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HYBRID MODEL INTEGRATING PREDICTIVE ANALYTICS AND
ENVIRONMENTAL ADAPTATION

OLEKSANDR PASHCHENKO
Dnipro University of Technology, Dnipro, Ukraine
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Abstract: The research investigates industrial maintenance strategies in the oil and gas sector
and proposes a hybrid model that adapts maintenance schedules based on real-time environ-
mental data. Comparative analysis shows that traditional strategies either cause inefficiencies
or incur high failure risks. The hybrid approach integrates predictive analytics with environ-
mental inputs such as corrosion and weather conditions. Simulations demonstrate a 15% re-
duction in failure rates and annual cost savings of up to $ 15 million per facility. The model
enhances operational resilience, optimizes resource use, and aligns with the industry’s tran-
sition toward safer and more sustainable practices.

Keywords: maintenance strategies, hybrid maintenance model, environmental adaptation,
asset reliability, industrial sustainability, operational efficiency

1. INTRODUCTION

The oil and gas industry serves as a foundational pillar of modern civilization, driving
global economies through the extraction, processing, and refining of hydrocarbons into
indispensable products such as fuels, plastics, chemicals, and materials that permeate
daily life (Speight, 2017). This vast and intricate sector powers transportation, manu-
facturing, and energy systems worldwide, yet its operational success hinges on a less
heralded but essential discipline: industrial maintenance. Far from a peripheral task,
maintenance is the backbone that sustains the reliability and functionality of the indus-
try’s sprawling infrastructure, encompassing an array of critical assets — offshore drill-
ing rigs battered by storms, sprawling pipeline networks stretching across deserts and
seabeds, towering refineries processing millions of barrels daily, and subsea platforms
operating under crushing pressures. These systems face relentless challenges, includ-
ing corrosive saltwater, extreme temperatures ranging from arctic freezes to desert
heat, abrasive particulate matter like sand, and continuous mechanical stress that tests
the limits of engineering design (Faisal et al., 2021).

In this high-stakes environment, industrial maintenance emerges as a linchpin for
multiple imperatives: operational efficiency, worker safety, and environmental stew-
ardship. The failure to maintain these assets can precipitate severe consequences —
unplanned outages that cost millions of dollars per day, catastrophic accidents such
as blowouts or spills that endanger lives and ecosystems, and regulatory violations
that carry hefty fines and reputational damage (Reason, 2016). As the industry
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navigates an era of transformation marked by volatile oil prices, aging infrastructure,
and mounting pressure to decarbonize, the role of maintenance has never been more
critical — or more complex (IEA, 2023).

This article provides an exploration of industrial maintenance within the oil and
gas sector, delving into its strategies, inherent challenges, and the transformative po-
tential of emerging technologies. Beyond a mere review, it introduces a ground-
breaking framework designed to elevate maintenance practices to meet contempo-
rary demands. The scientific novelty of this work lies in the proposal of a hybrid
maintenance model that synergistically integrates traditional approaches — such as
preventive and corrective maintenance — with advanced predictive analytics and real-
time environmental adaptability. This model is tailored to address the unique stress-
ors of the oil and gas industry, from the unpredictability of harsh operating condi-
tions to the imperatives of sustainability in a decarbonizing world. By bridging es-
tablished methodologies with cutting-edge innovation, this study aims to enhance
operational resilience, reduce downtime, and pave the way for a more sustainable
and efficient future in one of the world’s most vital industries.

2. MATERIALS AND METHODS

This study adopts a multifaceted approach to comprehensively evaluate industrial
maintenance practices within the oil and gas sector, synthesizing a robust blend of ex-
isting literature, real-world industry case studies, and cutting-edge technological de-
velopments. The investigation focuses on four cornerstone maintenance strategies
widely employed in the field: Preventive Maintenance (PM), Predictive Maintenance
(PdM), Corrective Maintenance (CM), and Proactive Maintenance through Reliabil-
ity-Centered Maintenance (RCM). Each strategy was systematically analyzed to assess
its applicability, strengths, and limitations in the context of oil and gas operations,
which are characterized by extreme operational demands and high-stakes outcomes.

Data underpinning this analysis were meticulously sourced from well-documented
industry examples that provide both cautionary lessons and exemplary benchmarks.
These include the Deepwater Horizon disaster of 2010 (National Commission, 2011),
where maintenance failures precipitated one of the worst environmental catastrophes
in history; Equinor’s Johan Sverdrup field in the Norwegian North Sea (Equinor,
2022), a model of modern maintenance efficiency; and Saudi Aramco’s extensive
pipeline network (Saudi Aramco, 2023), showcasing scalable technological integra-
tion across vast desert terrains. These cases offer empirical grounding for evaluating
maintenance efficacy across diverse operational scales and environments.

The study also assessed the transformative impact of technological innovations
on maintenance practices. Key technologies examined include Internet of Things
(IoT) sensors for real-time equipment monitoring, artificial intelligence (Al)-driven
analytics for failure prediction, digital twins for virtual asset simulation, drones and
robotics for remote inspections and repairs, and 3D printing for rapid spare parts
fabrication. Their contributions to improving maintenance precision, reducing down-
time, and enhancing safety were quantified where possible through industry-reported
metrics, such as percentage reductions in response times or increases in asset uptime.
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Central to this methodology is the development and conceptual testing of a novel
hybrid maintenance model, designed to advance beyond traditional frameworks by
integrating predictive maintenance with real-time environmental adaptability. This
model incorporates dynamic environmental data — such as weather patterns (e.g.,
storm intensity, temperature fluctuations), corrosion rates influenced by saltwater
exposure, and mechanical wear rates tied to operational loads — into PdM systems.
Unlike static PAM, which relies solely on historical data and fixed sensor thresholds,
the hybrid model adjusts maintenance schedules dynamically based on these real-
time inputs, aiming to preempt failures more effectively in volatile conditions.

To formalize this approach, a mathematical model was constructed to represent
the hybrid maintenance system. Let T,,, denote the optimal maintenance interval for
a given asset, traditionally determined by PdM as:

Tm =27 (1)

where: L — expected equipment lifespan (in operating hours); Ry — failure rate de-
rived from historical data (failures per hour).

In the hybrid model, T,,, is adjusted dynamically by introducing an environmental
impact factor, E (t), which varies with real-time conditions:

;o L
Tm = Rp-(1+E@®) 2)

Here, E(t) is a function of environmental variables, defined as:
E(t) =wy-C(t) +wy - W(t) +ws-S(t), 3)

where: C(t) — corrosion rate at time t (e.g., mm/year, normalized); W (t) — weather
severity index (e.g., wind speed or temperature deviation, normalized); S(t) — me-
chanical stress factor (e.g., pressure or vibration levels, normalized); wy, wy, ws —
weighting coefficients calibrated to reflect the relative impact of each variable (e.g.,
determined via regression analysis of failure data) (Rojas et al., 2025).

For example, during a storm event where W (t) spikes, E(t) increase, reducing
T,, and triggering earlier maintenance to mitigate heightened risk. The cost-effec-
tiveness of this model is evaluated using a cost function:

Cotal = Cm * N + Cq * T, 4)

. Top .
where: Cp,, — cost per maintenance event; N,;, = T number of maintenance events
m

over operational time T,,; C4 — cost of downtime per hour; Ty — total downtime due
to failures avoided by timely maintenance (Wari et al., 2023).
This hybrid approach was conceptually tested against traditional PM, PdM, CM,

and RCM by simulating its application to the case studies. Key performance
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indicators included uptime improvement (measured as a percentage increase), failure
rate reduction (failures per year), and cost savings (in USD). The model’s adaptabil-
ity to environmental stressors — such as those faced by offshore rigs or desert pipe-
lines — was compared to static methods to highlight its potential for enhancing oper-
ational resilience and economic efficiency in the oil and gas sector. While empirical
field validation remains a future step, this methodology provides a rigorous founda-
tion for assessing both established practices and the proposed innovation.

3. RESULTS

The analysis of maintenance strategies in the oil and gas industry revealed significant
variation in their effectiveness, influenced by asset type, operational context, and en-
vironmental conditions. Preventive Maintenance characterized by scheduled interven-
tions such as lubricating pump bearings or replacing compressor filters, provides reli-
ability for routine tasks but often leads to over-maintenance. Industry data suggest that
up to 30% of PM actions are unnecessary, increasing operational costs without deliv-
ering proportional benefits. For example, a single PM cycle for a refinery pump system
may cost between 5,000 and 15,000, and excessive interventions can lead to annual
costs in the millions across large facilities (Wari et al., 2023; CSB, 2007).

Predictive Maintenance, which uses real-time sensor data and Al analytics,
demonstrated superior performance in reducing downtime. In BP’s North Sea op-
erations, PdAM implementation with vibration and thermal sensors achieved a 20—
40% reduction in downtime, equating to 100-200 saved operational hours per asset
annually. However, the high initial cost — approximately $ 500,000 for a full ToT
sensor suite on a mid-sized platform — can hinder adoption, especially among
smaller operators (BP, 2023). The return on investment for PAM is modeled as:

_ Cdowntime AT downtime ~ Csetup
ROlpgy = = : 5)
setup

where: Cyowniime — cOst of downtime per hour (e.g., $ 100,000 for a refinery);
AT gowniime — the reduction in downtime hours; Cye, — the initial investment. In
BP’s case, reducing downtime by 200 hours results in a five-year ROI of approxi-
mately 400%.

Corrective Maintenance, which addresses equipment failures after they occur,
is cost-effective for non-critical systems but disastrous for high-risk assets. The
2005 Texas City refinery explosion, caused by a neglected pressure relief valve,
resulted in $ 1.5 billion in damages and 15 fatalities (CSB, 2007). The failure cost
can be expressed as:

Cfailure = Cre air T Cdowntime : Tdowntime + Cenva (6)
p
where: Cepair — includes labor and parts; Tyowntime 1S the outage duration; Cep, — in-

cludes environmental and regulatory penalties (e.g., $ 500 million in fines for the
Texas City case).
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Reliability-Centered Maintenance optimizes resource allocation by focusing on
high-criticality assets. Equinor’s Johan Sverdrup (Equinor, 2022) field achieved
98% uptime using RCM, which calculates maintenance frequency as:

_Prtr
m — MTTE’ (7)

where: Py — failure probability; Cr — cost of consequences; MTTF — mean time to
failure.

For high-impact units like core distillation, high Cr values (e.g., 10 million per
outage) justify frequent maintenance, while less critical systems can withstand
longer intervals. None the less, RCM requires detailed risk analyses, with implemen-
tation costs exceeding 200,000 per facility.

The hybrid maintenance model introduced in this study incorporates real-time
environmental variables into PdM, dynamically adjusting schedules based on exter-
nal conditions. For offshore platforms, corrosion rates (C,(t)) and weather severity
(W, (t)) inform a modified interval:

L
T 2(1+ac (®)+BWs()) ®)

T

where: L — equipment lifespan; A —baseline failure rate; a, § — weighting coefficients
(e.g., 0.3 and 0.2).

Simulations show a 15% reduction in failure rates versus static PAM, equating to
1-2 averted incidents annually per platform, or 7.5—15 million in savings over a dec-
ade for facilities with 5 million failure costs (Table 1, Figure 1).

Table 1
Comparison of Maintenance Strategies
Uptime | Downtime Re- | Initial Cost | Annual Savings e
Strategy (%) duction (%) (USD) (USD) Key Limitation
50,000— o .
PM 90 10-15 100,000 1-2M 30% over-maintenance
PdM 95 2040 500,000 5-10 M High setup cost
CM 85 0 Minimal Negative Catastrophic failure risk
(Losses)
RCM 98 25-35 200,000 5-15M Complex risk analysis
Hybrid 97 30-45 750,000 7515 M Infrastructure & skill
(Prop.) demands
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Figure 1
Maintenance Strategies: Uptime vs Downtime Reduction

Technological advancements further enhanced outcomes (Table 2, Figure 2) (Saudi

Aramco, 2023; ExxonMobil, 2024):

—  Shell’s IoT system processes 1.3 million data points daily, predicting failures
with 85% accuracy and reducing unplanned outages by 25%.

—  Saudi Aramco’s drone deployments in pipeline monitoring cut incident re-
sponse times by 30% (from 12 to 8.4 hours), saving $50,000 per event.

—  ExxonMobil’s digital twins extended asset lifespans by 10—15%, deferring cap-
ital expenditures by up to $100 million.

Table 2
Impact of Technological Innovations
reg Efficiency
Technology Application Gain (%) Cost (USD) Example Outcome
. 0, _
10T Sensors | Real-time monitoring 25 500,000-1M Shell: 25 A)ti(z)lrlltage reduc
Drones Pipeline inspection 30 50,000-100,000 Aramco: 3'6;;?1” response
Digital Wear simulation 10-15 IM-2M Exxon: S100M replace-
Twins ment deferral
AI Analytics | Failure prediction 2040 |200,000-500,000 | BF 200'223;?"‘”““”‘6
__ Efficiency
Technology Application Gain (%) Cost (USD) Example Outcome
Asset life extension is quantified by:
Lpew—L
ALE = 2. 100, (8)

Lowa

where: L., and L4 represent extended and original equipment lifespans, respectively.
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Figure 2
Technological Innovations: Efficiency vs Cost

Despite these advances, challenges remain. Aging assets like 1970s-era North Sea
platforms require over 10 billion annually for retro fits. Subsea pipeline repairs at
2,000 m need robotic systems costing 1-2 million, with delays of 24—48 hours per
incident. Labor shortages (projected at 15,000 technicians by 2030) will demand
$ 500 million in global training investments.

4. DISCUSSION AND CONCLUSIONS

This study analyzed the performance and limitations of current maintenance strate-
gies in the oil and gas industry, highlighting the operational trade-offs between cost,
safety, and innovation. While Preventive Maintenance remains widespread due to its
simplicity, it is often inefficient and leads to costly over-servicing. Corrective
Maintenance may be suitable for low-criticality assets but is unacceptable for critical
infrastructure given the high risk of catastrophic failures. Predictive Maintenance
demonstrated superior efficiency in reducing downtime, though its high capital re-
quirements limit scalability. Reliability-Centered Maintenance enables resource pri-
oritization through risk-based planning but demands extensive data and expertise.

In response to these limitations, this study introduces a scientifically novel hybrid
maintenance model that dynamically integrates real-time environmental inputs —
such as corrosion rates and weather severity — into the PAM framework. Unlike static
threshold-based systems, this model continuously adjusts maintenance intervals in
response to changing external stressors. Such responsiveness is especially vital in
offshore and high-risk environments where environmental variability significantly
accelerates asset degradation.

The new model demonstrated the capacity to reduce failure rates by approximately
15% and prevent one to two major incidents annually per platform in simulation-based
trials. These improvements translate into projected savings of $ 5-15 million per
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facility each year. This innovation thus represents a meaningful advancement in
maintenance science, combining technical foresight with economic efficiency.

Furthermore, the model aligns with current industry transitions, supporting goals
of decarbonization, digitalization, and resilience amidst aging infrastructure. The in-
tegration of digital technologies — loT, Al-driven analytics, and digital twins — en-
hances the precision and adaptability of maintenance systems. The hybrid model
capitalizes on these technologies to create a forward-looking strategy capable of ex-
tending asset life and minimizing environmental impact.

However, practical implementation will require real-world validation, especially
in extreme operating environments. Future research should focus on refining the en-
vironmental response algorithms through empirical data, while addressing infra-
structural and workforce barriers to adoption. Solutions such as modular sensor sys-
tems, automated data processing, and targeted technician training may facilitate
broader deployment.

In summary, this study presents a transformative advancement in maintenance
engineering: a hybrid model that blends predictive analytics with adaptive schedul-
ing based on live environmental data. It offers a compelling pathway for the oil and
gas sector to enhance operational safety, reliability, and sustainability, establishing
anew benchmark for maintenance under complex and evolving industrial conditions.
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Abstract: Although petrophysical measurements in today’s hydrocarbon industry are highly
advanced and well-established, there remains considerable room for optimization, particu-
larly in laboratory measurement techniques. While data acquisition methods in the field gen-
erally provide reliable and consistent results, the laboratory-based analysis of core and fluid
samples often faces challenges related to measurement precision, standardization, and effi-
ciency. Factors such as sample handling, preparation procedures, and the limitations of tra-
ditional experimental setups can introduce uncertainties that impact reservoir evaluation. By
refining laboratory protocols, adopting advanced instrumentation, and integrating modern
analytical methods, the accuracy and reproducibility of petrophysical laboratory measure-
ments can be significantly improved, ultimately leading to better reservoir characterization
and more effective resource management. In this context, the measurement procedures car-
ried out at the Petrophysical Laboratory of the Institute of Applied Earth Sciences, University
of Miskolc, were examined to optimize both the measurement methodology and the evalua-
tion methods.

Keywords: petrophysics, laboratory measurement, porosity, permeability

1. INTRODUCTION

Petrophysical properties describe the physical and chemical characteristics of reser-
voir rocks that control the storage and movement of fluids within the pore space.
These properties are essential for accurate reservoir characterization, production
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forecasting, and field development planning. Several properties exist among which
the most fundamental in regards of hydrocarbon production and storage are:

e Porosity — the fraction of the rock volume occupied by void spaces, deter-
mining the rock’s capacity to store fluids.

e Permeability — a measure of the rock’s ability to transmit fluids, controlled
by pore size, shape, and connectivity.

¢ Fluid saturation — the relative proportions of oil, gas, and water occupying
the pore space, which directly influences producible reserves.

e Relative permeability — in multiphase flow the relative value of each indi-
vidual fluid permeability to the total rock permeability in function of satura-
tion levels.

e Grain density and bulk density — key parameters for calculating porosity
and for evaluating rock composition.

e Pore-size distribution — the ratio of volume occupied by each individual
pore-size range in function of the total pore volume.

e Capillary pressure — the relationship between fluid distribution and pore-
size, influencing hydrocarbon recovery efficiency.

While many of these properties can be estimated from well-logging tools, laboratory-
based core analysis remains the most direct and precise method of determining them.
Laboratory measurements allow for controlled testing conditions, standardized pro-
cedures, and calibration of well log-based interpretations. However, despite their im-
portance, laboratory measurement techniques are often subject to limitations in pre-
cision, repeatability, and methodological consistency, which can affect the reliability
of petrophysical evaluations.

In the laboratory of the Research Institute of Applied Sciences of the University
of Miskolc several equipment are present capable of measuring most of these prop-
erties. The primary objective of this work was to optimize the porosity and permea-
bility measurement procedures currently applied in the Institute, ensuring a more
reliable characterization of properties in the future.

1.1. Theoretical background of porosity measurement techniques

Porosity as one of the most important basic parameters of rock material determines
the ratio of the void volume to the total volume of the porous rock (Dotson et al.
1951). Consequently, it provides information about the maximum volume fraction
that can be occupied by fluids in a given rock volume. From the various number of
existing procedures (Lawrence and David, 2015) developed for the estimation/meas-
urement of porosity the most reliable ones are still those performed in the laboratory.
The determination of porosity relies on the combination of at least two volumetric
(Vpore; Verain; Viuik) measurements (Anovitz and Cole, 2015). If either of the three
volumes two are measured porosity can be calculated. However, several volume
measurement procedures exist for all three cases, in laboratory circumstances the
most likely used methods are the following:
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e Gravimetric (Archimedes) Method: This technique is based on determin-
ing the bulk volume or grain volume of the sample through fluid displace-
ment (Luffel and Howard, 1988). The bulk volume is measured by immers-
ing the sample in a liquid of known density, while the grain volume is ob-
tained after saturating the pores and accounting for fluid uptake. Porosity is
calculated from the difference between the bulk and grain volumes.

e Gas Expansion (Boyle’s Law) Method: This method uses the compressi-
bility of a gas — often helium — to determine grain volume. The sample is
placed in a chamber of known volume, and the gas is allowed to expand
from a reference cell into the sample chamber (API, 1998). Applying
Boyle’s law, the grain volume is calculated, and porosity is obtained by sub-
tracting the grain volume from the bulk volume. Helium is preferred due to
its small molecular size, allowing it to penetrate very small pores and mini-
mize adsorption effects.

e Mercury Intrusion Porosimetry (MIP): This technique measures pore
volume and pore-size distribution (Jimmy et al., 2020) by forcing mercury
into the pore spaces under controlled pressures. Since mercury is non-wet-
ting to most rock minerals, it requires external pressure to penetrate the
pores. According to the Washburn equation (Rapajic et al., 2025), the ap-
plied pressure is inversely related to the pore throat diameter. By incremen-
tally increasing the pressure and recording the volume of mercury intruded,
both total porosity and pore-size distribution can be determined. MIP is es-
pecially valuable for analyzing fine pore structures but is a destructive
method and generally unsuitable for very friable or highly fractured samples.

In one of our previous works (Docs and Szunyog, 2024) we already discussed the
pros and cons of the most used combinations of volume measurements. In conclu-
sion, suggesting the combination of a pore and grain volume measurement with the
possibility of the lowest error. Where the procedure for grain volume measurement
would be the two-chamber helium gas pycnometer due to its high accuracy, reliabil-
ity and safety regarding sample integrity. For pore volume measurement unfortu-
nately the altered form of gas pycnometer using a single chamber setup (Rajib et al.,
2012) was not reachable in the Institute and the only solution at hand was the resat-
uration method (with water) was the only solution regarding the large cylindrical
samples. This does not even remotely reach the same accuracy as the gas pycnome-
ter. As a result, until today the Institute laboratory has relied on bulk volume meas-
urements, using digital calipers.

Observing the possible equipment at hand we offered the solution of determin-
ing the porosity of only the small samples used for pore size distribution in MIP
method. Since the grain volumes of these smaller samples could also be measured
via the gas pycnometer at hand. With the two methods both the grain and pore
volumes of these samples could be measured with the highest accuracy possible by
modern day standards.
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1.2. Theoretical background of permeability measurements

Permeability is a key property in materials science, geology, and engineering that
describes how easily a fluid — such as water, oil, or gas — can flow through a porous
material. Its importance lies in:

¢ Groundwater and environmental studies — It determine how quickly wa-
ter moves through soil or rock, which is critical for groundwater recharge,
contaminant transport, and water resource management.

e Petroleum and natural gas extraction — High permeability in reservoir
rocks allows hydrocarbons to flow more efficiently to wells, influencing pro-
duction rates and economic viability.

¢ Civil engineering and construction — Knowledge of soil permeability helps
in designing drainage systems, foundations, and flood prevention measures.

e Agriculture — Soil permeability affects irrigation efficiency, root growth,
and plant health.

o Filtration and barrier design — Controlling permeability is essential in mak-
ing membranes, filters, and liners that either allow or restrict fluid passage.

In summary, permeability links material structure to fluid movement, making it a
fundamental factor in predicting and controlling how natural and engineered systems
behave. Since permeability is the parameter of the porous material it is independent
of the flowing fluid if it is considered as non-damaging for the material.

Therefore, in theory, it can be measured using either liquids (usually water or
brine solution) or gases after using Klinkenberg’s slip correction (Jiang et al., 2024)
as many have suggested in the past. However, many researchers pointed out that
Klinkenberg corrected liquid permeability, usually overestimating the true measured
values (Tanikawa and Shimamoto, 2009). In some more rare cases even underesti-
mate those, although most researchers state that this is usually the case for tighter or
more unconventional rock types there were others proving it at higher permeability
samples (Tanikawa and Shimamoto, 2009). In any case, although the technique of
permeability measurement using both gas and liquid is considered as well refined,
procedures, if not done correctly, could result in extremely high errors.

For this reason, in the Institute for all sample plugs both permeability for gas and
for brine solutions were always measured for samples of permeability above 10 mD.

2. MATERIALS AND METHODS
2.1. In search of the best porosity measurement solutions

As mentioned previously for large symmetrical samples the combination of gas pyc-
nometry and geometric volume measurement was used in the past at the Institute.
For this purpose, a Quantachrome Ultrapycnometer 1200e helium gas pycnometer
was used as the main instrument. The device with the combination of geometric
measurements using digital calipers for highly symmetrical large porosity samples
had mostly shown high accuracy in the case of conventional rock materials. For un-
conventional samples on the other hand where porosity values were below ~5% the
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accuracy of the bulk volume measurements induced major errors in the calculated
porosity values. In some cases, at even lower values negative porosity could occur
where the bulk volume was measured lower than the actual grain volume. This led
to the conclusion that for such tight rocks the porosity of the large cylindrical sam-
ples was not tested due to no accurate solution at hand.

The only other installed porosimeter in the laboratory was a Quantachrome Pore
Master 60GT series MIP which was mainly used for pore size distribution characteri-
zation of small cubic or amorphous samples produced from the offcuts of the large
cylindrical samples. Although the MIP device could measure the pore volume directly
with high accuracy, it was never truly used for porosity measurement because to do so
the equipment required the bulk volume of the small sample to be measured. Although
in the past they were done by digital calipers they were discarded due to their uncer-
tainty regarding the large samples. There were some attempts in the past measuring
the bulk volume by gravimetric method using mercury and relying on weight meas-
urements (sample, empty dilatometer, sample + dilatometer and dilatometer full of
mercury, finally sample + mercury + dilatometer) as described by the Archimedes’
law and implemented in the devices software but were discontinued due to their tedi-
ous nature. Consequently, the measured data were only used in the form of intruded
volumes and not porosity.

Observing the possibilities at hand, our suggestion was that the gas pycnometer
should still be used for the grain volume consequently true density measurement of
the large samples but in the absence of any accurate bulk or pore volume measure-
ment method should not be used for porosity determination. For the small samples
on the other hand the grain volume should be used for porosity determination in
combination of the MIP procedure while the grain density could give a comparison
with the large sample as well.

Providing the most sufficient and reliable volumetric combination for porosity
and pore structure determination mentioned in the literature using those processes
available in the Institute.

2.2. In search of the best permeability measurement processes

However steady state methods for both gas and fluid permeability (k) are well refined
hence considered as rather simple procedures, if not done correctly could result in
significant errors. Also as discussed previously the uncertainties in slip corrected gas
and true fluid permeability correlation are a critical factor.

Consequently, the permeability value of both gas and brine were always meas-
ured by the Institute on all cylindrical samples assuring the highest accuracy possi-
ble. Despite the well-established conditions some improvements could still be made.

2.2.1. Gas permeability procedure

The custom nitrogen gas permeability device was found to be most sufficient and
was validated by a Core Lab Ultra-Perm 610 gas permeameter resulting in average
errors well below 5% at its current state.
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When observing the evaluation process used by the Institute it was found that for
dynamic viscosity (u) calculation in function of temperature (7;.;) an empirical equa-
tion was used (Equation 1) of which exact origin was not known but after further
research was assumed to be a possible alteration of Sutherland’s formula (Equation
2), where the constant value of 111 resembled the S, effective temperature deter-
mined by Sutherland but for air not nitrogen

0,555+540,99+111 ] . [Tlab*9/5]3/2

Hremp. = 0,0177387 * [0.555*(Tzab*9/5)+111 540,99

(1)

We therefore suggested the switch of the formula in use to Sutherland’s version for
better clarity reasons. Therefore, we suggested a test to determine dynamic viscosity
using both equations

Tiap\/2 ([ To+S
Usuthertand = Ho * (%) * (M> ()

Tiab +S#

With the Sutherland’s formula a technical question has risen, could compressed air
be used for measurements instead of nitrogen in the permeameter developed by the
Institute. This if proven accurate, would decrease the cost of measurement by elim-
inating the nitrogen consumption entirely (Mohammed, 2025).

For testing ten samples were chosen for gas permeability measurement with both
air and nitrogen. First the nitrogen measurements were performed in the instrument
after which the canister was switched for compressed air supplied by an oil less com-
pressor. In both cases the same rotameter was applied that was used in the past for
all nitrogen measurements and was validated by the Core Lab Ultra-Perm 610 in-
strument.

2.2.2. Liquid permeability procedure

Although the equipment and procedure of liquid permeability measurement is rather
similar and relies on the pressure drop detection at constant flow conditions it differs
to gas measurement by applying only one single injection rate rather than multiple
ones. During gas measurement multiple runs are important since at higher pressure
differences gas will be increasingly compressed. During liquid measurement, how-
ever due to the incompressibility of the fluid this is not the case.

Fluid permeability measurements usually rely on a single injection pressure (or
rate) during the entirety of the measurement. Permeability is then calculated as the
average of the points at stable flow conditions. However, it is important that the in-
jection flow rate is chosen wisely due to the criteria of laminar flow condition de-
scribed by Darcy’s law. If the preset flow rate reaches a certain value the developed
flow will result in turbulent nature where Darcy’s law will not apply. Hence in all
cases the flow rates used for the measurements must be tested for the different per-
meability rocks to avoid turbulent flow.
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Testing the flow conditions are relatively easy and could be performed by plotting
the Darcy velocity (v) in function of the pressure gradient (Vp) at multiple injection
rates as presented in Figure 1 (Singh et al., 2024). Laminar flow conditions are pre-
sent where a laminar correlation is found between the plotted values. Here the slope
of the linear function presents the ration of dynamic viscosity and the permeability
(Equation 3) which are constant during isothermal conditions. In the past such tests
were performed in the Institute and the optimal injection rate for such permeability
rock was found to be 100 ml/h

—k
v—HVp 3)

= p
E > 2 Non-Darcy
= 2
> 8 .
> Laminar
& (Steady and
Laminar = Unsteady)

/ (Steady)

Head gradient, 7 (-)
Figure 1
Flow regimes according to the velocity and pressure gradient values
(Singh et al., 2024)

Although the single speed volumetric flow method for liquid permeability is mostly
used in the industry it does not always represent the whole picture. If the porous
material is homogeneous in nature, permeability during the darcy region usually
shows a constant value. In some cases, however, where complex porous networks
are present, the permeability will increase despite the linearity (Moghadam and
Chalaturnyk, 2014). The phenomenon is related by the restriction in pore throats
holding back flow in sections of the material. Where the driving force does not exceed
the capillary force.

In shorter terms as flow rate increases, more volume of the porous material con-
tributes to flow presenting as an increase in permeability during laminar conditions.
Therefore, we performed measurements on three samples where permeability at mul-
tiple flow rates were tested covering a higher range than was performed in the past
by the Institute. In the measurements the applied flow rates were chosen so that both
conditions before and after the previously mentioned optimal flow rate (100 ml/h)
could be tested. Therefore, measurements on the three samples were performed at
flow rates of 5, 10, 20, 25, 50, 100, 200, 300, and 400 ml/h.
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3. RESULTS AND DISCUSSION
3.1. Optimization of porosity measurement protocol

After the best combination was found, an investigation of both the helium pycnometry
and MIP measurements for optimization purposes was carried out. All possible
improvement possibilities regarding measurement conditions and data evaluation
were taken into consideration. We found that regarding gas pycnometry no further
possibilities for optimization were found in the institute’s measurement protocol.
Whereas for the MIP we found that several adjustments could be made to improve
the measurement process:

e Measurement of true mercury column height after low-pressure proce-
dure for correction in true mercury column weight acting on the pore
space for improved penetration calculation data before high-pressure
measurement.

e Setting the “Print one out of every .... data points.” from the default 10
to 1 for better data set generation.

e Altering the default “Global Reduction Data Parameters” (pore radius to
diameter, intrusion pressure from PSI to Pascal, unit of pore size from
Angstroms to Microns).

e Changing the “Mode calculated from” option from dX(dr) to dX(dlog) of
which is the preferred as many authors suggest.

