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SUMMARY

Sedimentary magnetizations are fundamental to palaecomagnetism, but the mechanisms that
control remanence acquisition remain poorly constrained. Observed sedimentary natural re-
manent magnetizations are often orders of magnitude smaller than the saturation remanent
magnetization of the same sediment, which indicates inefficient remanence acquisition. We
present a statistical model, based on the von Mises—Fisher distribution, in which magnetic par-
ticle reorientations towards an ambient field are considered, without representing the physics
of the magnetization acquisition process. The results provide insights into the nature of sedi-
mentary magnetizations. Specifically, an assemblage of randomly oriented magnetic particles
can acquire a high-fidelity palacomagnetic signal with only small rotations (in some cases
<1°) of particles towards the ambient field direction. This demonstrates that the action of a
geomagnetic torque on individual magnetic mineral particle orientation may be minor, and that
a weak directional bias on an assemblage of particles could be responsible for the typically
observed inefficiency of sedimentary remanence acquisition. Additionally, we demonstrate
that weak fields produce sedimentary magnetizations with larger directional uncertainties. For
natural sediments, however, these uncertainties appear to be small enough to allow reliable
recording of directional geomagnetic field behaviour during periods with weak fields, such as
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palacomagnetic reversals and excursions.
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1 INTRODUCTION

After decades of research, sedimentary remanence acquisition re-
mains poorly understood (see Tauxe 1993, 2010; Roberts et al.
2013, for reviews). Early conceptual models of the acquisition of
sedimentary natural remanent magnetizations (NRMs) were sim-
ple; isolated magnetic mineral particles that settle through a still
water column experience a geomagnetic torque that rapidly rotates
them into alignment with the ambient geomagnetic field (Nagata
1961; Collinson 1965; Nozharov 1966). Once deposited, the mag-
netic particles form a depositional remanent magnetization (DRM),
which provides a record of the contemporary geomagnetic field.
When the geomagnetic field strength is high, magnetic particles
will align more efficiently and produce larger NRMs. Thus, the
direction and strength of a sedimentary NRM can provide essen-
tial information concerning the direction and strength of the past
geomagnetic field. A detailed early review of sedimentary DRM
acquisition was given by Verosub (1977). Numerous studies have,
however, identified a multitude of factors that could promote or in-
hibit magnetic particle rotation in the water column, at the sediment
surface and post-depositionally.

During sinking, magnetic particles will be subjected to physi-
cal processes, such as rotational Brownian motion (Stacey 1972),
fluid torques (Jezek & Gilder 2006; Heslop 2007) and particle

flocculation (van Vreumingen 1993a; Katari & Tauxe 2000; Katari
& Bloxham 2001; Tauxe et al. 2006; Shcherbakov & Sycheva 2008,
2010; Mitra & Tauxe 2009), which are expected to inhibit particle
alignment. With a number of simplifying assumptions, these pro-
cesses can be simulated mathematically to investigate basic scenar-
ios of NRM acquisition, however, the influence of many controlling
factors, such as sediment mineralogy, water chemistry and the dis-
tribution of particle sizes and shapes, remain poorly constrained (Lu
et al. 1990; van Vreumingen 1993b; Tauxe et al. 2006; Spassov &
Valet 2012).

Once deposited onto an unconsolidated sedimentary substrate,
magnetic particles will be subjected to a number of processes that
will further influence their orientation with respect to the geomag-
netic field. For example, particles can be expected to roll and slip
on the substrate before coming to rest (King 1955; Griffiths et al.
1960). Recent numerical and experimental investigations indicate
that systematic offsets between recorded natural sedimentary NRM
directions and the expected geomagnetic field direction (e.g. in-
clination shallowing) could be explained by rolling of magnetic
particles at the point of deposition (Jezek et al. 2012; Bilardello
etal 2013).

