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Smouldering natural fires: comparison of
burning dynamicsin Boreal peat and
M editerranean humus
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Abstract

Smouldering of the forest subsurface can be redplenfor a large fraction of
the total fuel consumed during wildfires. Subsugfdaes can take place in
organic material stored in shallow forest layeke lduff or humus, and in deeper
layers like peat, landfills and coal seams. Théss folay a mayor role in the
global emission to the atmosphere, the destruafocarbon storage in the soil
and the damage to the natural environment. Burdiymamics in two different
ecosystems affected by smouldering wildfires avelistd here; boreal peat and
Mediterranean humus. A series of small-scale sneoild experiments have
been conducted under laboratory conditions to sthdygnition and the severity
to the soil. The experimental set-up allowed theperature and velocity of the
fire front to be measured for different fuel moistwontents. The two fuels, peat
and humus were tested and the results are compared.
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1 Introduction

When a layer of organic soil ignites, it burns disa without flame and
propagates slowly into the soil. Large smoulderiings are rare events at the
local scale but occur regularly at a global scadnce ignited, they are



particularly difficult to extinguish despite extéves rains or firefighting attempts
and can linger for long periods of time (weeks apdto years; Page et al. [1];
Svensen et al. [2]), and spread over very extermigas of forest and deep into
the soil. By propagating below the surface, smaiudefires offer the means for
flaming combustion to re-establish during wildfiiesunexpected locations (e.g.
across a fire break) and at unexpected timeslfg.after burn out of the flame
front). These fires represent a large contributobibmass consumption and a
significant source of combustion emissions to ttraogsphere (Page et al. [1],
Bertschi et al. [3]).

Smouldering of the forest subsurface can be redpentor a large fraction of
the total fuel consumed during wildfires. Subsugfdaes can take place in
organic material stored in shallow forest layeke ldluff or humus, and in deeper
layers like peat and coal seams. These fires playagor role in the global
emission to the atmosphere, the destruction oforadborage in the soil and the
damage to the natural environment. The two fuedst and humus were tested
and the results are compared in this paper.

Of all the natural organic soils, fire in peatlaridshe most common and has
been reported in tropical, temperate and boreasfer Peat is partially decayed
vegetation matter which has accumulated and decsedpm wetlands. It can
have very high moisture contents (several times wlegght of the organic
content), and forms layers of depths ranging frofevacentimetres to dozens of
meters. Of all the peat lands in the world, abdd#8are situated in northern
temperate regions, 15-20% in tropical or subtrdpiegions and only a few are
in southern temperate regions. Peatlands coverb®6t km? (3% of the Earth’s
land surface) and are important ecosystems forde vange of wildlife habitats
supporting biological diversity, hydrological intétg and carbon storage. These
ecosystems hold one third of the world’s soil carband 10% of global
freshwater resources. Their total carbon pool edeekat of the world’s forests
and is comparable to that of the atmosphere.

In every terrestrial ecosystem organic litter iswanulated to a certain degree
making humus forms. Its intermediate position iacand time between living
organisms and dead mineral compounds, makes a hftormusthe centre of
regulation of the soil and, some extent, of the letexosystem. Humus results
from the biochemical transformation of residual etegion by decomposer
foodwebs, including readily decomposable materialant litter and roots, and
dead and living organisms. Humic substances make significant portion of
the total organic carbon and nitrogen in soil. Thegsist of complex polymeric
organic compounds, which are more resistant to mposition than the non-
humic material (Masciandaro and Ceccanti [4]). Tdmnposition of humus
depends on the nature of the vegetal cover. Isisily composed of 3 fractions
(Heller et al. [5]):



» Humic acids sensus stricto, of black or brown cgloomposed of ligno-
proteic complexes, are the most abundant, Fulidsaof brown-red color,
are essentially composed of hemicellulose derivaelswaxes,

e The neutral or basic fraction, called humine, cosgubof cellulose
fragments.

* The organic layers over the mineral soil (litteddmumus) present in most
forest soils play a vital role within the foresbsgstem, increasing the soil
aggregation and the rate of infiltration. (Pikublazuzel [6]).

Burning dynamics in two different ecosystems a#fddby smouldering wildfires
are studied here; peat and humus.

2 Smoulderingfires

Smouldering is the flameless form of combustionac$olid fuel (Palmer [7],
Drysdale [8]). The fundamental difference betweemusldering and flaming
combustion is that, in the former, the oxidatiomation and the heat release
occur on the surface of the solid and, in the tatteese occur in the gas phase
above the fuel. Figure 1 shows a snhapshot of tleebwning regimes in forest
floor biomass.

The characteristic temperature, spread rate and heaase rate during
smouldering are low compared to those in the flamaombustion. Typical
values for smouldering of biomass are 500-700 1GHe peak temperature and
1-50 mm/h for the spread rate; whereas typical ealfor flaming are around
1500 °C and 1000 mm/h respectively (Drysdale [8Phe hazards associated
with smouldering arise because it can be initidftgdveak sources of heat; yields
a high conversion of biomass to volatile organimpounds, carbon monoxide
and polyaromatic hydrocarbons (Bertschi et al.;[8)difficult to detect and
extinguish; and it can abruptly transition to flagicombustion.

