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Abstract. Polished geological samples are frequently used in
geoscientific research to investigate the chemical and physi-
cal characteristics of rocks. A broad range of imaging tech-
niques is available to analyze such samples, but when com-
bining datasets from multiple imaging techniques, an accu-
rate co-registration of the datasets is often challenging. In
this study, we investigate this issue in the context of Micro-
magnetic Tomography (MMT; De Groot et al., 2018, 2021).
MMT combines surface magnetometry data with computed
tomography (CT) data to analyze the magnetic state of rock
samples. By combining the spatial (position) and dimen-
sional (size) information of the magnetic grains in the sam-
ples with their magnetic surface expression, the individual
magnetic moments per grain can be determined. This infor-
mation can be used for paleomagnetic and rock-magnetic
studies. Calculating the magnetic moments of the grains
strongly depends on the correct co-registration of the two
datasets, which proves to be challenging. In this study, we
used two test samples for the application of micro-sized
marker structures, to further develop the methodology of
MMT. The marker structures are applied by microlithogra-
phy and Nb-sputter coating, which are standard techniques
used in the semiconductor industry. We determined that the
marker structure application is possible on typical MMT
samples. Marker structures larger than ca. 10 um are clearly
visible under the Quantum Diamond Microscope (QDM)
used for the surface magnetometry. Given a sufficient marker
structure thickness, they can also be observed in the CT scans
used for determining the positions and shapes of the mag-
netic carriers. The marker structures are useful for identify-
ing the orientation and location of the samples during mea-
surements and can be used for scaling and mapping of the

two datasets during data processing. Nb-marker structures do
not fluoresce under the QDM, which means that no magnetic
interference occurs during measurements. The application
procedure is time-consuming but is valuable when a sample
is lacking natural marker features, it makes the data process-
ing time in MMT significantly faster, and more precise. This
method can be useful for MMT, for Quantum Diamond Mi-
croscopy in general, and for broader geological applications
that require visible anchor points for sample placement or
marker structures for the co-registration of multiple datasets.

1 Introduction

In geoscience research it is common to combine datasets
from multiple measurement methods to gain an under-
standing of complex Earth systems. For example, different
imaging techniques may be used to characterize the phys-
ical and/or chemical properties of Earth materials. How-
ever, combining and aligning datasets from multiple imag-
ing techniques can be technically challenging, particularly
when a high spatial precision is pivotal to the outcome. In
this study, we focus on the case of Micromagnetic Tomog-
raphy (MMT), a novel technique in rock-magnetism and
paleomagnetism that is used to reconstruct the history of
Earth’s magnetic field from polished rock samples (De Groot
et al., 2018, 2021). MMT combines magnetic scans with
three-dimensional imaging of magnetic sources in a sample
(Fig. 1), which presents practical challenges. One of the ma-
jor hurdles in the MMT workflow is the co-registration of
these two types of imaging data, needed for a meaningful and
accurate result. This paper explores a potential solution for
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Figure 1. Example of MMT data, after Cortés-Ortufio et al. (2021).
The blue and red surface scan shows the magnetic surface signal of
the sample. The shape, size, and location of the magnetic sources in
the sample are obtained with three-dimensional imaging.

aligning the datasets with high precision through the appli-
cation of micro-sized marker structures on the rock samples
used for MMT.

MMT combines two complementary datasets, integrating
surface magnetometry with spatial (position) and dimen-
sional (size) data of magnetic grains in rock samples. With
this combined information, the magnetic moments of the in-
dividual magnetic grains can be calculated (De Groot et al.,
2018, 2021). A Quantum Diamond Microscope (QDM) is
used to obtain the surface magnetic flux density and a micro-
or nanoCT scanner is used to obtain the spatial and dimen-
sional data (Fig. 2). The co-registration of these data sets is
cumbersome (Kosters et al., 2023), due to discrepancies in
the resolution between the QDM and CT scanner. Although
both instruments have known resolutions, their spatial scale
is often not directly compatible: one micrometer in a QDM
image does not necessarily correspond to one micrometer in
a CT image. This is likely due to the calibration differences
between the two machines and the data formats they pro-
duce. Nevertheless, an accurate mapping between the mag-
netic surface scans and micro- or nanoCT data is paramount
for reliable MMT results because the accuracy of the calcu-
lated magnetic moments strongly depends on this.

Additionally, we encountered other problems that compli-
cate the co-registration process or sample handling in gen-
eral. Typical MMT samples are thin or thick slices of vol-
canic or sometimes sedimentary rock containing magnetic
grains. The grain size of the minerals in these rock sam-
ples can be so small that we cannot easily recognize the
grains on micrographs created with the QDM. Since match-
ing these data with the CT scans is done optically, this com-
plicates the co-registration process. Another issue can arise
when a sample is very dark, for example, when a thick slice
of rock is used for measurements. It is difficult to identify
magnetic grains optically with the QDM if this is the case,
again complicating the co-registration process. Another is-
sue occurs when the magnetic grain density in the samples
is large, and the grain boundaries are not distinguishable on
the micrographs created with the QDM. If the sample has
a high magnetic grain density, and particularly if the grains
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are very homogeneous in size and shape, it is difficult to rec-
ognize them and to align the datasets optically. Problems can
also arise depending on the type of data used in MMT. Some-
times, the pixel size is poorly calibrated or unknown in one
of the scans, depending on where and how the measurements
were done, which means that scaling the two datasets can be
complicated. Lastly, if samples are measured remotely, it can
be complicated for the operator to recognize the exact area
of interest in a sample if the sample lacks distinct or recog-
nizable features.