After deposition, magnetic particles will still be subjected to pro-
cesses that influence their alignment with the geomagnetic field.
If magnetic particles reside in interstitial voids they remain free to
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rotate, tracking the slowing changing geomagnetic field direction
until compaction locks them into place to form a post-depositional
remanent magnetization (pDRM). The gradual formation and stabi-
lization of the palacomagnetic signal after deposition can be repre-
sented with a lock-in function, which relates burial depth to the pro-
portion of the NRM that is fixed on a geological timescale. The form
of such lock-in functions is still under debate (Bleil & von Dobeneck
1999; Roberts & Winklhofer 2004; Suganuma et al. 2011; Roberts
et al. 2013), but must be related to gradual compaction and sedi-
ment dewatering (Irving & Major 1964; Kent 1973). Compaction
may also introduce systematic biases in the recorded NRM, for ex-
ample inclination shallowing produced by flattening of elongated
magnetic particles into the bedding plane (Blow & Hamilton 1978;
Anson & Kodama 1987; Arason & Levi 1990). Other processes,
such as bioturbation, also illustrate the complexities involved in
NRM acquisition. Bioturbation will randomize particle alignments
and might, therefore, be expected to be detrimental to high fidelity
NRM acquisition. The action of bioturbation, however, liberates
magnetic particles within the unconsolidated sediment and provides
an additional opportunity for alignment with the ambient field (Irv-
ing & Major 1964; Kent 1973). Thus, an apparently detrimental
process may be beneficial to NRM acquisition.

Although our understanding of sedimentary NRM acquisition
remains rudimentary, global palaeomagnetic consistency demon-
strates that sediments can provide high fidelity palacomagnetic
recording (Tauxe 1993; Guyodo & Valet 1996, 1999; Valet et al.
2005; Guyodo & Valet 2006; Channell er al. 2009; Ziegler et al.
2011; Roberts et al. 2013). Early redeposition studies demonstrated
that the NRM recording process is inefficient, with the magnitude
of sedimentary NRMs far less than their corresponding saturation
remanences (Johnson et al. 1948; Tauxe 2010). For example, Levi
& Banerjee (1976) found that lake sediments carried NRMs with
magnitudes corresponding to ~0.2 per cent of the saturation rema-
nence. Furthermore, using an analysis of synthetic sediment depo-
sition experiments (Anson & Kodama 1987), Arason & Levi (1990)
calculated magnetic particle alignment efficiency to be <1 per cent
(NRM magnitude compared to the magnetization of a perfectly
aligned system). The apparent contradiction between low NRM ac-
quisition efficiencies and high quality sedimentary palacomagnetic
recording requires further investigation. In this study, we present
statistical simulations to investigate the extent to which sedimen-
tary magnetic particles must be aligned with an ambient field to
produce palacomagnetic signals similar to those observed in na-
ture (i.e. low-efficiency, but apparently high-fidelity NRMs). We do
not consider the relative importance of different DRM and pDRM

(a) Initial random state
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mechanisms, but instead focus on the extent of particle alignment
when all reorientation processes have ceased and a geologically
stable NRM is recorded.

2 STATISTICAL MODEL

Numerous recent studies have attempted to quantify and simulate
numerically the spectrum of processes that influence NRM acqui-
sition (Katari & Tauxe 2000; Katari & Bloxham 2001; Roberts &
Winklhofer 2004; Tauxe et al. 2006; Heslop et al. 2006; Heslop
2007; Shcherbakov & Sycheva 2008, 2010; Mitra & Tauxe 2009;
Jezek et al. 2012; Bilardello et al. 2013). We do not consider these
processes individually, but instead ask what magnitude of particle
rotation is required to transform a collection of randomly oriented
particles into an ensemble possessing an NRM with the <1 per cent
alignment efficiency reported in the literature (Johnson et al. 1948;
Levi & Banerjee 1976; Arason & Levi 1990; Tauxe 2010). In this
way, the factors that control DRM and pDRM acquisition, such as
magnetic torque, particle shape, current and fluid resistance, bio-
turbation and sediment compaction are viewed as components of a
single mechanism that controls the ability of a particle assemblage
to evolve from a random starting state to a final state that carries use-
ful palacomagnetic information. The concept of our model is shown
in Fig. 1, where an assemblage of unoriented magnetic particles is
transformed by individual particle rotations so that the resulting
NRM is aligned closely with the ambient field direction.

Earlier studies have considered detailed processes acting on sin-
gle particles (Jezek & Gilder 2006; Heslop 2007) or ensembles of
some hundreds to thousands of particles (Heslop et al. 2006; Tauxe
et al. 2006; Mitra & Tauxe 2009; Jezek et al. 2012). Although the
assumptions employed in the current model make it less physically
realistic than earlier models, the associated simplifications make it
feasible for the first time to study large numbers of particles (10°)
within a Monte Carlo framework.

