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ABSTRACT

Mining waste piles constitute a substantial environmental liability due to their propensity to generate Acid Mine Drainage
(AMD), a severe form of water contamination caused by the oxidation of sulfide minerals. The complexity and heterogeneity of
these garbage piles make it difficult to forecast and mitigate AMD accurately. When applied alone, traditional characterization
techniques—whether they be based on non-specific geophysical surveys or discrete geochemical sampling—are frequently
inadequate. This review article summarizes the most recent developments in mining waste pile classification by promoting an
integrated, synergistic strategy that unifies geophysical and geochemical methods. In order to overcome the limitations of both
individual approaches, the paper explains the principles, strengths, and limitations of key geophysical methods, such as
Electrical Resistivity Tomography (ERT) and Induced Polarization (IP), and geochemical methods, such as Acid-Base Accounting
(ABA) and kinetic tests. The paper then shows how the spatial data from geophysical surveys can be used to intelligently guide
geochemical sampling to create comprehensive three-dimensional models that turn fragmented information into a continuous,
spatially resolved map of AMD risk. Lastly, the review discusses future directions, including the use of machine learning, remote
sensing, and advanced sensor technology, while emphasizing the crucial need for standardized protocols and interdisciplinary
training to ensure the wider adoption of this potent methodology. The integrated approach is the most reliable foundation for
managing AMD proactively as opposed to reactively, producing more long-lasting and beneficial environmental results.
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1 Introduction

Modern society is based on the global mining sector, which supplies the raw resources needed for economic growth,
infrastructure, and technology (Radebe & Chipangamate, 2024). However, this activity produces enormous amounts of
solid waste, such as tailings and waste rock, which are sometimes kept in big mounds on the surface (Agboola et al.,
2020). One of the main issues with these trash piles is the possibility of Acid Mine Drainage (AMD), which is a serious and
long-lasting environmental hazard. AMD is a complicated geochemical process that is brought on by the oxidative
weathering of sulfide minerals, mostly pyrite (FeS2), in the presence of oxygen and water (Brar et al., 2022). Sulfuric acid,
which is produced by this reaction, mobilizes heavy metals and other harmful materials from the surrounding waste
matrix, severely contaminating soil, groundwater, and surface water (Jaishankar et al., 2014). Since AMD is a long-term
process, these waste heaps may continue to be a concern for centuries, hence proactive and precise AMD prediction is
essential to mine-site management and repair.

Traditional techniques of defining mining waste piles have frequently depended on discrete geochemical sampling or
the use of a single geophysical tool. Direct and quantitative information on the material's capacity to produce acid is
provided by geochemical analysis, which entails gathering and evaluating samples from many places (Miller, 2013).
However, these approaches are frequently spatially constrained and only offer a fragmented two-dimensional or one-
dimensional picture of a highly complex three-dimensional system because of the intrinsic variability and enormous
volume of garbage piles (Chang et al., 2025). On the other hand, geophysical techniques provide a non-invasive way to
map the waste pile's subsurface structure and properties, including porosity, moisture content, and the presence of
conductive layers. Although effective at giving a spatial overview, these techniques frequently lack the direct chemical
specificity needed to identify AMD-generating zones with certainty (Dimech et al.,, 2022). The problem is that neither
approach alone can provide a thorough three-dimensional understanding of the physical and chemical conditions
required for reliable AMD prediction.

This review study fills a significant gap by investigating the synergistic potential of an integrated strategy that
combines geophysical and geochemical methods. Synthesizing the current understanding of each method's particular
strengths and illustrating how their strategic combination might overcome each one's limits are the main goals. A more
representative and geographically precise dataset may be produced by using geophysical surveys to guide the targeted
collection of geochemical samples. The trash pile's physical structure and the geographical distribution of important
geochemical markers for AMD risk may then be mapped using this combined data to produce a comprehensive three-
dimensional model (Agboola et al., 2020). In order to enable more effective and targeted mitigation strategies, this
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approach offers a powerful framework for more accurate AMD prediction as shown in Figure 1. The subsequent sections
will offer a thorough review of important geophysical and geochemical techniques, followed by an examination of
successful integration methodologies and a discussion of the difficulties and future directions for this field (Figure 1).
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Figure 1 shows the integrated approach to AMD management.

