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Abstract To gain insight into the process of sedimentation occurring when clay-laden estu-
aries and deltas enter marine water, we perform laboratory experiments to measure the settling
rate of initially unflocculated kaolin clay in fresh and salt water. In fresh water, sedimentation
is a slow process with the clay particle concentration gradually decreasing nearly uniformly
over hours, consistent with the time-scale expected for particles falling at the Stokes settling
speed. The dynamics are dramatically different for clay setting in salt water with salini-
ties between S = 10 and 70 psu. Within minutes the clay particles flocculate and a sharp
concentration-front between clear water (above) and water with clay in suspension (below)
forms near the surface. After formation the concentration-front descends at a near constant
speed until the effects of hindered settling become important. When the concentration-front
forms in saline fluid, the 10 cm deep tank is cleared of particles in tens of minutes instead of
tens of hours as is the case for settling in fresh water (S = 0). The initial speed of descent of
the front, w, depends weakly upon salinity, S, with virtually no dependence upon S provided
S � 20 psu. However, the descent speed, w, depends strongly upon clay concentration, C ,
with w decreasing as C increases according to a power law: w ∝ C−1.7. The results are con-
sistent with observations of relatively quiescent sediment-laden estuaries and deltas where
they empty into the ocean.
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1 Introduction

In natural settings, flocculation of clay minerals occurs dominantly in estuaries and deltas
where fluvial (i.e., ∼0 psu) waters are mixed with marine waters (∼30 psu). This process of
sedimentation is of interest as it strongly influences the distribution of fine-grained sediment
in these marginal-marine locales. Parameterizing mud-bed sedimentation can help to interpret
mud-rock distribution in the stratigraphic record. For example, within estuaries the inner half
is more prone to hosting clay-dominated strata. In contrast, deltas export mud to the delta
front and prodelta.

Herein we present the results of simple experiments that provide insight into the influence
of salinity upon flocculation and settling of clay particles. The experiment results allow us
to develop an empirical model characterizing the influence that salinity has on the rate of
settling of inorganic particles as a result of changes in the flocculation of the clay mineral
kaolinite. We also show that increasing the salinity beyond a nominal value does not change
the settling rate, whereas this rate is retarded as particle concentrations become large.

Through a combination of laboratory experiments and observations, several models have
been proposed for the deposition (as well as erosion) rate of fines in turbulent shear flow.
Generally these assume the deposition rate is proportional to concentration, C , of particles
and the settling velocity, ws [16–18,21,24,26,34]. Specifically, in the study of Winterwerp
[34], the deposition rate was shown to be given simply by their product: D = wsCb in which
ws depends upon time but not depth, and Cb is the near-bottom concentration. The laboratory
experiments, designed to study the simultaneous processes of deposition and erosion, were
performed in flume tanks with particles premixed with saline water. As such they did not
focus specifically upon deposition as it depends upon salinity and particle concentration in
the absence of turbulent stresses.

Oligohaline (0.5–5 psu) and mesohaline salinities (5–18 psu) are broadly accepted to
induce flocculation and clay settling [2,7,32]. This corresponds well to studies in modern
estuaries, where the turbidity maximum zone is normally positioned within the inner estuary,
and where salinities are characteristically below 10 psu [10,32]. For example, in a study of
Chesapeake Bay by Cerco et al. [3] the summertime turbidity maxima for the northern and
northeastern estuary reaches occur approximately in the range 7.5–12.5 psu (in the winter,
salinity is ∼5 psu lower in those areas). This is likely a result of enhanced flocculation
and tidal resuspension in the area of pronounced flocculation. Suspended sediment content
decreases in the seaward direction, which is interpreted to be a result of clay sedimentation in
the inner estuary and dilution from sea water. The overall distribution of fine sediment is more
complicated, in that some tributaries to Chesapeake Bay (e.g., the Choptank and Nanticoke
rivers) contribute little in the way of fine sediment, and thus display no pronounced turbidity
maximum. In contrast, the James River is closer to the bay mouth and its associated sediment
is deposited further seaward than the other rivers.

