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Geophysical investigations unravel 
the vestiges of ancient meandering 
channels and their dynamics in tidal 
landscapes
Jacopo Boaga1, Massimiliano Ghinassi1, Andrea D’Alpaos  1, G. P. Deidda  2, G. Rodriguez  3 
& Giorgio Cassiani1

Whether or not one can detect relict signatures of the past imprinted in current landscapes is a question 
of the utmost theoretical and practical relevance for meandering tidal channels, owing to their influence 
on the morphodynamic evolution of tidal landscapes, a critically fragile environment, especially in 
face of expected climatic changes. Unravelling the sedimentary patterns of ancient channels is an 
expensive process that usually requires high resolution sediment coring. Here we use a novel inversion 
process of multi-frequency electromagnetic measurements to reveal the signature and characterize 
the dynamics of a salt-marsh paleo-meander in the Venice Lagoon. We show that the ancient 
meander migrated laterally while vertically aggrading, developing a peculiar bar geometry which is 
less common in analogous fluvial meanders. The observed point-bar dynamics and the associated 
architectural geometry are consistent with remote sensing and borehole data and contrast with current 
assessments of tidal meander morphodynamics mediated from classical fluvial theories. In addition, 
the proposed technique, rapid and non-invasive, bears important consequences for detecting buried 
stratal geometries and reconstructing the spatial distribution of ancient sedimentary bodies, providing 
quantitative data for the description of landscape evolution in time.

Branching and meandering tidal channel networks cut through salt-marsh landscapes and drive the exchange of 
water, nutrients and sediments within these landscapes. Providing preferential pathways for marsh flooding and 
drainage during the tidal cycle, tidal channels exert a primary control on the ecogeomorphological evolution of 
salt-marsh systems e.g.1,2. The dynamics of salt-marsh platforms and of their channel networks are tightly inter-
twined e.g.3–6 while the channels drain and feed the marsh during the tidal cycle, governing water and sediment 
fluxes over the platform, the elevation of the marsh in the tidal frame, together with its extension, controls chan-
nel growth, maintenance, size and evolution7–11. Despite their importance in landscape evolution, tidal networks 
have received less attention than fluvial ones12 particularly in terms of the main morphometric characteristics of 
tidal meanders that are commonly studied following theories developed for their fluvial counterparts13–17. The 
internal structure of tidal point bars has received even less attention, attempts to address such an issue being 
indeed mainly based on similarities with fluvial meanders e.g.18,19. Improving current knowledge of tidal meander 
dynamics, and of the related sedimentary products, becomes an essential step to understand and predict tidal 
landscape morphodynamic evolution. Bar expansion, obstructed channels, outer–bank erosion and relocation of 
past meander bends can explain fining or coarsening-upward vertical grain-size trends, erosional surfaces and 
current salt-marsh topography e.g.20. The reconstruction of paleo-meander patterns can explain these morpho-
logical changes, and provide a significant contribute to reconstruct the depositional dynamics of paleochannels21.

The scientific issue above calls for solid evidence to develop detailed depositional models for tidal meander 
bends and related sedimentary products.

Several remote sensing techniques have widely been applied to map meander evolution in both tidal15,22 
and fluvial23–25 landscapes. In this framework even a simple time-lapse aerial photography database, can supply 
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relevant information on meander migration, especially if it spans a long time period23,25,26. Nevertheless, remote 
sensing techniques must be confirmed by ground-truthing, requiring detailed datasets of invasive, ancillary sub-
soil investigations27,28. A step forward is clearly needed.

Spatially extensive geophysical surveys give a fundamental contribution towards the characterization of the 
shallow subsoil and its heterogeneities, that can be related to geomorphological evolutions and different sedimen-
tation processes in tidal landscapes29,30. A possible approach, both fast and accurate, is provided by electromag-
netic techniques that allow one to perform contactless measurements31.

Here we present an innovative method to unravel the footprints of ancient meander bends in salt-marsh plat-
forms and we test this new approach by recovering sedimentary cores that demonstrate that imaged sedimentary 
features are consistent with both observed deposits and recently established depositional models20. We show 
that the use a multi-frequency conductivity meter and the application of an innovative inversion technique of 
multi-frequency electromagnetic data (see Methods) allow one to unravel the geometry of a buried tidal point 
bar and related channel, which cut through a salt-marsh platform in the Venice lagoon (Italy), where saline 
soils are extremely conductive, thus representing a very challenging environment (in terms of discerning electri-
cal conductivity spatial variations). Note that the presence of this paleo-meander is clearly shown by historical 
aerial photographs, whereas sediment accumulation over the past few decades has totally smoothed the marsh 
topography, covering direct morphological evidence of this channel. We also show how the three-dimensional 
geophysical data add critical information to the understanding of sedimentary processes in tidal landscapes. The 
integration between geophysical data, remote sensing images, and ancillary sedimentological investigations shows 
that salt-marsh aggradation plays a key role in developing geometries of tidal point bars. We present the peculiar 
morphodynamic behavior of tidal meanders, unusual for their fluvial counterparts, that is functionally inter-
twined to the evolution of the adjacent platform. We provide evidence that a multi-frequency electro-magnetic 
data inversion technique is a viable tool that can be used to study tidal meander evolution as well as the evolution 
of similar depositional environments. In addition, our findings challenge the possibility of applying fluvial mean-
der theories to the study of their tidal fellows.

