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ABSTRACT

Background. Peatlands are becoming more vulnerable to smouldering fires, driven by climate
change and human activities. Aims. This work explores the persistent burning, propagation, and
emission of the deep peat fire. Methods. Laboratory experiments are conducted with a |-m
deep peat column, and smouldering fires are initiated at different depths. Key results. We found
localised burning and multi-directional smouldering fire spread in deep peat layers. The smoul-
dering temperature first decreases with depths up to =40 cm (from around 550 to 350°C) and
then remains at about 300°C in the deeper layers. High moisture content can slow down in-depth
fire propagation and reduce the burning duration. Conclusions. Peat fire can burn in deep layers
for weeks, and its combustion is incomplete with small mass loss, because of a limited oxygen
supply and low smouldering temperature. Measuring the carbon monoxide concentration near
the surface can detect underground fire and monitor its intensity. Implications. This work helps
reveal the underlying mechanism of the in-depth smouldering wildfires in peatland and supports
future larger-scale peat fire experiments in the field.
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Introduction

Peat, as a carbon-rich organic soil, accumulates a considerable amount of incompletely
decomposed vegetation residues under anaerobic conditions (Page et al. 2002; Hugron
et al. 2013). Peatlands are essential terrestrial carbon pools, storing one-third of the
world’s soil carbon (500-600 Gt C), as much carbon as surface vegetation globally, and
may be of similar magnitude to the atmospheric carbon pool (~850 Gt C) (Ballhorn et al.
2009; Turetsky et al. 2015). Peat is also a porous and charring natural fuel that is prone to
smouldering fire. Smouldering fire is slow, low-temperature and flameless, and one of the
most persistent types of combustion phenomena (Rein 2013) (Fig. 1a, b). Due to climate
change and human activities, peatlands are more prone to large-scale fires than ever before
(Jolly et al. 2015; Witze 2020; Lin et al. 2021b). Over the past few decades, frequent peat
fires have caused severe ecological and climatic damage, as well as significant economic
losses (Mack et al. 2011; Jolly et al. 2015; Turetsky et al. 2015). For example, in 2019,
slash-and-burn activities in Southeast Asia resulted in mega-scale peatland wildfires that
burned for several months, leading to severe cross-border air pollution and many health
issues for the nearby residents (Normile 2019; Goldstein et al. 2020).

Peat can hold a high moisture content that can prevent ignition, but natural and
anthropogenic-induced droughts can dramatically increase the risk of peat fire (Sinclair et al.
2020). Similarly, the ignition of peat fire can also be triggered by natural (e.g. lightning
(Anderson 2002; Zhang et al. 2021), flaming wildfire (Lin et al. 2019), self-heating ignition
(Restuccia et al. 2017) and volcanic eruption (Svensen et al. 2003) or man-made reasons
(e.g. deforestation (Silva et al. 2021), poor land management (Dickinson and Ryan 2010),
accidental ignition and arson (Prestemon and Butry 2005). In general, smouldering
requires less ignition energy than flaming combustion and can persist under wetter and
lower-oxygen conditions (Huang and Rein 2016; Lin et al. 2019; Qin et al. 2022), and
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(a) Aerial view of peat fires in Riau, Indonesia (courtesy: Reuters 2017) and (b) deep peat fire in the field at Newburg,

USA (courtesy: WV News 2016), (c) lateral and downward peat fire spread after ignition on the top surface, and (d) upward

spread of deep-layer peat fires (Huang and Rein 2017, 2019).

once ignited, it can propagate vertically and horizontally to
expand the burning area rapidly (Fig. 1¢) (Huang and Rein
2019). These fires can burn for months or even years, despite
extensive rain, weather changes or firefighting operations,
thus sustaining the largest and most persistent fire on Earth
(Rein 2013; Santoso et al. 2022).

When the rainy season arrives or substantial firefighting
operations take effect, even though near-surface smouldering
fires could be extinguished, hidden underground smouldering
hotspots may still sustain at a low temperature and spread at a
very low propagation rate that is extremely difficult to be
detected by human patrols and satellite imaging (Rein 2013;
Rein and Huang 2021). With the advent of the dry and hot
season, the soil on the surface gradually dries, and deep
smouldering spots begin to spread towards the ground and
flare up, forming a new fire point (Fig. 1d) (Huang and Rein
2019; McCarty et al. 2020). This recurrent fire behaviour has
been observed in the peatlands of Southern Africa, Southeast
Asia and even the Arctic region (Gumbricht et al. 2002; Rein
2013; Scholten et al. 2021; Santoso et al. 2022). However,
such holdover and hibernation behaviours of deep peat fire in
global peatlands are still poorly understood, so we need to
explore the underlying mechanism and the limiting condi-
tions of these persistent in-depth peat fires.