2 Geophysical techniques for characterization

Geophysical techniques are a strong, non-invasive way for studying the subsurface features of mining waste heaps,
offering crucial insights into their underlying structure, composition, and hydrogeological characteristics (Dimech et al.,
2022). Geophysical surveys produce continuous information that may be used to produce two- and three-dimensional
representations of the garbage pile, in contrast to geochemical sampling, which delivers data at discrete sites (Hauck,
2013). Key factors connected to AMD development as shown in Table 1, including porosity, moisture content, the
presence of sulfide minerals, and the position of impermeable layers, can be linked to the spatial differences in physical
qualities seen in these photos. The main geophysical methods used in this situation are thoroughly described in the parts
that follow, with an emphasis on their fundamentals, uses, and inherent drawbacks (Jessell, 2001).

Table 1 Correlation with acid mine drainage indicators
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2.1 Electrical Resistivity Tomography (ERT)

ERT is one of the most popular geophysical techniques for describing piles of mining waste. The electrical resistivity of
the subsurface, a basic characteristic that determines how strongly a material resists the passage of electric current, is
measured using the ERT concept (Sun et al., 2025). In actuality, two electrodes pump an electric current into the ground,
while a second pair measures the potential difference that results. A complete dataset of apparent resistivity values is
gathered by methodically shifting the locations of these electrodes (Garcia-Nieto et al., 2024). A cross-sectional or



22 Jingru Shang

volumetric model of actual resistivity is then produced by inverting these values; this is usually shown as a faux section or
a three-dimensional volume. In particular, water-saturated zones and those containing conductive fluids, like the low-pH,
sulfate-rich waters associated with AMD, tend to have very low resistivity, while dry, compacted material or bedrock has
high resistivity (Zeng et al., 2025). As a result, ERT is very effective at determining the preferential flow paths of water,
mapping the depth of the water table, and delineating zones of high fluid content, which are frequently precursors to
AMD. The resistivity of mining waste materials varies greatly and is driven by a number of factors, including mineralogy,
moisture content, porosity, and the concentration of dissolved ions in the pore water (Kukemilks & Wagner, 2021). The
capacity of ERT to create continuous, high-resolution photographs of the subsurface without requiring destructive
excavation is its main advantage. The results' ambiguity, however, is a major drawback; without supporting data, it would
be challenging to distinguish between a low resistivity anomaly that would suggest conductive clay or a high moisture
content.

2.2 Induced Polarization (IP)

In IP surveys, a current is applied to the ground for a brief period of time and then turned off; the subsurface material
continues to discharge a small voltage because of its chargeability, which is measured over time and quantified as
chargeability ("Chapter 1 - Introduction, " 1976). IP is frequently used in conjunction with ERT and provides
complementary information by measuring the sub surface’s chargeability, which is the ability of a material to store an
electrical charge when a current is applied and is primarily related to the presence of metallic minerals, such as sulfide
minerals, and to a lesser extent, clay. A zone with disseminated sulfide minerals in a wet environment—a prime location
for AMD generation—is strongly indicated by a low-resistivity, high-chargeability anomaly (Ali et al., 2023). The primary
benefit of IP is its high sensitivity to sulfide mineralization, a property that is largely undetected by other geophysical
methods. Like ERT, IP data can be ambiguous because some clay minerals can also produce a strong IP response,
necessitating careful interpretation and integration with other datasets (Ali et al., 2023).

2.3 Ground Penetrating Radar (GPR)

GPR is an electromagnetic technology that produces pictures of the shallow subsurface with great resolution. The
process entails sending high-frequency radio waves into the earth and timing the return of reflected waves (Zhang et al.,
2023). The reflections are brought on by variations in the materials' electromagnetic characteristics, such as electrical
conductivity and dielectric constant, which alter depending on the kind of material, porosity, and moisture content.
Internal layers, stratigraphy, and the placement of distinct items inside the trash pile are all areas in which GPR excels (Liu
et al,, 2023). It is capable of accurately locating the water table, identifying buried infrastructure, and drawing borders
between various waste rock kinds. GPR's high-resolution capacity makes it perfect for locating shallow, near-surface
structures that could be directing water into the interior of the pile. However, the electrical characteristics of the material
have a significant impact on how successful GPR is. It functions best in areas with poor conductivity, such as dry, sandy
materials, where the radar signal may travel farther. In contrast, in highly conductive materials like water-saturated clays
or waste piles with high concentrations of dissolved salts, the radar signal is rapidly attenuated, severely limiting its depth
of penetration (Song et al., 2021).