The study site
The Venice Lagoon, which formed over the last 7500 years covering alluvial Late Pleistocene deposits32, is the 
largest Mediterranean brackish water body, with an area of about 550 km2 (Fig. 1a). The Venice Lagoon is sub-
jected to a semidiurnal tidal regime, with an average tidal range of about 1.0 m and peak tidal amplitudes of about 
0.75 m around Mean Sea Level (MSL). It is connected to the Adriatic Sea through three inlets: Lido, Malamocco, 
and Chioggia. The study site is located in the Northern part of the lagoon (Fig. 1a), which hosts the best natu-
rally preserved network of meandering channels. The evolution of this network has been characterized by a few 
stream piracies, that caused the abandonment of channel reaches and their consequent burying under salt-marsh 
deposits.

We selected a study area where historical aerial photographs (e.g. the 1968 photo) show remnants of old tidal 
meanders (Fig. 1b), which used to drain the marsh platform in the past. Moreover the study area is close to a 
recently investigated site, where extended core drilling showed that the morphodynamic evolution of a tidal 
meander was affected by the aggradation of the surrounding salt-marsh platform20. Specifically, as it emerges 
from the 1968 aerial photo, the surveyed study site is characterized by arcuate lineations (hereafter “scroll-like”-
features) resembling different growth stages of a meander bend that expanded toward SE (Fig. 1b). At present, the 
site is covered by a dense halophytic vegetation (Fig. 1b), whose current zonation (Fig. 1a second panel), together 
with the small differences in marsh elevations (Fig. 1a third panel), suggest the presence of these paleo-meanders, 
which are not clearly visible when standing on the marsh platform. At this site we conducted a spatially dense, 
multi-frequency electromagnetic (EM) survey covering an area of approximately 70 m × 35 m.

Results
The inversion of the acquired multi-frequency electromagnetic data allowed us to define the 3D stratal archi-
tecture of the site, that is shown in Fig. 2 where four depth slices are shown. Note that data are missing in cor-
respondence of active, deep salt-marsh channels, where the acquisition could not be performed. In addition, all 
slices deeper than 1.0 m show essentially no spatial variation in electrical conductivity and a stable value around 
2 S/m. In the region shallower than 1 m, both high- (>2 S/m, in blue) and low- (<2 S/m, in brown) conductiv-
ity regions are clearly marked. These analyses allow us to clearly discriminate a higher electrical conductivity 
domain (values > 3 S/m) from a lower conductivity domain. In the slice at 0.60 m depth, the distribution of the 
high-conductivity domain defines an ESE-WNW trending lobe, that increases in size at a depth of 0.36 m, and is 
prevalent at the ground surface (0.0 m). At 0.36 m depth, the Southern part of the study area, facing the deeper 
channels, is characterized by lower electrical conductivity values (brown areas), due to the presence of silty-sandy 
sediments spread from the main channel onto the marsh surface during flood events.

The distribution of the electrical conductivity values at different depths reflects the spatial orientation of 
scroll-like features that are visible from historical aerial photos (Fig. 1b). Drilling core data (Fig. 2) confirm the 
presence of the two different domains visualized by the EM survey, showing that the high- and low- conductivity 
domains are associated with salt-marsh silty-mud and point-bar sandy deposits, respectively. The spatial correla-
tion between conductivity maps highlights that salt-marsh deposits reach their maximum thickness (~1.0 m) in 
the NNW sector of the surveyed area and that their basal surface is characterized by a “spoon-shaped” geometry 
with a SSE-NNW trending axis, as shown in Fig. 3.

