Part I11:
The Impact of Mucoid Matrices
On Diffusion of Solutes in Marine Sediments

Introduction

In most medium to fine-grained marine sediment regimes, molecular
diffusion is one of the dominant processes controlling the distribution of
matter. Diffusion is hereby defined as the net motion of matter due to the
random motion of particles (Berner, 1981). The different geochemical character
of sediment porewater and overlying water causes diffusive exchange between
the two bodies. The temporal scale of the exchange depends on the physical
character of the sedimentary interstices and on the chemical character and
concentration of the diffusing species. Understanding the diffusive properties
of sediments, biofilms and included matrices is essential to conceptualization
and quantification of early diagenetic processes (Boudreau, 1997).

Sediments are inhabited by various organisms, which through constant
interaction with their surroundings, affect and are affected by geochemical
processes and cycles (Aller, 1982). These infaunal organisms deposit organic
matrices in sediments, either as (semi-)permanent habitation structures or as
by-products of basic physiological functions. Burrow wall linings or mucous
secretions differ radically from bulk sediment fabric but also from seawater
solutions and thus affect diffusion in a different manner than aqueous solvents.
This section of the thesis investigates the effects of the presence of such
matrices on diffusion of inorganic and organic solutes.

Critical parameters determining the extent of these effects are:
(a) the type of matrix structure, i.e. a fibrous organic mesh or a viscous gel;
(b) the character of the solute, i.e. charge, size and shape;
(c) the properties of the solvent (in this case seawater), including polyelectrolyte
behavior.

It has been shown that the charge of inorganic ions may differentially
affect diffusion of these ions through sedimentary organic matrices such as
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invertebrate tube walls (Aller, 1983; Figure 1a). The explanation commonly
invoked is that the matrix itself has an inherent charge due to charged groups
on the molecular chains composing it (Lee and Nicholls, 1987; Figure 1b). The
inhibition of the diffusion of dissolved organic carbon (DOC) through such
matrices has also been demonstrated (Desai and Vadgama, 1991; Dunn, 1998),
and it is apparent that inhibition can increase with size of the organic solute
(Desai and Vadgama, 1991; Zhang and Davison, 1999).

With these factors in mind, this section of the thesis aims at
systematically studying the effects of charge and size on diffusion through such
matrices. Two model matrices were selected:

(a) The mucus of the naticid gastropod Polinices duplicatus. This is a fairly viscous
gel and probably contains carboxylic and sulfur-ester groups attached onto
long carbohydrate chains (see Part 1), which might attribute a negative
charge to the matrix (Figure 2).

(b) The burrow wall lining of the ampharetid polychaete Melinna cristata. This
material is a thin fibrous sheet repeatedly deposited by this surface deposit-
feeding worm on the wall of its burrows (a similar matrix is shown in Figure
3).

The effect of solute charge was investigated with the use of various
Inorganic ions, naturally present in seawater. Bromide and sulfate were used as
negative ions and ammonium, calcium and magnesium constituted the
positively charged solutes. Size (steric) impacts were studied using polystyrene
sulfonate chains of varying lengths. These compounds are commonly used for
size calibration during ultrafiltration or mass spectrometry (e.g. Burdige and
Gardner, 1998). The advantage of using this suite of compounds is that they
are structurally identical in all regards apart from size.

Methods
Collection of matrices

To ensure that the observed effects were primarily due to the organic
matrices themselves and not due to other ubiquitous sedimentary features such
as clays or sedimentary organic matter, mucus was collected in the laboratory as
follows. Glass beads of average diameter 175 nm were acid-rinsed and
combusted at 450° C overnight. The animals under study were exposed to these
beads in containers filled with 0.2 nm-filtered seawater. Gastropods readily
agglutinated beads with mucus as they crawled over or into them, and
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polychaetes burrowed immediately into the bead layer, lining the walls of the
cylindrical cavities with a translucent mucous membrane. The presence of the
organic matrix was detected visually, by staining (Alcian Blue 8 GX (Sigma),
e.g. Passow and Alldredge, 1995), and quantified by phenol-sulfuric acid assays
(Dubois et al., 1956; Underwood et al., 1995).

Measurement of Diffusion Coefficients

The measurement of diffusion coefficients took place using a
modification of the diaphragm diffusion cell (Northrop and Anson, 1929;
Robinson and Stokes, 1959; Aller, 1983). The principle behind this technique is
the separation of two solutions of different concentrations with a diaphragm -
in this case, a burrow wall lining or a mucous bead plug. The cell typically used
in this study is shown in Figure 4. The glass plates encase the matrix under
study. Burrow linings are held between the two glass plates, whereas the
mucus-coated beads form a plug in a cavity of one of the two plates. Controls
in these diffusion experiments consisted of glass beads and filtered water not
exposed to animals.

