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Abstract. Electromagnetic inter-well scanning (EIWS) is an advanced geophysical method that enables volumetric, time-
resolved imaging of electrical conductivity within the inter-well domain of uranium in-situ leaching (ISL) systems. This article
presents a comprehensive theoretical, geological, and methodological analysis of EIWS and evaluates its significance for
monitoring reactive fluid transport in heterogeneous sandstone aquifers. The study highlights the method’s sensitivity to salini-
ty, porosity, permeability evolution, geochemical reactions, and acid front migration — key factors that govern ISL efficiency,
breakthrough timing, and environmental containment. Through expanded discussion of electromagnetic physics, tomographic
inversion, dynamic subsurface monitoring and operational optimization, EIWS is shown to be a transformative tool for charac-
terizing subsurface processes that were previously inaccessible. The article concludes that EIWS fundamentally enhances re-
covery efficiency, improves sweep uniformity, strengthens environmental oversight, and establishes a new standard for scien-
tific control of ISL operations.
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1. Introduction

Uranium in-situ leaching (I1SL), also known as in-situ re-
covery (ISR), has become the principal extraction technology
for sandstone-hosted uranium deposits throughout the world.
This transition has been driven not only by economic consid-
erations but also by major environmental and operational
benefits. Unlike traditional surface or underground mining,
ISL does not require large excavations, waste rock removal,
or tailings storage, and therefore minimizes ecological foot-
print, land disturbance, and long-term reclamation costs [1].
What makes the method especially attractive is the way it
exploits the natural porosity and permeability of sedimentary
aquifers, using them as dynamic reactors where uranium
dissolution occurs directly within the geological formation.
This allows the exploitation of deep, low-grade orebodies
that would otherwise remain uneconomic under conventional
mining technologies.

Despite these advantages, ISL has always faced a funda-
mental scientific challenge: the reactive transport processes
that control uranium recovery occur in subsurface regions
that operators cannot directly observe. The dissolution of
uranium-bearing minerals, the movement of chemically reac-
tive lixiviant solutions, the redistribution of groundwater, the
formation of preferential flow channels, and the evolution of
porosity and permeability take place in a three-dimensional
space between injection and production wells. This inter-well
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region is the central arena of ISL, yet most traditional meas-
urements and monitoring tools provide only indirect or in-
complete information about it.

Borehole geophysical logging, although technologically
advanced, is inherently limited to the immediate neighbor-
hood of the wellbore. Resistivity, natural gamma, neutron
porosity, density, induction, and spectral gamma logs pro-
vide valuable insights, but their depth of investigation typi-
cally does not exceed several tens of centimeters around the
casing [2]. This small measurement volume represents only a
tiny fraction of the overall region affected by leaching. Hy-
drodynamic tests such as pumping or slug tests provide
transmissivity and storage parameters, but these are spatially
averaged quantities that cannot resolve heterogeneity, chan-
neling, or compartmentalization at the scale relevant to oper-
ational control [3]. Flow modeling, even in its most sophisti-
cated forms, depends heavily on conceptual geological mod-
els that cannot be validated volumetrically. Tracer tests may
confirm general hydraulic connectivity, yet they tend to over-
look detailed internal structuring of the flow field, and their
interpretation is complicated by retardation, adsorption, and
dispersion [4].

Because of these limitations, ISL operations often remain
partly empirical, relying on indirect indicators of sweep effi-
ciency, breakthrough timing, and acid distribution. The lack
of volumetric visibility in the inter-well space means that
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operators may not fully understand whether injected fluids
are accessing targeted ore zones, bypassing stagnant vol-
umes, or leaking vertically toward confining layers. This lack
of insight translates into uncertainties in uranium recovery,
acid losses, environmental risk, and the reliability of predic-
tive reservoir models.

Electromagnetic inter-well scanning (EIWS) directly ad-
dresses this long-standing observational gap. The method is
based on transmitting controlled electromagnetic waves from
one borehole and recording their response in a second bore-
hole. Because electromagnetic wave propagation is highly
sensitive to the electrical conductivity of the medium, the
amplitude and phase of arriving signals contain information
about the conductivity distribution within the entire inter-
well region [5]. Conductivity in porous media is strongly
affected by pore-water salinity, acidity, ion mobility, and
porosity — all of which evolve dynamically during ISL as
chemical reactions proceed and permeability structures
change. This makes EIWS not only a geophysical measure-
ment but effectively a reactive transport monitoring tool,
capable of revealing the geometry and evolution of fluid
migration and geochemical alteration zones.

