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Natural remanent magnetization acquisition in bioturbated
sediment: General theory and implications for relative
paleointensity reconstructions

R. Egli' and X. Zhao?

Central Institute of Meteorology and Geodynamics (ZAMG), Vienna, Austria, 2Department of Earth and Environmental Sci-
ences, Ludwig-Maximilians University, Munich, Germany

Abstract we present a general theory for the acquisition of natural remanent magnetizations (NRM) in
sediment under the influence of (a) magnetic torques, (b) randomizing torques, and (c) torques resulting
from interaction forces. Dynamic equilibrium between (a) and (b) in the water column and at the sediment-
water interface generates a detrital remanent magnetization (DRM), while much stronger randomizing tor-
ques may be provided by bioturbation inside the mixed layer. These generate a so-called mixed remanent
magnetization (MRM), which is stabilized by mechanical interaction forces. During the time required to cross
the surface mixed layer, DRM is lost and MRM is acquired at a rate that depends on bioturbation intensity.
Both processes are governed by a MRM lock-in function. The final NRM intensity is controlled mainly by a
single parameter y that is defined as the product of rotational diffusion and mixed-layer thickness, divided
by sedimentation rate. This parameter defines three regimes: (1) slow mixing (y < 0.2) leading to DRM pres-
ervation and insignificant MRM acquisition, (2) fast mixing (y > 10) with MRM acquisition and full DRM ran-
domization, and (3) intermediate mixing. Because the acquisition efficiency of DRM is larger than that of
MRM, NRM intensity is particularly sensitive to y in case of mixed regimes, generating variable NRM acquisi-
tion efficiencies. This model explains (1) lock-in delays that can be matched with empirical reconstructions
from paleomagnetic records, (2) the existence of small lock-in depths that lead to DRM preservation, (3) spe-
cific NRM acquisition efficiencies of magnetofossil-rich sediments, and (4) some relative paleointensity
artifacts.

1. Introduction

Understanding the acquisition of a natural remanent magnetization (NRM) by sediment settling in the
Earth’s magnetic field is a long-standing problem in paleomagnetism that has been subjected to detailed
experimental and theoretical investigations for over 60 years [e.g., Roberts et al.,, 2013]. The two main NRM
acquisition processes considered by these investigations are the depositional remanent magnetization
(DRM), which is acquired during and shortly after deposition, and a delayed, so-called postdepositional
remanent magnetization (PDRM). DRM acquisition models focus on flocculation of settling particles in the
water column, particle rolling at the point of deposition [Griffiths et al., 1960; Jezek et al., 2012; Bilardello
et al, 2013], and resuspension/reflocculation near the sediment-water interface [Van Vreumingen, 1993;
Katari and Tauxe, 2000; Tauxe et al., 2006; Heslop, 2007; Shcherbakov and Sycheva, 2010]. On the other hand,
PDRM is defined as a remanent magnetization that is acquired upon magnetic particle rotation against the
yield strength of sediment until it is fully locked inside the consolidating layer [Shcherbakov and Shcherba-
kova, 1987; Roberts et al., 2013]. Delayed PDRM acquisition has been modeled by a so-called lock-in func-
tion, which represents the fraction of blocked PDRM as a function of depth below the surface mixed layer
[Bleil and von Dobeneck, 1999; Roberts and Winklhofer, 2004; Channell and Guyodo, 2004; Suganuma et al.,
20111.

The role of bioturbation as a possible PDRM acquisition mechanism was first considered by Kent [1973] and
Tucker [1980], who assumed that remanence carriers could be realigned during sediment disturbance by
benthic organisms. This type of PDRM originates inside the surface mixed layer, where benthic organisms
are active, rather than below. Lock-in functions with nonzero contributions from the surface mixed layer
have been proposed by Channell and Guyodo [2004]. Although the role of sediment mixing during PDRM
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acquisition has been recognized, the
exact mechanism remains unclear. Mao
et al. [2014a] explained laboratory PDRM
o acquisition in sediment containing living
: magnetotactic bacteria in terms of a
dynamic equilibrium between aligning
magnetic torques on the one hand, and
randomizing forces due to sediment
mixing on the other hand. With explicit
reference to the physical alignment of
magnetofossils, this type of PDRM has

boundary ) )
5 layer been referred to as “biogenic remanent
magnetization” [Heslop et al., 2013], in
ed order to distinguish it from the more
F;}l/f; general concept of biogeochemical
remanent  magnetizations  acquired
within a chemical lock-in zone [Tarduno
7 and Wilkison, 1996; Tarduno et al., 1998;
consolidating Larrasoana et al., 2014]. Because biotur-
layer bation can affect a wide range of rema-

- nence carriers, including those with
nonbiogenic origins, we use the term
“mixing remanent magnetization” (MRM)
for all types of remanent magnetizations

- ) ) ) - acquired in sediment through internally
Figure 1. Schematic representation of processes that contribute to acquisition . o
of sedimentary magnetizations. (1) Marine snow. (2) Flocculation (first step of driven mixing. As far as laboratory
DRM acquisition). (3) Settling. (4) Sediment resuspension (DRM renewal). (5) experiments are concerned, MRM is not

Ngrw'local sediment mixing by polychaete worms, (6) Local (d.|f.fu5|ve) sedlment. necessarily identifiable with the PDRM
mixing (DRM randomization and MRM acquisition). (7) Transition to the consoli- ) . o
dating layer (DRM and MRM locking). acquired by sediment stirring [e.g., Kent,

1973], because, as we will discuss in
section 2, bioturbation is characterized by specific mixing signatures.

The role of MRM as a source of NRM is unknown, given the existence of contradictory conclusions about
DRM preservation inside the surface mixed layer. For example, Katari et al. [2000] reported substantial NRM
preservation in marine sediments exposed to the burrowing activity of polychaete worms in a reversed
polarity field for 3 weeks. On the other hand, simple calculations based on solid diffusion constants associ-
ated with bioturbation support the opposite conclusion that any original magnetic orientation will be
randomized before magnetic particles reach the consolidating layer [Mao et al.,, 2014a]. The scope of the
present paper is to provide a general model for remanent magnetization acquisition inside the surface
mixed layer using a minimum set of physical parameters to characterize bioturbation and mechanical sedi-
ment properties. This model is used to explain important known aspects of NRM acquisition, namely (1)
lock-in delays through a lock-in function that can be matched with empirical reconstructions based on pale-
omagnetic records, in particular those of Channell and Guyodo [2004], (2) the occurrence of DRM preserva-
tion and small lock-in depths for specific sedimentary settings [Tauxe et al., 2006], (3) the specific NRM
acquisition efficiency of magnetofossil-rich sediments [e.g., McNeill and Kirschvink, 1993], and (4) variable
NRM acquisition efficiency that can explain relative paleointensity artifacts [Yamazaki et al., 2013; Ouyang
etal, 2014].

2. Sediment Mixing Models

Bioturbation is the phenomenon by which sediment is mixed by benthic organisms within the so-called
benthic mixed layer, which generally comprises the topmost 2-20 cm of the sedimentary column (Figure 1).
A consequence of this activity is that the age of the mixed layer is continuously reset, as seen from depth-
invariant concentrations of age-dependent tracers (e.g., radionuclides) [Boudreau, 1994; Trauth et al., 19971.
While the influence of bioturbation on vertical sediment transport has been widely studied, possible effects
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on the orientation of magnetic carriers are mostly unknown, so that opposite points of view exist on DRM
preservation through the mixed layer, ranging from full preservation [e.g., Katari et al., 2000] to full destruc-
tion [e.g., Mao et al., 2014a]. Bioturbation models are usually divided into two main categories according to
the invoked transport mechanism, i.e., local (diffusion-like) and nonlocal (advection-like). These two mecha-
nisms affect the orientation of magnetic carriers in a specific manner, leading to different DRM preservation
and MRM acquisition capabilities, as discussed in the following.

2.1. Nonlocal Mixing Models

The paradigm example of so-called nonlocal sediment mixing is represented by the activity of burrowing
organisms, in particular polychaete worms (Figure 1). These worms transport sediment ingested at a certain
depth by egesting it near the sediment surface [Shull, 2001]. This activity produces a conveyor belt-like verti-
cal mixing of solid material: upward transport occurs inside the worms, while the surrounding sediment is
slowly buried by the resuspended and redeposited material egested near the sediment surface. A new DRM
is acquired during redeposition, so that the mixed layer is subjected to a continuous DRM renewal with no
PDRM overprint [Katari et al., 2000]. Some other nonlocal sediment mixing mechanisms, such as crawling of
crustaceans [e.g., Solan et al., 2004], are expected to work in a similar manner through sediment resuspen-
sion. On the other hand, burrowing activities unavoidably produce some small-scale (local) mixing: for
example, polychaete worms release part of the ingested sediment in situ, without transporting it to the sur-
face [Shull, 2001].

