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1.  INTRODUCTION

To better understand how the spreading mechanisms
of Po River waters and their particulate load affect the
primary production dynamics in the northern Adriatic
Sea, it is important to improve our knowledge of disper-
sion mechanisms of Po River inputs into the early im-
pact zones of the North Adriatic basin in various dis-
charge regimes and under various seasonal conditions.

One of the main obstacles encountered when inves-
tigating the northwestern Adriatic Sea is the difficulty
of identifying, with in situ observations, the impact
zones and maximum expansion processes of Po River

inputs towards the centre of the basin during excep-
tional floods in different seasons. Usually such extreme
events cannot be foreseen, and thus marine surveys
cannot be planned a priori. For the same reasons it is
difficult to investigate how and where algal blooms
develop when such exceptional events occur, and with
what mechanisms and at what depths the settling
autochthonous organic matter degrades and consumes
oxygen in the water column, which eventually affects
early diagenesis on the bottom sediments (Berner
1980, Barbanti et al. 1992). Actually, the autochthonous
organic matter is particularly reactive and sensitive to
a partial mineralization already present in the water
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column, where it consumes dissolved oxygen. Further-
more, the organic matter, which is deposited together
with fine inorganic particles on the bottom, feeds the
bacterial degradation processes that are first oxic
and later anoxic (i.e. when degradation becomes more
intense or takes place at greater depths in the sedi-
ments) (Froelich et al. 1979, Berner 1980, Orel et al.
1993). In this manner, degradation processes consume
dissolved oxygen in bottom waters and cause the slow
release of nutrients. Indirect indications of deposition
and degradation of organic matter, relative to a single
event or averaged over seasonal, annual or multi-
annual periods, may be obtained from
bottom sediment studies. Bottom sedi-
ments record both the offshore dis-
persion of suspended river organic
and inorganic particulate and the de-
position of autochthonous organic
materials. However, in order to be
able to discriminate single sedimen-
tation or reworking processes, sea-
bottom sediment investigations are
not enough; we need observations
that are less averaged out over time,
namely those that take place in the
water column.

From 8 to 21 November 1994, a sur-
vey cruise (PR94) was conducted
within the framework of the PRISMA
1 National Programme (Frascari et al.
1998). The initial purpose of the cruise
was the deployment of 3 automatic
oceanographic measurement stations,
but it happened to coincide with an
anomalous Po River flood. As a conse-
quence, we tried to obtain functional
data to understand the processes
related to the Po River flood in the
marine area in front of the Po River
delta by using all available instru-
ments on board. To this aim, we per-
formed both water column chemical-
physical measurements and bottom
sediment samplings and analyses. 

The scope of this work is to show the
sediment and water column processes
and their extension that took place in
the marine offshore area in front of
the Po River delta during the Novem-
ber 1994 flood event, as deduced from
the chemical-physical parameters of
the water column and from the bio-
geochemical, mineralogical and sedi-
mentological composition of bottom
sediments.

2.  STUDY AREA

The study area extends about 40 km offshore from
the Po River delta; it is delimited to the north by the
Adige River mouth, and to the south by the Reno River
mouth (Fig. 1).

From a hydrodynamic point of view, the marine area
in front of the Po River delta is characterised by
summer water column stratification, with weak geo-
strophic currents that form both counter-clockwise and
clockwise gyres, and an autumn-winter structure in
which the water column stratification disappears and a
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Fig. 1. Study area. Numbered dots: multiparametric (temperature, salinity and dis-
solved oxygen) water column profiles and box-corer stations. Solid lines: tracks
of multiparametric transects discussed in text (Transects A, B and C). Bathymetric 

contour interval: 10 m



Frascari et al.: Po River anomalous flood event

north-south geostrophic current, the stronger north
Adriatic current (N-Ad), occurs (Franco et al. 1982,
Malanotte-Rizzoli & Bergamasco 1983, Artegiani et al.
1989, Orlic et al. 1992). In this way, on a seasonal basis,
Po River inputs extend further offshore in summer,
whilst during winter they tend to be more confined
along the western coast of the basin. As a general
result the Po River inputs are conveyed almost entirely
southwards.

