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Abstract. From November 2008 through May 2009, terrestrially-derived material in surface waters was still less
the Po river (ltaly) experienced several floods exceedingthan expected. These results suggested that, since material
5000n?s 1. This long series of events ended with a enters the Adriatic as buoyancy-driven flow with a reduced
large flood in early May 2009~8000n¥s™1). An event-  transport capacity, settling and flocculation processes result
response sampling was carried out in the Po prodelta irin trapping a significant fraction of land-derived material in
April-May 2009 to characterize the preservation of this se-shallow sediments and/or within distributary channels.
ries of floods in the sediment record and to describe the Although numerous discharge peaks occurred from
event-supply and deposition of riverborne particulate mate-November 2008 through April 2009 (4000-6008sn?),
rial during the May 2009 flood. The water sampling was sediment cores collected in late April 2009 showed lack of
carried out early in the event under conditions of moderateevent-strata preservation and reduéBé penetrations. This
river flow (~5000n?s—1) and 24 h later during the peak suggested that only a small fraction of the sediment sup-
discharge £8000 n? s~1). Sediment cores were collected in ply during ordinary events reaches the deepest region of the
the prodelta before and after the peak flood. At each stationprodelta (12—20 m water depth). As a result, these event-
profiles of conductivity, transmittance, and fluorescence werestrata have a thickness not sufficient to be preserved in the
acquired. Surface and bottom waters were sampled to colsediment record because of post-depositional processes that
lect sediments in suspension. In addition, a few days beforelestroy the flood signal.
the May 2009 event, suspended sediments were collected at Stations in the northern and central prodelta were re-
Pontelagoscuro gauging station90 km upstream from the occupied after the peak of the May 2009 flood. BasedRm
coast. Biogeochemical compositions and sedimentologicalind radiographs, we estimated event layers of 17 and 6 cm
characteristics of suspended and sediment samples were ithickness, respectively. Selective trapping of coarse material
vestigated using bulk and biomarker analyses. Furthermoregccurred in the central prodelta likely because of the geo-
"Be and radiographs were used to analyze the internal stratignorphologic setting of the central outlet characterized by an
raphy of sediment cores. estuary-like mouth. Despite these settling processes, lignin-
During moderate flow, the water column did not show based parameters indicated that the composition of the ter-
evidence of plume penetration. Stations re-occupied 24 Higenous OC was fairly homogenous throughout the network
later exhibited marked physical and biogeochemical change8f channels and between size-fractions.
during the peak flood. However, the concentration of
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1 Introduction nels produce hypopycnal plumes with reduced transport ca-
pacity. Under these conditions, sediments diffuse from the
Prodeltas are globally distributed sedimentary bodies lo-deltaic coastal zone as a buoyancy-driven plume, rather than
cated along the modern coastline. Although they graduallyas a momentum driven-flow. Because of the reduced plume
formed 6 kyr ago after sea level stabilized, they have recentlypenetration, river material has a high probability to flocculate
experienced significant changes in morphology because oéind settle in shallow waters. In addition, trapping of river-
human land use changes within watersheds (e.g., deforest&orne material can occur within each distributary channel.
tion, damming, irrigation, etc.) that have reduced or en-This storage varies among channels because the response to
hanced sediment supply to the ocean (Syvitski et al., 2005athe upstream discharge is generally not identical for each
b; Kettner and Syvitski, 2009; Syvitski et al., 2009). How- branch (Syvitski et al., 2005a; Syvitski and Kettner, 2007).
ever, despite these anthropogenic modifications, deltas args a result, the sediment and OC delivery to the ocean from
still considered important long-term sinks of reduced car-each mouth is highly irregular throughout time and might not
bon accounting for nearly half of the OC burial in marine be coherent with the material supplied from the rest of the
sediments (Berner, 1987, 1989; Hedges and Keil, 1995)network of channels.
Therefore, even though prodeltas cover a small fraction of Although a multi-channels setting is a common feature of
the oceanic seafloor, the OC sequestration in these systenmgimerous prodeltas (Syvitski et al., 2005a), there is a lack of
contributes to the regulation of atmospheric £€&ncen-  general understanding about the influence of prodeltaic ar-
trations on geologic time scale and might potentially storechitecture on supply and accumulations of OC in the ocean.
anthropogenically-derived GOn the form of reduced mod-  In order to understand the land-ocean exchange of particulate
ern carbon (Blair et al., 2003; Goet al., 2005). material in a multi-branch setting, an event-response sam-
In this study we focused on the Po prodelta located inpling was carried out in the northern Adriatic Sea (Mediter-
the north Adriatic Sea (Mediterranean Sea). In this systemranean Sea) when the Po river experienced a significant
the supply and accumulation of OC are highly episodic be-flood event in May 2009. The Po delta consists of 5 ma-
cause of flood events that ensure a rapid supply and depqer distributaries formed as result of human modifications
sition of land-derived OC in the coastal ocean (Palinkas etand natural adjustments. The May 2009 event had a 20-
al., 2005; Wheatcroft et al., 2006; Miserocchi et al., 2007;yr return period and it was the last in a series of frequent
Tesi et al., 2008). Recently, event-dominated rivers like theflood events. Suspended sediments supplied to the prodelta
Po have received renewed consideration as they account favere collected during two periods of the May 2009 flood,
~50% of the sediment supply to the ocean (Milliman and including early in the event under conditions of moderate
Syvitski, 1992). Therefore, it has been suggested in severaiver flow (~5000n¥s1) and later during peak discharge
studies that about half of the land-ocean exchange of particu¢~8000 n? s~1). In addition, sediment cores were collected
late OC is driven by these event-dominated systems (Gomeafter and before the peak discharge. Samples were analyzed
et al., 2003; Leithold et al., 2006). As it is not feasible to using a multi-proxy approach that included determination
individually study each watershed, several land-ocean studef suspended sediment concentration (SSC), organic carbon
ies have provided general conceptual models to discriminat¢OC), total nitrogen (TN), alkaline CuO reaction products,
the major geological and hydrological variables affecting thecarbon isotope compositiong*fC and A14C), grain-size,
character of OC supplied to the ocean. For small mountainand mineral surface area. In additidiBe down-core pro-
ous rivers, Leithold et al. (2006) suggested that high sedifiles and radiographs, were used to estimate thickness and
ment yields coupled with low weathering history enhancesinvestigate the internal stratigraphy of the flood deposit.
the preservation of the original upland-generated organic car- The main goal of this time-series analysis was to asses
bon signal because the bedrock material is constantly delivthe role of distributary channels in affecting the land-ocean
ered from hillslopes to river channels. In parallel, Wheatcroftexchange of particulate organic matter (OM) and character-
et al. (2010) indicated that river discharge exerts first-orderize the non-steady-state OC deposition in event-dominated
control on the concentration and character of OC in eventcoastal margins and. First, we will provide background infor-
dominated watersheds. According to the authors, mobilizamation about the Po river and prodelta that have been heavily
tion of distinct pools of OC occurs at different discharges andstudied since October 2000, when the Po river experienced a
the transport effectiveness of each pool is the product of flomarge flood event (i.e., EuroStrataform project). Then, we
frequency and transport magnitude (i.e., effective discharge)will focus on the short term variability of the suspended ma-
In this manuscript, we propose the internal architectureterial collected in the prodelta during the May 2009 flood.
of prodeltaic systems as an additional variable affecting theFinally, sediment cores will be used to understand the timing
land-ocean exchange of particulate OC because it has beeasf sediment accumulation and factors driving the emplace-
shown that their morphology influences the transfer of sedi-ment of particulate OM in the prodelta during flood events.
ment to the coastal ocean. A global analysis of world deltas
has been carried out by Syvitski et al. (2005b). The authors
showed how deltas with a high number of distributary chan-
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rigation purposes. The Po river has a mean freshwater dis-
charge of 1525 s~ (Boldrin et al., 2005) recorded at Pon-
talagoscuro gauging station (Fig. 1). Downstream Ponte-
lagoscuro, the river splits in 5 major distributaries (Fig. 1b):
Maistra, Pila, Tolle, Gnocca, and Goro, from north to south,
respectively (Fig. 1b, c). The main distributary channel is
Pila, delivering 74% of the sediment load whereas Maistra,
Tolle, Gnocca, and Goro supply the remaining 1%, 7%, 10%,
and 8%, respectively. Fluxes through distributary channels
are variable with time fluctuating between periods of sedi-
ment accumulation and net erosion. During moderate river
discharge, Pila supplies 61% of the fresh water entering the
delta, while Maistra, Tolle, Gnocca, and Goro supply the re-
maining 3%, 12%, 16% and 8%, respectively (Syvitski et
al., 2005a).When the river experiences large floods, the rel-
ative proportion between different distributaries significantly
changes. For example, in the October 2000, during the flood
of the century, the relative fresh water input of Pila chan-
nel dropped to 40% while Maistra, Tolle, Gnocca, and Goro
distributaries considerably increased their relative supply ac-
counting for 8, 12, 20, and 20% of the total fresh water enter-
ing the delta, respectively (Piano stralcio per I'Assetto Idro-
geologico del DeltPAl, repot by the Autora di bacino fi-
ume Po, Parma) .