Nonlocal sediment transport is modeled through a so-called exchange function K(z;,z,), which expresses
the velocity of sediment transport from depth z; to depth z, [Boudreau, 1986b; Meysman et al., 2003] (see
supporting information SO for a list of symbols and mathematical notations used in this paper). Only
exchange functions of the type K(z;,0) can be expected to preserve magnetizations inside the mixed layer,
because randomized sediment is supplied just at the sediment-water interface (i.e., z,=0). However, more
realistic models based, for instance, on exponential exchange functions of the type K(z;,z,) o e 1#1-2l/%
[e.g., Solan et al., 2004] assume that sediment transport takes place between any pair of depths with conse-
quent DRM loss. Nonlocal transport models cannot be solved uniquely with respect to tracer concentration
profiles, so that arbitrary assumptions need to be made about the exchange function and the fraction of
transported material subjected to DRM losses.

2.2. Local Mixing Models

Local mixing models represent sediment fluxes in terms of a solid diffusion process that depends on a sin-
gle parameter: the self-diffusion or biodiffusion constant Dy, in units of length?/time [Boudreau, 1986a;
Meysman et al., 2003]. The random nature of solid diffusion at the level of individual sediment particles
implies that any remanent magnetization becomes progressively overprinted. In most cases, radioactive
tracer profiles can be fitted by assuming a depth-independent value of Dy, over a layer of thickness L, which
is identified with the surface mixed layer [Reed et al., 2006]. Local mixing models are widespread, because
they provide simple estimates of the bioturbation depth L and the bioturbation intensity Dy,. Values of Dy,
from 0.01 to 200 cm?/yr in combination with mixing depths between 2 and 20 cm have been reported for
various coastal, shelf, slope, and deep-sea sediments [e.g., Boudreau, 1994; Teal et al., 2008]. In reality, mixing
depth estimates depend on tracer half-lives, as expected in the case of smoothly declining bioturbation
rates at the bottom of the mixed layer. Some organisms are capable of burrowing to depths of 2 m [e.g.,
Pemberton et al., 1976]; however, such deep mixing is probably rare. Dy, is proportional to sediment biomass,
and thus to available nutrients [Reed et al., 2006]. A positive correlation with the organic carbon flux is also
found for L, with an upper limit of ~20 cm imposed by biological constraints [Trauth et al., 1997; Boudreau,
1998]. Finally, a weak positive correlation exists between D, and the sedimentation rate w, because
nutrients are more abundant in coastal environments, where sediment accumulates more rapidly [Bou-
dreau, 1994].

Diffusive material transport is described macroscopically by the translational Fick's law 9C/dt=D,AC, where
C is the concentration of a given substance. At the scale of individual sediment particles—defined here as
elemental units that behave as individual elastic bodies—Fick’s diffusion is equivalent to a random walk
with net displacement (r?)=6Dyt over time t [Berg, 1983]. By analogy, the orientation of individual particles
subjected to random perturbations is equivalent to an angular random walk (62)=2Drt, where 0 is the angle
to an initial orientation, and D, is the rotational diffusion coefficient in units of anglez/time. The statistical
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orientation of a large number of particles subjected to rotational diffusion is governed by the rotational
counterpart of Fick's law, i.e.,

_:DrAp, (M

where p=p(t, 0, @) is the probability density function of orientation vectors (e.g., magnetic moments) in
spherical coordinates [Perrin, 1934, 1936]. While several studies exist on translational and rotational diffusion
of colloidal suspensions, D, has never been measured in sediment. Nevertheless, order-of-magnitude esti-
mates of D, can be obtained from translational diffusion. In the case of Brownian motion (i.e., particle move-
ment caused by molecular collisions), rotational and translational diffusion are related by the Stokes-
Einstein-Debye law

D, T
=2 )
Dy T,

where I'y, and I, are the translational and rotational viscous drag coefficients, respectively, which depend
on particle shape and size. For the Brownian motion of spherical and disk-like particles of radius a [Koender-

ink et al., 2003],
D D, 3
S
Db spheres Db disks 4a

The relation between translational and rotational diffusion of dense particle aggregates, such as sediments,
is more complex and less well known. Significant deviations from the Stokes-Einstein-Debye relation have
been reported for colloidal suspensions [Koenderink et al., 2003] and colloidal clay gels [Jabbari-Farouji et al.,
2012], which means that translational and rotational diffusion can be decoupled by strong interparticle
interactions. For example, the so-called cage effect, by which particles are confined inside void spaces, sup-
press particle translation but not rotation. Of particular interest for sediments is the case of colloidal clay
gels, where D, /Dy, is lowered by up to 2 orders of magnitudes with respect to equation (3) [Kim et al., 2011].
Bioturbation could have a similar effect through nonlocal transport mechanisms (section 2.1).

Generally, the orientation of isolated particles subjected to random perturbations in zero field is governed
by equation (1) with a given initial distribution of magnetic moment directions. If the initial distribution is a
function of the angle 0 to a reference direction (i.e., an initially applied magnetic field) and the diffusion pro-
cess is isotropic, the solution of equation (1) obtained from full initial alignment at t=0 is given by
IRy Di(I+1)
— A(1+1)t

p(0,t) _E; (21+1) Pi(cos 0), (4)
where P; are Legendre polynomials of order | (supporting information S1). The progressive magnetization
loss during sediment mixing follows directly from equation (4) as [Perrin, 1934]

Mt=0) (cos 0)=e 2P, (5)
This expression yields the half-life t;,=In2 /(2D;) of any mixed-layer magnetization in zero field. The frac-
tion of DRM surviving the transit of sediment through the mixed layer is obtained from equation (5) if t is
identified with the mean residence time L/w. In this case, we obtain (cos 0)=e™7, where y=2D,L/w is what
we shall call the (average) rotational diffusivity parameter of the surface mixed layer. We can now try to
evaluate the fate of a DRM inside the mixed layer on the basis of D, estimates obtained from equation (3).
Using a < 100 um for the typical size of sediment particles [Sverdrup et al., 1942] together with Dy esti-
mates corresponding to various sedimentary settings listed in Table 1, we obtain D, > 150 rad?/yr and
unrealistically small DRM half-lives of <20 h. On the other hand, luminophore imaging of ongoing macro-
scopic bioturbation are characterized by a ~ 1 mm [Solan et al,, 2004], in which case D, > 1.5 rad?/yr and
t1/2 < 84 days. Even smaller diffusion values can be obtained on the basis of sub-Fickian rotational diffusion
processes. In such cases, DRM might survive its journey through the mixed layer.

The problem with DRM survival estimates based on Dy, is that an unknown fraction of the biodiffusion rate
originates from the nonlocal transport processes discussed in section 2.1, whose efficiency in terms of
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Table 1. Summary of Surface Mixed-Layer Properties for Selected Sedimentary Settings®

Location o (cm/kyr) L (cm) Do (€M?/yr)  Dppac(10 pm) (cm?/yr)  D,(10 um) (rad*/yr) 7 (10 um) ~ DRM (%)
N Pacific gyre 0.2° 3.3 (2-6)° 0.02-0.3¢ gx10 " 6% 10 ° 2 14-100
S Pacific gyre 0.2° 3.3 (2-6)° 0.02-0.3¢ 3x10 " 2X10°° 0.8 52-100
Eq. Pacific 0.5°¢ 7 (5-8) 0.2-0.3¢ 3% 108 0.02 600 0-94
Southern Ocean 0.31° 6 (5-7) 0.1-0.7¢ 24 X107 0.02 700 0-93
NW Atlantic 5f 10 (9-12)° 0.659 24 %108 0.02 70 0-99

“Explanations: w is the sedimentation rate; L is the thickness of the mixed layer; Dy, is the translational diffusion constant deduced
from tracers; Dy pac is the estimated minimum translational diffusion constant associated with benthic microorganisms, based on D, =
£mob (ab/a)*NvDg with mop=0.2, v ~ 0.03 um3, ab=(3v/47r)1/3 ~ 0.2 um,a=10 um, Dg=0.1 cm?/yr, and N from Kallmeyer et al.
[2012]. Values for a=100 um are 100 times smaller. D; is the minimum rotational diffusion constant deduced from Dy, p,c and equation
(3) with a=10 um. Values for a=100 um are 10* times smaller. y=2D;L/w is an estimate of the minimum rotational diffusivity parame-
ter of the mixed layer, based on D; and a=10 um. The last column is the maximum relative fraction e~ of DRM that survives bioturba-
tion, based on a=10-100 um.

