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Abstract Information on the past of Earth's magnetic field can be retrieved from magnetic grains in rock
samples. Micromagnetic Tomography (MMT) is a recently developed method that uses magnetic surface scans
from a Quantum Diamond Microscope (QDM) combined with the position of magnetic grains in rock samples
to calculate the magnetic moments of those grains. An important parameter for these calculations is the sample-
to-sensor distance during the magnetic measurements. Until recently, sample placement in the QDM was
typically done manually. To improve sample placement, we developed an automated sample placement system
(JAMES). JAMES eases the sample placement process by enabling the positioning of the sample in the x and y
direction, as well as positioning of the sample plan-parallel against the sensor or at a known distance from the
sensor with a precision of £1 pm. We evaluated the importance of a known sample-to-sensor distance for
retrieving quantitative magnetic information with MMT. With a known distance, individual grain magnetic
moments and summed intensities (summed magnetic moments of individual grains) can be accurately
determined. The sample-to-sensor distance is less important for determining directions, when studying isolated
grains with dipolar magnetic surface expressions. However, when grains do not meet those conditions, a known
sample-to-sensor distance is required to determine accurate directions. JAMES is now a standard element in the
MMT procedure, ensuring reliable and repeatable magnetic measurements with the QDM. This greatly
improves the precision of the magnetic moment calculations in MMT and advances the extraction of magnetic
information from rock samples.

Plain Language Summary Magnetic grains in rocks hold information on the history of Earth's
magnetic field. Magnetic microscopy enables the analysis of the signals stored in these grains to reconstruct the
past direction and strength of the field. To do this accurately, it is important to know the exact distance between
the rock sample and the sensor of the magnetic microscope. We have developed a system that places samples
with high precision, positioning them at a known and controlled distance from the sensor in the microscope. In
this study, we show that this precise positioning is valuable for calculating the strength of the magnetic signals
and for analyzing individual grains. This helps extract more information about the Earth's magnetic field history
from rocks.

1. Introduction

Emerging techniques in magnetic microscopy are transforming the field of paleomagnetism and rock-magnetism.
These techniques enable analysis of the magnetic signals of individual magnetic minerals in rock samples,
providing insights that go beyond those obtained from traditional bulk rock measurements. Magnetic microscopy
enables high-resolution imaging of magnetic fields in geological samples with unprecedented precision and
accuracy. These techniques are often used for qualitative analyses, to study the magnetic sources in a rock and
their mineralogy and remanent magnetization (e.g., Brenner et al., 2022; Fu et al., 2014; Hess et al., 2024).
However, they can also be applied for quantitative determinations of the magnetic moments of individual
magnetic carriers, representing the direction and intensity of the ancient magnetic field (e.g., Fu et al., 2021;
Grappone et al., 2025; Qi et al., 2025; Steele et al., 2023). Quantitative magnetic microscopy interpretations
enable the potential retrieval of paleodirections and paleointensities from samples that could previously not be
interpreted. To apply these techniques for quantitative analysis, a mathematical inversion is inherently required to
transform 2D data to 3D information, but this process results in a non-unique solution (Kellogg, 1929).

Micromagnetic Tomography (De Groot et al., 2018, 2021) is a recently developed technique used for studying the
magnetic information stored in geological samples that solves the uniqueness problem. It involves a combination
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of magnetic microscopy with a Quantum Diamond Microscope (Glenn et al., 2017; Levine et al., 2019; Scholten
et al., 2021) and 3D imaging of magnetic carriers by micro-/nanoCT scanning. These data sets are combined and
inverted to retrieve the magnetic moments of individual iron-oxide grains in rock samples. The individual
magnetic moments can be analyzed separately, allowing for the selection and interpretation of only the reliable
magnetic recorders in a sample. By removing the contribution of poorly behaving magnetic recorders, the quality
of the magnetic interpretations is greatly improved. Since the calculated magnetic moment per grain depends on
the cubed distance, a precisely known sample-to-sensor distance is vital. The influence and importance of this
distance is the focus point of this study.

In the Quantum Diamond Microscope (QDM) a diamond sensor is positioned above a polished, flat surface of a
rock sample to enable optimal interaction between the sensor and the magnetic field of the sample. Positioning the
sample against the diamond sensor of the QDM is typically done manually, which gives the user limited control
over the precise placement in x, y, and z space as maneuvering the sample can be quite challenging and time-
consuming. Automating control over the sample-to-sensor distance is valuable for the measurement precision
and accuracy of the QDM and will promote routine use of the QDM. Therefore, we developed an automated
sample placement system (James Automates Manipulation of Earth Samples; JAMES). JAMES allows for precise
and controlled placement of the sample against the sensor or at a known distance from the sensor, with precise
control in the x and y direction. We used JAMES to evaluate the importance of the sample-to-sensor distance for
Micromagnetic Tomography (MMT) in a series of standoff distance experiments. We carried out bulk inversions
and individual grain inversions on our experimental results, to determine the effect of the sample-to-sensor
distance on the retrieval of magnetic moments.