Discussion
Our study demonstrates the applicability and value of non-contact EM surveys in defining subsurface geom-
etries even in electrically conductive environments such as salt-marsh systems, where the sensitivity of the 
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measurement is stretched to the limit of detecting subtle spatial variations. Here the detection of subtle electri-
cal conductivity differences, around the high values expected due to the prevailing presence of brackish waters, 
made the target particularly challenging. Only an algorithm capable of going beyond the low induction number 
approximation33 allowed us to draw the necessary conclusions in this environment. The results are - inform-
ative for the geometrical reconstruction of ancient tidal deposits, and thus allow us to detect the remnants of 
buried channels and cast light back in time on the past sedimentary processes. The integration between EM 
and sedimentological borehole data reveals that point-bar deposits associated with the studied paleomeander 
are now buried by salt-marsh silt ranging in thickness between 0.3 and 1.0 m. In particular, the higher electrical 
conductivity domain presenting values > 3 S/m (Fig. 2) can be related to the silty salt marsh deposits, while the 
lower conductivity values are representative of the more sandy point bar body (Tab.1 and Fig. 3). In these terms, 
the non-invasive electrical characterization of the buried meander structure suggests that the bar-top, salt-marsh 
deposits are characterized by a peculiar spoon-shape geometry, which is both validated by testing boreholes and 
consistent with recently proposed depositional models developed in similar bar deposits20, which, on the other 
hand, required recovering and sedimentological analysis of 150 cores. The subtle changes of electrical properties 
detected through the proposed model, are, therefore, representative of different sediment depositions, as con-
firmed by the drilled boreholes. The deposition of fine-grained sediments on point bar top reflects the morpho-
dynamic evolution of channel bends, being they fluvial or tidal, and follows lateral migration/shifting of the main 
channel. Once salt-marsh deposition is triggered on the bar top, its aggradation is governed by the mutual role of 
the rate of relative sea level rise and of the deposition rate of organic and inorganic sediments34. At equilibrium 
conditions, as in the San Felice area35–37, the salt-marsh surface aggrades vertically keeping pace with the rate of 
relative sea-level rise (estimated to be about 3.0 mm/yr31). This implies that lateral migration of meanders cutting 

Figure 1. (a) Map of the test site in the S. Felice salt marsh, Venice Lagoon, N-E Italy (from Google Earth, 
modified with Iwork 5.3 suite https://www.apple.com/iwork/). The panel on the middle shows the vegetation 
map of the San Felice Marsh (from Marani et al. 200653 -free of use under the Creative Commons Attribution 
license- modified, https://www.plos.org/license, modified with Iwork 5.3 suite https://www.apple.com/iwork/). 
The panel on the right shows a LiDar image of the study site with color-coded topographic elevations (from 
Boaga et al.30 - free of use under the Creative Commons Attribution license- modified, http://onlinelibrary.
wiley.com/journal/10.1002/%28ISSN%291944–8007/homepage/FundedAccess.html, modified with Iwork 5.3 
suite -https://www.apple.com/iwork/-). The black box shows the abandoned meander area, investigated in this 
study. As it can be seen in right panel the abandoned meander inner part presents a slight topographic height. 
This relative height in is confirmed by the vegetation map, which presents Sarcocornia vegetation, respect to the 
Limonium vegetation that usually characterize lower lands. (b) Historical aerial images (from the 1938 and 1968 
flights, respectively (provided by the Magistrato alle Acque — Consorzio Venezia Nuova -Venice). Originals 
are freely available only at http://mapserver.iuav.it/website/foto_aeree/, while a brief description of sources and 
images are given at http://www.iuav.it/SISTEMA-DE/Laboratori1/patrimonio/aerofotogr/index.htm. Current 
satellite image of the S. Felice salt marsh (from Google Earth). The red dots A –E show the locations of two test 
boreholes.

https://www.apple.com/iwork/
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Figure 2. Electrical conductivity maps, at different depths, derived from electro-magnetic data inversion. 
Conductivity values are shown for the 5038 measurement points without interpolation (water channels and 
deep ponds could not be investigated). The 4 panels show the following layers: i) surface 0.0 m, ii) 0.36 m depth, 
iii) 0.60 m depth and iv) 1.0 m depth. Coordinates are expressed as meter in UTM zone 33T. A-E represent the 
locations of the boreholes. The maps are obtained from inverted field data using Surfer v.10.3.705 by Golden 
Software Inc.

Figure 3. Conceptual model showing lateral migration of a tidal meander under aggradational. The blue dotted 
line shows the trajectory defined by the inner bank during bar growth. The drawing was prepared by M.G.
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through the salt marsh occurs together with the progressive rise of bar top. We argue here that the effects of 
channel lateral migration under aggradational conditions are reflected by the geometry of the surface bounding 
the base of the salt-marsh deposits (Fig. 3). The lateral shift of the inner bank defines, through time, a concave-up 
rising trajectory (that we have referred to as “spoon shaped”) that depicts the basal surface of salt-marsh deposits. 
Along a cross section cut along the bar axis (Fig. 3), this concave-upward surface defines a rising trajectory, the 
steepness of which is controlled by the ratio between the rate of vertical aggradation and that of lateral migration. 
Meanders developed in the San Felice area show an average migration rate of about 10 cm/yr 1438,39, consistent 
with the few data available for other salt-marsh settings e.g.22,26. Aggradation rates of a few millimeters per year 
are therefore large enough to produce a detectable geometrical expression. To our knowledge, analogous pro-
cesses and meander dynamics have never been documented in the fluvial realm. Indeed, similar features and 
behaviors can hardly be appreciable in the fluvial setting, where lateral migration rates can be more than one 
order of magnitude larger than those documented for salt-marsh meanders20,22,26,38,39, and only aggradation rates 
higher than 1.0 cm/yr are suggested to influence depositional dynamics34.