PHammond et al. [1996].

“Pisias et al. [1995].

9Smith and Rabouille [2002].

Geibert et al. [2005].

fAnderson et al. [1988].

9Computed with equation (2) of Boudreau [1994].

rotational diffusion is unknown. In the following, we discuss a different strategy for obtaining a lower limit
of D,, which is based on bioturbation caused by microorganisms. Because the size of many microorganisms
is comparable with that of sediment particles, the associated mixing action is of local nature by definition,
greatly reducing uncertainties of D,/Dy. On the other hand, direct measures of microscopic bioturbation
rates are not available, except for some key observations related to magnetotactic bacteria living in sedi-
ment. Their poor (~1%) alignment with the Earth’s magnetic field contrasts with observations of the same
bacteria in water, which demonstrates the existence of mechanical interactions between motile microor-
ganisms and sediment particles [Mao et al., 2014a].

The displacement of motile microorganisms is governed by a biased random walk (chemotaxis) with self-
diffusion coefficient Dg [Berg, 1983]. Collisions with nonmotile particles transmit part of this diffusion to the
whole sediment, proportionally to the volume fraction ¢ of motile organisms [Wilson et al, 2011] and to the
probability of mechanical interactions with sediment, which we assume to be proportional to the ratio
between microorganism and sediment particle cross sections. Therefore, we set Dy,=¢ (ap/a)’Dg for
microorganism-driven solid diffusion in sediment, where ay, and a are the radii of microorganisms and sedi-
ment particles, respectively. Furthermore, ¢=¢nopNv is deduced from benthic microbial abundances N in
cells/cm?® [Kallmeyer et al., 2012], mean cell volumes v ~ 0.03 um? [e.g., Cole et al.,, 1993; Sestanovic et al.,
2005], and fraction emep > 0.2 of motile microbes [Fenchel, 2001; Mitchell and Kogure, 2006]. Finally, micros-
copy of cultured bacteria suspensions yields Dg =~ 0.1 ¢cm?/yr [Wilson et al, 2011; Martinez et al., 2012],
while Dg ~ 1 cm?/yr can be deduced from the displacement of magnetotactic bacteria in sediment
shielded from magnetic fields (i.e., (r*)= 0.2 cm over 14 days, Mao et al. [2014b)]).

Using the most conservative estimates of Dg in combination with a &~ 10-100 um and a, ~ 0.2 pm, we
obtain D, values comprised between 6x107° and 0.02 radz/yr (Table 1), which, being based only on part
of the whole benthic community, should be considered as a lower limit of rotational biodiffusion. Accord-
ingly, upper limits for the DRM fraction that survives bioturbation are comprised between ~0 and ~100%,
depending on the sedimentary setting (Table 1). The best chances of DRM survival occur in nutrient-poor
(i.e., small D,L) and rapidly accumulating sediment (i.e., large ), where y < 1. Even if our estimates are
affected by order-of-magnitude uncertainties, they provide strong evidence for the possibility that signifi-
cant fractions of the total NRM can be acquired inside the surface mixed layer. Furthermore, cases with par-
tial DRM preservation listed in Table 1 are of particular interest for relative paleointensity reconstructions,
because, as we will see later, different DRM and PDRM acquisition efficiencies can lead to NRM fluctuations
driven by the rotational diffusivity y of the surface mixed layer.

3. Equilibrium Solutions for Particle Orientations in Water and Sediment

The orientation of sediment particles is controlled by the simultaneous action of (a) driving forces (i.e., bio-
turbation and Brownian motion), (b) viscous forces, (c) many-body interaction forces (e.g., hard contacts,
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electrostatic, and Van der Waals), and (d) external forces (gravity and magnetic torques). The nature of most
forces is extremely complex and unknown in detail; therefore, we approach the problem in a statistical
manner. Torques are conveniently defined as the gradient —VV of a so-called torque potential V(0, @)
expressed in spherical coordinates (0, ¢), where 0 is the angle to the applied field. In this case, magnetic
torques are generated by V=—mBcos 0, where B is the ambient field and m the magnetic moment of indi-
vidual sediment particles or flocs. On the other hand, the random nature of interactions with neighbor par-
ticles is best described by an appropriately defined random potential, as shown later in section 3.2.

The probability density function p=p(t, 0, @) of particle orientations subjected to rotational diffusion in a
torque potential V is governed by the so-called Smoluchowski-Debye equation
op 1

—=D,Ap+—=—V(pVV), 6
ot rAp T, (pVV), (6)
where T, is the rotational viscous drag coefficient. This coefficient depends on the size and shape of the dif-
fusing particles: for example, I',=8mya® for spheres with radius a immersed in a fluid with dynamic viscosity
. Under stationary conditions, p reaches a dynamic equilibrium with the ambient field, fulfilling equation
(6) with dp/dt=0. The general solution of the Smoluchowski-Debye equation at equilibrium is the Boltz-
mann distribution

—V(0,9)
0, 0)=poexp | ———= 7
p(0, @)=po p( DL, ) 7
where py is a constant ensuring that the total probability associated with p is 1 (supporting information S2).
The expected magnetization M resulting from magnetic moment orientations with distribution p is
obtained by integrating the z-components of the moment vectors over the unit sphere, i.e.,

M 271 T
—=J J p(0, @) cosOsin0d0 do, (8)
MO »=0J0=0

where My is the maximum magnetization obtained from full alignment in the external field.

In the following, we discuss specific solutions of the Smoluchowski-Debye equation representing limit cases
of particles or flocs with negligible interactions, as typically encountered in the water column and near the
sediment-water interface, and with strong interacting forces, as expected in the mixed layer, and more so in
the consolidating layer.

3.1. Isolated Particles in a Perturbed Medium

We assume magnetic particles to be suspended in a viscous medium, with rotational diffusion originating
from Brownian motion or from turbulence. The sole potential acting on the particles originates from mag-
netic torques, i.e., V=—mBcos 0. In this case, equation (7) yields the well-known Fisher-Von Mises distribu-
tion [Fisher, 1953]:

K

— ezccos() 9
4z sinh ’ )

p(0)

with k=mB/(D,T;). The associated magnetization obeys a Langevin law with

Meq mB
=L 10
MO (Drrr) ' ( )

where L(x)=coth x—1/x is the Langevin function. The fluctuation-dissipation theorem gives D,=kgT/ I', for
the case of Brownian motion, where kg is the Boltzmann constant and T the absolute temperature, so that

Meq mB

=L(-— 11
My (kBT) (n
describes the alignment of magnetic particles in undisturbed fluids. This solution has been used to quantify

the statistical alignment of magnetic bacteria in water [Frankel and Blakemore, 1980; Mao et al., 2014a,
2014b]. An important generalization of equation (11) is obtained if kg7, which is the mean torque of
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1.0 e e e . perturbations  arising  from
molecular collisions, is replaced
by the mean torque 7, of
unspecified random perturba-
tions (Figure 2), i.e.,

M, B
ﬂ:’_(m_). (12)
Mo Tp

Torque

An essential condition for the
validity of equation (12) is that
flocs behave as discrete bodies
with negligible reciprocal inter-
0 5 10 15 action forces. For example, 1,
can be identified with the
amplitude of hydrodynamic
Figure 2. Normalized equilibrium magnetization, Meq /Mo, of particles with magnetic torques from small vortices
moment m in a magnetic field B, when subjected to random perturbing torques T, with created by magnetic flocs sink-
zero mean and standard deviation t,,. The magnetization corresponding to mB/t,=1is ing in the water column
marked by a dot, with a sequence of 500 perturbations shown in the inset. [Heslop, 2007]. In this case,

equation (12), along with an
appropriate description of flocculation dynamics [Shcherbakov and Sycheva, 2010], governs DRM acquisition.
Using the calculations of Heslop [2007], equation (12) yields Mcq/M;=0.88 for 8 um flocs with an aspect
ratio of 1.1 sinking in a 50 pT field, and Meq/Mo=0.09 for 12 um flocs. This example illustrates the well-
known problem of nonlinear DRM acquisition by smaller flocs [Tauxe et al., 2006].

