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A B S T R A C T

Paleomagnetic measurements of rock magnetizations are typically performed using classical net moment rock
magnetometers on bulk, millimeter- to centimeter-sized samples. In this case, the limited spatial resolution
effectively averages across the signal of multiple populations of magnetic grains, each of which may have
a distinct geological history. Magnetic field imaging with the quantum diamond microscope (QDM) allows
for the measurement of weakly magnetic (10−16 Am2) samples at micrometer spatial resolution, potentially
isolating the signal of magnetic grain populations and resolving ambiguities from bulk sample analyses. To
achieve such high resolution, the QDM retrieves the energy spectrum of nitrogen–vacancy (NV) color centers
within micrometer-scale pixels across a millimeter-scale field of view. Therefore, large amounts of data need
to be processed to generate a magnetic field map, which itself often requires further specialized analysis.
Until now, no freely-available, comprehensive, open-source software package existed that was able to process
this type of data. Here we give an overview of the most important features of QDM𝑙𝑎𝑏, our open-source
MATLAB toolbox for generating and analyzing QDM magnetic field maps of geologic samples. QDM𝑙𝑎𝑏 utilizes
modern computational techniques like graphics processing unit (GPU) and spectral fitting routines as well as
automated image alignment algorithms. QDM𝑙𝑎𝑏 contains easy-to-use functions for (1) generating magnetic
field maps from raw QDM data, (2) map editing, and (3) quantifying the net magnetic moment and rock
magnetic properties of rock and mineral samples.
1. Introduction

The study of past magnetic fields of the Earth and other planetary
bodies relies on the accurate measurement of a sample’s magnetization
and understanding the age of magnetization acquisition. Most rocks
contain particles or inclusions of ferro- and/or ferri-magnetic minerals,
which may have acquired a thermal, chemical, viscous, detrital, or pres-
sure remanent magnetization (Chang et al., 2020; Yu and Tauxe, 2006;
unlop and West, 1969; McClelland, 1996; Volk and Feinberg, 2019).
hemical changes, reheating events, shock, grain growth, and post-
epositional rotation can affect alter or completely reset the magnetic
nformation. These changes are not necessarily homogeneous through-
ut the whole rock and can vary at micrometer scales. As a result,
eological samples may comprise a complex set of disparate magnetic
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grains. Extracting useful paleomagnetic information from such samples
requires understanding the magnetic carriers at sub-millimeter scales.

For decades, paleomagnetists have measured the total natural re-
manent magnetization (NRM) of bulk rock samples using traditional
instruments, such as superconducting quantum interference device
(SQUID) based rock magnetometers. These instruments often require
large, centimeter-sized rock samples, thereby limiting the spatial reso-
lution of the analysis and integrating over a large number of magnetic
particles that may have very distinct magnetic histories and properties.
Developments of scanning-SQUID microscopes and, more recently, the
quantum diamond microscope (QDM) have enabled the mapping and
isolation of magnetic signals at much smaller scales (Weiss et al., 2007;
Glenn et al., 2017; Fu et al., 2020).
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Fig. 1. Sketch of a typical ODMR spectrum of the QDM in PMM mode using a 15N diamond. B↑ and B↓ are, respectively, resonances detected in two magnetic field maps created
nder a positive and negative bias field (green, blue lines) in the [111] crystallographic direction. For a pixel containing zero signal from remanent magnetization, the resonances
etected under the two bias fields, drawn in green and blue, are identical. The existence of a non-reversing field component created by remanent magnetization asymmetrically
hifts the separation between the upper and lower resonances, leading to an offset between the spectra taken under the two bias field polarities. Analysis of this shift using QDM𝑙𝑎𝑏
omputes the local remanence-generated magnetic field at the location of each pixel. (For interpretation of the references to color in this figure legend, the reader is referred to
he web version of this article.)
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The QDM’s superior resolution, high magnetic moment sensitivity
≈ 10−16 Am2), and ease of use make it a powerful instrument for study-
ng the spatial distribution of magnetic particles and their remanence
roperties, providing information otherwise inaccessible to bulk-sample
agnetometers (e.g. Fu et al., 2021a; Hsieh et al., 2019; Glenn et al.,
015). In addition to the rapid adoption within the paleo- and rock
agnetic community, QDM magnetic field maps have applications in
ther scientific disciplines (e.g. material science, biology). As such, the
oftware presented here, which was designed primarily for geoscience
pplications, is suitable to any application that uses magnetic field
aps generated by the QDM and potentially by other high-resolution
maging magnetometers.