The sediment deposition in the prodelta occurs because
of episodic events. Recently the river has experienced sev-
eral major floods, defined as events with mean water dis-
charge rates exceeding 70081, The most recent events
occurred in November 1994, October 2000, and November
2002. The October 2000 flood was particularly significant
as the river flow exceeded 965G@s1? (Fig. 2a) (Boldrin
et al., 2005; Palinkas et al., 2005; Wheatcroft et al., 2006).
A rapid-response cruise was organized to collect sediment
cores along and across the Po prodelta in December 2000 to
understand the initial deposition of the flood deposit. The
stations were re-occupied eight times over the next 2yr by
an international team of American and European scientists
as part of the EuroSTRATAFORM project, in order to cap-
ture the temporal evolution of the initial flood deposit. Re-
sults from this international effort were published in several

Fig. 1. (a) Satellite image of Northern Italy and the Po river
drainage basin: open squares show the Po prodelta logh)itMap

of the study area. Stations were grouped into subregions: north
center, south.

2 Background manuscripts (Fox et al., 2004; Boldrin et al., 2005; Palinkas
et al., 2005; Syvitski et al., 2005a; Wheatcroft et al., 2006;
2.1 Poriver and delta Milligan et al., 2007; Miserocchi et al., 2007) and they will

be used in this study to better constrain our results. In or-
With over three millennia of human activity, the 71057%m der to be consistent with previously published studies, we
Po watershed is one of the most agriculturally developed andampled the same station locations occupied during the Eu-
populated areas in Europe. Over a third of the drainage basinnSTRATAFORM project.
is mountainous whereas the rest is composed of a wide, low-
gradient alluvial plain (Fig. 1a). Its basin represents the con2.2 The May 2009 flood event
fluence of Alpine (maximal relief~4500 m) and Apennine
(maximal relief~2000 m) streams. The river typically ex- The May 2009 flood was triggered by the combination of
periences two discharge peaks, first in autumn because afpring snow melting with a atmospheric perturbation coming
the rainfall and later in spring mainly driven by snowmelt. from the Atlantic ocean. The winter 2008—-2009 was partic-
Although these seasonal peaks, a third of the total flow isularly wet allowing for significant accumulation of snow on
regulated by reservoir management for hydropower and irthe Alps (Fig. 1a). This water reservoir was subsequently
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Fig. 3. Time-series data from 1 April through 10 May 2009.
(a) River discharge during sampling in the prodelia) Tide level.
(c) Wave height.

Fig. 2. (a)Po river discharge at Pontelagoscuro station from June

2000 through July 2001.(b) 1-yr Po river discharge at Ponte- o . . .

lagoscuro station from October 2008 through October 2009. tide oscillations £-50 cm) (Fig. 3b, c) suggesting deposition
in shallow regions of the prodelta as observed for October

2000 flood (Wheatcroft et al., 2006).

released because of the temperature rising since mid-April.
At the end of April, heavy precipitation occurred in the Po

! . . ) 3 Methods
watershed, mainly in the western portion of the drainage
basin. The co-occurrence of rainfall and snowmelt resulted3 1 Sampling
in increasing the river flow that reached the peak on 1 and 2

May (Fig. 2Db). 3.1.1 Suspended material of the Po river

Figure 2 shows the Po river discharge at Pontelagoscuro
gauging station from June 2000 through June 2001 and fronsuspended sediments from the Po river were collected on
October 2008 through October 2009. Although inferior to 23 April 2009 at Pontelagoscuro gauging station during a
the October 2000 flood, the May 2009 event was significantpeak in water discharge-6000 n? s~1, H event in Fig. 2b).
reaching over 8000 A5~ (Fig. 2b). These two floods exhib- Samples were collected from a road bridge in three differ-
ited interesting contrasts and similarities. First of all, theseent locations, at the left, center, and right relative to the
floods occurred during different seasons and were triggerediver axis. Three subsamples (50 ml) from each sample (251)
by different events (i.e. rainfall for the October 2000 flood were filtered on pre-combusted and pre-weighed GF/F fil-
whereas combination of snowmelt and rainfall for the May ters (0.7 um mesh). Filters were oven-dried {&) for 24 h
2009 flood). Then, whereas the October 2000 flood wasand weighed to determine suspended sediment concentra-
a discrete event (Fig. 2a), the May 2009 flood occurred ation (SSC, mgt?l). Subsequently, remaining water samples
the end of a long rainy period. As a result, the May 2009 were filtered with a 63 um mesh. The fractie®®3 um was
flood was preceded by at least 8 important events exceedplaced in the oven (50C) and then weighed to calculate
ing 4000n¥s! (Fig. 2b). Concerning the similarities, the the coarse fraction. The remaining water sampe83um)
flood emplacement in May 2009 occurred during fair marinewere placed in the dark at°® for 3 days until complete
weather conditions (wave heightl m) and relative small settling of particles. The supernatant was removed and a

2008 2009
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subsample was filtered on precombusted GF/F filter to es- Sediment cores were collected before and after the peak
timate the remaining material in suspension. This latter frac-discharge. The first set of samples Was collected on 30
tion was less than 1% relative to the SSC for each sampleApril and 1 May when the flow ranged frony6000 to
The fraction<63 um was transferred into plastic tubes and ~7000 P s (Fig. 3a). The second set of samples were
centrifugated. The supernatant was removed and tubes wellected on 5 May when the discharge had dropped to
placed in the oven (5TC). Both coarse and fine fractions ~5000n¥s™1. Sediment cores were collected using a
were ground and used for organic carbon (OC), total nitrogerbox-corer. On deck, sediments were sub-sampled for x-
(TN), and OC stable isotopé’®C), and biomarker analyses. radiographs, biogeochemical, ahBe analyses using slabs
and PVC tubes. Samples for x-radiographs and biogeochem-
3.1.2 Suspended material in the Po prodelta ical analyses were placed in the dark &C3 On board, sed-

, . iment cores for radioisotope analyses were extruded, sub-
Because of the distance between Pontelagoscuro gauging St&smpjed at 1 cm interval, and placed in the oven. In the labo-

tion and the coast, the time elapsed for the water to reach thF‘atory, rectangular containers were x-radiographed and then

sea must be taken into accourtl(0 h assuming a mean cur- g, sampled at 1 cm intervals for biogeochemical analyses.
rent speed of 2.5nT$ during floods (Burnelli et al., 2006) Samples were then oven-dried (3D).

and the distance o£90 km from the gauging station to the

coast) Throughout the text, discharge data always refer tg; 5 Analyses

the theoretical value calculated adding 10 h to the discharge

measured at Pontelagoscuro gauging station. 3.2.1 SSC,OC, TN, and'3C
Suspended materials in the Po prodelta were collected

early in the event under conditions of moderate river flow ggc oc. TN. ands3C were calculated as the average
. —1 . ’ ’ )

on 29 April (~4500n?sY) and 24 h_Ilater'durlng the peak  of two replicates for each sample. In the laboratory, pre-
discharge on 1 May 20098000 n?s™*) (Fig. 3a). Surface weighed GF/F filters were oven-dried (D) to ensure com-

and bottom water samples were collected on the B~ jate removal of moisture. Two filters for each sample were
nia using a CTD Rosette systems equipped with Niskin bot-then weighed to calculate the total suspended matter (SSC,
tles. At each station, continuous profiles of salinity, transmlt—mg L-1). Linear regression was used to convert transmit-
tance, and fluorescence were obtained using a Sea-Bird CTynce data in SSC values. However, because during the
profiler (Mod. SBE 911plus). Surface and bottom water peak discharge the transmissometer reached the bottom of

samples were sampled &ll m below sea surface and2m  he scale (0%), SSC and transmittance do not exhibit a ro-
above seabed, respectively. Water samples were filtered op,st relationship.

pre-combusted and pre-weighed GF/F fiIFers (two replicates) OC, TN, ands3C analyses were carried out on acidified
and Isopore Membrane polycarbonate filters (0.4 um meshg e/ fijters and sediment samples (HCI, 10%) to remove
142mm diameter) (Tramontano and Church, 1984). GF/Rye carhonate fraction. Analyses were performed using a

filters were nnset_j with MilliQ water and oven-dned_ (30)  Thermo Electron DeltaPlus XP mass spectrometer directly
on ship.  GF/F filters were used for SSC, organic carbonjyiertaced to a Costech ECS4010 Elemental Analyzer via a
(OC)’lgOtal nitrogen (TN), and carbon stable isotope analy-co i 1)1, The internal standards for isotopic measurements
ses §°C). Polycarbonate filters were placed in large plas-\yere apple leaves (NIST 1515) and the error for replicate
tic tubes with 50 ml of filtered seawater. Tubes were Cappedanalyses of the standard wa®.05%. OC and TN values
and vigorously shaken until complete detachment of materialare reported as weight percent (wt%) whereas stable isotope

from the filter. Filters were then rinsed with flltereq seawa- y5ia are expressed in the conventional delta notagipn (
ter and removed from the tube. Tubes were centrifuged, the

supernatant removed with a syringe and the recovered sedg_z_z Terrigenous biomarkers
iment was oven-dried (5CC) on ship. Once dry, samples

were grind for biomarker analyses. An aliquot of unfiltered o aline Cuo oxidations were carried out using a Microwave
suspended material was used for grain-size analyses. digestion system according to the procedure described in
Goni and Montgomery (2000). Dry samples were placed in
teflon vessels with 15 ml of alkaline solution (2 N NaOH),

