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Summary 20 

Laterally distributed conductive bodies and intervening resistive regions within the transient 21 

electromagnetic (TEM) sensitivity region can produce anomalously enhanced responses over resistive 22 

zones. When interpreted with standard one-dimensional (1D) inversion, this response pattern can lead to 23 

laterally misplaced conductive anomalies. We refer to this family of inversion artefacts as array effects, 24 

because they arise when a subsurface array of conductive and resistive features jointly contributes to the 25 

measured TEM response, causing 1D inversion to recover conductive anomalies at incorrect lateral 26 

positions. The underlying physical cause is the conductive–resistive alternation mechanism: spatially 27 

separated conductive regions, interleaved with resistive gaps, can jointly influence the measured response, 28 

causing 1D inversion to place conductive anomalies into, or towards, intervening resistive regions. This 29 

produces severe artefacts in inversion models and can mislead geological interpretation. Such conditions 30 

may occur in geological settings characterized by repeated lateral electrical heterogeneity, provided that the 31 

electrical contrast and spacing are appropriate. Using smoke-ring theory and 3D numerical modelling, we 32 

investigate how these effects arise and propose the Instantaneous Smoke Ring Footprint (InSR-Footprint) 33 

as a practical criterion for model design and effect identification. Finally, we present field evidence for 34 

array effects in SkyTEM data acquired over a coastal dune environment in the Netherlands. 35 

Key words: Electromagnetic theory, Inverse theory, Numerical modelling, Numerical approximations and 36 

analysis. 37 
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1 Introduction 43 

The transient electromagnetic method (TEM) is a geophysical technique that images subsurface electrical 44 

structure by measuring the decay of secondary fields generated by induced eddy currents. Thanks to the 45 

rapid development of ground-based TEM systems (Auken et al., 2019), airborne TEM systems such as 46 

SkyTEM (Sørensen & Auken, 2004), Geotech’s VTEM system (Witherly et al., 2004), and TEMPEST 47 

(Lane et al., 2000), as well as waterborne TEM systems (Lane Jr et al., 2020), TEM technology has been 48 

widely applied in fields including hydrogeological exploration (Viezzoli et al., 2010; Silvestri et al., 2019; 49 

Chandra et al., 2021; Chen et al., 2025) and mineral resource prospecting (González-Álvarez et al., 2015; 50 

Macnae & Hine, 2025; Zhdanov et al., 2025). 51 

TEM data inversion is the process of finding a geoelectric model whose simulated responses can fit the 52 

observed data (Ellis, 1998). The most extensively applied inversion method is grounded in the assumption 53 

of a layered earth model, termed one-dimensional (1D) inversion. This approach presupposes that 54 

geoelectric parameters vary exclusively with depth and exhibit horizontal homogeneity. The response at 55 

each measurement point can be reproduced by assigning electrical parameters to a multi-layered model 56 

beneath it. Subsequently, all survey data are interpreted using a stitched 1D model, which can be further 57 

optimized by imposing smoothness or sharpness constraints (Vignoli et al., 2015; Lin et al., 2021; Chen et 58 

al., 2023). Auken et al. (2008) established that the 1D inversion algorithm incorporating smoothness 59 

constraints can effectively attenuate the impact of three-dimensional (3D) effects and data noise through 60 

the diffusion of information from adjacent measurement points. Additionally, as the constraint strength can 61 

be modulated to accommodate regional geological variability, this smooth inversion is also suitable for 62 

geological environments exhibiting moderate two-dimensional (2D) and 3D variations (Viezzoli et al., 63 

2008). 64 

Over the past two decades, advancements in computer performance have made significant progress in 2.5-65 

dimensional (2.5D) and 3D inversion methods based on Maxwell’s equations. Currently, various methods 66 

are available for 3D forward modelling, including the finite difference method (Commer and Newman 67 
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2004), finite element method (Yin et al., 2016), finite volume method (Haber et al., 2007), and integral 68 

equation method (Cox et al., 2010). Innovative techniques such as moving footprint (Cox et al., 2010), 69 

decoupling model and forward mesh (Zhang et al., 2021), and local mesh (Haber and Schwarzbach 2014; 70 

Yang et al., 2014) have significantly enhanced the practicality of 3D inversion. Moreover, driven by the 71 

growing demand for mineral resource exploration, 3D inversion has gradually evolved from inverting only 72 

resistivity parameters to incorporating induced polarization parameters (Cox et al., 2024; Chen et al., 2026a). 73 

Despite considerable advancements, 3D inversion still faces efficiency limitations compared to 1D 74 

inversion when processing large-scale datasets. As a result, 1D methods have long been the industry 75 

standard for interpreting TEM data. This prompts an essential question: how much does 1D inversion fail 76 

when dealing with 2D or 3D structures? 77 

Ellis (1998) investigated the applicability of 1D inversion in multidimensional geological environments. 78 

His results indicated that 1D inversion could well recover the local features of the real anomaly layer, but 79 

distortions would occur near the edges of the anomaly. He also pointed out that the data misfit of 1D 80 

inversion could not serve as an indicator to assess the existence of 3D effects. Ley-Cooper et al. (2010) 81 

demonstrate that in electrically conductive environments, large-scale subhorizontal conductors, such as 82 

those formed by saline water or clay layers, can be effectively detected by airborne electromagnetic methods 83 