Although this qualitative link between salinity and suspended inorganic solids is partic-
ularly clear in Chesapeake Bay (Cerco et al. [3], Fig. 5a), it has also been observed in the
Gironde Estuary, France [1], the Jiaojiang Estuary, China (Guan et al. [11], Fig. 5), and in
Kouchibouguac Bay, Canada [13], to name a few.

Such trends in particle settling and sedimentation may be understood from the chemical
behaviour of clay minerals. Individual clay particles are plate shaped with negative charges
around their perimeter and positive charges in the center. This arrangement of charges is such
that plates repel each other when dispersed in fresh water. However, if the water is saline,
sodium and chlorine ions act to neutralize the repulsive forces so that the plates may flocculate.
Consequently, clay is expected to settle as flocs in salt water faster than as individual plates in
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fresh water. Indeed, clay settling in salt water qualitatively changes the nature of the settling
dynamics. When flocs form and settle, they sweep up smaller particles and flocs beneath them
as they fall. Thus, the incident flocs grow to larger size and fall faster and more efficiently,
sweeping up smaller particles. This positive feedback leads to the formation of a descending
concentration-front between near surface fresh water, which has been swept nearly clear of
clay, and concentrated clay flocs [5]. The concentration-front should not be confused with
the lutocline associated with the rapid increase of clay concentration with depth between
suspended clays and the mobile fluid mud layer overlying the sediment bed [25]. Herein, by
“concentration-front” we refer to the rapid increase in clay concentration from water devoid
of clay near the surface to suspended clay particles below.

In this study, we perform controlled laboratory experiments to examine the formation of
the concentration-front as it depends upon clay concentration and ambient salinity. The exper-
imental set-up and analysis methods are described in Sect. 2. Here we also present qualitative
results showing how salinity is responsible for the formation of clay concentration-fronts in
mixtures of initially unflocculated clay. In Sect. 3 we quantify for the first time the forma-
tion time and rate of descent of the concentration-front as a function of clay concentration
and salinity. Connections between this work and observations of enhanced sedimentation at
fluvial outflows into the ocean are discussed in Sect. 4.

2 Set-up, analytical methods and qualitative results

The experiment set-up is sketched in Fig. 1. More than 50 experiments were performed in
a rectangular tank with 0.5 cm thick acrylic side walls. The interior length and width of the
tank is 20.0 and 5.1 cm, respectively. The tank is 30 cm tall, but the tank was filled to 10
(±0.1)cm with fresh water at the start of an experiment. A specified mass of salt (if any) was
then mixed in and the resulting density measured to five-digit accuracy using an Anton Paar
DMA 4500 density meter. We performed experiments with saline solutions ranging between
fresh and 70 psu.

A specified mass of kaolin clay was then added to the fresh or salt water. Over all, three
types of clays were examined. In the experiments for which the formation and evolution
of the concentration-front was examined quantitatively, we used K-WHITE 5000, calcined
aluminum silicate powder [45 (±2) % Al2 O3 and 52 (±2) % Si O2] from American Ele-

Fig. 1 Experimental setup
showing the side view of the tank
filled to depth H with water
having salinity S and clay
concentration C. A camera (left)
looks through the tank, which is
lit from behind by a bank of
lights (right) diffused by a
translucent white plastic sheet.
The interior width of the tank is
W and the distance from the front
of the tank to the camera is Lc

camera

black cloth

S, CH

WLc
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ments. Referred to hereafter as “KW5000 clay”, 90 % of the powder consisted of particles
with size near 2 µm with <0.005 % of the particles having size above ∼45 µm. These
particles were chosen because of their good suspension capacity and easy dispersing per-
formance. As we demonstrate below, KW5000 clay showed a clear distinction between
settling in fresh water, for which no concentration-front developed, and settling in salt
water, for which the concentration-front was well defined and the upper ambient was rapidly
cleared of clay particles. We also performed experiments using silty clay (XRD analysis
indicates a mixture of illite and kaolinite in unmeasured proportions) collected from the
reaches of the Palix River at Willapa Bay (south-west Washington) and using hydrated alu-
minum silicate kaolin clay from Fisher Scientific (K2-500: H2 Al2 Si2 O8–H2O). These lat-
ter two types of clay were found to settle rapidly (on the order of minutes) whether in
fresh or salt water. Presumably this occurred because the clays, having previously been
wetted and consolidated, had already formed flocs much larger than individual plates of
clay.