Our simulation is based on collections of unit vectors (i.e. points
on the surface of a unit sphere) and the resultant vector they pro-
duce in combination. Individual vectors are analogous to single
magnetic particles and the resultant vector is the NRM produced
by their combined behaviour. The use of unit vectors assumes that
each particle has the same remanence intensity, which is clearly
an oversimplification of natural systems where magnetic particles
span a distribution of sizes and tend to flocculate with non-magnetic
particles. For example, Tauxe et al. (2006) considered the align-
ment efficiency of magnetic particles incorporated into flocs and

(c) Recorded NRM

Figure 1. Underlying principle of the statistical model used in this paper. (a) In their initial state, the magnetic moments of individual particles that contribute to
a sedimentary magnetization are oriented randomly (black points, with open and closed symbols representing upward and downward inclinations, respectively)
and produce a resultant NRM (red point) that is not related to the ambient field (vertical downward). (b) Various processes can give rise to particle reorientations
during descent through the water column, at the sediment—water interface or within the sediment column. These processes could promote or inhibit NRM
acquisition parallel to the geomagnetic field direction, but it is generally assumed that the geomagnetic field exerts a sufficient control on magnetic particle
orientation that the recorded NRM (c) provides a reasonable representation of the ambient geomagnetic field direction.
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concluded that a relatively sharp size transition exists between flocs
small enough to align readily with the field and flocs too large
to reorient under a typical geomagnetic torque. Therefore, Tauxe
et al. (2006) proposed that the observed total efficiency of the NRM
is a balance between aligned and random components. Although
our model cannot currently represent the kind of multicomponent
processes envisaged by Tauxe et al. (20006), it provides a starting
point with which to consider the average behaviour of assemblages
containing large numbers of magnetic particles.

2.1 Numerical method

In spherical polar coordinates (8,¢), the probability density function
of the von Mises—Fisher (vMF) distribution on a 3-D sphere is given
by

SO, =

where « is the precision parameter (Fisher 1953). When « = 0,
the vMF distribution is uniform (i.e. f'is constant at all points on
the sphere). As k increases the distribution becomes unimodal with
probability concentrated around a colatitude of & = 0°. Fisher ef al.
(1981) provided an algorithm to generate a pseudo-random point
from a vMF distribution with a given nonnegative value of «, with:

_ 0 1
47 sinh k exp(c cos ). M

A = exp(—2«),
¢ =27 R,
arccos(2R; — 1) ifk =0, (2)

9 = . _ 5 Y Y .
{2arcsm,/l"£’(R‘2(Kl”‘)+” ifx >0,

where R, and R, are random numbers drawn from a uniform distri-
bution in the interval [0,1]. The relationship between R, and 6 for
k = 0 is shown in Fig. 2(a).

The algorithm of Fisher et al. (1981) can be employed to
simulate the orientation of a magnetic particle as it rotates
around a great circle towards an ambient field direction (set at
6 = 0°). The initial particle orientation is assumed to be in-
dependent of the ambient field (i.e. it can lie in any direction)
and is generated by drawing values of R, and R, and setting
x = 0. With R, and R, fixed, increasing « produces orientations
along great circles (i.e. constant ¢) that reach the ambient field
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direction when k¥ = oco. The rotation of vectors with different R,
values towards & = 0° is shown in Fig. 2(b) as a function of «.
Because R, is held constant during the rotation, the ¢ value for
each vector remains constant (i.e. ¢ is independent of « as shown
in eq. 2).

The above approach can be extended to consider assemblages of
N particles. Drawing N values of R; and R, with k = 0 produces a
starting assemblage of orientations that are independent of the am-
bient field direction. Then as « is increased, the particle orientations
maintain a Fisher distribution while rotating towards the ambient
field direction. For any value of « the resultant of the N unit vectors
can be calculated. The orientation and length of this resultant vector
are analogous to NRM direction and intensity, respectively.

2.2 Simulation

For a collection of N initial orientations (x = 0), constrained numer-
ical optimization (Brent 1973) can be employed to find the value of
k (with R, and R, fixed) that produces a resultant vector with orien-
tation 6,. As an example, an NRM may be considered reliable if it
is within 5° of the true palaeomagnetic field direction. To simulate
this case for an assemblage of initially randomly oriented particles
it would be necessary to find the value of « that yields a resultant
vector with 6, = 5°.

For a given N, the value of x required to achieve a specific 6,
will depend on the initial orientations produced when « = 0. Thus,
for given values of N and 6,, a distribution of « values exists.
This distribution can be sampled using the following Monte Carlo
approach.

(1) Select N and 6, .

(i) Generate N values of R| and R,.