The result is a fundamentally new mode of reservoir ob-
servation. Instead of being limited to the borehole wall or
relying solely on indirect tests, the operator gains access to
volumetric, time-evolving images of the subsurface. EIWS
can reveal preferential flow paths, stagnant pockets, erosion
windows, bypassed ore zones, and geochemical fronts. It
provides operational intelligence for adjusting wellfield hy-
draulics, optimizing injection strategies, and ensuring envi-
ronmental containment. Finally, by offering time-lapse imag-
ing, EIWS moves the ISL industry closer to the concept of a
continuously monitored, dynamically optimized subsurface
system.

2. Theoretical and methodological foundations of EIWS
for uranium ISL

2.1 Geological heterogeneity and its role in reactive fluid
transport

Understanding the geological framework of sandstone-
hosted uranium deposits is essential for interpreting EIWS
data and predicting how injected solutions will migrate
through the reservoir. These deposits were formed in a varie-
ty of depositional environments: fluvial, deltaic, aeolian, and
lacustrine and they exhibit heterogeneity at multiple scales.
This heterogeneity is the defining characteristic controlling
fluid transport, acid propagation, and overall leaching per-
formance [6].

At the broader geological scale, uranium-bearing aquifers
typically consist of stacked sandstone bodies interlayered
with siltstones, clays, and paleosols. Their geometry reflects
the dynamics of ancient river channels, floodplains, and
deltaic distributary systems, resulting in a complex architec-
ture of permeable and semi-permeable units. In fluvial sys-
tems, channel belts may contain coarse, well-sorted sands
with high permeability, whereas overbank deposits may
include fine-grained, low-permeability sediments. These
architectural elements produce natural compartments that
differ significantly in their hydraulic conductivity and trans-
missivity.

At the intermediate scale, variations in bedding, lamina-
tion, cementation, and diagenetic alteration impose additional
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controls on flow. For instance, thin clay drapes or ripple
laminations may act as barriers to vertical fluid movement,
causing acidized fluids to migrate laterally rather than verti-
cally. Cross-bedded or inclined heterolithic strata may en-
hance anisotropy, promoting channelized flow along prefer-
ential lines while limiting access to adjacent volumes. The
interplay between these sedimentary structures forms a hier-
archical network of flow paths and baffles that is highly
sensitive to chemical alteration.

At the micro-scale, pore-throat size distributions, grain
contacts, diagenetic cements, and mineralogical variations
determine pore connectivity and local reactivity. Carbonate
dissolution plays a major role during acid leaching, increas-
ing porosity and altering flow pathways [6]. Conversely,
precipitation of secondary minerals, such as gypsum or sili-
ca, may locally reduce permeability. Since these reactions are
spatially variable, the effective hydraulic structure of the
reservoir continually evolves during ISL.

Reactive transport processes further complicate this geo-
logical setting. When sulfuric acid is injected, the first stage
of reaction typically involves dissolution of carbonates and
ferric minerals, releasing ions into the fluid phase and in-
creasing conductivity. As the acid front moves, it may en-
counter zones rich in reactive minerals, which rapidly con-
sume acid and buffer pH. In other areas, particularly those
with limited permeability or restricted fluid access, the acid
front may stall or bypass, leaving behind stagnant zones that
retain uranium but do not meaningfully contribute to recov-
ery [1].

Geological heterogeneity therefore produces highly une-
ven sweep patterns. Fluvial channel sands may become heav-
ily acidized, showing increased conductivity detectable by
EIWS, while adjacent siltstone lenses remain unperturbed.
Erosion windows may permit uncontrolled fluid communica-
tion between stratigraphic levels, introducing environmental
and operational risks. In contrast, subtle clay-rich barriers
may protect deeper or adjacent zones from acid invasion,
preserving their natural state.

Because conductivity responds strongly to both lithologi-
cal and geochemical differences, EIWS provides a means of
capturing these complex interactions within the inter-well
space. Conductive anomalies often correlate with acid-
invaded zones, high-salinity pockets, or dissolution-enhanced
pathways. Resistive anomalies typically indicate unreacted
ore, clay-rich barriers, or isolated regions that fail to partici-
pate in flow. Over time, as the acid front migrates and the
reservoir evolves, EIWS can track these changes, revealing
dynamic patterns that reflect the combined influence of geol-
ogy, hydrodynamics, and geochemistry.

In summary, the geological heterogeneity of ISL deposits
is not merely a static background but an active participant in
the leaching process. It shapes the geometry of flow, controls
the distribution of reactive phases, and ultimately governs the
efficiency of uranium extraction. EIWS, by imaging conduc-
tivity changes arising from these processes, offers a window
into the inner workings of the reservoir, allowing operators
to move beyond empirical approaches and toward scientifi-
cally grounded optimization of ISL operations.

