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Abstract 
Ubiquitous porosity gradients have a potentially important effect on the mixing of particle-bound tracers, such 

as 210Pb Mass-depth coordinates cannot be used to deal with these effects if values of the traditional mixing 
coefficient, D,, are required. This paper compares and evaluates three different means of dealing directly with 
porosity gradients while modeling bioturbation, i.e. mean constant porosity, interphase mixing (porosity mixed), 
and intraphase mixing (porosity not mixed). We apply these models to 11 different 210Pb profiles collected at various 
depths and times on the eastern Canadian Margin. A statistical analysis of the resulting best fits shows that these 
models produce equivalent mixing coefficient values for 55% of the profiles. For the remaining 45% of the profiles, 
the interphase mixing model predicts the existence of well-mixed near-surface zones on the time scale of 210Pb 
decay, a phenomenon not predicted by the other models. Unfortunately, our tracer dataset by itself cannot be used 
to establish which mixing mode is actually operative at each station. 

Virtually all fine-grained sediments exhibit appreciable 
decreases in porosity, q, with depth due to compaction (Ber- 
ner 1980). If the overlying waters are oxic, these sediments 
are also subject to bioturbation. Porosity modification has 
also been ascribed to the actions of bioturbators (e.g. Rhoads 
1974; Rhoads and Boyer 1982; McCall and Tevesz 1982). 
Macrofauna can increase the porosity at depth by egesting 
bulk sediment (i.e. solids plus associated water that was in- 
gested nearer to the sediment surface), by injecting water 
during burrowing (Rhoads and Boyer 1982), and by manip- 
ulating and vertically displacing pieces of bulk sediment 
with their appendages. However, it is also possible to envi- 
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sion both ingestion and displacement of particles that would 
leave the water behind while moving the solids. 

Bioturbation also redistributes the various components of 
solid sediments, often in what appears to be a diffusive man- 
ner. The intensity of this biodiffusion can be determined 
from the depth distribution of natural and manmade tracers 
in the upper decimeters of sediments (Guinasso and Schink 
1975; Berner 1980). 

How bioturbation alters porosity and how macrofauna mix 
solid tracers in sediments are related questions. ‘Wo end- 
member relationships between tracer bioturbation and po- 
rosity modification exist. The first possibility is that biotur- 
bation acts to decrease porosity gradients by diffusively mix- 
ing the volume fraction occupied by pore water against that 
occupied by solids at the same rate as tracers are mixed; 
therefore, in a sediment accumulating at steady state, the 
porosity gradient would be weaker than in an equivalent 
nonmixed compacting sediment. If the pore water is called 
the fluid phase and the total solids the solid phase of a sed- 
iment, then the phases are intermixed by the bioturbation in 
this scenario; for this reason, it can be called interphase mix- 
ing (Boudreau 1986). 

The other end-member possibility is that bioturbation does 
not modify porosity, contrary to the ascertions given above, 
and that it only acts to decrease gradients of solid species, 
leaving the porosity distribution unchanged. A steady-state 
porosity profile/gradient would then result from accumula- 
tion and compaction acting alone, independent of the bio- 
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Fig. 1. Schematic representation of transient mixing of a non- 
reactive tracer (color) between two boxes by the three possible 
modes studied in this paper. The top diagram illustrates the con- 
ventional case of mixing with constant porosity, i.e. surface box 
and bottom boxes have the same porosity, (PH = (PH, but the particles 
in the surface box A are all white, while those beneath in box B 
are all black. After complete mixing, the boxes have the same num- 
ber of white and black particles. The middle diagram illustrates 
intraphase mixing. In this case, the porosities and the number of 
each type of particle are initially different between the two boxes, 
but after complete mixing only the particle distributions have been 
homogenized; the porosity is not mixed and its distribution unal- 
tered, i.e. (PA > cps. Finally, the bottom diagram illustrates inter- 
phase mixing. The starting situation is identical to intraphase mix- 
ing, but this time both porosity and particle-type differences are 
eliminated by complete mixing. 

turbation. The two phases, solids and fluid, do not intermix 
in this case, and tracer biodiffusion is dependent only on its 
own gradient in the solid phase; for this reason, this situation 
can be called intraphase mixing (Boudreau 1986). The spec- 
trum between the stated end-member mixing models allows 
for mixing of porosity, but at a progressively slower rate 
than a solid tracer, until the limit of intraphase mixing is 
reached. Bioturbation in real sediments lies undoubtedly 
somewhere within this spectrum. 

