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1 INTRODUCTION

SUMMARY

Quasi-linear field-dependence of remanence provides the foundation for sedimentary rela-
tive palaeointensity studies that have been widely used to understand past geomagnetic field
behaviour and to date sedimentary sequences. Flocculation models are often called upon
to explain this field dependence and the lower palacomagnetic recording efficiency of sedi-
ments. Several recent studies have demonstrated that magnetic-mineral inclusions embedded
within larger non-magnetic host silicates are abundant in sedimentary records, and that they
can potentially provide another simple explanation for the quasi-linear field dependence. In
order to understand how magnetic inclusion-rich detrital particles acquire sedimentary rema-
nence, we carried out depositional remanent magnetization (DRM) experiments on controlled
magnetic inclusion-bearing silicate particles (10-50 um in size) prepared from gabbro and
mid-ocean ridge basalt samples. Deposition experiments confirm that the studied large silicate
host particles with magnetic mineral inclusions can acquire a DRM with accurate recording of
declination. We observe a silicate size-dependent inclination shallowing, whereby larger sili-
cate grains exhibit less inclination shallowing. The studied sized silicate samples do not have
distinct populations of spherical or platy particles, so the observed size-dependence inclination
shallowing could be explained by a ‘rolling ball’ model whereby larger silicate particles rotate
less after depositional settling. We also observe non-linear field-dependent DRM acquisition
in Earth-like magnetic fields with DRM behaviour depending strongly on silicate particle size,
which could be explained by variable magnetic moments and silicate sizes. Our results provide
direct evidence for a potentially widespread mechanism that could contribute to the observed
variable recording efficiency and inclination shallowing of sedimentary remanences.

Key words: Magnetic properties; Magnetic mineralogy and petrology; Palacointensity;
Palacomagnetism; Rock and mineral magnetism.

2015). In many sedimentary settings, magnetic polarity is accu-
rately recorded and is used in geochronology through correlation

Sedimentary palaeomagnetism provides long and continuous
records of past variations of geomagnetic field direction and in-
tensity, which are used widely in the Earth sciences for dating
sedimentary sequences, and for understanding rapid geomagnetic
changes and associated deep-Earth dynamo processes (e.g. Tauxe
1993; Valet et al. 2005; Roberts et al. 2013; Tauxe & Yamazaki
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of polarity sequences to the geomagnetic reversal timescale (e.g.
Gradstein et al. 2012). Sedimentary records also provide a globally
coherent pattern of what has been interpreted as variations in the
geomagnetic dipole strength (e.g. Valet ef al. 2005; Channell et al.
2009; Ziegler et al. 2011), although a sound theoretical basis for
understanding signal recording is lacking (e.g. Roberts et al. 2013).
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Acquisition of sedimentary remanence is a complex process that
is explained using the depositional remanent magnetization (DRM)
and post-depositional remanent magnetization (PDRM) concepts,
where a range of physical, chemical, and biological processes can af-
fect remanence acquisition (Tauxe 1993; Tauxe & Yamazaki 2015).
Sediment remanence acquisition involves several progressive pro-
cesses: (1) settling through a water column (e.g. Nagata 1961; Hes-
lop et al. 2006; Tauxe et al. 2006; Heslop 2007), (2) rotating, rolling,
and slipping of particles due to mechanical interactions when en-
countering the substrate (e.g. King 1955; Griffiths et al. 1960; Jezek
et al. 2012; Bilardello 2013; Bilardello et al. 2013) and (3) PDRM
associated with bioturbation, dewatering, compaction, diagenesis,
etc. (e.g. Kent 1973; Verosub 1977; Roberts ef al. 2013; Egli & Zhao
2015; Zhao et al. 2016). Particle interactions in the water column
and interactions of particles with the substrate lead to inclination
shallowing (Bilardello ez al. 2013). The strength of sedimentary
palacomagnetic signals is also sensitive to variations in the con-
stituent magnetic mineral types and their mixtures, including detri-
tus from weathered source rocks, biogenic and authigenic minerals,
as well as associated variations in magnetic mineral concentration
and grain size (Roberts et al. 2013). Despite the challenge of under-
standing sedimentary remanence acquisition, globally synchronous
palacomagnetic signals (e.g. Valet et al. 2005; Channell ez al. 2009;
Ziegler et al. 2011) and the laboratory-observed strong quasi-linear
field dependence of remanence (e.g. Johnson ef al. 1948; Tauxe
1993; Paterson et al. 2013; Valet et al. 2017) provide a founda-
tion for high-resolution sedimentary relative palaeointensity (RPI)
studies.

Our knowledge of sedimentary remanence acquisition has im-
proved significantly due to recent theoretical and empirical un-
derstanding of individual processes that contribute to sedimentary
remanences (e.g. Tauxe and Kent 1984; Tauxe et al. 2006; Hes-
lop 2007; Mitra & Tauxe 2009; Roberts ef al. 2013; Egli & Zhao
2015). Simple theoretical models (Nagata 1961) predict that mag-
netic particles deposited through a viscous medium such as water
should align fully with an external magnetic field essentially in-
stantaneously. Such models contrast with the laboratory-observed
field-dependence of DRM acquisition that indicates a much lower
recording efficiency (e.g. Johnson ef al. 1948; Tauxe 1993; Tauxe
etal. 2006). Sediment flocculation models have been proposed to ex-
plain this low recording efficiency, where magnetic particles adhere
to the surface of, or are embedded within, larger particles, known
as flocs, to produce lower net magnetic moments that can reduce
palacomagnetic recording efficiency (Shcherbakov & Shcherbakova
1983; Van Vreumingen 1993a, b). More recent numerical floccu-
lation models (e.g. Tauxe ef al. 2006; Mitra & Tauxe 2009) can
explain quantitatively the depositional data and also predict a non-
linear DRM dependence for smaller flocs (i.e. several micrometres).
Shcherbakov & Sycheva (2010) pointed out that many parameters
are needed to describe sedimentary remanence acquisition and high-
lighted limitations of flocculation models; by tuning model param-
eters, depositing flocs can align fully with an external field given
sufficient settling times (e.g. in oceanic settings). Sediment resus-
pension events, which have variable occurrence and frequency in
aquatic environments, complicate DRM acquisition because of their
shorter settling times.