2.2 Physical principles of electromagnetic inter-well
scanning

Electromagnetic inter-well scanning (EIWS) is grounded
in the classical physics of electromagnetic wave propagation
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in conductive, porous, fluid-saturated geological media. The
fundamental basis of the method rests on Maxwell’s equa-
tions, which together describe how time-varying electric and
magnetic fields interact with materials that possess conduc-
tivity, permittivity, and permeability. Although the theory is
well established, its application within chemically reactive
environments such as uranium ISL presents a complex inter-
play between physics, geology, fluid chemistry, and evolving
rock properties. The subsurface conditions shaped by in-situ
leaching provide a highly dynamic electromagnetic medium,
whose properties change over time as dissolution and precip-
itation processes modify pore networks, fluid composition,
and ion mobility.

In a conductive geological medium, electromagnetic field
propagate in a diffusive rather than wave-like manner. This
means that instead of traveling as well-defined waves, the
electromagnetic energy penetrates the formation with expo-
nential attenuation governed primarily by the electrical con-
ductivity of the medium. The relevant expression controlling
penetration depth is the skin depth, which is inversely pro-
portional to the square root of conductivity and frequency.
High conductivity, as commonly found in acidized or highly
saline zones, leads to rapid attenuation. This sensitivity is
precisely what makes EIWS valuable in ISL settings acidized
zones are strongly conductive and therefore produce measur-
able changes in amplitude and phase between transmitter and
receiver.

The relationship between electrical conductivity and sub-
surface conditions is complex but highly advantageous for
monitoring ISL. Conductivity increases significantly when
sulfuric acid dissolves carbonates and sulfates [7], releasing
ions such as Ca?", Mg?", SO+*, and H' into the pore fluid.
These ions enhance the fluid’s ability to carry electric cur-
rent, producing sharp contrasts relative to less impacted re-
gions. As the leaching front advances, these chemical trans-
formations modify not only fluid conductivity but also the
mineral structure, pore geometry, and microfracture network.
Zones experiencing active dissolution tend to become more
conductive due to increased ionic strength and improved pore
connectivity. In contrast, areas undergoing secondary mineral
precipitation, such as gypsum formation, may exhibit re-
duced conductivity or complex mixed responses. EIWS is
sensitive to all of these processes.

The operational configuration of EIWS involves deploy-
ing a controlled electromagnetic transmitter in one well and a
sensitive receiver in another well spaced typically between
20 and 80 meters away. The transmitter emits electromagnet-
ic waves over a range of frequencies [8,9]. Lower frequen-
cies penetrate more deeply into the formation and sample the
entire inter-well region, while higher frequencies provide
finer discrimination of shallow or localized features. The
receiver measures both amplitude and phase shift, which
encode information about the medium through which the
waves have passed. Unlike borehole logs that measure prop-
erties immediately adjacent to the borehole wall, EIWS cap-
tures volumetric information, integrating responses across
the entire inter-well trajectory.

The interpretation of EIWS measurements depends heavi-
ly on solving a nonlinear inverse problem. Electromagnetic
wave propagation in a conductive medium is governed by
partial differential equations that must be numerically ap-
proximated. Forward modeling predicts the electromagnetic
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response for a hypothetical conductivity distribution. The
inverse problem seeks to find the conductivity distribution
that best explains the observed data. However, this inversion
is inherently ill-posed: many possible conductivity models
can produce similar electromagnetic responses, especially
when data are noisy or incomplete. Therefore, robust regular-
ization techniques are required to stabilize the inversion.
Modern EM inversion approaches incorporate constraints
such as smoothness, spatial coherence, and prior geological
knowledge to produce geologically plausible models [10-12].

Regularization strategies, such as Tikhonov regulariza-
tion or model-weighted smoothing, are essential in prevent-
ing nonphysical oscillations. Recent developments also in-
clude the use of geostatistical priors, Bayesian inversion
frameworks, and machine-learning-enhanced inversion
methods. Numerical modeling studies of electromagnetic
wave propagation in heterogeneous aquifers have shown that
sensitivity is highest along direct transmitter—receiver paths
but remains significant in off-path regions, meaning that
EIWS can effectively map zones not directly aligned with the
inter-well axis. This makes EIWS particularly suitable for
complex geological formations where flow pathways may
diverge significantly from the direct line connecting two
wells.

In an ISL environment, the physical interpretation of EIWS
can be enhanced by integrating chemical and hydrological
understanding. For example, at the early stages of acid injec-
tion, conductivity increases sharply at the leading edge of the
acidic plume. This creates a fast-moving, conductive front
often detectable as a pronounced anomaly in EIWS. As leach-
ing continues, conductivity may evolve due to mineral dissolu-
tion, partial neutralization of acid, and changes in salinity.
Toward the end of the leaching cycle, when the formation is
rinsed, conductivity anomalies may diminish or change shape,
providing a diagnostic indicator of the effectiveness of rinsing
or the extent of residual acidic zones.

