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Abstract

The intensity of biogenic sediment mixing is often expressed as a ““biodiffusion coefficient” (D,), quantified by fitting a diffusive model
of bioturbation to vertical profiles of particle-bound radioisotopes. The biodiffusion coefficient often exhibits a dependence on tracer
half-life: short-lived radioisotopes (e.g. >**Th) tend to yield notably larger D, values than longer-lived radioisotopes (e.g. 2'°Pb). It
has been hypothesized that this is a result of differential mixing of tracers by particle-selective benthos. This study employs a lattice-au-
tomaton model of bioturbation to explore how steady-state tracers with different half-lives are mixed in typical marine settings. Every
particle in the model is tagged with the same array of radioisotopes, so that all tracers experienced exactly the same degree of mixing.
Two different estimates of the mixing intensity are calculated: a tracer-derived D, obtained in the standard way by fitting the biodiffusion
model to resulting tracer profiles, and a particle-tracking D,, derived from the statistics of particle movements. The latter provides a
tracer-independent measure of mixing for use as a reference. Our simulations demonstrate that an apparent D, tracer-dependence results
from violating the underlying assumptions of the biodiffusion model. Breakdown of the model is rarely apparent from tracer profiles,
emphasizing the need to evaluate the model’s criteria from biological and ecological parameters, rather than relying on obvious indica-
tions of model breakdown, e.g., subsurface maxima. Simulations of various marine environments (coastal, slope, abyssal) suggest that
the time scales of short-lived radioisotopes, such as 234Th and "Be, are insufficient for the tracers to be used with the biodiffusion model.

210pp appears an appropriate tracer for abyssal sediments, while '°Pb and *?®Th are suitable for slope and coastal sediments.

© 2006 Published by Elsevier Inc.

1. Introduction

The majority of Earth’s surface is covered with water
overlying sediments and most of these sediments are inhab-
ited by benthic fauna. Sediment mixing caused by faunal
activities, commonly termed bioturbation (Richter, 1952),
impacts upon a wide range of sediment properties and pro-
cesses. Modification of the physical structure of sediments
by bioturbation affects their stability and erodibility
(Yingst and Rhoads, 1978). Organism-mediated reworking
of sediments obfuscates the geological record by destroying
stratification, altering the apparent timing and intensity of
events and consequently hindering our view of the past

* Corresponding author.
E-mail address: Daniel. Reed@dal.ca (D.C. Reed).

0016-7037/$ - see front matter © 2006 Published by Elsevier Inc.
doi:10.1016/j.gca.2006.03.026

(Berger and Heath, 1968). Biological redistribution of
chemical species, such as contaminants, influences chemical
fluxes and, thus, exchange with the water column (Bos-
worth and Thibodeaux, 1990), and can initiate reactions
that would otherwise be absent by providing transport
mechanisms between chemically distinct zones (Aller and
Rude, 1998). Therefore, the ability to provide an accurate
description of benthic processes is frequently reliant upon
a good quantitative measure of bioturbation.
Bioturbation consists of many varied modes of sediment
transport. Mechanisms for displacing sediment include
burrowing, construction and maintenance of dwellings,
ingestion and subsequent egestion of sediment grains, infill-
ing of abandoned living structures and “ploughing” of the
sediment—water interface by epifauna. The opacity of sedi-
ments impedes direct observation of animal-sediment
interactions, necessitating alternative methods of study.
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The most common approach is to consider the vertical dis-
tribution of solid phase tracers, such as particle-bound
radionuclides (e.g. 2'°Pb, ***Th) and introduced particles
(e.g. luminophores, glass beads). Rather than attempting
to quantify individual mixing events and specific modes
of reworking, most bioturbation studies aim to determine
a generic time-averaged measure of mixing intensity by fit-
ting mathematical models to these vertical tracer profiles.
By far the most popular model of bioturbation is the bio-
diffusion model, which assumes that Fick’s laws of diffu-
sion are applicable to bioturbation (Goldberg and Koide,
1962; Guinasso and Schink, 1975; Boudreau, 1986a). Fit-
ting this model to tracer profiles furnishes a value for the
“biodiffusion coefficient” (D), which characterises the
intensity of mixing.

The biodiffusion model has the advantage of mathemat-
ical simplicity and the convenience of reducing a complex
system to a single parameter. Furthermore, in practice,
the diffusion analogy has proven to be a robust empirical
model: radioisotope profiles in reworked sediments often
show the exponentially decreasing depth-dependence pre-
dicted by the diffusion equation (e.g. Cochran, 1985; Stor-
dal et al., 1985; Green et al., 2002). However, theoretical
analysis has shown that in adopting a diffusive view of bio-
turbation, certain assumptions are made with regard to the
length, frequency and symmetry of particle displacements
(Boudreau, 1986a; Meysman et al., 2003c). Accordingly,
the biodiffusion model has its limitations, and one should
be cautious about violation of the underlying assumptions
when deriving D), values from tracer profiles.

Radioactive tracers of different half-lives are employed
to examine bioturbation on different temporal and spatial
scales, depending on the intensity of the mixing regime
and sedimentation rate (Aller, 1982). A remarkable obser-
vation is that biodiffusion coefficients often exhibit a
dependency on tracer half-life (¢,/,). That is, for exactly
the same sediment, short-lived radioisotopes tend to yield
larger D, values than longer-lived radioisotopes (Smith
et al., 1993, 1997, Turnewitsch et al., 2000). It has been
hypothesized that the relationship is a consequence of
“age-dependent” mixing: differential mixing of tracers
due to their association with particles of different nutrition-
al value (Smith et al., 1993). This theory asserts that short-
lived tracers are chiefly associated with young and, there-
fore, labile particles. As a result, short-lived tracers are
preferentially ingested by particle-selective benthos and
consequently mixed at a greater rate than longer-lived trac-
ers, which are predominantly associated with refractory
material. If age-dependent mixing is indeed real, it poses
significant difficulties for biogeochemical modelling since
no unique mixing intensity can be assigned to all the solid
constituents, as is the standard practice in current early dia-
genetic models (Boudreau, 1996; Meysman et al., 2003b).