The bottom sediment grain-sizes in the investigated
area (Brambati et al. 1983) are the result both of the
general hydrodynamics of the northern Adriatic Sea
and of the geological evolution of the last 20 000 yr
(Colantoni et al. 1979b, Trincardi et al. 1994). Along
the coast there is a thin coastal belt of sandy sediments,
up to a depth of about 7 to 8 m, as a result of inputs of
coarse material from rivers and coastal wave rework-
ing; this is followed offshore by pelitic sediments in a
belt along a north-south axis, deriving from suspended
material inputs both from the Po River (between 18 ×
106 t yr–1 [Dal Cin 1983] and 26 × 106 t yr–1 [IRSA 1977]),
and to a lesser extent from other minor rivers. Towards
the centre of the basin there is a gradual change to
mainly sandy relict sediments (Colantoni et al. 1979a).

Po particulate inputs are composed of rock frag-
ments and minerals of heterogeneous origin with the
presence of mainly silico-clastic elements, whilst the
solid load transported by rivers north of the Po has a
largely carbonate composition (Guerzoni et. al. 1984).

The phytoplankton biomass and primary production
dynamics in the northern Adriatic Sea are charac-
terised by a permanent high production, especially in
the coastal belt along the western coast (Fonda Umani
et al. 1992). The area with the higher production is
quantified off the Po River delta and related to the
spreading of its plume. In this area, a marked west-to-
east gradient of the standing crop and production is
observed (Smodlaka & Revelante 1983). The phyto-
plankton standing crop in the northern Adriatic is
related to thermohaline distribution: during periods of
reduced vertical mixing and conspicuous river inputs,
the surface community presents a cell density that is 25
times the bottom layers, dominated by microflagellates
and diatoms; in contrast, when the Po River outflow is
particularly reduced, phytoplankton density is rela-
tively homogeneous throughout the water column and
is always dominated by microflagellates and diatoms.
The South Po River delta coast is characterised by a 6
to 10 km belt of spring diatom blooms and dinoflagel-
late summer monospecific blooms (Marchetti 1983)
Generally, these blooms are linked to a highly strati-
fied system that often reoccurs at the beginning and
end of the summer period, but in almost every summer
since 1975 they have given rise to red tide phenomena
(Fonda Umani et al. 1990). 

3.  MATERIALS AND METHODS

During the PR94 cruise (8 to 21 November 1994), in
order to study the unforeseen flood event that took
place at the Po River mouths between approximately 6
and 24 November, temperature, dissolved oxygen and
salinity profiles of the water column were measured
using a multiparametric probe (SBE 911 plus), and
sediment box-corers were collected to sample bottom
sediments. Stations were located in the main marine
impact zones of the Po River flood inputs, along tran-
sects perpendicular to the coast line, with a frequency
distance between stations of each transect of about 5
nautical miles near the Po River mouth and 12 nautical
miles at the farthest extent (Fig. 1). Unfortunately, it
was not possible to measure turbidity and chlorophyll a
profiles owing to the lack of necessary equipment on
board. The multiparametric profiles were conducted
within a few days in order to have a synoptic view of
the physical-chemical properties of the water column,
with the main aim of evaluating the persistence of
water column stratification in a season that is usually
marked by high hydrodynamics, with constant values
of temperature and salinity throughout the whole
water column (Hendershott & Rizzoli 1976, Franco
1983, Franco et al. 1983, Fonda Umani et al. 1990,
Artegiani et al. 1997).

As far as bottom investigations are concerned, it
should be pointed out that we decided not to sample
coastal sands; our main purpose was to evaluate the
extension mechanisms (in the direction of the open
sea) of suspended material coming from the Po River
during the flood, and to assess evidence on the bottom
of the autochthonous organic matter being deposited.

Sampling extended to zones further out to sea,
where relict sands outcrop (Brambati et al. 1983), to
evaluate the maximum extension of fine material
deposition during exceptional floods. Each sediment
box-corer was first described macroscopically to iden-
tify sedimentary structures, grain-size, bioturbation
and macrofauna presence. In particular, the thickness
of the recently deposited material, recognisable by the
high degree of hydration and ochre colour, were
recorded. Next, sub-samples were collected at 2 levels
(surficial and sub-surficial) in each box-corer. As far as
possible, the thickness of the surficial layer (0.5 to 1 cm
thick) was chosen inside the thickness of the recently
deposited material. The sub-surficial sample (about
2 cm thick) was collected immediately below the flood
layer. This sampling strategy was based on the differ-
ent information that surficial and sub-surficial samples
can give. In fact, while surficial sediments provide
information on the last sedimentological event (on the
condition that sampling is carried out very soon after
the event and that other processes, such as currents or
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wave motion, did not rework the sediment), sub-surfi-
cial samples provide information on more sedimento-
logical events, averaged over time, because of the dif-
ferent reworking processes that act on sediments.
Physical and chemical parameters (redox potential
[Eh] and pH) were measured in each sub-sample
immediately after the collection, and then each sample
was subdivided into aliquots for sedimentological,
mineralogical and geochemical analyses.