During the EuroSTRATAFORM project (Palinkas et al., 200Mg of CuO, 50mg of Fe(Nbi2(Sr)2-6 H20 and ox-

2005; Wheatcroft et al., 2006; Miserocchi et al., 2007), sed-'dized for 1.5h at 150C. Once the oxidation was com-

iment cores were collected in 33 sites from the Po prodeltdP!€te, & known amount of recovery standards (ethylvanillin

to describe the initial emplacement of deposits from the Oc-2Nd trans-cinnamic acid) was added to each vessel and

tober 2000 flood. In this study, 10 of these stations werecidified to pH 1 with HCI. Reaction products were ex-
re-occupied to be consistent with previous publications. tracted with ethylacetate and then evaporated to dryness un-
der Nb. Once the solvent was evaporated, samples were re-

dissolved in pyridine. Terrestrial OC yields a suite of lignin

3.1.3 Sediment cores
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reaction products including vanillyl phenols (V-series), sy- 0.5 M NgCOgs solution at 8GC for 5h. At known inter-
ringyl phenols (S-series), and cinnamyl phenols (C-series)vals, Teflon tubes were centrifuged and the supernatant was
Throughout the textA refers to the carbon-normalized sum sub-sampled (200 ul). Dissolved silica was then measured
of lignin phenols (V+S + C). Reaction products were ana-with the molybdate-blue spectrophotometric method (wave
lyzed as trimethylsilyl derivatives (BSTFA reagent) by gas length 812 nm). Dissolution kinetic of quartz is lower rela-
chromatography (GC) using a Hewlett-Packard 5980. Theive to biogenic opal dissolution although it might increase
yields of individual lignin and non-lignin oxidation prod- the concentration of silicic acid in the supernatant with time.
ucts were quantified by GC-MS using selective ion monitor- Therefore, the intercept of the regression line between time
ing. The compounds were separated chromatographically iffx) and silica concentratiory] was considered as the actual
a 30 mx 250 um DB1 (0.25 pm film thickness) capillary GC biogenic opal content (Mortlock and Froelich, 1989). Data
column, using an initial temperature of 190, a temperature are reported as weight percent (wt%) of £iO
ramp of 2C min~! and a final temperature of 30Q. Phe-
nol biomarkers were quantified using the response factors 08.2.6 Radiocarbon measurements
commercially available standards (et al., 1998).

Radiocarbon analyses were performed at the National
3.2.3 Surface area, sediment texture, and coulter Ocean Sciences Accelerator Mass Spectrometry Facility

counter data (NOSAMS, Woods Hole Oceanographic Institution). The

CO, samples were obtained by the combustion of bulk OC
Approximately 5g of unground, salt-free sediment samplesfrom pre-acidified samples to remove the inorganic fraction.
were combusted at 40C for 3 h to remove organic matter. The gas was then purified cryogenically and converted to
The surface area of sediment samples were determined bgraphite using hydrogen reduction with an iron catalyst. The
nitrogen adsorption, using a 5-points BET method (Mayer,graphite was pressed into targets, which were analyzed on
1994). About 1g of pre-treated sediment was degassed dhe accelerator along with standards and process blanks. Ox-
300°C in the vacuum station to ensure complete removalalic Acid Il (NIST-SRM-4990C) was the primary standard
of moisture prior to analysis on Micromeritics surface areaused for all'*C measurements. Radiocarbon measurements
analyzer TriStar 3000. Data are reported gsgm sedi-  results are reported as14C (%o).
ment. The remaining OC-free sediment samples were used
for grain-size analysis. Samples were dispersed in sodiun3.3 Statistical analysis
metaphosphate and then sieved with a 125 pum prior to anal-
ysis on Micromeritics SediGraph 5120. Data are shown adifferences between groups were performed using a two-
median value in umsp) and relative contribution to dry tailed unpaired t-test. Alpha levels were set to 0.05 (signif-
weight for clay 3.9 um), silt (3.9-62.5 um), and fine sand icant) and 0.01 (highly significant)P values are reported
(62.5-125um). Suspended samples for particle concentrahroughout the text when difference are statistically signifi-
tion and grain size spectrum were processed on board, immesant.
diately after sampling, using a Multisizer 3 Coulter Counter,
equipped with a 100-um aperture tube, sizing particles from
2 to 60 um in diameter. Data are shown as grain size spectrd Results
and median valuel§so) in pm.

4.1 Po river suspended matter
3.24 "Be

Results for river samples are listed in Tables 1 and 2. Most
Dried samples were slightly disaggregated, then put in plasef the sediment load in the river was associated with the
tic jars and counted by gamma spectrometry in an identi-fine fraction <63 pum) accounting for over 97% of the SSC.
cal counting geometry. Gamma emissions were counted aCoarse and fine fractions exhibited contrasting compositions
477.7 keV photopeak for approximately 24 h using Ortec ger-statistically significantg < 0.01) in both bulk and biomarker
manium detectors which were calibrated with commercially parameters. On average, the coarse fraction showed higher
available standard. Activities were then decay-corrected taOC and TN contents, relatively depletétfC values, and

the time of collection. higher OC:TN ratios. Fine material was less rich in OC and
TN, isotopically enriched, and depleted in OC relative to TN
3.2.5 Biogenic opal compared to the coarse fraction. Radiocarbon measurements

were carried out only on samples collected in the center of
Biogenic opal (Si@-nH,0) content was measured in sed- the river. A*C of the fine fraction was significantly more
iment samples according to the procedure described in Dedepleted than the coarse material. All carbon-normalized
master (1981). About 90 mg of sediments were placed inlignin-derived products (i.e., syringyl, vanillyl, and cinnamy!l
Teflon tubes. Alkaline dissolution was performed with 40 ml phenols) were more abundant in the coarse fraction relative
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Table 1. Po river samples collected at Pontelagoscuro (PLS).

Sample ssc\ oc TN \ ocC TN \ s8¢ aAldc \ OC:TN

mgi=*] [ [wwoel | [wgl™Y | [%] | Iratio]

PLS right coarse>63 um 88| 3.6 0.26| 316.9 23.1| -271 13.7
PLS center coarse;63 um 8.7| 42 031| 3656 267 | —27.0 —46.1| 13.7
PLS left coarse>63 um 42| 48 0.35| 203.8 149 | —-27.1 13.7
average 7.2 42 0.31]| 2954 216 | —27.1 13.7

s.d. 26| 0.6 0.04| 83.0 6.1 0.1 0.0

PLSright  fine,<63um 439.2| 1.3 0.14| 5501.8 633.0] —26.0 8.7
PLS center fine<63 um 465.4| 1.1 0.15| 5280.6 687.4 —25.6 —241 | 7.7
PLS left fine,<63 um 4179| 1.1 0.14| 47385 601.4 —25.7 7.9
average 440.8 1.2 0.15| 5173.6 640.6| —25.8 8.1

s.d. 238 0.1 001| 3927 435 0.2 0.5

Table 2. Lignin biomarkers of Po river suspended samples collected at Pontelagoscuro (PLS).

Sample S \Y C A \c:v SV  VdVlI Sd:Sl

[mg 100 mg 'l oC] \ [ratio]

PLS right coarsey63um 2.75 2,58 0.70 6.020.27 1.07 0.55 0.52
PLS center coarse;63pm 2.69 2.89 0.71 6.290.25 0.93 0.58 0.53
PLS left coarsex63um 252 244 032 5290.13 1.03 0.60 0.57

average 265 264 058 587022 101 0.58 0.54
s.d. 0.12 0.23 0.22 0.520.07 0.07 0.03 0.03