0.0

mB/t,

3.2. Equilibrium Magnetization in Mixed Sediment

Mao et al. [2014a] used equation (12) to explain PDRM acquisition experiments in sediments with 68-88%
porosity, identifying 7, with the typical energy of microscopic bioturbation events. A serious limit of this
approach is represented by the fact that individual sediment particles (defined as the smallest units with
elastic body behavior) are not independent from each other, as required by equation (12). Instead, a dense
network of interparticle forces grows rapidly below the sediment-water interface, as seen in colloidal sus-
pensions upon reaching a critical packing fraction [Weitz, 2011]. This network holds individual particles in
place against random perturbations and is responsible for the rheological response of sediment to mechan-
ical stresses. As with the case of random perturbations, we are interested in particle rotation and represent
holding forces in terms of torques derived from a so-called “holding” potential U(0, ¢). Each particle is char-
acterized by its own holding potential, which depends on the relative position of neighbor particles and the
type of interaction forces (e.g., hard contacts, electrostatic, and Van der Waals). Given the disordered nature
of sediment, this potential possesses local minima corresponding to a certain number of random, or almost
random orientations at equilibrium.

Small perturbations produce reversible particle rotation within the potential wells of U, which determine
the elastic response of sediment. Larger perturbations, on the other hand, might be sufficient to over-
come the potential barriers between local minima, in which case irreversible particle rotation will occur,
yielding plastic deformations. Especially for irreversible rotations, holding potentials change in response
to relative particle displacement/rotation, so that a rigorous formulation of U(0, ¢) must take the time
evolution of particle interactions into account. Because details about such interactions are largely
unknown, we proceed with a simplified approach based on static random potentials. These potentials
can reproduce the fundamental difference between sediment and diluted suspensions, i.e., the exis-
tence of forces that must be overcome in order to irreversibly change particle orientations. Holding
potentials are ultimately responsible for blocking remanence carriers against changes of the ambient
field and, in the laboratory, against applied fields, for instance during alternating field (AF)
demagnetization.

As seen in section 3.1, solutions of the Smoluchowski-Debye equation for the statistical distribution p(6, ¢)
of particle orientations at equilibrium are governed by the total potential of each particle, which is now
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given by Vi=—m;Bcos 0+U;(0, ¢) for particle i. Because each particle is subjected to its own holding poten-
tial, p(0, @) is the ensemble average of single particle solutions, i.e.,

_/ m;Bcos 0—U;(0, ¢)
p(0, (P)—<C: exp <T)>’ (13)

where (...) is used to indicate an ensemble average. DI’, is conveniently replaced by the amplitude 7, of
randomizing torques. In order to evaluate equation (13), we need an explicit formulation of U; as a random
potential with an appropriate number of local minima representing stable orientations in the force field
caused by neighbor particles. For this purpose, we follow the general solution approach of Alexiewicz [2000]
and represent U; as a series of spherical harmonic functions, i.e.,

Ui(0, o) =Z uy(&im cos mo+{; m sinme)P"(cosb), (14)

I.m

where P]" are the associated Legendre polynomials with Schmidt quasinormalization [Winch et al., 2005], u
are coefficients expressing the expected spectral amplitude of terms with order |, and ¢; , {; , are random
realizations of a statistical variable with zero expectation, unit variance, and a given probability density func-
tion, e.g., the normal distribution N(0, 1). The spectral amplitudes u; should be chosen so that the number
of local minima is comprised between 2 (i.e., uniaxial holding potentials) and the maximum number (~10)
[Torquato, 1995] of nearest random packing neighbors. Furthermore, the associated torques T;=—YVU; shall
be characterized by a white spherical harmonic spectrum. These conditions can be satisfied only if the sum
in equation (14) is truncated to a certain maximum harmonic degree n. In this case,

|
> (&mcos M+ msin me) P (cosb) (15)

n | -2, 1
;2”1} ;\/(I+1)(2l+1)m 0

yields unit root mean square torques, i.e, (T?)=1 (see supporting information S3 for a proof based on Con-
stable and Parker [1998]). Some realizations of U; with n=4,6,9 are shown in Figure 3.

Ui(ev (P): |:

The ensemble average of equation (13) with U; given by equation (15) yields the mean equilibrium
magnetization

M 1 B
ﬂ:<—JJ exp (m—cos 0— T—hU,-(H, go))sin 0c059d0d<p>, (16)
Mo Po,iJ) Jo Tp Tp

where Q denotes integration over the unit sphere, and 1, T, are the root mean square amplitudes of per-
turbing and holding torques acting on individual particles, respectively.

Equation (16) cannot be evaluated analytically; however, the main characteristics of the equilibrium mag-
netization can be understood by considering two limit cases. The first limit case is that of a weak holding
potential, i.e, 7, < 1,, which means that particles are practically free to rotate under the influence of per-
turbing torques, yielding the Langevin law in equation (12). For strong holding forces, i.e., tn > 1, the ori-
entation of individual particles is dictated by local, randomly positioned minima of U;. Such orientations
deviate from the equilibrium resulting from the interplay between magnetic and perturbing forces, thereby
reducing the overall alignment with the applied field (Figure 4a). In practice, the Langevin approximation
obtained by neglecting the holding potential is valid for /7, < 1 (Figure 4b). Above this limit, Meq/Mo
starts to decrease with increasing ty, i.e.,

Meq mB
~Llg— 17
Mo (q Th )7 ( )

where g is a constant that depends weakly on the maximum order n of the spherical harmonics used to
construct the random holding potentials (i.e., g = 3.0, 3.9, 4.9 for n= 4, 6, 9, respectively). Finally, a general
analytical approximation of equation (16) that holds for both limit cases as well as intermediate solutions is
given by (Figure 4b)
Meg | M8 | (18)
2+ (1/q)°
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Figure 3. Examples of random holding potentials U(0, ¢) generated with equation (15) using spherical harmonic functions with maximum
degree (a) n=4, (b) n=6, and (c) n=9. Three examples are given for each n, with the right-hand image showing the same potential as the
left-hand one after 180° rotation. Stable particle orientations are defined by local minima of U(0, ¢) (blue).

In this case, g &~ 1.31n% is the value of the “Boltzmann factor” 8, =tn/1, for which the equilibrium MRM
attained in small fields is 27'/2 ~ 71% of the value predicted by the Langevin law in absence of holding
forces. If mB < 1,,, as expected inside the mixed layer (see section 4), a linear approximation of equation
(18) based on L(x) ~ x/3 yields

Meq mB

B — (19)
Mo 3, [i2+(w/q)

An important effect of the holding potential, beside that of lowering the equilibrium MRM, consists in slow-
ing down the rate at which this equilibrium is approached: as 1, becomes larger than t,, fewer perturba-
tions are able to overcome the energy barriers of U; to produce irreversible magnetic moment rotations,
until the system becomes entirely fixed for 7, > 1. This effect plays a fundamental role in locking the
acquired MRM at the bottom of the mixed layer, as explained in section 4.

3.3. Inclination Shallowing

Sediment NRM is often affected by inclination shallowing, due to rotation of elongated magnetic grains
toward horizontal directions [Griffiths et al., 1960; Mitra and Tauxe, 2009; Jezek et al., 2012] and to sediment
compaction [Arason and Levi, 1990]. While compaction-shallowing occurs at depths of several tens of
meters below the mixed layer and is not relevant for initial NRM acquisition, a possible MRM shallowing
source is represented by sediment texture. Sediment texture is typically produced by the preferred horizon-
tal layering of platy particles (e.g., clay). Although texture buildup inside the mixed layer is counteracted by
mixing, a certain degree of mechanical anisotropy can be expected in clay-rich sediment. Direct measure-
ments of mechanical strength anisotropies are not available for the mixed layer; however, an upper limit
can be deduced from data for pure clays, where the relative shear strength anisotropy is usually comprised
between 20 and 60% with an average of ~40% [Won, 2013].
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M/M(B,

B = Th/rp

Figure 4. (a) Probability density function p(0, ¢) of particle orientation in a total potential —mB+U (blue surface) and —mB+5U (orange
surface), where U is a random holding potential. Local minima of U produce probability maxima at random orientations (peaks) that do
generally not coincide with the direction (6o, @) of B. This effect is particularly pronounced for large amplitudes of U (orange surface),
resulting in smaller mean particle alignments and equilibrium magnetizations. (b) Decrease of the equilibrium magnetization M in random
holding potentials of the type shown in Figure 3, with respect to the case of no holding potential (i.e., 5, =0). Each dot corresponds to the
ensemble average of up to 3X10° random potential realizations with maximum spherical harmonic order n=4, 6,9. Lines are least squares
fits of the numerical results according to equation (18). The dependence of the fitting parameter g on n is shown in the inset.