This study employs a novel modelling approach to bio-
turbation to examine how steady-state tracers with differ-
ent half-lives are mixed in typical marine settings. The
model allows a tracer-independent D, to be determined

by tracking particle movements, thus providing a reference
for tracer determined values. Our work reveals an alterna-
tive mechanism that can produce the observed relationship
between Dj and ¢/, in the absence of a differential mixing
mechanism. That is to say, even when radioisotopes are ex-
posed to exactly the same intensity of reworking, the trend
persists.

2. Mechanistic modelling of bioturbation

While the biodiffusion model is certainly a useful tool,
adopting a single parameter to represent the net community
effect of bioturbation masks the mediators and modes of
reworking. Alternatively stated, the model largely neglects
biology—the very core of bioturbation, by definition—
due to its one-size-fits-all approach. As a result, it is unclear
how the multitude of animal-sediment interactions contrib-
ute to mixing and, consequently, how changes in communi-
ty structure and faunal behaviour affect the mixing rate.

In an attempt to introduce biology to the biodiffusion
coefficient, Wheatcroft et al. (1990) decomposed the biodif-
fusion coefficient into biologically relevant parameters, i.e.,
step length (the distance of particle movements) and rest
period (the time between movements). This decomposition
was developed from a random walk model assuming a con-
stant step length and rest period estimated from published
data (see Table 1 in Wheatcroft et al., 1990).

Random walk models are incredibly powerful, as they
allow the stochastic behaviour of individual particles to
be extrapolated into a deterministic description of bulk
sediment transport (Wheatcroft et al., 1990; Meysman
et al., 2003c). This is of great benefit in the analysis of bio-
turbation, as conventional tracer studies consider large
populations of particles, whereas, in actuality, bioturbation
acts of the level of individual particles, which are displaced
in discrete mixing events. Therefore, random walk models
effectively allow a critical mechanistic link between biotur-
bation and tracer distributions to be established. Various
random walk models representing different mixing mecha-
nisms can be constructed by making specific assumptions
regarding the frequency and length of particle displace-
ments. Owing to the variability in particle movements,
probability density functions are used to represent the fre-
quency and length of particle displacements, as opposed to
constants. Consequently, it is necessary to be able to define
such functions to reflect faunal mixing behaviour. Ideally,
the required information regarding particle motion should
be achieved by tracking individual particles under natural
conditions. Unfortunately, this is not feasible with present
day technology. The lack of in situ or laboratory data at the
individual particle level provides motivation for the devel-
opment of alternative approaches. With this in mind, the
Lattice-Automaton Bioturbation Simulator (LABS) was
advanced by Choi et al. (2002) to provide the ability to col-
lect information on bioturbation simultaneously on both
the level of individual particles and populations of parti-
cles, thus, affording faunal behaviour and biological
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parameters to be directly related to sediment reworking
rates.

LABS is a computational model comprising a two-di-
mensional sediment-water lattice (in the vertical aspect)
inhabited by automatous entities. Stochastic and determin-
istic rules govern the behaviour of these “automatons” to
mimic real fauna, passing through the sediment-water ma-
trix, displacing particles by burrowing, feeding, etc., and
thus mixing the sediment. LABS is not an alternative to in-
verse models, which interpret tracer profiles; nor is it an
alternative to random walk models, which consider the sto-
chastic behaviour of individual particles. This is because
LABS does not analyse data, but generates synthetic data
to which inverse and random walk models can be applied.
In a sense, LABS relates to a natural sediment as a flight sim-
ulator relates to an actual aecroplane. As such, LABS is spe-
cifically designed as a learning tool to increase our
understanding of bioturbation. A first possibility is to exam-
ine the implications of different faunal characteristics and
behaviour. Parameters such as ingestion rates, organism
dimensions, faunal densities, and community structure can
be varied, and their effect on tracer profiles readily deduced.
In this way, Boudreau et al. (2001) employed LABS to exam-
ine the influence of various biological parameters on biodif-
fusion coefficients determined from 2'°Pb tracer profiles.

Here, LABS is used to examine the limitations of current
modelling theory. The significant advantage offered by
LABS is that it allows mixing intensity to be determined
in two independent ways. First, all particles in the model
can be tracked, allowing the mixing intensity to be deter-
mined solely from the statistics of particle displacements.
This so-called particle-tracking D, is derived from random
walk models of individual particle movements and is there-
fore tracer-independent. Second, within LABS, sediment
particles can be assigned attributes such as chemical prop-
erties, allowing them to be tagged with radioisotopes. Trac-
er profiles are achieved by averaging the activity of the
particles in lateral “slices” of the sediment matrix. Subse-
quently, a so-called tracer-derived D, can be determined
in the usual manner, by fitting the biodiffusion model to
these vertical tracer profiles.

A brief description of LABS follows; a detailed descrip-
tion can be found in Choi et al. (2002).