PLSright  fine,<63 pm 069 063 020 151031 110 0.76 0.67
PLS center fine<63 um 072 070 0.26 1680.38 1.03 1.27 1.23
PLS left fine,<63 um 0.83 068 026 177038 1.23 1.10 0.78

average 075 067 024 166036 1.12 1.05 0.89
s.d. 0.07 0.04 0.04 0.130.04 0.10 0.26 0.30

to the fine materialf < 0.01). The cinnamyl to vanillyl phe- 4.2 Water column in the Po prodelta
nols ratio ([C:V]) and the syringyl to vanillyl phenols ratio
([S:V]) have been used in several biogeochemical studies t&Results for the water column are shown in Figs. 4 and 5 and
infer the origin of terrigenous tissues (e.g., angiosperm, gym-Tables 3 and 4. Samples were grouped according to lat-
nosperm, woody, and grass tissue) (Hedges and Mann, 197%ude in three sub-regions: north, central, and south. The
Hedges et al., 1986; Goet al., 1998; Gordon and &Gq northern region is under the influence of Pila outlet whereas
2003; Gdaii et al., 2008). In addition, the acid to aldehyde the central and southern prodelta are affected by Tolle and
ratios of vanillyl ([Vd:VI]) and syringyl ([Sd:Sl]) phenols Gnocca/Goro distributary, respectively. During moderate
provide additional details concerning the degradative stagelischarge, when the flow was5000 n? s~1, salinity, trans-
of terrigenous OC (Opsahl and Benner, 1995; Onstad et al.mittance and SSC values showed weak evidence of plume
2000; Gordon and Gu, 2003; Gdii et al., 2008). Only the intrusion (Table 3; Figs. 5, 6). In surface waters, the highest
[C:V] and [Vd:VI] ratios exhibited significant differences be- SSC and lowest transmittance values were observed in the
tween coarse and fine materiajs € 0.05). ‘Be was mea- northern prodelta under the influence of the Pila distributary
sured and detected in all fine materials whereas coarse fragFig. 3; Tables 4, 5). Conversely, resuspension dominated
tions were too scarce for radioisotope analyses. in both the center and southern prodelta areas where bot-
tom waters exhibited low transmittance and relatively high
SSC values likely as result of the storm event that occurred
the day before sampling (wave heighB8 m) (Fig. 3c). This
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Fig. 4. Salinity, transmittance, and fluorescence in the Po prodelta in surface waters (1 m below the sea surface) during moderate
(~5000 m s1) and peak discharge-8000 m? s 1).

turbid nepheloid layer was measured several meters abovierences p < 0.05) between moderate and peak discharge in
the seafloor (Fig. 5) and was characterized by a fine sediall sub-regions, except for the sediment texture. Although
ment texture (Table 3). During the peak of the flood whenthe influence of the flood was observed in all sub-regions,
the discharge reached8000n? s, surface waters exhib- the southern prodelta exhibited a relatively modest increase
ited an overall decrease in salinity and transmittance valuein SSC values (max value at P15 station, 5.7 m§)L The

as well as an increase in the SSC values, in particular nextest of the prodelta exhibited a significant increase in the SSC
to the river outlets in the northern and central prodelta (Evalues, especially just off Pila (E16 station, 53.1 mgLand

and J transects in Fig. 1, respectively). As a result, all afore-Tolle (J13 station, 26.5 mgtl) mouths in the northern and
mentioned parameters exhibited statistically significant dif-central prodelta, respectively (see Fig. 1 for site locations).
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Fig. 5. Salinity, transmittance, and fluorescence in the Po prodelta along two shore-parallel sections during meﬂemmﬁs_l) and
peak discharge<8000 n? s~ 1).
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Conversely, the highest fluorescence valyes: 0.01) were
observed in the southern area in both river discharge condi-
tions, in particular during the peak of the flow (Table 3 and
Fig. 6). -
In the suspended material, the weight percent (Wt%) of OC o "
and TN exhibited a broad range of values, ranging from 1.7 to %‘j g
11.7% and from 0.24 to 2.26% for OC and TN, respectively. ~——— = &=

The highest OC and TN concentrations were mainly mea- 30-April [
sured during moderate flow far from distributary mouths. No Bedela
statistically significant differences were observed in the ele- 30-April

mental compositions between moderate and peak discharg
(Table 4). However, because of high sediment concentra-
tions during the peak of the flow, surface waters exhibited
higher concentrations of OC and TN per liter (ugt) rel-
ative to the moderate discharge conditign< 0.01). §13C

did not exhibit a clear spatial distribution in the prodelta [~ =
and no statistically significant differences were observed be-" « [
tween sampling periods. Lignin phenols were measured in ?-'Mayf
all suspended samples, although their concentrations showe .
a broad range of values from 0.07 to 1.61 mg 100 h@C. \
Differences in the concentration of lignin phenols were ob-
served between moderate and peak dischasge @.05) in
surface waters (Table 4). The highestvalues were mea-
sured during the peak of the flow just off Pila (E transect)
and Tolle (J transect) mouths, which is consistent with the
SSC values.

30-April

610 *G15 |
Hio *H18

4.3 Sediment cores
Fig. 6. Radiographs of sediment cores collected in Po prodelta in

7Be data and radiographs for sediment cores collected in th& APril, 1 May, and 5 May.
Po prodelta are shown in Table 5 and Fig. 6. Samples were
grouped based on the date of collection. Thickness of theparing’Be penetrations and radiographs before and after the
October 2000 flood (Wheatcroft et al., 2006) is included in peak discharge, the emplacement of these event strata are un-
Table 5 for comparison. Most of the cores collected beforedoubtedly the result of the May 2009 flood. Both flood de-
the peak of the flood did not show any clear evidence of re-posits are characterized by coarse basal strata whéBein
cent sediment deposition (Fig. 6)Be penetrations were rel- was not detected, probably as a result of preferential adsorp-
atively modest and most of the cores were bioturbated. Onlytion of the radionuclide on fine fractions. Active bioturbation
samples collected off the Pila mouth (E transect) showedvas noticed during the subsampling of the E16-Il core and
significant’Be penetrations (1 to 10 cm), suggesting recentit was then confirmed by the radiograph; however, most of
deposition attributable to the late April-early May flood or, the strata were preserved. Both sediment cores collected af-
alternatively, to previous events. Unfortunatelge is not  ter the peak of the flood on 5 May (E16-Il and J13-I1 cores)
sufficient to exactly assess when accumulation occurred agere used to characterize the OC deposition as result of the
this radionuclide is theoretically detectable up4800 days  May 2009 flood. For this purpose, only event-strata belong-
since sediment emplacemefBe penetrations in the central ing to the May 2009 event were analyzed and discussed in
prodelta (J and H transects) were extremely low (1-2 cm)this study (first 17 and 6 cm for E16-11 and J13-1I, respec-
particularly evident when these estimates are compared ttively).
the October 2000 flood thicknesses (Table 5). In the south- Although event-strata collected in the northern and cen-
ern prodelta/Be was not detected as at the N14 station. tral prodelta are the result of the same flood event, E16-I|

Stations under the influence of Pila and Tolle distribu- and J13-II cores exhibited significant differences in several
taries have been reoccupied after the peak discharge on parameters. Among sedimentological variables, the E16-1I
May 2009. These two sites exhibited among the highest SS€ore was significantly coarser and exhibited lower surface
and lowest transmittance values measured in surface watearea compared to the J13-11 core € 0.01) (Table 6). Con-
on 1 May 2009 during the peak of the flood (Fig. 4). Ra- cerning bulk biogeochemical parameters, statistically signif-
diographs indicated thick event strata up to 17 and 6 cm foricant differences included the OC loading as well assti€
E16-II (Pila) and J13-II (Tolle), respectively (Fig. 6). Com- (p < 0.01) (Table 6). Specifically, E16-1l showed a higher
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Table 3. Physical parameters for suspended sediment samples collected in the Po prodelta before and during the peak discharge.

Discharge| Level | Channel Location Salinity  Transittance Fluorescence SSC Dy
[PSU] [%] [a.u] gLl [um]
a Pila North 319409 4104133 0.67+0.16 50+29 58+13
s Tolle Center 29+31 5184133 0.66+0.30 27+1.4 6.0+:0.4
}Lc; Goro/Gnocca  South 26+1.1 517+6.14 073+0.11 294+0.3 56+1.3
1‘;’ average top 28+25 4774116 0.69+0.18 38422 58+11
(=]
= CE) Pila North 356+1.3 4374286 0.29+0.16 46421 48+1.2
g Tolle Center 36r+£1.1 1224189 0.214+0.04 76+4.1 4.040.8
m Goro/Gnocca  South 39+02 211+241 0.21+0.03 60+29 37403
average bottom 36+1.3 2874274 0.25+0.11 55+34 43+10
o Pila North 2564+:0.8 2744244 0.644+0.10 2444265 63+23
e Tolle Center 15+45 1204131 0.73£0.57 135+111 49403
Goro/Gnocca  South 23+26 297+8.18 125+0.58 56+0.1 52+0.6
X
é_ﬁ average top 25+45 2254177 0.84+0.49 155+181 56415
g Pila North 358+21 465+335 0.144-0.02 78+9.5 54420
b= Tolle Center 36l+18 5114179 0.13+0.04 55+4+3.6 48416
] Goro/Gnocca  South 3®+1.1 448+131 0.14+0.04 34413 38+05
average bottom 38+1.6 4774218 0.144+0.03 53+7.0 47+15

Table 4. Bulk and biomarker composition for suspended sediment samples collected in the Po prodelta before and during the peak discharge.