The interpretation of QDM data and other magnetic surface maps is often done by means of upward continuation,
where the magnetic moment is calculated by extrapolating magnetic data to larger distances from the sample
(Blakely, 1996; Fu et al., 2020; Lima et al., 2014; Lima & Weiss, 2009, 2016; Oda et al., 2024). However, this
averages the magnetic contributions of individual sources present in the sample without the option to consider the
quality of the individual magnetic recorders (De Groot et al., 2021). To improve upon this method and enable full-
vector inversion of micromagnetic microscopy results, Souza-Junior et al. (2024) developed a semi-automated
approach based on Euler deconvolution to determine the position and magnetization of dipolar magnetic car-
riers, purely based on magnetic microscopy imaging. This information is successfully used to invert and quantify
the magnetic moments of individual grains in samples. We used this method to estimate the sample-to-sensor
distances in our experiments, in addition to the measured sample-to-sensor distances, and evaluated its use
and feasibility for MMT.

Here, we present the technicalities and precision of JAMES as well as the results of a series of standoff distance
experiments. We discuss the importance of a well-known sample-to-sensor distance for obtaining reliable
magnetic moments through the inversion routine of MMT.

2. Methodology
2.1. Sample Description

For this study, we selected a Hawaiian tholeiitic basalt sample from the 1907 Kilauea flow, Hawaii. This sample
has previously been used as a case study for micromagnetic measurements (De Groot et al., 2021) and for
characterizing individual magnetic moments (Kosters et al., 2023). De Groot et al. (2013) collected this material
from site HWO03, the rock-magnetic properties of individual iron-oxide grains are described by Ter Maat
et al. (2018) and the petrography is described by Kosters et al. (2023). The sample consists of a 3-mm drill core cut
from a 30 um thin section. Iron oxides are distributed throughout the sample, are predominantly cubic in shape,
and show only minor weathering related oxidation. Chemical analyses (Ter Maat et al., 2018) indicate that the
iron oxides comprise two groups of minerals. The first is ilmenite, a paramagnetic mineral at room temperature
(Readman & O’Reilly, 1972). The second is titanomagnetite, which is ferrimagnetic and may hold a remanent
magnetization at room temperature (Dunlop & Ozdemir, 1997). Prior to magnetic measurements, the sample was
polished with a colloid silica suspension to remove surface magnetizations induced by mechanical polishing
during sample preparation (De Groot et al., 2021).
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Figure 1. Technical specifications of JAMES. The function of the system's components is explained in the main text. The
main objective of JAMES is to achieve precise plan parallel placement of the sample surface against the diamond sensor
surface, which is located above the sample.

2.2. Micromagnetic Tomography

Micromagnetic Tomography (De Groot et al., 2018, 2021) combines magnetic surface maps of rock samples with
the spatial and dimensional data of the magnetic carriers in the samples, to solve their individual magnetic
moments through a least-squares minimization with a unique solution (Fabian & de Groot, 2019). Typically,
volcanic samples are used for MMT because they contain numerous small magnetite particles, which are
considered ideal recorders of the geomagnetic field that contain a detectable signal.

2.2.1. JAMES

To accurately retrieve reliable magnetic moments using MMT, it is necessary to precisely control the distance
between the sample and the diamond sensor of the QDM, as the calculated magnetic moments depend with the
third power on this distance (e.g., Cortés-Ortufio et al., 2021). Until now, sample positioning was performed
manually. To improve the sample positioning, we developed an automated sample handler for the QDM in our
lab, named JAMES (James Automates Manipulation of Earth Samples, Figure 1). JAMES facilitates 1 pm
precision sample placement along the x, y, and z axes, and ensures optimal plan-parallel alignment with the
diamond sensor through x and y tilt adjustments. The alignment process is controlled by a load cell, which detects
sample contact with the diamond while simultaneously preventing excessive pressure that could damage the
diamond. JAMES also simplifies repetitive measurements on the same sample area, for instance, after magnetic
treatments in different machines.

The core of JAMES comprises a stepper-motor-driven actuator for movement along the x, y, and z directions.
Mounted on this three-axis system are x and y axis goniometric tilt platforms, manipulated by piezoelectric
motors. Above this, a 3D-printed holder houses two mechanically paralleled load cells monitored by independent
circuits for redundancy and sensor safety. The sample holders are placed on top of the load cells and are designed
to geometrically lock into place using a system of knife edge bearings. This modular design enables the creation of
custom sample holders through 3D printing, allowing the top of the holder to be tailored to accommodate various
sample geometries and materials. The sample holders can be adapted to any finely polished flat sample of up to
26 mm in diameter and a thickness ranging from standard thin sections to 15 mm.