Although the previous settings had made significant improvements in data gen-
eration, we found a huge limitation regarding the analysis capabilities in the equip-
ment’s software. Unfortunately, the developer had not made it in mind for data
analysis purposes. The operator, however, has the possibility of choosing from an
enormous amount of preset data tables and graphs, these are for only display pur-
poses and do not have the option for direct data export. In addition, due to data
formatting and the limitations of EXCEL data copying the data could not be trans-
ferred directly into .xlsx format.

However, through trial and error, a manual solution for data export was found,
allowing all necessary intrusion data to be imported into .xIsx format. Afterwards,
based on literature and personal experience, an evaluation sheet was made (Figure
2) capable of not only displaying the required graph combinations but also calcu-
lating and visualizing (adjustable) user-defined pore size ranges and their contri-
bution to the total pore structure, while also capable of calculating the mode pore
diameter of the sample. Providing a much more reasonable solution for data anal-
ysis than what was obtainable using the factory software of the MIP device.

The new Excel sheet was used to characterize the pore structure of 3 samples
(Table 1) which were chosen for the liquid permeability measurement due to their
almost exact pore range stats. The percentage of each pore size range was calculated
as the ratio of the cumulative volume occupied by all pores within the given range
to the total pore volume.
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Screenshot of the newly developed MIP data analyzing excel sheet
Table 1
Pore size distribution of the chosen samples
Sample A Sample B Sample C
Mode pore diameter (um) 16.73 16.36 19.24
Porosity (%) 23.93 25.82 24.30
Pore size range 1000-300, % 0.0000 0.0000 0.0000
Pore size range 300-30, % 4.4395 4.9643 7.0189
Pore size range 30-10, % 48.4789 59.1777 42.2008
Pore size range 10-5, % 12.2529 8.8254 7.7207
Pore size range 50,1, % 25.6601 21.6696 34.3046
Pore size range 0,1-0,001, % 4.7058 1.8912 6.0538

3.2. Optimization of gas permeability measurement protocol
3.2.1. Dynamic viscosity

Sutherland’s equation is a widely used one for its reliability and efficiency therefore
after testing it at a temperature range usually present during measurements, we sug-
gested it rather than the one permanently used due to the less than 1 % error rate
(Table 2). The constants in the formula were Ty (273), po (1,663*%107) and S, (107).
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Table 2

Difference between the two viscosity formulas

Temperature [C°] | Original [mPas] | Sutherland [mPa s] Error [%)]

20.0 0.017400407 0.017572919 0.9914
20.2 0.017409604 0.017582118 0.9909
20.4 0.017418798 0.017591313 0.9904
20.6 0.017427989 0.017600506 0.9899
20.8 0.017437177 0.017609696 0.9894
21.0 0.017446362 0.017618882 0.9889
21.2 0.017455544 0.017628066 0.9884
21.4 0.017464723 0.017637247 0.9878
21.6 0.017473899 0.017646424 0.9873

As predicted, the calculated dynamic viscosity values for the tested temperature re-
gion were almost a par with an absolute error of <1%. Although due to the unknown
origin of the equation we still recommend Sutherland's formula for future use.

3.2.2. Measuring gas

Although rotameters are always calibrated for a single gas if two or more gases char-
acteristics are similar, the same rotameter can be used if the correct constant for the
gas is determined.

The reason why Sutherland’s formula could be used for air although being a gas
mixture is that both nitrogen and oxygen bear similar molecular properties (weight,
collision diameter, intermolecular force characteristics) hence the individual viscos-
ity-temperature relationships of both gases are close enough that the mixture behaves
as of a single “effective” gas.

Explaining why the rotameter factory calibrated for air (with an original constant
of 1.5) could be used sufficiently with nitrogen (laboratory calibrated constant of
1.317) in the past. After the rotameter was recalibrated for air the flow constant of
1.3 was found accurate. The difference in the factory and laboratory calibration was
dedicated to the wear of the instrument. The results for both absolute permeability
and Klinkenberg corrected permeability measurements measured with air and nitro-
gen using Sutherland’s viscosity formula are shown in Table 3.

Table 3
The error between nitrogen and air permeability values
Sample ID Nitrogen Air Air/N2 Air/N2
Ka Ko Ka Ko Ka Ko
mD mD mD mD Yo %
A 328 184 312 172 4,7339 6,3456
B 240 123 289 120 20,6381 2,1926
C 327 123 328 131 0,3508 5,9719
D 240 201 241 183 0.5611 8.5497
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Sample ID Nitrogen Air Air/N2 Air/N2
Ka ko Ka Ko Ka ke
mD mD mD mD %o %

E 323 277 312 162 3.4392 41.2995

F 338 236 333 235 1.4330 0.5696

G 249 143 257 144 3.3101 1.2131

H 254 157 255 156 0.3159 0.2578

1 261 160 264 158 1.4668 1.4073

J 293 188 295 193 0.4556 2.7287

As results show, measurements done using compressed air were in most cases near
5% absolute error taking into consideration the absolute permeability (k.) and
Klinkenberg corrected permeability (ko) pairs of measurements. And in only two
cases were they significant which after re measurement were discarded as human
error. Consequently, our suggestion was the alteration of the permeameter to com-
press air from nitrogen using Sutherland’s formula.

3.3. Optimization of liquid permeability measurement protocol

During the laminarity to turbulent measurement, first the original speed was tested and
paired with past measurements to assure precision. In all three cases the new measure-
ment is verified with the original values measured in the past. The values in Table 3
present the old and new values measured in 100 ml/h flow rate. After the first meas-
urement the order was as follows 25, 50, 200, 5, 10, 20, 300, finally 400 ml/h. The
permeability values are presented in Table 4 while the velocity and pressure gradient
values are shown in Figures 3—5. As described previously Darcy’s equation can only
be applied where the relation between velocity and pressure gradient is linear.
Table 4
Original and newly measured permeability values

Permeability, mD Sample A | Sample B Sample C

5 ml/h_injection rate 285.6504 172.4678 85.5052

10 ml/h_injection rate 275.6974 181.5930 102.7001

20 ml/h_injection rate 271.8311 194.5580 99.1388

25 ml/h_injection rate 67.5099 102.6594 104.2651

50 ml/h_injection rate 127.4449 142.7819 103.5245
100 ml/h_injection rate 183.6688 184.3201 102.7830
200 ml/h_injection rate 258.9328 212.8676 119.6659
300 ml/h_injection rate 264.1225 190.4551 106.9153
400 ml/h_injection rate 263.0806 172.77779 102.1984
Divergence from Darcy, % Sample A | Sample B | Sample C

5 ml/h_injection rate 104.2641 | 116.7713 388.0938
10 ml/h_injection rate 109.3979 | 142.2884 242.0618
20 ml/h_injection rate 121.6603 | 262.5655 27.7291
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25 ml/h_injection rate 20.3243 3.2025

23.4031

50 ml/h_injection rate 22.3935 2.2329

0.0361

100 ml/h_injection rate 3.8517 0.3333

8.9033

200 ml/h_injection rate 0.6123 0.0163

2.6024

300 ml/h_injection rate 14.4137 16.8071

10.0113

400 ml/h_injection rate 21.6594 26.9587

14.6353

Velocity and pressure gradient values for Sample A

——25-200mU/h_region  ——200-400mU/h_region & SmUh_injectionrate  ® 10mUh injectionrate @ 20mUn_injectionrate @ 25mU/h_injection rate

® 50mUh_injectionrate ® 100mU/h injectionrate ® 200mUnh injection rate ® 300mUh injection rate & 400mU'h_injection rate

q/A_average, cm/s
g

Ap/L averagé, bar/cm
Figure 3
Velocity and pressure gradient values for Sample A
Velocity and pressure gradient values for Sample B
——25-200mUh_region ——200-400mU/h_region ® SmUh_injection rate ® 10mUh_injectionrate @ 20mUh_injectionrate @ 25mUh_injection rate

® S50mUh_injectionrate @ 100ml/h_injection rate ® 200ml/h_injection rate ® 300ml/h_injection rate ® 400mi/h_injection rate

q/A_average, cm/s

Ap/L_average, bar/cm

Figure 4
Velocity and pressure gradient values for Sample B
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Velocity and pressure gradient values for Sample C

——25-200mU/h_region ~——200-400mU/h_region @ SmUh_injectionrate @ 10mU/h_injectionrate e 20ml/h_injectionrate @ 25ml/h_injection rate

e 50mUh_injectionrate e 100mUh_injectionrate & 200m/h_injectionrate e 300mU/h_injectionrate e 400ml/h_injection rate

/ |

q/A_average, cm/s

Ap/L_average, bar/cm

Figure 5
Velocity and pressure gradient values for Sample C

Results show that for all three samples three individual sections were present. At
flow rates of 5, 10 and 20 ml/h presumably the so-called pre-Darcy region, at 25, 50,
100, and 200 ml/h the well-developed Darcy region, and covering the 200, 300 and
400 ml/h points deviated from the linear presenting pressure drops higher than those
assumed by Darcy’s law.

Although at first sight at Sample C the pre-Darcy region did not appear to be
present, however, calculating the divergence from the Darcy section showed other-
wise. The pre-Darcy region as many stated is a chaotic flow region in which the
pressure drop effects are not yet established. Consequently, we discarded the section
in the further analysis. Concentrating only on the linear and post-linear sections.

Numerous researchers have presented that Darcy’s law has its limitations and can
only be applied for a narrow pressure region where the pressure drop is mainly in-
fluenced by viscous forces. These flow conditions are primarily dominant in the res-
ervoir section further from the wellbore area where Darcy’s law at the elevated ve-
locity does not apply even if laminar flow conditions are present. This transient pre-
turbulent region is known as the Forchheimer region. Forchheimer’s solution (Equa-
tion 4) by presenting and adding an inertial term to Darcy’s equation had proven
great correlations not only for the post-Darcy laminar but for the true Darcy region
as well (Bagci et al. 2014), (Sedghi and Rahimi, 2011).

The Forchheimer equation is essential in reservoir-scale modeling and field-scale
forecasting because it accounts for non-linear flow behavior that becomes significant
at high flow velocities, especially in high-permeability formations, near-wellbore re-
gions, and during enhanced recovery operations. Unlike Darcy’s law, which assumes
purely viscous (linear) flow, the Forchheimer model incorporates inertial effects,
providing a more accurate estimation of pressure drops and flow rates under realistic
field conditions. Neglecting these non-linearities can lead to underestimation of
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pressure losses and overprediction of production rates, ultimately reducing the reli-
ability of reservoir performance forecasts and development planning.

Consequently, providing a solution for better estimations for pressure drop esti-
mation at higher fluxes in the porous media while also proving sufficient in the low
velocity Darcy region. Consequently, providing a more accurate method for pressure
drop calculation at the wellbore sections and for different injections (such as fluid
injection; underground gas storage etc.) type processes. We therefore suggested the
implementation of the Forchheimer formula to be used instead of Darcy’s during the
permeability measurement to improve the reliability of the measurements while
providing additional information for pressure drops at higher velocities

Vp = Lv+ fpv? (4)

In his solution, the pressure gradient equals two pressure drop effects. The first part
refers to where the viscous forces dominate (Darcy, laminar linear) and the second
where at higher speeds the inertial forces are more dominant (Forchheimer, laminar
flow but not linear relations). In the equation B (1/m) is Forchheimer’s constant
which quantifies how strongly the inertial effects contribute to the pressure loss. And
its value changes according to the pore geometry, tortuosity and grain-size distribu-
tion of the porous material.

By applying its quadratic form for all speeds except the ones at the pre-Darcy
region high correlations were found for all three measured samples (Figure 6-8)
where the divergence of values calculated with both cases for the Darcy region was
minimal (Table 5).

Darcy and Forchheimer fitting of Sample A
® 25-400mU/h injectionrates ——Darcy Forcheimer

Ap/L_average, Pa/m

q/A_average, m/s

Figure 6
The result of Darcy and Forchheimer fittings for Sample A
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Darcy and Forchheimer fitting of Sample B

® 25-400ml/h_injectionrates ——Darcy ——Forcheimer

Ap/L_average, Pa/m

q/A_average, m/s

Figure 7
The result of Darcy and Forchheimer fittings for Sample B

Our conclusion after both methods was that the inflexion point was in all cases lo-
cated at 200 ml/h where the maximum permeability value was measured and be-
longed to a permeability exceeding the original 100 ml/h value. This marked the true
Darcy potential and the beginning of the Forchheimer region for all three selected
samples. Also, the original assumption in the past that higher than 100 ml/h speeds
would cause turbulent flow was proven false by the excellent regression on Forch-
heimer’s equation.

Darcy and Forchheimer fitting of Sample C

& 25-400mU/h_injection rates ——Darcy ——Forchheimer

QOp/L_average, Pa/m

0,00002 0.00004 0,00006 0,00008 0,0001 0,00012

q/A_average, m/s

Figure 8
The result of Darcy and Forchheimer fittings for Sample C
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Table 5
Divergence in the pressure drop calculated with Darcy and Forchheimer solutions

Solution Sample A | Sample B | Sample C
Darcy regression 0.9921 0.9998 0.9919
Forchheimer regression 0.9987 0.9993 0.9979
Divergence at the laminar section, %

25 ml/h_injection rate 1.9836 7.6182 1.5690
50 ml/h_injection rate 0.8621 2.0243 2.3605
100 ml/h_injection rate 2.3631 5.8081 2.1990
200 ml/h _injection rate 2.2915 2.9664 3.3134

The significance of this maximum permeability value in reservoir simulation prac-
tices is that it presents the lowest pressure gradient obtainable in the pore structure
of the sample when fluids are moving on the rim of the wellbore’s drainage area.

According to the test data we highly suggest the implementation of a new liquid
permeability protocol where the permeability of such porous rock would be meas-
ured at multiple rates following the exact order of 50, 100, 200, 300, 400, and 200
ml/h. The second 200 ml/h step should be included to test if any porosity decremental
effect had occurred during the higher velocity steps that would permanently damage
permeability (Kozhevnikov et al., 2024).

4. DISCUSSION AND CONCLUSIONS

In this study, we critically evaluated and optimized the porosity and permeability
measurement protocols employed in the petrophysical laboratory of the Research
Institute of Applied Earth Sciences, with a focus on enhancing their relevance and
reliability in the context of modern hydrocarbon reservoir characterization.

While the existing protocols aligned broadly with current standards, we identified
key areas — specifically in pore-size distribution analysis, gas dynamic viscosity cal-
culation, and pressure drop estimation — where targeted methodological refinements
led to measurable improvements in accuracy. These improvements directly impact the
precision of reservoir property assessments, such as fluid flow behavior and storage
capacity, which are critical for reliable reservoir modeling and production forecasting.

Importantly, these enhancements were achieved without additional capital invest-
ment, by maximizing the capabilities of existing laboratory infrastructure. This
demonstrates that even mature measurement workflows can yield significant perfor-
mance gains when subjected to focused scientific scrutiny, ultimately contributing
to more robust and cost-effective hydrocarbon reservoir evaluation.
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Abstract: The Praid salt mine, Romania was flooded by the Corund Creek in May 2025,
which changed the hydrodynamic and environmental conditions of the site. To provide an
overview of the situation, we discuss the geological processes forming the salt diapir,
highlighting its hydrogeological aspects. We also present the previous mining activities, and
the most probable process of the water intrusion into the mine areas. Since a new situation
arose as a result of the inrush of water, we analyze the hydrodynamic processes of the recent
(flooded) state and we give an outline of future possibilities.

Keywords: Praid, salt mine, flood, salt diapir, hydrodynamics

1. INTRODUCTION

The Praid Basin lies at the eastern edge of the Transylvanian Basin and the Gurghiu
Mountains and is part of the “Salt Region”. In a broader sense, the Praid Basin
extends around the Salt Hill called Muntele De Sare (Sohat) (Figure 1) with its three
settlements of Praid (Parajd), Ocna de Jos and Ocna de Sus (Alsé Sofalva and Fels6
Soéfalva). The small, triangle shaped basin, which is no more than 2 km wide and 7
km long, points southeast towards Corund city and connects to the Sovata Basin in
the northwest through the Tarnava Mica (Kis-Kiikiill9) river’s valley. In the middle
of the Praid Basin lies the salt hill, with the highest point of 576 m above sea level,
which is the exposed surface of a salt diapir, extending to a depth of 2.7-3.0 km. The
Praid salt dome is one of the largest geological formations of its kind in Europe, with
an elliptic horizontal cross-section with axes approximately 1200 and 1400 m long.
Salt mining dates back to the Middle Ages, but industrial deep mining only began
in the 18th century, when the Jozsef Mine was opened in 1762 in the southwestern part
of the hill, under the leadership of Austrian mining engineer Aladar Frendl (Horvath,
1998). Subsequently, mining cavities and chamber and pillar type excavations were
developed on several levels down to a depth of 400—410 m below the surface.
Experts had already drawn attention to the danger of flooding of the mine areas
in 2007 (Deak et al., 2007a), and in recent years there have been several minor water
ingress incidents from the Corund Creek, which were stopped by water management
experts after a short or longer period of time. In one such case, the lowest mine level
was covered with more than 1 m of water, which allows us to predict the likely
consequences in the current situation. It was interesting to note that the flooding
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caused only minor damage to the mine walls, with a few centimeters of dissolution
during several months of flooding period.

a187200
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Figure 1
3D view of the Salt Hill (Sohat, Muntele De Sare, units are given in meters)

Unfortunately, despite increasingly frequent warnings, the underground mine areas
were not isolated from the Corund Creek. A flood situation developed on the Corund
Creek at the end of May 2025, when the creek, which has a small catchment area
and therefore capricious flow rate flux fluctuations (the creek is 19.6 km long,
catchment area 137 km?; average slope of the riverbed 24.7 m/km, 10-year [10%]
frequency water discharge 70 m*/s, 100-year [1%] frequency discharge — 200 m?/s
based on data provided by Romanian Water Authority), a flood wave with a
discharge of 60 m?/s formed, resulting in a much stronger water intrusion into the
so-called “Parallel mine” from the Salt Canyon direction on 27 May 2025, than
previously. During the water intrusion, the entire water flow of the stream rushed
into the mine cavities, resulting in the entire underground cavity system being filled
to a level of 477 m a.s.l. (the level of the Corund Creek) by 29 May 2025. The salt
miners tried until the very end to prevent the entire cave system from flooding by
carrying out underground work, but the underground protective structures were
washed away by the flood, so these efforts were unsuccessful. Fortunately, the flood
did not claim any human lives.

2. METHODS

Elevation data for the larger area are from EUSTAT website (https://ec.europa.
eu/eurostat/web/gisco/geodata/digital-elevation-model/eu-dem) using the appropriate
cutoff from the 30 m horizontal and 1 m vertical resolution EU-DEM grid.
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Large resolution Digital Surface Model (DSM) based on LIDAR
photogrammetry recordings were made by the Babes-Bolyai University, Cluj-
Napoca, Romania, with a horizontal resolution of 44.3 - 44.3 mm. Due to the need
of high frequency DSM recordings (1-2 DSMs/day) there was no possibility for
strong post processing and recalibrating of the images that lead to large elevation
errors at locations with recordings from fewer drone positions and also in absolute
elevation data. To reduce these errors, we performed a subsequent recalibration
based on standalone buildings and other georeferencing points. Based on cross check
of several images the relative error was decreased below approx. 10 cm, the absolute
error below approx. 50 cm which made the DSMs usable. In most cases we used
DSMs for comparative analyses that further reduced the errors.

The maps of underground openings and cavities were digitized from ancient mine
maps by the support experts of the Romanian partners. Due to different and partially
unknown local reference systems used at the surveys the boundary lines are converted
to world coordinates by approx. 2-5 m lateral accuracy. The schematic cross section
of the underground mine areas used in several explanatory figures was presented by
SALROM specialist, Szilamér J. Kovacs geologist without further citation.

All Corund Creek parameters were determined by the Romanian Water Authority
based on the statistical evaluation of long-term measurements of water stages and
flow rates. The sodium chloride concentrations were estimated based on electric
conductivity measurements measured by in situ testing devices.

3. GEOLOGY OF THE SALT DIAPIR

The formation of the Praid salt deposits is summarized based on the works of Istvan
Horvath (1998, 2011) and the website www.salinapraid.ro. The Transylvanian Basin
was formed by continuous subsidence at the end of the Cretaceous period and the
beginning of the Paleogene period, while the neighboring Carpathian Mountains
were uplifted.

The Praid salt dome itself was formed approximately 20-22 million years ago,
during the Middle Miocene, Lower Badenian geological period. At that time, the
shallow inland sea that had formed in the basin was separated from the ancient
Tethys Sea, and the salt layers precipitated as a result of strong evaporation were
deposited in the basin, which was sinking in the meantime. The current extent of the
Transylvanian salt layer is approximately 16,200 km?, with an average evaporite
thickness of around 250 m (Figure 2).

The constant sinking of the basin resulted the formation of a nearly 5,000 m thick
sedimentary formations during the subsequent geological eras, which was deposited
on top of these salt layers. The salt mass therefore once lay deep below the younger
layers, and the roots of the elliptical salt body in Praid is still at a depth of 2,700—
3,000 m today. Under the significant pressure of the overlying rocks, the salt, like a
plastic, dense liquid, was pressed towards the edges of the Transylvanian Basin. In
the diapir fold zone, the plastic salt layers were compressed by enormous forces and
pushed upwards towards the surface along existing fault lines in the form of salt
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domes. Where the salt folds could not rise to the surface, they became stuck at
various depths and formed so-called crypto-diapirs.
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Figure 2
An E-W and N-S geological cross section through the Transylvanian Basin
(Tamas et al., 2025)

Paleogene sediments are found on the edge of the Transylvanian Basin, sloping
towards the interior of the basin. Within this area lies a zone of diapiric folds, where
deep-seated salt domes rose to the surface and broke through the younger
sedimentary layers. In the central part of the basin, there is a region of wide, circular
wave folds, known as domes, in whose porous rocks considerable natural gas
deposits accumulated during the Upper Badenian, Sarmatian, and Lower Pannonian
geological periods.

The four important layers of the Badenian sequence, from bottom to top, are the
Badenian tuff, the Globigerina marl, the evaporites (salt and gypsum layers), and
finally the shale and clayey marl layer, which is the cap rock of salt diapirs.

The Pleistocene strata are discordantly deposited on the Badenian strata. These are
the products of post-Pliocene Harghita volcanism, i.e., volcanic agglomerates and
breccias consisting of pyroxene and amphibolite elements and grayish tuffaceous
binding material. The volcanic rocks are several hundred meters thick and form the
main landforms surrounding the Praid Basin. The uppermost layer consists of
Holocene sediments, which consist of river sediments, alluvial cones, sand and gravel
deposits, soils, and carbonate deposits (e.g., Corund aragonite spring sediments).

One of the characteristics of the Praid salt deposit is that it contains interbedded
rocks (crystalline schist, dolomite, quartzite, layered sandstone, clay schist, marl)
and rock inclusions. The Praid salt is densely layered, with snow-white and dark gray
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salt layers alternating rhythmically, and the folds of the layer lines were clearly
visible on the walls of the salt chambers.

As already mentioned, the Praid Salt Dome was formed during tectonic processes
when the crumpled salt dome pierced through the younger layers of the Neogene
strata. This process modified the water network of the basin. The emergence of salt
hill caused hydrographic changes in the area where the Tarnava Mica river and
Corund Creek meet. The emergence of the salt diapir formed a barrier to the flow of
the Corund Creek, while the larger Tarnava Mica river was able to keep pace with
the emergence of the salt dome and gradually deepen its erosional valley. The
Corund Creek probably broke through the diapir area in the southern part through a
valley-like depression formed by the collapse of salt karst cavities along tectonic
lines, thus creating the Salt Canyon (Canionul De Sare, S6szoros) in Praid.

In the salt mountain zone, numerous salt karst phenomena can be observed on the
surface, where smaller and larger, partly clay-lined funnels and depressions occur,
resembling the karst phenomena of limestone regions: dolines, sinkholes, potholes,
and karst fields. Some of the dolines and sinkholes are constantly forming and
deepening, partly due to the infiltration of rainwater and partly due to the collapse of
dissolution cavities formed by underground seepage. Some larger sinkholes are
traces of ancient, irregular surface mining, in some cases irregular cavities left by
Roman salt mining, or more recent illegal mines from which the local population
stole salt during the prohibition period.

The sodium chloride content of Praid rock salt is between 94 and 98%. Unlike
the salt deposits in the surrounding area, the productive salt body contains only very
small amounts of gypsum and anhydrite (www.salinapraid.ro).

4. THE HISTORY OF THE PRAID SALT MINE, GEOMETRY OF UNDERGROUND MINE
CAVITIES

The website of the Praid salt mine (www.salinapraid.ro) provides a detailed history of
mining based on Horvath (1998), the most important details of which are as follows:

Systematic salt mining in Transylvania began during the Roman Empire, and
after they abandoned it, the so-called surface “salt cutting” was continued first by
the Avars and then by the Bulgarians. After the Hungarian conquest, King Stephen’s
salt transport ships regularly sailed on the Mures (Maros) River after 1003.

The Transylvanians had the ancient right to freely exploit natural resources, from
which their free “salt right” originated, the continuous restriction and authorization
of which depended on the historical balance of power. The earliest written record of
salt mining is King Andrew II’s 1222 charter of privileges for the German Order of
Knights of “Barcasag”, which granted them permission to operate salt-carrying ships
on the Mures (Maros) and Olt rivers.

In 1405, King Sigismund of Luxembourg banned the opening of salt mines by
local landowners, while in 1463, King Matthias confirmed the Transylvanians’
right to use salt.

Until 1562, salt was the public property of the Transylvanian people, which meant
that every household could obtain salt free of charge. Until 1562, salt was the
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common property of the Székely people, which meant that every Székely household
could obtain salt free of charge, but this ceased after the suppression of the Székely
uprisings, as King John II Sigismund confiscated the salt mine in Praid for the benefit
ofthe royal treasury. The election conditions of Transylvanian princes Gabor Bathori
(1603), Istvan Bocskai (1605), Gabor Bethlen (1613), and Gyorgy Rakoczi 1 (1631)
included respecting the ancient freedoms of the Transylvanians and guaranteeing
their free salt rights, but the free salt to which the Transylvanian people were entitled
was only restored during the war of independence led by Ferenc Rakoczi II.
Underground mining began in Praid in 1762, when the Jozsef Mine, which was
geotechnically very stable and bell-shaped, was opened.

In 1787, the Praid salt mine became the property of the Vienna treasury. In 1864, the
trapezoidal Parallel (Parhuzamos) Mine was opened, at the same time as the Nandor
Mine was expanded. In 1898, the Erzsébet exploration tunnel began to be excavated in
the northwestern part of Salt Hill. The medieval mining technique was reorganized after
World War [, and in 1945, explosive salt mining was introduced. Between 1947 and
1949, the Dozsa Gyorgy Mine was opened, but the Parallel Mine was still in operation
until 1954. In 1972, work began on opening a new mining section in the north-eastern
part of Salt Hill, but the work was abandoned due to quality indicators.

In 1978, new underground levels were created beneath the old mine chambers, with
12 m high, 20 m wide and 200 m long chambers, and later (in 1991) the development
of the Telegdy Mine section began in the north-eastern part of the salt deposit with 16
m wide and 8 m high chambers, with square support pillars between them with a cross-
section of 14 m x 14 m. The extent of the mine cavities throughout the entire Salt diapir
is shown in Figure 3, for better presentation of the underground mining areas a 3D
figure taken from the work of Dedak et al. (2007b), is presented (Figure 4.)

~— Parallel-mine

— Dézsa-mine

Tourist-center o
| — Telegdy-mine I
Deep level mine openings | =
'~ 617 m elevation tunnel
~—— Main tunnel
| — Erzsébet-tunnel

| — Jozsef-mine

As Figures 3 and 4 clearly show, the bell-shaped dome of the Jozsef Mine and the
pyramid-shaped ceiling of the Parallel Mine are closest to the surface. The former
collapsed in a small area over time, which is why this area was covered with a larger
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roof structure on the surface to protect it from rainwater. There have also been minor
collapses deeper in the mine. The wider pillar separating the Jozsef- and Parallel
Mines collapsed in the middle section, and there have also been minor and major
collapses in the ceiling of the parallel mine during water ingress. Most of these
cavities were filled with concrete and clay fillings in an attempt to eliminate them.
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Figure 4
3D view of mine openings in the Southern part of the Salt Hill (Dedk et al., 2007b)

5. PROCESSES OCCURRING DURING WATER INRUSH, HYDROGEOLOGY AND
HYDRAULICS OF THE SYSTEM, STABILITY AFTER FLOODING

Over the past decades and centuries, numerous dissolution cavities and cavity
systems have formed in the salt dome. Some of these were formed by water
infiltrating along the fault systems in the area and, due to prolonged dissolution
processes, could be as deep as 10—15 m below the surface (these are patterns of
natural salt karstification).

The dissolution cavities were tapped through the vein systems by the mine
cavities, and periodic “sweating” and seepage in the ceiling zones of the mines
seemed natural over time, which the miners continuously pumped out from the mine
areas. Occasionally, these slow dissolutions caused minor or major collapses, one of
the largest of which was the collapse of part of the ceiling of the Jozsef Mine. These
cavities were fed partly by sinkholes formed on the left bank of the Corund Creek
and partly by fresh water slowly seeping along the veins and cracks crossing the
stream, causing a continuous dissolving of salt.

In addition to this natural cavity formation, however, dissolution cavities also
formed at the contact surface of the salt dome and the alluvium of the Corund
Creek, as a kind of discontinuity, but these were of minor importance before the
flood of the mine.

When the water broke through, the stream found its way to the former karstic
cavities, where the continuous inflow of fresh water increasingly dissolved the salt
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formations, widened the cracks, and then broke through walls of the existing cavity
system leading to the Parallel Mine’s roof level (Figure 5). At first, this process only
led to a low flow towards the mine, but with the continuous dissolution of the
cavities, in its final state it was able to swallow the total discharge of the creek, which
at that time was approximately 60 m?/s.

