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Abstract The area known as Terre Calde (literally “hot lands”) in the plain of the Po River (Italy) is well known
for unusual ground temperatures, and up to now, the cause o/f the heating has not been fully investigated.
These higher-than-average temperatures are commonly associated with diffuse methane seepage. A detailed
study of shallow stratigraphy, temperature profile, and associated gas concentrations and flow rates recently
suggested that the observed anomaly could be related to the exothermic oxidation of biogenic methane,
possibly rising from a shallow peat layer. In this work, a porous media flow simulator (Transport of Unsaturated
Groundwater and Heat 2) was applied to verify a conceptual model of this phenomenon. The model
describes a layered system, with a shallow unsaturated zone, where methane is continuously supplied
along the base and heat is generated as a result of its oxidation above the water table. To mimic the
oxidation process, heat sources are placed within the layer where oxidation takes place, and the heat
generation is computed as a function of methane flux entering the layer. Numerical simulations were
carried out imposing different methane flow rates along the base of the model. The simulations also
explored the efficiency of methane oxidation, considering different heat generation rates and accounting
for seasonal effects. The good match between observed and simulated temperature profiles suggests that
the main features of the process are captured by the model and that the conceptual model devised on
the base of available data is plausible from a physical point of view.

1. Introduction

The name Terre Calde (literally “hot lands”) indicates an area in the plain of the Po River (near the town of
Modena, Italy; Figure 1), where the ground temperature significantly exceeds the local average values,
sometimes reaching up to 50°C. The very existence of the toponym testifies for a long-known feature of
these lands, whose most evident manifestation is the lack of snow accumulation on the ground during
winter [Gasperi and Pellegrini, 1981]. Available measurements suggest that these temperature anomalies are
often accompanied by a diffuse seepage of methane. Seismic reflection profiles in this area highlight the
widespread presence of rising gas, which is commonly interpreted as biogenic methane generated by
bacterial degradation of organic matter at depth [Bonori et al., 2000; Cremonini, 2010]. The presence of water
wells may act as a drainage system for the rising gas, which eventually produces a visible bubbling of well
water. The occurrence of such a phenomenon is commonly reported in the aftermath of earthquakes, possibly
because of the greater public awareness that follows seismic events. In 1996, several cases of bubbling wells
were reported near the town of San Felice sul Panaro, after the Reggio Emilia earthquake (M 5.4) [Bonori et al.,
2000]. More recently, interest in these phenomena was renewed after the seismic sequence that struck the
region in 2012, when the largest event reached magnitude 5.9. While no temperature changes were detected
by the regional network that probes well waters every hour [Marcaccio and Martinelli, 2012], several cases of
heated and bubbling waters were reported during and after the sequence. Although many cases remained
anecdotal, the anomalous temperatures reported near Medolla were verified by a survey of the Camposanto
well, where temperature up to 50°C were measured shortly after the 2012 earthquakes.

The observation of anomalous water temperatures within the same time window of seismic activity seems to
reinforce a common assumption that the two phenomena are somehow related. Seismicity may facilitate
the migration of warm gases toward the surface by increasing the pore pressure and/or by enhancing
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permeability, and this, in theory, could explain the anomalous heating. Unfortunately, a comprehensive
account of all temperature anomalies, with their exact timing and location, is not available, and the
existence of a causal link between seismicity, gas ascent, and anomalous ground heating was never
proven. In the companion paper, Capaccioni et al. [2015] propose an alternative mechanism to explain the
hot lands near Medolla. On the basis of geochemical data, the authors suggest that the observed surface
thermal anomalies are not linked with local ascents of hot fluids from depth but could rather be the result
of heat production at very shallow depths, thanks to oxidative conditions and bacterial activity, promoting
the exothermic oxidation of methane. The methane loss within the soil due to oxidation is a well-
established phenomenon [Romanak et al., 2012], but it is not clear whether the heat generated in this way
is enough to produce the observed temperature anomalies.