(AEM) and well reconstructed through 1D inversion. Moreover, their conclusions indicate that when eroded 84 

paleochannel structures or subvertical geological boundaries are present, 1D inversion may inaccurately 85 

infer the presence of a weak conductor at depth within a resistive hole. Yang and Oldenburg (2012) 86 

demonstrated that when a strong 3D geometric structure exists in an underground deposit, 1D inversion can 87 

produce severe artefacts. For instance, it may incorrectly image a high-resistivity rock mass surrounded by 88 

conductors (e.g. the sedimentary model of Mt. Milligan in Canada) as a conductor. Cox et al. (2012) 89 

contended that 1D inversion generates artefacts in terrains characterized by laterally varying conductive 90 

geological features. These artefacts typically manifest as conductive features at depth, potentially masking 91 

higher-resistivity basements and deeper conductors. Silic et al. (2018) compared the differences between 92 
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1D and 2.5D inversion methods. They simulated an off-end effect, where anomalies in the leading edge of 93 

the overall response are recorded as the observation system approaches a large conductor but has not yet 94 

reached it. In such cases, 1D inversion generates an independent “ghost” conductor. The study by 95 

Paterson (2020) showed that the 1D method is only relatively accurate when the dip angle of the strata is 96 

less than about 20° without significant lateral conductivity. In steeply dipped and complex geological 97 

structures, the 1D inversion results are prone to showing conductivity characteristics at incorrect depths. 98 

For example, syncline geological structures may be interpreted as anticlines by the 1D method. Oldenburg 99 

et al. (2019) demonstrated through simulations of the 2D response of a vertical conductor that a 1D 100 

inversion would produce a trouser leg-shaped anomaly for an isolated conductor. This phenomenon arises 101 

because the detection system can sense the presence of a large conductive anomaly even when it is not 102 

directly above it. As a result, the 1D method generates a drooping trouser leg anomaly at both ends of the 103 

conductive body. Recently, Heagy et al. (2025) demonstrated the importance of performing additional 3D 104 

forward simulation following standard 1D inversion to assess the reliability of the results. 105 

The aforementioned studies highlight a broad consensus: where multidimensional effects are present, 1D 106 

inversion results may produce misleading artefacts. However, the research presented in this paper shows 107 

that lateral variations in subsurface conductivity can have a more severe influence on 1D inversion than 108 

previously acknowledged, causing conductive anomalies to be misplaced into, or towards, resistive regions. 109 

We refer to this family of 1D inversion artefacts as array effects. Here, “array” refers to a spatial 110 

arrangement of conductive and resistive features within the effective TEM response region, rather than to 111 

the acquisition geometry. The underlying physical cause is the conductive–resistive alternation mechanism: 112 

spatially separated conductive regions and intervening resistive regions can jointly contribute to the 113 

measured TEM response, causing 1D inversion to recover conductive anomalies at incorrect lateral 114 

positions. Importantly, these misplacements may occur even when the 1D inversion fits the data well; 115 

therefore, data misfit is not a reliable indicator of the spatial accuracy of the recovered model. By integrating 116 

Nabighian’s (1979) smoke-ring theory with 3D forward modelling, we analyse the conductive–resistive 117 
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alternation mechanism, develop a strategy for modelling and identifying array effects, and present 118 

supporting field evidence using SkyTEM data acquired in the Netherlands. 119 

2. Array effects 120 

2.1 Array effects and the conductive–resistive alternation mechanism 121 

In the TEM method, after the transmitter current is turned off, the induced eddy currents in the subsurface 122 

exhibit a 'smoke ring effect,' diffusing both downward and outward as the delay time increases (Nabighian, 123 

1979). Figure 1(a) shows the current density distribution calculated using a semi-analytical solution based 124 

on Ward and Hohmann (1988), with Stehfest’s algorithm used for the numerical inverse Laplace transform. 125 

The trajectory of the maximum current density diffuses downward at an angle of approximately 28° relative 126 

to the surface, consistent with the results of Hoversten and Morrison (1982). Consequently, the effective 127 

investigation zone of TEM can be approximated as a dynamically expanding region. In a 2D section, this 128 

region has a trapezoidal character: its upper width is mainly controlled by the transmitter-loop size, whereas 129 

its lower width is governed by observation time and subsurface conductivity. 130 

The physical mechanism considered in this study is referred to here as the conductive–resistive alternation 131 

mechanism, because it arises from the joint TEM response of spatially separated conductive bodies and 132 

intervening resistive regions. Taking a 2D scenario as an example, assume that two adjacent conductive 133 

anomalies occur at a similar depth and are separated by a resistive gap. At a given delay time, the core 134 

influence zone of the induced current can be approximated as a rectangle that expands with time and 135 

migrates downward. When the observation system is positioned above the resistive gap between the two 136 

anomalies, this influence zone may cover both conductive bodies simultaneously. The two bodies are then 137 

