
Geophys. J. Int. (2006) 165, 775–785 doi: 10.1111/j.1365-246X.2006.02951.x

G
JI

G
eo

m
ag

ne
ti
sm

,
ro

ck
m

ag
ne

ti
sm

an
d

pa
la

eo
m

ag
ne

ti
sm

The role of magnetostatic interactions in sediment suspensions
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S U M M A R Y
The processes that influence a detrital remanent magnetization as well as the physical mi-
croscale factors that control formation of a stable post-depositional remanent magnetization
are still not fully understood. Previous laboratory studies and statistical numerical approaches
have shown the possibility that sediment suspensions can display complex magnetization phe-
nomena. Such behaviour has been attributed to the effect of magnetostatic interactions in
the suspension, which could provide one explanation for spurious magnetizations observed
in marine sediment cores. In laboratory experiments we investigated magnetization decay as
a function of time in sediment suspensions produced with varying lithologies and particle
concentrations. A companion model takes into account the physics of magnetic particle–
particle interactions, Brownian motion and hydrodynamic forces to investigate numerically
the magnetization behaviour of sediment suspensions. When combined, the experiments and
the numerical models reveal a weak effect of magnetostatic interactions in the natural sediment
suspensions, which is expressed as an increase in the magnetization decay rate. In addition,
a calculation of effective particle size based on the response of each suspension to Brownian
motion indicates that the majority of the sedimentary magnetic particles are attached to larger
clay particles.
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1 I N T RO D U C T I O N

Reconstruction of the Earth’s palaeofield based on the measurement

of detrital remanent magnetizations (DRM) recorded in sedimen-

tary archives is a well-established technique (Verosub 1977; Tauxe

1993; Valet 2003). Identification of specific features within these

records, such as geomagnetic reversals and excursions, provide a

basis upon which stratigraphic frameworks and chronologies can

be constructed. In addition, the continuous nature of sedimentary

records makes them suitable for providing constraints on expected

field behaviour for geodynamo models (Dormy et al. 2000; Kono &

Roberts 2002).

The general picture of DRM formation involves the rotation of

magnetic sediment particles in response to the torque they experi-

ence from the Earth’s magnetic field as they descend through the

water column. Calculations by Collinson (1965) and Stacey (1972)

demonstrated that for typical geomagnetic field conditions, the im-

posed torque would rapidly bring individual magnetic particles into

alignment with the ambient field direction. A number of disordering

processes do, however, act on the settling particles and even during

descent through calm water the alignment of an assemblage of par-

ticles will have a distribution of orientations. Small particles will

be strongly influenced by Brownian motion and will undergo both

translational displacement and rotational motion due to bombard-

ment by the water molecules that surround them. Previous calcula-

tions (Collinson 1965; Stacey 1972) have shown that the effects of

Brownian motion have a primary importance on the alignment of the

magnetic particles and, thus, on the final DRM. Because Brownian

motion is a random process, the probability of a particle being sub-

jected to a torque acting in an anticlockwise manner is equal to that

of one acting in a clockwise manner. Therefore, for large assem-

blages of particles the magnitude of the DRM will be reduced by

the disordering effects of Brownian motion but the direction of the

overall magnetization should remain aligned with the external field.

Once a particle reaches the sediment–water interface, its ori-

entation will be influenced by a number of different processes

(Verosub 1977). Gravitational torques will act on elongated par-

ticles, attempting to align them horizontally (Griffiths et al. 1960;

King & Rees 1966). Motion of the water at the sediment surface

will produce hydrodynamic torques that, in the case of persistent

currents, will tend to align the magnetic particles in a preferred

direction and, in the case of turbulent flow, will act as a disorder-

ing mechanism (Griffiths et al. 1960; Rees 1961). Bioturbation will

result in a reorientation of the magnetic particles as the activities

of various organisms restructure the sedimentary fabric. Irving &

Major (1964) proposed that as compaction of the deposited sed-

iment proceeds and porosity is reduced the magnetic grains will

be gradually locked into a set orientation that forms the stable

DRM. Because this signal is formed below the sediment–water

interface it is termed a post-depositional remanent magnetization
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(PDRM). A number of processes that will both order and disorder

the orientation of the magnetic particles to form a final DRM have

been identified, and both theoretical (Shcherbakov & Shcherbakova

1983, 1987; Katari & Bloxham 2001) and experimental approaches

(Anson & Kodama 1987; Barton et al. 1980; Kent 1973; Løvlie

1989; Lu et al. 1990; Tauxe & Kent 1984; van Vreumingen 1993a,b)

have been adopted to investigate the relative importance and the in-

teraction between the different processes. On the basis of the above

work and the successful recovery of palaeomagnetic records from

the oceanic realm, it is generally accepted that the DRM vector in

marine sediments is at least partially a function of the geomagnetic-

field conditions during deposition.

Compilations of sedimentary palaeomagnetic data sets provide

evidence that during the Brunhes normal polarity chron, 10 or more

geomagnetic excursions may have occurred (Langereis et al. 1997;

Guyodo et al. 2000). In a large number of reported records, how-

ever, these geomagnetic features are found to be absent. If it is

assumed that geomagnetic excursions are global (Guyodo et al.
2000; Valet et al. 2005) then it must be concluded that not all sed-

imentary archives are of a sufficiently high enough fidelity to pro-

vide a comprehensive history of geomagnetic variation (Roberts &

Winklhofer 2004). In the light of this evidence a number of pro-

cesses that could lead to inaccurate sedimentary recording of the

field have been proposed.