These problems led us to explore options for applying
marker structures on rock samples to enable the tracking
of the exact location and dimensions of our samples dur-
ing measurements. Micro- and nano-sized patterns can be
deposited on the surface of a rock sample with a particular
design or structure. This approach ensures accurate scaling
and co-registration of the data, and it can ease the sample
placement during measurements. If anchor points are visible
during both types of analysis, they can be used to correlate
the data with the use of QDMIab software (Volk et al., 2022)
or with 3D-visualization and analysis software. A standard
technique for applying marker structures in the semicon-
ductor industry is UV-microlithography (e.g. Mack, 2006;
Razeghi, 2019). This technique is rarely applied to rock sam-
ples as it is challenging to apply to heterogeneous material,
but an example can be found in Quintanilla-Terminel et al.
(2017), and a similar use is described in Allais et al. (1994).
Here, we test this method to determine whether it is suit-
able for use in Micromagnetic Tomography. We tested the
ease of applying this process to our specific type of sam-
ples and whether the marker structures are easily distinguish-
able in both the magnetic surface scanning and micro- or
nanoCT scans. Non-magnetic materials can sometimes flu-
oresce in the QDM, which disturbs the magnetic measure-
ments. Therefore, we also tested whether the applied metal
sputter coating interfered with our measurements. We ap-
plied the marker structures to volcanic samples from Réunion
Island. Since volcanics are the most commonly used type of
sample in MMT, we consider these an appropriate test sub-
ject to improve the accuracy and ease of co-registration in
MMT.

2 Methodology

The techniques described below for applying marker struc-
tures on samples are based on standard techniques widely
used in the semiconductor industry (e.g. Mack, 2006;
Razeghi, 2019). The procedure requires equipment which
is usually part of cleanroom laboratories used for the fab-
rication of solid-state devices or nanotechnological research.
Given the limited use of these techniques in Earth Sciences,
we provide a broad description of these techniques here. Fig-
ure 4 shows a schematic overview of the steps involved in
applying the marker structures. The procedure was carried

https://doi.org/10.5194/gi-14-325-2025



R. A. de Boer et al.: Micro-sized marker structures on rock samples

1000

800 "i

px 600 onh

LED color values

400

200

750 1000 1250

px

500 1500 1750

0
4]
=
©
>
Z
o
e}
o
P
O

750 1000 1250

px

500 1500 1750

327

b) o 80
1000 ol

40
800

px 600
400

-40

200

-80

o

250 500 750 1000

px

1250 1500 1750

250 500 750 1000 1250

px

1500 1750

Figure 2. Example images illustrating the data used in Micromagnetic Tomography. Panels (a) and (b) are data obtained with the QDM.
Panel (a) is a LED micrograph of the sample. (b) is a vertical component (Bz-) map of the magnetic surface flux. Panel (c) is density-based
data obtained with the nanoCT scanner. Panel (d) is magnetic grain data extracted from the CT data with the use of 3D-visualization and
analysis software. One QDM pixel equals 1.20 pum and the field of view equals 2.30 mm x 1.44 mm. All images are co-registered and scaled

to panel (a).

out at the MESA™ Institute for Nanotechnology at the Uni-
versity of Twente (the Netherlands).

2.1 Sample preparation
2.1.1 MMT sample preparation

Typical MMT samples are tiny drill cores from petrographic
thin sections or thick sections (Fig. 3). The diameter of the
samples depends on the research purpose; a smaller sam-
ple diameter allows for higher resolution nanoCT scanning.
However, sample preparation becomes increasingly difficult
as the sample diameter decreases, making 1.2 mm a practical
minimum diameter. For the current study a diameter of 5 mm
was chosen, to ease the process of sample preparation and the
marker structure application. Two samples were created, one
was drilled from a 50 um thick section (sample RE5) and the
other sample was drilled from a 30 um thin section (sample
RE25).

For the application of marker structures, it is important to
minimize the surface roughness of the samples. Both the thin
and thick section were polished to a standard polished sur-
face finish before drilling the MMT samples from them. Af-
ter the drilling procedure, the samples were polished using
a colloid silica suspension, resulting in a surface roughness
of approximately 50 nm, depending on porosity, defects, and
mineralogy in the rock samples. This polishing method is
also used to remove any surface magnetization that may have
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Diameter 1.2 -5 mm

Thin slice of rock
(thickness 30 - 50 um)

Microscope glass slide
(thickness 1.7 mm)

Figure 3. Schematic of the typical geometry of an MMT sample.
The samples are drilled from a petrographic thin section (30 um)
or thick section (50 um) and their diameter depends on the research
purpose and corresponding desired CT resolution. For the current
study, we drilled samples with a diameter of approximately 5 mm
from both a thin section and a thick section.

been induced during the standard thin/thick section polishing
(De Groot et al., 2014).

