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Abstract

We demonstrate the fast transfer of suspended particles from the boundary layer into the upper strata (z <
4 cm) of permeable sediments with topography-related interfacial water flows. The transport is driven by
pressure gradients (A P < 3 Pa) generated when bottom flows (# =< 10 cm s~!) are deflected by small surface
structures (z < 3 cm) of hydrodynamical or biological origin. Acrylic pigment grains of 1- and 10-um diameter
traced the intrusion of particulate matter into sandy sediment (k > 2x 10~!! m?) incubated in a laboratory
flume. Increased pressure up- and downstream of small mounds (z = 2.5 cm) drove water 5.5 cm into the
core, carrying suspended particles (1 um) to 2.2-cm sediment depth within 10 h. Simultaneously, decreased
pressure at the downstream slope of the protrusions drew pore fluid from deeper layers (z < 10 cm) to the
surface. In the sediment, friction reduced the velocity of the particulate tracers, resulting in size fractionation
and layers of increased particle concentration. Ripple topography (0.8-2.8 cm high) enhanced interfacial
particle (1 um) flux by a factor 2.3 when compared to a level control core. The pathways of the particle and
solute tracers below a sediment ripple are explained with a source-sink model that describes the pore flow
velocity field. Our results suggest that bedform-induced interfacial flows are important for the uptake of

particulate organic matter into permeable shelf sediments.

In shelf environments, up to 50% of the primary pro-
duction can settle through the water column (Riley 1956;
Jorgensen et al. 1990). Most of this particulate organic
material (POM) is mineralized in the sediment, and its
decomposition products are returned to the water column
(Canfield et al. 1993; Nedwell et al. 1993). The seabed
thus acts as a site of substantial nutrient recycling (Berner
1980).

The transfer of suspended particulate matter into sed-
iments involves two steps: the removal of the suspended
matter from the boundary layer and the transport of the
particles into the sediment. Gravitational settling (Deuser
et al. 1981), filtration activities of benthic animals (Har-
grave 1976; Risk and Moffat 1977), and aggregation at
the sediment-water interface (Stolzenbach et al. 1992)
withdraw particles from the bottom water. Progressing
sedimentation (Smetacek et al. 1978), lateral sediment
flows (Jenness and Duineveld 1985), and bioturbation
(Huettel 1990; Boudreau 1994) then transfer the depos-
ited materials from the aerobic interface to deeper, pos-
sibly anaerobic sediment layers.

In addition to these sedimentological and biological
processes, we propose that a hydromechanical mecha-
nism may enhance the transfer of suspended particles into
permeable marine sediments. The driving forces for this
transport are pressure gradients generated when boundary
layer flows interact with sediment topography.
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Soft seabeds are characterized by a variety of surface
structures of biological, hydrodynamical, or geological
origin. Foraging benthic organisms create mounds, fun-
nels, and trails, while current-induced lateral sediment
transport generates ripples on the beds (Heezen and Hol-
lister 1971; Smith et al. 1993). Despite its relatively small
size (most of these structures do not exceed 5 cm high),
this topography affects existing bottom flows.

On the shelf, the water overlying the sediment rarely
is stagnant. Wind, waves, tides, and density gradients
generate water currents that reach the shelfbed (Davies
1993; VanWeering et al. 1993). The resulting bottom flows
are deflected by seabed topography. Flow obstruction by
structures protruding from the sediment surface causes
pressure increase at the slopes opposing the flow. Pressure
decreases where the flow accelerates as it passes over the
elevated structures (i.e. the Bernoulli principle, Batchelor
1967; Schlichting 1987) (Fig. 1). In sediments with per-
meabilities £ > 2x10~!! m? (permeability k = Ku/pg,
where K is hydraulic conductivity, u is dynamic viscosity,
p is density, and g is gravity), the resulting horizontal
pressure gradients produce fluid transport across the sedi-
ment-water interface and related pore-water flows (Huet-
tel and Gust 1992).

Wave-induced oscillating bottom currents as well as
river and tidal flows have been shown to generate such
advective pore-water circulation in sediments with to-
pography (Webb and Theodor 1968; Thibodeaux and
Boyle 1987; Savant et al. 1987). In flume experiments,
flow over sandy sediment with simulated biogenic surface
structures increased interfacial fluid exchange up to 7-fold
(Huettel and Gust 1992). The question arises whether
these interfacial fluid flows contribute to the flux of par-
ticulate organic matter. In this article, we investigate the
cotransport of fluid and particles through the sediment—
water interface caused by interaction of bottom flows and
sediment topography.
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Fig. 1. Water flow (thin lines), deflected by protruding to-

pography, produces pressure changes (thick line) at the sedi-
ment—-water interface.

