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Abstract Scanning magnetic microscopy (SMM) is a modern magnetometry technique that maps the
magnetic anomalies resulting from small-scale variations of remanent magnetization within a sample. This
information is vital to understand the origin of rock behavior in laboratory experiments and in larger scale
magnetic surveys. To quantify the fine-scale remanent magnetization, we used 3D magnetic vector inversion

to jointly invert SMM data collected both above and below a 5 mm-thick norite sample from the Bjerkreim-
Sokndal layered intrusion in South Norway. The sample is from an area with a striking remanent aeromagnetic
anomaly which shows a minimum of —13,000 nT below background in the high-resolution helicopter survey.
Inversion results confirm bulk remanent magnetization measurements with calculated median magnetization
intensities between 79 and 106 A/m and a strong preferred magnetization direction perpendicular to the slab
plane. Furthermore, results indicate that the main source of natural remanent magnetization is in the pyroxenes.

Plain Language Summary Retrieving the small-scale variation of the magnetization of a rock
sample helps to identify the mineral phases containing the magnetization, and to evaluate their relative
contribution to total bulk magnetization. This information can be used to understand the magnetic history of

a sample and its geological setting. Today, rock samples can be magnetically scanned in a laboratory using a
scanning magnetic microscope. This microscope measures the magnetic field at closely spaced points in a plane
less than 1 mm from the sample surface. The main challenge in interpreting these results is the incorporation

of additional information about the sample to yield a robust, constrained and reliable model. Here, we applied

a 3D magnetization vector inversion (a sophisticated imaging method) and incorporated constraints for testing
different hypothesis. We found that the magnetization inversions fit the data accurately and lead to bulk
properties estimates consistent with those reported by previous studies.

1. Introduction

Remanent magnetization is a major component of magnetic anomalies in the Bjerkreim-Sokndal (BKS) layered
intrusion, in southwest Norway. The BKS lies in doubly plunging syncline and is composed of 6 mega-cyclic
units (MCU) subdivided into a sequence of zones, defined by the presence or absence of certain index miner-
als (Wilson et al., 1996) which in turn control the magnetic properties of the rocks and the magnetic pattern
(McEnroe et al., 1996, 2001). In general, the positive induced anomalies are observed over cumulates dominated
by magnetite and Ti-rich ilmenite while negative remanent magnetic anomalies are over hemo-ilmenite rich
cumulates (McEnroe et al., 2009). A clear example of the latter is the striking negative anomaly observed on
the east limb of the Bjerkreim Lobe at Heskestad, with amplitude of —13,000 nT in a high-resolution helicopter
survey acquired at 60 m above topography, and below —30,000 nT in ground magnetic surveys (McEnroe, Brown,
et al., 2004, McEnroe, Skilbrei, et al., 2004).

Here, we investigated the fine-scale mineral magnetic properties of a sample from this area. The magnetic response
of this sample is completely dominated by remanence. Traditional rock magnetic methods, used to investigate
the magnetization in natural rock samples, are bulk measurements resulting from magnetic properties' average
contributions from all sources in proximity of the sensor. Scanning magnetic microscopy (SMM) is a high-res-
olution mapping technique that allows us to characterize magnetic contributions of individual mineral phases
(deGroot et al., 2018; Egli & Heller, 2000; Hankard et al., 2009; Oda et al., 2011; Pastore et al., 2018, 2019, 2021;
Weiss et al., 2007, 2016). SMM generates a map of the magnetic field distribution over a planar surface of a rock
sample with sub-millimeter resolution which can be used to attribute specific magnetic signals to the underlying
mineralogy. This information is vital for a complete understanding of the bulk magnetic properties of natural
samples; it can be used to obtain direct information about the magnetization sources, to investigate the stability
of discrete sources' magnetization and to get insights into the magnetic history of the rock. We selected a 5 mm
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thick slice of the sample, rather than a petrographic thin section commonly used in SMM, to (a) minimize the
contribution of particles at the cut surface, which can have their magnetization altered by the preparation process
(Egli & Heller, 2000), and to (b) preserve the natural texture and microstructure (grain size and shape) of the
mineral assemblage; the study sample is indeed a coarse-grained rock with major mineral phases in the mm-size.

