19. SEM images of corrosion on Ct3 grade steel coupons under the influence of sulfate-reducing bacteria
and with the application of the HAK-2 composite reagent: a) Corrosion of steel in the presence of Desulfomicrobium species
without any reagent applied; b) Corrosion of steel in the presence of Desulfomicrobium species with the addition
of the HAK-2 composite reagent at its optimal concentration (C_ =20 mg/L); c) Corrosion of steel in the presence
of Desulfovibrio desulfuricans species without any reagent applied; df Corrosion of steel in the presence of Desulfovibrio

desulfuricans species with the addition of the HAK-2 composite reagent at its optimal concentration (C

Figure 19a—d presents SEM images of steel surfaces
after 360 hours of exposure to microbiologically active
environments containing either Desulfomicrobium or
Desulfovibrio desulfuricans species, with and without
the addition of the HAK-2 composite reagent.

In the absence of any inhibitor (see Figures 19a and
19c¢), severe corrosion damage is evident, with more ag-
gressive surface degradation observed in the environ-
ment containing Desulfovibrio desulfuricans (19c).

In contrast, the addition of HAK-2 at its optimal concen-
tration significantly reduces corrosion effects in both envi-
ronments (see Figures 19b and 19d). The surface exposed
to Desulfomicrobium in the presence of HAK-2 (25b) ap-
pears smoother and more uniform, indicating strong in-
hibitory performance. However, in the case of Desulfovi-
brio desulfuricans (19d), although corrosion is mitigated,
localized pitting remains visible — suggesting reduced ef-
fectiveness against this more aggressive SRB strain.

Overall, the HAK-2 composite demonstrates superior
corrosion protection compared to individual reagents
across both microbial environments, and the observed

comp=20 Mg/L).
SEM results are in full agreement with the quantitative
laboratory findings.

The SEM observations support the quantitative re-
sults obtained from corrosion rate measurements and
bacteriological tests. The surface morphology clearly
reveals that the 20 mg/L concentration of HAK-2 pro-
vides the most effective protection, minimizing corro-
sion damage and bacterial colonization. The significant
decrease in pitting and corrosion product deposition
confirms that HAK-2 disrupts both the microbial corro-
sion pathway and the electrochemical processes under-
lying steel degradation.

The optimal performance at 20 mg/L can be attributed
to a saturation effect, where the active components of
HAK-2 sufficiently adsorb onto the metal surface, form-
ing a protective barrier while simultaneously neutraliz-
ing the metabolic byproducts of SRB. This dual mecha-
nism ensures both inhibition of bacterial proliferation
and stabilization of the metal surface.

These findings reinforce the earlier experimental data,
showing that the HAK-2 composition exhibits superior

Rudarsko-geolosko-nafini zbornik 2026, 41 (2), pp. 15-30, https://doi.org/10.17794/rgn.2026.2.2



G. Gurbanov, A. Gasimzade

28

performance compared to MARZA-4, particularly in ag-
gressive environments and in the presence of SRB. The
clear reduction in corrosion damage at 20 mg/L suggests
this dosage as the optimal operational concentration for
field applications where MIC is prevalent.

This study investigates the corrosion protective and
bactericidal-inhibitor properties of the organic-origin
MARZA-4 reagent and the novel HAK-2 composition in
various environmental conditions. The reagents were
tested in neutral, acidic, and alkaline environments, as
well as in aggressive environments containing hydrogen
sulfide (H2S), carbon dioxide (CO:), and a combination
of both gases. Furthermore, their effects on sulfate-re-
ducing bacteria in the “Postgate-B” nutrient medium
were evaluated.

The explanation can be expanded with more scientific
details to better clarify why the 20 mg/L concentration
of HAK-2 exhibits optimal performance. Below is the
rationale based on scientific principles.

Saturation effect: the saturation effect occurs when
the concentration of the inhibitor HAK-2 reaches a level
at which the active components in the composition fully
interact with the metal surface. When the concentration
of HAK-2 is increased to 20 mg/L, a sufficient amount
of inhibitor molecules adsorb to the steel surface, form-
ing a stable and protective layer. This layer reduces the
direct interaction between corrosive agents (such as hy-
drogen sulfide, carbon dioxide, or sulfate-reducing bac-
teria) and the metal, thereby preventing corrosion.

Adsorption mechanism: the adsorption of HAK-2
molecules onto the metal surface is an important pro-
cess in corrosion inhibition. Inhibitors like HAK-2 typi-
cally contain functional groups that can bond with the
steel surface, creating a physical barrier that prevents
further oxidation or chemical degradation. At 20 mg/L,
there is enough of the active ingredient to form a dense,
continuous film on the steel surface, offering maximum
protection.

Bactericidal action on SRB: the sulfate-reducing
bacteria (SRB), such as Desulfovibrio desulfuricans and
Desulfomicrobium, are known to produce hydrogen
sulfide (H2S) and other corrosive metabolites, which ac-
celerate the corrosion process. At lower concentrations
of HAK-2, the number of bacteria is not sufficiently con-
trolled, allowing them to continue their metabolic activ-
ity. However, at 20 mg/L, the bactericidal properties of
HAK-2 become more effective, leading to a noticeable
reduction in SRB proliferation. This not only reduces the
bacterial-induced corrosion but also prevents the gener-
ation of aggressive metabolic byproducts like H-S, fur-
ther mitigating corrosion.

Dual protective mechanism: the dual mechanism of
HAK-2 is particularly important. First, it inhibits the mi-
crobial activity of SRB, which prevents them from pro-
ducing corrosive metabolites. Second, the inhibitor pro-
vides electrochemical protection by forming a barrier
that reduces the interaction of corrosive species with the

steel surface. This combined action leads to the signifi-
cant reduction of both microbial-induced corrosion
(MIC) and electrochemical corrosion.

Optimal concentration: the 20 mg/L concentration
represents a threshold concentration where the beneficial
effects of HAK-2 are maximized. Concentrations above
this level may lead to diminishing returns in terms of ad-
ditional protective effects, as the surface may become
saturated, and any excess inhibitor might not further en-
hance performance. Conversely, concentrations below 20
mg/L might not fully protect the metal surface or control
bacterial activity, leading to reduced effectiveness.

Field applications: in field conditions, especially in
environments prone to microbiologically influenced cor-
rosion (MIC), 20 mg/L of HAK-2 is the optimal dosage
that balances cost and performance. Higher concentra-
tions might be wasteful, while lower concentrations may
fail to prevent the harmful effects of SRB and corrosion.
Therefore, 20 mg/L is recommended for industrial ap-
plications in environments where corrosion and bacterial
degradation are significant concerns, ensuring both
long-term protection and efficient use of the inhibitor.

This scientific reasoning ties together the experimen-
tal observations (SEM images, corrosion rates, and bac-
terial growth inhibition) and explains why the 20 mg/L
concentration of HAK-2 offers the best balance between
bactericidal activity, corrosion inhibition, and efficiency.

In conclusion, this study demonstrates that HAK-2
not only provides superior corrosion protection, but also
offers more potent bactericidal-inhibitor effects com-
pared to MARZA-4. These findings support the potential
application of HAK-2 in mitigating both corrosion and
microbial activity in the oil and gas industry, particularly
under challenging operational conditions.

4. Conclusions

1. For the first time, the corrosion protective effect of
the organic-origin MARZA-4 reagent in neutral,
acidic, and alkaline environments, as well as the
new HAK-2 composition in aggressive environ-
ments with hydrogen sulfide, carbon dioxide, and
both gases together, has been investigated. Addi-
tionally, their effect on sulfate-reducing bacteria in
the “Postgate-B” nutrient medium has been stud-
ied. It has been determined that both reagents, at
an optimal concentration of 20 mg/L, possess bac-
tericidal-inhibitor properties.

2. It has been established that the bactericidal-inhibi-
tor MARZA-4 reagent, at concentrations of 5, 10,
15, and 20 mg/L in neutral, acidic, and alkaline
environments, provides corrosion protective ef-
fects of 88%, 91%, 96%, 98%, 86%, 90%, 95%,
98%, and 80%, 84%, 86%, 94%, respectively. In
the “Postgate-B” nutrient medium, the bactericidal
effect against Desulfovibrio desulfuricans and
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Desulfomicrobium cells is 42%, 57%, 69%, 78%,
and 45%, 60%, 75%, 81%, respectively.

3. The corrosion protective effect of the HAK-2 com-
position in hydrogen sulfide, carbon dioxide, and
both gases together in aggressive corrosion envi-
ronments, as well as its effect on sulfate-reducing
bacteria in the “Postgate-B” nutrient medium, has
been studied. It has been determined that, com-
pared to the MARZA-4 reagent, the HAK-2 com-
position exhibits higher bactericidal-inhibitor
properties. Therefore, the HAK-2 composition is
proposed for widespread use as a bactericidal-in-
hibitor reagent in the oil industry, particularly in
field conditions.
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Istrazivanje inhibitorskih svojstava novih reagensa na djelovanje bakterija

Opce je poznato da je u industrijski razvijenim zemljama proizvodac¢ima nafte jedan od najvecih nerijeSenih izazova,
kojim se ujedno produljuje radni vijek opreme i postrojenja, zastita unutarnjih povrsina opreme i postrojenja od korozije.
S obzirom na navedeno, ovaj rad analizira rezultate brojnih laboratorijskih ispitivanja u¢inaka novorazvijenoga organ-
skog reagensa MARZA-4 i sastava privremeno nazvanoga HAK-2 na bakterije koje reduciraju sumporovodik, ugljikov
dioksid i sulfate, koji su primarni uzroci korozije unutarnjih povrsina u naftnoj industriji. Prvi put istrazivana je u¢ino-
vitost djelovanja reagensa MARZA-4 protiv bakterija koje reduciraju sulfate u agresivnim korozivnim okruzenjima kao
$to su neutralni, kiseli i alkalni medjji te u hranjivome mediju ,Postgate-B”. Utvrdeno je da reagens MARZA-4 posjeduje
inhibitorska svojstva pri optimalnoj koncentraciji od 20 mg/L. Pri toj koncentraciji njegov zastitni u¢inak od korozije u
neutralnim, kiselim i alkalnim okruZenjima utvrden je na 98 %, 98 % i 94 %. U hranjivoj podlozi ,Postgate-B” bakteri-
cidni udinak protiv stanica Desulfovibrio desulfuricans i Desulfomicrobium bio je 78% odnosno 81%.
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Abstract

Stope stability is a critical factor in underground mining, directly influencing safety, productivity, and overall mining
efficiency. Traditional stope design methods often employ uniform stope lengths, disregarding geotechnical variability
and thereby increasing the risk of instability or suboptimal dimensions. This study introduces an automated stability
analysis approach that iteratively evaluates multiple stope dimension scenarios based on the Modified Stability Number
(N’) to identify the optimum stable configuration. By conducting detailed stability assessments for each stope wall, the
method provides a more accurate representation of geotechnical conditions compared to the conventional methods with
uniform stope length. The case study demonstrates that this approach effectively reduces the total number of stopes
while maintaining geotechnical stability, in contrast to conventional methods where 14%-40% of stopes exhibit instabil-
ity. Furthermore, the optimization method achieves a balanced outcome between dilution control and operational effi-
ciency resulted in lower stope production cost. The optimized configurations generated by the proposed method deliver
the lowest total production cost, with estimated savings of approximately USD 1.6-2.4 million compared to conven-
tional designs. These findings confirm that the optimization framework not only enhances geotechnical stability but also
provides a demonstrable economic advantage, underscoring the importance of integrating geotechnical variability into
stope design.

Keywords:

stope stability, Modified Stability Number N’, stope dimension optimization, automated analysis

1. Introduction susceptible to instability. In contrast, smaller stopes may

enhance stability but can lead to higher costs (Li et al.,

The stope stability during mining operations is a cri- ~ 2024; O’Hara & Suboleski, 1992). Therefore, deter-

tical factor that directly influences both the safety and mining the Optimum stope dimensions is crucial to

efficiency of underground mining activities (Diederichs  achieving a balance between economic efficiency and
& Kaiser, 1996; Patanwar et al., 2025; Putra et al.,  geotechnical stability.

2024; Zhang et al., 2024). Ensuring that the stope re-

mains sta"blfa throughoujt the extraction process is essen- plified approach by applying a uniform stope dimension
tial to minimize the risks of ground failures, protect across different areas of the mine (Chen et al., 2024;
workers, and maintain uninterrupted production (Adoko, G0 & Miao, 2022; Heidarzadeh et al., 2019; Patan-
2025). war et al., 2025; Phaisopha et al., 2023; Zhao & Zhou,
The stability of a stope is significantly affected by its  2023). These uniform dimensions are determined based
dimensions and the geotechnical characteristics of the gn the general geomechanical properties of the rock
surrounding rock mass (Adoko, 2025; Cui et al., 2024; g5 (Cui et al., 2024; Heidarzadeh et al., 2020; Kang
Li, Liu et al., 2024; Rinne et al., 2024; Sabao et al., ¢ al., 2021; Nhleko & Musingwini, 2022). This meth-
2022). Larger stopes, while potentially lowering mining  od was used due to its straightforward implementation,
cost and increasing production efficiency, tend to be more  mjinimal computational requirements, and lack of neces-
sity for detailed geotechnical data. Nevertheless, by

* Corresponding author: Tri Karian generalizing stope dimensions across the entire mining
e-mail address: tri_karian@itb.ac.id area, this approach neglects the spatial variability of the
Received: 6 July 2025. Accepted: 1 October 2025. rock mass, overlooking local differences in geomecha-
Available online: 13 March 2026 nical characteristics. Such simplification can result in

Traditionally, several mining operations adopt a sim-



mailto:22123015%40mahasiswa.itb.ac.id?subject=
mailto:tri_karian%40itb.ac.id?subject=
mailto:sasaoka%40mine.kyushu-u.ac.jp?subject=
mailto:hamanaka%40mine.kyushu-u.ac.jp?subject=
mailto:baskoro%40itb.ac.id?subject=
mailto:bst%40itb.ac.id?subject=
mailto:shimada%40mine.kyushu-u.ac.jp?subject=

M. Army, T. Karian, T. Sasaoka et al.

32

Table 1. Advantage and disadvantage comparison

Method Advantages

Disadvantages

Uniform stope dimension
(Conventional method)

Simple implementation; low computational
demand; widely adopted in practice

Ignores geotechnical variability
of rock-mass; may cause local instability;

Stope dimension optimization
using automated stability analysis
(New method)

and cost efficiency

Considers spatial variability
of the rock-mass; improves stability

Detailed geotechnical data requirements;
increased computational workload

suboptimal stope dimensions or even localized instabil-
ity around individual stopes (Zhou et al., 2023).

In mining environments characterized by complex
geotechnical conditions, the use of generalized stope di-
mensions can result in significant instability, particularly
in areas of locally weak rock mass (Cakrabuana et al.,
2024; Zadhesh & Majdi, 2022; Zulfahmi et al., 2023).
This instability may lead to stope collapse and excessive
overbreak, as documented in several case studies ad-
dressing dilution and overbreak in weak rock masses
(Clark, 1998). For instance, at the Obuasi Mine in Gha-
na, local zones of poor rock mass and unfavourable
structural conditions were identified as primary triggers
for instability and excessive dilution (Amedjoe & Agye-
man, 2015). Similarly, in the Dongguashan Copper
Mine, China, unfavourable rock-mass structures, low
mechanical properties, and excessive stope hydraulic ra-
dius were the leading causes of tall stope collapse
(Zhang et al., 2024). Conversely, in a gold mine in
Western Australia, the application of uniform stope di-
mensions, based on pessimistic assumptions, resulted in
suboptimal design outcomes in areas with strong rock
mass (Stephenson & Sandy, 2013). These cases under-
score the necessity of addressing local ground weak-
nesses while optimizing stope dimensions in regions of
stronger rock mass through the incorporation of spatial
rock mass variability in both stability analysis and stope
design.

This paper introduces an automated stability analysis
method aimed at improving stope stability assessments
and identifying optimum stope dimensions in a spatially
distributed manner. The method involves iterating through
various possible stope dimensions to determine the most
stable configuration at each location within the mining
area. To implement this method, an algorithm based on
Modified Stability Number N’ by Potvin (1988) will be
used to streamline the analysis.

While this approach demands increased computation-
al resources and more detailed geotechnical data, it of-
fers significant potential benefits (Dolatshahi & Molla-
davoodi, 2024; Sugianti & Tohari, 2023). These in-
clude improved accuracy in stope stability assessments,
reduced dilution rates, a decrease in the total number of
required stopes, and, consequently, lower stope produc-
tion costs. Table 1 summarizes the principal advantages
and disadvantages of the proposed automated stability
analysis method in comparison with conventional uni-
form stope dimensioning practices.

The objective of this paper is to develop and validate
an automated stability analysis method for optimizing
stope dimensions in underground mining by incorporat-
ing spatial variability of rock mass properties into the
design process. This approach aims to improve geotech-
nical stability, minimize the risk of stope failure, and
achieve a balance between dilution control and opera-
tional efficiency. By iteratively evaluating multiple stope
dimension scenarios using the Modified Stability Num-
ber (N”), the proposed method seeks to identify the most
stable and cost-effective configurations, demonstrating
significant economic benefits and enhanced safety com-
pared to conventional designs that rely on uniform stope
lengths.

2. Methods
2.1. Modified Stability Number

The stability analysis method utilized in this study is
based on the modified stability number (N”) introduced
by Potvin (1988), which builds based on the stability
number developed by Mathews et al. (1980). This orig-
inal stability number is derived by adjusting the Q’ value
to account for factors such as induced stresses, the orien-
tation of geological discontinuities, and the angle of the
stope wall. The modified stability number, N’, is calcu-
lated using Equation 1.

N =Q'XAXBXC @)

The rock stress factor (A) represents the strength of
rock and the stress around the stope excavation. The
joint orientation factor (B) assesses how the orientation
of the primary joint set relates to the excavation surface,
and the gravity adjustment factor (C) represents the in-
fluence of gravity on the stope wall stability. The values
of these factors can be obtained using the chart shown in
Figure 1.

An empirical approach is utilized to evaluate the sta-
bility or potential failure of stopes, wherein the hydrau-
lic radius is correlated with the modified stability num-
ber (N”). This method is based on an extensive compila-
tion of case histories originally developed by Mathews
et al. (1980) and later refined by Potvin (1988). The re-
lationship is graphically represented in Figure 2, which
categorizes stope conditions into three zones: stable,
transition, and collapse. By plotting the N’ value against
the hydraulic radius, the chart provides a practical frame-
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Figure 2. Modified stability graph by Potvin (1988)

work for assessing stope stability. This enables engi-
neers to determine safe design dimensions for stope ex-
cavation.

2.2. Digitizing Graph Data

The linear approximation method will be used in this
research to reconstruct several graphs from Potvin
(1988) into mathematical functions. Most graphs were
piecewise linear functions, making linear interpolation
particularly suitable for accurately reproducing the
trends without introducing artificial curvature. This
method was chosen because the original datasets were
only available as graphical plots, and linear interpolation
offers simplicity, robustness, and low computational cost
compared with higher-order polynomial or spline meth-
od, which can overfit local noise or produce unrealistic
oscillations (Press et al., 2007). A sufficient number of
points were sampled from each graph to ensure fidelity,
and functions were constructed using Equation 2 (Salo-
mon, 2006). To determine the value of f(x) using the

interpolation method, find i such that x; < x < x;,4, then
interpolate the value using Equation 2.
X — X;

) = fit o i = fD @

i+1

The accuracy of the digitization was evaluated using
the Mean Absolute Error (MAE) for each function, sum-
marized in Table 2. MAE values were below 0.5% in all
cases, confirming that the reconstructed functions relia-
bly represent the original graphs and are suitable for sub-
sequent analysis. To further increase the accuracy of this
method, additional sampling points can be incorporated,
particularly in regions where the function changes rap-
idly (Salomon, 2006). Minor deviations may still occur
due to image resolution or scaling effects.

Table 2. Number of Sampled Point and Mean Absolute Error

(MAE)
Function fn(HR) [fa(SSR)| fz(a) | fej(@)
Nu.mber of Sampled ] 10 6 200
Point
mg‘bsolute Error |6 0% | 0.0% | 0.0% | 0.4%

3. Stope Dimensions Optimization

As a mine can consist of dozens of stopes, with each
stope containing dozens of possible dimensions, manu-
ally determining the stability of hundreds to thousands
of possible stope dimensions is time-consuming (Army
& Karian, 2024). To address this challenge, an algorith-
mic approach is implemented in this research. This pro-
cess consists of several steps executed using Deswik,
Python, and FLAC3D. The general workflow of the op-
timization process is illustrated in Figure 3.

The stope dimension optimization begins by discre-
tizing a mineable stope boundary into individual slices,
with the slice length corresponding to the minimum fea-
sible blasting advanced. Each slice is first evaluated for
stability, and unstable slices are excluded to prevent po-
tential collapse during stopping (Villaescusa, 2014).
Stable slices are then sequentially merged to progres-
sively extend the stope geometry. After each merge, the
stability of the resulting stope is assessed. If the stope
remains stable, merging continues; if the addition of a
slice induces instability, the merging process is termi-
nated, and the last unstable slice is excluded. A new
stope is subsequently initiated from the following slice.
This merge—evaluate—terminate process is repeated until
all the slices are assigned. Geometric discretization and
modelling are performed in Deswik, iterative control is
implemented in Python, and geomechanical parameters
required for stability evaluation are derived from
FLAC3D stress modelling. Details of the algorithm used
in the optimization process are presented in Section 3.1,
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while the stability assessment procedure is described in
Section 3.2.

In this section, several terms and parameters were used;
Table 3 and Figure 4 summarizes the notations and pa-
rameters that were used for the subsequent sections.

=

!

--/ Geomechanics block model /
]
Mineable stope boundary /

induj

~——_

(72}

-

. . o

Slice Generation 'g

! =

--| Slice Stability Assessment |<- ?D
>

! e

. R ]

Slice Merging into Stope a

| o

m T

'| Stope Stability Assessment | g‘
! N

| Repeat until all slices are assessed |— g‘
=

/ Optimum stope shape

indino

Figure 3. General workflow of the optimization process

3.1. Stope Shape Determination

Iterations will be conducted to determine the opti-
mum stope shape. The objective of this optimization is
to make the stope with the longest possible length, as
described in Equation 3.

Objective function : Max (L) 3)

Stope length is constrained by the stability of the
stope, as a longer stope is more prone to instability. So,
the optimum stope length must be verified as stable
through a stability analysis, as described in Equation 4.
The stope shape parameters, denoted as Shps comprise a
numerical list representing the geometric and geotechni-
cal attributes of the stope wall. The function fy, serves
as a binomial indicator of stope stability classification,
where f5, = 1 signifies the stope shape parameters re-
sulted in stable stope, and f5;, = 0 mean stope shape pa-
rameters resulted in unstable stope. As previously out-
lined, the principal constraint in the optimization process
is stope stability, necessitating that the resulting stope
configuration satisfies fi;,(Shps) = 1. Details about the
stability analysis will be discussed in Section 3.2.

Constrain : fy,(shps) =1 4)

Based on the objective function and constraints, the
pseudocode for the iteration is described in Algorithm
1. In the present algorithm, stability analysis is per-
formed at each iteration to rigorously assess stope con-
figurations. The computational complexity of this algo-
rithm is O(N), where N represents the total number of
stope slices, indicating a direct relationship between the
process count and the number of slices evaluated. This
systematic approach provides a robust framework for

Mineable stope
boundary

Figure 4. Notations and Parameters
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Table 3. Notations and parameters optimizing stope geometry while upholding structural
S T stability throughout the evaluation process.
Notation The proposed algorithm can be classified as a heuris-
o (T 0 tic, constructive iterative al.gf)rithrr.l (.iesigned tq optimize
x 1: Primary Stope stope geometry undpr explicit §tab111ty constramts. It op-
2: Secondary Stope erates by progressively merging stope slices and per-
’ Index of block. forming stability checks at each step, halting expansion
p T S eI s once.instability is detected. This rule-based process em-
; Index number of section. phas1zes computational §fﬁ01ency aqd practical fea51b11—
- : ity rather than exhaustive exploration of all possible
o Index mumber of Slice. configurations and therefore does not guarantee a glob-
k Index number of levels. ally optimal solution. Instead, it produces a locally opti-
Index of stope wall. mal configuration that is inherently dependent on the
0 : Hangingwall sequence in which slices are evaluated. Due to the ab-
w ;:'F};)gzﬁvall sence of backtracking, enumeration, or global search
3 1 End wall strategies:, the algotithrp is bgst describgd as greedy—likp
4 - 27 End wall and heuristic, making it particularly suitable for practi-
Parameters cal appli'cati(.)n's in large §cale mini.n.g scen.arios. where
= [01] sp.eecli,. simplicity, and .rel1able stab111.ty v;rlﬁcatlon are
Sta, ?tgt’g;)?; (;gégee it;zg;: o prioritized over theoretical global optimality.
0: Unstable stope shape
Stability of the wall w at stope s [0,1], Algorithm 1: Stope Shape Iteration
stay 1: Stable stope wall Tnitiation of stope
0: Unstable stope wall se<1 number
Shps Shapclofswpcl, Initiation of stope
slicey jj Shape of slice with index position of i,j,k shps <[ 1 shape with blank
Sty SSggpe gugliber that belong t(3 slice tgg i,),k. shape
i,j.k mean slice won’t be mined.
N; Number of section. Fori=1toN,
N; Number of slice. ‘
Ny Number of level. fork =1to N
Qr Q> value in block. forj=1toN;
UEs; UCS in block. shps < merge (shps, slice;;x) | Merge the stope slice
Siy Induced stress in block. if foa(shps) = 1 If stope shape stable
Dd, Domain of discontinue orientation in block. -
Proportion of the block influenced the stope Stijx < S Ass1gp stope n.u.mber
mY wall w. s to slice tags 1,j,k
0=my <1 else
Woy Eovrvr:l 1v\c;ctor of wall orientation of Stope s shps « slice;
Wpy Perimeter of Stope s in wall w. Segpd
Way Area of Stope s in wall w.
1 Q’ value of Stope s in wall w. if fsta(shps) =1 If slice stable
ucsy UCS of Stope s in wall w. Styjx « Assign stope number
Sty Induced stress of Stope s in wall w. - s to slice tags i,j.k
pav Domain of discontinue orientation of Stope s else
in wall w. — : sty e —1 Assign -1 (unmined)
pay, EIOVI;;?I l/l\]/ector of jo discontinue of Stope s b to slice tags i,j,k
AY Factor A value of Stope s in wall w. shps < L 1
By Factor B value of Stope s in wall w. S8
€y Factor C value of Stope s in wall w. shps <[ ]
Ny N value of Stope s in wall w. ses+1
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Figure 5. Stope shape stability workflow

3.2. Stability Evaluation

Based on the generated stope shape (Shpsg), several
parameters will be generated to evaluate the stability of
the stope. To determine these parameters, the outline of
each stope wall will be generated to determine wall ori-
entation, perimeter, and area. To define the representa-
tive rock mass properties for each stope wall, an n-meter
boundary extension from the stope wall was applied,
corresponding to the expected overbreak depth. Since
the resulting stope is expected to be stable, the overbreak
is anticipated to be less than 3 m (classified as large
overbreak) based on McFadyen et al. (2024). There-
fore, the default value of n will be set to 3 m. This value
remains consistent with the case study used in this re-
search, considering the influence of stope geometry,
stress conditions, and rock mass quality (Cepuritis et
al., 2007; Villaescusa, 2014).

Subsequently, using the modelled stress of the stope,
the wall orientation, and the rock mass properties of the
stope wall, the N’ value for each slice wall will be deter-
mined. This value is then used to evaluate the stability of
each stope wall. The algorithm’s general workflow is
presented in the Figure S, and the details of the stability
evaluation will be discussed in this section.

As mentioned before, the stability of the stope is the
function of several parameters, as described in Equa-
tion S.

stas = fsta(Shps) =
= fsca(Wos", Wpg", Way', Q5" UCSS", Si, DY) (5)

Woy, Wpg,Way are the geometrical parameters of
the stope wall and the other parameter is the geotechni-

cal parameters of the stope wall. The geotechnical pa-
rameters were generated from the block models and
stress models using Equations 6-9.

X Qy xtrxmy

Qs St x Y (6)
Y UCS, X tr xmy
Ucsy = S tr X Y (7)
S_W_ZSirxterﬂ’ g
= Y tr x m¥ ®)
Zpdv=q tr X myY
Dd?]Z{a € Dd,‘:v Zt,*:—xnw’r>o'1 (9)

Given that fy(HR) is the function of stable boundary
of minimum N’ value for each HR from Potvin (1988)
digitized graph. So, the stope wall stability can be deter-
mined using Equations 10-12.

NY = Q¥ X AY X BY x CY (10)
arw = Ve 1
Y = (1)

w_ (1 Ny = fy(HRY)
sta = ) NY < fy(HRY) (12)

Equation 13 is then used to assess the stability of the
stope.
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stad x stal X sta? x stad x sta?, j=1and x =1
stal x sta? x stal X stal, j>1and x =1
stad x stal X sta?, j=1andx =2
stal X sta?, j>1and x =2

(13)

stag =

3.3. Factor A determination

. ucs
Given that fA<

Umax
factor from Potvin (1988) digitized graph, so the Factor
A can be determined using Equation 14.

) is the function of Rock Stress

UCSSW) (14)

Siw

A?/ZfA<

3.4. Factor B determination

Given that:

* fz(a) is the function of the joint orientation factor
from Potvin (1988) digitized graph

* Dd;, is the the norm vector of joint jo

So, Factor B can be determined using Equations 15-16.

WoY - DAY
v o s Ddsjo 15
&s,jo = €OS <|| Woy Il Dd;, ") (4
BY = min(fy(a¥;,) Vjo €{0,1,23,..})  (16)

3.5. Factor C determination

Given that:

* fcs(@) is the function of the gravity adjustment fac-
tor of Stope face from Potvin (1988).

* fcj(@) is the function of the gravity adjustment fac-
tor of critical joint from Potvin (1988) digitized
graph

* Vo = [0, 0, 1] is the vector of vertical plane orienta-
tion.

So, Factor C can be determined using Equations 17-22.

fes(a) =8—7x cos(a) (17)
w _ ( WoY -Vo ) 18
@ =05 \Twor M vo | (18)
Olj;”-o = cos~! (%) (19)

7 Il Vo llll DAY}, |l
Csy = fes(asg”) (20)

Cjy = min(fcj(aj;‘_’jo) Vjo€{0,1,23..},

a¥;, < 30°) (21)
Cy = Qmin({Csy", Cj"}) (22)

4. Results
4.1. Geotechnical Data

This research utilizes a case study from a copper mine
to demonstrate the proposed method. This case study
was chosen because it highlights the importance of opti-
mizing stope dimensions in areas where high productiv-
ity is required despite relatively poor ground conditions.
Several geotechnical parameters were simplified and
stored in the block model. The maximum dimensions of
a regular block model are 10m x 10m, with parameter
values estimated from drill hole data and laboratory test
results. The geotechnical parameters considered in this
study include:

* Geotechnical Domain

¢ Uniaxial Compressive Strength (UCS) (MPa)

* Q' Value

* Major Joint Orientation

The major joint orientation parameters are represent-
ed as integers that correspond to specific joint set codes.
For example, joint set 1 represents a joint set with an
orientation of 220°/45° NE. Figure 6 illustrates the sec-
tion view of the block model.

The copper deposit is hosted within a vein geotechni-
cal domain, with 15 to 80 meters of apparent thickness.
The vein generally trends about N 50° E and dips be-
tween 60° and 80°. The footwall belongs to a marble
geotechnical domain, while the hanging wall consists of
a diorite geotechnical domain.

The planned stopes are distributed across five levels,
with 20 meters of vertical spacing between each level.
The surface elevation is approximately 595 meters above
sea level, placing the depths of the stope between 395
meters and 295 meters of elevation.

The geotechnical condition is relatively complex,
with high variability in rock mass strength as summa-
rized in Table 4. This variability results in significant
differences in stope stability conditions, leading to a
wide range of optimal stope dimensions.

4.2. Mining Method and Stope Sequence

The mining method used in this study is transverse
longhole stoping with a primary and secondary stope se-
quence. This method is typically applied to ore bodies
that are tabular and either vertical or steeply dipping. It
is most effective when both the ore and the surrounding
waste rock have fair to good rock quality (SME, 2011).

In this method, the stope design consists of two types
of stopes: primary stopes and secondary stopes. The
primary stopes are mined first and then backfilled with
cemented backfill, serving as pillars when the secondary
stopes are later mined, as presented in the Figure 7.
Different sizes of primary and secondary stopes are ap-
plied in this study, and their dimensions are presented in
Table S.
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Table 4. Summary of the rock mass properties

Parameters Symbol |Minimum | Maksimum
UCS (MPa) UCS, 5.1 28.5
Q Qr 4.4 9.2
Rock Domain Rd, {Diorite, Ore, Marble}
Joint Set Domain | Dd, {1,2,3,4,5}

Table 5. Stope dimension
Stope Width (m) Height (m)
Primary 10 20
Secondary 20 20

This method was selected because the ore body thick-
ness exceeds 60 meters, necessitating an efficient, large-
scale mining approach. A partial backfill stope approach
is implemented in certain areas where the ore body is too
thick to be mined in a single stope sequence. In these
cases, the stope is divided into multiple sections, and
each section must be backfilled before mining the next
section.

The stope sequence follows an overhand stoping se-
quence, meaning that a stope can only be mined once the
stope below it has already been mined and backfilled.
Additionally, a primary-secondary stoping dependency
is enforced, where a secondary stope can only be mined
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Figure 8. Stopping sequence

Table 6. Material properties of the model

Eara Granodiorite Ma.lrble G b Cemented tailings
(Footwall) (Hanging wall) (Backfill)

Unit weight (kN//m?) 28 28 30 22.1
Uniaxial Compressive Strength (MPa) 23 17 15 3.5

Tensile Strength (MPa) 1.0 0.8 1.7 0.5
Cohesion (MPa) 6.0 2.1 43 0.65
Internal Friction angle (°) 43 40 41 35
Young’s Modulus (MPa) 7800 18600 39000 1000
Poisson’s Ratio 0.16 0.26 0.31 0.30

FLA C3D 6. 00 Phase 2 Phase 4

©2019 Itasca Consulting Group, Inc.

Geometry Type

El Backfilled Stope
Zone Minimum Principal Stress
4.0454E+06
1.7500E+06 v

-7.5000E+05
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-2.3250E+07
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Figure 9. Stress model result
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Figure 10. Final stope geometry (left) and Stability analysis (Right)

after the primary stopes in the three levels above have
been mined and backfilled. The stope sequence used in
this case study is illustrated in Figure 8. The sequence is
divided into nine phases, with each phase required to be
mined in the specified order.

4.3. Stress Model Result

To capture the stress changes during the stope extrac-
tion and backfilling process, stress modelling was per-
formed using FLAC3D. The analysis was based on the
representative properties of the rock mass and backfill
materials. The material properties applied in the stress
modelling are summarized in Table 6.

The modelling was performed in eight phases, fol-
lowing the stope mining and backfilling sequence. The
maximum and minimum principal stress on each stope
wall was then queried. These stress values were subse-
quently used to represent the stress component in the N’
stability number analysis. An example of stress results
from several phases is shown in Figure 9.

4.4. Stope Final Result

The analysis shows that the optimized stope design
produced a total of 83 individual stopes, consisting of 51
secondary stopes and 32 primary stopes, shown in Fig-
ure 10. The stability analysis results show that all walls
of each stope were in a stable condition. Several stope
walls also reached their critical hydraulic radius.

The computation of the stope final results required ap-
proximately 32 minutes for the algorithm to complete
the entire process, corresponding to an average of 3.1
seconds per stope slice. This computation time is deemed
feasible for implementation in larger and more complex
mining scenarios. The analysis was conducted on a per-
sonal computer equipped with an AMD Ryzen 9 270 (8-

core) processor, an NVIDIA GeForce RTX 5080 GPU,
and 16 GB of GDDR7 memory. Notably, the algorithm’s
running time may vary depending on the mine’s com-
plexity, the number of generated stope slices, and the
device specifications.

5. Discussion
5.1. Stope Dimension Sensitivity Analysis

As described in Section 4.1, the geotechnical condi-
tions are relatively complex, with high variability in
rock mass strength. This variability leads to significant
differences in stope stability, resulting in a wide range of
optimal stope dimensions. To investigate the relation-
ship between rock mass variability and stope geometry,
a sensitivity analysis is presented in this section.

The sensitivity analysis was conducted using the cal-
culated N’ values for each stope wall orientation, as
shown in Figure 11. The results indicate that N’ values
ranged from 0.5 to 90, reflecting the wide variability in
potential stope dimensions. Figure 11 further presents
the percentage of samples that resulted in unstable stopes
at different stope lengths. The analysis shows that stope
lengths should be limited to less than 8§ m to ensure that
90% of stopes remain stable. Applying a uniform stope
length across all stopes would lead to higher costs and
reduced production efficiency. These findings highlight
the necessity of further optimization that accounts for
the spatial distribution of rock mass strength, allowing
stope lengths to vary according to local geotechnical
conditions.

5.2. Stope Geometry Analysis

Based on the Figure 12, the majority of the secondary
stopes have reached their maximum dimension at the
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Figure 13. Distribution of Stope length

Figure 13 shows that several stopes (13% of the total
volume) have a total length of less than 10 meters. Based
on this result, further analysis can be conducted to evalu-
ate the economic feasibility of these short stopes. Min-

back. Meanwhile, for the primary stopes, most have
reached their maximum dimension due to the mined
boundary. The results also show that no stope has reached
its maximum dimension at the hanging wall or footwall.
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ing small stopes can be uneconomical due to increased
mining costs (Samanta et al., 2024).

5.3. Result Comparison

To further evaluate the effectiveness of the proposed
optimization approach, a series of simulations were con-
ducted in comparison with conventional stope design
methods. These simulations incorporated varying stope
length scenarios as dictated by standard design practic-
es. The outcomes of this comparative analysis are sum-
marized in Table 7, which details the performance met-
rics of both the conventional and optimization-based
methodologies.

Table 7. Stope stability result

Number | Unstable
LG of Stope Stope
Stope produced by optimization 83 0 (0%)
Stope with regular 10m length 123 17 (14%)
Stope with regular 20m length 62 25 (40%)
Stope with regular 20m length
of Primary Stope and 10m length 90 18 (20%)
of Secondary Stope

The results show that the new method produces a
more stable stope geometry while requiring fewer
stopes. In contrast, the conventional methods, which ap-
plies a uniform stope length, results in either a more
number of stopes or the presence of unstable stopes. The
distribution of the unstable stopes is shown in Figure
14. Figure 15 shows that most unstable face walls in
regular stope scenarios occur at the back and endwall. In
contrast, stopes designed using the optimization method
have more adaptable HR based on the N’ value, enhanc-
ing stope stability.

Stope instability frequently leads to overbreak of
stope walls (Villaescusa, 2014), resulting in higher min-

ing costs due to increased ore dilution. Consequently,
unstable stopes are typically associated with greater di-
lution percentages. The empirical relationship between
the hydraulic radius (HR), the modified stability number
(N’), and the anticipated stope dilution is presented in
Equation 23 (Roux, 2017).

0.6305 In(HR) — 0.9575, N' <4
o 0.5090n(HR) — 0.8596, 4< N' <11
Stope dilution = .
Ope QURUNON =1 4144\n(HR) — 04673, 11< N' < 21 (23)
0.6357\n(HR) — 1.1934, N'=21

Although longer stopes are generally more suscepti-
ble to instability and increased dilution, their use can
significantly reduce overall stoping costs and streamline
the mining sequence. By employing longer stopes, the
total number of individual stopes is minimized, which in
turn lowers the requirements for slot raises and filling
barricade constructions. This approach not only optimiz-
es operational efficiency but also leads to more cost-ef-
fective production. The cost parameters utilized to com-
pare the conventional and optimization methods are pre-
sented in Table 8, providing a comprehensive assessment
of total stope production costs for each approach.

Table 8. Stope cost parameters

Parameters Value Unit
Mining cost 35.8 $/Ton
Stope slot raise and filling

barricade cost (Stope Fix Cost) S i

Empirical dilution, as presented in Equation 23 and
supported by the cost parameters in Table 8, was utilized
to calculate the expected total stope production cost for
both conventional and optimization methods. Table 9
offers a direct comparison of ore tonnage, dilution ton-
nage, and total stope production costs between these ap-
proaches. The results indicate that smaller stopes with a
regular length of 10 meters more effectively control di-
lution compared to other stope dimensions, albeit at the

produced by

optimization regular 10m length

WY

20m length of Primary Stope

lar20m L h
reguiar20m lengt 10m length of Secondary Stope

D Stable Stope ! Unstable Stope

Figure 14. Distribution of Unstable Stopes
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Table 9. Stope dilution and production cost result
Method Ore Dilution Average Total Number Total Stope

Tonnage Tonnage Dilution | Tonnage | of Stope | Production Cost ($)
Stope produced by optimization 956,046 35,554 3.7% 991,600 83 39,094,326
Stope with regular 10m length 956,046 30,510 3.2% 986,556 123 40,646,328
Stope with regular 20m length 956,046 116,413 12.2% 1,072,459 62 41,079,495
Stope with regular 20m length
of Primary Stope and 10m length 956,046 94,911 9.9% 1,050,956 90 41,522,490
of Secondary Stope

expense of an increased number of separate stopes. Con-  onstrate a balanced outcome in terms of dilution per-
versely, stopes configured with a 20-meter regular length ~ centage and number of stopes. The optimized stope
exhibit the highest percentage of expected dilution, yet  shapes yield the lowest total production cost, with a re-
result in the smallest number of stopes overall. Notably,  duction of approximately 1.6 to 2.4 million dollars rela-
stopes produced through the optimization method dem-  tive to the conventional method. This finding supports
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the conclusion that the optimization method produces
more cost-efficient stope configurations.

Stope production cost calculations, as reflected in Ta-
ble 9, primarily account for production aspects; howev-
er, they often overlook the broader implications arising
from unstable stopes. In practice, stope collapse can lead
to increased expenses due to necessary rehabilitation,
loss of ore reserves, and potential delays in production.
Furthermore, the safety risks associated with such col-
lapses are considerable, as they may result in equipment
damage or, in extreme cases, serious injury and even fa-
talities. These consequences underscore the critical im-
portance of ensuring stope stability, a goal that can be
effectively achieved through optimization method. In-
deed, the application of optimized stope design not only
mitigates geotechnical and safety risks but may also de-
liver greater economic benefits than those indicated
solely by the value presented in Table 9.

6. Conclusions

The new method shown in this research provides a
more cost-efficient and adaptable approach to stope sta-
bility analysis compared to conventional method. By us-
ing an iteration on the stope dimension and conducting
detailed stability assessments on each stope wall, this
method allows for a more accurate evaluation of geo-
technical conditions and the determination of optimized
stope dimensions. Comparative analysis reveals that the
proposed approach effectively reduces the total number
of stopes while maintaining geotechnical stability. In
contrast, traditional methods employing uniform stope
lengths are prone to producing a significant proportion
of unstable stopes; specifically, findings indicate that be-
tween 14% and 40% of stopes generated by convention-
al techniques exhibit instability. Conversely, the optimi-
zation method consistently yields stopes that satisfy sta-
bility criteria.

Furthermore, the comparative analysis underscores
the ability of the optimization method to achieve an ef-
fective balance between dilution control and operational
efficiency. While smaller, uniformly dimensioned stopes
(e.g. 10 m length) exhibit superior dilution performance,
they substantially increase the total number of stopes,
thereby elevating overall production costs. In contrast,
larger uniform stopes (e.g. 20 m length) minimize the
number of the stopes but incur the highest dilution per-
centages, resulting in significant cost escalation due to
increased handling of waste material. The optimized
stope configurations generated by the proposed method
deliver a more favourable outcome by achieving the
lowest total production cost, with estimated savings of
approximately USD 1.6-2.4 million compared to con-
ventional approaches. These findings confirm that the
optimization method not only enhances geotechnical
stability but also provides a demonstrable economic ad-
vantage.

While the demonstrated optimization method exhibits
clear advantages over conventional approaches, it is im-
portant to note that the optimization in this study was
restricted to stope length. Future research can consider a
comprehensive three-dimensional optimization frame-
work that incorporates stope width and stope height, as
such an approach may offer enhanced utility and further
improvements in stope stability and cost efficiency.
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SAZETAK

Optimizacija dimenzija komora u geotehnicki sloZenome rudniku
primjenom automatizirane analize stabilnosti

Stabilnost komora i stupova jedan je od klju¢nih ¢imbenika u podzemnoj eksploataciji mineralnih sirovina pomocu ko-
morno-stupne metode jer izravno utjeCe na sigurnost, produktivnost i ukupnu ekonomsku ucinkovitost proizvodnje.
Tradicionalne metode projektiranja komora ¢esto se temelje na uniformnim dimenzijama, pri ¢emu se zanemaruje geo-
tehnicka varijabilnost lezista, $to povecava rizik od pojave nestabilnosti ili neoptimalnih dimenzija komora i stupova. U
ovome radu predlaze se pristup automatizirane analize stabilnosti koji iterativno procjenjuje razli¢ite varijante dimenzi-
oniranja komora na temelju modificiranoga koeficijenta stabilnosti (N’) s ciljem odredivanja optimalne stabilne konfigu-
racije. Provodenjem detaljnih analiza stabilnosti za svaki zid komore i medustup, metoda omogucuje znatno precizniju
procjenu stvarnih geotehnickih uvjeta u usporedbi s konvencionalnim metodama uniformnih dimenzija. Studija slucaja
pokazala je da predlozeni pristup omogucuje smanjenje ukupnoga broja komora uz odrZavanje potrebne razine stabil-
nosti za razliku od klasi¢nih metoda kod kojih 14 - 40 % komora pokazuje znakove nestabilnosti. Nadalje, optimizacija
omogucuje postizanje povoljnoga kompromisa izmedu kontrole razrjedenja i operativne uc¢inkovitosti, $to rezultira ni-
zim troskovima eksploatacije po komori. Optimizirane konfiguracije ostvarile su najnizi ukupni trosak proizvodnje uz
procijenjene ustede od priblizno 1,6 - 2,4 milijuna USD u odnosu na konvencionalne projekte. Dobiveni rezultati potvr-
duju da okvir optimizacije ne samo da pobolj$ava geotehnicku stabilnost komorno-stupnoga sustava, ve¢ donosi i znatne
ekonomske prednosti naglasavajudi vaznost uvazavanja geotehnicke varijabilnosti u projektiranju komora i stupova.

Klju¢ne rijeci:
stabilnost komora, komorno-stupna metoda, modificirani faktor stabilnosti N, optimizacija dimenzija komora, automa-
tizirana analiza
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Abstract

This study presents two objective evaluation tools for assessing the feasibility of granitic rocks in dimension stone ap-
plications. The developed methods integrate fundamental physical and mechanical properties, including dry density
(p,), effective porosity (n ), P-wave velocity (VP), uniaxial compressive strength (UCS), and B6hme abrasion value (BAV).
Feasibility analyses based on the conditional formatting (CF) and ranking method RM reveal that the adopted input
parameters are essential for determining the suitability of granitic rocks as dimension stones. The strong relationship
between the CF and RM results highlights their consistency and broad applicability. Both methods exhibit good agree-
ment with the recommendations of the American standard for granitic rocks. Consequently, the suggested methods
provide practical guidance for selecting suitable rock exposures in field studies, also offering a time- and energy-efficient
decision-making framework for the dimension stone industry. To comprehensively evaluate the strengths and limita-
tions of the proposed approaches, it is recommended that these tools be applied to a wider range of dimension stone

types and geological settings.

Keywords:

granitic rocks, dimension stones, rock feasibility, conditional formatting, ranking method

1. Introduction

Dimension stones have been environmentally friend-
ly construction and building materials for centuries due
to their durability and aesthetic properties. They play a
significant role in preserving historical and cultural
considerations in several ways, linked to geographical
diversity, architectural traditions, and cultural signifi-
cance (Cassar et al., 2014; Pereira, 2023). Additional-
ly, the appropriate use of dimension stones contributes to
both regional and global economies (Stone, 2015). In
this context, high-quality dimension stones are highly
preferred in most engineering projects for several rea-
sons. For example, dimension stones like granite and
basalt often exhibit higher durability and strength
properties compared to many other construction and
building materials, such as wood, tile, and standard con-
crete mixtures.

The relative quality of dimension stones is primarily
associated with physical and mechanical rock properties
such as water absorption by weight (w ), dry density
(p,), flexural strength (FS), uniaxial compressive strength
(UCS), and Boéhme abrasion value (BAV) (Cobanoglu
et al., 2015; Bellopede et al., 2015; Strzalkowski et al.,
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2020; Amirkiyaei et al., 2021; Ahmed et al., 2021;
BriSevac et al., 2023; Celik et al., 2025). These proper-
ties provide a solid basis for assessing the durability of
dimension stones. In some cases, geometric quality is
also essential for obtaining desirable rock blocks in di-
mension stone manufacturing (Hazrathosseini and
Mahdevari, 2019). Dimension stones can be specified
for particular areas based on previous experiences and
some national and international specifications. For ex-
ample, American standards (ASTM 615-03 2004;
ASTM 503-08a 2008) for dimension stones specify cer-
tain technical requirements based on different rock lith-
ologies (see Table 1). On the other hand, European
standards do not define any requirements for dimension
stones based on various physical and mechanical rock
properties. They would rather define some testing meth-
ods to evaluate the quality of dimension stones.

In this context, Strzalkowski et al. (2023) put for-
ward some evaluation criteria for assessing natural stone
products based on some European standards (see Table
2). Additionally, dimension stones also have dimension-
al standards for various applications. Some dimensional
standards for granitic dimension stones are given in
Table 3. Apart from these standards, impact resistance
is another crucial mechanical property in dimension
stones, such as granite, marble, limestone, and sand-
stone, which are cut to specific sizes for use in construc-
tion and decoration.


https://orcid.org/0000-0003-0178-329X
mailto:ekin.koken%40agu.edu.tr?subject=

E. Kéken 48
Table 1. American standards for marble and granite dimension stones
Dry density, p, Water absorption | Uniaxial compressive | Flexural strength, FS
LS GC (g/em?) by weight (w_, %) | strength, UCS (MPa) (MPa) EELEEL
i ASTM 615-03
> < >
Granite >2.56 <0.40 > 131 >8.27 (2004)
> 2.59 (limestone) ASTM 503-08a
Marble 1> 80 (Dolomite) St =2 = A (2008)
Table 2. Quantitative classification for dimension stones (Strzatkowski et al., 2023)
Criterion I Criterion II Criterion III Criterion IV Criterion V Classification
p, (g/em’) n_ (%) BAV (cm?/50cm?) UCS (MPa) FS (MPa)
<15 >16.0 > 55 <15 <4 Very low
1.5-1.8 11.0-16.0 40-55 15-50 4-8 Low
1.8-22 6.0-11.0 25-40 50-120 8-12 Moderate
22-2.6 1.0-6.0 1025 120 —200 12-16 High
>2.6 <1.0 <10 >200 > 16 Very high

Explanations: p,: Dry density, n_: effective porosity, BAV: Bohme abrasion value, UCS: Uniaxial compressive strength, FS:

Flexural strength

Table 3. Nominal thickness of dimension stones offered by
major authorities (ASTM C1528, 2008)

Thickness N
(mm) Application
10 Floor tile thickness
20 Interior cladding, interior flooring, or furniture
applications
Minimum thickness suitable for most exterior
30/32 .
applications
40/50 Applicable to exterior cladding for standard
panels
30 Applicable to exterior cladding for large
panels
Appropriate thickness for landscape purposes
100 . .
(curbs, coping, steps or foundations)
150/200 Appropriate thickness for cubic materials.

It describes the ability of a natural stone to absorb
sudden shocks or loads without fracturing (Sariisik,
2012; Sariisik et al., 2016). In the British standards (BS
EN 1467 2005; BS EN 1469 2006), the impact resist-
ance of natural stones (> 6 MPa) has been emphasised to
measure their relative quality.

Tables 1-3 provide a solid basis for quantifying the
quality of dimension stones and identifying potential us-
age areas based on their dimensions. However, it is
worth reminding that while a rock type may meet one
quantitative specification, such as w_, it may fall short of
others like UCS and BAV. Under these circumstances,
additional laboratory studies or objective decision-mak-
ing tools are required to determine whether related rock
types should be further investigated for their potential
use in the industry. Engineering judgment for material
selection should be based on the feasibility assessments

that consider the determination of physical and mechan-
ical rock properties. Therefore, additional laboratory
tests or objective quantitative approaches help stake-
holders make informed decisions.

Multi-decision evaluation tools can save time and en-
ergy, ensuring the efficient use of natural resources.
Moreover, they play a crucial role in environmental pro-
tection by guiding decisions on the further utilization of
specific rock types (Esmaeilzadeh et al., 2025).

Essentially, due to various constraints or a lack of op-
portunities, it may not always be feasible to conduct de-
tailed laboratory tests to assess rock suitability, particu-
larly in field studies. In cases of limited quantitative
data, objective evaluation methods can offer valuable
insights into rock feasibility. Based on the above de-
scription, this study proposes two quantitative approach-
es to evaluate the feasibility of dimension stones. As a
case study, granitic rocks are adopted since they are
among the most desirable rock lithologies, together with
basalt and marble, in the dimension stone industry. A
comprehensive literature survey is conducted to collect
quantitative data on granitic rocks. Then, several assess-
ment criteria are adopted to thoroughly investigate the
suitability of granitic rocks for use as dimension stones.
In the last part, the findings obtained from the two meth-
ods are compared.

2. Materials and methods

2.1. Data gathering

Previous research articles in rock mechanics and en-
gineering geology have been reviewed to gather quanti-
tative data on granitic rocks. As a result of this survey,
134 granitic rock samples were considered. It is worth
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Table 4. Collected data for granitic rocks

Country p, (g/cm’) n (%) V, (km/s) | UCS (MPa) | BAV (cm’/50cm’) | n | Reference

Portugal NR | 0.51-6.15]232-478 | 38.92-159.8 NR 5 | VEssres Eiel
(2008)

China 2.77 0.66 NR 135.73 NR 1 |Tanetal. (2011)

Turkey 2.60-2.64 | 0.32-0.43 NR 155.9 - 168.0 4-47 2 | Ersoy et al. (2005)

Turkey NR NR 4.05-535| 94.0-141.5 NR 12 | Er and Tugrul (2016)

China 2.54 0.33 3.66 159.42 NR 1 |Xuetal. (2021)

India 2.62 0.12 5.49 68.08 NR 1 | Gautam et al. (2018)

Turkey 2.61-2.67| 0.6—-1.09 NR 111.77 — 155.98 NR 3 |Karaca et al. (2012a)
Cobanoglu and Celik

Turkey 2.63 0.54 5.53 155.33 6.83 1 (2017)

Tran 2.54-2.85|0.84-326| NR 9721522 NR 14 |Farhadian ctal.
(2021)

Turkey 2.57-2.75| 027121 NR NR 10.08-21.42 | 13 | Teymen (2024)

Turkey 2.72 1.03 NR 131.44 4.34 1 |Karaca et al. (2010)

Turkey 2.56-2.76 | 0.12-0.70 NR 118.53—-181.41 3.05-5.17 4 |Karaca et al. (2012b)

Sweden 2.74 NR NR 227 NR 1 |Nicksiar and Martin
(2012)

Malaysia 205-276| NR  |270-855| 15.0-204.9 NR 46 é"(ﬁg%ham S

Saudi Arabia NR | 0.16-205 | 4.11-521| 156-198 225102 | 26 élgglla)“ and El Aal

NR: Not reported. Total 134

Table 5. Statistical descriptions of the variables involved in the analyses

Variable n Mean St. Dev | Minimum Rt (gartile, LLLG guartile, Maximum
p, (g/cm’) 88 2.626 0.107 2.05 2.519 2.637 2.85

n_ (%) 75 1.181 0.871 0.115 0.668 1.50 6.15
V, (km/s) 95 4.848 1.017 2.32 4.32 5.37 8.55
UCS (MPa) 121 127.53 45.494 15.00 96.60 164.00 227.00
BAV (cm?/50cm?) 47 8.103 3.707 2.25 5.25 10.26 21.420

Explanations: p,: Dry density, n : Effective porosity, UCS: Uniaxial compressive strength, A\ Pulse wave velocity, BAV: Bohme

abrasion value, n: number of datasets

noting that the number of datasets (n) for adopted studies
varies. This variation may arise from factors such as data
availability, the focus of previous studies, and the spe-
cific parameters measured. The collected data are pre-
sented in Table 4, and descriptive statistics derived from
this data are listed in Table 5. The dataset has been used
to evaluate the feasibility of granitic rocks for their po-
tential application as dimension stones.

2.2. Development of assessment criteria

Several standards and technical recommendations
are considered in this study to develop quality classifi-
cations. Accordingly, seven different quality classifica-
tion systems (Class I — VII) are reviewed (see Table 6)
for dimension stones. Class I and II are based on the n_

of rocks. Classes Il and V are based on the UCS of
rocks. The p, is adopted only in Class IV. The V_and
BAV are other essential parameters for Class VI and VII,
respectively.

Focusing on these quality classifications, five differ-
ent evaluation criteria (EC1-ECS) are defined (see Ta-
ble 7). The technical parameters and corresponding
threshold values are crucial in determining whether gra-
nitic rock types are suitable for further investigation.

2.3. Data analysis methods

2.3.1. Conditional Formatting (CF)

CF is a practical feature in spreadsheet software such as
Microsoft Excel or Google Sheets that allows users to for-
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Table 6. Assessment criteria adopted in this study

Quality classification I Quality classification II

Parameter Moos and Quervain (1948) Parameter Strzalkowski et al. (2023)
n_(%) Identification n_ (%) Identification

<1* Very low porosity <1* Very high quality

1-2.5 Low porosity 1-6 High quality

2.5-5 Moderate porosity 6—11 Moderate quality

5-10 High porosity 11-16 Low quality

10-20 Very high porosity > 16 Very low quality

>20 Extremely high porosity

Quality classification I1I

Quality classification IV

Parameter ASTM C615-03 (2004) Parameter ASTM C615-03 (2004)
UCS (MPa) Identification p, (g/cm?) Identification

>131 Appropriate for use as dimension stone |>2.56* Appropriate for use as dimension stone
Quality classification V Quality classification VI

Parameter Strzalkowski et al. (2023) Parameter Anon (1979)

UCS (MPa) Identification \A (km/s) Identification

<15 Very low quality <25 Very low quality
15-50 Low quality Low quality Low quality

50-120 Moderate quality 3.5-4.0 Moderate quality

120* — 200 High quality 4.5%-5.0 High quality

>200 Very high quality >5.0 Very high quality

Quality classification VII

Parameter Strzalkowski et al (2023)
BAV (cm?/50 cm?)  |Identification

<10* Very high quality

10-25 High quality

25-40 Moderate quality

40 - 55 Low quality

>55 Very low quality

Note: *The thresholds (e.g. 120 MPa for assessment criteria
V) are utilized to evaluate the suitability of granitic rocks for
dimension stone applications.

Table 7. Evaluation criteria adopted in CF analyses

criterion. | classication || Threshold value
EC1 I 11 n <1%

EC2 \% UCS > 120 MPa

EC3 10% p,>2.56 g/em?

EC4 VI V,24.5 km/s

EC5 VII BAV <10 cm?/50 cm?

mat, classify, and redesign cells based on specific condi-
tions or criteria. Although CF has been primarily adopted
in the social sciences (Abramovich and Sugden, 2004;
Sugden et al., 2015), it can also be applied in various en-
gineering disciplines. In this study, CF is implemented in
the Microsoft Excel environment to assess the feasibility
of using granitic rocks as dimension stones. In the context
of CF analyses, several if-then rules and countable com-
mands (e.g. COUNTA) are used in conjunction.

Before running the CF methodology, if-then rules
should be identified based on the ECs in Table 7. Then,

three steps are defined to run CF in the Microsoft Excel
environment. First, all cells that are to be analysed should
be selected (Step 1). Next, the conditional formatting but-
ton should be activated to manage the rules (Step 2).

Finally, the output should be formatted to consider the
font and shades that can make it more visible (Step 3).
These steps are also illustrated in Figure 1.

After performing the CF, each evaluation criterion
(EC1-EC5) is divided into two categories as a result:
“suitable” and “unsuitable”. When assessing the feasi-
bility of granitic rocks for their use as dimension stones,
the sum of rows indicating the definition of “suitable” is
considered. By implementing the “COUNTA” com-
mand in Microsoft Excel, the sum of rows indicating the
definition of “suitable” and the results counted by the
COUNTA command are compared. If this ratio (number
of suitable cases/cases counted by COUNTA) is higher
than 0.65, then the investigated granitic rock can be fur-
ther investigated (continue to investigate: CTI). Other-
wise, further investigation may be abandoned (FIMA)
for the specific rock type being investigated.
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Step 1 (Define the cells then click on the CF button)
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Figure 1. Steps for running the CF feature in Microsoft Excel
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The flowchart of this process is given in Figure 2.
This approach can speed up decision-making processes
during field studies that focus on exploring rock types
that can be evaluated as potential dimension stone re-
sources. The optimisation of the threshold value (0.65)
was determined by considering several simulations.
More profoundly, it was found by attempting different
threshold values until a balanced evaluation (50% suit-
able and 50% unsuitable cases) was reached. The goal
behind this was to identify a threshold value that yielded
a balanced assessment, where the cases were evenly di-
vided between 50% suitable and 50% unsuitable classi-
fications (see Figure 3).

This approach ensured that the threshold value mini-
mised bias in the evaluation process and provided a fair
representation of the dataset’s characteristics. By achiev-
ing this balance, the selected threshold value enhanced
the reliability of the model and ensured its applicability
to real-world scenarios.

2.3.2. Ranking method (RM)

The RM in engineering judgement offers several ad-
vantages that make it a valuable tool for decision-mak-
ing processes (Milanovic et al., 2010; Chang and Ku,
2021). It is mainly used in decision contexts, including
project selection, risk assessment, and performance
evaluation. RM is easy to comprehend, making it acces-
sible to a wide range of users, including engineers, man-
agers, and stakeholders. In the RM, each independent
variable (i.e. p,, n, UCS, Vp, and BAV) is identified as a
novel mathematical function (see Table 8). Thanks to
these equations, each rock type has a rating point (RP),
depending on each evaluation criterion.

Table 8. Mathematical functions for RM

X General evaluation = IF(Number of suitable cases/CountA>=0.65;"CTI";"FIMA”) Evaluation criterion Formula
Figure 2. Flowchart of the CF process. (CTI: Continue to EC, W, = omClIsE)
investigate, FIMA: Further investigation may be abandoned) EC, RP, =0.0013UCS"**
EC, RP,=0.004p
100 EC, RP, = 0.054exp(0.42V)
EC; RP, = exp(-0.052B4V)

Ratio of suitable cases

@
=]

N
o

Ratio of unsuitable cases

(Total number of cases is 134)

N
(=N

Ratio of suitable and unsuitable cases (%)
Joj onel [ewnd,

juawaspnl Suuaauidua

0.50 0.55 0.60 0.65 0.70 0.75 0.80
The sum of rows indicating the identification of “suitable”
The sum on countable cells in the row (with COUNTA command)

COUNTA: The COUNTA function in Microsoft Excel counts the number of cells
that are not empty in a range.

* GE: General evaluation =IF(Number of S/Count A>=0.65;"CTI";"FIMA")

Figure 3. Optimization of the threshold value
for engineering judgement in CF

Then, the average of these RPs is defined as the basic
point (BP). Using the CF methodology, suitable (S) and
unsuitable (US) cases are identified based on these BPs.
Probability density functions (PDFs) based on Gamma,
logistic, Weibull, and normal distributions are employed
to establish the ranges for CMI and FIMA cases. The
optimal threshold value in the RM is determined by av-
eraging the intersection values obtained from the PDFs
shown in Figure 4. In this study, the threshold value in
the RM is found to be 0.53. Accordingly, BPs greater
than 0.53 can be regarded as CTL.

The intersection of these PDFs in Figure 4 provides a
threshold value that can be used to distinguish different
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Figure 4. Probability density functions (PDFs) of the suitable and unsuitable cases based on different distributions
a) Gamma b) Logistic ¢) Weibull d) Normal.

feasibility categories. This critical value (0.53) was used
to assess the feasibility of granitic rocks. Although the
referred value is crucial in determining the feasibility of
rocks, it is essential to note that such intersections in
PDFs are frequently encountered in statistics and prob-
ability theory when analysing decision-making process-
es (Fox and Sturdivant, 2022). The following section
compares the findings obtained from the two proposed
methods.

3. Results and Discussion
3.1. CF analysis results

CF analysis results for selected case studies are listed
in Table 9. Accordingly, the investigated granitic rocks
can be easily characterised in terms of their potential use
as dimension stones. As shown in Table 9, sufficient in-
put data enables a reliable feasibility assessment in some
cases, whereas limited input data can negatively impact
the performance of the CF method. In such cases, it is
recommended to conduct additional tests (at least three
measurable rock parameters as described in this study)
before reapplying the CF methodology. The initial re-

sults in Table 9 highlight the importance of comprehen-
sive datasets in evaluating rocks for dimension stone ap-
plications. Rocks with well-documented properties can
be assessed more confidently using the CF approach,
while those with limited input data may yield uncertain
evaluations, necessitating further testing to determine
their suitability.

Nonetheless, in most cases, the CF methodology is
easy to implement and can be effectively used to assess
the feasibility of rocks for potential use as dimension
stones. However, it is important to note that the thresh-
old value (0.65) used in the CF methodology may be
somewhat conservative, especially when limited data
are available. This strict boundary could exclude certain
rock types that may still deserve further investigation.
Therefore, to apply the proposed methodology effective-
ly, at least three measurable evaluation criteria must be
satisfied.

3.2. RM analysis results

The RM analysis results are presented in Table 10.
Accordingly, granitic rocks with BP values greater than
the threshold value (0.53) may deserve further investiga-
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tion. In this context, the results obtained from the RM
analysis are in good agreement with those obtained from
the CF methodology. However, it is worth noting that
each evaluation criteria (EC1 — ECS5) are weighted
equally in the RM.

To address the dominance of input parameters, it is
possible to assign the relative weights of input parame-
ters based on the specific engineering context of dimen-
sion stones. Since each rock type has pros and cons de-
pending on its inherent nature, by carefully assigning
appropriate weights to each input parameter according
to their relative importance, the dominance of any single
input parameter can be regulated. This approach helps
mitigate biases and ensures that the RM can accurately
reflect the suitability of granitic rocks for dimension
stone applications based on comprehensive and well-
balanced evaluation criteria.

3.3. Discussion

Dimension stone quality assessment is conducted
based on the quantitative rock properties. In this context,
it has been noted that the fundamental input parameters
can be defined as p,, w, UCS, FS, and BAV for assess-
ing rock feasibility (Strzatkowski et al., 2023; Strzal-
kowski and Koken, 2024). However, geochemical and
textural properties become prominent in assessing
the quality of granitic rocks (Ersoy and Acar, 2016;
Lasheen et al., 2023; Wagqar et al., 2025). To observe
the long-term behaviour and performance of granitic
rocks, rock weathering effects, including freezing—thaw-
ing, heating—cooling, drying—wetting, and salt crystalli-
sation, should be considered (Bao and Zhao, 2008;
Heidari et al., 2013; Abad et al., 2016; Liu et al., 2022;
Ghasera and Rashid, 2024, Marici¢ et al., 2025).

When evaluating the adopted methods used to assess
rock feasibility, physical and mechanical rock properties
are essential components in both the CF and RM. They
define the evaluation criteria, influence analytical out-
comes, and facilitate effective data interpretation. The
selection and application of these properties should be
carefully chosen in consideration of the specific require-
ments of dimension stone applications to ensure accu-
rate and meaningful results. Table 11 presents the results
of the proposed approaches, considering the available
input parameters.

The table clearly demonstrates that the combined use
of physical and mechanical parameters leads to more re-
liable and comprehensive outcomes.

In this context, the CF and RM-based methods ex-
hibit strong coherence in their results and effectively
complement each other, enhancing the overall robust-
ness of the assessment process. In general, CF may have
numerous practical implications, enabling one to inter-
pret large datasets. It enables geoscientists and mining
engineers to identify patterns, anomalies, and thresholds
in raw tables without requiring any additional computa-

Table 11. Comparison of the suggested methods
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tional software. On the other hand, RM is used to help
inform multi-criteria decisions. Since RM avoid bias
from different units/scales, every input parameter is put
on a comparable scale, which makes its use much easier.
In the natural stone industry, both CF and RM can be
reliably used to analyse large datasets from different per-
spectives, including quality evaluation, usage area ad-
dressing, and determination of the appropriate rock ex-
posures for dimension stone manufacturing.

The validity of the suggested approaches is further
supported by comparison with results based on the
American standard (see Table 11) for granitic rocks. The
findings indicate that the cases identified as CTI by the
proposed methods are largely consistent with those suit-
able for use as dimension stones, according to the Amer-
ican standard. This strong correlation highlights the reli-
ability of the RM and CF methodologies in distinguish-
ing between suitable and unsuitable cases, supporting
their applicability in practical evaluation scenarios.

Consequently, the adoption of these objective, data-
driven methods can help standardize the assessment of
dimension stones and support informed decision-mak-
ing in both industrial and engineering contexts.

Particularly, the implementation of CF seems to be
easier than that based on RM. However, the RM can be
coded in any programming language, such as MATLAB
or Python, to implement it more effectively. On the other
hand, the most significant challenge in any decision-mak-
ing task is the availability of input parameters. Therefore,
the appropriate use of these methods heavily relies on the
presence of input parameters adopted in this study.

Nevertheless, it should be mentioned that at least
three measurable rock properties should be identified to
run the CF more effectively. On the other hand, RM can
be successfully applied to assess the feasibility of di-
mension stones by considering the input parameters
adopted. The suggested method based on RM can also
be arranged or modified by considering different input
parameters. This flexibility increases its potential use in
the dimension stone industry. Finally, although the pro-
posed methods are in good agreement with the American
Standard (ASTM 615-03, 2004), they should be applied
to different granitic rocks to observe their advantages
and limitations.

4. Conclusions

This study presents two objective evaluation tools for
assessing the feasibility of using granitic rocks as dimen-
sion stone. The feasibility analysis reveals that the se-
lected input parameters (p,, n, V,, UGS, and BAV) are
crucial for accurately determining the suitability of rocks
as dimension stones. The results indicate that the pro-
posed CF and RM approaches offer practical support for
selecting appropriate rock exposures in field studies. Ad-
ditionally, these methodologies provide a time- and ener-
gy-efficient solution, enhancing decision-making within

the dimension stone industry. The strong agreement be-
tween the CF and RM methods highlights their consist-
ency and wider applicability. Furthermore, both tech-
niques show good compatibility with the American
standard recommendations for granitic rocks, supporting
their validity and relevance in real-world applications.