2.4 Seismicrefraction and reflection

Seismic techniques, such as seismic refraction and reflection, map underlying structures using acoustic energy and the
varying velocities at which sound waves pass through different materials (Carrera et al., 2024). Seismic waves are
produced by an energy source (such as a hammer or a tiny explosive) and travel into the subsurface during a seismic
survey. An array of geophones then picks up these waves. The travel duration of waves that have been refracted along
layers with higher seismic velocity—which is directly correlated with material density and compaction—is measured by
seismic refraction (Schwardt et al., 2022). The main advantage of seismic methods is their ability to provide information on
the physical properties of the waste pile, such as density and stiffness, which are difficult to obtain with other techniques.
Seismic reflection, on the other hand, measures waves that are reflected back to the surface at interfaces between layers
of different acoustic impedance (Schwardt et al., 2022). Although more complex and expensive, seismic reflection can
provide a more detailed image of deeper stratigraphy and complex fault structures. This makes it an excellent method for
determining the depth to bedrock, identifying the thickness of various waste layers, and evaluating the degree of
compaction within the waste pile (Maleki et al., 2025). However, they are often less suitable for fine-scale, high-resolution
mapping of heterogeneous materials and are commonly used for large-scale structural investigations.
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2.5 Gravity and magnetic surveys

Passive geophysical techniques such as gravity and magnetic surveys are used to quantify the gravitational and
magnetic field fluctuations that occur naturally on Earth. Variations in the density of underlying materials generate small
changes in the gravitational field, which are measured by a gravity survey (Peng et al., 2025). When it comes to mining
waste, this may be used to define the overall mass and volume of the waste pile as well as to pinpoint areas of notable
density difference, such compacted vs loose material. The existence of magnetic minerals causes fluctuations in the
Earth's magnetic field, which are measured using magnetic surveys (Mashaan & Yogi, 2025). Although they are not directly
related to AMD, magnetic anomalies can occasionally be connected to certain mineralized zones or geological units
within the waste pile, such pyrrhotite or magnetite, which can serve as a stand-in for the original ore body's location.
Instead of being utilized for in-depth, high-resolution characterization, these techniques are usually employed for large-
scale, reconnaissance-level assessments that identify the garbage pile's general extent and broad structure (Jia & Ye,
2023). Their primary benefit is that, in comparison to more comprehensive surveys, they may cover huge regions more
rapidly and for less money. However, the resolution is generally low, and the results are often highly ambiguous, requiring
extensive a priori knowledge or corroboration from other methods (Wright, 2005).

3 Geochemical techniques for characterization

Geochemical characterization is a critical component of assessing the environmental risk posed by mining waste piles,
particularly their ability to produce AMD (Garcia & Rosique, 2025). Geochemical techniques give precise, quantitative
information on the chemical and mineralogical characteristics of the waste material itself, whilst geophysical approaches
give a geographical framework of the subsurface (Aallaoui et al.,, 2025). By assessing a material's inherent ability to
produce and neutralize acids, these techniques are intended to give a clear picture of how likely it is to cause AMD. The
two primary types of geochemical characterization are usually static and kinetic tests, which provide a quick and
inexpensive way to evaluate a material's acid-base balance and a more detailed, time-dependent simulation of
weathering processes, respectively (Aallaoui et al., 2025; Garcia & Rosique, 2025). The success of these methods depends
heavily on a careful and representative sampling strategy, which is a crucial component of the larger 3D characterization
endeavor (Figure 2).
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Figure 2 Shows the geochemical techniques for AMD assessment.