A uniform thickness of all samples is necessary for treat-
ing multiple samples during the marker structure application
procedure, and the sample holder accommodates a maximum
sample thickness of a few mm. Furthermore, it is important
to ensure that the adhesive used for thin/thick section prepa-
ration is resistant to acetone, as this is used as a solvent dur-
ing the marker structure application procedure. Another im-
portant consideration is that the samples are subjected to a
< 100 °C heating step during the procedure, which may in-
terfere with the magnetization of the sample. However, this

Geosci. Instrum. Method. Data Syst., 14, 325-334, 2025
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Figure 4. Schematic of the application of marker structures on a rock sample, by means of UV-lithography and sputter coating. (a) Sideview
of a typical MMT sample consisting of a tiny drill core from a thin section. (b) Application of photo resist on the sample. (¢) A mask with
the desired structures is placed above the sample. UV-light shines through the transparent parts of the mask and breaks down the exposed
photo resist. (d) The exposed photo resist is easily removed after developing. (e) A Nb-sputter coating is applied on top of the sample. (f)
Lift-off; the sample is placed in acetone for 30 min to remove all the unwanted sputter coating. The desired structures are left in Nb on top of

the sample.

is generally not problematic in paleomagnetic research, since
the low-temperature magnetic signal is rarely the point of
interest. The samples used for the current study are basalts
from the Piton de la Fournaise volcano of Réunion Island.
The petrography is not important for the current research pur-
pose, apart from the fact that basalts or other volcanic rocks
are typically used in MMT studies.

2.1.2 Lithography

The samples are thoroughly cleaned with ethanol or iso-
propanol before the marker structure application procedure.
First, the sample surface is coated with a layer of Fujifilm
OiR 907-17 photo resist, which is sensitive to ultraviolet
light. A drop of resist is applied to the surface of the sam-
ple and then spincoated at 6000 RPM. This ensures a thin,
uniform resist layer on the sample surface with a thickness
of 1.5 um (Fig. 4b). To remove the solvents from the resist,
the sample is soft baked on a 100 °C hotplate for 2 min.
Next, the samples are placed in a mask aligner and a
mask is placed above and optically aligned with the sam-
ples. The mask consists of a glass plate coated with a layer of
chromium in which the desired structures have been etched
away. A mercury short arc lamp with a wavelength of 365 nm
is used to expose the samples to ultraviolet light through the
transparent parts of the mask, the opaque parts of the mask
create a shadow on the sample. The radiation intensity of
the UV-light is 10mW cm~2 with an exposure time of 8s.
The polymer chains in the exposed resist are broken down to
smaller chains, while the polymer chains that are covered by
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the mask remain unaltered (Fig. 4c). The light source limits
the spatial resolution of the applied structures, their typical
minimum size is 2 um.

Last, the samples are developed by immersing them in a
chemical solution that dissolves short polymer chains much
faster than long polymer chains, meaning that the unexposed
resist remains on the sample surface while the exposed resist
is removed (Fig. 4d). For this purpose, Fujifilm OPD 4262 is
used for 1 min. Once developed, the samples are immersed in
water twice for 30s each, to remove the developer and stop
the process.

2.1.3 Sputter coating

After the UV-lithography, the samples are loaded in the vac-
uum chamber of a sputtering system. Before the deposition
of Nb, the samples are etched by Ar-plasma to remove any
contaminants from the sample surface. The etching is carried
out at 250 W for 30s.

Then, the samples are sputtered with a thin film of Nb,
although another non-magnetic metal could be chosen as
well for the purpose of MMT. A coating thickness of ap-
proximately 105 nm was achieved by sputtering at a radio-
frequency power of 250 W for a duration of 70s (Fig. 4e).
Although this thickness is below the nanoCT detection limit,
we still expect to be able to see the coating on the CT scans.
The significant density contrast between the coating (ca.
8.5 gcm™3) and the minerals to which it is applied (ca. 2.5—
5.5gcm™3) is expected to result in combined densities that
exceed those of the minerals in the samples. These anoma-
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lies will indicate where the coating has been deposited on
the samples.

2.1.4 Lift-off

After the sputtering procedure, the entire sample surface is
coated with a metallic layer. Part of this coating is deposited
on top of the photo resist and part of it is directly deposited on
the sample, where the photo resist was previously dissolved.
The metal that is not desired needs to be removed, so only
the desired structures are left on the sample surface (Fig. 4f).
Therefore, we dissolve the resist and thereby remove its top
layer of metal in acetone for 30 min, leaving only the Nb that
was deposited onto the sample surface. Afterwards the sam-
ples are sprayed with acetone to remove the final leftovers
of resist and metal. The sample surface is then cleaned with
ethanol and dried with a nitrogen spray gun.

2.2 Micromagnetic Tomography

MMT combines surface magnetometry measurements of
magnetic grains in a rock sample with the spatial and di-
mensional data of those magnetic grains (De Groot et al.,
2018, 2021). These combined data can be used for inverse
modeling to determine the magnetic moment per individual
magnetic grain (Fabian and de Groot, 2019).

For this study, the two different data sets are used solely
to demonstrate the use of marker structures in the co-
registration process. The calculation of magnetic moments of
individual magnetic grains is beyond the scope of this study.