To quantify the small-scale variation of the magnetization between and within grains, and further to verify the
link between microstructure and magnetization, we employed state-of-the-art magnetic vector inversion (MVI)
methods. The MVI problem suffers from a high degree of nonuniqueness and additional constraints are required
to obtain accurate, reliable and interpretable results. To reduce degrees of freedom we incorporated geometrical
constraints from optical images and simultaneously inverted SMM data collected above and below the sample,
which is critical for improving depth resolution of magnetic sources. To assess if the SMM techniques and the inver-
sion method used here can accurately characterize the contribution of individual particles or phases, we compared
known bulk properties of the study sample with the modeled magnetization recovered from the magnetic inversions.

2. Materials and Methods
2.1. Petrography and Mineral Chemistry

The study sample is an ilmenite norite which belongs to the Megacyclic Unit IVe of the BKS layered intrusion.
Electron microprobe element mapping of a companion slice of the sample shows that the dominant silicate phases
are plagioclase and orthopyroxene with minor clinopyroxene and apatite. The discrete opaque phases are hemo-il-
menite and magnetite (Figure 1a). Exsolved opaques are common in the silicates: McEnroe, Skilbrei, et al. (2004)
describe lamellae of hemo-ilmenite in the orthopyroxenes, and magnetite blades with ilmenite lamellae in the
clinopyroxenes (Frandsen et al., 2004). McEnroe et al. (2000) and Robinson et al. (2001) describe the chemical
and petrographic oxide phases in Unit IVe from Heskstad.
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Figure 1. (a) Electron backscatterd images of a thin section made from the study sample. (b) Simplified mineralogy of top and bottom sides of the study sample slice
(above) and overlays of respective top and bottom magnetic scans with the mineralogy (below). Note that images of the bottom have been flipped along the y axis and
that Bz values for the top scan are reversed. The black arrows on the left side of the images of the core mark the orientation of the paleomagnetic core with reference to

magnetic north.
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The aim of this study is to investigate the source of the exceptionally high remanent magnetization of the study
sample. Bulk magnetic measurements on the sample core have a natural remanent magnetization (NRM) value
of 52 A/m, volume susceptibility of 0.098 SI and a Konigsberger ratio, calculated as the ratio between the NRM
and the induced magnetization (susceptibility X local magnetic field), of 13.3.

2.2. Scanning Magnetic Microscopy

SMM measures the magnetic field in a plane above the rock sample surface by rastering a small magnetic sensor
very close to the polished surface. Magnetic scans were performed with a scanning magnetic tunnel junction
(MT]J) device at the Norges Teknisk-Naturvitenskapelige Universitet (NTNU) Rock and Paleomagnetism labo-
ratory (Church & McEnroe, 2018; Pastore et al., 2019). The instrument measures the vertical component of the
field and all imaging is carried out at room temperature (~20°C). Helmholtz coils compensate for ambient mag-
netic fields, allowing for mapping of the magnetic remanence field. Here, measurements were taken both above
and below the study sample at a nominal sampling step of 50 pm in x and y for the scan made above the sample
slice and 35 pm for that made below the sample slice. The sampling rate was varied between measurements to
maximize per-point averaging time to improve signal-to-noise of low-frequency signals, subject to available
instrument time. Measurements were conducted with a sensor-to-sample distance of approximately 200 pm. The
MT]J microscope has field noise of ~70 nT/ \/ Hz at 1 Hz and positioning accuracy of ~100 nm.

The magnetic data are shown in Figure 1b overlain on the optical image of the sample. For display purposes the
magnetic data were gridded using a minimum curvature gridding algorithm, which is the smoothest possible
surface to the data points (Briggs, 1974). For the gridding we used a cell size of one fourth of the data sample
interval. Other parameters controlling grid accuracy and coverage setting are: (a) maximum number of iterations,
set to 100, (b) tolerance required for each grid cell set to a default of 0.1% of the range of the data and (c) blanking
distance, that is, how far the grid is extrapolated away from the nearest data point, set to 35 and 25 pm for top and
bottom scan data respectively. The overlays show strong magnetic fields over pyroxenes, and weak signals over
the plagioclase. Here, the magnetic field is generated by the remanent magnetization of the sample and its inten-
sity ranges between —152.2 and 36.1 pT in the magnetic scan of the top of the slice, and between —103.7-12.5 uT
in the magnetic scan of the back side of the sample slice.

