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Abstract In paleomagnetism, records of paleosecular variation (PSV) on centennial timescales are often
based on magnetic measurements from lava flows. However, samples from recent flows that cooled in known
magnetic fields often fail to produce the expected paleomagnetic directions, and samples from the same flow
often show large within- and between-site dispersion. Direct measurements of local magnetic anomalies in
volcanic terrain showed that the topography of the underlying lava flow distorts the magnetic field. Such
Magnetic Terrain Effects (MTEs) are subsequently recorded by overlying flows and can account for much of
this dispersion. Here we present a data-independent numerical model capable of simulating topographies and
predicting magnetic fields over highly magnetized rocks. Using this Python-based forward model and high-
resolution Digital Elevation Models, we replicate field measurements taken on Mt. Etna. The computed
anomalies often match the location and shape of the measured results, showing intensity deviations up to 14 pT,
inclination deviations up to 12°, and declination deviations up to 14°, compared to the measured deviations of 13
pT, 19°, and 21°, respectively. Our findings suggest that MTEs must be considered in paleomagnetic
interpretations: while distinguishing between MTE and PSV is nearly impossible in individual measurements
when the underlying topography is unknown, MTEs introduce systematic bias that can be estimated using our
model. Furthermore, we demonstrate that MTE-induced bias varies globally and persists despite improved
sampling strategies, necessitating the development of correction methods to address the limitations of lava flows
as paleomagnetic recorders.

Plain Language Summary Paleomagnetic data from lava flows have many scientific uses, from the
evolution of Earth’s magnetic field and tracking past plate movement to volcanic hazard management.
However, samples from recent flows that cooled in a known magnetic field often fail to produce the expected
values, and even samples from the same lava flow can show large variations. Local magnetic field
measurements show that the topography of the underlying lava flow can distort the magnetic field above the
flow. As a result, the magnetic signal recorded by a new lava flow may be influenced by this distortion,
helping to explain many of the unexpected values observed in paleomagnetic data. Here we present a
computer model capable of predicting such distortions in the magnetic field above various topographies.
Using topography maps of Mt. Etna, we reproduce direct measurements, producing distortions of similar size
and in the same locations above certain topographic features. Extending this work beyond Mt. Etna, we show
that these topography-induced anomalies are globally present and variable. Our simulations reproduce biases
that have already been observed in paleomagnetic studies. Finally, we show that improved paleomagnetic
sampling strategies alone cannot always eliminate these biases, highlighting the need for recognition and
correction.

1. Introduction

In the study of paleomagnetism, records of paleosecular variation (PSV) are often obtained from volcanic lava
flows. Volcanic rocks are recognized as good recorders of the (ancient) magnetic field due to their capacity to
acquire strong and stable thermoremanent magnetizations (TRMs), capturing a magnetic vector parallel to the
ambient geomagnetic field during cooling. As a result, paleomagnetic data from lava flows have a wide range
of scientific uses, including constraining the chronological framework for (archeological) sites (Mahgoub
et al., 2018), tracking the evolution of the Earth’s magnetic field (van Grinsven et al., 2025), providing insight
into tectonic evolution (Torsvik et al., 2012), and even informing volcanic hazard management strategies
(Sherrod et al., 2006). Obtaining reliable absolute paleomagnetic data from lava flows is thus of eminent
importance.
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However, over the years this has proven to be surprisingly difficult as samples from the same lava flow often show
large within- and between-site dispersion, exceeding the admissible error from sampling and measuring (Castro &
Brown, 1987; Speranza et al., 2006). Additionally, young lava flows in for example, Italy, Hawaii, Japan, Mexico
and the Canary Islands have frequently shown a magnetic vector that is inconsistent with expected International
Geomagnetic Reference Field (IGRF, Alken et al., 2021) values (Coe et al., 1978; Herrero-Bervera & Valet, 2009;
Meyer & de Groot, 2024; Mochizuki et al., 2004; Speranza et al., 2006; Urrutia-Fucugauchi et al., 2004; Valet &
Soler, 1999). These discrepancies often require convoluted explanations to justify the interpretation of the
recorded paleodirections and paleointensities. Some of these explanations include block rotations (Nyblade
et al., 1987), local non-dipole geomagnetic fields (Coe et al., 1978), large-scale crustal movements (Beck, 1984),
differences in field and lab cooling rates (Biggin et al., 2007; Hill & Shaw, 1999), and complex “transdomain”
processes (L. V. de Groot et al., 2013). Nonetheless, most of these proposed reasons have either been discredited
or have failed to fully account for the observed discrepancies (Baag et al., 1995; L. V. de Groot et al., 2013).

One proposition, the Magnetic Terrain Effect (MTE) hypothesis, suggests that irregular topography and strongly
magnetized underlying rocks can locally deflect the ambient geomagnetic field, which in turn is recorded by an
overlying lava flow (Baag et al., 1995; Meyer & de Groot, 2024; Speranza et al., 2006; Tanguy & Le Goff, 2004;
Valet & Soler, 1999). This deflection arises from the reversed magnetic field generated by the magnetized matter
below, a mechanism long recognized by those aware of magnetic compass distortions in volcanic areas. None-
theless, MTE’s significance in skewing paleomagnetic data has largely been overlooked or underestimated (Baag
et al., 1995; Meyer & de Groot, 2024).

Baag et al. (1995) were the first to propose the existence of the MTE. In their study, they both modeled and
measured the ambient magnetic field above different topographic features, but their 2D models could not fully
reconcile the magnitude of observed inclination anomalies of up to 20° from the IGRF on Hawaii. Despite this,
they established a correlation between the terrain and magnetic anomalies, a finding that has since been supported
by further research, both on the Canary Islands and on Mt. Etna (Meyer & de Groot, 2024; Speranza et al., 2006;
Tanguy & Le Goff, 2004; Valet & Soler, 1999). Most recently, Meyer and de Groot (2024) provided robust
evidence for MTE, showing that direct magnetic field measurements above highly magnetized flows correlate
with the underlying topography, with anomalies in inclination and intensity above ridges and gullies, deviating up
to 19°in inclination and 20% in intensity from the IGRF. Part of the fieldwork conducted on Mt. Etna in 2018 was
specifically designed to measure the magnetic anomalies above volcanic terrain with measurements taken at six
sites of different lava flows on various flanks of Mt. Etna (Meyer & de Groot, 2024). These findings underscore
the need to consider MTE when interpreting paleomagnetic data.