.1. QDM instrumentation overview

We describe here the basic procedure behind a typical QDM data
cquisition sequence to motivate the types of data analysis routines
escribed later in this work.
The QDM measures changes in the optically-detected magnetic reso-

ance (ODMR) spectra to monitor changes in the fluorescence intensity
f nitrogen–vacancy (NV) centers in diamond used as a magnetic sensor
uring a microwave frequency sweep (Fig. 1). To generate the ODMR
pectrum, an image is taken by an optical detector (e.g. complemen-
ary metal–oxide–semiconductor (CMOS) camera) at each microwave
requency.
Magnetic fields in the vicinity of the NV shift the resonance frequen-

ies, seen as dips in the ODMR spectrum, proportionally to the field
trength. In the case of paleomagnetic samples, these static magnetic
ields stem from ferro-, ferri-, and paramagnetic grains in the rock
ample, which usually has a polished surface placed within a small
istance between 1 and 100 μm of the diamond NV centers.
Each NV color center – as defined by the nitrogen atom and cor-

esponding vacancy – in diamond is aligned along one of the four
111] diamond crystal axes and shows a microwave resonance triplet
r doublet depending on the use of 14N or 15N NVs, respectively.
nalyzing this complex combination of peaks may not be possible if
esonances corresponding to different crystal axes overlap. A small
C bias magnetic field (900 - 1400 μT) can be applied along one of
he NV axes (projective magnetic microscopy) (Glenn et al., 2017).
2

his field increases the frequency splitting of this NV orientation and v
separates the chosen NV direction’s resonance from that of the other
NV axes (Glenn et al., 2017; Fischer et al., 2013). A measurement
can be split into two separate microwave frequency sweeps (Fig. 1),
one at low and one at high frequency, saving measurement time. For
more information on measurement protocols and the physics behind
NV-magnetometry and the operating and measurement procedures of
the QDM, the reader is directed towards Glenn et al. (2017) and Levine
t al. (2019).
The magnetization of a sample measured in a magnetic field is the

um of induced and remanent parts. QDM measurements are conducted
n a bias magnetic field, thus each ODMR spectrum also reflects the
nduced component of magnetization. Paleomagnetists, in most cases,
re interested in the remanent part of the magnetization, while the
nduced magnetization may contain complementary rock magnetic in-
ormation. For this reason, two separate measurements, with positive
B↑) and negative (B↓) magnetic bias field, are conducted and saved
s individual files. Because the induced components are equal and
pposite in the B↑ and B↓ maps (Section 5.3.2), the average of the
wo maps gives the magnetic field due to remanent magnetization
lone. The difference between the two, on the other hand, removes
he remanent component and isolates the magnetic field signal due
o induced magnetization. It is worth noting, that the remanence of
articles with coercivities smaller than the bias field (i.e. B𝑐 < 0.9-
.4 mT) may be affected due to irreversible changes in domain wall
onfiguration (Dunlop and Özdemir, 1997).
A typical QDM measurement can consist of several million ODMR

pectra, each of which needs to be analyzed to quantify the resonant
icrowave frequencies at each pixel. Given the sheer amount of data, it
ecomes clear that fitting spectra manually is unfeasible. A free, easy-
o-use, and open-source package is needed to reproducibly calculate
agnetic maps from the raw ODMR spectra and to edit and analyze
he resulting magnetic maps.

. Scope of QDM𝒍𝒂𝒃

QDM𝑙𝑎𝑏 is a MATLAB toolbox tailored towards generating and an-
lyzing QDM magnetic field maps. The functions contained in QDM𝑙𝑎𝑏
an be roughly divided into three categories: (1) magnetic field map
eneration, (2) map editing, and (3) map analysis (Fig. 2). Early

ersions of some of individual functions (e.g. QDMdataprocessing,
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Fig. 2. (a) Workflow from raw ODMR spectra to fitted B111 magnetic field map. (b) analysis workflow diagram. *_series functions require a set of measurements (i.e. AF/thermal
demagnetization). Dashed lines show optional steps.
ank
demag_analysis) have been published previously (Fu et al., 2021a,
2020, 2021b; Volk et al., 2021). Most functions, however, like
the ODMR spectrum fitting (ODMR_to_B111), editing (e.g. subtract_bl
,
subtract_source) and analysis (viscosity) tools are published here
for the first time. This paper provides an in-depth look at the functions
contained in QDM𝑙𝑎𝑏 with data, analysis, and code examples. Syntax
highlighting will be used throughout the manuscript to distinguish
general functions or code, keywords, 〈placeholders〉 for inputs, values,
3

and their defaults ∗.
2.1. Requirements

The toolbox container (.mltbx), which is the preferred method of
installation, as well as the source code can be downloaded at https://
github.com/HarvardPaleomag/QDMlab/releases. Mathworks MATLAB
2019b or later, and the Mathworks Signal Processing, Computer Vi-
sion, and Optimization toolboxes are required for full functionality of
QDM𝑙𝑎𝑏. Additionally, GPUfit (Przybylski et al., 2017) – an open-source
CUDA fitting package – is needed for the calculation of magnetic maps

from raw ODMR spectra. A pre-compiled version of GPUfit, with all

https://github.com/HarvardPaleomag/QDMlab/releases
https://github.com/HarvardPaleomag/QDMlab/releases
https://github.com/HarvardPaleomag/QDMlab/releases