(iii) Determine (via numerical optimization) the x value needed
to achieve 6,..

(iv) Calculate the resultant vector length (L,) for the « value
determined in step (iii).

(v) Calculate the median angle, Afsg, through which the N indi-
vidual vectors are rotated between k = 0 and the « value determined
in step (iii).

(vi) Repeat steps (ii)—(v) for a given number of iterations.

180 5707 ' ' (b)

1351

10 10” 10" 10° 10°

K

Figure 2. (a) Relationship between R; and 6 for k = 0. (b) Rotation of vectors towards 6 = 0° as a function of . The value next to each line corresponds to
the R; value of that vector, which is held constant so that the vector migrates around a great circle (¢ fixed) towards 6 = 0°.
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Figure 3. Example particle alignment simulation with N = 3. Initial particle
orientations (blue open symbols) are drawn randomly (i.e. kK = 0) from a
uniform distribution on the surface of a sphere and the orientation of the
resultant vector is calculated (blue closed symbol). Assuming the ambient
field direction is at &6 = 0° (black closed symbol), « is increased so that the
individual particles rotate along great circles (thin black lines) towards the
field. Once the resultant vector (red closed symbol) achieves a target value
of 0, (red circle) rotation of the individual particles is stopped (red open
symbols). The total rotation angle, A0, is calculated for each particle and
the rotation of the assemblage as a whole is represented by the median angle
ABs.

The length calculated in step (iv) is analogous to NRM intensity,
whereby imperfect alignment of magnetic particles leads to partial
cancellation and a reduced remanence intensity (for « = oo there
would be perfect alignment with L, = N). Step (v) provides a char-
acteristic measure of the particle realignment required to achieve
.. For example, Af5, = 2° indicates that between x = 0 and the de-
termined « value, the median rotation undergone by the N particles
is 2°. This procedure is illustrated in Fig. 3.

The largest assemblage that could be considered within a reason-
able processing time was N = 10°. An order of magnitude estimate
of the number of magnetic particles in a palacomagnetic sample
can be made by simply comparing magnetic particle volume to
total sediment volume. For example, consider the case of a cubic
sample with sides of 2 cm, a porosity of 70 per cent and a magnetite
content of 0.1 per cent by volume. If all the particles in the sample
are 100 nm in size (i.e. stable single domain), their abundance would
be of the order N > 10'2. Alternatively, larger pseudo-single domain
grains would have abundances of the order of >10° and >10° for
1 and 10 um particles, respectively. Although a natural sediment
will contain a spectrum of magnetic particle sizes, it is apparent
that N would normally be expected to be orders of magnitude larger
than the maximum of N = 10° employed in our simulations. The
implications of this limitation will be discussed below.

NRM acquisition efficiency is represented by the normalized
resultant vector length, L, /N, which can lie between 0 and 1, corre-
sponding to no NRM acquisition (in a perfectly cancelling isotropic
magnetic mineral assemblage) and perfect particle alignment, re-
spectively. The L, /N parameter is analogous to estimating recording
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efficiency by comparing NRM magnitude to the saturation isother-
mal remanent magnetization (SIRM), albeit with some important
caveats in the case of this simple model. For assemblages with
strongly anisotropic alignment, the magnetizing field producing the
SIRM should be applied in the same direction as the NRM, which is
simple to achieve in the model, but not experimentally. Alternatively,
for sufficiently large, isotropically oriented assemblages of uniaxial
magnetic particles, 3-D averaging would result in SIRM/N = 0.5. In
a numerical investigation of NRM formation acquisition, the use of
L, /N circumvents assumptions concerning the degree of anisotropy
of SIRMs for a given particle assemblage and is easily interpreted
in the context of the model. It is important to note, however, that
L, /Nis not a parameter that could be feasibly determined for natural
sediments.

3 RESULTS

Two sets of numerical experiments were performed. In the first,
we estimated rotations required to align an NRM to within a given
angle of the ambient field. In the second, NRM intensities were
investigated to quantify how small rotations may influence relative
palaeointensity (RPI) estimation.