MTE poses a threat to the reliability of a paleomagnetic record for several reasons. First, since the ancient un-
derlying terrain of a lava flow is unknown, making a distinction between dispersion due to PSV and MTE is often
not possible (Baag et al., 1995). Furthermore, as MTE-induced anomalies typically extend beyond 1 m, small-area
sampling and strategies aimed at minimizing data scatter are ineffective in mitigating their influence. Addi-
tionally, such strategies, when applied in rugged volcanic terrains, may inadvertently introduce systematic biases
into the PSV records, which are often subtle and difficult to uncover (Meyer & de Groot, 2024; Valet &
Soler, 1999).

A systematic bias in both the inclination and intensity of paleomagnetic data was identified by Meyer and de
Groot (2024). On average, measurements from young Etnean lava flows were approximately 2.9° in inclination
and 8.8 pT in intensity lower than predicted by IGRF values. This underestimation was possibly attributed to the
MTE, particularly to the reduced ambient magnetic field within the depressions of the terrain, where new lava
flows are likely to be deposited (Meyer & de Groot, 2024). Recent statistical analyses of paleomagnetic data from
the past four centuries show a strikingly similar systematic underestimation of ~3° in inclination for lava flows
from the northern hemisphere (Pavén-Carrasco et al., 2016).

This evidence of systematic bias, possibly caused by MTE, highlights the need for advanced modeling techniques
to predict the effects of MTE on the ambient magnetic field in volcanic regions, which is incorporated in the
magnetization of volcanic rocks. In this research, we introduce a 3D, data-independent, numerical model able to
simulate various topographies and compute local magnetic anomalies above volcanic terrain. The model, vali-
dated against several benchmarks, is capable of simulating a range of topographic features, from volcanic flanks
to the integration of digital elevation models (DEMs), as demonstrated in simulations of Mt. Etna and the field
sites from Meyer and de Groot (2024). These simulations allow us to compare the model’s values to the measured
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anomalies in the field, investigate their origins, and determine the terrain shapes most capable of producing them.
Moreover, as these anomalies are embedded into any subsequent solidifying flow, modeling them provides an
opportunity to study the incorporation methods within any future layers on top of today’s topography. This paves
the way for possible removal of MTEs from future paleomagnetic records. Lastly, the model can be used to
enhance the accuracy of global paleomagnetic models by estimating adequate scatter for similar research areas. In
this study, apart from presenting this MTE code, we will focus on using the MTE code to investigate terrain-
induced bias in paleomagnetic data, as suggested by Meyer and de Groot (2024) on Mt. Etna, and extend our
insights to the global field of paleomagnetic research.

2. Methods

Understanding how volcanic topography modifies the ambient magnetic field requires a clear description of the
underlying physics. We therefore begin by deriving the governing equations that link the thermoremanent
magnetization of volcanic rocks to the magnetic anomalies measured above the surface. This formulation pro-
vides the foundation for the computational approach and model configurations described in the following
sections.

2.1. Governing Equations

Our aim is to compute the magnetic field generated by magnetized matter, in the presence of the Earth’s magnetic
field and outside the source, that is, above the Earth’s surface. The anomalous field is produced by the magnetized
volcanic rock. As the rock cools, certain minerals become magnetic, and their dipole moments align with the
ambient magnetic field; upon further cooling, they retain this alignment as a TRM (Tauxe, 2010). Considering
these minerals as tiny dipoles at a sufficient distance (i.e., outside the source), the material’s magnetization M is
equal to its magnetic dipole moment m per unit volume V (Reitz & Milford, 1967). This relationship allows for

the magnetic field of a dipole (Bdi,,(r) = Z—f{ w - ;—'{D to be expressed as an integral over the magnetized

volume (Griffiths, 2013). We assume a uniform magnetization across the volcanic flow, which allows for the
reduction of the volume integral to a surface integral. At any given point r, the total magnetic field B,(r) com-
prises the Earth’s (assumed) uniform magnetic field B, and the anomalous field, leading to the fundamental
equation:

Ho M) DE-1)

B,(r) =B, +
t(r) 0 anJs II‘—I'/|3

(1

This equation reflects the magnetized body’s surface contribution to the total magnetic field, where n is the unit
vector normal to the surface S, y, is the permeability of free space, r is the observation point position vector, r’ is
the position vector of a source point on the surface of the magnetized body, and |r — r’| is the distance between
the observation point and an element with surface ds’ (Figure 1). For a full derivation of this equation, see the
documentation of the code (Hendrickx & Thieulot, 2026). To simplify, the total magnetic field is equal to the
reference field added to the magnetic field produced by the magnetized matter, and the latter is the sum of
contributions of the magnetic moments of all elements inside the volume.

2.2. Computational Approach

In the previous section, we have established that the anomalous field can be computed by summing the magnetic
contributions of each element within a volume. This is implemented in our code using a 3D polyhedral forward
model to evaluate the surface-integral formulation. First, a 3D model domain is generated with the required
topography for simulations, which is consequently discretized into a mesh of elements with uniform magneti-
zation. In the simulations presented here, we prescribe a constant magnetization in the underlying flow and ignore
any spatial variation in the magnetization due to mineralogy, self-demagnetization, or induced magnetization.
This is not to imply that the influence of such variations is insignificant; their effects have been investigated and
deemed substantial in other studies (Knudsen et al., 2003). However, in this study we focus solely on the influence
of the topographical variations of the underlying flow on the magnetic field above its surface.
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Figure 1. At any given position r the resulting magnetic field B is the sum of the contribution from all elements in the
object Q.