To test this hypothesis, we simulate the generation and propagation of heat within a shallow porous medium.
Our simulations describe a layered system, with a 2m thick unsaturated zone at the top and water saturated
at depth. The system is fed by a constant flux of methane along the base, to mimic the natural gas ascent.
Heat generation takes place within a thin layer (the oxidation zone) in the unsaturated region. Although
we do not simulate the actual oxidation process, the heat generation rate is computed as a function of
methane flux entering the oxidation zone. Numerical simulations were carried out to explore the effects of

different methane fluxes at the bottom
boundary, the role of the efficiency
of methane oxidation and of seasonal
fluctuation of atmospheric temperature.
A comparison between simulated and
observed temperature distribution
suggests that the model captures the
main features of the process and that
shallow methane oxidation is a viable
mechanism to explain the origin of
the hot lands near Medolla.

2. Field Data and
Conceptual Model

The data used in this work were
collected during the field survey
described in Capaccioni et al. [2015].
Data on temperature, gas composition,
and flow rate were obtained during
manual drilling down to a depth of

Figure 1. Map of the area around the “Terre Calde-hot lands.” Field survey (yellow circle) was performed near Medolla
(Modena). The figure is created with GMT software [Wessel and Smith, 1998].

Figure 2. Stratigraphy obtained by visual inspection of granulometry. The
water table was at a depth of about 2m.
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4.5m. To perform the measurements, a plastic pipe (4.2 cm in diameter) was introduced into the drill hole to
perform measurements as drilling reached different sampling depths. The measurements were all carried out
at the surface (upper end of the pipe) after adequate purging of the sampling device. Data were collected
every 0.1m, from the surface to a depth of 1m, then every 0.5m in the interval of 1–2.5m. Further details on
the sampling procedure are provided in the companion paper. Drilling also allowed to reconstruct the
shallow stratigraphy (Figure 2), which consists of alternating clay, silt, and fine sand. The distribution
of temperature and gas composition with depth are described in Figure 3. These data show shallow
temperatures well above a normal geothermal gradient, with a maximum value of 42.2°C at 0.6m depth, and
the soil temperature at the surface (36.4°C) that exceeds the atmospheric value (32°C). The warmest zone
(T> 40°C) corresponds to the coarse, permeable silt (0.5–0.75m; Figure 2) and has a peculiar gas composition
(Figures 3b and 3c), characterized by the minimum concentration of O2 and CH4 (0.75 and 0.33 vol %,
respectively) and the maximum of CO2 content (14%). The O2/N2 ratio reaches here a minimum value (0.01),
well below the typical value of lower atmosphere (0.264) [Rannaud et al., 2008], suggesting oxygen
consumption. The methane flux was measured at the top of the sampling device. The maximum recorded
value during the survey is 2×10!6 kg/(m2 s), while the measured CH4 fluxes in the whole tetrachloromercurate
(TCM) area (~2.6×105m2) on 2013 (see Capaccioni et al. [2015]) range from 0 to 2.8×10!5 kg/(m2 s), with
a mean measured CH4 flux of 4.3×10!7 kg/(m2 s). According to Capaccioni et al. [2015], this combination of
chemical parameters together with the measured carbon isotopic compositions of CO2 and CH4 are reasonably
related to the bacterial oxidation of methane, in which O2 and CH4 are converted into CO2 and H2O. The
presence of methanotrophic bacteria was detected by Fedi (personal communication). A similar conclusion

was drawn by Dunfield et al. [2007], who
report a survey carried out in Tikitere
(New Zealand), a geothermal area where
diffuse gas emissions are rich in CH4.
They found that methane concentration
reaches a minimum near the surface
(10–20 cm depth) and ascribed the loss
of CH4 to oxidative consumption due to
methanotrophic bacteria.