Methods

Three laboratory flume experiments with permeable
sediments were designed to assess the intrusion of tracer
particles at small mounds and depth range of the advec-
tive transport processes with time (Exp. 1), the extent of
the advective transport processes for different sized par-
ticles caused by mounds of different heights (Exp. 2), and
the enhancement of particulate matter flux due to ripples
on the sediment surface (Exp. 3).

The recirculating flume used for these experiments was
made of clear acrylic and had an open-channel section
200 cm long, 30 cm wide, and 12 cm high. A drop box,
located 90 cm downstream in the channel, contained the
experimental sediment core (60 cm long, 30 cm wide, 20
cm deep). The sediment consisted of either sieved quartz
sands or natural beach sand (Table 1). The permeabilities
and the retardation factors of the particulate tracers in
these sediments were determined with a constant head
permeameter, as described by Means and Parcher (1964).
The ratio of the particle velocities and fluid velocity in
the permeameter column yielded the retardation factors.

Before each experimental run, the sediment was com-
pacted by applying low-frequency vibrations, and the sur-
face was carefully smoothed. Then the small mounds (Exp.
1 and 2, Fig. 2) or ripples (Exp. 3; ripple heights, 0.8-2.8
cm; wavelength, 10-15 cm) were built on the surface.

Direction of flow
>

Experiment 1

30 cm

A
v

60 cm

Fig. 2. Positions and dimensions of the mounds in experi-
ments 1 and 2. Rectangles represent the sediment surfaces seen
from above; circles indicate the mound locations (h = height;
d = diameter).

The flume was filled with 160 liters of freshwater. Cool-
ing coils in the return pipe of the flume held the water
temperature at 20°C. An axial pump, controlled by a flow
sensor (MiniWater 2, Schiltknecht), recirculated the water
at the selected flow velocity of 10 cm s~! at 8 cm above
the sediment. The water depth of 10 cm above the sed-
iment core was maintained by adjusting the flume tilt and

Table 1. Characteristics of the sediments used for the flume experiments.
Grain size (um)
st 3rd Permea-
quartile quartile  bility
(wt) (wt) (k, x Porosity
Sediment type Median Ql Q2 10~ m?) (% of vol)
Exp. 1
Sieved sand (quartz) 250 220 270 4.5+0.1 16.4x34
Exp. 2 and 3
White unsieved beach sand (quartz) 300 210 390 2.9+0.1 19.4%+39
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Fig. 3. Flow velocity profiles recorded at a mound 2.0 cm high (slopes 30°). The sediment

consisted of quartz sand (median diam, 250 um). Error bars indicate standard deviations (n

=35).

the height of a weir at the end of the open channel section.
Flow velocity profiles above the smooth surface and to-
pography were measured with thermistors (LaBarbera and
Vogel 1976). A sensitive differential pressure gauge (Effa
Ga 63) connected to gauze-covered pressure ports located
0.5 mm below the sediment surface recorded the pressure
differential between protruding topography and the level
sediment surface (Huettel and Gust 1992).

To trace particle transport into the sediment, we added
nonsoluble acrylic pigment grains (black: 1£0.8 um, p =
1.48 gcm~3, 10° ml~!, Exp. 1, 2, 3; blue: 10£7 um, p =
1.45 gcm—3, 10* ml—!, Exp. 2) to the flume water at the
beginning of the experiments. Interfacial solute transport
was traced with the fluorescent red dye, Rhodamine WT
(3.5 um), mixed either into the pore water of the sediment
core (Exp. 1) or into the recirculating flume water (Exp.
2 and 3). In experiment 2, the pore water of two horizontal
sediment layers, the upper at 7-9-cm depth, the lower at
13—-15-cm depth, were also stained with Rhodamine to
trace pore fluid transport at depth.

The intrusion of particles and fluid into the sediment
could be observed through the transparent side walls of
the flume. Time-lapse photography and video recordings
documented the progress of the advective transport pro-
cesses and permitted the calculation of their velocities.
The concentration decrease of tracers in the recirculating
flow was monitored by spectrophotometrical analysis of
water samples. Experiment 1 lasted 120 h, experiment 2,
16.5 h, and experiment 3, 5 h.