3. Lattice-automaton bioturbation simulator

LABS is a two-dimensional matrix of cells that take one
of three forms: (1) porewater, (2) sediment “particles”, (3)
organism. As modelling individual sediment grains is
impractical, LABS instead considers quasi-particles
approximately the size of sediment parcels handled by ben-
thic fauna. Initially, particles are distributed randomly
throughout the matrix at a user-set porosity. A sediment—
water interface is defined, above which exists a small water
column. The dimensions of the matrix and depth of the
mixed layer are also chosen by the modeller. Organisms
with user-specified parameters (e.g. size, ingestion rate,

abundance) are then introduced to the matrix, behaving in
a manner defined to imitate benthic organisms. Organisms
are made up of a collection of adjacent cells that move in
unison according to prescribed rules. The animals’ rules
are both deterministic and probabilistic, acknowledging
the stochastic nature of biology. This is an important aspect
of LABS, as it allows the variability of bioturbation to be
considered—something that has largely been ignored in past
models of bioturbation. Moreover, probability-based rules
coupled with a two-dimensional domain allows the develop-
ment of heterogeneities, like those observed in nature.

The automatons used in this study represent subsurface
deposit-feeders, i.e., mobile worms that burrow through
the mixed layer ingesting and egesting particles as they
go. They proceed through the lattice by parting the sedi-
ment grains immediately in their path from the centre of
the burrow outwards, in a similar fashion to the fracture-
based burrowing mechanism recently advanced by Dorgan
et al. (2005). The result is a porewater filled burrow the
width of the organism with a compacted lining. Over time,
these burrows decay and collapse. Generally, the automa-
tons select burrowing directions randomly, producing a
random path through the matrix. There are, however, rules
in place to prevent the automatons from burrowing below
the mixed layer, into the water column or into themselves.
Depth-dependent burrowing rules can be implemented, for
example, a linearly increasing reluctance to venture deeper
into the sediment. In this scenario, the probability of bur-
rowing downwards is zero at the base of the mixed layer
and increases linearly until it is as equally likely as any
other direction at the sediment-water interface. (The impli-
cations of such a rule are discussed in Section 6.4.) As they
progress through the sediment matrix, the automatons in-
gest particles at a prescribed ingestion rate and defecate
previously ingested particles. Owing to the random nature
of burrowing, ingestion and defecation are not restricted to
specific regions of the sediment.

Particles are introduced to simulations by sedimentation
from the water column onto the sediment-water interface.
Porosity-based algorithms are used to simulate compac-
tion, decay of animal burrows and to maintain the sedi-
ment-water interface. Originally written in FORTRAN
90 (Choi et al., 2002), LABS has been recast in an object-
oriented design and coded in C++. This design facilitates
maintenance and development of the code, such as addi-
tion of new functional groups of organisms (Meysman
et al., 2003a). Currently, four functional groups exist in
the model: subsurface deposit-feeders (used in this study),
head-down deposit-feeders, J-tube deposit-feeders and bur-
row-and-fill mixers.

4. Quantifying mixing intensity: two alternative approaches
4.1. Tracer-derived Dy,

One way of estimating the intensity of bioturbation is by
fitting the biodiffusion model to vertical tracer profiles and
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determining a corresponding D, value. D, as derived from
tracer profiles is denoted Dj hereafter. When considering
steady-state particle-bound radioisotopes, the one-dimen-
sional biodiffusion model can take the form,

d o d
C_p C—wa—i—;,czo (1)

o Pox?
where C is the tracer activity, x is depth with the sediment—
water interface as the origin, ¢ is time, Dj, is the biodiffusion
coefficient, w is the sedimentation rate and A is the tracer’s
decay constant. This form of the biodiffusion model as-
sumes constant porosity, rate of burial and bioturbation
with depth. Solution of Eq. (1) requires two boundary con-
ditions, which are typically taken as,

C(0) =Co (2)
dc

lim — =20 3

Inm T ®)

Solving Eq. (1) with these boundary conditions gives,

C(x) = Coe ™™ (4)

where x; is the characteristic length scale of the tracer or
“e-folding distance”, and is defined as,
2D;
Xt = L (5)
—o+ /o’ + 4D A

(Boudreau, 1997). When D), 4 and w are all positive con-
stants, x, is also positive and, therefore, C(x) decays with
increasing depth. Eq. (4) is fit to tracer profiles using a non-
linear least-squares method to determine the value of x;
and then D) using,

D, = x,(Jx, — w) (6)

as all other parameters are known.
4.2. Particle-tracking D,

An alternative approach to quantifying the intensity of
mixing is by considering the motion of individual parti-
cles. Bioturbation activities, such as burrowing or infilling
of living structures, displace particles to new positions in
the sediment, where they remain until the next bioturba-
tion event. Thus, sediment particles experience bioturba-
tion as a series of displacements (or steps) and rest
periods (Wheatcroft et al., 1990). In reality, step lengths
and rest periods will show considerable variability due
to the variety of organisms present and mixing modes
at work. To account for this variability, one can adopt
a stochastic view of particle movement, where particle dis-
placements are considered sufficiently erratic that they can
be modelled as stochastic variables. Accordingly, step
lengths (L) and rest periods (7) are represented by appro-
priate probability density functions, ¥/ (/) and ¢ (), respec-
tively. The probability of a rest period in the interval (z,
t +dr) is thus given by,

P(t<T <t+dt) = ¢(t)dt (7)

The average period between two particle displacements is
the mean of the probability density function:

T = /Ooot¢>(t) dt (8)

Similarly, the probability of a step length in the interval (/,
I+ dl) is,

P(l <L<I1+dl)=9()dl 9)
The average step length (or drift) is therefore,
= / 1(1)di (10)

If the step length probability density function is symmetric,
i.e., the motion of particles is isotropic, the mean displace-
ment is zero. A characteristic length scale of particle move-
ments is achieved by considering the variance, or the
second central moment, of the step length distribution, i.e.,

o> :/ (1 — p)*9(1)dI (11)
Combining the two probability density functions provides
the probability of finding a particle in the interval (/,
[+ d/) at some time within (z, ¢ + d¢), given that the particle
was initially at the origin:

Y(1,¢)dids = 9(1)p(¢)dlde (12)

Eq. (12) forms the basis of continuous-time random walks
(Hughes, 1995; Metzler and Klafter, 2000). This probablis-
tic model of a single particle’s behaviour can be expanded
into a deterministic description of bulk sediment transport
by taking the so-called continuum limit. One can prove
that in the long-time limit (i.e. after a sufficient number
of bioturbation events), a continuous-time random walk al-
ways converges to the diffusion equation (Hughes, 1995)

oC o’C oC

Ay 5 N 1

ot b ox2 } Ox (13)

where the bioadvective velocity is defined as,

of =~ (14)
T

and the biodiffusion coefficient is given by,

0_2

D =5 (15)

This DY value provides our alternative estimate for the mix-
ing intensity and is referred to hereafter as the particle-
tracking Dy,

Note that both «f and Dj are obtained solely from
observations at the particle level and, therefore, particle-
tracking does not impose a mixing model. In other words,
these mixing parameters can be obtained from LABS
regardless of whether tracer distributions are justifiably de-
scribed by the biodiffusion model or not. When mixing is
not diffusive, Eq. (15) still provides a measure of mixing
intensity. By tracking the motion of individual particles,
we can construct two frequency distributions: one for the
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observed step lengths and one for the observed rest periods.
These frequency distributions are then equated to the step
length and rest period probability density functions, from
which the required statistics are calculated by means of
Egs. (8), (10) and (11). In this way, a tracer-independent
measure of mixing can be determined.

5. Multiple tracer simulation experiments
5.1. Preliminary results

To gain insight into tracer-dependent mixing, initial
experiments were conducted using LABS, where every par-
ticle in the matrix was tagged with the same four commonly
used radioisotopes (234Th, "Be, 2*%Th, 2'°Pb; Table 1). Asa
result, all tracers experienced exactly the same degree of
mixing. The initial distribution of tracers in the sediment
matrix is produced by burial and decay alone and particles
introduced to the lattice by sedimentation have unit activ-
ity. An array of commonly used tracers was used in these
initial simulations so a general comparison could be made
with published field observations. Unfortunately, lack of
multiple tracer D;, data accompanied by detailed biological
and ecological data for specific benthic communities pre-
cludes a site-specific comparison of field data and model
output. However, use of “typical” parameters as model in-
put allows a broad comparison to be made between model
predictions and field observations. The model was “spun-
up” for five times the half-life of the longest-lived tracer
(i.e., 5x22.3 = 112 years) before data was harvested, to ex-
clude any transient effects. Following this period, profiles
for each tracer were output yearly for 100 years and from
these profiles a value for D) was determined.

In the preliminary model runs, the model’s population
consisted of burrowing subsurface deposit-feeding worms
comparable to Capitella spp. in terms of size
(2em x 0.2 cm; e.g. Grassle and Grassle, 1974), gut-to-
body ratio (0.18; Penry and Jumars, 1990) and ingestion
rate (50 mgd~'). A specific ingestion rate of 8-10 mg sed
mg ' body wt d~! for Capitella capitata (Forbes, 1984,
as cited by Lopez and Levinton, 1987) and body weights
of 3-12 mg (Grassle and Grassle, 1976) give a range of
24-120 mg daily, as smallest body sizes correspond to the
lowest ingestion rates and wvice versa (Méndez et al.,
2001). The modelled organisms are mobile subsurface
deposit-feeders and not sedentary, conveyor-belt or head-
down deposit-feeders. Organism burrowing rate was set
at 20 cm d~! (cf. Caron et al., 1996) and faunal density at

Table 1

Commonly used steady-state particle-bound radioisotope tracers
Radioisotope Half-life
24Th 24.1 days
"Be 53.3 days
228Th 1.9 years
219pp, 22.3 years

1000 ind m 2. Incidentally, these parameters mean that
ingested particles pass through the gut at a slower rate than
the organism burrows. Particles are, therefore, carried in
the gut for a distance before being deposited. Clearly, the
distance a particle is moved is highly variable depending
on the path chosen by the organism immediately after
ingestion.

The environmental parameters were chosen to represent
a fairly typical marine sediment setting. The initial porosity
was set to a uniform 0.8 throughout the sediment matrix.
The sedimentation rate was set at 0.1 cmy ! (e.g. a conti-
nental margin, Berner, 1980), while the mixed layer depth
was chosen as the global average of 10 cm (Boudreau,
1994). Sedimentation occurred at a steady rate, as episodic
burial influences tracer determined D, values (Boudreau,
1986a).

Fig. 1 shows an example of a D time series from a
LABS simulation. In this figure, Dj exhibits a notable trac-
er-dependence: short-lived tracers produced larger, more
variable values relative to longer-lived tracers. >>*Th fur-
nishes Dj values 1-2 orders of magnitude greater than
210pp as observed in field studies (Smith et al., 1993,
1997; Turnewitsch et al., 2000). Furthermore, D} values
achieved for the various tracers are comparable to those
observed in the field (e.g. Turnewitsch et al., 2000). It is
worth emphasising that the model was in no way manipu-
lated in an attempt to replicate the trends or values ob-
served in nature. Reasonable parameters were used as
model input and the relationship between D} and ;/, was
immediately apparent in the model output. In LABS, the
trend is clearly not a manifestation of differential mixing
of tracers, as no particle preferences were imposed on the
automatons. Besides which, every particle was tagged with

Fig. 1. A tracer-derived mixing coefficient (D)) time series from LABS for
four commonly used tracers: 234Th (t12 =24.1d; solid black line), "Be
(t1/2 = 53.3 d; dashed pink line), >**Th (1,/, = 1.9 y; solid blue line), >'°Pb
(t12 =22.3 y; dotted red line). The model population consisted of deposit-
feeding worms 2 X 0.2 cm in size with a gut-to-body ratio of 0.18, ingestion
rate of 50 mgd~' and burrowing rate of 20 cm d~'. The faunal density
was 1000 ind m~2 and sedimentation rate 0.1 cm y~!. Data were output
yearly for 100 years.
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the same array of tracers in order that all tracers experience
an identical amount of mixing.