3.1 Static tests

Static tests are a speedy and cost-effective technique of screening large numbers of samples to establish their overall
acid-generating capacity (Moyo et al., 2025). They give a basic, first-order evaluation of the balance between the acid-
producing minerals and the acid-neutralizing minerals inside a sample. The most used static test is Acid-Base Accounting
(ABA) (Hageman et al, 2015). Quantifying a sample's highest acid-producing potential (APP) and maximum acid-
neutralizing potential (ANP) is its main objective. Since all sulfur is assumed to be present as reactive sulfide minerals,
most frequently pyrite (FeS2), the APP is mostly determined from the overall sulfur content (Cruz et al., 2001). Usually, the
APP is stated in kilos of calcium carbonate (CaCO3) equivalent per waste ton. To calculate the amount of acid eaten, a
crushed sample is reacted with a predetermined amount of acid, and the surplus acid is titrated with a base. This yields
the ANP (Hageman et al., 2015). Additionally, kilos of CaCO3 equivalent per ton are used to indicate this number. The Net
Neutralizing Potential (NNP = ANP - APP) is the primary measure that is obtained from ABA. While a negative NNP raises
the possibility of AMD, a positive NNP shows the sample is not acid-generating (Aphane & Vermeulen, 2015). The Net Acid
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Generation (NAG) test is frequently used as a supplement to or alternative to ABA. It is a more empirical test that directly
measures the net acidity or alkalinity produced under controlled, accelerated oxidation conditions (Karlsson et al., 2021).
In a NAG test, a sample is oxidized with hydrogen peroxide (H202) to promote the rapid oxidation of sulfide minerals. The
final pH of the resulting solution (the NAG pH) provides a quick indicator of the sample's potential. One of the main
limitations of ABA is that it only gives a snapshot of the maximum potential and does not account for the kinetics of the
reactions or distinguish between different forms of sulfur (e.g., sulfide, sulfate) (Atherton et al., 2025). A NAG pH below 4.5
is typically regarded a sign of acid-generating potential. The NAG test has an advantage over ABA in that it accounts for
both the acid-producing and neutralizing processes as they occur under rapid oxidation, offering a more realistic
evaluation of the net consequence. The gradual, long-term dynamics of natural weathering, however, cannot yet be
replicated by it (Ochoa-Guerrero et al., 2025).

3.2 Kinetic tests

Kinetic testing is intended to replicate the long-term, organic weathering processes that take place over months to
years in a mining waste pile. They offer vital information that static tests are unable to provide, such as the rates at which
AMD is generated and the changes in leachate chemistry over time (Koucham et al.,, 2025). The gold standard for kinetic
testing is the humidity cell test. It entails putting a sample of crushed waste rock in a cell and letting it become wet
(leaching), flushed with humid air (oxidation), and then allowed to dry. Weekly or biweekly, leachate is gathered and
examined for a variety of factors, such as pH, sulfate, and metal concentrations (Karlsson et al., 2021). The HCT offers a
time-series dataset that shows the rate of acid generation, the depletion of neutralizing minerals, and the lag period until
AMD development. This information is essential for forecasting a garbage pile's long-term behavior and assessing how
well possible mitigation techniques work (Li et al., 2024). Column leaching tests are similar to HCTs but are frequently
conducted on a bigger scale and are meant to more nearly replicate the vertical flow of water through a garbage pile. A
column is filled with the waste material, and deionized water is regularly poured through it to imitate rainfall. At the
bottom of the column, the leachate is collected, and its chemical changes over time are examined. Column leaching
experiments can offer valuable information on how various moisture conditions and particle sizes affect AMD production,
even though they are less standardized than HCTs (Li et al., 2024).

Kinetic tests' main benefit is their capacity to reveal details on the duration and pace of AMD production, which is
crucial for long-term environmental management (Kalyoncu Erguler et al., 2014). Their primary drawback is the expense
and time involved in carrying them out, which renders them inappropriate for screening a large number of samples.

3.3 Sample collection and analysis

Essentially, the quality of the samples gathered determines how reliable the static and kinetic geochemical tests are. A
well-thought-out sampling method is necessary to guarantee that samples are representative of the general features of
mining waste piles because of their great variety (GRISHIN & YERMAK, 2019). In order to gather samples from various
depths and locations, borehole drilling and grid-based surface sampling are frequently used (GRISHIN & YERMAK, 2019).
Since geophysical data may be used to intelligently direct the placement of these boreholes to target zones of interest,
integration with geophysical approaches is essential in this case.

After collection, samples are usually put through a series of laboratory tests. X-ray diffraction (XRD) is used to
determine which mineral phases—including the acid-neutralizing carbonate minerals and the acid-producing sulfide
minerals—are present in the trash. Compared to the total sulfur content alone, this gives a more comprehensive view. To
ascertain the sample's overall elemental composition, methods such as Optical Emission Spectrometry (ICP-OES),
Inductively Coupled Plasma Mass Spectrometry (ICP-MS), and X-ray Fluorescence (XRF) are employed (Jamieson, 2011).
This data is essential for determining the levels of heavy metals and other hazardous substances that AMD may mobilize.
A range of analytical methods are employed to quantify characteristics including pH, alkalinity, and the quantity of
sulfate, iron, and other dissolved metals in leachate samples from kinetic testing or pore water samples collected in the
field (Matthies et al., 2011).