Beyond technical robustness, integrating CF and RM
tools can promote more sustainable resource manage-
ment by lowering unnecessary quarrying activities, in-
cluding laboratory testing and analysis, and minimising
economic and environmental risks. Their flexibility
makes them especially useful for preliminary assess-
ments where quick yet reliable results are needed, such
as in early exploration, project planning, and investment
decisions. However, to better understand the strengths
and possible limitations of these methods, it is recom-
mended to test them on a wider variety of dimension
stone types and geological settings. Future research
should focus on validating and refining these tools
through more case studies to demonstrate their robust-
ness and versatility for various applications within the
natural stone industry, while also investigating the po-
tential for digital integration with technologies like GIS,
machine learning, and remote sensing to further improve
prediction accuracy and practical use.
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u industriji arhitektonsko-gradevnoga kamena

Ovom studijom predstavljena su dva objektivna alata za ocjenjivanje upotrebljivosti granitnih stijena u industriji arhitek-
tonsko-gradevnoga kamena. Razvijene metode integriraju temeljna fizi¢ka i mehanicka svojstva, uklju¢ujudi suhu gu-
stocu (p,), efektivnu poroznost (n,), brzinu P-valova (V)), jednoosnu tla¢nu évrsto¢u (UCS) i Bshmeov indeks abrazije
(BAV). Analize pogodnosti temeljene na uvjetnome formatiranju (CF) i metodi rangiranja (RM) pokazale su da su oda-
brani ulazni parametri klju¢ni za odredivanje primjene granitnih stijena kao arhitektonsko-gradevnoga kamena. Snazna
povezanost izmedu rezultata CF i RM potvrduje njihovu konzistentnost i Siroku primjenu. Obje metode pokazale su
dobro slaganje s preporukama americkoga standarda za granitne stijene. Slijedom toga, predloZene metode pruzaju
prakti¢ne smjernice za odabir prikladnih stijenskih izdanaka u terenskim istrazivanjima nudeci pritom vremenski i ener-
getski uc¢inkovit okvir za donosenje odluka u industriji arhitektonsko-gradevnoga kamena. Za cjelovitiju procjenu pred-
nosti i ogranic¢enja predlozenih pristupa preporucuje se primjena ovih alata na $iri spektar tipova arhitektonsko-gradev-
noga kamena i razlicite geoloske uvjete.
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Abstract

The Early-Middle Miocene Ombilin Formation in the intermontane Ombilin Basin, Central Sumatra, records a critical
interval of paleoenvironmental change shaped by regional tectonics and global sea-level fluctuations. Despite its sig-
nificance, the formation’s sedimentological architecture, provenance, and sea-level history have been poorly constrained.
This study integrates detailed outcrop-based sedimentary logging and petrographic analysis to address these gaps. Ten
lithofacies are identified and grouped into three facies associations: open marine, tidal-influenced channels, and inter-
tidal mixed tidal flats deposits. Their vertical distributions show normal and inverse transitions. The normal transition
indicates a shift from sublittoral to tidally dominated environments, interpreted as a result of seaward progradation
driven by increased sediment supply from the uplifting Barisan Mountains and short-term global sea-level falls (e.g.
SEA34-SEA46). The inverse transition, however, indicates a transgression occurred in the Ombilin Basin. Petrographic
analysis in the Ombilin Formation show arkosic sandstones sourced primarily from a magmatic arc, consistent with
contemporaneous volcanism west of the basin, with minor reworking of marine units and older clastic materials. Strati-
graphic evidence suggests an initial regression, likely driven by the uplifting of Barisan Mountain and global sea-level
fall, which occurred in the Ombilin Basin during Early Miocene. This event was followed by deposition aligned with
global transgressive trends. These findings provide new insight into the sedimentary evolution, provenance, and tecto-
no-eustatic interplay controlling Ombilin Basin development during the Early-Middle Miocene.

Keywords:

tidal-related deposits, Sinamar sub-basin, sedimentology, provenance, tectonics

madinata and Matasak, 1981; Koning, 1985), and/or a
transition from a eustatic sea-level fall to a rise in the
Early Miocene (e.g. Zaim et al., 2012; Morley et al.,
2021).

Despite the recognized significance of the Ombilin
Formation in recording tectonic activity and sea-level
fluctuations, limited understanding has been established
regarding its sedimentological characteristics, prove-
nance, depositional environment, and their linkage to
global eustatic changes. The formation has generally
been interpreted as an Early Miocene marine deposit,
distinguished by grey calcareous shales, clays, and lo-
cally developed bioclastic limestone layers, which have
been associated with a transitional to neritic depositional
environment (e.g. Koesoemadinata and Matasak,
1981; Barber et al., 2005; Linggadipura et al., 2018).
This previous interpretation of the depositional environ-
ment was supported by a limited analysis of lithofacies

1. Introduction

The Ombilin Basin has been classified as one of the
intermontane basins (Koesoemadinata, 2020) within
the Barisan Mountain Range in Central Sumatra, Indo-
nesia (e.g. Koesoemadinata and Matasak, 1981;
Habrianta et al., 2018). Owing to this unique tectonic
location, the basin has been infilled with a substantial
thickness of Cenozoic sediments, which has been inter-
preted as a response to the region’s dynamic tectonic set-
ting, particularly its proximity to the active Sumatra
Fault System and the Barisan Mountains (Figure 1a,b;
e.g. Howells, 1997; Barber et al., 2005). Among the
sedimentary successions, the Ombilin Formation has
been highlighted as a crucial stratigraphic unit for inter-
preting the paleoenvironmental history of the basin dur-
ing a phase characterized by regional transgression, the
occurrence of the Barisan being uplifted (e.g. Koesoe-
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variability, sedimentary structures, and fossils, con-
straining reconstructions of the paleoenvironments that
prevailed during its formation. These previous studies,
however, have not clearly defined the impact of the glob-
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al transition from eustatic fall to rise on the sedimentary
dynamics of the Ombilin Formation during the Early
Miocene age. Such a relationship is considered critical
for a comprehensive paleoenvironmental reconstruction
of the basin during this period. Moreover, provenance
studies specifically addressing the Early Miocene Om-
bilin Formation have remained scarce (Adhiperdana,
2010; Yeni, 2011). The origin of the clastic material is
regarded as a key element in deciphering the tectonic
development of the basin and its relation to the adjacent
geological domains during the Early Miocene.

In this study, the existing gaps in understanding the
Ombilin Formation have been addressed through an in-
tegrated sedimentological and petrographic investiga-
tion conducted in the area adjacent to the Tanjung Am-
palu Fault, situated within the Sinamar sub-basin of the
Ombilin Basin. To achieve this, several research ques-
tions have been posed: (1) how can the lateral and verti-
cal variability of facies and depositional environments
within the Ombilin Formation be characterized?; (2)
what does the provenance of the formation reveal about
sediment sources?; and, (3) how are facies architecture
and provenance related to regional tectonics in Sumatra
and broader Miocene eustatic trends across Southeast
Asia? Through the examination of sediment textural and
compositional characteristics, new insight into the depo-
sitional processes and environmental conditions that
governed the formation’s development has been ob-
tained. The provenance and potential sediment dispersal
pathways into the basin have been inferred through pet-
rographic analysis of framework grains. Ultimately, the
integration of these findings has been employed to re-
construct the paleoenvironmental evolutions of the Om-
bilin Basin during the Early Miocene and to evaluate its
linkage with regional tectonic activity in Sumatra and
contemporaneous eustatic sea-level fluctuations across
Southeast Asia.

2. Geological Settings

The study area is situated within the Ombilin Basin, a
Cenozoic intermontane basin covering approximately
25 x 60 km? and aligned parallel to the NW-SE struc-
tural trend of Sumatra (Figure 1; e.g. Koesoemadinata
and Matasak, 1981; Anastasia et al., 2012; Habrianta
et al., 2018). This basin is located within the Bukit Ba-
risan Mountain range, on the continental crust where the
magmatic arc and the Sumatra Fault Zone (SFZ) are also
present (e.g. Van Bemmelen, 1949; Situmorang et al.,
1991; Noeradi et al., 2005; Zaim et al., 2012). The
eastern margin of the basin is bounded by the Takung
Fault, whereas its western and southern flanks are bor-
dered by pre-Cenozoic lithologies composed of lime-
stone, metamorphic, and granitic complexes, as well as
by the NW-trending Barisan Fault System (Figure 1b;
e.g. Koesoemadinata and Matasak, 1981; Koning,
1985; Noeradi et al., 2005). Toward the northwest, the

basin is observed to transition into either the basement
ridge of the Tungkar High or the active volcanic centers
of Marapi and Malintang (Koning, 1985). Furthermore,
the basin is transected centrally by N-S trending Tan-
jung Ampalu Fault, subdividing it into the Paleogene-
aged Talawi sub-basin in the west and the Neogene-aged
Sinamar sub-basin in the east (Figure 1b; e.g. Koning,
1985; Situmorang et al., 1991; Barber et al., 2005).

The Ombilin Basin has been filled with up to 4600 m
of Eocene to Middle Miocene deposits, which overlie
the pre-rift Pre-Cenozoic basement (e.g. Koning, 1985;
Whateley and Jordan, 1989). The pre-Cenozoic base-
ment units are exposed along the basin margins, repre-
sented by Permian to Upper Cretaceous granites, Middle
to Late Triassic limestones, and Permo-Carboniferous
limestones, and considered part of the Mergui and Woy-
la accretionary terrains (e.g. Fletcher and Yarmanto,
1993; Noeradi et al., 2005). The Eocene to Middle Mio-
cene deposits, however, are believed to have been erod-
ed for approximately 3600 meters in the western side of
the basin (Whateley and Jordan, 1989). The Eocene to
Middle Miocene deposits reflect tectonostratigraphic
stages in the Ombilin Basin (see Figure 2).

The initial period of Ombilin Basin filling was reflect-
ed by the deposition of early syn-rift formations, uncon-
formably overlying the Pre-Cenozoic Basement (Fig-
ures 1b, d and 2; Koning, 1985; Fletcher and Yar-
manto, 1993). The early syn-rift formations consist of
interfingering deposits of the alluvial fans, and the lake
and lacustrine deposits of the Brani and Sangkarewang
formation, respectively (e.g. Whateley and Jordan,
1989; Koesoemadinata and Matasak, 1981). Debates
regarding age determination of these formations have
arisen, with proposed ages ranging from Paleocene
(Koesoemadinata and Matasak, 1981; Whateley and
Jordan, 1989), Paleocene to Early Eocene (Noeradi et
al., 2005), Eocene (e.g. Fletcher and Yarmanto, 1993;
Situmorang et al., 1991; Murray, 2020), or Eocene to
Oligocene (Barber et al., 2005). These formations were
deposited during the formation of the graben (Van Bem-
melen, 1947; Barber et al., 2005) and are associated
with: (i) Middle Cretaceous to Early Cenozoic orogene-
sis (e.g. Katili and Hehuwat, 1967; Koesoemadinata
and Matasak, 1981); (ii) the nucleation of the en-eche-
lon array of the Sumatra Fault Zone (SFZ; Koning,
1985; Situmorang et al., 1991); or (iii) the extensional
rifting of back-arc settings in response to subduction
(e.g. Fletcher and Yarmanto, 1993; Noeradi et al.,
2005).

The late syn-rift formation was deposited either un-
conformably (Barber et al., 2005) or conformably
(Koesoemadinata and Matasak, 1981; Noeradi et al.,
2005) above the early syn-rift formations and is repre-
sented by the fluvio-deltaic deposits of the Sawahlunto
Formation (see Figures 1b-d and 2). This formation is
characterized by fining-upward sequences of interbed-
ded fine to medium sandstones, shales, and coals (What-
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eley and Jordan, 1989; Fletcher and Yarmanto, 1993),
which transition upward into thick-bedded sandstones
and shales (Koesoemadinata and Matasak, 1981), and
laterally into glauconitic conglomeratic sandstones (No-
eradi et al.,, 2005). Deposition of this formation has
been interpreted to have occurred in meandering fluvial
to deltaic environments (Koesoemadinata and Mata-
sak, 1981; Noeradi et al., 2005), with the age variously
assigned from the Eocene (Koesoemadinata and Mata-
sak, 1981; Whateley and Jordan, 1989; Murray,
2020) to Oligocene—Early Miocene (Bartram and Nu-
grahaningsih, 1990; Situmorang et al., 1991; Fletcher
and Yarmanto, 1993; Noeradi et al., 2005).

The late stage of basin infill in the Ombilin Basin has
been marked by the deposition of post-rift successions.
During the early post-rift phase, the Sawahtambang For-

mation was deposited either conformably (Koesoema-
dinata and Matasak, 1981) or unconformably (Kon-
ing, 1985; Whateley and Jordan, 1989) above the
Sawahlunto Formation (see Figures 1b-d and 2). The
Sawahtambang Formation is characterized by thick,
channelled and cross-bedded quartzose to feldspathic
sandstones and conglomerates, transitioning upward
into fine-grained sandstones, mudrocks, thin coal beds,
and interbedded tuffs (e.g. Noeradi et al., 2005; Barber
et al., 2005). This formation is interpreted to have been
deposited within a fluvial-dominated environment (Koe-
soemadinata and Matasak, 1981; Howells, 1997).
This event occurred between the Eocene to Early Mio-
cene (e.g. Koning et al., 1985; Noeradi et al., 2005),
when back-arc subsidence, magmatic arc activation, and
strike-slip deformation along the Sumatra Fault System
occurred (Howells, 1997; Barber et al., 2005).
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During the late post-rift phase, the Ombilin Forma-
tion and Ranau Tuff were deposited (Koesoemadinata
and Matasak, 1981; Noeradi et al., 2005), with the
Ombilin Formation unconformably (Koning, 1985;
Whateley and Jordan, 1989) or conformably (Fletcher
and Yarmanto, 1993; Noeradi et al., 2005) overlying
the Sawahtambang Formation (Figures 1b-d and 2). Al-
though initially reported only in the Sinamar sub-basin,
which extends laterally from Batumanjulur near the Tan-
jung Ampalu Fault to the eastern margin of the sub-basin
(Koning, 1985; Anastasia et al., 2012), the Ombilin
Formation has also been identified in the Talawi sub-
basin (Linggadipura et al., 2018). Seismic data indicate
this formation has a thickness of approximately 2740—
4000 m in the northern limb of the basin (Koning, 1985;
Anastasia et al., 2012), while up to 692 m was encoun-
tered in the Sinamar-1 (Fletcher and Yarmanto, 1993;
Noeradi et al., 2005; Figure 2). However, the true
thickness of this formation remains uncertain due to
post-depositional erosion. The lower part of the forma-
tion is marked by calcareous mudrock with limestone
nodules and thin foraminiferal limestone lenses or beds
(Koesoemadinata and Matasak, 1981; Howells, 1997;
Anastasia et al., 2012), which grades upward into car-

bonaceous, calcareous, and silty to sandy mudrocks in-
terbedded with sandstone and/or tuff (Koesoemadinata
and Matasak, 1981; Noeradi et al., 2005; Habrianta
et al., 2018). The sandstones are typically very fine- to
fine-grained, calcareous, and glauconitic (Noeradi et
al., 2005). The deposition of this formation has been in-
terpreted as neritic to bathyal in the Sinamar Sub-basin,
based on biostratigraphic data (e.g. Koesoemadinata
and Matasak, 1981; Koning, 1985). In contrast, a tran-
sitional environment has been suggested for the Talawi
Sub-basin (Linggadipura et al., 2018). Deposition of
this formation coincided with the continued uplift of the
Barisan Mountains (Moss and Carter, 1996; Barber et
al., 2005; Erdi et al., 2025), volcanic activity in the ba-
sin’s northeastern margin (Koesoemadinata and Mata-
sak, 1981), and regional subsidence (Howells, 1997).
Following the deposition of the Ombilin Formation,
the Ranau Tuff was locally deposited and is unconform-
ably overlying the Ombilin Formation within the Om-
bilin Basin (Figures 1b and 2; Koesoemadinata and
Matasak, 1981; Habrianta et al., 2018). This tuff unit
has been interpreted to have been deposited during the
Pleistocene (Koesoemadinata and Matasak, 1981;
Habrianta et al., 2018), or from the Pliocene to Recent

Rudarsko-geoloSko-naftni zbornik 2026, 41 (2), pp. 59-84, https://doi.org/10.17794/rgn.2026.2.5



63 Facies Architecture and Sedimentary Provenance of the Miocene Ombilin Formation...

(Fletcher and Yarmanto, 1993). It is composed of an-
desitic to basaltic lava flows, lahar deposits, and tuffs
(Fletcher and Yarmanto, 1993).

3. Methods

Two methods were conducted in this study, consisting
of sedimentary logging and petrographic analysis. The
sedimentary logging was conducted to uncover sedi-
mentary characteristics, while petrographic analysis was
conducted to unravel sandstone characteristics and the
provenance of the Ombilin Formations.

3.1. Sedimentary Logging

Geological data were collected through three meas-
ured outcrop sections located within a 12 km radius of
Sijunjung, West Sumatra, specifically in the Sinamar
Sub-basin (see Figure 1b). The outcrops, aligned with
the regional N-S strike of the Tanjung Ampalu Fault,
provided excellent vertical but limited lateral exposures.
Two localities, which are Wali Nagari Bukit Bual and
Sungai Batang Ombilin, were examined, and approxi-
mately 80 m of the Ombilin Formation was measured. In
this study, higher-resolution logging was conducted to
document sedimentary features for facies analysis, in-
cluding grain size, sorting, roundness, color, sedimenta-
ry structures, bed thickness, fossil content, and bounding
contacts. Facies and facies associations were interpreted
based on lithology, sedimentary structures, and vertical
stacking patterns following standard methodologies
(e.g. Anderton, 1985; Zakaria et al., 2013).

3.2. Petrography, Sandstone Classifications
and Provenance

Twenty petrographic samples were collected from the
measured outcrop sections of the Ombilin Formation, of
which seven were selected for detailed petrographic
analysis. The seven samples were used to illustrate (1)
non-calcareous, sand-rich sediments, (2) sandy calcare-
ous sediments, and (3) limestone, which collectively re-
flect the sedimentary compositions of the Ombilin For-
mation. Thin sections were prepared from these samples,
impregnated with blue-stained epoxy resin to enhance
porosity visualization, and examined under a transmitted
light petrographic microscope (Zeiss Axio Imager A2m).
Detrital components (e.g. quartz, feldspars, lithic frag-
ments), authigenic minerals (e.g. heavy and accessory
minerals, silicates), biogenic materials (e.g. bioclasts),
matrix, and cement were identified. Petrography was
employed as a primary method for provenance analysis,
in line with standard practices for initial sandstone prov-
enance studies (e.g. Augustsson, 2021). Sandstone com-
position was recalculated using point counting to gener-
ate ternary plots for classification and provenance pur-
poses (e.g. Dickinson, 1985; Malaza et al., 2015).
These data were plotted on QFL diagrams of Pettijohn

(1975), Folk (1980), and Dickinson et al. (1983; 1985)
to infer sandstone classifications, tectonic settings, and
sedimentary provenances.

4. Results

The methodology outlined previously was applied,
and the results are presented in this chapter. The findings
comprise descriptions of facies associations and petro-
graphic characteristics of the Ombilin Formation.

4.1. Facies Associations of the Ombilin Formation

Ten lithofacies were identified based on distinctive fea-
tures such as grain size, sorting, roundness, sedimentary
structures, fossil content, and bedform-to-outcrop geom-
etry (C1-C3 and S1-S7; Figure 3 and Table 1). These
were grouped into three facies associations (FA1-FA3)
according to their characteristics, occurrence, and vertical
stacking patterns (see Figure 3 and Table 2). FA1 were
observed in sections C and D, situated southward and
northeastward of section B. The FA2 and FA3, however,
were recognized in sections B, located east of the Tanjung
Ampalu Fault (see Figure 1b). Strike-projection onto a
cross-section indicates that section B lies between sec-
tions C and D and is separated by subsurface normal
faults, although no surface expression of these faults, such
as repetition of sedimentary log, was observed during log-
ging (see Figure 1c¢). This stratigraphic relationship sug-
gests that FA1 in section C is older than the FA2 and the
FA3, while FA1 in section D is younger than the FA2 and
the FA3 in section B (see Figure 3). The three facies as-
sociations are described in detail below.

4.1.1. Facies Association 1 (FA1)

The FA1 is comprised of three lithofacies, being rep-
resented by alternations of calcareous mudrock (C1),
calcareous ripple-stratified sandstone (C2), and stratified
limestone (C3; Figure 3 and Table 2). The C1 is defined
by up to 8 m thick, dark grey, silt-grained, calcareous
mudrocks, containing shell fragments and locally dis-
playing parallel laminations (C1; Figure 4a—c and Ta-
bles 1-2). Sharp contacts are observed at both the base
and top of the C1 with either the C2 or the C3 within
FA1, while locally, the top surface is truncated by an
erosional contact with the S1 of the FA2 (see Figure 3).

Facies C2 is observed in alternation with the calcare-
ous mudrock of C1 within FA1 (see Figure 3 and Tables
1-2). The C2 is defined by up to approximately 0.5 m
thick, greenish light grey, well-sorted, rounded, very
fine- to fine-grained calcareous sandstones containing
glauconite and displaying internal parallel and ripple
laminations (see Figure 4d). Sharp contacts are present
at both the base and top of the C2, with the adjacent C1
within FA1.

The final facies within the FA1 is the C3, occurring as
alternations with C1 (see Figure 3 and Tables 1-2). It is
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Depositions from reversing tidal currents (Reineck and Singh,
1980), suggesting an intertidal succession of decreasing current

energy (e.g. Dalrymple, 1992).
Depositions from suspensions in low-energy environments (e.g.

lamination reflects deposition from traction current (e.g. Boggs,
Santos and Rossetti, 2006; Fakhruddin et al., 2023).

2014; Plink-Bjorklund, 2005). The Skolithos and Laevicyclus
indicates deposition in shallow marine and/or nearshore
environments, being influenced by tidal currents (e.g.

Fakhruddin et al., 2023), being deposited during maximum
Desjardins et al., 2012; Knaust et al, 2018).

Symmetric rippled stratifications represent lower flow regime
tidal flow (e.g. Plink-Bjorklund, 2005); The locally parallel

(e.g. Simons and Richardson, 1963; Boggs, 2014;

Interpretation

Trace fossils and

biota
Plant fragments

Skolithos and
Laevicyclus

Sedimentary
Wavy lamination
Locally parallel
and commonly
symmetric ripple
laminations
Structureless

Table 1. Continued
structure

mudrock; Both occurs | and/or flaser

Laminated sandstones
of up to 0.1 m thick.

alternating with
Up to 0.4 m thick.
Up to 2.7 m thick.

Thickness (m)

laminated and/or thin beds of reddish brown,
fine to coarse-grained sandstone; Locally

show coal stringers.
Light yellowish grey, silt-grained mudrock.

Yellowish grey, rounded and well sorted of
Locally show coal stringers.

Yellowish grey, sub-rounded to rounded,
poorly sorted, fine to coarse-grained

Light yellowish grey, claystone.
sandstones

Textures

Facies name
and code
Heterolithic
bedding (S5)
Ripple-
stratified
sandstone (S6)
Massive
mudrock (S7)

characterized by up to 1.5 m thick, yellowish light grey,
grain-supported, presence of carbonate mud, horizon-
tally stratified limestone (see Figure 4c). Their character
of grain-supported with carbonate mud is shown, sug-
gesting packstone of Dunham’s (1962) classification.
Sharp contacts are observed at both the top and base of
the C3 with the adjacent C1 facies within FA1 (see Fig-
ures 3 and 4c).

4.1.2. Facies Association 2 (FA2)

The FA2 is composed of four lithofacies, typically
represented by alternations of amalgamated sandstone
(S1), interbedded sandstone and mudrock (S2), massive
sandstone (S3), and/or cross-stratified sandstone (S4)
(see Figure 3 and Table 2). The lithofacies S1 occurs
interbedded with the S3 and/or the S4 and is character-
ized by conglomerate beds at the base, overlain by fining-
upward, amalgamated sandstones (S1; Figure 5a—c and
Table 1-2). The conglomerates, up to approximately 0.8
m thick, are reddish-brown, poorly sorted, and composed
of sub-rounded to rounded gravel clasts, including igne-
ous rock and mudrock fragments with plant remains and
coal (see Figure 6a). The overlying sandstones are up to
0.7 m thick, reddish-brown, and similarly poorly sorted,
containing fine- to coarse-grained, sub-rounded to round-
ed grains. Parallel lamination and local laminated
mudrock and coal stringers occur at the top of the sand-
stone beds (see Figure 6b), with white-grey claystone
being up to 1 c¢cm thick. The basal contact of the S1 is
typically erosional against the S2 and the S3 of the FA2,
or calcareous mudrock (Cl) of the FAI, but is sharp
against the S4 within the FA2 (see Figure 3). Its overlay-
ing contact is sharp with either S3 of the FA2 or the het-
erolithic bedding (S5) of Facies Association 3 (FA3).

Lithofacies S2 is defined by interbedded sandstone
and mudrock and occurs alternating with S3 and/or S4
(S2; Figures 3, 5b, d, and Tables 1-2). The sandstones
reach up to 0.6 m thick, are reddish-brown, poorly sort-
ed, and composed of fine- to coarse-grained, sub-angular
to sub-rounded particles, exhibiting parallel lamination
(see Figure 5b, d). The mudrocks, up to 0.3 m thick, are
light yellowish, massive, and composed of silt-grained
materials. The basal contact of the S2 is sharply defined
against the underlying S1, the S3 of the FA2, or the S5 of
the FA3. The upper boundary of the S2, however, is
sharp against the overlying S3 of the FA2 or ripple-lam-
inated sandstones (S6) and massive mudrocks (S7) of
the FA3 (see Figure 3).

Lithofacies S3 is defined by massive and structureless
sandstones and occurs either as a singular facies or in
alternation with S1, S2, and/or S4 (S3; Figures 3, 5a, e,
and Tables 1-2). This lithofacies S3 is characterized by
reddish-brown, massive, poorly sorted sandstones, up to
7 m thick, composed of fine- to coarse-grained, sub-
rounded to rounded particles. The basal contacts of the
S3 are sharply defined against the S1, the S2, or the S4
of the FA2, and the S7 of the FA3 (see Figure 3). The
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Lz Sedimentary

symbols
AA = Wavy lamination
SSS = Cross bedding
or lamination
== =Massive
bedding
— = Current ripples

or lamination

"\ =Flaser
beddin

= = Lenticular
bedding

— =Coal
stringer

=, = Mudstone
clast

Fossils
@ = Shell fragment
& = Plant fragment
[ = Skolithos
® = Laevicyclus

Analysis

Facies (see Table 1 @

= Calcareous
massive mudrocks (C1)
= Calcareous ripple-
stratified sandstones (C2)

[] = stratified limestone (C3)
- = Amalgamated
sandstones (S1)
= Planar bedding [l = Interbedded sandstones
and mudrocks (S2)
D = Massive sandstones (S3)

[ = Cross-stratified
sandstones (S4)

[ = Heterolithic bedding (S5)

[] = Ripple-stratified
sandstones (S6)

[l = Massive mudrocks (S7)
FA1-4]= Facies association

P1-P3 = Petrography samples|
(see Figures 7-9)

M1-M3 = Microfossil analysis
of Erdi (2011)

ld

Lithofacies
L Lithology,

I
|
NNNH

Grain size
& structure
Facies
Association
Lithofacies

@

(cmg) vfs?nsvgsr

Figure 3. Sedimentary log of the
Ombilin Formation in this study,
being measured in Wali Nagari
Bukit Bual, Sijunjung Province in
section B-B’and D-D’ (a, ¢) and

5 Sungai Batang Ombilin in section
g3 C-C (b). Strike-projection of the
[e) $2 measured log in Figure 1b onto
D

A-A’ section (see Figure 1c)
shows that the measured log of
C-C’, B-B’ and D reflect the
Ombilin Formation from bottom
to top. The petrographic samples
are recorded on S3, C2, and C3 for
P1, P2, and P3, respectively. The
biostratigraphic samples of Erdi
(2011) are recorded on Ci1 for M1
and Ma.

sSw

Table 2. Facies associations (FA) of the Ombilin Formation

(FA3)

Facies Association Lithofacies Interpretation
and code

Facies Association 1 .
(FAI) Cl1,C2,C2 Open marine
Facies Association 2 .

(FA2) S1, S2, S3, S4 Tidal channel
Facies Association3 | g5 g6 g7 Mixed tidal flat

upper contacts of the S3 are also sharp, occurring against
the S2 or the S4 of the FA2, or the S5 and the S7 of the
FA3. Still, the S3 locally has erosion contact with the
overlying S1 sandstones of the FA2.

The final facies within the FA1 is represented by
lithofacies S4, being defined as cross-stratified sand-
stones and observed in alternation with S1, S2, and/or
S3 (see Figure 3 and Tables 1-2). This lithofacies S4 is
characterized by reddish-brown, poorly sorted, fine- to
coarse-grained sandstones up to 0.6 m thick, composed

Rudarsko-geolosko-nafini zbornik 2026, 41 (2), pp.

59-84, https://doi.org/10.17794/rgn.2026.2.5



67 Facies Architecture and Sedimentary Provenance of the Miocene Ombilin Formation...

Key: [GEIeE]Lithofacies (see Table 1) &) Shell fragment HEEEB Bedding surface

Figure 4. Field photographs illustrating the characteristics of facies association 1 (FA1), showing: (a) thick sequence
of calcareous mudrock (C1); (b) presence of shell fragments in the Ci; (¢) interbedding of the C1 and stratified limestone (C3);
(d) presence of calcareous ripple-stratified sandstone (C2).

of sub-rounded to rounded grains (see Figures 3 and 4e;
Table 1). Planar and herringbone cross-stratifications
are present within the sandstones of the S4 (see Figures
5e and 6d). The basal contact is sharp against the S3,
while the upper boundary is sharply defined against ei-
ther the S1 or the S3 within the FA2 (see Figure 3).

4.1.3. Facies Association 3 (FA3)

The FA3 is defined by three lithofacies, typically rep-
resented by a singular S5, or occasionally by alternations
between heterolithic bedding (S5), ripple-laminated
sandstones (S6), and/or massive mudrocks (S7; Figure 3
and Tables 1-2). The S5 facies is marked by up to 2 m
thick heterolithic bedding, composed of interlaminated
sandstones and claystone. The sandstones are character-
ized by reddish-brown, well-sorted, rounded, fine- to
coarse-grained laminations, each up to 1 ¢cm thick, and
internally display wavy and flaser bedding (see Figure
6e; Table 1). In contrast, the claystone is distinguished
by light yellowish-grey, massive, clay-textured lamina-

tions of similar thickness. The base of the S5 is bounded
sharply by either the S7 of the FA3 or the massive sand-
stones (S3) of FA2, while the top is typically in a sharp
contact with either the S7 of FA3 or the S2 of FA2 (see
Figure 3). Locally, the top contact is erosional, overly-
ing the S1 of the FA2.

The S6 is made of symmetric ripple-laminated sand-
stones, typically occurring in alternation with S5 and/or
S7 within FA3 (see Figure 3; Tables 1-2). This facies is
characterized by up to 0.4 m thick, yellowish-grey, poor-
ly sorted, sub-rounded to rounded, fine- to coarse-
grained sandstones, internally showing symmetric ripple
and parallel laminations, and locally containing abun-
dant bioturbations (see Figure 6f—h). The bioturbations
show cylindrical burrows of up to 0.5 cm in diameter,
filled with fine-grained sand and enclosed by medium-
to coarse-grained sands, interpreted as Skolithos linearis
(cf. Knaust, 2015; Knaust et al., 2018; Figure 6g).
Other bioturbations consist of cylindrical burrows with
fine-grained sandy cores and surrounded by fine- to me-
dium-grained friable sandstone, resembling Laevicyclus

Rudarsko-geolosko-naftni zbornik 2026, 41 (2), pp. 59-84, https://doi.org/10.17794/rgn.2026.2.5



A. Erdi, S. Angkasa, E. Suwarno et al.

68

;

Key:[EXEx4 Lithofacies (see Table 1)

B Bedding surface

Figure 5. Field photographs illustrating the characteristics of: (a-e) facies association 2 (FA2) that consists of amalgamated
sandstone (S1), interbedded sandstones and mudrocks (S2), massive sandstones (S3), cross-stratified sandstones (S4),
and (f) facies association 3 (FA3) that consists of massive mudrocks (S7).

parvus (cf. Knaust, 2015; Knaust et al., 2018; Figure
6h). The base of the S6 is marked by a sharp contact
with the S7 of FA3, while the top contact is sharp against
either the S3 of FA2 or the S7 within FA3 (see Figure 3).

The final facies identified within FA3 is the S7, which
is composed of massive mudrock (S7; Figures 3, 5f,

and Tables 1-2). This facies alternates with S5 and
S6. The S7 is characterized by up to 3 m thick, light
yellowish-grey, massive, silt-grained mudrock. The base
of the S7 is marked by a sharp contact with either the
S2 or S3 of FA2, or with S5 or S6 within FA3. The top
of the S7 is also similarly bounded by sharp contacts

Rudarsko-geoloSko-naftni zbornik 2026, 41 (2), pp. 59-84, https://doi.org/10.17794/rgn.2026.2.5
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Key:
@ Coal fragment

& Rock fragment

@ Plant seed

@ Coal stringer

@ Mud clast

@ Ripple lamination
@ Parallel lamination
@ Cross stratifications
& Skolithos

() Laevicyclus

Figure 6. Characteristics of facies association 2 (FA2) and facies association 2 (FA3). The FAz2 is characterized by:
(a) mud clasts, including coal fragments, in S1; (b) parallel lamination with coal stringer in Si; (c) plant fragment in Si;
and (d) herringbone structures in S4. The FA2, however, is characterized by: (e) flaser bedding in Ss; (f) parallel
and symmetric ripple laminations in S6; and trace fossils in S6 such as (g) Skolithos and (h) Laevicyclus.

with the S3 of FA2 or with S5 or S6 within FA3 (see
Figure 3).

4.2. Petrography of the Ombilin Formation

Petrography analyses were conducted to unravel the
texture and composition of sandstone and limestone in
the Ombilin Formation. Three selected petrography
analysis was presented, given these three samples reflect
non-calcareous, sand-rich sediment, sandy calcareous
sediments, and limestone. Petrography of non-calcare-
ous, sand-rich sediment was reflected by the S3. On the
other hand, the petrography of sandy calcareous sedi-
ments was illustrated by C2, while the limestone was
reflected by the C3.

4.2.1. Petrography of C2

Petrographic analysis of the C2 facies within the FA1
was performed to determine the texture and composition
of calcareous, ripple-stratified sandstones in the Ombilin
Formation (P2; Figure 3). The C2 is consists of averages

of 0.8% quartz, 30.8% feldspar, 5.3% lithic fragments,
30.1% bioclasts, 23.7% accessory minerals, 2.4% sili-
cate minerals, 4.8% matrix, and 2.1% cement (see Fig-
ure 7; Table 3-4). Grain sizes range from 0.1 to 0.45
mm, indicating a very fine- to medium-grained sand-
stone according to Wentworth’s (1922) classification.

Detrital minerals in the C2, including quartz, feldspar,
and lithic fragments, exhibit compositional variability
(see Figure 7; Table 3). The quartz is generally rare,
with some samples completely lacking it. When present,
the quartz contains monocrystalline grains. Feldspar,
however, dominates the detrital framework. These grains
are sub-rounded and usually display linear or point con-
tacts. Lithic fragments are mostly of volcanic origin,
characterized by sub-angular to sub-rounded shapes and
long contacts with adjacent grains (see Figure 7e-f).
Normalized point counting was conducted to determine
percentages of QFL compositions in the C2, showing
feldspar, quartz, and lithic fragments average making up
77.3%, 1.4% and 21.27% of the framework, respectively
(see Table 5).
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Table 3. Summary of composition and texture of petrography from the Ombilin Formation.

Sample Composition Textures and features
Calcareous, Grain size: from 0.1 to 0.2 mm (very fine- to fine-grained)
ripple-stratified Quartz Shape: mostly sub-rounded
sandstone (C2) Strained: high strained
Contact: linear and point contact
Grain size: from 0.1 to 0.45 mm (very fine- to medium-grained)
Feldspar Shape: mostly sub-rounded
Contact: linear and point contact
Lithi Grain size: from 0.3 to 0.4 mm (medium-grained)
e Volcanic fragment | Shape: sub-angular to sub-rounded
fragments
Contact: long contact
. Grain size: from 0.18 to 0.3 mm (fine- to medium-grained)
Bioclast —
Occurrences: foraminiferal skeletal fragments
. Grain size: average of 0.2 mm (fine-grained)
Glauconite - : -
Accessory Occurrences: act as grains; commonly interlock with feldspars
mineral . Grain size: average of 0.2 mm (fine-grained)
Chlorite : : : -
Occurrences: as detrital monomineralic grains
Silicate Grain size: average of 0.2 mm (fine-grained)
. Pyroxenes : ; :
mineral Occurrences: act as grains; commonly form prismatic shape
Matrix . Occurrences: filling intergranular pore spaces; locally replaces bioclast
Calcite
Cement shells
Stratified Grain size: from 0.08 to 0.2 mm (very fine- to fine-grained)
limestone (C3) Shape: rounded
Quartz - - -
Strained: moderate-high strained
Contact: linear and point contact
Grain size: from 0.08 to 0.2 mm (very fine- to fine-grained)
Feldspar Shape: rounded
Contacts: linear and point contacts
. Grain size: from 0.18 to 0.3 mm (fine- to medium-grained)
Bioclast —
Occurrences: foraminiferal skeletal fragments
Calcite Occurrences: replacement of bioclast material
Micrite ..
- Occurrences: filling intergranular pore spaces
Sparry calcite
Massive Grain size: from 0.3 to 0.5 mm (fine- to coarse-grained)
sandstone (S3) Shape: mostly sub-rounded
Quartz - : :
Strained: moderate-high strained
Contacts: linear and concave-convex contacts
Grain size: from 0.2 to 0.6 mm (fine- to coarse-grained)
Feldspar Shape: sub-angular to sub-rounded; prismatic shapes
Contacts: linear contacts
. Grain size: from 0.4 to 0.6 mm (medium- to coarse-grained)
Lithic .
Volcanic fragment | Shape: sub-angular to sub-rounded
fragments .
Contacts: linear contacts
Grain size: from 0.2 to 0.3 mm (fine- to medium-grained)
Accessory | Muscovite Shape: sub-rounded to rounded
Mineral Alterations: expanding into pore spaces and grow from grains
Opaque Occurrences: commonly as coating and stains on quartz grains
Very fine lithic
Matrix fragment and clay | Occurrences: fill pore spaces and occur as coating on grains
minerals
Very fine calcite
Cement Very fine muscovite | Occurrences: cement-filling grain contacts
Oxide mineral

Rudarsko-geolosko-nafini zbornik 2026, 41 (2), pp. 59-84, https://doi.org/10.17794/rgn.2026.2.5



71

Facies Architecture and Sedimentary Provenance of the Miocene Ombilin Formation...

Table 4. Summary of point counting results of compositions in petrography samples from the Ombilin Formation. The
compositions for sandstones are defined for Zuffa (1980) scheme. The Zuffa code reflect non-carbonate extrabasinal (NCE),
carbonate intrabasinal (CI), non-carbonate intrabasinal (NCI), carbonate matrix (CMt), carbonate cement (CCm) and

non-carbonate cement (NCCm).

Proportion (%
portion (%) Classifications of Zuffa (1980)
- Sub-Sample Average
Sample Composition (%)
o
1 2 3 Spatial Compositional ANE LR
code
Quartz 0 2 0.4 0.8 Extrabasinal | Non-carbonate |NCE
Feldspar 31 | 30.6 | 30.8 30.8 | Extrabasinal |Non-carbonate |NCE
il \llemis 5.5 5 5.4 53 Extrabasinal | Non-carbonate |NCE
fragments fragment
Calcareous, Bioclast 30.8 | 295 | 30 30.1 |Intrabasinal |Carbonate Cl
ripple-stratified | Accessory Glauconite | 20 | 21.4 | 20.5 | 20.63 |Intrabasinal |Non-carbonate |NCI
sandstone (C2) | mineral Chlorite 3 2.2 4 3.07 |Extrabasinal | Non-carbonate |NCE
Sl}lcate Pyroxenes | 2.7 | 2.5 2 2.4 | Extrabasinal |Non-carbonate |NCE
mineral
Matrix i 5 4.6 4.8 4.8 Intrabasinal CMt
Calcite Carbonate
Cement 2 2.2 2.1 2.1 CCm
Quartz 7 7
Feldspar 3 3
Stratified Bioclast 20 30
limestone (C3) | Calcite 20 10
Micrite 35 35
Sparry calcite 15 15
Quartz 86 | 10.7 | 10.4 9.9 Extrabasinal | Non-carbonate |NCE
Feldspar 58.6 | 57.8 | 55.1 | 57.17 |Extrabasinal | Non-carbonate |NCE
Lithic Yoleanic | 56| 148 | 123 | 1423 |Extrabasinal |Non-carbonate |NCE
fragments fragment
Accessory Muscovite 32 2.3 3.9 3.13 | Extrabasinal | Non-carbonate |NCE
Mineral Opaque 5 7 6 6 Intrabasinal | Non-carbonate |NCI
Massive Yery fine
sandstone (S3) lithic
Matrix fragment 2 24 5 3.13 | Extrabasinal | Non-carbonate |NCE
and clay
minerals
Very fine
calcite and 2 2.8 3 2.6 Intrabasinal Sj;?g;fgnﬁg a(ljrfcjinll\ICCm
Cement muscovite
Oxide 5 22 | 43 3.83 | Intrabasinal |Non-carbonate | NCCm

Table 5. Average of normalized point counting results (percentage) for Petrographic sample from the Ombilin Formation.

Facies Eﬁﬁgg Q F L Avg.Q | Avg. F | Avg. L Qm Qp %vngl Avg. Qp
1 0 76.8 23.2 0
C2 2 3.1 78 18.9 1.4 77.3 21.27 3.1 1.4 0
3 1.1 77.2 21.7 1.1
4 9.8 73.3 16.9 8.2 1.6
S3 5 12.7 71.5 15.8 11.67 70.87 17.5 9.6 3.1 2.6
6 12.4 67.8 19.8 9.2 3.2
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Figure 7. Photomicrographs from thin sections of calcareous ripple-stratified sandstones (C2) of facies association 1 (FA1) in
the Ombilin Formation, being taken from P2 (see Figure 3). The thin sections show (a) cross- and (b) parallel- polarized with
10x magnifications, showing the characteristic of the C2. The Cz in (a) and (b) composed of quartz (Qz), feldspar (Fs),
bioclast (Fo), glauconite (Gc) and sparry calcite (SCa). The thin sections also show (c) cross- and (d) parallel-polarized with
10x magnifications, and (e) cross- and (f) parallel-polarized with 25x magnifications. The (c-f) show volcanic fragments (Vr),
chlorite (Ch), and pyroxene (Px) along sparry calcite (SCa).
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Figure 8. Photomicrographs from thin sections of stratified limestone (C3) of facies association 1 (FA1) in the Ombilin
Formation, being taken from P3 (see Figure 3). The thin sections show parallel-polarized with (a) 10x and (b) 25x
magnifications. The C3 is composed of quartz (Qz), feldspar (Fs), bioclast (Fo), calcite (Ca), along micrite (Mc) and sparry
calcite (SCa) that fill the spaces between grains.

Bioclast fragments are abundant in lithofacies C2,
with average grain sizes ranging from 0.3 mm to 0.18
mm. The bioclasts are primarily composed of foraminif-
eral skeletal fragments (see Figure 7a-b, e-f).

Accessory and silicate minerals are also present in the
C2 (see Figure 7). The accessory minerals are dominat-
ed by glauconite and chlorite. Glauconite grains account
for an average of 20.63% of the total framework content
and average 0.2 mm in grain size (see Table 3-4). The
chlorite, however, occurs as detrital monomineralic
grains, averaging 3.07% of the total framework and also
averaging 0.2 mm in size. These grains commonly inter-
lock with feldspars. Silicate minerals are present in mi-
nor amounts, primarily represented by pyroxenes, which
average 0.2 mm in grain size (see Figure 7c—d).

The matrix and cement are present for an average of
4.8% and 2.1% respectively, showing a ratio of 2 : 1 (see
Table 4). They are predominantly composed of calcite
(see Figure 7). The calcite commonly fills interstitial spac-
es between grains, but also locally replaces bioclast shells,
contributing to the diagenetic fabric of the C2 facies.

4.2.2. Petrography of C3

Petrographic analysis of the C3 facies within FA1 was
conducted to determine the texture and composition of
limestone in the Ombilin Formation (P3; Figure 3). The
C3 is identified as a poorly sorted, rounded grain, very
fine to coarse calcarenite (0.08 to 0.7 mm) limestone,
composing of approximately 20% bioclasts, 20% cal-
cite, 10% detrital minerals, 35% micrite, and 15% sparry
calcite of cement (see Figure 8; Table 3-4). Following
Folk (1959; 1980) classification, the limestone is classi-
fied as intrasparite.

Bioclasts and calcite represent the most abundant com-
ponents (see Figure 8). Although most bioclasts are dif-

ficult to identify taxonomically, some are interpreted as
debris and skeletal fragments of foraminifera (c.f. Flugel,
2004). Calcite commonly appears as a replacement of bio-
clast material, indicating diagenetic alteration.

Detrital components are primarily represented by
monocrystalline quartz of up to 7% and feldspar of up to
3% (see Figure 8; Table 4). These grains contribute to
the minor clastic input within the limestone. Micrite and
sparry calcite, however, are also significant, together
comprising half of the rock volume, predominantly fill-
ing the spaces between grains, and contributing to the
overall fabric and lithification of the C3 facies.

4.2.3. Petrography of S3

Petrographic analysis of the S3 facies within the FA2
was conducted to characterize the texture and composi-
tion of non-calcareous sandstones in the Ombilin For-
mation (P1; Figure 3). The S3 is primarily composed of
quartz (average of 9.9%), feldspar (average of 57.17%),
lithic fragments (average of 14.23%), accessory (aver-
age of 9.13%), matrix (average of 3.13%), and cement
(average of 6.43%) (see Figure 9; Table 3-4). Grain
sizes range from 0.2 to 0.6 mm, indicating a fine- to
coarse-grained sandstone of Wentworth’s (1922) clas-
sification.

The petrographic analysis revealed that the detrital
framework in the S3 is dominated by feldspar, followed
by quartz and lithic fragments, each showing diverse
morphometric characteristics (see Figure 9). Feldspar is
characterized by sub-angular to sub-rounded grains,
prismatic shapes, and linear contacts with adjacent
grains. Quartz is mostly sub-rounded and exhibits linear
to convex-concave contacts with one another. Lithic
fragments are predominantly volcanic in composition.
The volcanic grains are sub-angular to sub-rounded and
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Figure 9. Photomicrographs from thin sections of massive sandstone (S3) of facies association 2 (FA2) in the Ombilin
Formation, being taken from P1 (see Figure 3). The thin sections show (a) cross- and (b) parallel-polarized with 10x
magnifications, and (c) cross- and (d) parallel-polarized with 25x magnifications. The S3 composed of quartz (Qz),

feldspar (Fs), volcanic fragments (Vr) and clay (Cy) as matrix, and calcite (Ca) and oxide grains (Ox) as cements.

exhibit linear contacts with neighbouring grains. Nor-
malized point counting was conducted to determine the
percentage of QFL framework compositions in the S3.
The framework compositions show that the feldspar,
quartz, and lithic fragments average 70.87, 11.67, and
17.5% respectively (see Table 5). The quartz contains an
average of 9% monocrystalline and 2.6% polycrystalline
grains.

Accessory minerals include muscovite and opaque
minerals (see Figure 9). Muscovite occurs with an aver-
age of 3.13%, while opaque minerals are present with an
average of 6% of the sample. They commonly appear as
coatings and stains on quartz grains.

The matrix and cement are present in relatively minor
concentrations with an average of 3.13% and 6.43% re-
spectively, showing the ratio of 1 : 2 (see Figure 9). The
matrix consists of very fine lithic fragments and clay min-
erals, whereas the cement is mostly composed of very fine
calcite, muscovite and oxide minerals. Both components

fill pore spaces and occur as coatings on grains, contribut-
ing to the overall textural maturity of the S3.

5. Discussions

5.1. Sedimentology of the Ombilin Formation

The three facies that have been described above have
been interpreted, indicating three depositional environ-
ments. The interpretations are described below.

5.1.1. Sedimentology of FA1: open marine
5.1.1.1. Lithofacies and facies association of FA1

The sedimentary processes and depositional environ-
ments of the FA1 have been inferred from the lithologi-
cal characteristics, petrographic features, and sedimen-
tary structures observed in C1 to C3. The character of
lithology in the FA1l consists of calcareous, massive
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mudrock (Cl), calcareous, ripple-stratified sandstone
(C2), and stratified limestone (C3). The C1 and C2 are
similarly observed in Sinamar-1, showing calcareous
sandstone and calcareous marine-dominated sediments
(see Figure 2; Koning, 1985).

The fine-grained nature of the calcareous mudrock in
the C1 is interpreted in this study as products of suspen-
sion setting under low-energy conditions (e.g. Boggs,
2014; Fakhruddin et al., 2023), and/or from long-dis-
tance horizontal transport of clay aggregates by dynamic
processes (Plint, 2010). The calcareous composition of
these sediments has been attributed to the breakdown of
calcareous bioclasts (Prat, 2010). Still, the sparry cal-
cite in petrography C3 was formed by precipitation from
carbonate solution. Interpretation of the C1 is consistent
with previous studies, showing biostratigraphic analysis
of the C1 (M1-M3; Figure 3), suggesting a littoral ma-
rine setting (Erdi, 2011; Loeblich and Tappan, 1994),
where it was located between high- and low-tide levels
(Hedgpeth, 1957).

The calcareous ripple-stratified sandstone of the C2 is
characterized by the presence of parallel and ripple lam-
inations. These structures have been interpreted as indi-
cators of contrasting flow regimes, with parallel lamina-
tion reflecting deposition under upper flow regime con-
ditions, and ripple lamination indicating lower flow
regime (e.g. Simons and Richardson, 1963; Boggs,
2014). The coexistence of both structures has been at-
tributed to weak and episodic oscillatory currents oper-
ating in shallow marine environments (Pratt, 2010;
Longhitano et al., 2021). Additionally, the occurrence
of glauconite within the C2 has been interpreted as a
product of early diagenesis, formed under conditions of
oxidizing seawater and reducing pore water at depths
reaching approximately 60 meters (e.g. Odin and Mat-
ter, 1981; Rubio and Lopez-Perez, 2024). When con-
sidered alongside the fine-grained nature of the sand-
stone, the presence of glauconite suggests deposition in
a lower to middle shoreface setting. This interpretation
aligns with analogues of glauconite-bearing very fine
sands in shoreface environments, such as those observed
along the coast of Rio Grande do Sul (Plint, 2010) or
Lublin Basin, Poland (Starzec et al., 2023).

Within the FA1, the occurrence of the packstone has
been identified in the C3. Petrographic observations are
suggested for the C3 as intrasparite, that has high in al-
lochemical rock and intraclast compositions, suggesting
a shallow depth with sea level fluctuations of calm and
high energy environment (Folk, 1959; 1980). Given this
petrographic observation that suggest sea level fluctua-
tions, this packstone of the C3 has been interpreted as
having been deposited on the subtidal part of a carbonate
ramp environment. This interpretation is also consistent
with analogous occurrences of packstone in Utah, where
it is distributed as subtidal cycles within carbonate ramps
(Jones, 2010), and by Mesozoic packstone successions
in Western Newfoundland and Southern Australia,

where it is commonly found as a subtidal deposit (e.g.
James and Bone, 1994; Pratt, 2010). The interpretation
of the subtidal part of a carbonate ramp environment for
the C3 is aligned with biostratigraphic data of the Om-
bilin Formation in the Sinamar-1 well, located northeast
of Section D, which suggests deposition within a sublit-
toral marine zone (Koning, 1985; Figures 1 and 2b).

5.1.1.2 Vertical distributions and interpretation
of FA1

The open marine deposits (FA1) are situated beneath
the tidally influenced channels (FA2), as evidenced by
an erosional contact between the C1 and the S1 (see Fig-
ure 3). This stratigraphic relationship is further support-
ed by lateral facies changes, with a transition from mud-
prone deposits in the central area (Section C) to sand-
prone deposits toward the northeast (Section B; Figure
1b and 3). These vertical and lateral facies variations
reflect a coarsening trend from the FA3 to the FA1 near
Tanjung Ampalu (section C; Figure 3), indicating a tran-
sition from accumulation of suspended-load fines to
bedload-dominated transport of tidal-influenced channel
in this area. However, from this point northeastward
(section B to D), the vertical and lateral facies show an
inverse transition, illustrated by the bedload-dominated
transport of tidal-influenced channel near Tanjung Am-
palu to the accumulation of suspended-load fines in
more distal open marine settings northeastward. The ob-
servations of normal and inverse transition are aligned
with biostratigraphy data of Erdi (2011) and Koning
(1985), revealing a northeastward shift from littoral in
Section C to sublittoral environments in the Sinamar-1
(c.f. Figures 1b and 2b). More particularly to the in-
verse transition, this observation indicates that trans-
gression likely occurred during deposition of the FA1 in
section D, which is likely deposited above FA2 and FA3
in section B (see Figure 3).

5.1.2. Sedimentology of FA2: tidal influenced
channel

5.1.2.1. Lithofacies and facies association of FA2

The sedimentary processes and depositional environ-
ments of the FA2 have been interpreted based on litho-
logical characteristics and sedimentary structures identi-
fied within facies S1 to S4. The basal conglomerates of
the S1 have been interpreted as representing the early
stage of channel development (e.g. Bentham et al.,
1993). Alternatively, the basal conglomerate originated
from lag deposits, being associated with thalweg and
dune migration (e.g. Kleinhans et al., 2002; Plink-
Bjorklund, 2005; Fakhruddin et al., 2023). The pres-
ence of coal fragments and mud clasts within these con-
glomerates have been attributed to erosion and transpor-
tation of muddy substrates at the channel base (Li et al.,
2017), with tidal influence inferred from the abundance
of mud clasts, consistent with estuarine fluvial settings
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(Dalrymple, 2010). The amalgamated geometry of the
S1 has been interpreted as an indicator of environments
that contain a high rate of sedimentary discharge (e.g.
Boggs, 2014). The occurrence of massive sandstones in
the S3, however, have been interpreted as indicators of
an environment that contain high depositional rates and
rapid deposition (e.g. Olariu et al., 2010; Olariu and
Bhattacharya, 2006; Fakhruddin et al., 2023). These
S1 and S3 facies have been found in environments, such
as tidal channels (e.g. Plink-Bjorklund, 2005; Dalrym-
ple, 2010), distributary systems (e.g. Olariu and Bhat-
tacharya, 2006; Gani and Bhattacharya, 2007), or
delta fronts (e.g. Olariu et al., 2010; Fakhruddin et al.,
2023). Parallel laminations in the S1 and the S2 have
been linked to upper flow regime conditions and turbu-
lent sediment transport (Paola et al., 1989; Boggs,
2014), possibly representing planar bed flows in lateral
accretion sets (e.g. Plink-Bjorklund, 2005). Laminated
mudrocks and coal stringers in the S1, alongside inter-
bedded sandstone and mudrock in the S2, have been in-
terpreted as rapid accumulation of organic matter near
floodplains or in abandoned channels (cf. Plink-
Bjorklund, 2005). Furthermore, planar cross-stratified
sandstones in the S4 have been associated with dune or
bar migration, while herringbone cross-stratification in
the S4 has been interpreted as evidence for bidirectional
currents and 3D dune migration under tidal influence
(Plink-Bjorklund, 2005; Fakhruddin et al., 2023).
Collectively, the presence of (i) basal conglomerates,
which indicate early stage and migration of channels, (ii)
amalgamated and massive sandstone, which indicates
high energy environments, (iii) herringbone cross-strati-
fied sandstones, which indicate bidirectional currents,
support the interpretation that the FA2 represents tidally
influenced channel deposits.

5.1.2.2. Vertical distributions and interpretation
of FA2

The tidal-influenced channels (FA2) have been ob-
served to overlie either mixed tidal flat deposits (FA3) or
open marine deposits (FA1; Figure 3). The vertical tran-
sition from the mixed tidal flats to the tidally influenced
channels has been interpreted as evidence for incision of
channel systems into previously established intertidal,
mixed tidal flat environments. In contrast, transitions
from the open marine to the tidal-influenced channel de-
posits suggest an increase in sediment supply from prox-
imal sources. Erosional surfaces at the base of these
channels, particularly where they overlie the open ma-
rine deposits, is an indication of progradation of tidal
channels into open marine settings.

5.1.3. Sedimentology of FA3: mixed tidal flats

5.1.3.1. Lithofacies and facies association of FA3

The sedimentary processes and depositional environ-
ments of the FA3 have been inferred from the lithological

characteristics, sedimentary structures, and bioturbation
features of S5 to S7. Wavy and flaser stratifications ob-
served in the S5 have been interpreted as products of
deposition by reversing tidal currents (Reineck and Sin-
gh, 1980), indicative of an intertidal setting characterized
by diminishing current energy (Dalrymple, 1992). Sym-
metrical rippled laminations in the S6 have been associ-
ated with lower flow regimes (e.g. Simons and Richard-
son, 1961; Boggs, 2014), and are considered to have
formed during phases of maximum tidal flow (e.g. Plink-
Bjorklund, 2005; Fakhruddin et al., 2023). These in-
terpretations are supported by the occurrence of Skolithos
linearis and Laevicyclus parvus, which indicate deposi-
tion in shallow marine to nearshore environments under
tidal influence (Desjardins et al., 2012; Knaust et al.,
2018). The presence of Laevicyclus parvus, an ichnoge-
nus of Siphonicnus, has been linked to marginal-marine
settings, ranging from proximal offshore and shoreface to
estuarine and lagoonal environments, often affected by
variable salinity and freshwater influx (Knaust, 2015;
2018). Additionally, the rare occurrence of parallel lami-
nation in the S6 has been interpreted as evidence of pla-
nar bed flows from traction current (e.g. Boggs, 2014;
Plink-Bjorklund, 2005). In contrast, the massive
mudrocks in the S7 are believed to have been deposited
from suspension under low-energy conditions (e.g. San-
tos and Rossetti, 2006; Fakhruddin et al., 2023). Col-
lectively, the presence of (i) wavy, flaser, and ripple strat-
ifications, (ii) bioturbation by Skolithos linearis and
Laevicyclus parvus, (iii) thick massive mudrock, and (iv)
minor parallel lamination suggest that the FA2 represents
intertidal, mixed tidal flat deposits.

5.1.3.2. Vertical distributions and interpretation
of FA3

The mixed tidal flat deposits (FA3) are commonly po-
sitioned above or interbedded with tidally influenced
channel deposits (FA2; Figure 3). Vertical transitions
from the mixed tidal flats to the tidal channel deposits
have been interpreted to reflect incisions of the tidal
channel into the underlying mixed tidal flats. Converse-
ly, upward transitions from the tidal channels into the
mixed tidal flat deposits indicate lateral migration of the
tidal channel over time.

5.2. Sandstone Maturity, Classification
and Provenance

The C2 samples have provided insight into sediment
maturity, sandstone classification, and provenance relat-
ed to tectonic settings. Detrital and authigenic minerals
exhibit sub-angular to sub-rounded shapes and poor
sorting, indicating sub-mature to mature textural charac-
teristics (cf. Folk, 1980), and suggesting limited trans-
port from the source. Compositionally, C2 is dominated
by feldspar (average of 77.3%) and lithic fragments (av-
erage of 21.27%), with minimal to absent quartz content
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Figure 10. The sandstone composition from the petrography of the Ombilin Formation in the Ombilin Basin based on
schemes proposed by (a) Pettijohn (1975) and (b) Folk (1980). The sandstone in (a) represents arkosic arenite, while
in (b) represents arkose sandstone. (c) The sandstone compositions are plotted on the diagram of Dickinson et al (1983)
to indicate their provenance. The abbreviations of Q, F, L reflect standard plots of Quartz, Feldspar, and Lithic grains,
respectively. (d) Compositions from the petrography are plotted to the schemes proposed by Zuffa (1980). The abbreviation
of NCE, CI and NCL reflects non-carbonate extrabasinal, carbonate intrabasinal and intrabasinal non-carbonate respectively
in Table 4. The HA reflects region of hybrid arenite of Zuffa (1980).

and a ratio of 2:1 for matrix (average of 4.8%) and ce-
ment (average of 2.1%) (see Table 4-5). These charac-
teristics correspond to arkosic arenite (Pettijohn, 1975)
or arkose (Folk, 1980) classifications (Figure 10a, b).
Detrital chlorite grains are present, implying the inclu-
sion of chlorite-bearing allogenic lithics derived from
metamorphic or igneous sources (Worden et al., 2020).
Provenance analysis using the Dickinson et al. (1983)
diagram places the sandstones within the magmatic arc
field (see Figure 10c), and the high feldspar content sup-
ports derivation from intermediate volcanic sources such
as andesite (see Table 4). Additionally, the high content
of bioclast (average of 30.1%) and glauconite (average
0f20.63%), which illustrate the high composition of car-

bonate intrabasinal (CI) and non-carbonate intrabasinal
(NCI) respectively, reflecting into the C2 is classified as
a hybrid arenite (HA) in the triangular diagram of Zuffa
(1980) (see Figure 10d). Some bioclasts show skeletal
fragments, likely suggesting a rework of marine materi-
als. These bioclasts were reported to have been deposit-
ed during N4-N5 of the Early Miocene age (Erdi, 2011).
As such, it is speculated that the marine materials were
derived from limestone of the Ombilin Basin, which are
distributed along the basin margin (e.g. Koning, 1985;
Anastasia et al., 2012). Consequently, the provenance
of C2 is interpreted as a mixture of volcanic input and
reworked marine materials. Such interpretations of a
mixture of volcanic input and reworked marine materi-
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Figure 11. Distributions

of Early-Middle Miocene
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als are aligned with earlier studies that link the Ombilin
Formation to active volcanism and/or syn-sedimentary
reworking (Adhiperdana, 2010; Yeni, 2011).

The S3 samples have also revealed information on
sediment maturity, sandstone classification, and prove-
nance related to tectonic settings. Detrital and authigenic
grains exhibit sub-angular to sub-rounded shapes and
poor sorting, indicating a sub-mature to mature texture
(cf. Folk, 1980), and suggesting limited transport dis-
tance from the source. Compositionally, S3 is dominated
by feldspar (average of 70.87%), with lower proportions
of quartz (average of 11.67%) and lithic fragments (av-
erage of 17.5%) (see Table 5). Based on these composi-
tions and combined with a ratio of 1:2 for matrix (aver-
age of 3.13%) and cement (average of 6.43%) (see Ta-
ble 4), the sandstones have been classified as arkosic
arenite (Pettijohn, 1975) or arkose (Folk, 1980; Figure
10a, b). Provenance analysis using the Dickinson et al.
(1983) diagram places the S3 sandstones within the
magmatic arc field (see Figure 10c). On the other hand,
high non-carbonate extrabasinal (NCE) is shown by the
triangular plot of Zuffa (1980) (see Figure 10d), sug-
gesting extrabasinal origin of high feldspar, moderate
lithic fragments, and low quartz, accessory, and heavy
mineral content (see Table 4). Given the high feldspar

content and the tectonic interpretation, the feldspathic
assemblages in S3 are inferred to reflect an andesitic
source, similar to the result of the C2.

The high feldspar content and a magmatic arc affinity
in the S3 and the C2 have been interpreted as consistent
with the distribution of Early-Middle Miocene volcanic
lavas in Central Sumatra (see Figure 11). These volcan-
ic products, predominantly andesitic in composition,
were emplaced near the Sumatra Fault Zone and the Ba-
risan Mountains during the emergence and uplift of the
Bukit Barisan range in the Early Miocene (Barber et al.,
2005). The provenance of the Ombilin Formation is
therefore inferred to have been derived from volcanic
sources situated to the west of the Ombilin Basin (see
Figure 11). This pattern is similar to observations of
provenance for the early syn-rift formations that were
deposited during the Eocene in the Ombilin Basin (How-
ells, 1997; Barber et al., 2005).

The Ombilin Formation is underlaid by the Sawahtam-
bang Formation. Several previous studies have illustrat-
ed the character of the Sawahtambang Formation. The
conglomerate in this formation composed of sedimenta-
ry clasts, consisting of volcanic, sedimentary, plutonic
and metamorphic fragments (Howells, 1997). The distri-
bution of these clasts from this previous study show that

Rudarsko-geoloSko-naftni zbornik 2026, 41 (2), pp. 59-84, https://doi.org/10.17794/rgn.2026.2.5



79 Facies Architecture and Sedimentary Provenance of the Miocene Ombilin Formation...

they are characterized by an upward increase in volcanic
and sedimentary clast, whereas plutonic and metamor-
phic clast decrease from bottom to top of the formation.
Petrographic analysis of sandstone in the Sawahtambang
Formation show characteristic of poor sortation, sub-
angular to sub-rounded grains and non-calcareous (Erdi,
2011; Putri et al., 2024). These previous studies show
that the Sawahtambang Formation dominantly in quartz,
with minor feldspar and sedimentary fragment, reflect-
ing dominantly litharenite and lithic wacke, and minor
feldsphatic wacke and arkosic arenite. Previous study
has defined that the Sawahtambang Formation is recy-
cled origin, suggesting its origin was related to long pro-
cess of uplift and erosion (Putri et al., 2024).

The sand-rich sediments in the Ombilin Formation,
which is illustrated by the C2 and the S3, has different
characteristics compare with the Sawahtambang Forma-
tion. Although texture, such as grain sized, sortation and
roundness are similar, mineral compositions of the Om-
bilin Formation show they are relatively higher in feld-
spar than the Sawahtambang Formation. The presence of
lithic fragments and quartz content in C2 and S3 may
indicate a rework from underlying formations. We spec-
ulate that the Sawahtambang Formation as an origin of
this minor mineral content, given that Sawahtambang
has high levels of quartz and lithic fragments. As such,
the provenance of C2 and S3 is speculatively a mixture
of volcanic input, reworked marine materials and clastic
materials derived from underlying formations.

5.3. Tectonic Settings and Paleoenvironments
in Early-Middle Miocene of the Ombilin Basin

The Ombilin Formation has been defined by several
previous studies, occurring as early as the Early Miocene
(N4-N5). This formation was deposited during a regional
transgression in Sumatra (Koesoemadinata and Mata-
sak, 1985; Fletcher and Yarmanto, 1993; Situmorang
et al., 1991; Barber et al., 2005), and/or global sea-level
rise (Zaim et al., 2012). However, the transgression doc-
umented in these previous studies are in contradiction to
global eustatic events of Mi-1la, Mi-laa, and Mi-1b gla-
ciation events (Miller et al., 1998; Morley et al., 2021).
These events are illustrated by Early Miocene Southeast
Asia sea-level curves in SEA34-SEA46 (Morley et al.,
2021; Figure 2). These sea level curve and associated
events suggest glacial episodes and associated sea-level
falls occurred during the Early Miocene age in SEA34-
SEA46, being driven by continental ice-sheet expansion
(Miller et al., 1998; Morley et al., 2021). Still, global
transgression did occur in Early-Middle Miocene, being
initiated near SEAS2 at the onset of the Middle Miocene
Climate Optimum (MMCO) and peaking at SEAS3 (Fig-
ure 2; De Boer et al., 2010; Holbourn et al., 2013;
Morley et al., 2021).

The global sea-level fall events in the Early Miocene,
during the uplifting of Barisan Mountain in Sumatra, are

likely related to the present study that identifies tidal-
influenced channels, mixed tidal flat and open marine
depositional environment in the Ombilin Formation near
Tanjung Ampalu Fault (see Figure 1b). The tidal influ-
enced channel (FA2) and mixed tidal flat (FA3) reflect
the sub-environment of the estuarine depositional envi-
ronment near Tanjung Ampalu during the deposition of
the Ombilin Formation. Such sub-environments of es-
tuarine origin are also observed in Spitsbergen (Plink-
Bjorklund, 2005; Plink-Bjorklund and Steel, 2006)
and Seven River estuaries (Dalrymple, 2010). Such an
estuarine depositional environment is also observed dur-
ing the Early Miocene Bangko Formation in the Central
Sumatra Basin, located 17 km northeast from the Om-
bilin Basin (e.g. Hendra et al., 2018). Particularly to the
tidal influenced channel, this facies overlies the open
marine deposits (FA1), indicating progradation of tidal
channels into open marine settings. This observation
suggests that regression occurred in the Ombilin Basin.
This regression event might result from uplifting, given
that isostatic uplifts result in increasing sediment supply
and shoreline regressions (e.g. Catuneanu, 2006; Tsun-
etaka et al., 2024). This suggestion is consistent with
the Barisan Mountain that underwent uplift in the Early
Miocene (Barber et al., 2005). Alternatively, this re-
gression might also relate to eustatic sea level fall, given
that eustatic sea level fall might destroy accommodation
space that induces regression and seaward migration of
shoreline (e.g. Pitman, 1979; Catuneanu, 2006). This
suggestion is also consistent with Southeast Asia sea-
level curves during the Early Miocene, showing sea-
level falls (SEA34-SEA46; Morley et al., 2021). As
such, this paper suggests that uplifting of Barisan Moun-
tain and sea-level falls occurred, resulting in the deposi-
tion of a tidal influenced channel (FA2) and mixed tidal
flat (FA3) near Tanjung Ampalu Fault during Early Mio-
cene (see Figure 12a). Furthermore, the depositional
environment of the tidal-influenced channel and mixed
tidal flat in the intertidal, in this study, are consistent
with observations of tidal flat facies of calcareous shale
and claystone intercalations and Pelecypods in Talawi
Sub-basin (Linggadipura et al., 2018). It was speculat-
ed by this study that the Ombilin Formation in the Tala-
wi sub-basin was deposited in the range of supratidal to
intertidal environments (see Figure 12a). This sugges-
tion is supported by the westward-trending biostratigra-
phy data, which indicate a landward shift to the west, as
reflected by sub-littoral environments in the Sinamar-1
and littoral environment in the section C (c.f. Koning,
1985 and Erdi, 2011).