5.2. Further results

A second series of simulations were undertaken using
multiple hypothetical radioisotopes with half-lives span-
ning several orders of magnitude. In these simulations,
both tracer-derived and particle-tracking D, values were
determined using the procedures detailed in Section 4. In
addition, the environmental conditions were varied to rep-
resent “typical”’ parameters for three marine regions: coast-
al, slope and abyssal (Table 2). The aim was to see if the
previously observed trend was apparent in these marine
settings and to gain a fuller view of Dj(#/,). The three sce-
narios used the same porosity and mixed layer depth as in
the preliminary simulations, but differed in sedimentation
velocity (Table 2). In the case of very low sedimentation
rates, such as simulations of the deep-sea, insufficient tracer
is supplied to LABS to produce profiles, owing to the small
number of new particles being introduced. To overcome
this problem without increasing advection in the system,
the sediment—water interface is regularly “painted” with
tracer (i.e. particles at the interface are set to unit activity).
This means that tracer can be introduced by animals mix-
ing tracer downwards. To enable comparison between the
simulations, the sediment population in all scenarios con-
sisted of the same type of organism, that is, subsurface
deposit-feeding worms. The animals’ dimensions, ingestion
rate, burrowing rate and gut-to-body ratio were the same
as used in the initial simulations; however, the faunal den-
sity was varied to reflect the decrease in mixing intensity
with water depth (Table 2) (Middelburg et al., 1997).

Model output from all of these simulations show trends
similar to the preliminary model runs, that is, an increase in
D) with decreasing t,/, (Fig. 2). Dj approaches D) as t1
increases, although the point at which these values deviate
differs for the simulations (Fig. 2). Variability in D can
also be seen to be a function of tracer half-life (Fig. 3).
There are other prominent features to note in some of
the simulations. Output from the coastal simulation shows
D) values decreasing (as 7, increases) to a local minimum,
after which Dj increases (Fig. 2¢c). Also, D} values appear to
drop below DY) during the slope simulation (Fig. 2b). The
former can be shown to be an artifact resulting from the
artificial lower boundary condition imposed in LABS,
while the latter is due to spatial variability in Dj. The sub-
sequent section contains a detailed discussion of these
issues.

Table 2
Sedimentation rates and faunal densities used to simulate marine regions

Setting o (cmy ) Pworms (ind m~2)
Coastal 0.5 1x 10*
Slope 0.1 5% 10°
Abyssal 0.01 1x10°

a 10 . . .
1 -
017
0.01 t t t
b 10 i I i
~ 13
>
£
2
E-]
o
0171
0.01 t + }
c 10 f t t
1 =
01+
0.01

0.1 1 10
Tracer Half-life (y)

Fig. 2. The mean tracer-derived mixing coefficient (D;; solid line) and
particle-tracking mixing coefficient (D}; dashed line) from LABS versus
tracer half-life (¢,/,) for the (a) abyssal, (b) slope and (c) coastal parameter
sets.

6. Discussion
6.1. Observation and mixing scales

An alternative way of considering the model output pre-
sented in Fig. 2 is in terms of scales. To this end, one can
make a distinction between the spatial and temporal scales
of observation, obtained by fitting the biodiffusion model
to tracer profiles, and the spatial and temporal scales of
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Fig. 3. The standard deviation of tracer-derived mixing coefficient (solid
line), and average number of mixing events experienced by a radioisotope
before decaying (N,; dashed line) versus tracer half-life (¢,,,) for the (a)
abyssal, (b) slope and (c) coastal parameter sets.

mixing, obtained from particle-tracking. As noted earlier,
the tracer length scale can be represented as the e-folding
distance of the profile, x,. Assuming negligible burial to
simplify the argument,

D,

Xy = - 16

== (16)
Eq. (16) shows that greater mixing intensities correspond to
greater tracer length scales, i.e., deeper penetration of the
tracer into the sediment. Similarly, the characteristic time

scale of a radioisotope, #,, is simply the inverse of its decay
constant:

t,=- (17)

These tracer scales can now be compared to the charac-
teristic scales of mixing, as obtained from particle-tracking
in LABS. As discussed in Section 4.2, the spatial and tem-
poral scales of mixing, ¢ and t, are obtained as the stan-
dard deviation of the step length distribution (Eq. 11)
and the mean of the waiting time distribution (Eq. 8),
respectively. ¢ and t can be combined to obtain an estimate
of mixing intensity, DY (Eq. 15). When particle displace-
ments are observed over a sufficiently long period of time,
D) will be in agreement with D). Accordingly, the tracer
length scale, x,, will agree with the predicted tracer length
scale, x,, where,

Dy
=\ (18)
However, when observed over short time scales, such as for
short-lived radioisotopes, the two independent estimates of
the mixing intensity, D) and D}, may deviate from one
another.

