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Abstract

With the goal of improving understanding of the effect of flocculation on the formation of fine-grained deposits
on continental shelves, hydrographic profiling, in situ imaging of suspended matter, and collection of surficial
sediment samples were conducted at the Po River Delta in June 2001. These data show that during medium flow
conditions (1920 m?/s), sedimentation occurs rapidly immediately offshore of the main distributary, Po della Pila.
Rapid sedimentation is promoted by large rapidly sinking flocs forming in the river well upstream of the mouth. The
delivery of fine sediment to the seabed at the mouth of the Po is sufficient to overwhelm the erosive effects of waves
and currents, leading to accumulation of mud in water depths as shallow as 4 m. On cross-shelf transects 2 km north
and south of the mouth, however, suspended sediment supply from the river is reduced to the point that mud
accumulates only seaward of the 8-m isobath. Along the central transect, suspended sediment concentration decreases
rapidly seaward of the 6-m isobath where the emergence of a more organic-rich population of flocs along a mid-water
density interface is suggested. Energetic activity along the 15-m isobath likely promotes resuspension with the
potential for removal of material from the delta. Further investigation of floc properties, namely the relationship of
floc size to settling velocity, is necessary to establish the degree to which the suspension is flocculated during transport
and deposition.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction

The removal of fine sediment from buoyant
plumes occurs rapidly (Nelson, 1970; Drake,
1976; Wright, 1977). Stokesian settling velocities
of clays are minuscule and cannot account for the
proximal deposition of such particles. The ability
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of fine particles to deposit rapidly is made possi-
ble by the process of particle flocculation
(Kranck, 1973, 1980), which occurs via inter-par-
ticle collision followed by adhesion. Collectively,
fine particles in a floc sink more quickly than they
would as single grains, effectively increasing re-
moval rates (Syvitski et al., 1985; Hill et al.,
2000). Empirically, flocculation does not appear
to depend strongly on particle size, so deposits
formed by deposition of flocs are poorly sorted
(Kranck and Milligan, 1991). The poor sorting
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typical of muds complicates the process of ex-
tracting an environmental record of the condi-
tions leading to deposition based on analysis of
particle size. The complication arises from the fact
that particles can arrive at the seabed as single
grains, with well documented physical properties,
or as flocs, which because of their fragility and
attendant difficulties in sampling them, have less
well constrained physical properties. Progress in
interpretation of fine-grained deposits has been
fostered by increased understanding of the role
of flocculation in deposition (McCave et al.,
1995; Milligan and Loring, 1997) and by continu-
ing efforts to document the properties of flocs as
well as their rates and mechanisms of formation.

Flocculation has been inferred to be important
in deposition from plumes in numerous systems
(Drake, 1972, 1976; Eisma and Kalf, 1984). How-
ever, direct observations of flocs on the continen-
tal shelf are limited to a few systems. Flocculation
was postulated as necessary to explain the ob-
served deposits off the Amazon (Gibbs and Kon-
war, 1986; Kineke et al., 1991; Berhane et al.,
1997) and Eel (Geyer et al., 2000; Hill et al.,
2000) river systems. These two systems are quite
different oceanographically. The Amazon is the
world’s largest source of water (Gibbs, 1972;
Kuehl et al., 1996) and second largest source of
sediment to the sea (Milliman and Meade, 1983).
The receiving shelf is broad, with sediment disper-
sal being affected by large tidal and coastal cur-
rents as well as moderate wave action (Gibbs and
Konwar, 1986; Geyer et al., 1996). Although the
Eel River system is comparatively smaller in scale,
episodes of high sediment discharge arise from
short, intense flood events (Wheatcroft, 2000).
Flooding of the Eel is closely related to storm
events, so sediment is introduced onto the shelf
during periods of energetic wave action, resulting
in a flood deposit which resides seaward of the
flood plume (Traykovski et al., 2000). The Eel
shelf is narrow with a high gradient at the shelf
boundary.

Although the Amazon and the Eel shelf offer
some contrasts for exploring environmental con-
trols on floc deposition, they are both high energy
environments. Numerous settings where mud de-
posits, such as sheltered coastal inlets and epicon-

tinental seas, are lower energy. Because floccula-
tion is affected by energy (Hill et al., 2001;
Berhane et al., 1997), a fuller understanding of
floc deposition requires data from lower energy
continental shelves than the Amazon and Eel river
systems. The Po delta is an ideal study site for a
number of reasons.