jointly energized, producing a superimposed secondary-field response. Conversely, when the system is 138 

positioned directly above one conductive body, the influence zone may not cover the neighbouring 139 

conductor to the same extent, and the total response can be weaker than that observed above the intervening 140 

resistive gap (Figure 1b). In 1D inversion, this non-local response may be interpreted as a local conductive 141 
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feature beneath the observation point, producing a spurious conductive anomaly within the resistive gap 142 

between the true conductors. 143 

We use the term array effects for this family of 1D inversion artefacts. In this context, “array” refers to a 144 

spatial arrangement of conductive and resistive subsurface features within the effective TEM response 145 

region, not to the transmitter, receiver, or survey geometry. This definition includes both quasi-2D 146 

arrangements, where conductive and resistive features vary mainly along one horizontal direction, and fully 147 

3D arrangements, where such features vary in two horizontal directions. In both cases, the physical cause 148 

is the same conductive–resistive alternation mechanism: spatially separated conductive regions, interleaved 149 

with resistive gaps or resistive cells, can jointly contribute to the measured TEM response, causing 1D 150 

inversion to misplace conductive anomalies into, or towards, intervening resistive regions. Such misplaced 151 

conductive anomalies can severely distort 1D inversion models and mislead geological interpretation and 152 

decision-making. 153 

The geological relevance of such conductive–resistive arrangements depends primarily on electrical 154 

contrast and spatial scale. Some geological settings may produce repeated lateral segmentation or 155 

alternating conductive and resistive zones at scales relevant to TEM investigation. Examples may include 156 

2D or quasi-2D settings such as sand dunes, ripples, moraines, karst terrains, horst-and-graben structures, 157 

and mineralized vein systems (Moon, 2010), as well as more complex 3D settings such as spheroidal 158 

weathering. These examples should be regarded as potential settings only; their relevance depends on 159 

whether they produce sufficient electrical contrast and length scales to couple multiple conductive regions 160 

and intervening resistive regions within the instantaneous TEM influence zone. 161 

 162 

 163 

 164 

 165 

D
ow

nloaded from
 https://academ

ic.oup.com
/gji/advance-article/doi/10.1093/gji/ggag305/8748417 by guest on 04 August 2026



O
R
IG

IN
A

L
 U

N
E
D

IT
E
D

 M
A

N
U

S
C

R
IP

T

 166 

Figure 1. Conceptual basis of the conductive–resistive alternation mechanism and the InSR-Footprint. (a) 167 

Normalized current-density distribution in the right half-plane for a homogeneous half-space model (loop 168 

radius 𝑎 = 2 m, resistivity 𝜌 = 100 Ω ⋅ m), shown as a function of delay time, depth, and radial distance. 169 

The red dashed line marks the 28° smoke-ring reference trajectory, and the cyan dashed rectangle outlines 170 

the Instantaneous Smoke Ring Footprint (InSR-Footprint). (b) Schematic illustration of how conductive 171 

bodies separated by resistive gaps interact with the TEM influence zone, illustrating the conductive–172 

resistive alternation mechanism responsible for array effects in 1D inversion. 173 
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As shown in Figure 1(b), the occurrence of array effects is controlled by the relationship between the spatial 174 

distribution of conductive bodies, intervening resistive regions, and the instantaneous influence zone of the 175 

TEM response. To quantify this relationship and guide the modelling of array effects, we define the core 176 

region of the instantaneous current density as the Instantaneous Smoke Ring Footprint (InSR-Footprint). 177 

This concept differs fundamentally from the conventional 'electromagnetic footprint.' While the 178 

conventional term refers to the subsurface sensitivity integrated over the entire time domain, the InSR-179 

Footprint isolates the spatial distribution of the eddy current ring at a specific instant or depth. Numerically, 180 

this is defined using a threshold: the InSR-Footprint corresponds to the prism enclosing normalized current 181 

density values exceeding 0.95. In a homogeneous half-space, based on the vertical velocity of the diffusing 182 

'smoke ring' current derived by Nabighian (1979), the diffusion depth (𝛿) of the 'smoke ring' centre at time 183 

t satisfies: 184 

𝛿(𝑡) =  ඥ4𝑡 𝜋𝜇଴𝜎⁄  (1) 

where 𝜎 is the subsurface conductivity, and μ0 is the permeability of free space. This diffusion depth does 185 

not correspond to the depth of maximum normalized current, but is a fraction of it, as detailed below.  186 

The dimensions (length and vertical boundaries) of the InSR-Footprint, as defined in this study, were 187 

estimated by analyzing the current density distribution using the semi-analytical solution of Ward and 188 

Hohmann (1988). Numerical experiments demonstrate that these dimensions can be expressed as linear 189 

functions of the diffusion depth (Equation 1). Specifically, our findings can be summarized as follows: 190 

𝐿ூ௡ௌோ(𝑡) 2⁄ =  ඥ(𝐶௛ ∙ ℎ)ଶ + 𝑎ଶ + 𝐶௅ ∙ 𝛿(𝑡) (2) 

𝑍௧௢௣(𝑡) =  𝐶௭௧ ∙ 𝛿(𝑡) (3) 