Water content, grain-size and mineralogical compo-
sition of sediment samples were determined on an
aliquot stored at 4°C. Organic C, total N, total, inor-
ganic and organic P content analyses were performed
on an aliquot stored at –20°C and then freeze dried.
The water content was calculated as the difference
between the weight of the wet and dried sediment
samples; samples were dried at 70°C until they reach
a constant weight (Gallignani & Magagnoli 1972).
Grain-size analyses were conducted by wet sieving, in
order to separate the finest fractions (<63 µm) from the
coarser fractions (>63 µm), and then by X-ray sedigra-
phy on the finer fractions. Mineralogical composition
was determined through X-ray-diffrattometry, and
percentages of the most abundant minerals were
evaluated (Cook et al. 1975). 

Total and organic C and total N (mainly organic N;
Giordani & Angiolini 1983) were determined by means
of a CHNS elemental analyser. Organic C was deter-
mined by decarbonisation with HCl 1 M and drying at
60°C for 2 h (Froelich 1980, Hedges & Stern 1984). 

Inorganic P was determined on the extract of sedi-
ment samples that were stirred at room temperature
for 16 h with HCl 1 M (Aspila et al. 1976). Total P was
determined on the extract after burning to ashes at
550°C for 2 h and stirring for 16 h with HCl 1 M. Reac-
tive phosphates in all extracts were determined using
colorimetric technique (Strikland & Parson 1972,
Griffiths 1973). The organic P content was calculated
as the difference between total and inorganic P.

4.  RESULTS

The November 1994 Po River flood was caused by
intense rainfall in a zone to the southwest of the Po
River’s drainage basin, in Piedmont (northwest Italy).
In this region, precipitation reached values of between
50 and 175 mm in 24 h (Autorità di Bacino del Fiume Po
1994) between 5 and 6 November 1994. Such intense
rainfall caused a huge flood in the upper reaches of the
Po River that was slightly reduced when it arrived at
the sea mouths for normal discharges of tributaries into
the lower part of the Po River. The flood reached the
Po mouths 1 d after the rainfall began. The runoff into
the sea began around 6 November (2290 m3 s–1) and

finished about 24 November (2270 m3 s–1) (Fig. 2); the
maximum flood discharges, reached on 10 November,
was 8630 m3 s–1; and average flood flow was 5479 m3

s–1, which was considerably above the average of the
Po River’s discharge between 1917 and 1994 (1500 m3

s–1, Ufficio Idrologico e Mareografico pers. comm.) and
that of the average discharge for 1994 (1870 m3 s–1).
The flood brought into the sea 5.1 × 106 t of suspended
solids (equal to 48% of the annual amount), 3297 t of
total P (26%) and 27600 t of N (25%) (Marchetti et
al. 1996).

In the survey period (8 to 21 November 1994), which
coincided with the arrival at the sea of the flood waters,
the weather-sea conditions of the northern Adriatic
Sea were characterised by generally low hydrody-
namic with regard to both geostrophic current inten-
sity and wave motion, as observed by other field inves-
tigations in the same period in the northwestern
Adriatic Sea (ELNA Project cruise; Hopkins et al. 1999,
Hopkins 2001).

The salinity, temperature and oxygen profiles mea-
sured in the water column allowed us to reconstruct
the state of the basin at the moment of the flood dis-
charge. Salinity, temperature and oxygen data were
elaborated to obtain longitudinal transects located per-
pendicularly to the coastline, immediately to the south
of the Po River delta (Transect A, Fig. 3), in front of the
delta (Transect B, Fig. 4) and to the north (Transect C,
Fig. 5) and also surface and bottom distributions
of these parameters in front of the Po River delta
(Figs. 6 & 7). 