The magnetic anomaly at an observation point P is computed by solving the surface integral, the second part of
Equation 1, for each element within the model domain. This method, rooted in the works of Bott (1963), projects
the magnetic effects of each element’s face onto triangles and evaluates their influence based on proximity to P
(Blakely, 1995). After assigning topographical values to the corner nodes of an element’s top surface, nodes may
not reside in a singular plane. This requires each element’s top and bottom surfaces to be subdivided into four
additional triangles for a total of 12 faces and 10 nodes defining an element. Several spatial problems due to
singularities of this method are mitigated by applying a small (<1073 m) offset to the location of observation
points that coincide with a cell edge or diagonal of the top surface, allowing for computation (additional infor-
mation is provided in the code documentation, Hendrickx & Thieulot, 2026). By adding contributions from each
cell, the cumulative magnetic effect of the model domain is computed, as illustrated in Figure 1. Next, these
magnetic field components are added to the Earth’s reference field to determine the total components of the
magnetic field.

A key assumption vital to this computational approach is that the mesh elements are sufficiently small and their
distance to P is large enough. This may be problematic, especially for those elements nearest to the observation
point. According to Jackson (1999), distance-related errors are trivial unless P lies within a few molecular di-
ameters of a uniformly magnetized element. This suggestion is supported by empirical evidence from similar
studies (Baag et al., 1995), affirming the model’s validity for the paleomagnetic applications in this study.

Additionally, the computational approach and each underlying assumption have been validated through four
distinct benchmarks detailed in the code’s documentation (Hendrickx & Thieulot, 2026). These benchmarks
include comparisons with both analytical solutions and the numerical results of Ren et al. (2017, 2019), the results
of which are included in Text S1, Figures S1, and S2 in Supporting Information S1. The maximum deviation
observed from the established benchmark is a mere 0.1 pT, demonstrating the code’s accuracy, particularly in
simulations at close proximity to uniformly magnetized bodies.

2.3. Model Setup

This section presents the model configurations used for flank simulations and reproducing direct field mea-
surements. To validate the results of these models, the impact of various setup parameters and initial boundary
conditions has been investigated for both synthetic topography models and those derived from DEM. Some of
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Figure 2. Visualization of the model setup of a flank simulation on Mt. Etna using M = 7.5 A/m (arrows), and a slope (a) of
6°, displaying both the model domain and measurement paths. For visual clarity, the extent and resolution of the displayed
model domain do not adhere to the optimized testing setup outlined in the text.

these parameter choices will be reviewed in the discussion, and a full detailed rationale can be found in the code
documentation (Hendrickx & Thieulot, 2026).

All model setups, both synthetic and DEM-derived models, feature a flat bottom surface at 20 m below the
minimum surface elevation. This ensures that the spatial extent of the model domain greatly exceeds the depth
extent, which has been verified to improve model accuracy during parameter testing and aligns with recom-
mendations of Bott (1963). Additionally, to eliminate any effect of varying model domain size and focus spe-
cifically on the influence of surface topography, the data from the topographic models are calibrated against those
from a flat-terrain model of equivalent dimensions.

2.3.1. Synthetic Topography: Flank Simulations

Given that the majority of lava flows are located on the flanks of volcanoes, simulating volcanic flanks is a
relevant starting point for our generic modeling setup, allowing broad flank-specific trends to be isolated. It is
expected that each flank produces different anomalies due to the variation in the dip direction of the surfaces,
while the magnetization direction remains consistent in the magnetized matter below. On Mt. Etna, the typical
lava flow morphology is characterized by ridges and gullies. These features are replicated in our model setup
using a sine function traversing perpendicularly across an inclined surface. The model allows for manipulation of
several parameters: the slope of the surface, the amplitude and wavelength of the sine function, and the orientation
of the sine wave’s propagation relative to the Cartesian axes, see Figure 2.

For alignment with the case study, the parameters used to define the synthetic topography were chosen to replicate
the ridges and gullies of Mt. Etna. Based on the analysis of aerial imagery and DEMs of the area around the field
sites of Meyer and de Groot (2024), an amplitude of 4 m, a wavelength of 25 m, and an angle of inclination for the
slope of 6° were found to be representative values. A uniform remanent magnetization intensity of 7.5 A m™!
assigned to the simulated matter. This value aligns closely with the average TRMs measured in lava flow samples

from the field, as reported in Meyer and de Groot (2024), and with the magnetization intensities found in prior

was

paleomagnetic research on Etnean lavas by Nicolosi et al. (2014), which documented a bulk magnetization of 8§ A
m~! and a range between 5 and 13 A m~!. However, it is worth noting the broader spectrum of recorded values in
other studies, from as low as 0.1 — 1 A m™' to as high as 20 A m™' (Speranza et al., 2006; Tanguy & Le
Goff, 2004), indicating the significant variability in magnetization measurements of Etnean lavas. Directional
paleomagnetic data from Mt. Etna are similarly variable and frequently deviate from the expected field direction
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(Meyer & de Groot, 2024). We therefore assume a geocentric axial dipole (GAD) to compute the direction of the
magnetization in the underlying material instead of relying on paleomagnetic measurements. At Mt. Etna’s
latitude, this gives a magnetization inclination of 57° and a declination of 0°. The reference magnetic field in the
flank simulations was calibrated to the average of the IGRF-13 values of Etna’s flanks (Alken et al., 2021), with
the respective components being IGRF; = 1561.2 nT, IGRFy = 26850.3 nT, and IGRF, = 36305.7 nT.

Flank simulations were done using a model domain of 250 X 250 X 20 m discretized with 375 X 375 x 10
elements. Computations were conducted along a path comprising 47 points positioned 1 and 1.8 m above the
middle of the model domain, with observation points distributed at approximately 1 m intervals.

2.3.2. DEM Topography and Field Paths

To reproduce the FLUX field sites of Meyer and de Groot (2024), two DEMs of Mt. Etna and the surrounding
regions were incorporated into the MTE code. A map of the locations of the FLUX sites with the ages of the lava
flows is shown in Figure S3 in Supporting Information S1. Before computation of the magnetic field values above
the surface, the 2 X 2 m resolution DEM Siciliana (2010), geo-referenced in ROMA 40/EST - EPSG 3004 using
the Gauss—Boaga projection, has been converted to WGS84 UTM 33N in ArcGIS Pro through bilinear inter-
polation. This 2 m DEM, available on the SITR web platform, did not list specific data acquisition details. The
5 X 5 m spatial resolution DEM (Bisson et al., 2016) utilizes the WGS84 UTM 33N System and is noted for its
vertical accuracy with a root-mean-square error of +£0.24 m. Both DEMs were derived from airborne LiDAR. The
5 m DEM is a resampled version of a 2 m DEM (Bisson et al., 2016), and while the original data’s vertical and
horizontal accuracy was preserved, using a 5 m DEM inherently limits us to a 5 m resolution, thereby capping our
accuracy. Unfortunately, the original 2 m DEM was not publicly available, necessitating the use of the 5 m DEM
in this study.