The sample-loading process begins with JAMES moving to a designated loading position, approximately 24 mm
below the diamond. Once the sample is loaded, JAMES can move upward to a rest position where the top of the
sample is approximately 2 mm below the diamond. From this rest position JAMES incrementally moves upward
again, now using the load cells to detect contact at a pressure threshold of 15 mN. This value is chosen to ensure
sample-sensor contact while maintaining a low enough pressure to prevent any damage to both the sample and
sensor. Upon contact, an automated sequence optimizes the x and y tilt adjustments to achieve plan-parallel
alignment with the diamond sensor. This alignment can be confirmed by the operator, by looking at the
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appearance of the fringe pattern over the entire field of view of the sample. This fully autonomous placement
sequence typically takes between 10 and 45 min depending on the geometry, size and surface quality of the
sample and JAMES?’ initial tilt states. The operator can further refine the x and y positions, while maintaining the
goniometer angle adjustments. The x and y positions can be saved and reused for successive measurements of the
same sample, resulting in a substantial reduction in setup time. This option enables mosaic mapping, where
multiple neighboring fields of view can be systematically captured with controlled overlap and combined to
create a larger synthetic magnetic map. This capability allows magnetic petrographic analyses over sample areas
much larger than a single field of view. The z position can also be adjusted, increasing the distance between the
diamond and the sample from the initial direct contact to a maximum of several millimeters while keeping the
sample and diamond surfaces plan parallel.

Using a high contrast optical target and given the diffraction limit of the QDM's optical stack (8 pm for 625 nm
light), we can evaluate the precision of the sample to diamond distance adjustment. To do this, we increased the
test target to diamond distance in seven steps from direct contact to 50 pm and for each step adjusted the position
of the optical stack to visually observe the upper and lower positions of the range of maximum image sharpness.
When this procedure was carefully executed the observed positions were within 1 pm of the expected positions.

While JAMES substantially enhances sample positioning, it does have some limitations. Achieving the 1 pm
alignment accuracy requires a clean sample surface, as dust can prematurely activate the load cell before the
sample itself touches the diamond. Additionally, samples must be securely attached to the sample holders, which
in turn must lock into place on the knife edge bearings on top of JAMES. Thermal expansion due to the incoming
laser light of the QDM can also impact measurements, particularly at larger standoff distances where the sample is
not in direct contact with the diamond. In these cases, thermal equilibrium must be reached prior to positioning the
sample to minimize changes in the sample-to-sensor distance during QDM measurements.

2.2.2. Quantum Diamond Microscopy

The magnetic surface maps for this study were created with the Quantum Diamond Microscope (QDM) at the
paleomagnetic laboratory Fort Hoofddijk of Utrecht University (The Netherlands), which is similar to the set-up
described in Glenn et al. (2017). The N15 diamond sensor contains an NV-layer of 1.7 pm thickness. The QDM is
housed in a magnetically shielded room with a residual magnetic field of <400 nT to avoid influence of the
geomagnetic field during measurements. Prior to the magnetic measurements, the sample was given an isothermal
remanent magnetization (IRM) pulse of 140 mT in the direction 180°/00° with a PM4 pulse magnetizer, to
provide the sample with a known magnetic direction. This field is expected to exceed the coercivity of most
titanomagnetite grains, effectively saturating them. Then, the sample was measured at a series of standoff dis-
tances from the sensor in the QDM. The distances were set at 0, 5, 10, 15, 20, 25 and 35 pm with the use of
JAMES. The resulting magnetic maps have a maximum field of view of 1,920 X 1,200 pixels with a spatial
resolution of 1.20 pm, resulting in 2,304 X 1,440 um images. During measurements, a bias field of 1.6 mT is
applied with a periodically switching polarity. This approach removes any induced magnetization from the
remanent magnetization measurements by averaging the images acquired with switched polarities. The QDM
measurement settings are listed in Table 1. The results were not binned for data processing and a global fluo-
rescence correction of 0.2 was applied (Fu et al., 2020; Volk et al., 2022). The magnetic map is converted to a map
with the vertical component (Bz) of the magnetic flux (Fu et al., 2020; Lima & Weiss, 2016) for further
interpretation.

2.2.3. Micro-Computed Tomography

The spatial and dimensional data needed for this study (De Groot et al., 2018, 2021; Fabian & de Groot, 2019)
were obtained with the Nanotom-S MicroCT at TU Delft (The Netherlands). The scan resolution is 0.75 pm with a
field of view of 1,901 X 2,301 pixels, the measurement settings are listed in Table 2. CT scans generate a three-
dimensional image of the sample, and the data interpretation is based on the large attenuation contrast between the
high-density magnetic carriers and the surrounding low-density silicate minerals (Cnudde & Boone, 2013). The
data is processed with Dragonfly software (ORS), which makes it possible to integrate the QDM data with the
nanoCT scans into a single environment. The CT-data are first processed using a median filter to reduce noise,
followed by a K-means filter to categorize the data into groups based on density. The group that contains the high-
density voxels is processed further, as this group represents the iron oxides in the sample. The attenuation
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Table 1
ODM Measurement Settings

threshold is set at the minimum value of this high-density group to ensure that
all magnetic grains in the sample are identified. If any non-magnetic grains