The San Felice area was characterized, during the past centuries, by an average salt marsh aggradation rate 
of 2.0–3.0 mm/yr35,36. The thickness distribution of salt marsh deposits above the point bar highlights that they 
thin from 1.0 to 0.3 m in the direction of bar expansion, suggesting that the channel migrated over a distance of 
about 40 m, between 400 and 120 yrs BP, if we consider an average accretion rate of about 2.5 mm/yr. The resulting 
migration rate of about 10 cm/yr is therefore consistent with that obtained for the salt-marsh meanders of the San 
Felice area38,39, for tidal-flat meanders of the Venice Lagoon40 and for salt-marsh channels in the San Francisco 
Bay22, and New Jersey26. The minimum thickness (0.3 m) of salt-marsh deposits indicates that since 120 yrs BP 
vertical aggradation started draping and flattening the pre-existing topography.

Conclusions
A multi-frequency EM inversion approach was applied to detect relict signatures of a buried tidal meander in a 
salt marsh of the Northern Venice lagoon. The use of multi-frequency simultaneous acquisitions and of a robust 
inversion process, able to span the range of moderate induction numbers, provided detailed conductivity maps 
of the first subsoil even in such a challenging high-conductivity salty environment. The results of the EM sur-
vey were tested against data obtained from boreholes and remote images to reconstruct the sedimentary bodies 
developed during meander evolution. This is a notable achievement per se, providing a new tool for making new 
advance possible in different geoscience disciplines in saline environments. Data integration shows that vertical 
aggradation can influence the geometry and dynamics of sedimentary bodies generated during meander migra-
tion, leading to a progressive thickening of the point bar body during meander expansion, as recently pointed out 
in similar environment14. Changes in the thickness of salt marsh deposits accumulated on point bar top during 
meander evolution suggest that the channel migrated laterally with a rate of about 10 cm/yr, while vertically 
aggrading with a rate of about 2.5 mm/yr. The lateral migration rate is consistent with migration rates estimated 
for tidal-flat and salt-marsh channels in the Venice Lagoon32,35, San Francisco Bay16 and New Jersey20 wetlands. 
The emerging spoon-shaped geometry of the surface bounding the base of the salt-marsh deposits, which was 
observed in the Venice salt-marshes and has never been documented in fluvial cases, shed a new light in under-
standing tidal meander morphodynamics.

The use of fast, non-invasive techniques can therefore significantly help the evolutionary interpretation of the 
marsh sub-environment, even though the support of a limited number of ground punctual direct investigations, 
such as boreholes, is required.

Methods
The field electromagnetic (EM) survey was conducted in November 2014. We collected the data using a Geophex 
GEM-2 conductivity-meter. The instrument has fixed transmitter-receiver coil separation of 1.66 m, operating 
with a multi-frequency acquisition in the bandwidth between 330 Hz to 48 kHz. The selection of frequencies 
depends on the sought depth of investigation and operates in the range of moderate induction number40. It must 
be emphasized that in salt marshes actual low induction number (LIN) conditions cannot be ensured, due to the 
highly electrically conductive environment. We used six frequencies (775 Hz, 1175 Hz, Hz, 9,825 Hz, 21,725 Hz, 
and 47,025 Hz) to span the range of induction numbers between 0.0918 and 0.715. Both quadrature (Q) and 
in-phase (I) components of the secondary magnetic field were recorded at roughly 5,000 measurement points 
across the survey area. The instrument was carried in the vertical-dipole configuration at the height of about 
1.0 m above the ground. The conductivity meter was equipped with a differential GPS receiver that ensured 
sub-meter accuracy positioning for each measurement point.

Raw data were preliminary analyzed for detecting possible DC (static) shifts, outliers, and short wavelength 
noises, which usually adversely affect the quality of the inversions. The data show high sensitivity both responses 
in phase and quadrature vary over orders of magnitude in the selected frequency range. Note that this is pecu-
liar to applications of multi-frequency EM instruments in presence of high electrical conductivities, as is the 
case in a salt-marsh environment. The adopted methodology is therefore very suitable for the problem at hand. 
However, the examination of the raw data reveal also unexpected features of the electromagnetic response. The 
in-phase (I) component of the three lowest frequencies turned out to be negative all over the area suggesting the 
presence of magnetic susceptible materials41 that were not expected. The quadrature (Q) response often presents 
a non-monotonic dependence with frequency. As debated in the literature42, this is usually not an issue for resis-
tive soils, but can lead to serious non-uniqueness problems in the inversion process for highly conductive soils 
in the intermediate induction number range33. In this study we therefore used for inversion only the in-phase (I) 
component.