2.2.1 Quantum Diamond Microscopy

The QDM at the Institute for Rock Magnetism of the Uni-
versity of Minnesota (United States of America) is used to
map the magnetic flux density of the samples. Their labora-
tory set-up is similar to the set-up developed by Glenn et al.
(2017). The magnetic data is acquired from an optical im-
age with a maximum field of view of 1920 x 1200 pixels and
a spatial resolution of 1.20pum. A 0.9 mT bias field is ap-
plied during the measurement, with a continuously switch-
ing polarity. Technical details of this measurement method
can be found in Farchi et al. (2017), Fu et al. (2020), Glenn
et al. (2017), and Levine et al. (2019). The strengths and
limitations of the wide-field QDM are described in-depth in
Scholten et al. (2021). Reflected light microscopy is incor-
porated in the QDM system to link the magnetic field maps
with the mineralogy of the samples. The QDM settings for
the measurements of the current study are listed in Table 1.
A global fluorescence correction of 0.2 is applied (Fu et al.,
2020; Volk et al., 2022), the results are unbinned, and the
magnetic map is converted to a map with the vertical com-
ponent (Bz) of the magnetic field (Fu et al., 2020; Lima and
Weiss, 2016).
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Table 1. QDM measurement settings.

Settings RES RE25
Exposure time (us) 28000 29000
Camera frame time (us) 28059 29059
Microwave power (dBm) —-25 -25
Number of sweeps 20 20
Start frequency 1 (GHz) 2.837 2.837
End frequency 1 (GHz) 2.849 2849
Start frequency 2 (GHz) 2.892 2.892
End frequency 2 (GHz) 2904 2904
Frame pairs per frequency 20 25

2.2.2 Nano-Computed Tomography

The Multiscale X-ray NanoCT SkyScan2211 at the Faculty
of Dentistry, University of Oslo is used to obtain the spatial
and dimensional information of the magnetic grains in the
samples. This is a non-destructive technique that can be used
to characterize geological specimens (Cnudde and Boone,
2013; Martini et al., 2021). NRecon software is used for cor-
rections of the raw data and to convert the CT scan projec-
tion images to cross-section images. NanoCT scans produce
a three-dimensional image of the X-ray attenuation contrast
in a sample. This can be interpreted as density variations in a
sample (Cnudde and Boone, 2013; Jussiani and Appoloni,
2015; Lima and Jussiani, 2024; Sakellariou et al., 2004).
Typical volcanic MMT samples consist of silicate minerals
and, often magnetic, iron oxides. The large density differ-
ence between the silicate minerals (ca. 2.5-3.5 gcm™3) and
the iron oxides (ca. 4.5-5.5 gcm™3) in the samples is clearly
distinguishable in the nanoCT scans as a bi-modal attenu-
ation spectrum. It is therefore possible to precisely locate
the iron oxides with sizes above the pixel size and to deter-
mine their shape and volume. The image processing is done
with Dragonfly software. First, median filtering is applied for
noise reduction and then K-means filtering is applied to cat-
egorize the data into groups based on their density contrast.
The minimum value separating the high-density peaks of the
iron oxides from the lower density matrix is used as a thresh-
old. With this, the iron oxide locations and shapes can be
extracted from the CT data. The threshold is set at the mini-
mum value of the high-density group to ensure that all mag-
netic iron oxide grains are identified. The measurement and
data correction settings used in the current study are listed in
Table 2.

2.2.3 Co-registration

To carry out an inversion, the data sets from both the QDM
and nanoCT have to be co-registered in the same coordi-
nate system. This ensures that the magnetizations determined
with surface magnetometry are attributed to the correspond-
ing magnetic grains in the sample. Typically, this is done by
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Table 2. NanoCT measurement and correction settings.

Settings RE5 RE25
Source voltage (kV) 95 95
Source current (UA) 200 200
Exposure (ms) 2300 2100
Image pixel size (um) 1.38 1.38
Number of projections 1895 1895
Ring artifact correction 9 9
Beam hardening correction (%) 50 50

optically scaling the nanoCT data to reflected LED light im-
ages of the sample surface made with the QDM, by matching
the geometry of the surface grains in both data sets. Since the
LED images of the QDM share their coordinate system with
the magnetic surface maps made with the QDM, the nanoCT
data are inherently co-registered to the latter as well. This
work provides results on experiments with the application
of marker structures on the sample surface, to ease the co-
registration process.

3 Results

We have successfully applied micro-sized marker structures
to our two MMT samples, the applied structures are shown
in Fig. 5. A micrograph shows exposed photo resist (Fig. 5a)
with the largest structures applied to the samples, two ar-
rows and a line with a 50-60 um width. In Fig. 5b the smaller
applied structures are shown in a micrograph, after comple-
tion of the procedure. The numbers are 20 um tall and the
line width is 3 um. The dots make up a grid with distances
of 100 um and are 3 um in diameter. The marker structures
are clearly visible in the LED light of the QDM (Fig. 5c, d),
down to a size of approximately 10 um. The markers do not
fluoresce under the QDM ’s laser light, meaning no magnetic
interference occurs during measurements (Fig. Se, f). Al-
though the thickness of the Nb-layer (105 nm) of the marker
structures is below the minimum pixel size of the CT scanner
(1.38 um), the density difference with the surrounding min-
erals is large enough to see them in the CT scans (Fig. 5g,
h).