Discharge| Level | Channel Location oc N oc TN s13c OCTN  A=(S+V+C)
[wt%s)] [wt%] gL~ [ugL™Y [%o] [rati)]  [mg100mg10C]
o | Pila North 61+29 108+052 200+33  36+6 —238+05 56+02 0.48+0.18
o Tolle Center B+3.0 1464+0.6 229+51 42+10 —-246+12 54401 0.2+0.07
2 Goro/Gnocca  South 3+28 1364053 202£50 37£10 —249+04 54+0.1 0.23+0.1
3 average top ®+28 126+053 20843  38+9 —243+0.8 55+0.2 0.32+0.18
(=]
= £ Pila North 53424 0924041 18843 3146 —238+05 57403 0.58+0.18
= Tolle Center 2+16 0544032 171454 3149 —243+06 54403 0.51+0.17
il Goro/Gnocca  South B8+26 063+048 141£13  25£2 —243+04 55+02
average bottom 4+24 073+042 16943  30£6 —241+05 56403 0.55+0.16
o | Pila North 514+42 09+08  521+461 83+68 —246+11 61+0.9 1234053
S Tolle Center +13 059+027 3294105 5814 —249+05 55404 0.56+0.31
Goro/Gnocca  South 8+21 114035 328:123 61£20 —255+13 53+02 0.27+0.05
X
§ average top Z+29 087055 406:295 70+43 —2541 57407 0.63+0.5
£ Pila North 55429 099+057 201+182 31423 —239+1 59409
= Tolle Center #4413 0754036 165+111 24+11 —243+08 63+16
sl Goro/Gnocca  South 8+05 082+014 106£29 2248 —241+04 48+05
average bottom  Z4+2 0874039 162126 27415 —241+08 57411

OC loading and more depletéd®C values. Both cores ex- nificant differences f < 0.001) were observed in the con-
hibited an increase in th#-3C that coincided with the basal centration of syringyl, vanillyl, and cinnamyl phenols, all
silty-sandy layer wheréBe was not detected. Down-core of which were relatively more abundant in the E16-11 core
profiles of A14C in both cores were relatively similar. Inthe (Table 7). In spite of these differences in lignin contents,
upper core AC values were relatively enriched compared lignin-based parameters such as [C:V], [S:V], [Sd:SI], and
to the silty-sandy stratum whef@e was not detected. Sig- [Vd:VI] were fairly comparable between cores indicating
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Table 5. Penetrations ofBe in sediment cores collected in the Po prodelta before and after the peak discharge. Thicknesses of the October
2000 flood estimated via radiographs were shown as comparison.

Collection date  Station Delta Lobe Depth Lat Long “Be penetration Oct-2000
[m] [°N] [°E] [ecm] flood thicknes$ [cm]

Before the peak

30 April 2009 E1l Pila 12.0 44970 12575 10 ~36
30 April 2009 E16 Pila 20.8 44974 12575 5 ~36
30 April 2009 E20 Pila 15.0 44975 12.582 1 ~36
30 April 2009 H18 Pila 17.0 44916 12.582 0 ~5
30 April 2009 Ji3 Tolle 13.8 44.868 12.520 1 ~25
30 April 2009 J20 Tolle 20.5 44.858 12.553 2 ~12
30 April 2009 N14 Goro/Gnocca  12.0 44.796 12.462 0 ~12
1 May 2009 G10 Pila 11.2 44946 12572 1 ~8
1 May 2009 G15 Pila 159 44942 12.589 2 ~5
1 May 2009 H10 Pila 116 44923 12.556 0 ~12
After the peak

5 May 2009 E16-I Pila 16.3 44974 12576 17 ~36
5 May 2009 J13-1 Tolle 14.1 44.868 12.521 5 ~25

* from Wheatcroft et al. (2006)

a terrigenous composition relatively homogeneous betwee® Discussion
northern and central prodelta.

Given that extremely low SSC were measured in the south5.1 | ow, moderate and high discharge
ern prodelta on 1 May despite the peak discharge, coring
targets in this region were not re-occupied after the peak ogased on seabed grain size distributions, Milligan et
the flood. However, the sed|mer_|t core coIIected.Just off they. (2007) explained the particle settling from the Po plume
Gnocca outlet (core N14, see Fig. 1) on 29 April was usedyg 4 function of the river discharge. During low-to-moderate
as a stratigraphy record to characterize the event-driven sugyq,y, conditions, sediment deposition is rapid and occurs
ply of OC in the southern prodelta during the most rainy \yithin 2km from the river mouth £10m water depth).

period of_the last centur_y_ that resulted in_8 distinct flood g,ch a rapid settling is caused by flocculation processes
events (Fig. 2b). In addition t6Be and radiographs, bulk 44 relatively short floc residence time within the thin sur-

measurements were carried out on this core and they will bg,.¢ plume. Conversely, during high discharge levels, sed-

compared to biogeochemical compositions of a flood deposifyents are transported further into the prodelta because a
collected at the same station two months after the peak of thg,;c plume increases the residence time of particles in the

October 2000 flood (Miserocchi et al., 2007). The N14 radio-\yater column (i.e., sediment buoyancy).

graph indicated a highly bioturbated sediment fabric with no

gwrcfjsggzga:adyoe“g?cgp: r}gfﬂgteiséit('TZFlehg;q%gé?])éo SMilligan et al. (2007) were observed 24 h apart from each
u w protiie w Vel 9 YSsther (Figs. 4, 5). During the first survey on 29 April when

g:onsstent with the bioturbated profne (F|g.'7). iny the ma- the river flow was~5000 n?s~1, SSC values in surface wa-
jor bulk measurements were carried out in this core. OC

. : ters were relatively low (mean value83:2.2mgL!, Ta-
and TN contents were significantly lower than in event-strat y ( g

collected in the same station after the October 2000 floo Iel d3') and |d'd2&§)t %:ffe'r frgm SSCdvaIues mealsurid by
(p <0.01). In addition, theé13C that was isotopically heav- oldrin et al. (2005) during dry periods (mean valud
p=EL0 ’ 2.8mgL~1 at ~1000n¥s~1, Boldrin et al., 2005). Indeed,

f;?ﬁeje%?géegﬁm/e;gi:igiC()'I('::k;tlj:g)z 000 deposit suggestlngthe surface plume was relatively thin, whereas the high-

P ’ est SSC were observed in bottom water§£53.4mg L1,
Table 3) because of the storm event occurred on 28 April
(Fig. 5). During the second survey, when the river flow in-
creased t6~8000 n? s~1, the turbid plume extended further
into the central prodelta (Tolle region) and significant set-
tling of sediment from the surface plume was observed near

In our study, the aforementioned conditions described by
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Table 6. Bulk compositions for sediment cores collected in the Po Table 7. Lignin biomarkers for sediment cores collected in the Po
prodelta. See Fig. 1 for core locations. prodelta after the May 2009 flood.

Interval S \Y C A ‘C:V SV vdVvl SdsSl

Interval  OC TN s8¢ aAl%c oc:TN SA Dsg

em]  [wi%]  [wto] %] [%] [ratio] [m2g~Y [um] [em] [mg100mgiocC] | [ratio]

Northern prodelta Flood deposit Core E16-11 Northern prodelta Flood deposit Core E16-II

