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ABSTRACT
Quantification of the interaction between river discharge and tides is vital to characterize 

fluvio-deltaic systems, to identify diagnostic elements of tidal signatures in the rock record, 
and to reconstruct paleogeographies. In modern systems, even microtides can significantly 
influence delta morphodynamics; yet, many fundamental processes, particularly in prodel-
taic settings, remain elusive. Here, by combining a unique process-product data set acquired 
during a flood event of the Po River (Italy) with numerical modeling, we show that tidal sig-
natures are recorded in the open-water prodelta zone of a microtidal system. Based on the 
analyses of box-cores collected before and after a flood off the main distributary channel, we 
interpreted storm beds, tide-modulated flood strata of alternating normal and inverse graded 
beds, and rapid bioturbation. Modeling of the river discharge indicates that, at the peak of 
the flood, the steepening of the water-surface profile forced by 0.15 m lowering of sea level 
during low tides generated an 8% increase in river flow velocity. The alternation of profile 
steepness and associated cyclicity in flow strength during consecutive tidal cycles controlled 
the sediment load of the plume and, consequently, led to the deposition of tidal-modulated 
strata. Formation of microtidal signals appears to be enhanced in fluvio-deltaic successions 
characterized by multiple distributaries and in basins where river floods are out of phase 
with storm-wave activity. Bioturbation of sediment, which can start during the waning stage 
of the flow, and erosion by storm waves hamper the preservation of tidal signals, unless rapid 
burial occurs. The recognition of tidal-modulated strata in river-dominated settings may fa-
cilitate the characterization of mudstone reservoirs and reconstruction of paleogeographic 
conditions during deposition.

INTRODUCTION
Tide-influenced or tide-dominated fluvio-

deltaic systems normally develop in the pres-
ence of macro- and mesotidal regimes, or where 
the tidal prism is large enough with respect to 
the cross-sectional area through which the water 
flows to generate fast tidal currents (chapter 9 
in James and Dalrymple, 2010). Modern sys-
tems such as the Fly River Delta (Papua New 
Guinea), Schelde Delta (Netherlands), and 
Cobequid Bay–Salmon River (Canada) have 
been investigated to describe tidal sedimen-
tary facies and subenvironments (Dalrymple 
et al., 2003; Dalrymple and Choi, 2007), and to 
develop interpretive models for the rock record 
(Longhitano et al., 2012). Geological evidence 
of the interaction between river discharge and 

tidal dynamics can be recorded by both large- 
and small-scale features across the fluvial-to-
marine transition zone (FMTZ) to the prodelta. 
Diagnostic elements span from variations in 
channel morphology (Gugliotta and Saito, 2019) 
to sedimentary structures (Jaeger and Nittrouer, 
1995; Peng et al., 2018). At the seaward limit 
of the FMTZ, where tidal currents are stronger, 
increasing rates of river discharge progressively 
reduce tidal current speed (Dalrymple and Choi, 
2007). Consequently, tidal signals in river flood 
deposits are best preserved during the waning 
stage of floods or in the presence of large tidal 
prisms compared to river discharge (Dalrymple 
et al., 2015; Olariu et al., 2015). Examples of 
both conditions have been interpreted in the 
Campanian Neslen Formation, Utah, USA 

(Dalrymple et al., 2015; Olariu et al., 2015). 
Microtidal oscillations, however, may largely 
affect current velocity and consequently the 
morphodynamics of deltas (Shaw and Mohrig, 
2014; Hanegan and Georgiou, 2015; Rossi et al., 
2016). Prodeltaic settings have low to negligible 
river currents and should be well suited to record 
tidal signals, even in river flood strata. Despite 
tidal rhythmites inferred in ancient prodeltaic 
strata (Williams, 1991), these tidally “modu-
lated” facies have not been confirmed in modern 
settings.

By integrating a unique process-product data 
set with numerical modeling, we demonstrate 
with unprecedented detail that extremely small 
tidal ranges (i.e., <1 m) can modulate river dis-
charge sufficiently to control flood deposition 
in prodeltaic settings.

REGIONAL SETTING
The mean annual discharge of the Po River at 

Pontelagoscuro, Italy (Fig. 1A), is ∼1500 m3/s, 
with peak discharges >12,000 m3/s. The Pila 
and Tolle distributary channels supply 60% 
and 12%, respectively, of the total water and 
sediment discharge of the Po River (Fig. 1A; 
Syvitski et al., 2005). Spring and neap tides in 
the northern Adriatic Sea have amplitudes of 
∼86 cm and 20 cm, respectively. At the Pila 
channel, the flux is reversed during flood tide, 
when river discharge is <1000 m3/s (Maicu 
et al., 2018). Seasonal Po River floods typi-
cally reach the sea during fair-weather condi-
tions (Wheatcroft et al., 2006).