This intruding water first spread across the floor level of the Parallel Mine, then
poured down deeper and deeper levels along shafts, inclining shafts, blind shafts, and
previous drill holes (Figure 6). In this phase, not only the dissolving effect of fresh
water, but also the mechanical force of the turbulently flowing water destroyed the salt
rocks. According to the miners, the water rushing downwards dissolved the salt in a
zone several meters wide, even exceeding 10 m in diameter, along the drill holes as it
flowed towards the deeper levels. Once it reached the deepest levels, the water filled
the mine from the bottom up, causing, for example, the wooden support structures of
the Parallel Mine were crushed into the adjacent mine chambers, confirming that the
water ingress occurred through the Parallel Mine and that any inflows into the Jozsef
Mine from the surface were negligible during the water ingress process.

As a result of the water ingress, by 29 May 2025, the entire underground cavity
system had filled up to the level of the Corund Creek, i.e., 477 m a.s.l. The total volume
of the mine cavities can only be estimated with a high degree of inaccuracy based on the
time required for flooding and the estimated average discharge of the creek. According
to those calculations a total volume mine cavities of 47 km? was determined.
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Figure 5
The direction of freshwater inflow can be easily traced on the surface relief
based on the collapse of underground cavities (evaluation based
on photogrammetry-based [LIDAR] DSM by Babes-Bolyai University,
Cluj-Napoca made on 13. 06. 2025)
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The fresh water entering the mine gradually dissolved more and more salt through
the dissolution and erosion processes described above, and also dissolved the salt
stored in the area of the former and current mining cavities. The salt deposits stored
in the mine chambers are significant in that the dissolution of the mined powder and
debris-like salt is much faster due to its large surface area than the dissolution of the
salt walls along the pillars, which could have significantly reduced the rate of
dissolution from the pillars.

Salt Hill (576 m a.s.l.)
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Corond Creek
Future riverbed
of Corond Creek

&8 % B

Figure 6
Schematic representation of the flooding of the studied salt mine

The saturation concentration of sodium chloride is 359 g/dm? at 25 °C, which varies
only a little with temperature (375 g/dm? at 60 °C) and pressure. This is important
because the temperature in deeper mine cavities is higher than near the surface, but
at the same time, no significant change in solubility is to be expected. Considering
the total filled volume of 4-7 km?, a total of 1.4-2.5 million metric tons of salt was
dissolved in the mine in a few days. According to online sources (Széchely, 2015),
the mine’s annual salt production was 120—150 thousand metric tons, which means
that in 3-5 days, the salt equivalent of 10-20 years of production dissolved in the
mine cavities. However, the density of saturated NaCl salt solution is 1170 kg/m?,
which is 17% higher than that of water, which is significant in terms of the
hydrodynamics and stability of the area after filling.
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According to measurements, the salt solution reached saturation in the mine
chambers within a few days (by 5 June 2025) in the Jozsef Mine and in 3 weeks it
the Telegdy Mine (Mathé et al., 2025) at the farthest and highest point from the water
ingress point. From this point on, no further dissolution of salt could occur at the
contact surfaces with the saturated salt solution. However, salt dissolution does occur
after filling, wherever the saturated solution is diluted due to the infiltration of fresh
water into the mine areas. Since the amount of water in the mine is nearly constant
(corresponding to the current water level of the Corund Creek), a quantity of
saturated salt solution corresponding to the amount of fresh water currently entering
the mine escapes from the mine cavities, primarily into the Corund Creek,
maintaining higher salt concentrations than before on a permanent basis.

The most typical inrush pathlines can be determined based on surface subsidence.
The map shown (Figure 7) is based on topographical surveys conducted by Babes—
Bolyai University on 4 and 14 June 2025, which, due to the lack of postprocessing,
remain somewhat inaccurate but are nevertheless representative. The changes in
terrain clearly show the main direction of the water intrusion, as well as the alternative
stream beds created during the defense measures, which are also capable of directing
water in this main direction. In addition, the eastern parts also show the zones where
the increasingly saturated waters from the near-surface mining areas seep out. These
zones transport the waters partly from the Parallel Mine and partly from the Jozsef
Mine towards the Corund Creek. The driving force behind the seepage is the water
stage gradient (slope) in the Corund Creek, which reaches 2-3 m in the area (between
the two ends of the Salt Canyon), depending on the water level, but also exceeds 1.5
m in the mining area. This driving force induces leakage towards the mine areas on the
upstream side and discharges the mine cavities on the downstream side, which induces
continuous freshwater infiltration, salt dissolution and then saltwater outflow.

— Doézsa-mine
Tourist center ’
Deep level mine openings |
e a———— e—

Figure 7
The recently possible directions of freshwater recharge and salty water discharge
based on the surface relief survey of underground cavities (evaluation based
on photogrammetry-based DSM by Babes-Bolyai University, Cluj-Napoca made
on 14. 06. 2025)
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This also means that until the water of the Corund Creek is completely isolated from
the mining areas, continuous salt dissolution will occur partly from the alluvium of
the Salt Canyon area and partly from the mine cavities (Figure 7).

In addition to this constant slow salt leaching, fluctuations in the water level of
the Corund Creek also generate salt yields, as the water level in the mine cavities
follows the changes in the water level of the creek with a delay of at most half an
hour to an hour, so that during floods, fresh water pushes towards the mine, and
during low water levels, salt water seeps out of the mine cavities.

The salt loss intensity from the mine area can be estimated based on the actual
discharge, sodium and chloride ion concentrations of the Corund Creek and the
Tarnava Mica river. The sodium and chloride concentrations can generally be
determined based on electric conductivity (EC) measurements. Assuming that the
change in EC is caused solely by the dissolution of sodium chloride, then 0.336 times
the conductivity measured in uS/cm is equal to the chloride content in mg/dm?, and
keeping in mind that mainly sodium chloride is dissolved, then based on the molar
mass ratio of Na and Cl atoms, the sodium ion concentration is 64.8% of the chloride
ion concentration and the “concentration” derived from the leached NaCl is 1.366
times the chloride ion concentration. The total yield of sodium chloride dissolution
from the mine can be calculated as the product of brine concentration and the
discharge of the creek or river.

Based on the salt loss intensity calculations, it appeared that the initial salt
dissolution rate of 1300 t/d at the end of May (just after the mine flood) had decreased
to 170 t/d due to the initial measures and the trend of decreasing Corund Creek
discharge and water levels, which was temporarily and suddenly raised to 3900 t/d by
riverbed relocation and related construction works. This large excess dissolution
caused the damage to wildlife observed in the Tarnava Mica river (Mathé et al., 2025).

Mathé and his co-authors (2025) simultaneously measured the EC of the Corund
Creek and the Tarnava Mica river and found that the concentration of the Tarnava
Mica river decreased only to nearly one-fifth (21.3%) due to dilution. The brine
concentration of the Corund Creek decreased from 10 g/dm? to 3 g/dm? during the
initial period mentioned before, which suddenly increased to a concentration of 30—
80 g/dm* during the initial construction works and relocation of riverbed, then
decreased to between 8 and 5 g/dm? during the period of June 20 and 30 2025, and
later fluctuated between 2—6 g/dm? until July 20, based on the conversion of EC data
available in public communications (Maszol.ro, Szekelyhon.ro, ZiarHarghita.ro,
HargitaNepe.ro) referring to announcements of Romanian authorities. The
magnitude of the mentioned concentrations is well illustrated by the fact that the
average salt content of seawater is 35 g/dm®, meaning that during peak periods, the
concentration was 2-2.5 times higher than that value. Due to the nature of
calculations, the mentioned values are only estimates. Mathé and his co-authors
(2025) stated that above 1 g/dm® sodium chloride concentration there is a relevant
effect on the biodiversity of invertebrate fauna, and prolonged brine concentrations
exceeding 1.5 g/dm? caused the complete extinction of macroinvertebrates and fish
populations along the affected sections of the Corund Creek and the Tarnava Mica
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river. Drinking water standards prescribes the chloride concentration below 250
mg/dm? therefore all surface water discharge operations for public water supply for
over 40 thousand inhabitants downstream from the mouth of Corund Creek had to
be stopped (Rakodczi, 2025).

There is another interesting aspect to the hydrodynamics of the system, namely,
due to the increase in density caused by the dissolution of salt, a zone with a higher
potential than the surrounding area is formed in the mine cavities during dissolution,
given that the hydraulic, i.e., seepage potential depends not only on the reference
height of the water level but also on the density of the liquid.

As long as the salt continues to dissolve, the continuously increasing potential
levels within the mine cavities are higher than their surroundings, which can be
balanced out if the salt leaks out from the mine cavities through existing cracks and
not completely closed fracture zones. As these waters are nearly saturated, their
further dissolving effect is negligible, but they do represent a form of underground
salt transport. This phenomenon may result in a local increase in the electrical
conductivity of groundwater and, presumably, in its sodium and chloride content
upstream in the Tarnava Mica river’s alluvial deposit, in the area north of Salt Hill.

Once the hydraulic balance of the mine cavities and the surrounding area is
established, this salt transport ceases due to the lack of driving force. All this
confirms that isolating the Corund Creek from the mining areas is critical for the
environmental condition of the area, because until then, water inflow, saltwater
seepage and the continuous disruption of the hydraulic balance will continue,
affecting not only the Corund Creek valley and, through it, the lower reaches of the
Tarnava Mica river, but also the zone along the Salt Hill in the Tarnava Mica valley
upstream from its mouth.

However, these dissolution processes following the filling of the mine cavities
only affect the uppermost zones of the shallower mine cavities near the surface, as
the higher-density, saturated salt solution fills the deeper mine cavities, so no
dissolution processes are currently taking place at greater depths.

The formation of the salt diapir described above and its existence over millions
of years mean that the diapir is completely isolated from the groundwater laterally
and from the depth below the diapir (partly due to the surrounding clays and marls,
and partly due to the soluble but surprisingly impermeable salt rocks), so that the
saturated water containing sodium chloride that seeps into the deeper mine cavities
cannot move either sideways or downwards. Accordingly, these deeper mine cavities
are stable, as further salt dissolution is theoretically impossible and the cavities
previously filled with air are now filled with a high-density saturated salt solution.

This salt solution not only does not break down the walls of the mine cavities, but
also supports them with its pressure. Assuming a water column height of 300 m in
deep mines due to flooding, this supports the walls with a pressure of 30 bar in the
case of pure water, but over 35 bar in the case of brine (Figure 8). Since these walls
were stable even under atmospheric pressure, it stands to reason that they will not
collapse even with an additional 35 bar of support. As it approaches the surface, this
supporting effect naturally decreases, but strangely enough, the current situation is
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definitely more favorable from a geotechnical (stability) point of view than the
situation prior to the water inrush. For the reasons mentioned above, in the deeper
mine areas (i.e., everywhere except the Jozsef and Parallel Mines), dissolution and
deterioration of stability conditions are not to be expected in the current situation.

Salt Hill (576 m a.s.L)

Tarnava Mici
(Kis-Kiikiill6)
river

View-point

Sinkholes

Corond Creek

Salt
500 m s, dipir,

Future riverbed
of Corond Creek

Salt
diapir

Pressure increase in the water body

Figure 8
Explanatory chart of elevated liquid pressure in the flooded mine

Unfortunately, there may be minor or major collapses in the Parallel and Jozsef
Mines, which are connected to or may be connected to surface waters, and, with very
low probability, in the Dézsa Gydrgy Mine due to its more direct connection to the
surface and the Parallel Mine through the shafts. Dissolution near the surface is
gradually eroding the salt rock of the dome and ceiling of the Parallel Mine and, to
a lesser extent, the Jozsef Mine, which, as it thins, is less and less able to bear the
weight of the rock above it, which could lead to collapse.

Fortunately, as Dedk et al. (2009) have demonstrated with triaxial measurements,
salt rocks behave differently from other rocks when bearing loads. In general, rocks
undergo continuous deformation as they bear increasing loads, and then, after failure,
their load-bearing capacity decreases suddenly and radically, with up to 90-95% of
their load-bearing capacity being lost.

Salt rocks, on the other hand, behave differently. In the case of samples from the
Praid salt mine, despite the aforementioned layering and contamination, they take
loads slowly and, after reaching a maximum, are still able to bear and retain loads,
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i.e., most of their load-bearing capacity is retained while the salt rock undergoes
deformation. The slower the loading, the greater the residual strength of the rock,
and the more it is able to undergo the deformation most appropriate to the current
stress state. For all these reasons, in the event of slow weakening of structures and
slow increase in loads, salt rocks will be able to take on additional loads, which
minimizes the possibility of sudden major collapse. Rather, slow, trend wise minor
collapses can be expected.

6. DISCUSION AND CONCLUSIONS

Solving the problems arising from the unfortunate flooding of the Praid salt mine
is an ongoing challenge for hydrologists, hydrogeologists, geotechnical engineers,
and environmental experts. In this study, we presented the mine and the events that
took place, summarized the geological and hydrogeological conditions, and based
on this, we presented the hydrodynamic and salt transport processes that occurred
after the flooding.

Initial analyses predicted the rapid collapse of the mine cavities and the formation
of a salty lake at the site of the mine. In addition, it was apparent that the salt content
of the Corund Creek was no longer tolerable for higher organisms, and even the
water quality of the Tarnava Mica river was periodically intolerable for fishes and
other animals. Furthermore, the drinking water supply of the settlements downstream
nearby the Tarnava Mica river became impossible, as the water extraction facilities
had been installed on surface waters that had previously been of adequate quality. In
addition to the salt content of surface waters, the salt content of groundwater has also
increased locally in alluvial deposits connected to the salt dome, which also threatens
the long-term use of groundwater. All these problems can be traced back to the
formation and persistence of water circulation between the Corund Creek and the
salt dome (Figure 7).

Based on our analyses, the deeper levels of the flooded mine have reached a new
state of equilibrium, which means that only very slow and negligible changes can
occur in these areas. However, the shallower mine areas, especially the area of the
Parallel Mine’s roof structure, to a lesser extent the cavities near the surface of the
Jozsef Mine, and least of all the parts of the D6zsa Mine close to the aforementioned
mines and the shaft, are exposed to a continuously increasing level of risk over time.
In these areas, fresh water seeps into the mine cavities, partly due to the fall of the
Corund Creek and partly due to the driving forces caused by changes in the water
level of the stream, which has a dissolving effect there, reducing the load-bearing
capacity of the supporting pillars and structures, which partly causes a risk of
collapse and partly causes civil protection problems through the leakage of saturated
salt water corresponding to the volume of infiltrating fresh water, as well as the
aforementioned environmental protection and water supply difficulties.

This dissolution of salt can only be prevented by isolating the waters of the
Corund Creek from the mining areas, the ultimate solution being to divert the Corund
Creek outside the Salt Hill (Figure 9). Once the majority of fresh water, including
rainwater, has been excluded, decisions can be made regarding the future of the
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mining areas. Based on our current knowledge, there are no scientific obstacles to
the partial or complete drainage of the mining areas after the isolation of surface
waters from the mine. The partial drainage of the mining areas would also be
important due to the elimination of outward hydraulic potential levels, but at the
same time, if the experience is favorable, it would also be possible to drain the
higher-elevated Telegdy mine and the tourist center. The treatment and desalination
of the extracted salt water pose a serious challenge, and an economical solution needs
to be developed.
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A possible track of Corund Creek bypass

As the current situation is clearly unfavorable for the mine, the population, and the
natural environment due to the continuous leaching of salt and the reduction in the
load-bearing capacity of the mine cavities, measures should be taken as soon as
possible to exclude fresh water. Over time, the impact on the environment, the
population, and society will increase, and the measures to be taken to mitigate them
may become increasingly complex and costly.
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Abstract: In recent decades, the demand for shallow geophysical methods and instruments has
changed significantly. Today, there is a need for methods and instruments that can provide a
large amount of accurate measurement results in a short time, which are suitable for developing
effective inversion procedures. Only contactless methods can meet the speed requirement. The
measurement technique is significantly simplified if we can use a signal source that is of natural
origin or an artificial source created for other purposes (e.g. radio transmitters). The radio-
magnetotelluric method (RMT), which can be considered an extended variation of the popular
very low frequency (VLF) method in terms of frequency range, is exactly such a method.
Another advantage is that the created field can be considered a plane wave, thus simplifying
the data processing and interpretation procedures. This study presents a brief history of the
development of VLF-RMT methods, the evolution of instruments, the development of
processing methods, the characteristics of modern inversion methods, and then summarizes the
aspects of designing a modern RMT instrument.

Keywords: VLF, RMT, software defined radio, SDR, digital signal processing, DSP

1. INTRODUCTION

In the early 1960s, electromagnetic methods were already in full use in exploration
geophysics. The theory of magnetotellurics — where the electromagnetic field serving
as the basis of the method can be considered as a plane wave — was summarized by
Cagniar (1953). In Canada, the Scandinavian countries, mainly Sweden and Finland,
and the Soviet Union, induction electromagnetic (Slingram) methods were used to
investigate well-conducting massive sulphide ore bodies. The behavior of radio waves
and their geological utilization have been studied for a long time by several
researchers: Wait (1953), Dosso (1962), Dosso (1965a, 1965b). The theoretical
foundations are summarized by McNeil and Labson (1991).

The antennas of VLF and LF radio transmitters can be considered as short vertical
electric monopoles on a horizontal conductive plate. Electromagnetic waves
propagate directly, as surface waves at the earth-air interface and by reflection from
the ionosphere. Since the reception location is usually a long distance, multiples of
the wavelength, from the transmitting antenna, the electromagnetic field there can
be considered as a plane wave, similar to magnetotelluric phenomena, therefore the
procedures developed there can be applied to the VLF and RMT methods as well.
Almost regardless of the angle of incidence at the air-earth interface, due to the high
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refractive index, the plane wave travels downwards perpendicular to the surface in
the subsurface layers. Moving downwards, depending on the resistivity of the
medium, the electromagnetic field strengths decrease exponentially. The penetration
depth, or skin depth, is the depth at which the amplitude measured at the surface
decreases by 1/e (approx. 37%)

5:\/%:503\@ (1)

where 6 is skin depth, p is magnetic permeability, ¢ is conductivity, p is resistivity,
o is angular frequency, f'is frequency.

Table 1
Skin depth at different frequencies and resistivities
f\p 10 Ohmm 30 Ohmm 100 Ohmm 300 Ohmm 1000 Ohmm

15 kHz 13 m 22.5m 41.1 m 71.2 m 129.9 m
30 kHz 9.2 m 16 m 29.1 m 50.4 m 91.9 m
75 kHz 59m 10.1 m 18.4m 319m 58.1m
155 kHz 4.1 m 7 m 12.8 m 222 m 40.5 m
240 kHz 33 m 5.7m 10.3m 17.8 m 325m

It can be seen from Table 1 that the narrow VLF band (bold), depending on the
resistivity, allows a depth penetration of a few tens of meters. In the case of bedrock
with high resistivity, the penetration depth can reach 100 m depth-selective
evaluation of the measurements, even if we measure at all possible frequencies, is
only possible to a limited extent. By supplementing the VLF measurements with LF
range transmitters (RMT), more possibilities are available for the layer separation
with inversion.

At a measurement point far from the VLF-LF transmitters, the electromagnetic
field over a homogeneous half-space has horizontal and vertical electric components
in the direction of transmission, and horizontal magnetic components perpendicular
to the direction of transmission. The ratios of the components (Ey, E,, H,) are related

to the conductivity (o) of the half-space
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where W is wave slope; Z — input impedance ; 5— dielectric constant of a
vacuum; [yis magnetic permeability of the vacuum. The 1 + i factor in the equations
indicates that there is a 45° phase difference between the components. Since all three
field components in the equations can be easily measured, it is possible to determine
the conductivity or resistivity of the half-space

2

1 |E,

Pa = [y @
1 |E.|?

pa:ssz (5)

In the case of 2D and 3D effects, a vertical magnetic component is induced. The
VLF-EM method uses only the magnetic components. Since the vertical magnetic
component (H,) is in phase shift (¢) with the tangential magnetic component (H,,),
the magnetic field is described by a polarization ellipse (a, b, 8). Paterson and Ronka
(1970) reported on the first experiences of the application of VLF-EM. Saydam
(1981) wrote about the interpretation of inclination angle and ellipticity
measurements

Hy
2 /Hx cos ¢

> (6)
1-("/y,)

_ H,H, sin ¢
= — 2
|Hzei® sin6+H, cos )|

tilt angle:tan(26) =

ellipticity:e = g (7)

It is worth writing the relationships for the normalized real and quadratureH,
component as well. For small secondary magnetic components, the tilt angle is equal
to the real component of the secondary magnetic field, while the ellipticity is equal
to the imaginary component

Hy H, .
HZ(I) = H_COS¢ > HZ(Q) = H_Sln¢ (8)
X X
tan 20 = 2H,(I) ——— = 2H,(I) (9)
1-("/i,)
1
(H4(I) sin 8+cos 6)2+(H,(Q) sin 8)2

e =H,(Q) = H,(Q) (10)

In the two-dimensional case, the relationship between the target orientation and the
direction of the field components is of great importance. When the electric field is
aligned with the structural strike of the target, the configuration is referred to as
E-polarization. Conversely, when the magnetic field is parallel to the structural
strike, it is referred to as H-polarization. If we measure with only one transmitter,
with a VLF wave coming from a given direction, then we speak of scalar
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measurement. If we measure with VLF waves coming from several directions, then
in addition to the slightly different frequency, the measured value will also differ due
to the structure being different from 1D. In this case, we speak of tensor
measurement. Farkas (1978) proposed a VLF invariant resistance method to
eliminate the 2D effect. Pedersen (1998) mentioned the tipper vector for tensor VLF
measurements (using at least two or more transmitters). At a given frequency, the
vertical component of the magnetic field is linearly related to the horizontal
components, where A and B are the components of the tipper vector

H, = AH, + BH, (11)

2. INTERPRETATION METHODS

In the early days of the VLF method, when only magnetic components were
measured, the interpretation of the measurements was based on anomalies in the
graphical representation of the measurements along the section. The first quantitative
data processing was proposed by Fraser (1969). The original goal of the procedure
was to filter the data. Four consecutive data are used for filtering. The average of the
first two is subtracted from the average of the last two, but the divisions by two are
omitted

fa3 = (M3 + M) — (My + M) (12)

where M;denotes four measurement data (i=1,2,3,4),f 3, is the result of the Fraser
filtering applied between points 2 and 3. This gives us the directional derivative of
the average data. Filtering reduces noise, suppresses topographic effects, and
simplifies the interpretation of anomalies by transforming an asymmetric (sign-
changing) dip angle anomaly into an anomaly with a maximum peak.

Kaikkonen (1979) performed 2D numerical modeling for the anisotropic case
using the finite element method. He investigated the effect of a tilted, finite plate
covered with a layer. He found that in the case of a bad conductor, the inclination
angle and the ellipticity polarity are the same, but in the case of a good conductor,
the polarity and shape of the ellipticity also change. The inclination of the plate
spoils the symmetry of the anomaly. Saydam (1981) reported relationships
between the amplitude, width and simple acting parameters (depth, width, etc.) of
inclination angle and ellipticity anomalies. Bezvoda and Segeth (1982)
investigated the effect and detectability of two adjacent dykes, also using the finite
element method. Teemull and Crossley (1982) described an inversion procedure
for simple 2D structures where continuous, weak lateral changes can be described
using harmonic functions. Karaous and Hjelt (1983) developed a linear filtering
procedure for VLF inclination measurements. The result of the filtering is
equivalent current densities for different depths. The filtering procedure can be
considered an extension of the Fraser filter
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Hyy = —0.201H_, + 0.323H_, — 1.446H, + 1.446H, — 0.323H, + 0.205H, (13)

Olsson (1983) investigated a model of a plate in a horizontally layered half-space.
McNeil (1991) has a RELACON filter like the Fraser filter but designed to convert
VLF magnetic data into relative conductivity data. Ogilvy et al. (1991) investigated
the detectability of 2D low-conductivity. They showed that in the case of H-
polarization, a higher apparent resistivity and smaller phase (lower than 45°) can be
measured above the target. In the case of E-polarization, the cavity cannot be
detected. This highlights the importance of using at least two transmitters, oriented
nearly perpendicular to each other, if it is possible. Takacs et al. (2005) compared
the current density pseudosection with 2D VLF-EM anomalies. Pethd et al. (2006)
investigated the response of near-surface targets for plane waves (VLF) and electric
dipoles in TE and TM modes. Pethé (2012) and Vincze et al. (2024) present the
application possibilities of the VLF method in Hungary.

By measuring the electrical component, it became possible to determine the
apparent resistivity and, at the same time, to apply the 1D inversion previously
developed in magnetotellurics. From the apparent resistivity and phase difference
data measured at a VLF frequency, the parameters of a two-layer model can be
calculated by assuming one of the three parameters to be known. The calculations
are facilitated by the fact that the forward modeling of the 1D layered half-space can
be solved with a simple recursive formula. In the case of a horizontally layered n-
layer half-space, the parameters p,, (layer resistivities) and h,,_; (layer thickness)
can be used to calculate the data p, (apparent resistivity) and ¢ (phase) using a
recursive formula (see Tutorial). The calculation should start with the impedance of
the lowest layer:

Zn = Jiwlopn (14)

then the reflection coefficient occurring at the boundary of the next layer is
calculated as

R .= Jiopopn_1—iopepn (15)
=17 iopopn—1+iotopn

after that the impedance of the next layer can be calculated

1—Rn_1exp(—2\/% (16)

iwu
1+Rp_sexp(-2 pn—i hn-1)

Zn-1 = \Jlwlopn-1

The reflection coefficient and impedance of the next layer boundary can be
calculated, until we reach the topmost, first layer, from whose impedance the
apparent resistivity and phase values can be calculated
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1

Pa = Yo |Z1|2 (17)
_ —1 Im(Z;)

@ = tan Re(Zy) (18)

Numerous nomograms, recursion formulas and computer programs have been
developed to estimate the model parameters. It should be noted that in the two-layer
case, the phase deviation from 45°carries valuable information about the resistivity
relationship of the lower and upper layers. If ¢ < 45°, then p, > p4, but for ¢ >
45°, then p, < p;.

The need to extend the narrow frequency range of the VLF band arose early on.
Takacs (1971) used a frequency range of 155 kHz and 629 kHz to solve various
geological tasks (limestone, andesite, sandstone exploration). Pethd and Ujszészi
(1975) investigated the applicability of the radio-kip method for cave exploration.
Stiefelhagen and Miiller (1979) performed measurements in the 15-300 kHz range
and confirmed their hydrogeological usefulness. Beamish (2000) compared the VLF
and RMT methods in terms of layer resolution, see Figure 1.
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Evaluability analysis of two- and three-layer models in the case of VLF and RMT

The study demonstrates the importance of the extended frequency range of RMT
in the investigation of 1D structures. In the case of two-dimensional effects, we
find that in some cases even mono-frequency VLF measurements are able to
approximate the structure.

Pirttijarvi (2006) developed a two-layer inversion with a known parameter-free
lateral constraint for processing VLF-R measurements. This minimizes the model’s
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roughness between neighboring points, resulting in a model with smooth variation
(Occam inversion), see Figure 2.
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Figure 2
Laterally constrained two-layer inversion of VLF-R measurement data

Schmalz et al. (2007) published a similar inversion for radio-magneto-telluric data,
where the number of layers could be increased. In addition, Rodi and Mackie
(2001) also implemented a 2D inversion using the nonlinear conjugate gradient
(NLCG) method.

Following in the footsteps of the previous ones, EMTOMO (2022) developed the
VLF2DMF application, a program for 2D inversion of multifrequency VLF-EM
data. 2D and 3D forward modeling is solved using finite element, finite difference,
integral equation and scattering matrix formalism methods. For 2D and 3D inversion,
linearized second-order Marquardt least squares (LSQ), nonlinear conjugate gradient
(NLCG) or global optimization based very fast simulated annealing (VFSA)
methods are commonly used.

3. DEVELOPMENTS OF VLF INSTRUMENTS

It is valuable to review the development of VLF instruments because the structure
of the initial RMT instruments was completely identical to that of VLF
instruments, only with an extended frequency range. The simplest VLF receivers
resemble a straight-line radio receiver, see Figure 3. The selection of the desired
frequency is provided by a parallel LC circuit, which is the antenna of the
instrument itself. VLF receivers with such a system are the Scintrex SE-81 and the
Phoenix VLF-2 instrument.

Gain Rectifier
Tuned setting
antenne
% . @1 Deprez
E g;:ﬂ:gll:? Signal amplifier 1 Signal amplifier 2 meter
£ -
Figure 3

Block diagram of a straight-forward VLF receiver
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The first widely used VLF receiver, the Geonics EM16/16R instrument, uses the so-
called heterodyne principle to increase selectivity, see Figure 4.
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Schematic of Geonics EM16/16R

With the advent of digital CMOS circuits, various hybrid receivers were built, in
which the selection of the reception frequency and the display of the measurement
results are now done digitally, but the circuits ensuring selectivity still remain
analog. Such VLF instruments include the Totem II instrument of Herz Instrument,
the CNYN instruments of the University of Neuchatel, the Syscal VLF instrument
of BRGM and the VDV-1 instrument of Geofyzika Brno. To ensure selectivity when
using broadband antennas, hybrid filters and digital signal processing methods have
begun to be used. Examples include the Iris Instrument T-VLF instrument, the
ABEM Wadi instrument, the Scintrex Envi-VLF instrument, and the GEM System
walking VLF sensor.

4. DEVELOPMENTS OF RMT INSTRUMENTS

In the early days, ordinary long-wave radio receivers were also used to receive
signals from radio stations above the VLF band, e.g. by Takacs (1971). The
University of Neuchatel extended the frequency range of earlier VLF instruments
to 240 kHz.

The first tensor RMT instrument was developed at Uppsala University in Sweden
(Bastani, 2001) under the name EnviroMT. The five-channel recorder can measure
all three magnetic and both surface electric field components. It is the first RMT
instrument that broke with the frequency-selective measurement technique, which
can process only one transmitter signal at a time, and applied the Fourier
transformation processing of time-domain recordings, which was already used in
magnetotellurics. The frequency range 1-250 kHz was divided into two parts. In the
frequency range 1-25 kHz, the broadband signal is recorded with 200 kHz sampling,
while in the range 10-250 kHz, the broadband signal is recorded with 20 MHz
sampling. The lower 1-25 kHz range is used more with the CSMT transmitter, while
the upper 10-250 kHz range is used with VLF-LF radio transmitters. The electric field
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is measured with grounded dipoles 5-10 m apart, while the magnetic field
components are measured with 30 cm long, 7.5 cm diameter coils.