Past studies have investigated the dynamics of smoulder-
ing peat fires, including heterogeneous chemical kinetics

(Huang and Rein 2014), ignition (Frandsen 1987, 1997;
Restuccia et al. 2017; Lin et al. 2019), fire spread (Huang
et al. 2016; Prat-Guitart et al. 2016a; Huang and Rein 2017,
2019; Yang and Chen 2018), extinction (Lin et al. 2021a;
Santoso et al. 2021; Mulyasih et al. 2022) and fire emissions
(Rein et al. 2009; Hu et al. 2018, 2019). For downward smoul-
dering spread, small-scale lab experiments have demonstrated
that fire can spread to a depth of about 30 cm (Benscoter et al.
2011; Huang and Rein 2017). Airborne LIDAR measurement
showed that real peat fire could spread down to a depth of
50 cm and last for a long period (Ballhorn et al. 2009).

Our previous small-scale pilot experiments showed that
smouldering peat fires could be ignited by a coil heater at a
depth of up to 15 cm and then spread upward to the surface
(Huang and Rein 2019). During the in-depth burning and
upward fire spread process, no visible smoke plume or soil
volume change was observed until the fire front reached the
ground surface, indicating the difficulty of detecting deep
peat fires visually. So far, there is a lack of both lab-
and field-scale research to reveal the in-depth smouldering
propagation behaviour. Moreover, no large experiment has
been conducted to explore smouldering fire behaviour at
soil layers deeper than 30 cm.

This study conducts a series of laboratory experiments on
1-m-tall peat columns to explore underground peat fire
behaviours. We also quantify the temperature profile, spread
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dynamics, persistence, and carbon monoxide (CO) emissions
of deep peat fires that burn for more than 10 days. This work
helps reveal the underlying mechanism of the in-depth
smouldering wildfires in peatland and supports future
larger-scale peat fire experiments in the field.

Experimental methods

Peat sample

Commercial moss peat soil from Estonia was chosen for this
study. This peat had a high organic content (~97%), a
uniform density, and a homogenous particle size, thus ensur-
ing high repeatability of experiments, as demonstrated in our
previous works (Lin et al. 2019, 2020, 2021a, 2021b; Lin and
Huang 2020). Elemental analysis shows that its mass fraction
of C/H/O/N/S is 45.6/6.0/48.0/0.5/0.3%, respectively.
Before the tests, the peat soil was first dried in an oven at
75°C for 48 h (Huang and Rein 2017). Afterwards, the dried
peat was stored in the ambient, so it absorbed air moisture
and eventually reached a new equilibrium with a low mois-
ture content (MC) of ~10%, defined as air-dried peat. The
measured bulk density (o,, kgm™>) of air-dried peat was
128 =10 kg/m3, and its porosity (®,) was 0.90 = 0.01.

To investigate the moisture effect, the oven-dried peat
was well mixed with water and left in sealed boxes for
homogenisation for at least 48 h. For example, 1.5kg of
50% MC peat sample required 1kg of oven-dried peat and
0.5kg of water. Note that the volume of the peat sample
tended to expand naturally during the water-absorbing

CO sensor

process, which was also observed in our previous works
(Huang and Rein 2017; Lin et al. 2019). The thermogravi-
metric analysis (TGA) of the peat sample was conducted with
a PerkinElmer STA 6000 in both air and nitrogen atmo-
spheres, and the representative data are shown in
Appendix 1. The physical and chemical properties of the
peat sample are also summarised in Table 1.