The resulting "diaphragm" is therefore of known dimensions. The glass
plates are screwed on to a teflon-coated sleeve which surrounds the cylindrical
inner cell. This cell typically carries the more concentrated solution, and its
volume is fixed by sealing it with a stopper. The assembly of plates and inner
cell is immersed in a bigger container such as a beaker which constitutes the
outer cell. The solution in this outer cell is typically the dilute solution. The
levels of the two solutions are equalized to avoid any pressure-driven flow, and
their contents are constantly stirred to eliminate any internal gradients in any of
the two cells (Stokes, 1950). In the present case, diffusion runs took place at 4°
C so that the rate of microbial activity was minimized.

The two solutions communicate with one another only through the
separating "diaphragm”, so that it is the "diaphragm" character which
determines the rate of dissolved matter exchange through diffusion. By
measuring the concentrations of the solutes under study in inner and outer
solutions at various time points in an experiment, and by using various cell
parameters, the diffusion coefficient can be calculated by re-arranging the
following equation (Aller, 1983):
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[Eq. 1]

where Cin(x) = concentration of solute in inner cell at time x
Cout(X) = concentration of solute in outer cell at time x
f = porosity of the matrix or control plug
A = area of plug (cm?)
L = the length of the plug (cm)
Vin = the volume of the inner solution (cm?)
Vout = the volume of the outer solution (cm?)
t = time of sampling (days)

D
and Dg = —, where

g
D = the diffusion coefficient through the plug (cm?%day)
g* = tortuosity

Alternatively, a diffusion cell constant or calibration constant, b, may be
calculated for every set of chambers and plates used (Cussler, 1997):

CfAsl 1 g
b= > A + p
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[Eq. 2]

This cell constant was typically calculated experimentally by a calibration run
using a solute whose free solution diffusion coefficient is known (in this case,
bromide). A total of four diaphragm diffusion cells were used throughout this
study. The items used in each cell were individually numbered, so that the
dimensions of the parameters in Equation 2 for each cell remained the same
through several experiments (the volume of the outer cell, Vout, is determined
by the height of the inner cell, which also remains constant through
experiments).

The only parameters that vary and depend on the plug formed are f and
g> Only porosity can be directly estimated, and is shown to be actually quite
constant throughout experiments, having values of 0.413 £ 0.005 for clean
bead plugs and 0.456 % 0.019 for mucus-coated bead plugs. Tortuosity has

been directly connected with porosity with numerous equations and so is
assumed to be equally constant throughout experiments (Ullman and Aller,

1982). At these porosity values, f ~ g° The possible difference in b between
experimental and control cells resulting from the porosity difference is
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negligible, relative to inter-experimental variability. This makes possible the use
of a cell constant throughout an experimental period. The cell constant was
used to determine D, values in the organic solute diffusion experiments.
However, to determine coefficient ratios in both inorganic and organic solute
experiments, Eq. 1 was used.

Solutes and Solutions

Inorganic solute diffusion experiments - the inorganic species used to explore
charge effects were bromide, ammonium, sulfate, calcium and magnesium. The
solvent for inner solutions was 0.2 nmm-twice-filtered seawater. The outer
solution consisted of artificial seawater (Harrison et al., 1980), modified to
exclude sulfate, calcium and magnesium ions on the one hand, but on the other
to retain the ionic strength of seawater by replenishing these ions with sodium,
potassium and chloride. This minimized the effect of counter-charge flow.
Inner solutions were enriched in bromide and ammonium to typical
concentrations of 50 and 12 mM respectively. All the ions under study were
run concurrently in the same solution for all reported data, with the exception
of bromide and ammonium for which there are additional data. In that case
both of those ions were run concurrently.

Organic solute diffusion experiments - Size effects on diffusion were
investigated with the use of commercially available polystyrene sulfonates
(Polysciences), of varying chain lengths, and therefore provide a suite of
compounds which are structurally identical in all senses apart from that of size.
In this set of experiments, both inner and outer solutions consisted of 0.2 nm-
twice-filtered seawater. The inner solution was enriched in the organic
compound under study to a concentration of several micromolar. All runs took
place in the dark, although controls showed that these polystyrene sulfonates in
solution are not photosensitive, and concentrations are stable over
experimental time scales.