The four-channel RMT-F1 instrument was developed at Saint Petersburg State
University in collaboration with the University of Cologne and MicroKOR Tezkan
and Saraev (2008). Originally, the instrument was designed to have four channels,
which allowed the recording of two electrical and two magnetic channels with a 16-
bit A/D converter in the frequency range of 10—1000 kHz. It recorded 16kSample
(16 x 1024 sample/sec) packets with a sampling rate of 2.5 MHz. The improved
version of the instrument, the RMT-F, also received a fifth channel for recording the
vertical magnetic component, the frequency range was extended to 1 kHz and the
recording was done in 64kSample (64 x 1024 sample/sec) packets.

The latest extended application development of the instrument is called ARMT-
5. The instrument is suitable for measuring in audio and radio frequency ranges in
the range of 0.1 Hz—1 MHz. The recorder has two five 16-bit A/D converters for the
10-1000 kHz range with 400 and 4000 kHz sampling and 24-bit A/D converters for
the 0.1-10000 Hz frequency range with 32 and 4 kHz sampling. A great advantage
of the recorder is the continuous sampling up to 4 MHz and the online display of
data in both the time and frequency domains.

Modern magnetotelluric instruments with antennas with an appropriate frequency
range are also suitable for RMT measurements. The Metronix ADU-08E logger, for
example, has a sampling rate of 256 Hz to 262 kHz, which in principle allows
recording up to 131 kHz. The SHFT-02 sensor has a bandwidth of 1-300 kHz. The
Geometrix Stratagem EH-5 instrument has a frequency range of 1 Hz to 96 kHz.

5. DESIGN CONSIDERATION FOR A MODERN RMT INSTRUMENT

To exploit the full range of possibilities offered by the method, it is worth preparing
to measure all possible field components. Three mutually perpendicular induction
broadband antennas and three measuring channels are required for a complete
measurement of the magnetic field strength. Measurement of the electric field
strength can be made on the surface of the ground or in the air. No current can flow
perpendicular to the interface between the conductive half-space and the air, thus
two pairs of mutually perpendicular electrodes on the surface are sufficient for the
complete determination of the electric field. This can be a ground electrode to be
inserted into the ground, or a capacitive electrode that allows continuous
measurements. In the conductive half-space, the vertical electric component is
important for measurements in boreholes. In the air, however, the vertical electric
component also appears when rising from the surface and the horizontal
components also behave depending on the height. In the frequency range of the
method, an electric dipole or rod antenna that is greatly shortened compared to the
wavelengths can only be used to good effect. These have low sensitivity (effective
height) and are very sensitive to proximity to humans or the ground. They are only
suitable for aerial measurements.

The unambiguous determination of the position of the sensors can be solved by
using three types of spatial sensors. The global position of the measurement point
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can be determined by GPS or now more commonly GNSS equipment, the deviation
of the sensors from the horizontal can be determined by two perpendicular tilt-
probe meters, and the angular position around the vertical axis can be determined
by a magnetic compass. Recently, the precise determination of the global location
coordinate was considered a very expensive and resource-intensive task. The
location accuracy of simple, cheap and small solutions (car navigation), which was
limited to approx. 5-10 m even under favorable reception conditions, in many cases
did not satisfy the needs of high-resolution ground measurements. For sub-meter
and sub-decimeter location accuracy, the use of larger and more expensive
antennas and also additional cost-intensive RTK (real-time kinematic) was
required. Nowadays, however, small GNSS modules have appeared and are rapidly
spreading, capable of sub-meter accuracy in autonomous mode or sub-decimeter
accuracy with RTK.

When reviewing the development of VLF and RMT instruments, we also saw
that the most modern instruments have broadband magnetic antennas, high input
impedance and low capacitance electrical input amplifiers and minimal additional
analog circuits. The signals to be measured are digitized after a mandatory
antialiasing low-pass filter, and then further signal processing is done digitally.
Similar to the previously described analog principles ensuring frequency
selectivity, mixing of the heterodyne system, bandpass filtering, and phase
selective demodulation, all of these functions can also be performed in the digital
space. If it is necessary to use an analog output device, for example a loudspeaker
for acoustic indication, this can also be solved at the end of the signal processing,
after digital-to-analog conversion, using minimal analog hardware elements
(recombination filter, power amplifier). We have also shown earlier that the
development of personal computers has long reached the level that real-time SDR
(Software Defined Radio) in the RMT frequency range is not a problem. These
capabilities have long been surpassed by laptops, notebooks, tablets and mobile
phones. Many new geophysical instruments can be seen today equipped with field
tablets. Moreover, these devices are equipped with almost unlimited data storage
capacity and even the above-mentioned sensors (GNSS, compass, spirit level). In
order to reduce consumption, weight and size, it makes sense to implement the
aforementioned functions with target hardware. The new generation of 16/32-bit
microcontrollers equipped with DSP (Digital Signal Processing) functions
provides excellent opportunities for solving the aforementioned tasks. The great
advantage of DSP is that, for example, the large-bit multiplication operation
required for fast Fourier transformation is not performed by machine routines with
hundreds of instructions, but is performed in cycles of a few hours. To demonstrate
that a real-time radio receiver operating in the RMT band is feasible, an Italian
radio amateur Alberto di Bene (online) built a simple radio receiver operating in
the 8-900 kHz range using the Discovery development board built with the
STM32F429 microcontroller and some additional analog circuitry, see Figure 5.
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Direct receiver for a frequency of 8-900 kHz

6. RADIO TRANSMITTERS IN THE VLF AND RMT BAND RECEIVABLE IN HUNGARY

The frequency range from 10 kHz to 1 MHz includes the VLF (very low frequency)
band, which is used for submarine communications and includes time signal
transmitters, as well as the LF (low frequency) and partly the MF (medium
frequency) bands, which include broadcast transmitters and amateur bands.

Until the 70s and 80s, several transmitters operated continuously in the VLF band,
in the 15.1-24.0 kHz range, which then ceased to operate one after another. Instead,
a smaller number of new transmitters were launched in the 18.1-26.7 kHz range.
There is also a stably operating transmitter station in the 40—100 kHz range. The best
known of them is the DCF77 time signal transmitter (77.5 kHz).

There are also stable transmitters in the 100—153 kHz range, the source of which
has yet to be investigated. The previously bustling life in the LF and MF bands has
now died down, but a few usable transmitters remain.

It is clear from Table 2 that the distribution of frequencies that can be received in
good quality in Hungary is not uniform. The frequencies that are close to each other,
arriving from different directions, provide an opportunity to calculate the invariant
apparent resistivity.

Table 2
Radio transmitters in the RMT band receivable in Hungary
(based on own measurements)

Frequency Power Country Region Call Sign
18.1 kHz Russia Krasnodar RDL
18.3 kHz France Rosnay HWU
19.6 kHz 30 kW UK Anthorn CQD
20.27 kHz Italy Tavolara ICV
21.75 kHz France Rosnay HWU
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Frequency Power Country Region Call Sign

22.1 kHz UK Anthorn CQD

23.4 kHz 800 kW Germany | Rhauderfehn DHO38

24.0 kHz 1000 kW USA Cutler, Maine NAA

26.7 kHz Turkey Bafa TBB

40.4 kHz Sweden Grimeton SRC

44.2 kHz Sweden SAS3

45.9 kHz 250 kW Italy Niscemi NSY

51.95 kHz UK

60.0 kHz 17 kW UK Anthorn MSF

62.6 kHz France La Regime FUG

65.8 kHz France Kerlouan FUE

66.6 kHz 10 kW Russia Moscow RBU

77.5 kHz 50 kW Germany Mainflingen DCF77

81 kHz UK GYN2

81.8 kHz

89.6 kHz

112.0 kHz

113.7 kHz

128.9 kHz

133.7 kHz

135.4 kHz

153 kHz 200 kW Romania Brasov SSR Antena Sat.

162 kHz 800 kW France Allouis TDF, ALS162

171 kHz 1600 kW Morocco Nador Radio Méditeranée
Internat.

189 kHz 300 kW Iceland Hellissandur RUV 1/2

198 kHz 500 kW UK Droitwich BBC Radio 4 AM

225 kHz 1000 kW Poland | Solec Kujawski Polskie Radio

252 kHz 1500/750 kW | Algeria Tipaza Radio Algérie

7. DESIGN CONSIDERATION FOR RMT INSTRUMENT SENSOR

To detect the magnetic components of the electromagnetic field, it is advisable to
use a broadband antenna whose amplitude and phase shift are uniform or at least do
not vary sharply in the required frequency range. Such a magnetic antenna can be
produced using the principle of flux feedback. Figure 6a shows the amplitude and
phase progression of an implementation. Figure 6b shows the circuit diagram of the
implementation.
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Frequency and phase response (a) and circuit diagram (b) of H-sensor

A capacitive antenna with a suitable linear transfer can be realized with a
preamplifier with a high input resistance and a small capacitance, which also has a
low quiescent input current. In the figure below, we examine the transfer of the
capacitive antenna with coupling capacitances of 1pF, 5pF, 10pF, 50pF, 100pF and
500pF. It is clear that the linear transition can be ensured with coupling above 5pF.
Figure 7a shows the amplitude and phase progression of an implementation. Figure
7b shows the circuit diagram of the implementation.
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Frequency and phase response (a) and circuit diagram (b) of the E-sensor

8. CONCLUSIONS

In a modern RMT instrument, it is advisable to measure as many parameters as
possible, which are generally three magnetic and three electrical components. On
land and water, only two electrical components can be conveniently measured. In
the air, it is theoretically possible to measure all three electrical components, but in
practice, it is more feasible to measure the three magnetic components. For
measurements on the ground, the condition for moving measurements is the use of a
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capacitive electric dipole. With high input resistance and large capacitance
preamplifiers, uniform transmission can be achieved if the coupling of the capacitive
sensors to the ground is not worse than 5 pF. It is advisable to design the magnetic
antennas to be broadband and provide them with a preamplifier based on the
principle of flux feedback. Determining the position of the sensors is of fundamental
importance. With modern GNSS modules, positioning accuracy of around 1 m can
be achieved even in autonomous cases. The inclination of the sensors should be
measured with two-way inclinometer sensors. The azimuth of the sensors can be
determined with a semiconductor magnetic compass. It also provides a suitable
solution for tensor measurements, recording short, broadband signal packets during
measurements, and then digitally measuring the selected frequencies using SDR and
DSP. An important goal is to create a profile or map image from the measurement
results in real time. The use of 1D-LCI seems suitable for this purpose.
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Abstract: This study examines the effect of varying injection rates on wormhole formation
during matrix acidizing using a carbonic acid solution (30% CO: + 70% deionized water).
Injection rates of 0.2, 0.5, and 1 cm*min were tested, and the resulting wormhole structures
were visualized using CT scanning. Results show that lower injection rates produce single,
more efficient wormholes with minimal branching, while higher rates generate more
branched, less efficient structures. Optimizing the injection rate is key to achieving effective
wormhole formation, which can enhance flow in carbonate reservoirs.

Keywords: carbonic acid, wormhole, computed tomography scan, matrix acidizing

1. INTRODUCTION

Recent advancements in CO; utilization have expanded its potential beyond
traditional applications like enhanced oil recovery (EOR) and carbon capture and
storage (CCS). One emerging application is using carbonic acid, derived from CO,
and water, as a stimulation fluid for carbonate reservoirs. This method reduces
greenhouse gas emissions and addresses tubular corrosion commonly associated
with hydrochloric acid (HCI) usage. Carbonic acid offers a more sustainable and eco-
friendly alternative for well-stimulation without compromising efficiency
(Almalichy et al., 2024; Al-Yaseri et al., 2023; Ma et al., 2021).

Matrix acidizing, a widely used technique, enhances well productivity by
injecting acid solutions below the formation’s fracture pressure to remove formation
damage and create flow channels known as “wormholes” (Alameedy et al., 2023;
Almalichy et al., 2022). While HCI has been the primary acid in use since the 1890s
due to its effectiveness in dissolving carbonate formations, it presents challenges
such as high corrosivity, rapid reaction rates in high-temperature and high-pressure
environments, and the need for costly corrosion inhibitors (Chacon and Pournik,
2022). As a result, alternative acids with slower reaction rates and reduced
corrosivity are being sought (Rodrigues et al., 2021) to stimulate the heterogeneous
carbonate revervoir (Mohammed and Velledits, 2024).
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Organic acids, such as methanesulfonic acid (MSA) and acetic acid, are
increasingly considered practical substitutes for conventional acid systems in matrix
acidizing. MSA is notable for its reduced reactivity relative to hydrochloric acid
(HCl), an attribute assigned to its weakened hydrogen ion (H") activity coefficient
and elevated pKa value. These properties markedly reduce the acid’s reaction rate
with carbonate formations, facilitating deeper reservoir penetration. The reduced
reactivity is beneficial for forming efficient wormholes, essential for increasing
permeability and optimizing hydrocarbon flow pathways (Ortega, 2015; Shank and
McCartney, 2013).

Like other weak acids such as formic acid, Acetic acid shows slower reaction
kinetics than stronger acids such as HCL. This reduced reactivity facilitates a regulated
acid-rock interaction, enabling the acid to penetrate deeper into the formation. The
outcome is a more consistent stimulation and the possibility of enhanced acid
infiltration into the reservoir matrix, which is especially advantageous for reservoirs
characterized by significant heterogeneity or complex conditions. These organic acids
provide customized solutions for effective stimulation while reducing unwanted near-
wellbore reactions (Al-Douri et al., 2013; Chang et al., 2008).

The different retarded acid systems, including gelled acids, in-situ gelled acids,
and emulsified acids, were developed and published as novel means of controlling
acid reactivity for the stimulation of carbonate reservoirs. These are specially
designed to retard the acid-rock reaction rate to improve the depth and uniformity of
acid penetration and minimize the problem of premature acid spending near the
wellbore. Gelled acids are among the most effective techniques. Gelled systems
improve acid placement by reducing fluid loss and providing better coverage in the
formation due to increased acid viscosity(AlOtaibi et al., 2020). This enhanced
viscosity plays a vital role in overcoming problems in heterogeneous-permeability
formations where conventional acid treatments often fail. Conventional acids tend to
bypass into high-permeability zones and avoid areas of low permeability. Gelled
acids can compensate for this deficiency by offering a more uniform distribution of
the acid, with delivery into low-permeability zones that otherwise would not have
been treated. Moreover, the high-viscosity nature of gelled acids prevents leak-off
into the surrounding formation, which maintains the acid strength and allows deeper
and more effective wormholes. Therefore, the gelled acid systems are perfect for
stimulating carbonate reservoirs with dominantly complex rock properties such as
variable porosity and permeability (Ratnakar et al., 2012).

Apart from their role in regulating reactivity and improving distribution, gelled
acids contribute to operational efficiency and economy. Indeed, they require a smaller
volume of acid to achieve similar or improved performances compared with the
conventional acid systems. This, in turn, reduces the overall consumption of treatment
fluids. They can minimize near-wellbore damage and provide even stimulation across
the formation, translating this into higher well productivity and extended life of the
treatment (Lynn and Nasr-El-Din, 2001; Zakaria and Nasr-El-Din, 2016).

Emulsified acids, comprising finely dispersed hydrochloric acid (HCI) droplets
within a continuous oil phase, effectively regulate acid-rock interactions during
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matrix acidizing operations. The distinctive composition of these emulsions
markedly inhibits the reaction between the acid and the carbonate rock, facilitating
deeper penetration of the acid into the reservoir before the reaction. This regulated
reactivity is essential for enhancing acid distribution and attaining more consistent
stimulation. Surfactants are necessary for preserving the stability of emulsified acids
by facilitating the formation and stabilization of the emulsion structure. Surfactants
effectively control acid release at the rock surface by capturing the acid droplets
within the oil phase. This mechanism decreases acid consumption near the wellbore.
It mitigates premature acid expenditure, thereby facilitating a larger volume of acid
to penetrate deeper into the formation, where it can generate effective wormholes.
(Al-Anazi et al., 1998; Maheshwari et al., 2014).

Besides effectiveness related to the improvement of wormhole formation, several
advantages of emulsified acid are associated with its own nature. The oil phase in the
emulsion may act like a seal, significantly reducing leakoff of the acid into the
formation matrix and preserving the acid for intended reaction zones. This
characteristic is especially welcome in reservoirs with sharp permeability contrasts,
where conventional acid systems often fail to yield balanced stimulation. Emulsified
acids enable more resource efficiency and better treatment outcomes by reducing the
active agent loss to a minimum and optimally applying the acid. Moreover, the tunable
properties of the emulsified acid systems enable modifications in properties for
matching conditions in specific reservoirs. The type of surfactant, formulation of the
oil phase, and acid concentration can be changed in order to optimally develop the
emulsion for various operational conditions. The versatility of emulsified acids makes
them amenable to addressing most of the problems associated with heterogeneous
carbonate formations (Buijse and van Domelen, 1998; Crowe and Miller, 1974).

Emulsified acids economically provide a means of cost savings through the
reduction of the total amount of acid required for effective stimulation. Their
capability to increase the penetration depth, reduce near-wellbore acid lost, and
improve treatment efficiency gives them long-term production benefits, thus making
them an important component in acidizing today (Adewunmi et al., 2022).

Chelating agents such as ethylenediaminetetraacetic acid (EDTA) and
nitrilotriacetic acid (NTA) have been extensively studied to enhance deep acid
penetration and promote uniform distribution within carbonate formations. These
chemicals form very stable complexes with calcium ions; therefore, they offer very
good control of the acid reaction rate and a drastic reduction of excessive acid
consumption near the well-bore. This controlled reaction mechanism provides a
particular advantage in applications to high-temperature carbonate reservoirs, where
the use of conventional acidizing methods is commonly limited. (Frenier et al., 2000;
Yan et al., 2019).

Foamed acid systems, prepared conventionally by adding nitrogen gas to
hydrochloric acid, represent an innovative and efficient technology in acid reactivity
control for carbonate reservoirs. The entrapment of gas within the acid reduces the
contact between the acid and the rock surface while significantly reducing the overall
reaction rate. This reactivity control will allow deeper and more efficient wormhole
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formation with less excessive acid consumption and, therefore, a more economical
process (Al-Nakhli et al., 2020, 2021). Besides, foamed acids are very effective
against the numerous problems of heterogeneous carbonate formations. The specific
structure of the foamed acids allows for better distribution of the acid in rocks with
different permeabilities, thus ensuring more balanced stimulation of the formation.
This homogeneity enhances the depth of acid penetration, even at low injection rates,
which is of particular help in formations where uneven acid distribution or near-
wellbore spending may reduce the effectiveness of the treatment. Foamed acids,
therefore, besides helping to improve stimulation efficiency, also contribute to well
productivity in the long term (Bernadiner et al., 1992; Cheng et al., 2002; Zerhboub
et al., 1994). This approach has received growing interest in the last decade due to
its promising potential for better optimizing acidizing treatments in heterogeneous
reservoir environments (Cao et al., 2021).

Numerous studies have investigated wormhole formation using strong acids such
as HCL, organic acid, gelled acid, emulsified acid, and chelating acid systems. This
study investigates the use of carbonic acid for carbonate reservoir stimulation,
focusing on the impact of varying injection rates on wormhole formation. A carbonic
acid solution (30% CO2, 70% deionized water) was injected at rates of 0.2, 0.5, and
1 cm?*/min, with the resulting wormhole structures visualized through CT scanning.
Results show that lower injection rates produce more efficient, single wormholes
with minimal branching, while higher rates result in more branched, less effective
structures. Optimizing the injection rate is essential for improving wormbhole
efficiency and enhancing flow in carbonate reservoirs.

2. MATERIALS AND METHODS
2.1. Experimental procedure

The experimental process (Figure 1) began by measuring porosity using a helium
porosimeter and estimating permeability with Autoscan. The core sample was dried
at 100 °C, vacuumed for three hours, and saturated with fresh water at 2000 psi for
24 hours. Core flooding was then performed, and differential pressure (DP) and pore
volume were recorded for breakthrough (PVBT). After flooding, the core was dried,
porosity was re-measured, and a CT scan was used to visualize the wormhole.

Woormhole
visulization

Diferntial Pressure
PVBT

e Core Flooding

Figure 1

Porosity Porosity

Permeability

® Petrophysical
properties

The experimental workflow

® Petrophysical
properties
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2.2. Investigated samples

Three Indiana limestone core samples (2.5 inches long, 1.5 inches in diameter) were
used in this study. Initial porosity, measured with helium porosimetry (AP-608)
(Table 1). Permeability ranged from 3 to 7 mD. XRD analysis confirmed that the
limestone consists entirely of calcite. Each core was wrapped in a shrink tube to
prevent cross-flow.

Table 1

Core sample characteristics and properties

IR Porosity | Permeability

Core No.
(¢cm*/min) (%) (mD)

ILS 0.2 14.91 34
IL12 0.5 15.32 7
IL10 1 15.17 4

2.3. Core flooding

The core flooding experiments involved injecting carbonic acid into Indiana
limestone samples to study their behavior under high pressure and temperature. The
core samples were housed in a Hastelloy core holder, with an ISCO pump controlling
the injection rates of carbonic acid at 0.2, 0.5, and 1 cm?min. Before the
experiments, the core was sealed, loaded, and subjected to 3,500 psi and 2,000 psi
confining and back pressures, respectively. Fresh water was initially injected at
varying flow rates to measure the core's permeability. The process was stopped when
the acid breakthrough occurred.

2.4. Computed tomography scan

CT scanning uses X-rays to create 2D images, forming a 3D model of the rock. It
helps analyze porosity, permeability, and pore structure (Al-Marzougqi, 2018). After
flooding, CT scans visualized wormholes, with their volumes estimated through
software analysis

3. RESULTS

The core flooding experiments showed significant changes in porosity and
permeability across the samples (Figure 2). Sample IL8, subjected to a 0.2 cm?*/min
injection rate, had an initial porosity of 14.91%, which increased to 16.01%. The
permeability rose from 3.4 mD to infinity, indicating a substantial increase in fluid
flow capacity. Similarly, Sample IL12, with an injection rate of 0.5 cm?/min, showed
an increase in porosity, from 15.32% to 16.05%, while its permeability increased
from 7 mD to infinity. Sample IL10, injected at a higher rate of 1 cm®min,
experienced porosity rising from 15.17% to 16.27%, with its permeability reaching
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infinity. This consistent increase in porosity shows that the injection process was
quite effective for pore space enhancement in each of these samples, which can lead
to a substantial increase in fluid flow and permeability. The wormhole formation is
an important factor in enhancing fluid flow pathways in rock samples. The wormhole
formation results derived from core flooding experiments conducted highlight how
variations in injection rates may cause wide differences in the extent of the formation
and the complexities of the formed wormhole networks. Sample 8 had the lowest
injection rate of 0.2 cm?*/min and presented a wormhole volume fraction of 0.74%,
indicating a more concentrated network that is less branched.

Inlet face after core flooding

[mm)
“s t el
H 58

IR = 0.2 cm?*/min IR = 0.5 cm?*/min IR = 1 cm®/min
(A) (B) ©
Figure 2

Wormhole of single core flooding experiments, (A) IL8 (B) IL12 (C) IL10
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Sample 10 was treated with the highest injection rate of 1 cm?*/min and developed
the most in wormhole extent, with a volume fraction of 1.65%. It was characterized
by highly branched wormholes all over the core, indicating aggressive fluid
penetration. Sample 12, with the middle range injection rate of 0.5 cm?*/min, showed
a moderately higher wormhole volume fraction of 1.08% with a relatively well-
balanced distribution in the wormhole network. These changes represent that with
the increase in injection rates, more complicated and highly expanded wormhole
structures could be developed, which also coincides with the change rule of
permeability and porosity.

4. DISCUSSION AND CONCLUSIONS

The obtained results of core flooding experiments are revealing and mightily
informative about the effect of carbonic acid injection into Indiana limestone under
high-pressure-high-temperature conditions. The experiments carried out lead to the
interpretation that the injection rate largely influences the injected core samples in
porosity, permeability, and hence in wormhole formation. Higher injection rates, such
as in Sample 10, created incredibly complex and extensive wormhole networks, thus
resulting in large increases in permeability. The infinite permeability values for all the
samples after flooding reflect this increase, showing that the wormholes greatly
enhance the pathways for fluid flow. The porosity increased in all samples, which
directly correlates with the formation of wormholes, contributing to the overall void
space within the rocks. Higher wormhole volume fractions observed for samples with
higher injection rates reinforce this relationship since more aggressive acid injection
promotes more aggressive rock dissolution and wormhole development.

The experiments have demonstrated that both higher and lower rates of carbonic
acid injection significantly enhance porosity and permeability in Indiana limestone.
However, the lower injection rate resulted in the formation of a more dominant and
less branched wormhole, making it the more favorable injection rate. This will be
important in understanding the behavior of carbonate reservoirs during the acid
flooding process and could guide the optimization strategies in the stimulation of
reservoirs and enhanced oil recovery operations.
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Abstract: Flash floods have a significant impact on both natural and economic environments,
making it essential to analyze their causes and develop mitigation strategies. This study
evaluated flood mitigation in a selected area using a risk map created through the application
of arisk assessment framework and the Analytic Hierarchy Process method, while risk levels
were assessed with the Universal Matrix of Risk Analysis. No similar mapping approach and
risk assessment had been used in the region before. The resulting map identified the Cseres
Valley as a high-risk area. Analysis showed that implementing the proposed mitigation
measures could reduce the negative effects of flash floods by about 65%, demonstrating the
potential effectiveness of targeted flood protection strategies.

Keywords: flash flood, Analytic Hierarchy Process, Universal Matrix of Risk Analysis, risk
assessment

1. INTRODUCTION

From the early 2000s to the present, countries worldwide have increasingly been
affected by extreme weather events due to climate change. Both droughts, leading to
water scarcity, and flash floods, resulting in excessive water accumulation, pose
significant challenges to the sustainability of national economies. While drought
management is typically handled by the state and can be addressed through water
management tools and regulations, the sudden surges of flash floods often lack
sufficient mapping methodologies and effective flood protection solutions. Moreover,
no established risk assessment methodology applicable to these defense strategies has
been developed. Flash floods are created by extreme storms, mostly caused by
Mesoscale Convective System (MCS) in watersheds where watercourses may not
necessarily exist or where measurable water flow data is missing. Consequently, due
to the lack of watershed characteristics and precipitation measurements, considerable
technical (engineering, statistical) uncertainty arises when determining the parameters
necessary to study this phenomenon. The most significant damage caused by these
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flood waves occurs in confluence areas, typically in valley-bottom settlements and
streambeds. In Hungary, protection against flash flood waves remains unresolved.
Legally, these events are classified as local water damage issue, meaning that local
municipalities are responsible for flood protection (Veres et al., 2021), however,
technical assistance can be requested from the Water Management Authority and
related agencies (Disaster Management, Civil Protection). These flash floods develop
extremely rapidly (within six hours), unlike traditional river floods (such as those on
the Sajd, Hernad, and Tisza rivers), where the lead time for preparation is typically 48—
72 hours, depending on the forecast. This limited lead time is often insufficient for
response agencies to prepare adequately (Szlavik and Kling, 2007; Pappenberger et
al., 2006). Due to the lack of preparation time, various preventive measures need to be
implemented during so-called peacetime, when no floods are expected (Kaliczka,
1998; Balatonyi, 2022; Szendrei, 2020; Dobai and Dobos, 2022). In addition to
introducing new defense methods, local leaders and decision-makers face significant
financial challenges in restoring flood-related damage. Furthermore, due to the
periodic recurrence of flood events, newly repaired infrastructure (e.g., bridges, roads)
may be damaged again by subsequent flood waves, leading to continuous and
cumulative costs for municipalities. Therefore, the development of a comprehensive
methodology for flash flood risk assessment is essential. Case studies on large
watercourses and their catchments have contributed to the development of
methodologies and decision-support systems (Zelenakova, 2009; Zeletidkova et al.,
2018; Vago et al., 2019; Abdel and Islam, 2016; Blistanova et al., 2016). However, a
standardized mapping methodology for small catchments has not yet been developed
for Northern Hungary. Additionally, the impacts of flood defense measures (e.g.,
wooden structures, wickerwork, log barriers) and the implementation of flood defense
systems have not yet been systematically evaluated. Therefore, the aim of this study is
to provide a solution to this problem and assess the impact of potential hydraulic
engineering interventions. The development of a flash flood susceptibility mapping
and assessment methodology requires the establishment of an integrated GIS database
that incorporates region-specific typological characteristics, along with the
implementation of a flash flood-related risk assessment system. Since, as discussed
earlier, these background databases are not available, the objective of this research is
to develop a unique, practical mapping methodology applicable to flood defense and
to assess green or brown engineering solutions and their risk evaluation for flood
mitigation. A suitable method for mapping is the widely used Analytic Hierarchy
Process (AHP), while the Universal Matrix of Risk Analysis (UMRA) is considered
appropriate for validation and risk assessment. UMRA specializes in environmental
impact assessments and has been proven useful for evaluating flood risks and
protection methods in large catchments (Kubecka et al., 2014; Zelenakova et al., 2017).
The application of UMRA is based on the principle that similar risk factors (e.g.,
settlements, pollution sources) can be identified in small catchment areas as in large
ones. However, significantly fewer stressors were considered in the context of flash
floods. These methods can provide a reliable assessment for both database creation
and risk evaluation.
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2. MATERIALS AND METHODS
2.1. Study area

The study area, the Cseres Valley, is located within the watershed of the Harica
Stream Basin, near the settlement of Kond6. Geologically, the area lies within the
East-Borsod Coal Basin (Figure 1). This basin consists of alternating layers of
Neogene marine and lacustrine sediments of various ages, interspersed with Miocene
pyroclastic deposits, often exhibiting erosional discordance (Kozak and Piispdki,
1995, 1998; Kozak et al., 1998; Harangi, 2001). Most of the Quaternary sediments
have formed because of weathering from these older rock formations. Due to
sequential tectonic processes from the Miocene to the Quaternary period, the area
has been fragmented into a mosaic-like structure (Kozak and Piispoki, 1995; Pelikan,
2002). These geological and structural characteristics fundamentally shape the area’s
topography (Siit6, 2001).
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Figure 1
Location of the study area

The entire Cseres Valley belongs to the Egyhazasgerge’s Formation (eMK), where
gravel conglomerate is found at greater depths, overlaid by sand, sandstone, and finer
silt and clay near the surface (Gyalog, 1996). The valley itself is V-shaped, spanning
1.6 km in length and 665 m in width, gradually narrowing at the valley bottom, with
a watershed area of 0.76 km?. The valley is incised into the terrain to depths of 4-5
m in certain locations. Several erosional gullies of varying development levels,
primarily caused by rainfall, accompany the valley. Since 2010, these features have
also been shaped by periodic flash floods occurring from spring to autumn (Vago,
2012). The morphometric characteristics of the catchment (Table 1) indicate that,
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due to the narrowing of the basin towards the outlet, the flash flood wave exhibits an
asymmetrical shape, with a gradual rise followed by a rapid recession. This pattern
emerges because sudden, high-intensity precipitation events generate large runoff
volumes that reach the outflow point early in the event (Galgdczy, 2004).