In the parameter experiments documented in the code’s manual (Hendrickx & Thieulot, 2026), it was determined
that a recommended minimum spatial extent of 250 X 250 m is necessary for paths approximately 50 m in length
to avoid any edge effect at the observation points. Most of the FLUX paths are between 50 — 70 m (Meyer & de
Groot, 2024); consequently, the DEM cutouts used for generating our final results were approximately 300 X 300
m for most sites and paths. For specific dimensions of these cuts at each site, see Table S1 in Supporting In-
formation S1. The depth of the model is discretized with 10 elements across all sites, while the spatial element
resolution varied according to the specific DEM selected for each location. In the initial stages of testing, we
conducted experiments with multiple model domain sizes, and these tests revealed only minor discrepancies
between various model domain sizes, as illustrated in Figure S4 in Supporting Information S1.

For the replication of direct measurements, a path was generated from the GPS coordinates of the field data, using
the x & y coordinates from the field path, and fixing the height at a constant value above the DEM surface. The
GPS field data were converted from decimal degrees to WGS84 UTM 33N, and calibrated to align with the
DEMs. Additionally, the height of the GPS device, set 2 m above ground level (B. M. de Groot & de Groot, 2019),
was accounted for in the field data processing.

3. Results
3.1. Flank Simulations

In Figure 3 the results of the flank simulations done for Mt. Etna are presented, where each flank reveals a unique
pattern. The maximum intensity anomalies observed relative to Mt. Etna’s IGRF intensity, across all simulated
topographies of the volcano’s flanks, are approximately +2.6 pT for positive anomalies and —2.83 pT for
negative anomalies, both observed on the west flank. The largest inclination anomaly peaks at about +3.07° in the
positive spectrum on the east flank and —4.39° in the negative on the west flank. Similarly, the largest declination
anomaly is +4.98° for positive deviations and —5.14° for negative deviations, both observed on the southern
flank.

A striking observation is the contrasting shapes of the intensity and inclination deviations for both the positive and
negative ranges across all flanks. Positive deviations in intensity and inclination are generally confined to nar-
rower regions around the gullies and ridges, whereas negative deviations appear broader and stretch further from
the topographic landmarks. This can also be seen if we look at the average median difference with respect to the
IGRF for all flanks, where the inclination and intensity medians lie below the IGRF, with an average difference of
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Figure 3. The intensity [pT], inclination [°] and declination [°] of the computed magnetic field B derived from simulated
flanks, where negative anomalies extend over a broader region compared to positive anomalies.

—0.91 pT for intensity, —1.77° for inclination, and —0.02° for declination (see Table S2 in Supporting
Information S1).

When comparing the alignment of anomalies with respect to the topography, we observe spatial offsets between
the peak of magnetic anomalies and the peak in topography for certain flanks. For the east and west flanks, peaks
in intensity appear further south (to the left in Figure 3) and peaks in inclination appear further north (to the right
in Figure 3) relative to their north-south counterparts and the topography. This misalignment is most pronounced
for the south and north flanks’ declination values, where anomaly highs are located roughly 5 m west of the
topographical peak (to the left in Figure 3).

At first glance, the curves computed at a higher altitude seem consistent with the observations at lower altitudes
(Figure 3). The strength of the anomaly decreases with altitude, aligning with magnetic principles where magnetic
field variations diminish in intensity as the distance from their source increases (Reitz & Milford, 1967).
However, negative anomalies in intensity and inclination display greater persistence at elevated altitudes,
exhibiting a less pronounced reduction in magnitude with height than the positive anomalies above ridges,
showing the complex interplay between topographic influence and the geomagnetic field.

3.2. DEM Derived Models
3.2.1. Matching the FLUX Sites With DEMs

The DEMs and corresponding measurement paths used in this study are based on the FLUX site locations and
path configurations presented by Meyer and de Groot (2024). Two DEMs were available: one with a spatial
resolution of 2 m (Siciliana, 2010) and another one with 5 m (Bisson et al., 2016). Although the 2 m DEM was
expected to provide greater detail than the 5 m DEM, the available 2 m DEM’s performance proved inconsistent
across the study area. The 2 m DEM unfortunately lacked precision across many locations, with topographies of
most flows excessively smoothed, and some areas appearing entirely flat. By contrast, the 5 m DEM generally
provided a credible match with the topography for most paths across all sites except FLUX3, as it was located
outside the region covered by the 5 m DEM. Hence, for all other sites apart from FLUX3, the 5 m DEM served as
the primary source for subsequent tests. See Figures S5-S11 in Supporting Information S1 for visual depictions of
the 2 and 5 m DEMs at all the FLUX sites.
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Figure 4. (a, d) Intensity, (b, e) inclination, and (c, f) declination results from both direct measurements (field data) and model
values (DEM + IGRF) for (a—c) FLUXI, path 1, and (d—f) FLUX6. The results are plotted together with the DEM
topography and topography measured in the field and the expected IGRF at each site in 2018. If the DEM topography
coincides with the field topography, the computed and measured anomalies are similar in shape, size and general location.

In the case of paths 1 and 2 at FLUX4, a glaring discrepancy was observed between the field-measured topog-
raphy and both DEMs. Meyer and de Groot (2024)'s notes indicated a GPS malfunction between measuring path 1
and path 2, with errors only in the lowest height measurements of these paths. However, our analysis indicates that
the GPS data for all heights at these paths were unreliable. As a result, we have excluded these paths from further
analysis.