These two end-member possibilities are not, however, the 
only modi operandi assumed by modellers when considering 
porosity gradients and bioturbation. By far the most common 
(but perhaps ostrichlike) strategy is to adopt a constant mean 
value for the porosity and ignore its depth dependence. This 
has the merit of mathematical simplicity, but at what price? 

To help further understand the difference between these 
possible modes of bioturbation, it is worthwhile to consider 

the hypothetical experiment depicted in Fig. 1. Three treat- 
ments are presented in this figure-each consists of two box- 
es of sediment that are in contact with each other but are 
closed to the outside world. The sediment consists of a num- 
ber of colored beads, with only black beads in the bottom 
box and white in the top box at the beginning of each ex- 
periment. These beads do not decay or change color (i.e. 
they are stable tracers). The initial porosity, cp, is also pres- 
cibed in each case. Hypothetical diffusive bioturbators are 
introduced at the begining of each experiment, and the dis- 
tribution of both bead color and porosity is determined after 
sufficient time to obtain a steady state. 

The top treatment illustrates what happens when porosity 
is constant or is assumed to be so. After a long time, the 
number of white and black beads is the same in each box, 
and the porosity is equal and the same as in the begining. 
The middle boxes depict what happens during intraphase 
mixing. Here, there is a porosity difference initially, as well 
as bimodal distribution of bead colors. After mixing is com- 
plete, there is no gradient in bead color, but the porosity 
difference remains unaffected. Finally, the bottom experi- 
ment displays the effects of interphase mixing. Porosity and 
bead-color differences (gradients) initially exist, but both are 
obliterated by the end of the experiment. The discussion that 
follows deals with steady-state diagenesis, yet the transient 
situations depicted in Fig. 1 do highlight the essential dif- 
ferences in the mixing models. 

It is our aim to determine if the choice of mixing mode 
(i.e. constant porosity, interphase or intraphase mixing) leads 

Notation 

Activity of a tracer (dpm g-l) 
Biodiffusion coefficient with assumed constant porosity 

(cm2 yr- I) 
Biodiffusion coefficient with interphase mixing (cm2 

yr-‘1 
Biodiffusion coefficient with intraphase mixing (cm2 

y-l) 
Mass-depth biodiffusion coefficient (g2 cm-4 yr ‘) 
Bioturbational flux of tracer with constant porosity 

(dpm crnp2 yr-‘) 
Bioturbational flux of tracer with interphase mixing 

(dpm cm-2 yr-I) 
Bioturbational flux of tracer intraphase mixing (dpm 

cm-2 yr-‘) 
Time (yr) 
Mass-depth burial velocity (g cm2 yr- I) 
Burial velocity of solids with constant porosity mixing 

or intraphase mixing (cm yr’) 
Burial velocity of solids with interphase mixing (cm 

yr-1) 
Depth relative to the sediment-water interface (cm) 
Mass depth as defined by Eq. 8 (g cmm2) 
Attenuation constant (free parameter) in Eq. 10 (cm-‘) 
Porosity (cm? pore water cm-’ bulk) 
Solid volume fraction, 1 - cp (cm’ solid cm-’ bulk) 
Solid volume fraction at the sediment-water interface 

(x = 0) 
Asymptotic solid volume fraction at great depth (X + 

m) 
First-order decay constant (yr I) 
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to serious differences in calculated mixing rates and if nat- 
ural *lOPb distributions are better described by one or another 
of these models. We already know that a disagreement with 
regard to these types of mixing has been at the heart of one 
serious debate in the scientific literature (i.e. Christensen 
1983 vs. Officer and Lynch 1983). 