The filtered data were first inverted to produce a 1D electrical conductivity profile below each measurement 
point. Then, these 1D models were set side by side to build a pseudo-3D volume of the investigated area. The 1D 
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inversions were performed using the regularized nonlinear inversion algorithm by Deidda et al.43. This approach, 
originally designed to invert the quadrature component measured at different heights, using a device operating 
at a fixed frequency, was here modified to handle multi-frequency in-phase component data44. The forward mod-
eling was derived from Maxwell’s equations, introducing suitable simplifications based on the geometry of the 
instrumentation. When the axes of the coils are aligned vertically to the ground, the ratio of the secondary EM 
field Hs with respect to the primary EM field Hp can be expressed in terms of a Hankel transforms of order zero:

∫ λ λ λ λ= λ∞ −H
H

e R J r d( ) ( )
(1)

S

P

h

0

2 2
0 0

where h is the height of the instrument above the ground, r the coil separation, J0 the Bessel function of order 0. 
The kernel R0 (λ) is a complex value function of the parameters that describe the layered subsurface properties, 
i.e. for the k-th layer: the electrical conductivity σk, the magnetic permeability μk and the layer thickness dk.

The inversion originally proposed by Deidda et al.43 implements various methods for the automatic estimation 
of the regularization parameter. The inversion algorithm is designed to operate in a highly conductive setting, and 
is particularly fast compared to others45, since Deidda et al.43 propose the analytical computation of the Jacobian 
(sensitivity matrix), instead of approximating it by finite differences. Such a procedure makes the inversion more 
than ten times faster. In the inversion process we adopted a layered model consisting of 30 layers to a maximum 
depth of 3.5 m. To reproduce the negative in-phase data measured at this site, the relative magnetic permeabil-
ity (μr = μk/μ0, where μ0 is the magnetic permeability of the vacuum) was set μr = 1 at depths less than 0.5 m, 
μr = 1.14 between 0.5 m and 1 m, μr = 1.18 between 1 m and 3 m, and μr = 1.3 below 3 m. This increase in mag-
netic permeability with depth is compatible with the anoxic conditions present in the salt-marsh landscape46,47. 
Note that when the magnetic permeability for each layer is fixed, the conductivities σk are the only unknowns of 
the problem. The results emerging from the geophysical data have been tested against direct evidence from a few 
cores collected on site, as discussed in the main text48–52.

References
 1. Hughes, Z. J. Tidal Channels on Tidal Flats and Marshes. Principles of Tidal Sedimentology, edited by Davis, R. A. & Dalrymple, R. 

W., Springer, Dordrecht Heidelberg London New York, 269–300 (2012).
 2. Coco, G. et al. Morphodynamics of tidal networks: advances and challenges. Mar. Geol. 346, 1–16, https://doi.org/10.1016/j.

margeo.2013.08.005 (2013).
 3. D’Alpaos, A., Lanzoni, S., Marani, M. & Rinaldo, A. Landscape evolution in tidal embayments: Modeling the interplay of erosion, 

sedimentation, and vegetation dynamics. J. Geophys. Res. 112, F01008, https://doi.org/10.1029/2006JF000537 (2007).
 4. Kirwan, M. L. & Murray, A. B. A coupled geomorphic and ecological model of tidal marsh evolution. Proc. Natl. Acad. Sci. USA 104, 

6118–6122, https://doi.org/10.1073/pnas.0700958104 (2007).
 5. Beeftink, W. G. Vegetation and habitat of the salt marshes and beach plains in the south-western part of The Nederlands. Wentia 15, 

83–108 (1966).
 6. Hughes, Z. J. et al. Rapid headward erosion of marsh creeks in response to relative sea level rise. Geophys. Res. Lett. 36, L03602, 

https://doi.org/10.1029/2008GL036000 (2009).
 7. D’Alpaos, A., Lanzoni, S., Marani, M., Fagherazzi, S. & Rinaldo, A. Tidal network ontogeny: channel initiation and early 

development. J. Geophys. Res. 110, F02001, https://doi.org/10.1029/2004JF000182 (2005).
 8. Hughes, Z. J. et al. Rapid headward erosion of marsh creeks in response to relative sea level rise. Geophys. Res. Lett. 36, L03602, 

https://doi.org/10.1029/2008GL036000 (2009).
 9. Fagherazzi, S. et al. Numerical models of salt marsh evolution: Ecological, geomorphic, and climatic factors. Rev. Geophys. 50, 

RG1002, https://doi.org/10.1029/2011RG000359 (2012).
 10. Rizzetto, F. & Tosi, L. Aptitude of modern saltmarshes to counteract relative sea-level rise, Venice Lagoon (Italy). Geology 39(8), 

755–758, https://doi.org/10.1130/G31736.1 (2011).
 11. Rizzetto, F. & Tosi, L. Rapid response of tidal channel networks to sea-level variations (Venice Lagoon, Italy), Venice Lagoon (Italy). 

Global and Planetary Change 92–93, 191–197 (2012).
 12. Rodriguez-Iturbe, I. & Rinaldo, A. Fractal River Basins: Chance and Self-Organization. (Cambridge Univ. Press, New York, 1997).
 13. Marani, M., Lanzoni, S., Zandolin, D., Seminara, G. & Rinaldo, A. Tidal meanders. Water Resour. Res. 38(11), 1225, https://doi.

org/10.1029/2001WR000404 (2002).
 14. Solari, L., Seminara, G., Lanzoni, S., Marani, M. & Rinaldo, A. Sand bars in tidal channels, part two, Tidal meanders. J. Fluid. Mech. 

