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Peat soils are typical deposits characterizing wetlands and reclaimed farmlands. They are important carbon res-
ervoirs and when degraded (e.g., erosive processes, fires, draining and plowing) massive carbon dioxide volumes
are released. This leads to increase greenhouse effect and induce serious land subsidence. Thus, mapping the vol-
ume of peat deposits is crucial in order to estimate the carbon mass and the potential release of carbon dioxide
and consequent loss in soil elevation. Despite the importance of such estimations, forecasting and quantifying
the peat thickness is still a challenge. Direct sediment coring provides local information that is difficult to extend
to large territories. Indirect geophysical methods are unable to resolve lithological contrasts in the presence of
saltwater contamination in coastal areas. In this work, we show the results obtained using two contact-less elec-
tromagnetic methods for the characterization of peat deposits in a peatland site of the Venice coastland, Italy.
Specifically, a multi-frequency portable instrument (FDEM) and an airborne time-domain electromagnetic one
(AEM), known for their very high and relatively low vertical resolution respectively, were used to collect data
over a former wetland then reclaimed for agricultural purposes. Additional electrical resistivity tomography
(ERT) data are used together with sediment core data to assess the effectiveness and accuracy of the contact-
less methods. Results show that both FDEM and AEM are very effective in detecting the presence of the peat
layer, despite its low thickness (<2 m) and the high electro-conductive subsoil because of saltwater
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contamination. However, the AEM method overestimated the peat thickness while the FDEM could accurately
resolve the peat thickness even where the layer was thinner than 1 m. When compared to the electrical features
extracted from the ERT, discrepancies are on average lower than 30%; when compared to the borehole data, dis-
crepancies are on average slightly higher than 6%.

© 2020 Elsevier B.V. All rights reserved.

1. Introduction

Peatlands are important carbon pools and, if degraded, they re-
lease large amounts of carbon dioxide and other greenhouse gasses
(Page et al., 2002; Turetsky et al., 2015). The organic carbon stored
belowground is preserved by wet or moist soil conditions. Once the
soil is drained, as for example during prolonged droughts or for
man-induced processes such as land reclamation, aerobic microor-
ganisms decompose quickly the organic matter, releasing carbon di-
oxide and other gasses (e.g., Hooijer et al, 2012; Fenner and
Freeman, 2011). The decomposition of organic matter also induces
one of the most severe mechanisms of land subsidence, i.e. the geo-
chemical subsidence (Zanello et al., 2011), which may cause meters
of loss in ground elevation in a few decades.

At the global scale, the large majority of terrestrial carbon is
stored in soils. It is estimated that vegetation stores about 500 Pg of
carbon (considering both aboveground and belowground
phytomass) while soils store between 1500 Pg (Scherlemann et al.,
2014) and 2500 Pg (Batjes, 2014) of carbon, and ~ 30% of it is stored
in peatlands (Scherlemann et al., 2014; Bourgeau-Chavez et al.,
2018). Peat degradation has been proven to contribute an enormous
amount of greenhouse gasses to the atmosphere every year. The es-
timate of the global emission of CO5¢q due to peatland drainage is
very uncertain, and varies between 0.9 and 1.3 Gt COgeq/yr
(Joosten, 2010; FAOSTAT, 2013). This picture is even more alarming
if we consider that the numerous fires that occur in forested wetland
systems, especially in tropical areas, increase the amount of green-
house gasses released every year (Turetsky et al., 2015; Ballhorn
et al.,, 2009). In addition to the problems related to CO,q emissions,
the continuous conversion of tropical peatlands to agriculture and
the hydraulic drainage of low-lying areas have resulted in wide-
spread land subsidence creating great concern especially in coastal
areas (e.g., Van Asselen et al., 2018).

Considering that the potential of releasing carbon dioxide and of
peatland subsidence depends on the mass availability of the organic
matter in the soil, the quantification of the peat extent over vast ter-
ritories is a very relevant challenge. Therefore, it is becoming urgent
to develop methodologies that allow an accurate and fast mapping of
soil organic carbon, with particular interest for wetlands and
peatlands.