Table 1
Morphometric characteristics of the Cseres Valley catchment
Catchment Cseres Valley, Hungary
area (ca) name
Water course length Max. width of ca.
2
Area (km?*) (km) Max. length of ca. (km) (km)
0.76 1.80 1.90 0.60
Perimeter of Length-to-width ratio Circularity of ca.
ca. (km) () Horton factor-(Rf) (Re)

4.97 3.17 0.21 0.39
Gravelius . o s, Drainage density
factor (K) Channel gradient (%) Manning’s-n (km/km?)

1.61 7.17 0.035 2.37

The area falls within the forest soil zone. The soils identified so far being luvisols
(Alfisol), stagnic luvisols (Epiaqualfs), and gleysols (Aqualfs). Their common
characteristic is their high compactness attributed to land use. Most of the valley has
been used primarily as pasture or orchards, with smaller forests found on steeper slopes
and in the valleys. Cultivated fields and meadows are located on more suitable areas of
the slopes, where the signs of machinery work (machine tracks) are evident and are also
reflected in the structure of the soils. Archive maps of the area suggest that land use has
remained unchanged for several centuries. The distribution of soil types from higher
elevations to lower ones is as follows: strongly eroded brown forest soil with levisage
near the hilltops and watershed ridges, predominantly anthropogenic colluvial soil in the
middle of the slope due to its local position, eroded and heavily compacted Luvisol on
the north- and south-facing slopes. At the valley bottom, Gleysoils repeatedly buried by
cyclical flash floods are found, followed by deposited meadow soil rich in anthropogenic
materials at the edge of the settlement zone (Dobai and Dobos, 2023). According to
climate classifications projected for 2050, the study area is categorized as moderately
warm and moderately dry. The annual average temperature ranges from 8.8 °C to 9.3
°C. During the hottest summer days, the average maximum temperature reaches 31-33
°C, whereas on the coldest winter days, the average minimum temperature drops to
approximately —17 °C. Annual precipitation amounts to 550—-600 mm. The prevailing
wind directions are northwest (NW) and southeast (SE), in alignment with the terrain,
with an average wind speed of 2.5 m/s (Bihari et al., 2018).

2.2. Presentation of the precipitation caused by extreme precipitation
in the study area

Between 2010 and 2019 (with the exception of 2017) precipitation levels capable of
causing flash floods were recorded annually in the sample area and its surrounding
region (Table 2). The data were obtained from the Hungarian Meteorological Service
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database and the annual hydrometeorological reports issued by the General
Directorate of Water Management of Hungary, as well as records included in the Vis
Major protocols of the Hungarian National Bank. Although the table does not
encompass all precipitation data (e.g., in 2010, a total of 177.7 mm of precipitation
was recorded between May 15 and July 25), it effectively represents the precipitation
amounts and characteristic periods impacting the region. The majority of damages
were observed in privately owned properties and built infrastructure (e.g., public
roads, bridges), with total damages estimated to exceed 50 million HUF (BAZ, 2020;
Veres, 2021).

Table 2
24h precipitation totals recorded by GDWM’s gauge network
Station Homrogd
Time of measurment 10. 08. 2018 13.08.2019 26. 06. 2020 23.06.2019
Precipitation (mm) 87,0 70 65 87,0
Station Javorkut
Time of measurment 19. 04. 2017 10. 08. 2018 15.05.2010 23.06.2019
Precipitation (mm) 97,3 76,4 75 11
Station Miskolc-Sajopart
Time of measurment 29.07.2011 31.03.2022 22.06. 2024 23.06.2019
Precipitation (mm) 52 46,9 46,7 28,3
Station Miicsony
Time of measurment 28.07.2016 13.08.2019 19. 08. 2015 23.06.2019
Precipitation (mm) 90,8 70 60,8 78,3
Station Varbé
(based on Vis M. report)
Time of measurment 23.06.2019
Precipitation (mm) 94

Based on the Flood Calculation Guide issued by the General Directorate of Water
Management of Hungary, the flood discharges calculated for the study area at the
mouth of Harica-Nydg6 Creek, with a specific discharge of Qs% m?/s km?, are as
follows: Qi1% = 71.0 m%/s, Q3% = 54.6 m*/s, Q1% = 38.2 m?*/s (Koris, 2021).
Although the general water yield data does not justify the construction in the Harica
catchment area, which includes the Cseres Valley, a water reservoir with a surface
area of 13.6 hectares and a storage capacity of 410,000 m?® was constructed to protect
the settlement of Kondo following the flood events caused by the precipitation events
of 2010. Although the stormwater reservoir fulfills its purpose and, in accordance
with its engineering design, retains and channels the flood waves caused by runoff
precipitation, the settlement has continued to experience flooding from smaller
surrounding catchments (e.g., the Cseres Valley, Varrom-stream) even after its
construction. The causative link, however, has not been conclusively demonstrated,
this conclusion could only be drawn based on observations derived from flood
protection practices. The solution was provided by a basic mapping methodology
(Dobai and Dobos, 2022), which is further developed in current research.
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2.3. Presentation of the AHP-based weighting for risk mapping

The Analytic Hierarchy Process (AHP), developed by Thomas L. Saaty, is a
decision-making methodology designed for the structured and systematic analysis of
complex problems. Within this framework, problems are represented in a
hierarchical structure, with the decision goal positioned at the top level, followed by
criteria and alternatives. A central feature of the method is pairwise comparison,
whereby criteria and alternatives are evaluated along a predefined scale to express
their relative importance (Choudhury et al., 2022; Costache et al., 2020). The
evaluation process generates a comparison matrix, which is utilized for weight
calculation and priority determination. Through its mathematical computations, the
AHP method enables the objective ranking of alternatives. Additionally, a
consistency ratio (CR) mechanism is incorporated to ensure the internal coherence
of the pairwise comparisons (Eroglu and Meral, 2021). For the weighting of map
classes, the scale proposed by Saaty was used. AHP-derived weights were calculated
for each class in the flash flood susceptibility mapping process, and these weights
were subsequently applied to classify the corresponding raster datasets.

2.4. Presentation of the flash flood risk mapping methodology

As the first step of the research, the input data required for mapping and the weights
assigned to the classes of the risk map were established since no flash flood
susceptibility or risk map had been previously developed for the region. The aim was
to produce a minimal yet informative, high-resolution map suitable for practical
defense applications. Terrain-derived surface indices (e.g., DEM, channel distance,
curvature, aspect) and indices derived from remote sensing (e.g., satellite images,
NDWI, NDVI) were utilized, as they are fundamental in risk mapping methodologies
(Youssef et al., 2011). However, inclusion of excessive and closely correlated
variables (redundant data) was avoided to prevent overburdening the model and
reducing predictive performance. Therefore, only parameters contributing novel
information to the map were retained. This optimization of input data has been
widely documented in the literature (Bui et al., 2019; Youssef and Hegab, 2019; Ngo
etal., 2018; Khosravi et al., 2018; Khosravi et al., 2016; Youssef et al., 2016). Layers
such as hillshade, which do not provide additional information, and those causing
redundancy, such as Stream Power Index (SPI) and Sediment Transport Index (STI)
(both based on slope and flow accumulation), were excluded. The aspect layer was
also omitted due to the lack of meteorological forecasting systems capable of
determining prevailing storm directions. Radar images from the Hungarian
Meteorological Service indicated that MCS storm fronts approached the study area
from the south on 23. 06. 2019, while on 13. 08. 2019, the front arrived from the
east-northeast. Despite these observations, no characteristic storm direction or
typical topographical exposure could be determined for this study. Thus, only eight
rasters were included: slope, derived from a 5 m-resolution DEM; classified
Normalized Difference Vegetation Index NDVI (Dalezios et al., 2001); classified
land use/landcover (LULC) layers, generated using Sentinel-2B satellite bands B2
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(blue), B3 (green), B4 (red), B8 (NIR), and resampled B5 (VNIR) at 10m resolution;
average soil thickness from the AGROTOPO hungarian soil database, Topographic
Wetness Index (TWI), slope-weighted flow length (SWFL); time of concentration
(Costache 2014), also a texture layer obtained from the E-Soter digital soil mapping
methodology with 430 m spatial resolution, covering the CEU area. The E-Soter
system, which integrates remote sensing morphological classification and classifies
soils according to the WRB system (Dobos et al., 2007), was utilized. Flash floods
were found to develop under precipitation intensities above 30 mm/h, depending on
initial surface conditions, particularly soil moisture (Luong et al., 2021). During the
mapping process, weights were assigned to each class using the Analytic Hierarchy
Process (AHP) method. The weights were applied to each raster layer using the
ArcMap-Lookup function of the Spatial Analyst toolset, which had been previously
prepared and divided into appropriate categories. Then, the weighted values of the
various factors were summed using the Spatial Analyst — Raster Calculator to create
the weighted index of the hazard map in ArcMap. To homogenize the spatial units,
the majority function of the Focal Statistics tool was employed, merging values
based on neighboring cells to ensure continuity in map representation and spatial
coherence across the calculated zones.

2.5. Assessment of Universal Matrix of Risk Analysis for the proposed flood
protection

The construction of the flood protection facility (dam, sheet pile walls) discussed in the
introduction requires an Environmental Impact Assessment (EIA). The EIA generally
serves as a tool to assist authorities in making decisions regarding project approval and
determining the appropriate conditions. As a decision-making instrument, the EIA aims
to identify and evaluate the expected environmental consequences of certain planned
development activities, with the aim of facilitating informed decision-making and
ensuring thorough environmental management (Zelendkova and Zvijakova, 2011).
Among the most appropriate methodologies for such assessments is the Universal
Matrix of Risk Analysis (UMRA), a logical-numerical expert method that utilizes a
matrix for risk evaluation, assessing the interaction between hazards and vulnerable
segments (Zeleniakova et al., 2017). UMRA provides a comprehensive methodology for
evaluating risks within environmental and hydrological systems. The framework is
structured around three primary components — Probability Index (Pi), Consequence
Index (Ci), and Risk Index (Ri) — which collectively enable a systematic quantification
and visualization of risk levels. The fundamental principle of the approach is to calculate
the Risk Index, which represents the estimated level of risk posed to the environment by
the proposed activity (Zelenakova et al., 2017).

The application of this methodology in the environmental impact assessment of
flood mitigation measures enables the evaluation of construction interventions,
facilitating the selection of the optimal option during the permitting process. For the
calculation of UMRA, the ‘Pi’ probability (ranging from 0.25 to 1) and the ‘Ci’
consequence (ranging from 0.25 to 1) are required, which are then incorporated into
the calculation of the individual risk ‘Ri’ for each identified stressor effect on
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environmental components. A probability indicator and criteria at various levels are
proposed for this purpose. Probability is commonly expressed on a scale from 0 to
1, and this scale was applied across four categories (from 0.25 to 1). The calculation
of individual risk, denoted as Ri, which is necessary for impact assessment, is
conducted using the following equation

Ri = Pi x Ci (D)
where
Ri — individual risk associated with the impact of each stressor on environmental
components;

P; — probability of occurrence;
Ci — consequences.

The probability (Pi) and consequence (Ci) of each impact are evaluated and
combined to determine the individual risk posed by each stressor to environmental
components. Individual risks (Ri) were calculated for all nine identified stressor
impacts on environmental components. Risk levels are categorized into four semi-
qualitative levels based on the universal matrix of risk analysis: negligible (Ri =
0.0625-0.25); low (Ri = 0.25-0.50); medium (Ri = 0.50-0.75); and high (Ri =0.75—
1.00). The resulting risk index (IR) as the sum of all individual stressor risks
(Zelenakova et al., 2017). The summation in Equation (2) is taken over all stressor
impacts (i = 1...n), while j denotes the alternative under evaluation.

{n}
{;}

where

IR — risk index;

P — probability;

C — consequence;

j — rank of the alternative;

n — the number of stressor impacts on environmental components (n = 1... 70);
i —rank of probability and consequence.

In this study, a modified version of the UMRA methodology, adapted to small
catchments and flash-flood processes, is applied for the general risk analysis. The
modification consists of using a reduced set of flash-flood-relevant UMRA stressors
with proportionally lower weights and calculating their effects and associated risks
at finer resolution, thereby preserving the aggregated impact on overall risk while
better reflecting the rapid and localized nature of flash-flood phenomena. The
primary concern associated with flash-flood events is that, although they occur over
limited spatial extents, they can generate severe impacts and may result in damage
comparable to that caused by riverine floods (e.g., destruction of bridges, damage to
wastewater treatment facilities, and further spatial socio-economic impacts).
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3. RESULTS
3.1. Result of AHP method

The present study was prompted by practical experiences in flash flood protection,
assuming a rainfall intensity above 30 mm/h, which is indicative of the occurrence
of flash floods (Luong et al., 2021). Although the detailed analysis was carried out
on a 1 km? sample catchment, the risk map was extended to the wider catchments of
the Sajo, Bodva and Hernad rivers in order to provide the regional hydrological
context of the study area. These larger catchments represent the upstream and
downstream environments that influence both the boundary conditions and the
potential propagation of flash-flood processes. By including the surrounding river
catchments, the applicability of the proposed methodology could also be
demonstrated at a broader spatial scale, beyond the small pilot area. The analysis
conducted using variable-sized moving windows, together with the assessment of
the catchments, is of particular importance, as our previous research demonstrated
that six sub-catchments are situated around the settlement of Kondd (Dobai and
Dobos, 2022). These catchments are located downstream of the flood-control
detention reservoir and therefore constitute potential sources of flash-flood hazard.
However, only three of them have critical surface-runoff characteristics. To enable
a comprehensive hazard assessment and to accurately define the required input
parameters, a detailed analysis encompassing nearly the entire Harica catchment is
required. This example further demonstrates the crucial importance of high-spatial-
resolution geospatial datasets for both risk mapping and the delineation of risk
classes. Adequate spatial detail is essential to capture the heterogeneity of catchment
characteristics, to represent local-scale hydrological responses accurately, and
ultimately to produce reliable and operationally meaningful hazard assessments. The
input raster layers and their flood risk hazard level (Table 3) and AHP values used
for weighting were as follows (Table 4).

Table 3
Input rasters for flash flood mapping
Group Category Category Value Flood hazard
name (Qty) range range risk level ranges
o min. <5% 3 very low — very high /karst
Slope (%) 3 max. >25% -5 terrain
LULC 6 ml;;n.c:;i:t:éte 0-5 none — very high /karst terrain
NDVI 10 mr:;n.czlacfreerte 0-5 none — very high /karst terrain
Sm(lc(li]:)p th 5 Hrlr:;>>12 (()) chr:qun 1-5 none — very high /karst terrain
Texture 6 min. water 0-5 none — high
max. clay
TWI 5 min. 0.9 15 very low — very high / karst
max >20 terrain
TCI 3 g:; ig}}ll 0,1,5 none-very high / karst terrain
SWFL 3 min. <1000m 0,1,5 none-very high / karst terrain




84 A. Dobai et al.

Table 4
Result of AHP weights for Risk Map
Groups Slope NDVI LULC <ol Texture TWI TCI Shide
P P depth FL
A.HP 0.36 0.18 0.08 0.035 0.030 0.19 0.09 | 0.03
weigths
. Consist. Consist.
mI:ts:;x Ratio Index A max
statistics (CR) (€D
0.022 0.028 8.1

According to the AHP method, the CR value is 0.02, indicating that the matrix is
consistent (Eroglu and Meral, 2021). The individual risk classes were multiplied by
the AHP weights, and new classes were generated based on these weights. Finally,
they were categorized into four flash flood susceptibility groups (no risk, low risk,
medium risk, high risk/karst terrain).

The best results for the distribution of the classes were achieved using the
geometric interval and the natural break (Jenks) methods. The Jenks natural breaks
classification was particularly suitable because it adapts to the inherent variability of
the dataset by identifying statistically meaningful discontinuities in the value
distribution (Gui et al., 2025). This allowed the susceptibility classes to follow the
actual clustering and skewness present in the flash-flood-related parameters,
resulting in more realistic spatial delineation compared to uniform or quantile-based
schemes. To further refine the map, manual threshold adjustments were also applied.
The resulting map is shown in Figure 2.
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Figure 2
Results of risk mapping and flash flood events (2010-2024)
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The results indirectly indicate the geological structure, with the most characteristic
areas being the Lower Triassic and Permian limestone (gT1, avT1; nP2) in the Biikk
Mountains, and the Middle-Upper Triassic limestone and dolomite (WT2-3m, wT2-
3d) formations along the Bodva River (Gyalog, 1996). In contrast, the northern and
eastern sections of the risk map (Figure 2) provide an adequate explanation for the
occurrence of flash floods within the Hangony-Hodos, Vadasz, and Vasonca
catchments. For each category, recommended defense methods can be assigned.

In the No Risk and Low Risk areas, it is advisable to review the affected
watershed, potentially examining historical records and archival data to verify any
past damage caused by major storms or flash floods. In general, for these areas, the
maintenance of municipal rainwater drainage systems and local infrastructure (such
as road culverts and streambed regulation) is sufficient. It is worth noting, however,
that even on small watershed scales (<100 km?), no areas fall exclusively into this
category. Additionally, for agricultural lands, appropriate agrotechnology and
adherence to plowing and soil cultivation boundaries are recommended to mitigate
risks related to erosion and improve runoff conditions, as these factors pose
significant risks to the watershed (Dobai and Dobos, 2023). In the Medium Risk
category, it is advisable to construct small dams, weirs, and other hillside structures
made from local materials, either at the target area or at runoff points, while
considering the potential for water retention in the landscape. These structures,
which may include permanent installations, could require water management permits
(Balatonyi, 2022; Susnik et al., 2022). For areas classified as High Risk, Very High
Risk, or Karst Terrain, detailed surveys, risk assessments, and environmental impact
studies are necessary. Water defense solutions in these areas must align with these
evaluations and may also incorporate the measures suggested for the previous
categories. Additionally, robust, low-maintenance, and cost-effective solutions
should be identified. Such measures may include sills, sheet piles, or constructions
made of building stones placed in Gabion mesh, designed to increase surface
accumulation time and slow runoff. Among agrotechnological practices, the
establishment of terraced cultivation is a viable option (Alessandro et al., 2002).
Municipal defences should also be addressed. Due to the lack of preparation time,
traditional labour-intensive methods, such as sandbag defences, are impractical.
Instead, the construction of modern, temporary barriers made of plastic materials
that can be easily and quickly deployed in urban areas is recommended. The hazard
categories of the Cseres Valley and its surroundings, which constitute the study area,
have been identified in previous studies: a total of six sub-catchments are located
downstream of the aforementioned flood reservoir, three of which exhibit critical
surface runoff characteristics based on runoff condition assessments (Dobai and
Dobos, 2022). The results of earlier analyses have been further refined by the current
mapping: the ‘no risk’ and ‘low risk’ categories together constitute 47.12% (361.45
m?) of the total watershed area, while the ‘medium risk’ category accounts for
50.88% (390.32 m?), the ‘high risk’ category for 1.92% (14.72 m?), and the ‘very
high risk’ category for 0.08% (0.625 m?). The predominance of medium-risk areas,
combined with the proximity of the valley’s discharge point to the settlement,
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explains the high level of vulnerability to flash floods in the region. Within the
catchment, the most optimal solution for flash flood mitigation was found to be the
multi-stage installation of 116 Larssen-type sheet piles, measuring 8.00 x 6.00 x 0.6
meters each, with a total length of 70 meters distributed across three locations (Dobai
and Dobos, 2022). Following chapters, the risk-reducing effects of sheet pile walls
installed in the Cseres Valley will be evaluated using the UMRA method.

3.2. Results of UMRA

Understanding flood-related risks requires a systematic assessment of the
environmental, social, and landscape components that may be affected during an
extreme hydrological event. Within this framework, the Cseres Valley serves as a
representative case study, where the interaction between natural processes and human
activities creates a complex risk environment. In this context, individual risk values
(Ri) were calculated based on documented damage reports and existing flood-
mitigation practices. These risks were evaluated through a set of environmental
stressors identified in the literature (Zelenakova et al., 2017). Accordingly, nine
primary stress factors were defined (Table 5): population (1), water conditions (2), soil
(3), flora, fauna, and their habitats (4), landscape structure (5), protected areas and their
buffer zones (6), urban areas and land use (7), the territorial system of ecological
stability (TSES) (8), and cultural and historical heritage, including intangible cultural
values (9). Two scenarios were considered for each stressor: ver. 1, representing
ineffective flood protection, and ver. 2, representing effective flood protection.

Table 5
Comparative assessment of flood risk for scenarios

Determining probabilities
The impact (Pi)
of the ver 1/ ver 2 Determining Calculating risk
stressor on (ver. 1: ineffective flood consequences (Ci) (Ri)
individual protection / ver 1/ver 2 ver 1/ ver 2
components ver. 2: effective flood
protection)
local flood hazard risk — health
Impact medium consequences of
on1 flooding
0.25 [ 025 075 | 075 0.19 [ 0.19
high-level flood alerts | aler discharge Q
(m3/s) — maximum
Impact (qty/ per year) Q
on 2 0.10 [ 0.10 1] 1 0.1 [ ol
condition of flood- " bili
Impact protection structures sotl permeability
on3 1 | 0.25 025 | 0.18 0.25 [ 0.047
local flood hazard risk — vulnerability of
Impact medium faupa, ﬂqra, and
on4 their habitats (-)
0.25 [ 025 0.125 | 0.125 0.0313 | 0.0313
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Impact local flood hazard risk — changes in
ml: 5 medium landscape structure
0.25 | 025 025 | 025 0.063 | 0.063
Impact local flood hgzard risk — (ver. 1)/ (ver. 2) extent of impacts outside the
on 6 medium buffer zone
0.25 [ 025 075 | 0 0.188 | 0
et | ot oftoog- | Tl
mpac protection structures & Y
on 7 system
0.75 | 025 013 | 0 0.09 | 0
Impact local flood hazard risk —in (ver. 1)/ (ver. 2) flooded area: 1-50 km?
on 8 urban areas
0.5 | 05 05 | o 0.25 | 0
Impact local flood hazard risk — quantity of affected
ml:zc medium values
0.25 [ 025 025 | 025 0.06 | 0.06
Version 1 —
p:t:z‘c"t‘l‘;n S PI=3.60 S CI=4.01 IR =122
structure
Version 2 —
pmvtvégt‘ion Y PI=235 Yy Cl=2.56 Y IR =0.49
structure

Two distinct scenarios were analyzed: the current state, which lacks flood protection
measures and has a baseline risk value of 1.22, and the scenario where a sheet pile
wall system was installed, resulting in a risk value of 0.49 (it is 59.8% decrease),
indicating a reduction to below the risk threshold. The validation of these results is
performed by comparing them with previously occurred flood disasters. The
Hungarian National Bank is legally mandated to prepare so-called vis Major reports
for insurance companies and municipal leadership related to flash floods and other
events (e.g., windstorm, earthquake). If the damage recorded in past events shows a
similar pattern to the calculated Ri values, the modeled effect of the proposed
measures (e.g., a sheet pile wall) can be considered reliable. That is, if the model
predicts that the flood protection reduces the risk to 0.49, and the historical event
data indicates that the Ri without effective protection would have been
approximately 1.22, the consistency validates the accuracy of the estimation. Thus,
the reports allow for the quantification of the direction of the flash flood wave and
the extent of damage, which aligns with the findings obtained during the analysis.
Flash floods can be summarized in terms of probability and impact (Pi-Ci) for
risk assessment as follows. The probability of the phenomenon has increased
frequency in the last two decades, with an expected value ranging from 0.50 to 0.70,
and, in the event of occurrence, it is associated with extreme water discharge.
However, regardless of the probability of occurrence, the level of damage is
consistently significant (ranging between 0.75 and 1), especially when the storm
occurs on saturated or impermeable soil. Real storm events indicate that the greatest
destruction is caused when MCR zones experience a return period of 12—24 hours
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(e.g., summer of 2010, 2019). Since the phenomenon primarily occurs from early to
late summer, land cover — regardless of storm frequency — has a significant impact
on surface runoff retention. Practical flood protection experience has shown that the
flood wave predominantly flows along concentrated drainage networks (such as dirt
roads, pedestrian paths, and roadways) in addition to streambed and watercourses,
therefore, complex landscapes must be considered. Thus, with the construction of
the flood protection system, a low-risk level (0.49) will be achieved for the valley
and the surrounding natural and socio-economic landscapes. The implementation of
the flood protection system will result in the elimination or significant reduction of
the vulnerability of stressors, such as buffer zones, TSES, and man-made
infrastructure (bridges, roads, etc.). The impact of the phenomenon could be reduced
by the proportion of arable land; however, due to eroded surfaces, improper
agrotechnological practices, and land management, agricultural areas (on different
genetic soil types) are typically compacted and severely eroded. Similarly, the degree
of forest cover could exert an effect, but the developmental stage of the forest
associations and their age significantly affect surface infiltration. Collectively, these
factors contribute to the determination of both preventive and reactive mitigation
measures (such as risk mapping and natural embankments made of local materials),
which can potentially reduce flood risk levels (Susnik et al., 2022; Balatonyi, 2022).

4. DISCUSSION AND CONCLUSIONS

Regarding the mapping methodology, the interpretation of the study results is limited
to Hungarian territories, as local risk assessment maps lack a methodological
framework that incorporates such diverse input data. An exception is the flood
sensitivity mapping methodology proposed by Sarkadi et al. (2022), which, although
targeting a national scale, also incorporates finer spatial resolution and is based on
equally weighted conditional factors. A comparison of the two methodologies was
conducted, and the general watershed-based flash flood susceptibility index
(FFSI_ws) and the settlement-level index (FFSI smax), based on the maximum
raster value, showed similarity to the present method. These results suggest that,
despite differences in the spatial resolution of the input data, the maps may still
provide a suitable basis for the development of future risk mapping methodologies
(Dobai and Dobos, 2025). At the level of international methodologies, the input
data’s AHP weights fall within a similar range (Grozavu et al., 2017; Kanani-Sadat
et al., 2019). However, this research focuses on eight input variables rather than the
average of 10—12, primarily concentrating on surface runoff to avoid redundant data.
In this study, the detailed classification of NDVI and TCI layers proved to be
particularly useful. The strengths of the methodology include improved spatial
resolution, interpretability at the small catchment level, and the first-time use of a
region-specific digital soil map in mapping rather than relying solely on general
national soil databases. The methodology’s weakness is that it requires further
development. One potential solution is to analyze NDVI changes during the March—
October period and only identify areas with stable floodwave-reducing
characteristics as those where high NDVI values change minimally. Another
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potential improvement is comparing forestry databases with NDVI values, as forest
types and planting ages may vary, making it inappropriate to treat specific areas as
uniform forests (Korchagina et al., 2020). These refinements would require
significant storage capacity and dedicated research. However, once addressed, they
could provide a robust foundation for Al methodologies (e.g., neural networks,
Random Forest). Despite its drawbacks, the methodology can significantly support
flood defense agencies and municipalities, complemented by research findings
specialized in calculating flash flood discharge (Dobai et al., 2024).

Municipalities, depending on the affected settlements, are responsible for flash-
flood protection, as technical defense measures receive only partial support from the
relevant authorities (e.g., water directorate, police, disaster management agencies,
etc). Given economic sustainability concerns and the increasing frequency of
extreme weather events, an innovative shift in perspective is necessary. This study
presents an interdisciplinary methodology to mitigate the harmful impacts of flash
floods in basin catchments. Using high-resolution spatial data, derived DEM indices,
and statistical weighting methods (AHP), a reliable mapping database can be
developed to identify flash flood hazards. The UMRA methodology demonstrates
that its matrix properties enable effective application, particularly as stress factors
(e.g., municipal waste storage, wastewater treatment plants, and critical
infrastructure) are also present in smaller watersheds. The method generates
mapping layers, assesses environmental risks, identifies locations, recommends
defense strategies, and evaluates risks associated with proposed mitigation measures.
Based on previous damage assessments (approx. HUF 50 million), mitigation costs
could be covered for a fraction of the corresponding insurance payouts (approx. 8—
10 million HUF) (Veres et al., 2021). As a result, this approach can significantly
reduce municipal and national budgetary expenditures while positively impacting
the natural systems across the region.
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Abstract: In open-pit mines, the installation of conveyor belt tracks may require conveyor
bridges to span the terrain or existing structures. The paper compares the structural design
options for truss bridge structures, with a particular focus on existing, recycled structures and
prefabricated, modular elements. Three-dimensional finite element simulations were used to
verify the first option, which is an existing structure meant for reuse to look at the natural
frequencies, stress distributions, and deformed shapes. These results highlight the importance
of investigating the vibrations caused by the movement of the conveyor belt and the wear of
the rollers. The other option examined is a commercial solution based on a Bailey bridge,
which is a portable, prefabricated, modular truss bridge designed for quick assembly without
heavy equipment. The advantage of the modular design is that the structure can be reinforced
by combining the elements, thereby increasing operational safety and economy.

Keywords: bridge for conveyor system, truss structure, FEA, modal analysis

1. INTRODUCTION

In open-pit mining operations, the installation of a conveyor bridge may serve
multiple purposes. Various materials can be efficiently transported using conveyor
belts in mining operations, but site-specific terrain conditions, such as crossing
working pits or other conveyor systems, often pose challenges during installation.
The study focuses on comparing structural design options for the conveyor bridge
truss used to support long-distance conveyor belts. The interconnected triangular
arrangements in the truss make the structure strong and lightweight.

The bridging solution can be achieved either by reusing an existing truss
structure, originally designed for different material transport purposes and requiring
modification, or by employing rapidly deployable, prefabricated modular bridge
frameworks. Truss bridges are primarily evaluated through strength calculations and
buckling checks of compressed members. An additional consideration is the analysis
of vibration effects, which are consistently problematic in conveyor belt routing. For
rapidly deployable modular bridges made of mobile components, decision-making
involves not only mechanical considerations but also economic factors alongside
existing product specifications.

Ladanyi (2018) presented results for an existing structure intended for reuse,
where the spatial framework was simplified as a planar truss for strength verification.
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The required parameters were determined primarily through manual calculations based
on theoretical considerations. These calculations can be refined by reducing the load
distribution obtained from finite element analysis (FEA) to a planar model of the
bridge. Szirbik et al. (2023) further investigated the structure by making a 3D model,
providing an opportunity to also study vibrational behavior (Szirbik et al., 2024).