METHODS
Field data were collected in April–May 

2009 during a rapid-response cruise (Tesi et al., 
2011) that investigated a flood event (peak of 
∼8000 m3/s at Cavanella, recurrence time of 
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50–70 yr) of the Po River, Italy (Fig. 1). See 
the GSA Data Repository1 for details on data 
acquisition, processing, and modeling. Con-
ductivity-temperature-depth (CTD) profiles 
along with light transmittance data and sus-
pended sediment concentrations (SSCs) were 
acquired on 29 April and on 1 May (flood peak) 
on transects parallel to the coastline (Fig. 1A). 
Box-cores E16-I and E16-II were collected at 
∼16 m water depth from the same location off-
shore the mouth of the Pila distributary channel 
on 30 April and on 5 May, respectively (Figs. 1 
and 2). A slab of sediment orthogonal to the 
layering was extracted on deck from each box-
core, kept in a cold room (4 °C), and X-rayed 
in laboratory after 10 d. The evolution of the 
water profile and bed shear stress was numer-
ically simulated using the one-dimensional 
model Hec-Ras 5.0.7 (https://www.hec.usace.
army.mil/software/hec-ras/; Brunner, 2016).

RESULTS
The water level at Cavanella began to rise the 

night of 28 April, peaked on 1 May, and waned 
for 10 d (Figs. 1A and 1C). A storm preceded the 
flood on 27–28 April and generated >3-m-high 
waves (Fig. 1C), with modeled bottom orbital 
velocities up to 140 cm/s at 20 m water depth 
(Bertotti and Cavaleri, 2009).

On 29 April, salinity profiles showed no 
freshwater plume in the prodelta region off-
shore the Pila and Tolle distributary mouths 
(Fig.  1D). Transmittance was high offshore 
the Pila channel (Fig. 1D), and low SSCs char-
acterized both surface (5.68 ± 0.3 mg/L) and 
bottom (2.72 ± 0.72 mg/L) waters. Offshore 
the mouth of the Tolle channel, surface waters 
had high measured light transmittance and low 
SSC (3.04 ± 0.54 mg/L), while bottom waters 
had much lower transmittance and higher SSC 
(13.21 ± 2.1 mg/L).

The X-radiograph of box-core E16-I, col-
lected before peak flooding, showed a 2-cm-
thick layer at the top, with internal cross-laminae 
that unconformably overlay older bioturbated 
sediments (Fig. 2). This upper layer was charac-
terized by high X-ray attenuation (denser sedi-
ment) compared to the underlying strata, which 
showed a diverse suite of physical (e.g., lami-
nae, lenticular bedding, soft-sediment defor-

mation) and biogenic sedimentary structures. 
Two other layers with high X-ray attenuation 
occurred at depths of 11 and 19 cm (Fig. 2).

On 1 May, surface waters had overall lower 
salinities, particularly offshore the Tolle distrib-
utary (Fig. 1D), and a plume of river-derived 
sediments flowed across the prodelta region. At 
station E16, the transmissometer recorded 0% 
light transmission, and both surface and bottom 
waters showed their highest SSCs, with values 
of 53.41 ± 4.77 mg/L and 24.35 ± 0.21 mg/L, 
respectively. A second plume of sediment 
flowed from the mouth of the Tolle channel, 
remaining confined to surface waters (Fig. 1D). 
Off Tolle, SSCs were 26.51 ± 1.05 mg/L and 
10.01 ± 0.74 mg/L in surface and bottom waters, 
respectively.

The X-radiograph of box-core E16-II shows 
(1) a 5-cm-thick basal layer (22–17 cm) charac-
terized by an upward decrease in X-ray attenua-
tion, moderate bioturbation, and a D50 (average 
grain size) of ∼6 µm (Fig. 2); a 3-cm-thick and 
high-attenuation layer (17–14 cm) with cross-
laminae, sparse bioturbation, unimodal grains 
with D50 up to 36 μm, and sharp upper and 
lower contacts; a 14-cm-thick upper interval 
(14–0 cm) characterized by cyclic changes 
in X-ray attenuation, with 5 dark (K) layers 
alternating with 5 light (L) ones (Fig. 2). Each 