The most common and widely used method for peat deposit
quantification and characterization relies on shallow borehole infor-
mation and ground-based surveys using geophysical methods. In
order to be effective at the regional scale and given the extent and
thickness variability of peat, a method based on field measurements
needs a large database of high-density distributed field observations,
which are essential in order to correctly define the covariance model
necessary to interpolate/extrapolate the point measurements
(Keaney et al., 2013) and minimize spatial aliasing. In the literature,
there are examples of studies reporting the collection of a large num-
ber of peat thickness measurements performed in the field using
push probes (Parsekian et al., 2012; Householder et al., 2012;
Holden and Connolly, 2011). However, even though the use of push
probes is a relatively fast method and may provide large databases,
it has been shown that the accuracy reached using exclusively soil
probes is limited, leading to an average error of depth estimation as

high as 35% (Parry et al., 2014). Soil coring guarantees much higher
accuracies in measuring the peat thickness locally, however it is ex-
tremely time consuming especially in wetland environments and
does not allow the collection of large enough databases. In order to
overcome these issues, various traditional ground-based geophysical
techniques have been successfully applied for peat characterization.
For example, ground penetrating radar (GPR) (e.g., Comas et al.,
2017; Comas et al., 2015; Parsekian et al., 2012; Slater and Reeve,
2002), electrical tomography (ERT) (e.g., Walter et al., 2019; Comas
et al.,, 2015; Elijah et al., 2012; Boon et al., 2008;) and induced polar-
ization (IP) methods (e.g., Comas and Slater, 2004; Slater and Reeve,
2002) together with complementary borehole data.

Nevertheless, the use of soil cores and traditional ground-based geo-
physical techniques are generally limited, being moist and wet soils dif-
ficult to access and considering the relatively local scale of the
investigations obtainable. Moreover, the presence of dense vegetation
cover represents an additional challenge for traditional ground-based
geophysics.

Recently, Silvestri et al. (2019a, 2019b) used airborne electro-
magnetic (AEM) to identify peat layers over large territories in a Nor-
wegian study site characterized by the presence of several bogs and
in a large Indonesian peatland respectively. In both these frame-
works, the AEM method proved to be highly effective to distinguish
the electrical properties of the peat layer from that of the substrate,
allowing delineation of their boundaries. Higher vertical resolution
is obtained with the presence of conductive substrate while the un-
certainty increases for resistive substrates. However, through a sen-
sitivity analysis, Silvestri et al. (2019a, 2019b) show that the
accuracy reached using exclusively the AEM method is generally
not sufficient to resolve thin peat layers, roughly 1-1.5 m thick.
Therefore, an alternative approach is needed to investigate thin
peat layers over large areas.

In this paper, we present the results obtained by testing for the first
time a contact-less frequency domain electromagnetic method (FDEM)
for resolving the peat thickness. The main advantage of this method is
that it is suitable for meso-scale peatland characterization of difficult-
to-access areas, but also tries to overcome the limited vertical resolution
that affects the AEM technology. A comparison of the vertical accuracies
obtained with both AEM and FDEM methods is also performed and
discussed.

The pilot area selected for this study is a low-lying peatland
used for farmland, located between the Po river delta and the Ven-
ice Lagoon, Italy. Most of the farmland is derived from the hydrau-
lic reclamations of ancient wetlands and lagoons, which started at
the beginning of the last century, and today lies below mean sea
level.

Information on the peat thickness is very limited as it is available
only from sediment cores, which provide local details. In general, the
peat layer thickness is lower than 2 m because the original upper-
most layers were oxidized during the last century due to the hydrau-
lic drainage and agricultural activities, which induced geochemical
subsidence (Tosi et al., 2009). Tosi et al. (2000) computed rates of
up to 3-4 cm/yr of loss in elevation during the last century. Such
large historical rates come from a number of concomitant causes of
land subsidence that included (i) the groundwater pumping oc-
curred in the 1950-1960 period (contributing about 1-1.5 m to the
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total subsidence), (ii) exploitation of gas-bearing waters (from late
1940s to late 1960s), (iii) the common practice of burning grass
and vegetation that grew along the banks of the hydraulic drainage
network causing the peat to burn. In addition, the maintenance of a
very low water table (by pumping stations) during rainy periods in
order to avoid sudden floods increased for decades the oxidation of
organic soils and therefore facilitated the geochemical subsidence.
Today, groundwater exploitation and the agriculture practice of
burning vegetation are no longer used, and the beginning of 2000's
the hydraulic reclamation drainage management allows to keep the
water table higher than in the past, significantly reducing land subsi-
dence rates. Even though the rates are considerably smaller than in
the past, it has been shown that the land is still subsiding at a rate
of 3-15 mm/yr, calculated for the recent years (Zanello et al., 2011)
releasing in the atmosphere 9.2 + 55 kg CO, m~—2 yr—?
(Camporese et al., 2008).