On a microscopic scale, mechanical strength anisotropies are caused by interaction forces with direction-
dependent mean amplitudes, which introduce preferred directions for the orientation of nonequidimen-
sional sediment particles. The direction of magnetic moments is affected by this phenomenon only if the
following conditions are met simultaneously: (1) magnetic sediment particles are not equidimensional and
(2) the corresponding net magnetic moment direction is systematically related to particle shape. Magnetite-
clay aggregates [Galindo-Gonzalez et al., 2009] fulfill these conditions if the magnetic moment of adhering
magnetite crystals is parallel to large faces of clay platelets, as is expected for magnetosome chains. Mag-
netic textures created by this mechanism can be modeled by adding a systematic term A to the random
holding potentials, with preferred directions defined by local minima of A. The simplest form for such a
potential is given by an uniaxial anisotropy contribution A=1,cos (20)/2, where 0 is the angle to the vertical
and 1, is the maximum torque amplitude produced by A. In case of MRM acquisition in inclined fields, the
total potential acting on magnetic particles is then given by

V(0, 9)=—mB(n - b)+ Tz—acos (20)+U; (0, ), (20)

where n=(sinf cos¢, sind sin ¢, cosl) is the unit vector representing the direction of magnetic moments in
a field B parallel to the unit vector b=(siny, 0, cosy). As seen in section 3.2, random potentials U; have the
effect of dispersing magnetic moments orientations without changing their mean direction. Therefore, U;
can be neglected in inclination shallowing calculations and the mean direction of the acquired MRM is
obtained by integration of the Boltzmann distribution associated with equation (20) after setting U;=0, i.e.,

21 (T

(n) ocJ J efn(nB)=hacos20)/2 5 5in 0 dO dg, 21
0 0

where ., =mB/1p. Furthermore, f,=1,/1, is a new “Boltzmann factor” representing the ratio between ani-

sotropy and perturbing torques. Because f3,, < 1 inside the mixed layer, equation (21) can be linearized

with respect to f3,, and solved analytically (supporting information S4), obtaining the classical inclination

shallowing equation

tan/=f, tan /g (22)

of King [1955], where /=90°—0 and lg=90°— are the magnetization and field inclinations, respectively,
and
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Figure 5. (a) Inclination shallowing of the equilibrium MRM, calculated with equations (22) and (23) for given values of ,=1,/1p, which represent increasing amplitudes of the anisot-
ropy term A= t,cos (20)/2 of the holding potential. (b) Inclination shallowing parameter f, as a function of f3, according to equation (23).

1_\/@ s ba

T erfy/B,
_1 ﬁ_a e Pa

ﬁa 2 +\/; erfy/f,

is the inclination shallowing factor associated with the anisotropy potential A (Figure 5a). Maximum inclina-
tion shallowing effects observed in nature correspond to f, ~ 0.4 [Tauxe and Kent, 2004], which, if associ-
ated with a MRM, would require f, ~ 2.5 (Figure 5b). On the other hand, if MRM blocking occurs at
Th/1p & 1, as discussed in section 4, f3, is identifiable with the relative anisotropy 7,/ of holding forces.
This anisotropy can be expected to coincide with the relative anisotropy derived from mechanical strength
parameters. Assuming 7,/t, < 20% for sediments containing up to 50% clay, the maximum MRM inclina-
tion shallowing does not exceed 2.3°. Much smaller effects are expected for sediment particles lacking

strong shape anisotropies, such as in carbonaceous sediments, where MRM inclination shallowing should
be negligible.

f,= (23)

4, MRM Acquisition and the Lock-In Function

As seen in section 3, a dynamic equilibrium between ordering forces (i.e., magnetic torques) and randomiz-
ing forces (i.e., bioturbation and mechanical interactions) is established inside the surface mixed layer if sta-
tionary conditions are maintained for sufficiently long times. The equilibration time depends on the mixing
rate of sediment, which decreases with increasing depth, especially near the boundary between mixed and
consolidating layers, up to the point where the MRM equilibrium becomes fixed. In the framework of PDRM
models, the amount of blocked magnetization is expressed as a function of depth through a so-called lock-
in function [Roberts and Winklhofer, 2004]. In this section, we model MRM acquisition and its lock-in by fol-
lowing the journey of sediment flocs from the water column to the consolidating layer. For this purpose, we
use a coordinate system that moves with the mean sinking (in water) or burial (in the sediment column)
velocity w=dz/dt. A thin horizontal layer anchored within this coordinate system will not always contain
the same material because of different sinking velocities (in water) and diffusion (in water and sediment).
As seen in section 3, rotational diffusion in the presence of magnetic torques and mechanical particle inter-
actions is governed by the Smoluchowski-Debye equation, so that the statistical distribution p(t, 0, ¢) of
particle orientations inside our layer at any time t is given by

1P a1 G v(—mBeos b+ tn(Z (1) U)] (24)

Di(z'(t)) ot p(Z(1)) ’
where 1,U is a random potential generating torques with root mean square amplitude ty,, and 7, is the root
mean square amplitude of random perturbing torques (e.g., turbulence in water and bioturbation in sedi-
ment). Furthermore,
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2= _1 Jt o(Z)dt 25)

is the reduced depth of our layer as a function of time, and Dy, w, 7, and 7, are assumed to be steady state sedi-
ment properties that depend only on the reduced depth z'=z/L, where L is the thickness of the mixed layer.

A general analytical expression for the time-dependent solution of equations (24) and (25) is not known;
therefore, we proceed with some simplifications. The first simplification consists in assuming  to be a con-
stant, in which case equation (25) reduces to Z’=wt/L. Next, we neglect all potentials and look for a general
solution of the (time-dependent) diffusion equation

P —Di(wt/1) Ap, (26)
which describes the fate of a given magnetization in zero field over time. As far as the effect of potentials
on the preservation of remanent magnetizations is concerned, the reduced probability for successful irre-
versible rotations against strong holding torques (section 3.2) is equivalent to a decrease of D,, as we will be
shown below. Before proceeding to solve equation (26), we need to specify the dependence of the rota-
tional diffusion constant D, on depth, assuming that it is entirely caused by bioturbation. Available esti-
mates of the biodiffusion constant (D) are generally given as bulk averages over the mixed layer. As
discussed by Reed et al. [2006], reconstructions of Dy, (z") from tracer dynamics require assumptions about
the bioturbation mechanism, with possible solutions ranging from nearly depth-independent functions to a
Gaussian-like decrease of Dy, (z') when moving down from the sediment-water interface. The latter model is
considered more realistic, because Dy is expected to depend on the concentration of benthic organisms,
and therefore on nutrient concentration profiles dictated by organic matter consumption [Rabouille and
Gaillard, 1991; Boudreau, 1998; Reed et al., 2006].

Generally, organic carbon concentrations decrease exponentially within the mixed layer, down to levels
that no longer support the energetic costs of deep burrowing [Berner, 1980; Rabouille and Gaillard, 1991;
Roberts and Winklhofer, 2004]. Therefore, we assume that the concentration of motile benthic organisms
responsible for bioturbation is proportional to the exponential decrease of organic carbon content with
depth. Accordingly, the simplest bioturbation model assumes Dy, and D, to be proportional to exponential-
like organic carbon profiles, i.e., D,=D; o, (Z") where D, is the maximum value of D; (typically at the top z
=0 of the sedimentary column) and ¢y, (2') is an exponential profile with ¢,(0)=1, e.g., ¢p(z')= 3 (Figure
6b). Additional factors that affect D, are (1) species-dependent biological limits, for example, burrowing
depths, and (2) the reduced probability of irreversible particle rotation as the mechanical strength of sedi-
ment (i.e., tp) increases. These two factors are somewhat connected because motile organisms will not
thrive where their activity is severely limited by the mechanical strength of sediment.