Experiment durations ranged from one to four days. Temperature was
maintained at 4° C to inhibit decomposition of the mucous secretions. Inner
and outer cell solutions were sampled at the beginning and the end of an
experimental run, whereas the outer cell solution was serially sampled during
the experiment. The resulting volume change of the outer solution was less
than or equal to 1% of the starting volume. Samples were stored refrigerated
and in the dark and analyzed together at the end of an experiment.
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Analyses

Bromide - Bromide was analyzed with a colorimetric method first
suggested by Balatre (1936) and updated by Presley (1971). Bromide is oxidized
in an acetate buffer with Chloramine-T in the presence of phenol. The color of
the resulting complex was quantified by measuring the absorbance at 595 nm
with a spectrophotometer.

Ammonium - Ammonium was analyzed by the formation of indophenol
blue, when ammonia reacts with phenol and hypochlorite at high pH
(Solérzano, 1969). This method eliminates the interference from magnesium
and calcium by complexing them with citrate. The absorption of the resulting
indophenol solution was measured at 640 nm.

Sulfate - Sulfate was analyzed by ion chromatography using a Dionex
2000 IC and an lonPac AG4A 4 mm anionic column. Samples were diluted to
mM concentrations, with standards consisting of appropriate dilutions of
seawater whose original sulfate concentration was determined by barium sulfate
precipitation (Presley, 1971).

Calcium and Magnesium - Calcium and magnesium were analyzed by
acetylene flame atomic absorption spectrophotometry on a Perkin-Elmer 5000
AAS. Seawater solutions were diluted to 1000 and 5000 times respectively in a
Lanthanum Oxide-0.1 HCI solution

Polystyrene sulfonates - Polystyrene sulfonates are commonly detected by
measuring the absorbance at 280 nm (Chin and Gschwend, 1991; Burdige and
Gardner, 1998). In order to ensure a more specific spectrometric identity for
every polystyrene sulfonate, and thus assign changes in concentrations more
confidently, emission peaks at an excitation of 280 nm on a fluorometer were
determined for every compound. Each sulfonate exhibited a slightly different
signature, although all of the peak emissions were between 361 and 382 nm
(Table 1). Interference from fluorescence emission by natural seawater (e.g.
Chen and Bada, 1992; Coble, 1996) was proven to be insignificant. Calibration
curves were constructed by obtaining emission spectra of diluted solutions of a
compound, and using both peak height and area under the curve (this
procedure is illustrated for one case in Figure 5), both relationships gave very
good fits, with typical r* greater than 0.995. Commonly, peak heights were used,
but occasionally areas as well, especially in the case of the early stages of the
diffusion experiments where peaks were not well developed.
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Results
Inorganic Solutes

Analytical precision for all inorganic species was good. Percent errors
were 0.55 % for bromide, 1.76 % for ammonium, 1.00 % for sulfate, 1.39 %
for calcium, and 0.25 % for magnesium. These analytical errors corresponded
to 0-6 % of the change in the difference in concentration across the diaphragm
during an experiment. Changes in the concentration differences between the
two cells occurred in a log linear fashion over time, replicable over several
experiments, each with newly collected and prepared materials each time. A
typical example is illustrated in Figure 6. If the logarithm of the concentration
differences is normalized using specific cell parameters for each case or the
previously calculated cell constant, and plotted over time, the slope gives the
diffusion coefficient in each case [Eq. 1]. These diffusion coefficients may be
used to calculate diffusion inhibition, quantified as a ratio of the control and
experimental diffusion coefficients.

The calculated levels of inhibition for the inorganic diffusion
experiments are shown in Fig. 7. From these results, a number of observations
can be made:

(a) All the ratios are above 1. Therefore, in all cases diffusion is inhibited in the
presence of the matrix.

(b) The diffusion coefficient ratios of the five ions for M. cristata tube wall
linings are on average 1.92, approximately 0.25 units higher than those for
P. duplicatus mucus, which are on average 1.67. However, this is inverted for
sulfate, and in the case of calcium the two ratios are equal.

(c) Variation around the average ratio is lower for M. cristata than for P.
duplicatus.

(d) The charge of the solute does not appear to have any discernible effect on
diffusion.

(e) Sulfate diffusion coefficient ratios in the case of P. duplicatus exhibit a very
large distribution (possible charge effect?).