The dynamic nature of electromagnetic properties under
ISL conditions implies that EIWS can serve not merely as a
static imaging tool but also as a temporal monitoring system.
Time-lapse measurements allow operators to observe the
evolution of subsurface conductivity fields, track acid front
movement, and detect changes in permeability or flow pat-
terns. When EIWS data are collected at regular intervals,
they form a temporal sequence that can be used to recon-
struct the four-dimensional behavior of the reservoir. This
makes EIWS one of the few technologies capable of deliver-
ing real-time, volumetric assessment of subsurface reactive
transport.

Another factor influencing EIWS responses is the pres-
ence of anisotropy in geological formations. Many sedimen-
tary aquifers exhibit anisotropic conductivity due to bedding
planes, lamination, or preferential orientations of clay miner-
als. Anisotropy affects electromagnetic wave propagation
differently depending on field orientation, thus making in-
version more complex. Advanced EIWS implementations
can incorporate tri-axial transmitter and receiver systems to
better resolve anisotropy and improve tomographic accuracy.

Finally, while metallic casings commonly found in ISL
wells can distort electromagnetic fields, modern EIWS sys-
tems incorporate sophisticated calibration procedures and
casing compensation algorithms. These developments allow
the method to be used effectively even in fully cased produc-
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tion wells, which is a major advantage over some forms of
geophysical logging that require open holes or special well
completions.

Overall, the physical principles of EIWS reflect a rich in-
terplay between electromagnetic theory, subsurface geology,
fluid chemistry, and reactive transport processes. It is this
combination of sensitivity to chemical changes, compatibility
with cased wells and volumetric coverage that makes EIWS
uniquely suited for ISL monitoring. The method moves be-
yond traditional geophysical tools by providing actionable,
physically grounded insights into the evolving conditions
within the inter-well region, where the critical processes of
uranium leaching are most actively occurring.

3. Results and discussion

3.1 Dynamic monitoring of ISL processes and practical
significance

One of the most powerful aspects of electromagnetic in-
ter-well scanning is its ability to monitor reactive fluid
movement and geochemical transformations dynamically
throughout the operational life of an in-situ leaching (ISL)
wellfield. While traditional geophysical logs and hydrogeo-
logical measurements capture only static snapshots or indi-
rect indicators of the subsurface, EIWS offers a fundamental-
ly different perspective - one that evolves over time and
reflects the continuous progression of the leaching system as
it moves through distinct operational stages. In this sense,
EIWS is not merely a diagnostic tool but a framework for
adaptive management, enabling timely decisions driven by
real-time information about how injected fluids are distribut-
ed, how the ore is being accessed, and where inefficiencies or
risks may be emerging.

From the very beginning of ISL operations, EIWS pro-
vides actionable insights. During the initial acid push phase,
the foremost priority is to understand whether the injected
lixiviant is penetrating the intended ore-bearing intervals and
whether it is doing so evenly across the inter-well region.
Early EIWS surveys typically reveal the initial geometry of
acid invasion. Highly conductive anomalies tend to form
rapidly where permeability is greatest, often highlighting pre-
existing geological features such as paleo-channels, permea-
ble layering, or localized microfracture networks. These
early observations serve as a «first look» into the functional
connectivity of the reservoir, identifying channels that will
dominate flow as operations progress.

As injection continues, time-lapse EIWS begins to reveal
the dynamics of the acid front. In an idealized scenario, the
front advances smoothly and symmetrically through the
inter-well region, ensuring a large contacted volume and high
sweep efficiency. However, actual field conditions rarely
conform to this ideal. Geological heterogeneity, variable
permeability, anisotropy, and subtle structural controls fre-
quently distort the shape of the reaction front. EIWS can
detect these distortions with sufficient clarity to allow mean-
ingful operational adjustments. If the acid front is advancing
too rapidly along a high-permeability corridor, the increasing
conductivity will highlight this «fast path», enabling opera-
tors to reduce injection in certain wells, reallocate flow, or
temporarily shut in areas that are advancing too quickly.

At the same time, EIWS can identify zones of poor fluid
access. These appear as persistently resistive regions between
wells, often indicating stagnant pockets that remain uncon-

18

tacted by the acid front. Such stagnant zones are operational-
ly significant because they frequently contain uranium that
remains unrecovered even after extensive leaching. They also
represent areas where the chemical environment may remain
reducing, buffering the advance of acid and slowing the
kinetics of dissolution. Once identified, these stagnant vol-
umes can be targeted with specific engineering measures,
such as modifying injection depths, stimulating flow path-
ways, or implementing alternating injection—extraction re-
gimes to redistribute pressure gradients.