Figure 4 shows the resulting conceptual
model that we have assumed to
describe Terre Calde. The generation of
methane can occur mainly in two
different ways: thermogenic and
biogenic [Floodgate and Judd, 1992]. The
thermogenic production of methane

Figure 3. Field data. (a) Temperature profile. (b) Concentration (vol %) of five different gas species along profile (shallowest
2.5m) obtained with thermal conductivity detector. (c) O2/N2 ratio along profile.

Figure 4. Conceptual model (not to scale) illustrating the production and
oxidation of CH4. The arrows represent methane (green) and heat (red).
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consists of a thermal decomposition of organic matter in sediments or thermal-induced reduction of larger
organic molecule into lighter hydrocarbons and therefore requires relatively high temperatures, commonly
found in geothermal areas or at depths largely greater than 5000m. The biogenic production of methane can
occur in a few meters of sediment by bacterial degradation of organic matter. Unlike thermogenesis, this
process is characterized by heat production and not consumption.

We can trace the origin of methane by measuring the ratio (R) between the two stable carbon isotopes 12C (most
abundant) and 13C, in relation to the international standard ratio (Rs) of Vienna Peedee belemnite (VPDB), which
defines δ13C= (R/Rs! 1)1000.

Isotopic composition between!110‰ and!50‰ are closely related to methane of biogenic origin, while
thermogenic methane is generally richer in 13C and the PDB ranges from !50‰ to !20‰ [Whiticar, 1999;
Paull et al., 2000]. According to Capaccioni et al. [2015], the measured values range between !62.5‰
and !72.3‰ VPDB, indicating that methane is probably due to bacterial activity. The strong depletion
of 13C in CO2 (δ13C down to !do‰) is consistent with a 13C/12C kinetic fractionation due to a partial
CH4 kin2 conversion. In this context, the diffuse CO2 seep is mainly the product of CH4 oxidation at very
shallow levels.

Significant levels of peat are present in the Po Valley at shallow depths (~50m) [Bonori et al., 2000]; therefore,
methane production could occur at these depths. Pressure gradients then drive the gas toward the surface,
through aerated layers where oxidation can take place according to the reaction:

R1ð Þ CH4 þ 2O2 ¼ CO2 þ 2H2O:

Oxidation takes place preferably in an aerobic environment [Le Mer and Pierre, 2001], and it is highly
exothermic, producing about 800 kJ/mol(CH4) [Ioannides and Verykios, 1997]. The biomass of
methanotrophic bacteria depends on the availability of both CH4 and O2 and controls the amount of gas
that is oxidized [Sundh et al., 1995; Hanson and Hanson, 1996]. According to the prevailing local conditions,
some fraction of methane may escape oxidation and eventually reach the surface (Figure 4). According to
this conceptual model, the shallow, unsaturated layer where the oxidation takes place is the source of the
observed ground heating.

3. Numerical Modeling

To verify whether the proposed heating mechanism is consistent with the observed temperature profile, we
performed some numerical simulations based on this conceptual model. We used the Transport of
Unsaturated Groundwater and Heat (TOUGH) 2 geothermal simulator [Pruess et al., 1999], which describes
the coupled flow of heat and fluids through heterogeneous porous media and is based on a multiphase
version of Darcy’s law. Heat is transferred by both convection and conduction through the porous matrix.
Given the moderate temperatures involved (<50°C), we neglect the effects of evaporation. The code can
handle the simultaneous presence of different fluid components (water and incondensable gases), in
different phases (gas and liquid), with explicit description of gas dissolution in the liquid phase. Phase
interference is accounted for by specific relative permeability and capillary pressure functions. Our
simulations were performed with the EOS7C module that features the presence of water, with CH4 and N2

as gas components and include binary diffusion in the gas phase [Oldenburg et al., 2004]. Although we
cannot represent all the gaseous species that are present in the soil (CO2, Ar, and O2 are not simulated),
our purpose is to check our conceptual model from a physical point of view, neglecting those gases
whose presence do not affect the energy balance of the model, while representing the thermal and
hydraulic discontinuities.