451, 203–238, https://doi.org/10.1017/S0022112001006565 (2002).
 15. Fagherazzi, S., Gabet, E. J. & Furbish, D. J. The effect of bidirectional flow on tidal channel planforms. Earth Surf. Processes Landforms 

29(3), 295–309, https://doi.org/10.1002/esp.1016 (2004).
 16. Gabet, E. J. Lateral migration and bank erosion in a saltmarsh tidal channel in San Francisco Bay, California. Estuaries 4B, 745–753 

(1998).
 17. Kleinhans, M., Schuurman, F., Wiecher, B. & Markies, H. Meandering channel dynamics in highly cohesive sediment on an 

intertidal mud flat in the Westerschelde estuary, The Netherlands. Geomorphology 105, 261–276 (2009).
 18. Barwis, J. H. Sedimentology of some South Carolina tidal creek point bars and a comparison with their fluvial counterparts, Fluvial 

sedimentology, Canadian Society of Petroleum Geologists Memoir 5, edited by Miall, A. D. (Canadian Society Petroleum Geologists, 
Calgary), pp. 129–160 (1978).

 19. Thomas, R. G. et al. Inclined heterolithic stratification – Terminology, description, interpretation and significance. Sedimentary 
Geology 53(1–2), 123–179, https://doi.org/10.1016/S0037-0738(87)80006-4 (1987).

 20. Brivio, L. et al. Aggradation and lateral migration shaping geometry of a tidal point bar: An example from salt marshes of the 
Northern Venice Lagoon (Italy). Sedimentary Geology 343, 141–155, https://doi.org/10.1016/j.sedgeo.2016.08.005 (2016).

 21. Ghinassi, M. et al. Plan‐form evolution of ancient meandering rivers reconstructed from longitudinal outcrop sections. 
Sedimentology 61(4), 952–977, https://doi.org/10.1111/sed.12081 (2014).

 22. Gabet, E. J. Lateral migration and bank erosion in a saltmarsh tidal channel in San Francisco Bay, California. Estuaries 4B, 745–753, 
https://doi.org/10.2307/1353278 (1998).

 23. Gurnell, A. M. Channel change on the River Dee meanders, 1946–1992, from the analysis of air photographs. Regulated Rivers: 
Research and Management 13, 13–26, https://doi.org/10.1002/(SICI)1099-1646(199701)13:1<13::AID-RRR420>3.0.CO;2-W 
(1997).

 24. Frascati, A. & Lanzoni, S. Morphodynamic regime and long-term evolution of meandering rivers. J. Geophys. Res. 114, F02002, 
https://doi.org/10.1029/2008JF001101 (2009).

http://dx.doi.org/10.1016/j.margeo.2013.08.005
http://dx.doi.org/10.1016/j.margeo.2013.08.005
http://dx.doi.org/10.1029/2006JF000537
http://dx.doi.org/10.1073/pnas.0700958104
http://dx.doi.org/10.1029/2008GL036000
http://dx.doi.org/10.1029/2004JF000182
http://dx.doi.org/10.1029/2008GL036000
http://dx.doi.org/10.1029/2011RG000359
http://dx.doi.org/10.1130/G31736.1
http://dx.doi.org/10.1029/2001WR000404
http://dx.doi.org/10.1029/2001WR000404
http://dx.doi.org/10.1017/S0022112001006565
http://dx.doi.org/10.1002/esp.1016
http://dx.doi.org/10.1016/S0037-0738(87)80006-4
http://dx.doi.org/10.1016/j.sedgeo.2016.08.005
http://dx.doi.org/10.1111/sed.12081
http://dx.doi.org/10.2307/1353278
http://dx.doi.org/10.1029/2008JF001101


www.nature.com/scientificreports/

7SCIentIfIC REPORts |  (2018) 8:1708  | DOI:10.1038/s41598-018-20061-5

 25. Güneralp & Rhoads, B. L. Empirical analysis of the planform curvature-migration relation of meandering rivers. Water Resour. Res. 
45, W09424, https://doi.org/10.1029/2008WR007533 (2009).

 26. Garofalo, D. The influence of wetland vegetation on tidal stream migration and morphology. Estuaries 3(4), 258–270, https://doi.
org/10.2307/1352081 (1980).

 27. Lotsari, E. et al. Annual bank and point bar morphodynamics of a meandering river determined by high-accuracy multitemporal 
laser scanning and flow data. Water Resour. Res. 50, 5532–5559, https://doi.org/10.1002/2013WR014106 (2014).

 28. Rudolph, S. et al. Linking satellite derived LAI patterns with subsoil heterogeneity using large-scale ground-based electromagnetic 
induction measurements. Geoderma 241–242, 262–271, https://doi.org/10.1016/j.geoderma.2014.11.015 (2015).