Settings

Sample HWO3 are unintentionally included, the MMT inversion will assign a (near) zero

Exposure time (ps)
Camera frame time (pus)
Microwave power (dBm)
Number of sweeps

Start frequency 1 (GHz)
End frequency 1 (GHz)
Start frequency 2 (GHz)
End frequency 2 (GHz)

Frame pairs per frequency

magnetization to those grains. The adjacent, interconnected voxels in the

13,000 high-density group are merged into grains with a 26-voxel approach, where
13,500 voxels that touch, even by one single corner, are grouped into a single
—6 magnetic grain. For these grains the size, shape, and location are now known.
16 All grains with <10 voxels are removed from the data set, as they are deemed
2 806 too small for reliable imaging due to noise interference.
2.834 . .
2.2.4. Data Set Co-Registration
2.899
2.927 The QDM is an optical instrument and it is capable of capturing images of the
20 sample surface under LED illumination. To link the data sets, grains identi-

Table 2

MicroCT Measurement Settings

fied in the CT scans are mapped to corresponding surface grains visible in the
LED image obtained by the QDM, see Figure 2 of De Boer et al. (2025) for an
illustration of the mapping process. The LED image shares the same coordinate system as the magnetic map
obtained by the QDM, therefore the magnetic map and the CT data are automatically aligned within the same
coordinate system as well. The grain characteristics can then be exported for further use. The size, shape and
position of the grains are used to determine properties such as grain diameter, grain volume, and distance from
sample surface. The smallest grains considered in this study have a minimum diameter of 1.5 pm. Since obtaining
primary magnetic information is not the objective of the current study, it is not a problem that the smaller, more
magnetically stable single vortex to single domain grains of the sample are not included.

2.2.5. Magnetic Moment Calculations

The co-registered magnetic data and CT scans are inverted using the inversion routine as in Cortés-Ortufio
et al. (2021). This method uses least squares minimization to calculate the individual magnetic moments in three
orthogonal directions per magnetic carrier. Here, the dipole expansion is used for the calculations, further details
and access to the numerical libraries are described in Cortés-Ortuilo et al. (2024).

The inverted data is further processed by applying an SSR cut-off of 7.4 X 10~* to remove mathematically
incorrect results (Out et al., 2022) from the bulk. An Mr/Ms cut-off value of 0.5 is applied to remove any
physically unrealistic grain solutions from the bulk. The remaining grains are then used to assess the significance
of a known sample-to-sensor distance in quantitative magnetic microscopy.

2.3. Individual Grain Depth Analysis

Besides the bulk inversions, described in the previous section, we use the individual magnetic moments of eight
selected grains (Table 3) to analyze the importance of a known sample-to-sensor distance. We selected grains that
show a clear dipole signal in the magnetic surface maps and are sufficiently isolated from neighboring magnetic
grains, to avoid contamination of their magnetic surface expression by signals from nearby grains. Additionally,
we used the individual inversion and the combined (dual) inversion of two non-isolated grains, for comparison
with the results of the isolated grains. The grain properties are derived from CT analysis and the equivalent
diameter is calculated from the grain volume, assuming a spherical particle.

We retrieved the sample-to sensor distances set with JAMES (£1 pm), and
we also used the method of Souza-Junior et al. (2024) to estimate the sample-
to-sensor distances using Euler deconvolution. Then we compared the
inversion results obtained with MMT and the method of Souza-Junior

Settings

Sample HW03 et al. (2024) and determined the influence and significance of sample-to-

sensor distance on MMT results.

Source voltage (kV)
Source current (HA)
Image pixel size (pm)

Number of projections

120
80 The authors used ChatGPT (OpenAl) for text editing and language refinement
075 in the preparation of this manuscript. All intellectual contributions, including
’ the research design, data analysis, and conclusions, are solely those of the
1,440

authors.
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Table 3
Properties of Ten Individual Grains Selected for Further Analysis

Grain number Grain depth (pm) Grain volume (um?) Equivalent diameter (pm)

Isolated grains

3987 14.7 1.849%103 15.22
4113 14.0 4.539%103 20.54
4125 8.4 4.964%103 21.16
4155 16.2 5.668%10° 22.12
4198 9.3 8.417%10° 25.24
4243 23.0 1.231*%10* 28.66
4246 14.2 1.249%10* 28.80
4288 15.7 1.963%10* 33.47

Non-isolated grains
1577 25.5 5.638 221
4157 8.2 5.868%10° 22.38

Note. Grain depth is the distance from the grain center to the sample surface, determined by CT analysis. The grain volume is
also determined from CT analysis and was used to calculate the equivalent diameter.