The Po-receiving basin is a low-energy environ-
ment relative to both the Amazon and Eel sys-
tems. The Po empties onto a low gradient, shal-
low shelf of the Northern Adriatic Sea, and is
subject more to circulatory wind forcing than to
wave action (Kourafalou, 1999). Due to a low
bathymetric gradient, minor storm activity can
deeply penetrate the water column and easily ini-
tiate resuspension events (Matteucci and Frascari,
1997). The Po has been the focus of ongoing sed-
imentological research (Nelson, 1970; Boldrin et
al., 1988; Matteucci and Frascari, 1997), and floc-
culation has been invoked as an important factor
in sedimentation and the development of fine-
grained deposits on the Po Shelf, yet direct obser-
vations of flocs are lacking. Size distributions of
sediment beneath the buoyant plume were shown
to be poorly sorted, implicating flocculation as an
important removal mechanism (Boldrin et al.,
1988). Observations of rapid settling of resus-
pended material have fostered suggestions that
bottom boundary layer (BBL) sediments are
highly flocculated (Matteucci and Frascari, 1997).

The opportunity to make observations of flocs
in the Po plume began with a major flooding of
the river in October 2000. As part of the Office of
Naval Research EUROSTRATAFORM pro-
gram, extensive coring and hydrography was sub-
sequently conducted to locate and investigate the
resultant flood deposit beginning in December
2000. In June 2001, we joined the research group
on board the Sarom VIII to make floc observa-
tions in the plume seaward of the 10-m isobath. It
quickly became apparent that sedimentation
under the moderate-to-low discharge of the Po
in June was inshore of the 10-m isobath. An op-
portunity was provided by Istituto di Scienze Ma-
rine — Biologia del Mare (ISMAR-BM) to use a
smaller vessel for 1 day to make observations in
shallower waters. Thus, three transects were occu-
pied in front of the main river mouth. The results
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from the three transects coupled with results from
water samples collected upstream of the river
mouth suggested that flocculation was occurring
in the river prior to discharge. In October 2000,
additional floc observations were made upstream
of the mouth to investigate the possibility of floc
formation in the Po. So, while not extensive, the
observations provide direct support of long-stand-
ing hypotheses regarding the role of flocculation
in Po sedimentation. These observations also pro-
vide insight into other low-energy systems. Here-
in, the results of floc observations near the mouth
of the Po River are reported and used to assess
the importance of flocculation for fine-grained
sediment deposition in the system.

2. Materials and methods
2.1. Overview

The Po River is the most important fluvial sys-
tem in Italy. The catchment basin receives input
from the Alps to the north and west and from the
Appenine mountain range to the south. The Po is
used as a source of water as well as being a re-
ceiver of waste passing through the country’s
most industrialized regions. The river travels east-
ward carrying an estimated annual sediment load
of 20 million tonnes (Nelson, 1970). The Po is the
greatest contributor of riverine input to the
Northern Adriatic Sea, significantly controlling
budgets of dissolved and particulate materials
(Matteucci and Frascari, 1997). Human manipu-
lation and redirection of the river flow since 1600
AD have resulted in the formation of the present-
day delta (Gandolfi et al., 1982). Five distributary
channels discharge from the delta with roughly
three quarters of the flow passing through the
Pila mouth located at the apex (Fig. 1).

The sampling effort involved profiling of the
water column, and collection of in situ suspended
sediment photographs, water samples, and surfi-
cial sediment samples. On June 3, water samples
were collected from bridges in the delta plain (Fig.
1). On June 7, sixteen stations along three tran-
sects were surveyed directly offshore, north, and
south of the Pila mouth from the Istituto di IS-

MAR-BM research vessel Mysis (Fig. 1). The sur-
vey took place during ebb tide. At each station, a
Benthos 373 plankton silhouette camera (Kranck
et al., 1992) was deployed, followed by a hydro-
graphic profiling package including an Idronaut
Srl. model Ocean Seven 316 CTD, a Seapoint
transmissometer, and a Seapoint fluorometer.
Water samples were collected at the surface and
0.8 m above the seabed via a tethered Niskin bot-
tle tripped by a messenger. An Ekman grab was
used to collect surficial bottom sediment samples.

River discharge in late May and early June was
declining, but rose following a thunderstorm that
occurred on June 3 (2470 m?/s). Maximum dis-
charge as a result of storm activity occurred on
June 4 (2510 m?/s) and continued to decline, with
a resultant discharge of 1920 m3/s on June 7.
Daily mean discharge data were provided by the
gauging station at Pontelagoscuro (Regione Emi-
lia-Romagna, 2001).