The calcareous deposits of the Ombilin Formation
have been interpreted as neritic to bathyal in origin,
based on biostratigraphy data of Koesoemadinata and
Matasak, (1981) and Koning (1985). This study, how-
ever, presents the first comprehensive documentation of
the presence of tidal-influenced channel sandstones and
mixed tidal flat deposits within the Ombilin Formation,
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Figure 12. Paleoenvironment of the Ombilin Basin during: (a) Early Miocene, while regional subsidence and eustatic sea level
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due to global transgression (SEA52-54 of Morley et al., 2021; Figure 2). The black arrow indicates the North (N) direction.

particularly around the basin margins and the Tanjung
Ampalu Fault in the Early Miocene. This interpretation
is supported by (1) the landward positioning of tidal-in-
fluenced deposits relative to calcareous mudrock, (2) the
distribution of early limestone facies along basin mar-
gins (Koning, 1985; Anastasia et al., 2012), (3) in-
creased clastic input attributed to uplift and erosion of
the Barisan Mountains (Barber et al., 2005), and (4) the
long-standing activity of N—S-trending faults such as the
Tanjung Ampalu Fault since the mid-Oligocene (How-
ells, 1997). Additionally, volcanism in the western Om-
bilin Basin during the Early Miocene has been inferred
as a major provenance source, despite the absence of
direct age dating from these volcanic centres. This inter-
pretation is supported by (1) radiometric dating of an-
desitic lavas around the Bukit Barisan indicating Early
Miocene ages (Barber et al., 2005; Figure 11), and (2)

the immature to sub-mature texture of Ombilin sand-
stones, suggesting short transport distances from vol-
canic sources.

Several previous studies have suggested that the Om-
bilin Formation continued to be deposited during the
Early—Middle Miocene (Fletcher and Yarmanto, 1993;
Howells, 1997). This event occurred in response to the
continuation of a regional transgression in Sumatra
(Koesoemadinata and Matasak, 1985; Fletcher and
Yarmanto, 1993; Situmorang et al., 1991; Barber et
al., 2005), and/or global sea-level rise (Zaim et al.,
2012).

Although comparison between sedimentary log and
cross-sections show that section D overlies section B
(c.f. Figure 1b-c and 3a, ¢), this study, however, did not
find direct contact between them that indicates certainty
of transgression. Nevertheless, based on observation
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that the section D overlies section B, where the open ma-
rine deposit of FA1 overlie the tidal influenced channel
deposits of FA2, this study is suggests that a transgres-
sion likely occurred (see Figure 12b). It is speculated
that the calcareous mudrock of the Ombilin Formation,
initially deposited in the deeper parts of the basin, began
to accumulate in the study area near the Tanjung Ampalu
Fault as a result of global transgression that occurred
from SEA 52 to SEA 54 (Morley et al., 2021). Addition-
ally, during this period, calcareous mudrocks may have
been deposited in the Talawi Sub-basin. The erosional
events during the Early-Middle Miocene were driven by
ongoing uplift and inversion around the Barisan Moun-
tains (Barber et al., 2005). This tectonic activity coin-
cided with the global transgression until SEA 54, fol-
lowed by regional and global regression extending to the
present (Barber et al., 2005; Morley et al., 2021).

6. Conclusions

An integrated, detailed analysis of sedimentology and
petrography has been provided for the Early-Middle
Miocene Ombilin Formation in the Ombilin Basin. Sed-
imentological analysis of sedimentary logging identified
ten lithofacies, being classified into three facies associa-
tions: a) open marine deposits (FA1); b) tidal-influenced
channels (FA2); and c) intertidal mixed tidal flats (FA3).
Their vertical distributions show that FA2-3 are distrib-
uted between FA1, reflecting normal and inverse transi-
tions of suspended-load-fines and bedload-dominated
transport. The normal transition shows that the FA2-FA3
reflect seaward progradation of tidal channels above
open marine settings (FA1). The inverse transition, com-
bined with their spatial distribution along the Tanjung
Ampalu Fault, shows that the FA2-3 are likely overlaid
by the FA1, speculating a transgression occurred in the
Ombilin Basin. Petrographic analysis indicates a sub-
mature to mature arkosic composition, derived primarily
from a nearby magmatic arc source, with contributions
from reworked marine and clastic material derived from
the underlying formation(s). The magmatic source is
speculated to have originated from Early-Middle Mio-
cene volcanoes located westward of the basin. The evo-
lution of the Ombilin Basin during the Early-Middle
Miocene is suggested by the analysis of the sedimentary
logging and the petrography, and was influenced by both
regional tectonics and global sea-level changes. An ini-
tial regression, likely driven by the uplift of Barisan
Mountain and global sea level fall, which occurred in the
Ombilin Basin during the Early Miocene (SEA34-
SEA46). This event was followed by a global transgres-
sion that occurred during the Early-Middle Miocene
(SEA 52 to SEA 54). This study enhances the under-
standing of paleoenvironmental evolution and the inter-
play of tectonic and sea-level controls on sedimentation
not only in the intermontane setting of the Ombilin Ba-
sin, but also the Sumatra and South East Asia during the
Early-Middle Miocene.
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SAZETAK

Organizacija facijesa i podrijetlo sedimenata miocenske formacije Ombilin:
medudjelovanje tektonike i eustazije u neogenskome unutarplaninskom bazenu,
Sredi$nja Sumatra, Indonezija

Ranomiocenska ombilinska formacija u unutarplaninskome Ombilinskom bazenu, Sredi$nja Sumatra, biljezi klju¢ni
interval paleoekoloskih promjena uzrokovanih regionalnom tektonikom i globalnim fluktuacijama razine mora. Unato¢
vaznosti, raspored facijesa sedimentnih stijena, podrijetlo sedimenta i povijest oscilacija razine mora ove formacije slabo
su istrazeni. Ova studija integrira detaljno sedimentolosko istrazivanje i petrografsku analizu izdanaka s ciljem dobiva-
nja novih spoznaja o navedenim nedostatcima. Identificirano je deset litofacijesa koji su grupirani u tri asocijacije facije-
sa: facijes otvorenoga mora, facijes plimnih kanala i facijes meduplimne zone s plimnom ravnicom. Njihov vertikalni
raspored upucuje na postojanje normalnih i inverznih prijelaza. Normalni prijelaz upucuje na pomak od sublitoralnih
do plimom dominiranih okolisa, $to se tumaci kao rezultat povecanoga donosa sedimenta s uzdignutih planina Barisan
te kratkoro¢nim globalnim padom razine mora (npr. SEA34-SEA46). S druge strane, inverzni prijelaz upuéuje na trans-
gresiju koja se dogodila u Ombilinskome bazenu. Petrografska analiza u formaciji Ombilin uputila je na postojanje arko-
znih pjescenjaka koji potje¢u ponajprije iz magmatskoga luka, $to je u skladu s istovremenim vulkanizmom koji se odvi-
ja zapadno od promatranoga bazena, ali s manjom preradom marinskih naslaga i starijih klasti¢nih naslaga. Stratigrafski
dokazi upucuju na pocetnu regresiju, vjerojatno uzrokovanu podizanjem planine Barisan i globalnim padom razine
mora u bazenu Ombilin tijekom ranoga miocena. Nakon ovoga dogadaja uslijedilo je taloZenje pra¢eno globalnim trans-
gresivnim trendovima. Ovi nalazi pruZaju nove znanstvene spoznaje o razvoju sedimentacije, podrijetlu i tektonsko-
eustatickoj interakciji koja je kontrolirala razvoj bazena Ombilin tijekom ranoga i srednjega miocena.

Klju¢ne rijeci:
naslage povezane s plimom, podbazen Sinamar, sedimentologija, podrijetlo, tektonika
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Abstract

The interaction between crude oil, brine and carbonate rock systems is critical for implementing enhanced oil recovery
(EOR). Surfactants, such as sophorolipid biosurfactants, incorporated in the displacing fluid are able to reduce the inter-
facial tension (IFT) and alter the wettability in these systems. However, the presence of divalent ions, especially calcium
(Ca?*) and magnesium (Mg?*), complicates this interaction, affecting the effectiveness of EOR techniques. This study
examines the influence of divalent ions on crude oil-brine-carbonate rock systems with the introduction of sophorolip-
ids through experimental work. Interfacial tension and emulsion viscosity experiments evaluate the fluid-to-fluid inter-
actions, while contact angle and static adsorption measurements characterize the interaction between the fluids and the
rock, which are highly pertinent to the EOR mechanism. The Ca?* and Mg?* ions (2000 ppm) to sodium chloride (NaCl)
solutions (10,000-15,000 ppm) with a 0.5 wt.% sophorolipid concentration at Critical Micelle Concentration (CMC) in-
creased the water-wetness of the carbonate rock surface. In addition, while the ions reduced the interfacial tension (IFT),
they did not significantly affect the viscosity of the oil-water emulsion of the NaCl solution with 0.5 wt.% sophorolipid.
At low salinity (5000 ppm NaCl solution), these ions decreased the adsorption rate of the sophorolipid solutions on In-
diana Limestone samples. The addition of these divalent ions to the injection solution significantly reduced the oil re-
covery efficiency, by about 28% for light oil and 32% for medium oil, during the biosurfactant flooding process.

Keywords:

Sophorolipids, divalent ions, carbonate, salinity conditions, enhanced oil recovery

The injection of surfactants into carbonate rocks for
enhanced oil recovery (EOR) is critical, but it has envi-
ronmental impacts. Concerns about this have prompted
research into sustainable alternatives, such as biosur-

1. Introduction

Carbonate reservoirs, which contain about 60% of the
world’s oil reserves, present unique challenges for oil

extraction due to their complex pore structure and wet-
tability characteristics (Ayirala et al., 2021; Sheng,
2013). Carbonate reservoirs are often heterogeneous,
having varying degrees of porosity and permeability,
which further complicates the oil production process
(Mogensen & Masalmeh, 2020; Nazari et al., 2019).
These reservoirs are usually oil-wet or mixed-wet, which
reduces the effects of traditional water-flooding methods
(Hao et al., 2019; Mohammed & Babadagli, 2015).
This means large residual oil reserves are often left in
carbonate rocks (Mogensen & Masalmeh, 2020; Xu et
al., 2020), awaiting innovative solutions to increase oil
recovery.
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factants. Consequently, the use of sophorolipids as green
surfactants has attracted increased research interest. So-
phorolipids — a class of biosurfactants — have attracted
interest for their potential in EOR applications owing to
their biodegradability, low toxicity and relatively low
cost (Diaz De Rienzo et al., 2015; Ganji et al., 2020).
Sophorolipids can lower the interfacial tension (IFT) be-
tween crude oil and brine, mobilising trapped oil (Es-
fandyari et al., 2021; Hou et al., 2021; Shekhar et al.,
2015). These biosurfactants can modify the wettability
of carbonate rocks from oil-wet to water-wet, and reduce
the surfactant adsorption by carbonate rock, hence im-
proving oil recovery (Akanji et al., 2021; Bhardwaj,
2013; Elshafie et al., 2015; Magri et al., 2018).

Crude oil-brine—carbonate rock systems are common
in petroleum engineering studies, and oil recovery
can be significantly enhanced from these. The crude
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oil-brine—carbonate rock system represents a complex
interaction of multiple components that substantially af-
fect the efficiency of EOR methods. Fluid-to-fluid inter-
actions in biosurfactant injection processes impact the
microemulsion viscosity and lower the IFT (Marhaen-
drajana et al., 2025; Megayanti et al., 2023; Udoh &
Vinogradov, 2019). Changes in the wettability and the
degree of rock adsorption are usually measured to evalu-
ate fluid-to-carbonate rock interactions (Bassir & Shad-
izadeh, 2020; Shaik et al., 2020).

Salinity affects the interactions between fluids and the
mechanisms of biosurfactant application in fluid-to-fluid
and fluid-to-rock interactions. In specific instances, bio-
surfactants have demonstrated optimal performance at
particular salinity levels, at which point the IFT reaches
its minimum value (Mohammadi et al., 2019; Yutkin et
al., 2022). The viscosity and stability of the microemul-
sion generated during the EOR biosurfactant process are
influenced by salinity levels (Iravani et al., 2025; Khoda-
parast & Johns, 2020). The salinity level of the solution
can potentially decrease biosurfactant adsorption, thereby
increasing the availability of biosurfactant molecules to
alter the rock-wetting properties (Hou et al., 2022). In el-
evated salinity conditions, the solubility of biosurfactants
in the brine solution may decrease due to aggregate (e.g.
micelle) formation or precipitation, and the biosurfactant’s
effectiveness may be reduced. Thus, the optimal salinity
must be established for each reservoir, considering the in-
tricate interactions between the biosurfactant and the car-
bonate rock (Ghaedi et al., 2023).

Elevated IFT between crude oil and brine can impede
the mobilisation of entrapped oil. Incorporating sur-
factants, including sophorolipids, markedly decreases
the IFT, promoting oil displacement (Baccile & Klein-
en, 2025; Esfandyari et al., 2021; Fu et al., 2024;
Gazem et al., 2025). Divalent ions reduce the IFT be-
tween oil and aqueous surfactant solutions, achieving
very low values at optimal concentrations. This phenom-
enon is crucial for applications such as EOR (Jha et al.,
2018). The presence of divalent ions can also improve
the effectiveness of sophorolipids in reducing the IFT,
these ions interacting with the surfactant molecules and
the crude oil, leading to a more effective reduction in
IFT (Koh et al., 2016).

Carbonate rocks are primarily composed of calcite
(CaCO,) minerals. In the formation of dolomite, magne-
sium ions (Mg*") replace some of the calcium ions (Ca*")
in the limestone’s mineral structure. The chemical for-
mula for dolomite is CaMg(CO,)*. Derikvand (2020)
discovered that including Mg?* and Ca?** in brine solu-
tions can improve oil recovery by modifying the surface
characteristics of the crude oil-brine—carbonate rock
system (Derikvand et al., 2020; Zheng et al., 2024).

This modification has been ascribed to the capacity of
these ions to engage both with the rock surface and the
crude oil, thereby changing the wettability and IFT (De-
rikvand et al., 2020; Eslahati et al., 2020). Divalent

ions, including Ca?* and Mg**, are also essential in mod-
ifying rock wettability and thereby enhancing oil mobi-
lisation (Bai et al., 2021; Gandomkar & Reza, 2017;
Marhaendrajana et al., 2018; Zaeri et al., 2019). The
presence of Ca* and Mg?* significantly affects the ad-
sorption rate (Anachkov et al., 2015; Herawati et al.,
2022; Hou et al., 2022). The reactive properties of Ca**
and Mg?* are also strongly influenced by salinity (Derik-
vand et al., 2020; Prabhakar & Melnik, 2018; Zaeri
et al., 2019).

The interaction of these three components can signifi-
cantly impact the fluid movement mechanism in a reser-
voir and the oil recovery efficiency using sophorolipids.
The objective of the study is to evaluate the effects of
brine with various salinities (5000—15,000 ppm) and so-
phorolipid concentration (0-2 wt.%) on medium and
light oil samples using Indiana Limestone (IL). In addi-
tion, the study investigates the role of divalent ions (Ca?*
and Mg?>) in enhancing and optimising biosurfactant-
based EOR system through IFT, oil-water emulsion vis-
cosity, contact angle, static adsorption and core flooding
tests. Incorporating sophorolipids into EOR represents an
innovative approach to addressing the challenges associ-
ated with carbonate reservoirs. This strategy not only im-
proves recovery efficiency but also provides environ-
mental and operational benefits that align with the indus-
try’s incrceasing commitment on sustainable practices.

2. Experimental Methodology
2.1. Material and Sample Preparation
2.1.1. Crude Oil Sample

The crude oil samples used in this study were col-
lected from two oil fields in Indonesia. The light oil
properties presented in Table 1 were cited by Swadesi et
al. (2015). The medium oil properties were obtained
from laboratory analyses conducted by Lemigas. Based
on API gravity, each sample represents the characteris-
tics of light and medium oils.

Table 1. Crude Oil Characteristics

Propert Light Medium
e Crude Oil | Crude Oil
API Gravity (°API) 43.45 33.1
Saturates (%) 71.60 74.67
Aromatics (%) 25.49 24.07
Resins (%) 2.14 1.15
Asphaltenes (%) 0.78 0.106
Total Acid Number, TAN
(mg KOH/g) 1.23 0.178
Viscosity (cP) at Corresponding 0.9 (66°C) | 4.38 (60°C)
reservoir temperature ’ ’

Note. KOH, potassium hydroxide.
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2.1.2. Sophorolipids

We used a sophorolipid biosurfactant purchased from
Shanghai Yuchuang Chemical Technology Co., Ltd.,
which has a light yellow to brown liquid appearance, as
shown in Figure 1. This product is water soluble and has
the sophorolipid specifications shown in Table 2. So-
phorolipids consist of hydrophilic sophorose groups co-
valently bonded to hydrophobic fatty acid groups. Two
glucose units are linked by a glycosidic bond (B-1,2’) to
form sophorose, a disaccharide (2-O-B-D-glucopyrano-
syl-p-D-glucopyr-anose) (Pal et al., 2023).

Figure 1. Example of a Sophorolipid Sample

Table 2. Sophorolipids Specification

Items Specifications
Solid Content 51.50%
pH 3.95
Solubility (Water) Soluble

2.1.3. Core Sample

Indiana Limestone was used for the rock-fluid test in
this study. Based on laboratory testing, this limestone is
characterized by 20% porosity and 135 mD permeabili-
ty, as measured by a PORG-200 porosimeter and PERG
using gas N2. The mineral composition based on X-ray
diffraction data from IL, is shown in Table 3.

Table 3. Mineral Composition of Indiana Limestone

Items Specifications
Quartz 0.84%
Calcite 94.08%
Clay 1.94%
Pyrite 1.61%
Dolomite 1.53%

2.2. Experiment Design

The overall fluid-to-fluid and fluid-to-carbonate rock
testing involved synthetic brines with various composi-

Table 4. Synthetic Brine Composition

Synthetic Brine
Number
NaCl Ca(l, MgCl,
1 5,000 ppm - -
2 5,000 ppm 2,000 ppm -
3 5,000 ppm - 2,000 ppm
4 10,000 ppm |- -
5 10,000 ppm 2,000 ppm -
6 10,000 ppm |- 2,000 ppm
7 15,000 ppm |- -
8 15,000 ppm 2,000 ppm -
9 15,000 ppm |- 2,000 ppm

Note. NaCl, sodium chloride; CaCl,, calcium chloride; MgCl,,
magnesium chloride.

tions, as shown in Table 4. The scenarios totalled 90
tests, incorporating two samples of crude oil and five so-
phorolipid concentrations, from 0 to 2 wt.%.

The technique of attributing reaction rates to the dis-
tance from equilibrium (X) becomes troublesome when
dealing with magnesian calcites, and there has been de-
bate regarding the precise definition of this equilibrium.
Uncertainties in free energy values, the more general is-
sue of whether magnesian calcites ever achieve a truly
metastable equilibrium state, and the best way to depict
this connection in thermodynamic calculations are some
of the causes of this issue.

Thus, far more attention has been paid to the problem
of how magnesium substitution impacts solubility than
to the impact on dissolution rate alone. To address this
issue, Thorstenson & Plummer (1977) proposed the
concept of stoichiometric saturation. They suggested
that the product of activities provides the equilibrium
constant for a magnesian calcite with the composition
Ca(, )Mg CO.,.

[APmag car = (Ca** ) ¥ (Mg**)*(C037) (1)

Where x = mole fraction of lattice magnesium. Magne-
sian calcite is thus assumed to react as a one-component
phase having a fixed composition (Morse & Arvidson,
2002; Thorstenson & Plummer, 1977).

2.3. Procedure

2.3.1. Interfacial Tension Test

The IFT measurement was conducted using a spin-
ning-drop tensiometer (see Figure 2) to determine the
biosurfactant’s ability to reduce the IFT between the oil
and brine solutions. The measurement time was 30 min
at 6000 rpm and a temperature of 60 = 0.5°C.

2.3.2. Viscosity Emulsion

A Brookfield viscometer measures the torsional force
exerted on a cylindrical rotor (spindle) immersed in a flu-
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id, which gives the measurement of viscosity. In this ex-
periment, the viscometer was used to measure the viscos-
ity of an oil-water emulsion. The sample mixture was 1:1,
with 5 mL each of oil and sophorolipid solution, stirred
for 10 min at 60 = 0.5°C to promote emulsification.

2.3.3. Contact Angle Measurement

A Theta Lite Optical Tensiometer TL100 (OneAtten-
tion) tool was used to measure the contact angle on a
thin-section of the IL. The IL thin-section was immersed
in crude oil for 24 h at 60 + 0.5°C to adjust the rock con-
ditions to the initial wettability of the reservoir by induc-
ing the adsorption of oil molecules and polar compounds,
such as asphaltene and resins, onto the rock surface.
During the procedure, water droplets were placed on the
oil-soaked rock surface, and the contact angle was meas-
ured, as shown in Figure 3. A similar procedure had pre-
viously been used by Abdallah et al. (2007) and Al-
Maamari & Buckley (2003).

2.3.4. Static Adsorption

The adsorption test was performed to evaluate the ad-
sorption efficacy of the sophorolipids on the IL and to
ascertain whether other factors, such as the interaction of

HPLC Column
Packing Material

a

Solvent

Injector
Auto Sampler
Sample Manager

<

O
&

)

(Mobile Phase)
Reservoir

Sample
-9~

Pump
Solvent Manager
Solvent Delivery System

|

Detector

)
§

=

Compuler Dala Station

Figure 4. Schematic

of The High-Performance Liquid
Chromatography (HPLC)
Apparatus

Effluent

(e]e)

0000

Injection
Pump

Inlet
Pressure
Sensor

Accumulator e
ndiana

Limestone|

._'_

8|:| Confining
0000 | Pressure
Pump

R

Ilﬁll-i
Il P ' Core Holder

Sophorolipid

Measuring
Cylinder

Figure 5. Schematic
of the Core Flooding Apparatus

Rudarsko-geolosko-nafini zbornik 2026, 41 (2), pp.

85-95, https://doi.org/10.17794/rgn.2026.2.6



89 The Effect of Calcium and Magnesium Ions on a Crude Oil-Brine-Carbonate Rock System...

100

—&— NaCl 5000 ppm

—e— NaCl 10000 ppm

—a— NaCl 15000 ppm

-3 - NaCl 5000 ppm + CaCI2 2000 ppm
-3 - NaCl 10000 ppm + CaCl2 2000 ppm

o
o

EE -~ - NaCl 15000 ppm + CaCl2 2000 ppm
=
(S
w
1
0.1
0 0.5 1 1.5 2
(a) Sophorolipids Concentration, %
10
—&— NaCl 5000 ppm
—&— NaCl 10000 ppm
i —a— NaCl 15000 ppm
LS -3 - NaCl 5000 ppm + CaCI2 2000 ppm
e N -5 NaCl 10000 ppm + CaCI2 2000 ppr
% y -~ - NaCl 15000 ppm + CaCI2 2000 ppm
=T
[
,,,,,,,,,,, § —
0.1
0 0.5 1 1.5 2
(c) Sophorolipids Concentration, %

100

—&— NaCl 5000 ppm

—e— NaCl 10000 ppm

—4— NaCl 15000 ppm

-3~ NaCl 5000 ppm + MgCI2 2000 ppm
--@- NaCl 10000 ppm + MgCl2 2000 ppm
-4~ NaCl 15000 ppm + MgCI2 2000 ppm

IFT, mN/m

L]
4

0 05 1 15 2
(b) Sophorolipids Concentration, %

—&— NaCl 5000 ppm

—@— NaCl 10000 ppm

i —a— NaCl 15000 ppm

\ --3- NaCl 5000 ppm + MgCI2 2000 ppm
- & - NaCl 10000 ppm + MgCI2 2000 ppm
--a--NaCl 15000 ppm + MgCl2 2000 ppm

IFT, mN/m

0.1

0 0.5 1 15 2
(d) Sophorolipids Concentration, %
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water with the rock surface, changed the adsorption fea-
tures. In a volumetric flask, a sample of IL grain (80
mesh) was soaked in a solution of sophorolipids at 0.5%
and 2 wt.%. The mass ratio between the grain and the
solution was 1:4. The flask was shaken for 48 h, and then
the liquid was filtered through 4 micro-sized filter pa-
pers. The adsorption analysis was conducted using a
high-performance liquid chromatography apparatus (see
Figure 4). The test was performed by introducing the
fluid (all particles analysed had to be in liquid form) into
the injection port.

2.3.5. Core Flooding

The core flooding test involves fluid, or a combina-
tion of fluids, being injected into a rock sample. This test
is commonly used to determine the optimal development
options for oil reservoirs and often helps in evaluating
the effects of injecting fluids specifically designed to en-
hance or increase oil recovery. A core plug sample of IL
was immersed in crude oil for 24 h at 60 = 0.5°C after
water injection. The concentration of the sophorolipid
solution was 0.5 wt.% under CMC conditions and the
brine concentration was 10,000 ppm, representing the
field conditions in Indonesia. Divalent ions were added
to this fluid. The test was conducted using the core flood-

ing apparatus, with a confining pressure of 100 psia and
an injection rate of 0.3 cc/min, as shown in Figure 5.

3. Results
3.1. Interfacial Tension

Measurement of the IFT in sophorolipid solutions
was carried out on 90 samples, with the effects of the
addition of Ca?* and Mg?" ions, respectively in the forms
of CaCl, or MgCl, at concentrations of 2000 ppm, to the
solutions that had varying NaCl and sophorolipid con-
centrations. In general, the presence of CaCl, or MgCl,
affected the IFT values in very subtle ways (see Figure
6). This suggests that the sophorolipids were not signifi-
cantly affected by the divalent ions in either the medium
crude oil (see Figures 7a and b) or light crude oil (see
Figures 6¢ and d) cases. The sophorolipids were found
to be optimum for reducing the oil-water IFT at a con-
centration of approximately 0.5 wt.%.

3.2. Oil-Water Emulsion Viscosity

In the oil-water emulsion viscosity test, observations
were made at a sophorolipid concentration of 0.5 wt.%.
In the medium oil (see Figure 7a), the Ca?" caused an
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increase in the viscosity of the oil-water emulsion at
high salinity (15,000 ppm) and the Mg*" increased the
viscosity even more, especially at medium to high sa-
linities. In the light oil (see Figure 7b), the Ca*" and
Mg?** effects were less critical, but both still increased the
viscosity at a specific salinity. The impacts of the Ca*"
and Mg?* were more significant in the medium oil than
the light oil. In the light oil, the initial viscosity was low-
er, and the impact of the sophorolipids and additional
ions was less pronounced. The structure of light oils
tends to be simpler, which might explain this. So-
phorolipids can affect the viscosity of oil-water emul-
sions depending on the oil type, optimum salt concentra-
tion, and the presence of divalent ions. Adding Ca** and
Mg?*" increases the viscosity of medium oils in particular
because the interaction between the ions and the so-
phorolipid micelles strengthens the structure, thus in-
creasing flow resistance. The combination of NaCl and
divalent ions showed synergistic effects in modifying
the viscosity, especially at the Critical Micelle Concen-
tration of sophorolipids.

3.3. Wettability Alteration

The influence of divalent ions on the alteration of
wettability by sophorolipids is a complex subject that

encompasses the interactions between biosurfactants
and ionic compositions in aqueous solutions. Divalent
ions, especially Ca?" and Mg?*, significantly influence
the wettability of surfaces, particularly those altered by
sophorolipids. In the case of 0.5 %wt sophorolipids con-
centration, Ca?* and Mg?" ions cause a significant in-
crease in contact angle at NaCl salinity of 5,000 ppm
and 10,000 ppm. At the same time, the effect is not no-
ticeable at 15,000 ppm (see Figure 8).

The observation is almost similar for the light oil
case. The contact angle increases at low salinity (5,000
ppm); it decreases at 10,000, and finally it tends to stabi-
lize at 15,000 ppm. The effect of the addition of divalent
ions on wettability alteration does not always have a
clear pattern, but it is highly dependent on the specific
conditions of the system and the combination of ions
used (Gandomkar & Reza, 2017).

3.4. Static Adsorption

Static adsorption tests were conducted at 5000, 10,000
and 15,000 ppm NaCl salinity and 0.5 wt.% sophorolip-
id concentrations. At low NaCl salinity (5000 ppm), the
presence of a divalent ion was able to reduce the adsorp-
tion (see Figure 9). At NaCl salinities of 10,000 and
15,000 ppm, the addition of Ca®" or Mg?* did not affect
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the adsorption of sophorolipids. It is assumed that the
sophorolipid molecules act directly on the surface, their
distribution being more even under diverse ion circum-
stances (i.e. in the presence of Na*, Na" + Ca*" or and
Na* + Mg?"), resulting in a consistent adsorption rate.

3.5. Core Flooding

The addition of Ca*" and Mg** to the injection solu-
tion significantly decreased the oil recovery efficiency in
both the water flooding and sophorolipid flooding pro-
cesses, regardless of the crude oil grade, whether medi-
um or light. During water flooding, the recovery factor
decreased from approximately 44% to 20-23% for me-
dium oil and from 37% to about 25% for light oil when
divalent ions were added. In the biosurfactant flooding,
the recovery factor decreased significantly, from approx-
imately 65% to 33% for medium oil and from 58% to
40% for the light crude (see Figure 10). In carbonate
rock reservoirs, the presence of divalent ions, such as
Ca?" and Mg?*, has a more complex effect than in sand-
stone reservoirs. This is because carbonate rocks are
composed mainly of calcite (CaCOs), which can chemi-
cally interact directly with these ions. Divalent ions in-
teract with the sophorolipid solution and the rock, caus-
ing a decrease in biosurfactant activity, an increase in

adsorption, and the formation of mineral scales that in-
hibit permeability. Elevated divalent-ion concentrations
(Ca*>*/Mg?") in carbonate systems alter surface charge
and promote Ca®-mediated surface complexation, which
diminishes wettability alteration and reduces incremen-
tal recovery (Mahani et al., 2015).

4. Discussion

The interaction between divalent ions (Ca?" and
Mg?"), sophorolipid molecules, and carbonate mineral
surfaces plays a crucial role in determining the overall
recovery performance. These ions are known to engage
in surface complexation reactions with carbonate miner-
als, leading to changes in surface charge and electrostat-
ic potential. At moderate salinity levels (5,000-10,000
ppm NaCl), Ca*" and Mg?" ions tend to compete with the
carboxyl and hydroxyl functional groups of sophorolip-
id molecules for adsorption sites on the carbonate sur-
face. This competition reduces biosurfactant adsorption,
enhancing the availability of active sophorolipid mole-
cules in solution and promoting water-wet conditions.
Conversely, at higher salinities (>15,000 ppm), the ac-
cumulation of these divalent ions at the mineral interface
promotes the formation of Ca—COs or Mg—COs surface
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complexes, which can hinder the ability of sophorolipids
to interact effectively with the rock, thus diminishing
wettability alteration efficiency. Mg?" ions, due to their
stronger hydration shell, induce greater charge shielding
and restrict surfactant adsorption, resulting in more sta-
ble but less reactive interfaces. In contrast, Ca?" can
bridge between negatively charged sophorolipid head-
groups and carbonate surfaces, promoting partial aggre-
gation of micelles at the interface. This bridging effect
explains the observed increase in emulsion viscosity for
medium oils and the reduced recovery during coreflood-
ing tests. These mechanistic insights align with previous
findings by Bai et al. (2021) and Derikvand et al.
(2020), suggesting that the balance between ion concen-
tration, salinity, and biosurfactant molecular structure
must be optimized to achieve effective EOR perfor-
mance in carbonate reservoirs.

5. Conclusions

The findings show that divalent ions — especially Ca**
and Mg?" — affect the interactions between crude oil,
brine solutions, and carbonate rocks, to a certain degree,
when biosurfactant sophorolipids are added to the brine
as the EOR agent. These ions decrease the IFT between
the brine and sophorolipid at least a tenth of the time, in
both light and medium oil. Meanwhile, these ions tend to
increase the water contact angle at low salinities (5000—
10,000 ppm) and decrease the water contact angle at
higher salinities (10,000—15,000 ppm). The adsorption of
the sophorolipids onto the IL decreased in the presence of
Ca** and Mg*" at low salinities. These results suggest
Ca* and Mg?* can improve the performance of so-
phorolipids if used as an EOR agent in a carbonate reser-
voir. Incorporating Ca’>" and Mg*" enhances the viscosity
of the mixture, particularly in medium oils, due to the
interaction of these ions with sophorolipid micelles,
thereby fortifying the structure and augmenting flow re-
sistance. This may potentially create a more stable dis-
placement front for improved oil recovery.

The recovery factor in biosurfactant flooding de-
creased significantly, dropping from approximately 65%
to 33% for the medium oil and from 58% to 40% for the
light crude oil. In carbonate rocks, the adverse effects of
divalent ions are more complex because they stabilize
the carbonate minerals, reducing the potential for chang-
es in wettability required to increase recovery. Increased
divalent-ion concentrations (Ca*/Mg?") in carbonate
systems modify surface charge and facilitate surface
complexation, hence decreasing wettability alteration
and limiting incremental recovery.
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SAZETAK

Utjecaj iona kalcija i magnezija na sustav sirove nafte, slojne vode
i karbonatnih stijena tijekom povecanja iscrpka nafte soforolipidnom otopinom

Interakcija izmedu sirove nafte, slojne vode i karbonatnih stijena klju¢na je za primjenu metoda povecanja iscrpka nafte
(engl. Enhanced Oil Recovery, EOR). Povrsinski aktivne tvari (surfaktanti), kao $to su biosurfaktanti soforolipidi, koji su
sastavni dio istiskivajucega fluida, mogu smanjiti medufaznu napetost (engl. interfacial tension, ITF) i promijeniti mo-
¢ivost takvih sustava. Medutim, prisutnost dvovalentnih iona, posebice kalcija (Ca?*) i magnezija (Mg?*), ¢ini ovu inter-
akciju slozenijom, utje¢udi na u¢inkovitost EOR metoda. U ovome je radu eksperimentalno ispitan utjecaj dvovalentnih
iona na sustav sirova nafta - slojna voda - karbonatne stijene uz dodatak soforolipida. Izrazen je utjecaj dvovoalentnih
iona na uzorke srednje te$ke i lake nafte dodavanjem razli¢itih koncentracija Ca?* i Mg?* iona u otopinu soforolipida u
trima razli¢itim uvjetima saliniteta. Eksperimenti s medufaznom napeto$cu i viskozno$c¢u emulzije procjenjuju interak-
cije fluida, dok mjerenja kontaktnoga kuta i stati¢ke adsorpcije karakteriziraju interakciju izmedu fluida i stijene, $to je
vrlo vazno za EOR mehanizam. Dodavanje Ca?* i Mg?* iona (2000 ppm) otopinama natrijeva klorida (NaCl) (10 ooo - 15
000 ppm) s koncentracijom soforolipida od 0,5 % teZinski pri kriti¢noj micelnoj koncentraciji (engl. Critical Micelle
Concentration, CMC) povecalo je mocivost karbonatne stijene na vodu. Uz to, iako su ioni smanjili medufaznu napetost
(ITF), nisu znatno utjecali na viskoznosti emulzije nafte u vodenoj otopini NaCl s 0,5 % (teZinski) soforolipida. U uvjeti-
ma niskoga saliniteta (otopina s 5000 ppm NaCl) ovi su ioni smanjili brzinu adsorpcije u soforolipidnim otopinama na
uzorcima vapnenaca iz Indiane. Dodavanje ovih dvovalentnih iona u otopinu za utiskivanje znatno je smanjilo u¢inkovi-
tost istiskivanja nafte, za oko 28 % u slucaju lake nafte i 32 % u slucaju srednje teske nafte, tijekom navodnjavanja biosur-
faktantima.

Kljuc¢ne rijedi:
soforolipidi, dvovalentni ioni, uvjeti saliniteta, povecanje iscrpka nafte
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Abstract

The district of Jbel Houanite is an important metallogenic province rich in polymetallic mineralization (Sb-Au-Pb-Zn-
Ba-Fe-Cu) located in the northern part of the Eastern High Atlas of Morocco, along the North High Atlasic Fault. The
earliest identified mineralization corresponds to quartz veins rich in antimony and gold hosted in the Paleozoic forma-
tions, while the later mineralization corresponds to Pb-Zn deposits hosted in the Liassic limestones. Geological recon-
naissance and mineral exploration work in the Jbel Houanite region determined the presence of antimony mineraliza-
tion in the form of Stibnite (Sb_S ) and Bindheimite (Pb,Sb,04(O,0H)), while the lead mineralization in the sedimen-
tary cover consists of galena (PbS) and cerussite (PbCO,). The lead anomalies are intimately linked to the presence of
antimony, and this mineralization is the result of hydrothermal remobilization during the Atlas phases, which reacti-
vated the basement faults, facilitating the establishment of lead mineralization in a Mississippi Valley Type (MVT) sys-
tem. Petrographic and geochemical investigations of mineral parageneses allowed us to establish temporal relationships
between mineralization events: the primary Sb-Au mineralization is linked to late Hercynian extensional tectonics,
while the Pb-Zn mineralization is related to early Atlas compressional phases. This sequential evolution highlights a
complex polyphase tectono-metallogenic history controlling ore deposition. These findings contribute to a better under-
standing of the genetic models of Sb-Au-Pb-Zn mineralization in the High Eastern Atlas and demonstrate the crucial
role of tectonic inheritance and structural reactivation in ore formation and localization.

Keywords:

Antimony, lead, paragenetic evolution, Paleozoic basement, Meso-Cenozoic cover, Eastern High Atlas, Morocco

1a) (e.g. Jacobshagen et al., 2005; Nouayti et al.,
2023; Chellai et al., 2024).

The Jbel Houanite region is distinguished by polym-
etallic mineralization that occurs in two distinct epi-
sodes: antimony and gold mineralization (see Figure
1b), of Hercynian age, and lead-zinc mineralization,
linked to the Atlas orogeny. The former is located along
NW-SE and NE-SW oriented fractures, while the latter
develops preferentially along the E-W fracture systems
intersecting the carbonate platform of the Lower and
Middle Lias.

The Paleozoic Tamlelt formations begin with a Neo-
proterozoic and Cambrian carbonate platform composed
of limestones and dolomites. The Cambrian period,

1. Introduction

The Eastern High Atlas of Morocco is an intraconti-
nental chain that was formed during the Mesozoic and
Cenozoic phases (Mattauer et al., 1977; Laville et al.,
2004; Choukrad, 2022). This evolution is reflected in
the development of pull-apart basins controlled by a net-
work of major faults inherited from the Precambrian and
Hercynian tectonic cycles. In this context, the Jbel
Houanite mining district is located at the intersection of
the North High Atlasic Fault and constitutes a pivotal
zone between the Paleozoic structural domain of the
Tamlelt inlier and the High Atlasic domain (see Figure
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marked by black or green pelites with sandstone and
quartzitic intercalations, reflects a gradual deepening of
the basin (El Kochri, 1996; Houari, 2003; Houari &
Hoepffner, 2003; El Hakour, 2005; Talih et al., 2022).
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Figure 1. (a) Location of the study area district (b) geological map of Houanite District.

The Ordovician is defined by alternations of sandstone,
clayey or silty schist, and quartzites, while the Silurian is
represented by silty or clayey pelites (see Figure 1b).

The Mesozoic and Cenozoic cover is the result of a
negative tectonic inversion initiated in the Triassic and
continued during the Jurassic and Cretaceous periods,
which led to the formation of sedimentary basins (see
Figure 1b). The Triassic is characterized by coarse arko-
ses, conglomerates and sandstones of detrital origin. The
Lias, particularly the Sinemurian (see Figure 1b), is rep-
resented by massive dolomites and limestones reflecting
the development of a typical Atlasic carbonate platform
(Charroud et al., 1996; Bezar et al., 1998; Charroud,
2002; Blomeier & Reijmer, 2002; Verwer et al., 2009;
Merino-Tomé et al., 2012). This deposition is followed,
between the Pliensbachian and Toarcian periods, by suc-
cessions of limestone and marl, indicating tectonic ac-
tivity and the dislocation of the platform (El Kochri &
Chorowicz, 1996; Laville et al., 2004; Choukrad et
al., 2024). The Middle Jurassic begins with Aalenian
and Bajocian limestones associated with a reef environ-
ment, topped by Bathonian detrital formations (Kaouk-
aya et al., 2001; Adil et al., 2004; Choukrad et al.,
2022). The Lower Cretaceous is represented by detrital
formations (red sandstones, lacustrine carbonates) dated
to the Upper Aptian-Baremian (El Kochri & Chorow-
icz, 1988; Haddoumi et al., 1998; Charriére et al.,
2005; Haddoumi et al., 2008). The infra-Cenomanian
and Cenomanian levels indicate a detrital-evaporitic en-
vironment of sandstone, clay and gypsum, followed by
Turonian carbonate deposits.

This study aims to characterize the paragenetic evolu-
tion of Sb-Au-Pb-Zn mineralization in the Jbel Houanite
region by highlighting the spatio-temporal relationships
between the antimony-bearing mineralization of the
Hercynian basement and the lead-zinc mineralization
hosted in the Mesozoic cover. This analysis is based on
a multidisciplinary approach that integrates geological

mapping, structural analysis, petrographic studies, and
geochemical data.

Despite the significant metallogenic potential of the
Eastern High Atlas particularly in polymetallic systems
(Sb, Au, Pb, Zn, Fe, Ba, Cu) antimony mineralization in
this region remains poorly documented and largely un-
derrepresented in scientific literature. Previous studies
have primarily focused on Pb-Zn deposits hosted in the
Mesozoic cover (Adil et al.,, 2004; Verhaert et al.,
2017; Choukrad et al., 2023), while Sb-Au occurrences
in the Paleozoic basement, particularly those associated
with shear zones, have received little attention. Howev-
er, comparable Sb-Au mineralizations located along ma-
jor crustal structures are well known in other orogenic
settings, such as the Massif Central (France) and the Bo-
hemian Massif (Central Europe), where they are typi-
cally associated with late hydrothermal fluid circulation
controlled by major tectonic structures (Marcoux &
Bril, 1986; Bril et al., 1991; Ashley & Craw, 2004;
Craw et al., 2004; Faure et al., 2005).

In this context, the Jbel Houanite District represents a
valuable case study for investigating the genetic links
between successive mineralization events, spanning
from the Paleozoic Hercynian orogeny to the Cenozoic
Atlas orogenic phases.

By comparing the Jbel Houanite system to other Sb-
bearing provinces in accretionary orogens, this research
provides new insight into the role of inherited structures
in controlling polyphase metallogenic systems. It also
offers a refined paragenetic framework and temporal
constraints that may be applied to other poorly known or
unexplored Sb-Au-Pb-Zn occurrences in the High Atlas
and analogous geodynamic settings.

2. Methods

In order to identify and characterize the geological
and mineralogical aspects, as well as to define the para-
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genetic evolution and the modes of mineralization in the
region of El Houanite (Eastern High Atlas of Morocco),
an integrated methodological approach was adopted,
combining field approaches, petrographic, mineralogical
and geochemical analyses.

> Fieldwork and Geological Mapping

A series of fieldwork campaigns was carried out in
order to identify the geological strata, in particular the
Paleozoic formations of the schist quartzitic basement
and their Meso-Cenozoic cover with predominantly car-
bonate (limestone and dolomite). The study focused on
the geological units containing the Sb and Pb-Zn miner-
alized showings.

Detailed geological sections and logs were drawn
along profiles crossing the mineralized structures. These
data were integrated into a geographic information sys-
tem using ArcGIS 10.8 software to spatialize minerali-
zation in relation to host structures.

» Sampling

Twelve representative samples were collected in an
area bounded between the coordinates 32°33°58.4”N;
02°27°39.56”W and 32°34°31.27”N; 02°26°23.39”W.
These samples cover both the Paleozoic basement (schist
and quartzite formations) and the Mesozoic and Cenozoic
cover (carbonate formations). Polished thin sections were
prepared from selected samples for SEM examination.
Prior to SEM analysis, the sections were coated with a
thin carbon film using a vacuum carbon coater to ensure
electrical conductivity and to improve imaging and EDX
signal quality. The carbon coating is necessary to avoid
charge accumulation on non-conductive phases and may
appear in EDX spectra as an artifact; this was taken into
account during data interpretation.

The samples were also examined with the JSM-IT100
Scanning Electron Microscope (SEM), equipped with an
Energy Dispersive X-ray (EDX) analysis system semi-
quantitative chemical analysis.

The EDX analyses were performed in high-vacuum
mode, with an accelerating voltage of 15-20 kV and a
working distance of ~10 mm. Elemental mapping and
spot analyses were conducted on specific mineral phases
to identify their chemical composition and textural rela-
tionships.

» Mineralogical Analyses (XRD)

The major minerals were identified by X-ray diffrac-
tion (XRD), carried out at the laboratory of the Univer-
sity of Fez using a Philips PANalytical X Pert Pro dif-
fractometer (Cu-Ko radiation, A = 1.5406 A, voltage 40
kV, intensity 40 mA). The analyses were performed at
room temperature on powders obtained after fine grind-
ing of the samples at a 50 um mesh sieve, in order to
minimize the effects of texture and preferential orienta-
tion. Data processing was carried out via the X’ Pert Data
Collector software.

» Geochemical analyses (XRF and ICP-MS)

The twelve collected samples were also the subjected
to geochemical analyses to quantify major, minor and
trace elements. The major elements were determined by
wavelength dispersive X-ray fluorescence (XRF, Axios
model), according to the standardized PROT ELE03-
v01 protocol, after drying and conditioning the samples
in granular form.

We followed the NI 43-101 standards for mining
work using quality control procedures on geochemical
analyses that correspond to the use of one sample dou-
bling for every 10 samples and certified blank samples to
ensure the reliability of the results and geochemical
analyses.

Trace elements were analyzed by inductively coupled
plasma mass spectrometry (ICP-MS) using an Ultima 2
- Jobin Yvon spectrometer, according to the NF EN ISO
11885. The results of these analyses are summarized in
Table 1.

» Structural data treatment

We have processed the different tectonic structural
measurements using the “Win-Tensor” software devel-
oped by the structural geologist Dr. Damien Delvaux
(Delvaux & Sperner, 2003), this program is widely
adopted and redundant, having already been used in sci-
entific publications worldwide for processing tectonic
and structural data results.

» Objective of the integrated analytical approach

The combination of these different analytical tech-
niques (mapping, optical and electron microscopy, X-
ray diffraction, X-ray fluorescence, ICP-MS) has made it
possible to establish a clear link between the types of
mineralization and their geological context. This cross-
referencing of the data has contributed to the reconstruc-
tion of the paragenetic evolution of the antimony miner-
alization of the basement and the lead-bearing minerali-
zation of the cover.

3. Results

Houanite District is a polymetallic province known
for various types of mineralization; the location of the
mineralized bodies of the Houanite District and their
hosted rock has allowed us to indicate the presence of
stages of mineralization with a paragenetic relationship
between them. The first ore bodies associated with N120
and N40 quartz veins and they are composed by anti-
mony and gold hosted in the Paleozoic formations, while
the second one is hosted in the Liassic limestones fol-
lowing the Atlasic fracturing and the karstification area.

3.1. The Paleozoic inlier ore deposit

The antimony mineralization (Sb) is mainly located
along major fracture and fault systems affecting the Paleo-
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zoic basement (see Figure 2a). These structures have a
dominant orientation between NW-SE and NE-SW, sug-
gesting a polyphase tectonic heritage (Ashley & Craw,
2004; Azza et al., 2019; Choukrad, 2022). The structural
ground analysis, coupled with the study of the spatial dis-
tribution of the orebodies, indicates that the mineraliza-
tion is controlled by shear zones and deformation corri-
dors associated with these large faults (see Figure 2c).

Three main episodes of deformation have been iden-
tified:

» Episode D,: NW-SE Extension:

The first tectonic episode is characterized by an ex-
tensional regime-oriented NW-SE. This phase led to the
formation of normal faults with apparent displacement
along a N40° direction (approximately NE-SW) (see
Figure 2b). These faults are commonly filled with quartz

Figure 2. Detailed photos of the
Houanite Au-Sb mining sector (a)
the Houanite mine zone, (b) showing
mineralization associated with
quartz veins and stereographic
representation of structural
measurements (c) Deformation shear
zone with the different generation

of quartz rich in Sb-Au-

and stereographic representation

of structural measurements.

and, in some areas, show the presence of stibnite and
gold-bearing mineralized bands.

> Episode D,: NE-SW Compression:

The second episode corresponds to a compressive re-
gime-oriented NE-SW, marked by reverse faults, open to
tight folds, and ductile shear zones. Some of the earlier
extensional structures were reactivated during this phase,
displaying transpressive kinematics (see Figure 2b).

» Episode Ds;: NW-SE Compression

A third compressive episode, oriented NW-SE, is
also recognized. It is expressed by late-stage deforma-
tion features such as fault intersections and folding,
which locally overprint earlier structures (see Figure
2c¢). This phase contributed to the development of fine-
scale fracturing in previously deformed zones.

Rudarsko-geolosko-naftni zbornik 2026, 41 (2), pp. 97-112, https://doi.org/10.17794/rgn.2026.2.7



101

Geodynamic and Paragenetic Evolution of the Jbel Houanite Mineralization (Sb-Au; Pb-Zn)...

10,000 —|
— |OKa  gpla Spc_004
=)
= ;
=
(=3
=
2
i) 5,000
=
[
z
= PbLI PbLr3
Sbisum | Pbla Pblb PbLf
I 1 | 1|
0 T T 1 T I ] 1 T T | T T 1 I I
0 5 10 15 20
Energy [keV]
Element Line Mass% Atom% Element Line Mass% Atom%
C K 27.00+£0.06  54.14+0.13 C K 27.00+0.06 54.14+0.13
(0] K 23.57£0.13  35.484+0.19 (0] K 23.57+0.13 35.48+0.19
Si K 0.43+0.03 0.37+0.02 S K 0.79+0.03 0.59+0.02
S K 0.79+0.03 0.59+0.02 Sb IL, 46.75+0.27 9.25+0.05
Sb IL, 46.75£0.27  9.25+0.05 Pb M 1.47+£0.010 1.17+0.01
Total 100.00 100.00 Total 100.00 100.00
Spc_004 Fitting ratio 0.0440 | Spc 004 Fitting ratio 0.0440
Stibnite (Sb2S3) possibly Valentinite / Bindheimite (Pbz Sb,04(O, OH)) possibly Valentinite
Senarmontite (Sb203) / Senarmontite (Sb203)

Figure 3. Semi-quantitative compositions of Sb-bearing Paleozoic inlier ore samples
from Houanite District (targeted sample)

The observed structural context suggests that the min-
eralizing episodes were multi-phased, with initial miner-
alization mainly related to the extensive D: phase, fol-
lowed by reactivation and concentration events con-
trolled by the D: and Ds compressive phases. This
polyphase tectonic control underscores the importance
of shear corridors as major hosts of stibnite and gold de-
posits in this region.

The research and exploitation work by gallery, well,
and open pit revealed the presence of polymetallic de-
posits (Sb-Au-As) in the basement (see Figure 2a). The
general structures measured led to a typical dexterous
shear zone. This zone is considered a transformation
zone in Paleozoic times (Piqué & Michard, 1989; Dill,
1998; Houari & Hoepffner, 2003; Azza et al., 2019;
Jaouad et al., 2024). The mineralization observed in the
field is hosted in quartz veins intersecting middle Cam-
brian sandstone and quartzite.

In the field the folding belt ENE - WSW with regional
development of the vertical axial plane cleavage. This
deformation shows ductile faults associated with verti-
cal foliation with mineralization of stibnite and chalco-
pyrite. The Sb-Au mineralization is emplaced in locally
irregular 40-50 cm quartz veins (stockwork) (see Figure
2¢). Quartz veins are observed in some places explaining
the mode of emplacement of this mineralization in a
shear-zone type shear zone.

Petrographic observation by optical microscopy of
the samples indicated gold mineralization showing gold

pipettes injected into the sub-automorphic quartz of the
microgranites. While stibnite is disseminated in quartz
and plagioclase, feldspars with chlorite with a very large
portion in the rock. Thus, we can conclude that the para-
genetic ores of the Paleozoic basement are composed of
Sb-Pb (see Figure 3).

Scanning Electron Microscope (SEM) analysis com-
bined with Energy-Dispersive X-ray Spectroscopy (EDS)
was conducted on samples collected from mineralized
quartz veins within the Paleozoic basement of the
Houanite District. Multiple mineral assemblages were
identified based on their chemical signatures. EDS spec-
tra reveal the presence of antimony in association with
lead, sulfur, oxygen, and silica (Choukrad et al., 2022;
Rajeshkumar et al., 2024; Sun et al., 2024).

The EDS data display variable concentrations of sul-
fur and lead, reflecting local chemical heterogeneity
within the mineralized zones. Complementary (XRD)
analyses performed on the same samples allowed for the
definitive identification of Stibnite (Sb.Ss) and Bind-
heimite (Pb2Sb20s(0O,0H)) (see Figure 4a & d). These
mineral phases were further corroborated by ore micros-
copy observations, confirming their presence and tex-
tural relationships within the quartz veins.

The EDS spectra presented in Figure 3 were initially
interpreted as evidence of the presence of Stibine (Sb2Ss)
and Bindheimite. However, a reevaluation of the chemi-
cal data suggests the presence of an antimony oxide.
Valentinite (Sb20s), Secondary alteration product com-
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Figure 4. X-ray diffraction analysis of antimony samples from the Houanite basement; (a) X-Ray Diffraction,
(b) Bindheimite scale microscope observation, (c): results of X-Ray Diffraction (d): stibnite scale microscope observation.

monly observed in oxidized zones of antimony deposits,
was thus considered as a probable phase. In order to
validate this hypothesis, additional X-ray diffraction
(XRD) analyses were performed (see Figure 4). How-
ever, the obtained diffractograms do not confirm the
presence of either Valentinite or Senarmontite, these two
polymorphs share an identical chemical formula (Sb203).
This absence of distinctive crystalline signals could indi-
cate that the antimony oxide present is either amorphous
or weakly crystallized, making its identification by XRD
inconclusive.

3.2. The Mesozoic and Cenozoic cover ore deposit

The mineralization is embedded in the Mesozoic and
Cenozoic cover of Jbel Houanite following faults of ma-
jor directions varying from E-W to NW-SE structurally
parallel to the North High Atlasic Accident (see Figure
5, a & d) and also to the Hercynian inheritance faults.
The mineralization is mostly found in the limestones and
dolomites of the Domerian and Toarcian, which are
Mesozoic and Cenozoic formations (see Figure 5b, ¢ &
e). The mineralized structures are hosted in the fault N90O
and follow the karstification area. The mineralization in-

dicates the presence of Pb-Zn-Ba-Calcite (Munoz &
Moélo, 1982; Leach et al., 2005; Wei et al., 2020; Laf-
forgue et al., 2021; Choukrad et al., 2022; Ait Ali et
al., 2024; Choukrad et al., 2024; Sun et al., 2024; Ait
Ali et al., 2025).

During the Jurassic, the Mesozoic sedimentary cover
of the region was affected by a major tectono-sedimentary
phase attributed to the Atlas orogeny. Field observations
indicate an extensive tectonic regime, evidenced by a
dense network of normal faults and sub-vertical disloca-
tions (see Figure 5a), oriented mainly NE-SW and NW—
SE. These structures are associated with the development
of karstic cavities and brecciated zones, locally filled with
carbonate cement and sulfide mineralization.

Structural data reveal that E-W trending faults inter-
sect and link the two main extensional systems. These
faults show features suggesting their possible role as
transfer zones or relay structures (see Figure 5d). The
mineralized bodies are mainly hosted within fractured
and karstified carbonate formations, spatially associated
with these structural features.

The geometric relationships observed between miner-
alized zones, karst features, and fault systems suggest a
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Figure 5. Pb-Zn
mineralization of the El
Houanite District (a)
Pb-Zn- mine and mining
gallery along the Ngo
normal fault with
stereographic
representation of
structural measurements
along the Ngo fault. (b &
¢) samples of high-grade
Pb-Zn mineralization
from the Mezosoic canopy
(d) Mined Pb-Zn suivant
la faille normale Ngo with
stereographic
representation of
structural measurements.

strong structural control on the spatial distribution of the
Pb-Zn mineralization during this post-Liassic phase.
Further implications regarding fluid migration, minerali-
zation processes, and tectono-sedimentary interactions
are discussed in the Discussion section.

Scanning Electron Microscope (SEM) analysis, cou-
pled with Energy Dispersive X-ray Spectroscopy (EDS),
performed on samples collected from the lead-zinc min-
eralized zones within the Mesozoic cover of the Jbel
Houanite District, reveals the presence of several min-
eral assemblages, identified based on spectral peaks and
elemental proportions. Lead is detected in association
with sulfur, carbon, and oxygen, corresponding respec-
tively to sulfide (galena, PbS) and carbonate (cerussite,
PbCO:s) phases. These minerals are frequently associat-
ed with smithsonite (ZnCOs).

It is important to note that the silica detected in some
EDS spectra does not indicate the presence of lead sili-
cate minerals. It most likely results from adjacent quartz
grains included in the analyzed area, as the EDS beam

interaction volume is large enough to encompass multi-
ple mineral phases simultaneously. Therefore, the co-
occurrence of Si and Pb peaks should not be interpreted
as a direct chemical or mineralogical association.

The simultaneous detection of Pb and Sb peaks in cer-
tain samples (see Figure 6) may indicate either the coex-
istence of distinct Sb and Pb-bearing minerals within the
same analyzed area, or partial remobilization of antimo-
ny into the lead-zinc mineralization system. However,
these interpretations should be approached with caution,
as EDS provides only bulk chemical data, and not direct
mineralogical identification.

These interpretations were therefore cross-checked
and confirmed by X-ray Diffraction (XRD) analyses,
which allowed for the definitive identification of mineral
phases such as galena and cerussite. The correlation be-
tween (EDS) and (XRD) data validates the presence of
these mineral assemblages and reinforces their geologi-
cal significance.
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Figure 6. SEM analyse with the semi-quantitative compositions of Pb-bearing Mesozoic cover ore samples
from the Houanite District (targeted sample)

Observation of polished blades taken from mineral-
ized structures in the Jbel Houanite District reveals the
presence of several lead mineral phases, including gale-
na (PbS) (see Figure 7a & b), anglesite (PbSOs) and
cerussite (PbCO:s) (see Figure 7, ¢ & d). Other indices
testify to the hydrothermal activity and its remobiliza-
tion from the base up to the cover, which are arsenopy-
rite and the iron oxides. Moreover, the galena is sur-
rounded by the iron oxide represented by hematite, indi-
cating that the initial mineralization was followed by the
alteration in an oxidizing environment.

The microscopic observation of twelve samples taken
in the mineralized Mesozoic cover of Jbel Houanite has
revealed a complex and polyphase paragenesis. Lead
mineralization is mainly represented by Galena (PbS)
(Figure 7a & b), often accompanied by its supergene
alteration products (see Figure 7¢ & d). The occurrence
of cerussite is consistent with the oxidation of primary
galena in the presence of sulphate- and carbonate-rich
fluids, under conditions typical of meteoric alteration
environments. The coexistence of galena and cerussite
suggests progressive oxidation under variable redox and
pH conditions, characteristic of the supergene domain
(Chapman et al., 2022; Ece & Ercan, 2024; Chouk-
rad et al., 2024).

In contrast, the presence of iron oxides and arsenopy-
rite indicates the involvement of higher-temperature hy-
drothermal processes, possibly linked to earlier mineral-
izing phases. These minerals are generally associated
with deeper fluid circulation during tectono-metamor-

phic evolution (Oh et al., 2004 ; Iancu et al., 2005;
Caddick & Thompson, 2008). The observed vertical
mineralization patterns, extending from the Paleozoic
basement to the overlying formations, suggest that min-
eralizing fluids may have migrated upward along frac-
ture systems or fault zones.

It is particularly noteworthy that Galena is frequently
bordered or enclosed by iron oxides. This arrangement
reflects post-mineralization hydrothermal alteration un-
der oxidizing conditions. This mineralogical overprint
indicates that after the deposition of the galena, a late
episode of circulation of oxidizing fluids induced a par-
tial transformation of the primary sulphides.

The entire mineralogical assemblage and the ob-
served textural relationships support a mineralization
model with two main phases: an early phase of hydro-
thermal sulphide deposition, followed by an episode of
supergene alteration in an oxidative context. This evolu-
tion testifies to the interaction between deep hydrother-
mal processes and surface meteoric alteration phenom-
ena, controlling the distribution of mineralization and
the mobility of metals in the Jbel Houanite District.

3.3. Geochemical study

Geochemical analysis of twelve samples of the min-
eralized basement and cover structures shows significant
concentrations of antimony and lead, according to Table
1 noting that lead concentrations are closely related to
that of antimony.

Rudarsko-geolosko-naftni zbornik 2026, 41 (2), pp. 97-112, https://doi.org/10.17794/rgn.2026.2.7



105

Geodynamic and Paragenetic Evolution of the Jbel Houanite Mineralization (Sb-Au; Pb-Zn)...

Counts.

2000

1000 |

o

Dolomite

Bindheimite

1<
4=
| <
-

Galena

Stibnite
Galena

Calcite

Calcite

Counts.

3

i

E

800

600

400

200

Dolomite

Cerussite

Cerussite

Cerussite

Cerussite

T \

Position [2Theta] (Copper (Cu)

Figure 7. X-ray diffraction analysis of the Mesozoic cover ore deposit in the El Houanite District; (a) X-Ray Diffraction,
(b) Galena scale microscope observation , (c): X-ray diffraction results (d): Cerussite scale microscope observation.

Table 1. Geochemical analysis by ICP-MS samples of Jbel Houanite

Au Ag As Ba Cr Cu Fe Pb S Sb Sn Te Ti Zn

(ppm) | (ppm) | (ppm) | (ppm) | (ppm) | ppm) | (%) |(ppm) | (%) | (ppm) | (ppm) (ppm) | (%) |(ppm)
JHO03 | 0.005| 0.11 | 1.6 | 1140 | 1 | 166 | 23.7 | 46 | 024 | 213 | 02 | 0.07 | 0.005 | 40290
JHO04 | 0.005 | 0.02 | 04 | 1800 | 2 | 292 | 035 | 5200 | 0.12 | 70000 | 0.2 | -0.05 | 0.005 | 2
JHO07 | 0.005| 0.06 | 5 | 420 | 8 | 41.2 | 1025 | 1450 | 0.01 | 2800 | 0.2 | -0.05 | 0.005 | 32451
JHO08 | 0.005 | 032 | 7.6 | 5250 | 7 | 10.1 | 37.1 | 2602 | 0.13 | 50000 | 0.2 | -0.05 | 0.017 | 27
JHO14 | 0.005| 0.14 | 69 | 170 | 41 | 27.9 | 1.68 [22100| 0.01 | 56000 | 0.2 | -0.05 | 0.062 | 58
JHO17 | 0.005 | 0.07 | 29 | 20 | 34 | 13.1 | 0.77 |12500| 0.01 | 210000 | 0.2 | -0.05 | 0.005 | 4
JH026 | 1245 | 0.87 | 54.8 | 530 | 60 | 383 | 3.5 [57200| 0.12 | 220000 | 0.9 | 0.13 | 0.12 | 206
JHO028 | 13.55| 091 | 574 | 530 | 47 | 374 | 879 |54300| 0.33 | 390000 | 0.3 | 0.19 | 0.038 | 199
JH029 | 121 | 261 | 394 | 130 | 34 | 75 | 0.82 |18400| 0.05 | 400000 | 0.2 | 0.18 | 0.018 | 103
JHO30 | 2.81 | 037 | 48.6 | 200 | 68 | 31.3 | 19 [31300 0.45 |450000| 0.5 | 0.08 | 0.084 | 1909
JHO31 | 0.156 | 03 | 102 | 390 | 75 | 30.1 | 232 | 1480 | 0.01 | 2150 | 1.2 | -0.05 | 0.325 | 12500
JHO32 | 0.005 | 0.88 | 113.5| 1260 | 41 | 118 | 1.22 | 291 | 0.05 | 34.1 | 02 | 0.05 | 0.005 | 158
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Figure 8. Geological section showing hydrothermal circulations and the passage of Au-Sb and Pb-Zn mineralization
from the basement to the cover.

In particular, samples JH026, JH028, JH029 and
JHO30 show significant grades of Sb, Au, As and Pb (see
Table 1). It is important to note that samples JH030 and
JHO31 are from the Meso-Cenozoic cover. The presence
of gold provides evidence of paragenetic evolution and
migration of mineralization from the basement to the
cover, which resulted in the migration of gold and arse-
nic grains.

The results of the geochemical analyses made it pos-
sible to distinguish two sample populations:

¢ Group 1: samples from the Paleozoic basement
rich in antimony (up to 45%), As, Au (trace values
detected), accompanied by high Fe and S (see
Table 1).

« Group 2: samples from the Mesozoic cover rich
in Pb (up to 6%), Zn, Ba (trace values detected)
(see Table 1).

ICP-MS analyses also revealed anomalous concen-
trations of trace elements such as Ag, Cu, Cr, Ti in the
transition zones between the two types of minerali-
zation, suggesting interactions between hydrothermal
systems.

4. Discussion

Based on the various geochemical studies, petrograph-
ic and metallogenic observations and macroscopic exami-
nation of samples, two types of primary mineralization
were determined. The Sb-Au mineralization in the base-
ment related to large “shear zone” shear bands cemented
by partially corroded quartz veinlets related to the Her-
cynian orogeny, and a second type of later Pb-Zn miner-
alization (see Figure 8) hosted in the Meso-Cenozoic
cover related to the Atlas orogeny. The structural evolu-

tion, marked by successive extensional and compressive
events (D: to Ds), played a significant role during the
deposition of these mineralization types, controlling the
fluid flow and ore localization. The D: extensional regime
appears to have created permeable fault zones that facili-
tated the initial circulation of hydrothermal fluids and the
deposition of stibnite- and gold-bearing mineralization.
Subsequent compressive phases (D2 and Ds) likely reacti-
vated earlier structures, promoting remobilization and lo-
cal concentration of mineralization within transpressive
shear zones and structural traps (Ashley & Craw, 2004).
This polyphase tectonic evolution highlights the critical
role of structural inheritance and reactivation in ore sys-
tem development (see Figure 8).

The mineralization is mainly located along major

fractures and faults, with two dominant systems:
s NW-SE to NE-SW system, affecting the Paleozoic
basement, hosting the stibnite (Sb2Ss) bindheimite
(Pb2Sb206(0,0H)), and valentinite (Sb-Os) miner-
alization.
« E-W system, affecting Liasic carbonates, contain-
ing galena (PbS), anglesite (PbSO4), cerussite
(PbCO3) and smithsonite (ZnCO3) mineralization.
Noting that the Pb, Sb mineralization’s are intimately
related to each other, while we have not observed a re-
markable relationship between the grades of antimony
and zinc, nor of lead and zinc, this explains the genetic
relationship of the Pb/Sb mineralization’s, and gives us a
clear idea that these two types of mineralization are the
result of a mineralogical evolution that has lasted for a
long time (Chovan et al., 1995; Dill, 1998; Clayton &
Spiro, 2000).

SEM-EDS analyses, combined with X-ray diffraction
results, confirm the presence of Stibnite (Sb2Ss;) and
Bindheimite (Pb2Sb20s(0,0H) in the quartz veins. The
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variability in lead and sulphur contents observed by
EDS reflects local heterogeneity related to alteration
processes. The presence of secondary antimony oxides,
such as Valentinite and Senarmontite (Sb-03), is strong-
ly supported by EDS data; however, it remains hy-
pothetical pending confirmation by XRD. The silica
detected by EDS likely corresponds to quartz micro-in-
clusions captured during analysis, without direct miner-
alogical association. Finally, the carbon detected in the
EDS spectra is attributed to the conductive coating ap-
plied to the samples and is not considered a mineral
component.

The presence of antimony in the form of Bindheimite
(Pb2Sb206(0,0H), indicates an advanced stage of oxida-
tion and remobilization of primary lead and antimony
sulfides in a supergene environment (Dill, 1998; Munoz
& Moélo, 1982; Sun et al., 2024).

The transition towards secondary stibnite (Sb2Ss)
mineralization suggests a transformation under chang-
ing physicochemical conditions, particularly a decrease
in oxygen activity and an increase in sulphur activity.
This process likely involved the reduction of antimony,
along with the release of lead and oxygen, possibly as-
sociated with a late hydrothermal or diagenetic event
(Dill, 1998; Munoz & Moélo, 1982).

The late overprinting of Stibnite (Sb2Ss) by Bind-
heimite (Pb2Sb20s(O,0H) highlights a complex parage-
netic sequence (see Table 2), controlled by fluctuations
in redox potential and geochemical conditions within the
system.

The existence of Galena (PbS) and its alteration prod-
ucts reflects progressive oxidation under redox and pH
conditions typical of the supergene environment, influ-
enced by meteoric fluids enriched in sulfates and car-
bonates (Chapman et al., 2022; Ece & Ercan, 2024).
The occurrence of arsenopyrite and iron oxides suggests
an earlier high-temperature hydrothermal phase, likely
associated with deep fluid circulation during a tectono-
metamorphic event (Oh et al., 2004; Iancu et al., 2005;
Caddick & Thompson, 2008). The vertical remobiliza-
tion of mineralizing elements from the Paleozoic base-
ment to upper stratigraphic levels suggests ascendent
fluid migration, probably facilitated by fracture or fault
systems.

On the basis of the various geochemical studies and
petrographic and metallogenic observations and by mac-
roscopic examination of the samples, the mineralization’s
of the Jbel Houanite District were formed in several suc-
cessive stages, the first three correspond to the mineraliza-
tion’s deposited at the different phases of the Hercynian
orogeny, these are the antimony, copper and arsenic min-
eralization, after remobilization of the latter in note the
establishment of mineralization’s at lead and zinc during
the phases of the atlas orogeny (see Figure 9).

The results obtained through the different analysis
methods (geological mapping, petrographic observa-
tions, XDR, SEM-EDX, XRF and ICP-MS analyses)

have highlighted the lithological diversity, the character-
istic mineralogical associations, as well as the parage-
netic evolution of the Sb and Pb mineralization’s in the
Jbel Houanite District.

Observations under the light and electron microscope
have identified several distinct mineral associations:

e Sb-Au mineralization (Paleozoic basement):

e Main minerals: stibnite, bindheimite, pyrite,
quartz.

 Textures: fracture filling, vein and veinlet struc-
ture, local stibnite zonation, surface antimony
oxide alteration.

* Accompanying mineralogy: sericite, chlorite,
sometimes native gold in the microscopic state.

* The high oxygen content observed in some EDX
spectra is likely related to the presence of valent-
inite and senarmontite (Sb20s), an antimony 0x-
ide phase (see Table 2), although it was not iden-
tified by XRD.

e Pb-Zn mineralization (Meso-Cenozoic cover):

* Main minerals: galena, cerussite, sphalerite, iron
oxides, calcite.

* Secondary minerals: dolomite, barite.

 Textures: filling of karst cavities, cementation of
sub-horizontal fractures, sometimes as a replace-
ment for the host dolomite.

XRD analysis confirmed the predominance of car-
bonate phases (calcite, dolomite) in the host rock, with
clear peaks of Stibnite and Galena in the mineralized
samples.