The selected case study is particularly challenging from the geo-
physical point of view because thin peat deposits are hard to distin-
guish from the underlying conductive substrate that consists of clay
and silty-clay layers, often salinized by saltwater intrusion. In fact,
the organic matter present in peat soils has similar electrical proper-
ties to conductive substrates (Silvestri et al., 2019b), producing a
modest resistivity contrast that makes it problematic to detect the
discontinuity at the bottom of the peat. Despite the challenges, our
findings show that contact-less geophysical methods as FDEM and
AEM can successfully detect the presence of peat deposits. While
AEM tends to overestimate the peat thickness of thin peat deposits,
FDEM can accurately resolve also very thin peat layers.
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2. Study site

The study site is the Zennare basin, which is part of a larger low-
lying area located between the southern margin of the Venice Lagoon
and the northern Po river delta (Italy) (Fig. 1). The area is character-
ized by Holocene deposits with a variety of geomorphic features, as
for example ancient fluvial ridges, paleo-river beds and paleo-
coastlines (Rizzetto et al., 2003). The basin is currently below the
mean sea level and it mostly consists of high value agricultural land
established after the hydraulic reclamation of pre-existing lagoons
and wetland areas that started in the Veneto Region in 1892.
Today, the basin is surrounded by levees; ditches regulate the sur-
face waters and pumping stations stabilize the water table at about
0.5 m below the land surface, discharging the drainage water into
the Venice Lagoon or the Adriatic Sea.

Over the past century, oxidation of the organic soil fraction in re-
sponse to drainage for farming provoked the degradation of the shal-
low peat deposits leading to serious land subsidence rates, often one
order of magnitude higher than the natural ones caused by sediment
compaction and tectonic movements (e.g., Tosi et al., 2009; Tosi
etal., 2010; Tosi et al., 2016). Evidence of peat-oxidation land settle-
ments, e.g., the protrusion of old hydraulic structures founded on the
stiff clays and sands underlying the outcropping peat, and ground-
and satellites-based monitoring data allowed to quantify up to
2-3 cm/yr of loss in surface elevation (Tosi et al., 2000; Gambolati
et al,, 2005; Tosi et al., 2016). Consequently, the basin today lays be-
tween 2 and 4 m below the mean sea level (Rizzetto et al., 2003;
Gasparetto-Stori et al., 2012). Ridges corresponding to sand filled
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Fig. 1. The Zennare basin is outlined in yellow. The map inset on the top-right shows the location of the basin with respect to the Venice lagoon (Italy). The red lines correspond to the AEM
flight lines. The white rectangle shows the location of the ground-based field surveys and is magnified within the inset to the left of the figure, where the orange dots indicate the shallow
boreholes, the purple line corresponds to the FDEM transect and the short light-blue line shows the location of the ERT transect. (For interpretation of the references to color in this figure

legend, the reader is referred to the web version of this article.)
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paleochannel systems not affected by geochemical subsidence due to
oxidation of the organic matter show higher elevations than the
nearby peat soils.

The outcropping peat deposits extend for most of the basin
(e.g., Nicoletti et al., 2003). The large majority of the shallow peats
originally present in the area have been degraded due to geochemi-
cal subsidence as consequence of the oxidation of the organic soil.
Currently the thickness of the peat layer is almost half of the original
one and varies between <1 m to a maximum of 2 m across the basin
(Rizzetto et al., 2003).