3.1 NRM alignment

Using the procedure outlined in Section 2.2, distributions of L, and
A6, were estimated for 6, values of 1°, 5° and 10° with logarith-
mically spaced values of N between 1 and 10°. For each value of N,
2500 Monte Carlo iterations were performed and the distribution of
results is characterized using the median, 5th and 95th percentiles.
The median rotations applied to produce a resultant NRM within
10° of the true field direction are shown in Fig. 4(a). Unsurpris-
ingly, as assemblage size increases the required rotation decreases.
For example, in the case of assemblages consisting of 10* randomly
oriented magnetic particles, 95 per cent of the assemblages produce
an NRM within 10° of the applied field direction through a median
particle reorientation of ~6° (Fig. 4a). Similarly for 10° particles,
95 percent of the assemblages require only a median rotation of
~0.6° to yield an NRM within 10° of the applied field (Fig. 4a).

The requirement for small rotations for large numbers of
magnetic particles is mirrored by the remanence intensity of the
final assemblages. Before reorientation, the intensities of the uni-
formly distributed random orientations follow a Rayleigh distribu-
tion (Rayleigh 1919) with the level of mutual cancellation increasing
with assemblage size (Heslop 2007). Larger assemblages only re-
quire small rotations to produce the desired NRM, therefore, much
of the initial cancellation remains and low intensities persist. For
example, when 6, = 10°, 95 per cent of the assemblages with 10°
particles have final L,/ N values of <0.008 (Fig. 4b). This magnitude
is comparable to measured NRM values with respect to the SIRM
for real sediments (e.g. Levi & Banerjee 1976).

Simulation results are shown in Figs 4(c)—(f) for NRMs within
5° and 1° of the applied field direction. As expected, the closer
the target NRM is to the applied field direction, the greater the re-
quired particle reorientation and the larger the final NRM intensity.
For example, as shown above 95 per cent of assemblages with 10°
particles have a L,/N < 0.008 when the NRM lies within 10° of
the applied field direction. This increases to L,/N < 0.08 when the
NRM is within 1° of the applied field direction (Fig. 4f), as a result
of the requirement for greater particle alignment.
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Figure 4. (a) Determination of the median particle rotation angle (Afs) required to achieve 6, = 10° for assemblages ranging in size from 1 to 10° particles.
The median (open symbols) and 5th (lower limit of shading) and 95th (upper limit of shading) percentiles of 2500 Monte Carlo iterations are shown. (b)
Median (line and open symbols) and 5th (lower limit of shading) and 95th (upper limit of shading) percentiles of the resultant vector length at 6,, = 10°. The
resultant vector length is normalized by the number of particles in the system (i.e. a value of L,/N = 1 corresponds to perfect mutual alignment of all particles).
(c) Same as (a), for 6, = 5°. (d) Same as (b), for 8, = 5°. (¢) Same as (a), for 6, = 1°. (f) Same as (b), for 6, = 1°.
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The relationships in Fig. 4 reflect large-scale variations that de-
pend on the number of particles in the assemblage. The plotted
results, however, give a false impression of the overall model de-
pendence on N simply because the part of the model space that
could be realistically sampled corresponds to N < 10°. As dis-
cussed above, it is expected that N > 10° for natural sediments
with the dependence of Afsy and L,/N on N between becoming
increasingly flatter as N grows.

3.2 Relative palaeointensity estimation

The underlying assumption of RPI estimation is that stronger am-
bient fields will align magnetic mineral particles more efficiently
and produce larger NRMs (Tauxe 1993). The effect of particle re-
orientations can be assessed by estimating how L, /N changes with
respect to the median rotation angle (A0s5,). Because RPI is es-
timated under an assumption of direct proportionality (i.e. for a
magnetic mineral assemblage with constant composition and con-
centration, a doubling of NRM intensity is interpreted as a doubling
of the ambient field strength), it is most natural to consider relative
changes in L, /N.

An example of our procedure is shown in Fig. 5 for an assem-
blage with 10° vectors. As Afs, increases, the individual vectors
rotate towards the ambient field direction and the magnitude of the
normalized resultant vector (L,/N) increases until a value of 1 is
reached (Fig. 5a). To quantify relative changes in L, /N, a specific
point of interest, such as 6, = 1°, is selected (Fig. 5b). The as-
semblage specific Afs, value (and the resulting L, /N) required to
achieve this 6, = 1° target is then determined. The L, /N value is
then compared to the value achieved if Afs is increased by 1°. The
ratio of L, /N values at Afsy, + 1° and A5, provides a relative mea-
sure of the increase in normalized intensity when median particle
rotation is increased by 1°.