Computers and Geosciences 167 (2022) 105198M.W.R. Volk et al.

e
d
h

2

i
t

1
c
t
g

3

f
d
a
r
m
2
f
s
a
w
o
o
a
G
a
T

(
g
T
a
l
C
m
b
o
F
s
F
u

Table 1
Necessary fields in the ODMR raw data format (run_*.mat). All data are of type double. n is the total
number of pixels (imgNumRows × imgNumCols).
Variable Dimensions Description

numFreqs (1,1) The number of measured frequencies
freqList (1, 2×numFreqs) A list of all measured microwave frequencies
imgNumCols (1,1) x number of pixels of the images
imgNumRows (1,1) y number of pixels of the images
imgStack1 (numFreqs, n) All low-frequency spectra (consecutive rows)
imgStack2 (numFreqs, n) All high-frequency spectra (consecutive rows)
T

C

models needed to fit the ODMR spectra of 14N and 15N diamonds, is
included in the toolbox. To test the scripts and function presented here,
we provide an tutorial and an extensive collection of raw and processed
data for download at https://doi.org/10.7910/DVN/MPMNZI (Volk
t al., 2022). Furthermore, a short walk-through tutorial and a small
ataset (reduced resolution) can be found in the supplement and at
ttps://github.com/MikeVolk/QDMlab_tutorials

.2. ODMR raw data format

To convert ODMR spectra into magnetic field maps as described
n Section 3, the raw data needs to be formatted correctly. Typically,
wo data files, one each for B↑ and B↓ (run_00000.mat, run_00001.
mat), a reflected-light image, and an optical map of laser fluorescence
are required. The run_* MATLAB-7 formatted data files consist of
6 variables (Table 1). QDMreshape_reverse helps convert the data
into the imgStack1 and imgStack2 variables. For example, a (1920,
200, 50) dataset is converted into (50, 2304000) by layering all
olumns sequentially. QDMs using measurement software developed by
he Harvard Paleomagnetics Lab or by QDM.io LLC will automatically
enerate the correct file and variable structure.

. From ODMR spectra to B111 data

QDM-generated raw ODMR spectra for each pixel must be first
itted to create a map of magnetic field values. These calculations are
one with ODMR_to_B111, which uses graphical processor unit (GPU)
ccelerated curve fitting routines (Przybylski et al., 2017) to convert the
aw ODMR spectra from the B↑ and B↓ polarity measurements into re-
anent and induced parts of the B111 magnetic field map (Glenn et al.,
017). First, the data needs to be corrected for the presence of global
luorescence (GF) (Fu et al., 2020). Each pixel’s ODMR spectrum is a
uperposition of fluorescence signals originating from the pixel location
nd a GF, which consists of internally reflected fluorescence from else-
here in the diamond. Determining the correct sample-specific value
f the GF fraction, defined as the fraction of non-local fluorescence out
f the total fluorescence (globalFraction, 〈0-1〉), is an important
nd non-trivial step in the QDM map analysis. QDM𝑙𝑎𝑏 implements the
F correction as described in Fu et al. (2020) (correct_global) and
utomatically applies it during the fitting process (globalFraction).
ypical values for the GF fraction range from 0.2 - 0.5.

QDM𝑙𝑎𝑏 includes a simple graphical user interface (GUI) program
Fig. 3) to help determine the optimal GF value. The
lobalFraction_estimator shows the ODMR spectra for 3 pixels.
he center panel shows the data of a random pixel after binning
nd can be changed with the slider on the top of the window. The
eft and right plots show pixels with the left- and right-most minima.
ompared to typical pixels, the larger frequency shifts of these pixels
inimize the overlap of the global and local signal. Thus, the GF can
e distinguished from the sample signal more easily. The three minima
f the global signal are clearly visible in the left and right panels of
ig. 3, while they are hidden in the center spectrum. Using the bottom
lider, globalFraction is changed until the additional dips (see arrows
ig. 3) in the spectra disappear. An excessive globalFraction creates
4

nphysical ‘‘peaks’’ at the edges of the spectra (see left panel of Fig. 3).
he globalFraction value, a number between 0 and 1, can be passed
to ODMR_to_B111.

Apart from the globalFraction, ODMR_to_B111 has keywords
that change the behavior and can improve the ODMR fits (Code 1).

1 ODMR_to_B111(’nFolders’, 〈{paths}〉 ...,
2 ’binSize’, 〈{int}, 4*〉 ...,
3 ’type’, 〈0,1,2*〉 ...,
4 ’globalFraction’, 〈double, 0.25*〉 ...,
5 ’diamond’, 〈’N14’*, ’N15’〉 ...)

ode 1: Typical usage of QDMR_to_B111 with essential keywords and
〈values〉. 〈{}〉 denote MATLAB cells can be passed and 〈*〉 default values
for the input.