We generated a radial 2-D axisymmetric mesh 25m wide and 20m deep subdivided into 1520 elements with
radial size ranging from 0.1m to 5m. The element thickness varies from 0.01m to 0.4m for a total of 80 layers.
The simulated porous medium is heterogeneous, with the shallow stratigraphy (down to a depth of 4.5m)
that corresponds to the layering retrieved during drilling (Figure 2). At greater depths, we considered a
single rock type (fine silt) that extends to the bottom of the domain (Figure 5).

The thermal and hydraulic properties assigned to the different soil types are reported in Table 1. The
domain is initially set at ambient temperature (13°C). The upper portion of the domain, down to a depth
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of 2m, is saturated by nitrogen at
atmospheric pressure. In this zone,
liquid saturation (i.e., the volumetric
fraction of pore space occupied by
liquid) is below 0.2 (residual
saturation). At greater depths, the
pores are water saturated and at
hydrostatic pressure (Figure 6a).
Unless otherwise specified, these
conditions are held constant along
the boundaries, which are open to
heat and fluid flow. To simulate the
ascent of methane, generated at
greater depths, methane sources are
placed along the bottom boundary
(Figure 6b), discharging methane at

the constant flow rate of 1× 10!7 kg/(m2 s). This arbitrary value is 1 order of magnitude lower than the
maximum observed methane flux and was chosen to obtain a steady initial condition for our simulation,
while ensuring numerical stability. The rising methane dissolves into the aquifer: the mass fraction of
methane in the liquid phase is maximum near the lower boundary (8× 10!5) and progressively decline
toward the surface, where it reaches the minimum value of 3× 10!5 (Figure 6b). Some fraction of
methane exsolves in the upper portion of the aquifer, where the maximum liquid saturation is
approximately 0.9, and tends to concentrate in the low-permeability layers of fine silt, where the liquid
saturation drops to 0.8 (Figure 6a). At steady state, the rising methane displaces almost all of the
nitrogen from the unsaturated layer, even if gas diffusion is included in the simulation (not shown). This
does not occur in the real system, where significant fractions of air are always present in the shallow soil.
This implies that we are not capturing all the complexities of gas flow in the unsaturated zone and of
the interaction with the residual water. We are focusing on a heat generation process that is driven by
methane flow rate, and the values that we obtain along the surface are generally lower than the
observed maximum flux and always within the range of observed values. Our results should therefore
provide a reasonable estimate of the heat flow that results from the oxidation reaction, even if the
unsaturated zone is fully saturated by methane. The conditions shown in Figure 6 are taken as initial
conditions for the following simulations.

4. The Simulated Methane Cycle

Starting from the steady state described above, we performed four simulations lasting 2 years with output
every month. Heat sources representing the effect of methane oxidation are placed in the computational
cells within the fine sand layer, at depths between 0.6 and 0.7m, where the highest temperature was
measured (Figure 5). The bacterial activity could spread over a wider depth range, and the thickness and
depth of the oxidation zone could change through time. In our case, however, the temperature profile
indicates that most of the heat is produced in a well-confined area, as in other cases reported in the
literature [Whiticar and Faber, 1986; Whiticar, 1999; Dunfield et al., 2007].

Table 1. Rock Properties for the Four Materials Considered in Our Simulationsa

Material Density (kg/m3) Permeability (m2) Wet Heat Conductivity (W/(m K))

Medium silt 2300 5 × 10!15 2
Coarse silt 2300 1 × 10!14 1
Fine sand 2200 5 × 10!14 0.5
Fine silt 2300 5 × 10!15 0.5

aHeat generation takes place within the fine sand layer. All layers have the same porosity (0.1) and specific heat
(1000 J/(kg K)).