In all experiments, the concentration of clay added varied between 15 and 40 ppt by
weight. Such concentrations were deemed sufficiently small that particles should fall at least
initially without being influenced by surrounding particles. Of course, as the settling particles
consolidate near the bottom of the tank, the particle concentration there would increase and
the settling of each particle would be hindered by the ambient flow moving upward around
the neighbouring particles [19,22,30,33]. However, the study here is concerned more with
the initial progression of clay concentration-fronts that develop in saline water well above
the sediment bed. There the clay concentration is small but, due to flocculation, the effective
particle size should increase, thus increasing the settling speed and thereby establishing a
clay concentration-front.

The KW5000 clay powder was added to the water in the tank while being stirred vigorously
with a mixer until the mixture was uniform. The stirrer was then extracted and this was taken to
be the start time (t = 0) of most experiments. To examine the effect of particle consolidation
and possible de-gassing of the particles, in some experiments we allowed the clay to settle
overnight and then re-stirred the mixture.

To visualize the evolution of the flow, either a halogen light or a bank of fluorescent bulbs
was placed well behind the tank and, to diffuse the lighting, a translucent white plastic sheet
was placed against the back of the tank extending from the bottom to 10 cm height. Above
this, black construction paper was fastened between 10 cm and the top of the tank. Finally, a
black cloth was draped over the setup between the camera lens and the tank. In this way, the
only light that reached the camera passed through the mixture in the tank.

Experiments were recorded on a Sony Digital CCD camcorder or a Panasonic HDC-
HS250 digital camcorder. The shutter speed and iris were fixed so that the light intensity
reaching the camera qualitatively measured the concentration of clay in the solution: low
intensity indicated high light attenuation resulting from relatively high clay concentration;
high intensity indicated relatively low clay concentration. The camera was placed 1.5 m from
the front of the tank with its field of view spanning the height and most of the tank width.

Figure 2 shows snapshots and vertical time series constructed from four experiments
with KW5000 clay settling in fresh and salt water. In Fig. 2a, clay added to fresh water
remained well suspended even after 25 min. This is apparent because the intensity of light
passing through the tank hardly changed over time from top to bottom. Experiments of this
circumstance run for long times showed that it took over 10 h before all the clay had settled to
the bottom 1cm of the tank. This is consistent with the settling time predicted for individual
spherical particles of radius rp = 1 µm and density ρp = 2 g/cm3 to fall H = 10 cm at the
Stokes settling velocity,
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(a) Settling in Fresh Water: snapshot at 15 min.

(b) Settling in Salt Water: snapshot at 15 min.

(c) Resettling in Fresh Water: snapshot at 15 min.

(d) Resettling in Salt Water: snapshot at 15 min.

vertical time series

0

2

4

6

8

10

z
[c

m
]

vertical time series

0

2

4

6

8

10

z
[c

m
]

vertical time series

02010
x [cm]

0

2

4

6

8

10

z
[c

m
]

0 5 10 15 20 25
t [min]

vertical time series

0 0.3

0 0.8

0 0.3

0 0.8

Fig. 2 Snapshots after 15 min (left column) and vertical time series of along-tank-averaged light intensity
(right column) taken from experiments with 14.7 ppt KW5000 clay settling in fresh and salt water: a dry clay
mixed with fresh water, b dry clay mixed with 5 psu saline water (11.0g NaCl added to tank), c clay in fresh
water settles 20 h and is then remixed before start of experiment, d after this experiment, 11.0g NaCl added to
tank and the 5 psu saline water is mixed with resuspended clay before start of experiment. The gray scale for
intensity in each snapshot and corresponding time series is indicated in the top-right of each time series plot.
Note the intensity of light passing through the tank is significantly brighter near the surface in the salt-water
experiments (time-lapse movies of these experiments can be viewed as supplemental material)

ws = 2

9

g′rp
2

ν
, (1)

in which g′ = g(ρp − ρw)/ρw is the reduced gravity, and ρw = 0.9982 g/cm3 and
ν = 0.01 cm2/s are respectively the density and kinematic viscosity of fresh water at room
temperature. Explicitly, we estimate ws � 2 × 10−4 cm/s, which gives a setting time of
H/ws = 5 × 104 s �13 h.