From the resultant 107 images, estimates of
median floc size, in situ floc size distribution,
and floc volume concentration were made. Total
suspended matter concentration (TSM) and total
inorganic concentration calculations were per-
formed on the water samples, and disaggregated
inorganic grain size (DIGS) distributions and geo-
metric mean diameter (GMD) were determined
from both the water and surficial sediment sam-
ples. Water samples collected along the three tran-
sects were also analyzed for particulate organic
carbon (POC) content and carbon/nitrogen ratios.

2.2. Median floc Size (d50)

Median floc size (d50) was estimated by image
analysis as outlined in Hill et al. (2000). It was
calculated as +/(4/m)Asp, where As is the median
floc area of a given image. The depth of field of
each image was 4.0 cm. Prior to analysis, images
were re-photographed using a Fuji FinePix S1 Pro
digital SLR  generating high resolution
(30402016 pixels) jpeg-image files. Grey scale
thresholding was user defined due to high-expo-
sure variability between low- and high-concentra-
tion images. The lower particle detection limit of
the camera is 125 um, thus, images do not repre-
sent the full spectrum of matter in suspension.
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Fig. 1. Site Map of the study area. Stations are identified by a location letter [North, Central, South] and a number representa-
tive of the station depth (4, 6, 8, 10, 15 m for all transects; 20 m for the central transect only). The gauging station (GS) at Pon-
telagoscuro is marked by an open square. Filled squares indicate water sample locations within the delta plain.

Discarded images include those containing resus-
pended bottom sediments as well as images con-
taining schlieren, which are swirling filaments of
different water types that cause significant light
refraction. Schlieren typically appear at the inter-
face of fresh and salt water. In both cases, the
view of particles in suspension was obscured,
thereby preventing proper analysis.

2.3. Large particle volume concentration (LPVC)

LPVC was used to quantify the abundance of
large material identified in the images. Estimates
of LPVC were calculated for each image under
the assumption that all identified objects, whether
organic or inorganic, represent solid entities. Vol-
umes for each object were determined from equiv-
alent spherical diameter. Total volume concentra-
tion is the sum off all particle volumes divided by

the total image volume, which is the product of
the area of interest (AOI) and the depth of field.
The values were multiplied by a factor of 10° and
are reported as parts per million (ppm). Typical
AOI for images ranged from 1000-3000 mm?.
When LPVC values were on the order of 100,
typical particle counts per unit area were 0.6
with absolute particle counts in the range of
600-1800. Therefore, data are not prone to error
due to small sample size. For certain images, the
lack of discrimination between living and non-liv-
ing ‘particles’ makes a strict quantitative interpre-
tation of LPVC difficult.

2.4. DIGS distribution
Total suspended sediment concentration was

determined by filtering a known volume of water
through an 8-pum nitrocellulose filter. DIGS dis-
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tribution analysis was performed on filter samples
and surficial sediment samples using a Coulter
Counter Multisizer Ile (Milligan and Kranck,
1991).

Total inorganic concentration was calculated
via low-temperature ashing and hydrogen perox-
ide digestion to eliminate the filter and organic
material from suspension (Milligan and Kranck,
1991). Samples were then suspended in a known
volume of saline solution (1% NaCl), disaggre-

gated with a Misonix ultrasonic probe, and
passed through the Multisizer. Suspended DIGS
distributions are expressed as volume ppm, as a
function of size. Surficial sediment DIGS are ex-
pressed as equivalent weight percentage based on
the total solid mass analyzed. Comparison of the
suspended sediment distributions to surficial sedi-
ment distributions is possible by normalizing each
suspended sediment distribution by the total solid
inorganic volume of each sample.
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Fig. 2. Contours of salinity (psu), Sigma-T (kg/m?), and turbidity (a.t.u.) are plotted along the central transect. Stations are iden-
tified at the top of the figure with corresponding data points marked by solid circles. The water column is salinity stratified with
fresher Po water flowing over more saline Adriatic water. Adriatic water encroaches on the delta to 6.5 m water depth with the

bulk of sediment in suspension deposited by C6.



100 J.M. Fox et al.| Marine Geology 203 (2004) 95-107

2.5. GMD

GMD expressed in micrometers for a normal-
ized DIGS distribution is calculated as follows:

[ emro)

GMD =2 X 1000 (1)

In 1, @(i) = (—Ind(i))/(In2), where d(i) is the
nominal diameter of size class i and P(i) is the
relative proportion of material of size class i to
the total material analyzed.