Across other sites and paths, the data set of Meyer and de Groot (2024) also had missing declination measure-
ments at points where the irregular terrain obstructed their view of the reference point. Most sites show a height
offset between the DEM and direct GPS measurements. This offset was calculated as the difference between the
mean field-measured heights and the DEM height at the corresponding xy-coordinates. In some instances, minor
spatial misalignment was also detected and corrected based on topographic visualizations. To ensure accurate
comparisons, these offsets were subtracted from the original data prior to plotting. For specific offset values,
please see Table S1 in Supporting Information S1.

As shown in Figure 4, even the 5 m DEM, while generally more reliable, exhibited a tendency to smooth the
landscape. This resulted in fewer, less distinct peaks and troughs, and a softening of sharp topographical
transitions.

3.2.2. Reproducing Direct Measurements With DEMs

This section highlights key findings and potential insights for FLUX1 and FLUXG®6, although similar observations
are consistent across most paths and sites. The results for all sites and paths are detailed in Figures S12-S23 in
Supporting Information S1.

A significant observation from FLUX1 path 1 (Figures 4a—4c) is that agreement between DEM topography and
field-measured topography corresponds to improved agreement between computed and measured magnetic field
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Table 1

Intensity (int) [uT ], Inclination (inc) [°], Declination (dec) [°], Standard Deviation (c), Minimum (min), Maximum (max), and Median Difference w.r.t. the IGRF (Z)
for the Model, Direct Measurements (Field), and IGRF Values of FLUX6

FLUX6 Field IGRF Model-1 Model-2
Int o 43.61 £2.19 4520 4475 + 131 4420 £ 2.49
Min 39.77 4235 38.72
Max 49.18 4823 5231
A ~1.59 —0.45 ~1.00
Inc o 53.04 £ 3.09 53.53 52.95 + 1.35 52.64 £ 2.62
Min 47.02 51.01 48.45
Max 65.69 57.03 60.20
A —0.48 -0.58 ~0.89
Dec +o 0.71 £ 2.76 3.33 241 % 1.14 1.64 % 2.40
Min —12.75 —0.53 —5.46
Max 8.03 3.92 8.73
A —2.62 —0.93 ~1.69

Note. Model-1 uses a magnetization of 7.5 A m~'. Model-2 increases the magnetization strength to 13 A m~! and includes DEM noise of —1.5 to 1.5 m.

anomalies of Meyer and de Groot (2024). At this site, the larger topographical features are well represented in
both DEM and direct measurements, producing a similar overall trend for the model and measured anomalies.
However, the 5 m DEM’s finer topography does not align with the direct measurements in the mid-section of the
path (approximately 25 — 55 m), causing misalignment between computed and measured data and a reduced
expression of anomalies over the terrain. Almost all mismatches between computed and measured values occur in
regions where differences between field and DEM topography are also apparent. This pattern is likewise evident
at FLUX6 (Figures 4d—4f), where a close match between the 5 m DEM and field topography results in better
agreement between computed values and measured anomalies.

Table 1 outlines the range of deviations for both computed values and direct measurements, and the median
difference to the IGRF for FLUX6. The computed values show intensity deviations of 6 uT, inclination deviations
up to 6° and declination deviations up to 4° (for model-1). The measured deviations in the field were intensity
deviations of at most 9 pT, inclination deviations up to 19° and declination deviations up to 21° (Table 1)
(Meyer & de Groot, 2024). For all other sites, these statistical measures are included in Tables S3-S9 in Sup-
porting Information S1. General observations for the computed values at sites well-represented by a DEM
include:

1. The intensity variations correlate with the underlying topography: they increase in magnitude above ridges in
the topography, and decrease in valleys. This matches the trends in the direct measurements. The median
intensity of the direct measurements shows negative anomalies relative to the IGRF at all sites. In contrast, the
computed median intensity only shows such negative anomalies at FLUX1, FLUX3 and FLUXG6 (see Tables
S5 and S6 in Supporting Information S1). The computed intensity values do not fully cover the entire range of
the deviations in direct measurements for all sites, averaging only 60% of the full extent of the anomalies in the
direct measurements.

2. The inclination correlates with the underlying topography, with a similar trend as the intensity. Peaks and dips
in computed inclination generally align with the direct measurements for similar topographies. The median
computed inclination matches the direct measurements well, with no significant offset. Both the direct
measurements and the computed values are typically 1 — 2°lower than IGRF expectations (see Tables S5 and
S6 in Supporting Information S1). Again, standard deviations, the minimum, and maximum values of the
computed values show less deviation from the IGRF than those of the direct measurements.

3. The declination shows significant deviations from the median values of the direct measurements, whereas the
computed values display less pronounced deviations. Trend matching is challenging, often due to missing
declination data for the direct measurements. However, both the computed and direct measurement values are
lower than the values predicted by the IGRF.
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In summary, the computed trends tend to be smoother and exhibit less pronounced deviations, as supported by
statistical parameters of the data in Tables S3 and S4 in Supporting Information S1, showing lower standard
deviations in computed values compared to the direct measurements.

Across all paths, sites, and simulations, there is a notable increase in induced anomalies near the surface, evident
in both the direct measurements and computational predictions. This is confirmed by comparing standard de-
viations of both computed data and direct measurements at different heights (Tables S3 and S4 in Supporting
Information S1), with lower deviations at 1.8 m compared to 1 m for all sites.

4. Discussion
4.1. Comparing Direct Measurements and Model Results

To assess the role of topography in shaping magnetic anomalies, we compare the direct measurements with
computed values derived from our DEM-based model. Both data sets show a clear and consistent pattern:
magnetic anomalies are strongly governed by changes in topography. In areas where the DEM accurately re-
produces field topography, the computed and measured anomalies closely match in shape, magnitude and
location. Where discrepancies exist between the DEM and the field topography, both data sets still produce
internally consistent anomalies that reflect their respective surface forms. Flat terrain, as in the DEM along
FLUXS path 1 (Figure S21 in Supporting Information S1), yields no discernible anomalies, highlighting the
dependence of magnetic variations on local relief.

A consistent difference between the direct measurements and computed predictions is that the modeled anomalies
are generally less pronounced. They display fewer peaks and smaller deviations in inclination and declination, as
evident from the minimum and maximum values for FLUX6 (Table 1). This attenuation is likely due to the
inherent limitations of DEMs in capturing the ruggedness of volcanic terrain, leading to a smoothing effect that
diminishes the extremities in magnetic data.