2.3. Magnetic Vector Inversion (MVI)

To characterize the fine scale remanent magnetization of the thin section we used 3D magnetic vector inversion
(MVI) of SMM data, using the methods of Lelievre and Oldenburg (2009a). We discretized the volume of in-
terest (the sample thin-section) into two types of meshes. First, a rectilinear mesh with equidimensional cells of
dimension 500 pm was generated to fill a 25,500 pm by 25,500 pm by 5,000 pm rectangular prismatic volume.
Any cells with centroids outside the cylindrical sample volume were removed for the purposes of inversion, leav-
ing 20,250 cells representing the sample. Second, we used a workflow combining Triangle (Shewchuck, 1996)
and TetGen (Si, 2015) to generate an unstructured tetrahedral mesh containing smaller cells close to the top and
bottom sample surfaces and larger cells near the middle of the sample: tetrahedral face areas on the top and bot-
tom sample surfaces were constrained to be at most 62,500 pm? = 250 x 250 pm, consistent with the smallest
spacing of the decimated SMM data we used for inversion; tetrahedral volumes were constrained to be at most
125,000,000 pm3, corresponding to the volume of the cells in the rectilinear mesh. The resulting unstructured
mesh contained 105,581 cells.

MVI recovers a 3D distribution of magnetization, with each mesh cell having a three-component magnetization
with some intensity and direction. Allowing a 3-component vector magnetization greatly increases the non-
uniqueness of the magnetic inverse problem. Our methodology applied various regularization options and con-
straints to explore the space of all possible models. To do so, we use a highly flexible and functional inversion
software package, MAGNUM, developed jointly at Mount Allison University and Memorial University of New-
foundland, that allowed incorporation of all the constraints we were interested in.

We inverted using the Cartesian formulation of Lelievre and Oldenburg (2009a), where the magnetization is
defined as having three orthogonal components in some arbitrary reference frame. Initial inversions used the
typical default smoothing regularization, effectively a sum-of-squares on the differences between magnetization
components in adjacent mesh cells. This regularization approach generates models with smooth spatial gradients.
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We used a sensitivity weighting approach to counteract the decay of the magnetic kernels, following Li & Olden-
burg (2000), using the default parameter value = 1.0 (see their equation 18).

Additional inversions were run with several different regularization options. Because the data are collected both
above and below the sample, some experimentation was required to determine an appropriate value for the sen-
sitivity weighting parameter . For some inversions, we replaced the default smoothing regularization with a
total-variation regularization, using an Ekblom measure with power p = 1.1 and & = 107 to approximate the
L1 norm: see Farquharson and Oldenburg (1998) and Galley et al. (2020). Use of total-variation regularization
allows for sharper spatial changes in the magnetization across the inversion mesh, and is therefore more consistent
with the fact that the sample is a collection of magnetic and non-magnetic grains. For other inversions, we used
a smoothness regularization with rotated smoothness axis directions: see Li & Oldenburg (2020), Lelievre and
Oldenburg (2009b) and Lelievre and Farquharson (2013). This allowed us to prescribe a preferential direction
of smoothness along the plunge direction of the crystals of based on field measurements of lineation/foliation
plunges and on previous electron backscatter diffraction measurements of minerals' crystallographic orientation
(McEnroe, Skilbrei, et al., 2004). For the pyroxenes we considered a plunge of 72° and a plunge azimuth of 201°.
This generates models with more continuous magnetization in that plunge direction but with sharper discontinu-
ities perpendicular to that, for example, across crystal boundaries. Finally, additional inversions were performed
that specified that the magnetization should be in the direction of the bulk remanent magnetization recovered
from previous work (Brown & McEnroe, 2015; McEnroe, Skilbrei, et al., 2004, 2009): see Lelievre and Olden-
burg (2009a) for details on how this is achieved.

Other variables that we investigated included the mesh discretization (cell dimensions in the rectilinear mesh),
the amount of data used (data decimation), and the level of data fitting. For the latter, we assigned uncertainties
of 3,000 nT to the data measurements, which is about 1.6% of the range of data measurements (—152252—
36,107 nT). This is an uncertainty estimate based on experience: usually a value between 1% and 5% of the data
range is used. The choice is arbitrary because the actual fit to the data is controlled by the assigned target misfit.
To assess an appropriate level of data fit we took the common approach of inverting at many different target
misfits and performing a visual assessment of the recovered magnetization models and data residuals. Overfitting
of the data was apparent in the recovered magnetization models as a clear increase in anomalous structure, par-
ticularly near the edges of the sample, and in the data residuals as spatially correlated features in the data misfit
map. We also used the stats.normaltest function from the Python SciPy library to obtain a quantitative measure of
the normality of the residual distributions, and the plotting.autocorrelation_plot function from the Python pandas
library to assess the spatial correlation in the residuals. Together, these assessments suggested a target misfit in
the range 0.5-2.0 was most appropriate.