 29. Evans, R. L., Law, L. K., Louis, B. S. & Cheesman, S. Buried paleo-channels on the New Jersey continental margin: channel porosity 
structures from electromagnetic surveying. Marine Geology 170, 381–394, https://doi.org/10.1016/S0025-3227(00)00081-5 (2000).

 30. Boaga, J., D’Alpaos, A., Cassiani, G., Marani, M. & Putti, M. Plant-soil interactions in salt marsh environments: Experimental evidence 
from electrical resistivity tomography in the Venice Lagoon. Geophys. Res. Lett. 41, 6160–6166, https://doi.org/10.1002/2014GL060983 
(2014).

 31. De Smedt, P. et al. Reconstructing palaeochannel morphology with a mobile multicoil electromagnetic induction sensor. 
Geomorphology 130(3–4), 136–141, https://doi.org/10.1016/j.geomorph.2011.03.009 (2011).

 32. Gatto, P. & Carbognin, L. The lagoon of Venice: natural environmental trend and man-induced modification. Hydrol. Sci. Bull. 26, 
379–391 (1981).

 33. Huang, H. & Won, I. J. Conductivity and susceptibility mapping using broadband electromagnetic sensors. Journal of Environmental 
and Engineering Geophysics 5, 31–41 (2000).

 34. Kirwan, M. L. et al. Limits on the adaptability of coastal marshes to rising sea level. Geophys. Res. Lett. 37, L23401, https://doi.
org/10.1029/2010GL045489 (2010).

 35. Day, J., Scarton, F., Rismondo, A. & Are, D. Rapid deterioration of a salt marsh in Venice Lagoon, Italy. J. Coastal Res. 14(2), 583–590 
(1998).

 36. Rizzetto, F. & Tosi, L. Aptitude of modern saltmarshes to counteract relative sea-level rise, Venice Lagoon (Italy). Geology 39(8), 
755–758, https://doi.org/10.1130/G31736.1 (2011).

 37. Roner, M. et al. Spatial variation of salt-marsh organic and inorganic deposition and organic carbon accumulation: inferences from 
the Venice Lagoon, Italy. Adv. Water Resour. https://doi.org/10.1016/j.advwatres.2015.11.011 (2015).

 38. Finotello, A. et al. Migration rate of tidal meanders: inferences from the Venice Lagoon, Abstract NG23B-1783 presented at 2015 Fall 
Meeting, AGU, San Francisco, Calif., 14–18 Dec (2015).

 39. D’Alpaos, A. et al. Tidal meander migration and dynamics: A case study from the Venice Lagoon. Marine and Petroleum Geology 87, 
80–90, https://doi.org/10.1016/j.marpetgeo.2017.04.012 (2017).

 40. Huang, H. & Won, I. J. Detecting metal objects in magnetic environments by broadband electromagnetic method. Geophysics 68, 
1877–1887, https://doi.org/10.1190/1.1635040 (2003).

 41. Farquharson, C. G., Holdenburg, D. W. & Routh, P. S. Simultaneous 1D inversion of loop-loop electromagnetic data for susceptibility 
and electrical conductivity. Geophysics 68, 1857–1869, https://doi.org/10.1190/1.1635038 (2003).

 42. Beard, L. P. Comparison of methods for estimating earth resistivity from airborne electromagnetic measurements. Journal of Applied 
Geophysics 45, 239–259, https://doi.org/10.1016/S0926-9851(00)00032-X (2000).

 43. Deidda, G. P., Fenu, C. & Rodriguez, G. Regularized solution of a nonlinear problem in electromagnetic sounding, Inverse Problems, 
30(12), https://doi.org/10.1088/0266-5611/30/12/125014 (2014).

 44. Díaz De Alba, P. & Rodriguez, G. Regularized inversion of multi-frequency EM data in geophysical applications. In Trends in 
Differential Equations and Applications (eds Ortegón Gallego, F., Redondo Neble, M. V., & Rodríguez Galván, J. R.), SEMA SIMAI 
Springer Series 8, 357–369 (2016).

 45. Schultz, G. & Ruppel, C. Inversion of inductive electromagnetic data in highly conductive terrains. Geophysics 70(1), 16–28, https://
doi.org/10.1190/1.1852775 (2005).

 46. Da Silva, A. C., et al. (Eds), Magnetic Susceptibility Application: A Window onto Ancient Environments and Climatic Variations. 
Geological Society Special Publication, ISBN 978-1862397217 (2015).

 47. Kent, D. V., Rio, D., Massari, F., Kukl, G. & Lancia, L. Emergence of Venice during the Pleistocene. Quaternary Science Reviews 21, 
1719–1727, https://doi.org/10.1016/S0277-3791(01)00153-6 (2002).

 48. Moffett, K. B., Robinson, D. A. & Gorelick, S. M. Relationship of salt marsh vegetation zonation to spatial patterns in soil moisture, 
salinity and topography. Ecosystems 13, 1287–1302, https://doi.org/10.1007/s10021-010-9385-7 (2010).