1Supplemental Material. Data acquisition and 
processing, numerical modelling set-up, calibration, 
and results. Please visit https://doi​.org/10.1130/
GEOL.26213S.12091686 to access the supplemental 
material, and contact editing@geosociety.org with 
any questions.
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Figure 1.  (A) Study area (Po 
River, Italy) with locations of 
hydrographic stations, con-
ductivity-temperature-depth 
(CTD) profiles, and E16 coring 
site. (B) Satellite image of the 
Po River flood on 2 May 2009. 
(C) Measured Po River surface-
water elevations (black lines), 
with timing of CTD and box-
corer sampling, and predicted 
astronomical tidal amplitude 
(blue) and wave heights (red) 
off the Pila distributary mouth. 
(D,  E)  Salinity and transmit-
tance profiles (modified from 
Tesi et al., 2011).
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layer showed gradational changes in attenu-
ation at both the lower and upper contacts; 
no clear erosional surfaces or sedimentary 
structures due to traction were visible at the 
core scale. Ongoing bioturbation was visible 
soon after the subsampling through the slab. 
The grain-size analyses showed poorly sorted, 
multimodal sediment distributions with D50 of 
5 µm (D90 = 32 µm) for K layers and D50 of 
12 µm (D90 = 75 µm) for L layers. An over-
all coarsening-upward trend was visible in the 
14 cm interval (Fig. 2). The grain size from 
the 3-cm-thick S1 layer showed, conversely, a 
well-sorted deposit, lacking fine-grained sedi-
ments but enriched in coarser sizes, with a peak 
frequency distribution at 40 µm (Fig. 2).

DISCUSSION
Event Stratigraphy: Storm and Flood 
Deposits

When E16-I was recovered, the peak of the 
flood had not occurred, and CTD data do not 
show a sediment plume flowing across the pro-
delta (Figs. 1C and 2). Yet, the X-radiograph of 
E16-I contains a 2-cm-thick coarse deposit at the 
top (Fig. 2). In E16-II, a 3-cm-thick deposit with 
the same character (basal erosional contact and 
cross-laminae) is visible above a depth of 17 cm, 
suggesting that the layer may represent the same 
event at the top of E16-I. Because a river-derived 
plume was not present in surficial or bottom 
waters at the time this layer was deposited 
(Fig. 1D), it is unlikely to have resulted from 

river discharge. E16-I was, however, collected 
2 d after the 27–28 April storm that generated 
>3-m-high waves (Fig. 1C). High SSC and low 
transmittance in bottom waters off the mouth 
of the Tolle channel on 29 April are, conse-
quently, interpreted as having been generated by 
sediment resuspension due to the storm waves 
(Fig. 1D), and the coarse layer observed in E16-I 
is interpreted as the result of in situ reworking 
by direct wave stress or of a wave-enhanced 
sediment-gravity flow (WESGF; Macquaker 
et al., 2010). A WESGF with near-bed concen-
trations of 10–50 g/L decreasing to 0.2–3 g/L at 
10 cm above seabed was observed offshore the 
Tolle channel in a water depth of 13 m during 
a previous storm with 3.8 m significant wave 

Figure 2.  Core description related to coeval river, tide, and wave conditions on the Po River, Italy. X-radiographs of box-corer samples E16-I 
and E16-II (b—bioturbation, L—cross-laminae), porosity, grain-size analyses of E16-II. Dark and finer-grained intervals (K1 to K5) formed 
during high tides are highlighted by yellow bars. Predicted astronomical tidal amplitudes (blue) and wave heights (red) off the Pila dis-
tributary mouth, with the timing of sampling for conductivity-temperature-depth (CTD) profiles and box-cores. Particle size distributions of 
intervals S1, K1, and L1.
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height (Traykovski et al., 2007). Since the 27–28 
April storm had similar wave heights, and the 
seafloor offshore the Pila channel is steeper than 
that offshore the Tolle channel, a WESGF likely 
occurred. The lack of continuous in situ observa-
tions during this study, however, prevents further 
discussion. The 14-cm-thick bed above S1 in 
E16-II is interpreted as representing a different 
event: a flood deposit accumulated between 30 
April and 5 May, during peak flooding and early 
waning stages (Figs. 1D and 2). The 7Be profiles 
(see supplementary material) indicate the recent 
deposition of both event layers, but they do not 
differentiate their timing.

The flood deposit has alternating coarser (L1–
L5) and finer (K1–K5) layers (Fig. 2). The grada-
tional contacts between layers, the lack of sedi-
mentary structures, and the poorly sorted nature of 
the sediments suggest that deposition was driven 
by settling of particles in suspension promoted by 
salt-driven flocculation, a dominant sedimentation 
mechanism in the Po River Delta (Fox et al., 2004; 

Milligan et al., 2007). This interpretation agrees 
with CTD data collected on 1 May that showed a 
freshwater plume mixing with the seawater and 
resulting in a turbid plume extending down to the 
seabed (Fig. 1E). On top, cyclic variations in sedi-
ment grain size imply that other mechanisms con-
trolled turbid plume dynamics, sediment content, 
and settling, such as tides.

Tidal Modulation of a Flood Deposit
Because no storms occurred during the accu-

mulation of the flood deposit and no oscillations 
in the river discharge were detected at stations 
located upstream of the backwater influence, 
tides are the most likely mechanism to explain 
the cyclic variation in silt content. This hypoth-
esis is corroborated by the correspondence 
between the number of fine-grained layers and 
number of high tides that occurred between the 
collection of the two cores (Fig. 2).