We tried the marker structure application procedure on six
test samples. From these test samples, only one sample was
unsuccessful because the bottom surface of the sample was
too rough to form a proper vacuum seal in the spin coater.
This bottom surface sometimes becomes damaged during the
drilling of the tiny cores from the thin sections. This can eas-
ily be fixed in the future by polishing the bottom of the sam-
ples before usage. It is important to consider that the thick-
ness of all samples should be similar, for sample mounting
purposes. All other test samples were successfully used for
marker structure application.

Geosci. Instrum. Method. Data Syst., 14, 325-334, 2025

4 Discussion
4.1 Micro-marker structure application

The marker structure application process described in this
study is not typically used on geological samples, but it can
be applied to petrographic thin sections successfully (Fig. 5).
Although the samples have a suboptimal surface roughness
(> 10nm), the photo resist adheres well to the sample sur-
face. A little build-up of photo resist is present on the edges
of the samples during the process, but this does not interfere
with the further marker structure application. The Nb-sputter
coating adheres sufficiently to the exposed sample surface as
well. Other non-magnetic metal coatings can be used, if Nb
is not available or otherwise impractical to use.

The marker structures look more irregular than usual for
the semiconductor applications of this technique. However,
the size of the marker structures corresponds to the size of
the applied masks. Therefore, the structures can be used for
scaling purposes in MMT or other imaging techniques. Little
limitations exist regarding the type and the size of the pattern
used on the samples.

The Nb-sputter coating was applied with a thickness of
105 nm. A thicker layer was not attempted in this test case,
because thicker layers can cause problems during the lift-off
phase of the procedure. For example, the structures can col-
lapse or detach from the sample surface. Ideally, we would
like to apply a Nb-layer of > 400 nm to ensure their visibil-
ity in the nanoCT scans, because ca. 400 nm is the CT resolu-
tion achieved for standard MMT samples with a diameter of
1.2—1.5 mm. Although this is a significant increase from the
current Nb-layer thickness, we encountered no issues during
the lift-off process. Therefore, we expect that thicker marker
structures can be successfully applied for future purposes
with minor procedure optimization.

It is worth noting that the experimental procedure for
applying the marker structures to six samples (maximum
amount in current set-up) costs several hours and is both
labor intensive and technologically demanding. While this
technique is valuable when needed, it is not recommended
unless it is essential. When many samples are required, it de-
creases the time of the procedure per sample significantly, as
the samples can be treated in batches.

4.2 Micro-marker structure visibility

The marker structures are visible under LED illumination,
making them useful for sample handling and placement of
the sample under the QDM sensor. Since the marker struc-
tures do not fluoresce and therefore cause no magnetic in-
terference, they are well-suited for MMT applications and
for Quantum Diamond Microscopy in general. Additionally,
the markers are visible in the CT scans, allowing for co-
registering the CT images with the QDM images.

https://doi.org/10.5194/gi-14-325-2025
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Figure 5. Images of the applied marker structures. One QDM pixel equals 1.20 um and the field of view equals 2.30 mm x 1.44 mm. All
images except panel (b) are co-registered and scaled to panels (¢) and (d). Panel (a) is a micrograph of the applied photo resist, already
exposed to UV-light. The large marker structures of two arrows and a line are visible in the photo resist on the sample surface. (b) Micrograph
of the smallest applied marker structures on the sample surface, after lift-off. The white dots are 3 um in size, the white numbers are 20 um
tall. Panels (¢) and (d) are LED micrographs of the applied markers on the sample surface as observed under the QDM. Panels (e) and (f) are
the Bz-maps of the magnetic surface scans measured with the QDM. The marker structures do not fluoresce under laser light, meaning that
they do not interfere with the magnetic signal of the sample. Panels (g) and (h) are the density-based data obtained with the nanoCT scanner.

Only the larger marker structures are visible.

For this test study, the samples were cut to a diameter of
Smm. As a result, the CT resolution was relatively low at
1.38 um. Typically we use samples with a 1.2-1.5 mm di-
ameter for MMT studies, which means we can achieve CT
resolutions of ca. 400 nm. In this test study we can only see
the larger marker structures of 50 um wide and 105 nm thick
(Fig. 5a) in the CT images but we cannot see the smaller
marker structures of max. 20 um tall, 3 um wide, and 105 nm

https://doi.org/10.5194/gi-14-325-2025

thick (Fig. 5b). When the samples are cut to their regular size,
we expect that we can see marker structures of a few pm in
diameter in the CT scans, due to a better scanning resolution.

The co-registration can be successfully achieved with the
applied marker structures with a 50 ym width. When multi-
ple structures are applied at known distances from one an-
other, they provide a highly reliable reference system for
aligning the datasets. The main improvement is that the co-
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registration process no longer depends on the presence of
natural features of the samples that are recognizable in both
types of imaging. Instead, the marker structures provide a
consistent reference, independent of the sample’s properties.
This ensures that co-registration is possible for every sample,
including those where natural, recognizable features are in-
sufficient. Such cases include samples with tiny grain sizes
that are difficult to distinguish optically, samples that appear
too dark in the LED image of the QDM, or samples with high
magnetic mineral density, obscuring the identification of any
distinct features.