6.2. Comparison of scales

Random walk theory asserts that the biodiffusion model
only becomes a valid approximation of a random walk
when the time scale over which bioturbation is observed
is much larger than the average time between two bioturba-
tion events (Boudreau, 1986a; Hughes, 1995; Meysman
et al., 2003c). Formally stated,

T LY (19)

To examine this criterion, a dimensionless number is intro-
duced representing the average number of times a particle
is displaced before decaying:

N, = 2 (20)
T

For D) to be a true representation of mixing, the tracer

needs to experience a sufficient number of mixing events

before decaying, e.g., D) = D) when N,>25 Boudreau,

1986a. In this case, the observed tracer length scale will be,

_ Dzw\/ﬁ‘;_ [o* _ \ﬁ_ SO
xt—\/;w 7— ﬂ—o' Z_O- OSNt (21)

Eq. (21) predicts x; < o when N, < 2. However, this cannot
occur, as ¢ represents a minimal depth at which tracer will
always be found. That is to say, x, > o regardless of N,.
The restriction on tracer length scale imposed by mixing
length scale implies that when insufficient mixing events
have been experienced, Eq. (21) will no longer be valid.
Accordingly, the tracer length scale will be greater than
anticipated (x, > 01/0.5N,) and the tracer derived mixing
coefficient will be too large (D) > D). Fig. 4 shows that
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X, is larger than expected (i.e. x,) when insufficient mixing
events have been experienced (i.e. when N, is too small).
Fig. 2 illustrates how this translates into the observed
dependence of Dj on tracer half-life. It is important to note,
tracer profiles rarely provide any evidence that the model’s
assumptions have been violated in this way. Therefore,
relying on tracer profiles alone, one could easily and erro-
neously surmise, owing to no indications of model break-
down, that the observed trend is real.

Field studies seem to provide support for this mecha-
nism as the cause of the Dj—t,), relationship. Employing

transient tracers, Fornes et al. (1999, 2001) demonstrated
that bioturbation appears nonlocal over short temporal
scales, but becomes diffusive with time, in agreement
with LABS simulations presented here. Fornes et al.
(1999) also observed particle-selective mixing to a very
limited degree, occurring only 30% of the time. Further-
more, the modes of selective particle transport encoun-
tered by Fornes et al. (2001) were typically
nondiffusive, suggesting that particle-selectivity would
only further contribute to violating the assumptions of
the biodiffusion model.

6.3. Boundary conditions

Typically when applying the biodiffusion model, a semi-
infinite mixed layer is assumed with a homogeneous Neu-
mann boundary condition at the lower bound (i.e.
lim,_. %C = 0). This condition represents no diffusive flux
(i.e. no bioturbation) at an infinite depth and conveniently
reduces the model solution to a single term (Boudreau,
1997). In LABS, however, the mixed layer is finite, as the
lower boundary is impenetrable to organisms. This only
becomes problematic when the tracer penetrates deep en-
ough to be “aware” of the boundary. In such a case, the
required boundary condition is,

dc
ax|, = 0 (22)
where £ is the mixed layer depth. Consequently, a second
exponential term appears in the solution to the biodiffusion
model. This additional term grows in magnitude with
increasing depth, in contrast with the original term that de-
cays with depth. In a physical context, the extra term ac-
counts for the tracer that is retained in the mixed layer
due to the boundary, instead of being mixed down into
the interval [£, oo]. This “extraneous” tracer is redistribut-
ed throughout the mixed layer, resulting in steeper profiles.
Therefore, fitting the standard model solution, which as-
sumes a semi-infinite mixed layer, to a profile influenced
by the presence of a lower boundary will result in an erro-
neously large calculated D; value. Fig. 5 compares the
model solution with the two boundary conditions for three
different radioisotopes (***Th, 2!°Pb, *Si). Note that the
two solutions do not differ for the shortest-lived of the iso-
topes (**®Th), as this tracer does not “feel” the base of the
mixed layer; the solutions differ notably for the longest-
lived tracer (**Si), as the presence of the lower boundary
becomes significant.

To demonstrate the effect of neglecting the lower bound-
ary, the standard model solution is fitted to a profile generat-
ed with the two-term solution and D) determined from this fit
(Fig. 5). The parameters used to generate the profiles were
L=10cm, ®=0.05cmy ' and D,=0.5cm’y"'. For
228Th (1 2 =191y), the fitted model determined D; to be
0.5cm?y ', equal to the D, used to generate the profile.
However, the model fit for >'°Pb (/> = 22.3 y) furnished a
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D! of 0.7 cm®y~ ', while *?Si (¢, ~ 170 y) gave a value of
3cm? y~!. Evidently, as the half-life of the tracer increases,
so does the error in the calculated D}. The larger the tracer
half-life, the greater the amount of tracer retained and
redistributed in the mixed layer. The consequence of this
can be observed in LABS (Fig. 2¢). When ¢, is suitably large
so the penetration of the tracer is sufficiently deep to “feel”
the mixed layer boundary, Dj rises with increasing tracer
half-life. In nature, unlike LABS, there is no rigidly defined
lower boundary and it is therefore likely that this effect is
confined to our model. Increasing the depth of the mixed
layer would remove this effect; however, due to the computa-
tionally expensive nature of LABS, the required increase in
domain size is impractical.
In LABS, changing the mixed layer depth affects the
mixing intensity by altering the rest period probability
density function. Decreasing the mixed layer depth leads

to more frequent particles displacements, i.e., T becomes
smaller due to the automatons being confined to a
smaller region, and, in accordance with Eq. (15), the
mixing intensity increases. Conversely, increasing the
mixed layer depth results in less frequent particles
displacements and, therefore, the mixing intensity
decreases. The lower boundary also influences the mixing
intensity by skewing the step length probability density
function and increasing the step length variance. This is
discussed further below.