o1 13 014 —270 —2048  8.69 e na 01 125 122 038 285031 103 035 0.37
12 13 015 —269 851 139 na 12 136 131 0.39 306030 1.04 041 0.40
>3 12 016 —270 786 100 105 2-3 139 132 040 312030 1.05 0.39 0.40
3.4 10 012 —267 8.52 152 154 34 166 159 048 378030 105 035 0.34
45 12 014 —26.9 8.84 14.9 90 45 141 137 040 319029 103 049 050
5-6 0.9 0.10 _269 -176.7 8.59 12.8 10.6 5-6 2.04 196 058 458029 1.04 0.38 0.39
6—7 1.2 0.13 _271 8.99 145 7.4 6-7 1.24 127 033 2.8%0.26 0.98 0.49 0.53
7-8 1.1 013 -26.7 8.55 12.7 9.7 7-8 138 145 040 323028 096 0.35 0.39
8-9 1.2 014 —-26.9 —193.7 8.63 11.6 74 8-9 1.27 115 037 279032 110 0.38 0.36
9-10 1.2 0.15 -26.4 7.82 15.3 4.1 9-10 1.08 1.08 0.31 247029 101 0.40 0.44
10-11 11 013 -26.7 8.47 13.4 65  10-11 146 148 041 336028 098 040 0.43
11-12 12 012 -269 9.50 15.7 70 11-12 124 125 037 286029 099 034 035
12-13 1.2 015 -26.6 8.08 15.9 47 12-13 097 091 029 217032 107 039 037
13-14 09 012 -263 -—2223 757 14.8 47 13-14 105 0.89 0.32 226036 1.18 043 0.40
14-15 05 007 -26.1 7.87 5.3 237  14-15 111 111 037 259034 100 049 051
15-16 04 005 -256 7.02 45 294  15-16 1.38 1.32 053 3.23040 105 050 047
16-17 05 007 -258 -339.4 735 5.0 235  16-17 153 1.38 059 350043 111 046 041
average 1.0 012 -26.6 -2274 97 12.3 11.6 average 1.34 130 041 3.050.32 1.04 041 042
s.d. 03 003 0.4 648 07 3.8 79 sd. 025 025 0.09 058004 006 005 0.06
Central prodelta Flood deposit Core J13-II Central prodelta Flood deposit Core J13-I1
0-0.5 12015 -263 -2041 7.63 27.1 20 005 081 077 023 181030 105 049 0.49
0.5-1 1.3 0.16 —26.3 7.75 26.7 1.7 0.5-1 1.08 097 030 235031 1.12 0.48 0.47
1-2 1.5 018 -264 -2055 8.16 28.9 17 15 109 099 032 239032 110 044 040
2-3 10 013 -262 7.83 20.6 29 o3 092 082 029 203035 113 047 0.44
34 13 015 -261 -2076 832 22.0 20 34 087 078 028 194036 112 039 035
‘5“2 8-2 g-ég —gjg 4120 *;-(2’2 ig-g 171-‘; 45 074 075 026 175035 099 046 0.45
. : : Tere Tols : : : 5-6 085 0.69 043 198062 123 045 048
average olf 006153 _25679 ‘23252 9'02 . 23409 4'329 average 091 082 030 203037 111 045 0.44
. : : : : : : 7 sd 013 0.1 0.06 025011 007 003 0.05
Southern prodelta Bioturbated deposit Core N14
0-1 061 0.09 —24.85 6.7 14.92 na.
1-2 070  0.08 —25.23 8.5 18.35 n.a.
2-3 069 0.08 —25.29 8.3 23.30 n.a. linii d relatively | ial i . .
3.4 079 009 -_2533 83 2125  na Salinities and relatively low material in suspension .(F|g.. 5)
4-5 076  0.09 —2546 8.5 14.54 na suggested that southern distributaries supplied a significant
5-6 051 006 -25.01 8.0 1564 na.  amount of fresh water while most of their particulate sup-
67 040 005 ~24.94 782054 na g \was trapped in the shallow prodelta because of floccula-
7-8 046 006 -251 7.7 1480 na PYW ppedi1 W prodel use ( u
8-9 063 008 -—2538 8.0 na. na tion and settling processes. Alternatively, a fraction of sed-
9-10 055 007 -2547 7.4 16.52 na. jment load could have settled even before reaching the sea
10-11 071  0.09 -2568 8.1 n.a. na. oo e
1112 054 007 _o544 77 na na within the dlstr'lbutary channels (Fox et gl., .2004). Inde'ed,.
12-13 0.63 0.08 -25.78 75 22.73 na based on published data for the Goro distributary, Syvistki
13-14 063  0.08 -—25.59 7.8 27.68 na. et al. (2005b) estimated a net sediment accumulation along
14-15 070 009 -2558 8.0 17.26 na thig southern channel, accounting for 16% of the total an-
15-16 056  0.07 —25.55 7.6 16.01 n.a. ) .
16-17  0.63 008 —2559 8.1 15.09 na Nual sediment entering the delta. The authors calculated sed-
average 06 008 254 79 185 iment deposmo? rate; for thg Goro channgl that range from
s.d. 01 001 0.3 0.4 4.0 4.7 t0 5.7 cmyr-, relatively higher than sedimentation rates
measured in most of the prodelta (Frignani et al., 2005). As
n.a.= not available a result, the Goro channel floor is becoming super-elevated

compared to the surrounding delta flood plain (Syvistki et

the Pila mouth (Figs. 4, 5). Conversely, the southern prodelté’"-’ 2005b).

under the influence of Goro/Gnocca outlets exhibited a rela- As SSC in surface waters did not exhibit any statistical
tively small increase in SSC despite the marked decrease idifference between dry periods (Boldrin et al., 2005) and
salinity (Table 2). Therefore, the combination of having low moderate discharge, our results suggest that there must be a
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0 because the October 2000 flood was a discrete event whereas
the May 2009 flood occurred at the end of a series of flood
2 events (Fig. 2) close to each other that might have cleaned up
both channels and riverbed.
4 5.2 Accumulation in the prodelta during ordinary
5 floods
= Indirect evidence from sediment cores supports our hypoth-
o 8 esis that most of the sediment supply to the prodelta occurs
< mainly when the river experiences particularly intense and
10 extensive flood events. Figure 6 shows sediment cores col-
ge)

lected in the Po prodelta after a long period of intense pre-
cipitations that resulted in a series of flood events between
4000 and 6000 s~ (8 events, Fig. 2b). However, in spite
14 of the relatively high river flow, most of the cores collected
did not show clear evidence of recent deposition. The north-
—@—October 2000 flood| ® | | ern prodelta just off the Pila mouth (E transect) exhibited
—m— April 2009 ! relatively high’Be penetrations and evidence of laminated
18| } H } A beddings in shallow water (i.e., E11 core). However, thick-
575 27 265 -26 -255 -25 -24.5 nesses were extren"_nely sm_all compqre_d to the October.2000
13 o flood that resulted in a thick deposit in the same stations
87°C, [%] (Table 6) (Wheatcroft et al., 2006). The rest of the cores
collected in the prodelta showed bioturbated sediment fabric
Flg 7. Down-core prOfi'eS OBlSC. Filled circles show the N14 and extreme|y |OV\786 penetrationsy such as in the central
core collected in Decembgr 2000 _(Miserocchi et al.,_2007). Sondprodelta (1-2 cm), or even no detectabe, such as in the
'2"(‘)% ghgmzc:r'sgssrgszreg\?mg (’513‘!1'2';?: S(t)ﬁ;'étiodofg ;nODAe‘;i‘Tr;ggg southern prodelta at the N14 station. If considerable sedi-
n thié latter sgdiment cortBe was not detected. P ‘ment deposition had occurred in the prodelta as a result of
these eight ordinary flood events preceding the May 2009
flood, we should have observed significant penetrations of
’Be and/or seen laminated beddings. For example, indica-
threshold level for the river discharge after which the plumetions of event-strata preservation of the October 2000 flood
can ultimately penetrate into the prodelta. Based on dif-were observed throughout the prodelta by means of radio-
ferences in SSC and transmittance values observed betwegmaphs andBe inventory several months after the flood and
moderate and peak discharge, this threshold level has to b@ some stations up to two years since the flood emplacement
between~5000 and~8000 n?s~1. However, the SSC val- (Palinkas et al., 2005; Wheatcroft et al., 2006). Therefore,
ues during the peak discharge were still lower than expectedhe relatively modest deposition in the prodelta — despite the
suggesting that even the second sampling carried out on humerous events — suggests that the material delivered dur-
May did not fully represent the settling and emplacementing ordinary floods (2—3 yr return periods) is mainly trapped
mechanisms described by Milligan et al. (2007) with the ex-in shallower waters or within distributary channels (Fox et
ception of the region just off the Pila mouth, where the wholeal., 2004), whereas during large flood events, such as the Oc-
water column exhibited unambiguous evidences of particlesober 2000 flood, sediments can efficiently reach the midlle
settling from the upper plume (Fig. 5). and distal prodelta. This does not necessarily imply that sed-
It is also important to highlight, that there are other un- imentation does not occur during ordinary floods. A frac-
known variables such as sediment availability that may affection of flood-derived material probably accumulates on the
the land-ocean exchange of particulate material in a multi-seabed, but the thicknesses of these deposits are probably not
channel setting. Specifically, the aforementioned thresholdsufficient to compete with post-depositional processes such
level might change depending on the time that elapses beas bioturbation and wave-supported sediment transport.
tween two floods. During these low to moderate discharge The effect of ordinary vs. extra-ordinary floods on the ter-
periods, a fraction of river-borne sediment accumulate alongigenous OC burial was particularly marked in the southern
channels and riverbed forming an ephemeral deposit. Thipart of the prodelta. In this region, about two months after
material can be subsequently resuspended when the flow irthe peak of the October 2000 flood, a 12-cm thick event-
creases during flood events. In this aspect, the October 2008tratum was observed at the station N14 based on radio-
flood was extremely different from the May 2009 flood, not graphs andBe penetration (Palinkas et al., 2005; Wheatcroft
only because of the flood magnitude and duration, but alset al., 2006). In addition, the first 10 cm of this sediment

—_
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core showed relatively depletéd®C values, indicating de-
position of fresh terrigenous OC at the top of the core (Mis-

(o] * ¥

erocchi et al., 2007). The same target was re-occupied it
May 2009 and, although the river experienced 8 floods fromg
November 2008 through May 2009, the sediment core wasg 10

0 A
5F- .i%?q}Aﬁ
1

————=

highly bioturbated and lacked dBe activity (Fig. 6; Ta-
ble 5). Furthermore, th&'3C did not show any evidence of
deposition of fresh terrigenous OC at the upper core (Fig. 7)
Therefore, the paradox that a significant amount of fresh

Q.
[
©

15

b

1

20
Dy [l

20 L
30 -27.5 -26.5 -2

5.5 -24.5

8'3C, [%]

water entered the southern delta during flood events, with:
out showing evidence of recent deposition in the sedimen
record, supports, once again, the hypothesis that most ¢ ¢
the material delivered during ordinary floods by the south-
ern distributaries is trapped in shallow regions and/or within E
the distributary channels, consistent with water column re-<
sults. Consequently, sediment accumulation in this Iocatior‘g:JL
is driven by other mechanisms including southerly current
events forced by winds and wave-supported turbidity flows,
as suggested by modeling and in-situ tripod measurement
(Traykovski et al., 2007). Therefore, most of the accumu-
lated material in the southern prodelta is likely reworked ma-
terial whose bulk composition is significantly different from 0
fresh terrigenous OC (Fig. 7).