C4 C6 C8 Cc10

2.6. Carbon and nitrogen content

For BBL water samples along the three tran-
sects, organic carbon and nitrogen content were
determined through the use of freeze-dried filter
samples in a Carlo Erba model 1106 CHN ana-
lyzer following the method of Sharp (1974). The
freeze-dried filters were treated with 1% HCI so-
lution to remove inorganic carbon. Samples were
placed into a sample rod and 5-10 mg of oxygen
donor was added. The sample rod was then intro-
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Fig. 3. Contours of LPVC, chlorophyll (a.f.u.), and oxygen saturation (%) are plotted along the central transect. Stations are
identified at the top of the figure with corresponding data points marked by solid circles. Shoreward of 10 m depth, In the near-
shore, the LPVC profiles are closely matched to turbidity profiles (Fig. 2). Beyond 10 m depth, a mid-water LPVC maximum is
observed that is not clearly linked to a turbidity maximum. A region of high chlorophyll is observed at approximately 4 m ex-
tending from C10 through C15. A mid-water maximum oxygen % is observed through C15.
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duced into the analyzer where the sample was
combusted. The ratios of POC to TSM and car-
bon to nitrogen (C/N) were subsequently calcu-
lated.

3. Results

Hydrographic observations show a salinity
stratified water column with fresher Po water
flowing out over more saline Adriatic water
(Fig. 2). A density front is observed at the contact
of the o; =24 isopycnal with the seabed near 6 m
depth (Fig. 2). Water column structure is similar
to that observed previously (Nelson, 1970; Bol-
drin et al., 1988). These authors described the
water column as three-layered with bottom Adri-
atic water impinging on the Delta at depths less
than 10 m. Associated with the density front near
6 m is a zone of turbidity near the seabed (Fig. 2).
Turbidity and LPVC profiles are correlated in the
nearshore showing both are low in surface waters
at shallow stations, and then rapidly increase near
the seabed (Figs. 2 and 3). For station C4, the
image at 0.5 m possessed a LPVC of 10.3 ppm
while the image at 2.5 m possessed the highest
LPVC (1775 ppm), and the largest d50 (370 um)
and maximum observed aggregate size (> 1000
um) (Fig. 4). Similarly, Boldrin et al. (1988) ob-
served a maximum TSM value near the seabed at
4 m. The low LPVC value at C4-0.5 m indicates

C))

that suspended material was capable of settling
out of the top half-meter of the water column
prior to the first station location. Along the
northern and southern transects, LPVC and
turbidity readings were on average an order of
magnitude less than readings taken along the cen-
tral transect indicating that the bulk of sedimen-
tation was occurring directly offshore of the Pila
mouth.

Correlation between turbidity and LPVC indi-
cates that sediment is packaged primarily as flocs
(Hatcher et al., 2001). The bulk of suspended ma-
terial leaves the water column by station C6 (Figs.
2 and 3). Seaward of C6, turbidity and LPVC
decrease rapidly (Figs. 2 and 3), likely because
of the inability of waves to resuspend sediment
during the relatively calm sampling periods. At
the 15-m isobath, an increase in turbidity and
LPVC are observed (Figs. 2 and 3), likely associ-
ated with the coastal current arising from the gen-
eral cyclonic circulation of the Northern Adriatic
Sea (Rizzoli and Bergamasco, 1983).

Seaward of the turbidity zone at 6.5 m is a mid-
water LPVC maximum along the o; =24 isopyc-
nal (Fig. 3). A zone of elevated chlorophyll resides
above the region of elevated LPVC and elevated
levels of oxygen saturation coincide with the
LPVC maximum (Fig. 3). A corresponding layer
of elevated turbidity is not observed.

Suspended sediments in the BBL at C4, C6 and
C15 contain the lowest recorded proportion of

Fig. 4. Silhouette camera images from station C4 at (a) 0.5 m below surface and (b) 2.5 m below surface are displayed. There
are no visible aggregates in image (a), while an abundance of material is visible in (b).
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Fig. 5. POC to total suspended mass ratios (ppt), C/N ratios (mol), and GMD (um) are plotted along the central transect. Sur-
face and BBL data from 0.8 m above bottom. Surficial sediment data are included for GMD. BBL values at C4, C6, and Cl15
show POC/TSM minima and C/N ratio maxima. GMD maxima are observed in the BBL at C6 and C15. Resuspension near the

6-m and 15-m isobaths is inferred from these results.

organic material as well as relatively high C/N
ratios, denoting an elevated degree of sedimentary
degradation as well as a larger inorganic fraction
(Fig. 5). Maximum GMD is observed in the BBL
at C6 and C15, suggesting greater resuspension at
these sites (Fig. 5).