𝑍௕௢௧(𝑡) =  𝐶௭௕ ∙ 𝛿(𝑡) (4) 

where LInSR(t) is the length of the rectangular InSR-Footprint at time t, h is the height of the transmitter loop 191 

above the ground, a is the radius of the transmitter loop, CL is a coefficient for radial diffusion, and Ch is a 192 

coefficient for mapping the air-layer height. Additionally, Ztop and Zbot represent the depths of the top and 193 
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bottom boundaries of the rectangle, respectively, with Czt and Czb serving as their respective vertical 194 

diffusion coefficients.  195 

In this paper, the empirical coefficients of Equations 2, 3 and 4 retrieved through numerical modelling are: 196 

CL = 1.70, Czt = 0.54 and Czb = 0.92. As illustrated by the blue dashed rectangle in Figure 1(a), the InSR-197 

Footprint calculated with these parameters effectively encapsulates the core region of maximum current 198 

density. 199 

However, the depth of maximum current density (indicated by the white '+' marker in Figure 1(a)) 200 

represents only a fraction of the diffusion depth. Notably, the diffusion depth calculated using the smoke 201 

ring trajectory formula (Equation 1) tends to slightly overestimate the depth relative to the semi-analytical 202 

solution (Oristaglio & Hohmann, 1984). This behaviour is consistent with our findings, which locate the 203 

geometric centre of the InSR-Footprint at approximately 0.73 times the smoke ring diffusion depth 204 

(calculated as the average of 0.54 and 0.92). 205 

Finally, the 𝐶௛ coefficient in Equation (2) accounts for the air layer between the transmitter and the ground, 206 

which is essential for modelling the flight height of AEM systems. This height-mapping coefficient projects 207 

the airborne loop onto an equivalent ground radius. Following the footprint concept of Liu and Becker 208 

(1990), in which the lateral scale of an AEM footprint is related to flight height, we use 3.7 times the flight 209 

height as an empirical estimate of the equivalent ground side length. For the circular-loop configuration 210 

used in this study, this gives a corresponding 𝐶௛value of 2.1 ቀ 𝐶௛ = ඥ3.7ଶ/𝜋 ቁ. This coefficient is used 211 

here as an empirical height-mapping term for the central-loop/small-offset loop configuration considered 212 

in our modelling.  213 

The relevant scale for array effects is not the absolute width of an individual resistive region alone, but its 214 

size relative to the InSR-Footprint. A necessary condition is that at least two conductive bodies and the 215 

intervening resistive region occur within the same InSR-Footprint. If the resistive region is much smaller 216 

than the effective lateral resolution, the adjacent conductors are sensed approximately as a single conductive 217 
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body. If the resistive region is much larger than the InSR-Footprint, the conductors are sensed independently 218 

and the misplacement effect is reduced. Thus, array effects are expected to be most pronounced when 219 

adjacent conductive bodies remain electromagnetically coupled across a resolvable resistive region within 220 

the same InSR-Footprint. This criterion is most directly applicable to central-loop TEM/AEM or other 221 

small-offset systems similar to those modelled here. Systems with larger transmitter–receiver offsets, 222 

especially fixed-transmitter configurations, may have substantially different sensitivity patterns; therefore, 223 

the equivalent InSR-Footprint and corresponding scale criterion would need to be redefined or recalibrated. 224 

For instance, considering a ground-based TEM system with a loop radius of 2 m, a target centre depth of 225 

35 m corresponds to a smoke-ring diffusion depth of approximately 48 m. Calculations using Equations 226 

(2)–(4) show that, at this depth, the InSR-Footprint spans a vertical range from 26 m to 44 m and has a 227 

horizontal length of approximately 167 m. For the synthetic models in the next section, the widths of both 228 

the conductive bodies and the intervening resistive gaps are set to approximately one-quarter of this InSR-229 

Footprint length, following the conceptual scheme in Figure 1(b). This scaling is sufficient to couple 230 

adjacent conductive bodies and intervening resistive gaps within the same InSR-Footprint. As shown in the 231 

next section, this configuration produces ghost conductive anomalies in 1D inversion that resemble the true 232 

anomalies in lateral extent but appear at incorrect lateral positions, commonly within or towards the 233 

intervening resistive regions. 234 

2.2 2D and 3D synthetic modelling 235 

Building upon the empirical formulas derived in the preceding section, this section uses synthetic 236 

simulations to investigate array effects in 2D and 3D conductive–resistive array models. Since accurate 237 

representation of these effects requires full 3D physics, 3D forward modelling is necessary. This paper 238 

adopts a 3D TEM forward modelling algorithm based on the vector finite element method, developed on 239 

the EEMverter software platform (Fiandaca et al., 2024). For details regarding the algorithm and its 240 

accuracy verification, please refer to Chen et al. (2026a). After generating synthetic data using the 3D code, 241 

to isolate the influence of multidimensional effects on the anomaly distribution recovered during inversion, 242 
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no noise was introduced into the data. Each datum was assigned a standard deviation of 3% for the inversion. 243 