Numerical simulations were performed for assemblages with log-
arithmically spaced N values between 3 and 10°. Target values of
6, = 10°, 5° and 1° were considered for each assemblage and the
relative change in L, /N was estimated for an increase in Afs, of 1°.
For each 6, value the magnitude of relative growth of L, /N increases

0 T T T T
0 20 40 60 80

A6, [°]

Z
~~
-
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with N (Fig. 6). This results from increased mutual cancellation in
larger particle assemblages, where a 1° increase in Afs, can have
a dramatic effect in giving rise to a preferred particle orientation
(mirrored by a corresponding reduction in cancellation).

The simulation results demonstrate that sediment NRM magni-
tude, and thus RPI estimates, can change dramatically with only
slight changes in efficiency of particle orientation. The most ex-
treme case in Fig. 6 illustrates this point. For N = 10° at 6, = 10°,
95 per cent of the tested assemblages gave rise to intensity increases
by a factor of >2.5 when the median particle rotation towards the
ambient field direction was increased by 1°. To place this in per-
spective, Ziegler et al. (2011) estimated a Brunhes Chron mean
field moment of 6.2 x 10> Am? with a standard deviation of
1.2 x 10?> Am®. Assuming field strength is approximately nor-
mally distributed, the 99th percentile of the moment is located at
9.0 x 10?2 Am?, which is a factor of 1.45 greater than the mean field
moment. For a target orientation of 6, = 5° (Fig. 6b), >95 per cent
of the assemblages with ~3 x 10° particles would require a <1°
increase in Afsy to produce an intensity change corresponding to
a field moment changing from the Brunhes Chron mean to the
Brunhes Chron 99th percentile. Similarly ~50 per cent of the as-
semblages with ~8 x 10* particles would require a <1° increase in
A0B5 to represent the same increase in field moment.

Ifthe difference between NRMs typical of low and high palaeoin-
tensities involves particle rotations on the order of <1° there are
potentially important implications for RPI reconstruction. Estimates
of RPI are based on an assumption of direct proportionality between
ambient field strength and NRM corrected for changes in magnetic
mineral concentration, while mechanisms that oppose particle align-
ment are assumed to be constant. If processes that inhibit alignment,
for example particle flocculation, change though time, the assump-
tions of RPI estimation will no longer hold. Given that small changes
in particle orientation can lead to large changes in NRM magnitude,
the efficiency of processes that inhibit alignment would only need to
be modified slightly to yield spurious RPI estimates. The problem
of accounting for misaligning processes, such as flocculation, in
RPI estimation has been considered in a number of studies, but a
satisfactory solution has yet to be found (Tauxe et al. 2006; Tauxe
& Yamazaki 2007; Hofmann & Fabian 2009).

0.15 1 5
1.11] L, /N =0.132----=
AL /N=0.119 v g
0.11 i é.
I8
N P
B i
005' é.”) io.
o |
3
P
0 . HE
0 5 =10
o —
AB, ['] g

Figure 5. (a) Normalized resultant NRM intensity as a function of Afsg for an assemblage of N = 10° vectors. As Afsg increases the individual vectors are
rotated towards the ambient field direction, which results in strong preferred alignment with L, /N effectively reaching 1 at large values of . (b) Enlarged
section of (a) for the Afsq interval [0°, 10°]. The target value of 8, = 1° is achieved at Afsy = 8.7°, which corresponds to a L,./N value of 0.119. If the median
particle rotation is increased by 1° to give Afsg = 9.7°, L,/N becomes 0.132. The ratio of the two intensities is 0.132/0.119 = 1.11, which indicates that for
this assemblage an increase in the mean particle rotation of 1° at 6,, = 1° will produce an 11 per cent increase in L, /N.
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Figure 6. (a) Factors of L, /N growth between Afsq and Afso+1° for 6, = 10°. The median (open symbols) and 5th (lower limit of shading) and 95th (upper
limit of shading) percentiles of 2500 Monte Carlo iterations are shown. The dashed line marks a factor of 1.45, which corresponds to the relative change in
intensity between the mean and 99th percentile of the Brunhes Chron field moment distribution (see text for explanation). (b) Same as (a) for 6, = 5°. (c) Same

as (a) for 6, = 1°.