Description of models 

For constant porosity mixing, the diffusive flux of a solid 
species, F,, is given by (Bemer 1980) 

where x is depth relative to the sediment-water interface 
(cm), B is the activity or concentration of the solid species 
or tracer (dpm cm-“), D, is the biodiffusion coefficient for 
constant porosity mixing (cm* yr-I), and <p, is the solid vol- 
ume fraction, 1 - cp, where cp is the porosity. Because cps is 
a constant, its value will affect the absolute magnitude of 
the flux only by limiting the area for that flux, but it will 
not affect the shape of the solid species profile. The depth 
distribution of a radioactive tracer is then governed by the 
familiar equation 

(2) 

where t is time, w is the burial velocity, and A is the decay 
constant. 

For interphase mixing, the diffusive flux, FB*, is (e.g. No- 
zaki et al. 1977; Aller et al. 1980; Christensen 1982) 

where D,* is the biodiffusion coefficient for interphase mix- 
ing (cm* yrrl). With Eq. 3, the conservation equation for a 
simple radioactive tracer would be 

aRB - a a9 B 
at ax 

DB*L 
ax 

- w*cp,B - kp,B, (4) 

where w* is the apparent burial velocity (Boudreau 1986) 
with interphase mixing. Notice that cp, and B always appear 
as the product cp, B in this last equation; therefore, by simply 
defining a new dependent variable, B* = cp,B, Eq. 4 is trans- 
formed into the more familiar form (Krishnaswami et al. 
1980) 

aB* a aB* -=- 
at ax 

D,“-- - w”B* - AB”. 
ax (5) 

Depth profiles of B can be obtained from the solutions for 
B* by dividing by a known cp,(x). 

The flux, Fs*, for intraphase mixing for a solid species is 
given by (e.g. Officer and Lynch 1982; Co&ran 1985) 

where D,. is the biodiffusion coefficient for intraphase mix- 

ing (cm* yrr I). The corresponding conservation equation for 
a tracer is 

a a@ aB 
at = G CPA l g - wcp,B - Arp,& (7) 

where w is the burial velocity in the absence of mixing. To 
facilitate solution of Eq. 7, Officer and Lynch (1982) intro- 
duced the so-called mass-depth transformation, z, i.e. 

where pS is the density of the dry solids. Substitution into 
Eq. 7 obtains the more familiar form 

dB 
ea -=- I Eg - UB 1 - AB, (9) at a2 1 az 1 

where U = p,( 1 - cp) w = P,~<P,~w and E = [p,( 1 - cp)]*D,‘= 
(p,,<p,)*D,‘]. E has units of g* cm -4 yr I, and U has units of 
g cm-* yr-I. 

If E and U can be treated as constants, then Eq. 9 is again 
the standard diffusion-decay equation with its known solu- 
tions. Officer and Lynch (1982) then stated that E can be 
translated into a D,. value by using a mean value of cp. In 
actuality, this procedure will not produce a correct result 
because cp, is the controlling variable in defining E and not 
cp. Changes in cp are typically modest in the bioturbated zone 
of sediments, e.g. from 0.9 to 0.7 (Andrews and Hargrave 
1984; Archer et al. 1989; Iversen and Jorgensen 1993); con- 
versely, the corresponding changes in cp,, are large indeed, 
i.e. a factor of 2-3. Thus, while the mean porosity is rea- 
sonably representative of the weakly varying porosity, the 
mean of cp, is a quite poor representative of this function. In 
addition, the definition of E given above squares ~p,~, making 
the approximation even worse. The conversion of E into a 
constant D,. value is not justi’abZe under typical sedimen- 
tary conditions. The same is true of a conversion between 
U and w. 

In the remainder of this paper, we first determine if an 
interphase or an intraphase mixing model provides a better 
explanation of observed *‘OPb distributions in bioturbated 
sediments with porosity gradients. Second, we determine if 
there is an effective difference in the D, values predicted by 
these models, and if these values are significantly different 
from that obtained by a constant porosity model. To meet 
these stated goals, we compare model fits to observed dis- 
tributions of porosity and *lOPb from the five Canadian 
JGOFS sites on the Atlantic Margin and in the Gulf of Saint 
Lawrence. 