The salinity and temperature transect just south of
the Po River delta (Transect A, Figs. 1 & 3a,b) highlights
a strong stratification of the water column, with a sur-
face layer (thickness ~10 m) of colder and less saline
water, relative to underlying water. The temperature
and salinity values inside the upper layer increase
gradually both from the surface down towards the
lower layer and in a land-to-sea direction (Figs. 3a,b &
6a,b). This layer extends for over 40 km offshore in the
zone to the southeast of the Po River delta (Fig. 6a,b)
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while it is confined to the coast, with
a less accentuated stratification in
zones in front of and immediately
north of the delta (Figs. 4a,b, 5a,b &
6a,b). This situation is similar to that
shown by Artegiani et al. (1997) for
the autumn season, and by Franco
(1983) with regard to the buoyancy of
river waters over basin water, but
with a major offshore extension of the
less salty water front owing to the ex-
ceptional character of the flood rela-
tive to the averaged data of Artegiani
et al. (1997). Moreover, the tem-
perature transects show that in the
deeper and eastern zones, an addi-
tional layer near the bottom is
characterised by lower temperatures
(Figs. 3a, 4a & 5a). The deep colder
water layer is also visible in the
central part of the basin in the bot-
tom temperature areal distribution
(Fig. 7a). Over the whole area, the
salinity between the intermediate
and deeper waters increases with a
more gradual and regular trend
than does variation in temperature
(Figs. 3a, 4a, 5a & 7a), reaching a
maximum in the eastern part of the
studied area and forming a deep
layer with both high salinity and low
temperature. The dissolved oxygen
distributions along the transects
(Figs. 3c, 4c & 5c) allow us to note an
oxygen-rich surface layer that ex-
tends as far as the external limits of
the flood plumes (Fig. 6c) and a bot-
tom hypoxic layer that corresponds
to a north-south elongated area
extending to the external limits of
the flood plume (Fig. 7c). Both the
deep hypoxic layer and the well-
oxygenated surface layer tend to be-
come thicker and more evident in the
frontal zones where the Po River
fresh waters mix with the saltier
waters of the basin (Figs. 3c, 4c & 5c).

The distribution of water content in
surficial sediments (Fig. 8a) shows 2
areas characterised by higher values.
The 2 areas correspond to the 2
mouths of Po di Goro and Po della
Pila. The first of these areas extends
south-southeast, whilst the second—
after initially moving towards the
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open sea—heads southeast. They mark the main dis-
persion path into the sea of the Po River fine sediment
inputs distributed from these 2 mouths; in fact, highly
hydrated sediments indicate fine particles that had
settled shortly before and were thus not greatly com-
pacted. The thickness of this layer ranged from about
20 cm in the area near the Po River mouths to 1 or 2 cm
near the farther border of the study area. In the sub-
surficial sediments (Fig. 8b), the water content was
lower because of their older deposition and hence
higher compactness.

The grain-size fine-fraction distribution in the surfi-
cial sediments (Fig. 9) shows a prevalence of clay frac-
tions (<8 φ in the same areas in which highly hydrated
sediments deriving from the Po River were deposited.

The mineralogical analyses performed on surficial
and sub-surficial sediment samples confirm the pres-
ence of (1) a silico-clastic facies (Dinelli et al. 1997)
deriving from the Po River, in front of and south of the
Po River delta, and (2) a carbonate facies, deriving
from rivers further north. Serpentine and dolomite are
among the minerals that can be used as tracers of these
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2 facies. The former prevails in the fine Po River inputs
and the latter in the particulate of rivers north of the
Po River (Nelson 1971, Dinelli et al. 1997, Tomadin &
Varani 1998). The serpentine distribution, in both sur-
ficial (Fig. 10a) and sub-surficial (Fig. 10b) sediments,
has higher concentrations in an area in front of and
south of the Po delta and in another area further off-
shore, to the southeast; in a northeasterly direction,
concentrations lower than those in the first 2 areas are
found in an intermediate north-south belt. In this belt
the dolomite concentration increases, marking the
southward transition zone of northern river sediments.
In the sub-surficial sediments, the serpentine distribu-
tion pattern shows that the belt with greater concentra-
tions becomes more limited towards the coast, in front
of the delta mouths, whilst to the southeast it is almost
absent (Fig. 10b).

The distribution of organic C (which includes both
terrigenous and autochthonous organic matter) in sur-
ficial sediments (Fig. 11a) shows a high concentration
zone in the area in front of the delta, which extends
both northwards and southwards in the central areas
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of the northern Adriatic basin. The highest concentra-
tions are found in the most easterly and southerly zone
of the study area. In sub-surficial sediments, organic C
has the same distribution pattern but with less pro-
nounced southward and northward lobes (Fig. 11b). 