4. Discussion

Nelson (1970) attributed rapid loss of sediment
from suspension at the Pila mouth of the Po Riv-

er to sedimentation of coarse silt and sand from
river waters that flow over the wedge of saline
Adriatic water that impinges on the delta. The
areal expansion of the plume as it enters the sea
reduces its speed and energy, eliminating the abil-
ity to transport coarse material. Boldrin et al.
(1988) observed enriched fine fractions in size dis-
tributions from the BBL and the seabed at depths
of 15-25 m. Based on these observations, Boldrin
et al. hypothesized that rapid sediment loss at the
Po mouth was due to floc formation and sinking.
This study provides direct support for the Boldrin
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et al. hypothesis with in situ observations of flocs
in the waters of the Po Delta.

In the absence of flocculation, well-sorted dis-
tally fining bottom sediment distributions would
exist offshore of the river mouth (Wright, 1977).
Poorly sorted DIGS distributions are observed.
Thus, the suspended matter must be flocculated.
This inference is consistent with the rapid removal
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of sediment from surface waters. Rapid removal
of material suggests that the degree of flocculation
is high and that any subsequent transport of de-
posited material occurs in the BBL.

Along the central transect, surficial sediment
size distributions are poorly sorted from 4 m to
15 m. In contrast, a sand—-mud transition is ob-
served in distally fining cross shelf size distribu-
tions 2 km to the north and south (Fig. 6). Re-
tention of fine-grained material in the nearshore is
controlled by the suspended concentration near
the seabed, settling velocity, and the limiting shear
stress provided by wave and tidal current energies
(McCave, 1972). While the three transects are
subject to comparable energy regimes, only the
central transect, directly offshore of the river
mouth, receives enough rapidly settling flocs to
overwhelm the erosive power of waves and cur-
rents.

Because of the rapid sedimentation observed in
June, it was hypothesized that flocs may have
been present in the river before it reached the
sea. Others have observed freshwater flocs in tem-
perate climates (Weilenmann et al., 1989; Droppo
and Ongley, 1994), thus the floc camera was de-
ployed from several bridges across the Po to test
the hypothesis (Fig. 1). Abundant flocs were
found in the river far upstream of the delta. Pho-
tos from Polesella and Sermide exhibit a mean
LPVC of 668 and a median size of 266 um in
waters with salinity less than 0.5 psu (Fig. 7).

The rapid removal of material is in part due to
the fact that flocs arrive at the salt/fresh water
interface pre-formed. Observations of flocs in
freshwater have been made previously in many

Fig. 6. DIGS distributions are plotted for surficial sediment
samples collected along the northern, central, and southern
transects respectively. Corresponding depths are indicated
by the following symbols: 4 m=square; 6 m=triangle;
8 m=circle; 10 m =diamond; 15 m =star. Offshore evolution
of DIGS shows a defined sand—mud transition at 8 m for
the northern and southern transects as the distributions shift
from coarse modal distributions to poorly sorted distribu-
tions. The central transect remains poorly sorted cross-shelf,
with mud present on the seabed at 4 m depth. The lack of a
distinct sand-mud transition is attributed to elevated sedi-
ment concentration near the river mouth.
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Fig. 7. Silhouette camera images from (a) Sermide and (b) Polesella are displayed. Aggregates possess a median size of 266 um
in waters of less than 0.5 psu. The images clearly document the presence of flocs in fresh water in the Po River.

different environments (Eisma, 1986; Walling and
Moorehead, 1989; Weilenmann et al., 1989;
Droppo and Ongley, 1994; Slattery and Burt,
1997). A certain balance of organic material and
ionic species is necessary for freshwater floccula-
tion to occur. Droppo and Ongley (1994) noted
three ingredients essential for freshwater floccula-
tion: decaying detrital material, diatoms, and bac-
teria that excrete polymeric fibers. Multivalent
ionic species are known to be efficient at promot-
ing flocculation (van Olphen, 1963; Droppo and
Ongley, 1994; Elimelech et al., 1995), with Ca’*
and Mg>* ions being the most effective (Tsai et
al., 1987; Tiller and O’Melia, 1993). In a study
examining the chemical composition of suspended
material in Po waters, biogenic material was
found to constitute 6.8£6.9% of total solids
mass, and Ca®*, Mg>* were shown to be the ma-
jor ionic constituents in Po waters in both the
dissolved and particulate phases respectively (Pet-
tine et al., 1994). Thus, the chemical conditions
that facilitate freshwater floc formation are
present in the Po.