Binning (binSize) averages several pixels and resizes the original
ODMR spectra array. This effectively reduces noise but lowers the
spatial resolution of the image.

ODMR_to_B111 has 3 options (type) to determine the initial guess
for the fitting routine (i.e. starting parameters). The simplest option
(type=0) determines a single initial guess (i.e., dip locations and width,
and contrast) from the maps’ mean signal, which works well for weak
samples. The computationally intensive option type=1 estimates an
initial guess for each pixel individually (MATLAB function findpeaks)
and yields better results for strong fields. The default method (type=2*
) calculates an initial guess by first fitting a single gaussian distribution
to the ODMR data, in order to find the center. For data with severely
non-uniform baselines, where the baseline intensity shows a linear or
otherwise non-flat slope, this method can lead to inconsistent fits in
a small number of pixels. This method is fast (GPUfit) and generally
more robust than the other methods in the majority of use cases, and
all maps presented here were calculated with it.

Passing checkPlot=true to ODMR_to_B111 creates plots for each
frequency range and field direction (Fig. 4) to verify the quality of the
fits. The leftmost plot (Fig. 4a) shows a map of the fitted resonances
and the center plot (Fig. 4b) the corresponding misfits (𝜒2). Selecting
a pixel in either of these plots will plot the data, initial guess (and
pre-guess), and fit for that pixel (Fig. 4c). It is recommended to check
the quality of the fits by selecting high 𝜒2 pixels and adjusting the
ODMR_to_B111 parameters if inconsistencies arise. In the case of a
failed fit an entry is added to pixel_alerts in the final_fits*.mat
file. Running ODMR_to_B111 creates the data files B111dataToPlot.
mat and final_fits_NxN.mat where 𝑁 denotes binning and several
diagnostic plots.

3.1. Editing maps

After successfully calculating the B111 map, the generated maps may
need to be edited to isolate the desired signals. Most functions described
in this section are not exclusive to B111 data and can be used on Bz maps
as well.

3.1.1. B111 blank subtraction
Even blank maps show artifacts, which stem from imperfections in

the diamond and increase the noise of the overall measurement (e.g.
Kehayias et al., 2019) (Fig. 5a,b). Subtracting this background signal of

the diamond from the sample data can increase the signal-to-noise ratio

https://doi.org/10.7910/DVN/MPMNZI
https://github.com/MikeVolk/QDMlab_tutorials
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Fig. 3. globalFraction_estimator GUI for estimation of the global illumination fraction (globalFraction) of a sample (Fu et al., 2020). left panel: pixel with
minimum at the lowest frequency. Red line showing overcorrected data (globalFraction=0.72) was added for illustration. center panel: a random pixel. Index can be
selected with top slider. right panel: pixel with minimum at the highest frequency. Moving the bottom slider changes the globalFraction value.
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significantly. For successful subtraction of the diamond background
signal, it is crucial for pixels corresponding to the same source region
in the data and blank maps to be co-located to within a few μm. To
correct for small shifts in diamond position, the sample and blank data
have to be aligned before subtraction (Fig. 5c).

subtract_blank (Code 2) automates the map alignment and blank
subtraction. First, subtract_blank calculates a 2-D affine geometric
transformation of the blank map with respect to the sample using a map
of fluorescence intensity, which shows mostly diamond surface features
(Fig. 5c). The transformation is calculated by detecting pairs of com-
mon features, and their relative translation and rotation (Fig. 5d, e).
In most cases, alignment results in a transformation accuracy of 1 or 2
pixels at 4 × 4 binning (Fig. 5e). Finally the magnetic data of the blank
map is transformed and subtracted from the sample data (Fig. 5d, e). As
an example of the reduction in noise, we use subtract_blank on two
separately measured blank maps with a small diamond misalignment
Fig. 5. Subtraction reduces the RMS noise floor of the original ‘‘sample’’
data from 58 nT to 39 nT and removes most of the scratch-like features
visible in Fig. 5a,b). In contrast, a simple subtraction of the two maps
without alignment increases the RMS to 75 nT.

1 subtract_blank(’nFiles’, 〈{paths}〉, ...
2 ’blankFile’, 〈path〉, ...
3 ’checkPlot’, 〈bool〉, ...
4 ’save’, 〈bool〉 ...)

Code 2: Example for subtracting a blank (blankFile) map from
multiple measurement files (nFolders) using subtract_blank.