Methods 

Sites and sampEing-Sediment cores were collected from 
five stations located in the lower part of the Gulf of Saint 
Lawrence (Fig. 2, Sta. 1, 2, and 3) and from the continental 
shelf off Nova Scotia (Fig. 2, Sta. 4 and 5) on the eastern 
coast of Canada. These stations were visited at least twice 
(Sta. 1, 2, and 3; winter 1993, summer 1994), Sta. 4 was 
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Fig. 2. A map of eastern Canada that shows the locations of the 
five Canadian JGOFS stations. (For information on water depth con- 
tours in this area, see figs. 4 and 5 in Keen et al. 1971.) 

sampled three times (summer + winter 1993, summer 1994), 
and Sta. 5 in summer 1993 and 1994. These stations repre- 
sent a reasonably wide range of water depths (230-820 m, 
Table 1). Because of ship drift during coring and errors in 
positioning, repeated samples at any given station can be as 
much as 1 km apart. 

Sediment samples were collected using a multicore at all 
stations, with the exception of Sta. 4 and 5 on the first cruise 
(summer 1993), which were obtained by subsampling a box 
core with Plexiglas tubes of same dimension as those used 
in the multicore. Cores were sliced every half centimeter 
from the surface to 1 cm, and thereafter every 1 cm when 
possible (i.e. no cracks present). 

Porosity-At each interval, a subsample of sediment was 
collected to determine bulk density from the difference be- 
tween wet and dry (105°C for 48 h) weights. The porosity 
was calculated assuming a dry solids density of 2.45 g cm-3, 
which is the average for marine sediments around Nova Sco- 
tia. A salt correction was applied based on the bottom salin- 
ity (Table 1). 

*‘OPb-Sediment for radiogenic analyses was kept at 4°C 
during transportation and was subsequently freeze-dried and 
homogenized. *l”Pb was determined by isotope dilution anal- 
ysis and alpha counting of both 210Po and *O*Po (the latter 
for efficiency calculations) after electro-deposition onto 
nickel disks. The 226Ra-supported *l”Pb was determined on 
acid-digested samples by using a radon gas-emanation tech- 
nique (Mathieu et al. 1988); specifically, l-2 g of sediment 
was dissolved in a mixture of 1 ml octane, 10 ml nitric acid, 
10 ml hydrofluoric acid that was heated in a Teflon bomb 
for 90 s in a microwave oven. The 226Ra was measured only 

Table 1. Basic site and bottom water properties at the eastern 
Canadian JGOFS sites at each sampling time. 

Water 
Sampling depth Temp. 

Sta. date Cm> (“C> Salinity 

1 5-15 Dee 93 331 5.07 34.3 
1 19 Jun 94 360 5.18 34.4 
2 5-15 Dee 93 262 4.78 34.0 
2 21 Jun 94 245 5.12 34.4 
3 5-15 Dee 93 494 5.36 34.6 
3 21 Jun 94 531 5.32 34.7 
4 8 May 93 232 9.40 34.8 
4 5-15 Dee 93 230 9.86 34.7 
4 28 Jun 94 230 10.24 35.1 
5 10 May 93 816 6.1 34.9 
5 27 Jun 94 830 5.0 34.9 

on the deepest samples in each core. All samples were count- 
ed until errors were ~5% of the activity of samples. 

Regression methods-Regressions, both linear and nonlin- 
ear, for the constant porosity and interphase mixing models 
were done with the built-in regression functions in the com- 
puter program Kaleidagraph for the Apple Macintosh com- 
puter. Regressions for the intraphase mixing model were 
done with Fortran routines from the ACM-approved Min- 
pack package. 