 49. Lausch, A. et al. Analysis of Vegetation and Soil Patterns using Hyperspectral Remote Sensing, EMI, and Gamma-Ray 
Measurements, Vadose Zone Journal 11, https://doi.org/10.2136/vzj2012.0217 (2013).

 50. Carbognin, L., Teatini, P. & Tosi, L. Eustacy and land subsidence in the Venice lagoon at the beginning of the new millennium. J. 
Mar. Syst. 51, 345–353, https://doi.org/10.1016/j.jmarsys.2004.05.021 (2004).

 51. Van De, Lageweg et al. Preservation of meandering river channels in uniformly aggrading channel belts, Sedimentology, https://doi.
org/10.1111/sed.12229 (2015).

 52. McClennen C. E. & Housley R. A. Late-Holocene channel meander migration and mudflat accumulation rates, Lagoon of Venice, 
Italy, Journal of Coastal Research, 930–945. https://doi.org/10.2112/03-0113.1 (2006).

 53. Marani, M., Zillio, T., Belluco, E., Silvestri, S. & Maritan, A. Non-Neutral Vegetation Dynamics. PLoS ONE 1(1), e78, https://doi.
org/10.1371/journal.pone.0000078 (2006).

Acknowledgements
The authors acknowledge partial funding from the EU FP7 Collaborative Projects GLOBAQUA “Managing the 
effects of multiple stressors on aquatic ecosystems under water scarcity”, the CARIPARO Foundation Project 
PASTtoFUTURE “Reading signatures of the past to predict the future: 1000 years of stratigraphic record as 
a key for the future of the Venice Lagoon”, Shell International Exploration and Production within the project 
“Tidal vs. tidally-influenced fluvial point bars: facies distribution and implications for reservoirs production 
development” and the project SID 2016 (Padova University) “From channels to rock record: morphodynamic 
evolution of tidal meanders and related sedimentary products. (prot. BIRD168939) and the PRAT2014 project 
of the University of Padua titled “Hydro-geophysical monitoring and modelling for the Earth’s Critical Zone” 
(prot. prot. CPDA147114). The authors also thank Lara Brivio and Alvise Finotello for their relevant support. 
The research of G.R. was partially supported by INdAM-GNCS. Data are available in the supporting information.

Author Contributions
J.B., M.G., A.D. and G.C. designed the study; G.C. and J.B. developed the geophysical approach; G.P.D. and 
G.R. performed the geophysical inversion; A.D. and M.G. performed geomorphological and sedimentological 
analyses; all authors contributed to the drafting of the manuscript.

http://dx.doi.org/10.1029/2008WR007533
http://dx.doi.org/10.2307/1352081
http://dx.doi.org/10.2307/1352081
http://dx.doi.org/10.1002/2013WR014106
http://dx.doi.org/10.1016/j.geoderma.2014.11.015
http://dx.doi.org/10.1016/S0025-3227(00)00081-5
http://dx.doi.org/10.1002/2014GL060983
http://dx.doi.org/10.1016/j.geomorph.2011.03.009
http://dx.doi.org/10.1029/2010GL045489
http://dx.doi.org/10.1029/2010GL045489
http://dx.doi.org/10.1130/G31736.1
http://dx.doi.org/10.1016/j.advwatres.2015.11.011
http://dx.doi.org/10.1016/j.marpetgeo.2017.04.012
http://dx.doi.org/10.1190/1.1635040
http://dx.doi.org/10.1190/1.1635038
http://dx.doi.org/10.1016/S0926-9851(00)00032-X
http://dx.doi.org/10.1088/0266-5611/30/12/125014
http://dx.doi.org/10.1190/1.1852775
http://dx.doi.org/10.1190/1.1852775
http://dx.doi.org/10.1016/S0277-3791(01)00153-6
http://dx.doi.org/10.1007/s10021-010-9385-7
http://dx.doi.org/10.2136/vzj2012.0217
http://dx.doi.org/10.1016/j.jmarsys.2004.05.021
http://dx.doi.org/10.1111/sed.12229
http://dx.doi.org/10.1111/sed.12229
http://dx.doi.org/10.2112/03-0113.1
http://dx.doi.org/10.1371/journal.pone.0000078
http://dx.doi.org/10.1371/journal.pone.0000078


www.nature.com/scientificreports/

8SCIentIfIC REPORts |  (2018) 8:1708  | DOI:10.1038/s41598-018-20061-5

Additional Information
Competing Interests: The authors declare that they have no competing interests.
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2018

http://creativecommons.org/licenses/by/4.0/

	Geophysical investigations unravel the vestiges of ancient meandering channels and their dynamics in tidal landscapes
	The study site
	Results
	Discussion
	Conclusions
	Methods
	Acknowledgements
	Figure 1 (a) Map of the test site in the S.
	Figure 2 Electrical conductivity maps, at different depths, derived from electro-magnetic data inversion.
	Figure 3 Conceptual model showing lateral migration of a tidal meander under aggradational.