.1.2. Threshold map
QDM𝑙𝑎𝑏 contains additional functions for editing maps. Large shifts

n resonance can cause fits in ODMR_to_B111 to diverge and result in
5

nphysical, high field values for individual pixels (hot pixels). Because
spectral algorithm is used to re-project B111 data to the vertical field
z (Lima and Weiss, 2016), these hot pixels (Fig. 6a) become delocal-
zed in the Bz maps and therefore cause major artifacts that appear as
ertical ‘dotted’ lines in the map (Fig. 6b). Hot pixels issues are not
imited to B111 → Bz; other analysis branches, such as demag_behavior
(Section 5.3.1) can also be affected. Therefore, the data should be
hresholded to remove misfit-induced extreme outliers before further
nalysis.
threshold_map offers a variety of options to remove hot pixels and

ave the cleaned data. If called without arguments, threshold_map
emoves all pixels with magnetic field values outside of a conservative
±500 μT window but can be set to a different value with threshold
The removed pixels are replaced by an average of the surrounding
ixels (win) or nan (win=nan). Furthermore, threshold_map can be
sed to filter outliers according to the magnetic data or the 𝜒2 (chi
values, where values outside of n standard deviations (defined by
utOff) over/below the median get replaced.

. B𝐳 conversion

After successfully calculating the B111 data from the raw ODMR
pectra, it is generally more intuitive to work with maps showing
he vertical component of magnetic field (Bz). The z-component (x,y
lso) of the field can be recovered from the B111 data with the help
f spectral methods (Lima and Weiss, 2016). QDMdataprocessing
automates the conversion process of B111 data into a Bz map of
emanent or induced signal (Fu et al., 2020). A variety of map edit-
ing features (e.g. crop_map, subtract_constant) are incorporated
into QDMdataprocessing and can be applied before the B111 → Bz
conversion. QDMdataprocessing requires the user to input the pixel
Fig. 4. Plot generated by ODMR_to_B111 (’checkPlot’, true) for the low microwave frequency resonance at negative fields. (a) shows the resonance frequency after
fitting the data. (b) 𝜒2 values of the fits. (c) Binned raw data, pre-guess, initial guess and fit of the selected pixel (red cross in a&b).
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Fig. 5. Blank subtraction (subtract_blank) demonstrated on a blank map. Maps a, b, and f have the same color-scale. (a) Blank map to be corrected. Dipole like signal
in the left top corner is cause by small dust particle on the diamond with a moment of ≈ 3 × 10−14𝐴𝑚2 (b) Blank to be subtracted from (a). (c) Fluorescence intensity maps for
(a) and (b) overlaid in false colors showing misalignment of the diamond in the two images. (d) Alignment points detected for (a) (cross) and (b) (circle). (e) Close-up of the
re-alignment of blank measurement (b) with respect to (a). Yellow lines show translation and rotation. (f) Resulting map after subtraction. Note data on the edge are missing due
to non-overlapping blank data. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 6. Severe example of the effect of outliers on the B111 → Bz conversion. (a) Unfiltered B111 data. (b) Unfiltered Bz data, in which a single extreme pixel value due to
non-physical ODMR spectrum fitting is delocalized during the conversion. (c) Data after running threshold_QDM_map with threshold,2.
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size (step) and best-guess sensor distance (h), which are necessary
for subsequent net moment analysis (Section 5.2). The final output of
QDMdataprocessing is a .mat file, containing the (cropped) Bz map
of either remanent or induced signal, (cropped) reflected light image,
and all necessary parameters for further analysis.

5. Analysis

5.1. Qualitative map analysis

The QDM’s ability to acquire reflected-light images of the exact
magnetic field measurement region is especially helpful for locating fer-
romagnetic sources in the sample. Comparing the remanent or induced
signal with the reflected light image, or plotting a superposition of
both, helps to identify remanence carrying grain populations (right side
Fig. 2) and to detect both dipole-like signals for further net-moment
(Section 5.2) investigation and aggregates of magnetic signal for com-
plex map analysis (Section 5.3, left side Fig. 2). The optical maps
produced with the QDM magnetic field maps can also be registered to
more detailed optical, electron microscope, or other maps to further
investigate the source of magnetization. This type of qualitative image
analysis has been used, for example, to study solar nebula magnetic
fields recorded by meteorites (Fu et al., 2014, 2021c; Nichols et al.,
2021), the magnetic remanence properties of single zircon crystals (Fu
et al., 2017; Weiss et al., 2018; Tang et al., 2019), and the magnetic
mineralogy of samples recording a strengthening paleomagnetic field
during the late Ediacaran Period (Thallner et al., 2021).

5.2. Net moment analysis

Retrieving net moments from samples is a routine practice in pale-
omagnetism. The changes in the net magnetic moment with increasing
temperature or AF field can be used to reconstruct past magnetic
field directions and intensities, leading to insights about tectonic plate
configurations and the geodynamo. The signal measured with tradi-
tional magnetometers, however, represent the sum over all sources in
the typically centimeter-scale sample. With the QDM, it is possible
to generate the same type of data (moment magnitude, inclination,
declination) at the sub-millimeter scale by fitting a dipole model to
the magnetic field signal from small source regions. To estimate the
net moment from a source contained in a QDM map, the signal of a
source needs to be sufficiently separated from the surrounding material
and dipole-like in character (see Fu et al., 2020). The following section
describes QDM𝑙𝑎𝑏 functions tailored towards isolating the magnetic
signal of a dipole within a map and generating a best-fit magnetic
moment from the data.