4 DISCUSSION

Results of our numerical simulations demonstrate how small
changes in individual particle orientations can produce large
changes in the combined behaviour of an assemblage. For example,
in 95 per cent of cases consisting of 10* randomly oriented parti-
cles, a resultant direction within 5° of the specified field direction
can be obtained by a median particle rotation of ~10°. For larger
assemblages (10° particles), the same NRM alignment to within 5°
of the specified field direction can be obtained with median particle
rotations of <I°. Similar behaviour is observed when consider-
ing acquisition of RPI signals. For assemblages that contain large
numbers of magnetic particles and that record the field direction
accurately, it is possible to more than double the NRM magnitude
(and hence the RPI estimate) with a median particle rotation <1°.
The small-scale particle realignments needed to produce real-
istically inefficient NRMs (on the order of 1 percent alignment)
may at first be surprising. The classical representation of sedimen-
tary NRM acquisition involves water-borne magnetic particles ori-
ented with a strong preference towards the ambient field direction
(Nagata 1961; Collinson 1965; Nozharov 1966). Numerous subse-
quent studies have considered misaligning processes that occur in
the water column (e.g. flocculation), at the sediment—water interface
(e.g. particle rolling) and post-depositionally (e.g. compaction), all
of which would inhibit acquisition of a faithful NRM. The im-
portance of these misaligning processes is supported by our cal-
culations, which indicate that sedimentary magnetic particles may
only have a small bias towards the ambient field. This bias appears,
however, to be sufficiently large to provide high fidelity directional
palacomagnetic recording. This finding is in agreement with the
calculations of Arason & Levi (1990), who concluded that sedimen-
tary NRMs are produced by magnetic grains with nearly random

orientations. However, the flocculation model of Tauxe et al. (2006)
explains inefficient NRMs in an alternative manner. Isolated mag-
netic particles and those incorporated into flocs below a threshold
size can readily align with the ambient field to acquire an NRM,
while larger flocs remain randomly oriented. This implies that iso-
lated particles and small flocs would have to undergo larger rotations
than those indicated by our model to achieve similar NRMs while
also compensating for the non-aligned larger flocs.

Comparison of specific values of N (Fig. 4) demonstrates a key re-
lationship between NRM intensity and palacomagnetic directional
uncertainty. For a given assemblage, as individual particles rotate
and the resultant NRM migrates towards the ambient field direc-
tion, mutual cancellation is reduced (because the particles record a
preferred direction) and the NRM intensity increases. For a mag-
netic mineral assemblage with constant composition, the smaller
the value of 6, (i.e. the error in the recorded NRM direction) the
larger the NRM intensity will be. This relationship can be inves-
tigated by sampling a vMF distribution with increasing « values
(Fig. 7). High « values represent strong fields that produce large
NRMs with low directional uncertainty. In contrast, low « values,
which correspond to weak fields, produce small NRMs with large
directional uncertainty.

If we accept the underlying assumptions of RPI estimation, it is
also necessary to accept that the magnitudes of uncertainties associ-
ated with NRM directions are related inversely to RPI (Fig. 7). This
potentially makes the study of directional field behaviour through
palacomagnetic reversals a challenge because low RPI may imply
directions with large errors. An example of this problem is given by
considering the extreme case of a sedimentary NRM acquired in the
absence of a field. In zero field, magnetic particles will be randomly
oriented and mutual cancellation of their magnetizations will be ex-
tensive, but not perfect, which will result in a weak NRM. The small
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Figure 7. 2500 random samples of size N were drawn from a vMF distri-
bution with a given « value. Resultant vectors were calculated to provide a
distribution of normalized lengths and angular deviations from 6 = 0°. The
median values of the distributions are plotted to represent the magnitude
of the uncertainty of an NRM direction in relation to its intensity. When
6 = 0°, the field is strong enough to record a saturated NRM and there is no
uncertainty associated with the NRM direction. In contrast, when 6 = 90°
the field is so weak that the NRM carries no reliable information concerning
field direction even though its intensity is not (quite) zero.

NRM magnitude (and resulting low RPI estimate) would provide
useful information concerning the strength of the field (i.e. close to
zero), but the measured NRM direction would be meaningless.