20
0 0.5 1

A™C, [%.] OC:SA, mgOC m?]

Po river

@ Fine (<63 pm)
*  Coarse (>63 um)

5.3 The May 2009 flood deposit

Flood deposit

—v¥— E16-lI, north prodelta
—4A— J13-Il, center prodelta

depth, [cm]

Although Pila and Tolle belong to the same network of chan-
nels , their outlets exhibit contrasting geomorphologic fea-
tures. The Tolle distributary was the dominant channel until
the end of the Little Ice Age whereas Pila became dominant
at the end of the 19th century (Correggiari et al., 2005) in re-Fig. 8. Down-core variability in flood deposits collected in the
sponse to the artificial E-W straightening of the main feeding_notrrt]helgn (_516'("))‘;T(‘3S‘3“tfra' (3'61\3"')18;‘;‘;9“? vs.dmateria_l co_llec;ted
river trunk. Today Tolle is dominated by wave and exhibits ' \"$,”0 r'veria uriace Areafb) Uso, (median grain size

an estuary-like river mouth characterized by sandy barrieréc)algc’ (d) OC:TN, (€) A*C, () OC:SA,(9) A, and(h) Opal.
(wave-dominated delta) (Fig. 1) (Correggiari et al., 2005).

Conversely, in the northern region, the prodelta experiences

significant progradation resulting in a seaward migration ofis clearly another factor that enhances the plume thickness
the Pila outlet (river-dominated delta) (Fig. 1) (Correggiari (Milligan et al., 2007) that in turn increases the residence
et al., 2005). Stations off Pila and Tolle mouths were re-time of particles within the turbid plume allowing for the de-
occupied after the peak of the flood on 5 May. Core E16-1I position in the prodelta.

was collected in the northern prodelta whereas core J13-1I It is worth highlighting that in addition to having a differ-
was taken in the central region. These sites were re-occupiednt thickness these event-strata displayed significant differ-
because they exhibited among the highest SSC values meances in the sediment texture (Fig. 8a, b). Grain-size distri-
sured in the surface plume on 1 May during the peak of thebution in two intervals from each core was used to examine
flood. Comparing radiographs afiBe penetrations before these differences (Fig. 9a). Bimodal grain-size distribution
and after the peak discharge, we estimated event-layers 1Was observed in the flood deposit collected in the northern
and 6 cm thick in the northern and central prodelta, respecprodelta (E16-11). For the most part of this core, the most fre-
tively. Deposition in the Pila region was expected based onquent size classes were at the silt-clay bounda#dy{m) and
settling and flocculation processes observed during the peaia the silt fraction (~35um). Conversely, the flood deposit
on 1 May (Fig. 5). Conversely, settling from the surface collected in the central prodelta (J13-II) exhibited a normal
plume was not detected off the Tolle mouth on 1 May sug-distribution centered at the silt-clay size boundarg 1m).
gesting that conditions sufficient to cause accumulation in theThe missing peak in the silt fraction for this latter core indi-
central region were likely reached the following day since cates that settling of silty material occurred prior to reaching
the peak of the flood lasted for two days until 2 May. There-the central prodelta. Indeed, the geomorphologic architec-
fore, besides absolute peak discharge, the length of the flootlire of Tolle mouth, characterized by an estuary-like feature

20
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I I

I I
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. ' ' - _Eeli23 5.4 OC composition
Silt —o— E16-11 8-9 ) )
Clay A J13-1 0.5-1 5.4.1 River samples and flood deposits
15t A J13-13-4

Fine and coarse suspended sediments collected on 23
April 2009 at Pontelagoscuro gauging station (H event in
Fig. 2b) displayed contrasting compositions in both bulk
and biomarker parameters (Tables 1 and 2). Specifically,
the coarse fraction exhibited higher OC:TN ratios, relatively
depleteds?3C, significantly higher lignin contents, and a
younger'“C age. Based on these differences, we can con-
clude that the OC in the coarse fractiong3 um) was pri-

Sand

0.5¢

Mass Frequency Percent (%)

N
D

0 ) 1 O A . . H H
0.1 1 4 10 63 250 1,000 marily composed of relatively young organic plant detritus,
diameter (um) whereas the fine fraction<g3 pm) was mainly affected by
aged, humified OC bound to the mineral soil (Fig. 8).
" b —6&— E16 - Moderate discharge Event-strata collected in the northern (E16-11) and cen-

©— E16 - Peak discharge tral prodelta (J13-11), in addition to having a distinct grain-
—4A— J13 - Moderate discharge

113 - Peak discharge size, showed contrasting OC compositions concerniraagd

st Clay 813C (p < 0.01) (Fig. 8c, g). This analogy suggests that
coarse and fine particles display a different composition as

2.5 > well as coarse and fine fractions of river samples. How-
%‘DQ - ever, the OC loading in both deposits are within the range

of the mono-layer equivalent (Mayer, 1994), indicating that
most of the OC is associated with the mineral matrix of in-
organic particles (Fig. 8f). Therefore, rather than mixing of
matrix-free vascular plant detritus with soil-derived OC, as
, . seen for river samples, differences between flood deposits
1 4 10 ~ 63 100 might be the result of diverse terrigenous OC coated on dif-
diameter (um) ferent particles (i.e., organo-clay complexes vs. organo-silt
complexes). Besides OC loading, other parameters support
Fig. 9. (a) Grain-size distribution of E16-1l and J13-Il sedi-  this conclusion. For example, in both flood deposits OC:TN
ment core. Twc_> m_ter\{als are shown for each core (Seduf:]rapher)ratiOS are within the range of soil-derived OC (Hedges and
(b) Grain-size d|§tr|but|0n of surface water suspended sediments abades, 1997). In parallel, for both deposits radiocarbon mea-
E16 and J13 stations (Coulter counter). surements }'C) indicated an aged OC source rather than
a relatively fresh vascular plant detritus (Fig. 8d, c) as ob-

(Fig. 1), suggests that the material enters the Adriatic Se&€ved for the coarse fraction collected in the river. In ad-
via this distributary as a buoyancy-driven plume rather thandition, proxies for microbial degradation of terrigenous OC
a momentum-driven flow (Syvitski et al., 2005a). As a re- such as the acid to aldehyde ratios of the vanillyl phenols
sult of the reduced transport capacity, the coarse material i§Vd:VIl) and syringyl ([Sd:Sl]) do not indicate any differ-

selectively trapped prior to reaching the sea within the Tolle€Nces between deposits, consistent with elemental and ra-
mouth. diocarbon results (Table 7). It is also important to highlight

Particle size distribution in surface water sampled n  that granulometric classes of the coarse and fine material for

below the sea surface) collected above E16 and J13 statiori/SPended river samples and flood deposits are not identical.
highlights similar spatial differences (Fig. 9b). In both mod- Suspended river material was sieved with a 63 um mesh to
erate and peak discharges, the northern prodelta exhibited $£Parate the mud (clay +silt) from the sand fraction whereas
coarser sediment texture in suspended sediments relative f§0St of the differences between flood deposits were due to
the central region. In addition, as the particle size distribu-2 different proportions of silt (4-63 pm) and clay4pm).

tion remained fairly constant despite the increase of river dis-Therefore, results from the size fractionation of river sam-
charge, these results might imply that sediment texture in th!€S can not be directly applied to flood deposits. Itis also
surface plume during a flood event is mainly driven by the INtéresting to observe that both flood deposits had a sandy-

delta architecture rather than the discharge extent. silty basal stratum that, despite a significant contribution of
sand, had a divergent composition relative to the coarse frac-

tion collected in the river. These coarse basal strata had rela-
tively old radiocarbon ages, low OC:TN ratios and displayed
an enriched13C compositions. Therefore, the terrigenous

Volume Frequency Percent (%)
N
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OC mixing within a flood deposit is probably more complex
than a simple mixture of coarse material, relatively rich in

modern vascular plant detritus, with fine material, relatively T‘é’ ;_ 8 4. 025

rich in aged, humified soil-derived OC. In addition, dilution 5 4 0.2 (=

with lignin-free organic matter in the central prodelta (J13-1I § 4

core), such as algal material, might explain the lower lignin %, 3 s

contents as well as the enrich&tC values. However, opal £ 2 0.1

contents in the event-strata does not support the hypothe: '§1

sis of autochthonous OC burial being particularly significant =% 005,826 24 —22 20

in the Tolle region (Fig. 8h). If significant algal burial had 8'3C, [%d]

occurred in the central prodelta, we should have measurec.— ,

higher relative opal contents in this area as diatoms consti- § ¢ Plant fragments

tute the predominant fraction of autochthonous production 52— :—v— bk Soil OC

in the Po prodelta (Aubry et al., 2004). S4r--ryor--r-- Estuarine phytopiankton Il
Finally, the relative proportions of lignin phenols in sus- ‘é: 3r— ) &:‘ ST Lﬂ:y"tzzlz:ﬁzzlankton .