The eigenvalue extraction used to calculate eigenfrequencies and mode shapes is
based on the Lanczos iteration method (Bathe, 1996). The modal analysis starts with
higher numerical accuracy eigenvalue calculations, followed by the generation of
mode shapes. The natural frequencies and associated mode shapes can be used later
to analyze the effects of dynamic loads on the structure, such as forced vibration
analysis. The bridge structures under study support a conveyor system connected to
framework elements, which are subjected to transient vibrations induced by the
belt’s motion. These vibrations may arise from the wear or failure of conveyor belt
rollers, acting as excitation sources. Knowledge of the structure’s natural frequencies
is critical for managing the vibrations under any external effect. The slender member
forming the bridge framework inherently causes low natural frequencies, making
such structures easily excitable and requiring regular monitoring. In frameworks
exposed to excitations due to conveyor-belt motion, resonance catastrophe may
occur if the excitation frequency matches any structure’s natural frequency. Such
resonance can lead to failure, typically manifested as fractures in the weakest
components, disrupting the mechanical transport system functionality. Due to the
potential hazards of resonance catastrophes, vibration analyses are conducted on
various mining equipment, such as excavators and disc-cutting rock extraction
machines, as reported by Popescu et al. (2020) and Wijaya et al. (2022).

The costs of modifying an existing framework must be compared with the price,
load-bearing capacity, installation costs, and dimensions of an alternative mobile
bridge, as well as certain comparable mechanical properties.

2. STRUCTURAL DESIGNS

An alternative to design is an existing conveyor bridge that has been repeatedly
utilized in open-pit mining operations to facilitate the installation of conveyor belts
for transporting overburden and lignite. The other alternative is a solution
constructed from mobile, prefabricated elements with specified manufacturer
dimensions. The purpose of the structure is to avoid level intersections of conveyor
belts and to bridge working pits during mining operations at low cost.

The truss structure of the first solution has undergone multiple modifications and
reinforcements, resulting in its current examined configuration, which features an
asymmetric design due to these developments. The structure, with principal
dimensions of 23 m in length, 3 m in width, and 2.3 m in height, consists of ten equal-
length segments. The diagonal cross-braces are oriented perpendicular to each other;
however, unlike conventional designs, the arrangement is asymmetric, as illustrated in
Figure 1. Specifically, the orientation of the cross-braces is identical in six cells but
opposite in the other four. Wind bracing trusses are present at both the top and bottom
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of'the structure. The conveyor bridge is reinforced at both ends by robust portal frames,
and the entire structure is constructed using welded connections.

Figure 1
Geometry of the welded truss bridge structure in 3D

During the design of the welded truss framework, the lower cross-braces are
constructed from W-section steel profiles with a height of h = 100 mm, while the
upper cross-braces utilize T-section profiles with a height of h = 75 mm. The lower
and upper longitudinal beams are also T-section profiles, with heights of h = 75 mm
and h = 100 mm, respectively, and widths of t= 7 mm and t,, = 14 mm. The cross
sections shown in Figure 2 have axes 1 and 2 that help to orient them in the 3D
geometric model.
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Cross sections of the members of the truss framework

The upper beams of the two portal frames, made from I-section structural steel, have
a height of h =200 mm, while the columns of the portal frames use stronger I-section
beams with a characteristic height of h = 315 mm. The wind bracing trusses are
formed from L 50 x 50 x 6 angle profiles. The truss columns have a more complex
cross-section, consisting of multiple adjacent steel profiles. For analysis, these are
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approximated with an equivalent rectangular cross-section (h = 127.08 mm, b =
23.43 mm) exhibiting identical cross-sectional properties, as determined through
simplified manual calculations.

Certain portions of the horizontal members include reinforcements from prior uses,
but stiffeners were not modeled. Thus, these beams are assumed to possess uniform
profiles in the three-dimensional structural model. Similarly, weather-related damage
and corrosion of the structure were disregarded, as their effects were not considered
significant factors influencing the mechanical properties of the structure.

This design can be used for open-pit mines where the distance between the banks
of an open-pit mine is below 18-20 meters and the span of the bridge cannot be
increased without significant modifications opposite the modular design. When a
crane of sufficient capacity is available, the entire bridge structure together may be
lifted on to take the right place.

The commercial solution is based on a Bailey bridge, which is a portable,
prefabricated, modular truss bridge designed for quick assembly without heavy
equipment. Figure 3 illustrates the conceptual design of a pre-assembled segment of
the alternative modular bridge structure. The available in predefined manufacturer
size increments of modular bridge and its components are picked from tables or
catalogs tailored to list the various geometric properties, allowing the selection of
mobile components with the required conveyor belt width. For a conveyor belt not
exceeding a width of 3 meters, a suitable modular variant is also available, for
example in Arcow 700XS technical handbook. Due to the conveyor belt width, the
modular bridge element in Figure 3, which provides the roadway width and supports
the conveyor platform, can be 3.67 meters in width according to the catalog. This
available configuration allows sufficient space for an inspection walkway alongside
the conveyor belt.

Figure 3
Design of assembled modular bridge elements

The modular bridge structure is assembled from prefabricated modules using
detachable bolted connections or pins to mix and match the appropriate components
creating the bridge. The bridge construction process can be assembled on site, where
the bridge structure is built from one side by continuously adding and connecting pre-
assembled modules, extending as a cantilever to reach the opposite support point. The
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standard truss configurations used for stiffening the bridge can be arranged in multiple
rows alongside the bridge platform, thereby enhancing the load-bearing capacity.

3. COMPARISON OF STRUCTURES

The existing structure in Figure 1 meant for reuse is subjected without loading in the
first load case (in load case A), i.e. without an installed conveyor belt system. In load
case B, the loading is calculated based on the mass of the material transported on the
conveyor belt, assuming a loose bulk density of pn = 1.4 x 10~ t/mm?>, as described
in Ladanyi (2018) and Ilic et al. (2017) with the specified material cross section. In
load case B, based on Ladanyi (2018), a continuous operational load is considered
constant, accounting for the weight of the transported overburden rock, the conveyor
belt, and associated framework elements, which is evenly distributed across the
lower longitudinal beams. The load, calculated using the loose bulk density, is
applied at the connection points of the lower cross-braces, distributed as downward
forces of 15 kN at nine nodes on each side of the structure between the supports. The
total load of 270 kN is represented by small downward vectors, as shown in Figure
4, indicated accordingly.

Figure 4
Distribution of loads and supports specified for welded bridge frames

The lateral planes of the conveyor belt intended for installation occupy nearly the
entire width of the bridge framework, precluding the possibility of integrating a
walkway within the truss structure for inspection purposes. One solution to ensure
accessibility is to install a walkway on one side of the structure, supported by
cantilever brackets. This configuration has proven effective in other operational
mining equipment, such as bucket-wheel excavators, bucket-chain excavators, and
spreaders. Due to the additional mass of the cantilever-mounted walkway on the truss
structure, a slight increase in weight is introduced compared to load case B. This is
addressed in calculation variant C by increasing the applied partial forces by 1.5 kN
at the nine loading points on one side. Consequently, a uniformly distributed load of
148.5 kN acts on one side, while the other side retains a load of 135 kN.
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Standard material properties for steel are assumed to be isotropic elastic, for
which Young’s modulus of E = 2.1 x 10° MPa, Poisson’s ratio of v = 0.25, and
density of p = 7.85 x 107 t/mm?® are given. Using finite element analysis, the dead
weight of 6217 kg is obtained from the 3D beam structure and the specified density.

In the FEA using Abaqus 6.13, the boundary conditions for the first bridge
structure were simplified supports at the four lower corner points to prevent rigid-
body motion in space while avoiding over-constraint between any two support
points. To achieve this, one support point was modeled as a spatial pinned support,
constraining motion in all three directions, while the remaining three lower corner
points were defined as spatial roller supports, allowing movement within their
respective planes but restricting motion perpendicular to those planes. All specified
supports permit rotational freedom about the three orthogonal axes.

The conveyor bridge is significantly reinforced at both ends by robust portal
frames, which consist of considerably heavier [-beams compared to other elements.
The calculations demonstrate that these portal frames substantially enhance the
structure’s robustness, both in terms of strength and vibrational properties.

In load case C, the asymmetric loading introduces torsional stress in addition to
a slight increase in load magnitude on the three-dimensional structure. However, this
does not result in significant changes in the strength analysis outcomes.

Modelling the static behavior of the structure is essential for the reusable welded
framework. Since effective stresses in the main load-bearing elements occur below
89.86 MPa and the structure is made of grade S275 steel with a minimum yield
strength of 275 MPa, the ratio, the actual safety factor for static loads in all three
load cases (A, B, and C) exceeds n = 3. The maximum deflection at the midspan of
the bridge is only 21.6 mm. The primary load-bearing members are the central
sections of the lower longitudinal beams and the first cross-braces at the portal
frames, as reported by Szirbik et al. (2023).

The loads acting on the conveyor belt during material transport can be determined
through measurements or simulations based on the sag ratios of the bulk material
and the belt, as described by Ilic et al. (2017). These allow for the calculation of the
loads transmitted through the conveyor rollers to the framework due to material
transport. The condition monitoring of conveyor rollers can also be achieved using
acoustic sensors, as reported by Wijaya et al. (2022).

For simplicity, a 3D wireframe in Abaqus with beam elements was used for the
modal analysis, neglecting damping to predict the natural frequencies and mode
shapes of the structure. The natural frequencies are arranged in ascending order,
summarized in Table 1 for load cases A, B, and C. If the suspended hanging roller
sets are applied, the forces resulting from the loads are exerted in the vertical
direction, uniformly distributed, at the midpoints of the piers, and considering an
angle of the wing rolls of 30° the perpendicular components also arise. The
maximum value of the vertical displacement is 23.15 mm in the middle of the bridge;
thus, the deflection ratio remains 0.01%. The results indicate that the structure is
excitable at relatively low frequencies, a consequence of using slender members.
Although the structure is subjected to loading, this has a minor impact on its
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vibrational behavior, as the primary load-bearing elements are the central sections of
the lower longitudinal beams and the first cross-braces at the portal frames, as noted
by Szirbik et al. (2024).

Table 1
Natural frequencies [Hz] for load cases A, B, and C
Modus Load cases
No. A B C
1. 7.727 7.702 7.701
2. 9.285 9.285 9.284
3. 10.095 10.146 10.149
4. 14.480 14.477 14.476
5. 14.738 14.560 14.548
6. 16.004 15.405 15.361

It can be concluded that the applied loads do not significantly detune the structure,
only slightly modifying the natural frequency values, as the preload in most
structural members changes minimally. The linear perturbation performed on the FE
model yields the natural frequencies, but the first few modes are dominant and are
necessary for further analysis. Structural damage or deviations from the designed
parameters can lead to changes in the natural frequencies, which may have
unfavorable consequences.

The modular bridge’s truss construction contains eight bays, resulting in a
nominal span of 24.4 m, and can be substituted for the welded structure. Considering
the roadway width of 3.67 m and the height of 1.74 m, the dead weight of the bridge
is 16224 kg. Concluding that the selected modular design weighs more than the first
welded version, which needs to be modified. The selected bridge designs can be
reinforced by adding additional components. The modular bridge can be reinforced
more easily with double-storey or two-panel tower constructions. The adequate load-
bearing capacity and stability in the truss construction, associated with the conveyor
belt system, can be ensured based on the technical specifications provided in the
manufacturer’s solutions published in the manufacturer's catalogs. The existing
structure in Figure 1. meant for reuse can be damaged from the overloading and, etc.
must be continuously monitored, which is why a sidewalk is also placed on the
bridge on one side along the conveyor belt. Modular designs provide sufficient space
for monitoring and are more resistant to vibrations caused by the movement of the
conveyor belt than the welded truss structure.

4. CONCLUSIONS

A truss structure designed and built for the conveyor belt transporting lignite is
reused for a new belt conveyor system, which applies a wider belt than the previously
installed unit, and the total weight of the belt conveyor increases. The options
included the reconstruction or use of a Bailey bridge-based commercial solution,
which is a portable, prefabricated, modular truss bridge.
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Finite element simulations on the three-dimensional wireframe model of the
reusable bridge framework provide accurate insights into structural deformation and
stress distributions, as well as the extraction of natural frequencies in the modal
analysis. The FEA is essential for the preliminary verification of operational safety
for the conveyor belt system installed on the truss bridge structure.

Finite element simulations for the existing structure have proved that the truss
bridge is robust enough for the new conveyor belt and the material being transported
is adequate based on the deflection and safety factor. Furthermore, the I-beam gates
at the ends also strengthen the structure.

The conveyor belt system monitoring and the unexpected vibrations cause
problems with the reuse of the truss structure. The investigation of vibrations induced
by the conveyor belt motion and roller wear on the truss structure is unavoidable, as
resonance must be prevented. The modal analysis provides the basis for
investigations of excited vibrations to mitigate vibration-related issues in structures.

We have found that the weight of the optional modular design exceeds that of the
existing welded structure, and bank abutments must also be constructed accordingly.
But the advantages of the modular structure are also obvious, particularly in the
combinatorial possibilities of the components, allowing the panel bridge to be
reinforced with additional components if necessary, forming double-storey or two-
panel tower constructions.
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Abstract: Recent placer deposits of ilmenite-rich heavy sand were found in the Biikkalja
region, in the vicinity of Tibolddardc, sampled in a stream bed and in a rill on a dirt road.
These placers consist mostly of plagioclase feldspars, quartz and ilmenite. In this paper, the
composition of the sampled placer is studied, as well as the composition of some neighboring
Miocene ignimbrite and tuff samples, potential source rocks of heavy minerals. The amount
of ilmenite can reach 20-30 wt% in the bulk sample, but it is almost 50 wt% in the 0.212-0.3
mm grain size fraction. With simple magnetic separation, this enrichment can be increased
to 70 wt%. In addition to ilmenite, heavy sand contains a relatively high amount of allanite
and zircon as well.

Keywords: llmenite, allanite, placer deposit, ignimbrite, tuff, Biikkalja

1. INTRODUCTION

The ilmenite is a usual accessory both in igneous and metamorphic rocks and a
common constituent of placer deposits, due to its high specific gravity (4.72). In
addition to rutile, it is the main source of Ti, whose metallic form is a critical
element in the European Union (Bowles et al., 2011). Most of the ilmenite is mined
from placer deposits, but there are also hard rock deposits (ultramafic to mafic
layered intrusions or anorthosite massifs) (Murphy and Frick, 2006). The most
significant ilmenite placer deposits are marine, situated in coastal areas, like in
India, Bangladesh, Brazil, Australia, New Zealand, South Africa, Egypt
(Angusamy et al., 2005; MacDonald and Rozendaal, 1995; Nayak et al., 2012;
Prates Hallal et al., 2025; Rahman et al., 2020; Ramakrishnan et al., 1997; Roy,
1999; Wassef, 1981; Wells and Haverkamp, 2020), but for example in Virginia
alluvial deposits occur (Herz et al., 1970). Less significant ilmenite placer deposits
are situated even in European countries, such as Ukraine and in Greenland (eluvial,
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alluvial and marine placers as well) (Ganzha et al., 2023; Kolb et al., 2016). Non-
formula element content in ilmenite is often a useful indicator of the provenance
area, especially the Mn/Mg ratio and the Ni, Cr, V, Co concentration
(Bhattacharyya et al., 1997). The Ti/(Ti + Fe) ratio in ilmenites refers to the degree
of alteration, due to Fe removal from the structure in the presence of water, in
acidic environment. Leached ilmenite then alters to pseudorutile, finally to
leucoxene (Miicke and Bhadra Chaudhuri, 1991).

Ilmenite is known as a common accessory mineral in certain Miocene volcanic
rocks of the Biikkalja region (e. g. Czuppon et al., 2012; Harangi et al., 2005;
Lukacs et al., 2022). Small-scale ilmenite-rich placers were found in the region,
near Tibolddaroc, as a proximal weathering product of the volcanic formations
redeposited by runoffs. In addition to ilmenite, the sands have a small enrichment
of allanite and zircon as well. Although the extension of these recent heavy mineral
accumulations detectable on the surface is far smaller than the economic placers,
probably it is the indication of bigger alluvial deposits in the sole of the valleys.
This study introduces the composition of a sampled deposit in the stream bed of
the temporary runoff Szaraz-to-ér, with a comparison of the heavy mineral content
of the potential source rock types and a local recent natural concentrate. The
current state of research does not aim to investigate the extent and economic
significance of a potential resource, only to indicate its existence.

2. GEOLOGICAL SETTING

The Biikkalja region is an extensive outcrop area of Miocene volcanics in NE
Hungary. The magmatism responsible for its generation was the result of the
subduction of Vardar / Magura microplate under the ALCAPA microplate, which
also carried volatiles (Kovacs and Szabd, 2008). Due to the rotation of the
microplates, lithospheric thinning occurred (Csontos et al., 1992). The Biikkalja
region is characterized by silicic ignimbrite units, supplemented with fall-out
deposits and paleosols (Bir6 et al., 2020). Originally, three silicic horizons were
identified with various tools, including K-Ar geochronology and paleomagnetic
studies: the Lower, the Middle, and Upper Rhyolitic Tuff Complexes (Szakacs et
al., 1998). Newer, mainly zircon trace element chemistry and U/Pb dating-based
studies indicate eight eruption phases (Lukacs et al., 2018), based on which the
Miocene volcanic sequence was divided into four lapilli tuff formations, namely
Tihamér Rhyolite Lapilli Tuff (18.2—17.1 Ma), Bogacs Dacite Lapilli Tuff (16.8—
16.2 Ma), Tar Dacite Lapilli Tuff (15.1-14.8 Ma) and Harsany Rhyolite Lapilli
Tuff (14.7-14.4 Ma) Formations (Lukécs et al., 2022). In another division, Hencz
et al. (2024) identified a single formation with eleven lithological members and
fourteen eruption events, mainly based on lithostratigraphic and geochemical
signatures. Although the general composition of the rocks is silicic, in the case of
the Bogécs Tuff Formation primitive basic melts also had a role in the volcanism
(Czuppon et al., 2012).
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3. MATERIALS AND METHODS
3.1. Sample preparation and analytical methods

Collected rock samples were first crushed in a steel mortar up to 1 mm, then
pulverized in porcelain and agate mortar up to 65 and 5 um, respectively. Before
grinding, ilmenite sand samples were first homogenized and rinsed with distilled
water to remove the clay fraction. After that, the remaining heavy mineral fraction
was dried and sieved with the following mesh sizes: 2 mm, 1 mm, 500 um, 300 pm,
212 pm and 106 um. From an ilmenite-rich fraction, the ilmenite was further
enriched with a magnet. From the sample, TD-5K clay and heavy mineral separation
was made with the application of gravitational settling in distilled water.

Thin sections and polished sections were embedded into two-component resin
(Araldit, 2020), and after three days drying, they were polished with silicium carbide
abrasive powder and paper. Thin sections were stuck on glass plates, and thinned to
30 um, while polished sections were also polished with diamond-bearing abrasive
gel. For chemical analyses of the samples, the 65 pm powder was used. Analyses
were done by wavelength-dispersive X-ray fluorescence spectrometry (WD-XRF),
with a Rigaku Supermini 200 WDXRF instrument (200W Pd X-ray tube, 50 kV
accelerating voltage, 4 mA current, LiF200 / PET / XR25 crystals, 4 g pellets with
CEREOX) to determine the concentration of major and minor elements, as well as
some trace elements (e.g. Zr). Trace element concentrations of five samples (four
ignimbrite and a tuff) were analyzed by the laboratory of ALS with ICP-MS (ME-
MSS81 analyses, based on Li-borate digestion and four acid dissolution), on the same
powder, then XRF.

The mineralogical composition was determined by X-ray powder diffraction
(XRD) on the 5 pm powders. For the measurement, a Bruker D8 Advance (40 kV,
40 mA Cu K-o radiation) instrument was used with a Vantec-1 position-sensitive
detector, in parallel beam geometry using a Gobel mirror. The phase identification
was carried out using DiffracPlus EVA software, based on the ICDD PDF2 2005
database, while the quantitative evaluation in Topas4 software with Rietveld
refinement method [NIST SRM 640b Si calibration standard, crystal structure
information from AMCSD (Downs and Hall-Wallace, 2003)].

Electron microprobe studies on the carbon-coated polished slabs were used to
measure the chemical composition of individual grains (energy dispersive X-ray
spectrometry, EDX point measurements and X-ray element maps) and to observe the
distribution of the different minerals on back-scattered electron (BSE) images. For
the electron microprobe studies, a SamX-controlled JEOL JXA 8600 Superprobe
was used (20 kV accelerator voltage, 20 nA beam current), equipped with an SDD-
EDX detector.

Textural characteristics and mineralogy were investigated also by optical
microscopy on the thin sections in transmitted light (Zeiss Imager A2m AXIO
polarization microscope, Zeiss AxioCam MRc5 camera). The flowchart of the
research process is shown in Figure 1.
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Figure 1
Flowchart of the research process
*(Analytical methods, except ICP-MS were performed
in the Institute of Exploration Geosciences, University of Miskolc)

3.2. Samples and sampling methods

Sampling was supported by natural gamma measurement (Gamma Surveyor
portable scintillation detector). Sites of sampling and spectral gamma measurements
are shown in Figure 2. Integral measurements indicate relatively homogenous
gamma activity within the investigated area but higher activity over the sampled
placer. At certain points, including sampled exposures spectral gamma analysis was
performed. The K values in the territory are usually between 2—5 wt%, the equivalent



108 Cs. Balassa et al.

Th (eTh) values 15-20 ppm, while the maximum value of the equivalent U (eU) is
around 8 ppm (Table 1). The stream bed with the heavy mineral accumulation stands
out by high eTh value. Samples TD-2 and TD-3 are massive ignimbrites from the
Bér-oldal quarry, from the vicinity of Tibolddaréc. (From measuring point TD-K-1
no sample was collected.) Both samples are welded and have a fiamme-bearing
structure, but while the matrix of TD-2 is yellowish, TD-3 is pinkish. Sample TD-4
is taken from a nearby gully. It is very similar to the other two samples, as it is also
a flamme-bearing ignimbrite of brownish color. Samples TD-5A, 5K and 5F are
pumice-rich lapilli tuff samples representing the lower (A), middle (K) and upper (F)
bed groups of a ravine wall of the Szaraz-t6-ér stream. The material is relatively
loose, the most compact is the middle part. Sample TD-7 is a pumice-rich tuff,
collected near Kohodaly, a historical artificial sheepfold carved into the cliff. Sample
TD-10 is ilmenite-rich heavy sand collected from the depression of a dirt road.
Sample TD-9 is a grey ignimbrite collected from debris in the vicinity of the TD-10.
In the case of TD-9 and TD-10 spectral gamma data were not recorded, because the
small volume of the sampled material is suppressed by the effect of the background.
Sample TD-11 is heavy sand, from the bed of the Szaraz-t6-ér stream. This sample
showed the highest eTh-content in the area with 30 ppm eTh. A more in-depth test
series would be required to determine the stratigraphic position with complete
certainty, but the observed textural, chemical and mineralogical features and
topographic situation of the outcrops suggest in case of most of the samples that the
most likely candidate is the Bogacs Dacite Lapilli Tuff Formation. This formation is
increasingly mafic from bottom to top. The sampled tuffs probably belong to the
Harsany Lapilli Tuff Formation, which was also described from the vicinity of
Tibolddaréc. These two formations were described to contain zircon, apatite,
ilmenite and allanite as accessories (Babinszki et al., 2024; Lukacs et al., 2022).

1:250 000 | Quaternary alluvial and deluvial sediments

AN 10km soif, clay, sand, pebbles

Neogene clastic sediments
and regolith of these formations
ciay. sand(stone), pebbles/conglomerate, brown coal

- Miocene pyroclastic, volcaniclastic

rocks and regolith of these formations
rhyolitic lapilli tuff, tuffite, ignimbrite, andesite, pebbles

Paleogene coarse-grained limestone
and clastic sediments
limestone, marl, clay, sand, pebbles
. ( significant reservoir, lake and stream
—————— significant public road

47°55'
settlement
) ¢ sampling site (tuff)
T T T * sampling site (ignimbrite)
20°30" 20°35' 20°40' * sampling site (heavy sand)
Figure 2

Schematic geological map of the surroundings of Tibolddaroc
by marking the sampling sites with their number
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Table 1

Location of the sampling sites and results of the spectral gamma ray measurements
in the vicinity of Tibolddaroc

K eU eTh Dose
EOVY | EOVX | [wt | [ppm rate[nGy/h comment
%] 1 [ppm] |
TD-1 767065 | 288400 | 3.93 3.4 19.45 119.55
Welded ignimbrite,
g quarry
TD-2 767035 | 288420 | 3.60 5.5 19.3 126.7 (samples TD-2 and
7D-3)
TD-3 352 | 3.15 17.65 108.5
Welded ignimbrite,
TD-4 | 766835 | 288755 | 3.50 | 4.05 19.5 117.85 gully
(sample TD-4)
TD-5A | 766615 | 288545 | 4.87 5.5 19.35 143.35
TD-5K | 766615 | 288545 | 4.01 7.9 19.65 146.6 Lapilli tuff, ravine
(samples TD-5A4, TD-
TD-5F | 766615 | 288545 | 4.58 | 4.8 19.9 137.15 3K, TD-5F)
TD-5b | 766615 | 288545 | 3.68 5.9 19.9 131.65
Bomb-rich lapilli
TD-6 | 766500 | 288650 | 4.25 | 6.45 18.35 138.35 tuff, ravine
(no sample)
Lapilli tuff
TD-7 | 766145 | 289765 | 3.89 5.7 15.8 123.2 (K6hodaly)
(sample TD-7)
TD-8 | 766220 | 289220 | 2.96 | 445 | 15.05 102.1 Welded ignimbrite
(no sample)
TD-9 Welded ignimbrite
(sample TD-9)
767170 288955 Gamma spectrum not measured
TD-10 Heavy sand
(sample TD-10)
Heavy sand in stream
TD-11 | 767155 | 287960 | 2.19 | 5.15 29.6 131.9 bed
(sample TD-11)

3.3. Grain size distribution of heavy sand samples

Heavy sand samples were sieved into grain size fractions before any other sample
preparation processes were made. The total weights of the samples before the
sieving were about 150 g and 175 g, in the case of samples TD-10 and TD-11,
respectively. As the fractions above 2 mm are partly composed of artificial material



110 Cs. Balassa et al.

(brick and glass fragments) and lithoclasts, they were ignored during further
analyses. Total sample weights excluding this fraction were 131 and 102 g,
respectively. The grain size distributions are smooth enough in the case of both
samples, but not the same (Figure 3). The dominant size fractions in sample TD-
10 are the 212-300 pm and 300—-500 pm, while in the case of sample TD-11 the
300-500 pm and 500 pm—1 mm fractions. The 0—106 um fraction is insignificant
in both samples (1.6 and 0.65 wt%).
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— — TD-11
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Z
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£ ¢
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=
=
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& 20
2000 1000 500 300 212 106

Grain size [pm]
Figure 3
Grain-size distribution of samples TD-10 and TD-11

4. RESULTS
4.1. Chemical composition

Major, minor and trace element concentrations of the studied samples measured by
XRF are summarized in Tables 2 and 3. Major element concentrations of the
ignimbrite and tuff samples are similar: about 70 wt% SiO», 14 wt% Al,Os, 0,5-0,6
MgO, 1-3 wt% CaO and Na,O, 3-5 wt% K>O and 2-3 wt% Fe,Os. This composition
corresponds to the rhyolitic — dacitic fields in the TAS diagram (Figure 4a). The
exception is sample TD-9, with its lower SiO, and K,O and higher CaO and Fe;Os
concentrations (basaltic andesite composition). The REE+Y content of the samples
studied (TD-2, TD-3, TD-9, TD-7) is between 180 and 310 ppm (Table 4) light REEs
are more enriched than heavy ones. Negative Eu anomaly is characteristic. Zr
concentration is between 180—300 ppm, Th between 9—-19 ppm, Nb 11-14 ppm, TiO»
0.1-1 %. The Zr and TiO; contents are generally higher in the ignimbrite samples
examined than in tuff samples, but for other HFSEs the data is insufficient to
establish such relationships. Trace element concentrations also indicate rhyolitic-
dacitic composition in the Winchester-Floyd diagram (Figure 4b), except in the case
of sample TD-9. The upper crust normalized (Rudnick and Gao, 2013) trace element
plot and chondrite normalized (Anders and Grevesse, 1989) REE plots are shown in
Figure 5. It is important to highlight that all indicated concentration data refer to the
whole rock compositions, not for volcanic glass.
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Table 2

Major and minor element concentrations of the analyzed samples based

on XRF measurement
Sample SiOZ A1203 MgO CaO NazO Kzo Fe203 MnO TiOz PzOs S TOTAL

%
TD-7 72.4 13.7 | 0.61 2.16 1.89 | 3.87 | 2.14 | 0.036 | 0.276 | 0.045 | 0.01 97.1
TD-2 | 677 | 141 | 063 | 232 | 2.82 | 331 | 291 | 0.020 | 0.406 | 0.068 | 0.01 | 94.3
TD-3 | 68.8 | 141 | 0.66 | 241 | 274 | 335 | 3.00 | 0.040 | 0321 | 0.055 | 0.01 | 95.6
TD-4 66.1 142 | 054 | 294 | 280 | 322 | 3.60 | 0.023 | 0.427 | 0.082 | 0.02 | 94.0
TD-5A | 73.1 | 13.0 | 052 | 1.03 | 1.10 | 452 | 2.07 | 0.058 | 0.236 | 0.010 | 0.02 | 95.7
TD-5F | 733 | 13.1 | 051 | 098 | 1.06 | 435 | 1.91 | 0.053 | 0216 | 0.009 | 0.01 | 95.5
TD-5K | 69.9 | 13.8 | 093 | 1.15 | 0.85 | 3.90 | 3.03 | 0.076 | 0.267 | 0.013 | 0.02 | 94.0
TD-9 | 568 | 165 | 1.63 | 541 | 1.83 | 1.73 | 733 | 0.073 | 1.091 | 0.175 | 0.01 | 92.5
TD-10% | 263 | 55 | 1.74 | 198 | 094 | 0.63 | 23.7 | 0319 | 32 |0.71 | 002 | 933
TD-11% | 27.5 | 56 | 125 | 1.65 | 096 | 0.69 | 205 | 0305 | 36 |0.095| 0.02 | 94.5
*bulk sample below 300 pm
Table 3

Trace element concentrations of the analyzed samples based on XRF measurement.
F and As are always below detection limit (<0.3 and <10 ppm, respectively)

Sample Cu Zn Pb Rb Sr Ba Cr Co Ni Zr
ppm
TD-7 22 59 21 169 306 1080 23 <10 | 20 172
TD-2 20 53 17 126 222 932 25 <10 17 | 254
TD-3 20 56 19 154 230 998 25 <10 18 | 230
TD-4 13 54 19 130 247 1017 25 <10 17 | 299
TD-5 A 17 175 30 283 136 1218 17 <10 | 21 164
TD-5 F 20 61 24 283 127 1151 18 <10 18 161
TD-5 K 19 68 18 254 134 1106 19 <10 | 24 168
TD-9 23 77 45 57 264 521 65 16 22 | 226
TD-10* <10 108 <10 <10 39 1893 294 39 25 | 417
TD-11* <10 80 <10 <10 36 2072 204 36 21 437
*bulk sample below 300 pm
Table 4
Concentration values of some selected trace elements, based on ICP-MS
Sample Ba Cr Nb Rb Sn Sr Ta Th U A\ > REE+Y
TD-3 1030 | 20 | 13.6 119 3 223 | 1.6 | 1805 | 4 45 279.34
TD-2 909 | 21 | 13.6 108 | 25 | 1905 | 1.1 | 19.25 | 348 | 51 312.97
TD-4 995 | 18 | 1345 | 115 | 27 | 219 | 1.1 | 1715 | 3.8 | 44 272.64
TD-9 505 | 71 | 142 | 602 | 183 | 292 1 8.76 | 231 | 196 183.56
TD-7 1070 | 13 | 11.25 | 1415 | 3.6 | 250 1 176 | 434 | 29 18235
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Volcanic Rocks Modified (Pearce 1996)
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Figure 4

From samples TD-10 and TD-11 XRF analyses were performed only on the <300 um
fractions. Based on it, about 35-40 wt% of the samples are composed of TiO,, with

Rock classification plots for the studied samples. (a) TAS diagram,
(b) Winchester-Floyd diagram

approximately 20 wt% Fe>O3, 30 wt% SiO; and 5 wt% ALOs. MnO (~0,1 wt%) and
Cr (60-70 ppm) are also enriched in these samples, compared to the upper crust. TiO;

values in TD-10 and TD-11 are not reliable, as the XRF instrument is not calibrated to

such high values. Most of the trace elements have not been measured yet.