Organic solutes

Serial sampling of the outer cell solutions in all of the experiments
indicated a clear transport of the polystyrene sulfonates from the more
concentrated to the less concentrated solution. An example of this repeatedly
observed pattern is indicated in Fig. 8. The resulting spectra were thus readily
translated into concentrations using the constructed calibration curves, and
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used to calculate diffusion coefficients. Analytical precision was approximately
2%, and corresponded approximately to 0.5 % of the average change in
concentration difference during experimental runs.

The results of these calculations are shown in Fig. 9. They are
superimposed on a relationship published by Burdige et al. (1992), which is
typically used in the calculation of benthic fluxes of DOC in marine sediments.
This latter relationship was originally developed by compiling results of various
diffusion experiments using compounds of known molecular weights in
distilled water and corrected to 25° C using the Stokes-Einstein equation. For
the purpose of this study, diffusion coefficients were converted to units of
cm?/day and, since our experiments were conducted at 4° C, the relationship
was corrected to this temperature using the Stokes-Einstein equation (Li and
Gregory, 1974):

D . = Dasechasec , 27715
4c 298.15 hgoo
[Eq. 3]
where D, = diffusion coefficient at temperature x
h, = viscosity at temperature x (Riley and Skirrow, 1975):
at4° C = 1.6427
at 25° C = 0.9473

The following noteworthy observations can be made:

(a) Diffusion of the organic molecules through mucus is inhibited, relative to
diffusion in free solution. Inhibition increases with increasing molecule size.
At the lower end of molecular sizes, the two calculated relationships
intersect at a size value of MW ~ 150, suggesting that this is the lowest limit
of the inhibition effect. Around and below this molecular size, the
difference in diffusivity through the two matrices is statistically insignificant;

(b) The diffusion coefficients through clean beads are slightly higher than those
predicted by the published relationship in distilled water;

(c) The slope of the logarithmic fit through the diffusion coefficients of the
clean bead treatments (-0.35) is closer to that predicted by the Stokes-
Einstein relationship (-0.33; Cornel et al., 1986), than that through distilled
water (-0.39; Burdige et al., 1992);

(d) The variability of diffusion coefficients through mucus around an average
value generally increases with increasing molecule size.
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Discussion

The main issue of note with using the diaphragm diffusion cell for the
measurement of diffusion coefficients is the fact that an accurate concentration
difference is required and not an accurate concentration per s¢ (Cussler, 1997).
This implies that analyses must be very reliable and give precision that allows
reliable detection of changes in concentration differences occurring during an
experimental run. In this set of experiments, analytical precision was good and
change in concentration difference high enough to allow accurate calculation of
diffusion coefficient ratios.

Another issue of concern with this experimental set-up is the uncertainty
surrounding the amount of mucus in each plug. There is no direct way of
knowing that the mucus-coated bead plugs used during experiments over a
two-year period contain a consist concentration of mucus and distribution
within the bead pore spaces. Indeed, even the actual identity of mucus is not
well known. There are some indirect ways to investigate how consistent mucus
application was. Porosities of the plugs were 0.456 + 0.019 (x 4 %), suggesting
that porosity was well replicated. Additionally, mucus-coated grains stained
with Alcian blue 8 GX revealed repeatedly the same general pattern: the plug
appears to consist of grains embedded in a fairly dense gel, with high
concentrations of the stained molecules intertangled with the grains. A third
indication of consistent mucus content may emerge from phenol-sulfuric acid
assays performed on plug samples collected throughout the study.
Concentrations of carbohydrates in plugs vary by 12 % through time, and part
of this variation is accounted for by the analytical error. Therefore, although
there is no direct way of assessing the constancy of plug properties, all indirect
indications available suggest comparable conditions throughout the series of
experiments.

Diffusion of Inorganic Solutes

It is evident that the viscosity of mucus and the relative impermeability
of burrow wall linings are inhibiting the diffusion of inorganic solutes relative
to seawater. The fact that burrow wall linings are more impermeable than
mucus suggests a direct impact of the lining microstructure on diffusion. The
dense fibrous mesh of apparently well ordered organic molecular chains
constituting linings (Figure 3) is more impermeable than the gelatinous
structure of a highly viscous, heterogeneous gel (Figure 2). The case for the
physical structure of linings being the primary inhibitor of diffusion is further
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supported by the fact that the diffusion coefficient ratios are almost the same
for the majority of the inorganic ions investigated, regardless of charge. In
addition, the results for mucus show a greater variability than those for linings
which may be accounted for by a heterogeneous distribution of the large gel-
forming macromolecules within grain interstices.