At the end of the experiments the water was drained.
Sequential removal of 2-mm-thick horizontal layers of
sediment from the core with a vertically adjustable sharp
blade revealed the solute and particle pathways inside the
sediment. After experiment 2, we digitized the picture of
each exposed layer and separated the RGB signals (red,

green, blue value of each pixel) to outline the zones af-
fected by the different tracers. The line was drawn where
the respective color intensity exceeded that of the average
background value for that color. With these outlines, the
program MacStereology (Moss 1993) reproduced a tiiree-
dimensional transparent view of the tracer intrusion zones
and calculated their depths, surface areas, and volumes.
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Fig. 4. Pressure gradients measured at mounds of different
heights (slopes 30°) at selected flow velocities. The pressure ports
were located below the top and at the upstream edge of the
elevations. Water depth was 10 cm.
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Table 2. Experiment 1. Intrusion of fluid and 1-um particles into sandy sediment caused
by mounds on the sediment surface. Table lists the fluid intrusion areas (cm?), maximum
penetration depths (cm) of fluid and particles, and the volumes (cm?) of the intrusion zones.
Sediment volumes affected by fluid or particle intrusion at the half~-mounds built close to the
side walls were multiplied by 2. Therefore, the calculations for the level surface (last row) are
based on an extended sediment surface area of 60x50 cm = 3,000 cm?. Flow velocity, 10
cm s~!; duration of the experiment, 5 d.

Intrusion zones

. Fluid 1-um particles
. Mound (cm) . Flulfi
Location of " 7 intrusion Max. Max.
intrusion zone Ht Diam area depth Vol depth Vol
Upstream
mound center 2.0 8.1 148.0 9.0 853.0 2.6 98.5
mound side 1 22 8.6 173.2 10.5 925.0 2.8 120.9
mound side 2 2.5 9.7 228.6 12.0 1,149.0 3.1 156.0
Downstream
mound center 2.0 8.1 177.6 5.5 401.0 2.2 55.8
mound side 1 22 8.6 259.8 5.8 419.0 2.3 63.7
mound side 2 2.5 9.7 297.2 6.8 558.0 . 2.4 72.4

Avg depths or total volumes

mound center 2.0 8.1 325.6 7.3 1,254.0 2.4 154.3

mound side 1 22 8.6 433.0 8.2 1,344.0 2.6 184.6

mound side 2 25 9.7 525.8 9.4 1,707.0 2.8 228.4
Level surface

area unaffected by

pressure gradients 0.0 0.0 1,715.6 0.5 857.8 0.2 343.1

Fig. 5. Experiment 1. Intrusion of black particles into permeable sandy sediment at a
mound 2.2 cm high. iP1 —Intruding 1-um particles; iW —intruding water; uS —upwelling solute
(red pore water). White arrows indicate the observed flow trajectories of pore fluid. Flow
velocity was 10 cm s—!; duration of the experiment was 5 d. (Thick horizontal “bar” is the
upper rim of the acrylic box containing the sediment core).
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Results

The flume flows—With Reynolds numbers of Re =
12,000-19,200, our open channel flow was turbulent [Re
= 4Hup/u (Giles 1976), where hydraulic radius (H) is
0.06 m, average velocities (¢) are 0.05-0.08 m s~ !, density
(p) is 1,000 kg m—3, and dynamic viscosity (u) is 1 x 103
kg m~! s~!]. The length of the channel did not allow full
development of the boundary layer at the selected free-
flow velocity of 10 cm s~! and 10-cm water depth. Ve-
locity profiles measured above the smooth control core
indicated that the thickness of the boundary layer grew
from 4 cm at the upstream end to 5 cm at the downstream
end.

Internal boundary layers created by the protruding
structures dominated the flow regime over the surfaces
with topography. The velocity profiles depicted in Fig. 3
reflect reduced flow speeds with enhanced turbulence up-
and downstream of the mound and accelerating flows
above the protrusion. This acceleration caused a pressure
decrease at the top of the mound (e.g. by 1.2 Pa for a
mound 2.2 cm high exposed to a current velocity of 10
cm s~!, Fig. 4). The resulting pressure differentials altered
the hydraulic gradients within the core, thereby gener-
ating advection across the sediment—water interface.

Results of experiment 1—Our first experiment dem-
onstrates the fast transport of suspended acrylic particles
into permeable sediment with the topography-related in-
terfacial fluid flows (Table 2, Fig. 5). Immediately after
starting the flume flow, a color change in the upstream
slope of the mounds and the sediment areas up- and
downstream adjacent to the protrusions revealed fluid
intrusion into the stained core. Visible penetration of
black particles could be detected in these areas after only
2 min.

Intruding fluid moved faster through the interstices than
did the particles. The ensuing filtration process separated
clear flume water and black pigment grains, generating
two distinct fronts moving at different velocities through
the sediment. At the tallest mound (2.5 cm), we measured
initial (0O-60 min) vertical intrusion velocities of 2.5 cm
h~! for the fluid and 1.3 cm h~! for the 1-um particles.
After an initial phase (0-10 h) of fast tracer penetration,
the fluid and particle fronts progressed at low velocities
continuously deeper into the sediment. Ten hours into
experiment 1, intruding fluid had reached a sediment
depth of 5.5 cm and particles had reached 2.2 cm; ve-
locities decreased to 0.3 cm h~! for fluid and to 0.1 cm
h~! for particles (Fig. 6).