Experimental setup and procedure

Fig. 2 shows the schematic diagram of the experimental
setup. To better study and observe deep peat fire, the height
of the test setup was designed to be 100 cm, larger than all

Table |. Properties of dried peat used in the experiment.
Property Value
Bulk density (kg/m®) 1278+ 10
Dried moisture (%) <10
Volatile content (%) 72.0
Ash content (%) 3.5
Fixed carbon (%) 24.5
Heat of combustion (MJ/kg) 13.1
C (%) 45.6
H (%) 6.0
O (%) 48.0
C/O (-) 0.95
H/O (-) 0.13

Peat soil

Insulation
board &
Al foils

4y

h

Deep peat fire

88
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Fig. 2. Experimental setup for in-depth
smouldering peat fire.
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previous laboratory experiments. The test setup was built of
1 cm-thick insulation ceramic fibreboards due to its low
conductivity and non-flammability (Christensen et al. 2019),
and the top was open to allow oxygen diffusion from the
ambient. Similar setups of smaller sizes had been widely
used for past lab-scale peat fire experiments (Benscoter
et al. 2011; Huang et al. 2016; Prat-Guitart et al. 2016b;
Huang and Rein 2017, 2019; Depci and Karta 2018;
Christensen et al. 2019; Lin et al. 2021b). Two layers of
aluminium foil were attached to the outer surface of the
insulation board to seal the reactor and reduce the radiative
heat loss due to its lower emissivity (Incropera 2007). The test
setup had a large internal cross-section of 24 cm X 24 cm to
avoid quenching by the cold wall (Lin and Huang 2021;
Lin et al. 2021a, 2022). Together with the ceramic insulation
and aluminium foil, the wall cooling was minimised and
similar to the field condition. However, the use of ceramic
fibreboard makes it impossible for the infrared camera to
capture the evolution and propagation of the smouldering
front from the side view.

To limit the conductive cooling effect through inserted
thermocouples on the smouldering temperature and
reactions, the spacing and number of thermocouples were
carefully optimised. An array of 17 K-type thermocouples
with a bead diameter of 1.5mm was inserted into the
reactor from the side wall at an interval of 6 cm, so they
could monitor the temperature and trace the position of the
smouldering front. A 20-cm long electrical coil ignitor was
inserted into the peat sample at different depths to initiate
the smouldering combustion. A Testo 340 real-time emis-
sion sensor was installed 5cm above the original top free
surface to measure the CO emission during the smouldering
process (note that the top surface might regress during
burning). Because of the slow fire propagation and persist-
ence of the burning process, the time interval for recording
the in-depth temperature profile and the emission of deep
peat fire was set to once per minute.

In order to initiate the peat fire and form a robust smoul-
dering front, the coil ignition protocol was fixed at 200 W
for 60 min. Based on past research and preliminary tests,
such a heating was strong enough to initiate a uniform
smouldering front in a peat sample of MC <150% (Huang
and Rein 2017). By placing the coil ignitor at different
heights at an interval of 20 cm from the top free surface
(Ocm) to the bottom (—100cm), the smouldering front
can be formed at different depths and free to propagate
vertically. The tests were stopped if all peat temperature
measures had returned to room temperature without a fur-
ther increase for at least 12 h. For each scenario, tests were
repeated at least twice. By lowering the ignition depth, if
different fire propagation modes were observed, at least
three repeated tests were conducted to ensure repeatability.
Our results show excellent repeatability with the use of
commercial peat soil with uniform density, particle size
and organic content (Lin et al. 2021a).

The air supply to the smouldering peat fire in the experi-
ments was mainly from the top-open surface. There might
be tiny gas leakage from the holes that were used to insert
the thermocouples, but it was too small to be detected.
Nevertheless, in real peat fire scenarios, the oxygen can
also infiltrate and diffuse to the smouldering zone from
the side, as shown in Fig. 1c, d. Therefore, such weak lateral
gas leakages may make the laboratory tests even closer to
the actual peat fire in the field.

Results and discussion

Experimental phenomena

The deep-layer underground smouldering fires in peatlands
were noticed previously but poorly understood because it is
hard to observe the fire phenomena below the surface. This
section reports and compares the persistently burning and
propagation behaviours of smouldering peat fires (initial
MC = 10% for air-dried peat) with different ignition depths.
The detailed temperature histories for typical cases are
shown in supplementary videos.