5.2.1. Source subtraction
QDM maps can be complex, with multiple sources clustering in a

small region. The best-fit dipole to a source is only physically meaning-
ful when it is clear that the fitted signal is dominated by a well-defined
volume of ferromagnetic grains. If sources in the surrounding area
contributes significantly to the fitted magnetic field, the resulting mag-
netization does not in general quantify the net moment of either
source or of their sum. Therefore, reducing the magnetic field signal
contributed by adjacent sources outside of the region of interest is key
for obtaining meaningful net moment inversions.

To easily ‘clean’ the Bz map from extraneous sources,
subtract_source creates a figure in which the user selects the top left
and bottom right corners of a box containing the magnetic field signal
to be removed. Using fit_source (Section 5.2.2), subtract_source
calculates the best-fit dipole and subtracts its signal from a selected
region of the map (Code 3). Finally a new file (Bz_uc0-dip*.mat
7

where * is the Nth dipole) is saved to disk for further analysis.
1 cleanedMap = fit_dipole(’filePath’, ...
2 〈path to data file〉, ’fitOrder’, 〈1*,2,3〉);

ode 3: Example of subtract_source with fitOrder: 1 = dipole, 2
dipole + quadrupole, and 3 = dipole + quadrupole + octupole. Note:
he use of fitOrder: >1 can lead to non-unique solutions and has been
eprecated but kept for compatibility.

.2.2. Source fitting
After sufficiently eliminating the magnetic field signal from extra-

eous sources (if necessary), the Bz signal can be fitted with a dipole
odel to extract the magnetic moment magnitude, declination, incli-
ation, source location and dipolarity parameter (Fu et al., 2020). Two
functions, fit_source and fit_sources_series are available in
QDM𝑙𝑎𝑏. The fitting component of both functions uses the MATLAB in-
ternal least-squares fmincon (method=1; constrained=false), and
fminsearch (method=1; constrained=true), or Nelder–Mead based
lsqnonlin (method=2) fitting routines. These routines have been used
previously to generate net moment data from QDM maps (e.g. Fu et al.,
2020).

Prior to running either fit_sources_series or fit_source the
ap may benefit from upward continuation
upward_continue, upCont [μm]), which computes the expected
agnetic field map if measured at a different sensor-to-sample height.
hanging the measurement height can dramatically increase the dipo-
arity of the source and yield more reliable net moments (see Fu et al.,
020).
fit_source fits a single dipole, quadrupole, or octupole (fitOrder

1∗,2,3) to a single source in a map. In fit_source, the location of the
ource can either be picked directly on the map or specified with xy in
ixels and will be optimized together with the depth during the fitting
rocess. The keyword cropFactor defines the edge length of a square
n pixels, which restricts the fitted data region. Running the function
reates a plot with the data, model and residuals (Fig. 7a,b,c) of the
itting region (marked in red) and a figure with the complete map and
eflected light image (Fig. 7d,e).
Sometimes, such as when a background gradient is present in the

DM map, the nominally best-fitted source height can lie outside of
he physical sample. For cases like this, the source height can be
onstrained (constrained=true) with minheight and maxheight.
Often the purpose of demagnetization experiments is to study the

hanges in net moment of multiple sources with increasing temperature
r alternating field (AF). If done manually, fitting each source in each
aps can be a tedious and error-prone task. fit_sources_series

allows the user to fit multiple sources in a series of maps (e.g. of an
AF-demagnetization sequence) automatically at the expense of some
control of the individual fitting parameters (e.g., fitOrder). Calling
fit_sources_series opens a reference map (determined by refIdx
=1*) where the user can visually mark the fitting region. To ensure
consistent results the maps are first aligned with respect to the ref-
erence (refIdx) (similar to subtract_blank). Finally all sources in
each map are fitted and a structure of size i×j×k (i sources, j maps, k
upward continuation distances) with the results is returned and saved
to a plain text file (save).

1 results = fit_source(
2 ’filePath’, 〈path to data file〉, ...
3 ’fitOrder’, 〈1*,2,3〉, ...
4 ’xy’, 〈[int, int]〉, ...
5 ’cropFactor’, 〈int〉, ...
6 ’upCont’, 〈in 𝜇m〉, ...
7 ’constrained’, 〈true, false*〉, ...
8 ’minheight’, 〈in m〉, ...
9 ’maxheight’, 〈in m〉)

ode 4: Example of the fit_source function parameters and options.
see. Fig. 7). Note: The use of fitOrder: >1 can lead to non-unique
solutions and has been deprecated but kept for compatibility.
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Fig. 7. Source fitting in QDM𝑙𝑎𝑏 with fit_source. (a) Data, (b) the fitted model, and (c) the residuals of the source region. The size of the region can be changed with
ropFactor. The source region shown in a–c and in the corresponding reflected light image (e) is marked with a red square in the full map (d).
.3. Complex map analysis

While net moment analysis provides the most quantitative descrip-
ion of magnetization, often, magnetic maps show a more complex
ehavior (i.e. not simple dipoles), making it impossible to obtain accu-
ate information using methods described in Section 5.2. By complex
we do not refer to the mathematical set of complex numbers but merely
the complicated nature of the field structure within magnetic maps.
Still, important information regarding the unblocking behavior of ferro-
magnetic grains can be extracted from such maps. The following section
describes functions (Fig. 2b left), which can be used to determine
information on the demagnetization behavior and general magnetic
properties of parts of more complicated magnetic field sources that are
not amenable to net moment analysis.