4.3 Other methods

Microlithography is a useful and feasible method for MMT,
Quantum Diamond Microscopy in general, and other meth-
ods involving petrographic thin sections or geological sam-
ples. However, there are other techniques available that might
be more suitable, depending on the sample type or research
purpose of a certain study. Some examples are provided be-
low; however, this is not an exhaustive list. Since micro-
and nanoscale measurement techniques are becoming more
common within Earth Sciences, undoubtedly new techniques
and improvements will emerge for application on geological
samples in the near future.

A simple technique such as paint sprayed on samples,
producing droplets with a diameter of 10-100 um (Dautriat
et al., 2011) can be used to co-register images optically. This
approach is only viable for MMT if the density difference
between the paint and the minerals in the samples is suffi-
ciently large for the droplets to be observable in the CT scans.
Furthermore, depending on the thickness of the droplets, the
stand-off distance between the sample and the sensor of the
QDM increases. Because magnetic flux density decreases
exponentially with distance from the sensor, this increased
stand-off distance can reduce the signal strength below the
QDM’s detection limit. As a result, this technique can only
be used in MMT when applied on strongly magnetic sam-
ples.

Another technique consists of high-temperature (450 °C)
annealing of a metallic thin film applied with standard sur-
face metallization. This results in the formation of micron-
sized metallic droplets on the samples surface (Bourcier
et al., 2013). When the annealing is carried out at lower tem-
peratures (220 °C) the size of the metallic droplets decreases
to nanoscale (Parlangeau et al., 2022). The advantage of this
method compared to microlithography is its relatively low
labor intensity. However, this technique can only be applied
to MMT samples if thermal demagnetization does not inter-
fere with the research purpose. Heating a sample can alter
or erase its natural remanent magnetization (NRM), which is
often the signal of interest in paleomagnetic studies. There-
fore, this method is only suitable when preserving the origi-
nal magnetic state is not essential. It is important to note that
the type of metal applied to the samples might fluoresce un-
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der the QDM’s laser light even if it is non-magnetic. There-
fore, this should be tested prior to application in MMT to en-
sure no magnetic interference occurs during measurements.

Another option would be to engrave fiducial markers in the
edge of the samples with the use of a FIBSEM, similar to the
process described in Out et al. (2024). This process damages
the samples, so it can only be applied to an area outside the
region of interest for an MMT study. If the fiducial markers
are sufficiently large, they can be used for optical placement
of the samples in the QDM and for the co-registration of the
images of the QDM and the CT scans.

5 Conclusion

The precise co-registration of multiple imaging datasets re-
mains a challenge in geoscience research. In this study, we
demonstrate that microlithography provides a solution for
co-registering imaging datasets. In the context of MMT,
the application of micro-sized marker structures on typical
MMT samples is possible and feasible for overcoming co-
registration challenges between surface magnetometry and
3D-imaging. Despite the relatively large surface roughness
of polished geological samples, the marker structures can be
applied with high precision and with accurate dimensions. A
marker structure size of > 10 ym is recommended to ensure
visibility in both the QDM images as well as the CT scans.
Although a thickness of 105nm is sufficient for visualiza-
tion in the CT scanner, preferably this thickness would be
increased towards a few hundred nanometers to ensure visi-
bility in CT scans. Since the dimensions of the marker struc-
tures are known with great precision, they can be used for
scaling purposes as well as co-registration of datasets. The
visibility of the marker structures under the LED light of the
QDM may ease the sample placement process, in case of a
specific area of interest that needs to be measured if a sam-
ple is lacking natural markers. Furthermore, the applied Nb-
coating does not fluoresce under the laser light of the QDM
and does therefore not interfere with the magnetic measure-
ments. Although the marker structure application procedure
is labor intensive and time consuming, it is useful for MMT
purposes, Quantum Diamond Microscopy in general and in
other applications involving polished geological samples.

Data availability. Figure 5 shows the data on which the paper is
based.

Author contributions. RAdB is responsible for writing the origi-
nal draft, visualization, data curation, formal analysis, and part of
the investigation. DHW is responsible for reviewing and editing the
manuscript, as well as part of the investigation. LVdG is responsi-
ble for the conceptualization, funding acquisition, and supervision
(CRediT Taxonomy).

https://doi.org/10.5194/gi-14-325-2025



R. A. de Boer et al.: Micro-sized marker structures on rock samples 333

Competing interests. The contact author has declared that none of

the authors has any competing interests.

Disclaimer. Publisher’s note: Copernicus Publications remains
neutral with regard to jurisdictional claims made in the text, pub-
lished maps, institutional affiliations, or any other geographical rep-
resentation in this paper. While Copernicus Publications makes ev-
ery effort to include appropriate place names, the final responsibil-
ity lies with the authors. Views expressed in the text are those of the
authors and do not necessarily reflect the views of the publisher.

Acknowledgements. We thank the Institute for Rock Magnetism
of the University of Minnesota for providing RAdB with a Mag-
netic Microscopy Fellowship to carry out QDM measurements.
This project has received funding from the European Union’s Hori-
zon 2020 research and innovation program (Grant agreement No.
101005611) for Transnational Access to RAdB conducted at the
Department of Biomaterials, University of Oslo. We extend our
thanks to Liebert Parreiras Nogueira and Torben Hildebrand for
their expert assistance with the nanoCT measurements. This project
has received funding from the European Research Council (ERC)
under the European Union’s Horizon 2020 research and innova-
tion program (Grant agreement No. 851460 to LVdG). The authors
used ChatGPT (OpenAl) for text editing in the preparation of this
manuscript. All intellectual contributions, including the research de-
sign, data analysis, and conclusions, are solely those of the authors.