pended material and sediments provide details on vascula ‘¢ 2r - N

plant tissue origin. Specifically, concentrations of cinnamyl 5 2)_ -

relative to vanillyl phenols ([C:V] ratio) is used to differen- 005 01 015 02 025

tiate between woody and non-woody plants, whereas con- IN:C]

centrations of syringyl relative to vanillyl phenols ([S:V]ra- O Suspended - Top - Moderate discharge 2 E:oog gepos?:_;?(’sllll

tio) is used to distinguish angiosperm from gymnosperm tis- E 25:22:3:3 _?gg"_mpea"a‘;‘:::;‘;;:c“arge M Pg‘:iverefg;m

sues (Hedges and Mann, 1979; Hedges et al., 1986). Coars:, suspended - Bottom - Peak discharge o Po river >63um

and fine fractions in suspended material collected in the Po

river displayed relatively similar [C:V] and [S:V] ratios, de- Fig. 10. Sources of OC in Po river samples, suspended materials
spite the contrasting biogeochemical compositions. In paraland flood deposits collected in the Po prodelta. Boxes show the rel-
lel flood deposits collected in northern and central prode|taative contribution of allochthonous and autochthonous OC accord-
exhibited similar [C:V] and [S:V] ratios (Table 7). This indi- ing to the average values in literature (Fry and Sherr, 1984; Hedges
cates that the relative proportion of lignin phenols is fairly €tal-, 1986; Gi etal., 2003; Harmelin-Vivien et al., 2008).
homogeneous throughout the channels network as well as

among different size fractions (i.e., coarse vs. fine).

5.4.2 Surface plume

25

+ Suspended-Top—-peak discharge
© Po river samples <63 um

In prodeltas, suspended particulate OC is a heterogeneou allochthonous
mixture of different compounds coming from different end-member
sources including vascular plant detritus, organic matter
sorbed onto the surface of suspended particles, as well a:
estuarine and marine phytoplankton (Fry and Sherr, 1984;g> L5l
Hedges and Oades, 1997; Chanton and Lewis, 1998; &o 2
al., 2003, 2008). As the aforementioned OC sources exhibitg
contrasting compositions, biogeochemical parameters sucts,
as OC, TN,513C andA constitute a useful toolbox to infer
the OC provenance. Average compositions of different OC |
sources are shown in Fig. 10 as boxes according to the litera:
ture (Fry and Sherr, 1984; Hedges and Oades, 199iii &o 0.5
al., 2003, 2005). On top we have plotted river and prodelta
samples to visually examine the influence of autochthonous
and allochthonous OC sources on these samples. 'S :

Significant differences were observed between suspendec. [TN:OC] atomic
material and sediment cores collected in the Po prodelta. o )
Sediments were mainly affected by river-borne materiaI,F'g' 11. Plot of TN:OC VS. lignin. Open C|r(.:les and crosses are
whereas autochthons production was the dominant churface suspended sediments collected during moderate and peak
source of suspended samples (Fig. 10). However, suspend 80d’ respectlvel_y. F'”eq c!rcle_s are fine me.‘te”?jeg um) col-

. . . . . jected in the Po river. Solid line is the regression line.

material collected during the peak discharge just off Pila an
Tolle mouths exhibited a significant influence of terrigenous

T T
; O Suspended-Top—-moderate discharge
|
|
|

------------ + Average Po river samples M
——y=-20.794x + 4.1916

Lignin [m
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Fig. 12. Results from the end-member mixing model. Surface suspended samples were grouped in three sub-regions according to the
latitude: north, center, south. Blue and red bars represent samples collected during moderate and peak discharge, réspecivtiiy

of autochthonous OCb) Fraction of allochthonous O@c) Concentration of autochthonous OC in the surface plume(@n@oncentration

of allochthonous OC in the surface plume.

OC. A two end-member mixing model was used to quan-of these sources have been assessed based on the position
tify the influence of land-derived material and autochthonouson the regression line-{ = 0.87) that includes surface sus-
phytoplankton in the surface plume. Previous studies in thgpended material collected in the plume and fine river samples
Po prodelta have assessed the relative contribution of estuaf<63 um) since thésg in all suspended sediments were sig-
ine and marine phytoplankton using elemental compositionsiificantly lower than 63 um (Table 3). Positions on the re-
(OC/TN ratio) ands'3C data (Boldrin et al., 2005; Giani et gression line were defined based on the minimum distance
al., 2009). However, while the marine end-member can bebetween samples and the regression line. An averaged value
assumed to be relatively stable in the model, the estuarinéor the Po river fine fraction €63 um) was used as end-
phytoplankton exhibits a broad ranges3fC values (Chan- member for the material supplied by the river. As phyto-
ton and Lewis, 1999). This occurs because of the mixingplankton is a lignin-free OC source, the intercept fo= 0
of fresh water with seawater. This latter is in equilibrium was used to define the [TN:OC] value for the autochthonous
with the atmospheripCO; (~ —7%o) (Mook, 1986) whereas end-member. The relative fractions of autochthonous and al-
the fresh water is relatively depleted YAC due to terrige-  lochthonous OC were then converted in pg OCL
nous biomass degradation. Therefore, at any given mixture Figure 12 shows the results from the model. Samples were
of sea water and fresh water, théC signature of the dis- grouped in three sub-regions (i.e. north, central, south) ac-
solved CQ changes affecting the isotopic signature of au- cording to collection sites. Results are shown as mean and
tochthonous phytoplankton (Chanton and Lewis, 1999). Inrelative standard deviation for each sub-region. The rela-
parallel, this process influences the radiocarbon age of phytive fraction of autochthonous OC exhibited an overall in-
toplankton as the CEsupplied by rivers is generallffC de-  crease with distance from the Pila mouth, especially dur-
pleted compared to the atmosphere due to the degradation @fg the peak of the flood (Fig. 12a). The concentration of
aged terrigenous biomass. Similar mechanisms occur in upautochthonous OC (ugl!) was slightly higher during the
welling region where aged water masses supply isotopicallypeak discharge, though these differences were not statisti-
depleted CQ@to the surface ocean (Eglinton et al., 1997).  cally significant (Fig. 12b). However, these similar concen-
For this reason, we preferred to group together estuarindrations indicate that phytoplankton growth was not limited
and marine algae and apply a simple two end-member mixby the increase in water turbidity, especially in the south-
ing model between autochthonous and allochthonous OC usern prodelta where we observed the highest autochthonous
ing TN:OC andA values (Fig. 11). The relative fraction OC concentrations during the peak discharge, consistent with

Biogeosciences, 8, 36885 2011 www.biogeosciences.net/8/365/2011/



T. Tesi et al.: The Po prodelta as a study case 383

fluorometer data (Fig. 5). During the peak of the flood, the main distributary of the Po river (Pila mouth). In spite
relative fraction of allochthonous OC increased throughout of this north-to-south decrease, concentrations of al-
the prodelta (Fig. 12c). Terrigenous material in the Pila re- lochthonous OC exhibited an overall increase through-
gion became the major OC whereas in the central and south-  out the prodelta because of the flood, especially in the
ern prodelta allochthonous and autochthonous fractions were  northern prodelta. In the southern prodelta, a thick layer
fairly even despite the high discharge. Concentrations of of fresh water characterized by relatively low SSC was
land-derived OC (ugtl) were statistically higher during observed during the peak of the flood. In this region, au-
the peak of the flood relative to the early stage of the flood tochthonous OC was the main OC source even during
(P <0.01) (Fig. 12d). However, with the exception of the the peak flood. This suggests that settling processes,
Pila region, central and southern prodelta exhibited terrige- coupled with significant input of fresh water, are key
nous concentrations 1-2 fold less concentrated than the river  factors for phytoplankton blooms during flood events in
(5173+£392 ug OC 1, Table 1) indicating that, despite the the southern prodelta.

peak of the flood, flocculation, dilution, and settling pro-

cesses were still affecting the concentration of terrigenous 4. After the peak of the flood, a silty flood deposit was col-
OC within the plume. lected just off the Pila outlet in the northern prodelta,

1. Po river discharge exerts first-order control on the ter-

while finer event-event strata were collected in front
of the Tolle mouth in the central prodelta. Differ-

6 Summary ences in grain-size were likely due to the estuary-like
) ] . ) ] architecture of the central prodelta that caused trap-
This study investigated the event-driven supply and deposi- ping of relatively coarse material prior to reaching the
tion of land-derived material in the Po prodelta characterized sea. In addition, these flood deposits exhibited contrast-
by a multi-channel architecture. The overall conclusions of ing biogeochemical compositions including OC load-
this study are that (i) the land-ocean exchange of particulate ing, §13C, and concentrations of lignin phenols. This
OM is constrained by the delta architecture and (ii) the ma- analogy suggested that hydrodynamic sorting affected
terial supplied to the prodelta is not coherent throughout the also the supply and deposition of terrestrially-derived
network of channels . The following are specific findings: OM prior to reaching the prodelta. In spite of these sort-

ing processes, lignin-based parameters indicated that
the composition of vascular plant tissues supplied to the
prodelta is fairly homogenous throughout the network
of channels and between size-fractions.

rigenous OM concentration within the plume. Specif-
ically, our results suggest the there must be a thresh-
old level for the river discharge over which the tur-
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