As the leaching cycle progresses into the mid-stage, the
relationship between conductivity and reactive transport
becomes more complex. Conductivity may continue increas-
ing in areas where continued dissolution mobilizes ions, but
other zones may transition toward mixed or even decreasing
conductivity if secondary mineral precipitation occurs or if
acid is consumed faster than it is replenished. These subtle
patterns are invaluable for understanding the underlying
reaction mechanisms. For example, a localized decline in
conductivity during the mid-stage may indicate gypsum
precipitation or partial clogging of pore throats, reducing
permeability and altering flow patterns. Such emergent be-
haviors are nearly impossible to detect without volumetric
monitoring such as EIWS.

The dynamic capability of EIWS becomes even more
valuable as operators move toward later stages of leaching,
where production volumes begin to decline and breakthrough
events start to dominate. Breakthrough, when injected acid
preferentially reaches production wells through highly per-
meable channels, can drastically reduce sweep efficiency and
increase chemical losses. EIWS provides a means to detect
early signs of breakthrough by imaging increasingly conduc-
tive zones that begin to form near production wells. When
these anomalies appear, operators can redistribute injection
away from problematic wells or introduce balancing injec-
tions in other parts of the wellfield to mitigate the effects of
channeling.

The ability to detect vertical or lateral migration beyond
the intended extraction zone is another critical function of
EIWS monitoring. While ISL relies on the presence of con-
fining layers to restrict vertical fluid movement, weak points
such as erosion windows, poorly cemented intervals, or sub-
tle fractures may permit cross-formational communication.
Conductive anomalies appearing above or below the ore zone
in EIWS data can indicate such breaches [13,14]. Early de-
tection is essential, as excursion events represent both envi-
ronmental risks and regulatory compliance issues. EIWS
provides operators with the sensitivity needed to identify
these migration patterns long before conventional groundwa-
ter sampling or hydraulic monitoring would detect them.

In the final stages of ISL operations, as the wellfield tran-
sitions to rinse and restoration, EIWS plays a unique role in
evaluating the effectiveness of flushing operations. Residual
acid, elevated salinity, and persistent conductive anomalies
may indicate zones where restoring groundwater quality will
be challenging [15-18]. These anomalies help identify areas
that require targeted hydraulic isolation or extended rinsing.
Because restoration is often the most time- and cost-intensive
part of ISL operations, the ability to map residual conductive
zones helps operators optimize restoration strategies and
avoid unnecessary effort in areas already stabilized.
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From an economic perspective, the operational signifi-
cance of EIWS cannot be overstated. By improving sweep
efficiency, reducing acid losses, mitigating breakthrough
risks, enhancing uranium recovery, and ensuring more effi-
cient rinsing, EIWS enables substantial cost savings.

Operational improvement is only one dimension of
EIWS’s importance; environmental protection is another.
Because EIWS can detect the migration of conductive fluids
beyond the wellfield boundaries or outside the intended strat-
igraphic interval, it helps prevent and control environmental
excursions. By providing early detection of leakage, EIWS
enables operators to respond before excursions become seri-
ous or regulatory thresholds are exceeded. This capability
aligns with modern environmental governance frameworks,
which increasingly require real-time or near-real-time moni-
toring of subsurface processes to ensure safe operation.

On a broader conceptual level, EIWS contributes to a
shift in the philosophy of subsurface resource management.
Historically, ISL operations have relied heavily on indirect
inference; now, with EIWS, operators gain a capacity for
direct observation of subsurface reactive transport processes.
This transition mirrors other advances in earth science, such
as the adoption of time-lapse seismic monitoring in hydro-
carbon reservoirs. In many ways, EIWS represents a similar
leap forward for the uranium industry, creating the basis for a
more predictive, more controllable, and more scientifically
grounded operational paradigm.

In summary, the dynamic monitoring capabilities of
EIWS make it an essential tool for modern ISL operations.
Its ability to visualize the evolution of the reservoir, detect
operational issues before they become problematic, guide
real-time decision-making, and improve both economic and
environmental performance establishes EIWS as a corner-
stone technology for the future of uranium in-situ leaching.

3.2 Limitations, uncertainties, and methodological chal-
lenges

Despite the clear advantages and transformative potential
of Electromagnetic inter-well scanning, the method is subject
to a variety of limitations and uncertainties that must be
carefully understood when applying it to the complex subsur-
face environments encountered in uranium ISL operations.
These limitations arise from both fundamental physical con-
straints and practical operational considerations. Recognizing
them allows practitioners to correctly interpret tomographic
images, integrate EIWS data with other datasets, and ulti-
mately improve the reliability of reservoir evaluations.