The shallow sequence is constituted by a c.a. 50 cm of ploughed
and oxidized soil at the top and a peat with well-preserved fibers
in growing position at the bottom. At the base, there is a transition
layer of clayey peat gradually passing to clay with spread vegetable
remains (Gatti et al., 2002). Peats derive from the accumulation of
reeds (Phragmites australis) living in wetlands before the reclama-
tion (Gatti et al., 2002).

Soil salt contamination partly affects the Zennare Basin (e.g., Rizzetto
etal., 2003). The saltwater intrusion is favored by the land elevation that
is well below the mean sea level but also by the presence of sandy paleo-
channels crossing the farmland with main direction from inland to the
lagoon boundary.

3. Methods

The dataset collected and analyzed in this study includes (see Fig. 1
for locations): (i) frequency domain ground-based electro-magnetic
(FDEM) data, (ii) ERT data along the initial portion of the FDEM transect,
(iii) an aerial AEM survey along 2 flight-lines, and (iv) borehole data col-
lected along the FDEM transect, in order to get lithological information
and peat layer thickness.

With reference to other studies carried out in the Venice coast-
land (e.g., Carbognin et al., 2004; de Franco et al., 2009; Viezzoli
etal., 2010; Teatini et al., 2011; Da Lio et al., 2013), electrical resistiv-
ity <5 Q-mand>10 Q-m are respectively the upper and lower values
for saltwater and freshwater, in terms of the electro-lithological
units.
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3.1. Frequency Domain Electro-Magnetic (FDEM) survey

The FDEM survey was performed in Fall 2018 using a GEM-2
probe manufactured by Geophex (www.geophex.com). The
FDEM system is a multi-frequency probe, capable of investigat-
ing electrical properties of several depths at the same time
(e.g., Boaga, 2017; Boaga et al., 2018; Deidda et al., 2014). The
probe has one transmitter and one receiver coils, with a fixed
separation of 1.66 m, and a multifrequency operation in the
bandwidth 30 Hz-93 kHz. GEM-2 can be used as a conductivity
meter for depth sounding when it operates in a range of moder-
ate induction number (McNeill, 1980), for which the responses
are strong and frequency dependent (Huang and Won, 2003).
To meet this requirement, as the area is underlined by fairly
conductive sediments, we used six frequencies (f; = 1250 Hz,
f> = 4250 Hz, f3 = 10025 Hz, f4 = 21750 Hz, fs = 30025 Hz,
and fg¢ = 47025 Hz) in order to span the range of induction
numbers between 0.1166 and 0.7152, and assuming the worst
condition of a nonmagnetic half-space with a conductivity
equal to 1 S/m.

The GEM-2 probe was carried by the operator along a 700 m NW-SE
transect (see Fig. 1 for location), at a constant height of about 1 m from
the surface. The FDEM probe was connected to a Trimble GPS receiver to
record the spatial coordinates for each measurement (with a total of
about 12,000 points). Raw data were then processed focusing on the
area where ERT data and control boreholes (03 and 04) are available
(see Section 3.3).

Prior to the inversion, data collected along the first 200 m of the tran-
sect were spatially resampled at 1 m interval to set up a data set
consisting of a series of 201 geometric depth soundings with six com-
plex (quadrature and in-phase components) GEM-2 responses. The
complex response recorded at each sounding point was individually
inverted to infer the electrical conductivity depth profile using the
FDEMtools (Deidda et al., 2019), a free MATLAB software package
implementing the numerical algorithms mainly discussed by Deidda
et al. (2014, 2017).

A layered starting model, with the layer conductivities based on
ERT results, was used for all one-dimensional inversions. In
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Fig. 2. Quadrature (red) and in-phase (blue) components of the secondary magnetic field response (ppm of the primary) as a function of frequency for electromagnetic soundings at 24 m
(a) and 142 m (b) from the beginning of the FDEM transect. Stars and squares represent measured and predicted data, respectively. (For interpretation of the references to color in this

figure legend, the reader is referred to the web version of this article.)


http://www.geophex.com

J. Boaga et al. / Science of the Total Environment 737 (2020) 139361 5

Table 1
Data corresponding to the boreholes and sample lithology found for borehole 01.