Base case with surface ignition

The base case was initially conducted where the smoul-
dering fire was initiated on the surface of the air-dried peat
column (MC = 10%; z = 0). Fig. 3a shows the thermocouple
measurements of the base case, where the negative signs
represent the distances below the initial free surface. After
being heated by the electric coil for 60 min, the temperature
near the surface exceeded 500°C, suggesting the formation
of a robust smouldering front. Afterwards, smouldering
spread downward with an obvious surface regression (also
see Fig. 3b and Supplementary Video S1a). During the peat
fire propagation, a black char layer and a white ash layer
were formed below the free surface due to environmental
heat losses. Such a phenomenon was also observed in past
smaller-scale experiments (Huang and Rein 2017; Lin et al.
2020). As the top ash layer became thicker, the oxygen supply
from the top surface to the deeper smouldering front must
decrease, so the overall smouldering temperature decreased
with the depth from around 550°C to around 350°C (see more
discussion in ‘Smouldering temperature’ below).

After about 4 days, the peak temperature of the smouldering
front decreased to about 300°C, which was not strong enough to
fully oxidised the char layer (see TGA in Appendix 1). Thus, a
lot of unburnt peat and char were left over on the top. After
extinction, the top surface no longer regressed and remained at
about —35cm.

For better observation, Fig. 3b further plots the tem-
perature profiles at different moments at a 1-day interval,
where the solid red lines represent the temperature profiles,
and the dashed black line indicates the position of the
top surface after the regression (see original video in
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Supplementary Video Sla). As expected, after the ignition, a
strong smouldering front gradually propagated downward
with a regressing top surface. The hottest zone is not on but
is consistently below the top free surface, specifically below
the generated ash layer. This was because the accumulating
layers of unburnt char and ash on the top reduced the
environmental cooling (Huang and Rein 2017; Lin and
Huang 2021). However, after the initial fast expansion, the
smouldering fire front split into two separate burning fronts
at different depths. Such a fire phenomenon is observed for
the first time.

The primary reason for the separated multi-depth burn-
ing was that the downward fire propagation was localised.
In other words, the cross-section area of 24 cm X 24 cm was
not entirely burnt, considering it was much larger than the
thickness of the smouldering front (5-10 cm) (Huang et al.
2016). This is different from previous tests with a smaller
cross-section area of 10 cm X 10 cm, where the entire cross-
section was ignited and then self-propagated (Huang and
Rein 2017; Lin et al. 2020). Herein, some air might bypass
the localised shallow fire spot and feed the deeper fire front
from the lateral direction. We then expect that the real
underground peat fires also split into multiple smouldering
fronts and propagate in different directions because of an
even greater oxygen supply from various directions. This is
why the spread and growth of peat fires in the field are very
fast and difficult to predict. Even if all shallow smouldering
fires are extinguished, the deep fires may still survive, and it
is not easy to detect them.

Moreover, from Fig. 3b and Supplementary Video Sla, we
found the deeper smouldering front propagated faster, it

90

initial free surface (z =0).

first reached the bottom of the reactor on Day 2 and then
sustained a weak local burning due to the limited oxygen
supply. Afterwards, the second smouldering front continued
propagating downward and eventually, two fronts emerged
and continued burning for another 4 days. Note that the
peak temperature measured on Day 8 was higher than the
previous 2 days. This was because the thermocouple mea-
surement was only a point in the axis, and such a point was
not in contact with the burning zone on Days 6 and 7. This
also proves that the deep smouldering fire front does not
cover the whole cross-section area under the limited oxygen
supply. The whole burning and propagation process lasted
for more than 10 days, showing the persistent and localised
smouldering of deep peat fires. After the test, we measured
the residual weight and found that only 25% of the total
mass was lost in the fire, which was equivalent to burning
out a 25-cm thick peat layer. Thus, the burning of deep
smouldering peat fire is incomplete, because of limited
oxygen supply and low fire temperature.

Afterwards, to simulate the in-depth burning and
re-emerging behaviour of peat fires, we initiated smoulder-
ing fires at different depths of the peat column (starting
from —20cm) to observe the smouldering burning and
fire propagation behaviours.