In contrast, Fig. 2b shows the development of a well-defined clay concentration-front
when clay settles in salt water. After 15 min the front was situated at mid-depth with virtually
no particles in suspension near the surface where the intensity of light passing through the
tank was bright, and a high concentration of particles near the bottom where the intensity of
light was dark. The vertical time series to the right shows the concentration-front developed
after about 5 min and then descended at a constant speed for ∼20 min. After this time the clay

123



152 Environ Fluid Mech (2015) 15:147–160

consolidated sufficiently near the tank bottom so that settling was hindered and the advance
of the concentration-front slowed.

Comparing these two experiments clearly shows that salinity results in the development
of a clay concentration-front, which significantly enhances the speed at which the particles
settle. Even in the absence of salinity, clay may settle quickly if the particles have already
flocculated. This was observed in experiments using Fisher K2-500 clay and with clay gath-
ered from Willapa Bay. Some evidence of this was also seen in experiments with KW5000
clay. Figure 2c shows the results of an experiment in which KW5000 clay was allowed to
settle overnight in fresh water before being remixed. Unlike the experiment shown in 3a,
here a fraction of the particles are observed to settle out in the first 10 min of the experiment.
Presumably, these were particles that formed flocs while consolidating at the bottom of the
tank. However, a substantial fraction of the clay particles remained in suspension even after
25 min, as evident by the relatively low intensity of light passing through the tank even near
the surface (note that the intensity scale ranges from 0 to 0.3 in Fig. 2c whereas it ranges
from 0 to 0.8 in Fig. 2b).

When the same amount of salt was added to the tank as was added in the experiment
shown in Fig. 2b, we observe once again the formation of a clay concentration-front that
separated particle-free fluid near the surface from high particle concentrations near the base
(Fig. 2d).

Thus clay may settle quickly in fresh water if it has already undergone processes that
permit the formation of large flocs [27]. But if the clay suspension remains fine (with particle
sizes on the order of 1 µm), salinity clearly acts as a catalyst to the formation of flocs while
the clay is still in suspension.

This paper seeks to quantify the development and evolution of the clay concentration-
fronts sufficiently far above the sediment bed where hindered settling plays an insignificant
role. To track the front position in time, we sequentially examined frames from movies of the
experiment. Each frame was imported into the image- and data-analysis software “MatLab”
(www.mathworks.com) where the digitized intensities were represented by a matrix from
which we calculated the horizontally averaged intensity as a function of height. Concatenating
this time-dependent data, with a resolution of 1 s, we constructed vertical time series.

Figure 3 shows vertical time series constructed from the results of four experiments exam-
ining the settling of KW5000 clay in ambient with different salinities. These illustrate a quali-
tative difference in behaviour for clay setting in fresh and saline water. For clay in fresh water,
the system remained well mixed while the overall concentration slowly decreased (Fig. 3a).
In most experiments, clay was still partially in suspension after being left overnight. However,
if the ambient water was moderately saline, a front was developed where the concentration
of clay rapidly decreased with height. This front descended relatively rapidly, so that most of
the clay had fallen out of suspension within an hour. In cases with low salinity, the front took
longer to develop, but then descended rapidly (Fig. 3b). In experiments with greater salin-
ity, the front formed relatively quickly and was relatively sharp, exhibiting a 50 % intensity
change from dark to light (from high to low clay concentration) over less than a centimeter
height (Fig. 3c). The front was found to develop and descend most quickly if the clay con-
centrations were low in sufficiently salty water. In such cases, however, the front was not so
sharply defined (Fig. 3d).