g
o (em)
g 01 12.14083 45.17278 190 loamy-clay
§ 02 12.14139 | 45.17084 | 210 silty-clay
03 12.14176 | 45.17084 130 silty-clay with fine sand
04 12.14226 | 45.16984 | 95 silty-clay
05 12.14283 45.16873 98 silty-clay
06 12.14325 | 45.16791 | 83 silty-clay

addition, to best fit the in-phase data at lower frequencies, the rel-
ative magnetic permeability was set at 0.995 (i.e., a magnetic sus-
ceptibility of - 0.005, a value representative of diamagnetic
materials) in the top 1 m portion of the model. As shown in
Deidda et al. (2020), in this case too the inversion of the complex
signals has provided better results than the inversion of the quad-
rature (imaginary part) component of the secondary to primary
magnetic field ratio alone, reaching root mean squared errors
lower than 10%. Fig. 2 shows two examples of data fitting, which
relate to electromagnetic soundings co-located with boreholes 03
(Fig. 2a) and 04 (Fig. 2b).

3.2. Electrical Resistivity Tomography (ERT) data
Along the first portion of the selected transect we also acquired
an ERT transect with the purpose of calibrating and comparing the

resulting electrical resistivity values with those obtained using the
FDEM method. We adopted a 48 electrodes setup with 0.5 m
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electrode spacing, for a total ERT length of 23.5 m. This ensures
a depth of investigation of about 5 m (1/4-1/5 of the ERT line
length).

We used a dipole-dipole skip 0 configuration - i.e. with dipole
lengths equal to the minimum electrode spacing - collecting both di-
rect and reciprocal measurements, in order to control the quality of
the raw data (e.g., Cassiani et al., 2006). Data were collected with a
Iris Instrument Syscal Pro resistivity meter, and were then inverted
using the R2 code (e.g., Binley, 2015). The collected dataset is of
high quality, since the 96% of the data pass the reciprocals check
using a 5% error threshold.

3.3. Airborne Time Electro-Magnetic (AEM) data

Airborne Time Electro-Magnetic (AEM) data were collected in
Fall 2013 in the context of the National Flagship Project RITMARE
(Tosi et al., 2018). The project aimed at providing a step forward
in the delineation of the continental and marine surface water-
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Fig. 3. Inverted electrical resistivity profile obtained from the FDEM multi-frequency data. The dashed line indicates the 12 (- m contour line as in Fig. 4. The location of the ERT line (Fig. 4)

is marked to the left. Table 1 borehole lithology is also presented.



6 J. Boaga et al. / Science of the Total Environment 737 (2020) 139361

groundwater interactions and the mechanisms controlling the salt-
water intrusion, overcoming the intrinsic constrains typical of
ground-based surveys. Within the RITMARE framework, the
SkyTEM helicopter-deployed time domain electro-magnetic sys-
tem was chosen as its dual moment provides a bandwidth (i.e. a
penetration range) suitable for applications where both near-
surface and deep information is important to refine the
hydrogeologic model (e.g., Teatini et al., 2011; Serensen and
Auken, 2004). During the flight, current flows through a transmit-
ter loop carried below the helicopter at an altitude of about 30 m,
setting up a magnetic field. The eddy currents induced below the
ground surface generate a secondary magnetic field, and a receiver
coils on the frame detects its temporal variation. SkyTEM data have
been recently proven very effective in characterizing peatlands in
boreal and tropical areas (Silvestri et al., 2019a, 2019b).

The AEM data have been re-processed in order to attempt to maxi-
mize the accuracy for the detection of the near-surface soil layers. The
data have then been inverted using two homogeneous starting models,
with initial conductivity of 30 -m and 5 Q- m. For both cases, the in-
version was performed using 40 and 5 layers.

3.4. Shallow borehole data

The field surveys were performed in Fall 2018 and Spring 2019. The
thickness of the peat layer was measured at six locations localized using
GPS (Table 1). The samples were retrieved using an auger peat corer
with diameter of 2.5 cm and 50 cm length. Mechanical extensions
were used in order to reach the bottom of the peat layer and character-
ize the transition surface towards the sand below. A small sample of
substrate was collected at each location in order to determine its
characteristics.