Shallow peat fire propagation (upward and
downward)

Fig. 4a, b shows the temperature evolution of the peat
column where the initial burning depth is 20 cm. After forced
ignition at z = —20cm, the smouldering fire front first
expanded, as indicated by the thermocouple measurements
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(a) Initial burning depth of —20 cm
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Fig. 4. Thermocouple measurement of
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(also see Supplementary Video S1b). During this process, no
smoke or volume change could be observed visually until the
expanding smouldering front approached the peat surface.
After about 12 h, the smouldering fire re-emerged on the top
free surface with heavy smoke and higher temperatures. Then,
a black charring spot appeared and expanded laterally, quickly
covering the entire top surface under the rich oxygen
supply from the ambient. These holdover, hibernation, and
re-emerging processes are the same as the observations in
past pilot experiments (Huang and Rein 2019) as well as the
real fire scenarios in the peatlands of Southern Africa,
Southeast Asia and even the Arctic region (Gumbricht et al.
2002; Rein 2013; Scholten et al. 2021). However, once the
smouldering front re-surfaced, no flaming fire was ignited
because the organic soil was prone to smouldering combus-
tion (Lin et al. 2019). In real fire scenarios, other surface
fuels (e.g. leaves and branches) on the peatlands may be
ignited or even trigger a flame. This process requires future
investigations.

Afterwards, the smouldering only propagated downward,
and its process was similar to that initiated on the top
surface in Fig. 3. During this process, two burning fronts
were also observed, and the peat surface also regressed by
around 35cm after persistently burning for 9days. The
observed peak temperatures on Days 7 and 8 are also larger
than that on Day 6, because of the localised burning under
limited oxygen supply to the deep fire front. In other words,
the smouldering fire seems to stay at —80cm for 6 days,
while it may still have local fire spreads toward different
directions at that specific depth. To quantify such a multi-

negative sign means the distance below
the initial free surface (z=0).

directional deep fire propagation we need further investigation
with a larger sample or in the field tests.

Deep fire downward propagation

By decreasing the initial burning depth to —40cm or
—60cm, a different burning phenomenon was observed, as
shown in Fig. 5 (also see Supplementary Video S2). After igni-
tion, the smouldering front was persistently burning in the deep
peat layer. Above the ignition location, the peat temperature
never exceeded 100°C, and the residual was fresh peat. Thus,
we can first conclude that there was no upward fire spread.

The peak temperatures below the ignition location barely
reached 300°C, which was slightly above the minimum tem-
perature for char oxidation. Nevertheless, we can see the
overall fire propagation was downward, and there must be
multiple localised fire propagations in different directions.
Due to the low smouldering temperature, even after burning
for 10days, the total mass loss was less than 10%. The
residual in the deep layer also included some uncharred
fresh peat soil. Therefore, the burning of deep peat fire was
incomplete, which is another reason for forming multiple
burning fronts in deep layers. These deep local fire fronts
were unstable under limited oxygen supply, so they may not
always be self-sustained. Moreover, during the entire burning
process of 10 days, no visible smoke, noticeable collapse, or
surface regression was observed, further demonstrating the
difficulty of monitoring these in-depth smouldering peat fires.
After the sample was cooled down, we waited for another
3 days, but no further temperature increase was observed.
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Different fire phenomena were observed by moving the
ignition position deeper to —80 cm or —100 cm. As shown
in Fig. 6 and Supplementary Video S3, after the forced
heating, the temperature of the ignition zone could exceed
400°C, indicating a robust heating and ignition process.
After the heating power was off, the temperature could
only sustain at about 300°C, close to the minimum
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the initial free surface (z = 0).

smouldering temperature of this kind of peat (Lin et al
2019). However, the fire was successfully initiated because
there was some clear temperature increase from time
to time.

Within the first 2-3 days after the ignition, the burning
zone slightly expanded, but there was neither apparent upward
nor downward fire spread. Afterwards, the burning was only
sustained in these small regions, and a clear fluctuation of
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temperature was also observed over the next several days
because of the limited and uneven oxygen supply. Eventually,
after about 10 days, all measured temperatures were decreased
to ambient, and no regression of the peat column could be
observed. By examining the fire residue, we found that all
peat above the ignition point was nearly undisturbed. Around
and below the ignition zone, most of the peat soil was charred,

free surface (z=0).

while not much white ash was observed because of the lack of
oxygen to sustain a robust oxidation process.

The overall burning was so weak that it was both a long-
term burning process and a prolonged extinction process.
Note that moisture re-distribution is also possible as the peat
sample is relatively large. A burning zone at the deep layer
would evaporate the available water in the peat, which is
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potentially re-condensed in the upper layer. As a result, the
moisture content of the upper peat layer may increase and
protect the unburnt region, which contributes to the self-
suppression of the smouldering fire. More investigations are
necessary for future field fire tests.