To provide a quantitative measure of these observations, we characterized the formation
time and descent of the front by superimposing contours of constant intensity on the vertical
time series and determining the best-fit line over a fixed vertical range, as illustrated in Fig. 4.
We then found the minimum and maximum intensities, Imin and Imax, respectively. From
these we computed the low, intermediate and high intensities given respectively by
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Fig. 3 Vertical time series showing in false-color (inset to a) the average intensity of light reaching the
camera over time between the bottom and surface of the solution in the tank in four experiments with a zero
salinity, b low salinity and high clay concentration, c high salinity and high clay concentration and d high
salinity and low clay concentration. Light intensities near zero indicate high clay concentration whereas high
intensities, near one, indicate low clay concentrations. Above each time series are indicated values of salinity
(S, in practical salinity units) and clay concentration (C , in parts solute per thousand parts water by mass). All
experiments are performed with KW5000 clay
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4
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4
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4
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4
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In the analysis of most experiments, the best-fit line to each of the three contours were
determined over the range 7 cm ≤ z ≤ 8 cm. This range was chosen somewhat arbitrarily
as the descent speed was observed to be nearly constant until the particles consolidated over
the bottom 2 cm of the tank. Although one might expect the concentration-front speed to
increase as the flocs in the front to increase in size, apparently any larger flocs fall below
away from the concentration front. As such the concentration front represents the transition
between ambient fluid which is cleared of particles and fluid containing the smallest flocs.

The formulae for the lines giving the contour height z as a function of time t were cast in
the form

z = H − wi (t − T0i ), (3)

in which i = 1, 2 and 3, corresponding to contours with intensity I1, I2 and I3, respectively.
The average of the three values of wi was used as a measure of the settling rate:
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Fig. 4 Determination of the front descent rate and the virtual start time of the descent. The vertical time series
shown in Fig. 3d is reproduced as a gray scale image of intensity except in the band between z = 7 and 8 cm,
where a false-color intensity scale is used as shown in the inset. White dashed lines are drawn along contours
of constant intensity 0.28, 0.47, and 0.66. Solid black lines in the color band show the lines best-fit between
z = 7 and 8 cm. These are extended as cyan-dashed lines to the surface at z = H = 10 cm where the virtual
start times are defined, as indicated by the three cyan-colored circles

w = 1

3
(w1 + w2 + w3). (4)

The standard deviation of the three values of wi gave the error estimate. In experiments with
sharp fronts (e.g. Fig. 3c) the error is expected to be small because the three contours would
be closely packed together.

As well as measure the front speed, we also estimated the front formation and settling
time, as illustrated in Fig. 4. The extrapolation of the three best-fit lines to the surface, where
z = H = 10 cm, gives the virtual times, T0i , at which the front would have begun to descend
had it developed immediately and fallen at the measured settling rate. As in (4), the average
and standard deviation of the three values of T0i give the virtual start time T0 and its error.
From the mean settling speed given by (4), the minimum total settling time is estimated to
be

T f = T0 + H/w. (5)

Errors in T f are determined by the corresponding errors in w and T0.
In our analysis, we found best-fit lines for z in the range between 7 and 8 cm in all

experiments except those with very low salinities (S ≤ 10 psu). In these cases, a clearly
defined front was not evident for long times, and only began to clearly manifest itself at
lower depths. In these cases we applied the analysis procedure described above for 6 ≤ z
≤ 7 cm.
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3 Quantitative results

In all experiments with fresh water and KW5000 clay, no front developed. Rather the con-
centration of clay gradually decreased in time, while exhibiting little variation in space. Even
after more than 10 h, a substantial concentration of clay particles remained in suspension.

In salt water a front between high and low concentrations of clay developed. Our analyses
of the formation and evolution of the fronts as a function of ambient salinity, provide insight
into the behaviour of clay suspensions in a range of salinities.

The speed of descent of the front was measured in experiments with different ambi-
ent salinities, S, measured in grams of salt per kilogram fresh water [values for which are
expressed in practical salinity units (psu), effectively the same as units of parts per thousand
(ppt)]. As shown in Fig. 5, at a fixed clay concentration, the speed of descent of the front
changes little with salinity provided S � 10 psu. Hence the clay concentration is the most
important factor in determining the front descent rate assuming that the ambient is saline
enough for the front to develop at all.

The errors in speed measurement are large for experiments with low concentrations of clay,
but are negligible for C � 25 ppt. Thus, although the front descends quickly if C = 14.7 ppt,
it is more diffuse than the front in experiments with higher clay concentrations, which is
consistent with the time series shown in Figs. 3d and 4.