To quantify the relationship between RPI estimates and direc-
tional uncertainty in our statistical model, we performed an ex-
periment that assumes a directly proportional relationship between
ambient field strength and RPI. Assemblages of 10° particles were
generated with « values selected to produce L,/N = 0.01. This
1 percent efficiency is assumed to represent NRM acquisition in
a 50 uT field, which corresponds approximately to the Brunhes
Chron mean geomagnetic field strength (Ziegler ef al. 2011). With
this assumption, the L,/N value representing any given ambient
field strength (B, in uT) is given by 0.01x B/50. For each particle
assemblage, the « value required to produce a given L, /N can be
estimated numerically and the associated 6 value (i.e. the angle be-
tween the resultant vector and the field direction) can be determined.
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The distribution of 6 values between ambient field strengths of 10
and 100 mT assuming a 1 per cent NRM acquisition efficiency at
50 uT is shown in Fig. 8(a). The NRM directional uncertainties are
<10° for 95 per cent of the assemblages at 50 uT. By 100 uT this
uncertainty is reduced to <5° for 95 per cent of the assemblages. In
weaker fields, typical of palacomagnetic reversals and excursions,
the uncertainties increase, reaching up to <50° for 95 per cent of the
assemblages at 10 uT. Directional uncertainty is reduced under the
assumption of a more efficient NRM acquisition process specified
by L,/N = 0.05 in a 50 uT field (Fig. 8b). In such cases of higher
NRM acquisition efficiency, the directional uncertainty is reduced
as a result of the increased preferential alignment; however, larger
uncertainties persist in weak fields.

Our hypothesis of a relationship between RPI and directional
uncertainty is in contrast to the acquisition model of Tauxe et al.
(2006), where it is posited that small flocs will align efficiently with
the field. During weak field periods the smallest flocs would still be
capable of aligning with the ambient field to produce an NRM with
an accurate direction. The cases shown in Fig. 8 were calculated
for assemblages of 10° particles, as demonstrated above; however,
real sediments are expected to have N > 10°. As N increases,
the uncertainties associated with NRM directions acquired in weak
fields will be reduced. Although it is not feasible to sample the
model space for N > 109, it is reasonable to assume that directional
uncertainties for large N will be <5° even in weak transitional and
excursional fields. Directional uncertainties of this order would be
sufficiently small to ensure that sedimentary NRMs carry reliable
palaeomagnetic information through weak field periods.

5 CONCLUSIONS

Previously published models that have been developed to investi-
gate sedimentary magnetizations have focused on specific processes
that are considered fundamental to NRM acquisition. The underly-
ing physics of many of these processes remains poorly understood.
We adopt an alternative statistical strategy that considers the aver-
age behaviour of a collection of magnetic particles. The numerous
processes that control sedimentary magnetization acquisition are
treated as a single mechanism by which randomly oriented mag-
netic particles are rotated by small amounts to record a preferred
alignment with the geomagnetic field vector. The timing of this
transformation for any given particle (i.e. in the water column, at
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Figure 8. (a) Directional uncertainty estimated for 2500 assemblages composed of 10° particles. The assemblages are assumed to achieve L,/N = 0.01 in a
50 uT field, which allows « to be estimated for any given ambient field strength. For a given assemblage the directional uncertainty (0) is simply the angle
between the resultant vector for the assemblage and the ambient field direction. The median uncertainty is shown by open symbols, and the 5th and 95th
percentiles of the uncertainty are shown by the lower and upper limits of the shading, respectively. (b) Same as (a) for a more efficient acquisition system,

which achieves L, /N = 0.05 at 50 uT.
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the sediment—water interface or within the sediment column) is not
specified.

The key insight from our model results is that high-fidelity sedi-
mentary palacomagnetic directional recording can be achieved with
only small rotations of individual magnetic particles. For the large
assemblages of magnetic particles that are typical of natural sed-
iments, such rotations may be <« 1°. Thus, for large numbers of
magnetic particles it is possible for a sedimentary magnetization to
record a direction close to the ambient field direction with an as-
semblage of particles whose orientations deviate only slightly from
arandom (i.e. field independent) distribution. It may, therefore, not
be necessary to consider geomagnetic torque as the primary or even
as a major controller of magnetic particle orientation, but simply
as a factor that imparts enough of a bias on the orientation of indi-
vidual particles to produce high-fidelity palacomagnetic directional
information.

Finally, as a result of imperfect mutual cancellation, a fundamen-
tal balance exists between field strength and the fidelity of preserved
palacomagnetic directions. As field strength decreases, mutual can-
cellation in assemblages of magnetic particles will increase and
the estimated RPI will decrease. It is, however, highly improbable
that mutual cancellation will be perfect even in the absence of a
magnetic field. This means that uncertainties associated with mea-
sured palaeomagnetic directions are fundamentally linked to field
strength, which may impose a limit on the reliability of geomagnetic
information that can be obtained through periods with weak fields,
such as polarity transitions and excursions. Directional uncertainty
is, however, a function of the number of magnetic particles, which
can be exceedingly high in natural sediments. For such systems
the directional uncertainty associated with weak field periods is
expected to be minor.
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