The cross-analysis of textures, mineralogical relation-
ships and structural contexts has made it possible to pro-
pose:

* Phase 1 (Hercynian-Paleozoic):

e Stage I: The antimony mineralization in the base-
ment, associated with a circulation of hydrother-
mal fluids along the NW-SE and NE-SW frac-
tures. The environment is reductive, at modera-
te temperature, with precipitation of Stibnite
(Sb2Ss), quartz, pyrite, and calcite (see Table 2).

e Stage II: Corresponds to a continuation of hydro-
thermal activity with precipitation of stibine
(Sb2Ss), galena (PbS), quartz and calcite, in an
environment in transition to slightly oxidizing
conditions. The appearance of bindheimite
(Pb2Sb206(0,0H)), valentinite and/or senarmon-
tite (Sb20s) and anglesite (PbSO4) affirms to an
early alteration of lead sulphides (see Table 2).
Although EDS data suggest the presence of anti-
mony oxide, their formation is more likely related
to later supergene alteration (phase III).

* Phase 2 (Atlasic- Meso-Cenozoic):

e Stage III: It is manifested by the development of
secondary antimony oxides, under the effect of
oxidizing conditions in a subaerial context. On
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Table 2. Paragenetic Sequence and Mineralogical Evolution in the Jbel Houanite District, Eastern High Atlas (Morocco).

MINERALS STAGE-1

STAGE- I1 STAGE- 111

Stibnite (Sb2Ss)

Valentinite (Sb,0,)

Sénarmontite (Sb20,)

Bindheimite (Pb2Sb20s(O,0H)

Gold (Au)

Galena (PbS)

Anglesite (PbSO,)

Cerussite (PbCO )

Smithsonite (ZnCO )

Quartz (gangue)

Calcite (CaCO )

Goethite (FeO(OH))

-- -- presence of the mineral during the phase

the other hand, it corresponds to the deposition of
lead mineralization in the carbonate cover, via
cerussite (PbCO3) and smithsonite (ZnCO3) (see
Table 2). enriched hydrothermal circulations,
transported along the E-W faults. This phase is
marked by an active tectono-sedimentary envi-
ronment, with filling of karst cavities and hydro-
thermal replacement.

The contact zone between basement and cover locally
shows a superposition of the two systems, suggesting a
structural reactivation allowing the partial remobiliza-
tion of the previous mineralization.

5. Conclusions

This study combines geochemical, petrographic, met-
allogenic, structural, and macroscopic analyses per-
formed on samples from the Jbel Houanite area. The in-
tegrated results allowed the identification of antimony
mineralization mainly in the form of stibnite (Sb2Ss) and
bindheimite (Pb2Sb20s(O,0H)) within the Paleozoic
basement, as well as lead and zinc mineralization, nota-
bly galena (PbS) and cerussite (PbCOs), occurring in the
Meso-Cenozoic cover (see Figure 9).

Structurally, these mineralizations are closely associ-
ated with major fault zones and shear bands resulting
from a polyphase tectonic evolution marked by the Her-
cynian and Atlas orogenies. Successive tectonic events
alternating between extensional and compressional
phases (D1, D,, Ds) controlled hydrothermal fluid circu-
lation and ore deposition, with the initial extensional
phase promoting fluid flow and mineral precipitation,
while later compressional phases contributed to remobi-
lization and local concentration of mineralization within
transpressive shear zones and structural traps.

From a geodynamic perspective, the Sb-Pb deposits
developed in accretionary orogenic settings, typically
hosted in granitic, greenstone, and meta-sedimentary

turbidite terrains. Their formation is temporally linked to
the late stages of the Hercynian orogeny and the early
phases of the Atlas orogeny (see Figure 9).

In the light of mineralogical and structural observa-
tions, a paragenetic evolution in several stages is pro-
posed, illustrating a variation of the metal assemblies as
a function of depth, with an enrichment of antimony in
the upper levels.

Gold-bearing stibnite (Sb2Ss) constitutes the primary
phase of mineralization, developed in a hydrothermal
context associated with a Hercynian fracture network, in
a compressive to transpressive tectonic setting. The es-
tablishment of this mineralization is probably controlled
by structural release zones, in connection with major
discontinuities favorable to the circulation of antimonif-
erous sulphide fluids. A subsequent remobilization
phase, linked to a late-Hercynian tectonic reactivation,
allowed the local redistribution of Sb-Pb associations
under the effect of the circulation of oxidizing fluids.
This evolution led to the formation of secondary altera-
tion minerals, including bindheimite (Pb2Sb20s(O,0H)),
valentinite (Sb20s) and/or senarmontite (Sb-0s) and an-
glesite (PbSO4), reflecting more oxidative conditions
and transformation dynamics of the initial sulphide
phases (see Figure 9). Thirdly, during the Atlas orogeny,
supergene alteration processes affected the previous
mineralizations. Under the effect of bicarbonate solution
circulations, in the context of a wetter climate, a spatial
dissociation of the elements Sb, Pb and S occurred, ac-
companied by the dissolution of galena (PbS) and the
secondary precipitation of cerussite (PbCOs) and smith-
sonite (ZnCO3) within the host carbonate formations.
This late phase is characteristic of a shallow subaerial
oxidation environment, where geochemical conditions
favored the transformation of primary sulphides into
secondary carbonates. This integrative framework, com-
bining geochemical, structural, and geodynamic data,
highlights the complexity of Sb-Au-Pb-Zn mineraliza-

Rudarsko-geolosko-naftni zbornik 2026, 41 (2), pp. 97-112, https://doi.org/10.17794/rgn.2026.2.7



109 Geodynamic and Paragenetic Evolution of the Jbel Houanite Mineralization (Sb-Au; Pb-Zn)...
Period . . oL
Eras Geodynamic Event Mineralization Type
Cretaceous | Upper )
"""""""""""""" Compression NW-SE
Lower g
O T e . =
S Jurassic Upper Transgression caco, &
[ ——
8 Middle dolomite a.nd I|mestor1e Stencon NEoW j_; PbCO, pb o)
w --- Transgression and Discordance ) EE———————
= Lower = PbS
) g S
Extension NW-SE _g 4
Trias Cla Riftin =
- v . § Distension NW-SE S g
Carboniferous | Westphalien = =
- - Major Discordance & s
Viseo- = =
. < . <
Namurien N . = Compression NE-SW =
" Transgression 2 =
Devonian = =
) 5}
Q A =5
8 N 10Sb
g Silurian T s —_— ey (PD2Sb206(0,0H))
=
g . S (Sh20,)
= FEassoassseeton o Transgression sz
Ordovician g )
0= Quartzites and shales Compression NNE-SSW o 5 Sb,S;
st -7 |
Cambrian Middle j Rifting .’_g_ Granite placement
Lower Extension NE-SW s and antimony source

Figure 9. Conceptual model illustrating the paragenetic evolution of the Jbel Houanite mineralization (Sb-Au; Pb-Zn).

tion’s in the High Eastern Atlas and underscores the fun-
damental role of tectonic inheritance and structural reac-
tivation in the genesis and localization of these deposits.
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SAZETAK

Geodinamicka i paragenetska evolucija mineralizacije Jbel Houanit (Sb-Au; Pb-Zn)
u istoénome Visokom Atlasu, Maroko

Jbel Houanite vazna je metalogenetska regija bogata polimetalnom mineralizacijom (Sb-Au-Pb-Zn-Ba-Fe-Cu) smjestena
u sjevernome dijelu isto¢noga Visokog Atlasa u Maroku, uz sjeverni rasjed Visokoga Atlasa. Najranija identificirana mi-
neralizacija odgovara kvarcnim zilama koje su bogate antimonom i zlatom te se nalaze u paleozojskim formacijama, dok
kasnija mineralizacija odgovara Pb-Zn naslagama u lijaskim vapnencima. Geoloskim rekognosciranjem i istrazivanjem
minerala u regiji Jbel Houanite utvrdena je prisutnost mineralizacije antimona u obliku stibnita (Sb Ss) i bindheimita
(Pb,Sb,04(0O,0H)), dok se olovna mineralizacija u sedimentnome pokrovu sastoji od galenita (PbS) i cerusita (PbCO ).

Anomalije olova blisko su vezane uz prisutnost antimona te je ova mineralizacija rezultat hidrotermalne remoblllzacue
tijekom faza Atlasa koje su reaktivirale rasjede u stijenama podine, olak$avaju¢i nastanak mineralizacije olova u sklopu
sustava tipa Mississippi Valley (MVT). Petrografska i geokemijska istrazivanja mineralnih parageneza omogucila su
uspostavljanje vremenskih odnosa izmedu dogadaja mineralizacije: primarna Sb-Au mineralizacija povezana je s kasno-
hercinskom ekstenzijskom tektonikom, dok je Pb-Zn mineralizacija povezana s ranim atlaskim kompresijskim fazama.
Ova sekvencijska evolucija upucuje na slozenu polifaznu tektono-metalogenetsku povijest koja je kontrolirala nasta-
nak orudnjenja. Rezultati ovih istrazivanja doprinose boljem razumijevanju genetskih modela Sb-Au-Pb-Zn minera-
lizacije u isto¢nome Visokom Atlasu te pokazuju klju¢nu ulogu tektonike i strukturne reaktivacije u stvaranju i lokaliza-
ciji orudnjenja.
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Abstract

The Pamaluan Formation, which has a Total Organic Carbon (TOC) value of up to 1.78% and varying degrees of thermal
maturity, offers the Indonesian Kutai Basin considerable potential for shale gas production. This research integrates
seismic and magnetotelluric (MT) geophysical techniques to improve the knowledge of shale gas prospectivity in the
area. There are nine MT sounding locations and nine 2D seismic lines in the dataset. By creating a time structure map,
the anticline and syncline structures that were detected by seismic interpretation were further examined. 2D resistivity
inversion models were created by processing MT data using the rho variance approach and the Python WALDIM module.
A dominant anticline-syncline structural trend oriented roughly 45° from true north is indicated by the data. With an
average strike of 43.5°, MT analysis demonstrates a dominant two-dimensional (2D) geoelectrical dimensionality that is
in good agreement with local geological trends. At depths of 500-1000 m in anticlines and 2000-3000 m in synclines,
zones of low resistivity (1-5 Ohm.m) were found, with thicknesses varying from 2000 to 4000 m. Low resistivity anoma-
lies are interpreted to represent potential shale gas-bearing intervals, consistent with the geological framework of the
Kutai Basin. The integration of seismic and MT data successfully delineates folds, faults, and low-resistivity anomalies,
interpreted as potential shale gas-bearing intervals, highlighting the significance of a multidisciplinary approach in

mitigating exploration risk and enhancing shale gas prospectivity evaluation in the Kutai Basin.

Keywords:

shale gas, Kutai Basin, seismic, magnetotelluric, WALDIM

1. Introduction

The shale gas potential in the Kutai Basin, East Kali-
mantan, is considered to be highly promising based on
various research findings. Hamdani et al. (2019) sug-
gested that the Pulobalang Formation in this area exhib-
its a wide range of organic matter richness, with Total
Organic Carbon (TOC) content varying from 0.2% to
4.27%, indicating a spectrum from poor to excellent
quality. The dominant kerogen type identified within this
Early Miocene formation is Type III, which typically has
a strong potential for gas generation. The thermal matu-
rity zone is relatively shallow, occurring at depths be-
tween 1,100 and 2,000 meters. Furthermore, the brittle-
ness characteristics of the rock layers within the Pu-
lobalang Formation support favorable conditions for
hydraulic fracturing, with Brittleness Index (BI) values
ranging from 0.6 to 0.91. The total estimated shale gas
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resource within this formation reaches approximately
2.78 trillion cubic feet (TCF). Zajuli and Wahyudiono
(2018) proposed that TOC concentrations exceeding
1.5% and varying levels of thermal maturity across dif-
ferent depths are key factors influencing the shale gas
potential in several Indonesian shale formations, includ-
ing the Pamaluan Formation in the Kutai Basin. These
findings reinforce the view that the Kutai Basin, with its
favorable geological conditions, holds significant poten-
tial for the economically viable development of shale
gas resources. Advanced geophysical methodologies are
required to accurately analyze and quantify this shale
gas potential, especially in geologically complicated ba-
sins like Kutai Basin.

Geophysical methods have been used extensively
over the years to look for subsurface resources, espe-
cially hydrocarbons. Due to their great resolution and
capacity to accurately simulate intricate subsurface geo-
logical features, seismic reflection techniques are the
most popular among these approaches (Susilo, 2020).
Seismic imaging reconstructs subsurface geometry by
analyzing elastic wave propagation (Bashir et al., 2021;
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Lixin, 2022). Delineating important geological struc-
tures, such as faults, stratigraphic boundaries, and struc-
tural traps, such as anticlines and synclines, is a crucial
step in the interpretation phase of seismic data and is
essential for evaluating hydrocarbon systems (Zhang et
al., 2022). However, the effectiveness of seismic meth-
ods can be constrained in areas with complex geology,
poor seismic data quality, or high acquisition costs. To
overcome these limitations, researchers increasingly ad-
vocate for the integration of complementary geophysical
methods. One such technique is magnetotellurics (MT),
which measures natural variations in the Earth’s electric
and magnetic fields to infer subsurface resistivity distri-
butions. MT is particularly sensitive to the fluid content
and mineralogy of rocks, making it suitable for identify-
ing potential hydrocarbon bearing formations (Ledo
and Jones, 2001).

Prabowo et al. (2020) suggests that MT’s benefits
over other geophysical techniques include its deep pen-
etration capabilities, limitless natural signal sources, and
lack of the need for artificial wave transmitters. Further-
more, MT is more environmentally friendly, has higher
resolution than gravity and magnetic approaches, and
works well in places where seismic methods are scarce
(Likkason, 2014; Nabighian et al., 2005). However,
anthropogenic activity close to the survey location and
natural phenomena like solar storms and local lightning
can cause electromagnetic disturbances that affect MT
results (Hidayat et al., 2021; Hidayat and Hamdalah,
2019; Kumar and Rao, 2025; Prabowo et al., 2020).
MT interpretation has been made more reliable by the
development of a number of analytical methods. The
WALDIM (Weaver Agarwal Lilley Dimensionality)
method is one such tool that uses seven impedance ten-
sor invariants to calculate the dimensionality of MT
data, represent one-dimensional (1D), two-dimensional
(2D), or three-dimensional (3D) subsurface conditions
(Marti et al., 2009). Furthermore, geoelectrical strike
investigations based on MT impedance data offer impor-
tant information about the direction and continuity of
subsurface structural trends.

Several studies have demonstrated the effectiveness
and complementary nature of integrating magnetotelluric
(MT) and seismic data in subsurface investigations.
Miensopust et al. (2013) emphasized that seismic and
MT methods are complementary approaches. The limita-
tions of seismic methods, which are less effective in arcas
with volcanic cover or zones characterized by complex
heterogeneity, can be overcome through the application
of MT, which is capable of detecting lithological varia-
tions as well as geological conditions at greater depths.
Therefore, the integration of these two methods provides
a more comprehensive representation of subsurface
structures. Tietze et al. (2019) argued that the joint inter-
pretation of seismic velocity and electrical resistivity
data can significantly reduce ambiguities in subsurface
models by offering independent yet mutually constrain-

ing physical property datasets. This approach is especial-
ly beneficial in shale gas exploration, where delineating
both structural frameworks and lithological variations is
critical for reservoir characterization. Further research
supports the combination of seismic and MT techniques
in geothermal and hydrocarbon exploration settings.
Cinti et al. (2015) showed that the determination of res-
ervoir limits in structurally complicated sedimentary ba-
sins was enhanced by the combination of MT resistivity
and seismic reflection data. Similarly, Ledo and Jones
(2001) demonstrated that MT can complement seismic
amplitude anomalies by efficiently imaging resistivity
contrasts linked to hydrocarbon saturation. Furthermore,
to improve the accuracy of geological interpretation,
joint inversion techniques, albeit more computationally
intensive, are being used more and more to combine MT
and seismic data into a single model framework (Gal-
lardo and Meju, 2004; Moorkamp et al., 2011). Inte-
grated geophysical techniques are being used more and
more in the context of unconventional hydrocarbon re-
sources like shale gas. Multimethod approaches are nec-
essary to properly evaluate the potential of shale forma-
tions because of their complex heterogeneity and varying
maturity levels. An integrated strategy combining seis-
mic structural interpretation and MT resistivity imaging
is required to comprehend the structural framework and
detect low resistivity zones associated with organic rich
shales. Overall, the reliability of hydrocarbon exploration
results is increased by combining seismic and MT tech-
niques, which improve the capacity to describe the geom-
etry and physical characteristics of subsurface formations
(Irawati et al., 2022; Ledo and Jones, 2001; Tietze et
al., 2019). In the magnetotelluric (MT) method, geoelec-
tric dimensionality analysis plays a crucial role in deter-
mining whether the data should be modeled using 1D,
2D, or 3D approaches. The WALDIM was developed to
perform this dimensionality analysis more reliably
through the use of rotational invariants criteria, without
requiring prior assumptions of dimensionality, while also
accounting for error propagation and establishing thresh-
olds necessary for noisy real data (Marti et al., 2009).
Nevertheless, many previous studies have tended to ap-
ply 1D, 2D, or 3D modelling and inversion directly, with-
out being preceded by adequate dimensionality analysis,
which may lead to biased interpretations, particularly in
geologically complex regions. WALDIM-based dimen-
sionality analysis is integrated with seismic and MT
methods in order to overcome the limitations of each in-
dividual technique and to achieve a more accurate, con-
sistent, and comprehensive reconstruction of subsurface
structures.

2. Methods

2.1. Reflection Seismic

In this research, an integrated geophysical approach
was employed by combining seismic reflection and
magnetotelluric (MT) methods to delineate subsurface
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geological structures. The seismic reflection technique
provides detailed imaging of deeper stratigraphic hori-
zons and structural configurations, enabling the identifi-
cation of faults, folds, and potential traps. Complement-
ing this, MT data offers insight into the distribution of
subsurface electrical resistivity, which is particularly
valuable for characterizing lithological variations and
detecting fluid content. By integrating these comple-
mentary datasets, a more comprehensive and reliable
understanding of the geological framework of the study
area was achieved. The seismic reflection method is an
active geophysical technique employed to delineate the
Earth’s subsurface structure by assessing the travel time
of seismic waves that are reflected back to the surface
upon encountering subterranean rock layers. Reflection
seismic is an active geophysical method widely utilized
to investigate deeper subsurface conditions (Dragicevi¢
et al., 1991). This method can be implemented both on-
shore and offshore, offering flexibility in various geo-
logical settings. Common applications of reflection seis-
mics include petroleum exploration, identification of
subsurface features such as faults, analysis of complex
geological structures and stratigraphy, as well as the de-
tection of earthquake sources. In the interpretation of
seismic reflection data, a critical step often involves the
construction of a Time Structure Map, which facilitates
a comprehensive analysis of subsurface structural pat-
terns and geometries. This map illustrates the distribu-
tion of geological structures and stratigraphic horizons
within the time domain, enabling geoscientists to iden-
tify prospective zones and delineate the location and ex-
tent of subsurface features (Sukmono and Arta, 2013).
Through the continuity of seismic reflectors and struc-
tural trends, the geometry and type of traps, such as an-
ticlines or synclines, can be effectively recognized. Time
structure maps play a vital role in identifying geological
formations based on their seismic travel times, thereby
supporting the detection of structural traps and enhanc-
ing resource exploration efforts (Stark, 2008). In order
to identify subsurface structural features pertinent to the
geological framework of the study area, two 2D seismic
traces specifically, lines 93R-2100 Runtu Matra and
K-8033 Ekali Geosin derived from Post Stack Time Mi-
gration (PSTM) processing were interpreted out of the
nine seismic traces in this study.

2.2. Magnetotelluric

Magnetotellurics (MT) is a passive electromagnetic
geophysical method used to estimate the subsurface elec-
trical conductivity by measuring natural variations in the
Earth’s geomagnetic and geoelectric fields at the surface.
The sources of these signals can be broadly categorized
based on frequency: at low frequencies (below 1 Hz), the
signals originate from the interaction between the solar
wind and the Earth’s magnetosphere, while at higher fre-
quencies (above 1 Hz), they are primarily generated by
thunderstorm, particularly concentrated near the equato-
rial region. The strength and quality of these MT signals

vary with time and space and are susceptible to artificial
noise, such as that produced by power lines, pipelines,
and other man-made infrastructure. As a result, MT data
acquisition typically requires long recording durations
and sophisticated data processing techniques to ensure a
high signal-to-noise ratio. The skin depth concept ex-
plains how the lower-frequency signals penetrate deeper
into the Earth, whereas higher-frequency signals are re-
stricted for imaging shallow structures. A broad frequency
spectrum used in the MT data enables imaging subsurface
from near-surface depths to several kilometers. The pas-
sive nature of MT offers significant advantages, including
lower operational costs, lightweight equipment, and mini-
mal environmental impact, especially when compared to
active geophysical methods.

Synthetic modelling conducted by Zhang et al.
(2014) demonstrated that MT is capable of delineating
vertical discontinuities based on contrasts in resistivity.
Therefore, in geological modelling, MT can significant-
ly contribute to seismic inversion by clearly identifying
geological features such as vertically oriented faults. In
a reservoir system, MT successfully imaged anticline
strucutures based on resistivity distribution. In certain
settings, such as salt domes or thick volcanic sequences,
MT has shown superior capability in resolving subsur-
face structures compared to conventional seismic meth-
ods (Avdeeva et al., 2012; Mansoori et al., 2016; Pa-
tro, 2017). Resistivity of rocks can be approximated by
dividing the pore fluid resistivity by the fractional poros-
ity, emphasizing the role of fluid conductivity and pore
structure in governing the overall resistivity of a rock
formation. This study uses nine MT data, including K03,
KT04, KT05, KT06, KT07, KT08, KT09, KT10, and
KTI11 (see Figure 1).

2.2.1. Weaver Agarwal Lilley Dimensionality
and Invariants Method (WALDIM)

The application of WALDIM in magnetotelluric (MT)
data analysis offers several significant advantages in the
preliminary stage of interpretation, particularly in geoe-
lectric dimensionality analysis. Unlike classical meth-
ods such as Swift’s and Bahr's skews, which are often
unable to separate anisotropy effects from the regional
structural strike, WALDIM relies on rotational invari-
ants of the impedance tensor (Kumar et al., 2021; Mar-
ti et al., 2009). This approach allows for a more robust
assessment without requiring prior assumptions about
the dimensionality of the data (1D, 2D, or 3D), thereby
reducing interpretation bias at the early stages of model-
ling. Another major advantage of WALDIM lies in its
ability to differentiate anisotropic from isotropic media,
a task that traditional techniques cannot adequately ac-
complish. The criteria applied in WALDIM, such as in-
consistencies between the 2D regional strike direction
and those derived from the impedance tensor columns,
provide clear indicators of electrical anisotropy. This ca-
pability is particularly valuable in continental margins
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Figure 1. Design survey map The red box indicates the research region, black lines indicate seismic lines, and red dots
indicate MT sounding stations overlay with geological maps sheet Samarinda (modified from Supriatna et al., 1995)

and tectonically active regions, where anisotropy is of-
ten associated with complex geological processes such
as crustal deformation, fluid intrusions, and shear zones.

A further strength of WALDIM is its flexibility of ap-
plication. The method can be applied to both synthetic
and field MT data, yielding consistent results across dif-
ferent geological complexities. Dimensionality analysis
based on invariants can also be grouped into frequency
bands, enabling a more detailed characterization of vari-
ations in dimensionality with depth. Consequently,
WALDIM not only assists in selecting the appropriate
modelling approach (1D, 2D, or 3D) but also provides
valuable guidance for data correction prior to inversion
and forward modelling. Overall, WALDIM enhances the
reliability of MT data interpretation, particularly in the
identification of electrical anisotropy, which has impor-
tant implications for understanding the evolution of geo-
logical structures, assessing economic resources, and
interpreting hydrogeological systems. This advantage in
detecting anisotropy makes WALDIM one of the most
relevant and practical analytical tools in modern geo-
physical studies (Marti et al., 2009).

2.3. Design of MT data acquisition integrated
with seismic lines

The MT sounding points are represented by red dots
and labelled with their respective identifiers, while the

seismic lines are depicted as black lines annotated with
their corresponding names. As illustrated in Figure 1,
the study area comprises three major geological forma-
tions: Balikpapan, Pulau Balang, and Pamaluan. The
MT survey lines are oriented SE - NW, traversing the
sounding points KT05, KT11, KT09, KT08, KT07, and
KTO04. In this study, the analysis is limited to seismic
processing results confined within the boundaries of the
research area. Seismic data processing involved fault
and horizon picking, followed by time-structure analysis
to generate a Time Structure Map. This map was subse-
quently employed to delineate anticline and syncline
patterns developed across the study area. Magnetotellu-
ric (MT) data processing began with Rho Variance anal-
ysis in the frequency domain. The next stage involved
Crosspower editing using the MTEditor software, which
generated two primary outputs: Tensor Impedance data
in CSV format and inversion data in EDI format. Skin
depth calculations were then performed on the Tensor
Impedance dataset to determine which data should be
retained or discarded. Subsequently, geoelectrical strike,
twist, and shear were calculated using WALDIM, with
the Swift method applied as a reference. The selected
data were further utilized to compute the xi and eta pa-
rameters, which were then applied in constructing a
Mohr Circle to interpret the real and imaginary compo-
nents of each MT frequency. These parameters were also
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used to calculate the WAL invariants, which were subse-
quently plotted for statistical evaluation. The invariants
provided the basis for WAL dimensional classification
and were visualized in bar charts. To improve robust-
ness, Gaussian noise was incorporated into the invari-
ants, supported by Mohr Circle interpretation, invariant
distribution, and WAL bar chart analysis. The final stage
comprised model inversion and the generation of depth
resistivity maps, which were integrated with interpreta-
tions derived from the previously processed seismic data
(Marti et al., 2009).

3. Results and Discussion

The integration of seismic and MT data serves as the
primary approach in this discussion, as each method of-
fers complementary strengths seismic data excels in spa-
tial resolution and visualization of layer geometry, while
MT data penetrates deeper into the subsurface and pro-
vides information on the physical properties of rocks
through resistivity (Moorkamp et al., 2011). By lever-
aging the correlation between these methods, the result-
ing interpretation offers a more comprehensive under-
standing of the subsurface geological system, including
the identification of structural traps, distribution of pro-
spective zones, and characterization of hydrocarbon
bearing layers such as black shale. This chapter presents
the interpretation results step by step based on the output
of each method, which are then correlated to achieve a
more integrated understanding.

3.1. Seismic Interpretation

A structurally complex subsurface realm character-
ized by severe faulting and mild folding is highlighted
by the interpreted 2D seismic section along the 93R-
2100 Runtu Matra line (see Figure 2). Undulations on a
continuous marker horizon, seen at depths of around
1500-2000 meters, indicate mild anticlinal and synclinal
warping. Significant vertical displacements are caused
by the numerous steeply dipping faults that cut across
the strata and are primarily of normal type. The central
and southeast portions of the line are dominated by these
faults, suggesting areas of increased tectonic deforma-
tion and potential structural compartmentalization.

The high density and varied dip angles of the inter-
preted faults suggest a tectonic regime predominantly
influenced by extensional forces, which may be associ-
ated with rifting events or post depositional tectonic re-
activation. The observed vertical offsets and segmenta-
tion of the primary seismic horizon further indicate that
these faults have played a significant role in controlling
sedimentation patterns. Additionally, they may serve as
either conduits or barriers for subsurface fluid migration,
depending on their orientation, continuity, and fault rock
properties. This seismic profile provides compelling evi-
dence for the existence of multiple structural blocks,
likely bounded by fault systems associated with regional

A. INTERPRETED 2D SEISMIC
POST STACK TIME MIGRATION
K-8033 EKALI GEOSIN

Legend

Fault Interpreted NorthWest - SouthEast Oriented

. . b. INTERPRETED 2D SEISMIC
Horizon Interpreted Gas Chimney Effect Identification O ETACE TIME MIGRATION
Syn-Rift Boundary Coordinate : UTM WGSS4 505 58000 BALs GRbSS

Figure 2. Interpretation of 2D Seismic Travel Time
Migration Post-Stack Time Migration (PSTM). (a) 93R-2100
Runtu Matra seismic line, (b) K-8033 Ekali Geosin seismic
line. The red line indicates the 9g3R-2100 seismic profile
oriented N - S, while the K-8033 profile is oriented NW - SE.
The red dashed box highlights the interpreted chimney
effect, the solid black line delineates the interpreted fault,
the green line represents the interpreted horizon, and the
red line marks the interpreted Syn-Rift Boundary.

scale features such as the Buat Syncline and adjacent
anticlinal structures. When correlated with regional
structural mapping, these features contribute to a broad-
er understanding of basin evolution, tectonostratigraphic
development, and shale gas prospectivity. In particular,
the identification of fault bounded compartments offers
valuable insight into the localization of shale gas sweet
spots, where structural complexity may enhance hydro-
carbon trapping and preservation potential.

The interpreted 2D seismic section along the K-8033
Ekali Geosin line reveals several key subsurface struc-
tural features that contribute to the understanding of the
regional geological framework. A prominent, continu-
ous, and gently undulating seismic reflector is identified
at an approximate depth of 1,000 meters. This reflector
is interpreted as a major stratigraphic horizon, likely cor-
responding to a regionally extensive marker bed, and
serves as a critical reference surface for subsequent
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structural and stratigraphic mapping. Multiple normal
faults, predominantly dipping westward, are observed to
displace this horizon, extending to various depths within
the subsurface. The geometry and distribution of these
faults suggest the influence of extensional tectonic pro-
cesses during the basin’s development. The presence of
these faults results in the segmentation of the subsurface
into discrete structural blocks, which may play a signifi-
cant role in controlling hydrocarbon migration and trap
formation. Understanding the interaction between these
faults and stratigraphic units is essential for evaluating
the petroleum system elements and assessing the re-
source potential within the study area.

The observed vertical displacement and offset of seis-
mic reflectors in proximity to the faults indicate evi-
dence of active tectonism, which may have contributed
to the development of anticlinal and synclinal features
through differential fault movement. The seismic image-
ry also reveals thick, layered sedimentary sequences be-
neath the main stratigraphic horizon, which are charac-
teristic of synrift to postrift depositional environments.
This stratigraphic pattern suggests phases of extensional
tectonics followed by relative tectonic quiescence and
continued sediment accumulation. When correlated with
other seismic profiles across the study area, these struc-
tural features exhibit continuity with regional scale tec-
tonic elements, including the Tenggarong Anticline,
Pembulan Anticline, and Buat Syncline. These features
are further delineated and spatially constrained through
the construction of the time structure map.

The seismic profile has features of a positive flower
structure, which is a type of geological feature often
found in transpressional regimes. In these regimes,
strikeslip faulting is accompanied by compressional
stress. This combination results in the upward displace-
ment of rock units, forming a structure that resembles a
palm or “push up” feature. Within an anticlinal frame-
work, the development of a positive flower structure can
lead to complex uplifted zones, which often act as effec-
tive structural traps for hydrocarbon accumulation. Fur-
thermore, geological interpretations suggest that such
features may originate from positive tectonic inversion a
process in which preexisting extensional (normal) faults
are reactivated under a compressive stress regime and
converted into reverse faults, enhancing structural com-
plexity and trap potential (Pace et al., 2012). The exist-
ence of chaotic seismic reflections in the anticlinorium
zones in both seismic sections, in addition to the fault
patterns that have been found, could be a sign of a gas
chimney effect Figure 2b (red dashed box). Hydrocar-
bons, mostly in gaseous form, migrate vertically from
deeper source rocks into the reservoir or possibly even to
the surface in this phenomena. Usually, this kind of mi-
gration happens along permeable channels, such as frac-
ture networks and faults. Reservoir overpressure, active
fault systems that allow fluid migration, and structural
deformation that causes the creation of new or reacti-
vated fractures are some of the contributing variables

that are frequently linked to the gas chimney effect
(Aminzadeh et al., 2002).

3.2. Time Structure Map

The time structure map, generated through horizon and
fault picking on the interpreted seismic sections, illus-
trates the development of key geological structures within
the study area, including the Tenggarong Anticline, Pem-
bulan Anticline, and Buat Syncline (see Figure 3). The
Tenggarong Anticline is situated in the southwestern por-
tion of the map and is represented by orange to yellow
contour intervals with closely spaced lines, indicating a
prominent structural high. In the central to eastern region,
the Pembulan Anticline is identified as a secondary fold
structure with a slightly lower elevation but still exhibit-
ing significant structural potential. The Buat Syncline is
seen on the map’s eastern side. It is distinguished by blue
to purple contour zones that indicate the deepest structural
levels and a major sedimentary basin. The structural con-
tours’ overall arrangement shows a strong W - E folding
trend, with possible faulting seen where there are sudden
variations in contour spacing.
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Figure 3. Time structure map research area

Figure 3 presents the time-structure map derived
from horizon and fault picking on seismic sections,
which illustrates the development of the main geological
structures in the study area, namely the Tenggarong An-
ticline, Pembulan Anticline, and Buat Syncline. The
fault boundaries are interpreted and represented by red
dashed lines. The Tenggarong Anticline is located in the
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Table 1. Presents the dimensionality classification with 0.05 and 0.15 noise of all MT point
X X . Point
Dimension Noise Total
KTo3 | KTog4 | KTo5 | KTo6 | KToy | KTo8 | KTog | KTio KTu
0.05 6 1 9 9 1 26
1D
0.15 1 6 7 7 21
. 0.05 26 24 49 52 23 48 34 24 32 312
0.15 24 16 38 22 48 47 33 24 23 275
0.05 2 6 1 12
3D/2D twist
0.15 1 4 1 4 3 16
3D/1D2D 0.05 0
0.15 0
2D/1D 0.05 0
0.15 0
! 4 1 4 2 1 12
3D/2D 0.05
0.15 4 1 4 3 1 13
3D 0.05 17 22 7 4 13 1 24 14 23 125
0.15 24 25 14 15 8 3 21 17 24 151
X 0.05 7 14 1 3 14 2 2 8 2 53
Undetermined
0.15 7 19 6 15 3 4 2 6 2 64
o 0.05 4.17 3.98 3.88 3.98 4.18 3.8 3.85 4.04 3.96 3.98
rror
0.15 12.7 12.47 12.15 11.97 11.95 11.71 11.25 11.68 12.47 | 12.034

southwestern part of the map, marked by orange - yel-
low colors and tightly spaced contours, indicating an
uplifted structural high. In the Central - Eastern area, the
Pembulan Anticline appears as a secondary fold with
slightly lower elevation but still shows structural poten-
tial. Meanwhile, the Buat Syncline lies on the eastern
side of the map, characterized by blue - purple colors
representing the deepest area, serving as a sedimentary
basin. The overall contour pattern suggests a dominant
W — E folding trend, with indications of possible fault-
ing in zones where abrupt contour changes occur. These
structural features are significant not only in terms of
conventional hydrocarbon trapping, but also in relation
to shale gas potential. Anticlines such as Tenggarong
and Pembulan may act as structural traps where shale
formations are thermally mature and sufficiently pres-
sured to retain gas. On the other hand, the Buat Syncline,
being a deep and potentially thick sedimentary accumu-
lation zone, may serve as a shale gas source and reser-
voir if the organic rich shale intervals are present and
continuous. The combination of folding and faulting en-
hances the importance of these features as targets for
unconventional gas exploration in the area.

3.3. Dimensionality of MT data

The dataset presented in Table 1 and Figure 4, con-
sisting of 540 frequency samples spanning from 320 Hz
to 0.011 Hz, includes 60 analyzed frequency values at
each measurement point. Overall, the average error is
3.982, while an additional analysis under higher noise
conditions (0.15) yields a greater average error of

12.348. Table 1 presents the dimensional classification
results under both conditions in an integrated manner.
Across the data, 2D remains the dominant dimensional-
ity in the study area, indicating a prevailing complexity
in subsurface structures that can generally be interpreted
using 2D models. However, several points exhibit dis-
tinct behaviors. KT08 and KT10 show a strong domi-
nance of 1D responses, suggesting homogeneous and
laterally consistent subsurface characteristics at those
locations. In contrast, KT04, KT09, and KT11 consist-
ently display significant 3D classifications, pointing to
complex geological conditions, likely influenced by gal-
vanic distortion, local structural anomalies, or sharp re-
sistivity contrasts.

The proportion of undefined dimensionality increases
with higher noise levels, accompanied by a general de-
cline in 1D and 2D classifications. Under these noisier
conditions, 3D anomalies become more prominent, par-
ticularly at KT03, KT04, and KT11, where 3D classifi-
cations often exceed 2D. This suggests the presence of
complex subsurface heterogeneity or enhanced resistiv-
ity anisotropy at depth. Despite these variations, 2D di-
mensionality remains the most dominant across the sur-
vey area, supporting its suitability for regional-scale in-
terpretation while highlighting localized zones that may
require more advanced 3D modelling. Results of the
WAL analysis are illustrated in a bar chart, where colors
represent different dimensional categories: red (1D),
yellow (2D), brown (3D/2D twist), green (3D/1D2D),
light purple (2D/1D), dark purple (3D/2D), blue (3D),
and black (undefined). Dimensionality is classified using
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Figure 4. WALDIM bar chart dimensionality classification with 0.05, 0.15, and 0.5 noise of all MT point

threshold criteria from WALDIM (Weaver et al., 2000),
and the resulting categories are examined both quantita-
tively and qualitatively to guide interpretation and inver-
sion modelling. As shown in Figure 5, the chart is dom-
inated by yellow, indicating that 2D anomalies are most
common. Nonetheless, certain sites—such as KT05 and
KT07—exhibit 3D characteristics at higher frequencies.
At KT04 and KT06, 3D dimensionality is especially
dominant in the mid-frequency range, while at KTO0S,
high-frequency data are primarily 1D (red). Overall,
anomalies display increasing inconsistency as frequency
decreases, a trend observed across all measurement sites.

3.4. Geoelectrical strike of MT data

Geoelectrical strike refers to the dominant direction
of resistivity anisotropy, which may differ from the ori-
entation of the measured electric or magnetic fields. It
plays a crucial role in determining the directional varia-
bility of subsurface resistivity within geoelectrical lay-
ers. According to Groom and Bailey (1989), additional
components contribute to the continuity of subsurface
anomalies, namely twist and shear. As stated by Marti et
al. (2009), geoelectrical twist is a galvanic distortion pa-
rameter that represents the alteration in the orientation of
the electric field due to localized distortions near subsur-
face structures. Twist quantifies the angular deviation
between the measured electric field direction at a given

Table 2. Presents the geoelectrical strike, twist,

shear of all MT point
. Average Angle (dominant)

Point = =

Strike Twist Shear
KTO03 47.42 -65.49 24.00
KT04 41.83 11.38 28.75
KTO05 40.76 13.89 25.12
KTO06 42.17 -38.97 23.45
KTO07 44.71 -7.60 26.02
KTO08 47.58 -11.04 26.98
KT09 40.67 -63.00 24.54
KT10 41.78 -38.03 25.16
KTI11 44.73 20.66 26.00
Average 43.52 -19.80 25.56

point and the ideal geoelectrical strike direction. In this
context, twist refers to the rotation or angular shift of the
electric field orientation caused by surface irregularities
or near-surface resistivity anomalies. Geoelectrical shear
is another parameter associated with galvanic distortion,
which describes the angular difference or shear in elec-
tric field orientation between two dominant directions.
Shear indicates the presence of non-uniform resistivity
distribution along these principal axes. Table 2 presents
the strike angle, which represents the predominant direc-
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Figure 5. presents the plots of the relationships between the geoelectrical strike angle (q) (red), twist angle (green),
and shear angle (blue) for each MT station: (a) MT point KTo3, (b) MT point KTo4, (c) MT point KTos, (d) MT point KTo6,
(e) MT point KTo7, (f) MT point KTo8, (g) MT point KTog, (h) MT point KT1o0, and (i) MT point KTu.

tion of subsurface resistivity anisotropy, with an average
value of approximately 43.52°. This indicates that the
subsurface structure exhibits a relatively consistent ori-
entation across the measurement sites. The strike angle
varies between 40.67° (KT09) and 47.42° (KT03), with
locations such as KT03 and KTO08 displaying relatively
higher strike values. This suggests that these areas may
possess more pronounced structural alignment or greater
resistivity contrast compared to other sites. Given the
overall consistency in strike orientation, it can be in-
ferred that the electromagnetic field aligns with a uni-
form resistivity pattern, thereby supporting the validity
of subsequent 2D inversion analysis.

Figure 5 illustrates the plots of the relationships be-
tween the electrical strike angle (red), twist angle
(green), and shear angle (blue) for each MT station: (a)
MT point KT03, (b) MT point KT04, (c) MT point
KTO0S5, (d) MT point KT06, (¢) MT point KTO07, (f) MT
point KTO0S, (g) MT point KT09, (h) MT point KT10,
and (i) MT point KT11. The results illustrate that the
geoelectrical strike derived from the WALDIM analysis

closely corresponds to the surface geological strike, with
both orientations situated within the first quadrant. This
correspondence reinforces the reliability of the subsur-
face resistivity model and indicates a strong structural
control on the observed anisotropic properties. The con-
sistency between the geophysical and geological strike
directions further highlights the coherence between sub-
surface and surface features, thereby supporting a more
comprehensive and integrated interpretation in the re-
gional structural and tectonic framework.

3.5. 2D MT model inversion

Figure 6 presents a 2D resistivity model extending
approximately 22 km laterally and reaching a depth of
up to 15 km, illustrating a subsurface resistivity range
between 1 and 300 Ohm.m. This resistivity range is cat-
egorized into three main zones: low resistivity (1-5
Ohm.m), represented by purple to light blue colors;
moderate resistivity (6—135 Ohm.m), shown in green to
yellow; and high resistivity (136300 Ohm.m), indicat-
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Figure 6. 2D MT model inversion with survey geological section

ed by orange to red tones. The resistivity values of rocks
are interpreted as follows: quartz ranges from 20-180
Ohm.m, sandstone 10-160 Ohm.m, limestone 40-220
Ohm.m, claystone 2-30 Ohm.m, shale 0-20 Ohm.m,
siltstone 10-200 Ohm.m, and dacitic tuff/alluvium 10—
60 Ohm.m (H. Hidayat et al., 2021). Overall, the area is
predominantly characterized by low to moderate resis-
tivity zones. Based on the results of the 2D inversion
model along the MT survey line, a low resistivity anom-
aly (1-5 Ohm.m) is observed, visualized in shades of
purple and light blue in the crosssection of Figure 6.
Based on the resistivity analysis, the Pamaluan Forma-
tion exhibits low-resistivity anomalies that can be inter-
preted as indications of shale gas presence. This anoma-
ly is further interpreted as representing a black shale
layer within the Pamaluan Formation (Zajuli and
Wahyudiono, 2018). Such conditions are consistent

with the general characteristics of high-potential source
rocks, where organic-rich clay-rich layers are typically
associated with unconventional petroleum systems. The
anomaly pattern suggests that the layer has undergone
deformation in the form of folding, resembling an anti-
clinal structure, consistent with features observed in the
surface geological map. In addition to the fold structure,
four fault lines previously unrecognized in the geologi-
cal map were also identified. The MT survey line trav-
erses several surface exposed geological formations, in-
cluding the Pamaluan Formation (Tomp), the Pulau Bal-
ang Formation (Tmpb), and the Balikpapan Formation
(Tmbp), as identified by Umar et al. (2018). The Sama-
rinda Anticlinorium within the study area comprises sev-
eral major structural features, namely the Pembulan An-
ticline, Buat Syncline, Tenggarong Anticline, and Sebu-
lu Anticline. According to Chambers and Daley (1995),
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Figure 7. Resistivity depth map from 1000 to 6000 meters

interpretation of the MT survey line suggests that the
black shale layer is associated with the structural fea-
tures of the Pembulan Anticline, Buat Syncline, and
Tenggarong Anticline, with an estimated thickness rang-
ing from 2,000 to 4,000 meters. This layer begins to ap-
pear at depths of approximately 500 to 1,000 meters;
however, due to folding and faulting processes, it is also
detected at greater depths between 2,000 and 3,000 me-
ters. The black shale is interpreted as acting as a reser-
voir within the anticlinal structures and as a potential gas
generating source rock within the synclinal zones.

To estimate the shale gas resource potential, mapping
the lateral distribution of shale gas is a crucial aspect.
Magnetotelluric (MT) data can be visualized in the form
of horizontal resistivity maps, which depict the electrical
characteristics of various subsurface lithologies (see Fig-
ure 7). These maps are constructed based on measure-
ments from nine MT sounding points distributed across
three surface exposed geological formations: the Pamal-
uan Formation (Tomp), the Pulaubalang Formation
(Tmpb), and the Balikpapan Formation (Tmbp). The in-
terpolation method used for mapping is kriging. The

complexity of structures and the depth of anomalies ob-
served in the 2D resistivity sections served as the basis
for generating resistivity maps at multiple depths namely
1,000 m, 2,000 m, 3,000 m, 4,000 m, 5,000 m, and 6,000
m. These maps reveal a resistivity range of 1-24 Ohm.m
within the study area. The color classification is divided
into three categories: low resistivity anomalies (1-5
Ohm.m) shown in purple to dark blue, moderate anoma-
lies (6-15 Ohm.m) in dark green to yellow, and high
anomalies (1624 Ohm.m) in orange to red.

The different resistivity patterns with increasing depth
are used to estimate the presence of shale gas. Low resis-
tivity zones are widely dispersed at depths of 1,000 to
2,000 meters, especially in the study area’s central and
southern regions. This implies that the strata of shale gas
are somewhat shallow and may be connected to faulting
and bending, among other structural characteristics.
Low resistivity anomalies are still discernible at depths
of 3,000 to 4,000 meters, but they get smaller and begin
to mix with moderate to high resistivity zones that show
up in certain places. The presence of more compact or
resistant rock formations, which change the resistivity
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properties, or lithological changes may be connected to
this phenomena. Low resistivity zones, on the other
hand, become more localized and less extensive at
depths of 5,000 to 6,000 meters, suggesting that the
shale gas there may have experienced substantial com-
paction or thermal modification as a result of high sub-
surface pressures (Hidayat et al., 2021; Zajuli and
Wahyudiono, 2018).

3.7. The correlation of seismic and magnetotelluric

In this research, seismic data are utilized as support-
ing information to identify fault patterns and stratigraph-
ic horizons within the study area. Seismic data are em-
ployed due to their higher resolution compared to mag-
netotelluric (MT) data, making them a valuable reference
for enhancing the interpretation. The seismic lines used
are oriented linearly, parallel to the MT survey line, fol-
lowing a S- N direction. The specific seismic lines incor-
porated in the analysis are 93R-2100 Runtu Matra and
K-8040 Ekali Geosin. Figure 8a presents a three-dimen-
sional section of the seismic line, which serves as a pri-
mary reference for subsurface structural interpretation.
Figure 8b shows the magnetotelluric (MT) resistivity
section, correlated with fault systems and the syn-rift
boundary as interpreted from the seismic section. In Fig-
ure 8¢, a direct comparison between the seismic section
and the MT profile is provided, illustrating the structural
correspondence of folding and faulting features identi-
fied by both methods. Meanwhile, Figure 8d displays an
overlay of the time structure map with the MT profile,
reinforcing the geological interpretation and highlight-
ing the delineation of major anticline—syncline struc-
tures within the research area. Spatially, this seismic line
is located to the north of the MT survey line and shares a
similar SE - NW orientation. Fault interpretation reveals
the presence of several faults exhibiting various struc-
tural patterns. These faults are associated with folding
structures, forming anticline—syncline configurations
within the study area. Specifically, the faults create fold-
ed structures that resemble a positive flower structure
pattern. Horizon interpretation is based on the reservoir
depth within the Kutai Basin, which ranges between 500
and 600 meters. Within the anticline structures, irregular
patterns indicative of gas chimney effects are observed.

The correlation between the resistivity data derived
from the magnetotelluric (MT) method and the seismic
data from line 93R-2100 Runtu Matra, as shown in Fig-
ure 8d, demonstrates a strong relationship in delineating
subsurface structures. The seismic method, with its
higher resolution, provides more detailed imagery of
subsurface layering and faulting compared to the MT
method. In the seismic section, reflection patterns sug-
gest the presence of folds and possible faults that influ-
ence the distribution of subsurface lithologies. Hence,
the folded layers shown in the seismic data seem to cor-
respond with the low resistivity zones in the M T resistiv-
ity section, which are indicated by blue hues. This im-

plies that lithologies with a high fluid content or shale
gas deposits may be connected to the low resistivity
zones.

Several geological features identified through seismic
data show folding patterns that express as anticlines and
synclines in the research areca. Fold geometries that are
congruent with a positive flower structure pattern have
developed as a result of fault activity, which is the pri-
mary cause of these structural traits. Figure 8¢ shows
the comparison of seismic and magnetotelluric (MT) re-
sistivity data, which shows a good correlation in describ-
ing subsurface structures. Stratigraphic layering and
fault structures are more precisely delineated by the seis-
mic approach than by the MT method because of its
higher resolution. The distribution of underlying litholo-
gies is influenced by folding and potential faulting,
which are shown by seismic reflection patterns.

The integration of both geophysical methods demon-
strates that the major structural features observed in the
seismic data, such as folds and faults, are also recogniz-
able in the MT resistivity model. The low resistivity
anomalies in the MT data are consistent with seismic
reflections that indicate anticline and syncline structures
throughout the area. Furthermore, several fault features
identified in the seismic section correspond to changes
in resistivity observed in the MT data, underscoring the
MT method’s capability in detecting potential reservoir
or source rock zones. Although the MT method has low-
er resolution compared to seismic data, its ability to pen-
etrate deeper into the subsurface provides valuable com-
plementary information. Additionally, Figure 8d which
overlays the Time Structure Map with MT data, rein-
forces the consistency between the datasets, showing
coherent anticline—syncline patterns. This integrated in-
terpretation strengthens the delineation of key fold struc-
tures such as the Tenggarong Anticline, Pembulan Anti-
cline, and the associated synclinal features.

A similar fault pattern, known as a positive floral
structure, is seen in both seismic sections. A positive flo-
ral structure is a type of geological formation that usu-
ally forms in transpressional tectonic settings, where
rock layers are displaced upward by compressional force
on strike-slip faults. This produces a structure that looks
like a palm tree, often known as a “push-up structure.”
These characteristics are frequently seen in strike-slip
fault zones, especially in regions with stepovers or re-
straining bends where compressive forces combine hori-
zontal and vertical displacements. Positive floral struc-
tures help create intricate uplift zones in an anticlinorium
and are frequently important structural traps for the
buildup of hydrocarbons. Positive tectonic inversion, in
which pre existing normal faults that were initially cre-
ated under extensional regimes are reactivated as reverse
faults due to compressional stress, is another way that
these structures can emerge, according to earlier re-
search (Pace et al., 2012). Despite the fault pattern, the
gas chimney effect is responsible for the uneven reflec-
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Figure 8. Correlation seismic section and MT interpretation; (a) corelation MT and selected fault horizon,
(b) corelation MT and time structure map.

tion characteristics seen in the anticlinorial zones of both
seismic sections. This phenomenon shows how hydro-
carbons, especially gas, migrate vertically from source
rocks to reservoirs or even to the surface via permeable
channels like faults and fractures. Overpressure in the
reservoir, migration routes along active faults, and struc-
tural deformation that creates new fracture networks are
the main sources of this phenomenon. According to
Aminzadeh et al. (2002), gas chimneys are important
markers of active hydrocarbon migration pathways.

5. Conclusions

The 2D Magnetotelluric (MT) resistivity modelling
results reveal the presence of low-resistivity anomalies
(1-5 Ohm.m), which are interpreted as black shale lay-
ers within the Pamaluan Formation. These anomalies
exhibit folding patterns resembling anticlines and are

influenced by several previously unmapped fault lines.
Correlation with seismic data strengthens this interpreta-
tion, as folds and faults identified in seismic sections
correspond with low-resistivity zones in the MT data.
Major structural features in the study area, including the
Pembulan Anticline, Tenggarong Anticline, and Buat
Syncline, play a significant role in controlling the distri-
bution of black shale. This layer appears at depths of
500—1,000 m and extends to 2,000—4,000 m due to fold-
ing and faulting processes. Resistivity depth maps
(1,000—6,000 m) indicate that low-resistivity zones are
predominant at shallow depths (1,000-2,000 m) but di-
minish with increasing depth as a result of compaction
and thermal alteration. This suggests that shale gas po-
tential is concentrated at shallow to intermediate depths.
The integration of MT and seismic data also reveals
positive flower structures (push-up structures) formed
by transpressional strike-slip faulting. These structural
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features act as hydrocarbon traps, while the occurrence
of gas chimney effects indicates active hydrocarbon mi-
gration pathways from source rocks to reservoirs. Over-
all, the combined application of MT and seismic meth-
ods successfully delineates the relationship between
folds, faults, and the distribution of black shale as both a
source rock and a potential reservoir. Therefore, the
study area demonstrates significant indications of shale
gas prospectivity controlled by the major geological
structures of the Kutai Basin.
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SAZETAK

Otkrivanje struktura lezista plinonosnih Sejlova seizmic¢kim i MT podatcima:
WALDIM studija iz Isto¢noga Kalimantana, Indonezija

Pamaluanska formacija, s vrijednosc¢u ukupnoga organskog ugljika (engl. Total Organic Carbon, TOC) od 1,78 % i razli-
¢itim stupnjem termalne starosti, predstavlja izniman potencijal za proizvodnju iz plinonosnih $ejlova u indonezijskome
bazenu Kutai. Ovo istraZivanje objedinjuje seizmicke i magnetotelurske (MT) geofizic¢ke tehnike u svrhu povecanja zna-
nja o potencijalima plinonosnih $ejlova u tome podruéju. U sklopu istrazivanja obradeni su podatci s devet lokacija MT
sondiranja i devet linija 2D seizmickih ispitivanja. Izradenom strukturnom kartom dodatno su istrazene antiklinale i
sinklinale koje su utvrdene interpretacijom seizmickih podataka. Obradom MT podataka, primjenjujuéi pristup varijan-
ce koeficijenta korelacije rho i modul WALDIM ra¢unalnoga programa Python, stvoreni su 2D modeli inverzije otporno-
sti. Podatci upucuju na dominantan smjer antiklinalnih i sinklinalnih struktura orijentiran otprilike 45° od pravoga sje-
vera. S prosje¢nim nagibom od 43,5° MT analiza pokazuje dominantnu dvodimenzionalnu (2D) geoelektri¢nu dimenzi-
onalnost, koja se poklapa s lokalnim geologkim trendovima. Na dubinama od 500 do 1000 m u antiklinalama i 2000 do
3000 m u sinklinalama pronadene su zone niske otpornosti (1 - 5 Ohm-m), s debljinama koje variraju od 2000 do 4000
m. Anomalije niske otpornosti interpretiraju se kao potencijalni intervali plinonosnih $ejlova, $to je u skladu s geoloskim
karakteristikama bazena Kutai. Objedinjeni seizmicki i MT podatci vjerno prikazuju bore, rasjede i anomalije niske ot-
pornosti koji se tumace kao potencijalni intervali plinonosnih $ejlova isti¢u¢i vaznost multidisciplinarnoga pristupa u
ublazavanju rizika istraZivanja i pobolj$anju procjene perspektivnosti plinonosnih $ejlova u bazenu Kutai.

Klju¢ne rijeci:
plinonosni $ejlovi, bazen Kutai, seizmika, magnetotelurska metoda, WALDIM

Author’s contribution

Suharsono: conceptualization, supervision, methodology, wriing and interpretation, Yustisio Dianwiyono: validati-
on, processing and visualitation, Edy Wijanarko: data curation, software, resources supervision, and validation, Wahyu
Hidayat: original draft and writing and review and editing. Muhammad Fachrul Rozi Kurniawan: project administra-
tion and review and editing, Yudha Agung Pratama: data curation and project administration.

All authors have read and agreed to the published version of the manuscript.

Rudarsko-geoloSko-naftni zbornik 2026, 41 (2), pp. 113-128, https://doi.org/10.17794/rgn.2026.2.8



RGNZ/MGPB

Rudarsko-geolo$ko-naftni zbornik
(The Mining-Geology-Petroleum Engineering Bulletin)

Predicting Peak Particle Velocity
Induced by Mining Blasting Using
Optimized Deep Learning with
Coronavirus Herd Immunity Algorithm

DOI: 10.17794/1gn.2026.2.9

Original scientific paper

Davood Mohammadi Sargini*® >, Mohammad Ataei*® %,
Reza Mikaeil>* @, Akbar Esmaeilzadeh>® ™

! Faculty of Mining, Oil and Geophysics, Shahrood University of Technology.

2 Faculty of Industries and Mining Technologies, Urmia University of Technology.

Abstract

One of the most important economic sectors is mining. Open-pit mines are the most common form, and blasting is the
most efficient method. This method can cause significant damage due to vibrations. Thus, monitoring and controlling
vibrations is important. This research aims to predict vibrations based on the distance and quantity of explosives. To
study this, vibrations were estimated using Peak Particle Velocity from seismograph devices. Measurements were done
in two large Iranian mines, providing approximately 1000 data points. Considering the data complexity, a deep learning
method was selected for modelling. Deep learning has numerous hyperparameters, and their correct adjustment im-
pacts efficiency. The Coronavirus Herd Immunity Optimizer (CHIO) was used to find optimal values. Various criteria
were used to test the model efficiency. The results indicate the optimization method improved predictions by at least 4%.
The coefficient of determination for random forest, basic deep learning, and optimized methods was 0.861, 0.932, and
0.972. The root means square error values are 3.687, 2.338, and 1.146. The absolute mean percentage error indices are
0.169, 0.128, and 0.068. It is concluded that deep learning has acceptable performance. Its efficiency can be increased by
optimization algorithms. The results show an excellent response to the integration of the CHIO method, demonstrating

its good capability.

Keywords:

blasting, peak particle velocity, deep learning, herd immunity, coronavirus

1. Introduction

The increasing need of modern societies for diverse
products has increased the dependence of manufacturing
factories on the extraction of minerals, as the initial unit
of the production chain. Open-pit mines are considered
the largest supplier of mineral raw materials to produc-
tion units. In these mines, minerals are extracted through
drilling and blasting. Although this method leads to
high-speed and large-scale production, it has significant
drawbacks. This method generates significant vibrations
that cause serious damage to buildings around the mine.
These damages can be observed in the form of cracks or
destruction of the building. Therefore, it is significantly
important to control and manage these types of damage.
To manage them, it is necessary to implement measures
that are preceded by awareness of the magnitude of the
vibration and its radius of effect. Considering the impor-
tance of the subject, this research attempted to record
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and collect data on the distance from the blasting site,
the amount of explosive used for the blasting, and the
corresponding vibration intensity generated in terms of
Peak particle velocity in two large open-pit mines, re-
sulting in a powerful tool for predicting the seismic situ-
ation of each blasting. Given the critical importance of
controlling blasting vibrations, many researchers are
dedicated to this field. A review of the work done in this
field is provided as follows.

Armaghani et al. (2014) research developed a hybrid
PSO-ANN model, which integrates Particle Swarm Op-
timization with an Artificial Neural Network, to provide
simultaneous and accurate predictions for two critical
blasting hazards: flyrock distance and ground vibration
(PPV). The model was trained and validated using a ro-
bust dataset of 62 blasting events from a granite quarry,
incorporating key design parameters such as burden,
spacing, and powder factor. It demonstrated superior
predictive performance, achieving notably high coeffi-
cients of determination of R? = 0.957 for flyrock and R?
= (0.988 for PPV on the test dataset. A subsequent sensi-
tivity analysis revealed that powder factor and stemming
length were the dominant factors controlling flyrock,
while maximum charge per delay was the paramount
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variable for ground vibration. These findings robustly
establish the proposed PSO-ANN model as an effective
and reliable expert system, offering a practical tool for
engineers to preemptively assess risks and design safer,
more environmentally controlled blasting operations.
Dindarloo (2015) investigated and predicted the vibra-
tion caused by the blasting using a genetic algorithm. In
this study, 9 input variables were used to predict the vi-
bration frequency at different distances from the blasting
face. The high coefficient of determination with the ab-
solute mean percentage error indicated the suitability of
the algorithm in predicting the amount of vibration.
Ghasemi (2016) presented a new hybrid approach based
on the combination of adaptive neuro-fuzzy inference
system and particle swarm optimization to predict the
Peak particle velocity during the blasting stage in open
pit mines. The models were trained and tested based on
real data from 120 blasting cases in the Sarcheshmeh
copper mine. The results obtained from the comparison
of the models showed that the adaptive neuro-fuzzy in-
ference system and particle swarm optimization model
provided better results compared to other models. Sa-
ghatforoush et al. (2016) developed a hybrid Artificial
Neural Network (ANN) model, optimizing it with the
Ant Colony Optimization (ACO) algorithm, to predict
and mitigate two critical blasting hazards: flyrock dis-
tance and back-break in a granite quarry. By employing
ACO to refine the ANN’s initial weights and biases, they
significantly enhanced its predictive accuracy beyond
that of a conventional, standalone ANN. Their results
demonstrate the hybrid model’s superior performance.
For flyrock prediction, it achieved a coefficient of deter-
mination (R?) of 0.964, markedly outperforming the
standard ANN (R? = 0.934). Similarly, for back-break
prediction, the hybrid ANN-ACO model delivered
greater accuracy, with an R? of 0.980 compared to 0.960
for the conventional model. Consequently, this opti-
mized tool allows engineers to proactively adjust key
blasting design parameters—including burden, spacing,
hole depth, and powder factor—before operations com-
mence. This capability directly supports the minimiza-
tion of hazardous side effects, thereby enhancing both
safety protocols and economic efficiency at the site.
Hasanipanah et al. (2017) studied the ground vibration
caused by blasting in the Bakhtiari Dam area using a
genetic algorithm. In their study, they developed equa-
tions to predict ground vibration using the mentioned
algorithm. The maximum payload weight at each delay
and the distance between the monitoring site and the
blasting point, as well as the most influential parameters
on ground vibration, were used as inputs for modelling.
The Peak particle velocity parameter, as an indicator for
evaluating ground vibration caused by the blasting, was
also considered as an output or dependent variable for
modelling. They measured the Peak particle velocity pa-
rameters accurately by considering 85 blasting cases and
then compared the results with several empirical predic-

tion models. The results showed that the genetic algo-
rithm is an acceptable model compared to empirical pre-
diction models for predicting the Peak particle velocity,
considering the mean sum of squared error and multiple
determination coefficient indices. In their study, Asl et
al. (2018) attempted to design appropriate parameters
for blast pattern design including overburden, spacing,
hole depth, stemming, specific charge, charge at each
delay time, and earth strength index to reduce inappro-
priate crushing and rock fly using artificial neural net-
work and firefly algorithm. After collecting data and se-
lecting the most effective parameters for rock fly and
crushing, they developed an artificial neural network
model and used the firefly algorithm for the optimization
process. The results of modelling and optimization
showed 42.9% and 32.9% reductions in rock fly and
crushing, respectively. Nguyen et al. (2019a) compared
the ground vibration and Peak particle velocity caused
by open-pit coal mine blasting using boosted general-
ized additive models, an empirical equation, a support
vector machine, and an artificial neural network. They
used several statistical indicators, such as coefficient of
determination, mean sum of squared error, and mean ab-
solute error to evaluate the quality of each prediction
model. The results showed that the proposed model had
the highest accuracy, and the height difference between
the blasting site and the monitoring site was one of the
dominant parameters governing the Peak particle veloc-
ity prediction models. In their other work in same year,
Nguyen et al. (2019b), presented a new prediction mod-
el based on the Gaussian process regression approach to
estimate ground vibration caused by blasting. They ex-
amined 210 blasting in an open-pit mine in Ghana, of
which 130 data points were used for developing model
training. The remaining 80 data points were used to
evaluate the performance of the Gaussian regression
model. Then, they compared the formulated model with
other standard prediction methods, such as the general-
ized regression neural network, the radial basis function
neural network, and the recurrent neural network, and
with four conventional ground vibration predictors. The
results showed that the proposed Gaussian process re-
gression approach can predict ground vibration with
much greater accuracy than the standard methods. Bui et
al. (2019) studied the effects of blasting in an open-pit
mine in Vietnam. During this study, 25 blasting were ex-
amined. In their study, they achieved a new hybrid mod-
el for predicting ground vibration caused by blasting by
combining fuzzy clustering models and pseudo-recur-
rent neural networks. The results of the studies show that
the new hybrid model has higher accuracy compared to
old models, such as artificial neural networks, forest, and
pseudo-recurrent neural networks. The proposed model
could be used to control the adverse effects of ground
vibration caused by blasting. Fang et al. (2019) consid-
ered ground vibration caused by blasting as the main ob-
jective in their study and presented a new artificial intel-
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ligence system to predict ground vibration caused by
blasting with high accuracy, which was based on the al-
gorithm based on the five-rules and the imperialist com-
petition algorithm, and they called it the imperialist
competition hybrid method based on the five-rules. In
the research, the imperialist competition algorithm was
considered to optimize the “five-rules” concept. To eval-
uate the efficiency of the new hybrid method presented,
they selected the “classical five-rules” and the support
vector machine as benchmark methods. In addition, they
used two empirical equations to develop models based
on experimental data sets to predict ground vibration
caused by blasting for comparison with the proposed
new hybrid model. They also conducted their study on
an open-pit mine in Vietnam using experimental models,
support vector machines and extended random models
based on 125 blasting cases. Then, evaluated the accu-
racy using the mean absolute error, the mean sum of
squared error, and coefficients of determination. The re-
search findings indicated that the proposed new hybrid
model provides the highest accuracy compared to other
methods. Yang et al. (2020) studied the prediction of
ground vibration caused by blasting using hybrid artifi-
cial intelligence methods. Their study was based on op-
timized support vector regression with the firefly algo-
rithm, genetic algorithm, and particle swarm optimiza-
tion algorithm. In addition, they used spindle-face,
artificial neural network-based models, and some well-
known empirical models. During this research, they
used 90 datasets collected from two open-pit mines.
Their comparison results based on several statistical cri-
teria indicated that the hybrid method has significantly
higher efficiency than other hybrid models based on sup-
port vector machines. Azimi et al. (2019) proposed a
new evolutionary artificial neural network that is opti-
mized with a genetic algorithm for predicting Peak par-
ticle velocity. The proposed artificial neural network-
based genetic algorithm is a hybrid method that provides
a systematic and automated approach to find the appro-
priate ANN architecture, number of neurons, activation
functions, training algorithm, and number of cycles. The
dataset consisting of maximum load weight at each de-
lay, horizontal distance, radial distance, and new modi-
fied radial distance between the monitoring station and
the blasting station at the Songun copper mine site in
Iran was used for the proposed validation.

The approach of comparing the performance of the
proposed ANN-based genetic algorithm hybrid model
with statistical indicators shows the superiority of the
ANN-based genetic algorithm hybrid model over em-
pirical predictors and the neuro-fuzzy inference system.
Finally, the results indicate that the proposed ANN-
based genetic algorithm hybrid method is effective in
finding the optimal architecture of the ANN while pre-
dicting the Peak particle velocity. Nguyen et al. (2020)
used an artificial neural network to predict air blasts
caused by blasting in the open-pit coal mine of Diona,

Vietnam. The parameters used in these models included
charge per delay, overburden, spacing, stemming length,
specific charge, air humidity, and monitoring the station
distance. The results of the research showed that the
multilayer neural network model has the most accurate
prediction compared to previous models. Al-Bakri et al.
(2021) confirmed the superiority of Artificial Neural
Networks (ANNSs) in predicting and optimizing blast-
induced impacts such as vibrations and flyrock. Their
findings show ANN models achieve greater accuracy
and efficiency than traditional empirical approaches,
making them critical for safety and environmental man-
agement in blasting projects.

Zhang et al. (2021a) investigated the effect of the
Peak particle velocity caused by blasting in underground
coal mines. This study discussed the relationship be-
tween the magnitude of mining events and the Peak par-
ticle velocity with the resulting stress increase, which is
of important reference significance for studying the
mechanism and early warning of rock bursting. Zhang
et al. (2021b) predicted the Peak particle velocity caused
by open-pit mining using an artificial intelligence-based
method. In this paper, a combination of extreme ma-
chine learning and multiverse optimization methods is
presented to predict the Peak particle velocity from 137
blasting events. As a result, better accuracy was achieved
compared to traditional models. Zeng et al. (2021b) in-
vestigated and predicted the Peak particle velocity using
hybrid machine learning. They concluded that a combi-
nation of boosting models can identify the most effective
parameters affecting the Peak particle velocity values
and predict them with high accuracy. Hanifehnia et al.
(2024) focuses on predicting the distance of blast-in-
duced flyrock, an undesirable environmental phenome-
non in open-pit mines, using artificial intelligence meth-
ods and statistical techniques; they employ an _Artificial
Neural Network (ANN-MLP) and a hybrid ICA-
ANN_ model (ANN optimized by the Imperialist Com-
petitive Algorithm) to forecast flyrock distance consid-
ering parameters such as number of holes, hole spacing,
burden, total charge, specific drilling, charge per hole
and specific charge, and report that the ANN achieved
RMSE =9.31 m, MAE = 7.10 m, R2 = 0.81 while the
ICA-ANN improved predictions to RMSE = 5.66 m,
MAE =4.60 m, R2 = 0.89; sensitivity analysis indicates
explosive consumption and number of holes have the
greatest impact. Khosravimanesh et al. (2024) noted
that directly measuring the Rate of Penetration (ROP) in
drilling is costly and time-consuming, making predictive
models a valuable alternative. In their study, they evalu-
ated linear, lasso, and ridge regression models on a data-
set of 492 samples. Their comprehensive comparison,
based on multiple error metrics, ultimately identified the
Ridge regression model as the most reliable and accurate
predictor for ROP.

Taiwo et al. (2024) presented new research about
blasting process in a granite quarries. This study suc-
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Figure 1. A schematic overview of the research stages

cessfully used an Artificial Neural Network (ANN) to
predict profitability in Nigerian granite quarries, directly
linking financial outcomes to blast design. By analyzing
fragmentation data, it identified a 2m x 2m blast pattern
as optimal and correlated higher blast efficiency with a
better uniformity index. The research confirms the ANN
model as a highly accurate profit forecasting tool, dem-
onstrating the value of merging operational and financial
data. Taiwo et al. (2023) in the other research, applied
advanced ML models, including LSTM and SVR vari-
ants, to forecast flyrock in the Akoko Edo quarries. From
their data, burden distance and charge amount were crit-
ical factors influencing projections. The LSTM model
proved superior in accuracy, significantly outperforming
other algorithms and providing a reliable tool for risk
assessment. Further demonstrating the value of machine
learning in mining, a study on the Dongri-Buzurg mine
utilized a hybrid artificial neural network (ANN) to pre-
dict blast-induced Peak Particle Velocity (PPV). By inte-
grating optimization techniques, the model improved
prediction accuracy, which led to optimized blasting pa-
rameters and reported benefits in safety, environmental
protection, and operational efficiency (Bisoyi et al.,
2025). Ebrahimabadi et al. (2025) investigated the pre-
diction of Roadheader performance, specifically the In-
stantaneous Cutting Rate (ICR), which is critical for op-
timizing excavation in tunneling and mining. To forecast
ICR based on rock and machine parameters at the Tabas
coal mine, they employed and evaluated three models: a
Support Vector Machine (SVM), the Firefly Algorithm
(FA), and the Bat Algorithm (BA). Their results demon-
strated that all models performed satisfactorily, but the
Bat Algorithm (BA) proved superior, achieving the
highest coefficient of determination (R? = 0.9421) and

the lowest error metrics, thereby offering the most pre-
cise and realistic predictions.