Of specific interest here is the work of Yoshida & Katsura (1985)

who investigated the magnetic relaxation behaviour of dilute sus-

pensions of clays and limey mud. The individual suspensions were

exposed to a weak external field in an attempt to orientate all of the

magnetic particles in a single direction. Upon removal of the ex-

ternal field the decay in magnetization of the suspensions could be

measured as a function of time to characterize the process of relax-

ation by particle reorientation. Based on the shape of the magnetiza-

tion decay curves, Yoshida & Katsura (1985) defined three classes
of relaxation behaviour. The relaxation pattern of suspensions of

both reddish brown clay and calcareous ooze with concentrations

≥0.1 g ml−1 displayed nearly no decay in magnetization (Fig. 1,

Class 1). The stable Class 1 magnetization was attributed to floccu-

lation of the sediment particles that formed an ordered fabric and

restricted the motion of the magnetic particles. This explanation is

supported by Shcherbakov & Shcherbakova (1987) who showed that
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Figure 1. Experimental results of Yoshida & Katsura (1985), using a sedi-

ment suspension consisting mainly of reddish-brown clay, show three differ-

ent classes of magnetic relaxation pattern. Class 1 and Class 2 are attributed

to electrostatic and magnetostatic interactions within the sediment suspen-

sion, respectively. Class 3 is thought to represent a non-interacting system

that is dominated by Brownian motion.

suspensions with such high concentrations should be considered as

slurries possessing elasticity, viscosity and plasticity due to the for-

mation of coagulated structures by particle cohesion. The properties

of dilute slurries are expected to substantially reduce grain mobility

(Shcherbakov & Shcherbakova 1987) and, therefore, inhibit strongly

the randomization of particle orientations due to Brownian motion.

Suspensions with intermediate particle concentrations (0.1–

0.004 g ml−1 in the reddish brown clay and 0.1–0.01 g ml−1 in the

calcareous ooze) displayed an exponential decay of magnetization

followed by a polarity change before approaching zero (Fig. 1,

Class 2). This behaviour was found to be reproducible and the mag-

nitude of the polarity change increased with increasing particle con-

centration. Due to the concentration dependency of the pattern, the

observed behaviour was attributed to the effect of magnetostatic

interactions within the sediment suspension. Yoshida & Katsura

(1985) gave no clear explanation of how the clumping of magnetic

particles due to magnetostatic interaction could result in polarity

changes during relaxation, but suggested that inertial rotation of

flocced grains could play a key role.

The suspension with the lowest particle concentration

(<0.004 g ml−1 in the reddish brown clay and <0.01 g ml−1 in the

calcareous ooze) displayed an exponential decay of magnetization

(Fig. 1, Class 3) that was attributed to a non-interacting system dom-

inated by Brownian motion. In this case, the Class 2 type relaxation

behaviour provides a mechanism that could possibly explain the for-

mation of spurious magnetization records in weak field conditions.

Fukuma (1992) performed a numerical simulation of magnetic

particle coagulation in a fluid using a Monte Carlo procedure. It

was found that for simulated suspensions with a sufficiently high

concentration of particles, magnetostatic interactions could result

in relaxation curves with a switch in polarity similar to the Class 2
curves of Yoshida & Katsura (1985). Magnetic particle concentra-

tions >10 ppm were required to produce a switch in polarity during

relaxation, however, this concentration cannot be considered as re-

alistic because the model did not take into account the presence of

non-magnetic particles and coagulation mechanisms such as van der

Waals forces.

It is known from laboratory redeposition experiments that the

form of the non-magnetic sedimentary matrix and its interaction

with the magnetic mineral assemblage plays an important role in

DRM formation. DRM intensity is thought to be partially controlled

by pH and electrolyte content indicating that flocculation of the sed-

iment grains plays a role in the formation of the palaeomagnetic

signal (Lu et al. 1990; Katari & Tauxe 2000). Katari & Tauxe (2000)

produced an interesting hypothesis that isolated magnetite particles

do not occur in sediment suspensions, but instead, due to interpar-

ticle forces, magnetite particles will generally be attached to clay

particles and it is these units that must be rotated to form a DRM.

Magnetostatic interactions occur in some natural sediments and

could, therefore, play an important role in the process of DRM ac-

quisition. It is, however, a difficult task to relate the magnitude of in-

teractions in a compacted sediment sample to those present in a sus-

pension. For example, although first-order reversal curve (FORC)

data (Roberts et al. 2000) show interaction between single domain

particles in sediments it is known that a number of the samples

contain minerals formed post-depositionally, for example, strongly

interacting clusters of authigenic greigite (Roberts & Weaver 2005).

To investigate the influence of magnetostatic interactions, we

present laboratory studies of magnetization decay in sediment sus-

pensions accompanied by a numerical model representing inter-

acting magnetic particles in water. The model takes into account

the physical theory of interacting magnetic particles, hydrodynamic
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forces and Brownian motion. While we investigate behaviour in the

water column, sediment fabrics near the sediment–water interface

are highly porous (Kranck 1991; Wartel et al. 1991; Bennett et al.
1991) and, therefore, the processes that control the magnetic be-

haviour of a slurry could also be valid for such sediments.