3. Results
3.1. Distance Results

Table 4 provides an overview of the sample-to-sensor distance determinations done for this study. The distance
input is the distance setting of JAMES that was used per experiment. This input was verified by focusing on a high
contrast optical target, to evaluate the precision of the JAMES system. The resulting measured distance has a
maximum deviation of 1 pm from the distance input. From the surface magnetometry results of the standoff
distance experiments with the sample, distances were estimated using the method of Souza-Junior et al. (2024).
These estimates tend to be an overestimate for samples measured close to the sensor (<20 pm) and an under-
estimate when samples are farther removed from the sensor (>25 pm). The JAMES distance inputs, as well as a
perturbation of £1 pm, and the distance estimates are used for calculations of magnetic moments both of the sum

rgz:;;a‘:'ison of the Sample-to-Sensor Distances Used for Inversion Calculations in the Current MMT Study

1 Distance input (pm) 2 measured distance (pm) Apm (2-1) 3 Distance estimate (pm) Apm (3-1)
0 0 0 8.9 8.9
5 5 0 18.7 13.7
10 10 0 18.8 8.8
15 15 0 21.5 6.5
20 20 0 314 114
25 - - 23.7 -13
30 29 -1 - -
35 - - 25.6 9.4
40 40 0 - -
50 50 0 - -

Note. The distance input (1) is the distance setting of JAMES per experiment. The measured distance (2) is the actual distance,
reconstructed by focusing on a high contrast optical target to determine the precision of JAMES. A maximum difference of
1 pm with the input distance was measured. The distance estimates (3) are based on the method of Souza-Junior et al. (2024).
For shallower experiments (<20 pm) the sample-to-sensor distance is typically overestimated, while for deeper experiments
(>25 pm) the sample-to-sensor distance is underestimated.
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Figure 2. Summed intensity of the grains in the sample against the distance of the sample to the sensor of the QDM. The intensities of the distance experiments are
calculated for 4 sample-to-sensor distances: the distance setting of JAMES (JAMES distance), the distance setting of JAMES minus 1 pm (JAMES distance —1 pm), the
distance setting of JAMES plus 1 pm (JAMES distance +1 pm), and the estimated distance using the method of Souza-Junior et al. (2024). The summed intensity values
of the latter differ up to half an order of magnitude from the intensities calculated with the distance setting.

of all grains and of individual grains, to determine the importance of a known sample-to-sensor distance for
quantitative results determined with Micromagnetic Tomography.

3.2. Summed Results

Before the series of standoff distance experiments was carried out, the sample was imparted with an IRM pulse of
140 mT applied parallel to the sample surface in the direction of 180°/00°. It is important to note that the magnetic
state of the sample was not changed during the distance experiments, therefore we expect to retrieve an identical
summed intensity and summed direction with every measurement distance. We inverted the results and the
magnetic moments per grain were summed to determine the summed intensity and the summed direction of the
sample per distance experiment. The goal is to determine whether the imparted IRM direction can be retrieved
from the data and what the importance of a known sample-to-sensor distance is for these calculations. It is
important to note that all results were filtered using the SSR and Mr/Ms cut-offs as described in the methods
section.

The summed intensities across the distance experiments (Figure 2) are relatively constant when using the distance
setting of JAMES 1 pm. They differ at most a factor of 2 across the different experiments. When the distance
estimates are used, larger summed intensity differences are found across the distance experiments, with a
maximum difference of almost an order of magnitude. The values of the summed intensities calculated with the
JAMES distance setting and with the distance estimate differ up to half an order of magnitude within the same
experiment.

The vector angle deviation is the angle of the summed direction in the sample with the imparted IRM direction
parallel to the sample surface in the direction of 180°/00°. Therefore, the maximum possible vector angle de-
viation is 180°. The results (Figure 3) vary strongly across the distance experiments, and the angle ranges from
14° to 56°. The used distance (JAMES distance input +1 pm or the distance estimate) does not consistently affect
the vector angle deviation. Within the same experiment, the maximum difference between the results of the used
distances equals 20°.
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Figure 3. Vector angle deviation of the summed direction of the grains in the sample against the distance of the sample to the sensor of the QDM. The vector angle
deviations of the distance experiments are calculated for 4 sample-to-sensor distances: the distance setting of JAMES (JAMES distance), the distance setting of JAMES
minus 1 pm (JAMES distance —1 pm), the distance setting of JAMES plus 1 pm (JAMES distance +1 pm), and the estimated distance using the method of Souza-Junior
et al. (2024). There is no notable difference between the latter and the directions calculated with the distance setting.