Figure 5. The 2-D axisymmetric computational domain. The left boundary
is a symmetry axis. The domain is water saturated (blue shade) from the
bottom to a depth of 2m. The observed stratigraphy was included to a
depth of 4.2m (inset). At greater depths, we have assumed uniform
properties corresponding to the fine silt.
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For each source, the heat generation rate is computed dynamically every month (simulation time tn) as a
function of the methane flux that enters the cell in the previous month, according to the relation

H tnð Þ ¼ ΦCH4 tn!1ð Þ & Ox & S tnð Þ (1)

where H is the heat generation rate (J/(m2 s)),ΦCH4 is the methane flux in (kg/(sm2)), and Ox (J/kg) is the heat
generated by the oxidation of 1 kg of methane (corresponding to 5× 107 J/kg or 800 kJ/mol); the coefficient
S(tn) reflects the efficiency of the oxidation process and it ranges from 0 (no oxidation) to 1, when all the
methane is completely oxidized. According to Whalen et al. [1990, and references therein], the optimum
temperature for methanotrophic bacteria in different regions worldwide ranges from 30 to 37°C. In our
study area, atmospheric temperatures exceed 30°C in the summer and easily drop below zero during the
winter, so the bacterial activity is expected to be enhanced during the summer times with respect to the
colder periods of the year. To explore seasonal effects that may arise as the methane oxidation rate
changes with temperature, the value of S(tn) may follow a periodic behavior (period = 1 year), with a
minimum in winter and a maximum in summer, according to the following relationship:

S tnð Þ ¼ Rs þ
Rs ! Rw

2
cos 2π

n! 1
12

! "
! 1

# $

n¼1;2; :::24
(2)

Rs and Rw represent the ratios of oxidized methane with respect to total methane coming into the cell during
the hottest month in summer and the coldest one in winter and vary from 0 to 1. Because of the small size of
the system, atmospheric temperature fluctuations can affect the heat balance of the model. To account for
seasonal effects, we imposed a transient temperature along the upper boundary of the domain. The
temperature is updated every month according to the following expression:

Tatm tnð Þ ¼ Ts þ
Ts ! Tw

2
cos 2π

n! 1
12

! "
! 1

# $

n¼1;2; :::24
(3)

where Ts is the maximum temperature reached during the summer time (36°C) while Tw is the maximum
temperature reached during the winter (13°C).

Table 2. Simulation Parameters. ΦCH4 =Methane Flux at the Base of the Domain; S(tn) = Oxidation Efficiency; Rw and
Rs = Fraction of Oxidized Methane During Winter and Summer, Respectively; and CH4 Sink Refers to the Placement of a
Methane Sinks in the Oxidation Level

Simulation ΦCH4 (kg/(m
2 s)) S(tn) Rw Rs CH4 Sink

1 4 × 10!7 1 1 1 no
2 8 × 10!7 1 1 1 no
3 4 × 10!7 Periodic 0 1 no
4 4 × 10!7 Periodic 0 1 yes

Figure 6. Initial conditions for numerical simulations. (a) Liquid saturation (color) and pressure (MPa, contours).
(b) Dissolved methane (CH4 mass fraction in liquid phase, color) and methane flow (arrows), ranging from 0 to
0.1 × 10!6 kg/(m2 s).
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Four simulations were performed considering different values of methane basal inflow along the bottom and
different efficiencies of methane oxidation during summer and winter times (Table 2).

Simulations 1 and 2 are run with a constant bacterial activity and explore the role of basal methane flux. In
simulation 1, the methane flux coming from the lower boundary is 0.4× 10!6 kg/(m2 s), i.e., 20% of the
maximum flux measured at the surface (compatible with the average measured CH4 flow in the TCM area,
0.43× 10!6 kg/(m2 s)), while in simulation 2, the basal methane flux (0.8× 10!6 kg/(m2 s)) corresponds to
40% of the observed maximum.