From the intercepts of the best-fit lines with the surface at z = H = 10 cm, we determine
the average virtual start time for the front descent. The results in Fig. 6a show that, if the salin-
ity is sufficiently large (S � 10 psu), and the concentration sufficiently high (C � 25 ppt),
the front forms almost immediately when the experiment begins. If the clay concentration is
lower, the front takes longer to develop and, as indicated by the error estimates, it is more
diffuse.

Significantly, if the salinity is low (S � 10 psu), the time for development of the front
takes tens of minutes. The front itself is quite diffuse having errors in the virtual start time
on the order of hundreds of seconds.

Fig. 5 Measured speed of
descent of the
concentration-front, w, as a
function of salinity, S. Different
symbols correspond to different
clay concentrations as indicated
in the legend. Points are drawn at
the mean value with vertical lines
indicating the size of error
estimates
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Fig. 6 a Virtual start time of front descent, T0 and b linearly extrapolated time for complete settling, T f .
Both are plotted as a function of salinity, S, with clay concentrations, C , for both T0 and T f plots shown in
the inset of a)

An estimate of the minimum settling time was computed using (5). The results are plotted
in Fig. 6b. The fastest settling times (∼10 min) occurred in solutions with low clay concen-
trations (C � 20 ppt) in moderately saline fluid (S � 10 psu). The settling time increased
as the clay concentration increased because the front descent rate was smaller, even though
the front took less time to develop. In ambient water with low salinity, the settling time was
very long because the front descended slowly and took a long time to develop. In the limit
of zero salinity, the front did not develop at all and setting was a long process.

In an attempt to synthesize these results we analyzed the descent rate as a function of clay
concentration (Fig. 7). The mean descent speed is the average, w̄, of the speeds measured
in experiments with fixed clay concentration and salinities ranging between 20 and 60 psu.
Generally, we found that the front speed decreased as the concentration increased. When
plotted on log-log axes (Fig. 7, inset), the curve forms a straight line with slope −1.7. This
gives an empirical measurement for the front descent rate of

w̄ = W0(C/C0)
−1.7, (6)

in which, somewhat arbitrarily, we have set the coefficients for the case C0 = 40 ppt for
which W0 = 0.005 cm/s.

4 Discussion and conclusions

The experimental results shed light on 3 aspects of mud sedimentation. First, they confirm
and help parameterize the observation that clay readily flocculates at low salinities that
are coincidental with salinity distributions in estuaries. In general, our lab results are in
accordance with studies of modern estuaries [1,11,13], which suggest that in these natural
settings, most clay flocculation occurs at salinities near 10 psu.

The dependence of settling rate on clay concentration helps to explain sedimentation that
leads to the accumulation of inclined heterolithic stratification (IHS), which is commonly
associated with inner estuary and distributary channel settings [4,15,29]. IHS consists of
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Fig. 7 Mean speed of front descent, w̄, as a function of clay concentration. The mean speed is computed by
averaging the speeds w measured in experiments with fixed clay concentration and with salinities between
20 and 80 psu. The inset shows a plot of the same data on log-log axes. The best-fit line through the points
plotted against these axes is indicated by the dashed line in the inset

interbedded mud and sand, and they are normally ascribed to seasonal variations in estu-
ary sedimentation. Nominally, the sand beds are taken to indicate high volumes of fluvial
discharge with the mud-beds indicating low fluvial flux. Our results suggest that mud sed-
imentation is substantially slowed with increased clay concentration (Figs. 5, 7). As such,
when clay concentration in the fluvial waters increases (e.g. during a riverine flood), the estu-
ary mud plume can extend much further seaward. As such, associating mud distribution to
depositional energy or to the location of the saline-fresh water mixing zone is not necessarily
cogent. The corollary to this is that the influence of suspended clay concentration should
additionally be considered in the interpretation of mud sedimentation in landward versus
seaward parts of the estuary. If strong currents and turbulent processes do not play dominant
roles, then in the inner estuary mud-bed deposition reflects times when mud concentration
is low and changes in salinity effectively flocculate clay and promote settling. Mud beds in
more seaward parts of the estuary result from episodes of greater clay concentration whose
settling front speed is slower even in relatively quiescent fluid with concentrations as low as
40 ppt. Because of this and the additional affects of turbulent mixing, the mud-plume can far
exceed the zone of salt- and fresh-water mixing.