Recently, a further mechanism was proposed that can also con-
tribute to lower sedimentary palaecomagnetic recording efficiency
(Chang et al. 2016a; Chen et al. 2017; Hong et al. 2019), which
is associated with sedimentary silicate host particles with mag-
netic mineral inclusions embedded within them (Hounslow & Ma-
her 1996; Hounslow & Morton 2004; Mabher et al. 2009; Hatfield

et al. 2013; Chang et al. 2016a, b). Bilardello (2013) and Bilardello
et al. (2013) conducted the first deposition experiments using mag-
netic inclusion-bearing synthetic glass particles of controlled shapes
to investigate DRM acquisition of plates and spheres, including
spherical glass beads and glass flakes containing iron and mag-
netite impurities. Compared to a single magnetic particle model,
the inclusion model has a reduced effective magnetic moment for
two reasons: (1) host silicates are non-magnetic and will lower
the volume-normalized magnetization of bulk particles and (2) the
thermoremanent magnetization (TRM) carried by an assemblage of
magnetic inclusion particles will have a net magnetic moment of
only a few per cent compared to the magnetic moment of individual
particles (Chang et al. 2016a) because of the weak alignment that
results in lower TRMs and other natural remanences compared to
perfectly aligned individual grains (Butler 1992). This smaller mag-
netic moment will reduce the recording efficiency because settling
of larger host particles will be dominated by gravitational and hy-
drodynamic forces rather than by geomagnetic torques (e.g. Heslop
2007).

In order to investigate the DRM behaviour of magnetic mineral
inclusions in silicates and their contributions to sedimentary rema-
nence (Fig. 1a), we carried out laboratory deposition experiments,
using well-characterized silicate host particles with magnetic inclu-
sions. Our experiments document the DRM behaviour of magnetic
mineral inclusions as a function of host silicate particle size and
external magnetic field.

2 SAMPLES AND METHODS

Gabbro and mid-ocean ridge basalt (MORB) samples were used as
two igneous source rocks for the DRM experiments. These samples
are known to contain abundant magnetic mineral inclusions embed-
ded in silicates. The gabbro sample is from the Modipe Gabbro from
the Botswana/South Africa border (Evans ef al. 1968; Muxworthy
& Evans 2013; Muxworthy ef al. 2013). The MORB sample is from
the ultra-slow spreading Southwest Indian Ridge (Tao ef al. 2014;
Wang et al. 2020).

To prepare samples for DRM experiments, fresh rock pieces
were crushed into fine-grained powders and were then subjected
to magnetic separation using rare-earth magnets. The magnetically
extracted powders were bathed in hydrochloric acid (HCI; 3 mol I™!
concentration) to dissolve unprotected Fe/Ti oxide grains. The so-
lution turned yellow after 1 d and samples were then washed with
de-ionized water three times. HCI was added to the sample again;
this procedure was repeated three times until a nearly clear solu-
tion was observed, which indicates that unprotected Fe/Ti oxides
were dissolved. Fe/Ti oxide inclusions embedded within silicates
remained intact because they are protected by silicate host grains
that are not reactive to HCI. After chemical treatment, samples were
washed in de-ionized water and were dried in an oven at 25 °C for 2
d. Finally, we used different mesh sizes (10, 15, 20, 30 and 50 pm)
to sieve silicate particles into specific size ranges (10-15, 15-20,
20-30 and 30-50 pm). Samples are named ‘MORB 10-15 pum’,
‘gabbro 30-50 um’, etc.

Sieved powdered samples (i.e. sister samples of those used for
DRM experiments) were subjected to scanning electron microscope
(SEM) observations and to magnetic measurements. Powder sam-
ples were mounted in epoxy resin and were polished for SEM obser-
vations. SEM observations were carried out with a FEI Quanta 650
field emission SEM at 15 keV at the School of Earth and Space
Sciences (SESS), Peking University (PKU), China. Hysteresis,

120z Aenuer G| uo Jasn (Aseiqi ydeQ boy ‘08y Jog) obaiq ues ‘Jiied jo Alun Aq 2z16209/1002/S/y2z/ame/B/wod dno ojwepede//:sdjy wolj papeojumoq



(a)
Magnetic minerals (), clays (¢)), magnetic inclusions (.)
Magnetotactic bacteria (~~cw)

L
&) PAN
. \ Geomagnetic

field
& g
£

==
benthic

N
BN \ e

surfaoe mixed
layer

Detrital remanence of magnetic silicates 2003

Figure 1. (a) Schematic illustration of the sediment magnetization processes involving various magnetic particle types in Earth’s magnetic field (modified
from Tauxe et al. 2006). Magnetic mineral inclusions embedded in non-magnetic minerals are included. (b) Experimental set up. Inset in (b) indicates position
and orientation (numbers and small arrows) of cubes used for deposition experiments within the 2-axis Helmholtz coils. The field direction (thick black arrow)
was fixed during deposition experiments. The colours represent arrangements for experiments with different grain sizes.