The effect of the different methane flow rates on heat generation is shown in Figure 7a. The generation rate
in simulation 2 is almost double than the rate computed for simulation 1. In both cases, the heat generation
rate shows seasonal fluctuations, which are more pronounced in simulation 2 that ranges from 39 J/(m2 s) in
the winter period up to 43 J/(m2 s) in summer. In simulation 1, the seasonal variations are smaller and the heat
generation rate ranges from 20 to 21 J/(m2 s). In these simulations, the oxidation efficiency does not change
through time; therefore, these fluctuations are entirely due to seasonal temperature changes (Figure 6b),
which cause small variation in methane flux near the surface.

Simulations 3 and 4 are both run with the same methane basal flux of simulation 1, but bacterial activity in
these cases changes through time (Figure 7b), influencing the heat generation rate that stops during the
winter (no oxidation) and reaches 21 J/(m2 s) during the summer (Figure 7a).

Simulation 4 also accounts for the removal of methane caused by the oxidation reaction, allowing for a
comparison between simulated and observed methane fluxes. Simulating this process, we do not claim to
accurately represent the stoichiometry of the substances involved in the oxidation, but we want to
understand how the partial transformation of CH4 might affect the model and whether it has detectable
effects on the surface. The methane loss is simulated by placing methane sinks right above the heat
sources. Gas removal rate ΨCH4 (kg/m2 s) at a given month (tn) is proportional to the efficiency of the
oxidation process S(tn), and to the methane flow rate ΦCH4, according to the relation

ΨCH4 tnð Þ ¼ ΦCH4 tn!1ð Þ & S tnð Þ (4)

The oxidation reaction implies the transformation of methane and oxygen into water and carbon dioxide. As
we cannot simulate the production of carbon dioxide, we substitute methane with a corresponding quantity
of nitrogen to avoid an unreal pressure drop associated with the methane removal. This little trick affects the
gas density in the shallowest portion of the domain but is expected to have only a minor effect on the overall
methane mass balance.

5. Simulation Results

All simulations start from the initial conditions illustrated in Figure 6, obtained with a methane flow along the
boundary of 1× 10!7 kg/(m2 s). At the beginning of the simulation, heat generation starts in the oxidation
zone, based on the amount of gas that enters the zone. Figure 8 shows the distribution of liquid saturation
and temperature for simulation 1, after 7 and 13months, which are, respectively, the coldest months of

Figure 7. (a) Heat generation rate H (J/(m2 s)) through time near the axis of symmetry. (b) Efficiency of oxidation S(tn) and
the temperature (°C) imposed along the upper boundary for the four simulations.
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the first winter and the hottest of the second summer. The basal methane flux is higher here than in the
simulation run to achieve the initial steady condition. As a result, the liquid saturation in the aquifer
decreases from the initial 0.9 (Figure 6a) to 0.85 (Figure 8a) in 7months.

Similarly, the methane flow increases uniformly throughout the domain reaching 0.40× 10!6 kg/(m2 s).

The new value of liquid saturation is rather stable, and there are no significant changes after 13months, while
methane flow has a small increment during the summer period, when it reaches 0.42× 10!6 kg/(m2 s)
(Figure 8b).

The temperature, on the contrary, undergoes significant changes over a larger time frame. During the first
winter, at 7months, the upper portion of the domain is slightly warmer than initially (13°C), and the
maximum temperature, at the depth of the heat sources, is 21°C (Figure 8c). This value reflects the heating
history of this layer, with a larger contribution during the summer and a minor effect during the winter.
After 13months (Figure 8d), the summer heating raises the temperature to a maximum of 41°C, where the
oxidation takes place, while at 10m depth, the temperature is 15°C (2° higher than at the initial steady
state). Figure 9 shows the simulated and measured temperature profiles along the axis of symmetry from 0
to 10m depth. The profiles are obtained for all the simulations after 2months of simulation and then at 2
times during winter (7 and 19months), 2 times during summer (13 and 25months).