6.4. Spatial dependence of DY

Despite the automatons’ burrowing rules having no
dependence upon depth, some spatial variability is
apparent in D values (Fig. 6). This variability is due to
the presence of boundaries and is most notable at the
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Fig. 6. The particle-tracking mixing coefficient (D)) versus depth (x) for the (a) abyssal, (b) slope and (c) coastal parameter sets. The dashed line represents

the original position of the sediment-water interface.
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sediment-water interface—the effect of the lower boundary
is relatively minor (e.g. Fig. 6b). In LABS, the base of the
mixed layer is a static location in the lattice. In contrast, the
sediment-water interface is a dynamic boundary influenced
by automatons’ activities, such as mound-building, and
defined for the automatons with porosity based rules.
The probability of automatons moving upwards is greatly
reduced when the porosity reaches a certain threshold cho-
sen to represent the sediment-water interface. Behaviour at
the upper bound is, therefore, quite a complex issue. The
distribution of particle displacements is skewed by the
boundaries, increasing the variance of the step length dis-
tribution and thus the value of D) (according to Eq. 15).
Furthermore, asymmetry produces a nonzero mean dis-
placement, which translates into a noticeable bioadvective
drift (Eq. 14). Elsewhere in the mixed layer, there is a small
background w,(x) due to compaction, which is typically
negligible.

Observations of decreasing infaunal density with
increasing distance from the sediment-water interface
(e.g. Myers, 1977, Gambi and Bussotti, 1999; Glover
et al., 2001) suggest that D, should be a decreasing function
of depth, although it is rarely treated this way (e.g. Chris-
tensen, 1982; Kadko and Heath, 1984; Boudreau, 1986a) as
the functional form of D, is not readily deducible from
tracer profiles alone (Boudreau, 1986a). Christensen
(1982) adopted a gaussian D, (x), reasoning that this form
is appropriate due to the vertical distribution of fauna and
nature of physical disturbances. Tracer profiles generated
with a gaussian D, were found to exhibit a flattening of
the upper portion (Christensen, 1982), an effect that is pres-
ent in LABS profiles from the slope simulation. When the
constant D model is fit to such profiles, the resulting mix-
ing coefficient underestimates the mixing that occurs. This
is can be seen in Fig. 2b.

Imposing depth-dependent burrowing rules on the
automatons produces depth dependent D¥(x) functions of
various forms. An example of such a rule is a linearly
increasing reluctance to burrow deeper the farther the
organism ventures into the sediment. This rule is perhaps
representative of nature. The resulting D)(x) can be de-
scribed well by a Gaussian function (Fig. 7). This demon-
strates LABS’ impressive ability to forge a direct link
between animal behaviour and functional form of the
mixing coefficient.

6.5. Failure of the biodiffusion model

It is important to note that violation of the biodiffusion
model’s criteria is rarely obvious in LABS tracer profiles.
Researchers tend to rely on obvious indicators of nonlocal
transport, such as subsurface maxima in radioisotope pro-
files, as evidence that the diffusion analogy is inappropri-
ate. Subsurface maxima are likely to arise from the
injection of surficial sediment at depth, perhaps due to
“caching” feeding strategies (Jumars et al., 1990).
However, this represents but one nonlocal mixing mode.

Depth (cm)

10 4 t t t
0 0.02 0.04 0.06 0.08

D,"(cm®y™)

Fig. 7. The particle-tracking mixing coefficient (D) versus depth (x) for a
simulation in which the automatons were prescribed depth-dependent
burrowing rules. Specifically, the probability of the automatons burrowing
deeper decreased linearly with increasing depth. The result is a Dj(x)
profile that is described well by a Gaussian function (solid line). The
dashed line represents the original position of the sediment-water
interface.

In contrast, if the direction of transport is reversed, so
sediment is ingested at depth and defecated on to the
sediment—water interface, i.e., conveyor-belt feeding (Rhoads,
1974), the resulting tracer profile does not possess a subsur-
face maxima and is indistinguishable from a diffusive
profile despite particles being transported nonlocally
(Boudreau, 1986b). The observation of “diffusive” profiles
does not, therefore, provide evidence of local mixing.
Failure of the diffusion analogy is not restricted to short-
lived radionuclides; subsurface maxima have been observed
when using long-lived radioisotopes, such as >'’Pb (Smith
et al., 1986; Soetaert et al., 1996). A more subtle manifesta-
tion of nonlocal mixing can be demonstrated by LABS.
Using the abyssal parameter set with larger organisms,
i.e., Scm, lengthwise, and a larger gut-to-body ratio of
0.5, the criteria underlying the biodiffusion model are vio-
lated for 2!°Pb (Fig. 8). This increased gut-to-body ratio
is quite realistic, as species of deep-sea deposit-feeding
polychaetes have been observed to have larger gut-to-body
ratios compared to their shallow water relatives, reaching
values as large as 0.83 (Penry and Jumars, 1990). If this in-
creased gut-to-body ratio translates into greater particle
residence times in the gut, then particle displacement
lengths increase accordingly. No subsurface maxima are
apparent in the 2'°Pb profiles. Instead, the tracer concen-
tration decreases rapidly with depth to an asymptote
(Fig. 8). Note that this profile is the excess (or unsupport-
ed) 2!°Pb activity. Supported >'°Pb is usually relatively con-
stant with depth, and the total 2'°Pb profile would,
therefore, be of the same form as Fig. 8, but shifted to
the right. Presented with such a profile of total tracer activ-
ity, it would be tempting to incorrectly assume the value of
the asymptote is the supported activity. This highlights the
importance of measuring the supported component of trac-
er activity, as opposed to reckoning it from tracer profiles.
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Fig. 8. A nonlocal 2!°Pb profile from a simulation using the abyssal
parameter set with organisms 5 cm in length and a gut-to-body ratio of
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Profiles such as Fig. 8 may prove misleading when inter-
preted in the context of diffusive mixing. For example,
Fig. 8 could be described well by either a nonlocal model
or, alternatively, a diffusion model with multiple mixed lay-
ers. Fitting the diffusion model with two mixed layers leads
to the conclusion that the uppermost sediment is mixed at a
much lower rate than the rest of the sediment, which is
mixed at a very high rate. This is clearly incorrect. As dis-
cussed, D values show mixing is indeed greatest at the sur-
face. In the case of Fig. 8, it is known from examining the
model criteria that the diffusion model is inappropriate and
a nonlocal model should be used.