Limitation of D, by sediment resistance is quantified by the probability for random perturbations (i.e., tor-
ques with amplitude 7,) to overcome the energy barriers of the holding potential 7,U. This situation is
equivalent to that of thermal activations, where the probability of thermal perturbations with energy kgT to
overcome a given energy barrier AE is expressed by the Arrhenius law e “2/%7 Mean energy barriers of the
holding potential are dictated by the typical excursions of t,U(0, ¢) over the unit sphere, which coincide
with 1p,. In this case, the probability of irreversible particle rotations is given by e~™/% and our model for
the rotational diffusion constant becomes

Dr=Dyoch(Z) e H@), (27)

with fy,(z')=1h/7p. Lacking specific information on bioturbation forces, we assume that 7, (i.e., the driving
“force” of bioturbation) is a constant, while 7y, increases with depth because of sediment compaction. As a
last step of our model construction, we need a reasonable estimate of t,(Z’). Since displacement of benthic
organisms is attributed to crack propagation [Dorgan et al., 2006], we assume 1, to be proportional to the
tensile fracture toughness K¢ of sediment, and we use profiles of this parameter measured by Johnson et al.
[2012] to construct the depth dependence of f3,. These profiles are characterized by a continuous increase
of Kic(z) with a kink and at the bottom z=L of the mixed layer that marks the onset of consolidation (Figure
6a). The nearly linear dependence of Kic on depth within the mixed layer can be attributed mainly to com-
paction. Similar profiles are also seen with shear strength measurements [Locat et al., 2002].
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Figure 6. Typical sediment property profiles relevant for DRM preservation and MRM acquisition. (a) Sediment strength, expressed as the
ratio f, =1ty /7p between root mean square amplitudes of holding torques, 7y, and perturbing torques, 7, (red line). Perturbing torque
amplitudes are assumed to be independent of sediment depth, while tj, is assumed to be proportional to tensile fracture toughness (Kic)
profiles measured in marine sediment (from data in Johnson et al. [2012]). The average (blue line) of three Kic profiles with double standard
deviation confidence band (shaded) is shown after normalization with respect to sediment depth and amplitude in order to obtain a unit
value at the bottom of the mixed layer (dashed line), so that =/, (L)=1. (b) Normalized profiles of benthic organism concentration ¢,
and rotational diffusion D, according to equation (27). (c) Equilibration half-time 1, /, of mixed-layer magnetizations, calculated on the
basis of properties shown in Figures 6a and 6b. Two f3, profiles proportional to Figure 6a have been chosen. Note the logarithmic time
axis in Figure 6c.

From a rheological point of view, continuous shear associated with bioturbation is expected to reduce the
shear strength (@ phenomenon known as shear thinning, e.g., Barnes [1997]). On the other hand, benthic
organisms can excrete gelation substances that produce the opposite effect. Indeed, mixed results have
been found upon adding selected species of burrowing organisms [Meadows and Tait, 1989]. Therefore, we
avoid explicit links between f,, and the concentration ¢, of benthic organisms, and define f3,(Z') as propor-
tional to the Kic profiles of Johnson et al. [2012], with absolute values determined by f,=/(1) (Figure 6a). In
the absence of direct f§;, estimates, we assume that the bottom of the mixed layer corresponds to places
where bioturbation becomes increasingly difficult because of holding forces that exceed the driving forces
of bioturbation. This criterion is equivalent to setting 5, > 1. Our model for D;(z) uses a minimum set of
reasonable assumptions about bioturbation and mechanical sediment properties, yielding a pseudoexpo-
nential profile of D, through the mixed layer (Figure 6b), which is similar to Dy, profiles assumed elsewhere
[e.g., Bentley et al., 2006].

The time evolution of the remanent magnetization of a sediment layer initially located at a depth z, below
the sediment-water interface is obtained from equation (26) with the initial condition p(0, t=0) correspond-
ing to a given value M;,; of M. Any initial distribution p of the form given by equation (4) yields the same
normalized solution M(t)/Mini. Because the layer moves down with respect to the sediment-water interface,
this solution can be converted into a depth profile through z=z,+wt, obtaining (supporting information
S5)

M(z,zo)

Mini O )zt

|: L Z/L
=exp —Z—J D (u)du|. (28)

If D, from equation (27) is substituted into this solution, initial magnetizations decay more or less rapidly to
zero or to a constant value, depending on the starting depth z, (Figure 7a). Magnetization decays are more
rapid near the top of the sediment column, where D, is maximal, and slow down as the consolidating layer
is approached. A common characteristic of all solutions is that M(z,z,) becomes constant below a certain
“full blocking” depth zz > L inside the consolidating layer. Magnetizations M(zg, z9) at this depth represent
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Figure 7. lllustration of the MRM lock-in process. (a) Evolution of normalized initial magnetizations acquired at different depths Z'y (blue
dots), as the corresponding sediment layer gets buried (lines). All magnetizations converge to constant values at depths 2/ > Z/g=2 (red
dots). These values define the lock-in function A(Z'o)=M(z's, 7o) shown in Figure 7b. The particular case M(z'g, zc=0) corresponds to the
DRM fraction that survives its journey through the mixed layer. (b) Lock-in function deduced from Figure 7a. (c) First derivative /(Z'o) of
the lock-in function (solid line), which defines the relative contribution of each depth to the final magnetization. The dashed line repre-
sents magnetizations corresponding to differences between curves in Figure 7a.

fractions of the initial magnetizations acquired at z, that survived the journey though the mixed layer.
These fractions yield, by definition, the MRM lock-in function

il
A(Z)=exp —Z—J Dy (u) du} , (29)
),
where zZ'g=zz /L (Figure 7b). Unlike most definitions of the lock-in function commonly used in PDRM mod-
els, A(Z') does not start inside the consolidating layer. Instead, it is defined for all depths below the
sediment-water interface, as proposed by Channell and Guyodo [2004]. The reason for such a wide lock-in
function is that magnetizations acquired inside the mixed layer can be preserved. Moreover, it is possible
for a DRM, which in our model is equivalent to M(0,zy=0), to be partially preserved (i.e., M(zz, zo=0) > 0)
for some combinations of Dy, L, and w (Figure 7a), in accordance with our preliminary estimates in section 2.
In this case, the lock-in function is characterized by A > 0 at the sediment-water interface, and small lock-in
depths can result in combination with the minimal mixing depths (e.g., L &~ 2 ¢cm) encountered in some
pelagic sediments [Tauxe et al., 2006].

The last element of our MRM acquisition model provides an estimate of the MRM intensity that is ultimately
locked inside the consolidating layer, as discussed in the following. For this purpose, we define the lock-in
probability density A(z') as the derivative of A(z') with respect to Z' (Figure 7c). Accordingly, A(z") Meq(Z')
represents the relative contribution to the locked MRM that is delivered by the equilibrium remanence,
Meq(Z"), acquired inside a layer of thickness dz at depth z, as specified by equation (18). The total NRM is
therefore obtained by integration of 1(Z') Meq(Z') over Z, i.e,,

Mnrm
Mo

=A(0)

Mosw +J' "y Meal@) g (30)

¢4
Mo 0 @) Mo

where A(0)Mpgwm is the DRM fraction that survives burial through the mixed layer. Using the result derived
in section 3 for the equilibrium MRM we finally obtain the chief result of this paper, i.e.,

Mnrm Mprm | Mmrm
=A(0 + 31
Mo ( ) My My G1
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Figure 8. Lock-in functions and remanent magnetizations acquired in a sediment with properties shown in Figure 6 and f3,,=107° (i.e.,
acquisition in a 50 pT field when the mean amplitude j, of holding and perturbing torques at the bottom of the mixed layer is equal to
the torque exerted by a 50 mT field). (a) Lock-in functions A(Z’) for selected values of the rotational diffusivity parameter y=2D,L/w. The
value A(0) of the lock-in function at the sediment-water interface yields the fraction of locked-in DRM. The bottom of the mixed layer is
marked by the dashed line. (b) Finally locked DRM and MRM as a function of 7y for two DRM settings, i.e., DRM; acquired with same pertur-
bation strength as MRM (i.e., 7y prm =7p,mrm) and the more realistic DRM, acquired in a less perturbed environment (i.e., 7o prm =0.5 Tp mam)-
Three mixing regimes yielding full, intermediate, and no DRM preservation, respectively, are shown below. The vertical dashed line marks
the limit above which lock-in starts below the mixed layer.

where the MRM lock-in function is given by (Figure 8a)

A(Z)=exp [—y[ Co(U) e‘ﬁh(“)du} , 32
and the acquired MRM is given by
M, Zs B 1
MRM :yJ Awe PL| ™ |4z, (33)
Mo 0

where y=2DyL/w is the rotational diffusivity parameter of the mixed layer introduced in section 2. The first
and second term on the right-hand side of equation (31) are the DRM and MRM contributions to the
acquired NRM, respectively. Both terms are functions of y, whose unit is rad?. This parameter represents the
mean squared angle of a random walk produced by rotational diffusion during the typical residence time of
sediment particles within the mixed layer. DRM preservation is only possible with y < 1, while full MRM
acquisition with complete DRM obliteration is obtained with y > 1.

Numerical evaluations of equations (31-33) reveal that a transition from a DRM-dominated to a MRM-
dominated NRM occurs between y=0.2 and y=10 (Figure 8). Accordingly, we define three regimes of sedi-
mentary NRM acquisition: (1) a slow mixing regime for y < 0.2, where the preserved magnetization is essen-
tially a DRM, (2) a fast mixing regime for y > 10, where DRM is fully randomized and replaced by a MRM,
and (3) an intermediate mixing regime with 0.2 < y < 10, where DRM and MRM coexist, both contributing
to a total NRM. Faster sediment mixing regimes push the MRM lock-in function below the mixed layer (Fig-
ure 8a), where the biodiffusion rate declines rapidly, producing large lock-in depths that are compatible
with some paleomagnetic records [e.g., Sagnotti et al., 2005; Suganuma et al., 2011].