Geological and hydrogeological data collected within previous
research projects and available through the websites of Citta
Metropolitana Venezia (http://webgis.cittametropolitana.ve.it/
geologia) have also been used to support the validation and inter-
pretation of the geophysical outcomes.

4. Results

Table 1 summarizes the outcomes for all the boreholes and in-
cludes a sample lithology corresponding to borehole 01 (see Fig. 1
for location). All shallow boreholes show a similar lithology,
which includes a layer of peat in the uppermost portion, with a
transition zone characterized by mud mixed with peat and silty-
clay underneath.

The thickness of the peat deposits is very thin and has a pronounced
spatial variability ranging from 83 cm (borehole 06) to 210 cm (bore-
hole 2) (Table 1), with an average value of 134 cm and standard devia-
tion of 54 cm.

The analysis of other cores taken in the Zennare Basin (Gatti et al.,
2002; Carbognin and Tosi, 2003; Citta Metropolitana di Venezia) con-
firms the fairly homogenous lithology with variable thickness of the
peat layer. Sands and silts are found only in correspondence of paleo-
channels.

As explained in the Methods section, we inverted the multi-
frequency FDEM data collected along a 200 m long transect over-
lapping the ERT line and the control borehole 03 and 04.

The resulting one-dimensional models, with 60 layers to a
depth of 6 m below the ground surface, are stitched together
and plotted as a pseudo two-dimensional section in Fig. 3. The
electrical resistivities vary gradually in the lateral direction, al-
though they have been obtained by inverting data, sounding by
sounding, without any lateral constraint. This is in agreement
with the ERT evidence shown below in Fig. 4. Moreover, in agree-
ment with the borehole information, the FDEM data substantially
divide the Zennare subsoil in 2 layers: an upper resistive layer
with about 1 m thickness lying on an electrically conductive sub-
surface. The first, with resistivities up to 50 {)-m, represents the
peat deposits, while the latter, with resistivities <12 Q-m, is rep-
resentative of the silty/clayey - clayey saturated layers (similar
values can be found e.g. in the fine sediments of the Venice lagoon
- e.g. Boaga et al., 2014). In this very conductive environment, the
peat deposits appear to be more resistive (>12 (- m) in agreement
with what already observed at other sites (Silvestri et al., 2019a,
2019b; Kowalczyk et al., 2017; Boon et al., 2008). These results
confirm a substantial agreement with the information coming
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Fig. 4. ERT inverted resistivity section (Fig. 1 for location). The uppermost peat layer is more resistive than the underlying silty clay layer having a lower electrical resistivity (<12 Q-m). The

dashed line indicates the 12 Q-m contour line as in Fig. 3.
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Fig. 5. Extracted of the AEM results along line A falling within the white rectangle in Fig. 1. Here, like for ERT and FDEM results, the uppermost resistive layer (>12 (2-m - peat) overlies the
more conductive substrate (<12 Q-m - silty clay). The dashed line indicates the 12 {-m contour line.

from the shallow boreholes, confirming that the average thickness
of the peat layer in the study site is ~1.3 m. Specifically, consider-
ing the 12 Q-m resistivity threshold as the bottom of the peat
layer and averaging all the thickness values corresponding to
such threshold along the transect, we obtain a mean peat thick-
ness of 128 cm, with a difference of 6 cm with the average value
calculated from boreholes in that zone.

The resistivity values retrieved using the ERT profile are shown
in Fig. 4 for comparison with the FDEM inversion in Fig. 3. The
ERT and FDEM results agree to a very large extent: the shallow elec-
trically resistive layer (values > 12 Q0 -m) lies on a conductive layer
below. The contact between the two layers is at about 1 m depth,
and this coincides with the transition between the peat and the un-
derlying silty/clay layer (dashed line in Figs. 3-4), as detected by
the direct borehole investigations. The ERT data confirm the conti-
nuity of the peat layer across the study site with no substantial lat-
eral variations.