Considering the research conducted and the existing
research gaps, in this present research work, an attempt
was made to first create a suitable database including the
distance and amount of explosives as input variables and
the Peak particle velocity as an indicator of the amount of
vibration as a dependent variable using a seismograph in
two large-scale open-pit mines, Songun and Golgohar.
Then, the deep learning method was used as a predictive
tool. Given the number of hyperparameters in this method
and the uncertainty of the random and trial-and-error se-
lection, the predictive method was augmented by integrat-
ing a herd immunity-based optimization algorithm to ob-
tain a reliable hybrid method. It is also worth noting that
the adverse effect of vibrations on the lives of people
working in mines or people living in areas near the mine
shows the necessity of using such research. Accurate as-
sessment of vibration intensity is critical for ensuring cor-
rect mining developing direction.

2. Methodology

The occurrence of blasting in open-pit mines for min-
eral extraction is essential and inevitable. With the oc-
currence of a blasting, vibrating waves move rapidly in
all directions and, when they collide with buildings,
transfer their kinetic energy to them, causing various
damages to them. These damages are the source of many
life and financial risks. These risks affect all buildings
located in the range of motion of seismic waves. These
buildings can include mining facilities or residential
houses around mining areas. These vibrations, along
with other negative effects caused by mining blasting,
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are considered one of the most important negative con-
sequences. Therefore, studying and investigating this
phenomenon and then controlling and managing it is
very important. Considering this issue, a path was drawn
and implemented in this research work to provide this
important information. The research path for this work
includes recording and collecting the desired study data,
analyzing and pre-processing the collected data, creating
a predictive model, and optimizing the final model. Fig-
ure 1 shows the overall research process taken to achieve
the research goal in this study.

2.1. Developing Database

Considering the nature of the research subject as well
as the implementation of the study on two open-pit min-

Songun Mine

[
Tehran

Iran Map

cnlgoz:*: Mine

Figure 2. Location of the studied mines

ing sites, access to real data is inevitable. For this purpose,
data on blasting in the two open-pit mines of Sungun Ahar
and Golgohar Sirjan were monitored and recorded (see
Figure 2). At this stage, by planning and replacing the
Instantel Minimate Plus seismometer at important loca-
tions, various data related to the blasting and its seismic
results were recorded and collected during the blasting
operation. More than 1000 observations were recorded.
This data included various information about the condi-
tions of the blast holes and the distance from the blast site.
Since the study aimed to investigate the relationship be-
tween the distance between the seismometer location and
the center of gravity of the blasting and the amount of
explosive used with the Peak particle velocity as an indi-
cator of the magnitude of vibration, only this part of the
data was used. Figure 3 shows a sample of the content
captured for blasting event number 27.

2.2. Deep learning

Predictive modelling of diverse phenomena enables
enhanced accuracy in operational planning. Artificial in-
telligence, which relies on its various tools, can provide
acceptable predictions. Machine learning is one of the
most important subsets of artificial intelligence-based
methods offering a wide range of useful tools for predic-
tion, including artificial neural networks. Among the
subsets of neural network-based methods, deep learning
techniques are considered to be one of the most efficient
artificial intelligence tools. Deep learning refers to more
complex and larger networks based on artificial neural
networks. These networks differ from simple artificial
neural networks in terms of characteristics. The frame-
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Figure 3. An overview of the recorded data along with the location of blasting event number 27
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work and architecture of these networks in deep learning
give them high flexibility in dealing with complex prob-
lems and large volumes of data. Factors such as the type
of network framework, the number of hidden layers, the
number of neurons in each layer, activation functions,
weight functions, optimization functions, and various
other hyperparameters play an important role in defining
and establishing a deep learning network.

The earth’s condition, which involves facing a natural
and self-made environment, does not allow any control
and management over its key parameters. In conditions
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Figure 4. Overview of a deep learning network architecture

where there is no control over important environmental
parameters, predicting behaviour is very difficult and
complex. Therefore, facing and behaviour study of such
environments for prediction requires the use of tools
with high flexibility and power. On the other hand, as
mentioned in the previous section regarding the nature
of data, the number of data points collected is approxi-
mately 1000, which is a considerable number. Consider-
ing the above, the deep learning method was chosen to
find the behavioural pattern between the input parame-
ters, namely the distance from the blasting site and the
amount of explosive, and the output parameter, namely
the Peak particle velocity. Deep learning has various
frameworks, among which the feedforward framework
is the best option for working with tabular data. Other
frameworks are used for working with time series data
image data, etc. The architecture used for deep learning
consists of an input layer containing two input parame-
ters, followed by seven hidden layers, and finally, an
output layer containing one output parameter. Figure 4
shows the general scheme of the designed network ar-
chitecture.

When applying deep learning methods, a portion of
the data is designated as training data, while the remain-
der is reserved as test data. Typically, 70% of the data is
allocated for training, and 30% is used for testing. This
standard approach was adopted in this research.
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Figure 5. Flow chart of Corona Herd Immune Algorithm
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2.3. Coronavirus Herd Immunity Optimizer
(CHIO)

The coronavirus herd immunity optimizer, introduced
by Albetar et al. (2021), is a novel optimization algo-
rithm based on human biological structure, classified un-
der the subclass of nature-inspired optimization methods.
This algorithm works on the coronavirus pandemic with
the concept of herd immunity. The speed of the spread of
the coronavirus infection depends on how directly infect-
ed individuals come into contact with other members of
the community, which are modelled based on optimiza-
tion concepts. The coronavirus herd immunity optimizer
mimics the herd immunity strategy as well as social dis-
tancing concepts. This is a robust optimization algorithm
that can solve optimization problems in a wide range of
optimization domains. The different steps of the coronavi-
rus herd immunity optimization process are given below.
The flow chart of the coronavirus herd immunity optimiz-
er algorithm is shown in Figure 5.

As can be seen from Figure 5, this algorithm, like
other metaheuristic algorithms, creates a population of
possible solutions by accepting the ranges of change of
each input variable, and then by inserting them into the
defined cost function, the best solution of that generation
from the population is calculated and considered as the
best solution up to that stage of the algorithm. Then, in
the next stage, the second generation of the population
of possible solutions is calculated based on the computa-
tional characteristics defined for this algorithm. After
that, the cost function values are calculated again for
each, and the best solution is selected and compared
with the best solution of the entire process. In this way,
the second iteration ends. The iterations of this algo-
rithm continue until the defined stopping criterion is sat-
isfied. For more information about this algorithm, refer
to the source. For a more detailed explanation of optimi-
zation algorithm’s calculation steps, different CHIO
steps have been brought in following:

CHIO Algorithm Calculation Steps:

Initialization:

Initialize the population (individuals) with random
solutions (HIS=15).

Define parameters:

Herd Immunity Rate (HIR=0.5)

Basic Reproduction Rate (BR=0.01)

Maximum Infected Cases Age (Max_age=3)

Fitness Evaluation

Evaluate fitness for each individual.

Virus Spread (Update Solutions)

For each individual, update its position based on in-
fected cases:

If (rand < BR), modify solution using:

XM =X +r- (X, —X;)-1 (1)
Where:
X; — current individual,
X; —randomly selected infected neighbor,

r —random number,

I —binary infection indicator.

Herd Immunity (Crossover-like Update)

If (rand > BRR), update using herd immunity:

XMW =X, 47 (Xi—X)-(1=1) )

Where X;.: a healthy (immune) individual.
Fitness Comparison & Replacement

Replace X; with X{**" only if the fitness is better.
Update Infection Rates

Adjust BR dynamically:

t
BR(t + 1) =BR(t)'<1—W> 3)

Termination

Repeat until Max_Iter (=1000) is reached or conver-
gence is achieved.

The values enclosed in parentheses for each CHIO al-
gorithm parameter and control parameter represent those
utilized during the CHIO optimization process. These
values were obtained through several trial-and-error at-
tempts.

2.4. Date preprocessing

The first stage of the present research examines the
data. To have acceptable results from predictive model-
ling, the quality of the input data is very crucial. The best
models and algorithms cannot meet the lowest expecta-
tions when faced with poor-quality inputs. Therefore,
monitoring and refining the data before importing them
into the model is one of the most important steps in ac-
cessing a good model. This stage is called data pre-refin-
ing. The different stages of the preprocessing stage are
presented in Figure 6 below.

2.5. Optimization philosophy

Accessing the optimal value of the target variable has
always been of interest in various engineering and non-
engineering problems. The optimal value is a value that,
for values other than that, the target function will pro-
vide more or less values. Consistent with the present
study, the aim is to reach the most accurate tool for pre-
dicting the Peak particle velocity and, consequently, the
target vibration level. The indicators that evaluate the
accuracy and precision of the prediction methods in this
study have been previously introduced. For example,
considering the coefficient of determination index, the
best performance of the prediction method occurs when
this index has values close to one. In other words, one is
the best value for the coefficient of determination. There-
fore, the performance quality of the prediction method is
the closeness of the coefficient of determination to the
value of one. However, the target method in this study is
a deep learning network. This method has various hyper-
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parameters that affect its performance. The most impor-
tant hyperparameters of this method include the number
of hidden layers, the number of neurons in each layer,
the types of functions involved in the layers, etc. The
number of hyperparameters of a deep learning network
is high. The values assigned to each of these hyperpa-
rameters have a direct impact on the performance quali-
ty of the deep learning network. Figure 7 shows the ef-
fect of the number of neurons in the first hidden layer
and the learning rate on the performance quality of the
deep learning network by monitoring two indices: root
mean square error and absolute percentage of average
error. It is clear from all four figures that by changing the
values of the two hyperparameters mentioned above, the
change in the performance quality of the deep learning
model is evident, indicating the high impact of the mod-
el behaviour on the values of the hyperparameters.
Therefore, the selection of hyperparameter values is of
considerable importance in discovering the optimal
deep-learning network.

In the selection step of values for these hyperparam-
eters, a random trial and error procedure can be used.

This procedure provides the most accessible solution.
Due to the lack of complete monitoring of the possible
values, the space of each hyperparameter presents con-
siderable uncertainty regarding the best performance of
the deep learning network. On the other hand, due to the
large number of hyperparameters, manual adjustment is
very time-consuming. In another procedure, the best val-
ues are selected for the hyperparameters using optimiza-
tion processes. In this method, by integrating prediction
and optimization methods, a new hybrid method is cre-
ated that provides the best results, considering the limi-
tations of the optimization process.

2.6. Optimization process

As mentioned in the previous section on the necessity
of the optimization process, the number of hyperparam-
eters of a deep learning network is significant. There-
fore, in this research work, the hyperparameters of the
number of neurons in the hidden layers, the activation,
the regulator and bias functions, and the learning rate
were selected as the target hyperparameters for optimi-
zation. To create an optimized deep learning hybrid net-
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Figure 7. The effect of hyperparameters variation on deep learning network performance

work, the optimization process must be located and co-
ordinated within the predictive process. The location,
connection, and integration of the optimizer method into
the predictive method are of great importance. To
streamline exposition and facilitate comprehension of
the optimization algorithm’s integration with the deep
learning architecture, a schematic representation of the
workflow was presented. Figure 8, shows the view pro-
cess of the optimized deep-learning hybrid network.

3. Results and discussion
3.1. Convergence curve

The computational structure of metaheuristic algo-
rithms is based on searching the space of possible solu-
tions. These algorithms randomly select a set of solu-
tions at each stage and obtain the value of the objective
function for each of them, considering the best solution
available at each stage as the temporary solution to the
problem at that stage. This process is repeated in subse-
quent stages. These iterations create a set of the best so-
lutions. The geometric location of these solutions, in
terms of the number of iterations, forms a graph that
shows the state of changes in the best solutions obtained

during the different stages of the algorithm. This graph is
known as the convergence curve to the optimal solution
or, in short, the convergence graph. The convergence
graph shows the progress of the computational stages of
the algorithm and the improvement of the objective
function values while searching for the solution. In gen-
eral, the convergence graph displays the overall behav-
iour of the optimization algorithm, whether the algo-
rithm converges toward the final solution or diverges,
and if it converges, the graph shows how this conver-
gence occurs. The shape of convergence graphs can be
gradual or stepwise, depending on the type of optimiza-
tion process. In the stepwise type, the optimal solution
value remains constant for successive iterations, and the
algorithm cannot discover new optimal values in each
iteration and stage, which is directly related to the com-
putational structure of the optimization process and the
type of optimization problem. The stepwise or gradual
shape of the convergence graph cannot be the sole basis
for judging the performance of the optimization algo-
rithm. One of the important features of this graph is its
decreasing slope. The higher the decreasing slope of the
graph, the faster the algorithm discovers optimal solu-
tions and its intelligent performance in searching for bet-
ter solution space. Another important feature of this
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Figure 9. Convergence graph of the optimization algorithm with its iterations

graph is the final horizontal section of the graph, which
indicates the stopping of the process of discovering a
new optimal solution, and the iterations performed in
that interval are useless calculations; to reduce the calcu-
lation time and avoid unnecessary use of the computer’s
computational capacity, those iterations can be ignored
in the next stages. Of course, it must be ensured that the
horizontal section must form the last part of the graph.
The presence of oscillations in the convergence graph is

generally not a good sign. These oscillations can indi-
cate the algorithm’s confusion in choosing an appropri-
ate partition of the solution space to search for the opti-
mal solution, which is considered a weakness of the op-
timization algorithm. In this case, the probability of the
algorithm getting stuck in local extrema increases.

One of the important uses of this graph is to compare
the performance of different optimization algorithms
with each other. By considering this graph, various algo-
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rithms can be compared in terms of convergence and
divergence to the optimal solution, as well as the conver-
gence speed and shape of convergence. Furthermore, the
convergence graph of the optimization algorithm can be
used to adjust the hyperparameters and reach the optimal
solution. This graph can also help identify problems in
the optimization process and its slowness. Considering
the above, drawing the convergence graph of the optimi-
zation process is very important. For this reason, the
convergence pattern of the coronavirus herd immunity
optimization process, which is used to optimize the deep
learning network for predicting the Peak particle veloc-
ity, is plotted and given in Figure 9.

According to Figure 9, the optimization process con-
verges to a specific solution. This indicates the correct
performance of the optimized deep-learning network.
The shape of the convergence graph is a step-down, in-
dicating that the optimal solution is not reached at each

step of the optimized deep learning hybrid network cal-
culations. The size of the convergence graph platforms
indicates that the speed of movement towards the opti-
mal solution is high in the initial iterations and decreases
as time passes and approaches the optimal solution,
which is a normal behaviour of an optimization process.
This also indicates that the number of iterations of the
optimization process is sufficient. No fluctuations are
observed in the pattern, which is due to the correct orien-
tation of the optimization process in the problem solu-
tion space.

3.2. Correlation of Actual and Predicted Data

The evaluation of performance quality of behavioural
models adapted to data can be evaluated from various
aspects. One of the most common methods for testing
the efficiency of models is the use of numerical criteria.
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These criteria, according to their computational struc-
ture, evaluate and report the efficiency of a predictive
model from various aspects. In addition to the weak-
nesses of these numerical parameters, which were men-
tioned in the previous section, only relying on this form
of indicators can be misleading. To prevent partial judg-
ment of the model’s performance and ensure access to its
real performance, in addition to using numerical criteria,
graphical and diagrammatic observation of the model’s
performance can be beneficial. Accordingly, in this part
of the present study, the efficiency of models has also
been examined graphically. The residual error of each
prediction is one of the most important indicators indi-
cating the efficiency of each model, and it is not possible
to make a correct and complete judgment of the quality
of the model by studying its values or even its average.
One of the most important graphical tools for examining
the model performance is displaying the residual errors
of each prediction. For this display, the data index is dis-
played on the horizontal axis and the residual errors of
each prediction are displayed on the vertical axis. The
residual error is the distance between the predicted value
and the actual value. In this graph, if the model has ac-
ceptable performance, the data dispersion will have two
characteristics. The residual error values of each predic-
tion for a model with acceptable performance will have
a high density around the horizontal axis, which repre-
sents zero error. However, in such models, the disper-
sion of the residual errors around the horizontal axis is
symmetrical and their dispersion does not follow a spe-
cific pattern. Such a graphical display can show the

overall performance of the model at once and help make
a correct judgment. In addition to this graph, a correla-
tion graph of the actual data and the predicted data is
also presented. These two graphs together depict the
model’s performance. In this research work, the two
aforementioned graphs have been depicted to complete
the judgment process. Figure 10 shows the prediction
accuracy graphs for the stochastic gradient descent, sup-
port vector machine, adaptive reinforcement, and deep
learning network models. Looking carefully at Figure
10, it is clear that the data density around the zero-error
line for the deep learning-based model is better than
other models. Also, the data symmetry around the zero-
error line is more acceptable for the deep learning-based
model than other models. Considering the correlation
graph of the actual data and the predicted data, it also
seems that the performance of the deep learning-based
model is better than other models. Using the graph meth-
od helps to study the model’s performance instantly and
simultaneously.

Figure 11, is a line graph that graphs two datasets la-
beled “Predicted” and “Actual” over a test data index
range from 0 to 140, with the two graphs repeated twice,
likely to attract attention or for reproducibility purposes.
The x-coordinate is the test data index, and the y-coordi-
nate plots some unknown quantitative quantity between 0
and 30. The “Predicted” line is a line of constant value
25, which is an ideal or target value that is constant for all
test indices. In contrast, the “Actual” line starts at O for
the initial test index and rises slowly over time but never
reaches the “Preferred” value, plateauing at 20-22—3-5
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Figure 12. Cumulative frequency chart of model errors

units short of the target each time. This recurring short-
age is an indicator of system underperformance, with the
deficiency largest on first test indices and decreasing
slowly but still considerable even on subsequent indices.
The flattening of the “Actual” line is indicative of a satu-
ration effect where decreasing returns or internal con-
straints make further convergence with the “Preferred”
value unrealistic. The reasons may be errors in calibra-
tion (e.g. a predictive model underestimating the out-
comes consistently), external constraints (e.g. lack of re-
sources), or measurement noise. Recommendations are
to verify the root cause of the plateau (e.g. model bias,
feature omissions, or training issues), rescale systems as
needed, and find out if the gap is tolerable or needs to be
optimized further. The absence of axis markers and con-
textual details (e.g. domain knowledge) limits more de-
tailed interpretation but suggests an obvious need for cor-
rective action based on the visual trend to align “Actual”
results with “Preferred” objectives. Additional context
could refine the analysis further.

Examining the statistical status of errors resulting
from prediction by a behavioural model can help pro-
vide confidence in the model’s performance from vari-
ous aspects. One of the important aspects of error in the
discussion of behavioural data models is paying atten-
tion to the overall frequency of errors occurring in the
prediction process. According to the definition of fre-
quency, it refers to the number of data repetitions in de-
fined intervals. Determining the frequency of errors in
different intervals and identifying intervals with high
frequency is a good reflection of the more accurate per-
formance of the model. In this regard, using the relative
cumulative frequency chart of the error population can
be very helpful. About this type of criterion, it can be
said that for models that perform better, the relative cu-

mulative frequency of errors is in intervals containing
the lowest errors. The graphical manifestation of this
phenomenon is the stretching of the relative cumulative
frequency chart towards values close to one in intervals
of error values close to zero. In other words, the more
the model’s chart in the low error ranges moves above
the charts of other models, the better the model’s perfor-
mance. In this research work, to complete the process of
evaluating predictive models, the relative cumulative
frequency of errors has been plotted against the mean
absolute error. Figure 12 shows the state of the relative
cumulative frequency curve of errors based on the mean
absolute error. As is clear from Figure 12, the curve of
the deep learning-based model in the lower error ranges
has presented a higher relative cumulative frequency
and has moved to the upper part of the graph, indicating
its better performance than the other selected models.
This criterion also confirms the more stable and accurate
performance of the deep learning-based model com-
pared to other models.

3.3. Numerical results

The use of graphical methods, along with their
strengths, also have weaknesses. The main weakness of
graphical methods is the non-quantitative comparison of
outputs. The only way to compare graphs, since they are
based on visual indicators, is highly influenced by per-
sonal taste and judgment. The quality of using graphical
indicators depends on the experience and knowledge of
the person using them. This makes it difficult to use
these types of graphs for judgment. To overcome this
weakness, using a graphical criterion and matching it
with a numerical index can be very useful. For this pur-
pose, displaying actual and predicted data simultane-
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ously is a common tool. To achieve such a graph, actual
and predicted data are plotted based on a data index, in-
dicating the degree of data matching. If the model per-
forms well, the two lines passing through the actual and
predicted data will be very close to each other and the
distance between them will be small. However, in the
event of large errors, the degree of separation between
the two graphs will increase. This same criterion can be
used to quantitatively compare the performances of
models. For this purpose, after drawing lines passing
through the actual data and the predicted data, the size of
the area between the two lines was used as a quantitative
indicator to compare the performance of the models and
compare the graphs. Accordingly, the lines passing
through the actual data and the predicted data for the dif-
ferent selected models are shown in Figure 11. In Fig-
ure 11, it is clear that the deep learning network-based
model performs better and the separation between lines
appears to be less than other models. However, for a
more accurate judgment, the area between the two lines
has been calculated. Based on the calculated values, it is
also clear that the separation between the lines for the
model based on the deep learning is equal to 30.459,
which is the best condition compared to other models.
This indicates a high agreement between the actual out-
put data and the predicted data, which is a reliable crite-
rion for measuring and selecting the best model.

3.4. The mean absolute percentage error

The mean absolute percentage error is one of the most
common statistical measures for studying the behaviour
of predictive models. The computational nature of this
measure comes with certain characteristics that, while
reflecting the degree of deviation of predicted values
from actual values, sometimes should be interpreted
with caution. This indicator can be easily calculated
which is one of its strengths. Equation 4 shows its com-
putational formula.

1 n
MAPE = —Z
n

i=

yi— Vi

" “4)

Where:
y; — measured values (mm/s),
¥; — predicted values (mm/s),
n —amount of data.

The mean absolute percentage error is a measure of
the model’s accuracy. Since this measure is reported in
percentage terms, it is easier to interpret and present than
other indicators. Despite the strengths stated, this indica-
tor has its unique weaknesses that must be considered
while interpreting the results. The mean absolute per-
centage error, due to its computational structure, loses its
computational power when faced with real zero values
since division by zero has no mathematical meaning.
This indicator sometimes evaluates models of poor qual-
ity that lack sufficient accuracy and precision as good

models by calculating their low values. One of the main
limitations of this indicator is that as the actual and pre-
dicted values approach zero, despite the closeness of the
actual and predicted values, the error-index value moves
towards high values. This measure is sensitive to the
scale in which the data is located. Therefore, using this
index for non-scalar data can lead to errors in evaluating
the actual performance of the predictive model. Accord-
ingly, using this index to compare the performance of a
model when faced with different data is not logical.
Therefore, it is always recommended to use other indi-
ces, along with this criterion, for a comprehensive evalu-
ation of the predictive model.

In this research, the average absolute error percentage
was calculated to evaluate the efficiency of the deep
learning-based model. Figure 13a shows the average
absolute error percentage values obtained for the deep
learning model and the support vector machine, adaptive
boosting, and stochastic gradient descent models. Con-
sidering the average absolute error percentage value,
0.068, it is clear that the deep learning-based model has
provided the lowest average absolute error percentage.
In the meantime, the support vector machine-based
model has provided better performance by a minimal
distance. According to the results obtained for these
models, and considering the processed nature of the
data, the deep learning model has shown acceptable per-
formance in predicting the amount of vibration generat-
ed based on the distance and amount of explosives used.

3.5. Coefficient of determination

A high correlation between measured values and pre-
dicted values by models is an indication of their accept-
able performance. To study the amount of both behav-
iour and correlation between predicted and actual data,
there is an index called the coefficient of determination
(R™2). The coefficient of determination; in its basic defi-
nition, is a measure of the quality of the data fit to a be-
havioural model. However, in the behavioural prediction
workspace, it indicates how close the actual values and
predicted values are, or more precisely, the degree of
their correlation. To calculate the value of the coefficient
of determination, we can use Equation 5.

D)

R?=1 ~
i1 i =)

)

Where:
¥ — mean of the actual data values (mm/s).

The rest of the parameters have been previously intro-
duced. The coefficient of determination indicates to what
extent the observed values match the predicted behav-
ioural model. In general, the values of the coefficient of
determination range from 1 to negative infinity. Values
close to one usually indicate acceptable performance of
the behavioural model, and values close to zero and even
negative values indicate unacceptable performance of
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the model in predicting the behaviour of the data. This
index, like other criteria for measuring the efficiency of
predictive behavioural models, has its weaknesses and
limitations. Factors such as data scale, data nature, and
data preprocessing methods are among the factors af-
fecting the behaviour of the coefficient of determination
index. Accordingly, in some cases, high values of this
index can be due to errors in the model. The presence of
outliers indicates the unreliability of the coefficient of
determination. Because the coefficient of determination
is very sensitive to the presence of outliers. The co-line-
arity phenomenon between sharp input data can cause
the coefficient of determination to be high, and as a re-
sult, cover the real weakness of the model. It should also
be noted that the coefficient of determination does not
provide any interpretation for the cause of the model be-
haviour and the roots and origins of errors. Therefore,
the quality of the predictive model can be examined by
this index and others. Given the importance of this index
and its limitations, the coefficient of determination for
the selected predictive models has been calculated and
its values are presented in Figure 13b. In Figure 10b, it
is clear that the behavioural model based on deep learn-
ing, with a coefficient of determination of 0.972, has per-
formed best. Considering the data scaling and the re-
moval of outliers and the examination of the absence of
the co-linearity phenomenon, it can be stated that the
coefficient of determination value is a reliable expres-
sion and reflection of the model performance.

3.6. Root mean squared error

The scatter of measured data around the predicted be-
havioural model is also important in studying the quality
of a predictive behavioural model. The root mean square
error index is a measure of the behaviour of the model.
The root mean square error index is an index that reflects
the standard deviation of the residuals of the actual val-
ues from the predicted values. This measure is a param-
eter that is not standardized in terms of the scale of er-
rors that occurred in the prediction process, however, the
coefficient of determination is a standardized index. The
values of the root mean square error index start from
zero and move towards positive infinite values. Natu-
rally, considering the type of index, values close to zero
are considered desirable values. To calculate the value of
the root mean square error-index, Equation 6 can be

used.
- i —9)*?
;—n ©)

In addition to providing conditions for the alignment
of actual and predicted data, the root mean square error-
index, by emphasizing and magnifying large model er-
rors, helps identify areas of the data where the model
does not behave acceptably. Due to this feature, this in-

RMSE =

dex takes a more conservative approach compared to
other indices and is considered more reliable. The root
mean square error considers more weight for larger er-
rors. This index separates the root mean square error
from the mean absolute error and makes it more sensi-
tive to outliers. The root mean square error index results
from squaring the distance between the actual values
and the predicted values. Of course, it should be noted
that the root mean square error is also non-equilibrium
and the data has a negative effect. The root mean square
error was used to evaluate the performance of the model.
Accordingly, Figure 13a shows different values of the
root mean square error for the selected predictive mod-
els. Considering Figure 13a, the optimized deep learn-
ing-based model has provided more acceptable perfor-
mance than the other models. The root mean square er-
ror value for the deep learning-based model is 0.836,
which is an indicator of the smaller computational errors
of the behavioural model.

3.7. Model Bias and variance

Bias and variance of predictive models are among the
most important evaluation indicators, indicating the de-
gree of generalizability. Bias is an indicator that shows
the model’s accuracy in tracking the general behaviour
of the data. A low bias value indicates that the model has
successfully determined the general trend of the data by
overcoming data noise. On the other hand, if the model
fails to track the general trend of the data, data noise is
high and the model is unable to overcome it, thus, the
model has a high level of variance. The interaction of
these two parameters and reaching the equilibrium point
of variance and bias is important for having a good pre-
dictive model. As the bias increases, the model’s perfor-
mance in predicting values for both training and test data
will be poor. As the complexity of the model and its fit to
the data increase, the bias will move towards lower val-
ues. The model performance variance is examined in the
model training process, indicating the data fluctuation. A
high variance indicates overfitting of the model in the
training phase and the dominance of outlier data over the
model behaviour. It shows that the model performs very
well in the training phase but very poorly on tests and
new data.

Given the nature of these two model parameters, it
will provide reliable and generalizable results providing
the minimum possible value for the two bias and vari-
ance indices. It is worth noting that with increasing mod-
el complexity, the model bias decreases, but, causes pre-
fitting of the model, thus, the model variance will in-
crease, which is undesirable for the model. Therefore,
reaching an equilibrium point where both the bias and
variance of the model have the lowest possible values is
very important.

Considering the above explanations in this research
work, to achieve a better judgment regarding the perfor-
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Figure 13. Values of various model evaluation indicators

mance of the models, the bias and variance of the mod-
els were also calculated. Figure 13a shows the values
obtained for the three models. The model based on the
optimal deep learning network presented the lowest
point of balance of bias and variance, which is another
proof of its better and more stable performance.

4. Conclusions

This study developed and validated a new hybrid
model to predict blast-induced peak particle velocity
(PPV) by combining a deep learning (DL) network with
the Coronavirus Herd Immunity Optimizer (CHIO), a
metaheuristic algorithm. The key innovation is using
CHIO to automatically tune the DL model’s hyperpa-
rameters—such as the number of hidden layers, neuron
layout, activation functions, and learning rate—replac-
ing slow, manual trial-and-error tuning. This automated
search produced a more reliable model with better gen-
eralization. We tested the model on a strong dataset of
more than 1,000 blast records from the Songun Ahar and
Golgohar Sirjan mines. The hybrid approach outper-
formed standard methods, achieving an R? of 0.972,
RMSE of 1.146, and MAPE of 0.068—at least a 4% im-
provement in accuracy compared with benchmarks like
Random Forest and a non-optimized DL network. Prac-
tically, this tool can help mine engineers predict vibra-
tion levels more accurately, design safer blast patterns,
and reduce environmental impacts while meeting strict
safety standards. Methodologically, the work offers a
useful blueprint for tackling other complex, nonlinear
geomechanical problems where classic empirical formu-
las don’t suffice. We also outlined paths for future re-
search. The current model mainly uses distance and ex-
plosive charge as inputs; adding geomechanical varia-

bles (for example, rock mass rating and joint properties)
and blast-design parameters (such as delay timing and
stemming) should improve performance. The model
should also be validated across different geological set-
tings and mining methods to confirm its scalability and
robustness. Overall, this research lays the groundwork
for next-generation Al decision-support systems in min-
ing and points toward integrating these models with re-
al-time sensors and IoT platforms for smarter, dynamic
excavation management.
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SAZETAK

Procjena vr$ne brzine Cestica izazvane miniranjem primjenom optimiziranoga
dubokog ucenja s algoritmom optimizacije kolektivhog imuniteta koronavirusa

Rudarstvo je jedan od najvaznijih gospodarskih sektora. Povrsinski kopovi najcesci su oblik eksploatacije, a miniranje je
najucinkovitija metoda razaranja stijenske mase. Medutim, ovaj postupak moze uzrokovati znatna ostecenja uslijed vi-
bracija. Stoga su pracenje i kontrola vibracija od klju¢ne vaznosti. Cilj je ovoga istraZivanja procjena razine vibracija na
temelju udaljenosti od mjesta miniranja i koli¢ine upotrijebljenoga eksploziva. U tu svrhu vibracije su procjenjivane
pomocu najvece brzine Cestica (Peak Particle Velocity - PPV) mjerene seizmografima. Mjerenja su provedena u dvama
velikim povrsinskim kopovima u Iranu, u kojima je prikupljeno priblizno 1000 podataka. S obzirom na slozenost priku-
pljenih podataka, za modeliranje je primijenjena metoda dubokoga ucenja (deep learning). Ova metoda sadrZava velik
broj hiperparametara, ¢ija pravilna prilagodba znatno utjece na u¢inkovitost modela. Za odredivanje optimalnih vrijed-
nosti kori$ten je algoritam optimizacije kolektivnoga imuniteta koronavirusa (Coronavirus Herd Immunity Optimizer -
CHIO), algoritam inspiriran bioloskim principima imunolo$koga odgovora populacije na virusne infekcije. Uéinkovitost
modela ispitana je primjenom razli¢itih kriterija. Rezultati pokazuju da je primjenom metode optimizacije to¢nost pred-
vidanja pobolj$ana za najmanje 4 %. Koeficijent determinacije za modele slu¢ajne $ume (random forest), osnovnoga
dubokog ucenja i optimiziranoga modela iznosio je 0,861, 0,932 i 0,972. Vrijednosti korijenske srednje kvadratne pogres-
ke (RMSE) bile su 3,687, 2,338 11,146, dok su indeksi prosje¢ne apsolutne postotne pogreske (MAPE) iznosili 0,169, 0,128
i 0,068. Zaklju¢eno je kako metoda dubokoga uéenja pokazuje zadovoljavajucu izvedbu, a njezina se u¢inkovitost moze
dodatno povecati primjenom algoritama optimizacije. Dobiveni rezultati potvrduju izvrsnu ucinkovitost integracije
CHIO metode i njezinu visoku primjenjivost u procjeni vibracija uzrokovanih miniranjem.

Kljucne rijeci:
miniranje, vr$na brzina Cestica, umjetna inteligencija, duboko uc¢enje, kolektivni imunitet, koronavirus
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Abstract

This study offers the first detailed insight into the hydraulic relationship between the Sava River and Lake Jarun, an urban
lake formed from a former river meander in Zagreb, Croatia. The main objective was to quantify and understand the
temporal variability of their hydraulic connectivity under drought conditions. Continuous, high-resolution (hourly)
water level monitoring of Lake Jarun, established in April 2022, was combined with interpolated Sava River water levels
derived from national gauging stations. Using a suite of statistical tools — Pearson correlation, linear regression, cross-
correlation, and the sliding window correlation method - the study assessed the strength, direction, and timing of river-
lake interactions. The results revealed a clear but dynamic subsurface connection, with the lake typically responding to
river fluctuations after a delay of five to six days. During the exceptional drought in the summer of 2022, this response
weakened significantly, and the time lag extended beyond 21 days, indicating reduced hydraulic connectivity. The sliding
window approach further revealed temporal variability, with sharp declines in correlation during low-flow periods and
rapid recovery during high-water events. These findings highlight the non-stationary nature of hydraulic connectivity in
regulated floodplains and the sensitivity of such systems to hydrological extremes. In addition to providing the first high-
resolution dataset for Lake Jarun, this study introduces a time-adaptive analytical framework that enhances the under-
standing of short-term river-lake interactions and supports future management of urban water systems under increasing
climatic pressure.
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ship between these lakes and the Sava River has been
established.

Among these lakes, Jarun has a special significance
for the City of Zagreb. Lake Jarun was originally created
as part of the river regulation and has since developed
into an important sport, recreational and cultural centre
for the city’s inhabitants. It is frequently used for water

1. Introduction

Until 1899, the Sava River in the Zagreb region was
an unregulated, meandering watercourse. Characterized
by dynamic erosion and accumulation processes, the
river frequently changed its course, eroding banks and
forming new channels, oxbow lakes, sandbanks and is-

lands. The course of the river in Zagreb was not a single,
stable channel as we know it today, but rather a complex
network of smaller streams and river arms whose posi-
tion was constantly changing. The beginning of river
regulation and the construction of embankments result-
ed in some of these channels and oxbow lakes being per-
manently cut off from the main riverbed. As a result,
numerous artificial and semi-natural lakes were formed
in the Zagreb area, which are directly related to the
regulation of the Sava River and the gravel excavation
for the embankment construction. However, no system-
atic monitoring of water levels or studies on the relation-
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sports, leisure activities and events, making it an impor-
tant social and environmental asset for the local com-
munity. The lake not only enhances the quality of life of
Zagreb’s residents but also plays an important role in the
urban ecology by contributing to biodiversity and pro-
viding a green space that promotes both physical and
mental well-being. Its continuing role in the city’s urban
water landscape highlights the need to understand its hy-
drological function, particularly in relation to the nearby
Sava River.

In recent times, investigation of hydrological and hy-
drogeochemical characteristics of lakes, rivers and
groundwater, their relationship, as well as their response
to climate change, has been the focus of numerous re-
search studies (Garcia-Alix et al., 2022; Kieu & Nguy-
en, 2024; Rex et al., 2024; Damanik et al., 2024; Mus-
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tonen et al., 2024; Zhou et al., 2024; Hassan et al.,
2024; Dialameh et al., 2025; Caroni et al., 2025).
Lakes and wetlands that appear disconnected from rivers
or surface water systems are often referred to as geo-
graphically isolated wetlands (Tiner, 2003; Leibowitz,
2015) and yet may be functionally connected via subsur-
face flow paths or episodic surface flooding (Mushet et
al., 2015; Rains et al., 2016). Crucially, functional iso-
lation cannot be inferred from geographic or morpho-
logical features alone, especially in complex floodplain
systems where hydrogeological features allow for de-
layed or attenuated interactions (Zhang et al., 2021).
Furthermore, the hydraulic connection between river
and lake is not static, but exhibits pronounced temporal
and spatial variability, influenced by both climatic events
and anthropogenic changes (Ward, 1989; Cohen et al.,
2016; Leibowitz et al., 2018). These dynamics form a
continuum that determines how, when and to what ex-
tent one water body influences another.

Since the Sava once meandered through the area of
the city of Zagreb and deposited sediments that today
form the city’s aquifer, and the river is still embedded in
this aquifer today, it can be assumed that there is a hy-
draulic connection between the river and the nearby
lakes. This is consistent with previous research done in
the study area which showed that the Sava River is in a
dynamic relationship with the Zagreb aquifer and it pre-
sents the main source of recharge (Parlov et al., 2019;
Buskuli¢ et al., 2025). It can also be assumed that recent
lake sedimentation, characterised by the accumulation
of fine-grained, organically enriched or silty material,
clogs the bottom of the lake and weakens its connection
with the surrounding waters. This semi-permeable layer
significantly reduces hydraulic conductivity and pre-
vents subsurface water exchange with neighbouring aq-
uifers or the river system (Packman et al., 2006). As a
result, it likely delays or dampens the hydraulic response
of the lake to river water level fluctuations and weakens
functional connectivity, especially at low water levels.

Despite many hydrogeological and hydrogeoche-
mical studies conducted in the Zagreb area, no research
has yet systematically examined the temporal variability
of hydraulic connectivity between the Sava River and
adjacent urban lakes. This represents a clear research
gap, as understanding such temporal dynamics is essen-
tial for evaluating how urban floodplain systems respond
to natural hydrological fluctuations and anthropogenic
regulation.

Although different hydrogeological and hydrogeo-
chemical studies have been done in the study area (Par-
lov et al., 2019; Buskuli¢ et al., 2023; Kovac et al.,
2023; Buskuli¢ et al., 2025), the focus was not on the
evaluation of the Sava River influence and its connectiv-
ity with lakes in the city of Zagreb. Accordingly, the main
goal of this study is to quantify and characterise the dy-
namic hydraulic relationship between the Sava River and
Lake Jarun using high-resolution water level data, with

particular emphasis on drought and low-flow conditions.
Specifically, the study aims to determine the temporal
variability and responsiveness of the lake system to river
fluctuations through advanced time-series analyses. This
is extremely important because it can provide new in-
sight into the variations of hydrological regime (Chen et
al., 2025). By explicitly addressing this research gap, the
study contributes to a better understanding of surface wa-
ter interactions in a regulated, alluvial environment and
provides a scientific foundation for the adaptive manage-
ment of urban water resources under changing climatic
conditions. Although this study builds on the authors’
previous research on the hydrogeological and isotopic
characteristics of the Zagreb aquifer system (Parlov et
al., 2019; Buskuli¢ et al., 2023; Kovac et al., 2023;
Buskuli¢ et al., 2025), it introduces a distinct focus and
methodological advancement. Unlike earlier works,
which primarily addressed groundwater recharge and
geochemical processes, this paper explicitly quantifies
and characterises the temporal dynamics of hydraulic
connectivity between the Sava River and Lake Jarun us-
ing newly collected high-resolution (hourly) water level
data and a time-adaptive sliding window correlation
analysis. This approach and dataset are entirely novel and
provide the first empirical evidence of river—lake interac-
tion in this urban alluvial setting.

To empirically investigate this relationship and estab-
lish a foundation for long-term assessment, systematic
monitoring of lake water levels was first initiated by
Segovi¢ (2022). Building upon this, a continuous moni-
toring system was established at Lake Jarun with auto-
matic water level gauge that have been recording hourly
changes since April 7", 2022. This represents the first
long-term high-resolution (hourly) dataset available for
Lake Jarun, providing a unique basis for assessing its
hydraulic connectivity with the Sava River. In parallel,
hourly water level data for the Sava River was obtained
from the Croatian Meteorological and Hydrological Ser-
vice (DHMZ). This double data set enabled a compre-
hensive statistical analysis of the hydraulic interaction
between the two systems. The study uses a combination
of established statistical techniques, namely correlation,
linear regression and cross-correlation, to assess the di-
rection, strength, and timing of the lake’s response to
river fluctuations. An important innovation in this con-
text is the introduction of the sliding window correlation
method. It was originally developed in fields such as cli-
matology and neuroscience to analyse dynamic relation-
ships between time series (Bailly-Comte et al., 2011;
Hutchison et al., 2013; Allen et al., 2014; Delbart et
al., 2014; Vergara et al., 2019; Schrunner et al., 2025).
However, the sliding window correlation has rarely, if
ever, been used to quantify the hydraulic interactions be-
tween rivers and lakes. By calculating Pearson correla-
tion coefficients within successive, overlapping time
windows, this method allows the detection of temporal
variations in the strength of the lake—river connection. It
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Figure 1. Lake Jarun (present state) in relation to the courses of the Sava River in the 18", 19" and 21* centuries (a),
Lake Jarun area on the aerial photograph from 1968 (b), Lake Jarun today (c)

is particularly useful in determining how droughts or
high-water pulses affect the responsiveness of the lake
system. The application of the sliding window correla-
tion method provides new insight into the dynamic na-
ture of river—lake hydraulic relationships in regulated,
alluvial environments. In contrast to previous studies
that primarily relied on temporally aggregated or static
analyses of river—lake interactions, this research intro-
duces a time-adaptive analytical framework based on the
sliding window approach. This methodology enables the
quantification of short-term variations and evolving cor-
relations between hydrological systems, providing a
more refined understanding of transient connectivity
processes. By explicitly addressing the temporal dynam-
ics of hydraulic coupling, the study advances current
methodological practice and reinforces the importance
of high-frequency monitoring data for capturing non-
stationary hydrological behaviour. These findings offer a
stronger empirical basis for adaptive management of ur-
ban water systems under increasing climatic and hydro-
logical variability.

2. Materials and Methods

The methodological framework of this study was de-
veloped to investigate the hydraulic connection between

the Sava River and Lake Jarun. As there has been no
systematic monitoring of the lake to date, it was first
necessary to reconstruct the broader historical and hy-
drogeological context of the area, followed by the estab-
lishment of a monitoring system that provides a compre-
hensive basis for quantifying the assumed river-lake in-
teraction.

2.1. Historical Evolution and Regulation
of the Sava River in the Zagreb Area

The current morphology and position of the Sava Riv-
er in the Zagreb region differs considerably from its
natural state before human intervention. In the past, the
river meandered through a wide area bordered by the
Medvednica Mountain, the Samobor Hills and the
Vukomericke Gorice, forming a dynamic river system.
Over the last 10,000 years, these natural processes have
led to the formation of three different alluvial terraces
through the deposition of sediments transported from
upstream. Today, these deposits form the so-called Za-
greb alluvial aquifer. Through frequent lateral migration
and channel shifts, the Sava River created numerous side
channels, oxbow lakes, floodplains and gravel banks,
thus forming a complex river landscape. Before regula-
tion, the meandering course of the river through the city
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of Zagreb is well documented in historical topographical
maps, on which the wide, shallow and branched channel
is clearly recognisable (see Figure 1a).

It is important to note that the main channel of the
Sava River once ran along the site of today’s Lake Jarun
(Simunjak, 2022). As part of river regulation works in
the early 20th century, this section was cut off from the
active river regime by the construction of flood protec-
tion embankments and the straightening of the channel.
This hydromorphological intervention transformed a
formerly dynamic river corridor into an isolated remnant
that later developed into a managed urban lake system
(see Figures 1b and 1¢; URL 1).

The first systematic regulatory measures were initiat-
ed in response to rapid industrialisation and a series of
devastating floods, particularly in the spring and autumn
of 1895. Official work began in 1899 and lasted until
1918. By 1900, significant infrastructure had already
been completed, including embankments along the left
bank of the river. This marked the beginning of the Sa-
va’s transition to its current linear form. By 1914, the
river had transformed from a wide, shallow watercourse
into a narrower and deeper channel. Most of the em-
bankments had been completed before the outbreak of
the First World War, but further development was inter-
rupted by both world wars. The newly regulated canal
significantly improved the water flow and reduced the
frequency of flooding. However, in the absence of con-
tinuous embankments, extreme rainfall events still led to
flooding in the areas south of the railway line in Zagreb
(Slukan Altié, 2010).

The last major phase of river regulation, which in-
cluded the construction of reinforced embankments, was
carried out after the flood disaster of 1964, which inun-
dated large parts of Zagreb. By 1967, the Jarun area had
been secured with protective embankments that effec-
tively protected it from future flooding. In 1984, the con-
cept for the Jarun Sports and Recreation Centre (RSC
Jarun) was officially presented as part of Zagreb’s bid to
host the 1987 Summer Universiade. This event marked
the beginning of extensive construction work with the
aim of transforming the former floodplain into a multi-
functional complex for sports, recreation and water
management. The development continued until the start
of the Universiade in 1987, making Jarun an important
part of Zagreb’s modern urban landscape.

2.2. Hydrogeological Context of the Lake Jarun
Area

During the Holocene, the hydrogeological and geo-
morphological development of the Zagreb Plain changed
considerably. As climatic conditions became more fa-
vourable and tectonic activity altered drainage patterns,
the Sava River established its present course through the
region and began depositing extensive alluvial sedi-
ments in the floodplain (Veli¢ and Durn, 1993). These

Holocene deposits, which consist mainly of gravels and
sands with intercalated silts and clays, today form the
upper and most permeable aquifer system in this area.
These deposits, which are characterised by high hydrau-
lic conductivity - especially in the western parts of the
aquifer where values exceed 3,000 m/day - were depos-
ited by the Sava River during alternating periods of in-
tense sediment transport and flooding (Bacani and
Posavec, 2014). The river actively interacts with this
aquifer system: when the water level is high, the Sava
River recharges the aquifer along its entire course in the
Zagreb area, while during prolonged low water levels it
can act as a drainage axis and lower the groundwater
level. This dynamic relationship between the river and
the aquifer depends on factors such as the permeability
of the sediments in the riverbed and the height of the
groundwater table (Posavec, 2006).

Lake Jarun lies directly in this Holocene alluvium,
which formed in a section of the former main channel of
the river. Due to its location on highly permeable, grav-
el-dominated sediments and its origin as an abandoned
meander, with no surface inflows and observed higher
water levels during high Sava River levels and vice ver-
sa, a justified hypothesis is that Lake Jarun has a strong
hydraulic connection with the Sava River. This hydrau-
lic connection is most likely dominantly maintained via
subsurface flow through the shared alluvial substrate,
especially during periods of elevated river water levels.
However, the strength of the hydraulic connection re-
mains unconfirmed as there are currently no direct meas-
urements or long-term data sets to confirm the presence,
direction or extent of water exchange between the lake
and the river. Given the geomorphological context of the
lake and the known permeability of the surrounding sed-
iments, Jarun is theoretically expected to behave as part
of the broader Holocene alluvial system, in which inter-
actions between river, lake and groundwater occurs. In
this conceptual model, the water level of the lake re-
sponds - albeit with a time lag and attenuation - to fluc-
tuations in the hydrological regime of the Sava River,
presumably with a longer time lag under extreme hydro-
logical conditions such as droughts or floods.

2.3. Establishment of Water Level Monitoring
at Lake Jarun

Despite the importance of Lake Jarun for the hydro-
logical and urban system of Zagreb, no systematic or
long-term monitoring of its water level was carried out in
recent decades prior to this study. In April 2022, a con-
tinuous water level monitoring programme was launched,
which represents the first recorded hydrometric observa-
tion of Lake Jarun in recent history. An automatic water
level logger was installed on April 7", 2022, and has been
operating continuously since then, collecting water level
data every hour. The logger was installed in the centre of
a bridge spanning the lake. It is housed in a protective
PVC pipe that has been securely fastened to a concrete
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Figure 2. Installation of the automatic water level logger in Lake Jarun

platform and bridge pier to ensure physical stability and
protection from external damage (see Figure 2).

This site was chosen for its accessibility, its protection
from waves and its suitability for recording representative
water levels in the main basin of the lake. The monitoring
station provides high temporal resolution data, which is
crucial for the assessment of seasonal and event-related
fluctuations, especially during low water or drought, as
well as for the study of the hydraulic relationship between
the Lake Jarun and the nearby Sava River.

2.4. Approach for Verification and Quantification
of the Hypothesized Hydraulic Connection

Although observations, the geomorphological fea-
tures and sediment composition suggest a possible
strong hydraulic connection between the Sava River and
Lake Jarun, no analysis have yet been made to empiri-
cally quantify this interaction. The assumption of such a
strong connection is primarily based on the location of
the lake within a former main channel of the Sava River
and the presence of highly permeable Holocene alluvial
deposits shared by the river and the lake basin. Further,
it can be observed that water level in the Lake Jarun
rises when Sava River levels are high and vice versa.

A targeted observation campaign was launched to in-
vestigate this hypothesis and quantify Sava River - Lake
Jarun hydraulic connection, using daily and hourly wa-
ter level data. The water level data for the Sava was ob-
tained from the Croatian Meteorological and Hydrologi-
cal Service (DHMZ). The focus of the analysis was on
low water level periods, which are defined as periods
when the river level falls below the 10th percentile of
observed values within the study period. To support this
classification and ensure objective identification of low
water level periods, a long-term water level duration
curve (WLDC) was created based on historical water
level data from the Sava, from 2000 to 2020.

2.5. Statistical Analysis of River-Lake Interaction

As Lake Jarun has not been monitored in recent dec-
ades, this study is the first attempt to confirm the exist-

ence of a hydraulic connection and to quantify the river—
lake interactions in this area. The extreme hydrological
conditions are particularly important to test for possible
disruption of the river-lake connection or attenuation of
the hydraulic response. The following methods were
used to investigate the existence and characteristics of a
possible hydraulic connection:

1. The correlation or statistical association describes
the degree of interdependence between two measurable
variables. In hydrological contexts, correlation analysis
can be used to quantify the strength of the relationship
between water systems (e.g. river and lake levels) and
their boundary conditions. The strength of this connec-
tion can provide information on which system exerts a
dominant influence or indicates the sensitivity of a lake
or aquifer to external hydrological inputs and outputs.
The correlation coefficient is a dimensionless statistical
indicator that quantifies the strength and direction of a
linear relationship between two variables, regardless of
the units of measurement. In this analysis, the Pearson
correlation coefficient was used, which was calculated
using the CORREL function in Microsoft® Excel.

The coefficient ranges from +1 to —1, where +1 indi-
cates a perfect positive linear relationship, —1 a perfect
negative (inverse) relationship and values close to 0 in-
dicating a weak or no linear association. Normally, cor-
relation coefficients above 0.8 are considered strong,
while values below 0.5 indicate weak relationships (Da-
vis, 2002).

2. While correlation reveals the presence and direc-
tion of relationships, regression analysis is used to mod-
el and quantify these relationships, especially when the
behaviour of a dependent variable is to be predicted on
the basis of one or more independent variables. For ex-
ample, the water level of a lake, dependent variable, can
be predicted from the water level of a river, independent
variable, using a simple linear regression:

y=PB+pix+e )

where y is the dependent variable (e.g. lake level), x is
the independent variable (e.g. river stage), 8, and 8, are
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Figure 3. Hourly time series of water level and water temperature in Lake Jarun

regression coefficients, and ¢ is the random error term.
This allows for assessing the influence of river input on
lake level variation and is particularly valuable for fore-
casting and management (Davis, 2002).

3. Cross-correlation is used to analyse the time-de-
layed relationships between hydrological systems. This
method is used to investigate how shifts in one time se-
ries (e.g. river levels) correspond to delayed responses in
another (e.g. lake levels), revealing not only the strength
but also the timing of their interaction. This is crucial
when system responses are often delayed due to storage,
flow paths or geological influences. In mathematical
terms, cross-correlation quantifies the degree to which
two data sets correlate depending on the time lag be-
tween them. The correlation coefficient ¥ g is calculated
for each time lag (positive or negative lag) so that the lag
at which the maximum correlation occurs can be deter-
mined. This lag is interpreted as the transmission time of
pressure changes through the aquifer system (Davis,

2002).
COVyy,
rlag - oy Uy (2)
where g is the correlation coefficient for each match
position, cov_ is the covariance between the two varia-
bles, and o_and ¢ are the standard deviations of the two-
time series x and y, respectively.

The results are usually presented using a cross-corre-
logram, a graphical representation of the correlation co-
efficients over a series of time intervals. The first posi-
tive peak in the correlation diagram indicates the most
likely lag in the response time between the variables,
which is crucial for identifying cause-effect relation-
ships in hydrogeological systems and supporting predic-

tive modelling. A freely available VBA code in Excel
published by Posavec et al. (2017) was used for the
cross-correlation analysis.

4. To assess the temporal variability in the relation-
ship between the water levels of river and lake, a sliding
window Pearson correlation analysis was performed.
The continuous time series was divided into overlapping
windows of different lengths: 5, 10, 15, 20, 25, 30 and 35
days. Within each window, the Pearson correlation coef-
ficients between the water levels of river and lake were
calculated. This approach allowed the detection of
changes in the strength of the correlation over time and
provided insight into whether the lake’s response to river
fluctuations was consistent or varied under different hy-
drological conditions. Particular attention was given to
periods of lower correlation that coincided with lower
river levels, indicating possible changes in hydraulic
connectivity or responsiveness of the lake system during
low water level periods.

These complementary approaches aim to provide
both statistical evidence and hydrological interpretations
of the hypothesised river-lake interaction. Together, they
represent not only a first but also a structured step to-
wards understanding river-lake dynamics in the Holo-
cene alluvial system of western Zagreb.

3. Results and discussion

The installed measuring system has been providing a
continuous data set with hourly water level and water
temperature measurements for Lake Jarun since April
7", 2022. This long-term monitoring covers both low
water and high water periods and provides valuable in-
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Figure 5. Water levels of the Sava at the Zagreb

and Podsused stations with threshold values

that indicate extreme drought in 2022

sight into the lake’s response to a range of hydrological
conditions. The recorded water levels show the expected
seasonal and short-term fluctuations, with the fluctua-
tions being more pronounced during high water events.
In parallel, the water temperature data clearly reflect the
seasonal transitions and show a consistent change be-
tween warmer and colder periods of the year. These pat-
terns are illustrated in Figure 3, which shows the tempo-
ral dynamics of both variables from April 7%, 2022, to
December 2023.

This extended dataset provides a solid basis for fur-
ther correlation analyses aimed at characterising the
hydraulic interaction between Lake Jarun and the Sava

River across different hydrological regimes. Given the
assumption that a strong hydraulic connection exists,
supported by past observations, geological, historical
and geomorphological evidence, the data provide the
opportunity to empirically test and quantify this interac-
tion, particularly during stress conditions such as
drought. In order to conduct a meaningful correlation
analysis focussing specifically on low water level condi-
tions, it was first necessary to objectively define what
constitutes a drought or low water level period for the
Sava River in the study area. For this purpose, water
level duration curves (WLDC) were created based on
long-term historical water level data from 2000 to 2020,
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Figure 7. Cross-correlogram of Zagreb-Jarun (a) and Podsused-Jarun (b) - daily values

obtained from two nearby gauging stations (Zagreb and
Podsused) and provided by the Croatian Meteorological
and Hydrological Service (DHMZ). These curves are
shown in Figure 4.

As already described in the theoretical framework,
low water level periods are defined as intervals in which
the river level falls below the 10" percentile of the ob-
served values. Based on the WLDC analysis, this thresh-
old corresponds to a water level of 116.91 m a.s.l. at the
Podsused station and 109.57 m a.s.l. at the Zagreb sta-
tion. The determined 10-percentile threshold values
served as objective reference values for recognising ex-
tremely low water levels. These threshold values made it
possible to determine specific time intervals in which
extreme dryness prevailed. This is illustrated in Figure
5, which shows the daily water level time series of the
Sava at both stations together with the respective thresh-
old lines. It can be seen from the graph that a prolonged
period of extremely low water levels occurred between

June and September 2022, representing one of the most
hydrologically stressed intervals within the monitoring
period. It must be emphasized that drought happened in
2022 has been identified as one of the most severe in
other parts of the world (Chen et al., 2025). This identi-
fied drought window was then used as a focus for a de-
tailed correlation analysis between the Sava River and
Lake Jarun.

In a first step, the relationship between the Sava River
and Lake Jarun was assessed using the complete set of
the daily water level data from the official gauging sta-
tions Zagreb and Podsused and the corresponding daily
mean values from the automatic logger of Lake Jarun for
the period from 04/2022 until 11/2023. Pearson correla-
tion coefficients were calculated to assess the linear rela-
tionships. The values obtained were 0.66 for Zagreb and
0.63 for Podsused, indicating a moderate correlation be-
tween river and lake water levels on the daily scale. Lin-
ear regression analyses were also performed. The results
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Figure 8. Virtual gauging stations and medium head contours near Lake Jarun

are presented in Figure 6, which shows scatter plots
with regression lines and coefficients of determination
(R*) for both combinations of station and lake. In addi-
tion, a cross-correlation analysis was performed to in-
vestigate possible delayed responses between river and
lake levels over daily time scales. The results showed
that the maximum correlation between Jarun and the Za-
greb station occurred with a lag of six days, as well as
with the Podsused station, with corresponding coeffi-
cients of 0.806 and 0.781, respectively. The cross-corre-
lation curves are shown in Figure 7. The correlation and
regression analyses based on the daily data from the Za-
greb and Podsused gauging stations showed moderate
positive correlations with the lake level as well as rela-
tively strong cross-correlation peaks with a lag of six
days. These results indicate a delayed but stable interac-
tion under typical hydrological conditions. They reflect
subsurface flow processes through the common alluvial
aquifer and the time required for pressure signals to
propagate through the unconfined Holocene alluvial aq-
uifer that underlies both the river and the lake. The pres-
ence of such a time lag is consistent with earlier results
by Posavec et al. (2017), who performed a cross-corre-
lation analysis between the Sava River and nearby
groundwater levels in the area between the river and
Lake Jarun. Their work also showed delayed responses,
supporting the hypothesis of indirect but functional hy-

draulic connectivity determined by the dynamics of the
unconfined alluvial aquifer.

Although the Zagreb and Podsused gauging stations
provide reliable long-term data, both are located at a
considerable distance from Lake Jarun, which limits
their representativeness for local hydraulic assessments.
To improve the spatial resolution and better represent
the river conditions in the vicinity of the lake, in the sec-
ond step, a series of virtual gauging stations were set up
along the Sava River between upstream Podsused and
downstream Zagreb gauging stations. These virtual sta-
tions were positioned at 1,000 metre intervals between
the Zagreb and Podsused stations (see Figure 8). For
each position, the corresponding water level was esti-
mated by linear interpolation of the measured values at
the two reference stations. Linear interpolation method
provided a reasonable estimate of water levels since no
natural or artificial barriers like waterfalls, weirs or dams
in the Sava watercourse between Zagreb and Podsused
stations exist. This method provided a continuous spatial
profile of water levels along the interpolated river sec-
tion. Taking into account predominant general ground-
water flow direction between the Sava River and Lake
Jarun, i.e. from west to east, as well as the relative loca-
tion of Lake Jarun within the interpolated section, the
station labelled PZ6 (see Figure 8) was selected as the
reference point for further correlation analysis, where
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the figure also shows the medium head contours illus-
trating the general groundwater flow pattern. This al-
lowed for a more detailed investigation of the potential
hydraulic interactions between the Sava River and Lake
Jarun during the extreme drought period in 2022.
Further, in order to investigate possible short-term
hydraulic reactions between the Sava River and Lake
Jarun, a cross-correlation analysis was carried out using
hourly water level data from the virtual station PZ6 and
the lake. The analysis was performed in two phases.
First, the entire available monitoring period was ana-
lysed to capture the general pattern of lagged interac-
tions. The resulting cross-correlation function showed a
maximum correlation at a delay of 120 hours (5 days)
with a correlation coefficient of 0.748 (see Figure 9a),
which corresponds exactly to the delay of six days ob-
served in the daily data. This consistency between the
different temporal resolutions emphasises the robustness
of the identified relationship. Subsequently, in the sec-
ond phase the same method was applied to a more hy-
drologically critical period - the extreme drought win-
dow from June 15" to September 15™, 2022. During this
period, the cross-correlation showed a maximum at a lag
of 504 hours (21 days) with a coefficient of 0.54 (see
Figure 9b), indicating that the lake becomes more dis-
connected from the river system under hydrological
stress conditions. This longer delay can be attributed to
several factors, including a lower hydraulic gradient be-
tween the river and the lake during low water levels as
well as the fact that during low water levels of the lake,
groundwater—lake interaction predominantly occurs
through the bottom of the lake which is mudded while
during higher water levels in the lake, groundwater—lake
interaction occurs also through the lake shores which are
made of sand and gravel, making interactions stronger
due to higher hydraulic conductivities of sands and grav-
els. As mentioned in the introduction, recent sedimenta-
tion, particularly of fine-grained, organically enriched
material, can form a semi-permeable layer on the lake
bottom (Packman et al., 2006). This layer reduces per-
meability, impedes subsurface flow and reduces the re-

sponsiveness of the lake to external fluctuations. In fact,
during a drought, the system behaves more like a geo-
graphically isolated lake, which is geographically close
to a large river but functionally more disconnected. As
Leibowitz (2018) and Zhang et al. (2021) emphasise,
the appearance of isolation can be misleading, since hy-
draulic connectivity is often governed by subtle sub-
surface processes that can weaken or strengthen over
time. The Jarun-Sava system vividly illustrates this
complexity. This behaviour clearly shows how sensitive
the hydraulic connectivity is to external stressors, espe-
cially prolonged periods of low flow levels and limited
recharge.

To investigate the temporal variability of the hydraulic
relationship between the Sava River and Lake Jarun, a
Pearson correlation analysis with sliding windows was
performed for the entire data set of hourly water levels.
The correlation coefficients were calculated in overlap-
ping time windows of 5, 10, 15, 20, 25, 30 and 35 days.
The results for all window lengths are shown in Figure
10, which shows the development of the correlation val-
ues over time on different temporal scales. The analysis
revealed clear periods of decreasing correlation, especial-
ly in the summer months of 2022, which coincided with
the previously identified extreme drought period. During
these periods, the correlation coefficients decreased sig-
nificantly across all window sizes, indicating a weakening
hydraulic connection or a delayed response of the lake
system at low river levels. This observation is consistent
with the results of the cross-correlation analysis, which
indicates longer lag times under drought conditions. Con-
versely, a strong increase in correlation strength was ob-
served when river levels rise, indicating a rapid hydraulic
response of the lake to rising river levels. This pattern was
particularly evident in shorter time windows (5-10 days),
highlighting the sensitivity of lake-river interaction to
sudden hydrological influences. The sliding window ap-
proach therefore provides a dynamic view of the system’s
behaviour and shows that the strength and consistency of
the hydraulic connection varies considerably over time,
mainly due to the river’s flow regime.
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These findings reinforce a growing recognition in hy-
drological science that connectivity is not static but var-
ies at both spatial and temporal scales (Ward, 1989;
Cohen et al., 2016). With this in mind, Lake Jarun ex-
hibits the same characteristics as so-called geographi-
cally isolated wetlands, i.e. systems that have no surface
outflows or inflows but have episodic or permanent sub-
surface connectivity depending on climatic conditions.
As Mushet et al. (2015) and Rains et al. (2016) have
noted, such systems play an important hydrological and
ecological role, even if their connections are only subtle
or temporary. Lake Jarun seems to fit into this concep-
tual framework, particularly in times of hydrological
stress.

The results of this study provide convincing evidence
of a measurable, albeit temporally variable, hydraulic
relationship between the Sava River and Lake Jarun. By
combining long-term monitoring data with statistical
methods, the study has successfully characterised how
this relationship manifests itself under different hydro-
logical regimes, with a particular focus on low flow con-
ditions (drought). However, under extreme drought, the
lake’s response becomes delayed, weakened and less
predictable - typical characteristics of isolated or weakly
connected systems.

The differences in response times and correlation
strength between the different hydrological regimes em-
phasise the importance of both spatial and temporal res-
olution in hydrological studies. While coarse resolution
data is sufficient for general connectivity assessments,
higher resolution time series in combination with spa-
tially refined representations such as virtual stations are
crucial to detect subtle or time-sensitive interactions.
The results of this study highlight the vulnerability of
shallow lake—aquifer systems in urban floodplains, espe-
cially given the projected increase in the frequency of
droughts due to climate change.

To summarise, this study not only characterizes the
strength of a hydraulic connection between the Sava
River and Lake Jarun under normal flow conditions, but
also shows that this connection becomes weaker and
more delayed during extreme low flow events. These re-
sults have practical implications for future monitoring
strategies and the management of water resources in ur-
ban alluvial areas. The observed variability in lag time
and correlation strength highlights the sensitivity and
vulnerability of river—lake interactions to hydrological
extremes, with potential implications for groundwater
recharge dynamics and aquifer sustainability in future
climate-induced stress periods.

In addition, the planned dredging and cleaning of the
lake bottom, which aims to remove accumulated sedi-
ments and increase the depth of the lake, raises impor-
tant questions about the future hydraulic behaviour of
the system. Such interventions are likely to alter the
physical structure and permeability characteristics of the
lake bottom sediment, potentially enhancing or disrupt-

ing current subsurface flow pathways that facilitate in-
teraction with the Sava River. A deeper and potentially
more permeable lakebed could increase the sensitivity of
the system to prolonged droughts, as larger amounts of
stored water could become more vulnerable to seasonal
fluctuations. It remains to be seen whether this interven-
tion strengthens or weakens the hydraulic connection,
but it clearly emphasises the need for continuous high-
resolution monitoring and reassessment of lake—river
dynamics following anthropogenic changes.

4. Conclusions

This study presents the first detailed, data-driven as-
sessment of hydraulic connectivity between the Sava
River and Lake Jarun, combining continuous, high-reso-
lution water level measurements with correlation-based
time series analyses. The monitoring system, established
in April 2022, has provided the first uninterrupted hourly
dataset for Lake Jarun, covering both low- and high-
water periods. By applying correlation, regression, and
cross-correlation analyses to daily and hourly data, the
study confirms a measurable but variable subsurface
connection between the river and the lake.

Under typical hydrological conditions, a consistent
response lag of approximately five to six days was iden-
tified between the river and the lake, reflecting the prop-
agation of pressure signals through the shared uncon-
fined alluvial aquifer. During the extreme drought in the
summer of 2022, this connection weakened and the re-
sponse lag increased to around 21 days, indicating re-
duced hydraulic gradients and a temporary decline in
connectivity. The longer delay can be attributed to
changes in groundwater—lake exchange pathways: dur-
ing low lake levels, the exchange occurs mainly through
the fine-grained, low-permeability lake bottom, whereas
under higher levels, the water exchange extends to the
sandy and gravelly shores with higher hydraulic conduc-
tivities, resulting in a stronger and faster response.

The introduction of the sliding window correlation
method provided new insight into the temporal variabil-
ity of hydraulic connectivity. This approach revealed
clear fluctuations in correlation strength, with pro-
nounced decreases during low-flow periods and rapid
recovery during high-flow events. These results demon-
strate that hydraulic connectivity between the river and
lake is not constant but evolves dynamically under
changing hydrological conditions. The use of virtual
gauging stations between the Zagreb and Podsused sites
further improved the spatial resolution of the analysis
and confirmed that local river levels near Jarun exert the
dominant control on lake fluctuations.

These findings provide the empirical basis for a new,
time-adaptive framework to quantify dynamic river—
lake interactions in urban floodplain settings. However,
the study is limited by its relatively short monitoring pe-
riod and its focus on a single site. Future research should
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therefore extend the temporal coverage, incorporate iso-
topic and hydrogeochemical tracers, and include simul-
taneous groundwater observations to fully capture the
river—aquifer—lake continuum.

With planned interventions to dredge and deepen the
lake bottom, continuous hydrometric monitoring will be
essential to reassess connectivity and manage potential
changes in lake-river exchange. Overall, this research
establishes Lake Jarun as a model system for under-
standing time-variable hydraulic interactions in regulat-
ed floodplains and demonstrates that the Sava—Jarun
connection, though persistent, is sensitive to drought and
climatic extremes. Sustained high-resolution observa-
tion and the use of adaptive analytical approaches re-
main key to ensuring informed, resilient management of
urban water systems.
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SAZETAK

Hidraulicka povezanost rijeke Save i jezera Jarun tijekom suse:
pristup visokorezolucijskoga monitoringa i analize vremenskih nizova

Ovo istrazivanje donosi prvi detaljan uvid u hidrauli¢ki odnos izmedu rijeke Save i jezera Jarun, urbanoga jezera nasta-
loga iz nekadasnjega rije¢nog meandra u Zagrebu. Glavni cilj bio je kvantificirati i razumjeti viemensku promjenjivost
njihove hidrauli¢ke povezanosti, osobito u uvjetima su$e. Kontinuirano, visokorezolucijsko (satno) pracenje razine vode
u jezeru Jarun, zapoceto u travnju 2022. godine, kombinirano je s interpoliranim razinama vode rijeke Save dobivenima
iz nacionalnoga monitoringa. Primjenom niza statistickih metoda - Pearsonove korelacije, linearne regresije, kroskore-
lacije i metode korelacije pomi¢noga prozora - procijenjena je jacina, smjer i vremenski odaziv interakcije izmedu rijeke
ijezera. Rezultati su pokazali jasnu, ali dinami¢nu podzemnu povezanost, pri ¢emu je razina jezera uobicajeno reagirala
na promjene vodostaja rijeke s odgodom od pet do $est dana. Tijekom iznimne suse u ljeto 2022. godine ta je povezanost
znatno oslabjela, a vremenska se odgoda produljila na vise od 21 dan, §to upucuje na smanjenje hidrauli¢ke povezanosti.
Metoda korelacije pomi¢noga prozora dodatno je otkrila vremenske varijacije, s izrazenim padom korelacije tijekom
razdoblja niskih voda i brzim oporavkom tijekom visokih voda. Ovi rezultati naglasavaju nestacionarnu prirodu hidrau-
licke povezanosti u reguliranim poplavnim ravnicama te osjetljivost takvih sustava na hidroloske ekstreme. Uz to $to
pruza prvi visokorezolucijski skup podataka za jezero Jarun, ovo istrazivanje uvodi vremenski prilagodljiv analiticki okvir
koji produbljuje razumijevanje kratkoro¢nih interakcija rijeke i jezera te podupire buduée upravljanje urbanim vodnim
sustavima pod sve ve¢im klimatskim pritiscima.