Because DRM and MRM are characterized by different acquisition efficiencies, total NRM intensities can be
particularly sensitive to y in case of intermediate mixing regimes, due to varying DRM and MRM proportions.
On the other hand, MRM intensity is relatively insensitive to mechanical sediment properties (i.e., f3}, in Fig-
ures 9a and 9b) and bioturbation parameters (i.e, ¢y in Figures 9c and 9d), especially for fast mixing
regimes. Moreover, the total magnetization is governed only by the ratio between magnetic and perturbing
torques for mixing regimes characterized by 20 < y < 500, according to the limit case of equation (19) with
Th — 0.
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Figure 9. Sensitivity of MRM acquisition to variations of the model profiles shown in Figure 6. (a) Sediment strength variations, expressed
by proportional 8, profiles with f3,(1)=0.5 (case A), 3,(1)=1 (case B as in Figure 6a), and f3,,(1)=2 (case C). (b) MRM intensities that corre-
spond to the cases shown in Figure 9a. (c) Variations of normalized concentration profiles ¢, of benthic organisms according to an expo-
nential model (case B as in Figure 6b), a more box-shaped function (case C), and an intermediate case (case A). (d) MRM intensities that
correspond to the cases in Figure 9c. MRM intensities depend only weakly on variations of the profiles shown in Figures 9a and 9c, espe-
cially in case of fast mixing regimes with 20 < y < 500.

5. Discussion

In sections 3 and 4, we derived equations that describe the mean alignment of magnetic particles sub-
jected to the simultaneous action of aligning torques (i.e.,, magnetic and texture) and randomizing torques
(i.e., turbulence, bioturbation, and interparticle mechanical interactions). DRM and MRM acquisition
depend on the mean intensity of such torques and on the frequency of “successful” perturbations inside
the corresponding environments (i.e., water column, sediment-water interface, and mixed layer). Dynamic
equilibrium between the above mentioned torques is described by a Langevin law of the type
Meq=MoL(f,), where My is the magnetization of fully aligned magnetic moments, and the “Boltzmann
factor” f.,=1tm/7p is the ratio between the amplitudes of magnetic torques, T =mB, and perturbing tor-
ques, 7,. Two main cases can be distinguished according to the nature of perturbing torques. In the first
case, magnetic moments are carried by discrete units (i.e,, flocs) with few reciprocal interactions. While
falling inside the water column, magnetic flocs are subjected to Brownian perturbations, as well as hydro-
dynamic disturbances produced by turbulence [Heslop, 2007]. The typical intensity of such disturbances
yields relatively large values of f,, which produce the well-known problem of nonlinear DRM field
dependencies [e.g., Tauxe et al., 2006]. This problem is mitigated by accretion of large (>20 um) flocs
through random aggregation of smaller units.
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Floc density increases dramatically at the sediment-water interface, where a network of interaction forces
begins to form. The physics of DRM acquisition remains the same as long as individual flocs behave as inde-
pendent units with few interactions. Perturbing forces are presumably larger than in the water column, due
to sediment resuspension by benthic organisms and continuous floc reorientation in a turbulent hydrody-
namic regime (Figure 1). In most cases, sediment mixing is expected to be fast enough to expose all materi-
als inside the mixed layer to repeated resuspension events and DRM renewal. Under these conditions, new
magnetic carriers formed inside the mixed layer, such as magnetosome chains, acquire the same type of
NRM as older carriers, and are subjected to the same lock-in delay. This is confirmed by results of Ouyang
et al. [2014], who did not find a systematic time lag between detrital and biogenic NRM components in
paleointensity records from the South China Sea.

Interaction forces between sediment particles grow rapidly below the sediment-water interface, as soon as
a sufficient number of contact points is reached. In this case, individual magnetic flocs are no longer inde-
pendent units, and, in the absence of perturbations, the orientation of magnetic moments becomes locked,
yielding a stable remanent magnetization. Bioturbation, however, produces irreversible particle rotations by
overcoming the holding forces. Flocs are expected to break into smaller units whose internal binding forces
exceed those produced by bioturbation. Such units might be identified with the “fundamental flocs”
assumed in some DRM models [e.g., Tauxe et al., 2006]. As far as magnetofossils are concerned, fundamental
flocs might consist of magnetosome chains adhering to clay particles, as postulated by Mao et al. [2014a].
We have modeled bioturbation by the action of perturbing torques, t,,, against so-called holding potentials.
The amplitude of 7, depends on a detailed representation of bioturbation mechanisms [e.g., Dorgan et al.,
2006]; nevertheless, opposing torques, th, caused by interparticle forces must be overcome for successful
displacement of living organisms. Therefore, ff;, =11 /7, &~ 1 can be reasonably assumed at the bottom of
the mixed layer, where 1y, is also responsible for preservation of a remanent magnetization against the tor-
ques resulting from the application of (large) magnetic fields. A crude estimate of torques produced by bio-
turbation can be derived from 1, /7, ~ 1 and critical fields By, required to produce irreversible magnetic
moment rotation in fresh sediment samples taken from the bottom of the surface mixed layer. In this case,
the “Boltzmann factor” f5,,=mB/, is simply given by B/By, where B is the field in which NRM was acquired.
Using B, > 20 mT as a representative value for the mixed layer [Mao et al., 2014a], one obtains f3,, < 2.5X
1073 for typical geomagnetic field intensities. In this case, we expect the intensity of magnetizations
acquired inside the mixed layer to be proportional to the geomagnetic field.

The time required for any magnetization to reach full equilibrium with the ambient field inside the mixed
layer is inversely proportional to the rotational diffusion constant D, associated with bioturbation. Direct
measurements of D, are not available, and estimates based on total diffusion are extremely difficult to
obtain, due to the unknown efficiency of benthic organisms in inducing irreversible particle rotations. We
attempted crude lower limit estimates of D, on the basis of microbial abundances [Kallmeyer et al., 2012],
relying on the assumption that the translational and rotational diffusion of microbes is of the same type as
for the well-known case of Brownian motion (Table 1). With such estimates, equilibration times are com-
prised between 30 yr and 30 kyr, depending on the sedimentary setting. The fate of a DRM is dictated by D,
and by the typical residence time L/w of sediment particles inside a mixed layer of thickness L, which are
collectively summarized by the so-called mixed layer diffusivity parameter y=D,L/w, where w is the sedi-
mentation rate. Three mixing regimes can be distinguished on the basis of 7, i.e., (1) slow mixing (y < 0.2)
that leads to full DRM preservation, (2) fast mixing (y > 10) during which DRM is completely replaced by a
MRM, and (3) intermediate mixing where NRM is a mixture of DRM and MRM (Figure 8b). According to our
calculations, inclination shallowing is not expected for MRMs acquired in the fast mixing regime.

Since MRM is essentially a particular type of PDRM, its conversion to a stable NRM depends on a so-called
lock-in function, which represents the relative contribution of each depth below the sediment-water interface
to the final magnetization. The value of the lock-in function at the sediment-water interface represents the
DRM fraction that survives sediment mixing. Lock-in functions associated with slow mixing regimes (e.g., Fig-
ure 8a with y < 10) are representative of pelagic environments with low nutrient inputs, shallow mixed layers
(L ~ 2 c¢m), and small lock-in depths of the order of 1 cm, as postulated by Tauxe et al. [2006]. On the other
hand, nonzero values of the lock-in function are confined below the mixed layer in case of rapid mixing
regimes, yielding typical lock-in depths of ~2L ~ 20 cm (e.g., Figure 8a with y > 1000). These lock-in depths
are compatible with estimates obtained from paleomagnetic records by Suganuma et al. [2011]. Because of
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the strong sensitivity of the lock-in function to mixing regimes, acquired MRM intensities depend mainly
on y, increasing from 0 for slow mixing to the equilibrium magnetization MoL(f,,,) for rapid mixing. Numer-
ical MRM intensity estimates can be compared with the NRM of magnetofossil-bearing sediments charac-
terized by rapid mixing regimes. Because of the excellent dispersion of intact magnetofossil chains, with
estimated mean distances >9 times the chain length [Ludwig et al., 2013], magnetic flocs probably contain
a single magnetosome chain or chain bundle with maximum magnetic moment [Hanzlik et al., 2002], as
inherited from living cells. In this case My ~ Ms can be assumed, and using M,s/Ms =~ 0.4 [e.g., Ludwig
et al., 2013; Mao et al., 2014a], we deduce MRM/M;s = (7-9)><10’4 for 20 <y < 1000 (Figure 8b). This esti-
mate agrees well with representative NRM values of magnetofossil-bearing platform carbonates [McNeill
and Kirschvink, 1993].