One of the primary challenges arises from the diffusive na-
ture of electromagnetic propagation in conductive geological
media. When conductivity is high, as it often is in acidized,
saline, or clay-rich formations, electromagnetic waves experi-
ence rapid attenuation. This reduces depth of investigation,
creates blind zones in high-conductivity strata, and limits the
ability to resolve fine-scale features. In certain ISL environ-
ments, particularly those with thick layers of conductive clays
or shales, the penetration depth of higher-frequency signals
may be severely constrained. Lower frequencies can mitigate
this issue, but at the cost of reduced spatial resolution. Thus,
EIWS must balance frequency selection with geological char-
acteristics to maximize effectiveness.

Another significant limitation concerns anisotropy in sed-
imentary formations. Many uranium-bearing sandstone aqui-
fers exhibit pronounced anisotropy resulting from bedding
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planes, lamination, preferential alignment of clay minerals,
or depositional features such as cross-bedding. Anisotropy
affects how electromagnetic waves propagate, sometimes
allowing preferential propagation along certain directions
while attenuating waves in others. If anisotropy is not incor-
porated into the inversion algorithm, tomographic images
may misrepresent the geometry or magnitude of conductivity
features. Although advanced inversion techniques allow
anisotropy to be modeled, such approaches require additional
data and computational complexity.

Equally important are the effects of well casing, particu-
larly metallic casing, which is standard in most ISL wells.
Metal casing produces eddy currents [19] that distort the
electromagnetic field, alter amplitude and phase measure-
ments, and reduce signal sensitivity to the surrounding for-
mation. These distortions must be corrected through calibra-
tion procedures, casing compensation algorithms, and careful
tool design. While modern EIWS systems are capable of
operating effectively in cased wells, the presence of casing
still reduces sensitivity relative to open-hole environments
and imposes practical constraints on tool orientation and
frequency usage.

A further methodological challenge arises from the inher-
ent non-uniqueness of the electromagnetic inverse problem.
Since many conductivity distributions can produce similar
electromagnetic responses, the inversion process relies heavi-
ly on regularization to select a stable and geologically plau-
sible model. However, strong regularization inevitably
smooths the resulting tomograms and may obscure fine-scale
heterogeneities. Conversely, insufficient regularization may
allow noise or numerical artifacts to dominate the solution.
Achieving the correct balance is nontrivial and requires sub-
stantial expertise in inversion theory, numerical modeling,
and reservoir geology.

Additionally, EIWS inversion is sensitive to measure-
ment noise, which can originate from electronics, external
electromagnetic interference, variable borehole conditions,
and environmental factors. Noisy data can lead to instabili-
ties in inversion, particularly in low-sensitivity regions or
where wave attenuation is high. Data preprocessing, filtering,
and careful acquisition protocols are therefore essential com-
ponents of reliable EIWS practice.

Beyond these physical and computational challenges,
there are broader uncertainties connected with reservoir
complexity and incomplete geological knowledge. In many
ISL fields, detailed core data may be sparse, spatially une-
ven, or unavailable, forcing reliance on log-based geological
interpretations that may not fully capture the true heterogene-
ity of the system. When prior geological information is inac-
curate or oversimplified, inversion algorithms may impose
biases, leading to misinterpretation of conductive and resis-
tive anomalies. Integrating EIWS with lithological, hydrody-
namic, and tracer data helps reduce such risks by anchoring
inversion results in multiple lines of evidence.

Another difficulty concerns multi-physics coupling. The
electrical conductivity measured by EIWS reflects the com-
bined effects of lithology, salinity, porosity, acidity, and
temperature. These factors may evolve simultaneously but
not linearly. For example, conductivity may increase during
acidization due to increased salinity but decrease later if
permeability is lost due to secondary mineral precipitation.
Distinguishing between chemical and hydrological drivers of
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conductivity anomalies requires careful interpretation and
cross-disciplinary knowledge. In some cases, calibration with
laboratory measurement of conductivity—porosity—salinity
relationships may be required.

Finally, EIWS faces practical limitations in spatial cover-
age. Although the method provides volumetric imaging be-
tween pairs of wells, full coverage of an ISL wellfield re-
quires multiple scanning configurations. In large wellfields
with dozens or hundreds of wells, achieving complete cover-
age may be time-consuming or logistically challenging. Pri-
oritization strategies, where EIWS surveys focus on areas of
greatest operational uncertainty, can ease this burden while
still providing valuable insights.

In spite of these limitations, EIWS remains one of the
most informative and adaptable monitoring techniques avail-
able for ISL operations. Many of the challenges can be miti-
gated through improved acquisition design, integration with
other datasets, advanced inversion methods, and ongoing
refinement of geological models. Indeed, as EIWS technolo-
gy continues to evolve, the scope and reliability of its appli-
cations are expected to expand significantly.