Biomass fuels prone to smouldering include sturspags, downed logs, large
branches, roots, duff, peat, coal and other orgaails. These fuels generally
consist of an aggregate medium formed by parties|ajrains, fibers or a porous
matrix. The aggregate contains the organic fracti@t burns during the fire.
These fuels are characterized by having a sigmnifizagreater characteristic
thermal time than fine fuels but allow oxygen tgms to the surface;
characteristics that lead to the slow but persidgteming typical of smouldering
combustion.

3 Small-Scale Experiments

The only systematic experiments of peat ignitiom #iose by Frandsen [9] and
[10]. These were pioneering work to investigate tlkltionship between the
moisture content and smouldering behaviour. Thepert on an experimental
apparatus that allow measuring the critical moetaontent above which
ignition is not possible. An experimental apparatusilar to that of Frandsen [9]



has been built for this work. Modifications haveehemade to measure spread
and temperature evolution and distribution. Thipaaptus provides a simple
procedure to capture the essentials of peat ignitiod propagation. It allows
estimation of the moisture content below which tigmi is highly probable (the
critical moisture) and characterization of the thar severity of smouldering.
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Figure 1:  Snapshots during a peat
experiment.

Figure 1 shows the experimental set up and thergssgpn of the smouldering
front during one experiment. The tests were coretlgt a small box 100 x 100
x 100 mm made of insulating board and open at te Samples are of
dimensions 100 x 100 mm across and 50 mm in degtfition is attempted
using an electrically heated coil running along site of the sample. The coil is
a spiral 10 mm diameter and 95 mm long. It wasdalin the peat at a depth of
30 mm and placed next to the left wall of the ekpental apparatus (see Fig. 1).
The ignition protocol consisted of supplying thdl aeith a power of 100 W
during 30 min. In order to reduce the sensitivityte results in this study to the
details of the ignition protocol, a vigorous igaiti roughly equivalent to the
heating from a flaming stump is chosen. The cotefor ignition rating is based
on the propagation of the smouldering front awayrfrthe igniter and through
the full sample. This ignition protocol and critami are used because the
measured critical moisture in small-scale samplesid; to some extent, be
sensitive to the ignition protocol. This protoceidacriterion provide the upper
bound of the critical moisture and is valid for servative ignition ratings.

Five thermocouples are placed within the sampla tepth of 40 mm. One
thermocouple is placed near the igniter coil, Easg 10 mm from the left wall;
two thermocouples are placed along the central taxigegister the longitudinal
propagation (at the sample centre 50 mm from tfiewlell, and at the sample
end 10 mm from the right wall); and one thermoceuplplaced on either side of
the sample to register the lateral propagationnfb®from side walls and 30 mm
from the igniter).



4 Fud

4.1 Peat

Peatlands are regularly subject to fires undercdnditions. Peat fires affect the
structural stability of the ground and heat thd, stémaging plant roots and
sterilizing the soil. At a global scale, they cdotite significantly to the emission
of carbon dioxide to the atmosphere.

Boreal peat was collected from a site south of Egligh, Scotland. The samples
were cut from several blocks of old, moderatelyateposed herbaceous peat.
The measured bulk density of the dry mass was Iffikand the mineral
content was 8+2% in dry base (measured as the fmrsas$ion left after complete
combustion with a flame torch). The moisture coht@nthe peat samples was
varied between 85% and 160% by placing samples ppiroximate initial
moisture 400% in an oven at 80 °C for varying pasiof time. The moisture
within the sample was allowed to equilibrate bycpig it during 3 days at
ambient temperature and wrapped in plastic.

4.2 Humus

Because fire is expected to trigger erosion (Wrighd Heinselman [11]) or to
control the tree recruitment when humus is consuif@eene et al. [12]).
Erosion resulting from fire is due to a total destion of litter and humus layers
by severe surface fires. Low severity surface fitesot cause erosion because
the litter layer survives and protects the soilwdwger, it is classically assumed
that erosion is strongly stimulated by fires (Megeal. [13]).

Lightning can be a source of fire ignition when store content of fine fuels is
very low (Rorig and Ferguson [14]). In winter, thegnsist in a slow fire that
propagates on the ground and sometimes under éseTfires can emerge from
the ground following roots, snags or dropped Idgse-fighters usually make
trenches to suppress the fuel on the ground amdd@ propagation. They can
also treat the hot spots with water. In summerseahéres are not usually
encountered, but the presence of hot spots after bke a smouldering stump is
frequent.