In contrast to the smooth front produced by the in-
truding water, the particle fronts were uneven. The pig-
ment grains funnelled through the largest interstitial spac-
es, producing fine particle streaks that followed the
streamlines of the advective pore-water flows. These
streaks showed that the tracers followed a curved path

from the up- and downstream intrusion areas to the

downstream slope of the mound (Fig. 5). From the latter
area, a continuous flow of red pore fluid emerged during
the entire span of the experiment.
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Fig. 6. Experiment 1. The vertical progress of the intruding
water and particle (1 um) fronts upstream from a mound 2.5
cm high vs. time. Water front—@; particle front—V.

At the end of the experiment (day 5) the advective
processes had not attained a steady state. The intruding
fluid front was still progressing deeper into the sediment
atarate of 0.02 cm h~!, and the particle front had slowed
to 0.002 cm h~! (2.5-cm mound). Newly intruding par-
ticles accumulated in the zone already blackened by pig-
ment grains. Fluid and particle penetration depths up-
stream of the 2.5-cm mound had reached 12 and 3.1 cm,
respectively (Table 2). In the areas of the core unaffected
by pressure gradients, the intrusion of tracers by vertical
diffusion did not exceed 0.5 cm for fluid and 0.2 cm for
particles. The final dissection of the core revealed that
~13% of the sediment volume that had been percolated
by the advective flows (1,707 cm?3, 2.5-cm mound, Table
2) was stained by black particle grains (228 cm?).
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Table 3. Experiment 2. Intrusion of red solute, 1-um particles, and 10-um particles into sandy sediment caused by mounds on
the sediment surface. Table lists the fluid intrusion areas (cm?), the maximum penetration depths (cm) of tracer and particles, and
the volumes (cm?) of the intrusion zonegs. Sediment surface area, 3,000 cm? (see Table 2). Flow velocity, 10 cm s~!; duration of
the experiment, 16.5 h.

Intrusion zones

. Solute tracer 1-um particles 10-um particles
Mound (cm) Fluid
Location of _Vound M)  jntrusion Max. Max. Max.
intrusion zone Ht Diam area depth Vol depth Vol depth Vol
Upstream
small mound center 0.5 2.4 5.5 1.0 2.3 0.8 0.8 0.0 0.2
small mound wall 1.0 6.4 335 2.0 19.5 1.0 10.9 0.5 5.1
mound center 2.0 7.9 135.6 3.3 245.2 1.5 43.9 0.5 11.3
mound wall 2.5 9.1 208.0 4.5 465.6 2.3 84.4 0.8 18.1
Downstream
small mound center 0.5 2.4 5.5 1.0 2.3 0.5 0.8 0.0 0.0
small mound wall 1.0 6.4 40.2 2.0 35.5 0.8 3.8 0.3 3.5
mound center 2.0 7.9 210.6 3.8 240.1 1.5 54.6 0.3 5.3
mound wall 2.5 9.1 291.2 4.3 346.7 1.5 46.5 0.3 5.8
Avg depths or total volumes
small mound center 0.5 2.4 11.0 1.0 4.5 0.6 1.5 0.0 0.2
small mound wall 1.0 6.4 73.7 2.0 54.9 0.9 14.7 0.4 8.6
mound center 2.0 7.9 346.2 35 485.2 1.5 98.5 0.4 16.6
mound wall 2.5 9.1 499.2 4.4 812.3 1.9 131.0 0.5 23.9
Level surface
Area unaffected by
pressure gradients 0.0 0.0 2,069.9 0.2 414.0 0.1 207.0 0.04 82.8

Fig. 7. Experiment 2. Tracer intrusion into sandy sediment at a mound 2.5 cm high.
iP10—10-um particle intrusion; iP1 —intruding 1-um particles; iS—intruding red solute; uSu—
upwelling red solute, upper layer; uS1 —upwelling red solute, lower layer. Curved lines indicate
locations of the intruding tracer fronts after 16.5 h. Straight parallel lines show the initial
positions of the stained pore-water layers at 7-9- and 13-15-cm sediment depth. Flow velocity
was 10 cm s™1.
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tracer fronts (10-um particles—<{>; 1-um particles—V) recorded for the 2.5-cm mound. Up-
welling velocities (middle graph) could be measured only for red solute.

Results of experiment 2 —The second experiment dem-
onstrated the impact of topography height and particle
diameter on the advective transport processes (Table 3).
The black pigment grains (1 um, retardation factor 0.7)
moved faster through the interstices than did the blue
ones (10 um, retardation factor 0.2), resulting in particle
separation (Fig. 7).