Smouldering temperature

Fig. 7 summarises the measured peak smouldering tempera-
tures at different burning depths. It is worth noting that the
thermocouple, as a point sensor, may not capture the hottest
point of the localised smouldering fire front at that depth, so
the overall peak temperature may be inevitably underesti-
mated. Therefore, although some measured peak tempera-
tures are lower than 250°C, it does not mean that
smouldering can sustain at such a lower temperature (Lin
et al. 2019) (see TGA in Appendix 1).

For the fire near the surface, the temperature first
decreases from about 550-350°C as the location drops from
0 to —40cm. However, when the smouldering front pro-
pagates to be deeper than —40cm, the peak smouldering
temperatures are no longer sensitive to the depth but remain
almost stable at around 300°C, which is comparable to the
minimum smouldering temperature (Lin et al. 2019).

In general, for the oxygen supply from the top free surface,
the smouldering temperature will decrease with depth,
because the accumulating char and ash layer on the surface
will weaken the oxygen diffusing to the burning area (Huang
and Rein 2017). This agrees well with the trend of smoulder-
ing temperatures above —40 cm, as shown in Fig. 7. However,
as the smouldering fronts locate at a position deeper than
—40 cm, the temperatures no longer vary with the depth of
the peat column. This may be because the oxygen supply from
the top open surface becomes negligible, while lateral oxygen
supply starts to dominate when the depth of the smouldering
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Fig. 7. Measured mean peak smouldering temperature at different
depths of the peat fire (the error bar represents the standard
deviation of the measured data).
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fire is larger than 40 cm. This also explains why the fire
ignited below —40 cm only persistently smoulders locally or
propagates downward without re-surface to the free ground.
In the future, more experimental and numerical investigations
will be essential to reveal the underlying mechanisms.

Burnt mass loss

After fire extinction, the residue mass of the 1-m peat column
was measured to calculate the total burnt mass loss. For
example, if 20% of the mass is lost, it is equivalent to 20 cm
being completely burnt out of the total 100 cm thick peat.
Fig. 8 shows the mass loss and the equivalent burnt thickness
for different initial fire depths. Essentially, the smouldering
combustion of deep peat fire is quite incomplete. For ignition
on the top surface, only 25% of the original mass is lost, which
is reasonable for only 35 cm surface regression (Fig. 3).

For deeper fires, the burning mass loss is less than 10%
(equivalent to burning out a 10-cm thick peat layer), where
no surface regression or internal collapse was found.
Therefore, despite burning for more than 10 days, the burn-
ing mass loss is very small, where only a small amount of
peat is partially pyrolysed into char. The low in-depth peak
temperature (~300°C) indicates only a smaller amount of
char is oxidised. As the reaction rate increases exponentially
with temperature, burning for a longer duration at a lower
temperature does not lead to a large mass loss.

Smouldering CO emission

As smouldering is an incomplete combustion process
that generates massive CO, the CO emission is always the
quantity of interest as well as an indicator for peat fire
(Hu et al. 2018; Lin et al. 2019; Hu and Rein 2022).
Therefore, Fig. 9 summarises CO emission concentrations
(ppm) at 5 cm above the peat’s (or the reactor’s) initial top
surface for smouldering fire ignited at different depths.
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Fig. 8. Measured burnt mass loss (or equivalent burnt thickness) vs
initial peat fire depth.
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Fig. 9. Measured CO concentrations 5 cm above the initial top surface for peat fires at different depths.

Although the top surface will clearly regress into the box for
the shallow-peat ignition (see Figs. 3 and 4), the emission is
relatively confined in the reactor before diluting in the
ambient. Thus, the surface regression will not significantly
affect the measurement of CO concentration.

During the heating by the coil heater, there was a high
level of CO (~10°ppm) for all ignition depths. For initially
burning at 0 cm and —20 cm in Fig. 9a, b, the CO concen-
tration is on the order of 10 ppm. The CO concentration
continuously increases to 10° ppm during the upward fire
spread and following lateral surface spread in Fig. 9b. Note
that when the top surface regressed during burning, it also
contributed to the decrease of CO concentration.