3.3. Individual Grain Results

Besides a bulk inversion, we also inverted individual magnetic grains. The magnetic moments per distance
experiment per grain were calculated to determine whether the imparted IRM can be retrieved from the data and to
determine the importance of a known sample-to-sensor distance for these calculations. Eight individual grains
with an isolated, dipolar signal were selected for this analysis. Furthermore, two grains were selected that are not
isolated and optically show one dipole signal on the Bz-map from the QDM (Figure 4). A 30 pm X 30 pm area
around each grain was selected to ensure that only (the field of) the grain of interest was included in the inversion
of the individual sources. The properties of the grains are listed in Table 3, it should be noted that all are multi-
domain (MD) grains, when considering their equivalent diameter.

The calculated magnetic moments per grain are shown against sample-to-sensor distance (Figure 5). For most
grains, a consistent magnetic moment is determined across the distance experiments. When the JAMES distance
+1 pm is used, the magnetic moments vary by at most a factor of 3 across the experiments. The =1 pm maximum
deviation from the JAMES distances is considerably more important for shallower experiments than for deeper
experiments, because the magnetic moment calculations strongly depend on the sample-to-sensor distance,
inducing a proportionally larger deviation when the distance is small. For grain 4125 and grain 4198 the magnetic
moments seem to increase with deeper experiments, this likely has to do with the following methodological
problem. The magnetic moments per grain were calculated by selecting a 30 pm X 30 pm area around the grain
and inverting this area. Grain 4125 and 4198 are close to the sensor (Table 3), so this area is probably too small to
capture the entire magnetic surface signal of the grains. As a result, the magnetic moment assigned to the grains by
the inversion will be too small. At greater grain-to-sensor distances, the total magnetic surface signal falls within
the selected area and the inversion assigns a correct magnetic moment to the grains. For grain 4125 in particular,
the orientation of the dipole may further contribute to this effect, as it’s direction is more out-of-plane than that of
the other selected grains. In addition, a common problem in QDM measurements is the sensor field saturation,
which occurs when ODMR peaks shift out of the measured frequency range and lead to poor fits. This is visible as
enhanced pixelation in areas showing a high magnetic field. However, we typically filter these pixels and remove
them from the inversion. It seems that for the 5 pm distance experiment, JAMES was at a larger distance than the
distance input setting, since there is a dip in magnetic moment in all grains during that experiment. This
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Figure 4. Magnetic flux density map obtained from the QDM with the magnetic centers of the iron oxide grains, as derived from the CT scans, marked as black dots.
Positive Bz-values point out of the paper, negative Bz-values point into the paper. The red squares indicate the location of eight isolated grains selected for further
analysis. The green rectangle indicates the location of two non-isolated grains selected for further analysis. All grains are labeled by their respective grain number. The
sample was given a 140 mT IRM pulse in the direction of the arrow.

discrepancy is likely caused by a setup-related user error. When instead of the JAMES distances the distance
estimates are used, the results vary up to an order of magnitude across experiments. The maximum difference in
magnetic moments calculated with the JAMES distance setting and the distance estimate is almost an order of
magnitude within the same experiment.

The calculated directions per grain are shown per standoff distance experiment (Figure 6). Generally, the grains
reproduce the imparted IRM of 180°/00° well, particularly for the experiments shallower than 20 pm. Except for
grain 4155, the results become worse for the 20, 25 and 35 pm distance experiments. For grain 3987, 4113, and
4288 the declination changes up to 40° eastwards for the deeper experiments. For grain 4125, 4198, 4243, and
4246 the inclination changes, steepening to 40° for the deeper experiments. This is probably caused by noise
interference at larger sample-to-sensor distances. Furthermore, when the sample and sensor are not touching,
reflections can occur during measurements, obscuring the obtained images and therefore the derived directions.
No substantial difference is observed between the directions determined with the JAMES distances and those
using the distance estimates.

In addition to the analysis of the magnetic moments and directions determined from isolated grains with a dipolar
magnetic surface expression, we analyzed two non-isolated grains that have a combined dipolar magnetic surface
expression (Figure 4). The observations described for the isolated grains (Figure 5) are similar to the observations
made for the non-isolated grains (Figure 7). Grain 4157 is larger and shallower than grain 1577 (Table 3). Since
this grain is close to the sensor, the inverted area surrounding it is probably not large enough to capture the entire
magnetic surface signal of the grain. Therefore, the magnetic moment assigned to the grain is too small at the
shallower experiments. When the grain is located further from the sensor, the entire magnetic surface signal falls
within the inverted area and a correct magnetic moment is assigned to the grain. The magnetic moments assigned
to grain 1577 are more difficult to interpret, likely due to its small size and large distance from the sensor which
results in a small surface expression of the magnetic signal. The SSR of this deep grain is below the SSR cut-off.
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Figure 5. Magnetic moment plotted for 8 individual grains, per distance experiment. For every distance experiment, 4 sample-to-sensor distances were used to calculate
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Figure 7. Magnetic moment derived from an individual inversion and a dual inversion of two grains, per distance experiment. For every distance experiment, four
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The magnetic state of the grains does not change across the distance experiments.