The results obtained from the inversion of the longest (northern)
AEM flight line (see location in Fig. 1) are shown in Fig. 5. In this case
40 layers and initial conductivity of 30 - m were used. Similar pro-
files were extracted for the second AEM flight line (the southern
one) given the same initial conditions. Other inversions were per-
formed in order to test the consistency of the method, and the results
are shown in Fig. A1 of the Appendix (i.e. four inversion setups are
shown: a) 40 layers and starting with initial conductivity of
30 Q-m; b) 40 layers and starting with initial conductivity of
5 Q-m; c) 5 layers and starting with initial conductivity of 30 Q-m;
d) 5 layers and starting with initial conductivity of 5 Q-m). Note
that the initial resistivity value in the inversion has small to no influ-
ence on the final resistivity model, indicating that the model quickly
loses memory of the initial conditions, and that the inversion is ro-
bust. The similarity of the results obtained with the inversions per-
formed using 40 layers and 5 layers tells us that the inversion
consistently detects a more resistive surface layer over a conductive
substrate. This indicates that, despite the different resolution capa-
bilities due to the remote sensing setup, the results obtained using
the AEM method confirm the presence of an upper resistive layer
corresponding to the peat deposit (Fig. 5).

Even though the AEM flight-line does not overlap with the ERT
and FDEM transects and with the borehole investigations, we can
conclude that AEM is in substantial agreement with the results ob-
tained with the other methods. In fact, the AEM method can detect
the presence of the peat layer, even though it is very thin, and the re-
sistivity values detected by AEM are in good agreement with those
obtained with ground based FDEM and ERT. As for the peat thickness,
if we consider the 12 Q-m resistivity threshold as we did for the
FDEM inverted data, we obtain for the AEM data an average peat
thickness of 260 cm, which is considerably higher than the average
value calculated for FDEM (128 cm) and from boreholes (134 cm).
We can conclude that AEM tends to overestimate the peat thickness
and this is probably due to a low vertical resolution in a very-near-
surface framework.

5. Discussion

Coastal wetlands are among the ecosystems that have mostly
changed over the last century, especially those converted to agricul-
tural lands by hydraulic reclamations. The soil rich in organic matter
and peat layers makes farmlands highly productive, as in the case of
the selected study site. However, the drainage systems necessary for
keeping the water table level below the ground surface together
with the plowing activities, are responsible of massive carbon diox-
ide release. This process likely increases greenhouse gasses and rela-
tive sea level rise because of the geochemical land subsidence
triggered by the oxidation of organic matter.

Understanding how peatlands contribute to these processes re-
quires detailed knowledge on the peat layer thickness. In general,
the areal extent of the peatlands can be retrieved by satellite im-
ages (e.g., Nicoletti et al., 2003; Ballhorn et al., 2011; Draper et al.,
2014; Jaenicke et al., 2008) while the assessment of their thickness
over large areas is a challenge, especially where the peat layer is
thinner than 1-2 m and saltwater contamination affect the shallow
subsoil. In these environmental conditions, in fact, organic soil,
peat and saturated clay are expected to have similar electrical
properties. Peat is expected to have slightly higher resistivity
with respect to the underlying clayey materials, with resistivity
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values for the peat in the order of 20-50 Q-m (compare e.g. with
Kowalczyk et al., 2017). Ground-contact geophysical methods,
such as ERT, have been extensively used in previous studies to re-
solve peat thickness and electrical characteristics (Boon et al.,
2008; Comas et al., 2015; Elijah et al., 2012). Our experience con-
firms that ERT, applied to our study site, provides excellent results
and high-resolution imaging, and is able to discern peat resistivity
properties from the silty/clayey layers. However, when the peat
layer is thin, ERT data must be collected with very small electrodes
spacing in order to characterize the peat with high vertical resolu-
tion. In our case study, for example, we used a distance between
electrodes of 0.5 m, and a better resolution would require an even
smaller spacing. This implies that if the targets are thin peat layers,
and the area to be covered is large, field work can quickly become
overwhelming in terms of time and manpower. Thus, a demand
for faster and still accurate subsoil investigation methods is
pressing.