10

0,1

ignimrite (TD-2, TD-3, TD-4)

—— ignimbrite (TD-9)
tuff (TD-7)

Cs Rb BaTh U Nb Ta K La Ce Pr Sr P Nd Sm Zr Eu Ti Gd Th Dy Y Ho Er Tm Yb Lu
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Figure 5

Upper crust normalized trace element (a) and chondrite normalized REE
concentrations(b) of some selected samples

4.2. XRD analysis of the heavy sand samples

All six sample fractions were separately pulverized for XRD analyses for both

samples. Mineral constituents are the same in every fraction (ilmenite, hematite,

zircon, allanite, apatite, quartz, cristobalite, plagioclase feldspars, sanidine,
pyroxenes), but their ratios vary (Table 5).

Table 5

Mineralogical composition of each fraction of the heavy mineral sand samples

(in wt%, based on XRD; nd: not detected)

TD-10 TD-11
upper
mesh size | 2000 | 1000 | 500 | 300 | 212 | 106 | 2000 | 1000 | 500 | 300 | 212 | 106
[pm]
Quartz | 2537 | 28.07 | 995 | 590 | 7.04 | 15.84 | 28.08 | 33.88 | 14.80 | 9.02 | 11.87 | 2421
Cristo- | 13001 18 | 206 | 143 | 108 | 070 | 1127 ] 594 | 182 | 152 | 127 | 053
balite low
Anorthite | 1.89 | 1.08 | 1.00 | 095 | 1.80 | 164 | 1.08 | 083 | 081 | 063 | 1.18 | 0.64
Andesine | 550 | 1.85 | 023 | 011 | 017 [13.13 ] 636 | 679 | 055 | 035 | 1.32 | 729
(z:;gs‘é 14.01 | 1074 | 230 | 191 | 1.82 | 450 | 1595 | 10.14 | 1.78 | 136 | 2.12 | 5.83
Labra-
dorite | 0:90 | 1146 | 1854 | 1526 | 1745 | 520 | 1.98 | 800 | 17.75 | 1642 | 19.01 | 4.60
Sanidine | 17.93 | 11.39 | 3.16 | 233 | 061 | 2.18 | 1475 | 848 | 355 | 1.73 | 231 | 1.53
B‘I";,‘[te 039 | 063 | 013 | 048 | 0.00 | 0.00 | 050 | 0.70 | 0.07 | 0.06 | 0.00 | 0.00
Enstatite | 1.12 | 5.64 | 10.05 | 1022 | 755 | 551 | 084 | 868 | 1139 | 537 | 353 | 5.02
Augite | 0.14 | 048 | 174 | 136 | 137 | 077 | 012 | 042 | 137 | 120 | 048 | 1.54
I"(“;a"g')te' 0.17 | 8.78 | 30.50 | 37.86 | 35.45 | 23.17 | 0.05 | 3.37 | 29.76 | 45.10 | 39.71 | 25.35
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TD-10 TD-11
upper
mesh size | 2000 | 1000 | 500 | 300 | 212 | 106 | 2000 | 1000 | 500 | 300 | 212 | 106
[pm]

Rutile 0.01 | 0.01 | 2.11 | 296 | 3.26 nd nd nd 127 | 232 | 2.27 nd

Hematite | 1.03 | 2.08 | 463 | 6.62 | 640 | 572 | 029 | 042 | 2.11 | 436 | 3.65 | 3.37

Magnetite | 1.03 | 1.00 | 3.09 | 3.61 | 399 | 0.09 | 040 | 036 | 057 | 027 | 0.52 | 0.09

A':Z‘:)te' 175 | 1.03 | 179 | 137 | 144 | 3.13 | 206 | 1.05 | 087 | 099 | 085 | 0.72
Zircon | 0.69 | 0.70 | 053 | 037 | 047 | 3.66 | 0.80 | 045 | 046 | 069 | 059 | 3.88
‘;l‘l‘:)‘:lrs' 15.04 | 688 | 819 | 726 | 10.10 | 14.86 | 15.46 | 10.50 | 11.07 | 8.61 | 9.31 | 15.50

Mineral composition of the complete samples below 1 mm was not measured but
calculated using the weights and the mineral compositions of the individual fractions.
Based on that, the total ilmenite content in the samples (excluding materials over 2
mm) is around 30 wt% (sample TD 10) and 20 wt% (sample TD 11), with significant
feldspar (almost 30 wt%) and quartz (10-20 wt%) content Based on the XRD results,
the most characteristic plagioclase feldspar is the labradorite in both samples. As for
the individual factions, the highest ilmenite concentration is present in the 106-212
um fraction and 212-300 pum fractions (3545 wt%), but generally the concentration
of the ilmenite is above 20 wt% in every fraction below 500 pm. Compared to these
fractions, the ones above 500 mm are relatively poor in ilmenite, but they have a high
ratio of quartz, cristobalite and feldspars. Zircon is usually low, but it can reach almost
4 wt% in the finest fractions of the samples.

Based on the concentration data and the grain size distribution, we could calculate
the distribution of the various minerals within different fractions (assuming that the total
amount of each mineral is 100%). About 30—40 wt% of the ilmenite is in the fractions
212-300 um and 300-500 pm, while 20-25 in the 0.106—0.212 fractions (Figure 6).

TD-10 TD-11
100
Grain size [mm]
= ()-0.106
80 0.106-0.212
021203
60 = ()3-0.5
I == ()5-1
-2
40
20
= =0 =
Qtz Pl Sa Px Bt Ilm Rt All Zrn Am Qtz PIL Sa Px Bt Tlm Rt All Zrn Am
Figure 6

Distribution of some minerals between the different grain size fractions in the
heavy sand samples (Qtz = quartz, Pl = plagioclase, Sa = sanidine, Px =
pyroxene, Bt = biotite, I[lm = ilmenite, Rt = rutile, All = allanite, Zrn = zircon, Am
= amorphous)
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The 212-300 pum fraction of sample TD-11 was further separated with a magnet. In
the magnetic subfraction the ratio of the ilmenite reached almost 70 wt%. Hematite,
rutile, magnetite, and pyroxene, as well as allanite are also enriched in this fraction.
The non-magnetic fraction is dominated by feldspars and quartz. Figure 7 compares
the XRD diffractograms of the magnetic and non-magnetic fractions, while Table 6
summarizes the mineral quantities.

TD-11 0.212-0.3 ilm BB 0.4s.raw (Fourier Smoath)

TD-11 0.212-0.3 ilm mentes BE 0.4s,raw (Fourier Smooth)
limenite

Magnetite

Rutile, syn

Quartz low, syn

Albite, disordered

Anorthite, sedian, intermadiate

Enstatite ferroan

8000
TP T PP |

Counts

3000 4000 EOIUU 000 7000
L L

o 1000 2000

2Theta (Coupled TwoTheta/Theta) WL=1,54060

Figure 7
XRD diffractograms of the non-magnetic (red line) and magnetic (dark blue line)
fractions of sample TD-11 (grain size between 212 and 300 um)

Table 6

Mineral composition of the magnetic and non-magnetic fraction of sample TD-11
(grain size between 212 and 300 um), based on XRD analyses

(amorphous is neglected)

magnetic fraction [wt%] non-magnetic fraction (wt%)
Quartz 1.69 25.55
Cristobalite low 1.59 2.04
Plagioclase 2.22 58.09
Sanidine Na(.1 6.57
Enstatite 8.76 2.93
Augite Px 4.40 1.02
Ilmenite (Mg) 66.38
Rutile 3.40
Hematite 6.81 1.17
Magnetite 1.45
Allanite-(Ce) 3.18 1.96
Zircon 0.13 0.68
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4.3. XRD analysis of rock samples

The rock samples collected from the lapilli tuff and ignimbrite contain mostly the
same rock-forming minerals and accessories. Main components are cristobalite,
plagioclase feldspars and sanidine, as well as pyroxenes (Table 7). There is no
significant difference between samples TD-2, TD-3 and TD-4. Quartz content is near
zero, and most of the SiO» can be identified as cristobalite (5—13 wt%), which is a
usual product from the alteration of volcanic glass (Schipper et al., 2020).
Plagioclase feldspars constitute about 30 wt%, supplemented with 20% sanidine,
pyroxene content is 4-9 wt%. Biotite (1.3—1.7 wt%), as well as smectite (0.6—3 wt%)
usually occur in low concentrations. TD-9 is also similar but with lower cristobalite
and higher smectite concentration. The amorphous composites of the samples take
around 20-40 wt%.

Samples TD-5A, 5K and 5F have high smectite content with a low amount of
halloysite and pyrophyllite. The middle part of the section (5K) has the lowest
smectite content. Their feldspar association is dominated by plagioclase with a
lower amount of sanidine. They do not contain pyroxenes but are extremely rich
in amorphous material (almost 80 wt%). Similarly, sample TD-7 lacks pyroxenes,
but it also lacks smectites. It does not contain sanidine, but microcline and
orthoclase instead.

From TD-5K a gravitational separation experiment was made. The amorphous
material is enriched in the coarser fractions, while smectite, halloysite, pyrophyllite,
potash feldspars and hematite are in the clay fraction. No ilmenite, zircon or allanite
enrichment can be detected in any of the fractions.

Table 7
Mineral composition of the examined samples, based on XRD analysis (in wt%)
TD-5A | TD-5F | TD-5K | TD-7 | TD-2 | TD-3 | TD-4 | TD-9
Quartz 3.01 2.98 3.48 5.85 0.17 0.89 0.19 0.03
Cristobalite low 2.07 1.38 3.62 1.19 | 13.07 | 6.57 | 10.55 | 3.37
Anorthite 1.91 2.22 2.12 0.50 | 2.65 | 3.11 1.29 | 2.05
Labradorite An65 0.06 0.04 3.64 9.69 | 17.65 | 9.91 9.22 | 18.30
Oligoclase An25 0.85 1.10 0.00 4.86 | 3.72 | 12.37 | 21.47 | 8.48
Albite 3.10 2.57 1.85 0.40 | 5.15 0.69 | 446 | 3.50
> Plagioclase 5.93 5.93 7.61 15.44 | 29.17 | 26.08 | 36.46 | 32.32
Orthoclase 1.55
Sanidine 3.11 2.86 4.34 19.48 | 17.39 | 19.38 | 20.43
Microcline intermediate 0.69
Biotite 1M 0.31 0.00 0.28 2.72 1.73 1.33 1.52 0.62
Smectite 15A 5.52 6.50 1.21 2.98 0.65 0.61 5.29
Halloysite 7A 0.04 1.33 0.04
Pyrophyllite 2M 1.17 1.10 1.68
Augite 0.21 6.35 1.76 4.50 4.24
Enstatite 0.56 2.55 1.98 2.13 5.80
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TD-5A | TD-5F | TD-5K | TD-7 | TD-2 | TD-3 | TD-4 | TD-9

> Pyroxene 0.77 | 890 | 3.74 | 6.63 | 10.04
Ilmenite (Mg) 0.02 0.02 0.03 0.00 | 0.00 | 0.00 | 0.01 | 0.02
Hematite 0.26 0.53 0.36 0.02 | 0.03 | 0.60 | 0.15 | 1.48
Zircon 0.03 | 0.25 | 0.07 | 0.31 | 0.22
Allanite-(Ce) 0.16 | 0.65 | 0.01 | 0.27 | 0.02
Amorphous 78.56 | 77.38 | 77.35 | 71.57 | 23.56 | 42.67 | 23.93 | 26.17

4.4. EDX analysis of heavy sand sample

EDX analyses were performed on the 212-300 pm fraction of sample TD-11. EDX
confirmed that a significant ratio of this fraction consists of ilmenite (Figure 8). The
ilmenite grains are generally euhedral to subhedral, angular, or only slightly rounded.
Ilmenite contains rare inclusions (apatite, volcanic glass) and intergrowths with other
minerals (apatite, feldspars). Chemically it always contains Mg and Mn. The Mn/Mg
ratio varies between 0.1 and 0.3, with an outlier value of 0.8. Occasionally V content
can also be detected. The Ti/(Ti+Fe) ratio of the ilmenite crystals in atomic percent is
generally close to 0.5, meaning that these ilmenites are chemically unaltered. I[lmenite
also occurs in the lamellae of a spinel-type Fe- or Fe-Ti-oxide mineral (Ti-bearing
magnetite or ulvospinel). In the opinion of Lattard (1995), in the case of terrestrial
rocks, this spinel-ilmenite intergrown texture is most often the result of oxidation
processes, which might connect to the reduction of another subsystem of the same
rock. Feldspar minerals are also angular. Measured composition of a few randomly
chosen grains corresponds to sanidine, albite, and oligoclase. Subhedral, or slightly
rounded allanite-(La) crystals are usual, with about 3 atomic % REE-concentration.

AN

Sanilim

300 pm

18.06.2025

(b)
Figure 8
BSE image (a) and element map (b) of the heavy sand sample, showing the
abundant ilmenite grains, with some other characteristic minerals. (All = allanite,
Ap = apatite, Ilm = ilmenite, San = sanidine, Tmgh = titanomaghemite?)
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4.5. EDX and optical microscopic analysis of ignimbrite samples

Welded ignimbrite samples from the Tibolddardc quarry and from the neighborhood
have fluidal-vitrophyric texture (Figure 9 a-b). The main phenocrysts are sanidine and
plagioclase feldspars which are most often euhedral-subhedral, elongated or stocky
tables. Oscillation zoning as well as twinning are usual. They can be weathered and
fractured. EDX suggests the composition of sanidine, oligoclase, andesine and
labradorite. Cristobalite crystals are usually isometric. Biotite is common (except in
sample TD-9). They occur as elongated or stocky plates up to several 100 of pm and
can be deformed. In most cases, biotite is Fe-dominant and has Ti (1-1.4 atomic %),
Mn (~0.1 atomic %), V (up to 0.1 atomic %) and Cl (0.1-0.3 atomic %) content. In
samples TD-4 and TD-2 fiammes are dominated by fibrous, radial clay minerals, but
smectite is an ordinary rock-forming mineral in all the other samples. Smectite is Fe-
dominant. In sample TD-9 two special compositions can be distinguished: the first one
is richer in Mg, Fe and Si, and associated with pyroxene, while the second is Si-rich,
and associated with feldspars (Figure 9 c). The composition of smectite from the
Tibolddar6c quarry is more homogenous, and intermediate between these two
compositions. Pyroxene is especially characteristic of sample TD-9, with a
composition corresponding to enstatite. Important accessories in all samples are
apatite, zircon, allanite and ilmenite.

Apatite is usually between some 10 s of pm and 100 pm. It can be associated with
zircon or ilmenite (Figure 9 d). In the first case, it is F-dominant, while in the second
case, it is probably OH-dominant (based on F + Cl content lower than
stoichiometrically required), although it usually has a low Cl-content as well. Zircon
occurs as euhedral to subhedral, usually isometric grains. Its maximum grain size is
around 100 um and occasionally can be detected even with an optical microscope.
Allanite from the quarry is partly decomposed along its edge and surrounded by
submicrometric monazite crystals (Figure 9 e), which are probably generated from
the remobilized REE of the allanite crystals. The chemical composition of the
allanite from the quarry differs from the ones from the heavy sand: it is slightly more
enriched in REEs, has higher Fe and lower Si and Al concentrations. Ilmenite is
usually subhedral. Its size can reach the same 100s of um. Its Mn/Mg ratio is
relatively high (0.5 — 1.4) and sometime have also a small V concentration. Based
on the Fe/Ti ratio these ilmenites are also chemically unaltered. In sample TD-9
individual ilmenite crystals are rare, but the presence of intergrown grains with
spinel-type Fe-oxides, Fe-Ti-oxides and Ti-oxides with ilmenite is usual. In such
kind of composite grains rarely micrometric monazite and cassiterite inclusions can
occur (Figure 9 f). Rarely, samples from the quarry also have spinel-type Fe-Ti-
oxides, but it is less common. Only one heavy REE-dominant phosphate mineral was
detected, in sample TD-9. As the electron beam was able to burn a hole in it, it is
possible that this grain was not xenotime-(Y), but its water-bearing variety,
churchite-(Y). It should be mentioned that earlier a postvolcanic hydrothermal Sn
mineralization was detected in ignimbrite samples from the same quarry as the one
sampled for this article (Szakall and Kristaly, 2021).
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BSE Mag: 100x BSE Mag: 400x
01.07.2025 HV: 20 KV WD: 11.15 mm +—— 300 um —— [l 26.06.2025 HV: 20 kV  WD: 11.569 mm
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Figure 9
Optical microscopic (a—b) and BSE images of ignimbrite samples (c—f). (a—b):
Typical texture of welded ignimbrite from the Tibolddaroc quarry with 1N and XN.
(c) Weathered pyroxene and plagioclase crystals (d) Association of ilmenite,
apatite and zircon. (e) Allanite with resorbed edges, surrounded by micrometric
monazite crystals. (f) Intergrown texture of ilmenite and Ti-oxide, with monazite
inclusions. (All = allanite, Ap = apatite, I[lm = ilmenite, Mnz = monazite, Plg =
plagioclase, Prx = pyroxene, San = sanidine, Sme = smectite, Zrn = zircon)
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5. DISCUSSION AND CONCLUSIONS

The placer deposit studied near Tibolddarodc is enriched in heavy minerals, especially
in ilmenite. All heavy minerals of the placer have angular grain shape, and the
chemical composition of the ilmenite crystals is pure, without any sign of alteration
(Fe/Ti ratio is stoichiometric). Based on these, the provenance territory is in the
vicinity of the placer.

The Biikkalja region is characterized by Miocene volcanic formations, with
variable erodibility. Generally, welded layers are less prone to being eroded than the
unwelded ignimbrites and tuffs. This difference makes the landform of the area so
diverse, with elevated plateaus and valleys (Bir6 et al., 2022). The rock varieties,
which are more affected by the physical weathering processes can be the main source
of heavy mineral accumulation in the short term. However, in the longer term the
welded layers can also serve as a host, as they are more enriched in heavy minerals
than tuff layers.

EDX analyses indicate different Mn/Mg ratios for ilmenite crystals from the
studied welded ignimbrite samples from Tibolddaréc quarry and from the heavy
sand. Similarly, the composition of allanite crystals is also not the same. Another
heavy sand sample was collected and studied from the vicinity of Cserépvaralja from
a stream bed before this study (unpublished results). This sample is not so rich in
ilmenite, but it contains similar minerals, again with slightly different composition.
For example, allanite from this sample has a higher Fe content and a higher La/Ce
ratio than in the ignimbrite from Tibolddardc quarry.

The above findings indicate that the Miocene volcanic formations of the Biikkalja
region in general can be an effective source of heavy mineral accumulation, but
heavy mineral crystal chemistry within the Miocene volcanic formations is diverse.
Systematic testing of the exact composition of the heavy minerals can be used as a
tracer to identify the particular volcanic units and provenance territories of the placer
deposits. Although the economic significance of the heavy mineral deposit is
currently unknown, the high concentration of ilmenite in the heavy sand samples
near Tibolddaréc makes it a potential raw material for future Ti-extraction, if its
sufficiently large volume can be confirmed by subsequent research.
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Abstract: The Battle of Muhi (1241), widely regarded as a major national catastrophe in
Hungarian history, has been a focal point of archaeological research for over seven centuries.
Investigating the battlefield landscape and the associated 13th-century settlement system
requires an interdisciplinary approach. This study presents a new GIS-based analytical
method that integrates a high-resolution light detection and ranging (LiDAR)-derived digital
elevation model and a Relative Elevation Model (REM), which were applied to enhance
subtle micro-topographic contrasts within the low-relief floodplain environment. These tools
were used to reconstruct former hydrological systems, enabling the precise spatial
identification of the Kakasvar, which may have held regional historical significance.

Keywords: GIS, Battle of Muhi, LiDAR, REM, spatial analysis, hydrological datasets

1. INTRODUCTION

Research on the Battle of Muhi has constituted a defining component of
archaeological and historical scholarship for more than a century. Over recent
decades, this field has undergone a marked methodological shift towards
increasingly integrative and data-driven approaches. Non-destructive survey
techniques (e.g., metal-detecting survey), community archaeology, and LiDAR-
based terrain modelling have become integral elements of archaeological research.
These approaches have significantly expanded both the empirical basis and the
interpretative potential of battlefield investigations (Laszlovszky J., 2003; P. Szabo
S., 2022). As a result, a growing corpus of professional databases and synthetic
studies is now available (Négyesi L., 1997, Wolf M., 2014; Laszlovszky J. et al.,
2014; Pusztai T. 2014). Today, the events of the battle, which took place in the mid-
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thirteenth century, are documented through detailed and multidimensional analyses
focusing on battlefield reconstruction, contemporary settlement networks, and a
range of related thematic questions. Despite these advances, significant research
potential remains unexploited, particularly regarding the systematic analysis of
foreign textual sources (Laszlovszky J. et al., 2014; P. Szabd S., 2022). At the same
time, the comprehensive investigation of the entire battlefield remains an open
research challenge, for which advanced digital methodologies may provide
promising solutions (Laszlovszky J. and Récz T. 2020). One possible response to
this demand is provided by the methodology of Archaeological GIS, or Archaeo-
GIS for short (Sarris, A. 2024). To date, the number of GIS-based studies related to
the Battle of Muhi remains limited. Existing works have primarily focused on
descriptive and visual analyses or relatively simple spatial queries. Notably absent
are studies employing complex spatial databases, surface-related indices, or
explicitly formulated analytical questions, such as those addressing catchment areas,
hydrological networks, or terrain-driven accessibility. These limitations can be
attributed in part to the high cost or restricted availability of high-resolution digital
elevation models and other relevant spatial datasets (e.g. flood inundation boundaries
or flood models), as well as to the specialised expertise required to extract
meaningful information from such data. Consequently, the analytical potential of
GIS-based approaches and associated spatial databases has not yet been fully
exploited in research on the battle. The present study introduce a further stage in a
multi-phase research programme. The project integrates physical geographical and
archacological data through the application of advanced GIS techniques. While
closely connected to other ongoing investigations, its primary objective is not to
intervene directly in existing archaeological interpretations, but rather to explore
spatial and environmental relationships using the Archaeo-GIS methodologies. The
study therefore focuses on identifying environmental and spatial patterns
(particularly those related to terrain morphology, hydrology, and accessibility) and
on applying methodological solutions that may contribute to a more detailed
contextualisation of archaeological data. In addition, this study asks whether REM-
enhanced LiDAR and Archaeo-GIS techniques can reliably identify anthropogenic
micro-topography, thereby enabling a more precise localisation of human-made
features and their discrimination from natural fluvial forms.

2. MATERIALS AND METHODS
2.1. Study area

The study area (Figure 1) is located within the Sajé—Hernad Plain. The mesoregion
is an alluvial fan plain situated at an elevation between 89.5-160 m a.s.1. Its northern
part lies at a lower elevation, while the southern areas rise island-like by 8-10 m
higher. The surface morphology has been shaped primarily by the Saj6é and Hernad
rivers. As a result of fluvial erosion, the area has developed into a piedmont-type
landscape dissected by low interfluves, with an average relief of approximately 5
m/km?. The Muhi Plain, forming the floodplain area of the two rivers, is
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characterized by low relative relief and consists of a gently undulating plain covered
by loess deposits (Dovényi Z., 2010). The geological evolution of the area is highly
complex; however, this study focuses on the key stages relevant to the formation of
the Sajo alluvial fan. The development of this section of the Saj6 Valley was strongly
influenced by the structural evolution of the Biikk Mountains and the Cserehat Hills,
as well as by their tectonic changes and the northwestward shift of the Tisza River
during the Pleistocene. The formation of the present-day channel orientation of the
Sajo River was largely controlled by the gradual but intensive uplift of the northern
foreland of the Biikk Mountains, which began in the Miocene (Gabris Gy., 1970).

Legend
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Figure 1.
Location of the study area

The establishment of the main channel direction of the Sajo started in the Late
Miocene and continued into the Pliocene following Miocene volcanism (Mike K.,
1972; Lang S., 1944). During this period, the Sajé and Hernad rivers joined the Tisza
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approximately 120 km south of their present confluence (Vadasz E., 1960; Somogyi
S., 1961). Due to the Pleistocene uplift of the initial section of the Sajo Valley, the
river began gradual incision north of the Miskolc Gate, while strong aggradation
commenced toward the south—southeast during the Pleistocene (Lang S., 1944). As
a result of these processes, the lowland alluvial fan constructed by the two rivers was
formed (Franyo F., 1966). During this period, the Sajo built an alluvial fan extending
far into the Great Hungarian Plain. Surface aggradation of this fan was largely
completed by the end of the Pleistocene, whereas sediment accumulation within the
valleys continued until the Early Holocene. The development of the present
hydrographic network of the Sajo River dates to the Holocene and, based on previous
studies, is estimated to be approximately 5000 years old (Lang S., 1944). During the
same period, both the Sajo and the Hernad rivers began to incise into their own
alluvial fan deposits (Dovényi Z., 2010). The unified alluvial fan extends across the
entire mesoregion. Its apex is located near Miskolc, and it stretches approximately
30 km southward with an average width of about 3 km (D6vényi Z., 2010; Csoma
J., 1972). The section of the alluvial fan can be subdivided into several units
representing different channel generations (Figure 2).

Figure 2
Palaeodrainage directions on the Sajo alluvial fan
during the Late Pleistocene—Holocene (Gabris Gy. 1970)
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These form three distinct levels, separated by two phases of incision. The individual
levels are delineated by well-defined erosional scarps. From the perspective of this
study, the third channel-generation unit is of particular importance, as it
demonstrates that during the subboreal humid phase of the Holocene, the Sajo—
Hernad river system already flowed within its present channel. In subsequent
periods, increased precipitation led to renewed incision into the alluvial fan on two
occasions; however, neither the Sajé from the east nor the Hej6 Stream from the west
was able to completely breach the fan (Csoma J., 1972). Traces of these incision
phases have been preserved despite aeolian modification and can be clearly
identified on aerial imagery. The climate of the mesoregion is moderately warm and
dry. The annual duration of sunshine ranges between 1850 and 1900 hours. Mean
annual air temperature varies from 9.3-9.6 °C in the northern part of the area to 9.7—
9.9 °C in the southern part. Approximately 60% of the annual precipitation falls
between May and October, with maximum values occurring in June and minimum
values in January—February. The spatial distribution of annual precipitation ranges
between 540 and 580 mm. The aridity index is 1.20 in the northern part of the region
and 1.30 in the southern part. The prevailing wind direction is from the north to
northwest, with an average wind speed of 2.5 m/s (Dovényi Z., 2010). Soil types
within the area show considerable spatial variability. Soils in the Sajo Valley are
predominantly acidic, whereas those along the Hernad River are carbonate-rich or
weakly acidic. On gravelly substrates, alluvial meadow soils and meadow soils have
developed, with small patches of saline soils and steppe-like meadow solonetz soils.
On loess-covered terraces, meadow chernozems and calcareous meadow
chernozems are dominant, while brown forest soils occur toward the piedmont
surfaces. Land use in the region is largely agricultural and closely reflects the natural
environmental conditions described above (Dovényi Z., 2010).

2.2. Review of previous GIS-based studies in the study area

As an initial step, all available cartographic sources of the study area (land-use maps,
historical military surveys, flood inundation boundaries) were integrated into a GIS
database. A drainage network of the wider study area was derived from the
Hungarian Water Directorate’s digital elevation model (HydroDEM) with a spatial
resolution of 5 m DEM, which, after filling surface artefacts (fill), was suitable for
representing surface runoff. A 5 m spatial resolution DEM was selected as an optimal
compromise between spatial detail and noise reduction in the low-relief floodplain
environment. While higher-resolution datasets (e.g., 1 m) provide greater micro-
topographic detail, preliminary tests indicated that they also amplify local surface
irregularities related to vegetation remnants, ploughing patterns, and minor
anthropogenic disturbances, which may obscure broader geomorphological
structures. Conversely, coarser resolutions (e.g., 10 m) resulted in the loss of subtle
elevation differences critical for identifying low-amplitude fluvial and
anthropogenic landforms. The 5 m resolution therefore ensured sufficient sensitivity
to micro-relief variations while maintaining geomorphological interpretability at the
landscape scale. Based on these datasets, a geospatial framework was established for
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an area of approximately 140 km? including sub-catchments associated with the
Hejo, Szinva and Sajoé watercourses, as well as a vector dataset of flood inundation
heights was obtained from the Flood Risk Management Plan prepared by the
Hungarian Water Directorate (EMVIZIG, 2014), representing the maximum
inundation extent of the 2010 flood event. Areas not affected by the Highest recorded
Flood Level (HFL) were delineated and interpreted as permanently dry zones under
present hydrological conditions. These areas were proposed as potential targets for
archaeological research. While several zones coincide with previously investigated
sites, additional areas were newly identified (Dobai A. and Dobos E., 2022). The
spatial distribution of these zones corresponds well with the known structure of early
medieval settlement networks, characterized by inter-settlement distances of
approximately 2-3 km (P. Fischl K. and Pusztai T., 2018). Building upon these
results, the second step of the research involved hydrological analyses focusing on
narrower areas considered key for investigating the presumed site of the Battle of
Muhi and early medieval settlement patterns. These analyses were conducted using
a corrected DEM, from which present-day surface features (e.g., linear
infrastructure) were manually removed, resulting in a new DEM. The new database
was supplemented with DEM-derived parameters, including slope gradient, surface
flow accumulation, and the topographic wetness index (TWI). In addition, sub-
catchments associated with right-bank outflow points of the Sajé River were
identified and analysed (Dobai A. and Dobos E., 2023).