isothermal remanent magnetization (IRM) acquisition and backfield
demagnetization, and first-order reversal curve (FORC; Roberts
et al. 2000) measurements were made on powder samples with
a LakeShore vibrating sample magnetometer (VSM; model 8600)
at the Institute of Geomechanics, Chinese Academy of Geologi-
cal Sciences, Beijing. Hysteresis loops were measured between — 1
and +1 T with a 5 mT field step and 250-300 ms averaging time.
Hysteresis parameters, including the saturation magnetization (M),
the saturation remanent magnetization (M,), the coercive force (B.)
and the coercivity of remanence (B,,) were extracted from loops and
backfield curves. FORC measurements were made with a 1 T max-
imum applied field, 2.7 mT field increment and 350 ms averaging
time. FORC diagrams were produced with the FORClinel 3.06 soft-
ware (Harrison and Feinberg 2008) using the VARIFORC algorithm
(Egli 2013). Magnetic susceptibility was measured with an AGICO
MFK1-FA Kappabridge system. An anhysteretic remanent magne-
tization (ARM) was imparted on packed powder samples with a
100 mT peak alternating field (AF) and a 50 u T direct current (DC)
bias field using an ASC D2000T demagnetizer. An IRM at 1 T was
imparted with an ASC IM-10-30 pulse magnetizer. IRM and ARM
intensities were measured with a 2-G Enterprises superconducting
rock magnetometer. Susceptibility, IRM and ARM measurements
were made at the SESS, PKU.

Helmholtz coils were used to control the magnetic field en-
vironment for the DRM experiments. For each set of deposition
experiments, five sister samples from each sized sample were ar-
ranged within the centre of the 2-axis Helmholtz coils as sketched
in Fig. 1(b). First, ~0.05 g of sized material was mixed with de-
ionized water and was then transferred into standard 2 x 2 x
2 cm palacomagnetic cubes and sealed. After shaking the cubes
to randomize particle orientation, the cubes were placed inside
the Helmholtz coils. The sediment settled in laboratory-controlled
fields for over one hour after which a thin layer of a few millime-
tres at the bottom of the cube was seen. The resulting DRM was
measured by carefully inserting the cube into a 2-G Enterprises

superconducting rock magnetometer (model 755; noise level 3 x
10712 Am?) housed in a magnetically shielded room at the SESS,
PKU. The discrete sample cryogenic magnetometer at PKU has a
4.2 cm access diameter. The thin sample shape should not have a
significant effect on magnetic moment measurements. In addition,
this experimental setting has a deposition length of less than 2 cm.
Shaking the sample cubes increases particle—particle and particle—
wall interactions, which has been found to lead to increased in-
clination shallowing (Jezek et al. 2012; Bilardello er al. 2013).
Depositional environments that form such thin layer samples are
different from many natural sedimentary settings (although similar
to instantaneous records in high sedimentation rate environments)
so palacomagnetic data for these thin samples are not always directly
comparable to those of natural sediment samples. Nevertheless, our
DRM data sets (e.g. remanence intensity and inclination) should be
comparable among our series of laboratory deposition experiments
to reveal silicate-size dependent DRM acquisition. Two main sets
of DRM experiments were undertaken at PKU by systematically
changing the field intensity and inclination. For one set, the field
was set with an inclination of 45°, with declinations of 0°, 30°, 60°
and 90°, and variable field intensities from 0 to 160 uT in 10 T
steps. For another set, the intensity was fixed at 45 T with decli-
nations of 0°, 30°, 60° and 90°, and with inclination varying from
0° to 90° in 10° steps. In any set field intensity and direction, DRM
results for five sister samples with the same grain size were recorded
(inset in Fig. 1b).

3 RESULTS

3.1 Mineralogical and magnetic characterizations of
samples

SEM observations indicate that the prepared silicate particles have
relatively homogenous sizes with magnetic inclusions (Fig. 2). No
obvious isolated, unprotected iron/titanium oxide grains are evident.
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Figure 2. Back-scattered SEM images of typical sized silicate samples used for depositional experiments: (a—d) ‘MORB 10-15 um’, (e-h) ‘"MORB 20-30
pm’, (i-1) ‘gabbro 10-15 um’ and (m—p) ‘gabbro 20-30 pum’. Overview images are shown on the left. Other images are of single silicate grains containing
magnetic mineral inclusions. White arrows in (c—g, j—p) indicate fine-grained (titano)magnetite inclusions. Red arrows in (b, h) point to relict dendritic structures
(black appearance), where the original titanomagnetite dendrites were dissolved during chemical treatment of samples.

SEM images of the sized gabbro and MORB samples indicate the
common presence of fine-grained (titano)magnetite particles that
appear as isolated or clustered grains embedded in silicates (Fig. 2;
white arrows). Silicate grains in MORB samples (Figs 2a—h) appar-
ently contain more abundant and closely spaced magnetic mineral
inclusions, compared to the gabbro samples (Figs 2i—p). Sieved
silicates in MORB samples consist of a mixture of pyroxene and
plagioclase. Gabbro samples contain needle-like magnetic mineral
inclusions, as indicated by microscopic studies on samples from
the same locality (Evans et al. 1968). The sieved silicates in gab-
bro samples consist of pyroxene. In addition, we observe the com-
mon presence of relict dendritic structures (black in SEM images;
Figs 2b, h, red arrows). This indicates that original titanomagnetite
dendrites on silicate surfaces were dissolved by HCI during chem-
ical leaching, while magnetic inclusions within silicate interiors
remained intact. This feature further confirms the effectiveness of

our chemical treatment to produce pure magnetic mineral inclusion
bearing samples.