2 E X P E R I M E N T S

2.1 Laboratory experiments

The experiments that were performed to investigate the role of mag-

netostatic interactions in sediment suspensions were designed to

match the experiments of Yoshida & Katsura (1985). Measurements

of magnetization decay were performed in zero field in order to be

able to define the influence of magnetostatic particle–particle inter-

action without bias due to an external field. For the presented ex-

periments, 20 samples were taken from four different gravity cores

recovered from the South Atlantic Ocean. The cores cover a broad

range of lithologies (high biogenic opal content, carbonate rich and

clayey sediment) with rock magnetic properties that have been dis-

cussed previously by Franke et al. (2004). The chosen samples all

had a magnetic susceptibility greater than 300 · 10−6 SI and their

hysteresis properties (Fig. 2), suggest that the magnetic particles lie

predominantly in the stable single-domain range (Tauxe et al. 2002).

To follow the procedure of Yoshida & Katsura (1985), the sed-

iment samples were suspended in distilled water mixed with ap-

proximately 3 mg of surfactant (Na4P2O7 · 10 H2O). The surfactant

will reduce electrostatic attraction at the particle surfaces, thus dis-

persing the sediment, but will have no influence on clumping due

to magnetostatic interactions. This means that magnetic particles

may be initially clumped together when the suspension is prepared.

If this is the case then the interactions in the suspensions may be

stronger than would be expected in natural suspensions of similar

concentrations. Sieving was then performed to remove the sediment
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Figure 2. Ratio of saturation remanent magnetization to saturation magne-

tization (M RS/M S) plotted against the coercive field. According to Tauxe

et al. (2002), data that plot within the triangle can be considered to represent

mixtures of single domain magnetite particles and superparamagnetic ma-

terial. The samples plot along the left edge of the triangle, which, according

to Tauxe et al. (2002), corresponds to a mixture containing uniaxial single

domain magnetite with a length to width ratio of 1.3.
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Figure 3. When a sediment suspension is exposed to a magnetic field for

30 s, the particles align with the external field. At time t = t0, the field is

switched off and measurement of the magnetization commences. The decay

of magnetization is recorded as a function of time for 120 s.

fraction with diameters above 20 μm. The samples were homoge-

nized by treatment in an ultrasonic bath and stirring. The sediment

suspensions were concentrated by allowing the sediment to settle

and by removing the excess water. Nine different samples with con-

centrations cn were produced from each suspension (cn = 2−nc0,

n = 0, . . . , 8 and c0 = 1.5 · 10−1 g ml−1) and placed in 6.2 cm3

plastic cubes.

At the commencement of each experiment the suspension filled

sample cubes were placed in an ultrasonic bath for 1 min in order to

disperse the particles uniformly. The samples were then transported

for 120 s in field-free conditions and placed in a 2G Enterprises

cryogenic SQUID magnetometer. After being exposed to a 100 μT

field along the sample z-direction for 30 s, the suspension magneti-

zation was measured in zero field over a period of 120 s. The basic

concept of the laboratory studies is shown in Fig. 3.

It is important to consider the relative scales of the time re-

quired for the orientation of a magnetic particle to be randomized by

Brownian motion and the duration of the particle descent to the base

of the sample cube. This balance can be important because in the

case of a particle descending to the base of the cube in a period

shorter than that required for randomization, some memory of the

applied field will be retained. An estimate of the balance can be

made by considering the simple model of an isolated sphere de-

scending through water under the influence of gravity. Considering

a collection of magnetic particles in an aligned starting state the

system magnetization, M , will decay exponentially as a function

of time, t, according to the relationship M(t) = exp (−t/τ ) (Debye

1929; Fannin et al. 1995). For suspensions with constant viscosity

τ is independent of concentration and is given by:

τ = 3V η

kT
, (1)

where V is the particle volume, η is the fluid viscosity, k is

Boltzmann’s constant and T is the absolute temperature. The ter-

minal velocity, V t, of a spherical particle is given by:

Vt = 2R2ρ

9η
g

(
1 − ρ ′

ρ

)
, (2)

where R is the particle radius, ρ and ρ ′ are the densities of the par-

ticle and fluid, respectively, and g is the acceleration of free fall.

By assuming that a particle of given diameter is travelling at termi-

nal velocity it is possible to calculate the distance it will descend

through the cube in time τ (Fig. 4). It is apparent that large particles

(> ∼7 μm) will descend through the cube in a period shorter than

τ . For smaller particles of typical single-domain magnetite sizes,

for example, 100 nm the time required to descend through the cube
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Figure 4. For sediment particles descending through the sample cube

(∼1.9 cm in height) it is important to consider the relative magnitudes of

the times required for descent and randomization by Brownian motion. By

determining the distance travelled by a particle moving at terminal velocity

in time τ it is clear that full randomization should occur for all but the very

largest magnetic sediment particles.

is many orders of magnitude greater than τ . This simple approach

does assume that the starting position of the particles is at the top of

the cube, which will not be the case for a suspension subjected to an

ultrasonic treatment. During the course of the settling, some parti-

cles will be deposited on the base of the sample cube. For particles

that deposit rapidly it is also expected that they will preserve some

memory of the applied field and thus form a depositional remanent

magnetization.