Therefore, it would be automatically excluded in a standard MMT inversion, in contrast to an individual grain or

dual grain inversion.

A difference can be observed in the directions of the isolated grains (Figure 6) and those of the non-isolated grains
(Figure 8). The calculated directions of the isolated grains generally reproduce the imparted IRM well, partic-
ularly at sample-sensor distances <20 pm. The non-isolated grain 1577 shows a different pattern, when it is

inverted individually, the directions are off by up to 90° in declination and 90° in inclination. When the dual

inversion is carried out, the directions improve substantially, and the shallow experiments reproduce the IRM
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near the imparted 180°/00° direction. Calculated results using a distance estimate do not noticeably differ from the results calculated with the JAMES distances.

direction well. This shows the importance of assigning the magnetic surface expression to the correct grain. No
substantial difference is observed between the directions determined with the JAMES distances and those using
the distance estimates.

4. Discussion
4.1. Performance of JAMES Distances

Summed intensities are compared with summed directions (Figures 2 and 3). Although no quantitative estimate
exists for realistic summed intensity values, the summed intensity is calculated from realistic individual magnetic
moments with a maximum Mr/Ms ratio of 0.5. Given the imparted IRM of 140 mT, the magnetite grains are
expected to have a (near) saturated remanence. The summed intensity values calculated with the JAMES dis-
tances are constant across all distance experiments. This indicates that the experiments and the calculations
successfully reproduce the summed intensity of a sample across different sample-to-sensor distances. In contrast,
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the summed direction results show more complex behavior. The vector angle deviation of the summed direction
with the imparted IRM direction ranges from 17° to 53° across distance experiments, without a clear relation to
the sample-to-sensor distance. No definitive explanation for this observation was found, although it is consistent
with the results reported in other ARM/IRM studies (e.g., De Groot et al., 2021; Fu et al., 2023). Therefore, these
are considered to represent reasonably well-defined direction determinations.

Second, the performance of magnetic moments of individual grains is compared with the performance of the
directions determined from individual grains (Figures 5 and 6). All individual grains used for this study are
>1.5 pm in diameter and are considered to represent MD grains. These grains can optimize their internal domain
structure to achieve a local energy minimum. We assume that the optimal domain structure represents the di-
rection of the imparted magnetic field. For most grains, the magnetic moment values calculated with JAMES
distances are constant across the distance experiments. This indicates that the experiments and the calculations
successfully reproduce the magnetic moments for different sample-to-sensor distances. From the grains that show
variation in magnetic moments across the experiments, it became evident that the area selected for inversion
around each grain should be carefully considered. If the area is too small, part of the grain's magnetic surface
signal is excluded in the inversion, leading to an underestimation of the magnetic moment. Selecting too large of
an area introduces noise into the inversion, leading to inaccurate magnetic moments. The directions obtained from
individual grain inversions are adequate but tend to deviate 15°-20° eastward from the imparted IRM direction.
This may be a methodological issue rather than a problem within the inversion routine. However, this remains
unconfirmed, since we could not identify an obvious mistake in the application of the IRM pulse, nor in the
sample mounting process. At standoff distances >20 pm, the deviation of the grain directions from the imparted
IRM direction becomes larger in terms of inclination and/or declination. Since the magnetic surface flux decays
exponentially with distance, the magnetic surface expression of a grain decreases toward noise levels, making it
increasingly difficult to determine a precise direction, potentially explaining the observed results. From the in-
dividual inversion of non-isolated grains (Figures 7 and 8) it is clear that the quality of the magnetic moment and
direction decrease when the magnetic surface signal cannot be assigned to the correct grain. This reconfirms the
importance of using spatial and dimensional information of the magnetic carriers in quantitative interpretations. It
also highlights the value of applying an SSR cut-off, which excludes individual grains that cannot be reliably
solved by the inversion.

Last, both the individual magnetic moments and the summed intensities obtained from all grains (Figures 2 and 5)
are constant across the distance experiments using the JAMES distances. However, a difference is observed when
comparing the individual grain directions with the summed directions obtained from all grains (Figures 3 and 6).
At the individual grain level, experiments with a lower sample-to-sensor distance lead to better results. This trend
is not observed in the summed results. To explain this observation, the properties of additional grains need to be
studied. The grains that were selected for this study differ in size, shape, and location, but no clear relation with
the direction deviations can be distinguished.