Contact-less methods, if properly applied, have the advantage
of providing fast results for the characterization of large territories.
Moreover, contact-less instruments can be easily carried for long
distances, across difficult-to-access territories, permanently
flooded or covered with dense vegetation. Our results show that
such methods can be very effective in detecting the presence of
peat layers, both from ground based and helicopter deployed sen-
sors (i.e. FDEM and AEM method respectively). We show that, if
compared to the results obtained with ERT at the Zennare site,
the contact-less ground based FDEM technique and the remote air-
borne EM are both able to detect the presence of the peat layer
patterns and estimate the same range of resistivity values for
peat and subsoil. Our results show that, for conductive substrates,
the peat presence can be detected using AEM even when the peat
layer is very thin; however, we also show that AEM tends to over-
estimate the peat thickness. This result confirms the tendency of
AEM to overestimating thin peat layers that was found by
Silvestri et al. (2019b) in case of peats over conductive substrates
in an Indonesian study site. On the contrary, FDEM shows a supe-
rior accuracy in resolving the peat thickness, even for very thin
peat deposits. If we consider 12 - m as the threshold value that
separates the peat layer from the substrate, we have on average a
difference of <10 cm between the average peat thickness resolved
by the FDEM instrument along the transect and the average thick-
ness measured through probing. Such difference increases to
130 cm for the AEM data. Even if we must notice that the AEM
flight lines do not overlap with the FDEM/ERT transect, we specu-
late that the difference is mainly due to the low vertical resolution
of the AEM and not to an actual variability of the peat layer thick-
ness, which is highly unfeasible at this study site. Note that, had we
performed a contemporary FDEM and AEM campaign over com-
mon transects, a joint inversion of ground-based and airborne EM
data would be possible and may potentially improve the final accu-
racy of the retrievals.

These considerations open up to new perspectives for the character-
ization of extended peatlands with contact-less and, in general, remote
geophysical methods.

6. Conclusions

Contact-less electromagnetic methods represent a valid alter-
native to classic ground-based geophysical methods for peat thick-
ness detection. A peatland located South of the Venice lagoon
(Italy) was selected as our study site; we compared the results ob-
tained by the inversion of multi-frequency ground-based FDEM
and airborne time domain EM data to data coming from direct
probing and detailed high resolution ERT.

The inverted results obtained from FDEM and AEM are in agree-
ment with those obtained with the ERT detecting a resistive peat

layer lying over a conductive clay substrate: the upper layer,
about 1 m thick, shows a slightly larger electrical resistivity
(>25 O -m) than the underlying conductive layer with lower resis-
tivity (<12 Q-m). These features are in agreement with the infor-
mation available on the site from shallow borehole drilling,
confirming a peat thickness that varies between 80 cm and
130 cm across the selected transect, over a silty/clayey substrate.

Our results show that both contact-less electro-magnetic
methods used in this study (FDEM and AEM) are effective in de-
tecting the presence and electrical characteristics of peat layers
over conductive substrates, potentially allowing for very fast and
extended exploration surveys over large peatland sites, with a
large saving of time and fieldwork if compared to traditional
ground-based methods. The main difference between the two
contact-less methods tested in our work lies on the accuracy in re-
solving the peat thickness. If the peat deposit thickness is large, the
airborne AEM method can be adopted, allowing high accuracies
over large territories (Silvestri et al., 2019a, 2019b). In case of
thin peat deposits, FDEM provides higher vertical resolutions
than AEM, substantially increasing the peat thickness mapping ac-
curacy. We speculate that ground-based and airborne data can be
used in a joint inversion scheme, with the purpose of enhancing
AEM resolution where ground-based EM data are available and ex-
tend the results to larger areas where only AEM might be available
in an upscaling effort: this will be the goal of near to come future
studies.

Based on our results we conclude that the use of contact-less
electro-magnetometer surveys hold the promise of becoming
basic tools for peat thickness mapping, necessary information in
order to characterize these valuable natural carbon reservoirs.
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Appendix A
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Fig. A1. AEM resistivity model retrieved for the longest (northern) flight line using: a) 40 layers and starting with initial conductivity of 30 -m; b) 40 layers and starting with initial
conductivity of 5 Q-m; ¢) 5 layers and starting with initial conductivity of 30 Q-m; d) 5 layers and starting with initial conductivity of 5 Q- m.
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