No obvious effect of charge on diffusion through either type of organic
matrices was observed. This finding differs from previous studies which
indicated enhanced inhibition of negatively charged ions through burrow
linings (Aller, 1983) and mucoid gels (Lee and Nichols, 1987).

The large variance of diffusion coefficient ratios for sulfate for P.
duplicatus mucus is unusual. Since ion pairs with calcium and magnesium are not
differentiated from free ions in these analyses, differential diffusion rates of
these different dissolved species might be the reason for this complication.
However, only approximately 10% of both of these cations are found in an
lonic complex with sulfate in seawater, the remainder being the free cation
(Stumm and Morgan, 1996). It is possible that a combination of heterogeneous
distribution of mucus in pores, coupled with charge inhibition causes the large
variance. It is worth noting that in the case of sulfate, mucus is on average
more inhibitory than linings, and that there is no apparent explanation that may
emerge for that from this study. Deviation from the predominant pattern is
also observed in the case of calcium where the two ratio averages are roughly
equal.

Diffusion of Organic Solutes

The diffusion of organic compounds is generally inhibited through
mucoid gels as compared to that through clean bead plugs. This corroborates
the basic findings of Dunn (1998), who examined diffusion through mucus of
bulk pore water DOC. Most importantly, a size-dependent effect is
demonstrated here. The inhibition of diffusion increases directly with solute
size. Evidence for such an effect was also found by studies in other fields but
involving similar organic matrices, such as pig gastric mucus (Desai and
Vadgama, 1991) and hydrogels used in DGT and DET techniques (Zhang and
Davison, 1999).

The increasing variability of measured diffusion coefficients around an
average value with increasing molecular size may be a consequence of the quite
heterogeneous distribution of clusters of the organic gel-forming
macromolecules. Smaller organic solutes are not as sensitive to this
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heterogeneity as faster diffusion rates mask its effect. Larger molecules,
however, diffuse more slowly, so the presence of more or less concentrated
regions of mucoid substances should cause a more readily detected influence
on net diffusion. However, no "filtering" effect is observed, i.e. a threshold
molecular size above which diffusivity is greatly inhibited. A threshold effect
was suggested by various studies of diffusion through gels and biofilms in the
past (Desai and Vadgama, 1991; Lawrence et al., 1994). For comparison, data
from one such study (Desai and Vadgama, 1991) are compared with the
present one to illustrate the difference (Figure 10). Whereas in the gastric
mucus study the average inhibition ratio is one order of magnitude greater by a
solute size of MW 6,000, in the case of gastropod pedal mucus the average
fluctuates between 2 and 6 up to a size of MW 70,000. The high variability and
average at one size (MW 35,000) appears to be an isolated case.

The elevated diffusion coefficients through clean bead plugs relative to
those predicted by the relationship published by Burdige et al. (1992) may be
explained by a difference in macromolecular conformation induced by the
presence of other ions in solution. Cornel et al. (1986) illustrated an increase in
diffusivity of humic acids by an order of one when ionic strength is increased
by an order of three (Figure 11). The same study observed the same, albeit
milder, effect for polystyrene sulfonates, but no such effect for uncharged
molecules. This effect was conclusively attributed to coiling of these molecules,
after the charges of various attached groups are neutralized by the ions present
in solution. Conformation effects were also illustrated by comparative elution
experiments of humic acids in solutions of different ionic strengths (Chin and
Gschwend, 1991). Theoretically, if another measure of size were used, e.g.
hydrodynamic radius rather than MW per se, the two relationships should be
identical. This finding suggests that diagenetic flux calculations using the
relationship for diffusion by Burdige et al. (1992) from measurements in
distilled water are likely to be in error for particular subsets of DOC, and that
lonic strength need to be accounted for.

Conclusions

The presence of organic biogenic matrices inhibits the diffusion of
organic and inorganic solutes, the effect being more pronounced in fibrous
burrow wall linings than in mucoid gels. This finding suggests a structural semi-
permeability effect on DOC diffusivity. This study does not demonstrate a
charge effect on diffusion (other than perhaps the case of sulfate), thus
contradicting previous reports. In contrast, published studies are corroborated
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by the findings of this one with regards to the size-dependent inhibition of
diffusion. Inhibition increases with increasing size, but no threshold "filtering"
effect was found up to MW 100,000. Finally, organic solute diffusion is
enhanced in seawater relative to patterns predicted by relationships derived
from distilled water diffusion experiments, due to changes in the conformation
of organic macromolecules in electrolyte solutions.
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