Our analysis of DRM and MRM acquisition enables a first discussion of the sensitivity of relative paleointen-
sity records to fluctuations of the NRM acquisition efficiency. With few exceptions associated with extremely
rapid accumulation of nutrient-poor sediment material (e.g., ice rafting), bioturbation is sufficiently active to
expose the whole mixed layer to repeated resuspension and redeposition events, so that DRM and MRM
can be assumed to be carried by the same kind of magnetic particles. Fluctuations of NRM acquisition effi-
ciency in terms of (nonmeasurable) magnetic moment alignments are, therefore, entirely due to the acquisi-
tion mechanism. As discussed above, equilibrium DRM and MRM intensities are mainly controlled by f,,,
with major differences being related to the intensity 7, of random perturbations. In both cases, 1, is mainly
controlled by the action of benthic organisms, but not by their concentrations. This means that major
changes in the type of benthic fauna are required to introduce significant modifications of resuspension
(for DRM) and bioturbation (for MRM) mechanisms. On the other hand, the concentration of benthic organ-
isms is directly proportional to D, and controls the timing of DRM randomization and MRM acquisition
inside the mixed layer. Therefore, moderate fluctuations of the sedimentary environment are expected to
change 7 through variations of benthic biomass and sedimentation rate. As long as these variations occur
around a slow (y < 0.2) or fast (y > 10) mean mixing regime, NRM is controlled either by a DRM or a MRM
with nearly constant acquisition efficiency and can be expected to support reliable paleointensity recon-
structions. On the other hand, fluctuations of intermediate mixing regimes produce variations in the relative
contributions of DRM and MRM. DRM is more efficient than MRM; therefore, the net result is that NRM
acquisition efficiency changes in a way that could be erroneously attributed to geomagnetic field
variations.

6. Conclusions

A general model has been developed for initial NRM acquisition near the sediment-water interface and
inside the surface mixed layer. This model considers individual particles—defined as the smallest sediment
units with elastic body behavior—under the influence of (1) magnetic torques, 7, which tend to align mag-
netic moments with the Earth’s field, (2) holding torques, t,,, which arise from interparticle interactions (e.g.,
hard contacts, Van der Waals, and electrostatic), and (3) random perturbing torques, t,, associated with
Brownian motion, turbulence (in the water column), and bioturbation (in sediment). The sum of magnetic
and holding torques is described by properly constructed random potentials with a given number of local
minima. In the absence of perturbations (i.e., 7,=0), stable particle orientations coincide with these minima.
Irreversible particle rotation is produced by perturbing torques upon overcoming the energy barriers
between local minima of the random potential. A sequence of such irreversible events is equivalent to a
rotational diffusion process with diffusion coefficient D,. This process is formally described by a
Smoluchowski-Debye equation (equation (6)), whose stationary solution is a Boltzmann distribution of mag-
netic moments (equation (7)). The Boltzmann distribution defines the remanent magnetization resulting
from a dynamic equilibrium between the long-term action of aligning torques (t,,) on the one hand, and
the average effect of random torques (z, and 1,) on the other hand (equation (18)). Dynamic equilibrium is
reached within a typical time that is inversely proportional to D; (equation (5)).

The magnitudes of Dy, 1, and 1, evolve during different stages of NRM acquisition (Figure 1). Holding tor-
ques are completely absent inside the water column (i.e., 7,=0), and relatively weak perturbations allow the
growth of loose particle aggregates (i.e,, flocs). The concentration of flocs increases sharply across the
sediment-water interface, where mechanical interactions, and thus ty, start to build up. The DRM acquired
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in this region is still unstable, due to the small holding forces. DRM intensities are governed by a Langevin
law (equation (12)), whereby relatively large acquisition efficiencies and nonlinear field dependencies are
obtained if 7, < 1. As flocs become buried inside the surface mixed layer, 7, increases proportionally to
the mechanical strength of sediment. Bioturbation produces irreversible magnetic moment reorientations
in all cases where 7, > 13, so that DRM is progressively replaced by a new, so-called mixing remanent mag-
netization (MRM). Because perturbing torques produced by bioturbation are presumably much stronger
than those encountered in the water column, MRM intensity is expected to be smaller than DRM intensity
(equation (18)).

The amounts of surviving DRM and acquired MRM at each depth below the sediment-water interface are
controlled by a lock-in function (equation (29)), whose shape is mainly determined by the so-called rotation
diffusivity parameter y=D,L/w, where L is the thickness of the surface mixed layer, and w is the sedimenta-
tion rate. DRM is preserved as the only NRM contribution if y < 0.2 (slow mixing regimes) and is completely
replaced by a MRM for y > 10 (fast mixing regimes). The strongest changes in NRM acquisition efficiency
are thus expected for intermediate mixing regimes characterized by 0.2 < y < 10. Estimates of y depend
critically on Dy, for which direct measurements are not available. Lower D, limits, obtained from minimum
bioturbation rates expected from motile microorganisms, suggest that slow, fast, and intermediate mixing
regimes exist for different sedimentary settings (Table 1).

The above mentioned DRM and MRM acquisition processes can introduce relative paleointensity artifacts in
addition to those generated by normalization with laboratory magnetizations [Roberts et al., 2012]. Accord-
ingly, we distinguish two main categories: (1) artifacts introduced by NRM acquisition efficiency variations
in terms of remanence carrier alignment (e.g., DRM and MRM fractions) and (2) artifacts introduced by mag-
netic components with different intrinsic ratios between their NRM contributions and a normalizer magnet-
ization (e.g., IRM and ARM). For example, intact magnetofossils have saturated magnetic moments that
yield larger NRM/IRM and NRM/ARM values compared to other remanence carriers with the same degree of
alignment. Variable combinations of the two artifact sources can generate contradictory or ambiguous
results. For example, Ouyang et al. [2014] reported NRM/ARM ratios that are 2-4 times higher for biogenic
magnetite with respect to a detrital component, while Channell et al. [2013] did not report significant differ-
ences between the two components.

Ambiguities associated with paleointensity artifacts are clearly illustrated with the example of the eastern
equatorial Pacific sediment cores described by Yamazaki et al. [2013], where an inverse correlation has been
observed between NRM acquisition efficiency (i.e.,, NRM/IRM) and a proxy for magnetizations due to magne-
tofossils (i.e,, ARM/IRM). This correlation can be explained as an artifact of category 1 or 2, or both. In the
first case, increased ARM/IRM values can be associated with faster bioturbation, assuming that magnetotac-
tic bacteria represent a certain fraction of the benthic biomass. Faster bioturbation is characterized by
higher D, and L values and is driven by larger nutrient supplies. Nutrient supply is in turn supported by pri-
mary production and/or increased mineral fluxes [Sarmiento and Gruber, 2006], the latter being directly
related to the sedimentation rate w. The net effect of these changes on pelagic sediment mixing depends
on the coupled parameters D, L, and o: the combined increase of D, and L likely exceeds corresponding
variations of w. In this case, y is expected to covary with magnetofossil concentrations. The slow-to-
intermediate mixing regime deducible from Table 1 for the locations analyzed by Yamazaki et al. [2013]
would react to increased y with a decrease of the overall NRM acquisition efficiency (i.e, NRM/IRM), due to
DRM randomization (Figure 8). This mechanism can explain the inverse correlation between NRM/IRM and
ARM/IRM observed by Yamazaki et al. [2013], with the lowest NRM/IRM values being typical of magnetofos-
sil MRM acquisition, as well as the weak correlation with sedimentation rate. On the other hand, two mag-
netic components with the same NRM acquisition efficiency (e.g., in terms of NRM/IRM) but different ARM/
IRM values (as is the case for detrital and magnetofossil components, see Egli [2004]) will generate an
inverse correlation between NRM/IRM and ARM/IRM.

Our analytical models provide testable predictions about possible effects of sedimentary environments on
NRM acquisition. Dedicated experiments are needed to obtain reliable estimates of bioturbation rates and
mechanical sediment properties. A better knowledge of these parameters could lead to successful correc-
tion of variable NRM acquisition efficiencies in relative paleointensity records and to selection of the most
reliable records on the basis of favorable sedimentary settings rather than limited variations of rock mag-
netic properties.
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