Surficial sediment DIGS distributions along the
central transect follow the same general trend as
river DIGS distributions, but they are enriched in
coarse silt and fine sand (Fig. 8). The similarity
among suspended sediment size distributions in
the river and surficial sediment size distributions
on the central transect suggests that sediment de-
posits primarily as flocs (Kranck, 1993). The

slight enrichment of seabed samples in coarse
silt and fine sands likely reflects the contribution
of bedload transport to the deposit. Nelson (1970)
states that 23% of the material in suspension is
coarse with additional supply via bedload trans-
port.

10
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01

1 10 100
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Fig. 8. A comparison is made of DIGS distributions of ma-
terial in suspension from bridges within the delta plain (solid
lines) and surficial sediment samples along the central tran-
sect (dashed lines). The surficial sediment samples are similar
to suspended sediment samples in the river. They are compa-
ratively enriched in coarse material which is attributed to
bedload transport within the river.
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The LPVC maximum along the o; =24 isopyc-
nal may comprise a new population of flocs cre-
ated by the biological input from above and hor-
izontal mixing along the interface from the
seabed. Although the values for oxygen saturation
along the interface are not as large as those con-
sidered biologically favorable by Boldrin et al.
(1988), they are amongst the highest values re-
ported in this study and reside directly underneath
the highest levels of chlorophyll (Fig. 3). The den-
sity gradient may serve to stall sinking particles,
promoting aggregation. The lack of scattering of
light as observed by the turbidity meter may be
due to a comparatively larger proportion of or-
ganic material which does not scatter light to the
extent of inorganic fine-grained particles. This is
shown by a low turbidity at the location of max-
imum chlorophyll count (Figs. 2 and 3). More
irregularly shaped aggregates, which are likely
composed primarily of loose organic material
(Kranck and Milligan, 1991) appear in corre-
sponding in situ photos.

Regions of elevated turbidity in the BBL at C6
and C15 may arise from sediment resuspension,
which likely promotes biodegradation of sedimen-
tary organic matter (Aller, 1998). This hypothesis
is supported by corresponding values of low or-
ganic content and high C/N ratios, which indicate
an elevated degree of sedimentary degradation,
and by observed variability in GMD calculated
from DIGS distributions. The surficial sediments
underlying suspended GMD maximums at C6
and CI15 possess GMDs greater than that in the
BBL, so the seabed likely serves as the source for
the observed increase (Fig. 5). In deltaic environ-
ments, rapid and efficient cycling of organic ma-
terial is promoted by resuspension (Aller, 1998).
Elevated C/N and GMD at 6 and 15 m may in-
dicate, therefore, that resuspension was active
along the central transect at C6 and C15 during
sampling. At 6.5 m, resuspension may have oc-
curred at the front between Adriatic waters and
Po-freshened mid-waters. Resuspension along the
15-m isobath may result from along-shelf current
activity, reflected by a consistent increase in TSM
and GMD at all three 15-m stations (data not
shown). This resuspended material is likely en-
trained in the current and removed from the delta.

The presence of flocs in the Po River system is
now firmly established, but the degree of floccu-
lation is not known. Determination of a floc size
vs. settling velocity relationship would permit cal-
culation of floc fraction, a representation of the
proportion of floc mass to total mass (Syvitski et
al., 1995; Dyer and Manning, 1999; Curran et al.,
2002). With this knowledge, new mechanistic in-
terpretations of the environmental conditions of
deposition eventually will emerge.

5. Conclusions

In past studies, rapid sedimentation was ob-
served seaward of the Pila mouth of the Po River
(Nelson, 1970; Boldrin et al., 1988). The present
study not only corroborates those observations, it
also confirms previous hypotheses of floc settling
by providing direct observations of flocs in the
water column. Maximum observed floc size was
in excess of 1000 um, with the bulk of suspended
material removed from the water column by 6 m
depth. Sedimentation offshore of the river mouth
is rapid and immediate, sufficient to clear the top
0.5 m of the water column above the 4-m isobath.
Rapid clearance and deposition occurs in part due
to the packaging of fine sediment into flocs in the
river itself, well upstream of the freshwater/sea-
water interface.
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