Kljuéne rijeci:
hidrauli¢ka povezanost, odnos rijeka - jezero, kroskorelacija, analiza pomi¢noga prozora, utjecaj suse
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Abstract

This study evaluates the effect of kaolinite addition on calcium carbonate water-based drilling fluids (WBM) through
systematic laboratory testing. Kaolinite was incorporated at concentrations of 42.8 kg/m? (15 Ib/bbl), 85.6 kg/m> (30 1b/
bbl), and 128.4 kg/m? (45 Ib/bbl) into a standard CaCO;-based WBM, and its influence on density, pH, filtration, rheol-
ogy, and viscoelastic behavior was analyzed. The density of the base mud (10.15 g/cm3) increased to 11.00 g/c cm? with
128.4 kg/m? (45 Ib/bbl) kaolinite, while pH rose proportionally with kaolinite content. Filtration tests at 93°C (200°F) and
2.07 MPa (300 psi) revealed that the base sample produced a filter cake thickness of 0.0098 in, which increased progres-
sively with kaolinite addition. Rheological measurements showed Bingham plastic behaviour across all samples, with
apparent viscosity increasing from 25 cP in the base mud to 33 cP at 128.4 kg/m? (45 Ib/bbl). Yield point and gel strength
also exhibited consistent growth, indicating improved suspension capacity. Viscoelastic testing confirmed enhanced
storage modulus (G’) and gelling effect with higher kaolinite concentrations. These results demonstrate that kaolinite
significantly enhances the density, filtration control, and rheological stability of CaCO; WBMs, supporting its applica-

tion as a cost-effective and multifunctional additive in drilling operations.

Keywords:

drilling fluids, kaolinite, calcium carbonate, WBM

1. Introduction

Drilling fluids are indispensable in hydrocarbon extrac-
tion, serving critical functions such as transporting cut-
tings, stabilizing the wellbore, cooling and lubricating the
drill bit, and maintaining formation pressure (Adams
1985; Bourgoyne et al. 1986; Rabia 2001). Depending
on the base fluid, drilling fluids are broadly categorized
into oil-based muds (OBMs) and water-based muds
(WBMs). OBMs offer superior thermal stability and lu-
bricity but face limitations due to high costs and strict en-
vironmental regulations (Antia 2022; Mahmoud et al.
2024). Consequently, WBMs have gained increasing
attention as more sustainable and cost-effective alterna-
tives (Ahmed et al. 2021; Asad et al. 2024).

Typical WBMs are composed of water, bentonite, and
various polymers and salts to control rheology, fluid
loss, and wellbore stability (Dong et al. 2019; Gamal et
al. 2019). However, in shale formations which account
for more than 75% of drilled reservoirs these fluids often
induce swelling and dispersion, causing wellbore insta-
bility and drilling inefficiencies (Muhammed et al.
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2021; Ai et al. 2024). Therefore, continuous efforts are
directed toward developing additives that improve the
performance of WBMs under demanding conditions.

Calcium carbonate (CaCOs) is widely used in WBMs
as a weighting and bridging agent due to its acid solubil-
ity, cost-effectiveness, and environmental compatibility
(Ryabtsev et al. 2022; Basfar & Elkatatny 2023). It
contributes to fluid-loss control and filter-cake forma-
tion, especially when appropriately sized (Dehghani et
al. 2019; Villada et al. 2022). Meanwhile, kaolinite, a
non-swelling clay mineral derived from feldspar and
mica weathering, has shown potential for modifying
drilling fluid properties without inducing the severe hy-
dration issues associated with smectite clays (Ameloko
et al. 2020; Zhang et al. 2020). Its platy structure and
chemical stability make it an attractive candidate for im-
proving fluid rheology and filtration characteristics
(Omotioma et al. 2024; Uwaezuoke et al. 2024).

While previous studies have explored the use of kao-
linite and other clays as viscosifiers or loss-control agents
(Omary et al. 2023; Omotioma et al. 2024), limited re-
search has focused on the combined performance of kao-
linite with calcium carbonate in WBM formulations. The
potential synergy between kaolinite’s rheological influ-
ence and CaCOs’s bridging effect has not been fully char-
acterized, particularly in terms of density, pH, filtration,
rheological, and viscoelastic properties.
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The achievements of this work include the experi-
mental characterization of kaolinite CaCOs; WBM sys-
tems, the quantification of dose response relationships
showing how increasing kaolinite concentrations sys-
tematically alter fluid properties, and the identification
of a novel synergistic interaction between kaolinite and
CaCOs that enhances filter-cake formation and viscoe-
lastic performance. Unlike previous laboratory studies,
this work establishes a new baseline for optimizing envi-
ronmentally friendly and cost-effective WBMs.

In this study, we systematically investigate the influ-
ence of kaolinite addition on the performance of CaCO:s-
based WBMs. A comprehensive experimental program
was designed to measure density, pH, filtration behav-
iour, theological parameters, and viscoelastic properties
across varying kaolinite concentrations.

2. Experimental Section

This section provides a detailed description of the ma-
terials used in the preparation of the drilling fluids. The
study focuses on formulating water-based muds (WBMs)
using kaolinite as a key additive. Each component was
carefully selected based on its function in improving
rheological and filtration properties. The specific pur-
pose of each material and its role in this research are
outlined below.

2.1. Materials

The present study focuses on water-based drilling
muds (WBMs) formulated and tested to evaluate the ef-
fect of kaolinite as an additive on mud performance.
WBMs were selected because they are the most widely
used type of drilling fluid due to their environmental
compatibility, cost-effectiveness, and ease of handling
compared to oil-based muds (OBMs).

Water base mud: although water-based drilling fluids
(WBDF) are frequently utilized with good technical and
economic performance (Ahmed et al. 2021), their usage
in extremely deep, divergent, and unconventional wells
calls for particular considerations to conform to the high
temperature and pressure circumstances (Khashay et al.
2025). The water-based system is the mud system that is
most frequently employed in the sector (Alcheikh &
Ghosh 2017). Water is the continuous phase, but the dis-
continuous phase may also include air or oil (emulsion
muds or aerated mud) (M-I Swaco 2009).

Defoamer: a substance added to mud to reduce interfa-
cial tension and allow trapped gas to more easily escape
(Bourgoyne et al. 1986). Along with defoamer, mechani-
cal degassing equipment is frequently employed. De-
foamers include octyl alcohol, aluminum stearate, differ-
ent glycols, silicones, and sulfonated hydrocarbons.

XC-Polymer: anionic XC-Polymer with fair tolerance
for hardness ions and tolerance for salinity (Blkoor &
Fattah 2013). XC is a finely ground substance that can

vary in the amount of lingering bacterium debris and
how easily it dissolves in water (Hamed & Belhadri
2009; Davoodi et al. 2024).

Starch: starch can act as an addition that can increase
and improve the mud’s viscosity while also regulating
fluid loss (Talukdar et al. 2018; Joel et al. 2023). There
are two significant ingredients in it: amylose and amylo-
pectin (Taiwo et al. 2011).

KCI: drilling fluids containing potassium chloride are
widely utilized to keep well bores stable (Al-Bazali
2021). To purchase additional time before water absorp-
tion caused the shales to collapse into the well bore, the
potassium ion fits into the silicon tetrahedron matrix of
clays and helps maintain the structure together (Mu-
hammed et al. 2021; Ai et al. 2024).

KOH: potassium hydroxide is sometimes known as
KOH informally. In potassium-based water muds, caus-
tic potash is used to boost pH and alkalinity as well as to
aid in maintaining the K+ ion concentration (Otitigbe
2021). It is extremely caustic, as the name suggests, and
when dissolved in water, it produces heat. It is danger-
ous to use caustic potash without the right training and
tools (M-I Swaco 2009).

Polymers like Polyanionic Cellulose (PAC) and Car-
boxymethyl Cellulose (CMC) are also common addi-
tives for filtration control and rheology modification
(Saadi et al. 2025; Khan et al. 2024; Li et al. 2020a; Li
et al. 2020b).

Calcium carbonate CaCO,: oil- and water-based drill-
ing fluids, work-over fluids, and completion fluids all
use CaCO, as a bridging agent and/or weighing material
(Ryabtsev et al. 2022; Basfar & Elkatatny 2023).
There are several different particle sizes available, rang-
ing from 325 mesh (35 pm) to 30 mesh (550 pm). Ap-
plications can also be sized to order. During drilling,
workover, and completion operations, it is utilized to
keep fluid from entering permeable zones and to prevent
circulation loss (Siddig et al. 2020). Both aqueous and
non-aqueous drilling fluids can use calcium carbonate
(Villada et al. 2022; Dehghani et al. 2019).

Kaolinite: a common clay mineral used in drilling flu-
ids, sometimes as a primary viscosifier or as a contami-
nant from drilled formations (Ameloko et al. 2020;
Omary et al. 2023; Omotioma et al. 2024; Zhang et
al. 2020; Basfar et al. 2025; Uwaezuoke et al. 2024).

Sodium solfite: effective removal of soluble oxygen
from water-based drilling fluid systems is made possible
by sodium sulfnite (Rabia 2001). By removing factors
that encourage organic polymers’ heat deterioration, so-
dium sulfnite also contributes to their longevity (Davoo-
di et al. 2024).

In this study, four water-based mud samples were pre-
pared using the chemical precipitation method, follow-
ing the procedures outlined in the American Petroleum
Institute (API) standards (API, 2010; API, 2014). The
final compositions of the drilling fluids are presented in
Table 1.
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Table 1. The WBDF Formulation

Component Function Ingredients Mlxmg
Time

Water Base Fluid 308 ml -

Defoamer Antifoam 0.1 ml 1

XC-Polymer | Viscosifier 15¢g 20
Fluid loss

St controller 6g 20
Shale swelling

(G controller W5 R

KOH pH controller 03g 1

St Saltf | SO g o 1
oxygen

CaCO, (50 M) | Weighting material | 80 g 10

2.2. Drilling Fluid Preparation

To prepare drilling fluid, kaolinite clay with different
concentrations 42.8 kg/m? (15 1b/bbl), 85.6 kg/m? (30 1b/
bbl), and 128.4 kg/m? (45 Ib/bbl), were added to the base
drilling fluid, and mixed with electric stirrer. Using a fil-
ter press apparatus, according to API requirements
(American Petroleum Institute 2014), the filtration prop-
erties of drilling fluid, such as fluid loss and filter cake
thickness, were measured using a filter pressure set at
2.07 MPa (300 psi) and 93°C (200°F), fluid loss over
time was observed. Table 1 shows the formulation of the
WBDF.

To examine the effect of the kaolinite additive, SEM
images of the filter cake were taken for the base drilling
fluid and for drilling fluids with different kaolinite con-
centrations (Rugang et al. 2014). Although the primary
focus of this study is the overall influence of kaolinite on
drilling mud parameters, the SEM analysis was conduct-
ed to provide supporting evidence through the observa-
tion of filter-cake morphology following API standards
(American Petroleum Institute 2010; American Pe-
troleum Institute 2014).

3. Characterization of drilling fluids

This section describes the experimental methodology
used to evaluate the performance of the prepared water-
based drilling fluids. All procedures were conducted in
accordance with the American Petroleum Institute (API)
standards to ensure consistency and reliability of results.
Tests were performed to measure rheological, density, and
filtration properties, as well as pH control. The experi-
mental design aims to quantify how varying kaolinite
concentrations affect overall drilling fluid performance.

3.1. Particle Size Analysis

The analysis of the kaolinite powder revealed that the
particle size distribution ranged from Dio = 0.68 pwm, Dso
= 2.8 um, to Doo = 10.63 pm, with a median (Dso) value of
2.8 um. Particle size measurements were performed using
a laser diffraction particle size analyzer, which employs a
dual-laser system with two detectors to accurately charac-
terize a broad range of particle sizes, from fine to coarse
fractions. Prior to measurement, all samples underwent
wet dispersion to ensure proper deagglomeration and to
improve measurement accuracy. The particle size distri-
bution (PSD) of the sample is illustrated in Figure 1.

Figure 2 illustrates the morphology of kaolinite. The
synthesized CaCO, made up semi-spherical particles
with a particle size of less than 10 um.

The XRD analysis (see Figure 3) reveals the mineral
composition of kaolinite, with oxygen as the predomi-
nant element at 57.4 wt%. This is followed by silicon
(24.1 wt%) and aluminum (10.8 wt%), consistent with
the expected SiO, and Al,O, components of kaolinite.
Minor constituents include iron (5.6 wt%) and potassi-
um (2.2 wt%).

4. Results and Discussion

The results obtained from the laboratory experiments
are presented and discussed in this section. The data il-

Figure 1. PSD Curves
of The Drilled Cutting
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lustrate how the addition of kaolinite influences the key
physical and chemical properties of the water-based
drilling muds. Comparisons are made between the base
mud and the kaolinite-modified muds to assess changes
in rtheology, density, and filtration behaviour. The find-

f 10um .

Figure 2. Kaolinite Particles Shape from SEM Image

ings are further analyzed to identify correlations and
practical implications for drilling operations.

4.1. Density and pH Measurement

The density (weight) of the base mud, measured using
a mud balance apparatus at room temperature, was 1,216
kg/m? (10.15 Ibm/gal). Introducing kaolinite led to a pro-
portional increase in fluid density, reaching 1,318 kg/m?
(11.00 Ibm/gal) at a concentration of 128.4 kg/m? (45 1b/
bbl). Furthermore, Figure 4 and Figure 5 illustrate that
the addition of kaolinite enhanced the pH of the base fluid.

4.2. Drilling Fluids Filtration

Filtration tests performed at 93°C (200°F) and 2.07
MPa (300 psi) over 30 minutes demonstrated a direct cor-
relation between filtration cake thickness and both the du-
ration of the test and the concentration of kaolinite. This
indicates that higher kaolinite concentrations lead to a
thicker filter cake. The relationship between filtration vol-
ume and time is visually represented in Figure 6.

In drilling, a thin filter cake is crucial for borehole
stability and minimizing fluid loss. Filtration tests re-
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vealed that the base sample exhibited a filtration volume
of 0.5 cubic in and a cake thickness of 0.0098 in. How-
ever, as shown in Figures 6 and 7, the addition of kao-
linite led to an increase in both filtration volume and fil-
ter cake thickness, deviating from the desired thin and
low-permeable characteristics.

Expanding on the filtration test results, Figure 8 pro-
vides visual evidence of the filter cake thickness imme-
diately after the experiments. These photos, depicting

pH Chart

16 14,82
14 11,43
K 98 9,26
10 2

8

6

4

2

0

Base 42.8 kg/m? 85.6 kg/m*  128.4 kg/m?

Figure 5. The Results of pH Measurements

the base sample and samples with varying kaolinite con-
centrations, further illustrate the increasing trend in filter
cake thickness with higher kaolinite content, comple-
menting the quantitative data presented in Figure 6.

4.3. Rheological Test

The rheological behaviour of drilling fluid with kaolin-
ite concentrations of 42.8 kg/m* (15 1b/bbl), 85.6 kg/m?
(30 Ib/bbl), and 128.4 kg/m* (45 1b/bbl) was evaluated at
93°C (200°F), as depicted in Figure 9. All fluids exhibit-
ed Bingham plastic behaviour, typical of drilling fluids.
While improvements were observed in filter cake thick-
ness and filtration, the rheological properties showed no
significant alteration. This lack of substantial change may
be attributed to the low kaolinite concentrations required
to achieve the noted filtration enhancements. Notably, the
addition of kaolinite at these concentrations had a negligi-
ble effect on the drilling fluid’s pH and mud density.

Although several rheological models have been de-
veloped to describe the flow behaviour of drilling fluids,
such as the Herschel-Bulkley, Vom Berg, and Hahn—Ey-
ring models, the present study employs the Bingham
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a) Base Sample

=

¢) 85.6 kg/m? kaolinite

b) 42.8 kg/m’ kaolinite

d) 128. Kg/m? kaolinite

Figure 8. Filter Cake Thickness

Plastic model because it is the most commonly applied
and recommended by the American Petroleum Institute
(API RP 13D 2010) for field and laboratory analyses.
The Bingham model provides a simple and practical ap-
proximation for water-based muds exhibiting moderate
yield-stress behaviour under standard testing conditions.
However, other advanced models have been shown to
provide a more accurate representation of non-Newtoni-
an and viscoplastic fluids. For example, the Vom Berg
model (Vom Berg 1981; Coussot et al. 2002) has been
successfully applied to describe drilling muds and other
complex fluids by incorporating both yield stress and
shear-thinning characteristics, often achieving higher
correlation coefficients than the Bingham or Herschel—
Bulkley models. Similarly, the Hahn—Eyring model
(Hahn & Eyring 1937) has been used to represent the
viscoelastic and plastic deformation behaviour of com-
plex fluid systems and has demonstrated improved pre-
diction of viscosity variation with shear rate. Recent in-
vestigations (Ahmed et al. 2021) have further confirmed
that such advanced rheological models can provide more
realistic characterization of water-based drilling fluids,
particularly under high-pressure and high-temperature
(HPHT) conditions. Therefore, while the Bingham Plas-
tic model was adopted in the present study for its sim-
plicity and industry relevance, future work should in-
clude a comparative evaluation using the Vom Berg and
Hahn—Eyring models to achieve a more comprehensive
understanding of the rheological behaviour of kaolinite-
modified calcium carbonate muds.

Plastic Viscosity (PV), a parameter in the Bingham
plastic model, refers to the flow resistance resulting from
mechanical friction within the fluid. Experts in drilling flu-
ids often consider PV a crucial indicator of the mud’s sol-
ids content. Yield Point (YP) quantifies the minimum
stress required to initiate fluid flow, reflecting the electro-
chemical and/or attractive forces between particles due to
their orientation and concentration (colloidal size) (Ahmed
et al. 2021). Apparent Viscosity (AV), based on the Bing-
ham plastic rheology model, is determined using a direct-
indicating rotational viscometer at 600 rpm (= 62.8 rad/s)
(a shear rate of 1,022 s') and is calculated as half of the
dial reading. For example, a dial reading of 50 at 600 rpm
corresponds to an AV of 25 mPa-s (25 cP). The results of
this analysis, presented in Figure 10, illustrate the increas-
ing trends of apparent viscosity, yield point, and plastic
viscosity with increasing kaolinite concentration.

Figure 11 illustrates the relationship between gel
strength and time for all drilling fluid samples. It sug-
gests that the base sample exhibits a relatively small gel-
ling effect over time in terms of viscoelasticity. Howev-
er, the addition of kaolinite at different concentrations to
the base sample clearly increases this gelling effect.

4.4. Amplitude, frequency and time sweep tests

To complement the rheological and filtration analy-
ses, Scanning Electron Microscopy (SEM) was em-
ployed to investigate the surface morphology of the filter
cakes. SEM images provide visual confirmation of the
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Figure 9. Rheological
Behaviour of Both Drilling
Fluids Samples

Figure 10. AV, PV, and YP for
All Drilling Fluids Samples

Figure 11. Gel Strength Over
Time for All Drilling Fluid
Samples
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microstructural changes caused by the addition of kao-  4.4.1. Amplitude Test

linite. This analysis helps to better understand how kao-

linite particles influence the compactness and uniformity Amplitude sweep tests were conducted to determine
of the filter cake, which are important for controlling the linear viscoelastic domain by increasing the ampli-
fluid loss and maintaining wellbore stability. The key tude over time at a constant frequency. This can be per-
observations are presented and discussed in the follow-  formed using either controlled stress or controlled strain.

ing figures.

Amplitude sweep is also known as strain sweep or stress
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sweep. The linear viscoelastic range is defined as the
stress or strain amplitude range within which the mate-
rial’s internal structure remains unchanged.

The linear viscoelastic (LVE) range was determined
by plotting the storage modulus (G”) and loss modulus

(G”) against strain (or stress) on logarithmic scales for
both axes (see Figure 12). Within the LVE range, G’ and
G” exhibit constant values, indicating their independ-
ence from the stress or strain amplitude. Based on the
results of this test, the LVE was found to be 1.94.
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4.4.2. FRQ Sweeps

Frequency sweep tests, another type of oscillatory
test, involve varying the frequency while maintaining a
constant amplitude to investigate the time-dependent
viscoelastic properties of the material. Typically, the fre-
quency is scanned from high to low values. High-fre-
quency oscillations probe short-term behavior, whereas
low-frequency oscillations examine long-term behav-
iour. The results of this test, shown in Figure 13, indi-
cate that increasing the kaolinite concentration in the
fluid enhances its viscoelasticity, as evidenced by an in-
crease in the storage modulus.

4.4.3. Time Sweep

Time sweep tests were conducted to monitor the evo-
lution of the fluid’s structure over time. By tracking
changes in the elastic modulus, the formation and devel-
opment of a gel-like structure can be studied. The results
of this test, as shown in Figure 14, indicate that the base
sample exhibits a limited gelling effect over time in
terms of its viscoelastic viscosity.

5. Conclusions

This research provides a comprehensive investigation
into the efficacy of kaolinite as a cost-effective, high-
performance additive in calcium carbonate (CaCOs)
water-based drilling fluids (WBMs). While often viewed
as a contaminant, this study reframes kaolinite as a valu-
able multifunctional material for enhancing drilling fluid
properties. An extensive experimental program was con-
ducted to quantify the effects of varying kaolinite con-
centrations on the rheological and filtration characteris-
tics of a CaCO; WBM.

* The results demonstrate that the addition of kaolin-
ite yields significant improvements in key perfor-
mance indicators. A systematic increase in kaolinite
concentration leads to a desirable enhancement of
the rheological profile, including increased Plastic
Viscosity, Yield Point, and gel strengths. This im-
proved rheology is essential for efficient hole clean-
ing and suspension of solids. More critically, the
study reveals that kaolinite acts as a superior filtra-
tion control agent, substantially reducing both API
and HTHP (High-Temperature, High-Pressure) flu-
id loss. This effect is attributed to the synergistic
interaction between the platy kaolinite particles and
the CaCOs bridging particles, which co-operate to
form a thin, robust, and low-permeability filter
cake.

* A comparative analysis positions our findings with-
in the context of existing literature, highlighting the
unique advantages of kaolinite over conventional
additives. Unlike swelling clays like bentonite, kao-
linite provides controlled viscosity without exces-

sive gelation, and it exhibits greater stability in cer-
tain ionic environments. Compared to excellent
viscosifiers like attapulgite that offer poor fluid loss
control, kaolinite demonstrates a dual functionality
that is highly advantageous. Furthermore, it pre-
sents a thermally stable and significantly more eco-
nomical alternative to synthetic polymers like poly-
anionic cellulose (PAC).

* The novel contribution of this work lies in its de-
tailed characterization of the kaolinite/CaCOs syn-
ergy and the establishment of a clear dose-response
relationship, offering a valuable baseline for fluid
engineering. The practical implications for the drill-
ing industry are substantial. The use of kaolinite is
particularly applicable for drilling in cost-sensitive
areas, through depleted or high-permeability zones
where fluid loss control is paramount, and in formu-
lating more environmentally benign fluid systems.
The tangible benefits include significantly reduced
drilling fluid costs, improved wellbore stability by
minimizing shale hydration, enhanced operational
efficiency through better hole cleaning, and mini-
mized formation damage, ultimately contributing to
safer and more economical drilling operations.

List of Terms Glossary

WBM  Water Based Mud

OBM  Oil Based Mud

CaCO, Calcium Carbonate

pH Potential of Hydrogen

AMP  Amplitude

FRQ  Frequency Sweep

PSD  Particle Size Distribution
XRD  X-Ray Diffraction

KCL  Potassium Chloride

KOH  Potassium Hydroxide

API American Petroleum Institute
SEM  Scanning Electron Microscopy
PV Plastic Viscosity
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SAZETAK

Utjecaj kaolinita na isplaku na bazi vode koja sadrzava kalcijev karbonat

Ovim je istrazivanjem sistematskim laboratorijskim ispitivanjima analiziran utjecaj dodavanja kaolinita na isplaku na
bazivode (engl. Water Based Mud, WBM) koja sadrzava kalcijev karbonat. Kaolinit je u standardni WBM na bazi CaCO,
dodavan u koncentracijama od 42,8 kg/m? (15 Ib/bbl), 85,6 kg/m? (30 Ib/bbl) i 128,4 kg/m?> (45 Ib/bbl) te je analiziran
njegov utjecaj na gustocu, pH, filtracijska i reologka svojstva te viskoelasti¢no ponasanje isplake. Sa 128,4 kg/m?> (45 1b/
bbl) kaolinita gusto¢a osnovne isplake (10,15 g/cm3) povecala se na 11,00 g/cm3, dok je pH rastao proporcionalno s udje-
lom kaolinita. Filtracijski testovi na 93,3 °C (200 °F) i 2,07 bar (300 psi) pokazali su da uzorak osnovne isplake proizvodi
debljinu filtarskoga kola¢a od 0,0098 in, koja se progresivno povecavala s dodatkom kaolinita. Mjerenja reoloskih svoj-
stava pokazala su Binghamovo plasti¢no ponasanje u svim uzorcima, s prividnom viskoznos$cu koja se povecavala od 25
cP u osnovnoj isplaci do 33 cP pri 128,4 kg/m? (45 Ib/bbl) dodanoga kaolinita. Toc¢ka te¢enja i ¢vrstoca gela takoder su
pokazale dosljedan rast, $to upucuje na poboljsani kapacitet suspenzije. Ispitivanja viskoelasti¢nosti potvrdila su pove-
¢an modul pohrane (engl. enhanced storage modulus) (G’) i u¢inak geliranja pri vi§im koncentracijama kaolinita. Ovi
rezultati pokazuju da kaolinit znatno poboljsava gustocu, kontrolu filtracije i reolosku stabilnost CaCO; WBM-ova, §to
ide u prilog njegovoj primjeni kao isplativoga i multifunkcionalnoga aditiva u operacijama busenja.

Klju¢ne rijeci:
isplaka, kaolinit, kalcijev karbonat, isplaka na bazi vode (WBM)
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Abstract

This article presents a comprehensive study on the management and optimization of frame-anchor support systems for
seam preparatory excavations designed for the transportation of large-tonnage cargo via suspended monorail transport.
With the intensification of underground mining operations and the increasing use of heavy mechanized transport,
ensuring the stability and safety of mine workings under dynamic load conditions has become a critical challenge for
engineering. The research proposes an innovative support technology based on the combined fastening of monorail
systems to the crowns of metal arches and directly to the roof using deep-embedded anchors. This approach aims to
reduce dynamic impacts on the excavation roof and improve the overall reliability of the support system. To evaluate the
effectiveness of the proposed support design, a numerical modelling method was employed to simulate the interaction
of components within the dynamic system “suspended monorail - support - rock mass.” The stress-strain behaviour of
the frame-anchor structure under real load scenarios was analyzed using SolidWorks Simulation software. During the
simulation, various parameters were systematically varied, including the spacing of support frames, the length and an-
chorage depth of the rock bolts, and the mechanical properties of the surrounding rock mass. The results of the analysis
enabled the identification of rational design parameters that minimize deformation and enhance load-bearing capacity.
In particular, optimal combinations of frame spacing and anchor configurations were found to significantly reduce stress
concentrations and improve the stability of preparatory workings under dynamic loading from moving monorail trains.
The study demonstrates that effective management of support system parameters can lead to improved safety, reduced
material consumption, and faster development of mining panels. The findings have practical significance for the design
of underground transport routes and can be incorporated into normative documents governing support systems in
dynamically loaded mine environments.

Keywords:
Frame-anchor fastening, Monorail transportation, Heavy cargo delivery, Stress—strain analysis, Mining infrastructure manage-
men, Dynamic load distribution

the dynamic behaviour of the surrounding rock mass un-
der stress becomes a significant concern. Intense defor-
mation of the rock mass can lead to alterations in the
stress distribution, which, in turn, negatively impacts the
technical condition and reliability of the transportation
infrastructure (Herasymenko et al., 2023; Rastsvie-
taiev et al., 2015; Kononenko et al., 2024). As a result,
effective management of support systems becomes es-
sential to maintain the stability and safety of both the

1. Introduction

The implementation of suspended monorail tracks as
the primary transportation system in the development of
mineral deposits plays a crucial role in accelerating the
progress of seam-level district excavations (Herasy-
menko et al., 2023). This method enhances logistical
efficiency and reduces the time required for preparatory
operations (Rastsvietaiev et al., 2015). However, when

monorail systems are mounted using traditional fasten-
ing schemes, typically attached directly to arch supports,
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monorail structures and the surrounding excavation (Ba-
bets et al., 2023). An optimized management approach
should include continuous monitoring, adaptive rein-
forcement strategies, and the integration of innovative
fastening technologies to ensure consistent performance
under variable geological and loading conditions (Rast-
svietaiev et al., 2015; Aitkazinova et al., 2022).
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Studies (Herasymenko et al., 2023) have shown that
the transportation of large-tonnage cargo along de-
formed monorail tracks generates dynamic loads that
can lead to the failure of arch supports and even roof
collapses. These loads intensify the degradation of struc-
tural elements and significantly compromise the safety
of underground workings. Under conditions of intensi-
fied mining operations, traditional technological schemes
for auxiliary transportation prove to be particularly vul-
nerable to changes in the geomechanical environment
(Rastsvietaiev et al., 2015; De Borst et al., 2012). Their
limited adaptability to evolving stress conditions and de-
formation zones makes them unsuitable for high-perfor-
mance and safe mining systems (Rastsvietaiev et al.,
2015; Tereshchuk et al., 2018). Effective management
of transportation infrastructure is essential, requiring a
proactive approach to monitoring, maintenance, and re-
inforcement of support systems (Aitkazinova et al.,
2022; De Borst et al., 2012; Tereshchuk et al., 2018;
Khomenko et al., 2023). To address these challenges,
innovative technical solutions must be developed and
implemented to enhance the structural resilience, ope-
rational stability, and adaptability of monorail-based
transport systems under dynamic loading conditions
(Herasymenko et al., 2023; Rastsvietaiev et al., 2015;
Tereshchuk et al., 2018; Khomenko et al., 2023;
Bondarenko et al., 2021).

One of the critical tasks is the safe and efficient trans-
portation of large-tonnage equipment, such as sections
of mechanized roof supports, shearer components, and
other heavy machinery, to designated installation cham-
bers (Rastsvietaiev et al., 2015; Khomenko et al.,
2018). Traditional transportation methods, particularly
overground rail systems, often lack the necessary flexi-
bility and adaptability to function effectively under such
conditions (Bondarenko et al., 2021; Khomenko et al.,
2018; Kononenko et al., 2023). Their performance is
typically constrained by irregular layouts, limited turn-
ing radii, and unstable ground surfaces inherent to the
mine environment (Herasymenko et al., 2023; Konon-
enko et al., 2024; Zienkiewicz et al., 2013). This lack
of adaptability can lead to delays, increased labor costs,
and heightened safety risks for personnel and equip-
ment. Feasibility of implementing such innovative solu-
tions is particularly relevant during the preparation of
new mining panels, as well as during installation and
dismantling operations (Kononenko & Khomenko,
2010). These stages of mine development involve com-
plex logistical challenges and increased operational
risks, especially in confined underground environments.
Therefore, the management of transportation systems in
these critical phases must focus on adopting more resil-
ient and adaptable technologies, such as suspended
monorail systems, to ensure operational continuity and
safety.

In international mining practice, the development of
coal seams using high-performance mining complexes

encounters similar challenges related to transportation
and infrastructure stability (Rastsvietaiev et al., 2015).
These challenges are typically addressed by introducing
alternative types of auxiliary transportation and imple-
menting methods to maintain their technical condition in
response to specific geological and operational condi-
tions (Rastsvietaiev et al., 2015; Moldabayev et al.,
2021). Ensuring the continuous functionality of trans-
portation systems under dynamic mining environments
is critical for both productivity and safety (Kononenko
& Khomenko, 2010; Moldabayev et al., 2021; Kova-
levska et al., 2020). One of the most promising develop-
ments in this area is the adoption of suspended monorail
diesel locomotives, which offer enhanced maneuverabil-
ity and load-bearing capacity in confined underground
spaces (Khomenko et al., 2023; Yegorchenko et al.,
2022). To ensure their effective application, it is essen-
tial to evaluate their operational performance based on
the integrated behaviour of components within the trans-
port-technological system “suspended monorail — mine
support — rock mass.” Such system-level analysis allows
for the rational management of technical parameters and
supports the development of robust, adaptive transporta-
tion infrastructure in modern mining operations.

It has been experimentally confirmed that, at present,
the interaction parameters between the components of
the technological system “suspended monorail — mine
support — rock mass” remain insufficiently studied and
poorly understood (Herasymenko et al., 2023). This
knowledge gap limits the ability to predict system be-
haviour under varying mining conditions and compli-
cates the development of effective transport manage-
ment strategies (Sala & Bieda, 2021). As mining opera-
tions become more dynamic and equipment loads
increase, the lack of comprehensive data on these inter-
actions poses risks to both infrastructure integrity and
operational safety (Rastsvietaiev et al., 2015; Khomen-
ko, Kononenko & Bilegsaikhan, 2018). The issues of
operational monitoring of the technical condition of sus-
pended monorail tracks in district workings are of criti-
cal importance. Particular attention must be given to
determining the maximum allowable dynamic loads that
the system can safely withstand under real underground
conditions (Falshtynskyi et al., 2020). Addressing these
challenges requires a combination of in-situ field obser-
vations, numerical modelling, and theoretical justifica-
tion to develop reliable criteria for design, maintenance,
and safety management (Herasymenko et al., 2023;
Rastsvietaiev et al., 2015; Babets et al., 2023; Vlasov
et al., 2022).

Based on in-mine research into the interaction be-
tween suspended monorail components and arch sup-
ports, it was established that zones of deformed roof
rock tend to form around the crowns of load-bearing
arches to which the monorail system is attached during
the transportation of large-tonnage cargo through seam-
level district workings (Rastsvietaiev et al., 2015).
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These deformations compromise both the structural in-
tegrity of the support system and the safety of under-
ground operations (Kosenko et al., 2025). The primary
cause of such deformation has been identified as dynam-
ic loading, particularly at the joints between monorail
beams and in sections of the track characterized by alter-
nating elevation profiles (Babets et al., 2023; Khomen-
ko et al., 2023; Yegorchenko et al., 2022; Kosenko et
al., 2025). These areas are especially prone to stress,
concentration and fatigue due to the uneven distribution
of loads (Babets et al., 2023; Bondarenko et al., 2021;
Moldabayev et al., 2021; Kovalevska et al., 2020;
Kononenko et al., 2016). Additionally, emergency
braking scenarios introduce sudden dynamic overloads,
which are transferred from the monorail beams to the
arch supports, exacerbating structural instability (Ba-
bets et al., 2023; Kovalevska et al., 2020; Tokarczyk,
2016). The comprehensive understanding of these inter-
actions is essential for the effective management and de-
sign of support systems capable of withstanding the op-
erational demands of modern monorail transport in un-
derground mining environments (Rastsvietaiev et al.,
2015; Khomenko et al., 2023; Lewicka & Lewicka,
2019).

Such disturbances in the technical condition of the
monorail support, along with increased dynamic loads
on the arch supports and surrounding rock mass, have a
negative impact on the transportation process and reduce
the throughput capacity of haulage workings. Therefore,
the aim of this study is to develop innovative techno-
logical schemes involving combined frame-anchor sup-
port for preparatory workings and an improved monorail
support system for suspended monorails. The objective
is to justify and determine the optimal parameters of
these systems to ensure the safe and efficient transporta-
tion of large-tonnage cargo under complex and dynamic
operational conditions.

Literature Review on Frame-Anchor Fastening
Parameters for Preparatory Excavations in Mono-
rail-Based Heavy Cargo Transportation.

Efficient management of underground mining opera-
tions critically depends on the stability and reliability of
preparatory excavations, especially when heavy cargo
transport is involved (Rastsvietaiev et al., 2015; Vla-
dyko et al., 2025). Frame-anchor fastening systems
have emerged as a fundamental component in maintain-
ing the structural integrity of mine workings subjected to
dynamic loads from suspended monorail transport
(Herasymenko et al., 2023; Rastsvietaiev et al., 2015;
Khomenko et al., 2018; Kumbasaroglu, 2010). Stud-
ies emphasize the importance of optimizing fastening
parameters, such as anchor length, spacing, and depth, to
ensure load distribution and prevent excessive deforma-
tion or failure of supports (Kononenko & Khomenko,
2010; Mackiewicz et al., 2022). Effective mine man-

agement integrates monitoring of these parameters to
minimize downtime and enhance safety during material
handling operations (Dychkovskyi et al., 2024).

The transportation of large-tonnage cargo via sus-
pended monorail systems generates complex dynamic
loads that interact with the rock mass and support struc-
tures (Kononenko & Khomenko, 2010; Kang et al.,
2020). Research has shown that traditional fastening
schemes may not adequately address the dynamic ef-
fects, leading to accelerated wear and failure of arch
supports and anchors (Kononenko & Khomenko,
2010; Moldabayev et al., 2021; Kang et al., 2020;
Carrascal et al., 2007). Consequently, investigations
focus on developing combined fastening techniques,
such as frame-anchor systems, that better absorb and re-
distribute stress (Kang et al., 2020; Carrascal et al.,
2007; Dychkovskyi et al., 2024). These studies high-
light the need for adaptive support designs tailored to
site-specific geomechanical conditions and operational
demands.

Recent advancements in artificial intelligence (Al)
and neural networks have opened new horizons for pre-
dictive management and optimization of mine support
systems (Psyuk & Polyanska, 2024). These technolo-
gies offer the capability to process and interpret large
volumes of data collected from sensors embedded
throughout the underground mine environment (Rasts-
vietaiev et al., 2015; Blinov et al., 2025). By continu-
ously monitoring parameters such as stress levels, dis-
placement, vibration, and load distribution, Al-driven
models can provide real-time assessments of support
integrity and detect early signs of potential failure (Psy-
uk & Polyanska, 2024; Chen & Chen, 2024). Neural
networks are highly effective in simulating complex,
nonlinear interactions between suspended monorail
loads, structural support elements, and the surrounding
rock mass under dynamic operating conditions (Psyuk
& Polyanska, 2024; Zapukhliak et al., 2019). These
models enable the identification of hidden patterns and
relationships that traditional analytical methods may
overlook. As a result, intelligent systems can facilitate
the dynamic adjustment of fastening parameters, such as
anchor length, spacing, and installation angles, based on
changing geomechanical and operational conditions
(Sosnowski et al, 2024). The integration of Al into mine
supports design and monitoring significantly enhances
operational reliability, safety, and the overall efficiency
of transportation systems in deep and structurally com-
plex mining environments (Rastsvietaiev et al., 2015;
Kononenko & Khomenko, 2010; Zapukhliak et al.,
2019; Sosnowski, Dyczko & Kaminski, 2024; Polyan-
ska et al., 2024).

Sustainable mining practices increasingly demand
that support and transportation systems are designed not
only for operational efficiency but also for minimal envi-
ronmental impact (Khomenko et al., 2018; Lewicka &
Lewicka, 2019; Bashynska et al., 2024). Frame-anchor
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fastening systems must be evaluated in terms of both
their mechanical performance and their influence on the
surrounding geological and hydrogeological environ-
ment (De Borst et al., 2012; Myronova et al., 2025).
Improperly designed or overloaded support systems can
result in excessive deformation, leading to ground sub-
sidence, fracture propagation, or contamination of
groundwater resources (Moldabayev et al., 2021; Kon-
onenko et al., 2023). Such consequences pose signifi-
cant environmental risks and may compromise the long-
term stability of the mine and its surrounding ecosystem
(Lewicka & Lewicka, 2019; Lapshyn et al., 2025). To
address these challenges, recent research has focused on
integrating environmental monitoring with structural
management strategies, including the use of predictive
modelling and geotechnical feedback systems (Lewicka
& Lewicka, 2019; Kononenko et al., 2023; Lapshyn et
al., 2025; Fedoreiko et al., 2025). This holistic ap-
proach helps to balance the goals of resource extraction
with the need for environmental protection, thereby con-
tributing to the long-term sustainability and regulatory
compliance of mining operations.

Innovations in fastening materials, including high-
strength alloys, fiber-reinforced composites, and corro-
sion-resistant coatings, have been extensively investi-
gated to enhance the durability and load-bearing capac-
ity of frame-anchor systems in mining environments
(Lewicka & Lewicka, 2019; Kumbasaroglu, 2010,
Symanovych et al., 2015). These advanced materials
are designed to withstand the harsh conditions of under-
ground operations, including exposure to moisture, ag-
gressive geochemistry, and fluctuating mechanical loads
(Kononenko et al., 2023; Kononenko et al., 2016;
Kumbasaroglu, 2010; Stocklein & Kaliske, 2022). In
parallel, research has focused on improving installation
techniques, such as deep embedding, prestressed an-
choring, and chemical grouting, to increase the overall
quality and reliability of anchorage, particularly under
dynamic loading conditions generated by suspended
monorail transport (Herasymenko et al., 2023; Rasts-
vietaiev et al., 2015; Kononenko & Khomenko, 2010;
Beshta et al., 2015). The performance of these materials
and installation methods under cyclical and impact load-
ing is a key area of study, as it directly informs the devel-
opment of technical standards and guidelines for the se-
lection and application of fastening systems in prepara-
tory mine workings (Kumbasaroglu, 2010;
Symanovych et al., 2015; Jiang et al., 2025). Ultimate-
ly, the integration of advanced materials with optimized
installation practices contributes to safer, more efficient,
and longer-lasting support structures in modern under-
ground mining operations.

Numerical methods and finite element modelling play
a crucial role in understanding the stress-strain behaviour
of combined frame-anchor support under dynamic condi-
tions. Simulation tools allow researchers to vary design
parameters systematically and predict their impact on

system stability and deformation patterns (Stocklein &
Kaliske, 2022; Sobolev et al., 2025). This approach sup-
ports the design of fastening schemes that optimize load
transfer and minimize risks of failure, facilitating evi-
dence-based decision-making in mine management (Vla-
dyko et al., 2025; Zhai et al., 2025). Despite progress,
challenges remain in fully characterizing the complex
interactions in the “suspended monorail — mine support
— rock mass” system, especially under varied geological
conditions and intensified operational loads. Issues such
as real-time monitoring under harsh underground envi-
ronments, integration of Al models with existing mine
management systems, and scaling laboratory findings to
field applications require ongoing research (Kosenko et
al., 2025; Psyuk & Polyanska, 2024, Zapukhliak et al.,
2019; Campos Zabala, 2023). Addressing these gaps is
essential for developing robust fastening solutions adapt-
able to evolving mining demands.

The current body of literature indicates a clear need
for comprehensive studies that combine experimental
field data, predictive modelling, and advanced computa-
tional simulations to refine frame-anchor fastening pa-
rameters specifically for monorail-based heavy cargo
transportation. The purpose of this research is to develop
innovative technological schemes and establish optimal
fastening configurations that ensure safe, efficient, and
environmentally sustainable transportation in complex
underground mining conditions. This work aims to con-
tribute to improved management practices by integrat-
ing multidisciplinary approaches for enhanced opera-
tional resilience.

2. Methods

The methodology of this study is based on an inte-
grated approach combining numerical modelling, struc-
tural simulation, and field data analysis to determine
optimal parameters for frame-anchor fastening systems
in preparatory mine workings used for monorail-based
heavy cargo transportation (Herasymenko et al., 2023;
Rastsvietaiev et al., 2015; Babets et al., 2023; Carras-
cal et al., 2007). The study begins with the development
of a conceptual model of the transport-technological
system “suspended monorail — frame-anchor support —
rock mass,” taking into account the dynamic interaction
between these components under operational conditions.
Using SolidWorks Simulation software, finite element
analysis (FEA) was conducted to evaluate the stress-
strain behaviour of various support configurations under
dynamic loading generated by moving large-tonnage
cargo (Rastsvietaiev et al., 2015; Babets et al., 2023;
Carrascal et al., 2007; Zapukhliak et al., 2019; Sala
& Bieda, 2024). Key parameters, such as anchor length,
spacing, depth of anchorage, and arch frame pitch, were
systematically varied to assess their influence on support
stability and rock mass deformation (Babets et al., 2023,
Tereshchuk et al., 2018; Bondarenko et al., 2021; Ko-
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valevska et al., 2020). Dynamic loads from train move-
ment and emergency braking scenarios were simulated
to reflect realistic mine conditions.

Field observations were conducted in an active under-
ground coal mine where suspended monorail transport is
routinely used for the delivery of mechanized support
components. Instrumentation, including displacement
sensors and vibration monitors, was installed along se-
lected sections of district workings to record real-time
deformation and load responses during monorail opera-
tion. Laboratory testing of fastening elements, including
high-strength anchors and steel arch frames, was also
carried out to determine material behaviour under cyclic
and impact loading (Herasymenko et al., 2023; Rasts-
vietaiev et al., 2015; Yegorchenko et al., 2022; Bashy-
nska, 2025). The combination of numerical modelling,
field monitoring, and lab-based mechanical testing ena-
bled a comprehensive validation of simulation results
and informed the development of rational design param-
eters. This methodology ensures the reliability, safety,
and performance of the support system under dynamic
operational loads.

As it had been mentioned to determine rational
schemes of frame-anchor support for preparatory mine
workings that ensure the safe transportation of large-
tonnage cargo via suspended monorail systems, a com-
prehensive research methodology was developed. The
methodology focused on analyzing the stress—strain
state of components within the transport-technological
system “suspended monorail — mine support — rock
mass” using numerical modelling in the SolidWorks
Simulation environment (Yegorchenko et al., 2022).
The modelling aimed to simulate and assess the behav-
iour of support structures under dynamic loading condi-
tions typical of underground mining operations.

At the initial stage, parametric 3D models of the frame-
anchor support system were constructed. These included
various configurations of steel arch frames and anchors of
differing lengths and anchoring types (Khomenko et al.,
2018). The geometrical and mechanical parameters of the
models reflected typical dimensions of preparatory mine
workings and the mining-geological conditions of sites
where suspended monorail transport is operationally im-
plemented (De Borst et al., 2012; Ravichandran, 2020).
The rock mass was modelled as a solid continuum with
variable mechanical properties to reflect realistic stratified
and fractured media.

To analyze the stress—strain state (SSS) of the support
structure under dynamic loading conditions, the Static
Study module of SolidWorks Simulation was utilized,
applying the finite element method (FEM) (Zienkiewicz
et al., 2013; Lewicka & Zakrzewska-Bielawska,
2019). This computational approach allowed for accu-
rate modelling of the mechanical response of the com-
bined frame-anchor support system under realistic op-
erational stresses generated by monorail-based heavy
cargo transport. The simulation aimed to evaluate struc-

tural stability, deformation behaviour, and stress distri-
bution in both the support elements and the surrounding
rock mass (Moldabayeyv et al., 2021; Sun et al., 2009).

The numerical analysis considered several key input
conditions. Material properties were defined based on
standard specifications: steel (according to DST 27772-
2015 or DIN EN 10025) was used for the arch frame ele-
ments, while the rock mass was modelled as a condition-
ally fractured medium with variable strength parameters,
including elastic modulus and Poisson’s ratio (DST
27772-2015. Rolled steel for construction purposes;
DIN EN 10025-1:2019. Hot rolled products of struc-
tural steels). Boundary conditions involved fixing the
periphery of the model to simulate confinement by the
surrounding geological environment and applying exter-
nal loads that represented both mining pressure and dy-
namic impulses from moving monorail vehicles (Molda-
bayev et al., 2021; Lewicka & Zakrzewska-Bielawska,
2019; Vosoughifar, Madadi & Rabiefar, 2017).

Contact conditions were defined to reflect realistic in-
teractions between system components, either frictional
or adhesive, depending on the type of anchor-rock and
frame-rock connections being modelled (Sakurai,
2010). As a result of the numerical modelling, distribu-
tions of stress, displacement, and safety factors were ob-
tained for various frame-anchor support schemes. Spe-
cial attention was given to three key indicators:

* Maximum stresses that may induce strength loss or

plastic deformation;

* Displacements and deflections of frame elements,
particularly at monorail load application points;

e Zones of stress concentration in anchor elements,
indicating areas at high risk of rock failure or slip-
page.

Further simulations involved a series of parametric
studies to optimize frame spacing, anchor length, and
anchorage depth. Various anchor geometries and place-
ment schemes were evaluated to determine their effect
on the overall load distribution and support system per-
formance. Model identification (Kononenko et al.,
2024) was carried out by solving boundary value prob-
lems for fractured rock masses using a linear anisotropic
constitutive model. A key aspect of this identification
involved reproducing the principal tensile and compres-
sive stress fields that develop around load-bearing arch-
es under dynamic monorail loading. These stresses were
then used to define loading parameters for secondary
anchor levels.

The geometric dimensions of the model were deter-
mined using the following dynamic loads:

B =h+4D,, m )

Where:
h  —height of the mine working [m],

Deq —equivalent diameter of the mine working [m],
calculated as:
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S

c
Deq = |4 ;, m (2)

Where S is the cross-sectional area of the working [m?].

This approach makes it possible to accurately deter-
mine the characteristic geometric parameters of the exca-
vation for further numerical modelling under dynamic
loading conditions. Such precision is essential for cor-
rectly reproducing the stress—strain state of the rock mass
and its interaction with the support elements. As a result,
the developed model provides a reliable foundation for
assessing the stability and safety of the entire “suspended
monorail — mine support — rock mass” system.

The required length of the second-level anchors was
computed as:

lanchor = Ui + lemp + Lioco M (3)
Where:
[, —design length of first-level roof anchors,
[, —embedding depth of the suspension anchors

above the first-level anchors (> 0.5 m for roof
type II; > 1.0 m for types I, I1I, IV),

L. —locking section length.

Initial loads and boundary constraints were applied in
the simulation, along with finite element meshing. The
maximum load on the “monorail support — mine sup-
port” subsystem was calculated according to Herasy-
menko et al. (2023) using the following equation:

_ Pk,
P= T kN 4)
Where:
pmax — maximum static load on one monorail suspen-
sion [kN],

C, - distance between suspensions [m],
k,  —dynamic load coefficient.
b — correction factor related to the width of the

monorail support structure.

The simulation results were validated through com-
parison with data obtained from technical documenta-
tion and in-situ observations of support system behav-
iour under similar mining conditions. This validation
step was essential for verifying the accuracy of the com-
putational model and ensuring that it adequately repre-
sented the real-world performance of the frame-anchor
support system. Based on the observed deviations and
structural responses, necessary adjustments were made
to the model parameters, which enhanced their reliabili-
ty and applicability for conducting further variant calcu-
lations and scenario-based analyses.

Given the complexity of the overall transport-techno-
logical system, the interaction between the suspended
monorail, the mine support, and the surrounding rock
mass was examined by splitting the system into three
interrelated subsystems: (1) “rolling stock — monorail

support,” (2) “monorail support — mine support,” and (3)
“mine support — rock mass.” This modular approach al-
lowed for a more focused and systematic analysis of in-
dividual stress transfer mechanisms at each interface. By
isolating the influence of dynamic loads at each subsys-
tem level, it became possible to identify structural vul-
nerabilities and develop targeted improvements in fas-
tening design, particularly in areas prone to deformation,
stress concentration, or progressive failure under cyclic
monorail loading

3. Results

According to the research program and methodology
developed for analyzing the interaction mechanisms
within the “suspended monorail — mine support — rock
mass” system, each of the designated subsystems was
examined step by step as an independent structural enti-
ty. This modular approach allowed for a clearer under-
standing of load transfer processes and the localized ef-
fects of dynamic forces at each interaction level. In par-
ticular, the current article presents the results of a detailed
study focused on the stress—strain state of components
within the “Monorail Support — Mine Support” subsys-
tem. The analysis emphasizes how dynamic loading, in-
duced by monorail movement and braking, affects the
mechanical performance and deformation behaviour of
the fastening structures. The findings contribute to opti-
mizing the frame-anchor support configuration and im-
proving the structural reliability of preparatory mine
workings under operational transport conditions.

According to the developed methodology, for model-
ling the interaction conditions within the “monorail sup-
port — mine support” subsystem using SolidWorks Sim-
ulation consists of several key stages. These include
model identification, the creation of input data for geo-
metric modelling, and the assignment of material prop-
erties for all structural components. Load parameters,
boundary constraints, and finite element meshing are
then defined to simulate operational conditions. Finally,
the results are analyzed with particular attention to dy-
namic loads on anchors, focusing on stress variations
around the crowns of load-bearing arches.

The obtained interaction parameters of elements within
the “monorail support — mine support” subsystem served
as the basis for developing a database to simulate changes
in their technical condition under dynamic loads. This da-
tabase enabled the formulation of innovative engineering
solutions aimed at mitigating adverse effects on arch
crowns and the mine roof. Operational studies of suspend-
ed monorail systems under atypical and extreme mining
conditions (Rastsvietaiev et al., 2015) revealed that, to
reduce the negative influence of rolling stock on both arch
supports and the surrounding rock mass, dynamic loads
must be evenly redistributed via the monorail support
structure across all interacting components. To achieve
this, the integration of deep-embedded anchors into exist-
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ing frame-anchor fastening schemes is recommended, al-
lowing the monorail support to be fixed directly to these
anchors. This configuration effectively transfers part of
the dynamic loading from the rolling stock onto the load-
bearing arches and secondary anchorage points, thereby
enhancing system stability.

The methodology for assessing dynamic loads acting
on second-level anchors involves modelling the devel-
opment of the stress—strain state of anchor elements un-
der extreme operational conditions. According to engi-
neering guidelines (Aitkazinova et al., 2022), this pro-
cess includes several stages. Initially, a dataset is
compiled to determine the technical condition of sec-
ond-level anchors. This dataset includes the spatial ori-
entation of anchors within the working, their physical
and mechanical properties in situ, and environmental
factors adversely affecting their performance. Such fac-
tors include vibration intensity, cyclic loading, and shock
impulses, which deteriorate the structural integrity of
mine support systems over time.

The primary sources of data include design specifica-
tions, construction and maintenance documentation
(Bondarenko et al., 2021), as well as the results of ded-
icated investigations focused on dynamic load effects
(Zienkiewicz et al., 2013) on subsystem elements dur-
ing large-tonnage cargo transportation. Following the
approved research methodology, a comprehensive
stress—strain analysis of the subsystem components was
performed. Critical zones with the highest stress concen-
trations were identified, and their actual load-bearing
capacity was assessed to verify compliance with norma-
tive safety standards. Experimental observations con-
firmed that recurring dynamic loads, especially those
generated as rolling stock pass over deformed joints in
the monorail track, contribute to wear, fatigue, and dam-
age in the supports of preparatory workings.

Building on the developed simulation methodology
(Moldabayev et al., 2021) for evaluating suspended
monorail operating regimes, data from experimental
studies were incorporated into models simulating the be-
haviour of deep-embedded anchors under dynamic con-
ditions during large-tonnage transport. In the modelling
process, the second-level anchors and mine working
were jointly analyzed as an integrated system within
SolidWorks Simulation. Utilizing the finite element
method (FEM) (Khomenko et al., 2023), structural
analysis of system performance under dynamic loads
was conducted, allowing predictions of anchor behav-
iour under realistic mining conditions. The objective of
this methodology was to determine the maximum per-
missible stress levels in the anchor support elements us-
ing parametric CAD-based models (Tereshchuk et al.,
2018; Otey et al., 2018), thereby ensuring both safety
and operational reliability in transport-intensive under-
ground environments.

The modelled mine section incorporated second-level
anchors with a length of 3.4 meters, specifically de-

Table 1. Main properties of wire rope steel

Property Value Unit
Elastic modulus 190000 N/mm?
Shear modulus 75000 N/mm?
Density 8000 kg/m?
Tensile strength limit 517 N/mm?
Poisson’s ratio 0.29

Yield strength 206 N/mm?
Thermal conductivity 16 W/(m-K)
Specific heat 500 J/(kg-K)

Table 2. Geometric dimensions of the model for simulation

Property Value Unit
Model height, B 24 m
Depth of occurrence, H 300 m
Average rock density,y 2600 kg/m?
Poisson’s ratio u 0.25

Mine working width, b 4460 mm
Mine working height, / 3800 mm
Inclination angle

of second-levegl anchors, f 70 (Leres
:“Illlfhlg:rrftli C(:i second-level 3400 mm

signed to support suspended diesel locomotives (SDLs).
These anchors are fabricated from high-strength wire
rope steel and do not include additional protective coat-
ings or corrosion-resistant treatments. The selection of
material reflects typical in-mine operating conditions
and mechanical loading scenarios associated with mon-
orail transport. The physical and mechanical properties
assigned to these elements in the CAD-based finite ele-
ment models are summarized in Table 1.

To simulate the interaction conditions of the elements
within the technical subsystem “monorail support —
mine support” in a CAD environment, a reference sec-
tion was selected from an existing preparatory working
at the Stepova mine operated by DTEK Pavlohrad-
vuhillia, based on its current operational conditions. The
selection of this site provided realistic boundary and
loading conditions for accurate numerical modelling.

Based on the results of the mathematical simulation
of subsystem behaviour, the model dimensions were de-
termined while ensuring that the influence of external
geometry on the simulation results was minimized. The
model geometry was constructed at a 1:1 scale (Kova-
levska et al., 2020), in accordance with the specifica-
tions provided in Table 2.

To determine the geometric dimensions of the model,
a set of analytical expressions was used, including
Equation 1 for calculating the overall width of the mod-
elled domain. The equivalent diameter of the mine work-
ing was obtained using Equation 2, which accounts for
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Table 3. Physical and mechanical properties of rocks

Elastic modulus, Poiss?n’s Ten'sil‘e strength Compressive Humidity, Fracturing
N/mm? ratio limit, N/m? strength, N/m? %
Siltstone 16600 0,394 18 381 2.0 1-3
Argillite 21200 0,41 25 280 2.6 4-5
Sandstone 27100 0,41 150 680 52 1-3
Coal 4700 0,33 14 300 4.4 10-15

the cross-sectional area of the excavation. These expres-
sions ensured that the model reflected the actual geom-
etry of the underground environment with sufficient ac-
curacy for finite element simulation. In addition, the
length of the second-level anchors was calculated using
Equation 3, which considers the combined depth of pri-
mary anchorage, the embedding section, and the locking
zone. These parameters were critical for replicating the
interaction between the support system and the sur-
rounding rock mass under dynamic loading conditions.
Together, the applied equations formed the basis for
building a physically representative CAD model suita-
ble for stress-strain analysis using numerical methods.

The initial material properties used in the numerical
model were defined based on the physical and mechani-
cal characteristics of rock types commonly encountered
in the mines of the Western Donbas region (Khomenko
et al., 2018). These properties include parameters such
as density, compressive strength, Young’s modulus, and
Poisson’s ratio, which are essential for simulating the
stress—strain behaviour of the rock mass under load. The
selected values reflect average conditions derived from
geological surveys and laboratory testing of core sam-
ples collected from operating mine sites. Table 3 pre-
sents a summary of these average material properties,
which were used as input for the finite element analysis.
These values were further verified and calibrated to en-
sure compatibility with the dynamic loading conditions
associated with suspended monorail operations. Incor-
porating realistic geomechanical data into the model was
crucial for obtaining accurate simulation results and reli-
able safety assessments of the support system.

In practice, monorail support is suspended to the
crowns of metal arch supports or to anchors. The pro-
posed combined suspension system is simultaneously
fixed to the crowns of the arch support and to deep-em-
bedded anchors using chains. Suspension segments are
interconnected in a way that ensures even distribution of
dynamic loads from the transportation of heavy cargo
between both types of support. This engineering solution
allows each type of support to be considered individu-
ally, taking into account the nature of dynamic load
transfer, which improves the reliability of the entire sup-
port system of the mine roadway.

The next stage of the modelling process involved de-
fining the initial load P, applying boundary constraints,
and generating the finite element mesh to discretize the
model geometry. According to the recommendations pre-

sented in Herasymenko et al. (2023), the load acting on
the subsystem element “monorail support — mine sup-
port” is calculated using Equation 4. This equation ac-
counts for the maximum static load on individual suspen-
sions, the spacing between suspensions, and a dynamic
load coefficient that reflects operational conditions. Prop-
er implementation of these parameters is critical to accu-
rately simulate dynamic interactions within the system
and assess the resulting stress distribution.

According to the assessment of the technical condition
of suspended monorail track support systems, the most
deformation-prone areas are located at the junction be-
tween the crown of the arch support and the attachment
points of the second-level anchors. Theoretical studies of
the interaction conditions between the elements of the
technical subsystem “monorail support — mine support”
during the transportation of heavy loads have shown that
the monorail track is divided into characteristic zones
with the highest levels of dynamic loading (see Figure 1).
To calculate the load and deformation in the characteristic
nodes of the elements of the technical subsystem “mono-
rail - fastening of the workings”, the deep-seated anchor
zones were divided into element-by-element grids using
the FEM (Kononenko et al., 2023).

The application of SolidWorks Simulation software
for modelling the technical condition of the monorail
track enabled the determination of equivalent stresses
and the tensile strength limits of second-level anchors
during large-tonnage cargo transport. According to man-
ufacturer specifications, the permissible tensile strength
of the second-level anchors is 240 MPa. Simulation re-
sults were obtained for two different spatial arrangements
of deep-embedded anchors, incorporating the dynamic
load coefficient and assuming uniform load distribution
among the frame-anchor support elements. The key find-
ings of these analyses are summarized in Table 4.

Figure 2 illustrates the distribution of von Mises
stresses generated in the deep-embedded anchors due to
dynamic loads from the transportation of large-tonnage
cargo weighing 8, 12, and 16 tons. These stress values
reflect the complex interaction between the moving load
and the support elements under realistic operational con-
ditions. The calculated von Mises stress intensities, ex-
pressed in megapascals (MPa), serve as critical indicators
for evaluating the structural integrity and safety margins
of the anchors. By comparing these stress levels with the
permissible tensile strength of the anchor material, it is
possible to assess the reliability and durability of the fas-
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Figure 1. Initial constraints, applied loads, and finite element mesh of the model

Table 4. Simulation results for stress in deep-embedded anchors under dynamic loading

Carpo mass (tons) Von Mises stress ¢, Mises
(MPa)
2 63
4 95
6 127
8 159
10 190
12 222
14 255
16 287

tening system. This analysis provides essential data to
guide the design and optimization of anchor placement to
ensure safe and efficient mine transport operations.

The developed software package allows us to establish
(see Figure 2) the possibility of safe transportation of
high-tonnage cargo weighing up to 12 tons without de-
stroying the structure of the proposed fastening system.
The conducted simulations confirm the reliability of the
system under various loading and dynamic impact condi-
tions. This provides a solid basis for further optimization
of the design parameters and practical implementation of
the technology in real mining environments.

After approximating the maximum values shown in
Figure 3, an empirical relationship was established
describing how the von Mises stress intensity o, . in
the second-level anchor varies with the mass of the
large-tonnage load P This dependence provides a
quantitative basis for predicting stress responses in the
anchor under different cargo weights. The derived
formula enables engineers to estimate stress levels for
various operational scenarios, facilitating risk assess-

ment and design optimization. Such insights are criti-
cal for ensuring the structural integrity and safe perfor-
mance of the anchoring system in mining transport ap-
plications.

For the anchors of the second level, the magnitude of
the von Mises stresses depending on the mass of the
large-tonnage load is determined by the equation:

Oyon Mises = 21P — 0,19P2 MPa,

attached to R* = 0,9987 (35)

Where P — cargo mass, tons; R*> — reliability of approxi-
mation.

The second level anchor strength check is performed
under the following conditions

Oyon Mises < [Uy] MPa (6)

Where 6 — yield strength of anchor material, MPa.

According to theoretical studies, the destruction of
the anchor fastening will occur when the load weight
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Figure 2. Von Mises stress intensities in deep-embedded anchors depending on cargo mass:a-8t;b-12t;c-16t
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Figure 3. Graph of von Mises stress intensity in a second-level anchor versus cargo mass P

reaches 13 tons or more. This critical value determines
the upper safety limit for the proposed fastening system
under operational conditions. Exceeding this threshold
may lead to structural deformation and a loss of load-
bearing capacity. Therefore, it is recommended to main-
tain the operating load within the safe range identified to
ensure long-term system reliability and stability.

4. Discussion

The predicted relationship between the von Mises
stress intensity o, . in deep-embedded anchors and
the mass P of large-tonnage cargo is presented in Table
5. This data provides a clear overview of how increasing
load mass affects the stress distribution within the an-
choring system. Such predictions are essential for as-

sessing the safety margins and optimizing the design of
mine support structures under varying operational con-
ditions.

The analysis of the simulation results for the interac-
tion conditions within the “monorail support — mine sup-
port” subsystem demonstrates that employing a combined
frame-anchor fastening, where the monorail support is
simultaneously secured to second-level anchors and the
crowns of arch supports, can significantly enhance system
performance. Under the specific operational conditions of
the Western Donbas mining region, this fastening ap-
proach facilitates the expansion of potential reserves for
diesel suspension monorail roads. This method improves
the stability and load-bearing capacity of the support sys-
tem, thereby increasing the efficiency and safety of under-
ground transport infrastructure.
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Table 5. Prediction of the dependence of the stress intensity
against the o background of deep-seated anchors on

von Mises

the mass P of a large-tonnage cargo.

Von Mises stress ¢, Mises

Cargo mass (tons) (MPa)
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The interaction indicators obtained through computer
modelling of the “monorail support — mine support”
subsystem demonstrate that dynamic loads can be sig-
nificantly mitigated by effectively redistributing the
mass of large-tonnage cargo across multiple elements
within the complex dynamic transport-technological
system “suspended monorail — mine support — rock
mass.” The implemented innovative technical solutions
have raised the maximum permissible operational
thresholds for suspended monorail tracks transporting
heavy loads, thereby enhancing overall system reliabili-
ty. This advancement also expands the potential for
broader application of suspended monorail systems un-
der the challenging geological and operational condi-
tions characteristic of the Western Donbas region.

5. Conclusions

This research successfully employed a modular ap-
proach to analyze the interaction mechanisms within the
“suspended monorail — mine support — rock mass” sys-
tem, focusing specifically on the “monorail support —
mine support” subsystem. The use of finite element
modelling through SolidWorks Simulation enabled a
comprehensive evaluation of the stress—strain states un-
der dynamic loads typical for large-tonnage cargo trans-
port. The study identified critical stress concentration
zones, particularly at the junctions of anchors and arch
crowns, providing valuable insight to optimize frame-
anchor fastening designs and thereby enhance the struc-
tural reliability and operational safety of preparatory
mine workings.

Numerical simulations demonstrated that integrating
deep-embedded second-level anchors into combined
frame-anchor fastening schemes effectively redistributes
dynamic loads from the suspended monorail rolling
stock across multiple support elements. This redistribu-
tion leads to a significant reduction in peak stress and
deformation risks in vulnerable zones of the support sys-
tem. Furthermore, the establishment of empirical rela-
tionships between cargo mass and von Mises stress in
anchors allows for precise prediction of stress responses,
ensuring that operational loads remain within permissi-
ble strength limits. These findings support the develop-
ment of more resilient support systems capable of with-
standing the challenging mining conditions prevalent in
the Western Donbas region.

The simulation results also revealed that the tensile
strength limit of second-level anchors, specified at 240
MPa, is reached when transporting cargo exceedingly
approximately 13 tons. This threshold defines the upper
safe operational boundary for suspended monorail trans-
port under current design parameters. The combined fas-
tening scheme, whereby the monorail support is an-
chored simultaneously to second-level anchors and arch
crowns, facilitates a more uniform distribution of dy-
namic loads and reduces stress intensities in critical
structural zones, thereby extending the service life and
safety of the support system.

The practical recommendations derived from this re-
search can be directly applied to the design and mod-
ernization of preparatory mine workings equipped with
suspended monorail transport systems. The proposed in-
novative fastening solutions improve mining efficiency
by accelerating panel preparation, minimizing mainte-
nance and repair costs, and enhancing overall system
reliability. Moreover, these solutions are highly adapta-
ble for implementation in mines of Western Donbas as
well as other mining regions with comparable geome-
chanical and operational conditions.

In conclusion, the developed technical framework
provides a robust engineering basis for increasing the
maximum allowable operational thresholds of suspend-
ed monorail tracks transporting heavy loads. By improv-
ing load management and reinforcing system stability,
the study contributes to safer and more efficient under-
ground transport infrastructures. These advancements
also lay the groundwork for future development, stand-
ardization, and broader adoption of suspended monorail
transport technologies in the global mining industry.

Further research is planned to be devoted to the unifi-
cation of all subsystems into a single complex system
“suspended monorail — mine support — rock mass” and
the analysis of its operation. This approach will make it
possible to comprehensively evaluate the mutual influ-
ence of mechanical, structural, and geological compo-
nents. The obtained results are expected to form the ba-
sis for optimizing design parameters and improving the
overall stability and efficiency of the system.
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SAZETAK

Upravljanje parametrima okvirno-sidrenoga sustava podgrade u pripremnim
iskopima za transport teskoga tereta jednotra¢nim Zeljeznickim sustavom

Clanak prikazuje sveobuhvatno istrazivanje o upravljanju i optimizaciji okvirno-sidrenoga sustava podgrade u pripre-
mnim jamskim iskopima namijenjenima transportu tereta velike nosivosti pomoc¢u visecega jednotra¢nog Zeljezni¢kog
sustava. S intenziviranjem podzemne eksploatacije i sve vecom primjenom tegkih transportnih sustava osiguranje stabil-
nosti i sigurnosti jamskih prostorija pod utjecajem dinamickih opterecenja postaje jedan od klju¢nih inZenjerskih izazova.
U radu je predlozena inovativna tehnologija podgrade koja se temelji na kombiniranome uévr$¢enju jednotra¢nih Zelje-
znickih sustava - spajanjem na tjemena metalnih okvira te izravnim sidrenjem u krovnu stijensku masu pomoc¢u dubokih
sidara. Cilj takva pristupa jest smanjenje dinamickih naprezanja u krovini iskopa i povecanje ukupne pouzdanosti sustava
podgrade. Radi procjene u¢inkovitosti predlozene konstrukcije podgrade primijenjena je numeri¢ka metoda modeliranja
kojom je simulirano medudjelovanje komponenti u dinami¢kome sustavu ,vise¢a jednotra¢na zeljeznica — podgrada - sti-
jenska masa”. Analiza ponasanja stijenske mase pri naprezanju i deformacijama provedena je primjenom softverskoga
paketa SolidWorks Simulation. Tijekom simulacija sustavno su mijenjani razliciti parametri, ukljucujuci razmake izmedu
okvira podgrade, duljinu i dubinu usidrenja sidara te mehanicka svojstva stijenske mase. Rezultati analize omoguc¢ili su
odredivanje racionalnih konstrukcijskih parametara koji minimiziraju deformacije i poveéavaju nosivost podgrade. Poseb-
no je utvrdeno da optimalna kombinacija razmaka okvira i konfiguracije sidara znatno smanjuje koncentracije naprezanja
i poboljsava stabilnost pripremnih prostorija pod djelovanjem dinamickih opterecenja nastalih kretanjem jednotra¢nih
zeljeznickih kompozicija. Provedeno istrazivanje pokazuje kako ucinkovito upravljanje parametrima sustava podgrade
moze dovesti do povecanja sigurnosti, smanjenja potrosnje materijala i ubrzanja napredovanja jamskih radova. Dobiveni
rezultati prakti¢no su primjenjivi u projektiranju podzemnih transportnih ruta te se mogu ugraditi u normativne doku-
mente koji reguliraju projektiranje i primjenu podgradnih sustava u dinamicki optere¢enim rudarskim okruzenjima.