To assess how this inherent smoothing in the DEMs influences the results, we added random noise to the DEMs
following the approach of Tate et al. (2005). Random perturbations of —2 to 2 m were applied to the top surface
midpoints of our model’s elements, while the corner nodes retained the original DEM elevation values. Intro-
ducing such variability increased the intensity deviations to as much as 12 pT, and inclination and declination
deviations up to 9°. Given that Mt. Etna’s lava flows are predominantly aa-type, characterized by rugged terrain
with debris ranging from small stones to large boulders (Kilburn & Lopes, 1988; Meyer & de Groot, 2024),
adding up to 2 m noise aligns with realistic topographical variations. The inclusion of noise notably increased the
number and amplitude of anomalies, yielding a closer match to the abrupt magnetic field variations seen in the
direct measurements (Figures S24 and S25 in Supporting Information S1). However, when noise amplitudes
reached £2 m, some intensity anomalies became larger than those observed in the direct measurements. Since
intensity deviations of up to 13 pT occur at other FLUX sites, these values remain plausible. Even so, the
inclination and declination deviations still did not fully reproduce the larger excursions seen in the direct mea-
surements, which reach up to 19° and 21°, respectively.

Another factor potentially leading to discrepancies between the direct measurements and the model results is the
uniform magnetization assigned to the lava flows in the simulations. The magnetization of 7.5 A m~! used for our
models is typical for Etnean lavas, yet not universally applicable to all lava flows on Mt. Etna (L. V. de Groot
et al., 2013; Meyer & de Groot, 2024; Nicolosi et al., 2014; Speranza et al., 2006; Tanguy & Le Goff, 2004). As
illustrated in Figures S26 and S27 in Supporting Information S1, increasing the magnetization amplifies both the
frequency and magnitude of the intensity, inclination, and declination anomalies, whereas reducing it has the
opposite effect. For instance, applying a magnetization of 20 A m~!, as suggested by Speranza et al. (2006),
resulted in intensity deviations up to 16 uT, and inclination and declination deviations of up to 16° and 12°,
respectively. With this magnetization, the inclination matches the full range of anomalies as observed in the direct
measurements, whereas the intensity anomalies exceed those measured in the direct measurements, and the
declination still does not match the largest peaks.

Combining adjustments to the magnetizations and the introduction of noise into the DEM substantially improved
the agreement between modeled magnetic field predictions and direct measurements for FLUX6, as showcased in
Figure 5 and Table 1. The computed intensity deviations reach up to 14 pT, inclination deviations up to 12°, and
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Figure 5. FLUXG6 results with model-2 setup, increased magnetization of 13 A m~! and a DEM with noise between —1.5 and
1.5 m, showing an improved match of direct measurements (field) and model values.

declination deviations up to 14°. Despite these improvements, the full range of inclination and declination de-
viations observed in the direct measurements is not entirely reproduced. The most extreme deviations in the direct
measurements occur near a distinct topographic feature resembling a crack around 175 m along the profile of
FLUX6. Baag et al. (1995) demonstrated that such sharp features can significantly amplify inclination anomalies
beyond what is typically seen with most other forms of relief. Crucially, features of this type are rarely resolved in
DEMs or created by noise application, emphasizing the need to include common volcanic features in future MTE
model studies to better reproduce their effects.

It is also important to consider the accuracy of the direct measurements. Meyer and de Groot (2024) obtained
paleomagnetic directions using a magnetic compass due to weather conditions, which can introduce large
declination offsets due to differences between the Sun and magnetic compass readings for Mt. Etna (Speranza
et al., 2006). This could explain some of the unusually large declination variations in the direct measurements.

In addition, our model assumes a homogeneous magnetization throughout the lava flow, ignoring potential
variations in mineral distribution or concentration and effects of self-demagnetization and induced magnetization
in the magnetized body. Knudsen et al. (2003) reported that these effects can cause internal deflections of up to 6°
within a single flow. Considering our model’s zero-declination assumption and the small declination of the IGRF
in this region, such local deviations could significantly affect declination values. The validity of neglecting
induced magnetization and self-demagnetization depends on the ratio of remanent to induced magnetization in the
underlying rock, known as the Koenigsberger ratio. For Etnean lava flows, this ratio is typically high (5 — 10)
(Branca et al., 2019; Del Negro & Ferrucci, 1998; Magli et al., 2024), supporting our assumption. Nevertheless,
this assumption may be less appropriate in volcanic settings where this ratio is low. Ren et al. (2022) recently
developed analytical expressions to describe magnetic fields produced by 3D polyhedra with spatially varying
magnetization vectors. Different magnetizations can already be prescribed to individual elements in our model,
allowing cell-based spatial variations. Incorporating these equations into the MTE code would allow future
studies to account explicitly for heterogeneous magnetizations within individual elements and improve model
predictions. At the same time, the exact distribution of the magnetization within a single flow is rarely known, so
the feasibility of incorporating these variations in model simulations remains to be tested.

An enhanced DEM resolution would further improve the accuracy of our simulations. In the present data set, a
single DEM height point represents approximately five direct measurement points, meaning that small-scale
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topographic details recorded in the direct measurements cannot be fully expressed in the model predictions. The
relatively strong agreement between the computed anomalies and direct measurements achieved at FLUX6 likely
results from the longer path length and longer distances between measurement points, which emphasize larger
scale topographical variations that are better resolved by the DEM.

A final factor potentially contributing to remaining discrepancies between the direct measurements and model
predictions is the addition of the reference field (IGRF) to the computed data. Although recent studies confirm the
IGRF’s reliability in Italy (Di Mauro et al., 2021), minor local deviations could still influence the results.
Incorporating spatial and temporal variations of the reference magnetic field into the MTE code would therefore
be a valuable direction for future development.

4.2. Flank Simulations and Systematic Bias

For all FLUX sites, direct measurements and modeled values show persistent lower values for the median in-
tensity, inclination, and declination when compared to the expected IGRF values (Table 1 for site FLUX6). In this
section these discrepancies are compared to the flank simulation results, where the observed trends can be used to
explain and generalize most findings and characterize the resulting systematic bias.