In conclusion, the direct chemical evidence needed to evaluate AMD possibility is provided by geochemical
characterization. A thorough chemical profile may be created by carefully choosing and integrating static and kinetic
testing techniques with a solid sampling plan guided by knowledge of the pile's structure.

4 Integration of geophysical and geochemical methods

Geophysical and geochemical techniques are each powerful tools for characterizing mining waste piles, their true
value is realized when they are integrated into a single, cohesive framework. This synergistic approach overcomes the
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fundamental limitations of each method when used in isolation. Geochemical tests provide specific, direct information
about the acid-generating potential of the waste material but are often spatially limited and costly to perform on a large
scale (Bevandic¢ et al., 2021). On the other hand, whereas geophysical surveys provide a continuous geographical map of
subsurface characteristics, their findings are frequently ambiguous and need to be interpreted. By combining these two
approaches, a thorough three-dimensional description of the garbage pile is created, converting isolated data points into
a spatially resolved AMD risk model. This section examines the strategic approaches for this integration, the advantages it
offers, and the obstacles that need to be overcome for it to be implemented successfully (Maleki et al., 2025) (Figure 3).
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Figure 3 Shows AMD risks management and their protocols.

4.1 A synergistic framework for targeted sampling

The most important part of combining these methods is using geophysical data strategically to direct geochemical
sampling. Instead of using a random or grid-based sampling strategy, which might overlook important zones of interest, a
preliminary geophysical survey can be carried out to identify areas that are likely to contain problematic materials (El-
Raouf et al., 2023). For example, an Electrical Resistivity Tomography (ERT) survey may reveal low-resistivity anomalies that
suggest conductive pore fluids or zones of high moisture content, both of which are common in AMD environments. A
"geophysical risk map" of the waste pile can be created by overlaying the results of IP surveys, which can identify areas
with high chargeability, a strong indicator of disseminated sulfide mineralization, the main source of acid production (El-
Raouf et al., 2023). This map then acts as a precise guide for placing targeted boreholes or pits for the collection of
geochemical samples, ensuring that samples are collected from the most significant and environmentally relevant zones,
maximizing the information obtained from each costly geochemical test, and guaranteeing that the final characterization
is representative of the most problematic areas.

4.2 3D modeling and visualization

A single three-dimensional model is created by combining the geophysical and geochemical datasets once they have
been gathered. Usually, specialist geological and environmental modeling software is used to do this. The model's
structural underpinning is provided by the geophysical data, which has an intrinsic spatial continuity (Qi et al., 2023). For
instance, an ERT survey identifies the water table and fluid saturation zones, but a GPR survey may identify the trash pile's
stratigraphy. Then, using geostatistical methods like kriging or inverse distance weighting, the discrete geochemical data
points—such as NNP values, metal concentrations, and mineralogical data from XRD—are interpolated across this 3D
structure (Qi et al., 2023). By converting the geochemical point data into a continuous three-dimensional volume, this
procedure makes it possible to see and analyze the geographical distribution of important chemical characteristics. The
resultant 3D model is an effective instrument for a comprehensive risk analysis (Wei et al., 2025). In addition to showing
the distribution of sulfide minerals, it also shows the possible water flow channels through the pile and the areas where
these two crucial elements meet, which are the exact places where AMD is most likely to form.

4.3 Case studies: proof of concept

Several studies have shown that this integrated strategy is effective. For instance, ERT and IP surveys were effectively
integrated with focused geochemical sampling in a case study conducted at a copper mining waste rock pile in Canada
(Ali et al., 2025). A sizable, high-chargeability anomaly in a low-resistivity zone near the pile's base was discovered by the
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geophysical surveys; this signature strongly suggests the presence of a subsurface, sulfide-rich layer that is saturated with
conductive fluids (Ali et al., 2025). A number of boreholes were dug in response to these findings. A high concentration of
reactive pyrite and a highly negative Net Neutralizing Potential (NNP) were verified by further geochemical investigation
of the core samples from this anomaly, suggesting a large potential for AMD formation (Power & Almpanis, 2022). This
result, which would have been difficult to acquire using a random sample technique, enabled the creation of a highly
focused and cost-effective remedial strategy. In another case, geochemical testing verified the clay's poor permeability,
and GPR was utilized to map the internal stratigraphy and the identification of a clay-rich layer within a garbage pile
(Servos & Power, 2024). Although the entire pile seemed to be rather dry, this combined data showed that the clay layer
was functioning as a restricting layer, resulting in a "perched" water table and a confined zone of saturation where AMD
was actively developing.