Kljuéne rijedi:
okvirno-sidrena podgrada, jednotra¢ni Zeljeznicki transport, transport te§koga tereta, analiza naprezanja i deformacija,
upravljanje rudarskom infrastrukturom, raspodjela dinamic¢koga opterec¢enja
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Abstract

This paper explores the optimization of in-situ uranium leaching efficiency through the application of oxygen as an oxi-
dizing agent in the lixiviant. With this objective in mind, geological characteristics of the target site were examined,
followed by a series of laboratory and pilot-scale experiments. The resulting data were systematically processed and ana-
lyzed. The influence of sulfuric acid concentration on the degree of oxygen enrichment in the lixiviant was established.
Laboratory tests on core samples from the uranium deposit revealed consistent relationships between uranium concen-
tration in the pregnant solution, the oxidation states of iron (Fe** and Fe**) in lixiviant, and the level of oxygen saturation.
Comparative results of uranium content in the pregnant solution over time were obtained for both the conventional and
oxygen-enriched technologies. Laboratory results demonstrated a 23.0% increase in uranium concentration in the preg-
nant solution using an oxygen-enriched lixiviant over the control solution, indicating a potential reduction in recovery
time and final metal production costs. Pilot-scale tests at a uranium mine confirmed the positive effect of oxygen-en-
riched lixiviant on iron oxidation and uranium concentration in the pregnant solution. All pumping wells within the test
block showed increased or stabilized uranium concentration upon connecting a special injection system for oxidation in

injection wells surrounding the pumping wells, and decreased uranium concentration after system disconnection.

Keywords:

in-situ leaching, oxidation, uranium concentration in solution, oxygen enrichment, ferrous and ferric iron

1. Introduction

According to expert forecasts, by 2030 leading ura-
nium producers are expected to extract approximately
1.8 million tonnes of uranium, which would result in the
depletion of 37% of the world’s explored reserves. In
other words, the reserves of primary uranium deposits
are projected to decline by more than 1.5 times (Li &
Jia, 2024; Michel et al., 2022).

With the gradual exhaustion of high-grade uranium
ores, many mining enterprises have begun shifting to-
ward the exploitation of low-grade deposits. CRU Group
analysts predict that at many active uranium mining
sites, the average uranium content is more than 1/3 be-
low the global average, and at exploration-stage sites, it
is more than 1/2. The involvement of such deposits in
production requires substantial investment in infrastruc-
ture, particularly in remote and hard-to-access regions
(Youssef et al., 2024). These factors will inevitably in-
crease the production cost of final uranium products.
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At present, 439 nuclear reactors are operating world-
wide, and this number is expected to increase to 549 in
the near future. This growth underscores the strategic
importance of the uranium sector for global develop-
ment and highlights the need to expand uranium re-
sources and reserves. It also requires the efficient and
comprehensive use of already explored deposits, consid-
ering the strategic importance of uranium as a raw mate-
rial (Togizov et al., 2024). Various technological solu-
tions exist within conventional mining methods to en-
sure efficient and comprehensive utilization of mineral
reserves (Bitimbayev et al., 2023; Almenov et al.,
2025). Particular attention should be given to the pro-
posed solution, in which all processes at the enterprise
are grouped: by degree of exploration, feasibility and
economic efficiency. For each of them, certain coeffi-
cients were determined on the example of the operation
of two specific combined technologies: the extraction of
uranium ores and coal (Dychkovskyi et al., 2018).
However, for low-grade uranium deposits, traditional
mining is often economically unviable. In such cases,
geotechnological methods particularly in-situ leaching
(ISL) have proven to be more effective (Begalinov et
al., 2022; Yusupov et al., 2021b), which is achieved
through determining the change in the volume of miner-
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als extracted from the ore body depending on the amount
of reagent and the filtration rate, using the laws of phys-
ics, chemistry and computer modeling (Vladyko et al.,
2022). In ISL operations, sulfuric acid is commonly used
as the primary lixiviant (Chen & Li, 2022).

One of the main limitations in the development of ISL
is the low dissolution rate of uranium, which is associ-
ated with its occurrence in refractory mineral forms and
the low concentration of ferric iron (Fe**) in both ore and
groundwater (Yussupov et al., 2023; Kenzhetaev et al.,
2022). A typical industrial response to this challenge is
to increase the concentration of sulfuric acid in the lix-
iviant. However, this approach not only raises produc-
tion costs but is also constrained by the current shortage
of sulfuric acid in the Republic of Kazakhstan. This
shortage has forced National Atomic Company Kaz-
atomprom JSK to revise production plans and initiate
the construction of a new facility with an annual capac-
ity of 800.000 metric tonnes of sulfuric acid.

Accordingly, considerable attention is being directed
toward the development of improved in-situ uranium
leaching technologies.

Current approaches to intensifying uranium leaching
involve physical, physico-chemical and chemical meth-
ods (Yanjing et al., 2023; Rakishev et al., 2022;
Pekala, 2017), as well as the sequential leaching of ore
bodies at different depths using boreholes of various di-
ameters and special designs (Khomenko et al., 2023).
While extensive theoretical, laboratory and pilot-scale
tests has been carried out, many of these techniques re-
main expensive, technically complex for industrial ap-
plication and often environmentally burdensome (Chen
& Li, 2022; Elmardi Suleiman Khayal & Bashier El-
agab, 2022; Oryngozha et al., 2020).

Both research findings and practical experience indi-
cate that the intensity of uranium leaching is strongly
influenced by the concentration of dissolved oxygen in
the lixiviant. Oxygen content can be increased either by
aeration or by direct injection of liquid oxygen (Cramer
et al., 2023; Banos & Scott, 2020; Zeng et al., 2013).
However, oxygen transitions to a liquid phase only un-
der cryogenic conditions or elevated pressure. Although
lower lixiviant temperatures improve oxygen solubility,
they negatively affect the leaching kinetics. Conversely,
increasing hydraulic pressure fivefold from 60 meters
has been shown to raise dissolved oxygen concentra-
tions by 70% and uranium content by a factor of seven.
As aresult, some uranium producers have experimented
with in-situ oxygen dissolution methods. For example,
at the Uchkuduk deposit, compressed air was injected
into the formation using a compressor system. As the
oxygen-enriched lixiviant reached pumping wells, ura-
nium concentrations in the pregnant solution increased
from 10.0 mg/L (under baseline conditions) to 35.0
mg/L. In another test block, oxygen saturation was
achieved through pressure differentials and vacuum in-
duction, doubling uranium content in the solution.

2. Materials and Methods

To improve oxygen enrichment, this study proposes
the use of a specialized injector that intensively mixes
air with the lixiviant and enhances oxygen transfer by
increasing internal solution pressure (see Figure 1). The
injector consists of a short pipe with a constriction at the
center and an opening for air intake.

Figure 1. Specialized injector (Venturi tube): 1 —constricted
section for pressure drop; 2 - opening for air suction.

As the solution passes through the narrowed section
of the injector tube, a pressure drop occurs, causing air
to be drawn in. When the solution enters the expanded
section, the pressure rises, which promotes the effective
dissolution of oxygen from the air into the solution. The
advantages of using the specialized injector include low
capital and operational expenditures, ease of integration
into the lixiviant pipeline, and environmental safety.

To validate the proposed technology, laboratory ex-
periments were conducted using core material from the
study site. The Central area of the Mynkuduk deposit
was selected as the research object. An analysis of his-
torical leaching data (Ortalyk Mining Enterprise,
2021), indicates that, after reaching the maximum ura-
nium concentration in the pregnant solution during the
acidification stage with elevated sulfuric acid concentra-
tions of 30.0-50.0 g/L, a distinct and abrupt decline in
uranium concentration is observed upon transitioning to
the active leaching stage, where the acid concentration
decreases to 8.0-10.0 g/L (see Figure 5).

The ore body at the study site is predominantly com-
posed of uraninite and coffinite, accounting for approxi-
mately 85% and 15%, respectively (Ortalyk Mining
Enterprise, 2021). It is well known that uranium in
uraninite is poorly soluble in sulfuric acid, which neces-
sitates the addition of oxidizing agents to the lixiviant.

Field identification of the core material classified it as
gray sand. Data analysis over recent years shows that the
average concentration of ferrous iron (Fe*") in the solu-
tion is around 1.3 g/L, while ferric iron (Fe**) is approx-
imately 0.15 g/L, resulting in a Fe*/Fe®" ratio of 0.115
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(Ortalyk Mining Enterprise, 2021). The low concen-
tration of ferric iron also reduces the leaching intensity
and similarly necessitates the introduction of oxidants
into the lixiviant.

The combined effect of these factors results in a
marked decrease in uranium concentration in the preg-
nant solution.

The research methods consist of analyzing and syn-
thesizing scientific and technical information (Ortalyk
Mining Enterprise, 2021; Vershina LLP, 2010), as
well as practical experience in underground in-situ ura-
nium leaching. They also include laboratory and pilot-
scale tests, along with statistical processing and analysis
of the results.

Laboratory tests were conducted using a custom-built
experimental setup consisting of vessels for the lixivi-
ant, intermediate and pregnant solutions, a core sample
from the deposit, and a device for oxygen enrichment of
the solution.

The first stage involved determining the influence of
sulfuric acid concentration on the degree of oxygen en-
richment in the lixiviant. Four vessels were prepared
with acid concentrations of 5.0; 8.0; 10.0 and 12.0 g/L.
A total of 8 measurements of dissolved oxygen were
taken at varying acid concentrations.

Upon determining the optimal concentration of sulfu-
ric acid, subsequent experiments were conducted to ex-
amine the relationship between key leaching parameters
such as uranium content, the concentrations of ferrous
(Fe*") and ferric (Fe*") iron, and the degree of oxygen
enrichment in the lixiviant. The results obtained using
the oxygen-enriched lixiviant were compared with those
obtained using the standard (non-enriched) solution.

Oxygen concentration in the lixiviant was measured
after passage through the specialized injector. The lix-
iviant was collected in a sealed vessel designed with a
port in the lid for introducing the solution—air mixture,
and an electrode was placed at the bottom to measure
dissolved oxygen content. Each leaching cycle lasted 7
hours for each core sample. One sample of the initial
lixiviant and seven sequential samples of the pregnant
solution were taken hourly, totaling eight samples per
test. Oxygen concentration was measured using an oxi-
meter, while uranium and iron species were analyzed at
the mine’s laboratory. The uranium content in the core
material used for testing was 0.035%.

For pilot-scale testing, a test block was selected com-
prising 3 pumping wells and 13 injection wells. Special-
ized injectors for oxygen enrichment were installed at
the injection wells via a bypass line connected to the lix-
iviant distribution network (see Figure 2).

The pilot-scale testing was conducted from late Feb-
ruary through November. To obtain comparative data,
the operation of the specialized injectors was periodi-
cally halted, thereby interrupting the oxygen enrichment
of the lixiviant. Uranium concentrations in the pregnant

Figure 2. Specialized injectors installed on the lixiviant line
via a bypass connection: 1 - main pipeline; 2 - injection well
pipeline; 3 - specialized injectors.

solution were measured in three pumping wells (48-5-
04), (48-5-05) and (48-5-06), which were surrounded by
injection wells equipped with oxygen injectors. Sam-
pling was carried out in accordance with the operational
schedule and supplemented with additional measure-
ments between scheduled dates. It should be noted that,
following the installation of oxygen enrichment systems,
the average sulfuric acid concentration in the lixiviant
was gradually reduced from 12.0 g/L in March to 3.0 g/L
by September.

3. Results and Discussion

During the laboratory experiments, the initial concen-
tration of dissolved oxygen in the baseline lixiviant was
5.2 mg/L. The results of the laboratory tests assessing the
effect of sulfuric acid concentration on the degree of oxy-
gen enrichment in the lixiviant after passage through the
specialized injector are illustrated graphically in Figure 3.

As shown in Figure 3, at a sulfuric acid concentration
of 5.0 g/L, the degree of oxygen enrichment in the lix-
iviant after passing through the specialized injector was
8.4 mg/L in the first test and 8.6 mg/L in the second.
Under laboratory conditions, the maximum observed
concentration of dissolved oxygen of 9.2 mg/L was
achieved when the sulfuric acid concentration was 10.0
g/L. It is important to note that increasing the sulfuric
acid concentration from 5 g/L to 10 g/L resulted in an
average increase in oxygen enrichment of 8.2%, based
on the results of two experimental tests. A further in-
crease in the sulfuric acid concentration to 12 g/L re-
sulted in a decrease of oxygen enrichment of the solu-
tion. This finding suggests that sulfuric acid concentra-
tion has a significant effect on the degree of oxygen
enrichment in the lixiviant, and that its optimal concen-
tration is 10 g/l.

Therefore, further investigations aimed at assessing
the effect of oxygen enrichment in the lixiviant on leach-
ing performance were conducted using a sulfuric acid
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Figure 4. Polynomial regression curves based on dissolved oxygen concentration in the lixiviant:

1 - ferric iron concentration; 2 - uranium concentration; 3 — ferrous iron concentration.

concentration of 10 g/L. The results of this study are il-
lustrated graphically in Figure 4.

As shown in Figure 4, increasing the degree of oxy-
gen enrichment in the lixiviant from 8.4 mg/L to 9.2
mg/L led to a decrease in ferrous iron concentration
from 296 mg/L to 285 mg/L, while the ferric iron con-
centration increased from 331 mg/L to 347 mg/L. Over-
all, oxygen enrichment of the lixiviant resulted in an in-
crease in the ferric-to-ferrous iron concentration ratio
from 1.12 to 1.22. As the dissolved oxygen concentra-
tion in the lixiviant increased from 8.4 mg/L to 9.2 mg/L,

and as Fe?" was oxidized to Fe**, uranium concentration
in the pregnant solution increased by 5.8 mg/L.

To compare uranium concentration in the pregnant
solution during leaching with and without oxygen en-
richment, laboratory experiments were conducted using
core material over a period of 7 hours. Comparative
plots were generated to illustrate the change in uranium
concentration in the pregnant solution during leaching
with and without oxygen enrichment (see Figure 5).

As shown in Figure 5, uranium concentrations in the
sixth and seventh samples of the pregnant solution
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Figure 5. Polynomial regression curves showing uranium concentration in the pregnant solution:
1 - with oxygen-enriched lixiviant, mg/L; 2 - without oxygen enrichment, mg/L.

reached high values under both oxygen-enriched and
non-enriched leaching conditions. Laboratory test re-
sults demonstrated that leaching with an oxygen-en-
riched lixiviant yielded uranium concentrations that
were, on average of 4.21 mg/L, higher than the concen-
trations yielded by the baseline (non-enriched lixiviants)
technology.

Taking into account the distance between the injec-
tion and pumping wells, as well as the filtration coeffi-
cient of the formation, positive results from the pilot-
scale field trials were observed within 20-30 days after
the specialized injector was put into operation. Before
solution enrichment with oxygen, the uranium concen-
tration in the productive solution from pumping well 3
(48-5-06) showed a decrease from 113 mg/L to 38 mg/L
during the period from February 27, 2024 to March 28,
2024. Following the activation of the injector and the
introduction of oxygen-enriched lixiviant, the uranium
concentration increased by 10.0 mg/L, or more than
13%. During the course of the pilot operation, a minimal
decline in uranium concentration was observed. This
was attributed to a reduction in the volume of lixiviant
injected into wells 48-4-5, 48-5-10, and 48-5-11, falling
below the operational target due to clogging of the well
filters. As a result, air intake into the injectors ceased,
and oxygen enrichment of the lixiviant was interrupted.
After well redevelopment and the restoration of injec-
tion flow rates, uranium concentrations in the pregnant
solution began to rise again.

In pumping wells 1 and 2, a steady decline in uranium
concentration in the pregnant solution was observed
over the three months preceding oxygen enrichment of
the lixiviant. For example, in pumping well 1, uranium
concentration decreased by 10.0 mg/L during the first

month, by 20.0 mg/L in the second, and by 30.0 mg/L in
the third. After the activation of the specialized injectors
and the initiation of oxygen enrichment, uranium con-
centrations in the pregnant solutions of the experimental
wells increased from 108 mg/L to 111 mg/L (well 1), and
from 94 mg/L to 98 mg/L (well 2). The difference in
uranium content between laboratory and pilot-scale op-
erations can be explained as follows. Laboratory work
was carried out using core material over a period of 7
hours, while in pilot industrial operations, the leaching
solution passes from the injection well to the pumping
well over a period of 15 days. Accordingly, the uranium
content in pilot industrial operations will be higher.

As part of the pilot-scale trials, the operation of the
specialized injectors was temporarily suspended for
comparative analysis. The injectors were turned off be-
tween March 20 and May 20, 2024, and again between
June 12 and August 1, 2024. It was found that a sharp
decline in uranium concentration in the pregnant solu-
tion occurred within 20-30 days following the deactiva-
tion of the injectors. For example, between May 20 and
the end of the month, uranium concentration in the preg-
nant solution from pumping wells 2 (48-5-05) and 3 (48-
5-06) decreased from 97.0 mg/L to 81.0 mg/L and from
86.0 mg/L to 75.0 mg/L, respectively, corresponding to
reductions of 16.5% and 12.8%. After reactivating the
injectors on June 1, an increase of 3 mg/L was recorded
in well 3 (48-5-06), while concentrations in wells 1 and
2 remained stable, indicating no further decline.

As aresult, after disconnecting of the special injectors
and the termination of oxidation (June 12, 2024 — July
2024), the uranium concentration in the productive solu-
tions exhibited a decline: in well 2 (48-5-05), from 80
mg/L to 62 mg/L (a reduction of 22.5%), and in well 3
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Figure 7. Comparison of selected indicators
for different reagents

(48-5-06), from 75 mg/L to 65 mg/L (a reduction of
13.3%). Once the injectors were brought back online be-
tween August 1 and August 14, 2024, uranium concen-
trations in the pregnant solutions of pumping wells 1
(48-5-04), 2 (48-5-05), and 3 (48-5-06) increased from
50.0 mg/L to 54.0 mg/L, from 60.0 mg/L to 68.0 mg/L,
and from 60.0 mg/L to 70.0 mg/L, respectively, corre-
sponding to relative increases of 8.0%, 13.3% and
16.7%.

After the subsequent shutdown of the injectors on Au-
gust 15, a decline in uranium concentrations was again

observed: from 54.0 mg/L to 50.0 mg/L in well 1, from
68 mg/L to 64 mg/L in well 2, and from 70 mg/L to 64
mg/L in well 3.

The dynamics of uranium concentration in the preg-
nant solution associated with the activation and deactiva-
tion of the specialized injectors are presented in Figure 6.

The evaluation of the proposed technology was per-
formed through a comparative analysis of selected re-
sults from previous studies employing various reagents
(see Figure 7).

The comparative analysis indicates that the use of hy-
drogen peroxide (Yusupov et al., 2021a) and sodium
nitrite (Bashilova & Baibatsha, 2022) results in an in-
crease in uranium recovery of 7.3% and 0.5%, respec-
tively, relative to atmospheric oxygen. However, this
improvement is accompanied by higher production
costs: the cost of 1 kg of uranium rises by $3.25 when
using hydrogen peroxide and by $0.55 when using so-
dium nitrite, whereas no additional cost is associated
with the use of atmospheric oxygen. It should also be
noted that the application of hydrogen peroxide and so-
dium nitrite necessitates stricter safety measures.

4. Conclusions

Laboratory and pilot-scale studies have demonstrated
the positive effect of oxygen-enriched solutions on the
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efficiency of in-situ uranium leaching. The increased
saturation of the solution with oxygen from air is
achieved through the use of a special injector. However,
increasing the dissolved oxygen content in the solution
promoted the oxidation of ferrous iron (Fe*") to ferric
iron (Fe**), which in turn enhanced uranium concentra-
tion in the pregnant solution.

All three pumping wells in the test block showed ei-
ther an increase in uranium concentration or a cessation
of its decline following the activation of oxygen injec-
tors in the surrounding injection wells. Conversely, ura-
nium concentrations consistently decreased after the in-
jectors were turned off.

On average, the increase in uranium concentration in
the pregnant solution amounted to 10.3%, indicating that
the implementation of oxygen enrichment technology
can reduce the leaching cycle duration and lower opera-
tional costs for uranium recovery within the technologi-
cal block.

A comparison of the results of the proposed technology
with previous studies employing various reagents has
demonstrated a low production cost of the final product.

As a result of these findings, the oxygen enrichment
method using a specialized injector has been adopted by
the uranium production enterprise for large-scale imple-
mentation.
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SAZETAK

Povecanje u¢inkovitosti terenskoga izluZivanja uranija injektiranjem
oksidiranoga luznatog sredstva

U radu se istrazuje mogucnost optimizacije u¢inkovitosti terenskoga izluzivanja uranija primjenom kisika kao oksidacij-
skoga sredstva u luznatome mediju. S tim ciljem analizirana su geoloska obiljeZja leZista, nakon Cega je provedena serija
laboratorijskih i poluindustrijskih istrazivanja. Dobiveni podatci sustavno su obradeni i analizirani. Utvrden je utjecaj
koncentracije sumporne kiseline na stupanj oksidacije luznatoga sredstva. Laboratorijska istraZivanja jezgrinih uzoraka
iz leZita uranija pokazala su konzistentne odnose izmedu koncentracije uranija u bogatoj otopini (pregnant solution),
oksidacijskih stanja Zeljeza (Fe?* i Fe*) u luznatome mediju te razine zasi¢enosti kisikom. Dobiveni su usporedni rezul-
tati promjene koncentracije uranija u otopini tijekom vremena za konvencionalnu tehnologiju i tehnologiju s oksidira-
nim luznatim sredstvom. Laboratorijski rezultati pokazali su povecanje koncentracije uranija za 23,0 % u otopini pri
uporabi oksidiranoga luZnatog sredstva u odnosu na kontrolno sredstvo, $to upu¢uje na moguénost skrac¢enja vremena
izluzivanja i smanjenja kona¢nih trogkova proizvodnje metala. Poluindustrijska istraZivanja provedena u rudniku uranija
potvrdila su pozitivan u¢inak oksidiranoga luZnatog sredstva na oksidaciju Zeljeza te na povecanje koncentracije uranija
u otopini. Sve crpne busotine unutar istrazivanoga bloka pokazale su povecanje ili stabilizaciju koncentracije uranija
nakon spajanja posebnoga sustava za oksidaciju u injekcijskim bu$otinama koje okruzuju crpne busotine, dok je nakon
isklju¢enja sustava koncentracija uranija pala.

Kljuéne rijedi:
terensko izluZivanje, oksidacija, koncentracija uranija u otopini, oksidirano luzno sredstvo, dvovalentno i trovalentno
zeljezo
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Abstract

The thermal springs in the Ciwidey region of Indonesia exhibit significant geological heritage and represent significant
potential for natural therapeutic applications in medical geology. This study is for assessing hydrogeochemical charac-
teristics of multiple thermal springs in the Ciwidey region and determine their appropriateness for natural therapeutic
uses in medical geology. This research examines the hydrogeochemical characteristics of 13 thermal springs in Ciwidey
using Atomic Absorption Spectrophotometry (AAS; AA-7000 SHIMADZU), classifying them into three distinct catego-
ries based on dominant chemical signatures: Sodium Chloride (Na-Cl), Calcium Sulphate (Ca-SO,), and Sodium Bicar-
bonate (Na-HCOs). Every hydrogeochemical type has unique therapeutic properties linked with their geochemical ori-
gin deep geothermal reservoirs, gypsum-rich lithology, or carbonate interactions. The analytical model established from
this study identifies specific zones for potential therapeutic use: Na-Cl type waters (e.g. sites P2, P6, P10, P20) promote
muscular relaxation and skin relief; Ca-SO, type springs (sites P3-P13) improve bone and joint health; and Na-HCO;
type waters (P9, P14) aid in pH regulation and alleviate digestive and dermatological issues. The present research find-
ings reveal essential insights into the therapeutic potential of Ciwidey’s springs and emphasize the significance of site-

specific assessments in medical geology.

Keywords:

thermal springs, hydrogeochemical, therapeutic, medical geology, geothermal

1. Introduction

Indonesia is situated along a volcanic pathway known
as the Ring of Fire, which spans the islands of Sumatra,
Java, the Nusa Tenggara Islands, Sulawesi, and the
Maluku Islands. Many of these volcanic paths possess
significant potential for geothermal energy (Waya et al.,
2022). Geothermal sources can arise from three factors:
the existence of a heat source, meteoric water, and reser-
voir rock (Skopljak et al., 2017; Vlahovi¢ & Skopljak,
2019). Thermal water or light steam ascends to the
Earth’s surface through faults or joints, which are zones
of water passage, manifesting as thermal springs, fuma-
roles, and solfataras (Pirajno, 2020). Thermal springs
represent a distinctive geological environment charac-
terized by a high geothermal gradient, ancient volcan-
ism, seismic activity, tectonic conditions, orogeny, and
structural features (Bennett & Walraevens, 2023; Su-
hail et al., 2024).
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Thermal springs, in addition to being vital natural re-
sources, also signify important geological heritage sites.
Thermal spring water, a naturally occurring solution,
demonstrates dynamic chemical and physical properties
influenced by certain geological conditions (Li et al.,
2024). Derived from subterranean mineral water, it pre-
serves elevated microbiological cleanliness and demon-
strates potential therapeutic properties (Kekes et al.,
2023), enhanced by diverse chemical composition and
health benefits (Martinez et al., 2017). Thermal springs
are of considerable importance in scientific and medical
research, as well as in geotourism and medical geology
(Erfurt-cooper, 2010). Hydrotherapy utilizing thermal
springs water, a type of balneotherapy, originated as an
efficacious treatment method for rehabilitation in Eu-
rope in the 1800s (Li et al., 2024). Thermal springs wa-
ter hydrotherapy acquired popularity after several dec-
ades because of its chemical-physical features, including
chemical composition, temperature, and molecular con-
centration (Maria et al., 2024). Thermal springs can be
categorized based on their chemical constituents, such
as bicarbonate, sulfate, sulfide, and chloride (Cac-
ciapuoti et al., 2020).
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Thermal springs have emerged as a prominent tourist
destination. Public interest in thermal springs is ob-
served throughout multiple continents: Europe (42.3%),
Asia (26.3%), and Africa (21.7%) (Valeriani et al.,
2018). In 2017, China accounted for 31.2% of world-
wide tourism revenue, attributed to visitors to its thermal
springs and mineral resources (Yeung & Johnston,
2020). The physicochemical form of thermal waters var-
ies considerably between sources, affected by the rock
type and the period of their travel through the rock. This
includes a summary of global hydrochemical facies
studies, such as those by Farhat et al. (2021) in Bal-
tistan, Rafiq et al. (2024) in Saudi Arabia, and Suhail et
al. (2024) in Kullu-Manali, India. These studies high-
light the variability in thermal water chemistry due to
geological settings, rock types, and subsurface travel
time, as emphasized by (Torres-Ceron et al., 2019).
Certain experts contend that therapeutic thermal water
originated decades ago in Asia, where Indians, Japanese,
and Chinese initially utilised water extracts from tea and
natural thermal springs for medical and spiritual detoxi-
fication (Wangchuk et al., 2021).

Medical hydrology is a contemporary discipline with-
in medicine; in 1986, thermal springs were recognized
as an alternative method for achieving optimal physical
and mental health (Martinez et al., 2017). Medical hy-
drology has evolved alongside scientific advancements
and is dependent on various disciplines, including Geol-
ogy, Natural Sciences, Chemistry, Physics, Physiology,
and Pharmacy (Ahaneku & Muogbo, 2024; Li et al.,
2023; Finkelman et al., 2018; Buck et al., 2016; Cen-
teno et al., 2016). Medical hydrology, commonly known
as medical water treatment or hydrotherapy, employs
water as a therapeutic medium under various physico-
chemical conditions to prevent and address health issues
(Wangchuk et al., 2021). Physicochemical techniques
are utilized to discover thermal spring water during the
earliest stages of hydrothermal resource exploration,
particularly in thermally permeable reservoirs (Farhat
et al., 2021; Torres-Ceron et al., 2019).

Indonesia has adopted the modernisation of thermal
spring resorts, especially in urban-proximate regions
such as the Patuha volcanic area in South Bandung, West
Java (Rahayudin et al., 2020). These sites have con-
verted natural thermal springs into leisure wellness des-
tinations, providing accommodations, balneotherapy
services, and swimming facilities to entice visitors in
pursuit of relaxation and health advantages. The grow-
ing wellness trend has prompted enhancements in resort
facilities, offering contemporary conveniences while
maintaining the therapeutic advantages of mineral-rich
waters. The Ciwidey region in West Java, Indonesia, is
distinguished due to geothermal activity, which is evi-
dent in many thermal springs that have historically been
employed for their therapeutic properties. These geo-
thermal features hold significant cultural and economic
value while also serving as an intriguing topic for scien-

tific inquiry in medical geology (Rios Reyes et al.,
2020). The hydrogeochemical characteristics of thermal
springs, including temperature, pH, mineral composi-
tion, and trace elements, are essential in assessing their
medicinal potential (Maria et al., 2024). Minerals, in-
cluding calcium, magnesium, bicarbonates, and sulfates,
prevalent in geothermal fluids, are recognized for their
therapeutic benefits in treating musculoskeletal illness-
es, dermatological maladies, and circulatory problems
(Cacciapuoti et al., 2020). Comprehending the geo-
chemical characteristics of these thermal springs eluci-
dates the subsurface processes, water-rock interactions,
and geological structures that affect their composition
(Utama et al., 2024). Furthermore, assessing the thera-
peutic potential of these waters necessitates a multidisci-
plinary approach incorporates hydrogeochemistry, and
public health considerations.

This study aims to describe the hydrogeochemical
properties of various thermal springs with an emphasis
on their mineral composition and assess their suitability
for natural therapeutic applications in the Ciwidey re-
gion of West Java, Indonesia. The uniqueness of this re-
search is that it examines the therapeutic potential of
Ciwidey’s thermal springs through an analysis of their
hydrogeochemical features within the framework of
medical geology. This investigation uncovers distinctive
water chemistry, geological factors, and public health
consequences particular to the Indonesian geothermal
region. The study examines the role of several minerals
in thermal springs in promoting health advantages, in-
cluding enhanced circulation, less inflammation, and al-
leviation of skin disorders. Understanding the geochem-
ical mineralization to comprehend the therapeutic poten-
tial of these thermal springs could encourage the
advancement of therapeutic and medicinal treatments
that leverage natural geothermal resources.

2. Study Area
2.1. Geological Setting

The Indonesian archipelago is located in a very active
tectonic zone, where the Eurasian, Indian—Australian,
and Pacific plates converge, resulting in frequent earth-
quakes and volcanic eruptions (Hamilton, 1973; Katili,
1974). This severe geological environment created a
volcanic belt around Java, encompassing the Ciwidey
area in West Java. Ciwidey is situated inside a young
volcanic complex, encircled by more ancient volcanoes
like Mount Patuha, Puncaklawang, Urug, and Tikukur
(Ashat et al., 2019; Rahayudin et al., 2020; Sriwana
et al., 1998, 2000).

The geological conditions of the Patuha—Ciwidey re-
gion are characterized through a range of volcanic and
sedimentary rocks that significantly influence the hydro-
thermal system. The area consists of lava and lahar de-
posits from Mount Patuha (Qv) and Mount Kendeng
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Figure 1. Map of the study area of the Ciwidey region, West Java Province, Indonesia (Alzwar et al., 1992)

(QI), which are Quaternary volcanic materials that im-
prove permeability and promote water—rock interac-
tions. The Cimandiri Formation (Tcms), a Tertiary sedi-
mentary formation consisting of sandstones, shales, and
conglomerates, is underlain by significant fault zones
(Alzwar et al., 1992) (see Figure 1). The vertical move-
ment of boiling reservoir steam is responsible for the
formation of fumaroles and hot springs in the Ciwidey
region. Its ascent to the surface is governed by the
Ciwidey normal fault. Ciwidey’s sulfuric acid hot water
is created when reservoir steam condenses near the sur-
face (steam heating) (Rahayudin et al., 2020). The in-
terconnected reservoirs in the Patuha region, located
laterally between the White Crater, Cibuni, and Ciwidey.
These reservoirs are divided by the Cimanggu Normal
Fault, which separates the Cibuni Crater reservoir from
the White Crater reservoir, while the Cileulur Normal
Fault delineates the White Crater reservoir from the
Ciwidey Crater reservoir (Khasmadin & Harmoko,
2021). These faults serve as pathways for geothermal
fluid movement and define separate reservoirs, enhanc-
ing the mineralization and hydrogeochemical variety of
the thermal springs. The geothermal system in the Patu-
ha region, especially near White Crater, Kawah Cibuni,
and Kawah Ciwidey, indicates surface characteristics
like fumaroles and crater lakes that signify an upflow

zone, with steam emissions penetrating the surface via
permeable geological formations (Ashat et al., 2019).
This geological context is crucial for comprehending the
spatial distribution, recharge processes, and therapeutic
potential of Ciwidey’s thermal waters.

2.2. Hydrogeological Condition

The heterogeneous geological structure, consisting of
lava and lahar deposits from Mount Patuha and Mount
Kendeng, along with the Cimandiri Formation, signifi-
cantly influences the hydrogeochemical properties of the
thermal springs in Ciwidey (Rahayudin et al., 2020).
Volcanic deposits promote vigorous water—rock interac-
tion, leading to increased concentrations of minerals like
salt, calcium, and sulphate (Ashat et al., 2019; Chan-
dra et al.,, 2022). The geological features, volcanic
structure, fault-controlled permeability, and lithological
diversity are essential in determining the hydrogeo-
chemical signatures present in the thermal springs (Ra-
hayudin et al., 2020; Sumotarto et al., 2021). Further-
more, the Cimandiri Formation, characterised by its
sedimentary strata and fault structures, facilitates
groundwater flow and permeability, allowing for deeper
circulation of geothermal fluids and stimulating the in-
teraction between magmatic gases and meteoric waters
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(Rahayudin et al., 2020). Fumaroles, hot springs, and
mud pools are examples of geothermal phenomena that
are produced by the region’s volcanic vents, faults, and
precipitous inclines. These geothermal phenomena are
particularly prevalent in areas such as Kawah Putih and
Kawah Cibuni (Lazzerini & da Silva, 2020; Rahayu-
din et al., 2020; Sriwana et al., 2000).

The thermal springs are direct representations of this
dynamic geological environment, significantly influ-
enced by the youthful volcanic complex of Mount Patu-
ha and adjacent peaks, including Mount Urug, Puncakla-
wang, and Tikukur (Sriwana et al., 2000; Rahayudin et
al., 2020). The hot springs with moderate temperatures
are located on the northern side of the Patuha volcanic
area, have a chloride bicarbonate dissolving water type,
a neutral pH, and are dominated by Na-Ca-SO,, indicat-
ing a combination of reservoir and meteoric water (Bu-
jung et al., 2010). Several of the thermal springs select-
ed here are utilised for bathing and therapeutic purposes
(Maria et al., 2024). These locations are also situated
near prominent trekking paths and tourist destinations.
The majority of the chosen locations are situated adja-
cent to the residential zone. The geological framework
not only affects the hydrogeochemistry but also enhanc-
es the geothermal potential and therapeutic variety found
in the region’s thermal waters.

3. Materials and methods
3.1. Sampling and water quality analysis

A total number of 13 thermal springs waters were col-
lected in polyethene screw capped bottles in May 2025.
The bottles were washed with tap water followed by
rinsing with distilled water before collecting the sam-
ples. All precautions were taken during sampling, trans-
portation and storage. The geographical coordinates of
each site, including latitude, longitude, and elevation,
were documented utilizing the Global Positioning Sys-
tem (Garmin GPS Map 66s). The water temperature, pH,
electrical conductivity (EC), total dissolved solids
(TDS), oxidation-reduction potential (ORP), and salini-
ty of the thermal springs were assessed in situ using
Yieryi New TDS pH/TDS/EC/Temperature meter digi-
tal water quality monitor tester meter during sampling.
Bicarbonate and chloride concentrations were deter-
mined through acidimetric and argentometric titration
techniques. In compliance with APHA standard proce-
dures; APHA 2320 B for bicarbonate (alkalinity) using
acid titration. APHA 4500-Cl B for chloride measure-
ment applying argentometric titration with silver nitrate
(APHA., 2017). The sulphate analysis was conducted
through a Shimadzu UV VIS 1700 double-beam spec-
trophotometry. The results were expressed in milligrams
per Liter (mg/L), with the exception of pH (measured
in units) and electrical conductivity (EC; measured in
puS/cm).

3.2. Measurements and Data Analysis

The analysis of sodium, magnesium, calcium, and po-
tassium cations was conducted using an Atomic Absorp-
tion Spectrophotometry (AAS) equipment through AA-
7000 SHIMADZU, incorporating background correc-
tion with Deuterium lamps (D2-lamps) and hollow
cathode lamps. Reagent blanks, duplicate samples, and
reference standard samples have been created to validate
the precision of the analytical methods (Bisergaeva &
Sirieva, 2020). The analysis of sulphate, chloride, and
bicarbonate anions was conducted using UV-Vis spec-
trophotometry, argentometry (Mohr method), and aci-
dimetry, respectively. The geochemical data were ana-
lyzed using Liquid Chemistry Plotting Spreadsheet Ver-
sion 3, that are was created by Powell Geoscience Ltd
(Powell & Cumming, 2010). The fluid type was classi-
fied using a triangular ternary diagram based on the
amounts of chloride (CI"), sulfate (SO4>"), and bicarbo-
nate (HCOs"). This graphic facilitates in identifying the
origins of geothermal fluids through illustrating the rela-
tive concentrations of three major anions, that signify
various hydrochemical environments, including volcan-
ic, sedimentary, or meteoric sources.

4. Results

The water physicochemical characteristics are related
to its subsurface pathways, the temperature at depth, the
mineral composition of the surrounding rocks, and the
movement time (Kieu & Nguyen, 2024; Pham &
Nguyen, 2024). Thermal spring waters have diverse
chemical compositions, according to the lithological
characteristics (Mohamedi & Chenakers, 2022). The
Ciwidey region contains abundant groundwater that pro-
duces several thermal springs. The current study pro-
poses to identify the physicochemical properties that
provide health benefits for natural therapeutic applica-
tions in medical geology within the Ciwidey area. A
summary of physicochemical characteristics of Ciwidey
thermal Springs during the month of April 2025 are
shown in Table 1. The temperature of thermal springs
ranges from 32.6 to 92.6°C. Regarding the context of
temperature, mineral waters can be classified as cold (<
20°C at source), hypothermal (20-30°C at source), mes-
othermal (30-40°C at source), and hyperthermal (> 40°C
at source). The thermal spring in Ciwidey is classified as
mesothermal — hyperthermal waters. The pH of Ciwidey
thermal springs ranges from 1.71 to 7.08. Thermal water
is categorised into six types based on pH levels: strong
acid (pH <2), acid (2 < pH <4), weak acid (4 <pH <0),
neutral (6 <pH <7.5), weak alkaline (7.5 <pH <9), and
alkaline (pH > 9) (Farhat et al., 2021). The total dis-
solved solids (TDS) of thermal waters range from 61 to
1170 mg/L. Increased TDS levels may signify extended
groundwater residence time and greater flow distance
(Lee et al., 2021). The hydrogeochemical analysis indi-
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Table 1. Physico-chemical parameters of some thermal waters around the Ciwidey region.
Site Temp | pH EC TDS Na* K* Ca* Mg* Ccr HCOs~ | SO.
P2 87.9 23 1676 837 0.87 2.09 0.01 0.05 90.85 0.01 596.70
P3 74.8 2.54 108 61 1.54 1.95 0.33 1.86 71.68 0.01 548.78
P4 42.5 6.48 1245 623 89.76 23.22 55.90 60.58 | 158.11 | 360.51 186.42
P5 40.2 6.07 1219 624 91.78 24.63 47.38 49.98 | 116.70 | 329.40 126.07
P6 92.6 1.71 1176 645 7.36 2.55 0.06 3.54 124.19 0.01 319.11
P9 36.8 6.18 836 409 181.88 22.77 23.30 17.03 48.84 377.59 55.85
P10 523 5.66 2370 1170 199.74 83.31 50.35 79.95 | 34598 | 338.55 | 300.97
P11 57.4 5.86 2300 1120 169.76 76.22 53.48 78.52 | 344.06 | 377.59 | 316.44
P12 47.4 7.08 1664 832 266.82 70.86 47.33 7091 | 303.80 | 330.62 | 248.24
P13 32.6 6.2 776 387 0.01 17.64 5.82 27.10 89.10 213.50 108.00
P14 70.3 6.13 935 464 429.99 28.93 4.96 20.55 66.10 413.58 56.00
P20 60.8 5.89 2060 1010 293.32 66.79 30.92 61.57 | 240.54 | 368.44 | 285.02
P21 46.3 5.93 1475 706 281.41 54.21 176.73 53.68 | 250.13 | 417.85 63.31
min 32.6 1.71 108 61 0.0052 1.94 0.01 0.049 48.84 0.01 55.845
max 92.6 7.08 2370 1170 429.99 83.31 176.73 79.95 | 34598 | 417.85 596.7
average 57.07 | 5.233 1372 683.69 | 154.94 36.55 38.198 | 4041 | 173.08 | 271.36 | 246.99

Temp: Temperature (°C); EC (uS/cm); All Units mg/L except pH

Table 2. Physico-chemical parameters comparison between Ciwidey thermal springs and other parts of the world.

Baltistan, Saudi Manali, Toyam, Fengshun, .
.. . . . . Gandaki, Nepal,
Parameter Ciwidey Pakistan Arabia, India, Japan, South China, (Chalise et al
(This study) | (Farhat et al., | (Rafiq et al., | (Suhail et al., | (Sasaki et al.,| (Luo et al., 2023) 2
2021) 2024) 2024) 2021) 2022)

T 32.6-92.6 41 56 49 59.9 80.1 64.3

pH 1.7-7.1 7.5 7.9 8.0 7.54 8.0 8.8

EC 108 - 2370 510 3161 - 195 357 16270
TDS 61-1170 305 2055 709.9 - - 6637

Na* 0.005- 429.9 15 463 231 310 97.7 370

K* 1.95-83.3 3.95 93 45 40 3.9 137

Ca?* 0.01-176.7 81 295 37 8.6 3.9 364
Mg? 0.05-79.9 20 2.04 15 0.3 0.1 121

Cl 48.8-345.9 10.8 538.52 341 490 12.2 39.64
SO+~ 55.8-596.7 82.5 433.39 70 57 7.7 24.9
HCOs™ 0.01-417.8 271 71.06 296 82 241 490

Units mg/L except pH, EC (uS/cm), Tem. (°C).

cates that the thermal springs in the Ciwidey region in-
clude Na' (0.0052-429.99 mg/L), K* (1.94-83.31
mg/L), Ca* (0.01-176.7 mg/L), and Mg* (0.04-79.9
mg/L). SO+ (55.8 - 596.7 mg/L), Cl (48.84 - 345.98
mg/L), and HCOs™ (0.01 - 417.85 mg/L).

The origin of the major ions has been explained as fol-
lows (Hem, 1985): Na* (Sodium): Generally sourced
from the weathering of sodium-rich plagioclase feldspars

found in andesitic and basaltic volcanic rocks. K* (Potas-
sium): released from the transformation of potassium-
rich minerals like orthoclase and biotite, usually found in
volcanic rocks. Ca?* (Calcium): derives from the dissolu-
tion of calcic plagioclase and secondary carbonate miner-
als such as calcite, which may develop during hydrother-
mal processes. Mg?" (Magnesium): originates from the
decomposition of mafic minerals including pyroxene and
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olivine, which are prevalent in basaltic lava flows and
lahar deposits. SO+*~ (Sulfate): Generated from the oxi-
dation of sulfide minerals, and the absorption of volcanic
gases, which interact with groundwater to yield sulfuric
acid. Chloride (CI"): Usually injected through magmatic
degassing and the leaching of chloride-containing miner-
als or evaporites within the geothermal reservoir. Bicar-
bonate (HCOs"): Produced by the dissolution of carbon-
ate minerals and the reaction of CO: (from magmatic or
biogenic origins) with meteoric water. The volcanic de-
posits of Mount Patuha and Mount Kendeng represent
the major lithological sources for these ions, while the
faulted sedimentary layers of the Cimandiri Formation
enhance fluid circulation and enhance deeper water—rock
contact (Rahayudin et al., 2020). This comprehensive
geological framework elucidates the observed ion con-
centrations and validates the local geothermal activity
and therapeutic water characteristics.

The thermal spring’s diverse ion concentrations, in-
cluding sodium, potassium, calcium, magnesium, sul-
phate, chloride, and bicarbonate, indicate a complex hy-
drogeochemical system created from various lithologies
and mixed water sources (Martinez et al., 2017; Kieu
& Nguyen, 2024; Pham & Nguyen, 2024). Elevated
sodium chloride, chloride, and sulphate concentrations
indicate extended interactions with volcanic rocks and
evaporite minerals, potentially involving magmatic con-
tributions, whereas increased calcium and magnesium
levels suggest dissolution from carbonates and anhy-
drites (Lee et al., 2021). Bicarbonate enrichment could
indicate meteoric water infiltration and CO: absorption
alongside moving through carbonate deposits (Kieu &
Nguyen, 2024; Pham & Nguyen, 2024). Collectively,
these patterns signify a dynamic system influenced by
both profound geothermal processes and surface factors
(Gomez Diaz, 2021).

The physicochemical form of thermal waters varies
considerably between sources, affected by the rock type
and the period of their travel through the rock. Thus, the
thermal water’s ascent to the surface is of crucial signifi-
cance as it might modify its chemical composition (Tor-
res-Ceron et al., 2019). Several studies have also been
published on the analysis of hydrochemical facies of hot
springs from various regions worldwide (see Table 2).
The high concentrations of Na* and SO+ in Ciwidey
springs are consistent with the volcanic origin and mag-
matic gas interactions described in Torres-Ceron et al.
(2019). Farhat et al. (2021) observed elevated CI~ and
HCOs™ levels in Baltistan springs, which are comparable
to our findings, though the geological sources differ.
Rafiq et al. (2024) identified Na-HCO:s facies in the Ain
Al-Harrah geothermal system, similar to some Ciwidey
samples, suggesting analogous water—rock interaction
processes. Suhail et al. (2024) emphasized the role of
lithology and residence time in shaping water chemistry,
which aligns with our interpretation of the Ciwidey sys-
tem’s volcanic-sedimentary framework.

5. Discussion

5.1. Hydrogeochemistry Classification of Ciwidey
Thermal Spring Waters

The Ciwidey geothermal zone, located within a young
volcanic complex and surrounded by older formations,
displays numerous geological features that collectively
affect the hydrogeochemical qualities of its thermal
springs (Alzwar et al., 1992; Ashat et al., 2019; Rah-
ayudin et al., 2020; Sriwana et al., 1998, 2000). The
interaction between volcanic rocks and geothermal flu-
ids enhances mineral enrichment particularly sodium,
calcium, and sulphate while fault-controlled permeabil-
ity and lithological diversity facilitate deep groundwater
circulation and mixing of meteoric water with magmatic
gases (Rahayudin et al., 2020; Sumeotarto et al., 2021).
These values holistically support Ciwidey’s thermal wa-
ters as a promising resource for medicinal and wellness
purposes. These strata experience considerable hydro-
thermal alteration and water—rock contact, leading to the
mobilization of various ions into the geothermal fluids
(Hem, 1985; Mahala, 2019). The water temperature
typically fluctuates between 38°C and 45°C, thus being
great for improving blood circulation and muscular re-
laxation (Mahala, 2019; Yashod, 2025). The pH values
range from 6.8 to 7.5, signifying neutral to slightly alka-
line conditions that are friendly on the skin and effective
in treating inflammatory diseases (Mahala, 2019). EC
levels range from 1,200 to 2,500 pS/cm, indicating a
high (Pham & Nguyen, 2024) concentration of dis-
solved ions that boost therapeutic efficacy. Meanwhile,
TDS concentrations range from 800 to 1,800 mg/L, pro-
viding the water mineral-rich and ideal for balneothera-
py, particularly skin and joint treatments (Mahala, 2019;
Yashod, 2025).

The most significant step in natural hydrogeochemi-
cal analysis is to classify the water types for all samples.
This study identified water type and source interpreta-
tion applying a Piper diagram (Piper, 1953; Appelo &
Postma, 1993). The Piper diagram is extensively em-
ployed to categorize water types based on main cation
and anion concentrations, enhancing the analysis of hy-
drogeochemical processes resulting from the interaction
between water and aquifer materials (Iskandar et al.,
2013; Piper, 1953). The classification of thermal waters
can be conducted based on various parameters, includ-
ing water mineralisation and their physicochemical
composition (Lee et al., 2021; Luo et al., 2022; Malke-
mus et al., 2021). The physicochemical composition of
thermal waters significantly differs among sources, de-
pending on the duration of transition through rock and
the type of rock encountered (Fikri-Benbrahim et al.,
2021). The hydrogeochemical composition of water
samples in the Ciwidey area is summarized in Table 1.
Major cations and anions were analyzed using the Piper
diagram. All water data showed distinction in chemical
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characteristics (see Figure 2a). The Piper diagram illus-
trates the chemical composition of the water samples,
utilising reaction values derived from the concentrations
of their principal constituents (cations and anions). An
analysis of the Piper diagram (see Figure 2a) reveals
that the heat waters distinctly occupy specific regions.
The chemical composition of the examined groundwater
transitions from fresh to alkaline along the extensive
flow course, influenced through by the geological envi-
ronment characterised between alternating volcanic and
carbonate rock formations inside the aquifers.

The thermal water data were classified into Na—Cl,
Ca—S04, and Na—HCOs water types. The relative abun-
dance of specific ions, including Na*, CI-, Ca?*, SO.*,
and HCOs", in thermal springs is a multifaceted process
shaped by diverse geological and hydrological processes
s (Mahala, 2019). Thermal water dissolve ions from
surrounding rocks and transports them to the surface,
potentially contributing to the prevalence of the Na-Cl
water type identified in the current research. Whenever
water traverses the earth’s crust, it gets minerals and
salts from the rocks it encounters, therefore influencing
its chemical composition (Chalise et al., 2023). Signifi-
cantly, Na and CI are among the most prevalent elements
in thermal springs, and their occurrence can be attributed
to the dissolution of sodium chloride-bearing rocks,
such as halite or rock salt. The thermal water solubilizes
these minerals and transports them to the surface. our
may be the primary reason for the enrichment of the Na—
Cl water type in our study. The Na-HCO: characteristics
mainly belong to groundwater and water of meteoric
origin which are found in locations P9, and P14. The Na-
Cl indicates an outflow characteristic of the system, has
experienced an intensive dilution process with shallow
groundwater in locations P2, P20, and P21.

The concentrations of Ca®>" and SO+*" at sampling
points P3, P4, P5, P6, P10, P11, P12, and P13 indicate
strong mineralization, consistent with the presence of a
Ca—SOa water type. The circulation in this case occurs
through Patuha mountain with a way through evaporite
rocks represented mainly by gypsum, favoring high sul-
fates content (Iskandar et al., 2018). The Ca-SOs, and
Na-HCO:s types exhibit relatively high concentrations of
Ca and Na, along with near-neutral to alkaline condi-
tions, primarily resulting in calcite precipitation (Rah-
ayudin et al., 2020), as evidenced by the travertine for-
mations.

The anions elements are also important in signifying
a fundamental process of fluids during lateral flow to-
wards the surface (see Figure 2b). According to the
thermal springs anion C1-SO,~HCO, ternary diagrams,
there are four distinct water anion types in the Ciwidey
region, as detailed below:

1. Sulfate-Chloride Waters

The waters-type in volcanic geothermal systems,
identified through their position around the SO4 peak in
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Figure 2. (a) Data plot of thermal springs in a Piper diagram
(b) Data plot of thermal springs anion CI-SO -HCO, ternary
diagrams in the Ciwidey region.

CI-SO+~HCO:s ternary diagrams, generally originate
from the oxidation of volcanic gases like hydrogen
sulfide (H2S) above the surface or from the oxidation of
pyrite (FeS:) in shallow areas (Rahayudin et al., 2020).
These processes generate highly acidic fluids composed
of sulfate and lacking in chloride and bicarbonate, com-
monly found around fumaroles, crater lakes, and steam-
heated springs (Sriwana et al., 2000). In areas like the
Patuha Geothermal Field, samples P2, P3, and P6 from
the crater lake exhibit this signature, showing interac-
tions between surface gases and acid rock processes that
imply magmatic influence and near-surface geothermal
activity. The decreased concentrations of calcium and
magnesium indicate limited contact with carbonate or
silicate formations. Medical Geology for high sulfate
levels could trigger gastrointestinal discomfort upon
consumption, whereas increased chloride can increase
hypertension in susceptible individuals (Crespo et al.,
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2021). Trace metals such as Fe* and Mn?* are present in
moderate concentrations; although required in minimal
quantities, they can become hazardous at higher levels
(Duvert et al., 2019). These streams could have an acid-
ic pH, enhancing the solubility of toxic metals such as
arsenic or lead when these elements exist in the sur-
rounding geology.

2. Bicarbonate-rich waters

Bicarbonate-rich waters have elevated concentrations
of bicarbonate and calcium-magnesium, signifying in-
teraction with carbonate rocks like limestone or dolo-
mite (Quattrini et al., 2016). The presence of moderate
sulfur and chloride indicates potential mixing with deep-
er geothermal fluids (Cevikoglu & Basaran, 2023). The
thermal springs at P9, and P14 presumably derive from
shallow meteoric recharge areas that have infiltrated
sedimentary formations. Bicarbonate-rich waters are of-
ten alkaline, helpful in the neutralization of stomach acid
and commonly utilized in therapeutic bathing (Farhat et
al., 2021). However, increased levels of calcium and
magnesium may facilitate the development of kidney
stones in people who are at risk (Sorensen, 2014). The
very low concentrations of trace metals keep these wa-
ters suitable for ingestion; nevertheless, monitoring has
been necessary (Moldovan et al., 2022).

3. Chloride-Bicarbonate Waters

Chloride-Bicarbonate Dilution as Peripheral Water:
The majority of thermal springs in Ciwidey are situated
between the chloride and bicarbonate elements P4, P5,
P13, and P21. The thermal springs exemplify deep geo-
thermal reservoirs that exhibit prolonged residence du-
rations and significant water—rock interaction (Zhang et
al., 2023). These waters are significantly mineralized
and could present hazards when consumed consistently.
Increased sodium and chloride levels might impact car-
diovascular health, whilst elevated sulfate could cause
laxative symptoms (Fikri-Benbrahim et al., 2021). The
elevated quantities of mineral in this group raise con-
cerns regarding metal toxicity, particularly for suscepti-
ble groups such as children and pregnant women. Pro-
longed exposure might culminate in neurological or re-
nal complications (Gwenzi et al., 2018).

4. Mixed Composition Waters

The thermal springs at P9, P10, P11, P12, P20, and
P21 situated mixed composition Chloride - Bicarbonate
waters. This thermal springs water is generated from the
dilution or amalgamation of chloride during lateral flow,
facilitated by either groundwater or bicarbonate water
(Joshi et al., 2018). This water type indicates the bound-
ary of significant upflow and outflow zone structures in
elevated terrain systems (Iskandar et al., 2013). Elevat-
ed chloride concentrations at P10, P11, P12, P20, and
P21 signify proximity to the upflow zone. It likely repre-
sents a transitional zone where shallow and deep waters
mix, possibly influenced by fault zones or fractures that

allow vertical fluid movement (Wang et al., 2018).
Mixed waters can be unpredictable in their health ef-
fects. While they may be suitable for balneotherapy, the
high trace metal content could pose long-term health
risks if used for drinking (Hamidizadeh et al., 2017).

5.2. Therapeutic Properties of Ciwidey’s Thermal
Springs

The therapeutic effects of thermal water are closely
linked to its geochemical composition, specifically the
concentrations of ions such HCOs~, SO4>", Na*, K*, Ca?",
Mg, and CI, these directly affect physiological pro-
cesses (Hem, 1985; Mahala, 2019; Pham & Nguyen,
2024; Yashod, 2025). Calcium and magnesium promote
bone strength, muscular function, and nerve signaling,
whereas sodium and potassium maintain fluid balance
and muscle relaxation. Sulfate and bicarbonate have an-
ti-inflammatory and detoxifying properties, assisting in
the treatment of rheumatic and skin disorders. Chloride
promotes mineral absorption and hydration. These ions,
whose are absorbed through the skin during balneother-
apy, have been demonstrated to relieve musculoskeletal
pain, enhance circulation, and promote general health,
therefore their presence in thermal waters is an impor-
tant consideration in therapeutic classification (Hem,
1985; Mahala, 2019; Pham & Nguyen, 2024; Yashod,
2025).

The mineral composition and temperature fluctua-
tions in Ciwidey’s thermal springs indicate unique thera-
peutic properties: Acidic waters (pH < 4) can facilitate
dermatological therapies by promoting exfoliation and
microbial regulation (Cavanah, 2018). Neutral and bi-
carbonate-rich springs enhance skin hydration and pH
equilibrium, advantageous in spa treatments (Cavanah,
2018; Fikri-Benbrahim et al., 2021). The presence of
calcium and sulfate suggests a possible benefit for bone
and joint health, consistent with treatment methods for
rheumatic and musculoskeletal illnesses. Soaking in
thermal springs high in calcium and magnesium is es-
sential for stimulating growth and sustaining strong
bones. It also aids in alleviating illnesses such as vascu-
lar problems, neuritis, arthritis, bronchial infections, and
dysmenorrhea. Furthermore, it promotes dermal health
and facilitates the conversion of blood glucose into en-
ergy (Torres-Ceron et al., 2019; Cacciapuoti et al.,
2020). Hyperthermal waters with increased ion concen-
tration may improve blood circulation, promote relaxa-
tion, and stimulate metabolism (Cacciapuoti et al.,
2020). Major minerals present in thermal waters can be
integrated into society for their nutritional benefits to the
human body (Shoedarto et al., 2016). Numerous ail-
ments can be addressed via the utilization of various hot
springs that include advantageous major minerals often
found in thermal water (Al Dulaymie et al., 2013).

The hydrogeochemical composition of thermal
springs has its own unique advantages for human health.
The water derived from these springs has a capacity to
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boost digestion, enhance blood circulation, alleviate der-
matological illnesses, soothe muscles, speed up the heal-
ing process, and detoxify the lymphatic system of the
body (Erfurt, 2011; Martinez et al., 2017; Cavanabh,
2018; Lazzerini & da Silva, 2020; Cacciapuoti et al.,
2020; Vaidya & Nakarmi, 2020; Zhang et al., 2022).

5.3. Hydrogeochemistry properties of thermal
springs for natural therapeutic uses

The significance to use thermal waters for therapeutic
purposes is naturally determined by their thermal and
chemical contents. The thermal spring of Ciwidey con-
tains a lot of minerals that affect the human body in dif-
ferent external and internal mechanisms for physical re-
habilitation and hydrotherapy. Thermal springs in the
Ciwidey region have been divided into three hydrogeo-
chemical types: Sodium Chloride (Na-Cl), Calcium Sul-
fate (Ca-SOs4), and Sodium Bicarbonate (Na-HCOs),
each offering unique therapeutic advantages (see Figure
3). The therapeutic effects correspond with the chemical
profiles of each spring type, indicating that their hydro-
geochemical compositions are crucial in defining their
natural medical applications.

1. Sodium chloride (Na-Cl) thermal springs.

Sodium chloride thermal springs are a significant type
of geothermal water, especially found in areas with deep
geothermal reservoirs (Chalise et al., 2023) . The ele-
vated chloride concentration in these springs signifies
that the water derives from deeper subsurface sources
and experiences limited interaction with surface water.
Na-Cl thermal springs, typically marked by high tem-
peratures, are frequently utilized as markers of advanced
geothermal systems (Cevikoglu & Basaran, 2023). So-
dium chloride springs, often neutral to slightly alkaline,
enhance circulation and skin health owing to their ele-
vated mineral content. In Ciwidey, designate the thermal
spring areas as P2, P6, P10, and P20. These springs, rich
in salt and chloride ions, may improve skin hydration
and aid in maintaining the body’s electrolyte balance.
Their thermal and chemical properties are considered
beneficial for muscle relaxation therapy and for aug-
menting metabolic activity (Cacciapuoti et al., 2020).
Consequently, Na-Cl thermal springs are frequently uti-
lized in spa treatments aimed at relieving tension and
fatigue (Martinez et al., 2017). The Sodium-Chloride
thermal water is utilized to address numerous ailments
of the musculoskeletal system, encompassing osteoar-
thritis, rheumatic disorders, arthritis, central nervous
system problems, and post-traumatic stress. Sodium
chloride is also advised for migraine sufferers (Moham-
edi & Chenaker, 2022).

2. Calcium sulfate (Ca-SO,) thermal springs.

Calcium sulfate thermal springs generally arise from
the interaction of geothermal water with gypsum or an-
hydrite-bearing rocks. These springs exhibit high sulfate

concentrations, potentially rendering the water slightly
acidic. These springs are typically located in hydrother-
mal areas linked to calcium-rich sedimentary formations
(Zhao et al., 2024). The CaSO, thermal springs located
at P3, P4, PS5, P6, P10, P11, P12, and P13. The presence
of calcium and sulfate ions is thought to enhance bone
and joint health, rendering these waters advantageous
for musculoskeletal therapy. They are commonly uti-
lized in the management of rheumatic diseases and as-
sociated disorders (Vaidya & Nakarmi, 2020). Moreo-
ver, the sulfate concentration in the water may promote
skin detoxification and improve peripheral blood circu-
lation (Cacciapuoti et al., 2020).

3. Sodium bicarbonate (Na-HCO;) thermal
springs.

Sodium bicarbonate thermal springs generally origi-
nate from the interaction of geothermal water with car-
bonate rocks or from mixing with meteoric water. These
springs display high amounts of bicarbonate ions, which
enhance their alkalinity. These characteristics are typi-
cally linked to shallow geothermal systems or regions
where geothermal fluids combine with surface water
(Maria et al., 2024). The Na-HCOs thermal springs are
located at P9 and P14. The alkaline properties of Na-
HCO:s rich thermal springs may assist in balancing the
pH of the skin and body, potentially benefiting dermato-
logical health (Vaidya & Nakarmi, 2020). They are uti-
lized therapeutically to relieve skin irritation, enhance
skin elasticity, and are frequently incorporated into treat-
ments for digestive health by alleviating gastrointestinal
pain and reducing physiological acidity (Cacciapuoti et
al., 2020). Clinical studies underscore their advantages
for digestive health, such as neutralizing gastric acid, el-
evating gastric pH, accelerating gastric emptying, and
stimulating digestive hormones. (Capurso et al., 1999).

The Ciwidey region demonstrates both the compli-
cated geothermal dynamics of the area and its consider-
able potential for integrative health applications. The
unique mineral compositions in each spring type offer a
customized basis for therapeutic applications, including
dermatology, muscle relaxation, and treatments for
joints and metabolism. This association emphasizes the
significance of geochemical characterization in optimiz-
ing natural resources for wellness interventions, estab-
lishing Ciwidey as an appropriate location for sustaina-
ble geomedical tourism and therapeutic hydrotherapy
development. The therapeutic effectiveness of these
springs is intricately linked to their chemical composi-
tions, highlighting the essential importance of hydrogeo-
chemical profiles in determining their natural health
uses. The therapeutic application of thermal waters is
fundamentally associated with their temperature and
mineral composition, that affect diverse physiological
reactions. Ciwidey’s thermal springs, abundant in im-
portant minerals, influence both exterior and internal
biological systems, facilitating physical rehabilitation,
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Figure 3. Hydrogeochemical water types in the Ciwidey region

muscular relaxation, cleansing, and enhanced circula-
tion via hydrotherapeutic processes. Their heterogene-
ous composed renders them great assets for integrative
wellness approaches and natural health strategies.

5.4. Conceptual Model of Hydrogeochemistry
in Thermal Springs

Thermal springs are natural discharges of groundwa-
ter heated by geothermal activity, enriched with various
minerals through complex interactions with geological
structures (Shoedarto et al., 2020). Water traversing the
Earth’s crust dissolves minerals including halite, gyp-
sum, and carbonates, producing unique hydrochemical
fingerprints characterized as sodium chloride (Na-Cl),
calcium sulfate (Ca-SO4), and sodium bicarbonate (Na-
HCO:s). These variations are affected by local geology,
including evaporite-rich formations near volcanic sys-
tems such as Patuha Mountain, and hydrological param-
eters such as flow naturally, residence time, and dilution
through shallow groundwater (Rahayudin et al., 2020).

The medical advantages of thermal springs are close-
ly linked to their hydrogeochemical appearance, particu-
larly determines their natural therapeutic properties. The
conceptual model of hydrogeochemistry in the Ciwidey
thermal springs assists to determine specific therapeutic
areas (see Figure 4). Thermal springs containing sodium
chloride (Na-Cl), commonly found in deep geothermal
systems, are distinguished by their high temperatures

and increased mineral concentration. Located in Ciwidey
at sites including P2, P6, P10, and P20, these springs
facilitate skin hydration, improve circulation, encourage
muscular relaxation, and assist in alleviating migraines
and musculoskeletal ailments. Calcium sulphate (Ca-
SO4) thermal springs arise from the interaction with
gypsum-rich rocks and exhibit moderate acidity due to
elevated sulphate concentrations. Located at sites P3 to
P13, they enhance bone and joint health, facilitate skin
cleansing, and promote enhanced peripheral blood cir-
culation. Thermal springs of sodium bicarbonate (Na-
HCO:s) at P9 and P14 arise from the interaction of geo-
thermal water with carbonate rocks, yielding alkaline
waters recognised for its ability to equilibrate body pH
and alleviate digestive and dermatological conditions.
This conceptual model illustrates how chemical signa-
tures designate the specific therapeutic potential of each
spring type.

Each water variety signifies distinct geochemical ori-
gins and therapeutic potentials (Farhat et al., 2021). Na-
Cl rich springs, located in outflow zones, exhibit reduced
mineral content due to interaction with surface aquifers
(Chalise et al., 2023), whereas Na-HCOs dominated
springs originate from meteoric and deep groundwater
sources, frequently associated with alkaline conditions
and calcite precipitation (Iskandar et al., 2013). Calci-
um sulfate waters demonstrate significant mineralization
from gypsum-rich formations, promoting sulfate accu-
mulation and observable travertine deposits in areas such
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Figure 4. The conceptual model of hydrogeochemistry in the Ciwidey thermal springs, modified after
(Rahayudin et al., 2020)

as Ciwidey (Rahayudin et al., 2020). The physicochem-
ical parameters, including high levels of calcium, salt,
chloride, sulfate, and bicarbonate, as well as neutral to
alkaline pH, establish optimal environments for balneo-
logical uses (Al Dulaymie et al., 2013). These mineral
waters facilitate treatments for dermatological ailments,
musculoskeletal disorders, metabolic regulation, cardio-
vascular issues, and respiratory health via bathing, inges-
tion, or inhalation. The hydrogeochemistry of thermal
springs provides insight into subsurface geological pro-
cesses and acts as a resource for natural healing, based on
mineral balance and environmental peacefulness.

6. Conclusions

The thermal springs in Ciwidey, Indonesia, represent
a unique combination of rock formation and therapeutic
properties. This work presents an innovative conceptual
zoning approach that associates hydrogeochemical cat-
egories with targeted health-related applications. The
springs were classified into three primary chemical
types: Sodium Chloride (Na-Cl), Calcium Sulphate (Ca-
SO4), and Sodium Bicarbonate (Na-HCOs), each origi-
nating from specific geological settings including deep
geothermal fault systems, gypsum-rich formations, and
carbonate-influenced lithologies. The algorithm identi-
fies particular spring locations corresponding to specific
medical benefits: Na-Cl type springs located at points
P2, P6, P10, and P20 facilitate muscular relaxation and
support dermatological ailments; Ca-SOa type springs
situated between sites P3 and P13 are advantageous for
skeletal and joint health; and Na-HCOs type springs at
P9 and P14 contribute to pH balance, enhance digestive
functions, and improve skin quality. This integrative
methodology, combining geochemistry with medical ge-

ology, represents a notable progression in the strategic
growth of geomedical hydrotherapy. Incorporating geo-
graphic specificity into therapeutic mapping establishes
the framework for the sustainable management and
maintenance of Ciwidey’s geothermal resources, guar-
anteeing their enduring viability in comprehensive
health and wellness applications. Further investigation
and frequent monitoring of potential toxic metal ele-
ments in thermal spring water are required to assure pub-
lic health safety. Controlled use is especially important
when harmful quantities surpass acceptable limits.

7. Reference

Ahaneku, C. V., & Muogbo, C. D. (2024). Applications Of
Geospatial Techniques In Medical Geology : A Applica-
tions Of Geospatial Techniques In Medical Geology : A
Review. International Research Journal of Modernization
in Engineering, Technology and Science, Volume:06/( Au-
gust), 2410-2423.

Al Dulaymie, A. S., Hussien, B. M., Gharbi, M. A., & Mekhlif,
H. N. (2013). Balneological study based on the hydrogeo-
chemical aspects of the sulfate springs water (Hit-Kubai-
ysa region), Iraq. Arabian Journal of Geosciences, 6(3),
801-816. https://doi.org/10.1007/s12517-011-0385-5

Alzwar, M., Akbar, N., & Bachri, S. (1992). Geological Map
of the Garut and Pameungpeuk Quadrangle, Java.

APHA. (2017). Standard Methods for the Examination of Wa-
ter and Wastewater. In Washington DC: American Public
Health Association (23rd ed).

Appelo, C. A.J., & Postma, D. (1993). Geochemistry, ground-
water and pollution. Geochemistry, Groundwater and Pol-
lution.