2.2 Experimental results

Curves for a typical sediment sample provide an example of mag-

netization decay for suspensions c0 to c8 in Fig. 5. The suspension

with the high sediment concentration (c0) displays only a small de-

crease in magnetization with time. This behaviour is expected in the

highest concentration suspensions, which will form slurries with

reduced particle mobility (Shcherbakov & Shcherbakova 1987). If
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Figure 5. Experimental magnetic relaxation data for a typical sediment

sample. The natural logarithm of the decay of nine different suspension

concentrations is plotted against time. The highest concentration (c0) acts

as a slurry and shows only a small decrease in magnetization while the other

suspensions relax far more quickly. If the decay curves were exponential

then when plotted as the natural logarithm they would appear as straight

lines. This is clearly not the case for the suspension samples.

all the particles in suspension have an equal radius, then the decay of

magnetization due to Brownian motion should be describable using

a single exponential function. Our measurements do not meet this

requirement and the magnetization as a function of time, m, nor-

malized by its initial value can best be described using the sum of

two exponential functions and a constant:

m(t) = a1e−a2t + a3e−a4t + a5, (3)

where τ 1 = 1/a2 and τ 2 = 1/a4 are the relaxation times of the re-

spective exponentials. It is found that τ1 and τ2 generally decrease

as concentration increases up to the second highest concentration,

c1 (Figs 6a and b). From the second highest to the highest concen-

tration, there is a sharp increase in both τ1 and τ2. A Spearman rank

correlation test showed that for 16 (τ1) and 15 (τ2) samples out of

20 there is a significant (α = 0.05) monotonic decrease in τ1 and τ 2

between c8 and c1. Plotting τ1 against τ 2 reveals an approximately

linear relationship between the two parameters (Fig. 6c).

Given the form of the curve in eq. (3), it is apparent that the

dimensionless constant a5 corresponds to a DRM formed as the

particles settle on the base of the sample cube (Fig. 6d). Given

that the experiment takes place in zero-field conditions, it must be

inferred that if a5 is non-zero then the deposited particles retain

some memory of the initial 100 μT field treatment.

The viscosity of the suspensions is expected to increase with

higher sediment concentration, therefore, according to eq. (1), the

time required for relaxation of the magnetization due to rotational

Brownian motion should increase with viscosity. The plots of τ1

and τ 2 against concentration reveal a trend opposite to the ex-

pected behaviour, with the time required for relaxation decreasing

with greater particle concentration. Increases in concentration are

also expected to lead to increased flocculation and it is reasonable

to assume that flocs will be more resistant to Brownian motion

than the single particles from which they are composed. For our

experiments, excluding the slurry samples, the rate of magnetiza-

tion decay increases with increasing concentration. Therefore, the

observed experimental behaviour cannot be explained by changes

in the effectiveness of Brownian motion caused by concentration

dependent viscosity and flocculation.

3 N U M E R I C A L M O D E L

3.1 Kinematics of magnetic particles in fluids

The experiments of Yoshida & Katsura (1985) raise the question

of whether an interacting assemblage of remanence carriers in a

fluid can exhibit a polarity switch as seen in the Class 2 type curves

(Fig. 1). To investigate this problem, the equations of motion of

n magnetic particles with radii Ri and magnetic moments mi in a

fluid have to be solved. The Class 2 effect observed by Yoshida &

Katsura (1985) cannot be attributed to Brownian motion only, there-

fore, other processes must influence the relaxation behaviour of

suspensions. Brownian motion, hydrodynamic forces and magnetic

particle interaction are simulated in our numerical model. The par-

ticles are suspended in a carrier fluid of viscosity η and temperature

T . The Reynolds number has a magnitude equal to approximately

the square of the particle radius (Truckenbrodt 1980). Therefore,

the inertia of the system is negligibly small (Truckenbrodt 1980),

all inertial terms are zero and the motion of the particles is described

by the equilibria of forces and torques.

Fmag
i + Fvisc

i + Fbrown
i = 0, (4)
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Figure 6. (a) Relaxation time τ1 plotted against a log2 based concentration. Out of 20 samples, 16 displayed a significant decrease in relaxation time moving

from low to high concentrations and an increase in relaxation time moving from second highest to highest concentration. From left to right, the data points

represent concentrations c8 through to c0. (b) Relaxation time τ 2 plotted against a log2 based concentration. Out of 20 samples, 15 displayed a significant

decrease in relaxation time moving from low to high concentrations and an increase in relaxation time moving from second highest to highest concentration.

(c) Relaxation time τ1 plotted against relaxation time τ2 The samples display an apparently linear relationship between τ1 and τ2 The majority of samples that

do not follow the trend correspond to the highest concentration suspensions that show little decrease in magnetization (open symbols). (d) Constant a5 plotted

against a log2 based concentration. There is a sharp increase in a5 moving from the second highest (c1) to the highest (c0) concentration. This increase can be

attributed to increased flocculation of magnetic and non-magnetic particles resulting in locking of the magnetic particles.

Lmag
i + Lvisc

i + Lbrown
i = 0. (5)

Fmag
i and Lmag

i are the force and torque exerted by the magnetic in-

duction, Fvisc
i and Lvisc

i are the force and torque imposed by the fluid’s

viscosity and Fbrown
i and Lbrown

i are the force and torque attributed

to Brownian motion, respectively. The latter will be accounted for

by adding a random disturbance to the particle motion and will be

discussed below. For all the models the fluid viscosity was assumed

to be that of pure water (0.001 Pa s) and is, therefore, independent

of suspension concentration.