4, Conclusions

Electromagnetic inter-well scanning represents a funda-
mental advancement in the monitoring, interpretation, and
control of uranium in-situ leaching systems. In contrast to
traditional geophysical and hydrological techniques, which
offer only partial, indirect, or near-borehole insights, EIWS
enables volumetric imaging of the inter-well region the very
domain where leaching reactions occur, where permeability
architecture governs flow, and where operational perfor-
mance is ultimately determined. The method provides un-
precedented visibility into the subsurface, revealing how
injected solutions move through heterogenous sandstone
aquifers, how geochemical fronts evolve, and how permea-
bility structures transform as reactive processes unfold.

The expanded analysis presented in this manuscript
demonstrates that EIWS is more than an incremental im-
provement in subsurface monitoring; it is a paradigm shift.
By leveraging the sensitivity of electromagnetic fields to
fluid chemistry, porosity, and geochemical alterations, EIWS
offers a means of directly observing the dynamic behavior of
the reservoir. Conductive anomalies highlight preferential
flow channels, breakthrough pathways, and acidized zones,
while resistive anomalies illuminate stagnant pockets, litho-
logical barriers, and regions of limited hydraulic connectivi-
ty. These insights empower operators to identify inefficien-
cies early, adjust wellfield hydraulics in real time, and ensure
that the leaching system performs as intended.

The geological heterogeneity characteristic of sandstone-
hosted roll-front uranium deposits further increases the im-
portance of such imaging. These reservoirs exhibit a complex
hierarchical structure, ranging from grain-scale porosity
variations to large-scale channel systems, all of which influ-
ence the transport of reactive solutions. EIWS enables practi-
tioners to capture the cumulative effects of this heterogenei-
ty. It makes possible a more nuanced understanding of why
some regions of the reservoir leach efficiently while others
remain under-reacted, why breakthrough occurs prematurely
in certain wells, and how hydraulic connectivity evolves in
response to chemical transformations.
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In addition to its operational benefits, EIWS enhances
environmental assurance. Uranium ISL requires strict con-
tainment of reactive solutions within designated aquifer
boundaries, and EIWS provides the sensitivity and spatial
resolution necessary to detect vertical or lateral migration
before it becomes significant. By identifying unanticipated
conductive anomalies outside the production horizon, EIWS
enables early intervention and reduces the risk of excursions
into surrounding groundwater systems. This capability will
only grow in importance as the regulatory landscape tightens
and environmental standards become more stringent.
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AngaTrna. DISKTPOMATHHUTTIK YHFBIMaapanblk ckaHepiey (D¥C) yHFpIMaapanblK KEHICTIKTIH AJIEKTP OTKI3TIMITIriHIH
KOJIEMIIK KapTachlH KaMTaMachl3 €Telli JKOHE YpaHIBI jKep acThl YHFeIManbl maiimanay (QK¥I) TuimMainiriH aHBIKTAATHIH
reoJIOTHSIIBIK  (hakTopiapibl Tikened Oaranmayra MyMKiHIIK Oepeni. KymTac KOJIEKTOpNApbIHBIH JIMTOJNOTHSUIBIK YKOHE
KYPBUTBIMIBIK T€TEpOTeHALIITi-TPaHyIOMETPHUSIHBIH ©3TepPTillTIiri, Ka0aTThUIBIK, ca3 KabaTTaphl, OTKI3TIIITIK aHH30TPOIHSICHL,
JMareHeTHKAIBIK TYPIICHAIPYJIEp KOHE KEPriliKTi TEKTOHUKAJIBIK OY3bLTyJIap Kopi3 aFbIHAAPBIHBIH, CY3y KUBIH aiiMaKTapIbIH
KOHE CUITIJIey MpoIieciHe KeH/AlI MHTepBaIIapIbIH KAaTHICY JEHreiiHiH KaupmTacyslH Oakpiiaigsl. ¥ C OChl KOHTpacTTapra
JKOFapbl Ce3IMTANIABIKKA M€ XXOHE peareHTTEpAiH KEeHICTIKTIK TapalyblH OekiTeni, Oy TOCKAybll FOPU30HTTapbIH, TOKBIpAY
allMaKTapblH KOHE KBIIIKBUT MaiJaHBIHBIH KEICNICTINreH UIrepijicy yJ4acKelepiH aHbIKTayFa MYMKIHAIK Oepeni. YakpiTia
TOMOTrpamMMaiap TeOXUMHUSJIBIK ©3repiCTepIiH AMHAMUKACHIH KOPCETEl OHE I'eOJIOTHSUIBIK KYPBUIBIM, THIPOJHHAMHKAIBIK
npolecTep MeH YpaHHbBIH aJibIHybl apachlHIAFbl OaitmaneicThl amaasl. D¥C JepeKTepiH I'eoNIOTHsIIbIK MOCIbICYMEH KOHE
cTpaturpadusuIbIK KYPhUIBIMAAPMEH MHTErpanusiiay KaOaTThlH JKal-KYHiH OaranayAblH AIIPEeK TACUTIH KaJbIITACTHIPaH,
YHFBIMaJIap TOPBIH OHTAMIaHIBIPyFa, KAMTYIBIH OIpPKEIKUTTiH apTTBRIpyFa XOHE SKOJOTHSIBIK Kayilci3 maiganaHyas!
KaMTaMachl3 eTyre MyMKiHIIK Oepexi.