Furthermore, to distinguish the nature and origin of
the organic matter, the organic C:total N ratio was
considered: it indicates, for high values (>9 to 10), a
continental origin or an advanced degradation of
organic matter, and, for low values (<7 to 8), an
autochthonous marine organic matter with limited
degradation (Müller 1977, Müller & Mathesius 1999).
The C:N ratio presents a zone in surficial sediments
(Fig. 12a) with high values—representative of preva-
lently terrigenous organic matter—that is located in
front of the river mouths and is extended further
offshore than in sub-surficial sediments (Fig. 12b).
Low surficial sediment C:N ratio values are present in
areas far from the Po River mouths.

Organic P shows a different distribution between
surficial and sub-surficial sediment. In surficial sedi-
ment (Fig. 13a), the organic P presents 2 enrichment
areas: one in front of the Po River delta with a south-
east protuberance, and another offshore, characterised
by a south-southwest extension of the limits of the
muddy deposits distributed from the Po River. The sub-
surficial sediments have their maxima in the areas to
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Fig. 8. Water content distribution in (a) surficial and (b) sub-surficial sediments around the Po River delta

Fig. 9. Clay content distribution in surficial sediments around 
the Po River delta
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the south and offshore of the Po River delta (Fig. 13b).
These areas are located in the same areas where
organic C is also high. The maximum values of organic
P in surficial and sub-surficial sediment are mainly dis-
tributed along the edges of the various plumes visible
from the areal distribution of surface salinity and tem-
perature (Fig. 6a,b).

Table 1 shows mean values and ranges, in the
surficial and sub-surficial sediments, of parameters
discussed in the text.

5.  DISCUSSION

The surface water salinity is minimal near the Po
River mouths and becomes gradually higher offshore
for the continuous mixing of river and basin waters
(Fig. 6a).

The temperature transects (Figs. 3b, 4b & 5b) and
bottom temperature areal distribution (Fig. 7b) high-
light a vertical stratification in the water column. The
stratification shows a division into 3 layers that are
very clear in Transect A (Fig. 3b): (1) the surface layer
presents cold waters coming from the Po River; (2) the
intermediate layer is characterized by the warmest
waters, which are still affected by the marine summer
warming; and (3) the deepest and eastern layer again
represents cold waters, corresponding to the dense
water of the central northern Adriatic Sea charac-
terised by low temperature and high salinity (Franco et
al. 1982, Malanotte Rizzoli & Bergamasco 1983, Orel et
al. 1993), which had remained confined to the bottom
from the previous winter. The salinity and temperature
surface stratifications are consequences of the fresh
water from the Po River that floats offshore and
fans out over the basin waters, mainly eastwards and
southwards (Figs. 3, 4 & 6). The strong floating and the
spreading eastward and southward of the fresher and
colder river waters are consequences of the high speed
and quantity of the Po River runoff in a basin charac-
terised by low hydrodynamics, with no geostrophic

currents and wave motion. In fact, the latter cause a
disruption of the water column stratification when they
become established in fall (Hendershott & Rizzoli 1976,
Franco 1983, Franco et al. 1983, Fonda Umani et al.
1990, Artegiani et al. 1997).

The dissolved oxygen concentration pattern could be
used as an indicator of depositional processes of
decomposing organic particulate, mainly from primary
production. In fact, the low oxygen concentrations in
the bottom waters are ascribed to oxygen consumption
by the microbic degradation of reactive organic matter.
These hypoxic conditions are more intense and extend
upwards in the zones where the Po River and basin
waters mix together (Figs. 3c & 4c). This is an indica-
tion that oxygen consumption is due mainly to the
degradation of newly formed organic material settling
on the bottom, the latter being generated by the sur-
face algal blooms in the mixing zones of the Po River
nutrient-rich waters with the warmer basin waters.
This increase in surface primary production in the
frontal zones of the river plume is confirmed by an
increase in dissolved oxygen in the surface layer near
to the front zones (Figs. 3c & 4c).

The parameters measured in surficial sediments
allow us to obtain direct information on depositional
processes, as well as indirect observation and confir-
mation of the processes that took place in the water
column when the survey cruise was carried out and the
flood was underway. In contrast, the same parameters
measured in the sub-surficial sediments allow us to
deduce the processes that occurred in the study area,
averaged over time, before the flood occurred.