However, in nature, evaluation of the biodiffusion mod-
el’s criteria is not readily achievable and the appropriate
model is not necessarily obvious. For example, Soectaert
et al. (1996) demonstrated that profiles previously de-
scribed by a multilayer diffusion model (Legeleux et al.,
1994) can be described equally well by nonlocal models.
Which model is most apt is not known. However, it seems
more feasible for such profiles to be the result of a nonlocal
mixing mechanism, such as that demonstrated by LABS, as
opposed to a number of distinct mixing regimes confined to
well-defined layers within the sediment. Furthermore, fau-
nal activities tend to decrease with depth and physical dis-
turbances occur in the uppermost sediment, suggesting this
region should be the most intensely mixed. A multilayer
diffusive model suggests the opposite (Legeleux et al.,
1994). Ultimately, motivation for selecting a model of bio-
turbation should be derived from observations of the medi-
ators and mixing mechanisms at work: goodness of fit does
not provide justification alone.

Fig. 3 shows a decrease in the variability of D} with trac-
er half-life. (Note that data affected by the artificial bound-
ary conditions imposed by LABS, discussed above, are
omitted from these plots for the sake of clarity.) Variability
of Dj is a function of radionuclide half-life, as tracer half-
life regulates the number of mixing events experienced by
the tracer before decaying. As a result, a greater half-life

provides a smoother time-averaged view of bioturbation.
As the number of mixing events experienced before the
tracer decays (i.e. N,) increases, the variability of Dj
decreases. However, there is a practical upperbound to
the half-life used. Profiles of extremely long-lived radioiso-
topes, such as '*C (t1;2=5730y), may be homogeneous
across the mixed layer (i.e. a vertical straight line), preclud-
ing the calculation of a D value. Therefore, a balance must
be struck between having a suitably long enough half-life to
give a good time-averaged D} value and having a short en-
ough half-life in order that the profile furnishes informa-
tion on mixing.

7. Implications and conclusions

The biodiffusion model is the default description of bio-
genic reworking of sediments, with its validity rarely as-
sessed. While it may initially be counterintuitive to think
of bioturbation as a random, small scale, isotropic process,
pleasing fits to field data seem to offer support to the mod-
el. However, as profiles produced by nonlocal mixing are
often indistinguishable from those resulting from diffusive
mixing, it is apparent that profiles provide little informa-
tion regarding mixing mechanisms. Despite subsurface
maxima in tracer profiles arising only from certain non-
local mechanisms, they have been adopted as hallmarks
of nonlocal mixing. Indeed, radioisotope profiles rarely
exhibited subsurface maxima in LABS when the model cri-
teria were violated. Results presented here echo conclu-
sions drawn by previous studies (e.g. Meysman et al.,
2003c) that the criteria of the biodiffusion model are usual-
ly violated for short-lived radioisotopes (i.e. >**Th, "Be). It
must be borne in mind that benthic organisms exist in a
spectrum of sizes, both larger and smaller than the organ-
isms modelled here. Also, the functional-group of organ-
isms simulated represents the most likely candidates for
diffusive mixing, in contrast to other agents of bioturbation
that move sediment in a nonrandom fashion over large
scales (i.e. comparable to the mixed layer depth), such as
Arenicola Marina. An important conclusion of this study
is that steady-state radioisotope tracers, especially short-
lived tracers such as **Th, can unknowingly provide erro-
neous mixing coefficients. The results of (and conclusions
drawn from) diagenetic models are reliant upon, among
other factors, how well the processes they include are
parameterised. Errors in Dj of the magnitude observed in
LABS could radically alter the dynamics of models that in-
clude bioturbation as diffusive transport. For example,
models describing chemical cycles that are heavily depen-
dent upon bioturbation to supply (or remove) reactants
(or products), such as models of iron, manganese and sul-
phur diagenesis. Furthermore, by violating the model’s
necessary criteria, trends can be fabricated (e.g. tracer-de-
pendent mixing), leading to false conclusions being drawn.
To be able to argue that such a trend is not actually an arti-
fact of the biodiffusion model, it is necessary to verify that
the model is indeed applicable. Field studies appear to
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support the mechanism suggested here as the root of the
Dj—t), relationship. In situ experimental work using tran-
sient tracers has demonstrated that bioturbation is not dif-
fusive on short time scales, but only becomes diffusive over
time (Fornes et al., 1999, 2001), in agreement with LABS
simulations presented here. Furthermore, particle-selective
mixing may be very limited (Fornes et al., 1999) and selec-
tive mixing mechanisms that exist are likely to be nondiffu-
sive in nature (Fornes et al., 2001). These observations
bolster the argument that short-lived tracers produce nota-
bly larger D) values than longer-lived radioisotopes due to
violation of the biodiffusion model’s assumptions. Finally,
interpreting nonlocal tracer profiles in the context of diffu-
sive mixing can provide a misleading view of the rates,
locations and mechanisms of bioturbation.
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