4.4 Benefits and challenges of integration

An integrated geophysical-geochemical method has several important advantages. By offering a spatially continuous
picture of the garbage pile, it results in a risk assessment that is more thorough and precise. By limiting the number of
samples needed and directing them to the most important sites, it enables more successful and economical sampling
operations. As a result, repair techniques that target the precise causes and sites of AMD development become more
knowledgeable and efficient (Pierwola et al., 2020). Additionally, the 3D models assist stakeholders grasp and
comprehend the complexity of the issue by acting as effective communication tools.

Despite these benéefits, difficulties persist. The scale mismatch between the discrete character of geochemical samples
and the continuous nature of geophysical data is the main challenge. Additionally, the interpretation of the geophysical
data is not unique, necessitating a thorough knowledge of both geophysics and geology to prevent misunderstandings.
Moreover, a multidisciplinary team with knowledge of geophysics, geochemistry, and geostatistical modeling is necessary
for the effective use of this strategy (Servos & Power, 2024). Some high-resolution geophysical surveys can be expensive,
but the savings in sampling and the improved accuracy of the final risk assessment frequently make up for this. For this
effective strategy to be widely adopted, these issues must be resolved by standardized procedures, enhanced modeling
software, and ongoing multidisciplinary training.

5 Future outlook

A synergistic integration of geophysical and geochemical approaches is the most efficient way to obtain the 3D
characterization of mining waste heaps, which is a necessary step for accurate AMD prediction (Hariram et al., 2023). This
review has emphasized how geochemical tests, such as Acid-Base Accounting (ABA) and kinetic tests, provide the vital
chemical data on acid-generating potential, while geophysical techniques, such as ERT and IP, provide the necessary
structural and spatial context. When these techniques are combined, it is possible to create intricate 3D models that
convert disparate data points into a continuous, spatially resolved picture of AMD risk (Matsumoto et al., 2018) (Figure 4).

One of the most potential future prospects is the expanded use of sophisticated sensing technology and data science.
Insights into surface characteristics, temperature anomalies, and plant stress—all of which can act as stand-ins for
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Figure 4 Shows the limitation and future outcomes of AMD.
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underlying geochemical processes—could be obtained by combining remote sensing data from drones and satellite
pictures (Masina et al.,, 2020). Furthermore, integrated datasets are perfect for machine learning (ML) and artificial
intelligence (Al) research due to their growing number and complexity. When combined with environmental, geophysical,
and geochemical data, machine learning algorithms may uncover intricate patterns and connections that are difficult for
humans to see. This could lead to a significant leap in predictive accuracy, allowing for the real-time forecasting of AMD
onset and the identification of high-risk zones with unprecedented precision (Jooshaki et al., 2021).

Instrumentation technological developments are also quite promising. The creation of more affordable, portable
geophysical sensors with greater resolution may speed up and lower the cost of surveys, allowing for their broader use.
Similar to this, developments in automated geochemical sensors and on-site testing kits may lessen the need for
laborious laboratory investigations by offering quick feedback that may guide decisions in real time (Dadrass Javan et al.,
2025). The capacity to view intricate 3D models and effectively integrate various information will continue to be improved
by the growing sophistication of geological and environmental modeling software, making these tools more widely
available to practitioners.

Despite these encouraging advances, obstacles persist. The standardization of protocols for data integration,
processing, and gathering is urgently needed. The creation of reliable, broadly applicable prediction models may be
impeded by the absence of a consistent methodology, which also makes it challenging to compare findings from various
research. To create best practices that can guarantee the accuracy and comparability of data, business, academia, and
regulatory agencies must work together. Additionally, because this job is intrinsically multidisciplinary, a new generation
of specialists with cross-training in data science, geophysics, and geochemistry is needed. It will be crucial to keep
funding multidisciplinary education and training in order to develop the knowledge needed to take full advantage of
these integrated methods.

6 Conclusion

In conclusion, the integrated geophysical-geochemical approach represents the state-of-the-art methodology for the
comprehensive 3D characterization of mining waste piles. It provides the detailed, spatially accurate information
necessary to transition from reactive management of AMD to proactive prediction and prevention. By embracing future
innovations in remote sensing, machine learning, and sensor technology, while simultaneously addressing the challenges
of standardization and professional training, the mining industry can move towards a more sustainable and
environmentally sound future where the legacy of mining waste is managed with both precision and foresight.
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