The 1D and 3D inversions were conducted using the Levenberg-Marquardt linearized approach for iterative 244 

optimization. Apart from the differences in forward-modelling kernels, all other inversion parameters 245 

remained consistent between the 1D and 3D inversion processes. 246 

First, we constructed a 2D conductive–resistive array model tailored to the specifications of the ground-247 

towed transient electromagnetic (tTEM) system. This model represents a single row of alternating 248 

conductive bodies and resistive regions. The background resistivity was set to 100 Ω·m, while the 249 

conductive bodies were assigned a value of 20 Ω·m. Based on the calculations in Section 2.1, anomalies 250 

centred at a depth of 35 m correspond to an InSR-Footprint horizontal length of approximately 167 m and 251 

a vertical depth range of 26–44 m. Informed by these parameters, the conductive bodies were designed with 252 

an XZ cross-section of 40 m × 12 m. As illustrated in Figure 2(a), this model comprises eight conductive 253 

bodies spaced 40 m apart within the 30–42 m depth interval. Furthermore, we developed a deep-target 2D 254 

array model centred at 80 m. At this depth, the InSR-Footprint corresponds to a length of ~370 m and a 255 

vertical span of 60–100 m. Accordingly, as shown in Figure 2(b), three large conductive anomalies with a 256 

thickness of ~40 m and a spacing of 90 m were incorporated. Figure 2(c) depicts the corresponding 3D 257 

conductive–resistive array model, reflecting the same burial depths as in Figure 2(a), but with conductive 258 

and resistive cells alternating in two horizontal directions. For both the 2D and 3D simulations, the tTEM 259 

line and sounding spacings were fixed at 10 m. 260 

The right side of Figure 2 displays the 1D inversion results corresponding to these conductive–resistive 261 

array models, while the 3D inversion results are shown in Figure 3. For the 3D array model, the 1D inversion 262 

recovers a laterally alternating conductive pattern, but the positions of the conductive features are strongly 263 

misplaced, with conductive anomalies appearing mainly over the resistive cells. In contrast, the 3D 264 

inversion recovers the conductor distribution much more accurately. A similar phenomenon is observed in 265 

the 2D array models. In Case A, the 1D inversion recovers seven strongly conductive anomalies, but their 266 

positions are almost completely offset from the true conductor locations. Similarly, in Case B, the 1D 267 

inversion places the most conductive anomaly within a high-resistivity zone. 268 
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 269 

Figure 2. Conductive–resistive array models and their 1D inversion results. (a) A shallow 2D array model, 270 

representing a single row of alternating conductive bodies and resistive regions, with conductive bodies 271 

centred at ~35 m depth and spanning a depth interval of 30–42 m. (b) A deep 2D array model, with 272 

conductive bodies centred at ~80 m and spanning a depth interval of 60–100 m. (c) A 3D array model and 273 

its cross-sectional view, with conductive and resistive cells alternating in two horizontal directions. All 274 

forward simulations are based on tTEM system parameters. The 2D and 3D models employ both station 275 

and line spacings of 10 m. For all models, the background resistivity is 100 Ω·m, and the resistivity of the 276 

conductive anomalies is 20 Ω·m. 277 
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 278 

Figure 3. Conductive–resistive array models and their 3D inversion results. (a) 3D array model. (b) Shallow 279 

2D array model with conductive bodies centred at ~35 m depth. (c) Deep 2D array model with conductive 280 

bodies centred at ~80 m depth. 281 

 282 
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It is well established that multidimensional structures can affect 1D inversion results; however, the extent 283 

to which array effects can cause such substantial lateral misplacement has not been widely recognized. The 284 

presence of array effects significantly distorts the spatial distribution of electrical anomalies in 1D inversion 285 

results, leading to potentially severe misinterpretations. Relying on these 1D inversion results for critical 286 

decision-making processes, such as borehole site selection, in areas where array effects are present could 287 

result in considerable potential losses. Moreover, the 1D inversion demonstrates good fitting accuracy to 288 

the observed data in both 2D and 3D models. This indicates that the occurrence of array effects is not 289 

controlled by the fitting ability of 1D inversion. Instead, 1D inversion can reproduce the data while 290 

assigning the response to incorrect lateral positions in the recovered model. It should be noted that array 291 

effects do not necessarily convert a conductive anomaly into a high-resistivity anomaly; rather, they distort 292 

the apparent lateral position of the strongest conductive response, thereby significantly misleading the 1D 293 

inversion results. 294 

 295 

3. Field evidence from coastal airborne electromagnetic data 296 

Array effects are not limited to synthetic models; here we examine a SkyTEM field example from a coastal 297 

dune area in the Netherlands. Figure 4(a) shows the SkyTEM airborne electromagnetic data collected in the 298 

study area. The survey area consists of five survey lines, each approximately 1.2 km long, with a spacing 299 

of about 200 m between lines and about 30 m between soundings. The average flight altitude of SkyTEM 300 

in this area is approximately 50 m. The survey area covers two freshwater lakes. As illustrated in Figure 301 

4(b), all SkyTEM data were manually processed using the EEMstudio software platform (Sullivan et al., 302 