Gullies and ridges on the flanks of Mt. Etna produce large, laterally extensive, and persistent negative anomalies
in both intensity and inclination that extend well beyond the width of individual depressions, see Figure 3. Our
simulations show that these systematic negative anomalies naturally arise from the geometry of the terrain itself
and explain the inclination shallowing and reduced intensities documented by Meyer and de Groot (2024). This
does not even require localized deposition in the topographic lows, as proposed by Meyer and de Groot (2024) as
an explanation for the bias: if all flanks were fully covered by a new layer of lava, this flow would, on average, still
have a more shallow and less intense magnetization than the IGRF. Additionally, as this inclination shallowing
due to rugged volcanic topography is expected to be present throughout the northern hemisphere, inclusion of
MTE into lava flow records also provides an explanation for the systematic ~3° inclination underestimation
reported for the northern hemisphere by Pavon-Carrasco et al. (2016).

Furthermore, the declination patterns predicted by our flank simulations shed light on the MTE-related trends
observed in the direct measurements. FLUX3, FLUX4, and FLUX6 (Figure 4 and Table 1; Table S5 in Supporting
Information S1), all located on the east flank (see Figure S3 in Supporting Information S1), exhibit the strongest
negative median declination differences. These values agree with our flank simulations, which predict only
negative declination anomalies on this side of the volcano (Figure 2 and Table S2 in Supporting Information S1).
This observation indicates that a systematic declination bias can emerge when sampling is geographically
restricted to specific flanks. This pattern is also reflected in Meyer and de Groot (2024)’s study, where most
sampling sites were located on either the south, north-eastern or eastern flank, yielding a median declination 6.5°
lower than the IGRF values at the time of the eruption. Meyer and de Groot (2024) noted that this bias was
difficult to reconcile with the absence of a systematic declination offset in the full data set of paleomagnetic
studies of historical lava flows on Mt. Etna. This discrepancy, however, is actually consistent with our flank
simulations: the combined paleomagnetic data set includes several additional sites on the western side of the
volcano, where declination anomalies are predicted to be predominantly positive, effectively canceling the
observed east-flank bias. Together, these results emphasize that avoiding MTE-related declination bias in rugged
volcanic terrain requires sampling lava flows from all sides of a volcano, ensuring that positive and negative
declination anomalies are balanced.

The “misaligned” peaks in the magnetic data with respect to the topographic features, as first described by Meyer
and de Groot (2024), can also be clarified by comparing our MTE model results, the direct measurements, and
flank simulations. At FLUXG6 (east flank), the simulation, model, and direct measurements consistently show an
intensity peak located south of the topographical high (Figures 6a and 6d) and an inclination peak located further
north than the topographical peak (Figures 6b and 6¢). At FLUXS (south flank), the declination peaks west of the
topographical high (Figures 6¢ and 6f) in the flank simulation, model, and direct measurements. Meyer and de
Groot (2024) stated that the offset was not present at every site, and that it did not correlate with the orientation of
the gully or the orientation with respect to the summit of Mt. Etna. We show here that this behavior is consistent
with our flank simulations and represents an intrinsic feature of the MTE.
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Figure 6. Comparison of “misaligned” peaks between direct measurements, model values and flank simulations, showing
consistent trends. Segments from FLUX6 (a, b) show a south-shifted intensity and a north-shifted inclination peak, while the
eastern flank simulation (flksm) results (d, e) show similar behavior. A segment from FLUXS, path 3 (c), shows a west-

shifted declination peak, also observed in the southern flank simulations (f). Panels (a, b, d, and e) show results at 1 m height,
whereas (c and f) are at 0.25 m, requiring an increased spatial resolution of 1000 x 1000 elements for the flank simulations.

Furthermore, the results from our flank simulations also explain the correlation trends identified by Meyer and de
Groot (2024): inclination showed the strongest correlation between anomalies and topography, closely followed
by intensity, whereas declination showed no such correlation. Two characteristics of the spatial misalignment
between anomalies and the topography are important here. First, the magnitude of the spatial misalignment
between the anomaly and topography peaks is largest for declination, smaller for intensity, and smallest for
inclination. Second, the spatial misalignment is only present on specific flanks, depending on the magnetic field
component. In our flank simulations (Figure 3), we observe that for declination anomalies the spatial
misalignment is present on the north, east, and south flanks, whereas the intensity and inclination anomalies only
misalign on the east and west flanks. The FLUX sites were located on the north, south, and east flanks of Mt. Etna.
Consequently, declination is expected to be misaligned at all FLUX sites, while inclination and intensity anomaly
peaks will only deviate from topographical highs at FLUX sites on the eastern flank (two out of the five FLUX
sites included in the correlation analysis). The combination of offset magnitude and flank-dependent occurrence
explains the statistical relationships identified by Meyer and de Groot (2024). The smaller and not consistently
present spatial misalignment for intensity and inclination allows these anomalies to remain largely aligned with
topography at most sites, producing the observed strong correlation. In contrast, the stronger misalignment of
declination across all sampled flanks results in the weak observed correlation. This indicates that the lack of
correlation between declination anomalies and topography does not imply the absence of MTEs in declination,
but rather reflects the larger spatial offset between the anomaly and topographical feature driving it.

Lastly, we would like to reiterate that even though we emphasize the importance of volcanic flanks in MTE
anomalies, we do not imply that these anomalies are generated by the entire volcanic mass, but rather by the slope
present on each respective flank. This aligns with Tanguy and Le Goff (2004)'s findings, where the volcanic mass
of Mt. Etna was found to not impact paleomagnetic measurements.
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Figure 7. Median differences w.r.t. the IGRF (S) of intensity, inclination and declination for flank simulations at different

latitudes using an Etna-like topography, showing an estimate of systematic bias. For each flank simulation run, the anomaly
was computed at each point 1 m above the surface (see Section 2.3.1 for complete setup), after which the IGRF field values
were added and the intensity, inclination and declination were computed. Next, the median of all measurement points on the
flank was computed, and the IGRF intensity, inclination and declination were subtracted before plotting, thereby providing
an estimate of the possible global MTE bias.