Results and discussion 

Solid volume fraction-Figure 3 displays the cp, data col- 
lected at our sampling sites. The measurements are generally 
quite regular, except for Sta. 2 in summer 1994, which prob- 
ably represents a small burrow or recent bioturbation event. 
The changes in qp, with depth are no less than a factor of 
two at any station, and they are as great as a factor of three 
at Sta. 1 in summer 1994. These results argue that cp, cannot 
be well represented by a simple mean value; instead, we fit 
this data with an empirical formula of the form 

<p,(x) = rp,P> - [cp,W - cp,(O)le-“‘, (10) 

where q,(O) and cp,(a) are the values at the interface and at 
great depth, respectively, and LY is an attenuation coefficient 
(cm-l). All three of these quantities act as fitting parameters. 
The resulting best-fit values are presented in Table 2. The 
values of the coefficient of determination, R*, show that Eq. 
10 accounts for 190% of the variance in these data; con- 
sequently, it is a good representation of these type of data, 
and it can be used in conjunction with the solution to the 
mixing models to produce *lOPb-activity profiles. 

Excess *j”Pb-The main aim of the following discussion 
is to evaluate the merits of the three possible mixing models, 
i.e. assumed constant porosity, interphase mixing, and intra- 
phase mixing. To evaluate both the constant porosity and 
intraphase mixing models, our *lOPb data are plotted first in 
log-linear form in Fig. 4 for all stations. On the other hand, 
the counting errors are not re-displayed in Fig. 5, which is 
used for the interphase mixing model, as the errors in this 
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Fig. 3. Plots of solid volume fraction, 1 - q, changes with depth in the upper few decimeters of sediments collected at the stations 
illustrated in Fig. 2 during three cruises. The solid lines are best fits with Eq. 10 of the text, and the corresponding parameters values can 
be found in Table 2. 

figure should include the error on the solid volume fraction 
determination, which we do not know. In addition, the sam- 
pling intervals are not shown in either figure as errors be- 
cause these play no role in the analyses. 

In applying any of the models, we have assumed steady- 
state diagenesis and negligible burial relative to mixing. In 
comparing the winter 1993 and summer 1994 data at Sta. 1, 
2 and 3, there is a suggestion of temporal changes, either 
seasonal or related to a depositional event; however, there is 
much that argues against either interpretation. 

First, the calculated mixing coefficients are too small to 

Table 2. Best fits of Eq. 10 to the solid volume fraction, 40, = 
1 - q(x), at the various Canadian JGOFS sites. 

Sta. 
Sampling 

time 

Winter 93 0.09 1 0.192 0.175 0.98 
Summer 94 0.144 0.186 0.211 0.95 
Winter 93 0.105 0.203 0.199 0.98 
Summer 94 0.133 0.207 0.268 0.88 
Winter 93 0.111 0.177 0.184 0.99 
Summer 94 0.116 0.166 0.122 0.98 
Summer 93 0.150 0.244 0.177 0.91 
Winter 93 0.165 0.248 0.113 0.99 
Summer 94 0.168 0.236 0.154 0.99 
Summer 93 0.194 0.327 0.577 0.96 
Summer 94 0.116 0.167 0.122 0.99 

accommodate seasonal changes in the 210Pb that would be 
implied by these distributions, as proven further below. Ad- 
ditionally, temperature and the rate of 0, consumption are 
apparently not seasonally variable (unpubl. CJGOFS data). 

Second, we do not think that the summer 1994 profiles 
reflect the rapid deposition of as much as 5 cm of sediment 
during the intervening period. The St. Lawrence River sys- 
tem does not constitute a reasonable source for the required 
amount of sediment and slump or turbidite deposition at our 
widely dispersed sites would require an unusual and unre- 
corded mechanism. The temporal differences could be due 
to some unknown or unappreciated sampling artifact, but 
simultaneously acquired solute profiles of O,, NO,- and 
XCO, display no anomalies (unpubl. CJGOFS data). More 
likely, the differences are simply due to spatial heterogeneity 
(see Smith and Schafer 1984) and coincidence. We are pre- 
pared to accept the observed distributions at face value, and 
consequently we assume that a steady state is operative. 

Neglect of advection is possible if wL/D, < 1, where L 
is the mixing depth. We have no independent estimates of 
burial velocity, w, except at Sta. 4; there, Fehr (1991) quoted 
an AMS 14C date of 5,245 yr B.P. at 185 cm, or w = 0.035 
cm yr-I. As D, values are likely to be in the range of 0. l- 
1 cm* yr-I, wL/D, < 1 may not always be true. On the other 
hand, this error will apply equally to each model and should 
not affect our comparative study. 