All of these various inversions served to explore the space of all possible models for this non-unique MVI prob-
lem, but the resulting bulk magnetizations for all inversions were fairly constant (see Table S1 in the Support-
ing Information S1). The bulk magnetization is determined from a vector magnetization model by first calculat-
ing the volume-averaged Cartesian magnetization components. Those averaged Cartesian components are then
converted to spherical coordinates to provide bulk magnetization amplitude, inclination and declination. Figure 2
shows the result of our MVI that was most consistent with the most accurate and verifiable a priori information;
this MVI used the finest rectilinear mesh and data spacing possible for our computing platform, it applied to-
tal-variation regularization, and used sensitivity weighting with the default f = 1.0.

3. Results

Only minor variations were observed between the models recovered by inversion of the data. Model differences
were assessed by comparing bulk magnetization properties and through directional data dispersion statistics (see
Table S1 in the Supporting Information S1). All models show similar mean vector directions with angular stand-
ard deviations below 33.6°; however, a higher precision parameter (k = 9.9, Butler [1998]) and a lower angular
standard deviation (25.7°) are estimated for model B. For display purposes we selected this model recovered with
a total-variation regularization (Figure 2). As mentioned above, the latter allows for sharper spatial changes in
the magnetization across the inversion mesh and is therefore more consistent with the fact that the sample is a
collection of magnetic and non-magnetic grains. All other models are available in a repository at DataverseNO.
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Figure 2. Perspective and cross-sections views of model B recovered with a total variation regularization by simultaneous inversion of top and bottom magnetic scan
data. (a) Perspective view with surface magnetic grids from top and bottom magnetic scans and sample's voxel model in the middle. (b) Voxel-models colored by
magnetization intensity, inclination and declination respectively. (¢) Perspective view and cross-sections (S1 and S2) of the model colored by magnetization intensity,

inclination and declination.
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Perspective views of the model recovered with a total variation regularization highlight areas of high magnetiza-
tion intensity and steep inclinations within the sample volume and specifically within the pyroxenes. However,
changes in declination angles lack a clear correlation with changes in intensity and/or inclinations. The magnet-
ization intensity ranges from 2.7 to 1,054.16 A/m with a mean value of 101.69 A/m and a standard deviation of
68.24 A/m. Inclination angles range from —89.93° to 89.14° with a mean of —56.83° and a standard deviation of
23.43. Declination angles range from 0° to 360° with mean of 305° and standard deviation of 75.9. Values are in
the same coordinate system used for modeling of the data, with the x—y plane parallel to the sample surface and
z positive upward. Declination angles are calculated assuming north parallel to the x axis, and considering the
sample's mark of the geographic north as zero declination (see black arrows in Figure 1).

While Figure 2b indicates a layer of more highly magnetic material sandwiched between lower regions, this is not
the case. The anomalous high intensity seen in Figure 2b is only on the very side of the model, only a couple cells
thick, and is likely an edge effect or a drilling induced magnetization that could be investigated in future work.

Figure 3 shows perspective views of representative models obtained using different regularizations: a default reg-
ularization (model A) that generates a smooth model compared with that obtained with the total variation (model
B), an alternative regularization that encourages continuous features in the plunging direction of the grains and
sharper changes allowed perpendicular to that direction (model C) and a regularization that encourages recov-
ered magnetization directions to align with the calculated bulk direction (model D). Beside small variations, all
models show consistent bulk magnetization results independent of the regularization used or data decimation.
However, total variation (model B) and constrained magnetization direction regularization (model D) show out-
liers with intensity values above 300 A/m (see histograms in Figure 3) compared to models obtained with other
regularizations. Cells with these values are mostly observed at the edge of the sample and are likely the effect of
an artifact of the inversion.

4. Discussion

Here, we inverted SMM data on a 5 mm thick sample slice to model the sample's magnetization. To constrain the
results better we used a joint inversion of magnetic scan data collected above and below the sample slice. This
work is the first, to the authors' knowledge, to successfully invert experimental SMM data collected above and
below a sample, which is critical for improving imaging depth resolution on thicker samples.