2024) to remove data heavily contaminated by noise. 303 

D
ow

nloaded from
 https://academ

ic.oup.com
/gji/advance-article/doi/10.1093/gji/ggag305/8748417 by guest on 04 August 2026



O
R
IG

IN
A

L
 U

N
E
D

IT
E
D

 M
A

N
U

S
C

R
IP

T

 304 

Figure 4. AEM data and inversion results in a coastal dune area of the Netherlands. (a) Map of SkyTEM 305 

survey lines along the dune area; (b) Display of data from the first survey line; (c) 1D inversion result; (d) 306 

3D inversion result. 307 

 308 

Figures 4(c) and 4(d) present a comparison of the inversion results using 1D and 3D operators, respectively, 309 

under the same model mesh. Visually, both inversion methods reveal resistivity differences near the surface 310 

freshwater lake, with the 3D inversion significantly enhancing the contrast of resistivity variations. In 311 

Figure 5, horizontal slices are shown at 38 m for the 1D model and 30 m for the 3D model, because the 312 
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relatively conductive zones recovered by the two inversions occur at different apparent depths. Black dots 313 

on the 3D slice mark the horizontal extent of the relatively conductive zones recovered by the 1D inversion. 314 

These slices show strong lateral resistivity variations along the survey-line direction, consistent with a 315 

quasi-2D arrangement of conductive and resistive features. Because the 1D model between survey lines is 316 

interpolated from soundings along individual lines, our comparison focuses on the vertical sections directly 317 

beneath survey lines 2–4 in the central survey area. The figure focuses on the results within 100 m of the 318 

shallow subsurface; deeper regions, corresponding to seawater intrusion zones, fall outside the scope of this 319 

study. 320 

In the 1D inversion results, relatively conductive zones are imaged at apparent depths of approximately 28–321 

40 m. These zones are commonly located beneath shallow relatively resistive regions within the same 1D 322 

sections and show a discontinuous distribution along the survey lines. This spatial relationship is consistent 323 

with the misplacement pattern expected for array effects and is most pronounced along survey line 2, likely 324 

because this line crosses a broader zone of laterally alternating relatively conductive and resistive regions, 325 

as indicated by the horizontal slice. Along survey line 4, the conductive zone is mainly concentrated on the 326 

right side of the profile, and the corresponding misplacement pattern is also mainly observed on the right 327 

side. 328 

Compared with the 1D results, the 3D inversion recovers the relatively conductive zones at slightly 329 

shallower apparent depths and, more importantly, at different lateral positions. This lateral mismatch 330 

suggests that the conductive features imaged by the 1D inversion are not simply the same anomalies 331 

recovered at a slightly different depth, but are likely artefacts associated with array effects. In other words, 332 

the 1D inversion appears to place relatively conductive anomalies beneath or near resistive intervals where 333 

the 3D inversion indicates a different lateral distribution of conductive material. This behaviour is consistent 334 

with the mechanism described in Section 2, in which laterally distributed conductive bodies and intervening 335 

resistive regions can lead to misplaced conductive anomalies in 1D inversion. 336 

 337 
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 338 

Figure 5. AEM 1D and 3D inversion results in the Dutch coastal dune area. The top row shows horizontal 339 

slices of the 1D model at 38 m and the 3D model at 30 m. Black dots on the 3D slice mark the horizontal 340 

extent of relatively conductive zones recovered by the 1D inversion, defined by resistivity < 65 Ω·m. The 341 

lower rows show vertical sections beneath survey lines 2, 3, and 4; dashed arrows mark corresponding 342 

features between the 1D and 3D results. 343 
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The InSR-Footprint criterion provides an independent way to assess whether this interpretation is plausible. 344 

Using the empirical equations in Section 2.1, the horizontal length of the InSR-Footprint near the surface 345 

is approximately 210 m. In the upper 0–8 m, the conductive zones are not sufficiently clustered within the 346 

near-surface InSR-Footprint to couple multiple anomalies. This explains why array effects are not observed 347 

in this shallow interval. Instead, the smoother and wider conductive zones in the 1D inversion are more 348 

consistent with conventional 3D effects, where responses from laterally restricted conductors are averaged 349 

over a broader area and represented by the 1D inversion as wider anomalies. At an apparent depth of 350 

approximately 35–40 m, however, the horizontal length of the InSR-Footprint increases to more than 370 351 

m. This range is large enough to include adjacent conductive zones separated by resistive regions, satisfying 352 

the condition for the conductive–resistive alternation mechanism. The contrast between the 1D and 3D 353 

inversion results at this depth is therefore consistent with the predicted array effects. 354 

Additionally, both 1D and 3D methods can successfully fit the observed data, with misfits of 0.82 for the 355 

1D method and 1.05 for the 3D method. This confirms that a low misfit in 1D inversion does not guarantee 356 

that the 1D approximation is valid or that the recovered model is geologically accurate. 357 

 358 

4 Discussion 359 

4.1 Impact of resistivity contrast on array effects 360 

In this section, we investigate how conductor–background resistivity contrast influences array effects, using 361 

the shallow 2D conductive–resistive array model as a representative example. As illustrated in Figure 6(a), 362 

forward modelling was conducted using tTEM system parameters, with the model geometry consistent with 363 

that in Figure 2(a). For the baseline simulation, the conductor and background resistivities were set to 20 364 