In the upper sediment layer (0-0.3 cm), the vertical
velocities of the resulting tracer fronts ranged from 3.3
cm h~! for the solute to 0.5 cm h~! for 1-um particles
and 0.1 cm h~! for 10-um particles (at 2.5-cm mound,
Fig. 8). The pressure decrease at the downstream slope
of the mound drew the red-dyed pore fluid layer, initially
at 7-9 cm depth, to the sediment surface within 16 h.
Upwelling solute velocities reached 1.2 cm h~! in the
upper sediment layer (Fig. 8). Pore-water flows connect-
ing intrusion and emergence zones produced horizontal
velocities of 0.8 cm h~! at 1-cm sediment depth.

Horizontal slicing of the sediment core at the end of
the experiment (total duration, 16.5 h) revealed the three-
dimensional extent of the tracer intrusion zones at the
four different mounds. Computer-aided transparent re-
construction of the core (Fig. 9A) demonstrates the im-
pact of the advective transport processes on the distri-
bution of solutes and particles within the sediment. The
downstream intrusion zones are more elongated than the
upstream, approximately circular, intrusion zones (Fig.
9B). Figure 9C depicts the cone-shaped deformation of
the upper horizontal stained pore-water layer caused by
upwelling.

Analysis of the sliced core showed that the depth of
tracer intrusion increased linearly with mound height (Ta-
ble 3, Fig. 10). Maximum depth of particulate tracer pen-
etration upstream of the 2.5-cm mound was 2.3 cm for
the 1-um particles and 0.8 cm for the 10-um particles;
the solute penetrated to 4.5-cm depth.

Forty-five percent of the sediment surface was affected

by the intruding water flows induced by the four mounds.
The area affected by the pressure gradients at a given
elevation increased exponentially with height and grew
from 11 cm? at the mound 0.5 cm high to 499 cm? for a
mound 2.5 cm high (Table 3, Fig. 10). A single mound
caused fluid staining in 4.5-812 cm? of sediment, de-
pending on its size. The sediment volumes containing
tracer particles reached 4% (10-um particles, total 49 cm?3)
and 18% (1-um particles, total 246 cm?3) of the volume
percolated by red solute (1,357 cm?, Table 3, Fig. 10).

Comparison of tracer intrusions at the different mounds
showed that side-wall effects, which reduce the flow ve-
locity close to the acrylic walls of the flume, had no sig-
nificant impact on tracer penetration into the core (Table
3, Fig. 9).

Results of experiment 3—Sediment topography, rep-
resented by sand ripples, enhanced the interfacial flux of
acrylic particles. Red flume water and black pigment grains
(1 pm) intruded into the core in the ripple valleys and
increased the sediment volume with tracer by a factor of
2.1 (solute) to 2.2 (particles) compared to a level control
core (Table 4, Fig. 11).

The tracer concentration decrease in the flume flows
reflected the advective removal of particulate matter from
the boundary layer (Table 4, Fig. 12). During the first
hour, the concentration of 1-um particles in the water
over the rippled bed decreased 2.3 times faster than in
the control run. The apparent solute flux, measured as
the decrease of Rhodamine concentration in the water,
was enhanced by a factor of 1.9. This smaller factor is
explained by recycling of pore fluid. Dye that intruded
the sediment was partly released at the downstream slope
of the ripples during the experiment. Intruding pigment
grains did not reach the emergence areas during the ex-
periment.



Fig.9. Experiment 2. A. Three-dimensional transparent view of the sediment core showing
tracer intrusion zones and pore-water upwelling. The core was reconstructed from digitized
pictures of 2-mm-thick horizontal sediment slices. Sediment areas with tracers are color coded:
iP10 (blue)—intruding 10-um particles; iP1 (black)—intruding 1-um particles; iS (pink)—
intruding red solute; uSu (orange) —upwelling red solute, upper layer; uSl (red/blue)—upwelling
red solute, lower layer. B. Detail of the 3-D view shown in panel A. Sediment surface of the
core seen from below with the intrusion zones of solute (iS) and particles (iP10 and iP1). C.
Detail of the 3-D view shown in panel A. The upper red pore-water layer (uSu) seen from
below with upwelling zones underneath protruding surface structures.
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Fig. 10. Experiment 2. Depths, surface areas, and volumes of sediment affected by in-
truding tracers. Solute —@; 1-um particles—V, 10-um particles— 4. R2 values for regressions:
upper graphs—solute > 0.99, 1 um > 0.95; 10 um > 0.70; middle graphs—solute > 0.99; 1
wm > 0.99; 10 um > 0.90. Sizes of the areas of tracer intrusion were measured 2 mm below

Table 4. Experiment 3. Intrusion of solute and 1-um particles into sandy sediment cores
with rippled or smooth surface. Table lists the maximum penetration depths of intruding
tracers (cm) and the volumes (dm? m~2) of sediment with solute and particle tracers at the
end of the experiment. The fluxes (solute, liters m~2 h~!; particles, mg m~2 h~!) were calculated
from the tracer decreases in the flume water. Flow velocity, 10 cm s~!, duration of experiment,

5h.