Ashat, A., Pratama, H. B., & Itoi, R. (2019). Updating concep-
tual model of Ciwidey-Patuha geothermal using dynamic

Rudarsko-geolosko-naftni zbornik 2026, 41 (2), pp. 197-211, https://doi.org/10.17794/rgn.2026.2.14



R. Maria, H. Nurohman, H. Lestiana, et al.

208

numerical model. /OP Conference Series: Earth and Envi-
ronmental Science, 254(1). https://doi.org/10.1088/1755-
1315/254/1/012010

Bennett, G., & Walraevens, K. (2023). Assessment of possi-
bility of finding geothermal energy resources around
Mount Meru in northern Tanzania using classical solute
geothermometry. Groundwater for Sustainable Develop-
ment, 21(December 2022). https://doi.org/10.1016/j.gsd.
2023.100926

Bisergaeva, R. A., & Sirieva, Y. N. (2020). Determination of
calcium and magnesium by atomic absorption spectrosco-
py and flame photometry. Journal of Physics: Conference
Series, 1691(1). https://doi.org/10.1088/1742-6596/1691/
1/012055

Buck, B. J., Londono, S. C., McLaurin, B. T., Metcalf, R.,
Mouri, H., Selinus, O., & Shelembe, R. (2016). The emerg-
ing field of medical geology in brief: Some examples. En-
vironmental Earth Sciences, 75(6). https://doi.org/10.1007/
$12665-016-5362-6

Bujung, C. A. N, Singarimbun, A., Muslim, D., Hirnawan, F., &
Sudradjat, A. (2010). Delineasi Reservoir Panas Bumi Ber-
dasarkan Litologi, Alterasi Hidrotermal Dan Profil Temper-
atur. Bulletin of Scientific Contribution, 8, 158—165.

Cacciapuoti, S., Luciano, M. A., Megna, M., Annunziata, M.
C., Napolitano, M., Patruno, C., Scala, E., Colicchio, R.,
Pagliuca, C., Salvatore, P., & Fabbrocini, G. (2020). The
role of thermal water in chronic skin diseases manage-
ment: A review of the literature. Journal of Clinical Medi-
cine, 9(9), 1-19. https://doi.org/10.3390/jcm9093047

Capurso, A., Solfrizzi, V., Panza, F., Mastroianni, F., Torres, F.,
Parigi, A. Del, Colacicco, A. M., Capurso, C., Nicoletti,
G., Veneziani, B., Scalabrino, S., & Cellamare. (1999). In-
creased bile acid excretion and reduction of serum choles-
terol after crenotherapy with salt-rich mineral water. Jour-
nal Aging Clinical and Experimental, ISSN: 1720.

Cavanah, C. (2018). Guide To Hydrothermal Spa & Wellness
Development. In Architectural Review (Third Edit, Issue
1363). Global Wellness Institute.

Centeno, J. A., Finkelman, R. B., & Selinus, O. (2016). Medi-
cal geology: Impacts of the natural environment on public
health. Geosciences (Switzerland), 6(1), 6-8. https://doi.
org/10.3390/geosciences6010008

Cevikoglu, T., & Basaran, C. (2023). Hydrogeochemical cha-
racteristics and evaluation of the water resources in Tu-
zlukcu (Konya/Turkey) geothermal area. Journal of Earth
System Science, 132(4). https://doi.org/10.1007/s12040-
023-02162-6

Chalise, B., Paudyal, P., Kunwar, B. B., Bishwakarma, K.,
Thapa, B., Pant, R. R., & Neupane, B. B. (2023). Water
quality and hydrochemical assessments of thermal springs,
Gandaki Province, Nepal. Heliyon, 9(6). https://doi.org/10
.1016/j.heliyon.2023.e17353

Chandra, V. R., Ramadhan, Y., Akmala, I., Atmaja, R. W,
Sesesega, R. S., & Iskandar, C. (2022). Fault and structure
study for field development strategy in Patuha geothermal
project. Proceedings 47th Workshop on Geothermal Res-
ervoir Engineering, 1. https://pangea.stanford.edu/ERE/
db/GeoConf/papers/SGW/2022/Chandra.pdf%0Ahttps://
www.researchgate.net/publication/359815140_Fault_and

_Structure_Study_for Field Development Strategy in
Patuha Geothermal Project

Crespo, P. V., Campos, F., Leal, M., & Maraver, F. (2021). Ef-
fects of sodium chloride-rich mineral water on intestinal
epithelium. Experimental study. International Journal of
Environmental Research and Public Health, 18(6), 1-12.
https://doi.org/10.3390/ijerph18063261

Duvert, C., Priadi, C. R., Rose, A. M., Abdillah, A., Marthanty,
D. R., Gibb, K. S., & Kaestli, M. (2019). Sources and driv-
ers of contamination along an urban tropical river (Cili-
wung, Indonesia): Insights from microbial DNA, isotopes
and water chemistry. Science of the Total Environment, 682,
382-393. https://doi.org/10.1016/j.scitotenv.2019.05.189

Erfurt-Cooper, P. (2010). The Importance of Natural Geother-
mal Resources in Tourism. April, 25-29.

Erfurt, P. (2011). An assessment of the role of natural hot and
mineral springs in health, wellness and recreational tour-
ism [James Cook University]. http://eprints.jcu.edu.au/
31110/%0AThe

Farhat, N., Hussain, S., Faisal, F., Batool, 1., & Noreen, M.
(2021). Physico-chemical characteristics and therapeutic
potential of Chutrun thermal springs in Shigar Valley,
Gilgit-Baltistan (Pakistan). Applied Water Science, 11(2).
https://doi.org/10.1007/s13201-020-01354-5

Fikri-Benbrahim, K., Houti, A., El Ouali Lalami, A., Flouchi,
R., El Hachlafi, N., Houti, M., & Rachiq, S. (2021). Main
Therapeutic Uses of Some Moroccan Hot Springs’ Waters.
Evidence-Based Complementary and Alternative Medi-
cine, 2021. https://doi.org/10.1155/2021/5599269

Finkelman, R. B., Orem, W. H., Plumlee, G. S., & Selinus, O.
(2018). Applications of Geochemistry to Medical Geo-
logy. In Environmental Geochemistry: Site Characteriza-
tion, Data Analysis and Case Histories: Second Edition
(Issue  January). https://doi.org/10.1016/B978-0-444-
63763-5.00018-5

Gomes, C. de S. F. (2013). Naturotherapies Based on Miner-
als. Geomaterials, 03(01), 1-14. https://doi.org/10.4236/
gm.2013.31001

Goémez Diaz, E. (2021). Geochemical Interpretation of Bicar-
bonate Thermal Springs for the Comprehension of a Geo-
thermal System: A Case Study at Cerro Machin Volcano,
Colombia. Proceedings World Geothermal Congress
2020+1, October, 1-8.

Gwenzi, W., Mangori, L., Danha, C., Chaukura, N., Dunjana,
N., & Sanganyado, E. (2018). Sources, behaviour, and en-
vironmental and human health risks of high-technology
rare earth elements as emerging contaminants. Science of
the Total Environment, 636, 299-313. https://doi.org/
10.1016/j.scitotenv.2018.04.235

Hamidizadeh, Simaeetabar, Farhad, Sara, Moghadam, & Mo-
hammad Gohari, M. M. P. (2017). Composition of miner-
als and trace elements at Mamasani thermal source: A pos-
sible preventive treatment for some skin diseases. Journal
of Education and Health Promotion, 6(Desember), 1-6.
https://doi.org/10.4103/jehp.jehp 100 17

Hamilton, W. B. (1973). Tectonics of the Indonesian Region.
U.S. Geological Survey.

Hem, J. D. (1985). Study and interpretation of the chemical
characteristics of natural water. US Geological Survey
Water-Supply Paper, 2254.

Rudarsko-geoloSko-naftni zbornik 2026, 41 (2), pp. 197-211, https://doi.org/10.17794/rgn.2026.2.14



209

Hydrogeochemical properties of thermal springs for natural therapeutic uses in medical geology...

Holloway, R. (1883). INDONESIA , GEOLOGY. 454-460.

Iskandar, 1., Dermawan, F. A., Sianipar, J. Y., Suryantini, &
Notosiswoyo, S. (2018). Characteristic and mixing mecha-
nisms of thermal fluid at the Tampomas Volcano, west
Java, using hydrogeochemistry, stable isotope and222Rn
analyses. Geosciences (Switzerland), 8(4). https://doi.org
/10.3390/geosciences8040103

Iskandar, I., Notosiswoyo, S., Purnadi, C., & Pasaribu, T.
(2013). Type and Origin of Springs and Hotsprings at
Surrounding Ridges of Bandung Basin, Related with its
Potential Natural Contamination. Procedia Earth and
Planetary Science, 6, 262-268. https://doi.org/10.1016/j.
proeps.2013.01.035

Joshi, S. K., Rai, S. P, Sinha, R., Gupta, S., Densmore, A. L.,
Rawat, Y. S., & Shekhar, S. (2018). Tracing groundwater
recharge sources in the northwestern Indian alluvial aqui-
fer using water isotopes (6180, 82H and 3H). Journal of
Hydrology, 559, 835-847. https://doi.org/10.1016/j.jhy-
drol.2018.02.056

Katili, J. A. (1974). Geological Environment of the Indonesian
Mineral Deposits: A Plate Tectonic. Geological Survey of
Indonesia.

Kekes, T., Tzia, C., & Kolliopoulos, G. (2023). Drinking and
Natural Mineral Water: Treatment and Quality—Safety As-
surance. Water (Switzerland), 15(13). https://doi.org/10.
3390/w15132325

Khasmadin, M. F., & Harmoko, U. (2021). Kajian Potensi dan
Pemanfaatan Energi Panas Bumi di Wilayah Kerja Panas
Bumi Patuha Ciwidey. Jurnal Energi Baru Dan Terba-
rukan, 2(2), 101-113. https://doi.org/10.14710/jebt.2021.
11187

Kieu, L. D., & Nguyen, P. Q. (2024). Groundwater Quality
Assessment in the Middle-Upper Pleistocene Aquifer.
Civil Engineering Journal (Iran), 10(7),2357-2369. https:
//doi.org/10.28991/CEJ-2024-010-07-018

Lazzerini, F., & da Silva, P. (2020). Guarani aquifer system
(GAS): geothermal spa balneology assessment. Boletin
Sociedad Espariola Hidrologia Medica, 35(1), 33-59.
https://doi.org/10.23853/bsehm.2020.0965

Lee, J. M., Koh, D. C., Chae, G. T, Kee, W. S., & Ko, K. S.
(2021). Integrated assessment of major element geochem-
istry and geological setting of traditional natural mineral
water sources in South Korea at the national scale. Journal
of Hydrology, 598(September 2020). https://doi.org/10.
1016/j.jhydrol.2021.126249

Li, F, Yu, T., Huang, Z., Yang, Z., Hou, Q., Tang, Q., Liu, J.,
& Wang, L. (2023). Linking health to geology-a new as-
sessment and zoning model based on the frame of medical
geology. Environmental Geochemistry and Health, 45(10),
7145-7159. https://doi.org/10.1007/s10653-023-01516-9

Li, X., Yang, X., Ou, J., Zhou, Y., Xi, L., Zou, Y., Chen, Z., He,
D., Yao, L., & Zhu, W. (2024). Overview and trend analy-
sis of global hot spring research based on bibliometrics
and knowledge graph visualization. Complementary Ther-
apies in Medicine, 87(August). https://doi.org/10.1016/j.
ctim.2024.103102

Luo,J., Li, Y., Tian, J., Cheng, Y., Pang, Z., & Gong, Y. (2022).
Geochemistry of geothermal fluid with implications on

circulation and evolution in Fengshun-Tangkeng geother-
mal field, South China. Geothermics, 100(19). https://doi.
org/10.1016/j.geothermics.2021.102323

Mahala, S. C. (2019). Chemistry and Genesis ofThermal
Springs ofOdisha, India. Earth Sciences, SpringerBriefs in
Earth Sciences, 49-73. https://doi.org/10.1007/978-3-319-
90002-5_5

Malkemus, D., Perkins, R. B., & Palmer, C. D. (2021). Geo-
chemistry and geothermometry of Breitenbush Hot
Springs, Oregon, USA. Geothermics, 95(May). https://doi.
org/10.1016/j.geothermics.2021.102134

Maraver, F., & Karagiille, M. Z. (2012). Medical Hydrology
and Balneology: Environmental Aspects. http://revistas.
ucm.es/index.php/ANHM/article/view/39572%35Cnhttp://
bioclima.ro/39572-49462-1-PB.pdf

Maria, R., Prasetio, R., Shoedarto, R. M., Nurohman, H., Yuli-
yanti, A., Lestiana, H., Dida, E. N., Aminuddin, & Rahay-
udin, Y. (2024). Assessment of Medical Geology from
Major Element Trilinear Diagrams Cl- SO4-HCO3 and
Na-K-Mg from Geothermal and Non-Geothermal Springs;
Case Study the Wayang Windu Geothermal Area, West
Java, Indonesia. IOP Conference Series: Earth and Envi-
ronmental Science, 1293(1). https://doi.org/10.1088/1755-
1315/1293/1/012002

Maria, R., Rusydi, A. F., Marganingrum, D., Damayanti, R.,
Nurohman, H., Lestiana, H., Shoedarto, R. M., Mulyono,
A., Rahayudin, Y., Setiawan, T., Iskandarsyah, T. Y. W. M.,
Suganda, B. R., & Hendarmawan, H. (2024). Use of the
Groundwater Quality Index, Multivariate statistics and
Hydrogeochemistry for Groundwater Assessment in the
Malabar Volcanic Area, Indonesia. Rudarsko-Geolosko-
Nafini Zbornik, 39(5), 41-62. https://doi.org/10.17794/
rgn.2024.5.3

Martinez, J., Ortiz, A., Jaramillo, M., Vera-Romero, I., Reyes,
J. M., Soriano, A. O., Jaramillo, M. E., & Romero, I. V.
(2017). Physical-Chemical and Therapeutic Properties of
Hot Springs and Hydrothermal Waters. International
Journal of Research and Innovations in Earth Science,
2(1), 10-12. https://www.researchgate.net/publication/317
267668

Mohamedi, M. R., & Chenaker, H. (2022). Hydrogeochemis-
try and Therapeutic Effects of Thermal waters of Khen-
chela (North-East Algeria). Journal of Environmental Sci-
ence, Computer Science and Engineering & Technology,
11(4). https://doi.org/10.24214/jecet.a.11.4.50111

Moldovan, A., Torok, A. 1., Mirea, 1. C., Micle, V., Moldovan,
0. T., & Levei, E. A. (2022). Health risk assessment in
southern carpathians small rural communities using karst
springs as a drinking water source. International Journal
of Environmental Research and Public Health, 19(1).
https://doi.org/10.3390/ijerph19010234

Pham, N. Q., & Nguyen, G. T. (2024). Evaluating Groundwa-
ter Quality Using Multivariate Statistical Analysis and
Groundwater Quality Index. Civil Engineering Journal
(Iran), 10(3), 699-713. https://doi.org/10.28991/CEJ-
2024-010-03-03

Piper, A.M. (1953). A graphic procedure in the geochemical
interpretation of water analysis. Washington : U.S. Dept.

Rudarsko-geolosko-naftni zbornik 2026, 41 (2), pp. 197-211, https://doi.org/10.17794/rgn.2026.2.14



R. Maria, H. Nurohman, H. Lestiana, et al.

210

of the Interior, Geological Survey, Water Resources Divi-
sion, Ground Water Branch,.

Pirajno, F. (2020). Subaerial hot springs and near-surface hy-
drothermal mineral systems past and present, and possible
extraterrestrial analogues. Geoscience Frontiers, 11(5),
1549-1569. https://doi.org/10.1016/j.gsf.2020.04.001

Powell, T., & Cumming, W. (2010). Spreadsheet for Geother-
mal Water and Gas Geochemistry. 10. https://earthscienc-
es.stanford.edu/ERE/pdf/IGAstandard/SGW/2010/pow-
ell.pdf

Quattrini, S., Pampaloni, B., & Brandi, M. L. (2016). Natural
mineral waters: Chemical characteristics and health ef-
fects. Clinical Cases in Mineral and Bone Metabolism,
13(3), 173—180. https://doi.org/10.11138/ccmbm/2016.13.
3.173

Rafiq, J., Abu-Mahfouz, 1. S., Soupios, P., Humphrey, J. D., &
Tawabini, B. S. (2024). Hydrochemical Characterization,
Geothermometry, and Origin of Ain Al-Harrah Hot Spring
and Its Relationship to Al-Lith Geothermal System, Saudi
Arabia. ACS Omega, 9(23), 24807-24818. https://doi.
org/10.1021/acsomega.4c01343

Rahayudin, Y., Kashiwaya, K., Tada, Y., Iskandar, I., Koike,
K., Atmaja, R. W., & Herdianita, N. R. (2020). On the ori-
gin and evolution of geothermal fluids in the Patuha Geo-
thermal Field, Indonesia based on geochemical and stable
isotope data. Applied Geochemistry, 114(January), 104530.
https://doi.org/10.1016/j.apgeochem.2020.104530

Rios Reyes, C. A., Rios Gutiéttez, M. P., & Joya Neira, S.
(2020). The importance of minerals in medical geology:
Impacts of the environment on health. Archivos de Me-
dicina (Manizales), 21(1), 0-3. https://doi.org/10.30554/
archmed.21.1.3589.2021

Sasaki, K., Morita, J., Iwaki, C., & Ueda, A. (2021). Geo-
chemical evaluation of geothermal resources in Toyama
Prefecture, Japan, based on the chemical and isotopic char-
acteristics of hot spring waters. Geothermics, 93(March).
https://doi.org/10.1016/j.geothermics.2021.102071

Shoedarto, R. M., Aries, F. R., Irawan, D., Perdana, F., Aris-
baya, 1., & Indrawan, B. (2016). Raising Public Accept-
ance of Geothermal Utilization Through Direct Applica-
tion in Indonesia. Workshop on Geothermal Reservoir
Engineering, 2007, 9.

Shoedarto, R. M., Tada, Y., Kashiwaya, K., Koike, K., & Is-
kandar, 1. (2020). Specifying recharge zones and mecha-
nisms of the transitional geothermal field through hydro-
gen and oxygen isotope analyses with consideration of
water-rock interaction. Geothermics, §6(January), 101797.
https://doi.org/10.1016/j.geothermics.2019.101797

Skopljak, F., Sari¢, C., & Pobric, V. (2017). Contribution to the
genesis of thermal water of the north-east perimeter of the
Zenica-Sarajevo Basin, Bosnia and herzegovina.
Rudarsko-Geolosko-Nafini Zbornik (Vol. 32, Issue 4, pp.
17-30). https://doi.org/10.17794/rgn.2017.4.2

Sorensen, M. D. (2014). Calcium intake and urinary stone dis-
ease. Translational Andrology and Urology, 3(3), 235—
240. https://doi.org/10.3978/j.issn.2223-4683.2014.06.05

Sriwana, T., Van Bergen, M. J., Sumarti, S., De Hoog, J. C. M.,
Van Os, B. J. H., Wahyuningsih, R., & Dam, M. A. C.

(1998). Volcanogenic pollution by acid water discharges
along Ciwidey River, West Java (Indonesia). Journal of
Geochemical Exploration, 62(1-3), 161-182. https://doi.
org/10.1016/S0375-6742(97)00059-9

Sriwana, T., Van Bergen, M. J., Varekamp, J. C., Sumarti, S.,
Takano, B., Van Os, B. J. H., & Leng, M. J. (2000). Geo-
chemistry of the acid Kawah Putih lake, Patuha Volcano,
West Java, Indonesia. Journal of Volcanology and Geo-
thermal Research, 97(1-4), 77-104. https://doi.org/10.
1016/S0377-0273(99)00178-X

Suhail, M., Ahmad, 1., & Umar, R. (2024). Groundwater for
Sustainable Development Hydrochemistry , controlling
mechanisms and water quality index in hot springs of the
Kullu-Manali region , India. Groundwater for Sustainable
Development, 24(December 2023), 101070. https://doi.
org/10.1016/j.gsd.2023.101070

Sumotarto, U., Hendrasto, F., & Djajadiningrat, H. S. (2021).
Geothermal resource potential of Kawah Putih - Ciwidey
area, Bandung, West Java, based on geomorphology, struc-
tural geology, and lithology analysis. AIP Conference
Proceedings, 2363(November). https://doi.org/10.1063/5.
0061150

Torres-Ceron, D. A., Acosta-Medina, C. D., & Restrepo-Parra,
E. (2019). Geothermal and mineralogic analysis of hot
springs in the Puracé-La Mina Sector in Cauca, Colombia.
Geofluids, 2019. https://doi.org/10.1155/2019/3191454

Utama, W., Indriani, R. F., Hermana, M., Anjasmara, . M.,
Garini, S. A., & Putra, D. P. N. (2024). Towards Improving
Sustainable Water Management in Geothermal Fields:
SVM and RF Land Use Monitoring. Journal of Human,
Earth, and Future, 5(2),216-242. https://doi.org/10.28991/
HEF-2024-05-02-06

Vaidya, B., & Nakarmi, S. (2020). A Qualitative Study of Pa-
tients’ Beliefs and Perception on Medicinal Properties of
Natural Hot Spring Bath for Musculoskeletal Problems.
Journal of Environmental and Public Health, 2020. https:
//doi.org/10.1155/2020/3694627

Valeriani, F., Margarucci, L. M., & Spica, V. R. (2018). Rec-
reational use of spa thermal waters: Criticisms and per-
spectives for innovative treatments. International Journal
of Environmental Research and Public Health, 15(12).
https://doi.org/10.3390/ijerph15122675

Vlahovi¢, T., & Skopljak, F. (2019). Genesis of the thermal-
mineral waters of ilidza, Bosnia and Herzegovina. Ru-
darsko-Geolosko-Nafini Zbornik, 34(1), 127-138. https://
doi.org/10.17794/rgn.2019.11

Wang, Wang, G. L., Gan, H. N., Liu, Z., & Nan, D. W. (2018).
Hydrochemical Characteristics and Evolution of Geother-
mal Fluids in the Chabu High-Temperature Geothermal
System, Southern Tibet. Geofluids, 2018, 1-15. https://doi.
org/10.1155/2018/8532840

Wangchuk, P., Yeshi, K., Ugyen, K., Dorji, J., Wangdi, K.,
Samten, Tshering, P., & Nugraha, A. S. (2021). Water-
based therapies of bhutan: Current practices and the re-
corded clinical evidence of balneotherapy. Water (Switzer-
land), 13(1). https://doi.org/10.3390/w13010009

Waya, L., Pritchard, M. E., Wike, L., Reath, K., Gunawan, H.,
Prambada, O., & Syahbana, D. (2022). Detection of ther-

Rudarsko-geoloSko-naftni zbornik 2026, 41 (2), pp. 197-211, https://doi.org/10.17794/rgn.2026.2.14



211 Hydrogeochemical properties of thermal springs for natural therapeutic uses in medical geology...

mal features from space at Indonesian volcanoes from
2000-2020 usingASTER. Journal of Volcanology and Ge-
othermal Research, 430(September 30, 2022). https://
www.sciencedirect.com/science/article/pii/S03770273220
01585

Yashod, R. Z. (2025). Properties of eco-tourism sites of hot
springs in the western. Journal of East-West Thought,
15(1), 762-770.

ing and therapy. Nanotheranostics, 6(2), 184—194. https://
doi.org/10.7150/NTNO.65530

Zhang, T., Wang, P., Wang, M., Liu, J., Gong, L., & Xia, S.
(2023). Spatial distribution, source identification, and risk
assessment of heavy metals in riparian soils of the Tibetan
plateau. Environmental Research, 237(August). https://
doi.org/10.1016/j.envres.2023.116977

Zhao, J., Liu, L., Wang, Y., Li, B, Lin, W., & Yao, H. (2024).

Yeung, O., & Johnston, K. (2020). Resetting the World with
Wellness: A New Vision for a Post COVID-19 Future.
Global Wellness Institute.

Zhang, Q., O’brien, S., & Grimm, J. (2022). Biomedical ap-
plications of lanthanide nanomaterials, for imaging, sens-

Hydrogeochemical Characteristics and Genesis of Hot
Springs in Da Qaidam Area, Northern Qaidam Margin of
the Qaidam Basin. Water (Switzerland), 16(23). https://
doi.org/10.3390/w16233509

SAZETAK

Hidrogeokemijske znacajke termalnih izvora za prirodnu terapijsku upotrebu
u medicinskoj geologiji na podrudju Ciwidey, Zapadna Java, Indonezija

Termalni izvori u regiji Ciwidey u Indoneziji odrazavaju bogato geolosko nasljede i pruzaju velike moguénosti za prirod-
ne terapijske primjene u medicinskoj geologiji. Cilj je ovoga istrazivanja procijeniti hidrogeokemijske znacajke nekoliko
termalnih izvora u regiji Ciwidey i odrediti prikladnost za prirodnu terapijsku primjenu u medicinskoj geologiji. U okvi-
ru ove studije istrazene su hidrogeokemijske znacajke 13 termalnih izvora u regiji Ciwidey kori$tenjem atomske apsor-
pcijske spektrometrije (AAS; AA-7000 SHIMADZU), klasificirajuci ih u tri razli¢ita tipa termalnih izvora na temelju
dominantnih kemijskih znadajki: natrijsko-kloridni (Na-Cl), kalcijsko-sulfatni (Ca-SO,) i natrijsko-bikarbonatni
(Na-HCO:s). Svaki hidrogeokemijski tip ima jedinstvena terapijska svojstva povezana s geokemijskim podrijetlom, dubo-
kim geotermalnim vodonosnicima, litologijom bogatom gipsom ili interakcijama karbonatnih stijena. Analiti¢ki model
uspostavljen u okviru ove studije identificirao je specifi¢ne zone za potencijalnu terapijsku primjenu: vode tipa Na-Cl
(npr. lokacije P2, P6, P10, P20) poti¢u opustanje misic¢a i regeneraciju koze; vode tipa Ca-SO, (lokacije P3 - P13) pobolj-
$avaju zdravlje kostiju i zglobova; a vode tipa Na-HCO; (P9, P14) pomazu u regulaciji pH vrijednosti i ublazavanju pro-
bavnih te dermatoloskih problema. Rezultati ovoga istrazivanja otkrivaju bitne uvide u terapeutski potencijal termalnih
izvora u regiji Ciwidey i naglasavaju vaznost procjene lokalnih specifi¢nih znacajki u medicinskoj geologiji.

Kljuéne rijeci:
termalni izvori, hidrogeokemija, terapeutski, medicinska geologija, geotermalni
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Abstract

Bangka Island was formed by the subduction and collision of the Gondwana-derived Sibumasu and East Malaya blocks
in the Late Paleozoic. Its northern region comprises Permian metamorphic rocks of the Pemali Complex, Triassic sedi-
mentary units from the Tanjunggenting Formation, and Late Triassic to Early Jurassic granites of the Klabat Formation.
Despite multiple tectonic phases shaping Bangka Island, the structural configuration of basement faults and folds in the
northern region remains poorly constrained. This uncertainty hampers the assessment of fractured basement reservoirs
in the study area. To address this gap, this study integrates surface lineament extraction from DEMNAS with gravity
anomaly data from GGMplus to investigate the basement structure of the northern Bangka. Fast Sigmoid Edge Detection
(FSED) and Euler Deconvolution were applied to enhance structural interpretation and estimate basement depth. The
dominant structural orientations of NW-SE and NE-SW identified at the surface were consistent with the subsurface
features; however, FSED and Euler Deconvolution also revealed E-W and N-S trends. Moreover, the findings from the
Euler Deconvolution indicated basement depths of 3000-4000 m below sea level. Field fracture measurements from
granitic outcrops validate these orientations, confirming a strong correspondence between surface and subsurface struc-
tures. These findings offer new insight into the tectonic evolution of the northern region of Bangka Island and highlight
fault orientations that may aid in identifying fractured basement reservoir zones in granitic terrains.

Keywords:

lineament density, enhanced edge detection, gravity anomaly, basement fault structures, Bangka Island

gration (Gutmanis, 2009; Guttormsen, 2010; Li et al.,
2004). Unlike conventional clastic and carbonate reser-
voirs, crystalline basement rocks (e.g. granite) are es-
sentially non-porous and impermeable in their pristine
state (Narr et al., 2006; P’an, 1982). As a result, their
reservoir quality is almost entirely dependent on second-
ary porosity and permeability by brittle deformation,
specifically through faults, shear zones, and fracture net-
works (Gillespie et al., 2018; Gillespie et al., 2021;
Guttormsen, 2010; Suyoto, 2010; Tjia, 2007). While
carbonates may also function as fracture-controlled res-
ervoirs, they often benefit from additional enhancement

1. Introduction

Fractured basement reservoirs have emerged as sig-
nificant hydrocarbon exploration targets, with important
discoveries in Southeast Asia, such as the Bach Ho Field,
Vietnam (Areshev et al.,, 1992; Cuong & Warren,
2009; Hung et al., 2003; Hung & Le, 2004) and the
Suban gas Field, South Sumatra Basin, Indonesia (Hen-
nings et al., 2012; Koning et al., 2021; Kurniawan,
2018; Permana et al., 2023; Schultz, 2014). These
fields produce hydrocarbons from fractured granitic
basement rock (Cuong & Warren, 2009; Petford &

McCaffrey, 2003) and the reservoirs are strongly con-
trolled by major fault systems that created interconnect-
ed fracture networks, allowing the fluid storage and mi-
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through chemical dissolution and karstification, which is
absent in crystalline rocks. However, this makes tectonic
setting and structural analysis especially critical in as-
sessing the potential of basement reservoirs.

Given the significance of such structurally controlled
basement reservoirs in Southeast Asia, attention also turns
to Bangka Island, which lies off the east coast of South
Sumatra. The island, with a land area of 11,500 km?,
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forms part of the Sundaland continental crust, shaped by
long-lived and complex tectonic processes (Hall et al.,
2009; Katili, 1972; Metcalfe, 2017; Van Gorsel, 2018).
Its geology comprises Permo-Carboniferous metamor-
phic and Triassic sedimentary sequences, intruded by
Late Triassic to Jurassic granitic bodies. However, de-
tailed structural studies have been limited by tropical
weathering, dense vegetation, and poor outcrop condi-
tions (Katili, 1967; Ko, 1986). Earlier surface investiga-
tion from Ko (1986) provided only a preliminary over-
view, and despite centuries of tin mining, systematic stud-
ies of basement faults remain scarce. Consequently, the
structural configuration of Bangka’s basement and its
implications for fractured reservoir potential remain poor-
ly constrained. To address this gap, this study integrates
surface lineament mapping with edge-detected gravity
anomalies analysis derived from satellite data to charac-
terise the structural pattern and orientation of Bangka’s
granitic basement.

Lineaments, expressed as linear features such as
faults, folds, or fracture zones, provide a surface mani-
festation of underlying tectonic structures (Ahmadi &
Pekkan, 2021; Hung et al., 2005). The term ‘lineament’
was first introduced by Hobbs (1904), who character-
ised it as a significant linear landscape that exposes the
underlying architecture of a distinct rock basement.
Their systematic mapping improves understanding of
tectonic and structurally controlled reservoirs (Army &
Saepuloh, 2020; Enoh et al., 2021; Florinsky, 2016;
Mohammed et al., 2010). Satellite-derived datasets,
such as the National Digital Elevation Model (DEM-
NAS), allow the systematic extraction of surface linea-
ments in the observation area (Han et al., 2018;
Prabowo et al., 2021). To complement surface analysis,
gravity anomaly data offered insight into subsurface
structures. The enhancement techniques play an essen-
tial role in detecting boundaries of geological formations
and understanding the structural setting (Eldosouky et
al., 2022; Kumar & Singh, 2021; Kumar et al., 2018;
Melouah & Pham, 2021). In this study, we applied an
enhanced edge detection filter, known as Fast Sigmoid
Edge Detection Filter (FSED), based on a modified fast
sigmoid function and the vertical and horizontal deriva-
tives of the total horizontal gradient of gravity data, as
proposed by Oksum et al. (2021). This edge detection
filter provides maximum amplitudes on the edges of the
anomalous sources and simultaneously balances anoma-
lies from deep and shallow geological sources, as proven
by several previous tectonic and structural studies
(Aprina et al., 2024; Liu et al., 2023; Pham et al.,
2021; Safani et al., 2023).

Research into the tectonic and structural geology of
Bangka Island has applied diverse approaches, including
petrographic, geochemical, and geophysical methods.
Petrographic studies revealed granitoids dominated by
alkali feldspar-syenogranite, while geochemical data in-
dicated a calc-alkalic magma affinity, consistent with a

subduction-collision origin characteristics (Widana,
2013). Structural investigations further support this in-
terpretation. Hendrawan et al. (2024) documented
three main deformation phases, involving folding and
faulting, and emphasized the presence of complex meta-
morphic structures in northern Bangka that related to
block collision. Remote sensing had also provided in-
sights into the tectonic framework. Shuttle Radar Topog-
raphy Mission (SRTM) data highlighted dominant NW-
SE and NE-SW lineament orientations, reflecting sig-
nificant tectonic deformation (Franto, 2015). Moreover,
major NE-SW trending structures, namely Pemali and
Payung faults, exerted a strong influence on the regional
radiogenic geothermal system and geological forma-
tions in the area (Siregar et al., 2024). These studies
demonstrated the polyphased tectonic history of Bangka
Island. However, the geometry and continuity of base-
ment structures remain poorly understood, underscoring
the need for integrated surface and subsurface structural
analysis.

The present study provides a comprehensive struc-
tural analysis of the Paleozoic-Mesozoic granitic base-
ment in the northern part of Bangka Island by integrating
surface lineament mapping with edge-detected gravity
anomalies. The objective is to correlate surface and sub-
surface structures to better constrain the geometry and
continuity of basement features and assess their implica-
tions for regional tectonic evolution and the potential for
fractured reservoirs. Furthermore, natural fracture meas-
urements from granite outcrops were included in the
study to validate the integrated analysis, providing im-
portant field-based properties to support the structural
interpretations.

2. Geological setting

The geology of Bangka Island is characterized by two
different settings: (1) northern Bangka (Mangga & Dja-
mal, 1994), dominated by the Permian Pemali Complex;
and (2) southern Bangka, characterized by the Triassic
Tanjung Genting Formation and Jurassic granite (Mar-
gono et al., 1995). The granite on Bangka Island was
formed as a result of the subduction and collision of the
East Malaya Block and the Sibumasu Block (Cobbing
et al., 1986; Hutchison, 2014; McCourt et al., 1996;
Metcalfe, 2000, 2017). Field observation through geo-
chemical and petrographic studies (Widana, 2013) sup-
ported the information. Figure 1 shows the geology map
of the northern Bangka, modified after Mangga & Dja-
mal (1994) and Ko (1986). The map illustrates the dis-
tribution of the main lithological units, including Per-
mian Pemali Complex (CPp), the Triassic Tanjunggent-
ing Formation (TRt), and the Late Triassic-Jurassic
Klabat Granite (TRJkg), along with the Tertiary Rang-
gam Formation (TQr), Penyabung Diabase (PTrd), and
Quaternary alluvium deposits (Qa). This map was com-
plemented by an NW-SE cross-section (line A-A’) that
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Figure 1. Map of the northern region of Bangka Island with the NW-SE-oriented subsurface model (line A-A’),
modified after Mangga & Djamal (1994) and Ko (1986).

depicted the stratigraphic relationships between the rock
units, the granite intrusions, and associated faults, which
represented the block faulting systems in the study area.
The northern region of the island comprised two prin-
cipal basement sequences: the Pemali Complex consist-
ed of deep marine cherts, black shales, and volcaniclas-
tic sediments deposited in a subsiding continental slope
environment, formed on the Paleotethys floor and later
incorporated into the accretionary complex during the
collision of the Sibumasu Block and the east Malaya
Block in the Late Permian (Barber et al., 2005; Met-
calfe, 2013, 2017). In the Early Triassic, subsidence oc-
curred, and the Tanjung Genting Formation was depos-
ited in the shallow marine environment. This formation
unconformably overlies the Pemali Complex and com-
prises alternating meta-sandstones, sandstones, clayey
sandstone, and claystone with oxide limestone. The Tan-
jung Genting Formation was subsequently folded and
locally thrust over the older units, likely linked to Late
Triassic tectonism and the granitic intrusion events of
the Klabat granite (Ko, 1986), which consists of biotite
granite, granodiorite, and gneissic granite. These strati-
graphic relationships are supported by radiometric data
and biostratigraphy, which place the granitoid intrusions
near the Norian-Rhaetian boundary (~ 214 — 217 Ma), as
confirmed by Sr isotopic studies by Ng et al. (2017).

The tectonic evolution of northern Bangka was
marked by at least three deformation phases (Mangga &
Djamal, 1994): (i) Late Paleozoic NE-SW trending
structures, (ii) Triassic-Jurassic NW-SE trending faults
and folds, likely linked to the old ocean suture of the
Bentong-Raub Line that intersected in the east of Bang-
ka Island (Ng et al., 2017), and (iii) Cretaceous N-S
faulting (Franto, 2015). These multiphase structures
strongly influenced the development of fracture systems
within the basement rocks. Their identification and vali-
dation through surface measurements of natural frac-
tures provide a critical link to understand the study area’s
tectonic history and assess the fractured basement reser-
voir potential.

3. Methods

3.1. Data

This study employed a combination of satellite-de-
rived and geophysical datasets to conduct analyses of
subsurface structures in the northern region of Bangka
Island, Indonesia. The topographic data were sourced
from the Digital Elevation Model Nasional (DEMNAS),
an official product provided by Indonesia’s Badan Infor-
masi Geospasial (BIG). DEMNAS integrates elevation
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Figure 2. a) DEMNAS input for lineament extraction with a spatial resolution of 8,1 m;
b) slope model of the study area

data from multiple sources, including Interferometric
Synthetic Aperture Radar (IFSAR) and TerraSAR-X,
achieving a high spatial resolution of approximately 8.1
meters (0.27 arc-seconds). This degree of detail is par-
ticularly advantageous for detailed geomorphological
and structural mapping (see Figure 2a). As illustrated in
Figure 2b, the study area is generally characterized by
low-relief morphology, with most of the terrain gently
undulating and the highest elevations at 653 meters. Al-
though local hills and ridges are present in association
with granitic intrusions and fault-controlled structures,
the steepest slope measures approximately 58 degrees.
Given these topographic characteristics, the lineaments
were semi-automatically digitized from enhanced raster
layers, ensuring topographic continuity, alignment with
geomorphological features, and geological plausibility.

For subsurface delineation using the FSED technique,
we utilized high-resolution satellite gravity data from
the Gravity Model Plus 2013 (GGMplus 2013), devel-
oped by Hirt et al. (2013), to delineate geological struc-
ture patterns and their associated tectonic settings. The
GGMPlus model integrates GOCE/GRACE satellite
gravity, Earth gravity models (EGM2008), and topo-
graphical gravity derived from SRTM topography (Hirt,
2014; Hirt et al., 2013). These data provide a spatial
resolution of approximately 200 m (~ 7.2 arc-seconds)
over both land and marine areas. A gravity anomaly grid
covering the Bangka Island region was extracted in Geo-
TIFF format, projected to WGS 1984 UTM Zone 488,
and resampled to match the spatial resolution of DEM-
NAS for seamless integration. Free-air gravity anoma-
lies were used to retain structural signals associated with
density contrasts in the subsurface granitic basement.
Subsequently, several gravity corrections were applied
to generate the Complete Bouguer Anomaly (CBA) map
covering Bangka Island, which was then utilized as in-
put for residual anomaly analysis and enhanced edge
detection techniques.

3.2. Lineament extraction process

The lineament extraction process employed a semi-
automated methodology, which required subsequent
manual refinements to enhance the accuracy of the ex-
tracted lineaments. This approach ensures that the digi-
tized linear features faithfully represent the geological
characteristics observed (Carvalho & Batty, 2005).
This extraction is based on the precise detection of line
segments within the imagery (Azman et al., 2020). In
the preliminary phase, we carefully adjusted various pa-
rameters to enhance the accuracy of the extraction re-
sults. This optimization process ensured optimal extrac-
tion results.

Table 1. List of adjusted parameters utilized in the data
input for lineament extraction

No. Parameter Value
1 RADI (Filter Radius) 10
2 GHTR (Gradient Threshold) 100
3 LTHR (Length Threshold) 30
4 FTHR (Line Fitting Error Treshold) 3

5 ATHR (Angular Difference Threshold) 30
6 DTHR (Linking Distance Threshold) 20

The raster mosaicking process integrates multiple
sections of DEMNAS data from the study area into a
cohesive raster format. We produced a hillshade digital
elevation model (DEM) image that visually depicts the
terrain by simulating the effects of light on the surface.
This method effectively emphasizes the area’s relief and
topographic variations. Our primary objective was to il-
lustrate these variations through light and shadow, tai-
lored to a specified direction of incoming sunlight. By
utilizing the shadow effects created by this sunlight, we
provided a clear representation of the area’s relief and
topographic features (Farmakis-Serebryakova & Hur-
ni, 2020; Rusinkiewicz et al., 2006). An azimuth angle
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and a solar elevation angle of 45 degrees were employed
to determine the optimal lighting direction and evaluate
the resulting shadow intensity. The results provided a
comprehensive and informative representation of the
morphological features within the study area, including
slopes, ridges, and valleys.

The extracted lineaments were manually corrected in
subsequent steps to ensure that the digitized linear fea-
tures accurately represent the geological characteristics.
This extraction relied on detecting linear segments with-
in the imagery (Ni et al., 2016). During this process,
various parameters were systematically adjusted to en-
hance the accuracy of the extraction results (refer to Ta-
ble 1). Each parameter utilized in the extraction process
was essential for three primary stages: edge detection,
threshold determination, and curve extraction (Bam-
pourda et al., 2017). These stages involved a series of
complex processes that ensured the extracted lineaments
were accurate and aligned with the observed geological
conditions (Salui, 2018).

The initial edge detection stage employs the Canny
edge detection algorithm, which generates an edge
strength image that underlies the lineament extraction
process. This algorithm consists of three systematic
steps: (1) Filtering - the input image is processed through
a Gaussian function (Bhardwaj et al., 2020), with the
radius determined by the RADI parameter. This step is
designed to smooth the image and minimize noise,
thereby enhancing the effectiveness of the edge detec-
tion process, (2) Gradient Calculation—the gradient of
the filtered image is computed to detect intensity chang-
es that signify the presence of edges—and (3) Non-Maxi-
mum Suppression - pixels that do not represent local
maxima in the gradient are suppressed by assigning
them an edge strength of zero (Vincent & Folorunso,
2009). This method ensures the preservation of only the
most significant edges for analysis in subsequent stages.

In the second stage of the process, the edge-detected
image is further refined by applying a threshold, which
produces a binary image. In this binary representation,
each ON pixel represents a detected edge element. The
thresholding operation is controlled by the GTHR (Edge
Gradient Threshold) parameter (Ng, 2006), which speci-
fies the minimum edge intensity for inclusion in the ex-
traction. Applyin this threshold ensures that only edge
features meeting predefined criteria are retained, while
less significant elements are excluded.

In the third stage, the curve extraction process uses
the binary edge image generated in the preceding step.
This stage encompasses several critical sub-steps to ac-
curately represent the extracted linear features. A thin-
ning algorithm is initially applied to the binary image,
transforming the edge elements into one-pixel-wide
skeleton curves. Subsequently, each curve is extracted as
a series of pixels. To enhance the efficiency of the ex-
traction process, a filtering mechanism is employed to
eliminate curves that do not meet the established Curve

Length Threshold (LTHR). Curves falling below this
threshold are regarded as insignificant for lineament
analysis.

Upon completing the curve extraction process, the
subsequent step involves converting the pixel curves
into vector form by fitting line segments. This process
generates a polygonal line that accurately represents the
original curve, with the maximum error rate determined
by the FTHR (Line Fitting Threshold) parameter. This
methodology ensures that the resulting polygonal line
closely adheres to the shape of the detected lineament.

In the final stage, the algorithm connects polyline
pairs that meet the established criteria. The interconnec-
tion of two polylines occurs if the following conditions
are met: (1) the terminal segments of each polyline must
be oriented toward each other with consistent alignment,
with the angle between them being less than the thresh-
old set by the ATHR (Angular Threshold), and (2) the
endpoints of the two polylines must be within proximity,
with the distance between them being below the DTHR
(Distance Threshold) value.

Through this comprehensive process, the system en-
hances the precision of lineament extraction, ensuring
that the detected linear structures accurately represent
the geological features at the Earth’s surface (Ahmadi
& Pekkan, 2021; Echeverria et al., 2022; Enoh et al.,
2021; Salui, 2018). Finally, a comprehensive analysis of
high-density lineament zones was conducted to identify
areas of fracturing and rock cutting, as well as regions of
greater deformation intensity, which correspond to the
deformation phases observed in the study area.

3.3. Fast-Sigmoid Edge Detection (FSED)
and Euler Deconvolution Procedures

The Fast-Sigmoid Edge Detection Filter (FSED) was
applied to the enhanced gravity anomaly map to deline-
ate structural boundaries and fracture zones (Oksum et
al., 2021; Pham, 2024; Pham et al., 2021). A recent
study using FSED effectively migrates amplitude anom-
alies arising from causative bodies at varying depths and
with distinct properties, enhancing resolution and accu-
racy in delineating source edges. Notably, this filter
avoids generating spurious edges when anomaly sources
exhibit opposing density contrasts simultaneously
(Kamto et al., 2023; Oksum et al., 2021; Pham et al.,
2021), and it mitigates noise interference, ensuring supe-
rior edge detection quality in potential field data (Li et
al., 2014). Therefore, edge enhancement techniques
have feartly improved the accurate mapping of geologi-
cal features, including faults, contacts, and dikes, pro-
viding critical insights into subsurface structures.

Several preparatory steps are essential before initiat-
ing the edge detection procedure using the FSED tech-
nique. The first step involves applying an average grav-
ity value of 2.67 g/cm?® to generate a Complete Bouguer
Anomaly (CBA) map of the target area. The subsequent
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step is to perform a power spectrum analysis to estimate
the width and depth of the gravity anomalies within the
study area. This analysis also facilitates a comparison of
the response spectra of various filtering methods. The
power spectrum analysis was conducted utilizing the
principles of the Fourier transform applied to horizontal
plane gravity anomalies (Blakely, 1995).

To effectively separate residual anomalies from re-
gional anomalies and achieve optimal window width es-
timation, we applied a logarithmic transformation to the
amplitude spectrum obtained from the Fourier transform
(refer to Equation 1). This transformation yielded a
straight-line equation, facilitating clearer analysis and
interpretation of the data.

InP = (z, — 2)|k| )

The equation illustrates that the component is directly
proportional to the amplitude spectrum. Additionally,
the linear regression applied to this equation helps to de-
lineate the boundary between the first-order (regional
zone) and the second-order (residual zone) zones. The
value at this boundary is identified as the determinant of
the window width. Moreover, the relationship between
wavelength and amplitude is derived from Equation 2,
which determines the window width (Blakely, 1995).

2m
P

Enhancement techniques play a crucial role in identi-
fying the boundaries of geological formations and un-
derstanding their structural settings (Eldosouky et al.,
2022; Kumar et al., 2018; Ma et al., 2014; Melouah &
Pham, 2021; Nasuti et al., 2019). Edge detection meth-
odologies are essential for interpreting potential field
data, as they form the foundation for delineating geo-
logical structures and identifying subsurface disconti-
nuities (Liu et al., 2023; Pham, 2024). Conventional
edge detection filters typically rely on the computation
of horizontal and vertical derivatives of potential field
data or various combinations of these derivatives to ac-
centuate regions of rapid change that signify structural
boundaries (Kamto et al., 2023; Yao et al., 2016).

This nonlinear transformation function utilizes the
sigmoid function to sharpen edge contrasts while sup-
pressing background noise. It offers flexible and robust
tools for enhancing subtle gravity gradients. The FSED
equation (Oksum et al., 2021) is expressed in Equa-
tions 3 and 4 as follows:

k= A=n-Ax (2)

-1

FSED = 3
1+ R| ®
OTHG
R= % (4)

ATHG)? oTHG

\/ ox + ( ady )

where 0THG/0z - vertical derivative of the total horizon-
tal gradient (THG); 0THGx - horizontal derivative of

the total horizontal gradient in the X direction, and,
OTHG®Oy - horizontal derivative of the total horizontal
gradient in the Y direction.

Finally, the basement depth information was acquired
through the Euler Deconvolution analysis, as formulated
in Equation 5.

2 2 2
(X_Xo)ﬁ"‘(Y_Yo)a_yz‘F(Z_Zo)ﬁ:N& (5)

Although this method was first implemented to deter-
mine the positions of lineaments in magnetic data
(Cooper, 2008). Its employment in the gravity data has
been widely acknowledged (Eldosouky et al., 2022;
Ghosh, 2022; Pham et al., 2024; Reid et al., 2003; Sa-
fani et al., 2023; Sembiring et al., 2023; Soleha et al.,
2019). The f'denotes the gravity field at the point of x,),z
affected by the anomaly sources at x,y,,z, position. The
parameter N is defined as the sum of the structural index
(SI) and the vertical gradient order of the gravity data
(n). This value represents the structural index that char-
acterises the geometric parameters of the source (Coop-
er, 2008; Melo & Barbosa, 2018; Pham et al., 2024;
Reid et al., 2003, 2012). In the gravity data, SI = -1 rep-
resents a lithological contact or fault, 0 is for a thin sheet,
1 is used for a horizontal cylinder, and 2 is the geometric
sphere (Ghosh, 2022; Pham et al., 2024; Safani et al.,
2023; Soleha et al., 2019).

4. Results and Analysis
4.1. Lineament density analysis

The results of the lineament extraction conducted in
the study area reveal specific lineaments most closely
associated with geological features. A total of 1,266 line-
aments were successfully identified, comprising 348 in
the granitic Klabat Formation (TRJkg), 287 in the meta-
morphic Pemali Formation (CPp), 539 in the sedimen-
tary Tanjung Genting Formation (TRt), 79 in the Rang-
gam Formation (TQr), and 13 in the Diabas Penyabung
Formation (PTrd). To facilitate further analysis, the ori-
entation of the lineaments in each formation is illustrat-
ed in a rose diagram, as shown in Figure 3.

The lineaments observed across the study area predom-
inantly exhibit a northwest-southeast (NW-SE) orienta-
tion, which indicates a significant geological structure
aligned in this direction. Furthermore, certain formations
display additional, less prominent directional trends. For
instance, the Quaternary-aged Ranggam Formation (TQr)
reveals a north-south (N-S) orientation. At the same time,
the Permo-Carboniferous-aged Diabas Penyabung For-
mation (PTrd) exhibits a northeast-southwest (NE-SW)
orientation. A relative east-west (E-W) alignment is also
present within the Triassic-Jurassic age formations. Over-
all, the detected lineament orientations correspond to the
structural direction interpreted by Mangga & Djamal
(1994) on their geological map of North Bangka.
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Figure 3. The extracted lineament

Upon analyzing the primary directions of the identi-
fied surface lineaments, the next phase involves assess-
ing their density. Figure 4 illustrates the lineament den-
sity map of the study area across various geological for-
mations, highlighting the specific intensity and
distribution of structural deformation in relation to litho-
logical characteristics. In this context, lineament length
density quantifies the total lineament length per unit area
(km/km?), directly indicating the deformation of rocks in
response to regional tectonic stress, particularly through
the development of fault and fold systems. The spatial
distribution of lineament density, as depicted in the fig-
ure, shows significant alignment with major geological
structures, particularly fault systems oriented in the
northwest-southeast (NW-SE) and northeast-southwest
(NE-SW) directions. These fault systems are integral to
the regional Sumatra Fault pattern and its local branches
in northern Bangka. High-density zones frequently coin-
cide with or are parallel to the orientations of these
prominent faults, suggesting that the lineaments are
manifestations of fracture zones and fold planes result-
ing from tectonic stress.

A detailed analysis of each rock formation is outlined
as follows:

1. The Pemali Formation (CPp) comprises Permo-

Carboniferous metamorphic rocks, primarily phyl-
lite. Within this formation, high lineament densi-

in northern Bangka Island, Indonesia

ties, reaching up to 0.70 km/km?, are particularly
evident in the northern and eastern regions. The
phyllite is characterized by its parallel foliation
planes, which are prone to fracturing along the fo-
liation or schistosity zones. The dominant linea-
ments are aligned with fold axes and minor faults
that have formed due to regional deformation.

. Penyabung Diabase Formation (PTRd), an in-
termediate intrusive body of Permian age, displays
the highest lineament density of 10.33 km/km?
within a limited geographical area. This elevated
lineament occurrence is likely attributable to fault
structures at the intrusion’s margins. Furthermore,
the extremely high density is also influenced by
the small spatial extent of the body, which signifi-
cantly increases the length-to-area ratio.

. Ragam Formation (TQr), composed of sand-
stone and clastic sediments from the Late Mio-
cene, exhibits a maximum lineament density of
0.58 km/km?, suggesting limited influence of re-
gional structures. The highest density values are
found in the northwest, while lower densities are
observed in the northeast. Although sandstone can
preserve fractures, it is less homogeneous com-
pared to igneous or metamorphic rocks. Local
folds and faults may generate minor lineaments
within this formation.
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Figure 4. The lineament density map from the formation in the study area

4. Klabat Granite Formation (TRJkg). This for-
mation comprises felsic granitoids from the Late
Triassic to Jurassic periods. This unit demonstrates
relatively high lineament densities, reaching up to
1.59 km/km?, particularly in the western and north-
eastern regions. Due to its hardness, granite is
highly susceptible to external stress, resulting in
the development of fracture systems and sheet
joints. These features manifest as lineaments and
are frequently associated with major fault systems.

5. Tanjung Genting Formation (TRt), composed
of Triassic sandstones and clastic sediments, ex-
hibits high lineament densities reaching up to 2.99
km/km?. This phenomenon can be attributed to the
presence of relatively hard rock material within
the fault and folding zones of the formation. The
alignment of the lineaments predominantly fol-
lows a northeast-southwest (NE-SW) direction.

The findings reveal that areas with high lineament
density consistently align with major geological struc-
tures, indicating that lineaments effectively indicate
fault and fold systems in northern Bangka. Variations in
density values across different geological formations un-
derscore the importance of conducting lithology-specific
lineament analyses rather than relying on broad, region-

al generalizations, which can lead to interpretive inac-
curacies. This formation-based analysis successfully
captures the deformation intensity and orientation vari-
ability influenced by the region’s principal fault and fold
systems. Such an approach facilitates the identification
of specific deformation zones and provides valuable in-
sights into the mechanical behavior of each lithology
under tectonic stress. The strong correlation between
lineament density and major geological structures fur-
ther underscores the utility of lineaments as a crucial
tool for structural geological interpretation within the
framework of regional tectonics.

4.2. Basement faults interpretation from FSED
and Euler Deconvolution

The geological complexities of this region have re-
sulted in a varied distribution of rocks and subsurface
structures, significantly impacting the gravity field re-
sponse. The Complete Bouguer Anomaly (CBA) map,
presented in Figure 5a, delineates regional variations,
with positive gravity anomaly values ranging from 16 to
38 mGal. The areas exhibiting the highest values, de-
picted in red to violet colours in the western region,
reach a maximum of 38 mGal. This phenomenon indi-
cates a greater topographic elevation and the presence of
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denser rock types, such as granite intrusions. Converse-
ly, the eastern region displays lower gravity anomaly
values, represented by yellow to blue colors, which sig-
nify reduced density contrast relative to the surrounding
geological structures. These lower gravity anomaly val-
ues suggest the presence of rock formations that origi-
nated during the Palaeozoic-Mesozoic era, which con-
tinue to undergo significant erosion and denudation
processes.

The depth estimation of the anomaly source in this
study utilizes the Radially Averaged Power Spectrum
(RAPS) analysis, adapted from the work of (Spector &
Grant, 1970). The average power spectrum’s slope indi-
cates the depth of discontinuity between two distinct
anomalous sources. The segment of the curve with the
lowest wavenumber values, ranging from 0 to 0.02 cy-
cles/km, corresponds to deep anomalous sources. In
contrast, wavenumbers exceeding 0.2 cycles/km are in-
terpreted as signals from shallow anomalies, which may
be classified as noise. Wavenumber values in the inter-
mediate range of 0.02 to 0.2 cycles/km represent anoma-
lies from geological features at intermediate depths. The
boundaries of these depth segments for the anomalous
sources are illustrated in Figure Sb. Following the
anomaly separation process, the resulting residual grav-
ity anomaly displays variations between -3 and 2 mGal,
indicating the presence of shallower geological features,
as shown in Figure Sc, specifically referring to the re-
sidual anomalies.

The geological characteristics in this study were fur-
ther enhanced using the FSED technique, which produc-
es values ranging from -1 to 1, as illustrated in Figure
6a. Additionally, the estimated depths derived from Eu-
ler Deconvolution, as shown in Figure 6b, are repre-
sented by colored dots distributed across the area, indi-
cating the different depths of geological features that
extend up to 3700 meters beneath the surface. The com-
bination of these techniques enables the interpretation of
the targeted geological features at the boundary where
the value is maximum (Kamto et al., 2023; Oksum et
al., 2021; Pham et al., 2023), as well as their estimated
depths.

The analysis of geological structures utilizing the
FSED approach indicates a clear predominance of orien-
tations ranging from northwest-southeast (NW-SE) to
north-south (N-S). Furthermore, geological features
aligned in the east-west (E-W) direction were also ob-
served as minor orientations. These directional variations
are consistent with the geological features identified at the
surface through lineament and lineament density analysis.
Consequently, the structural features identified using the
FSED method applied to gravity anomaly data corrobo-
rate the surface observations and suggest vertical continu-
ity of these geological structures.

The analysis of depth estimates through Euler Decon-
volution indicates that the identified gravity anomalies,
corresponding to structural features, extend to depths of
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Figure 5. a) Complete Bouguer Anomaly (CBA) map,

b) radial average power spectrum curve graph CBA data,
and c) residual map of the study area

3000-4000 meters below sea level. These anomalies ex-
hibit orientations that are consistent with those derived
from FSED and surface lineament techniques. The pri-
mary structures observed from the Euler Deconvolution
analysis are oriented in two predominant directions:
northwest-southeast (NW-SE) and east-west (E-W). The
NW-SE orientation displays a strong correlation with the
second deformation phase associated with the Bentong-
Raub thrust line, which extends across the eastern seg-
ment of the study area. Conversely, the E-W orientation
is linked to thrust faults affecting the Tanjung Genting
Formation (TRt) and has played a significant role in the
formation of granitic plutons that intruded into the over-
lying formations in a similar directional pattern.
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Figure 6. a) Subsurface structural lineaments from FSED
and b) the estimated depth of structural lineaments from Euler Deconvolution

In addition to these two primary orientations, a minor
northeast-southwest (NE-SW) direction, detected through
both FSED and Euler Deconvolution, is interpreted as
representing the initial deformation phase from the Pal-
acozoic era. The subduction and collision of the Sibumasu
and East Malaya microplates characterise this phase. Fur-
thermore, the north-south (N-S) direction is regarded as
the most recently formed minor structure, intersecting
older formations in the study area. Its formation is likely
influenced by tectonic activity originating from Sumatra
that extends to the northern region of Bangka Island and
manifests as regional shear faults with similar orientation
(Barber et al., 2005; Franto, 2015).

The interpretations presented herein are grounded in
the findings of prior studies conducted in this area, which
employed various surface and subsurface methodolo-
gies. The results obtained further substantiate the sub-
surface structural framework of northern Bangka, using
high-resolution data and comprehensive investigative
approaches.

5. Discussion

The delineation of subsurface structural settings
through the utilization of satellite data, processed with
techniques such as surface lineament extraction, en-
hanced edge detection (FSED), and Euler Deconvolu-
tion, produces optimal results that are mutually corrobo-
rative. This finding indicates that the lineament traces
identified as geological features at the surface are indeed
associated with subsurface structures formed during tec-
tonic and deformation events in the northern Bangka Is-
land region, specifically during the Palacozoic and Mes-
o0zoic periods.

This study utilizes natural fracture measurements
from granite rock outcrops, estimated to be of Triassic
age, located in the Sungailiat area of northern Bangka, to

validate the identified geological structures. Figure 7a
illustrates the sites where these natural fracture measure-
ments were taken. A total of six locations were assessed:
Pantai Parai (G1 and G2), Pantai Rambak (G3 and G4),
Pantai Batu Ketak (GS5), and Pantai Mutiara Tikus (G6).
Natural fractures measurements were conducted using
the scanline method at each site, following the measure-
ment approach depicted in Figure 7b. The measurement
results indicate that the natural fractures observed in the
granite outcrops exhibit distributions in various orienta-
tions, consistent with the regional structural patterns in
the area. At locations G1 and G2, the natural fractures
are predominantly aligned in the NE-SW and NW-SE
directions. Additionally, location G2 exhibits an E-W
orientation, which is hypothesized to have formed due to
extensional processes.

At sites G3 and G4, in addition to the prevailing NW-
SE and NE-SW orientations, a significant N-S direction is
also observed, particularly at site G4. Similarly, at loca-
tions G5 and G6, the natural fractures primarily display
NW-SE and NE-SW orientations. The observed variation
in the orientations of natural fractures within the granitic
rock outcrops throughout the study area is believed to be
closely associated with the orientations of the predomi-
nant structural features. These results suggest that the de-
velopment of natural fractures occurred concurrently with
the formation of these regional structures.

Based on the findings from the literature review, as
well as observations of natural fractures and the geolog-
ical map of the study area, several tectonic events are
identified that correlate with the formation of the pri-
mary structures in this region:

(1) NW-SE Trending Structures - These structures are
associated with subduction and collision processes be-
tween continental plates (Barber et al., 2005; Barber &
Crow, 2009; Ko, 1986; Widana, 2013). They correlate
with the formation of parallel thrusts between the Pe-
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mali Formation and the Tanjung Genting Formation,
both of which are aligned in the same NW-SE direction.
This tectonic activity also initiated the intrusion of gran-
ite along an east-west direction during the Late Permian
to Late Triassic period (Ng et al., 2017; Wang et al.,
2021), mainly detected at location G2. The NW-SE trend
is further interpreted to indicate lithological contacts in
the northern Bangka region (Franto, 2015). Further-
more, the major east-west thrust juxtaposes folded Pale-
ozoic and Triassic sequences, with granite intrusions
aligned parallel to these faults, suggesting a genetic rela-
tionship (Siregar et al., 2024).

(2) the NE-SW trending regional shear faults. These
represent tectonic events that have influenced the for-
mation of shear faults, such as the Payung faults and
the Pemali faults (Anggraeni et al., 2023; Katili, 1967).
Subsequently, dextral, north-south-trending strike-slip
systems dissected older thrusts and sedimentary pack-
ages, corresponding to Tertiary tectonic reactivation
and basin subsidence (Ko, 1986; Susilo et al., 2015). It
is strongly suspected that these faults have influenced
the formation of fractures observed at locations G2, G3,
and GS5.

6. Conclusions

This study provides an in-depth examination of the
fault structures beneath the surface of the Paleozoic-
Mesozoic granitic basement of Bangka Island. The re-
search utilized a multifaceted approach, incorporating
surface lineament extraction, Fast-Sigmoid Edge Detec-
tion (FSED), and Euler Deconvolution. The analysis
identified significant fault features trending NW-SE to
E-W and NE-SW to N-S across various geological for-
mations. These features are consistent with established
regional tectonic patterns and indicate multiple phases
of deformation.

We successfully identified concealed fault systems by
applying FSED and Euler Deconvolution to gravity
anomaly data. This methodology effectively delineates
distinct rock layers and fractured zones at varying
depths. Furthermore, comparing remote sensing data
with field measurements of natural fractures within gra-
nitic outcrops corroborated the structural trends identi-
fied through analyses of satellite and gravity data. The
findings of this study underscore the efficacy and cost-
effectiveness of integrating high-resolution gravity data
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with edge detection filters for analyzing subsurface
structures, particularly in regions with limited geologi-
cal exposure.

The results enhance our understanding of the tectonic
framework in northern Bangka and provide a practical
approach for identifying fractured basement reservoirs,
which are crucial for hydrocarbon exploration in similar
granitic environments.
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SAZETAK

Integrirana analiza rasjeda temeljnoga sloja na otoku Bangka u Indoneziji
koristenjem gustoce povrsinskih lineamenata i pojacanja gravitacijskih anomalija

Otok Bangka nastao je subdukcijom i sudarom blokova Sibumasu i Isto¢na Malaja, koji su potekli iz Gondvane, u kasno-
me paleozoiku. Njegovu sjevernu regiju ¢ine permske metamorfne stijene kompleksa Pemali, trijaske sedimentne jedi-
nice formacije Tanjunggenting te graniti formacije Klabat iz kasnoga trijasa do rane jure. Unato¢ visestrukim tektonskim
fazama koje su oblikovale otok Bangka strukturna konfiguracija rasjeda i nabora u podlozi u sjevernoj regiji ostaje slabo
razjasnjena. Ova neizvjesnost otezava procjenu lezista u rasjednom temeljnom sloju u podrudju istrazivanja. Kako bi se
popunila ova praznina, ova studija integrira ekstrakciju povrsinskih lineamenata iz DEMNAS-a s podatcima o gravitacij-
skim anomalijama iz GGMplus-a kako bi se istrazila struktura rasjeda temeljnog sloja sjeverne Bangke. Brza detekcija
rubova sigmoidom (FSED) i Eulerova dekonvolucija primijenjene su za poboljanje strukturne interpretacije i procjenu
dubine podloge. Dominantne strukturne orijentacije sjeverozapad-jugoistok i sjeveroistok-jugozapad identificirane na
povrsini bile su u skladu s podzemnim znacdajkama, dok su FSED i Eulerova dekonvolucija takoder otkrile trendove istok-
zapad i sjever-jug. Stovise, rezultati Eulerove dekonvolucije uputili su na dubine temeljnoga sloja od 3000 do 4000 m
ispod razine mora. Mjerenja pukotina na terenu iz granitnih izdanaka potvrduju ove orijentacije, naglasavajuci snaznu
podudarnost izmedu povrsinskih i podzemnih struktura. Ovi nalazi pruzaju nove uvide u tektonsku evoluciju sjeverne
regije otoka Bangka i isti¢u orijentacije rasjeda koje bi mogle posluziti kao smjernice za identifikaciju zona rasjednih
lezita u granitnim terenima.

Klju¢ne rijeci:
gustoca linije, pobolj$ana detekcija rubova, gravitacijska anomalija, strukture rasjeda temeljnog sloja, otok Bangka

Author’s contribution

Harnanti Yogaputri Hutami (Ms.): conceptualisation, investigation, formal analysis, validation, and writing - the
original draft. Erlangga Ibrahim Fattah and Nugroho Prasetyo (Mr.): data curation in FSED and Euler Deconvolution
methodologies, visualisation, and formal analysis. Nur Ayu Anas (Ms.): data curation in lineament extraction and linea-
ment density methodologies, formal analysis, visualisation, and writing - the original draft. Edy Sunardi and Iyan
Haryanto (Professor): the supervisor team and validation. Sonny Winardhi (PhD): supervisor team, formal analysis,
and validation.

All authors have read and agreed to the published version of the manuscript.

Rudarsko-geoloSko-naftni zbornik 2026, 41 (2), pp. 213-228, https://doi.org/10.17794/rgn.2026.2.15






RGN /MGP

Radovi/Papers

1. Geomechanical Analysis to Determine The Maximum Limit of Water Injection 1-14
in the Keutapangan Formation, “ZA” Field, North Sumatra Basin
(Zahra Adinda Billgish, Andika Wicaksono, Sismanto Sismanto)

2. Study of the bactericidal-inhibitor properties of new reagents 15-30
(Guseyn Gurbanov, Aysel Gasimzade)

3.  Optimization of Stope Dimensions in a Geotechnically Complex Mine Using Automated Stability Analysis 31-46
(Mohammad Army, Tri Karian, Takashi Sasaoka, Akihiro Hamanaka,
Firly Rachmaditya Baskoro, Budi Sulistianto, Hideki Shimada)

4.  Feasibility analysis of granitic rocks for use in the dimension stone industry 47-57
(Ekin Koken)

5. Facies Architecture and Sedimentary Provenance of the Miocene Ombilin Formation: 59-84
Interplay of Tectonics and Eustasy in a Neogene Intermontane Basin, Central Sumatra, Indonesia
(Aurio Erdi, Syahreza S. Angkasa, Eko Suwarno, Aswan)

6.  The Effect of Calcium and Magnesium lons on a Crude Oil-Brine-Carbonate Rock System 85-95
for Enhanced Oil Recovery by Sophorolipid Solution
(Indah Widiyaningsih, Ivan Kurnia, Harry Budiharjo Sulistyarso, Tutuka Ariadji, Taufan Marhaendrajana)

7. Geodynamic and Paragenetic Evolution of the Jbel Houanite Mineralization (Sb-Au; Pb-Zn) Eastern High Atlas of Morocco 97-112
(Jaouad Choukrad, Abdelkhiar Ait ali, Mohammed Charroud, Nacir El moutaouakkil, Boubker Boukili, Amine talih)

8.  Unveiling Shale Gas Reservoir Structures with Seismic and MT Data: 113-128
WALDIM-Based Study from East Kalimantan Indonesia
(Suharsono, Yustisio Dianwiyono, Edy Wijanarko, Wahyu Hidayat,
Muhammad Fachrul Rozi Kurniawan, Yudha Agung Pratama)

9.  Predicting Peak Particle Velocity Induced by Mining Blasting Using Optimized Deep Learning 129-146
with Coronavirus Herd Immunity Algorithm
(Davood Mohammadi Sargini, Mohammad Ataei, Reza Mikaeil, Akbar Esmaeilzadeh)

10. Hydraulic Connectivity Between the Sava River and Lake Jarun 147-161
During Drought: A High-Resolution Monitoring and Time Series Approach
(Jelena Parlov, Filip Segovié, Kristijan Posavec, Zoran Kovac)

1. The Effect of Kaolinite on Calcium Carbonate Water-Based Drilling Fluid 163-174
(Mohammed Abdalraheem, Basfar S, Elkatatny S)

12. Management of Frame-Anchor Fastening Parameters for Preparatory Excavations 175-188
in Monorail-Based Heavy Cargo Delivery
(Andrii Herasymenko, Leonid Shyrin, Rostyslav Yegorchenko, Ivan Iniutkin, Yuliya Pazynich)

13. Improving the efficiency of in-situ uranium leaching via oxygen-enriched lixiviant injection 189-196
(Khalidilla Yussupov, Erbolat Aben, Gulfarizada Abdissattar, Saifilmalik Myrzakhmetov, Dalelkhan Akhmetkanov)

14. Hydrogeochemical properties of thermal springs for natural therapeutic 197-211
uses in medical geology at the Ciwidey area, West Java, Indonesia
(Rizka Maria, Heri Nurohman, Hilda Lestiana, Riostantieka Mayandari Shoedarto,
Eki Naidania Dida, Jakah Jakah, Ernowo Ernowo, Yudi Rahayudin)

15. The Integrated Analysis of Basement Faults in North Bangka Island, Indonesia, 213-228

Using Surface Lineament Density and Gravity Anomaly Enhancement
(Harnanti Yogaputri Hutami, Edy Sunardi, Iyan Haryanto, Sonny Winardhi,
Nugroho Prasetyo, Nur Ayu Anas, Erlangga Ibrahim Fattah)

ISSN 0353-4529

9770353452009

Godiste XXXVIII, broj 78 / Anno XXXVIII, number 78



	Blank Page