The sizes of silicate grains are distinct among different samples
(Figs 2a, e, i and m). We counted and measured many polished
silicate grains in SEM images for three samples (with 634—1211
grains counted; Table 1): ‘MORB 10-15 um’, ‘gabbro 10-15 um’
and ‘gabbro 20-30 um’ (Fig. 3). Statistical properties of particle
length and shape distributions are given in Table 1. The mean par-
ticle length for each sample is near the sieved size range (Figs 3a, ¢
and e; Table 1). Some samples have a relatively large grain length
dispersion (Fig. 3e). Particle lengths smaller than the mesh size
occur because grain dimension measurements were made on pol-
ished sections, where some grains were only exposed partially after
polishing (Fig. 2). The presence of particles with lengths larger
than the mesh size probably results from their elongation, so that
they passed through the sieve due to their small narrow dimension.
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Table 1. Silicate particle size and elongation statistics for selected sized
silicate samples measured from SEM images.

MORB 10-15 Gabbro 10-15  Gabbro 20-30
Samples pum um pum
Particle number 1119 1211 634
Mean length (pem) 17.3 18.6 342
median length (pem) 16.5 17.5 33.1
IQR of length (uwm) 9.3 10.2 22.8
Mean elongation 1.72 1.81 1.92
Median elongation 1.60 1.66 1.69
IQR of elongation 0.70 0.77 0.88

Note: IQR, Interquartile range.

SEM observations of our sized silicate samples (Fig. 2) indicate that
grain shape and elongation for the three studied samples is similar
(Figs 3b, d and f; Table 1). Our observations also do not reveal
distinct populations of more spherical or platy particles, although
the larger sample ‘gabbro 20-30 um’ has a slightly larger grain
elongation (length/width ratio) compared to sample ‘gabbro 10-15
pum’ (Fig. 3f; Table 1). Nevertheless, particle sizes are distinct
among different samples with subtle grain elongation differences.

Hysteresis loops, IRM acquisition curves, and backfield demag-
netization curves for whole rock samples and sized silicate samples
are presented in Fig. 4; hysteresis parameters are given in Table 2.
There is a small decreasing trend in M values with increasing grain
size among the sized MORB samples (Table 2). Other rock magnetic
properties are similar among the sized MORB silicate samples, but
are distinct from the bulk MORB sample (Figs 4a and b). This is
consistent with SEM observations, which indicate that significant
amounts of unprotected dendritic titanomagnetite grains were re-
moved chemically from the bulk sample during production of the
sized silicates. Magnetic properties for the gabbro whole rock sam-
ple and sized silicate samples are similar (Figs 4c and d), although
M,/Mj ratios are slightly lower than reported by Muxworthy &
Evans (2013) for optically handpicked pyroxene crystals from the
same gabbro outcrop. Muxworthy & Evans (2013) showed that after
separating the handpicked samples into four subsamples based on
pyroxene opaqueness, the M,/M; ratio increases. The lower M,s/M;
values in this study represent an average hysteresis response for
the pyroxene crystals. M, values among the sized gabbro samples
are similar and do not have a notable grain size dependent trend
(Table 2).

A FORC diagram for the bulk MORB sample contains concen-
tric contours with large vertical spread (Fig. 5a), which indicates
the dominance of magnetostatically interacting stable single domain
(SD) and vortex state grains (Roberts et al. 2014, 2017; Lascu et al.
2018). Sized MORB samples have contrasting FORC signatures
compared to the bulk MORB sample, but similar FORC diagrams
are obtained for different sized samples with elongated concentric
distributions along the horizontal axis and small/moderate vertical
spreading (Figs Sb—e), which correspond to weakly/moderately in-
teracting SD assemblages (Roberts et al. 2000, 2014). A faint ‘zero
to negative’ ridge oriented at ~135° for the MORB samples (vertical
arrows; Figs Sa—e) represents vortex-state grains (Lascu et al. 2018).
A FORC diagram for the bulk gabbro sample contains a predom-
inantly teardrop-like concentric distribution with a long high-field
tail (Fig. 5f), which indicates the presence of interacting and weakly
interacting SD and vortex state grains (Roberts et al. 2014, 2017,
Lascu et al. 2018). The negative FORC distribution values along the
negative B, axis (horizontal arrows; Figs 5f—j) are consistent with
the presence of uniaxial SD grains (Muxworthy et al. 2004; Newell
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2005; Egli et al. 2010). The bulk and sized gabbro samples (Figs 5f—
j) have similar FORC diagrams: in agreement with FORC diagrams
reported by Muxworthy and Evans (2013) (pyroxene crystals) and
Muxworthy et al. (2013) (whole rock). Sized gabbro samples in this
study have slightly greater contributions from the low-coercivity
component with larger vertical spread (Figs 5g—j), likely due to vor-
tex state grains (Roberts et al. 2017). FORC diagrams are similar
among the sized gabbro samples (Figs 5g—j).