The solution to the steady-state constant-porosity model 
is then 
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Fig. 4. Plots of excess 2’0Pb activity with depth in the upper few decimeters of sediments collected at the stations illustrated in Fig. 2 
during three cruises. The solid lines are best fits with the constant porosity model, and the corresponding parameters values can be found 
in Table 3. The dashed lines are best fits with the intraphase mixing model, and the corresponding parameters values can also be found in 
Table 5. (Note that profiles with two mixing zones were not treated with this latter model.) 

B(x) = A,epczx + A2eNX, (11) 

where a = m, A, and A, are integration constants, and 
A = 0.0315 yr-I. For sites with one mixed zone, i.e. all but 
Sta. 1, 2, and 3 in summer 1994, the second term in Eq. 11 
contributes little to the solution and can be ignored in the 
fitting process. Even for the two layer sites, i.e. Sta. 1, 2, 
and 3 in summer 1994, the second term contributes little in 
each zone except in the immediate vicinity of the interface 
between the two zones, and, effectively, it can be ignored. 

Equation 11, with A, = 0, was fit to our data via a non- 
linear least-squares method. The traditional log-transform 
approach was not used because it increases the relative im- 
portance of the smaller values that also have larger relative 
errors. The resulting nonlinear fits are displayed in Fig. 4 
and tabulated in Table 3. From these results, the constant 
porosity model does a respectable job of explaining the ob- 
served data. Even for the worse case (i.e. Sta. 1 in summer 
1994), >80% of the variance is explained by the model. 

Now returning to our assumption of steady state, Ein- 
stein’s relationship, L2 = 2D,t, tells us the time, t, necessary 
to obtain a linear steady-state profile from an increase in 
mixing, i.e. the faster mixed zones at Sta. 1, 2 and 3 in the 
summer of 1994. By using the greatest D, value of 12 cm2 
yr- 1 and a mixed zone of 10 cm, the time necessary to pro- 
duce this linear profile is > 10 yr; therefore, the near-surface 
changes are not seasonal variations. Greater values of D, 

would be inconsistent with the limits imposed by the large 
dataset presented in Boudreau (1994). 

The solution to the steady-state interphase mixing model is 

B*(x) = A,e-(IY + A2ecJ.l, (12) 

where a = m this time, and A, and A, are again in- 
tegration constants. The second term in Eq. 12 was also ig- 
nored in this case. Best fits of this model are illustrated in 
Fig. 5, which are log-linear plots of B* = (1 - cp)B. 

Some qualitative differences with the results in Fig. 4 are 
apparent. The more intensely mixed surficial zones at Sta. 1 
and 2 in summer 1994 have become completely well mixed 
on the timescale of 210Pb decay. In addition, new more in- 
tensely mixed surface zones have appeared at Sta. 4 in win- 
ter 1993 and Sta. 5 in summer 1993. When the effects of 
porosity gradients are accounted for at these latter stations, 
the level of mixing is predicted to be much greater than in 
the constant porosity interpretation. 

Best-fit values of D,* (with la errors) and corresponding 
R2 values are provided in Table 4. The infinite values of D,* 
are not necessarily that large, but appear so on the timescale 
for 210Pb decay. Some of the R2 values in Table 4 are rela- 
tively low, i.e. CO.8, but these also correspond to the in- 
tensely mixed zones at Sta. 4 in winter 1993 and Sta. 5 in 
summer 1993. Fitting a line to such weak slopes and few 
data points is a recipe for low R2 values, which does not 
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Fig. 5. Plots of the product 
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of the solid volume fraction, 1 - 9, and the excess *lOPb activity with depth in the upper few decimeters 
of sediments collected at the stations illustrated in Fig. 2 during three cruises. The solid lines are best fits with the interphase mixing model, 
and the corresponding parameters values can be found in Table 4. 

really reflect the ability of the model to explain the data. 
Otherwise, the R2 values are comparable to the values as- 
suming constant porosity. 

Why do these well-mixed zones appear with interphase 
mixing? In large part, this is simply the effect of multiplying 

Table 3. Calculated biodiffusion coefficients, D, (2 1 SD), for 
the constant porosity model obtained by nonlinear least-squares fit- 
ting of the *‘OPbeX data. 