5.3.1. Demagnetization behavior
In paleo- and rock-magnetism, a crucial piece of information is

the AF or thermal unblocking spectrum of the magnetic remanence
carriers (e.g. Dunlop and Özdemir, 1997). For instance, the coercivity
and thermal unblocking of a sample are indicative of the magnetic
domain state and the ability to retain a natural remanent magnetization
(NRM) over geologic time (Pullaiah et al., 1975).

While QDM images can correlate magnetic signals with observed
magnetic grain populations, it is often ambiguous whether a given set
of magnetic grains carry the NRM component of interest. Distinguishing
the demagnetization behaviors of different grain-populations within a
sample can be used to robustly correlate NRM components identified
in bulk sample analysis with their magnetic carrier population (Volk
et al., 2021; Brenner et al., 2021).

A more sophisticated, robust, and broadly applicable version of
the analysis used in Volk et al. (2021) is implemented in QDM𝑙𝑎𝑏
demag_behavior). Similar to the blank measurement subtraction, all
aps (e.g., from an AF or thermal demagnetization sequence) need to
e aligned with respect to a reference map. demag_behavior automat-
cally detects features in the reflected light images (see
ubtract_blank), calculates the translation and rotation between all
8

maps, and transforms the magnetic data accordingly (Fig. 8a–f). A map
of the NRM as a reference is a typical choice for coercivity or thermal
unblocking analysis. Other remanence types, for example an isothermal
remanent magnetization for backfield coercivity determination, can
also be used. By default, the first map in the cell of folders (nFolders)
is the reference map (fixedIdx=1).

In the reference map (Fig. 8a), the user manually selects regions of
interest (ROI). As an example, the ROI may contain a single magnetite
crystal, a cluster of particles, or a layer of magnetic material. Within
that ROI demag_behavior creates a selection containing all pixels with
field values exceeding a percentage (selectionThreshold=0.25*) of
the maximum field. This selection is applied to all previously aligned
maps, and the number of pixels with positive field values are counted.
In other words, demag_behavior detects polarity reversals in the
strongest pixels of the ROI. Unlike bulk sample techniques, the QDM
measures magnetizations at a grain scale. Instead of gradually demag-
netizing, the magnetization of a small grain flips polarity instanta-
neously when the AF field strength surpasses the coercivity of the grain.
Thus, changes in field polarity within an area are a better way to detect
the demagnetization behavior than other methods (e.g., mean magnetic
field). Furthermore, simple counting of polarity changes proved more
robust against small differences in the sample-sensor height among
measurements, for example.

Some additional options can be passed to demag_behavior to make
the calculation more robust. Small changes in the sample-diamond dis-
tance can be corrected with upCont by passing a cell with the desired
upward continuation (upward_continue) for each map according to
their index in nFolders.

Since x/y transformation is only accurate to within a few pixels,
demag_behavior has the option to estimate the errors stemming from
misalignment using a bootstrap approach. Passing bootStrapN (num-
ber of iterations) 〈>0〉, each map is shifted by a number of pixels
(pixelShift) picked from a uniform distribution of pseudorandom
integers along ±x, and ±y. For each iteration, the number of positive
pixels is calculated. demag_behavior returns the mean and one 𝜎

error.
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Fig. 8. Estimation of the demagnetization behavior of Ti-magnetite crystals in the martian meteorite MIL 03346 with demag_behavior. (a–f) show maps aligned with respect
to the NRM map at different stages of an AF demagnetization sequence. (g) shows the number of positive pixels counted in each ROI normalized to the NRM and the average
of all 4 ROI (black dashed line). Error-bars are 1𝜎 error for 1000 calculations each with a random mean shift of the selection by ±3 pixels in 𝑥 and 𝑦 direction. Code example
used to calculate the data can be seen in Code 5. Pink line shows the bulk NRM AF-demagnetization of the same sample slice measured with a SQUID rock magnetometer. Note
that convergence to 0.5 for the proportion of positive pixels in the QDM map signifies full demagnetization. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)
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1 nFolders = 〈cell with 6 folders〉;
2 filterProps = struct(’threshold’, 2);
3 results = demag_behavior(nFolders, ...
4 ’fixedIdx’, 〈1*〉
5 ’bootStrapN’, 1000, ’pixelShift’, 3, ...
6 ’upCont’, 〈cell with 6 × upward cont. in 𝜇𝑚〉, ...
7 ’filterProps’, filterProps);

ode 5: Example code for determining the demagnetization behavior
rom QDM images using demag_behavior. Results can be seen in
ig. 8.