Hezizzi co30ep: 51eKmpoMacHUMmiK YHbIMAAPAIblK, CKAHepaey, 2eO0N02UNbIK IPMEKMINIK, CMmpamupurayusianean
Kymmacmap, emkizeiuumix anuzomponuscsi, ypar K¥I1I.
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JIeKTPOMATHUTHOE MEKCKBaKHHHOe ckannpoBanue (AMC):
HAy4YHbI€ OCHOBbI, I€0JIOTM4eCKUA KOHTEKCT U NPUMEHEeHHUe P
MO/J3€MHOM BbIIIEJIAYUBAHUN YPaHA

B.B. Ioii", A.A. bexboraeBa
Satbayev University, Arvamoi, Kazaxcman
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AHHOTauMs. DIIEKTPOMAarHUTHOE MEXCKBaknHHOe ckaHupoBaHue (DMC) obecneunmBaeT 00bEMHOE OTOOpakEHUE DIICK-
TPUYECKOH INPOBOJMMOCTH MEKCKBKHHHOTO IPOCTPAHCTBA M IO3BOJISICT HANPSIMYIO OLIEHUTH T'EOJIOTHYECKHE (AaKTOpHI,
omnpezensomye 3pPpEeKTUBHOCT MOJ3EMHOI0 CKBXXUHHOTO BbIenaunBanus ypana (IICB). Jlutonornueckast 1 CTpyKTypHast
HCOAHOPOAHOCTH NMECUYAHUKOBBIX KOJUICKTOPOB — U3MCHYUBOCTH I'PaHYJIOMETPUHU, CIOUCTOCTD, INTMHUCTBIC ITPOCJION, aHU30-
TPOIHSI MPOHHIIAEMOCTH, TUATCHETHYECKUE MPEOOPa30BaHMS U JIOKAIbHBIC TEKTOHHYCCKHE HAPYIICHUS KOHTPOJIHUPYIOT Qop-
MHPOBaHHE KaHAIN3UPOBAHHBIX MOTOKOB, 30H 3aTPYAHEHHONW (QUIIBTpAlMK M YPOBHS BOBJICYEHHOCTH PYIHBIX MHTEPBAJOB B
npouecc BolenaunBanus. IMC 00nasaeT BBICOKOH 4yBCTBUTENBHOCTBIO K 9THM KOHTpactaM U (PUKCHPYET IIPOCTPAHCTBEH-
HOE PACIIPECIICHUE PEarcHTOB, YTO IT03BOJISCT BBISABIATH OapbepHbIC TOPH3OHTHI, 3aCTOIHBIC 30HBI U YYaCTKH YCKOPSHHOTO
NPOABWXEHUSI KUCIOTHOTO (poHTA. BpeMeHHBIE TOMOrpaMMBI OTOOpa)KalT AUHAMHKY T€OXHMHYSCKUX M3MECHEHHH M pac-
KPBIBAIOT B3aUMOCBSA3b MEKIY T'€OJIOTHYCCKHM CTPOCHHEM, THIPOJHMHAMHYESCKUMHU MPOLECCAMH M U3BICKAEMOCTBIO ypaHa.
Wnrerpaumns nanHbix OMC ¢ reolornuyeckuM MOJCIHPOBAaHUEM U CTPATHrpadUuecKUMH MOCTpOeHHsMH (GopMupyer Gonee
TOYHBIA MOAXOM K OLCHKE COCTOSHUS IUIACcTa, MO3BOJISACT ONTHMH3HPOBATh CETKY CKBAXKHH, TOBBICHTh PABHOMEPHOCTH OXBAaTa
U 00€CIIeYUTh 3KOJIOTHUECKU OE30IIaCHYI0 3KCILTyaTalluIo.

Kniouegvie cnosa: snexmpomaznummoe MenccK8aICUHHoOe CKAHUPOBAHUe, 2e0n02uiecKds HeOOHOPOOHOCHIL, CIpamugu-
yuposanmvle necyanuxu, anuzomponus nponuyaemocmu, [ICB ypana.
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