3.2 Equations of motion

The forces that contribute to the motion of the particle i with po-

sition ri are the force exerted by the viscous fluid, Fvisc
i , and the

force exerted by the magnetic field, Fmag
i . The latter depends on the

magnetostatic self-energy Emag
i of the ith dipole and the external

magnetic field:

Fmag
i = −∇Ei (ri ) and, (6)

Emag
i (ri ) = −mi · B(ri ), respectively. (7)

C© 2006 The Authors, GJI, 165, 775–785
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The magnetic induction B(ri) is, in the absence of an external mag-

netic field, the sum of the dipolar interaction fields:

B(r) = μ0

4π

n∑
i=1

(
3

(mi · (r − ri ))(r − ri )

|r − ri |5 − mi

|r − ri |3
)

. (8)

The viscous fluid exerts a force opposite to the velocity of the dipole

(Stoke’s Law):

Fvisc
i = −6πηRi ṙi . (9)

This leads to the following equation of motion for particle transla-

tion:

∇(mi · B(ri )) = 6πηRi ṙi , (10)

⇒ ṙi = 1

6πηRi
∇(mi · B(ri )). (11)

The terms contributing to the equilibria of torques are the torque

attributed to the magnetic field, Lmag
i , and the torque attributed to

the viscous fluid, Lvisc
i . The magnetic field exerts a torque Lmag acting

on the dipoles (Gerthsen & Vogel 1993):

Li
mag = mi × B(ri ). (12)

The rotation of the dipoles due to the magnetic field acts against the

viscous fluid. The fluid’s viscosity gives rise to a torque Lvisc which

acts against Lmag. Assuming the particles to be of spherical shape,

Lvisc takes on the following form (Currie 2002):

Li
visc = −8π R3

i ηϕ̇, (13)

where ϕ̇ is the angular velocity of the particle. This leads to the

following equation of motion:

mi × B(ri) = 8π R3
i ηϕ̇i

⇒ ωi = ϕ̇i = mi × B(ri)

8π R3
i η

⇒ ωi × ei = − 1

8π R3
i η

ei × (mi × B(ri))

⇒ ėi = −mi

8π R3
i η

ei × (ei × B(ri))

⇒ ėi = −mi

8π R3
i η

(ei · (ei · B(ri)) − B(ri)), (14)

where miei = mi and |ei| = 1, therefore ei is a unit vector in the

direction of mi.

3.3 Scaling

In order to save computation time, the model works with reduced

magnitudes. This leads to a system of equations that are scale inde-

pendent. Using the new system of equations, one can switch from

physical variables to system variables. There are fewer system vari-

ables than physical variables, which considerably reduces the com-

putation time when systematically scanning through all parameters

that influence the system. Another effect of the switching from phys-

ical to system variables is to avoid unnecessary inaccuracy in the

numerical calculations. The equations of motion were scaled us-

ing values that are characteristic for this system. These values are

indicated by a zero subscript. In the equations below, the physical

parameters with a tilde above them denote the respective variable

without units.

dr

dt
= d(R0r̃)

d(t0 t̃)

= 1

6πηR0 R̃

d

d(R0r̃)
(m0m̃B0B̃). (15)

Using B0 = μ0m0

R3
0

, this leads to:

˙̃r = μ0t0m2
0

6πηR6
0

1

R̃
∇̃(m̃B̃), (16)

and

de

dt
= de

d(t0 t̃)

= − m0m̃

8πηR3
0 R̃3

B0(e(eB̃) − B̃)

⇒ ˙̃e = −μ0t0m2
0

8πηR6
0

m̃

R̃3
(e(eB̃) − B̃), (17)

where μ0 is the permeability of free space in SI units.

3.4 Brownian motion

According to Debye (1929), the relaxation time of a system of par-

ticles can be calculated using the formula:

τ = ζ

2kT
, (18)

where ζ is a constant satisfying

L = −ζ ϕ̇. (19)

In this case, L is the torque produced by the viscosity of the fluid

and ζ = 8πηR3 for spherical particles.

Translational Brownian motion is accounted for by adding a ran-

dom number drawn from a normal distribution with standard de-

viation σx =
√

kT 2�t
6πηRi

(Joos 1959) to an existing particle position.

For the rotation, an Euler pole is chosen from a uniform distribu-

tion across the surface of a sphere. A rotation matrix is constructed

around this pole using an angle drawn from a normal distribution

with standard deviation σθ =
√

4kT �t
8πηR3

i
(Debye 1929). Again, these

equations must be transformed to a reduced form as discussed in

Section 3.3:

σ̃x =
√

2t0kT

6πηR3
0


t̃

R̃i

, and (20)

σ̃θ =
√

4t0kT

8πηR3
0


t̃

R̃3
i

. (21)

For axisymmetric particles the translation and rotational compo-

nents of Brownian motion can be considered as acting independently

of each other. In the case of irregularly shaped particles it would

be necessary to couple the translational and rotational motions

(Harvey & de la Torre 1980).

3.5 Numerical details of the model

Naturally occurring magnetic particles tend to form clusters as soon

as they get close to each other. This is accounted for in the model

by replacing two particles i and j that are less than twice the sum of

their radii apart by a new particle:

|ri − r j | < 2(Ri + R j ).

The volume of the new particle is set as the sum of the two former

volumes, while the magnetic moment is the vector sum of the two

former moments.
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V V’ V’’

(a) (b) (c)

Figure 7. The n particles that are simulated are situated inside the centre

box V of a cube V’ consisting of 27 boxes. The other 26 boxes contain

shifted images of the centre box. This should account for more realistic

conditions while simulating the experiment, since the number of particles

that can be handled at once is rather small. The large black arrows in (c)

denote the average magnetization within each box. H d is the demagnetizing

field.