Second, the data indicate that salinities above 10 psu do not increasingly promote sed-
imentation, suggesting that sediment-distribution patterns in higher salinity basins will be
similar to those observed in estuaries. The observation that settling rates are not noticeably
increased in water that exceeds 20 psu (Fig. 5) suggests that where sediment is delivered to
marine basins, as in a delta, the resulting sediment plume, which is an important mechanism
for delivering sediment to the shelf, can interact substantially with marine waters before
forming large flocs. This may explain the longevity of large sediment plumes. The Amazon
Shelf, for example, receives sediment at distances greater than 1,400 km from the Amazon
River Mouth [9]. In this case, the large volume of river discharge produces a low-saline sur-
face layer, the basal salinity front of which is controlled by tidal mixing. The resulting plume
is generally 5–10 m thick, with a salinity of 20–30 psu [8]. If increasing salinities resulted
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in ever increasing flocculation rates, such delta plumes would rapidly lose clay sediment and
offshore sediment transport would be greatly reduced.

A third important conclusion of this study is that high sediment concentrations discourage
flocculation and may offer another mechanism for modeling offshore sediment transport in
both hyperpycnal and hypopycnal plumes. Specifically, we show that there is a tendency for
settling rates to slow where the suspended-sediment load exceeds 10 g/L. In most estuary
settings suspended sediment ranges in the turbidity maximum zone fall well below this
threshold. Many tributaries of Chesapeake Bay, as well as Willapa Bay, Tillamook Bay and
Coos Bay (west coast USA), display ∼1 g/L suspended sediment in the inner estuary [31].
There are exceptions: the Amazon River estuary approaches 10 g/L [8]; the Changjiang
Estuary, China ranges from 0.5 to 10 g/L [28]; the Fly River delta in Papua New Guinea has
a turbidity maximum of 10 g/L [12]; the Trent Estuary in the UK is reaches ∼12 g/L [23];
and the Gironde Estuary locally exceeds 12 g/L [6]. All of the high-suspended-sediment-
load examples cited above export fine sediment to the oceanic basin, whereas estuaries with
low fine-grained sediment concentration discharge normally do not. This suggests that under
conditions of high suspended-sediment loads, interference in the flocculation process is at
least a factor in transporting clay to the ocean basin.

The impairment of flocculation due to high suspended-sediment concentration may also
be a factor in delivering fluid muds to the shelf. Fluid mud deposits are increasingly identified
in the rock record, and are broadly ascribed to delta-associated density currents comprising
sediment-laden hyperpycnal flows derived from high-volume river discharge. Resulting den-
sity flows can travel long distances [20], and are thought to represent an important process
in transporting mud to the shelf. In recent observations of hyperpycnal flows, the suspended
sediment load exceeds 7 g/L (e.g., Waipaoa, NZ, 28 g/L [14]; the Fly River, PNG, 10 g/L
[12]). Although speculative, based on the data, it is reasonable to hypothesize that the coher-
ence of fluid muds may be in part maintained by the diminished flocculation rate of clay in
the marine basin.

Being performed in a stationary ambient fluid, our experiments neglect the ambient flow
dynamics of estuaries, deltas and river plumes including the influence of turbulence, waves,
currents, tides and motion near complex topography. As such our results are strictly applica-
ble to relatively quiescent flows far from the influence of turbulence resulting from wind
stress and breaking waves in the surface mixed layer and from breaking internal waves and
boundary layer processes. The next stage of research will examine the influence of turbulence
in enhancing or disrupting flocculation and the formation of the concentration front.

Most of the experiments reported upon here used a synthetic clay, KW5000. This clay
was useful for the purposes of running controlled laboratory experiments because the micro-
scopic platelets of this clay were not significantly flocculated in dry form and because they
readily dispersed without flocculating when first mixed into fresh water. Future work will
examine sedimentation of clays extracted from river estuaries with an aim of understanding
the influence of sea water upon pre-consolidated clay.
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