In summary, SEM observations and magnetic measurements con-
firm that the sized gabbro and MORB samples have relatively well-
controlled silicate sizes and compositions. Each sized sample set
has similar mineralogical and magnetic properties. All prepared
samples contain pure magnetic mineral inclusions hosted within
silicates (i.e. isolated magnetic mineral grains were chemically re-
moved). The main difference between sized samples is the average
silicate size.

3.2 Depositional experiments

Results of DRM acquisition experiments conducted in various set
field intensities and directions are presented in Figs 68 and in Table
S1-S3. DRM directional data indicate that declinations are recorded
accurately (Figs 6a and c; black lines). This result demonstrates that
magnetic inclusion-bearing samples acquire a DRM. In contrast
to accurate declination recording, inclinations are shallow, as has
been observed in many DRM experiments (e.g. King 1955; Griffiths
et al. 1960; Tauxe & Kent 1984; Zhao & Roberts 2010; Bilardello
2013; Bilardello et al. 2013; Zhao et al. 2016; Molinek & Bilardello
2018). The DRM data have a clear inclination shallowing trend as
a function of silicate size: (1) sized gabbro samples have a higher
degree of flattening (i.e. lower fvalues of ~0.2—0.4) compared to the
MORB samples (f values of ~0.3—0.5) and (2) fvalues for gabbro
and MORB samples are size-dependent, where larger silicates have
a smaller degree of inclination shallowing (Figs 6b and d).

Field dependent deposition experiments indicate a monotonic
DRM intensity increase with field intensity for both sample sets
(Fig. 7), with some scatter, for example DRM data for MORB
samples at 50 and 110 uT (Figs 7d—f). This scatter is likely due to
experimental errors. Despite these small deviations, all normalized
DRM intensities indicate a clear non-linear relationship between
remanence and applied field over the 0-100 uT range (Fig. 7).

We observe a DRM dependence on silicate host particle size. For
both gabbro and MORB samples, mass-normalized DRM (Figs 7a
and d) has higher values for smaller particles (1015 pum). Sized
MORB samples have a slightly decreasing M; with increasing grain
size (Table 2), which may contribute partially to the observed size-
dependent mass-normalized DRM data (Fig. 7d). Sized gabbro sam-
ples do not have a grain size dependent M; (Table 2), yet these sam-
ples have a grain size dependent mass-normalized DRM (Fig. 7a).
Such grain size dependent DRM may be explained in terms of in-
clination shallowing increasing the length of the resultant vector for
settling fields <45°, whereas deposition in fields >45° resulted in
shortening of the resultant vector (Jezek & Gilder 2006), although
experimental conditions in this study are different to those modeled
by Jezek & Gilder (2006).

Other normalized DRM ratios have a more complex size depen-
dent behaviour, which might result from slight magnetic property
variations among different sized samples. We also plot DRM as a
function of inclination (Fig. 8), which indicates a strong inclination
dependence for constant field intensity during DRM acquisition:
normalized DRM values are highest at zero inclination (horizontal)
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Figure 3. (a, c, ¢) Measured grain length and (b, d, f) grain shape distributions of three typical sized silicate samples from SEM images, where 1119, 1211 and
634 grains were counted for samples ‘MORB 10-15 um’, ‘gabbro 10-15 um’ and ‘gabbro 20-30 um’, respectively.

and lowest when the field is vertical, in agreement with previous ob-
servations (Tauxe & Kent 1984; Molinek & Bilardello 2018). While
our DRM results for samples with different size fractions have larger
intensity spread in horizontal versus vertical fields, these differences
become more constant after normalization (Figs 8b, c, e and f). This
demonstrates the validity of normalization to account for different
magnetic behaviour in samples for RPI determination (e.g. Levi &
Banerjee 1976; Tauxe & Yamazaki 2015).

4 DISCUSSION

4.1 Magnetic inclusions as an explanation for low
remanence acquisition efficiency

Nagata (1961) presented a calculation for magnetic particle deposi-
tion in a magnetic field B (that drives particle rotation by a magnetic
torque) through a viscous medium (that opposes particle rotation
by viscous drag) and obtained:

; o . g mBt 0
an — =tan —exp | — | ,
2 2 P T

where « is the angle between the magnetic moment m of the grain
and the external field B, « is the initial angle and A is the viscosity

coefficient. A represents the viscous drag and is a complex function
of the fluid viscosityn (i.e. fresh or salt water) and geometry of
depositing particles, such as particle size (Tauxe et al. 2006) and
shape (Jezek and Gilder 2006; Heslop 2007).

Considering a simple case of spherical particles(A = 8mr3n;
where 7 is the particle radius) and Eq. (1), the characteristic time
T (where the angle o reduces to «g/e) for aligning the magnetic
moment m of a spherical particle with an external magnetic field B
is given by:

8nrin
= , 2
T=— % 2
Using values for the viscosity of water (~1073 kg m~! s7!), an

Earth-like magnetic field (20—100 wT), and the volume magnetiza-
tion of a single spherical grain for typical ferrimagnetic minerals,
such as magnetite, eq. (2) gives a short 7 (i.e. < 1 s) such that mag-
netic grains align with the external field almost instantly. Assuming
no other forces, this suggests that a DRM for an ensemble of mag-
netic mineral grains should have an efficient remanence acquisition
with intensity close to saturation that is effectively independent
of the external field strength (Tauxe e al. 2006). This prediction
contrasts with experimental observations (e.g. Johnson ef al. 1948;
Tauxe et al. 2006; Mitra & Tauxe 2009) that sedimentary DRMs are
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Figure 4. (a, c) Hysteresis loops and (b, d) IRM acquisition and backfield demagnetization curves for the depositing sized silicate samples (data in colours)

and whole rock samples (data in black). Magnetization data are normalized to saturation values. Hysteresis parameters are given in Table 2.