The numerical solver used to solve the differential equations is

an adaptive Runge-Kutta solver (Press et al. 1992). It adjusts the

magnitude of the time steps it takes according to the gradient of

the function, thus ensuring that the dipoles will not oscillate around

each other when one gets into the vicinity of the other.

For the calculations to be statistically representative, a large num-

ber of particles should be simulated. Since particle–particle interac-

tion is taken into account, the computation time increases according

to the square of the number of particles. Therefore, calculations

dealing with many particles rapidly become cumbersome. In order

to solve this problem, the computation space is assumed to be ho-

mogeneously magnetized. The space is split into 3 × 3 × 3 equally

sized cubes, each holding the same particle subset. For the particles

within the central box, the equations of motion are solved taking

into account the magnetic fields of the particles within the box and

the 26 surrounding boxes. The field due to all other particles is taken

into account by introducing their demagnetizing field, again assum-

ing homogenous magnetization (Fig. 7). This leads to the following

equation for the magnetic field within V :

B(r) =
∑
ri ∈V ′

B(r, ri , mi ) + μ0Hd (r). (22)

The magnetostatic field in eq. (22) is obtained by calculating the sur-

face charge potential � of the outer box, where its negative gradient

is the demagnetizing field (Fabian et al. 1996):

φ(r) = 1

4π

[∫
V

−∇M(r′)
|r − r′| dV ′ +

∫
S

M(r′) · n(r′)
|r − r′| d S′

]
,

= 1

4π

∫
S

M(r′) · n(r′)
|r − r′| d S′ and

Hd = −grad φ.

V and S are the sample volume and surface, respectively, and n is

the outward surface normal. Since the magnetization M is treated

as constant inside the boxes, −∇M equals zero. The magnetostatic

field is also expressed as a reduced magnitude:

H(r) = m0

R3
0

H̃(r̃).

In order to maintain energy and momentum within the computation

space, we use periodic boundary conditions: a particle that leaves a

box at one side re-enters at the opposite side. The numerical model

runs start with all particles aligned in one direction. Since there is

no external field, the particles immediately start to rearrange. The

Time [s]

0 20 40 60 80

1.0

Figure 8. Individual runs of the numerical model consisting of 20 particles.

For each configuration, 50 runs were calculated with the particles in different

initial positions. The final decay curve for a given configuration was obtained

by stacking the 50 runs (arithmetic mean, shown as the black line) and

determining their standard deviation at each time point (shaded area). It can

been seen that at some points the magnetization becomes negative, however,

the magnitude of the negative value is substantially smaller than the standard

deviation of the signal.

relaxation pattern of a system of 20 particles was observed as a

function of the particle concentration and radii. For each radius and

concentration combination, 50 model runs were stacked to produce

a more representative data set, as shown in Fig. 8.

3.6 Model runs

To investigate what causes the three different relaxation patterns

observed by Yoshida & Katsura (1985), magnetization was calcu-

lated as a function of scale length (R0), scale length of magnetic

moment (m0) and particle concentration c, which is a substitute for

R̃. These three parameters are the only ones that need to be var-

ied because they cover all possible configurations for the system

parameters (cf. Section 3.3). The parameter space covered in the

calculations is shown in Table 1. The chosen values correspond to

those of naturally occurring magnetite samples. The reason for se-

lecting a mineral with a large magnetic moment is to maximize the

contribution from magnetostatic interactions.

3.7 Numerical results

The current state of the model quantitatively reproduces Class 3
relaxation patterns as observed by Yoshida & Katsura (1985). The

simulated data can be fitted using one exponential function and a

constant:

f (t) = a1e−a2t + a3. (23)

In cases where the magnetization was seen to pass through negative

values, indicating the possibility of a Class 2 decay, it was necessary

Table 1. Range of values for parameters used in the model.

Particle radius 0.1–10 μm

Magnetic moment 4.27 · 10−16 − 9.57 · 10−11 A m−2

Concentration 1/16–256 ppm

Number of particles 20

Number of stacked runs 50

Eight particle radii and eight magnetic moments equally distributed on a

logarithmic scale, as well as 12 different concentrations equally distributed

on a log2 scale, were chosen.
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to test the significance of the negative feature in the curve. Initially,

the mean equilibrium magnetization of the end of the decay curve

was determined. This value was then compared to the mean value

of the minimum of the curve using Student’s t-test. The test was

performed on the individual curves and it was found that no decay

showed a significant polarity switch at the 0.05 level. Therefore, the

polarity switches are simply a product of noise due to the relatively

small particle assemblages employed in the model and none of the

configurations produced a Class 2 curve of the type reported by

Yoshida & Katsura (1985).

It is reasonable to assume that if magnetostatic interactions are

playing an important role, then a clear relationship should exist be-

tween the magnetic moment of the particles and the rate of magneti-

zation decay. Using eq. (1) a prediction of the effective particle size,

Reff, was made for each decay curve. This value was compared to the

input radius of the model to give the ratio R/Reff. Thus, if magnetiza-

tion decay occurs more rapidly than expected for a given input radius

the ratio will have a value greater than 1. Box and Whisker plots are

shown for the model runs with different magnetic moments (Fig. 9).