The summer and winter profiles represent the upper and lower limits for the temperature distribution
obtained in the intermediate periods (not shown). In all simulations, the surface temperature ranges
from 13°C in winter to 36°C in summer, following the periodic trend imposed along the upper boundary
of the model. The maximum temperature is always reached within the oxidation zone during the
summer, while at 10m depth, the temperature never exceeds 19°C in all simulations. In simulation 1
(Figure 9a), after 2months, the temperature profile has a good fit with the observations, while after
7months (first winter), the maximum temperature is 21°C at 1.6m depth, while the peak where

Figure 8. Simulation 1. (a and b) Liquid saturation (color) and methane flux (white arrows) after 7 and 13months, respec-
tively. Methane fluxes range from 0 to 0.6 × 10!6 kg/(m2 s). (c and d) Temperature (°C) distribution after 7 and 13months,
respectively.
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oxidation takes place is smoother. After 13months, during the following summer, the temperature profile
reaches the maximum value of 41°C at 0.6m, then the temperature declines gradually to a minimum of 15°C
at 10m depth. The temperature profiles of the following winter (19months) and summer (25months) are
very similar to the previous ones, although in both cases, the temperatures are slightly warmer: the second
winter reaches a maximum of 23°C, while the second summer is 3°C warmer than the previous one at
depths greater than 4m.

In simulation 2 (Figure 9b), the basal methane flux is higher and the heat generation is larger (Figure 6b). As a
result, the temperatures are always 2 to 7°C higher than those obtained in simulation 1. The peak
temperatures reached during the two summers is about 47°C, while in winter (19months), the highest
temperature is 29°C (at a depth of 1.5m). In the simulation 3 (Figure 9c), where the bacterial activity is
periodic, the temperature profiles in summer are similar to those of simulation 1 (maximum temperature is

Figure 9. Temperature profiles in the four simulations at different times (shallowest 10m). The I and II winter correspond to
7 and 19months, respectively, while the II and III summer correspond to 13 and 25months. The blue squares represent the
temperatures measured in the survey.
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41°C at 13months). The major
difference occurs during winter times
when the bacterial activity is very low
(zero during the twelfth and
eighteenth month): the temperatures
tend to return to the initial value of
13°C, and the maximum value is only
20°C at 19months (!3.0m). The
temperature profiles of simulation 4
are the same as obtained with
simulation 3, showing that the applied
methane sinks do not affect the
temperature distribution.

The methane flow in simulations 1
(Figures 8a and 8b), 2, and 3 (not
shown) is almost constant throughout
the profile and in time, while in
simulation 4, it changes seasonally in

the shallowest layers due to the periodicity that affects the oxidation process and hence the removal of
methane (equation (4)). Figure 10 shows the vertical flow rate of methane and nitrogen obtained in simulation
4 as a function of depth for the first 1.5m along the axis of symmetry and at three different times.

At depths greater than 0.7m, themethane flow is constant throughout the year and corresponds to the basal flux
assigned along the bottom (0.40×10!6 kg/(m2 s)). The nitrogen flow at these depths is zero.

During the first winter (7months), these flux values characterize the entire domain and only change near the
upper boundary, where fixed atmospheric conditions are assigned. After 10months, between winter and
summer, the oxidation reaction becomes more efficient and methane flow in the upper portion of the
domain decreases to 0.26× 10!6 kg/(m2 s), while nitrogen generated as a dummy product of the oxidation
reaction and its flow reaches a value of 0.13× 10!6 kg/(m2 s). After 13months (summer), the efficiency of
oxidation reaches a maximum: the methane flow drops to 0.20× 10!6 kg/(m2 s), while the nitrogen flow
reaches 0.21× 10!6 kg/(m2 s). Following the hypothesis that the microseepage of CO2 is mostly produced
by the oxidative conversion of CH4, the corresponding CH4 fluxes removed by oxidation vary from 0 to
5.0×10!6 kg/(m2 s), with a mean value of 0.26×106 kg /(m2 s), [Capaccioni et al., 2015], that is well comparable
with the simulation 4 results.