Intrusion zones

Solute tracer

1-um particles

Max. Sediment Initial Max. Sediment Initial
Tested surfaces depth vol flux depth vol flux
Ripples
(ht 0.8-2.8 cm) 8.7 24.8 6.8 2.7 4.1 215.4
Level
(roughness < 0.3 cm) 1.1 11.8 35 0.2 1.9 95.4
Ratio 7.9 2.1 1.9 13.5 2.2 2.3
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Fig. 11.

Discussion

The size distribution of suspended matter in ocean wa-
ters reveals that the deposition and mineralization of small
particles are significant processes of geochemical cycling
in marine sediments. About a third of the total organic
C in seawater may be colloidal and <1 um (Sharp 1973;
McCave 1984a). Up to 60% of the particles >1 um in
surface waters are between 1 and 10 um, and only 10%
may be >100 ym (Mullin 1965). With settling velocities
of <1 m d—! (McCave 1984b), deposition modes other
than simple sedimentation gain importance for the in-
corporation of small particles into the seabed.

Our experiments demonstrate that boundary-layer flows
can interact with surface topography to remove small
particles from suspension and transport them into per-
meable sediments. The lift force created by protruding
surface structures is a consequence of the pressure gra-
dients that drive water and suspended particles into and
out of the seabed. This lift force (/;) at a protrusion is
given by

F. = CyL (pu?/2)A.

Cy is the lift coefficient, p the density, u the flow velocity
at height of the protrusion, and 4 the surface area exposed
to the flow.

If we use a lift coefficient of 0.30-0.47 (for hemispheric
objects similar to our mounds, Vogel 1981; Middleton
and Southard 1984), the lift force at the 2.5-cm mound
is 7-10X103 N(p=1x103kgm=3; u=0.08 ms~!; 4
= 6.9 x 1073 m?). Dividing this force by the surface area
exposed to the flow yields a pressure drop of 1.0-1.5 Pa

Experiment 3. Intrusion of 1-um particles at a sediment ripple (2.8 cm high).
Arrows indicate direction of the particle streaks following the streamlines of the advective
pore-water flows.

at that mound, which agrees with our flume measure-
ments (Fig. 4).

Darcy’s law relates the pore-water transport velocity
(g) to the pressure (P) that forces water through a sediment
of known permeability (k) (Batchelor 1967):

q = k1/u(P/L).

w is the dynamic viscosity and L the length of flow path.
If we assume a flow path of 10 cm (length of a curved
path connecting the center of the intrusion areas to the
center of the upwelling area), the calculated average trans-
port velocity (g) is 0.10-0.16 cm h—! (A P = 1.0-1.5 Pa;
k=29x10""m? u=1x10"3kgm~!s~!). Much higher
velocities (up to 1.2 cm h~!) were reached near the surface
in close proximity to the high and low pressure centers
at the mound (Figs. 1, 8), which is explained by the struc-
ture of the velocity field in the sediment (see below).
For mounds with 30° slopes the size of the sediment
area where upwelling red pore fluid stained the surface
of'the core (downstream slope of the mounds and adjacent
sediment areas) was similar to the base area of these
mounds (e.g. 58 cm? for the mound 2.5 cm high). The
interstitial space where fluid is actually exuded was about
a third the size (36 =3%) of these stained surfaces. With
a measured upwelling velocity of 1.2 cm h~!, the 2.5-cm
mound released 25 ¢cm3 h~!. With an abundance of 50
biogenic mounds per m?, as found in intertidal sandflats
along the German North Sea coast (Huettel 1990), pore
water would be released at a rate of 1,250 cm3 m—2 h!
or 30 liters m~2 d~! (the sediment permeability, flow
speeds, and dimensions of mounds in these intertidal
sand flats are similar to those in our flume experiments).
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The release of pore water at a protrusion was balanced
by the same volume of bottom water entering the sedi-
ment upstream and downstream of the surface structure.
These interfacial flows removed particles from the bound-
ary layer as suspended pigment grains intruded into the
sediment along with the fluid. This cotransport is a con-
sequence of coupling between the suspended grains and
the intruding fluid motion. At particle Reynolds numbers
of4.1x1075-4.2x10%(Re = uLp/uwhereu=2.8x 10~
ms~!, L=1and 10x10-° m and p = 1,480 and 1,450
kg m~3 for black particles and blue particles, respectively,
and u = 1x1073 kg m~! s7!), gravity and inertia have
little impact on the pathway of the suspended grains, and
their motion is mainly governed by the transporting fluid
(Purcell 1977). This assumption is justified by our ob-
servation that the large and small tracer particles moved
along the same streamlines through the sediment as the
solute tracer.