To test whether tides were indeed responsible 
for cyclic deposition during the flood, we ran a 

simple one-dimensional numerical model of the 
Po River discharge (Fig. 3). The flow simulated at 
the Pila mouth is always unidirectionally seaward 
during the river flood, in agreement with Maicu 
et al. (2018). Because the steepness of the water 
profile is directly proportional to the flow veloc-
ity (Lamb et al., 2012), low tides force higher 
flow velocity. This is confirmed by comparing 
depth-averaged flow velocities at the river mouth 
with astronomical tides and water levels (Fig. 3). 
At the Pila distributary mouth during the peak 
of the flood (Fig. 3B), the simulated river flow 
velocity was 1.2 m/s, and tidal water-level oscil-
lations of ∼0.15 m generated a change of ∼0.1 m/s 
(Figs. 3C–3E). Although such velocity variations 
are small (∼8% of river flow velocity), microtides 
influenced river hydraulics and the sediment load 
of the plume. Model results also indicate that the 
critical bed shear stress for a grain size of 60 µm, 
the lowest value in the model, is never reached at 
the location of the core on the prodelta (Fig. 3F), 
in agreement with the lack of traction structures 
in core E16-II. The small coarsening-up trend 
visible in the flood deposit (Fig. 2) may reflect 
increasing availability of coarser sediments pro-
duced by erosion of the riverbed, or bioturbation.

Formation, Preservation Potential, and 
Implications of Tide-Modulated Flood 
Deposits

River floods that last for several days and 
supply abundant sediment are prerequisite fea-
tures for recording tidal signals in prodeltaic 
deposits. Tidally modulated flood strata are 
more likely to occur in fluvio-deltaic systems 
with distributary channels, as the peak dis-
charge is divided among distributary mouths, 
thus increasing the relative influence of tidal 
flow (Dalrymple et al., 2015). The rapid burial 
associated with the deposition during the waning 
stage of the flow, when sediment is still being 
supplied quickly, enhances signal preservation 
by reducing the transit time through the mixing 
zone (Bentley et al., 2006). Conversely, mic-
rotidal signals in prodeltaic successions can be 
obscured during deposition if the flood reaches 
the basin during a storm, or they can be dis-
rupted by postdepositional processes like storm 
waves and bioturbation (Bentley and Nittrouer, 
2003). In the study area, river floods and storms 
occur at different times, which favor tidal signal 
preservation (Wheatcroft et al., 2006). Bioturba-
tion was visible in E16-II shortly after sampling, 
which indicates that it occurred exceptionally 
quickly, during the waning phase of the flood 
(Wheatcroft et al., 2006). The extensive bio-
turbation visible on the X-ray image, however, 
likely formed during the time elapsed between 
sampling and X-ray scanning.

Tide-modulated flows potentially transport 
coarser grains farther away from river mouths 
than do purely river-dominated flows (Bohacs 
et al., 2014), affecting the distribution of poten-

Figure 3.  (A) Simulated 
surface-water elevations 
show M2 drawdown pro-
files for peak discharge 
at high (blue line) and low 
(red line) tide, and low-flow 
conditions (Q = 1000 m3/s; 
green line). (B–E) Model 
simulations of discharge, 
tidal amplitude, water 
level, bed shear stress, 
and flow velocity at the 
mouth of the Pila distrib-
utary channel. (F) Model 
simulation of bed shear 
stress and flow velocity 
at station E16, with criti-
cal shear stress (τ* crit) 
for 60 μm. Storm layer S1 
is in orange, and finer-
grained intervals (K1–K5) 
of the flood deposit are in 
yellow.
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tial hydrocarbon carrier beds or leak pathways. 
Strata interpreted as formed by tide-modulated 
flows suggest different environmental and paleo-
geographic conditions than those for purely 
river-generated hyperpycnites. Recognition of 
subtle tidal influence will assist in the character-
ization of hydrocarbon sources, unconventional/
mudstone reservoirs, and seal properties and can 
support the diagnosis of shelfal parasequence 
types (Bohacs, 1998; Passey et al., 2010; Bohacs 
et al., 2013, 2014).

CONCLUSIONS
Our study is the first to observationally and 

numerically link the microtidal modulation of 
river flood discharge to laminated flood strata 
in a modern prodeltaic setting. We show how 
microtides control river hydraulics and sediment 
transport in the prodelta, thus demonstrating 
that tidal signals are not only associated with 
macro- and mesotidal settings, but also with 
certain river-dominated ones, as suggested by 
Dalrymple and Choi (2007). Our results can 
help to interpret sedimentary signals preserved 
in ancient prodeltaic sequences and facilitate 
evaluation of the climatic regime of the basin 
and its bearing on the timing of river floods.
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