There is a clear trend towards more rapid decay (ratio values >1)

as the moment increases and this must be attributed to the effect

of magnetostatic interaction. Interestingly, ratios <1 are found for

the weakest moments, indicating a slower than expected decay. This

property is anticipated if the magnetostatic interactions in the system

are weak. When particles clump in the presence of strong interac-

tions they will tend to rotate into orientations which cause mutual

cancellation of their individual magnetizations, increasing the over-

all decay rate of the entire assemblage. When interactions are weak,

less cancellation will occur during clumping, resulting in a move-

ment towards slower decay rates due to the cluster’s resistance to

Brownian motion.
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Figure 9. A box and whisker plot showing the distribution of R/Reff as

a function of particle magnetic moment. The lower and upper lines of the

‘box’ are the 25th and 75th percentiles of the sample. The distance between

the top and bottom of the box is, therefore, the interquartile range. The

line in the middle of the box is the sample median. If the median is not

centred in the box, that is an indication of skewness. The ‘whiskers’ are

lines extending above and below the box showing the extent of the rest

of the results. The dashed grey line marks R/Reff = 1 which is where the

model result is expected to occur for a suspension with no magnetostatic

interactions and no particle–particle collisions. The clear shift to R/Reff

> 1 for high particle moments demonstrates the effect of magnetostatic

interactions increasing the magnetization decay rate.
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Figure 10. The ratioR/Reff shows a significant monotonic increase, indicat-

ing increased magnetization decay rate, as a function of suspension concen-

tration. The overall effect is slight in the systems with low and intermediate

magnetic moments, demonstrating the weak effect of the magnetostatic in-

teractions. In contrast, a strong effect is observed in the high moment sys-

tem once a threshold concentration of 4 ppm is passed. The Spearman rank

correlation coefficient of each line is give by r′.

From the experimental data presented in Fig. 6, we would also

expect to see a relationship in the numerical results of greater in-

teraction expressed as increasing values of R/Reff as concentration

is increased. R/Reff is shown as a function of concentration for the

models with the lowest, highest and an intermediate value of the

magnetic moment (Fig. 10). Firstly, based on the Spearman rank

correlation, all of the curves show a significant (α < 0.005) mono-

tonic increase in R/Reff, indicating the greater importance of mag-

netostatic interactions as concentration increases. It is apparent that

for the low and intermediate magnetic moments only a small effect

on the magnetization is caused by increasing the concentration. In

contrast, magnetization decay increases strongly in the high moment

system at concentrations above 4 ppm.

The numerical models show that the magnetic moments of the

particle assemblage have the greatest influence on the level of mag-

netostatic interaction, while concentration has a lesser, secondary

effect. For the experimental investigation, the sediment suspensions

produced from a single sediment should have identical distributions

of particle magnetic moments. Therefore, it is necessary to study

magnetostatic interactions within the suspensions solely as a func-

tion of concentration.

4 D I S C U S S I O N

Both the laboratory results and the numerical models show more

rapid decay rates as suspension concentration is increased. This

pattern indicates that clumping, as a result of particle collisions

due to Brownian motion or magnetostatic interactions, plays a key

role in controlling magnetization decay. In an attempt to unify the

laboratory and numerical results, the influence of clumping will be

considered in detail.

Our numerical models produced magnetization decays that can

be fitted with a function of the form given in eq. (23). As previ-

ously stated, if two model particles come into contact, they are re-

placed with a new particle with a volume based on the sum of their
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individual volumes. Therefore, in cases where particles clump, the

coefficient a2 corresponding to the relaxation time will not be con-

stant with respect to time because of the particle size dependence

of Brownian motion.

To investigate the effects of clumping, we compare the char-

acteristic relaxation time for models with different initial particle

concentrations. For a single model configuration, that is, constant

initial radius and constant magnetic moment, we take the ratio of

the number of magnetic particles remaining at the end of the c8

(lowest concentration) and c0 (highest concentration) runs. Thus,

if increased concentration leads to increased particle clumping, the

ratio nc8
/nc0

will be greater than unity.

To assess the rate of decay of the magnetization a characteristic

time, t, is determined, corresponding to the period required for the

magnetization to decay to half of its initial value. The particle ratio

nc8
/nc0

is compared to the ratio of characteristic relaxation times for

the c8 and c0 runs, tc8
/tc0

(Fig. 11). It is found that the majority of the

model systems have a ratio nc8
/nc0

greater than unity, indicating that

increases in concentration result in greater particle clumping. With

respect to relaxation time, if particle clumping in the model was due

solely to Brownian motion, then tc8
/tc0

would be expected to be less

than unity as the effective particle size of the system increases with

increasing concentration. The results of the numerical experiments

show a monotonous increasing relationship in tc8
/tc0

with respect to

nc8
/nc0

. This demonstrates that with increased clumping the system

magnetization decays more rapidly. This pattern is the reverse to
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Figure 11. A number of the model systems demonstrate particle clumping,

producing ratios of nc8 /nc0 (the number of particles remaining in the lowest

concentration assemblage divided by the number of particles remaining in the

highest concentration assemblage) greater than 1. Each simulation consisted

of 20 particles, therefore, nc8 /nc0 can take a maximum value of 20. It is also

apparent that the magnetization decay time for low-concentration assem-

blages is longer than for their high-concentration counterparts (tc8 /tc0 > 1).