The main forecasts for the climate change in thelidderanean region, expect an
increase of very dry and hot summer occurrence. etntiese very dry
conditions, smouldering can become very hard tanguish. As an example,
2003 was a very dry and hot summer in Corsica @sb in the whole
Mediterranean region) and fires were very diffidoltextinguish. These fires can
move to flaming forest fires if appropriate conolitt are reached (dryness,
continuity in vegetation and wind among othersjleled, these fires can emerge
from the ground following roots, snags or droppegsl The more the fire lasts,
the more the risk to have transition. This situatieas encountered in 2003 in
North Corsica, when a smouldering fire remainingdd®s and moved suddenly
to a big forest fire because of high winds, destrgyl6 houses, killing 1 people
and injured several others.



The measured bulk density of the dry mass was @ié@kand the mineral
content was 11+2% in dry base (measured as the fnasson left after
complete combustion with a flame torch). Collectioh samples have taken
place in the central area of Corsica undigius Pinastegroves, characteristic of
Mediterranean forests. Humus found in the field magisture contents from
170-210% (dry basis). Following the protocol witkap the samples where
tested under laboratory conditions. An oven wadd usereduce the moisture
content to 75-180% (dry basis).
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Figure 2: Results for total mass
lost in the sample vs.
moisture content for a)
Boreal peat b) humus

The measured mass loss vs. moisture content fahaltests is presented in
Figure 2 for the two fuels. The results in Fig. 8low the sharp transition
separating low and large mass losses at the ¢ritiossture of 12%10%. This

value compares well to the work by Frandsen [9] sehexperiments showed



that the critical moisture for peat moss is 105%é&amineral content of 8% in
dry mass (the content of peat in our experimerfgy. humus, the critical
moisture value is exactly the same (#2% in Fig. 2.b), showing a similar
behaviour between the two fuels. This result igegaurprising considering the
different nature of the two fuels and demonstradesommon influence of
moisture in smouldering fronts through shallow bés® layers.

As shown in Figs. 2, the spreading, critical andspoeading conditions were
classified as strong, weak and no ignition (sedl&uio et al. [15]).
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Figure 3:  Temperature readings
from samples that
underwent strong
ignition and propagation
for a) peat b) humus

Figures 3 show successful ignitions followed bytained smouldering fronts.
These ignitions resulted in a maximum temperattitbeafuel in contact with the
coil over 600 °C. Fig. 3.a, the thermocouple lodate the center of the box
displays a typical smouldering peak temperatureurato550 °C. The front



consumed the sample in 3.7 h. Humus displayediféssse smouldering fronts
with a peak temperature of around 480 °C (seeJig. and the front consumed
the sample in 4.9 h. The mean front velocities wa&oen/h and 2 cm/h, for peat
and humus, respectively.
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Figure 4:  Thermal fire severity for
the three different
ignition regimes a) peat
b) humus.

The experimental results can be used to quantiéy deverity (Guillermo et al.
[15]). The thermocouple readings provide the histfrthe severity in terms of
temperature and residence-time, and the mass leasurements quantify the
soil removal.

The peak temperatures observed away from the igfutesample that burned
completely (moisture below the critical) was betwe&é0 and 600 °C for many
min, enough to produce severe and irreversibleaditm to the affected soil and
its sterilization. But more information can be gainfrom the thermocouple
readings and the fire severity has been quantifiettrms of the time that a
location is held over a given temperature.



Figures 4 display the mean temperatures vs. resgdémes. Side bars indicate
standard deviation. We used the records at thelen@fdhe sample as the results
were not influenced by the igniter and the bouretarof the box. Large
differences can be seen between the residence tenesled in the regions near
and away from the igniter. On average, no-ignitgamples barely go above
500 °C near the igniter and do not go above 20@w@y from igniter. When
looking at weak-ignition samples, some differeneéween the two regions can
be seen, but near the igniter, fire severity issadgrably higher (more than twice
the resident times) than away from it. The resfdtsthe strong ignition are
almost identical in both locations, indicating thia¢ event is independent of the
external ignition and that the thermal severity $onouldering fires would be
well characterized by these results.

The residence times for humus are greater thanoties for peat as the
smouldering front is less intense. Neverthelesstemperatures are high enough
with residence times long enough to sterilize g@leck [16]).

6 Conclusions

A series of smouldering experiments of boreal @eat Mediterranean humus
have been conducted under laboratory conditionsp&ss of different moisture
contents were exposed to an external ignition sowftile temperature evolution
in the bed and final mass loss were measured.

The measured critical moisture content for thisebbrpeat is found to be
125t10% for peat and 125% in humus. The similitude of the results for both
fuels is remarkable.

The common critical behaviour is independent of timensity of the
smouldering front as humus exhibits less inteneatér than peat (lower rate of
spread and temperature). These differences couttlibdo the different nature
of the fuel, but also to a difference in porosity.

The results can allow the development of a simplé @nservative fire danger
rating that could be used by forest managers aadérvices in soil with mineral
content around 11% in dry base. If field moistureasurements indicate that the
water content in shallow peat layers is below 11&%iry base, then the fire
danger would be high, if between 115% and 135% dhager would be
intermediate, and for moistures above 135% thedfieger would be low.

The study of smouldering fires and the responsth@fecosystem will become
even more important if, as climate experts predvet;mer and drier summers are
to be expected in the future bringing an increagidfire frequency.
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