The results demonstrate that the extracted drainage branches are not artefacts
produced by flow accumulation algorithms, but represent real, former drainage
paleochannels. Along the Hungarian reach of the Sajo River, floodplain basins are
predominantly located on the left bank; however, the investigated Szirma—Sajooros
basin represents a right-bank floodplain system. Within this basin, three former Sajo
branches were identified, which may become reactivated during flood events
exceeding the HFL. One of these channels, referred to as the Sajé III-Onod branch,
emerges at river km 34 + 100 of the Sajo River, near the flood protection levee of
Onod settlement. The channel crosses Onod over approximately 3.5 km in a
northeast—southwest direction and connects to a southward-flowing channel that
does not rejoin the Sajo River. Instead, the multi-branch drainage system can be
traced to the administrative border of Szakald (Dobai A. and Dobos E., 2023).
Several segments of these former channels are also identifiable on maps of the First
Military Survey. A former confluence of the Barsonyos Stream is located
approximately 1.2 km northeast of the Sajo III-Onod palaeochannel. No research
has yet been conducted on the relationship between the two channels. It should be
noted that a more detailed survey of the former Hernad catchment warrants a separate
investigation, as it reveals extensive, continuous drainage networks that in several
locations are connected to the contemporary floodplain of the Hernad River at river
kilometres 3 + 500 and 5 + 100. The results of Jozsef Laszlovszky’s investigation
into the shared channel system of the Hernad and Sajo pertain to the area between
river kilometre 34 + 000 of the Saj6 and 2 + 500 of the Hernad (Laszlovszky J. and
Nagy B., 2023). The size of the catchment is also explained by the presence of a
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multi-order flow network within the area. Based on the analysis of the vector
datasets, it was determined that certain right-bank sections of the river can typically
be regarded as suitable for the establishment of bridgeheads providing a river
crossing. This suitability is attributed to the presence of the Sajo River’s channels
(Sajo L, II, III), which, in the absence of modern flood protection structures, drain
excess floodwater more efficiently during high-flow events. Consequently, the
hydraulic force of the flood wave is reduced, relieving a substantial portion of the
riverbanks from flood-related stress. This pattern is corroborated by the flood
inundation boundaries recorded by the North Hungarian Water Directorate during
the 2010 flood event.

As a third step of the research, the narrowed study areas were subdivided into
3 km x 3 km zones (A, B, C, D) and 1.5 km x 1.5 km subzones (A1, B2, C3, etc.),
reducing the examined sample area to 36 km?. In the following, the steps undertaken
for the identification of the site located in subzone D1 are presented (Figure 3).
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Figure 3.
Summary map of previous GIS-based analysis in the study area
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2.3. Presentation of the new GIS methodology

In the present study, the database containing the previously presented datasets was
supplemented with additional raster layers and terrain-descriptive indices. As a first
step, different flood stages (Grades I-III), as well as the Highest recorded Flood Level
(HFL) of 2010, were delineated on a pre-produced digital elevation model (DEM)
provided in geoTIFF format by Envirosense Ltd., derived from a UAV-based LiDAR
(Light Detection and Ranging) survey. The study relied exclusively on this ready-made
DEM product because the raw LiDAR point cloud and detailed preprocessing
metadata were not accessible. Consequently, the underlying technical parameters
could not be fully assessed. These flood inundation boundaries define the spatial extent
of floodplain dynamics within the Sajo River corridor and identify areas that are no
longer regularly flood-affected. For subsequent analyses, these areas were designated
as stable banks, adopting terminology from practical water management, a concept
essentially equivalent to Aigh banks (HGD 147/2010), as this term more precisely
captures the functional characteristics relevant to the objectives of the present study.
The delineation of stable banks was necessary to enable the measurement of distances
between riverbank sections defined by the maximum observed inundation extent and
associated discharge conditions. These calculations can provide an adequate basis for
identifying potential crossing points along the Sajo River, as such locations may play
an important role in analyses of both the 13th century settlement network and issues
related to the Battle of Muhi. In addition, a Relative Elevation Model (REM) was
generated for the study area. The REM is a spatial data model that represents variations
in surface elevation relative to a defined reference level rather than absolute elevation
values (John M. R. et al., 1998; Kairis and Rybczyk, 2010). The REM used for
geomorphological analysis was computed as the difference between the working DEM
and a smoothed floodplain reference surface (REM = DEM — reference_surface). The
reference surface was produced by applying a low-pass smoothing filter (moving-
window mean: 50 m window) to the DEM to remove micro-topographic noise while
retaining the regional floodplain slope. To account for the scale-dependent expression
of floodplain landforms, additional REM layers were generated using different
window sizes. Smaller window sizes (10-20 m) enhanced short-wavelength features
such as levees and scroll bars, while intermediate windows (30-60 m) emphasized
abandoned channels and depressions. Larger windows (>80—-100 m) progressively
suppressed local relief and highlighted broader floodplain gradients. This multi-scale
approach allowed us to distinguish geomorphological units of different spatial extents
and ensured that the interpretation was not biased by a single smoothing scale (Greco,
S. et al,, 2008). The application of the REM facilitates the identification of
geomorphological features such as valleys, ridges, and slopes, and, in combination
with the delineated flood inundation boundaries, supports further spatial analyses.

3. RESULTS

The examination of the riverbank zones was conducted based on previously
established 2-3 km distance criteria and the results of the Relative Elevation Model
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(REM). According to the REM analysis, on the left bank of the Sajo River,
approximately 240 m from the river’s centerline, 683 m southeast of the Onod Castle,
and 623 m from the remains of the Sajohidvégi Church, a topographically distinct,
isolated landform was identified (Figure 4).

Kakasvar

D Kakasvar

DEM (m)
wom 103,07

M 99,73

0 0.5 1
1Km

Figure 4.
Result of the REM analysis and location of Kakasvar site

The Sajo—Hernad Plain is generally characterized by a low-relief, monotonous flat
surface (Dovényi Z., 2010). In contrast, the investigated landform rises on average
about 2 m above its surroundings, showing stronger erosional features on its southern
and eastern slopes. It is located within a stagnant flow zone that is only minimally
affected by floods, exhibiting flow velocities of merely 0.0-0.5 m/s even under
extremely high-water conditions. This velocity range is insufficient to generate
channel-forming discharge. The delineation of flow zones is based on sand transport
and deposition velocities, providing a suitable basis for interpreting historical
channel migration processes in the area (Kiss P., 2018). Based on the 1., 1., and III.
Military Survey maps, as well as archival aerial imagery from fentrol.hu and Google
Earth, the area appears to have been continuously forested over an extended period.
The landform is situated on the outskirts of Onod, on plot number 0159, within the
area referred to as Kakasvar (Onod Urban Development Plan, 2014). The site
remains forested with dense undergrowth; consequently, only approximate
dimensions can be provided until further excavations are conducted. The principal
characteristics of the site are summarised in Table 1.
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Table 1
Morphometric and spatial characteristics of the Kakasvar site
Parameter Value Parameter Value
Total site 2006 m? Inner circular area ~496 m*
area
Highest
e.levatlon of 102.8 Outer circular + 1510 m?
inner area moat area
(m, a.s.l.)
Lowest
elevation of 100.7 Percentage of inner 24.7%
outer area area
(m, a.s.l.)
Elevation Length of
difference 2.1m semicircular ridge ~60 m
(inner—outer)

Based on the GIS-derived morphology, the site appears to consist of a near-circular
central platform enclosed by a surrounding moat and an outer, topographically
elevated zone (Figure 5). The inner plateau represents the feature’s highest ground,
forming a relatively level surface that contrasts with the adjacent terrain, while the
moat constitutes a pronounced and continuous depression encircling it. This
concentric arrangement enhances the visual and morphological coherence of the
feature. A semicircular ridge borders the circular form along a north—south sector.
The circular feature is sharply separated from the outer ridge, indicating deliberate
detachment, and a connecting sector on the western side appears to have developed
secondarily possibly through the deposition of eroded material. Although the site’s
position might initially suggest an alluvial origin, its morphology and structural
relationships may be consistent with anthropogenic modification. The proximity of
abandoned channel forms suggests that past hydrological processes significantly
influenced the local microrelief, contributing to sediment redistribution and subtle
elevation contrasts. At the same time, the position of the landform on a slightly
elevated fan remnant would have provided comparatively stable ground conditions
within an otherwise flood-prone setting.

The present description is based exclusively on geomorphological observations
and spatial relationships; therefore, it does not constitute archaeological proof in
itself. Rather, it provides a terrain-based interpretation of the feature’s form and
environmental context. While the morphological characteristics may suggest
anthropogenic modification, such an assessment remains hypothetical at this stage.
The feature may be of anthropogenic origin, but its function and chronology
require confirmation through targeted subsurface investigation and systematic
archaeological verification.

The surveyed area was designated as Kakasvdr based on the name appearing in
the urban development plan of Onod. The site was further validated using the map
from 1791 (HU MNL BAZML IV.501.e. 2393/1791) by the National Archives of
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Hungary, which shows a precise correspondence with the location. Based on the
analysis of archival and digital sources, the identified area may have held regional
significance. Its spatial relationship to flood inundation limits and to Hidvég Church
may indicate a potential association with river crossing locations along the Sajo,
potentially contributing to the socio-economic functioning of the surrounding
landscape. The precise localization of the Kakasvar thus provides a more reliable
spatial framework for interpreting its role within the regional context.
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e{;)wn North-south elevation profile of Kakasvar

102,84
102,64
102,44
102,24

102
101,84
101,64

‘ 101,4-
101,21

1014

Figure 5
Structure of Kakasvar and north—south longitudinal elevation profile

4. DISCUSSION AND CONCLUSIONS

Despite several centuries of scholarly research, the reconstruction and interpretation
of the Battle of Muhi and its contemporary settlement network continue to pose
significant challenges to researchers in the field. The aim of the present study was to
demonstrate how Archaeo-GIS methodologies based on high-resolution topographic
data and complex spatial analyses can contribute to a more precise understanding of
spatial and environmental relationships, thereby contributing a methodological
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perspective that may support ongoing research into the Battle of Muhi and the 13th-
century regional settlement system. In a geomorphologically subtle floodplain
environment, the precise localisation of the Kakasvar presents considerable
methodological challenges without high-resolution topographic modelling and
systematic hydrological analysis. Previous investigations, relying primarily on
historical maps, surface observations, and approximate spatial correlations, therefore
faced inherent limitations in achieving spatial precision.

The integration of high-resolution LiDAR-derived DEMs, flood inundation data,
Relative Elevation Models (REM), and hydrological indices enabled the identification
of subtle terrain features that are not discernible through traditional cartographic
sources or conventional field observation and survey alone. In a low-relief floodplain
environment such as the Sajo—Hernad Plain, even minor elevation differences of 1-2
m may have had substantial functional significance in terms of flood safety,
accessibility, and visibility. The REM-based analysis proved particularly effective in
highlighting isolated relict landforms embedded within an otherwise monotonous
alluvial surface, enabling the clear spatial separation of the Kakasvar feature from
surrounding geomorphological units. The applied workflow is transferable to other
floodplain analysis along major river systems such as the Tisza and the Danube River,
provided that DEM resolution is carefully selected and hydrological parameters are
locally calibrated. In such environments, reliable identification of anthropogenic
features is contingent upon the joint interpretation of relative elevation and flood
dynamics rather than on morphological observation alone.

On the basis of the applied spatial terrain analysis, the identified landform at
Kakasvar exhibits a combination of characteristics that may indicate anthropogenic
modification. Its circular morphology, moat-like depression, outer elevated zone,
and spatial detachment from surrounding sedimentary structures are difficult to
explain solely by fluvial or aeolian processes. Such settings could potentially have
provided favourable conditions for river crossing or controlled movement across the
floodplain. The precise origin and potential chronological attribution of the feature
require confirmation through future archaeological investigations.

In methodological terms, the study highlights the value of Archaeo-GIS
approaches that move beyond descriptive mapping and apply analytically defined
spatial criteria. The integration of flood inundation boundaries, stagnant flow zones,
and relative elevation as interpretative variables offers a replicable workflow
applicable to other lowland battlefield and settlement studies. At the same time, the
research also underscores current limitations, particularly the need for higher-
resolution subsurface data (e.g., Ground-penetrating radar [GPR], magnetometry)
and systematic archaeological verification to complement GIS-based interpretations.
While the exact function and chronology of the site remain open questions, the GIS-
based analyses presented here provide a robust spatial and geomorphological toolkit
for future investigations. The results support the view that interdisciplinary
integration of archaeology, physical geography, and geoinformatics is essential for
advancing the understanding of medieval conflict landscapes, especially in
geomorphologically subtle lowland environments.
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Abstract: Urban green spaces are essential for maintaining city livability, particularly under
increasing climate extremes such as prolonged droughts. This study evaluates the condition
and changes of green areas in Mez6kdvesd between 2017 and 2024 using Sentinel-2 satellite
imagery. NDVI and the Green Surface Intensity Index (ZFI) were used to assess vegetation
health and spatial distribution. Findings reveal a significant decline in vegetation from 2022
due to drought, highlighting the vulnerability of urban greenery. Although the average per
capita green space exceeds WHO minimums, spatial disparities exist. Accessibility analyses
show that several areas lack nearby recreational green spaces. Targeted greening and climate-
resilient planting are recommended.

Keywords: NDVI, Green Space Index, GIS, Sentinel-2

1. INTRODUCTION

Urban green spaces play a key role in maintaining the livability of settlements, as
they contribute to the regulation of the microclimate, the improvement of air quality,
the reduction of noise pollution, and also provide recreational and aesthetic value.
However, the increasingly frequent and severe weather extremes caused by climate
change — such as prolonged droughts — pose a serious threat to the condition and
extent of urban vegetation. For this reason, continuous monitoring of green spaces is
of paramount importance not only in large cities but also in medium-sized towns
such as Mezokdvesd.
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Green space refers to the vegetated part of a given area or settlement (e.g., public
parks, playgrounds, cemeteries, themed gardens, groves, tree-lined avenues, etc.)
and plays an important ecological and aesthetic role, even on private properties. In
contrast, “green area” is a specific land-use category defined in urban development
plans, referring to public spaces primarily covered with vegetation and not intended
for construction.

The aim of our research is to provide a comprehensive overview of the condition
and changes of green spaces in Mezokovesd between 2017 and 2024. For the analy-
sis, we used advanced remote sensing techniques: we processed NDVI (Normalized
Difference Vegetation Index) values derived from Sentinel-2 satellite data and ana-
lyzed ZFI (Green Space Intensity Index) values to map the changes observed during
the vegetation periods. We also assessed the amount of green area per capita and its
accessibility. The results reflect not only the current state of green infrastructure but
can also serve as a foundation for future urban planning and green infrastructure
development strategies.

Since the 1990s, as part of the study of urbanization processes, the analysis of
green spaces and green areas as components of urban land use has come into focus.
Major research themes include urban forests, urban heat islands, urban ecology,
emissions (air pollution), urban structure, mental health, quality of life, well-being,
and the concept of the “Green City” (Farkas et al., 2023).

The maintenance and availability of urban green areas for residents are an im-
portant part of current urban planning in Hungary and of environmental impact as-
sessments in cities. GIS-based geoinformatics systems provide excellent tools for
mapping green areas, establishing monitoring systems, tracking changes in condi-
tion, and identifying environmental problems.

The growth and transformation of cities involve not only changes in population
numbers but also the scale and direction of urban spatial expansion. Both processes
are closely linked to the mapping and characterization of green areas, for which the
analysis of time-series satellite images is essential. In the rapidly changing urban
world, researchers focus both on rapidly growing cities (Rafiee et al., 2009; Deng et
al., 2019) and on the challenges of creating sustainable urban environments (Forian
& Hagymaéssy, 2009; Bokhari et al., 2022; Szigeti & Czédli, 2022; Siskané &
Szepesi, 2022) using this methodology. One of the challenges for researchers is to
adapt the design of green areas to the characteristics of the urban environment, both
in terms of plant species and spatial layout (Kisvarga & Horotan, 2023).

While the most dynamic changes can be observed in global and large-scale cities,
increasing attention is being paid to the study of small and medium-sized towns, and
today, municipal governments also recognize the importance of conducting such
analyses (e.g., Babolna 2014; Salgotarjan 2024).

2. GEOGRAPHY OF MEZOKOVESD

Mezdkovesd is located at the southern foothills of the Biikkk Mountains, at the junc-
tion of the Great Hungarian Plain and the North Hungarian Mountains, within two
distinct natural geographic micro-regions: Biikkalja and Borsodi-Mez6ség. The



142 P. Pecsmany et al.

town lies on the coalesced alluvial fans of the Ostoros, Kénya, and Hor creeks. The
study area has a warm and dry climate. The number of sunshine hours ranges be-
tween 1950 and 2000 per year. The annual mean temperature is around 10 °C, alt-
hough climate models project a possible increase of up to 3 °C in the coming dec-
ades. Annual precipitation varies between 500 and 550 mm (Bihari et al., 2024).

Vegetation in both micro-regions was significantly altered by human activity by
the Middle Ages, resulting in fragmented and variably degraded plant communities
(Pifk6 & Barina, 2004). According to the most recent CORINE Land Cover data-
base, 73% of the municipality’s administrative area is used as non-irrigated arable
land, 7.7% is discontinuous urban fabric (~built-up areas), 6% is complex cultivation
patterns, 5% is pasture, 2% is industrial and commercial area, 1.7% is covered by
water bodies, and 1% is occupied by the airport. In addition, land uses such as or-
chards, recreational and sports facilities, forests, and shrublands each account for
approximately 0.5-1% of the total area.

Mezo6kovesd is the 4th most populous settlement in Borsod-Abauj-Zemplén
County, with a total population of 15,541 (as of January 1, 2024), covering an area
of 100.49 km? and a population density of 162.3 inhabitants/km?.

3. MATERIALS AND METHODS

To map the vegetation-covered areas of Mezékdvesd (hereinafter referred to simply
as green spaces for simplicity), and to assess their condition, we used time-series
satellite imagery. The satellite image analysis was carried out for the vegetation pe-
riods between 2017 and 2024, defined as March 1 to October 31 each year.

As the first step of the analysis, we used Google Earth Engine to automatically filter
Sentinel-2 images with 10% cloud cover. From the datasets meeting this cloud cover
criterion, we generated Normalized Difference Vegetation Index (NDVI) maps

NIR — RED

NDVI,; = ——————
"7 NIR + RED (1)

This index is used to estimate photosynthetic activity and chlorophyll content in plants,
as vegetation strongly reflects near-infrared (NIR) light and absorbs visible red (RED)
light. NDVI values can be used to infer plant health, biomass quantity, and vegetation
fertility — thus serving as an indicator of vegetation condition and density.

Based on the NDVI datasets calculated from satellite images taken at specific
dates, we computed the average NDVI value for the vegetation period of each ex-
amined year

n
1
NDVIgnnual average — ; Z NDVI; (2)
i=1

In addition, within the ArcGIS Pro software environment, we prepared the average
NDVI map for the eight-year vegetation period (Figure 1/A). Furthermore, using the
built-in Zonal Statistics tool in ArcGIS Pro, we calculated the standard deviation of
the mean values for the examined years.
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Figure 1

Spatial distribution of mean NDVI values (4) and vegetation categories classified
based on those values (B)

As the second step, we calculated the Green Space Intensity Index (ZFI), developed
by Jombach (2014). It is perfectly suitable for examining the condition, extent, and
temporal changes of green spaces. Although the ZFI is based on the reclassification
of NDVI values (Figure 2), it provides a much more intuitive and comprehensible
representation of green space coverage than NDVI alone.

ZFI values range between 0 and 100, depending on the NDVI value of the given
image element (pixel) (Jombach, 2014). The NDVI maps calculated for each year’s
vegetation period, as well as the average NDVI map for the entire study period, were
reclassified in the ArcGIS Pro software environment to drive the ZFI values accord-
ing to the method defined by Jombach (2014).

ZFI1 (%) NDVI Nature of the area

Built-up area, paved surface, mining
0% (-1)-0 | area, bare soil surface, and any area
without biologically active green cover.

0.01- 0-0 1 E.g., heavily built-up areas with very
19.99% ’ low green cover ratio.

E.g., built-up area with low green cover |
20-39.99% | 0.1-0.2 | ratio (densely built suburban area, resi-
dential park-like development).
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ZFI (%) NDVI Nature of the area

E.g., medium built-up area with me-
40-59.99% | 0.2-0.3 | dium green cover ratio (suburban ar- |
eas).

E.g., relatively low built-up area with §
relatively high green cover ratio (hous-
ing estate development with large
parks).

60-79.99% | 0.3-0.4

E.g., area characterized by low built-up
density with a very high proportion of
dense vegetation cover (gardens, parks,
significant roadside green spaces).

80-99.99% | 0.4-0.5

Healthy forest stand, park with contin-
100% 0.5-1 | uous woody vegetation and grass, vig-
orous lush grassland.

Figure 2
Calculation method of the Green Space Intensity Index (ZFI)
based on Jombach (2014)

As the third step of our research, we used the ZFI map generated from the 8-year
average NDVI values and the population data from the Hungarian Central Statistical
Office (KSH) for the calculation of green space per capita.

In addition to the above analyses, major green areas (parks, playgrounds, and public
cemeteries) within the built-up area were identified through field surveys, digitized
based on satellite imagery, and their pedestrian accessibility was evaluated.

Using the Network Analyst module of ArcGIS Pro, we created isochrone maps to
visualize the accessibility of these different types of green spaces within the city, with
varying temporal resolution. The workflow of the research methodology can be seen
in Figure 3.
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Sentinel-2 imagery
(2017-2024 groviing seasons) /

. ! T
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\_ Google Earth Engine / \_ Google Earth Engine ArcGIS Pro i ArcGIS Pro
/ ] l ; :
/ N OTCATION O ACCESSIBILITY \GREEN SPACE PER /PoPULATION DATA /
/ Field Survey and Remote f ANALYSIS CAPITAANALYSIS «——— KSH and Remote /
“/ Senging Dald / ArcGIS Pro ArcGIS Pro / Senging Data /
Figure 3

Workflow of the research
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4. RESULTS
4.1. NDVI

Based on the average NDVI values for the studied years, higher values (dark green)
indicate healthier, denser vegetation — typically associated with continuous forest
patches and tree rows — while lower values (light green) correspond to sparser veg-
etation or unvegetated areas. During reclassification, NDVI values (Figure 1/A) were
divided into four categories based on relevant literature (Alex et al., 2017; Nasci-
mento Aquino et al., 2018), as shown in Figure 1/B: water surfaces, built-up/bare
areas, low-vegetation, and moderately low-vegetation zones. Their respective pro-
portions are presented in Table 1.

Within the urban area, water surfaces account for the smallest share. The built-up
class includes the town center as well as the large buildings of the Zso6ry Spa recre-
ational zone (e.g., hotels and the sanatorium area), and linear infrastructure. These
areas make up 27.8% of the built-up area (only 3.5% of the total administrative area).
The low-vegetation category primarily includes the densely built-up suburban resi-
dential zones surrounding the city center and represents the largest share (66.9%).
The moderately low-vegetation class includes primarily wooded or forested patches
along the railway line and within the Zséry Spa area, accounting for approximately
5% (Table 1).

Table 1
The area and percentage share of the territories classified into each category

Administrative area Build up area
(ha) (ha)
Water 71.24 0.71% 0.81 0.09%
Build-up and bare soil 355.03 3.53% 254.37 27.77%
Low vegetation 9082.37 90.38% 613.09 66.93%
Moderately low 540.09 537% | 4773 | 521%
vegetation

Examining the standard deviation of NDVI values (Figure 4), it can be observed that
areas characterized by persistently low NDVI values and minimal temporal variabil-
ity — primarily the city center and the main transport corridors connecting the town
to the surrounding settlements — represent priority zones for targeted green infra-
structure interventions. The stability and consistently low vegetation activity in these
areas indicate a dominance of impervious or intensively managed surfaces, where
ecological functions are limited.

The implementation of tree planting initiatives and the expansion of urban green
spaces in these zones could significantly improve the local microclimate by reducing
the urban heat island effect, enhancing evapotranspiration, and providing shading.
In addition, increasing vegetation cover would contribute to biodiversity conserva-
tion by creating new habitats and ecological corridors, while also supporting carbon
sequestration and reducing atmospheric carbon dioxide concentrations. Furthermore,
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such interventions could improve air quality, mitigate surface runoff during extreme
precipitation events, and enhance the overall environmental resilience and livability
of the urban environment.

N

Standard deviation of NDVI values
for the tested vegetation periods
e High : 0,267876

- Low : 0,00568907
0 0,5 1 2
N S T
Figure 4
The standard deviation of NDVI values during the studied period
from 2017 to 2024

4.2. ZF1

The extent of areas characterized by low building density and covered by a high
proportion of dense vegetation (ZFI: 80-99%), as well as areas characterized by
healthy forest stands and continuous woody vegetation and grassland (ZFI: 100%),
remained nearly constant (~£7%) during this period (Figure 4). A drastic change can
be observed starting from 2022, when the two aforementioned categories completely
disappeared (Figure 5). This change is not primarily due to an increase in built-up
areas, but rather to drought conditions that have increased the costs of maintaining
green spaces. Rising irrigation expenses place an increasing burden on residents and
local authorities. According to HungaroMET data, precipitation was minimal at the
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beginning of the year, and only scattered showers alleviated the drought from April
to mid-August, while heatwaves increasingly worsened the situation. The time series
analysis also highlights that this trend had been ongoing in previous years, and as a
result, the vegetation was unable to regenerate naturally and adequately. Owing to
global climate change, the Carpathian—Pannonian region increasingly experiences
extreme weather events (e.g., drought or, conversely, excessive rainfall). Given this
trend, it is advisable to plant native or non-native tree species in the city’s parks in
the near future that can tolerate drought and extreme conditions well.

100% ||
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SHERR
70%

60%
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40%
30%
20%
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0%

2017 2018 2019 2020 2021 2022 2023 2024 MEAN

O~0% = 0-0,1-19,99%  20-39,99% ' 40-59,99% ™ 60-79,99% M 80-99,99% M 100%

Figure 5
Change of the Green Surface Intensity Index (ZFI) in the inner area of Mezokévesd
(2017-2024)

4.3. Analysis of green space per capita

Due to significant changes in the condition of green spaces over the past three years
caused by weather conditions, we used the ZFI map generated from the 8-year aver-
age NDVI values for further analyses (Figure 6). For the calculation of green space
per capita, only areas with a ZFI value greater than 80% were considered. Based on
the 2023 population data from the Hungarian Central Statistical Office (KSH) and
the aforementioned criteria, the green space per capita within the inner urban area is
30.71 m?, while within the entire administrative area it is 347.52 m?. The value within
the inner urban area exceeds the minimum recommended by the World Health Or-
ganization (WHO) (Russo & Cirella, 2018), which is 9 m?, but falls short of the ideal
value suggested by the organization, which is 50 m?.
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Figure 6
Zonal Green Space Intensity Index (ZFI) map generated
from the 8-year average NDVI values

The urban area was divided into five sections based on the main roads. The popula-
tion of each district was estimated by considering the number and type of properties
located within the area. Subsequently, using the estimated population and the area of
zones with a ZFI value above 80% in each district, we calculated the amount of green
space per capita. According to the results, the Mez6kovesd-Zsory area has the high-
est per capita green space, while the district number 2 has the lowest value, which
falls just slightly below the minimum recommendation set by the WHO (Table 2).

Table 2
Estimated and calculated data of the individual city districts
Estimated Area with ZF1 per Capita
Population (persons) ZFl abmzfe (m?)
80% (m?)

Mez6kovesd-Zsory 300 114,200 380.6667
Mezokovesd-1 3295 128,000 38.8467
Mezokovesd-2 2272 20,100 8.8468
Mezo6kovesd-3 4356 73,900 16.9651
Mez6kovesd-4 6150 141,100 22.9430
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4.4. Distance from major green areas

Based on the recommendation of the World Health Organization, major green areas
should be accessible within a minimum of 15 minutes of walking. Assuming an av-
erage walking speed of 4-5 km/h, this condition is practically met from almost the
entire area of the city along the roads.

When examining the accessibility of public parks, which are most suitable for
recreational purposes (see Figure 7, top right panel), the situation is similarly favor-
able — only from the eastern and western edges of the city (about 8% of the total
area) does it take more than 15 minutes to reach them.

Parks

[ 5 min
[ 10 min
| 15 min
| 20 min

\\‘§

S

RO | 30 min
| 40 min
0 0,5 1 2k
Legend ||||l|||lm
green space type
%% playground park E== cemetery | _ ' built-up area roads

Figure 7
Green areas’ pedestrian accessibility in minutes

If we consider cemeteries visited by elderly people or playgrounds that are primarily
important for families with small children, a slower walking speed was assumed, and
a 10-minute accessibility time was used as the basis. It can be established that neither
cemeteries nor playgrounds located outside parks are reachable within 10 minutes
from about three-quarters of the city. This is because these public areas are situated
on the outskirts of the city. The cemeteries are located on the eastern side of the
settlement, while playgrounds outside parks are on the western side.
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For areas where the WHO criteria are not met, it is advisable to establish new
recreational public spaces (parks, playgrounds) in the near future.

5. CONCLUSIONS

Our study examining the green areas of Mezdkovesd highlighted that using NDVI cal-
culated from Sentinel-2 satellite images and the resulting Green Surface Intensity (ZF1)
index is an effective method for spatial mapping and temporal analysis of vegetation-
covered areas. The results show a positive trend in the condition of green spaces within
the administrative boundaries between 2017 and 2021. However, due to the severe
drought conditions starting in 2022, there was a drastic decline in vegetation health,
especially in areas covered by natural vegetation. This underscores the local impacts
of global climate change and the vulnerability of urban green infrastructure.

The amount of green area per capita within the built-up area exceeds the mini-
mum recommended by the WHO but does not reach the ideal value, while some
districts fall short of the desired green space availability. Accessibility to green
spaces as recreational public areas is also uneven, making targeted greening inter-
ventions advisable in under-served neighbourhoods. Additionally, to improve cli-
mate resilience, it is recommended to plant drought-tolerant tree species in the city’s
green spaces that can better withstand climatic extremes.
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