4.3. Global Variations

To evaluate the global implications of our findings, we applied Mt. Etna’s flank simulations across a full range of
latitudes, effectively “moving” the same topography from the geographic North Pole to the South Pole while
recalculating the predicted MTEs as a function of latitude (Figure 7). These simulations were done by varying the
inclination and intensity of the magnetization as a function of latitude, assuming a GAD. The magnetization at Mt.
Etna, 7.5 A m~!, was used as a reference value to scale the magnetization intensity at other latitudes using GAD
latitude dependence. The IGRF-13 reference values were determined at an elevation of 1,300 m, at the same
longitude as Mt. Etna (14.955°E), and on the first of April 2018.

One observed and anticipated trend is a positive inclination bias in the southern hemisphere. Such a persisting
positive inclination anomaly from volcanic sources in the southern hemisphere has already been documented a
few times: an inclination anomaly of 5° in Chile, 2° in Réunion Island and Antarctica (Biasi et al., 2021; Roperch
et al., 2015; Tanguy et al., 2011). These values align well with our predictions. Additionally, declination
anomalies in the southern hemisphere exhibit larger variations on all flanks, suggesting that an MTE bias in
declination may persist even if all flanks are sampled well, although these deviations in the southern hemisphere
may be explained by the presence of the South Atlantic Anomaly in the IGRF-13 reference data. Nevertheless,
these findings are crucial given the growing focus on paleomagnetic research in the southern hemisphere due to a
historical lack of data and the presence of the South Atlantic Anomaly. Lastly, our results show that while MTE
intensity bias is predominantly negative across most latitudes, it becomes near-zero or positive within £30° of the
equator.

It is important to note that these simulations are based on Etnean topography and magnetization strength as a
representative case. A sensitivity analysis (see Figure S28 in Supporting Information S1) shows that variations in
topography parameters affect predominantly the absolute magnitude of MTE bias: steeper slopes and greater
relief produce larger anomalies, whereas gentler slopes and lower relief produce smaller anomalies. Nevertheless,
the broader trends and direction of the bias remain largely unchanged. The magnitude of the MTE-induced bias
therefore cannot be assumed to apply directly to other volcanic settings. Authentic topographies, often more
irregular than our generalized flank models, can also produce even larger anomalies, as demonstrated in our case
study.

4.4. Suggestions for Paleomagnetic Research

As shown before, the MTE can only be avoided above a flat surface, in line with Baag et al. (1995). In most, if not
all, volcanic regions, however, flat surfaces are very rare and the topography of the underlying lava flow is
typically unknown. As a result, the influence of MTE on an individual TRM measurement generally cannot be
distinguished from PSV. Improved sampling strategies, such as those proposed by Meyer and de Groot (2024),
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can reduce some local effects, but completely eliminating systematic bias, particularly in inclination and intensity,
remains difficult.

Nevertheless, the extent to which MTEs can be estimated and corrected depends on the available information.
Lava flows frequently mantle pre-existing relief, and broad topographic characteristics may be inherited between
successive flows or remain similar through time (Kilburn, 1996). MTEs above present-day topography or
representative topography may thus provide a first-order estimate of past MTE bias. However, our results also
show that small-scale topographic features, such as the crack-like feature at FLUX6, can generate large anomalies
and are rarely resolved by DEMs, limiting this approach at the scale of individual measurements. The MTE model
is therefore most useful for estimating systematic bias in sufficiently spatially and temporally distributed data sets,
where small-scale local MTEs are reduced through averaging, and for assessing biases associated with a particular
volcanic setting or sampling geometry, for example, if sampling was restricted to one flank. These estimates can
be improved by adapting the synthetic topography model using local slope and lava-flow morphology, or by using
a high-resolution DEM where available. We recommend that studies in rugged volcanic terrain include a detailed
analysis of the local topography to estimate potential MTE contributions.

In light of these limitations, it is essential to reconsider our approach to volcanic paleomagnetic records. Although
lava flows have long been regarded as reliable paleomagnetic recorders, our findings suggest they are subject to
systematic biases introduced by MTE, in a way analogous to the inclination shallowing known from sedimentary
records. Recognizing the presence of these biases and developing methods to correct for them are crucial steps for
future paleomagnetic research. Additionally, we emphasize the importance of data sharing: providing detailed
descriptions of sampling strategies and methodologies will improve the interpretability of published data sets and
support the identification of possible MTE-related bias.

Finally, beyond its paleomagnetic applications, the MTE code presented here can also be used to compute the
effect of topography on other magnetic data, including ground-based, drone-based, and shipborne magnetic
surveys over rugged, strongly magnetized terrain.

5. Conclusion

This study highlights the critical importance of accounting for local terrain-induced magnetic anomalies in lava
flows, particularly in regions characterized by strongly magnetized lava and rugged topography, where the po-
tential for terrain-induced systematic bias in paleomagnetic data is high. Based on our findings, we conclude the
following:

1. The model presented in this study can simulate realistic topographies and accurately compute the magnetic
field above highly magnetized matter.

2. The model presented here can replicate field sites and paths using DEMs, and the computed values match the
direct measurements to a high degree.

3. In areas of highly magnetized rock, such as lava flows, the topography of the underlying flow produces local
magnetic anomalies in the magnetic field above the flow. The dispersion of the magnetic field components can
be up to 20 % in magnitude and 21° in direction. These anomalies can be incorporated into future lava flows
cooling on top, and therefore the MTE can have a significant impact on paleomagnetic research.

4. MTE anomalies do not occur above flat lava flows.

5. As discrimination between PSV and MTE in measured TRM data of lava flows is most often impossible in
samples from volcanic terrain, the best method of acquiring accurate TRM data is by measuring at multiple
sites far apart within the same lava flow, although a persistent systematic bias may still be present.

6. Incorporation of MTE into paleomagnetic data explains both local anomalies and systematic biases docu-
mented on Mt. Etna and across the northern hemisphere.

7. The impact of potential systematic bias due to MTEs in paleomagnetic records is globally variable, requiring a
new approach focusing on recognition, quantification, and development of correction strategies to improve the
reliability of paleomagnetic data from volcanic sources.
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