Ω·m and 100 Ω·m, respectively. Building on this, we further examined scenarios where the background 365 

resistivity was increased to 500 Ω·m and 2000 Ω·m. Additionally, to explore scenarios with higher target 366 
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conductivity, we set the conductor resistivity to 2 Ω·m and evaluated 1D inversion results with background 367 

resistivities of 10, 50, and 200 Ω·m.  368 

Figures 6(a)–6(c) show that, for the 20 Ω·m conductor, the characteristic lateral misplacement persists as 369 

the background resistivity increases. At a contrast ratio of 100, the misplaced conductive anomalies become 370 

more vertically extended and appear at greater apparent depths. Pant-leg-like artefacts also become more 371 

pronounced near the margins of the conductor array. This is likely because induced currents diffuse more 372 

rapidly in a more resistive background, increasing the lateral diffusion range at a given time and allowing 373 

soundings near the array edges to receive stronger contributions from laterally offset conductors. Because 374 

1D inversion cannot represent the lateral origin of these responses, it maps them beneath the sounding 375 

locations, producing downward-extended conductive artefacts on the flanks. 376 

For the 2 Ω·m conductor cases [Figures 6(d)–6(f)], array effects remain evident at low resistivity contrast. 377 

As the contrast ratio increases to 25, the misplacement pattern remains observable; however, the spurious 378 

artefacts begin to migrate deeper, while the true conductors begin to be partially resolved in the inversion. 379 

When the contrast ratio reaches 100, the true conductors and spurious artefacts begin to coalesce into a 380 

single connected feature, with the artefacts appearing slightly deeper and thicker. In addition, under this 381 

high-contrast condition, several conductive anomalies appear at a depth of approximately 130 m in the 382 

central region. We interpret these anomalies as resulting from the superposition of responses from adjacent 383 

conductors, which increases the late-time response. To fit this excess late-time signal within a 1D 384 

parameterisation, the inversion introduces secondary deep conductive artefacts beneath the central part of 385 

the conductor array. 386 

In summary, array effects retain their characteristic lateral misplacement pattern under moderate resistivity 387 

contrasts. However, with increasing resistivity contrast, the interaction between strong electrical contrast 388 

and lateral geometric effects further exacerbates the distortion, producing more severe artefacts in the 1D 389 

inversion results. 390 
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 391 

Figure 6. Effect of conductor–background resistivity contrast on the 1D inversion of the 2D conductive–392 

resistive array model. Panels (a)–(c) and (d)–(f) show inversion results for conductor resistivities of 20 Ω·m 393 

and 2 Ω·m, respectively, with resistivity contrast ratios of 5, 25, and 100. All simulations use tTEM system 394 

parameters with a sounding spacing of 10 m. The black rectangles indicate the locations of the true 395 

conductors. 396 
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4.2 Impact of flight height, conductor spacing, and burial depth on array effects 397 

While the previous sections focused on ground-based systems, this section uses the SkyTEM system as a 398 

representative AEM configuration to investigate the influence of flight height, conductor spacing, and burial 399 

depth on array effects. As illustrated in Figure 7(a), and following the design principles outlined in Section 400 

2, we constructed a standard 2D conductive–resistive array model with a reference flight height of 40 m. 401 

The model consists of two identical conductors, each 80 m wide and 12 m thick, with their centres located 402 

at a depth of 35 m and separated by an 80 m resistive gap. 403 

We first examine the impact of flight height, which strongly controls the spatial dimensions of the InSR-404 

Footprint. For the hypothetical ground-based case (ℎ = 0 m), the horizontal length of the InSR-Footprint 405 

at the 35 m conductor-centre depth is approximately 167 m. When the sounding location is midway between 406 

the two conductors, this footprint only partially covers the conductive bodies. Consequently, the response 407 

in the resistive gap is expected to be lower than that directly above the conductors. For an AEM flight height 408 

of 80 m, however, the InSR-Footprint expands to approximately 500 m. In this case, the footprint is large 409 

enough to include both conductors simultaneously, so a strong response can still be observed above the 410 

central gap. Compared with lower altitudes, higher flight heights increase the InSR-Footprint and cause the 411 

pant-leg-like artefacts flanking the conductors to extend farther laterally. 412 

Figures 7(b)–7(d) show the 1D inversion results for flight heights of 0 m, 40 m, and 80 m, respectively. 413 

Although the 0 m case is operationally unrealistic for AEM, it is included as a baseline control model. The 414 

results at different flight heights are broadly consistent with the predictions of the InSR-Footprint theory, 415 

with array effects appearing at different levels of intensity. In the 0 m case, the response in the central 416 

resistive gap is weaker than that directly above the conductors, so the two conductors remain distinguishable 417 

in the 1D inversion. However, the inversion also generates a deeper spurious conductive anomaly within 418 

this gap. This anomaly can be interpreted as the intersection at depth of pant-leg-like artefacts from the 419 

adjacent conductors. 420 
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Next, we investigate the influence of conductor spacing. When the spacing is reduced relative to the 421 

standard 2D array model, the responses associated with adjacent conductors overlap more strongly across 422 

the intervening resistive gap. As a result, the two separate conductors may appear in the 1D inversion as a 423 

single, laterally connected conductive feature. Conversely, when the spacing is large relative to the InSR-424 