Depth 
Sampling range 

Sta. time (cm> 

1 Winter 93 O-10 
1 Summer 94 O-6 
1 Summer 94 6-15 
2 Winter 93 o-12 
2 Summer 94 o-14 
2 Summer 94 14-21 
3 Winter 93 o-12 
3 Summer 94 o-5 
3 Summer 94 5-16 
4 Summer 93 O-18 
4 Winter 93 o-13 
4 Summer 94 o-1 1 
5 Summer 93 o-15 
5 Summer 94 o-12 

* Alternatively, w = 0.053 cm yr-I. 

DB 
(cm* yr-‘) 

0.13+0.04 
13.2k6.1 
0.18~0.02 
0.28kO.05 

5.1k2.0 
0.08~0.002 
0.08~0.01 
12.126.2 
0.68kO.23 
0.47kO.11 
0.72kO.11 
0.19t0.04 
0.81kO.13 
0.37t0.12 

R2 

0.95 
0.80 
0.99 
0.97 
0.82 
1.0” 
0.99 
0.84 
0.97 
0.96 
0.98 
0.97 
0.97 
0.89 

the increasing function 1 - &x) with the decreasing 210Pb 
activity, which creates a quantity (1 - cp)B that is roughly 
constant over the first 10 or so cm; nevertheless, the resulting 
interpretation is that mixing is intense. Surface well-mixed 
zones develop because of the particular mode, density, and 
depth distribution of bioturbating organisms and because of 
physical effects, such as wave mixing. The latter is quite 
unlikely at our stations. Wave mixing would likely be purely 
interphase mixing. 

The upper sensitivity limit of 210Pb to D,* values is at 
most 100 cm yr- I. If this value is put into Einstein’s rela- 
tionship, then the corresponding response time for a lo-cm 
210Pb profile falls to 0.5 yr; therefore, it might be implied 
that the changes at Sta. 1, 2 and 3 could be seasonal. This 
deduction would be incorrect because the winter profile must 
be reestablished with a smaller mixing coefficient value, and 
that is not possible. 

The results of fitting the intraphase mixing model are also 
illustrated in Fig. 4. The model equation that is fit is 

- Aq,(x)B = 0, (13) 

where <p,(x) is provided by Eq. 10. This equation has no 
usable analytical solution with Eq. 10 for cp,. A numerical 
solution was obtained by finite-difference approximation 
(Boudreau 1986). The solution was optimized for D,, i.e. fit 
to the data, using a Minpack routine. (Fitting was not pos- 
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Table 4. Calculated biodiffusion coefficients, D,* (+ 1 SD), for Table 6. Statistical comparison of the mixing coefficients pre- 
the interphase mixing model and using nonlinear least-squares fit- dicted by the constant porosity mixing (CPM), intraphase mixing 
ting of the *lOPbeX data. (IAM), and interphase mixing (IEM). 

Depth 
Sampling range Qf” 

Sta. time (cm> (cm2 yr-‘) R2 
1 Winter 93 O-8 0.2250.076 0.91 

1 1 Summer 94 O-6 FO.032 Summer 94 6-15 0.25 0.99 
2 Winter 93 o-12 0.61 +O. 12 0.96 

2 2 Summer 94 o-14 0.12:0.028 Summer 94 14-21 0.99 
3 Winter 93 o-12 0.11 kO.030 0.97 
3 Summer 94 o-5 co 
3 Summer 94 5-16 2.292 1.01 0.91 
4 Summer 93 O-18 2.58 50.39 0.98 
4 Winter 93 o-5 47.3252.2 0.63” 
4 Winter 93 5-l 1 0.76kO.34 0.89 
4 Summer 94 o-11 0.48-t-0.16 0.91 
5 Summer 93 O-6 22.2? 14.0 0.72 
5 Summer 93 6-15 0.3720.07 0.98 
5 Summer 94 o-12 0.95 50.40 0.81 

* Profile is essentially vertical, D, = cQ. 