The directions and velocities of fluid flows through the
interstitial space are controlled by the pressure field caused
by flow deflection at the protruding surface topography.
With the simplifying assumptions that the flow is steady
and irrotational and that the sediment is homogenous,
we can generate a scalar function (¥)—the velocity po-
tential —which allows us to calculate the streamline vec-
tors at a given location (X) in this flow field.

To model the approximate pore-water flow field as-
sociated with the pressure disturbance at a sediment rip-
ple, we placed two line sources at the high-pressure centers
(approximate centers of eddies up- and downstream of
the ripple, 1 cm above the surface, Figs. 1, 13) and one
line sink at the center of the low-pressure zone (down-
stream slope of the ripple, Fig. 13). A line source is con-
sidered to be a line of infinite length running in the z
direction (in our case parallel to the ripple) that emits
material at the same rate in any direction of the x-y plane.
Analogously, the line sink collects material from all di-
rections (Batchelor 1967; Williams and Elder 1989).
Combination of the two line sources and the line sink
generates the flow field, where the fluid volume emitted
by the two sources equals the volume collected by the
sink. For this two-dimensional model, only the lower part
of the flow field extending into the sediment is of interest.

The velocity potential ¥ for the line source is given by

Poource = —(Qsource/m)In r  (Williams and Elder 1989).

QOsource 1S the volume of fluid emitted per unit time per
unit length of the line source and r the distance of a point
X from the source. The velocity components (i, v) at the
point of interest are given by

—0P/6x = (Qsource2/m)(x/r?) and

—8P/6y = (Qsource 2/m)(V/12).
Analogously for the line sink,

<‘osink = (QsinkZ/ 7(')111 r,
—0P/0x = —(Qgnc 2/T)(x/r?),
—0P/0y = —(Qnk 2/m)Y/7?).

Usource =

Vsource =

Ugne = and

Vsink =

N
o

10

solute flux (liters m-2 h-1) sediment with tracer (dm3 m-2)
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(1-Y z-w Bw) xny4 sjoiued

Fig. 12. Experiment 3. Upper graph shows the sediment
volumes affected by intruding solute (O, @) and 1-um particle
(V, ¥) tracers under a level (open symbols) or rippled (2.8-cm
ripple height, solid symbols) sediment surface. Lower graph
depicts the fluxes calculated from tracer concentration decreases
in the flume water. Duration of the experiment, 5 h.

By adding the velocity potentials for the two line sources
and the line sink, we obtain the velocity potential for the
velocity field under the ripple:

(psourcel + sosmk + sosource 2
with the velocity components

(pripple =

uripple = Usource 1 + Usink + Usource 2 and

vripple = Vsource 1 + Vsink + Vsource 2+

The volume of fluid intruding into the sediment at the
selected ripple (2.8 cm high) was calculated from the de-
crease of tracer concentration in the flume water [i.e. (ini-
tial flux rippled bed — initial flux level bed) x (sediment
volume with tracer at 2.8-cm ripple/total sediment vol-

ume with tracer at all ripples)]. In accord with the ratios
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Fig. 13. Location of the sources and sinks used to model the velocity field. Only the lower
part of the field is used to calculate flow trajectories.
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Fig. 14. A. Pore-water velocity vectors generated with the
source-sink model for the flow field at a ripple 2.8 cm high. B.
Flow trajectories of red solute and the black particle (1 um)
accumulation zones in permeable sand at a 2.8-cm ripple cal-
culated from the velocity vectors. The upper trajectories show

the pathways of intruding solute and particles (shaded area); the
lower ones trace the movement of the pore fluid at depth.

of sediment volumes percolated by solute tracer upstream
and downstream of the ripple, this volume was divided
between the two sources in a ratio of 1.2 to 1. When
calculating Q, only the lower part of the flow field was
used.

Figure 14A shows the pore-water velocity field at a
ripple 2.8 cm high predicted by the source-sink model.
The velocity vectors show the upwelling of the pore water
under the ripple and the water intrusion upstream and
downstream. In the upwelling zone, the vertical pore fluid
velocities reach 1 cm h~!, which agrees with the velocities
we observed. The diagram shows that the horizontal ve-
locities in the upper sediment layer, close to the edges of
the protrusion, reach values comparable to the highest
vertical water movements. The recorded velocities of hor-
izontal tracer flow through the flume sediments reached
0.8 cm h~!. Topography-related advective pore-water
flows thus enhance lateral transport in the sediment to a
degree similar to the vertical transport.