Financial support. This research has been supported by the EU
Horizon 2020 (grant nos. 101005611 and 851460).

Review statement. This paper was edited by Lev Eppelbaum and
reviewed by two anonymous referees.

References

Allais, L., Bornert, M., Bretheau, T., and Caldemaison, D.: Ex-
perimental characterization of the local strain field in a hetero-
geneous elastoplastic material, Acta Metallurgica et materialia,
42, 3865-3880, https://doi.org/10.1016/0956-7151(94)90452-9,
1994.

Bourcier, M., Bornert, M., Dimanov, A., Héripré, E., and Raphanel,
J. L.: Multiscale experimental investigation of crystal plasticity
and grain boundary sliding in synthetic halite using digital image
correlation, Journal of Geophysical Research: Solid Earth, 118,
511-526, https://doi.org/10.1002/jgrb.50065, 2013.

Cnudde, V. and Boone, M. N.: High-resolution X-ray computed
tomography in geosciences: A review of the current tech-
nology and applications, Earth-Science Reviews, 123, 1-17,
https://doi.org/10.1016/j.earscirev.2013.04.003, 2013.

Cortés-Ortufio, D. 1., Fabian, K., and de Groot, L. V.: Sin-
gle Particle Multipole Expansions From Micromagnetic To-
mography, Geochemistry, Geophysics, Geosystems, 22, 7031,
https://doi.org/10.1029/2021GC009663, 2021.

https://doi.org/10.5194/gi-14-325-2025

Dautriat, J., Bornert, M., Gland, N., Dimanov, A., and
Raphanel, J.: Localized deformation induced by hetero-
geneities in porous carbonate analysed by multi-scale
digital image correlation, Tectonophysics, 503, 100-116,
https://doi.org/10.1016/j.tecto.2010.09.025, 2011.

De Groot, L. V., Fabian, K., Bakelaar, I. A., and Dekkers,
M. J.: Magnetic force microscopy reveals meta-stable mag-
netic domain states that prevent reliable absolute palaeoin-
tensity experiments, Nature Communications, 5, 4548,
https://doi.org/10.1038/ncomms5548, 2014.

De Groot, L. V., Fabian, K., Béguin, A., Reith, P., Barnhoorn, A.,
and Hilgenkamp, H.: Determining individual particle magneti-
zations in assemblages of micrograins, Geophysical Research
Letters, 45, 2995-3000, https://doi.org/10.1002/2017GL076634,
2018.

De Groot, L. V., Fabian, K., Béguin, A., Kosters, M. E., Cortés-
Ortufio, D. L., Fu, R. R., Jansen, C. M. L., Harrison, R. J.,
van Leeuwen, T., and Barnhoorn, A.: Micromagnetic To-
mography for Paleomagnetism and Rock-Magnetism, Journal
of Geophysical Research: Solid Earth, 126, ¢2021JB022364,
https://doi.org/10.1029/2021JB022364, 2021.

Fabian, K. and de Groot, L. V.. A uniqueness the-
orem for tomography-assisted  potential-field inver-
sion, Geophysical Journal International, 216, 760-766,
https://doi.org/10.1093/gji/ggy455, 2019.

Farchi, E., Ebert, Y., Farfurnik, D., Haim, G., Shaar,
R., and Bar-Gill, N.: Quantitative vectorial magnetic

imaging of multi-domain rock forming minerals using
nitrogen-vacancy centers in diamond, Spin, 7, 1740015,
https://doi.org/10.1142/S201032471740015X, 2017.

Fu, R. R., Lima, E. A., Volk, M. W. R., and Trubko, R.:
High-sensitivity moment magnetometry with the quantum di-
amond microscope, Geochemistry, Geophysics, Geosystems,
21, e2020GC009147, https://doi.org/10.1029/2020GC009147,
2020.

Glenn, D. R., Fu, R. R., Kehayias, P., Le Sage, D., Lima, E. A.,
Weiss, B. P, and Walsworth, R. L.: Micrometer-scale magnetic
imaging of geological samples using a quantum diamond micro-
scope, Geochemistry, Geophysics, Geosystems, 18, 3254-3267,
https://doi.org/10.1002/2017GC006946, 2017.

Jussiani, E. I. and Appoloni, C. R.: Effective atomic number
and density determination of rocks by X-ray microtomography,
Micron, 70, 1-6, https://doi.org/10.1016/j.micron.2014.11.005,
2015.

Kosters, M. E., de Boer, R. A., Out, F., Cortés-Ortuiio, D. 1., and
de Groot, L. V.: Unraveling the Magnetic Signal of Individual
Grains in a Hawaiian Lava Using Micromagnetic Tomography,
Geochemistry, Geophysics, Geosystems, 24, €2022GC010462,
https://doi.org/10.1029/2022GC010462, 2023.

Levine, E. V., Turner, M. J., Kehayias, P, Hart, C. A., Langellier,
N., Trubko, R., Glenn, D. R., Fu, R. R., and Walsworth, R. L.:
Principles and techniques of the quantum diamond microscope,
Nanophotonics, 8, 1945-1973, https://doi.org/10.1515/nanoph-
2019-0209, 2019.