The muddy material of early deposition from the river
plume is very rich in water, because it is the result of
flocculation that occurs when fresh water mixes with
salt water (Olsen 1982). Generally, the flocculated ma-
terial is deposited in the proximal part of the prodelta
area (Barbanti 1989). In our case, owing to the fact that
fresh river water was floating on salty basin water, the
fine and flocculated material contained in the floating
water was spread out to sea in directions of river water
distribution currents, and deposited all over the area
covered by the flood plume as more hydrated material.
Indeed, the water content distribution map of the surfi-
cial sediments (Fig. 8a) can be seen as traces of the
flood plumes of the Po della Pila and Po di Goro mouths,
which develop southward and south-southeastward.
The origin of these zones with high water content is
confirmed by the sub-surficial sediments, which are
less hydrated over the whole area, having not been in-
fluenced by recent floods. Furthermore, the elevated
thickness of the flood layer (between 20 cm near the Po
River mouths and 1 to 2 cm near the farther borders of
the study area) indicates a very high particulate load
coming out from the Po River during the flood event.
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Table 1. Mean values (range) of parameters analysed in surfi-
cial and sub-surficial sediments collected during the PR94 

cruise

Parameter Surficial Sub-surficial
sediments sediments

H2O (%) 47.2 (23.3–64.7) 42.8 (25.9–60.3)
Silt (%) 36.5 (5.9–87.1) 37.6 (4.6–80.9)0
Clay (%) 32.4 (0–71.5) 0 32.3 (0–69)0000
Serpentine (%) 1.02 (0–4)0000 1.07 (0–3)00000
Organic C (%) 0.85 (0.2–1.5)0 0.86 (0.2–1.7)00
C:N 8.02 (4.5–12.2) 8.34 (5.1–12.9)0
Organic P (µg g–1) 245.3 (67.5–757.0) 239.2 (83.3–666.4)
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These observations are also confirmed by the clay
and serpentine surficial distributions (Figs. 9 & 10a),
which show—while deposition is underway—a higher
offshore extension, which is unlike that under normal
conditions when higher geostrophic currents occur
and the fine Po River load is deposited near the coast.
The spatial irregularities of the serpentine surficial dis-
tribution and, in particular, the lobed northward exten-
sion, in coincidence with the northward protuberance
of clay and organic C (as traces of plume extension),
indicate the low strength of general circulation cur-
rents during the flood that allowed the formation of an
anti-cyclonic secondary gyre.

In contrast, the organic C distribution in the surficial
sediments (Fig. 11a) and its relationship with surficial
N concentrations (Fig. 12a) highlights algal bloom pro-
cess formation that is not related to the flood plume
distribution pattern. The maximum organic C values,
concomitant with low C:N ratios encountered in the
zones most easterly and southerly of the Po River
prodelta, may be explained by the deposition of
organic matter of primary production. The production
of organic matter is fostered by the mixing of nutrient-
rich river waters with the warmer basin waters along
the plume front, as can be seen by the high oxygen
value distribution pattern; this mixing also favours the
depositional processes in the front zones due to the dis-
appearance of the pycnocline, which maintains the
particulate in suspension (Franco et al. 1989). Deposi-
tional processes are also favoured in the frontal area
owing to the retarded intruding river currents, which
reach minimum velocities in this region.

The distribution of organic P in surficial sediments
(Fig. 13a) confirms the presence of newly formed
organic matter at the plume front. Furthermore, the
high organic P concentrations, coinciding with high
organic C contents and concomitant with low C:N
ratios in surficial sediments, are found in areas of low
bottom oxygen concentrations—namely where newly
produced degrading organic matter is settling. Organic
P and organic C are thus excellent tracers, not only for
identifying zones affected by the flood plume but also
for defining the areal limits of the plume itself and of
the main processes of primary production in fall. These
processes produce, in the presence of a stratified water
column, a general hypoxia or anoxia in the dense
bottom waters.

The distribution of the C:N ratio in surficial sedi-
ments (Fig. 12a) shows high values in a zone near the
river mouths, which extend southwards; these high
values indicate the zones subject to the deposition of
organic matter of continental origin, as a result of the
early deposition of coarser material.