To assess the accuracy of the inversions, modeled bulk magnetizations were compared to bulk measurements on
the core from which the 5 mm slice was made, and the two 1-inch companion samples cut from the original pale-
omagnetic core. A stereoplot in Figure 4 shows the distribution of individual cell's magnetization values and the
resulting average magnetization for model B with mean vector intensity of 95.38 A/m, steep negative inclination
of —68° and declination of 331°.

The stereoplot shows a preferred orientation in the distribution of individual voxels directions which resemble
the orientation of rods and blades of ilmenite with exsolved hematite within the orthopyroxenes, observed by
optical and transmission electron microscopy in a previous study by McEnroe, Skilbrei, et al. (2004). Although
the size of these rods and blades is below the resolution of the magnetic scan data, this consistency suggests that
there is an obvious anisotropy in the magnetization direction which is visible also at the resolution scale of the
magnetic scans.

Nonuniqueness of inverse problem can be significantly reduced using prior information, for example, observed
mineral fabric, sparsity of opaque grains through sample and independent magnetic measurements. However, we
observed that imposed constraints did not significantly affect the results. All models yielded results consistent
with the bulk remanent magnetization measurements on the study sample; in unrotated sample coordinates, the
magnetization inclination angles range from —64° to —68°, while declination angles range from 301° to 312° (see
McEnroe et al., 2009 for site properties in geographic coordinates).

All models indicate a magnetization with variable intensity across the sample volume but a consistent direction.
Local changes within the models were mostly observed at the edges of the sample.
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Figure 3. Left: Perspective views of representative models (see Table S1 in the Supporting Information S1 for differences in bulk magnetization calculations and
dispersion statistics) with arrows indicating individual models' cells magnetization. Arrow orientation indicates the magnetization direction, and their color and size,
the magnetization intensity in A/m. Middle: Histograms of magnetization intensity of models shown to the left in logarithmic scale (magnetization is shown in the
horizontal axis and ranges from 0 to 1,200 A/m). Right: Stereonets with contour plots with a fixed counting circle at 1% area of individual voxels' directions for each of
the models shown to the left.
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Figure 4. Stereoplot with data from model B. (a) Stereonet of discrete mesh cells magnetizations (open and closed circles) with overlayed in transparency contour
plots of the same mesh cells shown in (b) and (c). The stereonet shows that the modeled mean vector calculated from all individual cells' magnetization is close to the
expected bulk magnetization value measured on the core from which the investigated 5 mm slice was made (b) Contour plots of negative inclinations solutions with
N indicating the number of vectors considered (19,541). (c) Contour plots of positive inclinations solutions with N indicating the number of vectors considered (709).
Magnetization directions are given in sample coordinates considering the sample's mark (black arrow on the side of the sample image in Figure 1) as zero declination
and z positive upward. Inclination angles indicate the magnetization orientation with respect to the x-y plane parallel to the sample surface. Closed circles indicate
positive inclinations; open circles, negative inclinations.

5. Conclusions

Obtaining reliable information about the magnetic mineralogy of rock samples is vital for an understanding of the
origin of rock bulk behavior in both the laboratory and larger scale magnetic surveys. Here, we used 3D magnetic
vector inversion of SMM data to recover the small-scale remanent magnetization of a sample. We used various
regularization options for hypothesis testing and these gave consistent results.

Our findings suggest that the magnetization intensity varies across the sample volume with areas of high intensity
within the pyroxenes and a strong preferred magnetization direction perpendicular to the slab plane, as indicated
by the steep inclination angles. This result is consistent with previous magnetic studies on this sample and com-
panion norite specimens from this location.

The largest magnetization intensity is observed within the pyroxenes. This finding validates previous work in-
dicating the exsolution in the pyroxenes are a main source of magnetization in this sample. These micron-sized
exsolution lamellae have a large effect on the sample bulk property and consequently on the broad high-amplitude
magnetic anomaly measured in the sampling region. However, a full understanding of the nature of the large
remanent signal from the pyroxenes remains elusive and further transmission electron microscopy is planned to
characterize these lamellae. Scanning magnetic microscopy is shown to be an excellent tool to investigate the
sources of the magnetization at the mineral scale and to evaluate their contribution to the bulk rock properties, and
to the correlative magnetic anomaly. This is an essential step to scale up interpretations from the mineral scale to
the larger geological picture.
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MVI has a potential for future detailed studies of remanent and induced magnetization with flexibility in incor-
porating constraints and testing various hypotheses. It has great potential to further our understanding of mineral
magnetism, and with the application of magnetic fields of known intensity and directions using the Helmholtz
coils, could greatly aid in developing our exploration tools.
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