6. Discussion and Conclusions

The measured profiles of temperature and concentration of the gaseous species observed at Terre Calde
(Figure 3) have a clear anomaly at depths ranging from 0.5m to 0.7m. At this depth, we measured the
maximum temperature, while the concentrations of the gases have a sharp variation. These findings
suggest that methane, generated by anaerobic degradation of organic matter, undergoes exothermic
oxidation by methanotrophic bacteria near the surface. To verify whether this process could be the actual
cause of the observed heat anomaly, we performed some numerical simulations constrained by the local
stratigraphy and by the measurements of methane flux carried out in the survey. In our simulation, heat
sources are placed within the shallow oxidation zone, and heat generation is computed every month as a
function of the methane flux entering the layer. Our results show that the temperature distribution
obtained by this mechanism is consistent with observation.

Our hypothesis is that the methane oxidation is facilitated by the presence of the fine sand layer found
between 0.7 and 0.85m and that due to its high permeability, there is a fast oxygen and methane
recharge to feed the aerobic bacterial activity. In all simulations, we have assumed a periodic temperature
condition on the upper boundary, because at shallow depth, the seasonal temperature variations are not
negligible and are expected to affect both the heat flow and the bacterial activity. Due to this simulated
periodicity, the winter temperatures drop along the entire profile, and even after 2 years, the temperature

Figure 10. Simulation 4. Profile of CH4 and N2 vertical fluxes near the axis
of symmetry.
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profiles in summer are not linear, as would be expected in a system with constant temperature gradient. Our
simulations show that temperature fluctuation affects the methane flux that enters the oxidation zone, and
hence, the heat generated during the different periods of the year. Fluctuations in barometric pressure are
also expected to cause even bigger changes in the flow rate of rising gases [Rinaldi et al., 2012] and should
be addressed in further studies. Our simulations also account for the seasonal variation in bacterial activity,
as observed by Chanton and Liptay [2000] in some methanotrophic bacteria populations that live in the
subsurface of a landfill in Country Leon (Florida). Our results suggest that a winter drop in bacterial activity
hinders the shallow heating during the cold months but does not affect the temperature distribution and
the peak value reached during the summer (Figure 9).

The lack of snow accumulation in the area of Terre Calde suggests that a small quantity of methane is also
oxidized during winter times. Near-surface temperatures range between 8 and 16°C in simulations, where
bacterial activity does not change through time, but are as high as 7°C when seasonal variations are
accounted for.

Simulation 4 also represents the consumption of CH4 due to oxidation by replacing methane with an equal
amount of gas. The greater oxidation that takes place during the summer involves a greater consumption of
CH4, which results in a decrease of the CH4 flux at the surface. In contrast, the flow is maximum during the
winter, as measured also by Chanton and Liptay [2000], and this periodicity can be useful to monitor the
bacteria oxidation. In conclusion, our model confirms that the temperatures measured at Terre Calde may
be entirely due to the oxidation of CH4 produced within a peat layer at greater depths. The extremely
localized depth in which oxidation takes place makes it very plausible that the production of heat is
carried out by bacterial populations in aerobic conditions. Unfortunately, we do not have campaign
measures before July 2012, and we cannot verify if the methane fluxes have undergone changes due to
the main shock of 20 May 2012. Despite the fact that the earthquake may have affected the fluid flow and
possibly the overall heat distribution, the process that heats the Terre Calde always occurs, regardless of
the seismic activity in the area. The progress of the study in Terre Calde, through the acquisition of other
data with greater spatial and temporal distribution, will improve our understanding of the process that
could have interesting applications in the energy field.
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