In light of our findings deduced from the surface
sediment parameter distributions and the temperature

and salinity distributions in the water column, it is pos-
sible to reconstruct the depositional processes of the Po
River suspended particulate during the 1994 flood. The
difference in salinity between the surface layer and the
deeper basin waters, the high velocity of the river
water inputs (rich in suspended solids) and the low
hydrodynamics of the basin have favoured the buoy-
ancy of the fresh river waters over the salty basin
waters that are spread out towards the central basin
areas. This has increased the surface transport of par-
ticulate coming from the river, which has deposited
along the plume dispersion axes and particularly at the
fronts where fresh water and salt water mix and where
the reducing current speed, the disappearance of the
pycnocline and the higher weight of the flocculated
material favour the settling of the particulate. In this
manner, only a small portion of the finer suspended
particulate of river origin has undergone a process of
early deposition that usually occurs just outside the
Po River mouths as a result of flocculation processes
initiated by the mixing of fresh and salt water. 

6.  CONCLUSION

It can be seen from the PR94 cruise data and also
from the literature (Hopkins et al. 1999, Hopkins 2001)
that the geostrophic north-south current, generally
present in this area, was very slow during the 1994
Po River flood and, therefore, that the typical cyclonic
autumn-winter Adriatic circulation had not yet set in.
This is deduced in particular from the strong tem-
perature and salinity stratification shown in the land-
offshore transects—in fact, the north Adriatic Sea
water column stratification is disrupted when the N-Ad
current is present (Hendershott & Rizzoli 1976, Franco
1983, Franco et al. 1983, Fonda Umani et al. 1990,
Artegiani et al. 1997). The fresh and cold waters com-
ing from the Po River spread out offshore, floating
above the basin waters and undergoing subjacent and
frontal mixing processes at the pycnocline limit. The
main fresh water branch, coming out from the Po della
Pila (as deduced from sediment and water column
data), tends first to be distributed directly offshore, as
far as ~40 km from the coast, and then to split into 2
branches: the main branch proceeds southwards while
the less pronounced branch heads northwards. Waters
coming from mouths south of the Po della Pila are dis-
tributed southeastwards and south-southeastwards.
The low hydrodynamic of the basin together with the
high speed and high amount of Po River runoff favour
the large extension of the Po River plume into the
basin, 

The Po River water distribution pattern in the basin
is confirmed by a comparison of the parameters mea-
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sured in the surficial and sub-surficial sediments. The
distribution of high values of water content, serpentine,
organic C and organic P in the surficial sediments
(compared to sub-surficial sediments) in areas extended
southeastwards and eastwards mark the fresh deposi-
tion of terrigenous particulate. In particular, the area
occupied by the main plumes and the frontal masses of
flood waters can be superimposed on the fine highly
hydrated surficial sediments.

The elevated thickness and extension of the freshly
deposited hydrated sediment shows that water coming
from the Po River during the flood must have been par-
ticularly rich in suspended particulate. Furthermore,
because of the considerable concentration of organic
matter (high organic C) with a low C:N ratio and high
organic P content, whose maxima were found in the
bottom sediments in areas at the frontal zones, it is
hypothesised that water coming from the Po River
flood was rich in nutrients. In these areas, the fresh and
cold nutrient-rich river waters mix on the surface with
the saltier and warmer basin waters, and this favours
the growth of algal blooms.

The formation of algal blooms in the surface waters
along the plume fronts, and their subsequent reminer-
alisation within the water column through the pycno-
cline down to the bottom waters and the bottom sedi-
ments, is confirmed by the (1) gradually decreasing
dissolved oxygen concentration from bottom water
to the surface  plume fronts, and (2) accumulation of
organic matter with low C:N ratio and high organic P
contents in the surface sediment of the area located at
the plume fronts.

The reduced oxygenation of the confined bottom
waters is increased by the fresh organic mater mineral-
ization processes. The persistence of the stratification
of the water column after this event (Regione Emilia
Romagna 1994) has led to a generalised anoxia of the
bottom waters of the central Adriatic basin. The anoxia
of the bottom water was resolved only with the early
fall storms and with the onset of the general winter
Adriatic Sea circulation, which disrupted the water
column stratification.

In contrast, the lack of zones containing high concen-
trations of organic C, a low C:N ratio and high concentra-
tions of organic P in the sub-surficial sediments indicate
that, in the medium term, the particulate that accumu-
lates in front of the Po River delta is reworked and redis-
tributed by the currents and wave motion in more exten-
sive areas, especially to the south. In this way, the Po
River prodelta bottom sediments act as temporary reser-
voirs of autochthonous organic matter and inorganic
terrigenous particulate. These solid materials are then
redistributed to other parts of the basin located further
south, after degradation processes of the more reactive
organic matter had already partially taken place.
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