Table 2. Hysteresis parameters for the studied bulk igneous rock and sized samples.

Samples B (mT) Ber (mT) Mg (Am? kg ™) M/ M Ber/Be
MORB bulk 36.7 46.1 1.073E-01 0.55 1.26
MORB 10-15 um 35.8 78.2 3.028E-02 0.35 2.18
MORB 15-20 um 33.8 79.1 2.546E-02 0.33 234
MORB 20-30 m 33.2 80.9 2.629E-02 0.31 2.44
MORB 30-50 um 33.6 84.8 2.185E-02 031 2.52
MORB 50100 um 51.4 97.1 8.602E-03 0.47 1.89
Gabbro bulk 18.9 37.5 3.301E-02 0.25 1.98
Gabbro 10-15 um 16.1 38.0 5.068E-02 0.18 236
Gabbro 15-20 um 16.5 37.7 4.356E-02 0.20 2.28
Gabbro 20-30 um 17.6 38.8 4.230E-02 0.21 2.20
Gabbro 30-50 um 12.6 34.4 5.578E-02 0.15 2.73
Gabbro 50-100 pm 23.4 47.0 3.063E-02 0.27 2.01

often less efficient than suggested by eq. (2) and are field depen-
dent. Sediment flocculation models have been proposed to explain
the DRM inefficiency (Shcherbakov & Shcherbakova 1983; van
Vreumingen 1993a, b), where aggregation of magnetic particles
with non-magnetic particles (e.g. clays) and magnetic moment can-
cellation within composite flocs (Tauxe ef al. 2006; Mitra & Tauxe
2009), greatly reduces the net magnetization M, thereby increasing
T.

Deposition of silicate host particles with embedded magnetic
mineral inclusions should have a similar effect as flocculation be-
cause the silicate host is not magnetic and because of magnetic
moment cancellation within inclusions (Chang ef al. 2016a) that
greatly reduces their alignment by geomagnetic torques (i.e. in-
creasing 7). In order to assess the ability of magnetic inclusion-
bearing silicate grains to align with the field, we calculate t values

as a function of magnetic moment m (or volume magnetization M)
for a spherical magnetic silicate particle with radius r using eq. (2)
(Fig. 9). Expected t values for two cases are considered using: (1)
reported remanence values for hand-picked single crystal silicates
(Tarduno et al. 2001, 2006; Tarduno & Cottrell 2005), and (2) typi-
cal remanence values of bulk igneous rocks. For case (1), saturation
IRM (SIRM) values for strongly magnetic, hand-picked single sil-
icate crystals (upper shaded region in Fig. 9) lie well above the 7
=1 s line (i.e. they correspond to small 7 values where magnetic
grains align rapidly with the field). TRMs for hand-picked single
silicate crystals lie near the © = 1 s line. For case (2), we consider
silicate grains with typical natural remanent magnetization (NRM)
values for igneous rock samples that fall in the 0.1-10 A m™! range
(cf. ter Maat et al. 2019), where the studied MORB samples have
values of ~10 A m™' (Wang ef al. 2020), and the gabbro samples
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Figure 5. FORC diagrams for the bulk rock (top) and size fraction samples used for depositional experiments. Dashed lines indicate the 0.05 significance level
(Heslop and Roberts 2012). VARIFORC (Egli 2013) smoothing parameters (Sco = 4, Spo = 3, Sc1 = Sp1 = 7) were used for all FORC diagrams.

have values of ~1-6 A m™!. Using magnetization values of 0.1— 7. Our magnetic extraction of silicate host particles likely magne-

10 A m™', we obtain 7 values between 12 s and 20 min (dashed
lines in Fig. 9). Silicate particle elongation will increase viscous
drag during settling (i.e. Jezek & Gilder 2006; Heslop 2007) and

tized particles close to their SIRM values, which would have erased
their original TRM. Single silicate crystal SIRMs are much larger
(~25 times greater) than TRMs. Magnetic moment cancellation
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Figure 6. Recorded (a, c) DRM declination and (b, d) inclination with respect to set direction values for sized (a, b) gabbro and (c, d) MORB samples. DRM
experimental settings: declinations of 0°, 30°, 60°, 90°, inclinations of 0°, 10°, ..., 90°, and a fixed magnetic field of 45 uT. Black lines in (a-c) are the
one-to-one ratio lines. Dashed lines in (b, d) are typical curves for different values of the empirical flattening factor f'(King 1955). Error bars represent one

standard deviation (Table S1). Colours represent different grain size fractions.

within inclusions in our DRM experiments is, thus, likely much
suppressed. This could explain the much larger experimental DRM
ratios (e.g. DRM/ARM and DRM/SIRM; Figs 7b, ¢, e and f)
compared to palacomagnetic records (e.g. Chen et al. 2017). Re-
gardless, we expect that deposition of silicate single crystals with
TRMs may produce a more linear field dependence of DRM inten-
sity because their lower magnetic moments (Fig. 9) will fall into
the more linear lower-field DRM region (Fig. 7). Remanence acqui-
sition is also inevitably affected by particle motion when encoun-
tering the substrate. Several experimental and numerical studies
have demonstrated magnetic moment dispersion for both platy and
spherical particles due to particle rolling and slipping, which can
further reduce the remanence when particles touch the substrate
(Jezek et al. 2012; Bilardello 2013; Bilardello ez al. 2013). For ex-
ample, Jezek et al. (2012) demonstrated numerically that slipping,
rather than rolling, in smaller particles maintains the moment ori-
entation, while larger particles are affected by rolling to reduce the
DRM.