Such a high CO concentration is a lethal threat to fire-
fighters and nearby residents (Norris et al. 1986; Ernst and
Zibrak 1998). Comparatively, for the in-depth smouldering
or local burning cases in Fig. 9c—f, the order of the CO concen-
tration decreases to 10 ppm. It is worth noting that even if the
in-depth smouldering is extremely difficult to be detected by
satellites and patrollers, the CO concentration near the surface
remains at a detectable level (>1 ppm). This implies that

measuring the CO emission near the peatland surface may
be an effective method for detecting deep peat fires.

Effect of moisture content

Moisture content is one of the key parameters that affect the
properties of peat soils (Frandsen 1987; Huang and Rein 2017;
Dadap et al. 2019; Hu et al. 2019). To investigate the effect of
moisture content (MC) on the in-depth burning of the smoul-
dering peat fire, a wetter peat column with 50% MC was also
ignited at —60 cm below the top-free surface. Fig. 10 com-
pares the temperature measure between air-dried peat (~10%
MC) and wet peat (50% MC), where the burning duration of
the wetter peat is significantly reduced. Specifically, as the
moisture content increases from ~10 to 50%, the burning
duration is decreased by half from about 11 to 5 days.
Initially, the wet peat (MC = 50%) was able to be ignited
with the same ignition protocol (200 W for 60 min). However,
the smouldering front only propagated for a short distance to
about —80cm with a decreasing peak temperature. As a
result, the burning duration of wet peat is much shorter
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Fig. 10. Comparison of smouldering dry
peat (MC =10%) and wet peat (MC =50%)
in the same ignition position of =60 cm. The
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than that of dry peat, as in Fig. 10. In general, peat moisture
has three effects on the deep smouldering fire: (1) altering the
thermal properties; (2) increasing heat transfer efficiency
through molecular diffusion; and (3) acting as a strong heat
sink during evaporation (McAllister et al. 2012; Lin et al
2019). Also, the evaporated water may re-condense in the
upper layer to protect the unburnt region, which contributes
to the self-suppression of smouldering fire. This implies the
importance of keeping the peat soil moist in regions prone to
underground fires. Further explorations on the effects of
moisture contents should be conducted thoroughly.

Conclusions

In this work, we experimentally demonstrated that smoulder-
ing underground fires could sustain in deep soil layers for
more than 10 days, regardless of the initial burning position.
As the initial burning position becomes deeper, four smoul-
dering burning modes can be observed: (1) downward propa-
gation; (2) upward-and-downward propagation; (3) in-depth
propagation; and (4) no propagation (local partial burning).
For the in-depth fire propagation and localised burning, no
visual smoke, noticeable collapse, or regression was observed,
indicating the difficulty of detecting deep peat fire.

For peat fires shallower than 40 cm, the peak smouldering
temperature decreases as the depth increases. For fires deeper
than 40 cm, the smouldering temperature remains at about
300°C and becomes insensitive to the depth, revealing the
dominant role of lateral oxygen supply in peat fire dynamics
in deep soil layers. Despite long-term burning, the mass loss
fraction is small (burning out about 10-25 cm thick peat),
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10 11 12 negative sign means the distance below the

initial free surface (z =0).

because the low smouldering temperature causes incomplete
combustion. The CO concentration near the surface varies on
the order of 10 and 10?ppm, so it can be used to detect
underground fires and monitor their intensities. High peat
moisture content can slow down in-depth fire propagation
and reduce the burning duration. Future work will quantify
the oxygen supply to the deep peat fire and establish a
computational model to further reveal the smouldering fire
under a limited oxygen supply.

Supplementary material

Supplementary material is available online.
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Appendix I. Thermogravimetric analysis (TGA)

The peat sample was first pulverised into powders and dried at 90°C for 48 h. The thermal analysis of the peat sample was
performed using a PerkinElmer STA 6000 Simultaneous Thermal Analyzer in both air and nitrogen atmospheres. The initial
mass was around 2-3mg, and the sample was heated at a relatively low heating rate of 10 K/min. Fig. A1 shows the
remaining mass fraction and mass-loss rate curves of this peat. As expected, the mass-loss rate rapidly increases at about
250°C, which could be defined as the pyrolysis temperature.
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Fig. Al. TGA results of the peat sample at a heating rate of 10 K/min.
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