Depth 
Sampling range Statistical 

Sta. time (cm> equali ties* 

1 Winter 93 O-10 CPM = IAM = IEM 
1 Summer 94 O-6 CPM # IEM (?) 
1 Summer 94 6-15 CPM = IEM 
2 Winter 93 o-12 CPM = IAM = IEM 
2 Summer 94 o-14 CPM # IEM 
2 Summer 94 14-21 CPM = IEM 
3 Winter 93 o-12 CPM = IAM = IEM 
3 Summer 94 o-5 CPM # IEM (?) 
3 Summer 94 5-16 CPM = IEM 
4 Summer 93 O-18 CPM = IAM # IEM 
4 Winter 93 o-13 CPM = IAM # IEMt 
4 Summer 94 o-1 1 CPM = IAM = IEM 
5 Summer 93 o-15 CPM = IAM # IEM$ 
5 Summer 94 o-12 CPM = IAM = IEM 

* Equality means 95% chance they are similar; (?) indicates that the IEA 
model has infinitely fast mixing on *‘OPb timescale. 

t Agreement below 5 cm. 
$ Agreement below 6 cm. 

sible for the stations with well-mixed surface layers because 
of problems with adapting the optimization technique.) The 
results are curves even on a log-linear plot, and the best-fit 
D, values with la errors are presented in Table 5. Unfor- 
tunately, the Minpack routine did not return R2 values. Vi- 
sually, however, the fits seem to be of the same quality as 
with the other two models, if not better in some cases. 

Finally, the results of a formal statistical comparison of 
the D, values obtained from the three models are presented 
in Table 6. Statistical equality was established by determin- 
ing if the best-fit values overlapped within twice their re- 
spective 10 confidence intervals. The models were generally 
in agreement, except for the surficial well-mixed zones at 
Sta. 1, 2, 3, and 4 in winter 1993 and Sta. 5 in summer 1993 
(45% of the stations). Again, the D, values are predicted to 
be much higher at those times and stations with interphase 
mixing. Unfortunately, the data and analyses presented 
above cannot, in themselves, tell us whether interphase or 
intraphase mixing, or a combination, occurs at our study 

sites. It seems that only in situ observations or microcosm 
experiments will be able to shed light on that question. 

Conclusions 

Tracers of sediment mixing, such as excess 210Pb, decay 
in the upper part of sediments, which also corresponds to 
the zone of the largest changes in solid volume fraction. Use 
of so-called mass-depth units in order to deal with biotur- 
bation in the presence of such porosity gradients may be 
neither correct nor helpful. 

Table 5. Calculated biodiffusion coefficients, DBm, for the intra- 
phase mixing model derived from nonlinear least-squares fitting of 
the 210Pbex data. 

Sta. 

1 
2 
3 
4 
4 
4 
5 
5 

Depth 
Sampling range 

time (cm) Dg(cm* yr-I) 

Winter 93 O-8 0.15+0.020 
Winter 93 o-12 0.37kO.034 
Winter 93 o-12 0.12+0.020 
Summer 93 O-18 0.67 kO.094 
Winter 93 o-13 0.8950.095 
Summer 94 o-1 1 0.2450.03 1 
Summer 93 o-15 0.63 to.09 1 
Summer 94 o-12 0.35 20.047 

We used two end-member models to define the spectrum 
of possible interactions (modes) between bioturbation and 
porosity, i.e. interphase or intraphase mixing (Boudreau 
1986). A statistical analysis of 210Pb profiles from the east 
coast of Canada proved that both models are equally capable 
of explaining this data (i.e. similar R2 values), as is a model 
that assumes constant porosity. These models produced sta- 
tistically equivalent D, values in 55% of our profiles; for 
these profiles, this agreement indicated that the constant-po- 
rosity model may be adopted, without any particular sacrifice 
of accuracy in calculating D, values. In the remaining 45% 
of the profiles, the interphase mixing model predicted the 
presence of well-mixed zones in the top 5-15 cm, phenom- 
ena not predicted by the other two models. The percentage 
of cases that disagreed is sufficiently great that we need to 
obtain additional in situ or experimental evidence to identify 
the actual mixing modes. 
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