In summary, magnetic and morphological properties of natural
silicate grains are variable, which will produce variable t values
during deposition that range from seconds to minutes, with t for
some magnetically weak silicates approaching an hour (Fig. 9).
Silicate particles with different sizes and shapes also have different

settling times. Such variable relaxation and deposition times are
likely the cause of gradual silicate alignment with external fields
during deposition to produce a quasi-linear field dependence. Our
DRM experiments demonstrate that host silicate particles with sizes
up to 50 um record geomagnetic field information with two caveats:
(1) the recorded DRM inclination is shallow and (2) RPI has a
non-linear field dependence. These observations directly confirm
experimental and numerical studies (Jezek et al. 2012; Bilardello
2013; Bilardello et al. 2013; Chang et al. 2016a; Chen et al. 2017;
Hong et al. 2019) and demonstrate that deposition of host particles
with magnetic inclusions provides a further mechanism for field-
dependent DRM acquisition.

4.2 Sedimentary remanence acquisition of magnetic
inclusion-bearing particles

Tauxe et al. (2006) obtained an empirical expression for the depo-
sition velocity of spherical grains as a function of grain radius:

o e mBI
tan 7= tan Texp (—W) , 3)

where / is the deposition length. eq. (3) and considering A for
a general case suggests that the DRM intensity of silicates with
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Figure 7. Recorded ‘RPI” with different normalizers as a function of the set magnetic field for sized (a—c) gabbro and (d-f) MORB samples. DRM experimental
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(Table S2). Colours represent different grain size fractions.

magnetic inclusions is controlled by: (1) silicate host grain size, (2)
the net magnetic moment of silicates, (3) the external field B and
(4) water column height (deposition length). Our deposition exper-
iments demonstrate clearly effects (1)—(3). For example, magnetic
moment distributions in silicates for gabbro and MORB samples
could explain their different DRM behaviour. The effect of sili-
cate size on DRM behaviour is also demonstrated (Figs 6-8). The

exact distributions of magnetic moment m and size r for the sili-
cate grains, which produce variable v during deposition (Fig. 9),
should partially control the shape of the field-dependence of DRM
intensity. Silicate host grain sizes are well defined and the magnetic
properties of magnetic mineral inclusion assemblages can also be
characterized in detail, which makes them suitable model materials
to understand sediment magnetization acquisition.
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Colours represent different size fractions.

We calculated deposition times considering deposition lengths
and Stokes’s Law. Our experiments were conducted within 2-cm
boxes, so the maximum settling distance of particles is <2 cm with
a 02 cm range of settling distances. The fact that a clear DRM
signal is recorded indicates that a significant fraction of depositing
particles achieved magnetic alignment within a 2-cm water column.
The settling velocity v of spherical particles is given by Stokes’s

Law:

2 (/O - pw) gr2
v(r) = 5, C))
n
where p and p,, are densities of the depositing particle and water,
respectively, 7 is the particle radius and g is the gravitational acceler-

ation. Considering a maximum 2-cm deposition length for the 1, 10,
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from igneous rock NRMs.

20, 30 and 50 pum depositing particles, we obtain deposition times
of ~77 min, ~46 s and ~11 s, ~5 s and ~2 s, respectively. These
estimated settling times are comparable to the calculated charac-
teristic alignment time t during deposition (Fig. 9). It is therefore
possible that in our DRM experiments, some large silicate particles
may not have had sufficient time to align with the external mag-
netic field before settling, which would produce a slightly weaker
remanence for larger size fractions (Figs 8a and d).

Brownian motion could also affect sedimentary remanence ac-
quisition and produce a field dependent DRM intensity (Mprm)
by randomizing magnetic moments in fluids by thermal agitation
(Collinson, 1965). The Brownian motion model describes the DRM
intensity by the Langevin expression, which is similar to ther-
mal fluctuation effects on paramagnetic magnetization (Collinson,
1965):

Mprm = mn (cota — 1/a), 5)

where « = mB/k T, m is the magnetic moment of the grain, » is
the number of particles per unit volume, « is Boltzmann’s constant
(1.38 x 1072 JK') and T'is temperature. In eq. (5), @ < 1 defines
the region with a high Brownian motion influence. For isolated
magnetite grains, such as magnetite (M =4.8 x 10 Am ™), o < 1
(using B = 50 uT; T = 300 K) predicts a small upper size of
~69 nm for spherical grains. Silicates hosting magnetic mineral
inclusions have much lower magnetization compared to isolated
magnetic mineral grains, so it is expected that the maximum silicate
size for which Brownian motion may affect the DRM should become

larger. Using e = MV B/kT, @« < 1,B =60uT and T = 300 K,
with NRM values in the range of 0.1-10 A m™! for igneous samples
with magnetic silicates gives upper sizes of ~2.0-9.4 pum. This
indicates that Brownian motion may influence the smallest silicate
grains that host magnetic mineral inclusions.