4.2. Performance of Distance Estimates

We used the method of Souza-Junior et al. (2024) to assess its feasibility and practical use in MMT. The signals of
the magnetic surface scans were used to determine the sample-to-sensor distance, which resulted in an over-
estimate of the distance in shallower experiments (<20 pm) and an underestimate of the distance in deeper ex-
periments (>25 pm). As a result, the summed intensities and individual magnetic moments using these distance
estimates vary by up to an order of magnitude across the distance experiments. Despite this limitation, the
imparted IRM direction can be accurately retrieved with the distance estimates, both for the summed directions
and the individual grain directions. It should be noted that the latter is valid for grains that are isolated sources with
a clear dipolar magnetic surface expression. If either of these conditions is violated, it is impossible to precisely
estimate the locations and dimensions of the magnetic grains, these limitations are acknowledged in Souza-Junior
et al. (2024). Nonetheless, when the boundary conditions are met, the method of Souza-Junior et al. (2024) proves
to be accurate and far less time-consuming than a full MMT workflow. However, information on the position and
dimension of the magnetic carriers and a known sample-to-sensor distance are necessary to calculate accurate
magnetic moments for individual grains when the carriers are non-isolated or have a non-dipolar magnetic surface
expression. This is common for typical MMT samples, which usually consist of volcanic material with a high
density of magnetic grains. For such samples, distance estimation is not a reliable basis for inverting the results to
magnetic moments. An alternative approach was proposed by Sinimbu et al. (2025), who developed a method for
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estimating the magnetic moment from non-dipolar sources, which may be more suitable for some samples, given
that they have a low magnetic grain density.

For all inversions in this study, only dipoles were fitted, representing a simplified approximation of the magnetic
state of the grains in the samples. Spherical harmonic multipole expansions (Cortés-Ortuiio et al., 2021) describe
more complex magnetic systems in grains, which is relevant for large grains displaying multidomain behavior and
grains close to the scanning surface of the sample. Magnetic maps of isolated grains often differ from that of a
magnetic dipole and solving for more complex magnetization patterns increases the interpretation accuracy (Lima
et al., 2023). Spherical harmonics become particularly relevant for grains in the single vortex and MD range,
which often exhibit non-dipolar characteristics (Nagy et al., 2017), and when measurements are performed at
<1 pm sample-to-sensor distance (Cortés-Ortuiio et al., 2022).

4.3. Advancing Quantitative Micromagnetic Analysis

We have demonstrated the importance of a known sample-to-sensor distance for quantitative interpretations using
Micromagnetic Tomography. A system controlling this distance, such as our in-house developed automated
sample placement system JAMES, is therefore an essential component of the experimental procedure. An
alternative approach pursued by for example Rietwyk et al. (2024) involves moving the sensor toward the sample
instead. Their set-up enables standoff distances below 500 nm, allowing for high-resolution magnetic micro-
scopy. However, their approach does not permit the sample to be positioned at defined distances from the sensor.

The development of JAMES is part of the ongoing improvement of MMT and magnetic microscopy in general.
With JAMES routine measurement of accurate magnetic signals at a well-defined sample-to-sensor distance in a
Quantum Diamond Microscope is enabled by automated positioning and distance control. This is a substantial
advancement in facilitating paleomagnetic and rock-magnetic applications of Micromagnetic Tomography and
magnetic microscopy in general.

5. Conclusion

Micromagnetic Tomography is a powerful tool for rock-magnetic and paleomagnetic interpretations of the
magnetic signal of individual grains in rock samples. To improve the accuracy of MMT results, we developed an
automated sample placement system (JAMES), designed to optimize sample placement during QDM measure-
ments. JAMES can place a polished, flat sample plan parallel against the diamond sensor of the QDM or at a
desired distance from the sensor with a vertical precision of 1 pm, with additional precise control in the x and y
direction. This enables simple, consistent, and replicable QDM measurements at a replicable x and y position and
a precisely known sample-to-sensor distance.

We evaluated the importance of the sample-to-sensor distance for the accurate retrieval of quantitative magnetic
information with MMT. A constant summed intensity can be retrieved for various measurement distances, at least
up to 35 pm. A constant magnetic moment can be retrieved from individual MD grains in this distance range as
well. We can roughly retrieve an imparted IRM direction across various measurement distances, up to 35 pm,
from the summed signal of all grains. An imparted direction can be retrieved from individual MD grains for
sample distances up to 20 pm. The differences between individual grain directions and summed directions cannot
be explained yet and need further investigation. The summed results are derived from a total of 736 interpretable

grains, which equals ca. 16,000 interpretable grains per mm?.

The performance of the distance estimation method from Souza-Junior et al. (2024), was evaluated for its
applicability in MMT. The distance estimates work reasonably well for retrieving summed directions and di-
rections from isolated grains with a dipolar surface expression across different sample-to-sensor distance ex-
periments. However, when retrieving summed intensities or individual magnetic moments across different
sample-to-sensor distances, the distance estimates introduce significant limitations. For typical MMT samples,
with a high-density population of magnetic grains, precise determination of grain positions is needed. Therefore,
for reliable magnetic moment calculations and robust quantitative paleomagnetic interpretations for MMT, both
information from CT-imaging as well as a controlled sample-to-sensor distance during measurements are
essential.
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