Footprint, the two conductors are sensed more independently and are therefore imaged as distinct features. 425 

Figures 7(e) and 7(f) present the 1D inversion results for the narrow- and wide-spacing models, respectively, 426 

showing good agreement with this interpretation. 427 

Finally, we examine the influence of burial depth. Figures 7(g) and 7(h) show that, for deeply buried 428 

conductors, the enlarged InSR-Footprint causes the adjacent conductors and the intervening resistive gap 429 

to be sensed together, resulting in a broad deep conductive anomaly in the 1D inversion. In this case, the 430 

separation between the conductors becomes indistinguishable. For shallowly buried conductors, the 40 m 431 

flight height still produces a relatively large near-surface InSR-Footprint, with a horizontal length of 432 

approximately 168 m. This configuration is similar to the case in Figure 7(c): the 1D inversion partly 433 

resolves the two conductors, but also generates a deeper spurious conductive anomaly between them. 434 

 435 

 436 
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 437 

Figure 7. 2D conductive–resistive array models simulated using SkyTEM system parameters and their 1D 438 

inversion results. The upper panels show the calculated AEM InSR-Footprint and its XY side length and 439 

vertical thickness as functions of target centre depth. (a) Standard 2D array model designed according to 440 

the InSR-Footprint criterion; (b) zero flight altitude; (c) inversion results of the standard 2D array model; 441 

(d) flight altitude set to 80 m; (e) conductor spacing set to 40 m; (f) conductor spacing set to 400 m; (g) 442 

centre depth set to 7 m; (h) centre depth set to 120 m. The spacing between the AEM soundings is 40 m. 443 

All conductors are 12 m thick and 80 m long. 444 
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5 Conclusions 445 

In this study, we identify and analyse array effects in TEM/AEM 1D inversion. These effects occur when 446 

multiple conductive bodies and intervening resistive regions fall within the instantaneous influence region 447 

of the TEM response. In this case, the strongest induced response may deviate from, or even shift away 448 

from, the area directly above the true conductors. As a result, 1D inversion may place conductive anomalies 449 

into, or towards, intervening resistive regions, resulting in laterally misplaced anomalies. The underlying 450 

physical cause is the conductive–resistive alternation mechanism. 451 

Compared with conventional multidimensional effects, array effects can have a more severe impact on 1D 452 

inversion because they may not only distort the shape of conductive anomalies but also misplace their 453 

apparent lateral positions. To analyse and identify this behaviour, we use the InSR-Footprint based on 454 

smoke-ring theory, which provides a practical criterion for estimating whether adjacent conductive bodies 455 

and intervening resistive regions are likely to be coupled within the TEM response region. Synthetic 456 

modelling results show that both 2D and 3D conductive–resistive array models can produce this type of 457 

misplacement in 1D inversion. In the shallow and deep 2D array models, 1D inversion places conductive 458 

anomalies within or towards resistive regions, whereas 3D inversion recovers the true conductor positions 459 

much more accurately. The 3D array model demonstrates that the same conductive–resistive alternation 460 

mechanism can also operate when conductive and resistive regions vary in two horizontal directions. 461 

The field example from the Dutch coastal dune area, based on SkyTEM data, provides supporting evidence 462 

for array effects in real AEM data. In the 1D inversion results, relatively conductive zones are imaged 463 

beneath or near resistive intervals, whereas the 3D inversion places the corresponding conductive regions 464 

at different lateral positions. This behaviour is consistent with the conductive–resistive alternation 465 

mechanism and with the InSR-Footprint criterion. 466 

Further numerical experiments indicate that flight height, conductor spacing, burial depth, resistivity 467 

contrast, and background resistivity influence the strength and expression of array effects. Under moderate 468 
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resistivity contrasts, the characteristic lateral misplacement pattern remains broadly consistent with the 469 

InSR-Footprint prediction. At higher contrasts, the interaction between strong electrical contrast and lateral 470 

geometric effects can produce deeper and more complex artefacts in the 1D inversion results. 471 

The conductive–resistive alternation mechanism is not limited to the idealized 2D and 3D array models 472 

examined here. Related misplacement may also occur in other configurations where conductive material 473 

within the effective TEM response region dominates the measured signal and is projected by 1D inversion 474 

into intervening or enclosed resistive regions. For example, the Mt. Milligan-style structure discussed by 475 

Yang and Oldenburg (2012) represents a different geometry, but reflects a related physical mechanism. 476 

Finally, our results show that a low data misfit from 1D inversion does not guarantee that the 1D 477 

approximation is valid or that the recovered model is geologically accurate. Therefore, in areas where 478 

multiple conductive and resistive features may be coupled within the same InSR-Footprint, 1D inversion 479 

results should be interpreted with caution. In such cases, 3D modelling or inversion is essential for reliable 480 

anomaly mapping and geological interpretation. 481 
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