Next we consider how post-depositional sedimentary processes
affect the DRM recorded by magnetic mineral inclusions. It is dif-
ficult to assess potential effects because we did not perform con-
trolled PDRM experiments or simulations here. Post-depositional
realignment in our experiments is probably negligible even with
reduced friction experienced by the particles, although some parti-
cles may have rotated after deposition. Post-depositional processes,
such as bioturbation, can remobilize small magnetic particles to
produce a PDRM (Kent 1973; Roberts et al. 2013) that in some
cases completely erase the original DRM (Zhao ef al. 2016). Post-
depositional perturbations are also likely to affect DRM signals
carried by magnetic inclusion-bearing silicates. Nevertheless, our
experimental DRM data confirm directly that magnetic inclusion
bearing silicates can record a palacomagnetic signal, albeit subject
to inclination shallowing. Given the potentially widespread occur-
rence of magnetic mineral inclusions within host silicates in many
sedimentary environments (e.g. Hounslow & Maher 1996; Chang
et al. 2016a, b; Hatfield ef al. 2013, 2017), and that silicate host
grains protect iron oxide inclusions and their remanence against
potential post-depositional diagenesis (Roberts 2015; Chang et al.
2016b), magnetic inclusion-bearing silicates expand the range of
relevant materials for sedimentary palacomagnetic studies.
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4.3 Possible cause of inclination shallowing for silicates
with magnetic inclusions

Our DRM data indicate variable inclination shallowing, which could
also produce a latitude dependent DRM intensity (Fig. 8), as sug-
gested by Molinek & Bilardello (2018) who also proposed an
anisotropy-based correction for such biased RPI data. Our DRM
data indicate a larger degree of inclination shallowing (smaller /'
values; Figs 6b and d), compared to published data for many nat-
ural samples. For example, Bilardello & Kodama (2010) found
that for Carboniferous red beds of western Newfoundland and a
compilation of published data the inclination shallowing factor f'is
in the 0.54-0.79 and 0.4-0.59 ranges for magnetite-bearing and
haematite-bearing samples, respectively. This is consistent with
suggestions of larger inclination shallowing in laboratory deposi-
tion experiments compared to sedimentary palacomagnetic records
(e.g. Griffiths et al. 1960; Tauxe & Kent 1984; Zhao & Roberts
2010; Molinek & Bilardello 2018). Due to different depositional
settings in the laboratory and natural environments, inclinations
from laboratory DRM experiments may not be directly compara-
ble to palacomagnetic results. Previous DRM experiments on sized
samples do not reveal grain size dependent inclination shallowing
(e.g. Griffiths ef al. 1960). DRM data from our controlled magnetic
inclusion bearing silicate samples indicate a clear silicate grain size
dependent inclination shallowing, where larger silicate grains have
less shallowing (Figs 6b and d). SEM observations of our sized
silicate samples (Fig. 2) do not reveal distinct populations of more
spherical or platy particles. The silicate grain elongation is also sim-
ilar among our samples, although the larger silicate sample ‘gabbro
20-30 pum’ appears to be slightly larger compared to sample ‘gab-
bro 10—15 pum’. The inclination flattening mechanism proposed by
King ( 1955) who suggested that inclination error arises from dif-
ferent populations of spherical and platy particles (aligning with the
field and horizontal plane, respectively) is unlikely to explain our
inclination data trend (i.e. larger particles have larger elongations
and, therefore, have larger degree of inclination shallowing; Figs 6b
and d). Instead, the ‘rolling ball’ model of Griffiths et al. (1960),
which has been tested by various authors (Tauxe and Kent 1984; Bi-
lardello 2013; Bilardello et al. 2013), suggests that particles roll into
the nearest depression between grains on the sedimentation plane
to produce an inclination error. Smaller particles would more likely
fall into the pores (therefore producing larger inclination errors than
larger particles), which may explain our observed size-dependent
inclination flattening. For example, rolling in random directions
produces shallower inclinations by introducing a bias toward the
horizontal without a declination bias. Jezek ef al. (2012) simulated
numerically the effect of particle rolling on inclination shallowing.
Their simulations demonstrate that mixing small magnetic particles
with larger non-magnetic particles would effectively increase the
amount of rolling and exacerbate inclination shallowing. Larger sil-
icate particles are assumed to be less prone to rolling than smaller
grains, which could produce a smaller inclination error, as shown
in our experimental DRM data (Fig. 6).

5 CONCLUSIONS

The following conclusions are reached from our laboratory depo-
sition study. (1) Magnetic mineral inclusions hosted within silicate
particles (with 10-50 pm sizes) can record a DRM with shallow in-
clinations, which confirms previous palacomagnetic findings (Chen
et al. 2017; Hong et al. 2019) and numerical calculations (Chang
et al. 2016a). (2) The degree of inclination shallowing depends on
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silicate size, where larger silicate grains have smaller inclination er-
rors. A ‘rolling ball” model might explain this size dependent incli-
nation shallowing. (3) DRM results confirm directly that deposition
of non-magnetic silicate grains with magnetic mineral inclusions is
a further cause of low-efficiency of sedimentary remanence acqui-
sition and quasi-linear field dependence in addition to flocculation
(e.g. Shcherbakov & Shcherbakova 1983; Tauxe et al. 2006). (4)
DRM intensity varies non-linearly with applied field for deposited
silicate particles with magnetic mineral inclusions. The curvature
of this relationship is likely caused by the magnetic moment distri-
butions of embedded magnetic inclusions and by host silicate size
and shape. Non-magnetic host particles with magnetic mineral in-
clusion assemblages appear to behave differently from unprotected
magnetic particles during sediment remanence acquisition. Given
the widespread occurrence of host particles with magnetic min-
eral inclusions in sedimentary environments, their contributions to
sedimentary palacomagnetic signals are likely to be important.
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