The monotonically increasing relationship between the particle and time ra-

tios shows that increased suspension concentration results in greater particle

clumping, which in turn reduces magnetization decay time.
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Figure 12. A comparison of the characteristic magnetization decay times

for the numerical simulations (open symbols) reveals a difference in the

effective particle size of low- and high-concentration systems. Points below

the line of unity indicate a more rapid decay in the high-concentration system,

demonstrating the effect of magnetostatic interactions. When plotted in the

same space, the results of the laboratory experiments (closed symbols) show

similar behaviour, which provides evidence for the presence of significant

magnetostatic interactions in the prepared sediment suspensions.

that expected if Brownian motion dominates the system and must,

therefore, be attributed to the effects of magnetostatic interaction.

The role of particle clumping in increasing the rate of magne-

tization decay is illustrated further in Fig. 12 where tc0
is plotted

against tc8
. Where the system is dominated by Brownian motion

and no particle clumping takes place, the points should plot along

a line of unity. In cases where Brownian motion is responsible for

particle clumping and magnetostatic interaction is negligible, the

points should plot above the line of unity indicating a movement

to larger effective particle sizes with increasing concentration. For

the numerical experiments, all the points plot on or below the line

of unity demonstrating the role of magnetostatic interactions. The

experimental results obtained from the sediment suspensions are

compared directly to the numerical results in Fig. 12. In a number

of the sediment suspensions, Class 1 curves were observed for the

highest concentrations c0 and c1, therefore, the plotted data points

are based upon a comparison between tc3
and tc8

. As with the nu-

merical models all of the experimental data plot below the line of

unity demonstrating the influence from magnetostatic interactions

upon the magnetization decay. As discussed previously the viscosity

of a suspension is expected to increase with increasing sedimenta-

tion concentration, reducing the effect of rotational Brownian mo-

tion. This effect is evident in the highest concentration suspensions,

which act as slurries and produce Class 1 type curves, however,

Fig. 12 shows that tc3
compared to tc8

gives the reverse situation

with low-concentration suspensions relaxing more slowly. This in-

dicates that for the concentrations between c3 and c8 the viscosity

differences between the suspensions do not play an important role

in the relaxation behaviour.

Given the characteristic relaxation time of the experimental

curves and working under an assumption of spherical particles it
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Figure 13. Using eq. (1) to determine effective particle size for the low

c8 and high c3 concentration suspensions reveals that the small magnetic

particles appear to be attached to larger sediment grains in the size range of

coarse clay.

is possible to use eq. (1) to give an approximate size of the mag-

netic particles in each suspension (Fig. 13). As expected the low-

concentration suspensions have larger effective grain sizes than their

high-concentration counterparts. Interestingly the effective grain

size for the suspensions is substantially larger than the single-domain

size predicted by the hysteresis data. From the grain sizes predicted

from the magnetization decay it is apparent that the magnetic parti-

cles are probably attached to larger clay particles, thus forming flocs

that are more resistant to Brownian motion. The possibility of this

effect has previously been discussed by Katari & Tauxe (2000), who

proposed that magnetite particles would always be attached to larger

clay grains and that this combination should be considered as the

smallest unit in terms of DRM formation. The role of clumping be-

tween magnetic and nonmagnetic particles is clearly demonstrated

by the occurrence of Class 1 curves where the formation of an

ordered fabric in the slurry resulted in little or no magnetization

decay.

5 C O N C L U S I O N S

The reported laboratory and numerical results have revealed a num-

ber of important aspects concerning the magnetization behaviour of

sediment suspensions. In the highest concentration cases the suspen-

sions acted as slurries (Shcherbakov & Shcherbakova 1987), dra-

matically reducing grain mobility and forming a structure resistant

to magnetization decay. This has important implications for DRM

behaviour at the sediment–water interface. The ability of a mag-

netic grain to reorient must be reduced substantially even within the

highly porous fabric at the sediment surface.

Unification of the laboratory and numerical results has revealed

that magnetization decay in suspensions is at least partially a func-

tion of concentration. It is apparent that particle clumping plays a

key role in controlling the magnetization decay behaviour of the sus-

pension. As concentration increases it was found that magnetization

decayed more rapidly. This provides evidence for the influence of

magnetostatic interactions, which tend to clump magnetic particles

together in orientations that will cause cancellation of their mag-

netization vectors. Such a relationship between concentration and

decay rate cannot be explained by changes in suspension viscosity

or the effect of Brownian motion on particle clumps. Considering

the work of Yoshida & Katsura (1985), neither our experimental

results nor our numerical model reproduce Class 2 relaxation pat-

terns as observed in their studies even though we have evidence

for the occurrence of significant magnetostatic interactions. It is,

therefore, apparent that processes other than Brownian motion and

magnetostatic interactions may have be responsible for the magneti-

zation reversals observed in the sediment suspensions of Yoshida &

Katsura (1985).

Hysteresis parameters of the studied sediments indicate that the

magnetic assemblage is predominantly in the stable single-domain

grain size range. In contrast, analysis of the sediment suspension

characteristic decay times in terms of Brownian motion has revealed

a substantially slower magnetization decay than would be expected

for single-domain particles. It is found that the effective size of the

magnetic particles is between 2.2 and 3.8 μm and, therefore, in the

coarse clay range. This finding supports the hypothesis of Katari &

Tauxe (2000) that the majority of sedimentary magnetite particles

will be attached to larger clay particles and that this combination

should be considered as the smallest unit in DRM studies.
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