The flow-trajectory plot (Fig. 14B) computed with the
velocity vectors reproduces the pore-water flow pattern
observed in the ripple experiment. Observed particle
streaks (Fig. 11), which traced the pore-water streamlines,
confirm the calculated trajectories connecting the intru-
sion areas and the emergence area. We used the retar-
dation factor for the 1-um pigment grains to calculate the
theoretical particle intrusion zones for the flow field gen-
erated by the 2.8-cm ripple (Fig. 14B). The modeled pen-
etration depth of the tracers reaches 2.0 cm after 5 h. This
is smaller than the penetration depth measured in the
flume core (2.7 cm), suggesting an additive effect of neigh-
boring ripples.

In experiment 2, size-dependent retardation separated
black (1 pm) and blue (10 um) pigment grains, producing
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tracer fronts that moved at different velocities through
the interstitial space. The pressure field creates a gradient,
with pore-water velocities decreasing inversely with dis-
tance from the centers of the high pressure and low pres-
sure (Figs. 13, 14). Pigment grains accumulate where the
fluid velocity drops below the threshold necessary to over-
come the retention forces acting on the moving particles.
Concentric layers of particle accretion form around the
intrusion areas. These layers decrease the permeability of
the sediment and result in a feedback process that pro-
motes particle accumulation. Percolated perpendicularly
by the advective pore-water flows, these layers may pro-
duce zones of enhanced microbial decomposition activ-
ities.

The optimal particle size for transport through per-
meable sediment can be predicted by the theoretical min-
imum of the collector efficiency of the porous medium
(Rajagopalan and Tien 1976). For the sands we used, this
optimal size was 0.5—1 um, similar to the size of our black
particles. Most of the particulate material in seawater thus
may fit into the size range (0-2 um, see above) that can
be carried into sandy sediments with interfacial suspen-
sion flows. Because it ranges from a fraction to a few
micrometers, the size of bacteria is ideal for transport
through the interstitial space of sandy coastal sediments.
Martin and Noonon (1977) and Sinton (1980) showed
that bacteria can be carried over several hundred meters
through permeable sediments with groundwater flows.
For particles <0.5 um, the chances of being caught grow
because Brownian motion and with it the likelihood that
particles will contact stationary surfaces increase (Shi-
meta 1993).

Along with density and size, the surface characteristics
of the particles also affect their transport through the in-
terstitial space. When a particle collides with a stationary
sediment grain, the physical, chemical, and biological
properties of the contacting surfaces determine whether
the particle is reversibly adsorbed or permanently caught
(Harvey et al. 1993). Exopolymers secreted by bacteria,
algae, or benthic animals produce coatings on the sand
grains that bind particulate matter and reduce sediment
permeability (Dade et al. 1990; Yallop et al. 1994). Ion
exchange and electrostatic interactions cause adsorption
and desorption (Wang and Lee 1993). As a consequence
of these processes, up to 90% of the particulate organic
matter in coastal sediments is adsorbed to the inorganic
surfaces of sand grains (Suess 1973; Mayer et al. 1988;
Keil et al. 1994).

Sorption makes the penetration depth of particulate
material, in contrast to that of an inert solute, dependent
on particle concentration in the intruding suspension. For
our tracers, sorption was negligible, and high concentra-
tions of pigment grains in the water confirmed that par-
ticle concentrations were never a limiting factor.

The ecological relevance of advective interfacial par-
ticle transport is related to sediment permeability and the
organic particle load of the bottom water. In our exper-
iments, significant particle transport by current-induced
pore-water flows was restricted to sediments with per-
meabilities exceeding 2 x 10~!! m2. Typically, such sed-

iments are found on the shelf, where strong wind, wave,
or tide-driven currents frequently resuspend the upper
sediment layers (Johnson and Stride 1969; Nittrouer and
Wright 1994).

After redeposition, advective transport may provide a
fast initial pathway for particulate matter into the seabed.
Similar to a filtration process, the topography-related in-
terfacial fluid flows remove suspended matter from the
bottom water, loading the winnowed sediment layers with
fresh degradable particles. In contrast to simple deposi-
tion, the advective flows transport organic matter through
the sediment-water interface, providing a fast pathway
for energetically rich particles into deeper sediment strata.
By increasing the flux of organic matter and electron ac-
ceptors into the sediment and enhancing the release of
decomposition products from the bed, this hydrome-
chanical process may promote sedimentary mineraliza-
tion and nutrient recycling. We conclude that topography-
related interfacial particle transport can be a key process
for organic matter uptake and cycling in seabeds with
sandlike permeabilities.
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