The example in Fig. 8 shows the demagnetization behavior of indi-
vidual exsolved Ti-magnetite assemblages (Code 5). For up to 40 mT,
the field patterns do not change significantly. With increasing AF-field,
the number of positive pixels approaches 0.5, which is the theoretical
threshold for a demagnetized grain. The example in Fig. 8 shows that
the AF demagnetization of the NRM of the meteorite (MIL 03346)
measured with a SQUID magnetometer, gives compatible results as
those from demag_behavior.

5.3.2. Viscous magnetization
Viscous magnetization (VM) describes the change of the magneti-

zation direction and intensity over time in the presence of a magnetic
field (e.g. Yu and Tauxe, 2006). VM can be measured on rock mag-
netic equipment like the vibrating and alternating gradient sample
magnetometers (e.g. Foner and McNiff Jr., 1968) or other special
paleomagnetic instruments (Le Goff and Gallet, 2004). Due to limita-
tions in sensitivity of these instruments only measurements on bulk
magnetic materials were possible, until now. The significantly higher
sensitivity of the QDM, together with its spatial resolution, makes it the
ideal tool to visualize and distinguish between viscous and non-viscous
9

populations of magnetization carriers.
QDM magnetic field maps are typically measured in an applied
magnetic field (see Section 1, Glenn et al. (2017)), which can intro-
uce VM components. The default measurement protocol contains four
eparate measurement sweeps. The field polarity is switched after the
irst and third measurement, resulting in a protocol (B↑ B↓B↓ B↑) that
inimizes the net VM signal. Graphically, the area under the curve in
ig. 9a), which denotes the integrated VM signal, sums to nearly zero in
his protocol. In contrast, a protocol with only a simple switch (B↑B↓)
ould result in a VM signal from viscous grains. Here, we are using
his effect to map the viscosity of grain populations qualitatively.
We measure the same FOV using both protocols, generating a non-

iscous (B↑ B↓B↓ B↑) Fig. 9b) and viscous Fig. 9c) (B↑B↓) map. This
additional step could however be omitted by saving a raw data-set after
the first B↓ interval using the QDM data acquisition software, yielding
the viscosity information with no additional measurement time. The
maps can be aligned and subtracted automatically with viscosity,
revealing viscous regions in the map.

Fig. 9d shows the viscous parts of the martian meteorite ALH
84001. ALH 84001 contains two kinds of remanence-carrying minerals,
carbonates with fine-grained magnetite and chromite assemblages with
pyrrhotite inclusions (Weiss et al., 2002). Both can be seen in Fig. 9b
and have been argued to carry a stable, ancient (3.9–4.1 Ga) record of
the martian paleomagnetic field (Weiss et al., 2002). The differences in
the non-viscous map in Fig. 9b and Fig. 9c are subtle. After subtraction,
however, it is clear that some of the carbonates acquire a VM while the
chromite grains (pink box in Fig. 9a,b,c) do not.

6. Conclusions

Magnetic imaging with the QDM allows the measurement of sam-
ples at unprecedented micrometer resolution and sensitivity (10−16
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Fig. 9. (a) Illustration of the protocol for measuring non-viscous and viscous (dashed) data. a–c) Cropped QDM map of the martian meteorite ALH 84001 (Steele et al., 2019).
b) Standard (B↑ B↓B↓ B↑) non-viscous protocol. (c) (B↑B↓) viscous protocol. (d) Viscosity map (maps b-c) magnetic carrier minerals able and unable (pink box) to acquire viscous
emanence. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
F

m2). However, QDM measurements consist of large amounts of data
hat must be reduced to generated a magnetic field map, which is
ollowed by a range of possible analysis pathways. Prior to this work, no
omprehensive software package was available for these tasks. QDM𝑙𝑎𝑏
s an actively-developed, open-source, integrated MATLAB framework
or calculating and analyzing QDM magnetic maps of geologic samples.
ith the use of GPU fitting routines, spectral algorithms, and image
ecognition, QDM𝑙𝑎𝑏 quickly and robustly calculates and corrects B111
nd Bz maps from raw ODMR spectra at each camera pixel.
Easy-to-use map editing features such as map filtering and cropping

s well as blank and source subtraction are implemented to maxi-
ize the final map quality. Finally, analysis functions (fit_source,
emag_behavior, viscosity) enable studies of rock and mineral
amples in ways novel ways. With slight adjustments, the routines
n QDM𝑙𝑎𝑏 can be applied to other kinds of magnetic field maps
e.g. SQUID-microscope) and used for materials other than geologic
amples (e.g. biological) thereby enabling magnetic map analysis for
broad variety of scientific disciplines.
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