Lima, E. A. and Weiss, B. P.: Ultra-high sensitivity moment
magnetometry of geological samples using magnetic mi-
croscopy, Geochemistry, Geophysics, Geosystems, 17, 3754—
3774, https://doi.org/10.1002/2016GC006487, 2016.

Geosci. Instrum. Method. Data Syst., 14, 325-334, 2025


https://doi.org/10.1016/0956-7151(94)90452-9
https://doi.org/10.1002/jgrb.50065
https://doi.org/10.1016/j.earscirev.2013.04.003
https://doi.org/10.1029/2021GC009663
https://doi.org/10.1016/j.tecto.2010.09.025
https://doi.org/10.1038/ncomms5548
https://doi.org/10.1002/2017GL076634
https://doi.org/10.1029/2021JB022364
https://doi.org/10.1093/gji/ggy455
https://doi.org/10.1142/S201032471740015X
https://doi.org/10.1029/2020GC009147
https://doi.org/10.1002/2017GC006946
https://doi.org/10.1016/j.micron.2014.11.005
https://doi.org/10.1029/2022GC010462
https://doi.org/10.1515/nanoph-2019-0209
https://doi.org/10.1515/nanoph-2019-0209
https://doi.org/10.1002/2016GC006487

334

Lima, M. G. and Jussiani, E. I.: X-ray computed tomog-
raphy for effective atomic number and density evaluation:
A review, Radiation Physics and Chemistry, p. 112130,
https://doi.org/10.1016/j.radphyschem.2024.112130, 2024.

Mack, C. A.: Field guide to optical lithography, SPIE Bellingham,
‘Washington, https://doi.org/10.1117/3.665802, 2006.

Martini, M., Francus, P., Di Schiavi Trotta, L., and De-
sprés, P.: Identification of common minerals using sto-
ichiometric calibration method for dual-energy CT, Geo-
chemistry, Geophysics, Geosystems, 22, e2021GC009885,
https://doi.org/10.1029/2021GC009885, 2021.

Out, F, de Boer, R. A., Walmsley, J., and de Groot, L. V.: The
impact of grain-size distributions of iron-oxides on paleomag-
netic measurements, Geochemistry, Geophysics, Geosystems,
25, €2024GC011512, https://doi.org/10.1029/2024GC011512,
2024.

Parlangeau, C., Dimanov, A., and Hallais, S.: In-situ evo-
Iution of calcite twinning during uniaxial compression of
Carrara marble at room temperature, Geosciences, 12, 233,
https://doi.org/10.3390/geosciences 12060233, 2022.

Geosci. Instrum. Method. Data Syst., 14, 325-334, 2025

R. A. de Boer et al.: Micro-sized marker structures on rock samples

Quintanilla-Terminel, A., Zimmerman, M. E., Evans, B., and
Kohlstedt, D. L.: Microscale and nanoscale strain mapping tech-
niques applied to creep of rocks, Solid Earth, 8, 751-765,
https://doi.org/10.5194/se-8-751-2017, 2017.

Razeghi, M.: Fundamentals of solid state engineering, Springer,
https://doi.org/10.1007/978-3-319-75708-7, 2019.

Sakellariou, A., Sawkins, T. J., Senden, T. J., and Limaye, A.:
X-ray tomography for mesoscale physics applications, Physica
A: Statistical Mechanics and its Applications, 339, 152-158,
https://doi.org/10.1016/j.physa.2004.03.055, 2004.

Scholten, S. C., Healey, A. J., Robertson, 1. O., Abrahams, G. J.,
Broadway, D. A., and Tetienne, J. P.: Widefield quantum mi-
croscopy with nitrogen-vacancy centers in diamond: Strengths,
limitations, and prospects, Journal of Applied Physics, 130,
https://doi.org/10.1063/5.0066733, 2021.

Volk, M. W. R., Fu, R. R., Trubko, R., Kehayias, P., Glenn,
D. R, and Lima, E. A.: QDMlab: A MATLAB toolbox
for analyzing quantum diamond microscope (QDM) mag-
netic field maps, Computers & Geosciences, 167, 105198,
https://doi.org/10.1016/j.cageo.2022.105198, 2022.

https://doi.org/10.5194/gi-14-325-2025


https://doi.org/10.1016/j.radphyschem.2024.112130
https://doi.org/10.1117/3.665802
https://doi.org/10.1029/2021GC009885
https://doi.org/10.1029/2024GC011512
https://doi.org/10.3390/geosciences12060233
https://doi.org/10.5194/se-8-751-2017
https://doi.org/10.1007/978-3-319-75708-7
https://doi.org/10.1016/j.physa.2004.03.055
https://doi.org/10.1063/5.0066733
https://doi.org/10.1016/j.cageo.2022.105198

	Abstract
	Introduction
	Methodology
	Sample preparation
	MMT sample preparation
	Lithography
	Sputter coating
	Lift-off

	Micromagnetic Tomography
	Quantum Diamond Microscopy
	Nano-Computed Tomography
	Co-registration


	Results
	Discussion
	Micro-marker structure application
	Micro-marker structure visibility
	Other methods

	Conclusion
	Data availability
	Author contributions
	Competing interests
	Disclaimer
	Acknowledgements
	Financial support
	Review statement
	References

